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In this study, carbon aerogel (CA) was synthesized using a soft-template method, and the optimum conditions
for the adsorption of carbon dioxide (CO,) by the carbon aerogel were evaluated by controlling the activation
temperature. KOH was used as the activation agent at a KOH/CA activation ratio of 4:1. Three types of
activated CAs were synthesized at activation temperatures of 800 °C (CA-K-800), 900 °C (CA-K-900), and
1000 °C (CA-K-1000), and their surface and pore characteristics along with the CO, adsorption characteristics
were examined. The results showed that with the increase in activation temperature from 800 to 900 °C, the
total pore volume and specific surface area sharply increased from 1.2165 to 1.2500 cm®/g and 1281 to 1526
m?/g, respectively. However, the values for both these parameters decreased at temperatures above 1000 °C.
The best CO, adsorption capacity of 10.9 wt % was obtained for the CA-K-900 sampleat 298 K and 1 bar. This
result highlights the importance of the structural and textural characteristics of the carbon agrogel, prepared at
different activation temperatures on CO, adsorption behaviors.
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Introduction

The volume of carbon dioxide (CO,), a mgjor cause of
global warming, has been increasing because of a rapid
increase in the use of fossil fuels driven by the recent
industrial development. Extensive studies on CO. capture
are underway to reduce such CO, emissions. Commonly
used CO, capture methods include absorption, adsorption,
and membrane separation; the absorption and adsorption
methods are being intensively studied. The absorption method
has been widely used to capture CO,; however, it requires
not only regular refills of absorption liquid but also requires
regular equipment maintenance and repair because of
corrosion and generation of secondary pollutants. Numerous
studies have been conducted on dry solvents; however, adry
solvent has the drawback of being pulverized under the
operating conditions of high temperature, high pressure, and
flow friction of the dry solvent.! In contrast, adsorption is
considered an economic method because minimum energy is
consumed and because the adsorbent can be reused.??
Numerous studies have focused on developing adsorbents
that improve adsorption capacity because of the ease of
application. The separation efficiency of CO, depends on the
type of adsorbent, which includes carbon materials,*® macro-
porous silica (SBA-15,° MCM-41°), and metallic oxides.™**
Carbon aerogels are the most popular CO, adsorbent™
because of its large specific surface area; however, it has
several drawbacks such as diminishing adsorption capacity
at high temperature and low carbon selectivity.

Carbon aerogel (CA) is an important carbon materia
whose 3D-bonded network contains micropores with a size

less than 2 nm, stable mesopores with sizes ranging from 2
nm to 50 nm, and alarge specific surface area (400-1200 m?/
g).1%*" Pekala prepared CAs by carbonization of aresorcinol-
formaldehyde (RF) aerogel.’®*® Such carbon materials can
be prepared by hard- and soft-template methods. A hard
template can be made up of a fragmented solid materia of
regular shape. Its advantage lies in the synthesis of carbon
with a regular structure athough the solid-phase materials
need to be removed. Unlike hard templates, a soft template
does not require the remova of solid-phase materials, which
facilitates the synthesis of carbon.?®?* Therefore, we chose
to use a soft template for the synthesis of CAs owing to their
facile fabrication process. The factors affecting CO, adsorp-
tion capacity, such asthe shape, size, and pore distribution of
the carbon materia are controlled by different activation
methods. The carbon materials can be activated by both
physical and chemica methods athough the chemica method
is more popular due to many advantages. The chemical
method uses acid and adkaline reagents such as KOH,
NaCOs, NaOH, ZnCl,, MgCly, and H3PO4,%2* and among
these reagents, KOH is the most widely used as it resultsin
CAsof high specific surface area. In addition, temperatureis
an important factor in chemical activation; however, the
optimum activation temperature required for improving CO;
adsorption capacity has not yet been reported.

Therefore, we prepared activated CAs using KOH and
evaluated the effect of activation temperature on CO. ad-
sorption capacity by monitoring the specific surface areaand
changes in pore size and number after activating the CAs
with KOH and measuring the resulting CO, adsorption

capacity.
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Experimental

Raw Materials and Experimental Methods. For the
synthesis of CAs in this study, we used formadehyde
(Duksan Pure Chemicals, Korea) as the initiator, resorcinol
as the carbon precursor, and NaCOs (Sigma-Aldrich, USA)
as the catalyst. The carbon aerogels were activated (CA-K)
by treating with KOH and heating at various carbonization
temperatures.

For the synthesis of CAs, N&CO; and formaldehyde were
added to a solution of resorcinol in distilled water. The
resulting solution was solidified by stirring for 3 h and then
heated in an oven at 80 °C for 48 h to induce gelation. The
resulting wet gel was soaked in acetone at 50 °C to replace
the water in the gel with acetone. The resulting gel was then
dried in an oven for 24 h to completely remove the acetone.
The dried aerogel was annealed for 5 h a 750 °C under a
nitrogen atmosphereto yield CAs.

The CAs were activated as follows: CA and KOH in a
weight ratio of 1:4 were added to 100 mL digtilled water,
stirred for 12 h at 80 °C, and then dried for 24 h at 80 °C.
The dried substance was annealed in a tube furnace under
nitrogen for 1 h by increasing the temperature at the speed of
2 °C/min from 800 °C to 1000 °C, at increments of 100 °C.
In order to remove potassium ions and impurities after
annealing, the substance was washed with 0.5 N HCl and
further washed and filtered with distilled water until the
filtrate became neutral. The final activated CAs, were named
CA-K-800 through CA-K-1000 according to their respective
processing temperatures.

Characterigtics of the Surface and Pore Sructure.
Structura changesin the crystals of the CAs were measured
by X-ray diffraction (XRD) (D2 Phaser, Bruker, Germany),
and the surface characteristics and changes in the shape of
the surface were examined using a scanning electron micro-
scope (SEM, Hitachi S-4300SE, Japan). The specific surface
area and pore structure were measured using a surface area
and pore size analyzer (BELSORP Inc., Japan). The nitro-
gen sorption isotherms were obtained at 77 K. The BET
(Brunauer-Emmett-Teller) equation was used to measure the
specific surface area, and the total pore volume (Vi) was
obtained from the nitrogen adsorption volume at P/Po= 0.99.
The mesopore volume (Vm) was calculated by using the BJH
(Barrett-Joyner-Halenda) equation, and the average pore
diameter (D) from Eqg. (1):
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CO, Adsorption Behaviors. The activated CAs thus
produced were dehydrated and purified under vacuum by
using volumetric technique, and while it remained in the
vacuum, the temperature was lowered to the adsorption
temperature. Then, we measured the change in the CO,
adsorption volume with the relative pressure (P/Py), at 298
K, which is atemperature at which the sampleis stable.
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Results and Discussion

Surfaceand Structure Char acteristics of Activated CAs.
XRD analysis was performed to characterize the microstruc-
ture and molecular structure of the crystal of KOH-treated
CAs at different temperatures, and the result is shown in
Figure 1. A unique hexagonal graphite peak at 26 = 23° and
arhombohedral graphite peak at 20 = 43° were observed.”
Compared to the pre-activation CA sample, the KOH-treat-
ed CA (CA-K-800) showed a wide and asymmetric peak at
20 = 23°, indicating an amorphous carbon.®® Furthermore,
for the KOH-treated CAs, the intensity of the (002) peak
weakened with increasing treatment temperature, and the
diffraction angle moved towards the base angle. The results
from Figure 1 are summarized in Table 1. The 20 values for
the untreated CA, CA-K-800, and CA-K-900, were 24.02,
21.69, and 21.24°, respectively, whereas the 26 vaue for
CA-K-1000 was not measured. Table 1 lists the values of
dooz (interlayer spacing) and 20 (Bragg's angle), determined
using Bragg's law, for the samples activated at various
temperatures. The vaues are related to the structure of
graphite and the size of the crystal, and the dogz values of the
CA, CA-K-800, and CA-K-900 samples increased to 3.70,
4.09, and 4.17 A, respectively, as the temperature increased.
However, the doo, value was not measured for CA-K-1000.
Thisresult shows that the temperatures affected and changed
the structures of the activated CAs.

Figure 2 showsthe SEM images of the activated CAs. The
number of irregular surface defects increased with temper-
ature, and a structural change was observed for CA-K-1000.
Thus, it appears that the chemical reactions between KOH
and the CA at 1,000 °C affected the structure of the CA,
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Figure 1. XRD patterns of the CAs synthesized at 800-1000 °C.

Table 1. Microstructural property of the activated carbons studied
by XRD

Nomenclature  CA CA-K-800 CA-K-900 CA-K-1000

207 24.02 21.69 21.24
doo® 3.70 4,09 417

3Bragg angle. PInterlayer spacing
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Figure 2. SEM images of the different CAs: () CA-K-800, (b)
CA-K-900, and (c) CA-K-1000.

leading to pore shrinkage.”” KOH permeated into the CAs
and reacted with the carbon in CAs according to Egs. (1)-(3)
described below.

BKOH +2C — 2K + 3 Hp+ 2 KoCO5 o)
K2COs+ C — K,0+2CO @
K,0+C— CO+2K ©)

During alow-temperature heat treatment, KOH permeates
into the inner carbon layers to form K,O, which is reduced
back to K at a high temperature by the dehydration reaction.
The reduction of K,O proportionally reduces the carbon
content, which gives rise to pores within the CAs. The
reduced K permesates into the carbon and forms compounds
between the layers while enlarging the inner space of the
CAs, i.e., KOH affects and changes the inner structure of the
CAs, which is presumably the reason for the disappearance
of the carbon-specific peaks.?®

The pore structure of the activated CAs was investigated
by measuring the isothermal adsorption-desorption curves of
nitrogen gas, as shown in Figure 3. The untreated and KOH-
treated CAs showed Type | and Type IV Langmuir Nz
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Figure 3. N, adsorption/desorption isotherms of the CAs measured
a77kK.
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Figure 4. Micropore size distribution of the CAs at activation
temperatures of 800-1000 °C.

Table 2. N2/77 K textural properties of the samples studied

. Seer® Vo’ V Micro Ve D¢®
SPeAmenS (2ig)  (om¥g) (o) (cm¥g) ()
CA 623 0.7219 0.1985 0.5234 4.633
CA-K-800 1281 1.2165 0.4769 0.7396 3.7969
CA-K-900 1526 1.2500 0.5105 0.7395 3.2749
CA-K-1000 1340 1.1527 0.3555 0.7972 3.4408

3Sger: Specific surface area calculated using Brunauer-Emmett-Teller
equation at a relative pressure range of 0.03-0.22. "V1oa: Total pore
volume estimated at a relative pressure P/Py = 0.990. “V vicro: Micropore
volume determined from the subtraction of mesopore volume from total
pore volume. Vvesr: Mesopore volume determined from the Barrett-
Joyner-Halenda (BJH) equation. °Dy: Average pore diameter

adsorption isotherma curves, respectively. Micropores with
asize lessthan 2 nm were observed under arelative pressure
(P/Po) of 0.1 in the Type | isotherm. The number of micro-
pores increased with increasing activation temperature. The
highest numbers of micropores were observed for CA-K-
900. Above relative pressure (P/Pg) of 0.4 in Type IV iso-
therms, midsize pores were found, and the highest numbers
of midsize pores were observed for CA-K-900 in the Type
IV isotherm.

The pore size digtribution (PSD) of the prepared activated
CAs was cdculated using the H-K formula. Figure 4 shows
the distribution of micropores and the average pore size and
other pore characteristics are listed in Table 2. As shown in
Figure 4, after the activation, al samples had formed micro-
pores, but CA-K-900 formed the largest number of ultra-
micropores, in particular in the range of 0.5-0.7 nm.

Figure 5 shows the mesopore size distribution in the range
of <50 nm. The pores of CA-K-800 through CA-K-1000
fall in the range of the mesopores, which is most frequently
in the pores range of 3-4 nm with increasing the activation
temperatures. There was a dight shift in the peaks towards
the left to direction with increasing activation temperature.
The specific surface area of the activated CAs increased
from 1281 for CA-K-800 to 1526 m?/g for CA-K-900, and
the largest specific surface area were obtained for CA-K-
900. Accordingly, the micropore volumes increased from
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Figure 5. Mesopore size distribution of the CAs at activation
temperatures of 800-1000 °C.

0.2696 for CA-K-800 to 0.5105 cm®/g for CA-K-900 as the
temperature increased, thereby increasing the volume of the
total pores as well. For CA-K-1000, the gaps within the
carbon of the activated CAs became too big to hold the
structure because of which the total pore volume, and
specific surface area reduced to 1.1527 cm®/g and 1340 m?/
g, respectively.

Characterigtics of CO, Adsorption by Activated CAs.
The CO. adsorption behaviorsfor the al samples prepared in
this study were measured a a stable temperature of 298 K,
and the results are shown in Figure 6. The CO, adsorption
capacities of CA-K-800, CA-K-900, and CA-K-1000 were
determined to be 9.3, 10.9, and 7.5 wt %, respectively. The
CO;, adsorption capacity was increased gradually with de-
creasing pore size to the CA-K-900 sample, whereas the
CO; adsorption capacity of the CA-K-1000 sample showed
no close association. This demonstrates that the CO, ad-
sorption capacity of the CA samples depends on the ultra-
micropore size distribution.

In general, gas adsorption increases when more micro-
pores are generated on an adsorbent. A molecule capable of
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Figure 6. CO, adsorption isotherms of CAs measured at 1 bar and
298 K.
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a gas-solid interaction works by a strong van der Waals
force. Therefore, gas adsorption capacity is improved by a
higher adsorption binding energy with increasing number of
micropores.®

Micropore volumes decreased from 0.5105 cm?®/g for CA-
K-900 to 0.3555 cm®/g for CA-K-1000. The specific surface
area decreased from 1526 m%g for CA-K-900 to 1340 m?/g
for CA-K-1000. The CO, adsorption capecities reduced from
10.9 to 7.5 wt % on going from CA-K-900 to CA-K-1000.
The results demonstrate that the CO, adsorption volume was
the highest for CA-K-900 owing to the increase in the
specific surface area with the development of micropores.
From the low value of the (002) peak, which represents a
carbon-carbon bond, in the XRD pattern of CA-K-1000, it
could be confirmed that its carbon layers had collapsed. In
addition, the SEM images of CA-K-1000 showed structural
changes due to the collapse of carbon layers, thisleadsto the
reduction in the pore volume and, consequently, the CO.
adsorption capacity.

Conclusions

Carbon aerogels (CAs) were prepared and activated with
varying activation temperatures of 800-1000 °C. The effects
of different activation temperatures on CO, adsorption were
studied. The specific surface area of the activated CAs
increased from 1281 m?/g for CA-K-800 to 1526 m?g for
CA-K-900, which was the largest specific surface area
obtained. Moreover, as the activation temperature increased,
the total pore volume increased from 0.7219 cm®g for the
untreated CA to 1.2500 cm®/g for CA-K-900. The micropore
volume increased from 0.1985 cm?®/g for the untreated CA to
0.5105 cm?®/g for CA-K-900. These results indicate that the
highest total pore volume and number of micropores were
obtained for the CA activated at 900 °C; the values for both
these parameters decreased for the CA activated at 1000 °C.
Furthermore, the CO, adsorption volume increased with
temperature till 900 °C; however, the CO, adsorption de-
creased a 1000 °C. The specific surface area of activated
CAs increased with temperatures owing to the formation of
micropores. The activation temperature affected CO, adsorp-
tion and the optimum temperature for CA activation was
determined to be 900 °C.
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