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ABSTRACT: A series of spherical activated carbons
(SACs) with different pore structure were prepared from
divinylbenzene-based polymer through CO, activation.
The effect of activation temperature and retention time on
the yield and textural properties of the resulting SACs
were studied. The SACs were characterized by N, adsorp-
tion, X-ray diffraction, scanning electron microscopy, and
aqueous adsorption assays. Either increasing activation
temperature or extending retention time decreases the
yield of SACs. The BET surface area and pore volume
increase with activation temperature and reach a maxi-
mum at 1000°C and then decrease at higher activation
temperatures. At 1000°C, BET surface area, total pore vol-

ume, and mesopore pore volume increase with retention
time from 0.5 to 2 h, and meanwhile micropore volume
decreases. The micropores are gradually widened into
mesopores with increasing activation temperature or
extending retention time. SEM and XRD analyses of
SAC10 verify the presence of developed porous structure
composed of disordered micrographite stacking. Aqueous
adsorption assays indicate that SACs have good adsorp-
tion capacity for phenol. © 2008 Wiley Periodicals, Inc. ] Appl
Polym Sci 109: 1692-1698, 2008

Key words: spherical activated carbon; polymer; physical
activation; pore structure; adsorption

INTRODUCTION

Activated carbons are widely used as effective
adsorbents in many applications such as air separa-
tion and purification, pollution control, solvent re-
covery, catalyst support, and energy storage due to
their large specific surface area, adequate pore size
distribution, high surface activity, and high physico-
chemical stability.'™

Activated carbons are usually prepared from
organic precursors of natural or synthetic origin by
two traditional methods, namely physical activation
and chemical activation. Physical activation basically
consists of a carbonization step followed by a step of
activation by means of air, carbon dioxide or steam.
In chemical activation, the carbonization and activa-
tion are accomplished in a single step by carrying
out thermal decomposition of the raw material
impregnated with certain chemical agents (HzPO,,
7ZnCl,, KOH, NaOH, K,CO;, etc).”
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The use of natural precursors (e.g., wood and
coal) will still limit the purity, strength, physical
form, and homogeneity of activated carbon. How-
ever, these can be fully overcome by the use of poly-
meric precursors, where the reproducibility and
purity of the precursors are within the control of
the manufacturer. Meanwhile, the physical forms and
structure can be tailored through polymer produc-
tion process. Many polymers have been studied as
activated carbon precursors, such as phenolic res-
ins,*? mixtures of furfuryl resin and glycol," vinyl-
idene chloride copolymer,'* cellulose based materi-
als,” polytetrafluoroethylene,'® poly(ethylenetereph-
thalate) and polyacrylonitrile.'”'®

Activated carbon fibers (ACFs) and granular acti-
vated carbons (GACs) are two kinds of the most
widely used activated carbon materials. However,
spherical activated carbons (SACs) have received
considerable recent attention for their various poten-
tial advantages over ACFs and GACs such as
extremely low resistance to liquid diffusion, higher
adsorption efficiency, better mechanical properties,
and more resistance to abrasion."

The aim of this study is to prepare and character-
ize a series of SACs with tailored pore structure
derived from divinylbenzene-based polymer through
CO; activation. The preparation conditions affecting
the yield and textural properties (specific surface
area, pore volume, and pore size distribution) were
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investigated. The textural properties of SACs were
characterized by N, adsorption, XRD, SEM, and
aqueous adsorption assays.

EXPERIMENTAL
SACs preparation

Divinylbenzene-derived spherical polymers (SPs)
were synthesized essentially as described.”® Briefly,
styrene (126 g), divinylbenzene (74 g), dibenzoyl per-
oxide (2 g), and liquid paraffin (100 g) were mixed
in a round-bottomed flask. Subsequently, 1200 g of
1 wt % gelatin solution, MgSO, (92 g), and NayCOj;
(28 g) were added. Polymerization was performed
with stirring at 80°C for 12 h. When the reaction was
completed, SPs were filtered and rinsed with hot
deionized water at 80°C, and extracted with acetone
for 8 h before being dried under vacuum at 60°C.

The resulting SPs were placed in a quartz combus-
tion boat and loaded into a horizontal cylindrical
furnace (i.d. = 80 mm) under N, flow (150 cm?
min~'). After that, the samples were heated up to
700-1100°C for carbonization at a heating rate of 5°C
min~' and maintained at the desired carbonization
temperature for 1 h. The resulting chars were then
activated with CO, (250 cm® min ') at the carboniza-
tion temperature for 0.5-2 h. The samples prepared
at activation temperatures of 700, 800, 900, 1000, and
1100°C for 1 h were designated as SAC7, SACS,
SACY9, SAC10, and SAC11, respectively, and those at
1000°C for 0.5 and 2 h as SAC10-0.5 and SAC10-2.
The resultant SACs were washed sequentially with
0.5N HCI solution at 80°C and boiling water to
remove residual organic and mineral matters before
being dried at 110°C for 24 h and stored in a desic-
cator for characterization.

SACs characterization

The specific surface area (Sggr) and pore structural
parameters of the SACs were determined from the
adsorption-desorption isotherm of nitrogen at
—196°C (Micromeritics ASAP2010). The Sgpr was
calculated by the BET equation, micropore volume
(Vi) and micropore specific surface (Sy,;) area were
obtained using the f-plot method, and pore size dis-
tribution (PSD) was determined using the BJH
model.”! The total pore volume (V) was obtained by
converting the nitrogen adsorption amount at a rela-
tive pressure of 0.98 to the liquid nitrogen volume.
The mesopore volume (Vy,.) was calculated by sub-
tracting Vo, from V.

The morphology of SACI0 was examined in an
SEM (Hitachi 5-4300). The SAC10 was coated with
platinum by a platinum sputtering device for clear
visibility of the surface morphology. The stacking
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structure of aromatic carbon layers of SAC10 was
analyzed with an X-ray diffractometer (ARL-X" TRA,
Cu Ka radiation at 40 kV and 30mA, A = 0.15,406
nm) and the X-ray patterns were recorded for 26
from 8 to 60° at a scan rate of 0.02° per min.

Aqueous adsorption characteristics

Activated carbon adsorption is one of the most effec-
tive processes for removal of pollutants due to its
extraordinary adsorption ability. Phenolic com-
pounds are ubiquitous pollutants in municipal water
and industrial effluents. Thus, phenol was chosen as
target adsorbate to test the adsorption capability of
SACs. The adsorption assays were carried out using
a batch equilibration technique in a 250 mL flask.
Each flask was filled with 0.05 g SACs and 50 mL of
phenol solution at known concentration gradients
from 50 to 150 mg L™ '. The flasks were shaken in a
temperature-controlled shaker at a constant tempera-
ture (25°C) and agitation speed (140 rpm) for 4 days
to attain equilibrium. The phenol concentration was
determined by HPLC (Waters 600, Waters Corp.)
using a 30 : 70 ratio of CH3;0H: deionized water and
the effluents were monitored at 275 nm; the adsorp-
tion capacity was calculated according to Q, = (Cy —
C,)V/W, where Cy and C, are the initial and equilib-
rium concentrations (mg L™"), respectively; V is the
volume (L) and W the weight (g) of SACs.

RESULTS AND DISCUSSION
Yield of SACs

The yield of SACs can be calculated from the result-
ant sample weight to its initial polymer precursor
weight. The effects of activation temperature and
retention time on the yield of SACs are shown in
Figure 1. For a 1-h activation retention time, as acti-
vation temperature increases from 700 to 1100°C, the
yield of SACs decreases sharply from 52 to 24% due
to the release of volatile matters as well as the gasifi-
cation reaction between carbon and carbon dioxide.
At 1000°C, as activation retention time is extended
from 0.5 to 2 h, the yield decreases continually from
31 to 15% as a result of severe gasification reaction.
In summary, either increasing activation temperature
or extending retention time results in decrease of the
yield of SACs.

Nitrogen adsorption-desorption isotherms

Information on the textural properties of porous sol-
ids is typically obtained from low-temperature
(—=196°C) nitrogen adsorption-desorption isotherms.
Figure 2(a) shows that the adsorption capacity of
SACs increases with activation temperature from 800
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Figure 1 Effects of activation temperature (a) and retention time (b) on yield of the resulting SACs. The retention time in
tests for temperature (a) was 1 h; the temperature in tests for retention time (b) was 1000°C.

to 1000°C, indicating the increase of porosity upon
activation. It can also be seen that the knees of the
isotherms of SACs prepared below 1000°C are sharp
and the plateaus are fairly horizontal, which is char-
acteristic of the type I isotherm according to the
IUPAC classification, thus the SACs prepared below
1000°C are mainly microporous. For activation at
1000-1100°C, the adsorption capacity of SACs
decreases dramatically possibly due to the sintering
effect, which seals off some of the pores and reduces
the accessibility of the N, molecules, and meanwhile
widening of the micropores into mesopores, as
inferred from the opening of the knee of the iso-
therm and higher slope of the plateau.”

At 1000°C, N, adsorption increases with extending
retention time from 0.5 to 2 h due to adequate car-
bon gasification resulting in pore deepening and
pore widening. The activation time extended to 2 h,
the isotherm of SACs changes from type I to a mix-
ture type of I and IV. Isotherm of type IV originates
from mesoporous materials. Therefore, it can be
inferred that micropores are gradually formed with
activation process and that meanwhile some of them
are widened into mesopores. The contribution of
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mesopores is clearly reflected by the opening of the
knee of the isotherm [Fig. 2(b)].

BET surface area and pore volume

Adsorptive capacity, the most important of SACs
properties, is directly related to specific surface area
and pore volume. The textural characteristics of
SACs are presented in Table I and the effects of acti-
vation temperature and retention time on micropore
volume fraction (mi%) and mesopore volume frac-
tion (me%) shown in Figure 3. As the activation tem-
perature is 700°C, pyrolysis reaction has just com-
menced, thereby producing very small surface areas
and pore volume due to the inadequacy of heat
energy to drive away any substantial amounts of
volatiles. As the temperature is increased from 800
to 1000°C, increasingly greater volatile matters are
released progressively during activation thereby
resulting in the opening up of closed micropores
and enlargement of opened micropores, hence Sggr,
Smir Vi, Vi, and Vpe increase progressively. How-
ever, further increase in activation temperature
results in their decrease, which can be attributed to
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Figure 2 Effects of activation temperature (a) and retention time (b) on the nitrogen adsorption-desorption isotherms of

SACs.
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TABLE I
The Textural Characteristics of SACs
SBET Smi Vt Vmi Vme
Sample (m* g~") (m®g ") (em’ g™ (em’ g™ (em’ g™
SAC7 39 41 0.018 0.019 ~
SAC8 144 123 0.0867 0.0583 0.0284
SAC9 344 299 0.1739 0.1392 0.0347
SAC10 712 534 0.3690 0.2459 0.1231
SACI11 168 20.1 0.1115 0.0074 0.1041
SAC10-0.5 397 328 0.2058 0.1518 0.054
SAC10-2 1043 237 0.5637 0.1000 0.4637

the fact that severe thermal treatment causes sinter-
ing and shrinkage of the pore structure. The mi%
decreases from about 100 to 7% and me% increases
from about zero to 93% with the activation tempera-
ture increase from 700 to 1000°C, indicating micro-
pores widened into mesopores upon activation.

At 1000°C, Sggt, V4, and V. increase with retention
time extended from 0.5 to 2 h as a result of opening
up of closed micropores and enlargement of opened
micropores. At the same time S,,; and V., increase
with retention time extended from 0.5 to 1 h and
thereafter decrease, which can be attributed to the fact
that a longer retention time causes destroying of the
walls between adjacent pores and micropores wid-
ened into mesopores.” The mi% decreases from about
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Figure 3 Effects of activation temperature (a) and reten-
tion time (b) on evolution of micropre and mesopore vol-
ume fraction.

74 to 18% and me% increases from about 26 to 82% as
a result of the fact that pore-widening effect domi-
nates the process, causing generating micropores wid-
ened immediately into mesopores and increase of Ve
remarkably exceeding decrease of V.

Pore size distribution

Pore size distribution (PSD), a very important prop-
erty of adsorbents, determines the fraction of total
pore volume accessible to molecules of a given size
and shape. According to the classification adopted
by the IUPAC, pores are classified as micropores
(<2 nm), mesopores (2-50 nm) and macropores
(>50 nm). It is found that increasing activation tem-
perature from 800 to 1000°C results in the enhance-
ment of micropores and mesopores [Fig. 4(a)]. As
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Figure 4 Effects of activation temperature (a) and reten-
tion time (b) on PSD of SACs.
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Figure 5 SEM micrographs of SAC10 at different magnifi-
cation scales. a single sphere magnified 160 times (a), the
surface of the sphere magnified 6000 (b), and 30,000 (c)
times, respectively.

activation temperature increases from 1000 to
1100°C, micropores decrease and mesopores increase
remarkably due to further gasification of labile car-
bons in the pore walls resulting in the conversion of
microporosity into mesoporositiy. Figure 4(b) shows
that there are increasing micropores and mesopores

Journal of Applied Polymer Science DOI 10.1002/app
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with extending retention time from 0.5 to 2 h. This
trend can be explained by the fact that carbon gasifi-
cation is enhanced by extending activation retention
time, thus causing pore deepening and pore widen-
ing. The results show that pore structure develop-
ment can be well tailored by varying the activation
temperature and retention time.

Surface morphology

The morphology of SAC10 was detected in a scan-
ning electron microscope (SEM). The surface of
SAC10 is magnified 160, 6000, and 30,000 times,
respectively, (Fig. 5). The regular spherical shape of
the polymer is preserved after activation and there
are some shallow cavities at the surface. The micro-
graph (X6000) shows that there are many fissures
and hillocks surrounded with fissures, forming a
system of inhomogeneous pore structures. Under
higher magnification (X30,000), there are large
amounts of interspaces in the order of nanometers,
revealing a highly developed disorganized porosity.

Crystal structure

The X-ray diffraction profile of SAC10 (Fig. 6), two
very broad diffraction peaks and absence of a sharp
peak, reveals a predominantly amorphous struc-
ture.** There are two peaks centered at around 21.5°
and 44.0°, each corresponding to the (002) and (10)
(overlapped 100 and 101) reflections of the disor-
dered stacking of micrographites. From the position
of the (002) peak, we can calculate an estimate of the
interplanar distance (d002) by Bragg’s Law. Typi-
cally, in a crystalline carbonaceous structure, such as
graphite, the interlayer distance between two adja-
cent carbon sheets is 0.335 nm. In this study, the
peak at 20 = 21.5° corresponds to an interlayer dis-
tance (d002) of 0.412 nm, which suggested a disor-
dered carbonaceous interlayer different from that of
graphite.”® The amorphous structure is made up of
curved layers of carbon in which the basic building
units are distorted six-membered carbon rings. The

Intensity (au.)

20 (degree)

Figure 6 The X-ray diffraction profile of SAC10.
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Figure 7 Adsorption isotherms of phenol on SACs. Sym-
bols are the measured values; lines are fits using the Lang-
muir isotherm.

highly coherent regions are separated by highly de-
fective regions, which provide prerequisites for the
realization of a high specific surface area.

Aqueous adsorption characteristics

Adsorption isotherms of phenol on SACs are pre-
sented in Figure 7. The adsorption capacities com-
pare fairly well and even favorably with those
reported in the literatures for other activated car-
bons.”?*2° The adsorption capacity for phenol
decreases in the following order: SAC10-2 > SAC10
> SAC10-0.5 > SAC9 > SAC11, corresponding to the
order of the magnitudes of the Sggr and V; pre-
sented in Table I. Generally, adsorbents with larger
accessible internal surface and pore volume, adsorb
more organic molecules. PSD of all SACs mainly
concentrates in the range between 1 and 4 nm (Fig.
4), consists of micropores and small mesopores
where phenol can enter and adsorb, thus SACs with
larger Sgrr and V, have larger adsorption capacities
for phenol.

To facilitate estimation of the adsorption capaci-
ties, two well-known equilibrium adsorption models,
Freundlich and Langmuir, are employed.

Langmuir equation: C./q. = 1/Kr.qm + Ce/qm (1)

Freundilchequation: logg, =logKr+(1/n)logC, (2)
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where C, is the equilibrium concentration (mg L™1),
K is the Langmuir constant and g, is the monolayer
adsorption capacity (mg g~ '), and Ky and n are the
Freundlich constant. Basically, K, and g, as well as
Kr and n are obtained from linearized plots of C./,
versus C, and log g, versus log C,, respectively.

Table II summarizes the values of the fitting pa-
rameters together with the corresponding correlation
coefficients. According to the results, adsorption of
phenol onto SACs can be better fitted with the
Langmuir equation than Freundlich equation. The
high correlation coefficients (R* > 0.98) indicate the
applicability of Langmuir equation for adsorption of
phenol on SACs. In Langmuir equation, K;g, can
serve as a measure of the relative adsorptive affinity
between the adsorbate and adsorbent. It is in the
following order: SAC10-2 > SAC10 > SAC10-0.5
> SAC9 > SACI1, which is in agreement with our
previous results.

CONCLUSIONS

Spherical activated carbons (SACs) with tailored
pore structures are successfully prepared from di-
vinylbenzene-based spherical polymer through CO,
activation. Activation temperature and retention time
play an important role on the surface areas and
porosities of the resulting SACs. Increasing the acti-
vation temperature or extending retention time
decreases the yield of SACs. Sggr, Smiy Vi, Vmi and
Vme increase with activation temperature from 700
to 1000°C due to the creation of new pores and wid-
ening of existing pores, and thereafter decrease due
to excessive burn-off of carbon constituents causing
sintering and shrinkage of the pore structure. SACs
preprared below 1000°C are mainly microporous. At
1000°C, Sggt, Vi, and V.. increase with retention
time extended from 0.5 to 2 h as a result of opening
up of closed micropores and enlargement of opened
micropores. At the same time S.,; and V,,; increase
with retention time extended from 0.5 to 1 h and
thereafter decrease, which can be attributed to the
fact that a longer retention time causes destroying of
the walls between adjacent pores and micropores
widened into mesopores. The pore structure devel-
opment of SACs can be well tailored by controlling

TABLE II
Adsorption Isotherms Fitting Parameters of SACs
Langmuir Freundlich
SACs Gm (Mg g 1) K. Kigm R? K n R?
SAC9 123.5 0.55 67.9 0.998 56.0 428 0.976
SAC10 156.3 1.33 207.9 0.997 81.6 3.04 0.953
SACI11 65.4 0.035 2.29 0.988 9.99 2.81 0.981
SAC10-0.5 138.9 1.07 148.6 0.995 72.5 4.27 0.988
SAC10-2 147.1 13.6 2001 0.992 123.6 8.16 0.978

Journal of Applied Polymer Science DOI 10.1002/app



1698

activation temperature and retention time. The
resulting SACs consist of disordered micrographite
stacking, exhibiting good adsorption capacity for
phenol, and the adsorption isotherms could be well
fitted with the Langmuir equation. The results reveal
the feasibility of SACs for removing organic pollu-
tants from wastewater.

We would like to express our appreciation to Dr. Chen-
ghua Sun at the Technical Institute of Physics and Chemis-
try, Chinese Academy of Sciences for her kind help with
SEM analyses.
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