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ABSTRACT: A series of carbon spheres (CS) was prepared by carbonization of phenolic resin spheres obtained by the one-pot
modified Stober method. Activated CS (ACS), having diameters from 200 to 420 nm, high surface area (from 730 to 2930 m*/g),
narrow micropores (<1 nm) and, importantly, high volume of these micropores (from 0.28 to 1.12 cm®/g), were obtained by
CO, activation of the aforementioned CS. The remarkably high CO, adsorption capacities, 4.55 and 8.05 mmol/g, were
measured on these AC spheres at 1 bar and two temperatures, 25 and 0 °C, respectively.
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B INTRODUCTION

The climate worsening observed in the recent years, caused
probably by global warming, is the subject of a widespread public
concern. The CO, emission associated with anthropogenic acti-
vities plays a big role in the global warming and climate change;
therefore, extensive research efforts have been undertaken world-
wide to develop feasible materials for CO, capture. It has been
reported that the global atmospheric CO, concentration has
increased from a preindustrial value of ~280 to 390 ppmv
currently." The main contributors to the observed CO, increase
are vehicular emissions, fossil fuel-fired power plants, deforestation,
and chemical processes. Among them, fossil fuel-fired power plants
contribute 77% to the anthropogenic CO, emission totaling 38 Gt
in 2004;' > this value continues to grow every year. About a 50%
increase in the CO, emission is expected from fossil fuel-fired
power plants alone by 2030.

In the 6past decade, various types of adsorbents including
zeolites,*® metal organic frameworks (MOF),”™"° functionalized
porous silica,'' ™** porous polymers,'*'> metal oxides,'*™'* and
carbonaceous materials'”>° have been examined for CO, capture.
Among them, MOF and nanoporous carbons have gained much
attention. It was shown that MOFs exhibit comparatively high
CO, adsorption capacities up to 8.5 mmol/g”' at ambient condi-
tions (1 bar, 25 °C) and very high CO, uptake up to 54.5 mmol/g™*
at high pressures (50 bar) and 25 °C. Despite the excellent
adsorption capacities of MOFs, these materials are much more
expensive than the majority of carbonaceous adsorbents, especially
commercially available activated carbons. In addition, MOFs
are water sensitive;>> they can chemisorb water, and/or their
porous structure can be destroyed upon exposure to water
vapor. Flue gas contains a considerable amount of water vapor;
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thus, MOFs are unlikely to be used in fossil fuel-fired power
plants as CO, adsorbents unless they have significant improve-
ment toward water stability. Due to the aforementioned reasons,
MOF:s are less feasible from the viewpoint of industrial applica-
tions. In contrast, carbonaceous adsorbents exhibit several advantages
such as higher resistance to water due to their hydrophobicity, higher
thermal stability, good chemical resistance to both alkaline and
acidic media, easy preparation, tunable pore structure, low energy
requirement for regeneration, and most importantly, low cost.
Thus, carbonaceous materials are considered to be one of the
most promising adsorbents for CO, capture.

Recently, numerous carbon materials, including activated
carbons,** metal—carbon composites, biowaste derived carbons,”>*
and nitrogen-doped carbons””*® have been thoroughly investi-
gated for CO, adsorption. Most of these investigations have
been done with a special emphasis on the development of high
surface area microporous carbons and/or the incorporation of
basic species, mainly nitrogen-containing groups into carbons.
However, recent experimental and computer modeling
studies®*° have shown that the carbons with fine micropores
are needed to maximize the CO, adsorption capacity. Presser
et al.*' and Hu et al.*” studied the CO, uptake on microporous
carbons in relation to the pore size. They have also pointed out
that the micropores smaller than 1 nm are responsible for high
CO, adsorption at 1 bar. Also, our previous studies showed that
the KOH activation of polymer spheres gave carbons with a
high volume of fine micropores (<0.8 nm) able to adsorb the
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unprecedented CO, amounts up to 4.6 and 8.9 mmol/g at 23
and 0 °C under atmospheric pressure, respectively.*>

This work shows that the carbon spheres obtained by a
slightly modified Stéber recipe®® and subjected to CO, activa-
tion featured a high fraction of fine micropores (<1 nm) and,
consequently, high CO, adsorption capacity at ambient condi-
tions. Namely, the CO, adsorption capacity of these activated
carbon spheres reached, respectively, 4.55 and 8.05S mmol/g at
25 and 0 °C under atmospheric pressure (1 bar). The diameter
of these spheres was in the range between 200 and 420 nm.
This study provides further experimental evidence on the im-
portance of fine micropores for high CO, uptake under ambient
conditions.

B EXPERIMENTAL SECTION

Synthesis of Carbon Spheres. Monodisperse carbon spheres
(CS) were synthesized using a recipe reported by Liu et al.**> The
synthesis recipe used was as follows: an aqueous-alcoholic solution was
prepared by mixing 48 mL of ethanol and 120 mL of distilled water at
30 °C. Subsequently, 0.6 mL of 25 wt % ammonia was added under
continuous stirring. Then, 1.2 g of resorcinol was added and stirred
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Figure 1. Nitrogen adsorption isotherms for CS-T series (A), CS-T-
CD-4 series (B), and CS-T-CD-t series (C).
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until its complete dissolution. Next, 1.68 mL of 37 wt % formaldehyde
was added slowly to the solution and stirred for 24 h at respective
temperatures. Finally, the reaction mixture was transferred to three
125 mL capacity Teflon containers and placed in sealed metal
autoclave vessels. Then, the vessels were placed in an oven at 100 °C
for 24 h. The solid product (polymer spheres) was obtained by
centrifugation and dried at 100 °C for 12 h.

Table 1. Adsorption Parameters and Particle Size for Sample
Studied”

particle S‘EET Vtgta] PV{; om (m’:xfé):lz/ g) .

sample size (nm) (m’/g) (cm’/g) (em’/g) 25 °C 0°C
CS-4 390 0.17 1.40
CS-6 570 661 0.30 0.21 2.51
CS-8 669 0.29 0.23 3.02
CS-4-CD-4 1453 0.56 0.41 3.60 7.02
CS-6-CD-4 420 2284 0.89 0.43 4.55 7.48
CS-8-CD-4 1924 0.75 0.42 3.85 6.20
CS-6-CD-2 730 0.31 0.24 3.60 S.10
CS-6-CD-8 370 2930 1.12 0.43 4.40 8.05
CS-6-CD-12 200

“Notation:V,.,, is the single point pore volume calculated from
adsorption isotherm at P/P, = 0.98; Sygr is the BET specific surface
area obtained from the adsorption data in the P/P, range from 0.0S to
0.2; PV ., is the cumulative pore volume calculated in the range of
pore widths up to 1 nm; ncp, is CO, adsorption capacity at 25 and
0 °C and 1 bar.
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Figure 2. Pore size distribution curves (A) and cumulative pore
volume plotted against pore width (B) for CS-6-CD-t series.
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The carbon spheres obtained by carbonization of the aforemen-
tioned polymer spheres at 600 °C were prepared as follows: the latter
were carbonized under flowing nitrogen in a tube furnace using
heating rate of 1 °C/min up to 350 °C, dwell for 2 h, and resuming
heating rate of 1 °C/min up to 600 °C and dwell for 4 h. The resulting
carbon materials were labeled as CS-T, where “CS” refers to carbon
spheres and “T” refers to the initial number of the three digit carboni-
zation temperature; for instance, for the carbons obtained at 400, 600,
and 800 °C T = 4, 6, and 8, respectively.

Activation of Carbon Spheres. The postsynthesis activation for
carbon spheres was performed by placing a ceramic boat with 0.10 g of
CS in a ceramic tube furnace under flowing nitrogen with a heating
rate of 10 °C/min up to 850 °C. After reaching this temperature, the
activating gas was introduced to the tube furnace (50 cm®/min) for 2—
12h and then switched back to nitrogen to prevent further activation
during the cooling process. The obtained activated materials are denoted
as CS-T-CD-t, where “T” represents the initial number of carbonization
temperature expressed in °C, “CD” refers to activation gas (carbon
dioxide), and “t” is the activation time in hours. Activation of all samples
was performed at 850 °C.

Measurements and Characterization. TEM images were
obtained using FEI Tecnai F20ST/STEM instrument operated at
200 keV. The preparation of samples for TEM analysis involved their
sonication in ethanol for 2 to 5 min and deposition on a 400 mesh lacy
carbon coated copper grid. Nitrogen adsorption isotherms were mea-
sured at —196 °C on ASAP 2010 volumetric adsorption analyzers
manufactured by Micromeritics (Norcross, GA, USA) using nitrogen
of 99.998% purity. CO, adsorption isotherms were obtained at both 0
and 25 °C on ASAP 2020 volumetric adsorption analyzer manufactured
by Micromeritics. Before adsorption measurements, each sample was

degassed under vacuum for at least 2 h at 200 °C. The specific surface
area of the samples was calculated using the Brunauer—Emmett—
Teller (BET) method within the relative pressure range of 0.05—0.20.
Incremental pore size distributions were calculated from nitrogen
adsorption data by the DFT method provided by Micromeritics.
The thermogravimetric (TG) measurements were performed on a TA
Instruments TGA QS00 thermogravimetric analyzer using a high-
resolution mode. The X-ray diffraction (XRD) measurements were
recorded for the carbonized samples using a PANanalytical, Inc. X'Pert
Pro (MPD) Multi-Purpose Diffractometer with Cu Ka radiation
(1.5406 A) at an operating voltage of 45 kV.

B RESULTS AND DISCUSSION

BET Surface Area and Pore Size Distributions (PSD).
According to the recent studies,>* microporous carbon with fine
pores (<1 nm) are shown to have high CO, capture at ambient
temperatures and pressures. It was also shown that the KOH
activation of polymer spheres obtained by the Stober method
destroyed their spherical morphology but afforded microporous
carbon materials with high fraction of fine pores (less than
1 nm). In the same report,”* it was also shown that the activation
of carbon spheres with aqueous KOH was not effective due to
the lack of penetration of these hydrophobic spheres by KOH.
In this study, we demonstrate that a simple CO, activation of
phenolic resin-based carbon spheres at 850 °C for 2—12 h
created extremely high surface area spheres. These activated
carbon spheres (ACS) possessed large fraction of fine pores
(<1 nm), which makes them potential candidates for CO, capture.

-

Figure 3. TEM images of CS-6 (A), CS-6-CD-4 (B), CS-6-CD-8 (C), and CS-6-CD-12 (D).
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Nitrogen adsorption isotherms measured on these materials
at —196 °C are presented in Figure 1; panels A, B, and C show
isotherms for the CS samples obtained at three different
carbonization temperatures (CS-T series), activated CS with
CO, for 4 h (CS-T-CD-4 series), and CS-6 samples obtained
by varying activation time (CS-6-CD-t series), respectively. The
specific surface area and pore structure parameters are listed in
Table 1. As can be seen from Figure 1 and Table 1, the ACS
studied possessed very high surface area and total pore volume
up to 2930 m*/g and 1.1 cm?®/g, respectively. Importantly, the
fraction of fine micropores (>1 nm) was significantly enhanced
by CO, activation giving the micropore volumes of 0.33, 0.22,
0.22, and 0.19 cm®/g for CS-4-CD-4, CS-6-CD-4, CS-8-CD-4,
and CS-6-CD-8, respectively. However, nonactivated spheres
showed relatively low N, adsorption and, thus, smaller surface
area and micropore volume. Figure 1C and Table 1 show the
effect of activation time of carbon spheres on the surface pro-
perties of the CS-6 series. As can be seen the surface area, total
micropore volume and volume of fine micropores (PV, ) in-
crease with increasing activation time. Pore size distribution
(PSD) and cumulative pore volume curves obtained from N,
adsorption by density functional theory (DFT) method for slit-
like pore geometry are presented in Figures 2 and S1, Supporting
Information, which show that all samples exhibit PSD curves,
mainly located below 1.3 nm, indicating a great potential of these
materials for CO, adsorption. As can be seen from Figure 2, the

pore size and pore volume for the CS-T-CD-t series are increasing
with increasing activation time. Both CS-6-CD-4 and CS-6-CD-8
show almost equal pore volumes in the range below 1 nm
(~0.43 cm?/g), which is reflected by similar values of the CO,
uptake; however, CS-6-CD-8 exhibits the highest total pore volume
(112 cm®/g), mainly due to the presence of large micropores
(above 1 nm). The CO, capture capability of these materials will
be thoroughly discussed in the section devoted to CO, adsorption.

Morphology and Phase Structure. Transmission elec-
tron microcopy (TEM), thermogravimetric analysis (TGA),
and X-ray diffraction (XRD) measurements were used to study
the particle morphology and phase structure. As can be seen
from Figure S2, Supporting Information, all samples showed
spherical morphology with the average diameter of 610, 570,
and 420 nm for as-synthesized polymer, CS-6 and CS-6-CD-4
carbon spheres, respectively. The smaller diameter of CS-6 is
mainly due to the material shrinkage during carbonization.
However, activation of CS-6 with CO, for 4 h at 850 °C resulted
in carbon spheres with diameter of ~420 nm, indicating that a
different chemical or physical phenomenon is taking place apart
from material shrinkage. To better understand this observation, a
series of activated samples was synthesized using CS-6 as carbon
source and simply changing the activation time, while keeping the
activation temperature constant at 850 °C. As shown on TEM
images (Figure 3), the particle size is decreasing with increasing
activation time, indicating deterioration of the outer surface of CS
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Figure 4. CO, adsorption isotherms for CS-T (nonactivated) (A) measured at 25 °C, for CS-T-CD-4 (B) measured at 25 °C, and for CS-T-CD-4

(C) measured at 0 °C.
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with activation time. This deterioration is mainly due to reac-
tion between CO, gas and the outer carbon surface of CS to
form carbon monoxide. Interestingly, activation of these carbon
spheres with CO, for about 12 h produced highly porous carbon
spheres with the diameter around 200 nm. Therefore, the con-
trolled activation of these carbon spheres can be employed to
obtain ultraporous carbon spheres with the diameter even smaller
than 200 nm. These carbon spheres can be introduced to the cell
due to their smaller size and thus are potential materials for in vivo
studies for drug delivery and cell imaging.

TGA analysis was employed to find the mass loss of carbons
during the activation with respect to activation time. This
analysis was carried out under similar conditions as activation in
the furnace; a sample of CS was placed in the TGA pan under
flowing CO, (50 cm®/min) with a heating rate of 10 °C/min
up to 850 °C and dwell for 12 h. As can be seen from Figure S3,
Supporting Information, there is a considerable mass loss observed
with increasing activation time. According to the TGA profiles, the
mass losses for the CS-6-CD-2, CS-6-CD-4, CS-6-CD-8, and
CS-6-CD-12 samples are 25, 40, 61, and 71, respectively.

The wide-angle X-ray diffraction (XRD) patterns for the CS
studied are shown in Figure S4, Supporting Information. Two
broad peaks at 26 of around 25 and 44 degrees suggest that no
pronounced graphitization occurred during carbonization and
activation processes.32

CO, Adsorption and Isosteric Heat of Adsorption
(Qq). CO, adsorption on microporous carbon spheres was
investigated at 25 and 0 °C under atmospheric pressure (1 bar).
The CO, adsorption isotherms measured at ambient conditions for
both nonactivated and activated samples are presented in Figure 4;
panels A, B, and C show isotherms for CS-T (nonactivated),
CS-T-CD-4 measured at 25 °C, and CS-T-CD-4 measured at
0 °C, respectively. As can be clearly seen from this figure, the
CO, adsorption capacities are increasing with increasing carboni-
zation temperature (Figure 4A). This observation is mainly due to
the enlargement of the volume of fine micropores with increasing
carbonization temperature (see Table 1). It is also noteworthy that
the CS-8 sample exhibits a very high CO, uptake (1.42 mmol/g)
at 0.2 bar and 25 °C (corresponding to flue gas conditions).
This is mainly due to the presence of high fraction of ultrafine
pores (<0.5 nm), which are responsible for low pressure adsorption
at ambient temperature.®’ Activation of CS (CS-T series) produced
highly microporous carbon spheres with fine pores (<1 nm). These
ACS exhibited very high CO, adsorption capacities at ambient
conditions; namely, CS-6-CD-4 showed the unprecedented CO,
adsorption capacities of 4.55 and 7.48 mmol/g at 25 and 0 °C,
respectively. To show the regeneration capability of the carbon
sorbents studied, we have performed three runs of CO, adsorption/
desorption measurements (see Figure SS, Supporting Information)
and obtained almost identical isotherm curvess, indicating that these
materials can be regenerated.

To find out the activation time effect on the CO, adsorption
capacity, CO, adsorption measurements were performed for
the CS-6-CD-t series of samples (Figure S). As can be seen
from Figure S, the CO, capacity is increasing with increasing
activation time for adsorption at 0 °C. However, at 25 °C, the
CO, capacity initially increases with activation time to achieve a
maximum, and after that, it decreases. The CS-6-CD-8 sample
exhibited very high CO, adsorption capacities of 4.40 and
8.05 mmol/g at 25 and 0 °C, respectively. Although, CS-6-CD-8
possessed comparatively higher surface area than that of CS-6-CD-4
(see Table 1), these two samples showed similar CO, adsorption
capacities because of almost equal volumes of fine micropores.

CO2 uptake (mmol g‘1)

Pressure (mmHg)

CO2 uptake (mmolg-T1)

Pressure (mmHg)

Figure S. CO, adsorption isotherms for CS-6-CD-t measured at 25 °C
(A) and 0 °C (B).
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Figure 6. Isosteric heat of CO, adsorption on CS-6-CD-4 and
CS-6-CD-8 calculated from the experimental adsorption isotherms at
0 and 25 °C.
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The CO, isosteric heats of adsorption (Q,) for CS-6-CD-4
and CS-6-CD-8 were calculated using adsorption isotherms
obtained at 0 and 25 °C. The calculated Q, for CS-6-CD-4 and
CS-6-CD-8 are in the range of 27.7—20.3 and 26.5—22.9 kJ/mol,
respectively, with the CO, amount adsorbed varying from 0.1
to 4.0 mmol/g (Figure 6). These ranges of values are relativelg
higher than those previously reported for various porous carbons* >
and higher or comparable to other adsorbents (MOF, zeolites,
and silica materials),*** which is due to the presence of fine
micropores in the materials studied (see Table S1, Supporting
Information).

B CONCLUSIONS

A series of highly microporous carbon spheres has been pre-
pared using a slightly modified Stober method followed by
controlled CO, activation. These activated carbon spheres pos-
sessed a large fraction of fine micropores (<1 nm) and high
surface area, which resulted in an excellent CO, adsorption
capacity at both ambient and low pressures. Notably, these
carbon spheres exhibited very high CO, uptake of 8.05 and
4.55 mmol/g at 0 and 25 °C under 1 bar, respectively. Moreover,
these carbons showed the relatively high CO, adsorption capacities
at low CO, pressures, 1.42 mmol/g at 0.2 bar and 25 °C.
Interestingly, activation of CS with CO, produced extremely
microporous carbon spheres (BET surface area up to 2930 m*/g)
with the diameter around 200 nm, making them potentially attrac-
tive materials for biomedical applications such as adsorption, imaging,
and drug release.”!
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