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Porous carbon spheres (PCSs) with high uptakes for CO,, CH4, and Hy were prepared from sustainable
starch-derived hydrochar via a simple CO; activation without any template. The PCSs show regularly-
spherical morphology, large surface area (3350 m?/g), and high pore volume (1.75 ml/g), which have
been rarely reported for physically-activated carbons. Owing to the textural properties, their uptakes at
20 bar for CO; (21.2 mmol/g, 298 K), CH4 (10.7 mmol/g, 298 K), and H; (6.4 wt%, 77 K) all rank among the
highest values ever reported for activated carbons, and the CH4 uptake is the highest one for activated
carbons. Additionally, the adsorption and desorption of the aforementioned gases onto the material are
reversible, indicating that the PCSs can be regenerated readily by pressure swing adsorption. Given the
sustainability and environmental friendliness of the starch-derived feedstock, low costs of physical
activation, large uptakes for multiple gases, and excellent adsorption reversibility, the obtained PCSs are
promising candidates for storage of multiple energy-source-related gases.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Carbon dioxide is the major greenhouse gas causing global
warming and anthropogenic climate change [1]. Unfortunately, its
atmospheric concentration remains increasing, mainly due to the
large-scale burning of fossil fuels in emission sources like power
plants. To reduce the emission of CO,, it is highly necessary to
develop technologies for CO, capture and storage. The Intergov-
ernmental Panel on Climate Change has estimated that the CO;
emission could be reduced by 80—90% for a modern power plant
equipped with CO, capture and storage technologies [2]. Besides
these technologies, the emission of CO, can be decreased by using
low-carbon energy sources, such as CH4 and H;. One of the major
concerns of this route is to find technologies that can efficiently
store the energy-source-related gases.

Adsorption is applicable to both gas capture and storage. So far,
many adsorbents have been developed, such as zeolites, porous
silica, metal-organic frameworks, porous polymers, and porous
carbons [1,3]. Among them, spherical porous carbons have received

* Corresponding author.
E-mail address: wumb@upc.edu.cn (M. Wu).
! The two authors contribute equally to this work.

http://dx.doi.org/10.1016/j.carbon.2016.04.036
0008-6223/© 2016 Elsevier Ltd. All rights reserved.

much attention, due to their high surface-to-volume ratio, good
structural stability, low regeneration energy, and large void space
for encapsulating plenty of guests [4—6].

For example, Yu et al. prepared N-doped porous carbon hollow
sphere with a CO, uptake of 4.42 mmol/g (273 K, 1 bar) by using
melamine-formaldehyde nanosphere as a hard template and
resorcinol-formaldehyde resin as a carbon precursor [7]. Bingjun
et al. synthesized activated carbon spheres for CO, capture from
poly(acrylonitrile-co-acrylamide) by KOH activation [8]. Alabadi
et al. found that the porous carbons prepared from gelatin-starch
mixture by KOH activation exhibited a CO, uptake of 7.49 mmol/g
(1 bar, 273 K) [9]. Choma et al. reported that KOH-activated
spherical porous carbons prepared from sulphonated styrene
divinylbenzene resin displayed a CH4 uptake of 1.68 mmol/g at
293 K and 1.1 bar [10]. Sevilla et al. manufactured an activated
carbon sphere with a H, uptake of 6.4wt% (20 bar, 77 K) by KOH
activation of hydrothermally-carbonized organic materials
(furfural, glucose, etc.) [11]. In a word, previous works have showed
that porous carbon spheres (PCSs) are promising adsorbents for
energy-source-related gases such as CO,, CHy, and H,. Neverthe-
less, the preparation of these PCSs for gas adsorption frequently
needs unsustainable/toxic feedstocks, harsh activators like KOH,
and/or plenty of templates, which are undesirable both
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economically and environmentally.

Hence, this research aims to prepare PCSs for efficient adsorp-
tion of CO3, CHy, and H; from a sustainable biomass (starch) by
environment-friendly CO, activation without any template. Starch
was previously used to produce carbon spheres with specific sur-
face areas less than 2600 m?/g for supercapacitors [12—15]. In this
research, we prepare starch-based PCSs with regularly-spherical
morphology, large specific surface area (3350 m?/g), and high
pore volume (1.75 ml/g), which have been rarely reported for
physically-activated carbons. Moreover, the uptakes of the material
at 20 bar for CO, (21.2 mmol/g, 298 K), CH4 (10.7 mmol/g, 298 K),
and H (6.4wt%, 77 K) all rank among the highest values ever re-
ported for activated carbons, and the CHy4 uptake is the highest one
recorded for activated carbons.

2. Experimental section
2.1. Preparation of spherical porous carbons

To prepare PCSs, firstly, 15 g starch (AR, Sinopharm Chemical
Reagent Co.,Ltd.) dissolving in 50 ml water was heated up to 353 K
for gelatinization. The resulting pasty product was transferred into
a stainless steel autoclave, heated up to 463 K in an oven, and kept
at this temperature for 720 min. The obtained product was washed
with distilled water and ethanol (AR, Sinopharm Chemical Reagent
Co.,Ltd.), and then dried at 373 K for 360 min to yield carbon
spheres recorded as CSs. Subsequently, the CSs were heated in a
tube furnace under flowing N3 (60 ml/min, 99.9% purity) by heating
at 5 K/min first to 773 K with a retention time of 180 min and then
to 1273 K. When the 1273 K was reached, flowing CO; (100 ml/min,
99.9% purity) was introduced to activate the sample for 150 min.
Finally, the activated sample was cooled naturally to room tem-
perature in N; flow (60 ml/min). The obtained PCSs were recorded
as M1273-150, where 1273 and 150 denoted activation tempera-
ture (K) and activation time (min), respectively. The yield of M1273-
150, which was defined as the weight ratio of final sample to the
starting starch, was 2.1%.

2.2. Characterizations

X-ray diffraction (XRD) patterns of materials were obtained on
an X-ray diffractometer (X’Pert PRO MPD, Netherlands) operating at
40 mA and 40 kV using Cu Ka radiation. Surface morphology was
observed by a scanning electron microscopy (SEM, S4800, Japan)
operating at an acceleration voltage of 5.0 kV. Nitrogen adsorption/
desorption isotherms of samples were measured by a volumetric
adsorption analyser (Micromeritics, ASAP 2020, USA) after the
samples were degassed under vacuum at 573 K for 6 h. The specific
surface area (Sggr) and total pore volume (V;) were obtained using
the Brunauer—Emmett—Teller (BET) equation and the liquid vol-
ume of N adsorbed at a relative pressure of 0.98, respectively. The
pore size distribution and ultramicropore volume (V.o 7nm) were
both determined by employing the Density Functional Theory (DFT,
slit pore geometry) provided by the software of Micromeritics
Corporation. The micropore volumes, namely Viicro-tplot and Viicro-
pA, were derived via t-plot method [16] and Dubinin—Astakhov
equation, respectively, and so were the micropore surface areas
(Smicro-tplot and Smicro-DA)-

The Fourier transform infrared (FTIR) spectra in the wave-
number range of 500—4000 cm~' were recorded using a Nicolet
6700 FTIR instrument (Nexus, USA) with a KBr pellet method. The
activation burn-off was obtained via dividing the CO,-activation-
induced weight loss by the weight of the carbon spheres heated to
1273 K. The O/C molar ratio of M1273-150 was determined by an X-
ray photoelectron spectroscopy (XPS, K-Alpha, Thermo Scientific

Corp., USA) equipped with an Al Ko X-ray source (1486.6 eV). The
binding energies for the XPS spectrum were calibrated by setting
Cls to 284.6 eV.

2.3. Gas adsorption measurements

The adsorption/desorption isotherms for CO,, CH4, and H, were
measured using an intelligent gravimetric analyser (IGA, Hiden, UK)
at different temperatures (273—313 K) and pressures (up to 20 bar),
with the adsorption results corrected by buoyancy effects using the
corrected parameters reported [17,18]. The microbalance contained
in the analyser can measure weight with a resolution of +0.1 pg.
The purity of the used CO3, CHy, and H; was 99.999%, 99.999%, and
99.9999%, respectively. Before adsorption measurements, samples
were degassed under 10~ bar at 473 K for 5 h. The isosteric heats of
adsorption were calculated using the Clausius—Clapeyron equation
and the adsorption isotherms at different temperatures, as reported
previously [19].

3. Results and discussion
3.1. Characterizations

Fig. 1 shows the SEM images of the obtained samples. The high-
temperature-activated PCSs (M1273-150) are regularly-spherical
and crack-free (Fig. 1c and d), as in the case of the inactivated car-
bon spheres (CSs, Fig. 1a and b). This observation indicates that the
CSs are thermally and morphologically stable, and hence their
spherical morphology is retained after high-temperature activa-
tion. The average particle sizes of M1273-150 are lower than those
of CSs (Fig. 1c and a), which was probably attributable to the
skeleton shrinkage of CSs or the removal of chemical elements (C,
0, etc.) from CSs during activation.

The XRD pattern of M1273-150 (Fig. 2) exhibits a broad peak,
implying that M1273-150 consists of amorphous carbons with a
low graphitization degree. The FTIR spectra of CSs and M1273-150
are presented in Fig. 3a. The CSs display absorption bands attrib-
utable to C—0 (1023 and 1213 cm™') [20,21], C=0 (1622 and
1720 cm~ ') [22], and O—H (3421 cm™1) [20,23]. In contrast, M1273-
150 shows no/a few weak absorption bands at the corresponding
wave numbers, indicating that most O-containing functional
groups have been removed after activation. The analysis of XPS
spectrum (Fig. 3b) shows that the O/C molar ratio for M1273-150 is
low (3.2%), which further proves the removal of most O-containing
function groups from this sample.

The adsorption—desorption isotherms of M1273-150 are pre-
sented in Fig. 4. The isotherms feature a N,-uptake increment up to
a relative pressure of 0.4, an adsorption plateau, and no hysteresis
loop, indicating that they are type Ib isotherms [24]. Such isotherms
have been reported for physically-activated carbons with high
burn-offs [24]. In the case of M1273-150, the burn-off is as high as
90.1%. These isotherms indicate that M1273-150 is microporous,
with the presence of narrow mesopores. Table 1 shows that M1273-
150 has a large micropore surface area, as revealed by Smicro-tplot
and Spjcro-pa, and a high micropore volume, as indicated by Vijcro-
tplot and Vmicro-pa. These observations also prove that M1273-150
has plenty of micropores. The micropore size concentrates in a
narrow range (0.50—0.80 nm and 1.18—1.52 nm), and so does the
mesopore size (2—4 nm, see inset in Fig. 4). It should be mentioned
that the DFT-derived pore size distribution can underestimate the
micropore volume for the following two reasons. Firstly, the used
DFT method causes an artificial minimum at around 1 nm, due to
the modelling assumptions [24,25]. Secondly, some ultra-
micropores (<0.7 nm) are inaccessible to N, molecules at 77 K [26],
due to diffusion limitations.
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Fig.1. SEM images for carbon spheres (CSs) at magnifications of (a) 10,000 and (b) 40,000, and for porous carbon spheres (M1273-150) at magnifications of (c) 7000 and (d) 40,000.

Additionally, Table 1 shows that M1273-150 displays simulta-
neously a large specific surface area (3350 m?/g) and a high pore
volume (1.75 ml/g), which are rarely-reported textural properties
for porous carbons prepared via CO, activation. The formation of
such textural properties is attributable to the creation of new
micropores, the opening of closed pores, or the widening of pre-
existent pores caused by devolatilization and carbon-CO, reac-
tion [21]. To gain further insight into the explanations, we pro-
duced a carbonized carbon sphere (C1273-150) in the same way
that M1273-150 was prepared, except that C1273-150 was heated
at 1273 K in flowing N, (100 ml/min) instead of CO,. It is found
that the Sggr and V; of C1273-150 (401 m?/g and 0.17 ml/g) are
much lower than the corresponding values of M1273-150
(3350 m?/g and 1.75 ml/g), indicating that the developed pore
structure of M1273-150 is mainly due to the CO, activation which
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Fig. 2. XRD patterns of carbon spheres (CSs) and porous carbon spheres (M1273-150).

causes a high burn-off (90.1%). Also, it is found that (1) the Sggr and
V; of C1273-150 (401 m?/g and 0.7 ml/g) are higher than the
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Fig. 3. (a) FTIR spectra for carbon spheres (CSs) and porous carbon spheres (M1273-
150), and (b) XPS spectrum for M1273-150.
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Table 1
Textural properties of M1273-150.

3.2. Adsorption performance for CO,

The CO, adsorption isotherms of M1273-150 are presented in
Fig. 5a and b. The CO, uptake increases with the increment in
adsorption pressure, not levelling off at the highest test pressure
(20 bar). This result suggests that a greater CO, uptake can be
achieved at a higher adsorption pressure. Typical CO, uptakes
derived from Fig. 5a are provided in Table 2. The CO,-activated
M1273-150 exhibits a CO, uptake of 21.2 mmol/g at 20 bar and
298 K, ranking among the highest values ever reported for activated
carbons including KOH-activated ones (Table 2). M1273-150 also
exhibits large CO, uptakes at other pressures (14, 10, or 5 bar),
compared with MOFs, zeolites, and templated carbons (Table 2).
These results indicate that M1273-150 possesses a strong ability to
store CO; at high pressures. The strong ability to adsorb CO at high
pressures (>10 bar) is ascribable to the large specific surface area
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Fig. 5. CO, adsorption performance of M1273-150. (a) adsorption isotherms at pressures up to 20 bar, (b) adsorption isotherms in pressure range of 0—1 bar, (c) adsorption

reversibility at 303 K, and (d) heat of adsorption.

corresponding ones of the carbon spheres (CSs, <20 m?/g and
<0.03 ml/g) and (2) the weight ratio of C1273-150 to the CSs is
70%. These observations suggest that the heat-treatment-induced
devolatilization of CSs also contributes to the increase in Sggr
and V..

and multiple pores of porous carbons, as reported previously
[27—30]. Hence, M1273-150, which possesses a high Sggr (Table 1),
a considerable Vijcro (Table 1), and a fraction of mesopores (inset in
Fig. 4), can adsorb plenty of CO, at high pressures.

Fig. 5¢ shows that the adsorption and desorption isotherms
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Table 2
High-pressure CO, uptakes at 298 K.
Adsorbent® Preparation method CO, uptake® Reference
(mmol/g)

Carbonaceous adsorbents (below)

Starch-based PC(M1273-150) CO, activation 21.2 (20 bar) This work
CO; activation 17.0 (14 bar) This work
CO,, activation 13.7 (10 bar) This work
CO, activation 8.5 (5 bar) This work

Poly(vinylidene chloride)-based PC(AC4-PC) KOH activation 18.3 (20 bar) [17]

Anther-based PC(PA-500-KOH-4-800) KOH activation ~21.6 (20 bar) [31]

Petroleum residue —based PC(VR5-4:1) KOH activation 21.6 (20 bar) [28]

Porous benzimidazole-linked polymer-based PC(CPC-700) KOH activation ~21.1 (20 bar) [32]

Algae meal-based PC(AMA-C-KOH) KOH activation <14.0 (20 bar) [33]

Ion exchange resin-based PC(MCK-3) KOH activation ~17.5 (14 bar) [30]

Coal tar pitch-based PC(ACB-5) KOH activation ~17.6 (14 bar) [34]

Petroleum coke-based PC (K4-90@200-60@700-150-5) KOH activation 8.4 (10 bar) [29]

Palm shell-based PC(MCa2) Ca(l, activation ~11.5 (20 bar) [35]

Palm shell-based PC(MZn48) ZnCl; activation ~8.5 (20 bar) [35]

Palm shell-based PC(MP48) H3POy4 activation ~7.8 (20 bar) [35]

Exchange resin —based PC(AM4) MgO templating <18.2 (20 bar) [36]

Commercial PC(Norit R1Extra) Unreported <9.7 (20 bar) [37]

Commercial PC(Maxsorb) Unreported <20.0 (20 bar) [37]

Amine-grafted commercial PC Unreported <3.5 (10 bar) [38]

Exchange resin —based PC(AM4) MgO templating <12.0 (10 bar) [36]

K>CO3-modified PC(K2CO3/MAC) Unreported <1.4 (5 bar) [19,39]

Non-carbonaceous adsorbents (below)

Zr-MOF (UiO-66) No activation <7.0 (20 bar) [40]

MOEF-5 No activation 10.9 (14 bar) [41]

MOF-177 No activation 2.0 (14 bar) [41]

Zeolite 5A No activation 5.1 (14 bar) [41]

Zeolite 13X No activation <7.0 (10 bar) [42]

2 PC and character strings in parentheses denoted porous carbon and reported sample names, respectively.
b The numbers in parentheses were adsorption pressures.
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Fig. 6. CH, adsorption performance of M1273-150. (a) adsorption isotherms at pressures up to 20 bar, (b) adsorption isotherms in pressure range of 0—1 bar, (c) adsorption
reversibility at 303 K, and (d) heat of adsorption.



Y. Li et al. / Carbon 105 (2016) 454—462 459

Table 3
CH4 uptakes of various adsorbents at temperatures around 298 K.
Adsorbent” Preparation method CH, uptake® Reference
(mmol/g)

CH4 uptakes at 20 bar and 298 K (below)

Starch-based PC(M1273-150) CO; activation 10.7 This work

Algae meal-based PC(AMA-C-KOH) KOH activation <75 [33]

Poly(vinylidene chloride)-based PC (AC4-PC) KOH activation 10.3 [17]

Porous benzimidazole-linked polymer-based PC(CPC-700) KOH activation <10.1 [32]

Mesophase pitch(LMA738) KOH activation <9.4 [44]

Palm shell-based PC(MP48) H3PO4 activation ~3.8 [35]

Olive stone —based PC(ACP-410) HsPO4 activation ~4.5 [45]

Palm shell-based PC(MCa2) CaCl; activation ~5.8 [35]

Palm shell-based PC(MZn48) ZnCl, activation ~39 [35]

Coal-based PC(S-800-90-12) K>S activation ~3.8 [43]

Coconut shell-based PC(M40-28) Activation with ZnCl, and CO, <33 [46]

Polymer-based PC(DUT-38-A-950-4) CO;, activation <94 [47]

Peat-based PC(RB3) Steam activation <4.5 [48]

Peat-based commercial PC(Norit R1 Extra) Unreported <5.5 [37]

Chark-based commercial PC(Maxsorb) Unreported <9.5 [37]

Coconut shell-based PC (K835) Unreported <6.0 [48]

Resin-based carbon (CS) No activation ~2.5 [49]

Zr-MOF(UiO-66) No activation <4.0 [40]

CH4 uptakes under conditions except at 20 bar and 298 K (below)

Starch-based PC(M1273-150) CO;, activation 10.3 (20bar, 303 K) This work
CO;, activation 7.2 (10bar, 298 K) This work

Corn grain-based PC (MR-1/4-CMC-5%) KOH activation <9.8 (20bar, 303 K) [50]

Glucose-based PC(G3-950-3) Zeolite-templating <6.5 (20bar, 300 K) [51]

Coal tar pitch-based PC(ACB-5) KOH activation ~6.9 (10bar, 298 K) [34]

2 PC and character strings in parentheses meant porous carbon and reported sample names, respectively.

b The numbers in parentheses were adsorption pressures and temperatures.

overlap, indicating that the CO, adsorption on the sample is
completely reversible and that the adsorbent can be readily re-
generated by reducing adsorption pressure. Fig. 5d shows that
the CO, adsorption heat (20—25 kJ/mol) of M1273-150 is lower
than the typical value for chemisorption (>60 kJ/mol) [3], con-
firming that the CO, molecules are physically adsorbed onto the
sample. Given the moderate adsorption heat, good reversibility,
and large uptakes, the M1273-150 is an excellent adsorbent for
CO, storage.

3.3. Adsorption performance for CHy

The CH4 adsorption isotherms of M1273-150 are presented in
Fig. 6 a and b. The isotherm becomes lower as the adsorption
temperature increases, due to the exothermic nature of the
adsorption. Typical CH4 uptakes derived from the isotherms are

presented in Table 3. The CH4 uptake of the sample reaches
10.7 mmol/g at 20 bar (298 K), which, to the best of our knowledge,
is an unprecedentedly reported value for activated carbons. For
instance, the uptake of this CO,-activated sample exceeds those of
KOH-activated carbons, H3POg4-activated carbons, and the com-
mercial activated carbon Maxsorb (Table 3). The superior CH4 up-
takes at high pressures are ascribable to the large specific surface
area and considerable micropore volume of M1273-150 (Table 1),
as revealed previously [17,43]. The narrow micropore and meso-
pore size distributions of the material (inset in Fig. 4) are also
probable reasons for the high CH4 uptakes. These high uptakes
indicate that the obtained material is a promising adsorbent for
CH4 storage.

Besides high CH4 uptakes, M1273-150 also exhibits good
adsorption reversibility, as indicated by the overlapped adsorption/
desorption isotherms (Fig. 6¢). Fig. 6d shows that the adsorption
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Fig. 7. H, adsorption isotherms for M1273-150 at 77 K in pressure range of (a) 0—20 bar, and (b) 0—1 bar.
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Table 4

H, uptakes of carbonaceous adsorbents at 77 K.
Porous carbon® Preparation method H, uptake at 20 bar or 1 bar (wt%) Reference
H, uptake at 20 bar (below)
Starch-based PC(M1273-150) CO,, activation 6.4 This work
Polymer-based PC(DUT-38-A-950-4) CO; activation <5.5 [47]
Cellulose-based PC(AC1 (1/4-700)) KOH activation 6.4 [11]
Sawdust-based PC(E-1/4-700) KOH activation 5.6 [11]
Anthracite-based PC(AC6) KOH activation 5.2 [54]
Fungi-based PC(AG-4-700) KOH activation <5 [55]
Corncob-derived PC(CAC-4) KOH activation <5.5 [56]
PdCIZ -exchanged resin-based PC (Pd/PC-850) KOH activation 4.6 [57]
Chitosan-based PC (Ch700/700/3) KOH activation <5.6 [58]
Coal-based porous carbon (B704) KOH activation <6.3 [59]
Anthracite-derived PC KOH activation ~6.0 [60]
Biomass-cartons-polystyrene mixture-based PC(AC) ZnCl; activation <25 [61]
Acetonitrile-based PC SBA-15-templating 34 [62]
Furfuryl alcohol and acetylene (10Xc-70) Zeolite-templating 6.1 [18]
Furfuryl alcohol-based PC (AC-BF900@5TON) ZIF-templating and KOH activation 6.5 [63]
Furfuryl alcohol-based PC (FA-ZTC1) Zeolite-templating and CVD 73 [64]
H, uptake at 1 bar (below)
Starch-based PC(M1273-150) CO,, activation 23 This work
Hemp stem-based PC(AC8) KOH activation 33 [52]
Cellulose-based PC(AC1 (1/4-700)) KOH activation 25 [11]
Fungi-based PC(AG-4-700) KOH activation 24 [55]
Sawdust-based PC(E-1/4-700) KOH activation 2.5 [11]
Corn grain-based PC(MR-1/2) KOH activation 2.3 [65]
Rice husk-based PC(RHC1) KOH activation 2.9 [66]
Corncob-derived PC(CAC-4) KOH activation 3.2 [56]
Alkene polymer-based PC(C-1012) Unreported 22 [67]

2 PC and character strings in parentheses represented porous carbon and reported sample names, respectively.

heat ranges from 11 to 17 kJ/mol when the CH4 uptake is in the
range of 0.3—11 mmol/g, implying the occurrence of physisorption.
Additionally, the adsorption heat decreases with the increase in
CH,4 uptake, revealing that the sample surface is energetically
heterogeneous for adsorption of CHa.

3.4. Adsorption performance for Hy

Fig. 7 shows the H; adsorption/desorption isotherms for M1273-
150. The adsorption and desorption isotherms overlap, indicating
that the adsorption of H, onto the sample is completely reversible.
Table 4 displays the H, uptakes of M1273-150 at 20 bar and 1 bar. At
20 bar, the H, uptake (6.4 wt%, 77 K) of this CO,-activated sample
prepared without any template is among the highest values ever
reported for activated carbons including KOH-activated ones, and is
comparable/superior to those of many templated carbons (Table 4).
The H; adsorption onto porous carbons at high pressures is deter-
mined by specific surface area and pore volume (especially
micropore volume), with the small mesopores (2—5 nm) also
making important contributions [52,53]. Hence, M1273-150, which
has a large specific surface area, a high micropore volume, and a
fraction of small mesopores (2—4 nm, inset in Fig. 4), displays high
H, uptakes. The large high-pressure H, uptake of M1273-150 is also
attributable to its deficiency in O-containing functional groups as
revealed by the FTIR and XPS analysis (Fig. 3), in that such groups
can reduce the interaction between H;, and carbon surface [11]. At
1 bar, the H; uptake of M1273-150 is relatively low (Table 4), sug-
gesting that the adsorbed H; at a high pressure can be readily
released by reducing adsorption pressure.

4. Conclusions

In summary, PCSs for efficient adsorption of CO,, CH4, and H,
were prepared by physical activation of starch-derived char
without any template. The obtained PCSs exhibited a regularly-
spherical morphology, a large specific surface area (3350 m?/g),

and a high pore volume (1.75 ml/g), which were rarely reported for
physically-activated carbons. The uptakes of the sample at 20 bar
for CO,, CHy4, and H; reached 21.2 mmol/g (298 K), 10.7 mmol/g
(298 K), and 6.4 wt % (77 K), respectively, which were all among the
highest values ever reported for activated carbons. Besides, the
adsorption of the gases onto the sample was reversible, guaran-
teeing the ease of regenerating the PCSs by reducing adsorption
pressure. The obtained materials are highly promising adsorbents
for storing energy-source-related gases, given the sustainability
and environmental friendliness of the feedstock, low costs of
physical activation, high uptakes for multiple gases, and excellent
adsorption reversibility.
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