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Abstract

An attempt was made to convert some agricultural and forest residues, including oak wood waste, corn hulls, and corn stover, into activated
carbons. Microporous activated carbons were produced by physical activation with CO2 as the activation agent; specifically, the effects of
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ctivation temperature and duration were explored. The resultant activated carbons were characterized by measuring their porosi
ize distributions. The activated carbons produced had the BET surface areas ranging from 400 to 1000 m2/g, and ratios of micropore volum
o total pore volume ranging from 0.38 to 0.66. The pore size distributions (PSDs) were narrow and peaked approximately at a po
f 0.5 nm. Both the surface area and the nature of porosity were significantly affected by the conditions of activation, the exten
epended on the nature of the precursors. In general, the higher the activation temperature, the greater are the surface areas a
olumes of the resultant activated carbons. Nevertheless, various precursors were affected differently by the duration of activatio
he longer the duration of activation, the greater the adsorption capacity of resultant activated carbons, and vice versa for corn hu
tover.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Activated carbons are highly porous materials that are
ound in numerous applications. For instance, they often
erve as adsorbents, catalysts, and catalyst supports. The mar-
et for activated carbons is indeed vast. The global consump-
ion of activated carbons was 750,000 t in 2002. The estimated
rowth of worldwide demand is 4–5% per year, with higher
rowth rates of 5–6% per year projected for the U.S. between
002 and 2005[1]. Currently, activated carbons are manufac-

ured from a variety of starting materials, i.e., precursors, in-
luding different types of wood[2–6], nutshells[7–10], coal
11–13], and polymers[14,15]. These precursors are usually
igh in carbon content.

∗ Corresponding author. Tel.: +1 785 532 4318; fax: +1 785 532 7372.
E-mail address:walawen@cheme.ksu.edu (W.P. Walawender).

Commercially viable internal surface areas are gene
in carbon precursors almost always through physical or c
ical activation. The bulk of these internal surface area
present in the micropores of the carbon. High surface
eas are required for large sorptive capacities. In indu
practice, physical activation is carried out most frequentl
burning off some of the raw carbon in an oxidizing envir
ment to create micropores. The usual commercial choic
activation gas are steam, CO2, air, or their mixtures. Activa
tion normally takes place at temperatures between 700
1000◦C in steam and CO2, and lower temperatures in a
Chemical activation was not considered in the current w
It entails the addition of materials such as zinc salts or p
phoric acid to the carbon precursors, thereby possibly g
ating secondary environmental pollution during disposa

In the present study, CO2 was selected as the activat
gas: CO2 is clean and easy to handle. Moreover, CO2 has
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been a preferred choice as the activation gas on the laboratory
scale: it facilitates control of the activation process due to
the slow reaction rate at temperatures around 800◦C [16].
Gonźalez et al.[17] conducted their investigation of CO2
activation with both vertical and horizontal furnaces. They
have concluded that a horizontal furnace is advantageous for
micropore development.

Significant quantities of forest and agricultural residues
are not recycled; consequently, they are wasted. The aim of
this study is to investigate the conversion of some of these
abundant forest and agricultural residues into high-quality
activated carbons that might be commercially viable. The
residues that served as precursors included oak wood waste,
corn hulls, and corn stover. The activated carbons were pre-
pared through carbonization in a fluidized bed followed by
CO2 activation, which was accompanied by heat treatment,
over a range of activation conditions. The activation tem-
perature and duration were explored for their effects on the
properties of the activated carbons; this rendered it possible
to determine optimum activation conditions. The activated
carbons were characterized according to their physical ad-
sorption properties by the conventional gas sorption method-
ology.
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Table 2
Properties of char

SBET (m2/g) V (cm3/g)

Oak 92 0.1458
Corn hulls 48 0.0581
Corn stover 38 0.0538

SBET: surface area calculated using the BET equation;V: total pore volume
estimated by converting the amount of N2 gas adsorbed at a relative pressure
of 0.99 to liquid volume of N2.

The process typifies fast pyrolysis because of the high heating
rates of the rather small particles (less than 1 mm). Once the
residue was fed into the sand bed, it pyrolyzed, and the result-
ing gas stream and entrained fine char exited the freeboard
of the reactor and entered two heated cyclones in series. The
cyclones were enclosed in a heated jacket at 450◦C. The vast
majority (95%+) of the char was collected in the first cyclone.
At the end of the run, the char was removed from the cyclone
collection bins, weighed, and sealed in containers. The re-
maining hot gas flow continued through a set of condensers
and exited the system. The char yields from oak, corn hulls,
and corn stover were 10, 32, and 22%, respectively.Table 1
also lists the results of elemental analysis of the resultant char
obtained from each precursor. It is clear that the carbon con-
tent of char was significantly higher after carbonization, and
the oxygen and hydrogen were lower. The surface areas and
total pore volumes for the chars produced were very low as
listed inTable 2.

Fig. 1 presents the pore size distributions (PSDs) of the
chars determined by the non-local density functional theory
(NLDFT). Obviously, the chars possess wide PSDs ranging
from 0.4 to 6 nm centered around 3–4 nm.

2.3. Physical activation
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. Experimental

.1. Materials

The residues studied included oak wood waste, corn h
nd corn stover.Table 1lists the elemental analysis of ea
recursor. The table reveals that these residues are h
arbon content; this indicates that they are suitable precu
or preparing activated carbons.

Carbon dioxide with a purity of 99.5%, supplied from
ompressed gas cylinder, was used as the activation g
hysical activation. Liquid nitrogen served as the coolant
ltra-pure carrier grade compressed nitrogen with a p
f 99.9995% served as the adsorbate for the gas adso
haracterization.

.2. Preparation of chars

The residues were fed into a fluidized sand-bed rea
perating at approximately 500◦C, with inert nitrogen as th
uidizing agent. The typical feed rate of residue was 7 k

able 1
lemental analysis of raw materials and their chars

lements Elements in the materials (wt.%)

Corn
hull

Corn
hull
char

Corn
stover

Corn
stover
char

Oak Oak
char

44.100 70.330 39.980 59.360 45.610 70.840
6.975 3.226 5.811 3.060 6.755 3.165

41.109 16.733 43.517 16.936 47.209 13.225
Physical activation was performed in a quartz tube rea
essel, which was contained in a horizontal three-zone
ratory tube furnace (model HTF55437C, Lindberg/Bl

ig. 1. Pore size distributions of chars: (A) char from oak; (B) char f
orn hulls; (C) char from corn stover.
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The reactor’s inner diameter was 6 cm and its length was
60 cm. A quartz boat containing char was positioned cen-
trally within the reactor. Temperature control for the reactor
consisted of a three-zone temperature control system (model
CC58434C, Lindberg/Blue); it contained three independent
microprocessor-based digital temperature controllers. First,
about 0.7 g of char was weighed to the nearest one-tenth of
a milligram and placed in a thin layer in the sample boat.
The boat was then centered in the furnace, which was turned
on after CO2 with a purity of 99.5% purged the system for
about 2 h to exclude O2. It took approximately 15 min for
the furnace to reach the set temperature. After a specified
duration for activation, the furnace was turned off. Carbon
dioxide continued to flow through the system for about 2 h
until the sample cooled down. The gas volumetric flow rate
was maintained at 24 ml/min (STP) for all experimental runs.
On completion, the resultant activated carbon was weighed to
determine its burn-off. Here, the burn-off refers to the weight
difference between the original char and the activated carbon
divided by the weight of original char with both weights on
a dry basis, i.e.,

burn-off = W0 − W1

W0
× 100% (1)

whereW0 is the weight of char andW1 the mass of the car-
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3. Results and discussion

CO2 activation was performed at temperatures of 700 and
800◦C and for durations of 1 and 2 h.Table 3lists the ac-
tivation conditions, burn-off, BET surface area, total pore
volume, micropore volume, and ratio of micropore volume
to total pore volume of each sample. Comparison of the data
in Tables 2 and 3reveals that the activation process has a
notable effect on the properties of carbons. The results are
further elaborated and analyzed in the following sections.

3.1. Burn-off

Fig. 2 depicts the relationships between the ratio of mi-
cropore volume to total pore volume,V0/V, and the burn-off
in activating char from oak, corn hulls, and corn stover at ac-
tivation temperatures of 700 and 800◦C and for durations of
1 and 2 h. The data plotted in the figure have been extracted
from those given inTable 3. Obviously, for chars from oak and
corn hulls, the greater the burn-off, the smaller theV0/V, up
to the burn-off of about 43%; thereafter, this trend reversed,
thereby indicating that the development and widening of mi-
croporosity exceeded the destruction of porosity. For char
from corn stover, the greater the burn-off, the higher theV0/V,
up to a burn-off of 46%, due to the continuous development
of microporosity. In a previous study[28], greater degrees
o gher
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on after activation. The activation was performed at t
eratures of 700 and 800◦C and activation durations of
nd 2 h. Each experiment was replicated 3–5 times to e

he reproducibility of the resultant data. The sample stan
eviation,s, of each set of data in terms of weights ne
xceeded 0.05 g. The minimum of the mean,m, of each se
f data was 0.6 g; this has given rise to the maximum rel
tandard deviation, or coefficient of variation, CV, of 0.0

.4. Characterization

N2 adsorption isotherms of the activated carbons at
ere obtained with a gas sorption analyzer, Autosorb-1-
P (Quantachrome). Each sample’s surface area, pore
me, and PSD were determined from nitrogen adsor
ata and the Quantachrome software (adsorption data
btained over the relative pressure,p/p0, range from 10−6 to 1
ith nitrogen adsorption at 77 K). Two minutes were allow

or each adsorption point. The samples were degassed
igh vacuum at 120◦C for 8 h prior to measurement. T
urface area,SBET, was calculated using the BET (Brunau
mmett and Teller) equation[18,19] from selected N2 ad-
orption data within the range of relative pressure,p/p0, from
.1 to 0.3. The total pore volume,V, was estimated by co
erting the amount of N2 gas adsorbed (expressed in cm3/g
TP) at a relative pressure of 0.99 to liquid volume of the
orbate (N2). The micropore volume,V0, was determined a
ording to the DR (Dubinin–Radushkevich) method[20–22].
ore size distributions were computed by the NLDFT me

23–27]by minimizing the grand potential as a function
he fluid density profile.
r

f burn-off always generated activated carbons with hi
icroporosity, when producing activated carbons from

eal grains such as corn and hard red winter wheat by2
ctivation.

.2. Influence of activation temperature

The BET surface areas of all activated carbons obta
t 700◦C were lower than those obtained at 800◦C. For in-

ig. 2. Relationship between the ratio of micropore volume to total
olume and the burn-off of the chars: the activation temperature and du
f individual data points from the left to the right are 700◦C and 1 h; 700◦C
nd 2 h; 800◦C and 1 h; and 800◦C and 2 h, respectively.
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Table 3
Properties of activated carbons through carbon dioxide activation

Activation temperature (◦C) Activation time (h) Burn-off (%) SBET (m2/g) V0 (cm3/g) V (cm3/g) V0/V

Oak
700 1 31.8 642 0.2704 0.4113 0.6574
700 2 41.8 644 0.2450 0.4040 0.6064
800 1 43.0 845 0.3212 0.6011 0.5344
800 2 51.4 985 0.3792 0.6403 0.5922

Corn hulls
700 1 32.3 977 0.3352 0.8923 0.3757
700 2 37.0 902 0.3284 0.8223 0.3994
800 1 44.4 1010 0.4348 0.8341 0.5213
800 2 45.2 975 0.3792 0.6803 0.5574

Corn stover
700 1 41.5 660 0.2817 0.4879 0.5774
700 2 41.7 432 0.1818 0.3329 0.5461
800 1 42.6 712 0.2849 0.5494 0.5186
800 2 50.2 616 0.2343 0.4223 0.5548

SBET: surface area calculated using the BET equation;V0: micropore volumes determined according to the DR method;V: total pore volume estimated by
converting the amount of N2 gas adsorbed at a relative pressure of 0.99 to liquid volume of N2; V0/V: the ratio of micropore volume to total pore volume.

stance, the surface areas were 642 and 845 m2/g for the ac-
tivated carbons from oak for 1 h of activation at 700 and
800◦C, respectively (seeTable 3). The extent of burn-off
of products from the activation at 700◦C was less than the
amount at 800◦C. Thus, the products from the former con-
tained less volatile materials than those from the latter. The
loss of volatile materials was probably responsible at least
partially for the creation of both macro- and micropores, re-
sulting in samples with high surface areas. In addition, the
activation of char with CO2 must have involved the C–CO2
reaction[29]. This would lead to the removal of carbon atoms
and also cause the burn-off, thereby contributing to the de-
velopment of micropore structure.

The production of activated carbons with high adsorption
capacity entails activating of chars at a high temperature,
thus giving rise to the combined effects of volatile material
loss and C–CO2 reaction as demonstrated by the results from
the current work. Similar results were obtained by Lua and
Guo[30] who prepared activated carbons from oil-palm shell
by CO2 activation; the higher the activation temperature, the
greater the surface areas of the resultant activated carbons. As
can be discerned from the data inTable 3, both the surface
areas and the micropore volumes were higher for all activated
carbons obtained at the higher activation temperature com-
pared to those obtained at the lower activation temperature.
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of activated carbons from oak obtained at 700◦C was less
than that obtained at 800◦C; the former was 0.4113 cm3/g,
and the latter was 0.6011 cm3/g.

3.3. Influence of activation duration

The properties of carbons from oak obtained upon 1 and
2 h of activation at 700◦C were very similar (seeTable 3).
Fig. 3 also illustrates that their isotherms almost coincide.
Apparently, the activation durations of 1 and 2 h did not ap-
preciably affect the properties of activated carbons from oak
at 700◦C. In contrast, the surface areas, total pore volume,
and micropore volume of activated carbon obtained upon 1 h
of activation were much less than those upon 2 h of activation
at 800◦C. Obviously, the pore structure of carbons from oak
altered substantially for different durations of activation at
800◦C.

As revealed by the data inTable 3, the surface areas, mi-
cropore pore volumes, and total pore volumes of activated
carbons from chars generated from corn hulls as well as those
from corn stover were appreciably greater after 1 h of activa-
tion than after 2 h of activation. This is in sharp contrast to
the results from the activation of char from oak. Plausibly, in
activating the chars from both corn hulls and corn stover, the
rate of pore structure formation exceeded that of the destruc-
t arlier
s
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he ratios of micropore volume to total pore volume of a
ated carbons from corn hulls generated at 700◦C was lowe
han those of activated carbons prepared at 800◦C, thus indi-
ating an increase in the fraction of micropore volume
ncreasing temperature. Sometimes, however, a higher
erature causes micropores to widen because it destro
alls between adjacent pores, thereby resulting in the

argement of pores. This leads to a decrease in the fract
icropore volume and an increase in the total pore vo
s exhibited by the samples from oak and corn stover. Fo
mple, when the activation lasted 1 h, the total pore vo
ion due to the pore enlargement and collapse at the e
tage and vice versa at the later stage.

.4. Comparison with blank experiments

Blank experiments were carried out to determine the
ects of heating alone. Char placed in N2 atmosphere wa
eated under the same experimental conditions as
dopted for the CO2 activation experiments. Heat treatm
lone led to burn-off of about 20% in comparison to 30–5
ith CO2 activation at 700◦C for a duration of 1 h. The su
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Fig. 3. Nitrogen adsorption (77 K) isotherms of activated carbons from oak
through CO2 activation.

face areas, total pore volumes, and micropore volumes of the
activated carbons resulting from heat treatment alone were
significantly lower than those of activated carbons obtained
through CO2 activation. For instance, the surface areas of
the activated carbons from corn hulls generated at 700◦C
with 1 h CO2 activation was more than twice of that with
heat treatment alone; the former was 977 m2/g, and the latter,
411 m2/g. According to Rodŕıguez-Reinoso et al.[31], CO2
can open closed pores as well as widen existing pores by
the activation, thus increasing the accessibility of the small
pores to the molecules of an adsorbate. Consequently, nitro-
gen molecules can more easily penetrate into the interior of
activated carbons where the pore structure is well developed.

3.5. Isotherms

Figs. 3–5exhibit the N2 adsorption isotherms for the ac-
tivated carbons resulting from the CO2 activation of chars
at an activation temperature of either 700 or 800◦C, and for

F corn
h

Fig. 5. Nitrogen adsorption (77 K) isotherms of activated carbons from corn
stover through CO2 activation.

an activation duration of either 1 or 2 h. All these isotherms
are clearly of Type I[32,33] that are typical of microporous
materials. The flatter the isotherm, the more dominant the
micropores, and vice versa. Regardless, the values ofV0/V,
i.e., the fraction of micropore volume, usually exceed 0.5.
Isotherms always contain two parts, i.e., adsorption isotherm
and desorption isotherm; for convenience, only adsorption
isotherms were plotted inFigs. 3–5. To illustrate the exis-
tence of the hysteresis loop, one of the isotherms inFig. 3
has been expanded and is exhibited asFig. 6.

As can be seen fromFig. 3 for oak, the development of
mesoporosity relative to that of microporosity became appre-
ciable at an activation temperature between 700 and 800◦C
for a given activation duration: the higher the temperature, the
steeper the isotherm branches except at the very low relative
pressures (approximately less than 0.1). This is also evident
from the higher values ofV0/V of the activated carbons ob-
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ig. 4. Nitrogen adsorption (77 K) isotherms of activated carbons from
ulls through CO2 activation.
ig. 6. Hysteresis loops shown in the nitrogen adsorption (77 K) isot
f activated carbons from oak through CO2 activation at 800◦C for 1 h:

he lower branch represents the adsorption isotherm and the upper
epresents the desorption isotherm.
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tained at 700◦C than those obtained at 800◦C, as can be
discerned from the data inTable 3. At a given activation tem-
perature, however, the slopes of isotherm branches of these
activated carbons obtained for the durations of 1 and 2 h were
almost identical.

As can be discerned fromFig. 4 for corn hulls, the lower
the activation temperature, the steeper the isotherm branches
for a given activation duration; the shorter the activation du-
ration, the steeper the isotherm at a given activation tem-
perature. The development of microporosity, therefore, must
have been favored by the higher temperature and longer du-
ration. This is also evident from the increase inV0/V listed
in Table 3. The higher temperature and longer duration of-
ten cause greater extent of burn-off, as discussed earlier in
Section3.1.

Fig. 5 for corn stover indicates that the higher the activa-
tion temperature, the steeper the isotherm branches at a given
activation temperature. This appears to imply that the devel-
opment of mesoporosity relative to that of microporosity be-
came significant at temperatures between 700 and 800◦C. At
a given activation temperature, the shorter the activation du-
ration, the steeper the isotherm branches, thereby indicating
that the microporosity continuously developed between the
durations of 1 and 2 h.

The hysteresis loop is plotted inFig. 6 for the isotherm
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method, are much narrower than those of the starting chars.
The differential pore volume of each of these activated car-
bons peaks approximately at a pore diameter of 0.5 nm, thus
indicating its potential as a gas adsorbent.

Both the surface area and the nature of porosity are sig-
nificantly affected by the conditions of activation, the extent
of which depends on the nature of the precursors. In gen-
eral, the higher the activation temperature, the greater are the
surface areas and micropore volumes of the resultant acti-
vated carbons. Nevertheless, various precursors are affected
differently by the activation duration. For oak, the longer the
activation duration, the greater the adsorption capacity of the
resultant activated carbons, and vice versa for corn hulls and
corn stover.
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