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The study reports the preparation of activated carbon with a high surface area from rice husk using
chemical activation with H3PO4 and ZnCl2. Activated carbon prepared from rice husk usually exhibits
low specific surface areas due to its high ash content. However, experimental results show that base-
leaching and acid-washing processes can effectively enhance the adsorption capacity of rice-husk carbon.
The study also investigates the effects of preparation parameters on the surface characteristics of the
carbon. These parameters include the kind of activating agent, before and after treatment procedures,
ice husk
ctivated carbon
ase-leaching
cid-washing
ore structure

impregnation ratio and activation temperature. The chemical and physical properties of samples were
examined by EA, ICP-MS, XRD, FTIR, SEM and a N2-adsorption meter. The surface areas obtained from
ZnCl2 and H3PO4 activation are as high as 2434 and 1741 m2/g, respectively. These values are higher than
that of activated carbon treated with neither base nor acid (1262 and 508 m2/g for ZnCl2 and H3PO4

activation). Thermogravimetric analysis shows that the activation process can be divided into three parts
based on temperature zones. The results of this study will be useful in developing resource recovery
systems for agricultural biomass.
. Introduction

Activated carbon is a highly porous material with a large adsorp-
ion capacity. It is widely used in filtration and purification [1],
atalyst supports and battery capacitors [2,3]. Activated carbon can
lso be used in gas storage for natural gas vehicles [4]. Environmen-
al regulations have increased significantly in recent years, leading
o an increased demand for activated carbon. Rice husk is a form of
gricultural biomass constituent formed mainly from organic mate-
ials. Activating the rice husk in an inert atmosphere produces a
ighly porous carbon powder with a very high surface area. Since
ice husk also has the advantages of being inexpensive and widely
vailable, it is a very good candidate for preparing activated car-
on.

Basically, there are two methods for preparing activated car-
on: physical activation and chemical activation. Physical activation

nvolves the carbonization of a precursor using a gaseous activating
gent such as steam or CO2 [5]. Chemical activation first mixes the

recursor with a chemical activating agent such as phosphoric acid
H3PO4), zinc chloride (ZnCl2) or alkali hydroxides (NaOH and KOH)
nd then heats it in an inert gas [6–9]. A comparison of chemical
ctivation with physical activation shows that chemical activation
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provides a lower reaction temperature, and its global yield tends to
be greater [10].

Rice husk is the by-product of the rice milling industry. Its
constituent is complicated and contains an abundance of lignocel-
lulosic biomass and ash. The ash contains approximately 99 wt%
silica [11]. Developing countries around the world produce 500 mil-
lion tons of rice annually [12]. Rice husk accounts for about 20%
of the total weight of rice plants. Rice husk is bulky, and only a
small portion of it is used as fuel. This creates a disposal problem
as the amount is increasing year by year. Therefore, preparing a
valuable material, such as activated carbon, from rice husk is a very
interesting topic.

In general, the reported BET surface areas of activated carbon
prepared from rice husk are 350–700 m2/g by H3PO4 activation,
and 500–1200 m2/g by ZnCl2 activation [13–17]. These surface area
values are far lower than those of activated carbon prepared from
other lignin–cellulose materials such as coconut shells, sugarcane
bagasse, and hard wood. For example, activated carbon with a
specific surface area of 1132 m2/g has been prepared from sugar-
cane bagasse using H3PO4 activation [18], while ZnCl2 activation
produces a specific surface area of 2114 m2/g for activated carbon

prepared from coconut shells [19]. The lower surface area in rice-
husk carbon is caused by its high ash content, whereas sugarcane
bagasse and coconut shell have a relatively low ash content [20].
This ash can be removed by a base-leaching process [15]. After acti-
vation, the carbon precursor must be water-washed to remove any

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:thliou@mail.mcut.edu.tw
dx.doi.org/10.1016/j.jhazmat.2009.06.056
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hemical activating agents. However, the general water-washing
rocess cannot effectively remove all chemical residues, and may
lso reduce the carbon’s surface area. In this case, acid-washing is
viable alternative [21].

Many researchers have prepared activated carbon from coals,
esins and lignin–cellulose materials. However, the preparation of
ctivated carbon from rice husk using a base-leaching or acid-
ashing process has not been well studied to date. The primary

bjective of this study is to produce a highly porous activated car-
on from rice husk by investigating the effects of various factors
n the surface characteristic of the specimen. These factors include
ase-leaching and acid-washing procedures, the kind of activating
gent, the activating agent impregnation ratio, and the activation
emperature. The reactant and product obtained before and after
he activation of samples are measured by SEM, XRD, FTIR, ICP-MS,
A and a N2-adsorption analyzer. The thermal characteristics of the
amples during activation are obtained using thermogravimetric
nalysis.

The method proposed in this study not only has the benefit of
reparing activated carbon from carbonaceous matters with a high
sh content, but may also be a potentially attractive method of pro-
ucing advanced carbonaceous materials such as photocatalysts or
io-medical and nanoporous materials [22–25]. Simultaneously, it
olves the problems of disposal and pollution created by burning
ice-husk waste.

. Experimental

.1. Materials used and sample preparation

The raw material in this experiment was rice husk obtained from
rice mill. It was washed thoroughly with distilled water to remove

oil and clay and then dried in air at 373 K in an oven for 24 h. Labora-
ory grade (Merck & Co.) H3PO4 and ZnCl2 acted as activating agents,
nd NaOH and HCl acted as basic and acidic agents. The chemical
omposition of rice husk in the proximate analysis was 26.91 wt% of
ignin, 34.56 wt% of cellulose, 22.18 wt% of hemi-cellulose, 5.81 wt%
f moisture and 10.54 wt% of ash. Table 1 shows that the carbon,
ydrogen, oxygen and nitrogen contents of the raw husk are 42.43%,
.82%, 40.63% and 0.58% (w/w), respectively.

The process of preparing activated carbons from rice husk can
e divided into three stages, which are illustrated as follows:

1) Base-leaching. The dried rice husk was refluxed with a 1 M NaOH
solution in a glass round-bottomed flask at 373 K within a ther-
mostat. After the basic solution was drained, the rice husk was

washed repeatedly with warm distilled water until the filtrate
was free from the base, and then dried at 373 K for 24 h.

2) Activation. The rice husk was impregnated with H3PO4 or ZnCl2
and water at various ratios. The impregnation ratio is the mass
of the activating agent compared to the mass of the dried rice

able 1
lemental composition before and after the activation of samples.

Composition, wt%

Water rinseda Base-leachedb H3PO4 activationc ZnCl2 activationc

UBUA BA UBUA BA

42.43 44.27 66.21 76.87 80.02 82.71
5.82 4.76 4.52 4.45 2.50 2.72

40.63 49.91 20.87 15.38 13.81 14.10
0.58 0.23 0.16 0.14 0.14 0.37

sh 10.54 0.83 8.24 3.16 3.53 0.10

a Sample was water-rinsed and un-heated.
b Sample was base-leached and un-heated.
c Samples were heated at 500 ◦C.
s Materials 171 (2009) 693–703

husk. The impregnated husk was set in a sand bath at 423 K
to remove excess water, and then oven-dried at 378 K for 24 h.
A sample of the impregnated husk was then placed in a tubu-
lar reactor. Pure nitrogen gas (99.995%, San-Fu Chem. Co.) was
used as a purge gas to ensure that the environment surrounding
the sample was nonoxidizing. The reactor was inserted into a
furnace and maintained at the desired temperature for 1 h.

(3) Acid-washing. After activating the samples, the husks were
refluxed with a 3 M HCl solution at 373 K for 1 h [26]. After the
acidic solution was drained, the samples were washed with hot
distilled water several times to remove residual chemicals. The
washed samples were dried at 378 K for 24 h, and then ground
to form porous carbons.

The description above shows that base-leaching and acid-
washing are the first and last stages in preparing activated carbon,
respectively. The experiment performed several tests to further
determine the effects of base-leaching and acid-washing on sam-
ple surface characteristics. These tests consider several samples,
as described below. The rice husk carbonized in N2 only, without
chemical activation, is called CRH. The rice husk (i) leached with a
NaOH solution, (ii) activated with H3PO4 or ZnCl2, and (iii) washed
with a HCl solution, is called BA. The rice husk (i) leached with a
NaOH solution, (ii) activated with H3PO4 or ZnCl2, and (iii) washed
with distilled water, is called BUA. The rice husk (i) washed with
distilled water, (ii) activated with H3PO4 or ZnCl2, and (iii) washed
with distilled water, is called UBUA.

2.2. Analysis of organic elements and metallic impurities

The amount of fundamental organic element for various treat-
ment procedures was determined using a Heraeus elemental
analyzer. The dried sample was powdered to a mesh size (ASTM)
of 325, and this powder was employed in the analysis. To measure
the amount of metallic impurities in the samples, the reactant and
product after activation were dissolved in a solution of HNO3 and
HF, and heated at 453 K for 6 h. The amount of metallic impurities
in the solution was then determined with an inductively coupled
plasma-mass spectrometer (ICP-MS) (Konton Plasmakon, model S-
35).

2.3. Analysis of physical properties

The samples were characterized by specific surface area, pore
volume and pore diameter. These values were measured at 77 K
using the adsorption of nitrogen (Micrometric, model ASAP2010).
The specific surface area of each specimen was calculated by the BET
method in the relative pressure range of 0.01–0.1 [27]. This study
assumes that the cross-sectional area for the nitrogen molecule is
0.162 nm2. The single point total pore volume was determined from
the amount of adsorbed nitrogen expressed as liquid state at a rel-
ative pressure of approximately 0.95. The micropore volume was
estimated from the N2-adsorption data using the Dubinin–Radush
Kevich (DR) equation [28]. The average pore diameter was deter-
mined using the equation 4V/A, where A is the BET surface area
and V is the single point total pore volume [29]. This study defines
micropores as having a width less than 2 nm, with mesopores and
macropores being 2–50 nm and greater than 50 nm wide, respec-
tively. The crystalline structures of the reactant and product were
examined by an X-ray diffractometer (Siemens, model D-500) using

Cu-K� radiation at a scan speed of 2.5o/min. The morphology of
the reactant and product was obtained with a scanning electron
microscope (Topcon, model AST-150S). The composition of samples
activated at various temperatures was measured using an infrared
spectrometer (Shimadzu, model FTIR-8300).
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Adsorption tests were conducted using iodine adsorption capac-
ty. The known amount of activated carbon was placed into a flask
ontaining 0.1N iodine solution, and then shaken to maintain equi-
ibrium for 24 h. After adsorption, the adsorbent was removed by
ltration. The iodine adsorption capacity was determined from the

itration of the filtrate with a Na2S2O3 solution.
This study also used a PerkinElmer TGA7 thermogravimetric

nalyzer to conduct experiments on the activation reaction of rice
usk impregnated with the activating agent [30]. For each experi-
ental run, a known weight of 6 ± 0.5 mg was placed on a platinum

ample pan. The samples were heated to 1173 K at a rate of 10 ◦C/min
n a nitrogen atmosphere. This study defines the remaining amount
f sample decomposed in nitrogen as W/Wo, where Wo and W
epresent the initial and instantaneous mass of the sample, respec-
ively. The TG and DTG curves were recorded simultaneously as the
emperature increased.

. Results and discussion

.1. Analysis of organic elements and metallic impurities

Elemental analysis reveals changes in the rice-husk’s organic
lement and ash content before and after activation. Table 1 indi-
ates that the percentage of carbon element in the activated husks
s higher than that in un-heated husks. However, hydrogen and
xygen elements follow the opposite trend. The decrease in oxy-
en and hydrogen contents may be attributed to the formation of
ater vapor, carbon dioxide, formic acid and acetic acid [31]. Com-
aring the water-rinsed and base-leached samples shows that the
sh content decreased by more than 92 wt% after basic treatment
f the rice husk. This is due to the fact that NaOH reacts with sil-

ca to form sodium silicate (Na2SiO3) [32]. The Na2SiO3 is soluble
n water, and is removed by adequate water-washing. The overall
eaction for Na2SiO3 formation is given by

NaOH(s) + SiO2(s) → Na2SiO3(s) + H2O(l) (1)

When the rice husk is activated with H3PO4 or ZnCl2, and neither
ase-leached nor acid-washed (UBUA), the ash content decreases.
his indicates that silica reacts with the chemical activating agent.
omparing H3PO4 and ZnCl2 activation shows that ZnCl2 activation
roduces a higher carbonaceous content than H3PO4 activation, and
he ash content is relatively lower as well.

Table 2 shows the amounts of metallic ingredients present in

ater-rinsed and activated samples. The water-rinsed sample has

he highest concentration of Ca. When the rice husks are activated
ut not acid-washed (BUA), these metals can be removed by a sim-
le water-washing procedure. It may be possible that the metals
re carried by the vaporization of organic matter during pyrolysis.

able 2
mount of metallic ingredients before and after the activation of samples.

Metallic ingredients as oxides, ppm

Water rinseda H3PO4 activation ZnCl2 activation

BUAb BAb BUAb BAb

g 4,680 50 ND 255 56
a 15,460 402 142 95 68
e 750 604 85 57 48
a 3,550 251 161 66 111

8,970 ND 19 ND ND
n 1,800 ND ND ND ND

5,430 97,600 30,700 470 ND
n 200 390 ND 31,400 ND

otal 40,840 99,297 31,107 32,343 283

a Sample was water-rinsed and un-heated.
b Samples were heated at 500 ◦C.
Fig. 1. Effect of base and acid treatment on surface area and iodine adsorption capac-
ity of samples at impregnation ratio of 2: (a) H3PO4 activation at 400 ◦C and (b) ZnCl2

activation at 500 ◦C.

However, the level of P and Zn in the BUA samples also increases
seriously. Further, when the rice husks are treated with the acid-
washing procedure (BA), impurities such as P and Zn are obviously
reduced. This indicates that metallic impurities can be effectively
removed by acid-washing. These results also show that Zn can be
removed much more easily than P. The sample activated with ZnCl2
has a higher purity than the H3PO4 activated sample. These obser-
vations show that the acid-washing procedure not only diminishes
the native metallic impurity, but also removes the residual activat-
ing agent. This helps prevent the pore obstruction that leads to a
reduction in adsorption capacity.

3.2. Analysis of reaction conditions

3.2.1. Effect of base or acid treatment process
Fig. 1 shows the effect of base or acid treatments on the BET

surface area and iodine adsorption capacity of samples. The min-
imum BET surface area and iodine adsorption capacity occurs in
the sample that is carbonized in nitrogen without being activated
(CRH). When the rice husks are activated with H3PO4 or ZnCl2,
treated with neither base nor acid solution (UBUA), the two sur-
face areas of H3PO4 and ZnCl2 activation are increased. However,
when the activated husks are treated with base-leaching but not
acid-washing (BUA), the BET surface area and iodine adsorption
capacity increase abruptly. Compared with the UBUA samples, the
specific surface areas for BUA samples are almost doubled. When
the activated husks are base-leached and acid-washed (BA), the BET
surface area and iodine adsorption capacity reach their maximum.
As mentioned earlier, rice husk contains a high ash content, and the
component of ash is mainly silica. The EA analysis results in Table 1
show that silica can react with the activating agent, and its con-
sumption may lead to a reduction in the activating agent/carbon
ratio. This can contribute to a decrease in the surface area of the
UBUA samples as well. Table 1 also shows that the ash content
decreases significantly after the base-leaching process. This indi-
cates that the disappearance of silica simultaneously creates more

surface area and new pore structures. Yeganeh et al. [14] reported
that the surface area of activated carbon depends on the ash con-
tent: the higher the ash content, the lower the N2 surface area. Their
observation is consistent with the present experimental results.
Comparing the BA, BUA and UBUA samples shows that the base-
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ig. 2. Effect of impregnation ratio on the surface area and iodine adsorption capac-
ty of samples: (a) H3PO4 activation at 400 ◦C and (b) ZnCl2 activation at 500 ◦C.

eaching procedure has a greater effect on enhancing the surface
rea and adsorption capacity than the acid-washing procedure.

.2.2. Effect of impregnation ratio of activating agent
Fig. 2 shows the BET surface area and iodine adsorption capacity

f rice husk activated with activating agent at various impregna-
ion ratios. The surface area and adsorption capacity of both H3PO4
nd ZnCl2 activated husks reach their maximum value when the
mpregnation ratio is 2. However, the surface area is relatively small

hen the impregnation ratio is 1. This may be because activation
ccurs only at the exterior of the rice husk, and decreases the for-
ation of pores. An increase in the activating agent promotes the

ontact area between rice husk and activating agent, and there-
ore, increases the surface area of carbon. When the impregnation
atio exceeds 2, the surface area of H3PO4 activated husk samples
ecreases, showing that these values are sensitive to the impreg-
ation ratio. However, the surface area of ZnCl2 activated husk
amples is less affected when the impregnation ratio exceeds 2. The
bservation can be explained as follows. The porosity of the carbon
tructure can be created by removing the chemical activating agents
n the carbonized samples. The N2-adsorption capacity of activated
arbon increases after washing with water [21]. However, in the
ase of H3PO4 activation, phosphate and polyphosphate species are
ncorporated into the carbon matrix through C–O–P bonds [33]. This
ndicates that part of the porosity of carbon samples is blocked by
he phosphorus compounds, which are not easily removed with
ashing (as Table 2 implies). This situation leads to a decrease in

urface area when too much H3PO4 is added to the husk. In the case
f ZnCl2 activation, the zinc salt left in the carbonized samples is
ighly soluble in water. This means that most of the ZnCl2 is easily
emoved in the washing stage, indicating that the surface area does
ot change significantly at excess levels of ZnCl2.

.2.3. Effect of activation temperature
Fig. 3(a) shows that when rice husks were activated with H3PO4

◦
rom 400 to 700 C, the BET surface area and iodine adsorption
apacity of samples reach their maximum values at a temperature
f 500 ◦C. When the activation temperature is lower than 500 ◦C,
he reactants are only partial carbonized (as TGA thermograms
ndicate). As a result, the pores may not fully develop, decreas-
Fig. 3. Effect of activation temperature on the surface area and iodine adsorption
capacity of samples at impregnation ratio of 2: (a) H3PO4 activation and (b) ZnCl2

activation.

ing the surface area. However, when the activation temperature is
higher than 500 ◦C, violent gasification reactions may cause a part
of the micropore structure to be destroyed by collapsing or com-
bining together [34]. As a result, decreasing microporosity leads to
an increase in mesopore volume. The surface area and adsorption
capacity decrease when the reaction temperature exceeds 500 ◦C.
These results are similar to the finding of other researchers [35]
who reported that the surface area of carbon obtained from H3PO4
activation of rice husk reaches its maximum at a carbonization tem-
perature of 450 ◦C. Fig. 3(b) shows that the reaction characteristics
of ZnCl2 activated samples have the same tendency as H3PO4 acti-
vated samples. The highest surface area also occurred at 500 ◦C. The
ZnCl2 activated samples have a higher BET surface area and iodine
adsorption capacity than H3PO4 activated samples at the same reac-
tion temperature. This is because Zn salts are easily removed in
the washing stage after the activation reaction. However, P com-
pounds are not easily removed due to the bonding of phosphorus
and carbon in the activated sample. The pores for H3PO4 activated
samples are not fully developed, and reduce the adsorption capac-
ity. The optimum surface areas of carbons are 2434 m2/g for ZnCl2
activation and 1741 m2/g for H3PO4 activation.

3.2.4. Analysis of yield
Fig. 4 plots the yield of carbon as a function of activation tem-

perature and impregnation ratio for both H3PO4 or ZnCl2 activated
samples. The yield of activated carbon is determined using the rela-
tionship of Eq. (2). The standard deviations of the yield are on the
order of around ±3%, and these values are used as the basis for the
error bars shown in the figure.

Carbon yield (%) = mass of activated carbon
mass of dried rice husk

× 100 (2)

Fig. 4(a) shows that the carbon yield for H3PO4 activation
decreases as the impregnation ratio increases. This same trend
appears in ZnCl2 activated samples. This is because when the acti-

vating agent is increased, the chemical reaction between the rice
husk and chemical agent becomes more violent. As a result, the
vaporization of organic matter increases, reducing the yield. The
yields for various chemical activating agents in Fig. 4(b) decrease
as reaction temperature increases. By increasing the reaction tem-
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ig. 4. Effect of activation temperature and impregnation ratio on carbon yield.

erature, the gasification becomes severe, and ultimately leads to
reduction in the yield. The yield values are lower than the acti-

ated carbon prepared from rice husk by the other workers, which
re 37–41 wt% for H3PO4 activation [36], and 32 wt% for ZnCl2
ctivation [10]. This is because the lignin tissue is removed after
ase-leaching the rice husk, and this causes a decrease in the car-
on yield. For the same activation temperature and impregnation
atio, the carbon yield in the H3PO4 activation procedure is rela-
ively higher than that obtained in the ZnCl2 activation procedure.
his can be explained by the fact that Zn salts are much more eas-

ly removed than P compounds in the activated carbons after the
ashing stage. Therefore, the chemical residues in the carbon lead

o an increase in the carbon yield for H3PO4 activated samples.

.3. Pore structure analysis

Fig. 5 shows the influence of the activation temperature and
ind of activating agent on the nitrogen adsorption–desorption

sotherms of the samples. According to the IUPAC classification
37], the carbon prepared from rice husk for both H3PO4 and ZnCl2
ctivation exhibits a combination of types I and IV, showing the
haracteristics of microporous and mesoporous structures. Fig. 5(a)
hows the results for samples activated with H3PO4 at various acti-
ation temperatures. When rice husk is carbonized without adding
he chemical activating agent (CRH sample), the isotherm displays
sharp knee at the relative pressure (P/Po) of about 0.01, and the
lateau is nearly horizontal. This adsorption behavior indicates that
he pore structure of carbonized rice husk is mainly microporous,
ith a narrow pore size distribution. When the H3PO4 activated

ample is not base- or acid-treated (UBUA sample), it displays a
harp increase in knee and the slope of the plateau. The adsorp-
ion isotherm does not appear to contain a hysteresis loop, which

ndicates that the pore structure includes mostly micropores. The
esults of samples activated with H3PO4 at 400–600 ◦C display an
brupt increase in nitrogen uptake in the initial pressure range, indi-
ating the formation of micropores. When the adsorption increases
Fig. 5. Adsorption–desorption isotherm of samples at impregnation ratio of 2: (a)
H3PO4 activation and (b) ZnCl2 activation.

markedly above 0.4, the isotherms show apparent hysteresis loops.
This may be caused by a capillary condensation in the mesoporous
structures of the activated carbon. This implies that samples at var-
ious activation temperatures have both micropore and mesopore
pore structures [11]. When the activation temperature is 500 ◦C,
the adsorption capacity is at a maximum, indicating that the pore
volume increases the most at this temperature.

Fig. 5(b) shows the results of the pore characteristics of sam-
ples activated with ZnCl2 at various activation temperatures. When
the activated rice husk is not base-leached or acid-washed (UBUA
sample), a broad knee is observed with an increase in the slope
of the plateau. The isotherm shows a slight hysteresis loop. This
adsorption behavior indicates a mesoporous pore structure. The
desorption hysteresis loop of samples activated with ZnCl2 at
400–700 ◦C are not very obvious. The nitrogen adsorption capacities
reach their highest values at an activation temperature of 500 ◦C.
When the activation temperatures increase from 500 to 700 ◦C, the
three isotherms display broad knees. The adsorbed volume gradu-
ally increases, suggesting that the pores are widened and the pore
size distribution becomes broader [38]. These results also indicate
that micropores and mesopores co-exist.

Table 3 illustrates the specific surface area and pore volume
of rice-husk samples activated by various thermal treatment pro-
cedures. The pore structure of carbonized husk (CRH) is mainly
microporous. This result agrees with the observation of Fig. 5(a).
However, the pore volume is very small, at only 0.155 cm3/g. When
rice husks are activated with H PO or ZnCl but not acid or base-
3 4 2
treated (UBUA), the pore volumes exhibit obvious increase. When
activated rice husks are given acid and base treatments (BA), the
pore volumes are higher than that of the UBUA process. This indi-
cates that the ash and activating agent can be effectively removed
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Table 3
Surface area and pore characteristics for carbonation and activation of samples.

CRHa H3PO4 activation ZnCl2 activation

UBUAb 400c 500c 600c 700c UBUAd 400c 500c 600c 700c

SBET (m2/g) 292 508 1278 1741 1425 1380 1262 1545 2434 2062 1798
Vt (cm3/g) 0.155 0.278 0.722 1.315 1.004 0.912 0.899 0.798 1.344 1.090 1.008
Vmic (cm3/g) 0.116 0.193 0.366 0.286 0.286 0.293 0.268 0.463 0.590 0.473 0.415
Vmeso (cm3/g) 0.021 0.048 0.308 0.672 0.486 0.405 0.504 0.285 0.682 0.593 0.552
Vmac (cm3/g) 0.018 0.037 0.048 0.357 0.232 0.214 0.127 0.050 0.072 0.024 0.041
Dp (nm) 2.13 2.19 2.26 3.02 2.82 2.75 2.85 2.06 2.21 2.11 2.24

SBET, BET surface area; Vt , total pore volume; Vmic, micropore volume; Vmeso, mesopore volume; Vmac, macropore volume; Dp, average pore diameter calculated as 4V/A by BET.
a ◦
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Sample was heated at 500 C.
b Sample was heated at 400 ◦C.
c Samples were treated with BA process at 400 ◦C–700 ◦C.
d Sample was heated at 500 ◦C.

fter the pore structure is formed. This, in turn, increases the
pecific surface area and pore volume. For the H3PO4 activation
rocedure, the pore volume has a maximum value of 1.315 cm3/g
t an activation temperature of 500 ◦C. The sample exhibits signifi-
antly developed micropore and mesopore structures, with a higher
roportion of mesopores than micropores. The ZnCl2 activation
rocedure produces the same results as the H3PO4 activation proce-
ure. The samples have a maximum pore volume of 1.344 cm3/g at
00 ◦C. The pore structure shows the co-existence of both micro-
ores and mesopores. The pore volume of the H3PO4 activation
ample is close to that of ZnCl2 activation sample at the same activa-
ion temperature. The average pore diameters of H3PO4 and ZnCl2
ctivated samples range from 2.26 to 3.02 and 2.06 to 2.24 nm,
espectively. The H3PO4 activated samples have a slightly higher
ore diameter than ZnCl2 activated samples.
.4. Analysis of physical properties

Fig. 6 shows the X-ray diffraction analysis of rice husk and acti-
ated carbon samples prepared from H3PO4 or ZnCl2 activation

Fig. 6. X-ray diffractogram of samples: (a) H3
procedures at various activation temperatures. Fig. 6(a) shows the
characteristic of fused silica in the raw material and CRH sam-
ples, with a diffraction peak around 2� = 22.5◦ [26]. The ash content
disappears for all H3PO4 and ZnCl2 activated samples at tempera-
ture ranges of 400–800 ◦C. Fig. 6(a) and (b) show no characteristic
peaks after activation, indicating that the activated carbon samples
obtained using both H3PO4 and ZnCl2 activation procedures exhibit
the turbostratic structure of disordered carbon materials [39]. How-
ever, there are two broad peaks around 2� = 25◦ and 45◦. Similar
patterns were obtained for carbon precursors heated at all temper-
atures. The peak near 2� = 45◦ shows a narrowing with increasing
temperature, which indicates an increase in the lattice size. Exper-
imental results also show that the peak intensity of samples using
the ZnCl2 activation procedure (Fig. 6(b)) is higher than that using
the H3PO4 activation procedure (Fig. 6(a)). This indicates that the

carbon obtained by ZnCl2 activation has a relatively large size of
crystallite.

To qualitatively characterize the surface groups on raw husk and
activated carbon, the study analyzed FTIR spectra, as Fig. 7 indi-
cates. This spectrum of raw material has a lot of similarities with

PO4 activation and (b) ZnCl2 activation.
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Fig. 7. FTIR spectrogram of samples: (a

he pistachio-nut shell [7], which is another type of lignocellulosic
aterial. A wide band located about 3400 cm−1 is attributed to
–H hydroxyl groups or adsorbed water [35]. The band at approx-

mately 2900 cm−1 corresponds to the C–H vibrations. The band
t 1692 cm−1 is attributed to the carbonyl C O groups. The band
t about 1615 cm−1 may be assigned to aromatic stretching vibra-
ion of C C. A very small peak near 1492 cm−1 could be attributed
o CH2 vibrations. The band at 1158 cm−1 may be assigned to
–O vibrations in phenols, ethers, or esters. The peak shouldered
t 1051 cm−1 could be attributed to the alcohol R–OH groups. The
ands at approximately 464, 735 and 1105 cm−1 are probably due
o the silicon atom attached initially to the oxygen in the rice husk
11].

After carbonizing the rice husk in a N2 atmosphere, the spec-
rum of CRH sample is different from the raw material. Many bands
isappear, indicating the vaporization of organic matter. When rice
usks are activated with H3PO4 and ZnCl2, the bands at 464, 735,
nd 1105 cm−1 disappear completely, indicating the removal of
sh in carbons. Fig. 7(a) shows that bands appear at 1692, 1564,
nd 1158 cm−1 for the H3PO4 activation samples, which could be
ttributed to C O, C C, and C O vibrations, respectively. The shoul-
er at about 1000 cm−1 may be a chain of P–O–P vibration for
hosphorus compounds [40]. Fig. 7(b) shows the ZnCl2 activated
amples, in which the bands at 1590, 1158 and a very small shoulder
t 840 cm−1 can easily be attributed to C C, C O, and C H vibra-
ions, respectively. For both activation procedures, the intensity
f these bands decreases as the activation temperature increases,

ndicating that the proportion of carbon content increases at high
emperatures. Fig. 7 also shows that ZnCl2 activated samples exhibit

eaker bond intensity than H3PO4 activated samples. This can be

xplained based on the fact that the ZnCl2 activation procedure
as a higher proportion of carbon content than the H3PO4 activa-
ion procedure, which is consistent with the results of elemental
nalysis shown in Table 1.
O4 activation and (b) ZnCl2 activation.

Fig. 8(a) shows the morphological features of un-reacted and
activated husk samples. Fig. 8 shows the outer epidermis of rice
husk, which is well organized in structure that resembles rolling
hills. Fig. 8(b) shows the inner surface of rice husk, which is cor-
rugated and contains a number of rectangular tissues attached to
the surface of the inner epidermis. Fig. 8(c) shows the outer epi-
dermis of base-leached husk. The surface of the outer epidermis is
peeled off, and a few big holes are present. Fig. 8(d) shows the inner
epidermis of base-leached husk. The tissue of the inner epidermis
looks appears clear-cut, but there are some folds on the surface.
This phenomenon may be due to the fact that silica deposited in
the husk is most highly concentrated in the outer epidermal tis-
sue [41]. After base-leaching of the rice husk, the silica reacts with
sodium hydroxide and is then removed by reaction (1). As a result,
some large holes remain on the husk’s outer epidermis. In addition,
the sodium hydroxide can also decompose the lignin in the husk,
causing swelling in the organic composition [42]. It is favorable to
the activating agent to enter the interior of carbon tissue, as this
increases the specific surface area and pore volume.

Upon activating the rice husk in N2, Fig. 8(e) shows a morphol-
ogy similar to that of the raw husk. The carbon sample appears
very well organized and contains a number of nodes inlaid in the
interior of tubular tissue. Fig. 8(f) shows that the appearance of
ground carbon has an irregular grain. Fig. 8(g) shows that the sur-
face of carbon activated with H3PO4 is covered with flakes. When
rice husk is activated with ZnCl2, the morphology differs from the
H3PO4 activation sample. Fig. 8(h) shows that the strength of the
carbon structure looks like hard, with a few small pores distributed
within the carbon.
3.5. Thermogravimetric analysis

Fig. 9 shows the TG curves of the remaining weight (W/Wo)
and DTG curves of the derivative of weight (dW/dt) for rice husk
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Fig. 8. Scanning electron micrographs of samples: (a) outer epidermis of rice husk, (b) inner epidermis of rice husk, (c) outer epidermis of base-leached rice husk, (d) inner
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pidermis of base-leached rice husk, (e) inner epidermis of activated carbon, (f) g
arbon powder by ZnCl2 activation.

ctivated at various impregnation ratios. Fig. 9(a) shows the TGA
urve of rice husk carbonized in N2 without any chemical acti-
ation. The mass loss occurring in the range from 100 to 375 ◦C
ay be attributed to the decomposition of organic materials. The
ass loss from 375 to 800 ◦C corresponds to the carbonization
rocess, which may be attributed to further pyrolysis of the inter-
ediate [11]. Fig. 9(b) shows the TGA curves of H3PO4 activation.

hese results indicate that the mass loss of rice husk activated
ith H3PO4 occurs in three distinct temperature zones. The curves

how an initial mass loss for temperature up to ∼300 ◦C due to
sample after activation reaction, (g) carbon powder by H3PO4 activation, and (h)

the volatilization of organic materials in the sample. It may be
that light gases are released at relatively low temperature. A small
amount of mass loss occurs in the 300–550 ◦C transition period,
which may be associated with further thermal decomposition of
organic materials rather than gasification. The temperature range

of 550–900 ◦C corresponds to the activation process, in which mass
loss may be attributed to the reaction between the activating agent
and carbonaceous residue. Fig. 9(b) shows two peaks in the DTG
curves. According the peak temperature at which instantaneous
rate of thermal decomposition is at a maximum, the temperatures
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Fig. 9. TG and DTG thermograms of samples at various impregnation ratio

f the first peak vary from 157 to 191 ◦C for the three impregna-
ion ratios, and increase as the impregnation ratio increases. It is
robable that the sample dehydration is slow when the rice husk
ontains a high proportion of activating agent. The temperatures of
he second peak vary from 614 to 696 ◦C for various impregnation
atios, and increase as the impregnation ratio decreases. Simulta-
eously, peak high exhibits an inverse trend, and increases as the

mpregnation ratio increases. This indicates that the reaction rate
an be increased by increasing the chemical activating agent. Hared
t al. [43] reported that wood impregnated with H3PO4 had two
eak temperatures at approximately 150–200 and 700 ◦C, which is
onsistent with the present observation.

Fig. 9(c) shows the TGA plots of ZnCl2 activated rice husk
btained from various activating agent impregnation ratios. The
ass loss of samples occurs in the three temperature zones, namely
200, 200–450 and 450–800 ◦C. The DTG curves reveal two peak

◦
emperatures at 150–175 and 518–589 C for the rice husk activated
ith ZnCl2 at various impregnation ratios. The first peak tempera-

ures increase as the impregnation ratio increases. The second peak
emperatures increase as the impregnation ratio decreases. These
esults are similar to those of the H3PO4 activation procedure. Fig. 9

able 4
eported specific surface area and pore volume of activated carbon prepared form rice hu

ctivating agent Activation temperature (◦C) Impregnation ratio BE

3PO4 800 4.2 3
3PO4 500 – 3
3PO4 400 – 6
3PO4 450 1.5 12
3PO4 500 2.0 17
nCl2 500–550 1.0 11
nCl2 600 0.1 4
nCl2 300 1.0 5
nCl2 500 1.0 7
nCl2 500 2.0 24
rice husk carbonized in N2, (b) H3PO4 activation and (c) ZnCl2 activation.

also shows a discrepancy between the H3PO4 and ZnCl2 activation
samples. Specifically, ZnCl2 activation produces a higher mass loss
and instantaneous rate of thermal decomposition. At the same time,
ZnCl2 activation has a lower peak temperature and shorter duration
for rice-husk pyrolysis. These observations suggest that the ZnCl2
activation reaction occurs faster and more easily than the H3PO4
activation reaction.

The activation process includes both rice husk and activating
agent components. This reaction is complicated and not well under-
stood. As mentioned earlier, the main constituents of rice husk are
cellulose, hemi-cellulose and lignin. Thermogravimetric analysis
shows that the activation process can be divided into three stages.
This indicates that organic matter decomposes into the interme-
diate of smaller molar mass in the initial stage of the activation
reaction. The reaction releases gaseous volatiles. Thus, the reaction
mechanism at the first stage can be expressed as:
Rice husk → intermediate + volatiles (3)

During the second stage, the intermediate further decomposes
to form other volatile species, tar and char. At the same time, the
chemical activating agents including both ZnCl2 and H3PO4 begin

sk by H3PO4 and ZnCl2 activation.

T surface area (m2/g) Pore volume (cm3/g) Researchers [Ref.]

79 0.373 Kennedy et al. [40]
76 0.431 Daifullah et al. [13]
49 – Yeganeh et al. [14]
95 0.735 Guo and Rockstraw [35]
41 1.315 This work
36 – Usmani et al. [15]
80 1.365 Yalcin and Sevinc [16]
78 0.463 Mohanty et al. [10]
50 0.380 Kalderis et al. [17]
34 1.344 This work
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o melt or decompose [44,45]. Thus the reaction mechanisms of the
econd stage can be expressed as

ntermediate → tar + char + volatiles (4)

3PO4(s) → (1/2)P2O5(l)+(3/2)H2O(g) (5)

nCl2(s) → ZnCl2(l) (6)

Note that P2O5 or ZnCl2 acts as an oxidizing agent, and carbon
cts as a reducing agent. In the third stage, the char reacts with the
hemical activating agent, causing the pores to open. Finally, the
olid residue regarded as activated carbon can be obtained after
he washing.

Table 4 lists the specific surface area and pore volume of acti-
ated carbon obtained by the other investigators. These samples
ere prepared from rice husk by H3PO4 or ZnCl2 activation. The

urface area and pore volume for H3PO4 activation samples range
rom 376 to 1295 m2/g and 0.373 to 0.735 cm3/g, respectively. For
nCl2 activation, these values range from 480 to 1136 m2/g and
.380 to 1.365 cm3/g, respectively. These values are smaller than
hose obtained in the current study. We therefore conclude that
reating rice husk with base-leaching and acid-washing procedures
romotes the activation reaction, providing high quality activated
arbon powder.

. Conclusions

This study reports the preparation of activated carbon with a
igh surface area and large adsorption capacity from rice husk,
sing H3PO4 and ZnCl2 as the chemical activating agents. ZnCl2
ctivation produces a higher surface area and iodine adsorption
apacity than H3PO4 activation. The base-leaching procedure can
ffectively remove ash and improve the surface area and pore
olume of the sample. The acid-washing procedure can act as a
leaning process to remove metallic impurities and residual activat-
ng agent. The optimum surface area of carbon for both H3PO4 and
nCl2 activation occurs at a temperature of 500 ◦C with an impreg-
ation ratio of 2. All the samples activated at various temperatures
ave a turbostratic structure. Thermal analysis results show that the
rganic matter in the activation procedure decomposes into smaller
olecules before the activation reaction. The reaction process is

uite complicated, and the activation mechanism can be illustrated
xperimentally. The high surface area of carbon obtained from rice
usk is comparable to that of other lignin–cellulose matter. Rice
usk is an excellent material for the preparing activated carbon.
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