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ABSTRACT: Microporous activated carbon spheres
(ACSs) with a high specific Brunauer–Emmet–Teller (BET)
surface area were prepared from resole-type spherical
crosslinked phenolic beads (PBs) by physical activation.
The PBs used as precursors were synthesized in our labo-
ratory through the mixing of phenol and formaldehyde in
the presence of an alkaline medium by suspension poly-
merization. The effects of the gasification time, tempera-
ture, and flow rate of the gasifying agent on the surface
properties of ACSs were investigated. ACSs with a con-
trollable pore structure derived from carbonized PBs were
prepared by CO2 gasification. Surface properties of ACSs,
such as the BET surface area, pore volume, pore size dis-
tribution, and pore diameters, were characterized with
BET and Dubinin–Reduchkevich equations based on N2

adsorption isotherms at 77 K. The results showed that
ACSs with a 32–88% extent of burn-off with CO2 gasifica-
tion exhibited a BET surface area ranging from 574 to 3101
m2/g, with the pore volume significantly increased from
0.29 to 2.08 cm3/g. The pore size and its distribution could
be tailored by the selection of suitable conditions, includ-
ing the gasification time, temperature, and flow rate of the
gasifying agents. The experimental results of this analysis
revealed that ACSs obtained under different conditions
were mainly microporous. The development of the surface
morphology of ACSs was also studied with scanning elec-
tron microscopy. VVC 2008 Wiley Periodicals, Inc. J Appl Polym
Sci 110: 3283–3291, 2008
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INTRODUCTION

In general, activated carbons in both powdered and
granular forms are widely used as adsorbents
because of their excellent adsorption capability for
the removal of toxic agents.1,2 The applicability of
these carbons mainly depends on the specific surface
area and pore structure properties. The type of po-
rosity developing in activated carbons is strongly de-
pendent on the starting precursor materials,
activation methods, and processing parameter
conditions.3

These activated carbons are generally produced by
physical activation or chemical activation methods.4

Physical activation is performed in two steps: car-
bonization of the raw materials followed by gasifica-
tion in the presence of some oxidizing agents, such
as steam, oxygen, and carbon dioxide.5 On the other
hand, the chemical activation process is performed
through the thermal decomposition of precursor
materials impregnated with dehydrating agents,

such as potassium hydroxide, zinc chloride, and
phosphoric acid.6–8 In this activation, all chemicals
act as hydrating agents.
The activated carbons are prepared from both nat-

ural and polymeric precursor materials with both
physical and chemical activation methods. Polymeric
precursor materials have an advantage over natural
ones, in that they produce activated carbons with
high surface areas and desired pore structures.9 In
general, polymeric precursor materials used to pro-
duce activated carbons are polyacrylonitrile, polysty-
rene sulfonate and its derivatives, poly(vinyl
chloride), divinylbenzene and its copolymers, poly-
styrene divinyl, and phenolic resins.10–18 Moreover,
because of their low level of inorganic impurities
and negligible ash content, phenolic resins are prom-
ising polymeric precursor materials for producing
high surface areas and desired pore structures,
which can be controlled to very low levels in the
synthesis process.10,11 They are easy to prepare in
desired physical forms (powders, granules, and
fibers).19,20

Recently, activated carbons in spherical forms
have been prepared from different precursor materi-
als, such as pitch, polyacrylonitrile, polystyrene
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sulfonate resins, and phenolic resins. They have
exhibited better abrasion resistance because of the
absence of sharp edges and irregular shapes in com-
parison with conventional activated carbon powder.
Advanced adsorbent materials, namely, activated
carbon spheres (ACSs), have been developed that
are highly effective in a spherical form when
adhered to a base fabric for protection against chem-
ical warfare agents. Microporous ACSs prepared
from divinylbenzene are used for protection against
chemical warfare agents.21 They are also outstanding
materials used for the purification of gases and
water.

Yang and coworkers22,23 reported the preparation
of ACSs by the addition of pore-forming agents
such as poly(ethylene glycol), poly(vinyl butyral),
and ferrocene to a novolac-type resin. The ACSs
prepared with the aforementioned precursors by
steam activation showed more mesopores with a
low product yield. They further attempted to pre-
pare ACSs from a novolac-type phenolic resin by
supercritical water activation. The ACSs prepared
by this method showed cracks on the surface with
a low surface area (919 m2/g) and lost their me-
chanical strength. Therefore, today’s requirement is
to develop a polymeric precursor material that pro-
duces ACSs with a controlled pore structure and a
high adsorption capacity with sufficient mechanical
strength.

Here we synthesized resole-type spherical pheno-
lic beads (PBs) as precursor materials by a polymer-
ization technique.24 ACSs from resole-type
crosslinked spherical PBs have not yet been reported
in the literature. Apart from the activation condi-
tions, it has been reported that the structure of the
precursor materials also has an effect on the result-
ing activated carbons. When a phenolic resin is used
as a precursor material, the structure and mechanical
properties25 depend on the molar ratios of the phe-
nol and formaldehyde as well as the concentration
of the catalyst, synthetic temperature, and curing
time. Furthermore, we optimized these parameters
and used precursor materials that produced ACSs
with higher surface properties and better mechanical
strength.

This work describes the preparation of micropo-
rous ACSs with higher specific Brunauer–Emmet–
Teller (BET) surface areas from carbonized PBs by
CO2 gasification. The surface properties under
study include the specific BET surface area, pore
volume, micropore volume, and pore size distribu-
tion. The effects of process parameters such as the
gasification time, temperature, and flow rate of
CO2 on the surface properties were investigated.
The surface morphology of ACSs was also studied
with scanning electron microscopy (SEM) and is
discussed.

EXPERIMENTAL

Materials

Phenol (Chemical Division, Ranbaxy Laboratories,
Ltd., Mumbai, India), an aqueous formaldehyde solu-
tion (37–41% w/v, Laboratory-reagent; S.D. Fine
Chemical, Ltd., Mumbai, India), poly(vinyl alcohol)
(weight-average molecular weight ¼ 125,000; S.D.
Fine Chemical, Mumbai, India), triethylamine (99%;
Lancaster Synthesis, Morecaube, England), LR hexam-
ine (hexamethylene tetraamine; S.D. Fine Chemical),
and analytical-reagent acetone (Samir Tech-Chem
Pvt., Ltd., Gurgaon, India) were used as received.

Preparation of the precursor material

The process for the preparation of PBs is described
in our previous article.24 In this process, the reaction
was carried out in a 1000-mL, round-bottom, four-
neck reaction vessel with a Teflon stirrer, a reflux
condenser, and a thermocouple. The phenol was
polymerized with an aqueous solution of formalde-
hyde in a molar ratio of 1 : 1.5 in the presence of the
initiator triethylamine (1.5 wt %), and this was fol-
lowed by dispersion in the resulting mixture in dis-
tilled water (25.0 wt %) with the help of a stirrer via
stirring at 550 rpm. The reactor was charged with
this mixture along with an aqueous solution of poly
(vinyl alcohol) (5.0 wt %) as a stabilizer at 96 � 1�C
for 40 min. Then, hexamethylene tetraamine (5.5 wt
%) was added to the reaction vessel, and the poly-
merization was carried out at the same temperature
and fixed agitation rate (550 rpm) for 4 h. At the end
of the reaction, the reactor was cooled, and the
beads were separated from the reaction mixture by
filtration and washed with water. Finally, they were
washed with acetone and dried to get the PBs.

Scheme 1 Illustration of the structure of the cured resole-
type phenolic resin.
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The phenol and formaldehyde under alkaline con-
ditions and, therefore, the formation of the cross-
linked PB structure with ortho- and para-methylene
bridges between rings are shown in Scheme 1. Most
studies have revealed that the concentration of ether
bridges can be negligible.

Preparation of ACSs

ACSs were prepared by the carbonization of PBs in
an N2 atmosphere followed by CO2 gasification. PBs
with a particle size distribution of 0.2–1.0 mm were
carbonized in a vertical tubular furnace at a heating
rate of 5�C/min from room temperature to the high-
est treatment temperature of 800�C. The carbonized
material was further activated in the same tubular
furnace reactor by CO2 gasification. The experimen-
tal sets of ACS samples at different gasification times
(5–15 h), temperatures (850–1150�C), and flow rates
(0.25–1.0 L/min) were obtained as follows. Samples
ACS32, ACS53, ACS67, and ACS88 were prepared
with different extents of burn-off (32, 53, 67, and 88%,
respectively) at 950�C; samples ACS850, ACS950,
ACS1050, and ACS1150 were prepared at different tem-

peratures (850, 950, 1050, and 1150�C, respectively) for
5 h; and samples ACS0.25, ACS0.5, ACS0.75, and ACS1.0
were prepared at different flow rates (0.25, 0.5, 0.75,
and 1.0 L/min, respectively) at 950�C for 5 h.

Characterization methods

The particle size distribution of PBs was measured
with mesh sieves of various sizes. The specific BET
surface areas and pore structure parameters of ACSs
were determined from the adsorption isotherm of a
nitrogen molecule at 77 K with a Quantachrome
Autosorb (Quantachrome Instruments, FL). The BET
equation was used to calculate the surface area.26

Before the measurement of the specific BET surface
areas and pore structure parameters, the samples
were outgassed at 250�C in a vacuum oven for 4 h.
The micropore volume of the ACSs was determined
with the Dubinin–Reduchkevich (DR) equation.27 The
total pore volume was obtained from the amount of
nitrogen adsorbed at a relative pressure of 0.95 to the
liquid nitrogen volume.28 The subtraction of the
micropore volume (from the DR equation) from the
total pore volume gave the mesopore volume.29

The mechanical strength of ACSs was obtained
with a carbon and sphere tester (ASTM C-695 and
ASTM E-4). For more accuracy in the results, 10
spheres were taken from each sample (ACS850,
ACS950, ACS1050, and ACS1150), and the average value
corresponding to the mechanical strength of the ACSs
was taken. The surface morphology of the beads was
studied with a JEOL scanning electron microscope
(Tokyo, Japan). The samples were sputter-coated with
gold before analysis. Elemental analysis was carried
out with a Carlo-Erba elemental analyzer (Germany).
The average pore size (or pore diameter) of ACSs
was calculated from 4 times the total pore volume
(cm3/g) over the corresponding specific BET surface
area (m2/g), and it was assumed that the pores were
cylindrical. The yield percentage of ACSs was calcu-
lated from the mass of the resulting activated carbons
divided by the mass of the raw material.

RESULTS AND DISCUSSION

Starting material

The SEM image in Figure 1(a) shows that the PBs
prepared from phenol and formaldehyde in a basic

Figure 1 SEM photographs of (a) PBs and (b) the internal
surface of PBs.

TABLE I
Elemental and Proximate Analyses of PBs

Elemental analysis
(wt %)

Proximate analysis
(wt %)

Carbon 68.9 Moisture 0.3
Nitrogen 1.5 Volatile matter 35.1
Hydrogen 6.3 Fixed carbon 64.6
Oxygen 23.3 Ash 0.0
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catalyst were spherical in shape and had a smooth
surface. The SEM image in Figure 1(b) at a higher
magnification shows that no pores were found on
the external surface of these beads, and this confirms
the absence of macropores.

Table I shows the elemental and proximate analy-
ses of PBs, which are reported on a dry-ash-free ba-
sis and dry basis, respectively. In the elemental
analyses, PBs were dried at 100�C in a vacuum oven
for 2 h, and the oxygen content was obtained from
the difference. The elemental analyses show that the
PBs had carbon, hydrogen, oxygen, and nitrogen
contents of 68.9, 6.3, 23.3, and 1.5, respectively. As
can be seen in Table I, the PBs had nitrogen contents
(1.5) indicating the incorporation of nitrogen into the
PBs from hexamine during the polymerization reac-
tion. In dry-basis analyses, ash and volatile matter
contents of the PBs were calculated on a moisture-
free basis. The proximate analyses of the PBs
showed that the moisture, ash, and volatile matter
contents were 0.3, 0.0, and 35.1%, respectively. The
proximate analyses clearly indicated that the PBs
had 64.6% fixed carbon and were free from ash
content.

Effect of the gasification time

Figure 2 shows adsorption isotherms of N2 of the
ACSs prepared with different gasification times
(extents of burn-off). The adsorption isotherms of
ACSs at 32, 53, and 62% burn-off were mainly type I
isotherms, in which the knees of the isotherms at a
low relative pressure (0.1) were sharp and plateaus
were fairy horizontal. It is clear that N2 adsorption
on ACS32, ACS53, and ACS67 led to type I isotherms.
However, the N2 adsorption isotherm of ACS88 at
88% burn-off significantly differed from that at 32,
53, and 67% burn-off. Figure 2 shows that ACS88 at
88% burn-off exhibited a more significant increase in
adsorption at a higher relative pressure, and this
indicates that the isotherm of sample ACS88 was a
mixture of type I and type IV. This also indicates
that sample ACS88 showed both a microporous and
mesoporous nature according to Brunauer, Deming,
Deming and Teller (BDDT) classification.30 The data
derived from adsorption isotherms of ACSs in Fig-
ure 2 are listed in Table II.
Table II summarizes the activation conditions,

yields, N2 BET surface areas, pore volumes, micro-
pore volumes, and average pore diameters of the
prepared ACSs. The results show that the gasifica-
tion time is a very important parameter in develop-
ing the pore structure of ACSs from PBs. Table II
shows that the surface properties, including the BET
surface area, pore volume, and average pore diame-
ter, monotonically increased with the extent of burn-
off with CO2 gasification. The results agree with
those reported earlier for ACSs prepared from
divinyl benzene and a novolac-type resin.21,30 The
prepared ACSs exhibited a BET surface area ranging
from 574 to 3101 m2/g with extents of burn-off of
32–88%. The maximum BET surface area value of
3101 m2/g is the largest for available ACSs21,23,29,30

according to the literature.
Table II shows that the pore volume increased,

ranging from 0.29 to 2.08 cm3/g, with the burn-off
increasing from 32 to 88%. The pore volume values
of ACSs from PBs were much higher than those of
ACSs prepared from various polymeric precursor

Figure 2 Adsorption isotherms of N2 at 77 K on ACSs
prepared from PBs at 950�C to different extents of burn-
off.

TABLE II
Effect of the Gasification Time on the Surface Characteristics of ACSs from PBs with Physical Activationa

Sample
code

Char
burn-off (%)

Yield
(%)

Specific BET
surface area (m2/g)

Total pore
volume (cm3/g)

Pore size distribution

Average pore
diameter (Å)

Micropore
volume (%)

Mesopore
volume (%)

ACS32 32 44.2 574 0.29 97.1 2.9 20.2
ACS53 53 30.6 1390 0.73 94.8 5.2 21.0
ACS67 67 21.4 2082 1.12 91.1 8.9 21.5
ACS88 88 7.5 3101 2.08 67.4 32.6 26.8

a The activation was carried out at 950�C under the CO2 gasifying agent for different degrees of burn-off.
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materials mentioned in other studies.21,23,29 The yield
of ACSs during activation clearly decreased with an
increase in the extent of burn-off.

For the assessment of microporosity, the DR equa-
tion31 was used:

W ¼ Wo expf�½RT logðpo=pÞ=bE0�2g (1)

where W is the volume filled at temperature T and
relative pressure po/p, Wo is the total volume of the
micropores, E0 is the characteristic adsorption
energy for the standard, b is the adsorbate affinity
coefficient (taken to be 0.34 for nitrogen), and R is
the gas constant.

Figure 3 shows the DR plots of log W versus
log2(po/p). The ACSs produced linear DR plots over
a wide range of relative pressures, which indicated a
narrow pore size distribution. The upward deviation
points from linear DR plots at high values of the rel-
ative pressure indicated the presence of mesopores.
The upward deviation curve from linear DR plots
increased with the extent of burn-off, and this indi-
cated an excess of mesoporosity. Table II shows that
the micropore volume of ACSs decreased from 97.1
to 67.4% when the extent of burn-off increased from
32 to 88%. These results indicate that the extent of
burn-off with CO2 gasification promoted the forma-
tion of mesopores.

Basically, the type of porosity developed in acti-
vated carbons depends on the type of precursor ma-
terial employed and the activation methods, which
can affect the final pore size distribution.32 Teng and
Wang33 prepared activated carbons with a specific
BET surface area up to 2220 m2/g at a higher burn-
off of 78% and with a carbon yield of 12.0% by a
physical and chemical etching method from phenol–
formaldehyde resins, which were grounded and
sieved. Lin and Teng34 reported that cured resins
carbonized in N2 at 700�C, and this was followed by

gasification of the resulting char in steam at the
same temperature for different extents of burn-off.
The activated carbons showed a high BET surface
area (2100 m2/g) at higher burn-off levels (� 80%),
which corresponded to a low carbon yield (<10%).
Furthermore, activated carbon from urea-impreg-
nated cured resins34 under the same conditions
reported previously showed a higher BET surface
area of 2000 m2/g at 70% burn-off.
Activated carbons prepared in a spherical form

have an advantage over powder ones, in that they
have better abrasion resistance due to the absence of
sharp edges and irregular shapes. Yang et al.23 pre-
pared ACSs from a novolac-type phenolic resin with
a pore-forming agent. When the precursor was acti-
vated to a high degree of burn-off of 62%, they
obtained a BET surface area of 1663 m2/g and a
mesoporosity of 37%. Cai et al.40 also attempted to
prepare ACSs from a novolac-type phenolic resin as
a precursor by supercritical water activation. The
prepared ACSs from supercritical water activation,
which had a degree of carbon burn-off of 50.8%,
possessed a BET surface area of 919 m2/g and a
mesoporosity of 17.0%.
In contrast, we prepared resole-type cured spheri-

cal PBs as precursors from phenol and formalde-
hyde by a suspension polymerization technique.
Table II shows that the prepared ACSs from PBs
had a BET surface area of 1390 m2/g with a meso-
porosity of 5.2% at a degree of burn-off of 53.0%.
The material was further activated to a higher extent
of burn-off of 88.0%. The ACSs showed a specific
BET surface area greater than 3100 m2/g and a mes-
oporosity of 32.6%. This indicated that the ACSs
were gasified with CO2 inside the beads, and the
outer shape of the particles remained more or less
unchanged. Therefore, the porosity of the ACSs was
increased linearly with the extent of burn-off. The
results showed that the ACSs prepared from resole-
type PBs as precursors by CO2 gasification had pre-
dominantly a microstructure with higher surface
properties.

Effect of the gasification temperature

The ACSs prepared from PBs at different tempera-
tures (850–1150�C) for 5 h via physical activation36,37

with CO2 were investigated by N2 adsorption. Fig-
ure 4 shows that the isotherms are typical of micro-
porous carbons because the knees of the adsorption
isotherms are sharp with horizontal plateaus. The
data show that the amount of volume adsorbed at a
specific relative pressure increased with the gasifica-
tion temperature increasing and reached a maximum
at 1150�C. Above 1050�C, the N2 adsorption capacity
increased with increasing temperature, but the vol-
ume adsorbed at a higher relative pressure at

Figure 3 DR plots of ACSs prepared from PBs at 950�C
to various degrees of burn-off.
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1150�C indicated a widening of pores with the gasi-
fication temperature increasing. The development of
porosity at 1150�C may have been due to increased
reactivity of CO2, which caused the breakdown of
the carbon matrix. Figure 4 shows that the adsorp-
tion isotherms of ACSs changed the maximum
between gasification temperatures of 850 and 950�C,
whereas there was a small amount of N2 adsorbed
at 850�C. This indicated that the porosity developed
at temperatures higher than 850�C.

Table III shows the results for the surface proper-
ties of ACSs obtained from adsorption isotherms of
N2. The yield percentage of ACSs decreased as the
gasification temperature increased. At a higher tem-
perature, the activation of char became more exten-
sive, and this resulted in a low yield and widening
of the pore structure.

As for the variation of the surface properties with
the activation conditions, Table III shows that the
specific BET surface area and pore volume increased
with the gasification temperature increasing. The
increase in the porosity with the gasification temper-
ature could be attributed to enhanced carbon gasifi-
cation and space that was previously occupied by
the decomposed materials.38 ACSs prepared at
1050�C had a BET surface area of 746 m2/g with a

micropore structure. Although the BET surface area
increased at a high temperature (1150�C), the ACS
matrix broke down. This could be attributed to the
thermal treatment, which caused the breakdown of
crosslinks in the carbon matrix. Because of the
breakdown of the carbon matrix, there was signifi-
cant development of mesoporosity of 11.3%. It is
also possible that the extensive gasification at high
temperatures resulted in the destruction of pore
structures.36

Effect of the flow rate of the gasifying agent (CO2)

With respect to the gasification time and tempera-
ture, the flow rate of the gasifying agent plays an
important role in the development of porosity in
activated carbons. Generally, the slower the reaction
is, the more extensive the development of porosity is
within the particle (e.g., the gasifying agents must
penetrate the particles to remove carbon atoms and
create pores). Adsorption isotherms of N2 on ACSs
at 950�C for 5 h at different flow rates are shown in
Figure 5.
Figure 5 shows that the N2 adsorption isotherms

of samples ACS0.25, ACS0.5, and ACS0.75 present typi-
cal microporosity, which corresponds to type I of
the IUPAC classification, whereas the adsorption iso-
therm for sample ACS1.0 is a mixture of type I and
type IV, reflecting microporous and mesoporous
natures according to the BDDT classification.31 The
adsorption isotherms of the ACSs showed a maxi-
mum change in the volume adsorbed when the flow
rate of CO2 varied from 0.25 to 0.5 L/min. At a low
flow rate of 0.25 L/min, the opening of the knee of
the isotherms and the volume adsorbed increased
with the relative pressure, and this indicated a wid-
ening of the porosity. The significant development
of porosity at a low flow rate of CO2 was due to
increased contact time between the beads and CO2,
which easily diffused inside the beads; this was fol-
lowed by CO2 gasification.
Table IV shows the surface properties of ACSs

derived from adsorption isotherms of N2 in Figure 5.

TABLE III
Effect of the Gasification Temperature on the Surface Characteristics of ACSs from PBs with Physical Activationa

Sample
code

Gasification
temperature (�C)

Yield
(%)

Specific BET
surface area (m2/g)

Total pore
volume (cm3/g)

Pore size distribution

Average pore
diameter (Å)

Micropore
volume (%)

Mesopore
volume (%)

ACS850 850 59.9 162 0.088 90.9 9.1 21.7
ACS950 950 44.2 574 0.291 97.1 2.9 20.2
ACS1050 1050 36.5 746 0.385 99.1 0.9 20.6
ACS1150 1150 23.5 1031 0.546 88.7 11.3 21.2

a The activation was carried out by PBs with the gasifying agent CO2 at different gasification temperatures and was
then maintained at the same temperature for 5 h.

Figure 4 Adsorption isotherms of N2 on ACSs prepared
from PBs at different temperatures (850–1150�C) for 5 h.
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Both the BET surface area and mesoporosity
increased with the flow rate of CO2 decreasing. At a
low flow rate of CO2, the ACSs exhibited a BET sur-
face area of 2482 m2/g with 10.9% mesoporosity.
This indicated that the gasifying agent (CO2) pene-
trated the beads and removed carbon atoms; this
enhanced the surface area and pore volume in the
carbons.39 However, at a high flow rate (1.0 L/min),
the porosity of the ACSs was found to be low
(574 m2/g), and this was due to less diffusion of
CO2 inside the carbonized beads.

Because of the gasification mechanism, the yield
of ACSs decreased with a decreased flow rate of the
gasifying agent, as shown in Table IV. At a low flow
rate of 0.25 L/min, the ACS0.25 yield was 10.8% for a
gasification time of 5 h. This indicated that the rate
of reaction with CO2 gasification was very fast and
produced a high BET surface area, which is consid-
ered an important issue in physical activation.

Mechanical strength of ACSs

Figure 6 shows the mechanical strength of ACSs pre-
pared at 950�C with different extents of burn-off.
The mechanical strength of the ACSs decreased with

the extent of burn-off. The strength of the ACSs
decreased from 120 to 3 N/mm2 when the extent of
burn-off increased from 32 to 88%. There was maxi-
mum loss of mechanical strength of ACSs at higher
burn-off. The sample ACS53, prepared from resole-
type PBs at 950�C with 53% burn-off, exhibited a
high surface area of 1390 m2/g with excellent me-
chanical strength in comparison with reported
ACSs.21,23,29,40 In contrast, the ACSs prepared from a
novolac-type phenolic resin by steam activation23,40

showed cracks on the surface at low extents of burn-
off, and they lost their mechanical strength with a
low surface area (<950 m2/g).

SEM observation

Figure 7 shows SEM photographs of ACSs prepared
at 950�C with different extents of burn-off. The
effects of various extents of burn-off can be clearly
observed from the SEM images. Figure 7(a,b) shows
that ACSs prepared with low extents of burn-off
showed no pores on external surfaces at a low mag-
nification. However, Figure 7(c,d) shows that macro-
pores developed on the external surfaces of ACSs
prepared with higher extents of burn-off. The poros-
ity on the external surfaces of ACSs significantly
increased with the extent of burn-off with CO2 gasi-
fication. Moreover, the ACSs had a smooth surface
without any cracks, as found in previous studies.23,40

The cracking on the external surface of ACSs caused
a reduction of the mechanical strength, and this is
not promising for developing ACSs for commercial
purposes.
The results showed that the gasifying agent CO2

had strong penetrability and diffusivity through the
particles. There was a homogeneous activation reac-
tion between the particles and CO2, due to which a
uniform porous structure was obtained. The carbon
reactivity depended on the adsorption, diffusion of
the gasifying agent through the solids, and reaction
and desorption of gaseous products. Because all the
ACSs gasified inside the particles, the outer shape of

TABLE IV
Effect of the Flow Rate of CO2 as the Gasifying Agent on the Surface Characteristics

of ACSs from PBs with Physical Activationa

Sample
code

Flow rate
(L/min)

Yield
(%)

Specific BET
surface area (m2/g)

Total pore
volume (cm3/g)

Pore size distribution

Average pore
diameter (Å)

Micropore
volume (%)

Mesopore
volume (%)

ACS0.25 0.25 10.8 2482 1.34 89.1 10.9 21.6
ACS0.5 0.5 23.5 1326 0.69 93.4 6.6 20.8
ACS0.75 0.75 36.5 791 0.41 94.3 5.7 20.7
ACS1.0 1.0 44.2 574 0.29 97.1 2.9 20.2

a The activation was carried out at a gasification temperature of 950�C with different flow rates of CO2 for 5 h before
cooling.

Figure 5 Adsorption isotherms of N2 on ACSs prepared
at different flow rates (0.25–1.0 L/min).
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the particles remained more or less unchanged.
Therefore, the porosity increased linearly with the
extent of burn-off, and no cracks appeared on the
external surface as a result.

CONCLUSIONS

This study revealed that microporous ACSs with a
higher BET surface area could be obtained from
resole-type PBs with a physical activation process.
We experimentally studied the effects of processing
parameters such as the gasification time, tempera-
ture, and flow rate. ACSs prepared from PBs at
950�C with CO2 gasification had increased BET sur-
face areas, mesopore volumes, and pore volumes
with the gasification time (the extent of burn-off).
The ACSs had a high BET surface area of 3101 m2/g
and a higher pore volume of 2.08 cm3/g. These
ACSs were mainly microporous, and the micropore
volume decreased from 97.1 to 67.4% when the
extent of burn-off varied from 32 to 88%. The poros-
ity of the ACSs also increased with the temperature
increasing from 850 to 1150�C. Finally, an appropri-
ate flow rate was necessity to prepare highly micro-
porous ACSs. In our study, the porosity of the ACSs
decreased with the flow rate increasing from 0.25
to 1.0 L/min. ACSs produced at a flow rate of
0.25 mL/min exhibited a BET surface area of
2482 m2/g with 89.1% microporosity. The SEM

Figure 6 Mechanical strength of ACSs prepared at 950�C
and various degrees of burn-off: (1) ACS32, (2) ACS53, (3)
ACS67, and (4) ACS88.

Figure 7 SEM photographs of ACSs prepared at 950�C for (a) 32, (b) 53, (c) 67, and (d) 88% burn-off.
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photographs clearly showed that pores developed
inside the beads, and no cracks appeared on the
external surface. The mechanical strength of the
ACSs varied from 120 to 3 N/mm2 when the extent
of burn-off varied from 32 to 88%. Therefore, ACSs
prepared from resole-type PBs as precursors by CO2

activation can show higher surface properties and
better mechanical strength.
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