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Abstract Biomass wastes are considered as cost-effec-
tive and sustainable precursors to prepare activated carbons
for CO, capture. In this study, two biomass-derived acti-
vated carbons were prepared using peanut shell and sun-
flower seed shell, and the optimal activated carbons were
obtained at low KOH/carbon ratio of about 1. The peanut
shell derived activated carbon (P-973-1.00) and sunflower
seed shell derived activated carbon (S-973-1.25) exhibited
CO, uptake of 1.54 and 1.46 mmol/g, respectively, at
298 K and 0.15 bar, among the activated carbons with the
highest CO, adsorption. Although P-973-1.00 had much
lower surface area and micropore volume than S-973-1.25,
it possessed higher CO, uptake at 298 K and 0.15 bar due
to the higher volume of micropores in the range of
0.3-0.44 nm. The calculated higher isosteric heat values at
lower CO, uptake indicated the strong affinity of CO, in
these micropores. The ordered micro-sized pores in the
activated carbons were favorable for CO, diffusion into the
porous materials and adsorption in the inner micropores.
The activated carbons had moderate CO, selectivity over
N, at 1 bar, but the selectivity was significantly enhanced
at 0.15 bar. The spent activated carbons after vacuum
regeneration exhibited stable CO, adsorption in five cycles,
showing the high reusability for CO, capture.

Keywords Adsorption - Biomass - Carbon dioxide -
Microporous materials - Pore volume

S. Deng (<) - B. Hu - T. Chen - B. Wang - J. Huang -

Y. Wang - G. Yu

School of Environment, Beijing Key Laboratory for Emerging
Organic Contaminants Control, State Key Joint Laboratory of
Environment Simulation and Pollution Control (SKLESPC),
Tsinghua University, Beijing 100084, China

e-mail: dengshubo@tsinghua.edu.cn

1 Introduction

Carbon dioxide is a typical greenhouse gas responsible for
anthropogenic global warming. The combustion of fossil
fuel in power plants remains the main point source for CO,
emission to the atmosphere. Among post-combustion CO,
capture techniques, the amine-based chemical absorption
system is considered as a suitable way (Rao and Rubin
2002), but the serious drawbacks such as volatility of the
amines, facility corrosion and high energy consumption for
regeneration, prevent its wide application. Alternatively,
solid-based adsorbents have been drawn considerable
attention for CO, capture in recent years (Choi et al. 2009;
Wang et al. 2010; Hao et al. 2011).

Solid-based adsorbents for CO, adsorption mainly
include zeolite (Zhang et al. 2010; Pham et al. 2013; Li and
Tezel 2007), metal organic frameworks (Wu et al. 2010;
Bae et al. 2009), activated carbon (Hu et al. 2011; Sethia
and Sayari 2014; Nandi et al. 2012; Chen et al. 2013a;
Rutherford and Coons 2003), nitrogen doped carbons
(Gutierrez et al. 2011), metal oxide (Lee et al. 2008), and
amine-modified porous materials (Chen et al. 2013b; Sa-
kwa-Novak and Jones 2014; Khatri et al. 2006). Among
these adsorbents, activated carbon has drawn great atten-
tion recently because of its high adsorption capacity,
reversibility, stability and low cost (Choi et al. 2009). The
adsorption performance of activated carbons is dependent
on the selection of carbon sources and activation condi-
tions. It has been reported that the activated carbons pre-
pared with petroleum coke, sawdust, bamboo, celtuce
leaves, polypyrrole and polyacrylonitrile fiber have high
adsorption capacity for CO, (Hu et al. 2011; Nandi et al.
2012; Sevilla and Fuertes 2011; Wei et al. 2012; Wang
et al. 2012; Saleh et al. 2013). Among different carbon
sources, biomass is attractive due to its cost-effectiveness
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and sustainability. KOH activation has been widely applied
in the preparation of activated carbons because it can
produce lots of micropores favorable for CO, adsorption
(Hu et al. 2011), and the KOH/C mass ratios in the acti-
vation process are usually required to be high up to 24
(Hu et al. 2011; Sevilla and Fuertes 2011; Wei et al. 2012;
Wang et al. 2012; Saleh et al. 2013). Since the textural
properties of activated carbons and required KOH amount
are closely related with the carbon precursors, it may be
possible to find other biomass as carbon sources for the
preparation of effective activated carbons at low KOH/C
mass ratios.

In this study, we prepared the peanut shell and sunflower
seed shell derived activated carbons at low KOH/C ratios,
and the two activated carbons exhibited high adsorption
capacity for CO, at 298 K and 0.15 bar. These biomass
wastes have not been previously used as precursors to
prepare activated carbons for CO, adsorption. The activa-
tion conditions including activation temperature and KOH/
C mass ratio were optimized in the preparation. The acti-
vated carbons were characterized in terms of surface area,
total pore volume, pore size distribution and surface mor-
phology. To evaluate the activated carbons for CO,
adsorption, the adsorption isotherm, selectivity, reusability
and isosteric heat were measured and calculated. The
relationship between the volume of micropore in the spe-
cific ranges and adsorbed amounts of CO, at 298 K and
0.15 bar was investigated, and the accurate micropore size
range for CO, adsorption was proposed.

2 Experimental
2.1 Materials

The peanut shell and sunflower seed shell used in this study
were collected by peeling the peanut and sunflower seeds
purchased from a local market in Beijing. They were cru-
shed and sieved in the size range of 10-30 mesh
(2.0-0.59 mm). KOH was purchased from Beijing Modern
Eastern Fine Chemical Company.

2.2 Preparation of biomass-derived activated carbons

The preparation of activated carbons consisted of carbon-
ization and activation processes. The precursors including
peanut shell and sunflower seed shell were first carbonized
in a vacuum tubular furnace at 773 K for 1.5 h, and then
the carbonized materials were impregnated with KOH
solution at the predetermined KOH/C mass ratios for 48 h.
The mixtures were dried at 378 K for 3 h and then heated
in the vacuum tubular furnace again. The dried solids were
first heated to 773 K at a ramping rate of 10 K/min,
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followed by heating to the predetermined activation tem-
perature at a ramping rate of 5 K/min. After this temper-
ature was kept for 1.5 h, the solids were cooled down to the
ambient temperature. All the heating processes were con-
ducted under N, flow protection (flow rate = 120 mL/
min). The obtained solids were washed repeatedly with
dilute HCI solution (1 mol/L) and deionized water until the
pH value of washing water was less than 8.0. The activated
carbons were finally obtained after drying at 378 K for
12 h. The peanut shell-derived activated carbon and sun-
flower seed shell-derived activated carbon are denoted as
P-X-Y and S-X-Y, respectively, where X represents the
activation temperature (K), and Y stands for the KOH/C
mass ratio.

2.3 Characterization

Surface morphologies of the sunflower seed shell and
sunflower seed as well as the activated carbons were
characterized by a scanning electron microscopy (SEM,
LEO-1530, LEO, Germany). The chemical composition of
the samples was analyzed by an elemental analyzer
(CE440, Exeter Analytical Inc., USA). The textural char-
acteristics of the samples were measured by physical
adsorption of N, at 77 K and CO, at 273 K using a gas
adsorption instrument (Autosorb iQ, Quantachrome Corp.,
USA). The samples were outgassed at 300 °C for 4 h under
vacuum condition. The specific surface area (Sggr) was
calculated from the N, adsorption data using the Brunauer—
Emmett-Teller (BET) equation in the relative pressure (P/
Py) range of 0.01-0.1, and the total pore volume (V1) was
calculated from the amount of N, adsorbed at P/P, = 0.99.
An nonlocal density functional theory (NLDFT) model for
CO; adsorption at 273 K was applied to determine the pore
size (<1 nm) distribution and the cumulative pore volume.

2.4 CO, adsorption experiments

All CO, adsorption experiments were measured using a gas
adsorption instrument (Autosorb iQ, Quantachrome Corp.,
USA). In the preparation optimization of activated carbons,
CO, adsorption was carried out at 298 K, and the adsorbed
amounts at 0.15 bar were compared. CO, adsorption iso-
therms were studied at 273 and 298 K, and the adsorption
selectivity of CO, over N, on the activated carbons was
evaluated by calculating their ratios of adsorbed amounts at
0.15 bar and 1 bar, which was denoted as S(CO,/N,). The
cyclic CO, adsorption- desorption was carried out for five
times to study the reusability of the samples at 298 K. The
regeneration of the samples was performed at 298 K under
vacuum condition (<0.1 bar). The isosteric heat values
were calculated from the CO, adsorption isotherms at 273
and 298 K by applying the Clausius-Clapeyron equation.
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3 Results and discussion

3.1 Influence of activation condition on CO,
adsorption

Activation conditions including KOH/C mass ratio and
activation temperature significantly influence CO, adsorp-
tion. These two parameters were optimized to prepare the
biomass-derived activated carbons with high CO, adsorp-
tion capacity at 298 K and 0.15 bar. When the KOH/C
mass ratio was optimized, the activation temperature was
fixed at 973 K. For the peanut shell, a series of samples
were prepared at the KOH/C mass ratios ranging from 0.5
to 1.5. The adsorbed amounts of CO, first increased and
then decreased with the increase of KOH/C mass ratios
(Fig. 1a). An inflection point could be observed when the
KOH/C mass ratio reached 1, and the highest CO, adsor-
bed amount was up to 1.54 mmol/g. As for the sunflower
seed shell, the trend was the same as the peanut shell while
the maximum CO, uptake of 1.46 mmol/g was obtained at
the KOH/C mass ratio of 1.25 (Fig. la). Thus, the optimal
KOH/C mass ratio was 1.0 for the peanut shell and 1.25 for
the sunflower seed shell, which was adopted in the
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Fig. 1 Effect of KOH/C mass ratio (a) and activation temperature

(b) on CO, adsorption at 298 K and 0.15 bar in the preparation of
peanut shell and sunflower seed shell-derived activated carbons

following experiments. The sharp decrease of CO,
adsorption with further increasing KOH/C ratios indicated
the collapse of the microporous structure under the over-
intense activation conditions. It is noteworthy that even
when the KOH/C ratio was as low as 0.50, the CO, uptake
still reached 1.23 mmol/g (denoted as S-973-0.50).

After the KOH/C mass ratio was fixed, the activation
temperature was changed from 873 K to 1,073 K. For the
peanut shell, a peak value of CO, uptake was obtained at
973 K (Fig. 1b), and the as-prepared activated carbon was
denoted as P-973-1.00. The sunflower seed shell had the
same optimal activation temperature as the peanut shell,
and the obtained activated carbon was denoted as S-973-
1.25 (Fig. 1b). Therefore, both KOH/C mass ratio and
activation temperature had significant influence on the
preparation of biomass-derived activated carbons. The
samples of P-973-1.00 and S-973-1.25 had CO, adsorption
up to 1.54 and 1.46 mmol/g, respectively.

3.2 Adsorbent characterization

The elemental compositions of the activated carbons are
shown in Table 1. The P-973-1.00 and S-973-1.25 have
similar C content, but the P-973-1.00 has higher N content
and lower O content than the S-973-1.25. The S-973-1.25
has the specific surface area of 1,790 m?*/g and total pore
volume of 0.77 cm?/g, much higher than the P-973-1.00.

According to the SEM images, the pristine sunflower seed
shell has a unidirectional fibrous structure, and few pores are
observed (Fig. 2a). After carbonization and activation, many
micron-sized pores like pipes running through the carbons are
observed, and there are some nanosized pores on the wall of
“pipes” (Fig. 2b). In contrast, the pristine peanut shell also
has the fibrous structure, and some micron-sized pores exist
on the surface (Fig. 2d). After the activation, the parallel tubes
are formed, and lots of nano-sized pores can be seen on the
tube walls (Fig. 2d). Since the peanut shell derived activated
carbon has higher wall thickness than sunflower seed shell
derived one, it possesses higher mechanical strength. Lots of
parallel tubes should facilitate the mass transfer of CO,
molecules in the activated carbons, making CO, molecules
easily diffuse into the micropores at low pressure than other
activated carbons. The invisible nano-sized pores on the tube
walls should be effective for CO, adsorption. These two
activated carbons with this particular structure may be
favorable for CO, adsorption at low pressure.

The narrow micropore size distribution (NMPSD) and
cumulative pore volume (CPV) of P-973-1.00 and S-973-
1.25 are shown in Fig. 3. Both activated carbons have three
peaks in almost the same pore size ranges (Fig. 3a), and the
pore volume of S-973-1.25 at the pore size of above 0.5 nm
is larger than that of P-973-1.00, indicated a better devel-
oped microporous structure. Judging from the NMPSD and
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Table 1 Physicochemical properties of the prepared biomass-derived activated carbon

Activated carbon SBET (mz/g) Viotal (cm3/g) C (Wt%) H (wt%) O (Wt%) N (wt%)
S-973-1.25 1,790 0.77 69.2 33 22.8 1.9
P-973-1.00 956 0.43 69.1 1.7 17.6 2.8

3.0kvV  X1,000 10um WD 7.9mm

FLOTU LEI 30kv  X1,000 10um WD 8.1mm

FLOTU

FLOTU 3.0kY  X1,000 10pm WD 7.4mm

Fig. 2 SEM images of pristine sunflower seed shell (a), sunflower seed shell-derived activated carbon (b), pristine peanut shell (c), and peanut

shell-derived activated carbon (d)

CPV, the P-973-1.00 has more micropores than S-973-1.25
until the pore size is less than 0.50 nm. The CPV of S-973-
1.25 is about 50 % higher than that of P-973-1.00 when the
pore diameter reaches 1.0 nm (Fig. 3b). Therefore, the
S-973-1.25 has higher pore volume at the micropore size of
less than 1 nm, but the P-973-1.00 possesses more narrow
micropores in the range of 0.33-0.5 nm, which is favorable
for CO, adsorption at high temperature and low pressure.

3.3 CO, adsorption capacity and selectivity

Figure 4 illustrates the adsorption isotherms of CO, at 273
and 298 K on the S-973-1.25 and P-973-1.00. It is

@ Springer

interesting that the P-973-1.00 has higher CO, adsorption
at 273 K than the S-973-1.25 at the pressure below 0.1 bar,
while reverse trend is observed at the pressure above
0.1 bar. For CO, adsorption at 298 K, the P-973-1.00
exhibits higher adsorption capacity than the S-973-1.25 at
the pressure below 0.3 bar. At 1 bar, the S-973-1.25 has
high CO, uptake of 7.06 mmol/g at 273 K and 4.61 mmol/
g at 298 K, much higher than 5.23 mmol/g at 273 K and
4.03 mmol/g at 298 K for P-973-1.00. With the decrease of
CO, pressure, their difference in adsorption capacity
becomes smaller, and even becomes reverse at low pres-
sures. The adsorption capacity of CO, on both activated
carbons decreases with increasing temperature since the
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Fig. 4 Adsorption isotherms of CO, on the S-973-1.25 and P-973-
1.00 at 273 K and 298 K

adsorption is an exothermic process. In comparison with
P-973-1.00, the drop in CO, uptake on S-973-1.25 is more
obvious when the temperature increases, especially when
adsorption pressure is above 0.4 bar. This result is attrib-
uted to the more micropores in the range of 0.45-0.70 nm
on the S-973-1.25, which contribute to CO, adsorption
only at relatively high pressure. The P-973-1.00 has less
micropores in this range, and thus the adsorption at rela-
tively high pressure is low and insensitive to the change of

temperature, resulting in the parallel isotherms after
adsorption pressure above 0.4 bar. At 0.15 bar, the CO,
uptake at 298 K on P-973-1.00 and S-973-1.25 was
1.54 mmol/g and 1.46 mmol/g, respectively (Fig. 4). The
higher CO, adsorption on P-973-1.00 is closely related
with its more micropores in the size range of
0.33-0.50 nm.

Since typical flue gas contains about 15 % CO, and
80 % N,, the selective CO, adsorption over N, becomes an
important criterion for the evaluation of activated carbons
(Patino et al. 2012, 2014). Figure 5 shows the adsorption
isotherms of CO, and N, at 298 K on S-973-1.25 and
P-973-1.00. The S-973-1.25 exhibits a CO,/N, selectivity
[S(CO,/N,) = adsorbed amount of CO, at 1 bar/adsorbed
amount of N, at 1 bar] of 7.2 at 1 bar (Fig. 5a), and the
P-973-1.25 has this selectivity of 5.6 (Fig. 5b). In consid-
eration of CO, concentrations in flue gas, the selectivity
based on the IAST method (Lee et al. 2013; Xie and Suh
2013) (selectivity = adsorbed amount of CO, at 0.15 bar/
adsorbed amount of N, at 0.85 bar x 0.85/0.15) was cal-
culated to be 14.9 for S-973-1.25 and 14.1 for P-973-1.00.
Table 2 lists the adsorption capacity and selectivity of CO,
on different activated carbons reported in the literature.
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Fig. 5 Adsorption isotherms of CO, and N, on S-973-1.25 (a) and
P-973-1.00 (b)
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Table 2 Comparison of CO, adsorption at 298 K and 0.15 bar on activated carbons prepared from different precursors reported in the literature

Precursors Activation KOH/C S[CO,/N,] CO, uptake Refs.
agents mass ratio at 1 bar (mmol/g)
Petroleum pitch KOH 3 2.8 1.1 Wahby et al. (2010)
Polyaniline KOH 2 ~11 1.7 Lin et al. (2014)
Polypyrrole KOH 4 - 1.45 Meng and Park (2014)
Sawdust KOH 2 54 1.2 Sevilla and Fuertes 2011
Bamboo KOH 3 8.6 14 Wei et al. (2012)
Celtuce leaves KOH 4 94 1.0 Wang et al. (2012)
Polyindole KOH 52.3 ~8 ~1.6 Saleh et al. (2013)
Polyfurfuryl alcohol KOH 2 6.5 ~1 Sevilla and Fuertes 2012
Polyacrylonitrile fiber Ar/CO, N/A N/A ~13 Nandi et al. (2012)
Reduced-graphene-oxide/poly-thiophene KOH 26.1 ~21 ~14 Seema et al. 2014
Phenylenediamine and terephthalaldehyde KOH 2 5 ~0.5 Wang et al. (2013)
Sunflower seed shell KOH 1.25 7.2 1.46 This study
Peanut shell KOH 1 5.6 1.54 This study
1.8
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Fig. 6 CO, adsorption on the S-973-1.25 and P-973-1.00 at 298 K
and 0.15 bar in the five cycles after vacuum regeneration

Among these activated carbons, the sunflower seed shell-
derived and peanut shell-derived activated carbons are
among the adsorbents with the highest adsorption capacity
for CO, and have moderate CO, selectivity over N,. The
higher CO, adsorption is attributed to the more micropores
in the specific range mentioned above, while the moderate
selectivity may be due to the narrow micropores, and the
low content of nitrogen-containing groups on the adsor-
bents should have little contribution to CO, selectivity. The
polyindole-derived carbon had high CO, adsorption of
about 1.6 mmol/g, but this adsorbent was prepared at the
superhigh KOH/C mass ratio of 52.3 (Saleh et al. 2013).
The porous carbon prepared from polyaniline exhibits the
highest adsorption capacity of about 1.7 mmol/g for CO, at
298 °C and 0.15 bar (Lin et al. 2014).

The spent activated carbons after CO, adsorption were
regenerated via vacuum treatment at ambient temperature
and reused to adsorb CO,. Figure 6 presents the adsorbed
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Fig. 7 Isosteric heat of CO, adsorption on the S-973-1.25 and P-973-
1.00 calculated from adsorption isotherms at 273 and 298 K

amounts of CO, on the S-973-1.25 and P-973-1.00 in five
consecutive adsorption—desorption cycles. The adsorbed
amounts of CO, on the two samples all decreased slightly
within the five cycles, and approached the stable values in
the fifth cycle. The CO, uptake on P-973-1.00 and S-973-
1.25 in the fifth cycle decreased by 6.2 and 3.2 %,
respectively. The two activated carbons can be successfully
regenerated by vacuum treatment and have promising
application for CO, capture from actual flue gas.
According to the adsorption isotherms of CO, at 273 K
and 298 K on the two activated carbons, the isosteric heat
(Q) values of CO, adsorption were calculated and shown
in Fig. 7. The Qg values on P-973-1.00 are in the range of
21.5-60.0 kJ/mol for CO, uptake of 0.1-4.0 mmol/g, while
the Qg values on S-973-1.25 decrease from 38.5 to 23.5 kJ/
mol when CO, uptake increases from 0.2 to 4.0 mmol/g.
The higher Qg values at lower CO, loading indicates the
strong affinity of CO, to the adsorbents, which may be
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related with the micropores in the activated carbons.
Although the Q values are high, they are still much lower
than the covalent bond energy, and thus the desorption
process was reversible. By contrast, the Qg values of both
activated carbons in this study are higher than the activated
carbon-based material (10.5-28.4 kJ/mol) (Guo et al.
2006) and the grapheme oxide based carbons (17-22 kJ/
mol) (Srinivas et al. 2012). The Q, values of P-973-1.00
are higher than these of the polyindole-derived activated
carbon PIF6 (42.7 kJ/mol) (Saleh et al. 2013) and only a
little lower than the activated carbon ACM-5 (65.2 kJ/mol)
(Nandi et al. 2012).

3.4 Influence of textural properties of activated carbons
on CO, adsorption

Several studies have revealed the relationship between
micropore volume (MPV) and CO, adsorption (Hu et al.
2011; Sevilla and Fuertes 2011; Deng et al. 2014; Torre-
grossa-Macia et al. 1995). Wei et al. (2012) reported the
relationship between the MPV of bamboo-derived acti-
vated carbon and CO, uptake at 273 K and 1 bar. It has
been reported that the micropores smaller than 0.8 nm are
effective for CO, adsorption at 273 K and 1 bar (Sethia
and Sayari 2014), and the ranges of micropores responsible
for CO, adsorption at different pressures at 273 K have
also been studied (Primo et al. 2012). A series of sunflower

seed shell-derived activated carbons were prepared, and
their micropore volume in specific ranges and CO, uptake
were correlated (Fig. 8). Because the kinetic diameter of
CO; is 0.33 nm, the lower limit of the micropore size is
fixed at 0.33 nm. Linear fitting was carried out on the plots
of MPV at specific size range and CO, uptake, and the
linear correlation coefficients (Rz) were obtained. When
the upper limit of micropore sizes increases from 0.42 to
0.48 nm, R? first increases and then decreases, and the
maximum R? (0.99) is obtained in the micropore range of
0.33-0.44 nm (Fig. 8b), indicating that CO, adsorption at
0.15 bar and 298 K is closely related with the volume of
micropores in the range of 0.33-0.44 nm. Although the
total pore volume of S-973-1.25 is higher than that of
P-973-1.00 in the mocropore range of 0.33—-1.0 nm, the
P-973-1.00 has higher CO, adsorption at 0.15 bar and
298 K than S-973-1.25 due to the more micropores in the
range of 0.33-0.44 nm for P-973-1.00. As shown in
Table 2, different activated carbons exhibit different CO,
uptake at 298 K and 0.15 bar, which is closely related with
the pore volume ranging from 0.33 to 0.44 nm. Since the
peanut shell and sunflower seed shell derived activated
carbons in our study possess higher pore volume in the
range of 0.33-0.44 nm, they exhibit higher CO, adsorption
at 298 K and 0.15 bar. Nandi et al. (2012) reported that the
activated carbon (ACM-5) had super high CO, uptake of
5.14 mmol/g at 298 K and 1 bar due to its rich
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microporous structure, but most of these narrow microp-
ores are around 0.7 nm in diameter, resulting in lower CO,
adsorption at 298 K and 0.15 bar than the peanut shell and
sunflower seed shell derived activated carbons. The
micropore volume in the range of 0.33-0.82 nm was
reported to have good linear relationship with the CO,
uptake at 273 K and 1 bar (Wei et al. 2012). The range of
micropores effective for CO, adsorption would narrow
when the adsorption temperature increases and CO, pres-
sure decreases.

4 Conclusions

The peanut shell and sunflower seed shell were used as
cost-effective precursors to successfully prepare the acti-
vated carbons with high CO, adsorption. Such loose bio-
mass is easy to form micropores at the low KOH/C ratios in
the activation process. The cheap biomass cost and low
KOHY/C ratio make these two activated carbons more cost-
effective than the conventional activated carbons. The two
biomass-derived activated carbons exhibit higher CO,
adsorption at 298 K and 0.15 bar than most of other acti-
vated carbons reported. The volume of micropores in the
range of 0.33-0.44 nm has a linear relationship with the
adsorbed amounts of CO, at 298 K and 0.15 bar, indicating
that these micropores are responsible for CO, adsorption.
The cost-effective peanut shell and sunflower seed shell
derived activated carbons exhibit high adsorption capacity
and moderate selectivity for CO, at low pressure as well as
stable reusability, making them promising application in
CO, capture from flue gas or air.
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