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s properties of activated carbon
from carbon gel by the OTA method†

Panuwat Lawtae, *ab Shintaroh Nagaishi,b Chaiyot Tangsathitkulchai,a

Shinichiroh Iwamura c and Shin R. Mukai*c

High-surface-area microporous–mesoporous carbons were produced from carbon gel by applying the

three consecutive steps of air oxidation, thermal treatment, and activation (the OTA method) to the gel.

The formation of mesopores occurs both inside and outside the nanoparticles which form the carbon

gel, while micropores are predominantly created within the nanoparticles. The OTA method offered

a greater increase in pore volume and BET surface area of the resulting activated carbon in comparison

with conventional CO2 activation either under the same activation conditions or at the same degree of

carbon burn-off. Under the best preparation conditions, the maximum values of micropore volume,

mesopore volume, and BET surface area achievable using the OTA method were found to be 1.19 cm3

g−1, 1.81 cm3 g−1, and 2920 m2 g−1, respectively at a 72% carbon burn-off. The larger increase in porous

properties of activated carbon gel prepared by the OTA method over those based on conventional

activation stems from the effects of the oxidation and heat treatment steps of the OTA method that

could produce a large number of reaction sites which lead to efficient pore formation during the

following CO2 activation process.
1. Introduction

Continuous technological advancements have evoked efforts to
apply various techniques for improving material properties as
well as exploring new materials with superior properties.
Because of the particular characteristics of the carbon element
and the diversity of carbon–carbon bonds, carbon materials
offer special benets and are possibly one of the most versatile
materials in terms of properties.1 From the view of controlling
material properties, synthetic carbon materials with high purity
and controllable chemistry have attracted much attention
because of the exibility in modifying their nal properties.
Carbon gels are porous carbon materials, which have a hierar-
chical and easily accessible porous structure. Carbon gels
possess predominant properties as a controllable pore structure
with a high porosity, low electrical resistivity as well as a high
machinability.2 These outstanding properties provide
a remarkable potential for the design and tailoring of this
material for specic applications such as electric double-layer
capacitors,3–5 lithium-ion batteries,6–8 electrodes for fuel
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cells,9–11 catalyst supports,12–14 gas adsorption,15–17 and water
treatment.18–20

Pekala and co-workers21–23 were the rst to prepare organic
gels which can be used as the precursor for carbon gels by
applying the sol–gel method in 1989. The most common way to
synthesize such organic gels is through the polymerization
reaction between resorcinol (R) and formaldehyde (F) with the
use of a basic catalyst as the reaction promoter and water as the
solvent. Since then, numerous publications on various
synthesis and processing conditions for specic applications
have appeared in the literature.24–27 However, the RF polymeri-
zation reaction is typically a prolonged process that must be
carried out over several days. Thus, to reduce the processing
time, fast synthesis has been the focal point of several
investigations.28–30 Normally, organic gels obtained aer the
drying step are usually rich in oxygen surface chemistry and
have a BET surface area (SBET) of less than 500 m2 g−1.31,32 Once
the organic gels have been obtained, the carbonization step
must be performed to increase the carbon content so that
thermally stable gels called carbon gels can be obtained.
Carbonization temperatures between 800–1000 °C are generally
applied with a slow heating rate to prevent the excessive
shrinkage of the structure.33 Indeed, the obtained carbon gels
have a similar mesoporosity to their parent organic gels, but
with more developed microporosity in the polymeric nodules
which form it, hence the BET surface area is slightly increased
to 500–700 m2 g−1. Obviously, the utilization of carbon gels in
many applications oen requires a relatively large surface area
RSC Adv., 2023, 13, 14065–14077 | 14065
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with controlled proportions of micropore and mesopore
volumes.19 The physical activation process is one of the most
widely used methods to increase surface area due to its
simplicity and low cost. Activation processes can increase
surface area to values higher than 2000 m2 g−1,3 which results
mainly from the development of microporosity in the carbon
gels. Narrow mesopores can also be introduced during the
activation process, but introduction usually occurs at a rela-
tively high carbon burn-off through the coalescence of some
small pores developed during gasication.34

Recently, a new physical activation method for activated
carbon synthesis has been proposed that is capable of producing
a relatively large amount of micropores and mesopores in
carbons through a process of modied physical activation with
CO2, being referred to as the OTA method.35 This method
consists of three consecutive steps: (1) air oxidation of an initial
microporous carbon to a relatively low burn-off level for the
introduction of additional surface oxygen functional groups, (2)
thermal destruction of the existing functional groups in an inert
atmosphere at a high temperature to enhance the surface reac-
tivity through bond disruption, and (3) CO2 activation of the
treated carbon to widen its original micropores as well as to form
new micropores. Overall, the advantages of this innovative
method are that it is easy to operate, eco-friendly, low cost, and is
not associated with any liquid oxidizing agent, since the process
is conducted using only air, inert gas, and CO2. The maximum
values of the porous properties of activated carbon obtained from
longan seed biomass through three treatment cycles were found
to be 0.600 cm3 g−1 of micropore volume, 0.474 cm3 g−1 of
mesopore volume, and 1770 cm2 g−1 of BET surface area. This
activated carbon was proven to be applicable to the removal of
methylene blue from an aqueous solution, both in view of
adsorption efficiency and capacity.36 In this work, the OTA
method was applied to improve the porous properties of acti-
vated carbon produced from carbon gel.

Therefore, the present work aims to prepare high-surface-
area mesoporous carbons from organic gels by applying the
OTA method. This work focused on investigating the effect of
the surface reactivity of carbon prior to CO2 activation on
improving the porous properties of the activated carbon
produced via the OTA method. Surface reactivity was controlled
by adjusting conditions of the air oxidation/thermal treatment
steps, as well as varying the porous properties of the initial
carbon. The underlying mechanism of pore development by the
OTA method for the carbon gel and experimental evidence
which supports the mechanism were presented.

2. Experimental section
2.1. Materials

Resorcinol (R, 99.0+%), aqueous formaldehyde solution (F,
37.0 wt%, containing 5–10% of methanol as a stabilizer), and
sodium carbonate (C, 99.8%) were purchased from Wako Pure
Chemical Industries, Ltd. N2 gas of high purity grade (UHP,
99.99%), CO2 gas of high purity grade (99.99%), and air
(99.99%) were supplied in gas cylinders by Air Water Inc.
(Japan).
14066 | RSC Adv., 2023, 13, 14065–14077
2.2. Carbon gel preparation

An organic xerogel was prepared through the sol–gel polymer-
ization of resorcinol (R) and formaldehyde (F) in water (W),
using sodium carbonate (C) as the catalyst. The preparation
procedure described by Pekala and co-workers was adopted.21,22

Briey, the molar ratios of R/C, R/F, and the concentration of R
were 1000 mol mol−1, 0.5 mol mol−1, and 0.5 g mL−1, respec-
tively. All precursors were mixed by magnetic stirring and rst
kept under a constant temperature of 30 °C for 26 h, and then
kept at 85 °C for 48 h in an electric oven to complete the
gelation and curing stages. The resulting cross-linked gel was
then dried at 150 °C for 24 h to obtain the xerogel product. Aer
drying, the xerogel was carbonized in a quartz tube reactor
(inner diameter: 50 mm, length: 1000 mm) that was inserted in
a vertical electric tube furnace (Asahi Rika Co., Ltd., ARF-30K,
Japan). The xerogel was heated in a stream of N2 (100
cm3 min−1) from room temperature to 250 °C at a heating rate
of 3.75 °C min−1, followed by heat treatment at 250 °C for 2 h,
then was subsequently heated up to 800 °C at a heating rate of
4.17 °C min−1, and held at 800 °C for 2 h. Finally, the produced
carbon gel was kept in a constant-temperature vacuum dryer
(Tokyo Rikakikai Co., Ltd., VOS-210C) for subsequent
experiments.
2.3. Activated carbon production

High surface area mesoporous carbons were prepared by
applying the OTA method35 to the carbon gel. Briey, the
derived carbon gels were oxidized in a quartz tube reactor by
heating them in an air stream (50 cm3 min−1) from room
temperature to the required oxidation temperature of 350 °C
and held at this temperature for 6 h. The purpose of this step
was to create additional oxygen functional groups within the
carbons. Then, the oxidized carbon was heated at 1000 °C for
1 h under a ow of N2 (50 cm3 min−1) to remove oxygen func-
tional groups. By this high-temperature thermal treatment, the
surface reactivity of the treated carbons was expected to
increase due to the production of a large number of unpaired
electrons caused by the thermal destruction of the bonding of
the functional groups. Aer that, the sample was activated at
1000 °C for 1 h under a ow of CO2 (50 cm3 min−1) which
resulted in the production of large amounts of mesopores and
micropores in the gel matrix. The activated carbon prepared
from the carbon gel by the OTA method was denoted as CG-
OTAx, where CG stands for carbon gel, and the symbol x
represents the activation time varying from 1–3 h. The activated
carbon prepared by the conventional activation method using
CO2 was denoted as ACx, where AC stands for activated carbon
derived under the activation temperature of 1000 °C, and the
symbol x also represents the activation time (1–4 h). The carbon
burn-off for the activation step was calculated by eqn (1), where
Wi andWf denote the weight of carbon gels before and aer the
activation process, respectively.

Burn-off ð%Þ ¼ Wi �Wf

Wi

� 100 (1)
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The residual weight (TG) and the weight loss rate (DTG) curves
for non-isothermal pyrolysis in N2 of the organic xerogels using
a thermogravimetric analyzer (TGA).
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2.4. Characterization

The porous properties of the derived carbon gels and activated
carbons were determined from their N2 adsorption isotherms
measured at −196 °C using an adsorption analyzer (BEL Japan,
BELSORP-mini). The BET surface area (SBET) was calculated
from the N2 adsorption isotherm data by applying the Bru-
nauer–Emmett–Teller (BET) equation.37 The micropore volume
(Vmi) was determined from the Dubinin–Radushkevich equa-
tion.38 Using Vmi and total pore volume calculated at the relative
pressure (P/P0) of 0.96 (V0.96), the mesopore volume (Vme = V0.96
− Vmi) was then obtained. The total pore volume (VT) was esti-
mated from the amount of N2 gas adsorbed at P/P0 of 0.99 by
converting it to the corresponding volume of N2 in the liquid
state at −196 °C. The mesopore size distributions were deter-
mined by applying the Dollimore–Heal (DH) method.39

The surface functional groups of the carbon samples were
analyzed by the TPD method. The sample was weighed and
loaded into a test-tube-shaped quartz reactor and then heated
up under vacuum at a heating rate of 10 °C min−1. The gases
emitted from the samples were then continuously analyzed by
a quadrupole mass spectrometer (Qulee MGM-102, Ulvac). The
desorption rates of the emitted gases were calculated from the
area under the curves of each gas in the TPD spectra. The
amount of each type of oxygen-containing functional group was
determined through peak separation of the TPD spectra of CO2

and CO, as described in the ESI.†
In addition, a thermogravimetric analyzer (NETZSCH STA

2500, Japan) was applied to determine the reactivity of the
mesoporous carbons toward the CO2 gasication reaction. The
carbon sample was loaded into a platinum crucible (70 mL
capacity) of the thermogravimetric analyzer and heated from
room temperature to 1000 °C at a heating rate of 20 °C min−1

under a constant ow of N2 (10 cm3 min−1). When the nal
gasication temperature was reached, the gas ow was switched
from N2 to CO2 (10 cm3 min−1), and the sample was held at this
temperature for 1 h. The sample weight loss via the gasication
reaction was continuously recorded as a function of time and
the data collected were used for the computation of carbon
reactivity. The thermal decomposition behavior of the xerogel
precursor was also studied using the thermogravimetric
analyzer (NETZSCH STA 2500, Japan) by non-isothermal heating
from room temperature to the nal temperature of 1000 °C,
using a heating rate of 5 °C min−1 under a constant ow of N2

(10 cm3 min−1).
3. Results and discussions
3.1. Thermal decomposition behavior of precursor organic
xerogels

Fig. 1 shows the TG curve recorded during the non-isothermal
heating of the xerogel precursor under an N2 ow (10
cm3 min−1) in the TGA from room temperature to the nal
temperature of 1000 °C, using the heating rate of 5 °C min−1.
Weight loss of about 0.5 wt% was observed when the sample
was heated from room temperature to about 100 °C, and this
was attributed mainly to the release of residual moisture
© 2023 The Author(s). Published by the Royal Society of Chemistry
remaining in the precursor. Then, signicant weight loss star-
ted to occur, which continued with the increase in pyrolysis
temperature to about 750 °C. Two peaks, one at around 380 °C
and the other at around 540 °C, occurred in the DTG curve
derived from the TG curve, showing the main pyrolysis
decomposition of the xerogels progressing over the range
between these two temperatures. The rst peak probably
corresponds to the elimination of H2O formed from the
condensation of OH groups, while the second peak could
correspond to the release of CO2 and CH4 or other organic
molecules as well as the desorption of adsorbed organic
compounds.31 The second region of the TG curve for the
temperature above 750 °C showed a slow decrease in the
remaining weight and nally approached a constant solid
carbon yield of about 55 wt%. These results are consistent with
the ndings of other investigators.40–42
3.2. Porous properties of prepared activated carbons

A mesoporous carbon gel was synthesized at a high R/C ratio of
1000 mol mol−1. Typically, the use of a low concentration of the
catalyst would lead to the formation of large resorcinol–form-
aldehyde (RF) particles leading eventually to the formation of
a network akin to a string-of-pearls,43 which has interparticle
spaces corresponding to mesopores, while micropores are
formed within the precursor RF nanoparticles. Fig. 2 shows the
N2 adsorption isotherms at −196 °C for the activated carbons
prepared by the conventional activation method and the OTA
method. All samples exhibited Type I adsorption isotherms with
a sharp rise at extra-low relative pressures, indicating the
presence of abundant micropores.44 The higher relative pres-
sure region was characterized by a combination of Type I and
Type IV isotherms, indicating a typical microporous/
mesoporous structure.45,46 Additionally, the hysteresis loop
shape resembled Type H2(b) of the IUPAC classication of
hysteresis loops,47 which indicates the presence of inter-
connected networks of pores with similar shapes in the
adsorbent.
RSC Adv., 2023, 13, 14065–14077 | 14067
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Fig. 2 N2 adsorption isotherms (−196 °C) of mesoporous activated carbons prepared by (A) the conventional activation method (AC series) and
(B) the OTA method (OTA series) at the same activation temperature of 1000 °C.
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The N2 isotherms in Fig. 2B indicate that the OTA samples
adsorbed larger amounts of N2 when compared with the AC
samples (Fig. 2A) prepared under the same activation condi-
tions of time and temperature or activated to a comparable
carbon burn-off. These results imply that the OTAmethod offers
an increase in the number of active sites for the CO2 gasication
reaction resulting in improved porous properties under
comparable activation conditions. The formation and destruc-
tion of oxygen functional groups prior to CO2 gasication lead
to a signicant increase in carbon reactivity due to the
increasing number of unpaired electrons generated by bond
disruption.35 The carbon reactivity for CO2 gasication will be
discussed in Section 3.5.

Carbon xerogels have a hierarchical porous structure, which
is a unique porous structure that is completely distinct from
most porous carbons. Due to their polymeric structure of
interconnected nodules, the carbon xerogel essentially includes
both micropores and mesopores. Basically, the interparticle
spaces of the carbon gel form its mesoporous structure which is
relatively stable even when a subsequent activation process is
applied.48 On the other hand, the activation process is directly
responsible for the generation of micropores within the nano-
particles which form the carbon. Table 1 compares the porous
properties of activated carbons prepared from the carbon gel by
the conventional method and by the OTA method. If we
consider rst the results of activated carbons produced by the
conventional activation method (AC1–AC4), the BET surface
area, themicropore volume, the mesopore volume, and the total
pore volume increased with the increase in activation time from
1 to 4 h. Concerning the effect of gasication time on the
development of activated gel surface area, it was found from
Table 1 that the rate of increase of surface area for both the AC
series and the OTA series tended to decrease with time. This
means that the surface area will nally reach a constant value at
a limiting gasication time. We tted the data in Table 1 with
a second-order polynomial function and found that the limiting
times were approximately 4.96 and 3 hours, respectively, for the
AC and OTA sample series. Therefore, the carbon gel burn-off
14068 | RSC Adv., 2023, 13, 14065–14077
will be less than 100% even if a very long gasication time is
used. This could occur because only part of the total surface
area was available for gasication since the carbon gel was
gasied in the packed mode in a tube reactor, thus resulting in
the presence of a dead spot (inaccessible surface area) at the
point of particle contact. If, in another case, all the particle
surface area is available for gasication, the increase in the
gasication time may not be able to gasify the carbon to the
condition of complete conversion. This could occur if a certain
number of reaction sites on the carbon surface has a lower
energy level than the activation energy of the reaction.
Furthermore, the mesopore volume was higher than the
micropore volume for all activation times which emphasizes the
unique particle-network structure of the carbon gel. By
increasing the activation time, the carbon burn-off increased
from 24.5 to 89.0% which results from the removal of more
carbon atoms through the CO2 gasication reaction leading to
the improvement of porous properties. AC4 prepared by the
conventional activation had the maximum BET surface area of
2160 m2 g−1 with a mesopore volume of 1.292 cm3 g−1 corre-
sponding to about 58.7% of the total pore volume.

Next, the porous properties of activated carbons produced by
the OTA method (CG-OTA1–3) are presented. It was noticed that
the activated carbons from the OTAmethod showed remarkably
higher porous properties, that is, micropore volume, mesopore
volume, and BET surface area for the same activation time as
compared to those obtained through conventional activation,
for example, by comparing sample AC1 with CG-OTA1, AC2 with
CG-OTA2 or even for the same % carbon burn-off (see Fig. 3).
The OTA method using 3 h of activation time produced acti-
vated carbon (sample CG-OTA3) with the highest porous prop-
erties of 2540 m2 g−1 BET surface area, 0.987 cm3 g−1 of
micropore volume (41.2%), and 1.38 cm3 g−1 of mesopore
volume (57.4%). These results clearly illustrate that under the
same activation conditions (time and temperature), the OTA
method was able to remove more carbon atoms via the CO2

gasication reaction than the conventional method. Therefore,
this nding strongly indicates that the introduction of the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The textural properties of mesoporous carbons prepared by the conventional method and the OTA method (activation temperature =
1000 °C)

Sample name SBET (m2 g−1) Vmi (cm
3 g−1) (%) Vme (cm

3 g−1) (%) VT (cm3 g−1)
Burn-off
(%)

Yield
(%)

CG 632 0.254 (27.5) 0.657 (71.3) 0.922 — —
AC1 1120 0.447 (37.5) 0.735 (61.7) 1.19 24.5 75.5
AC2 1700 0.677 (39.1) 1.04 (59.9) 1.73 51.9 48.1
AC3 1990 0.818 (40.8) 1.17 (58.2) 2.01 70.1 29.9
AC4 2160 0.879 (40.0) 1.29 (58.7) 2.20 89.0 11.0
CG-OTA1 1750 0.719 (40.9) 1.03 (58.5) 1.76 48.3 51.7
CG-OTA2 2310 0.925 (42.7) 1.22 (56.5) 2.17 67.1 32.9
CG-OTA3 2540 0.987 (41.2) 1.38 (57.4) 2.40 86.9 13.1

Fig. 3 Effect of carbon burn-off on the BET surface area of carbon
products by the OTA and conventional preparation methods.
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oxidation and thermal treatment steps prior to the activation
step could produce a larger number of reactive sites that favor
pore development in the subsequent gasication reaction. The
OTA method is an effective means for increasing both the
micropore volume and mesopore volume of activated carbons
derived from carbon gels.

Now, consider only the development of mesopore size in the
size distributions of activated carbons determined by the DH
method. The results are shown in Fig. 4. For the sake of
discussion, the developed mesopores are divided into four size
ranges, that is, 2–5, 5–10, 10–20, and 20–50 nm. In terms of pore
volume, the presence of macropores (pores with sizes larger
than 50 nm) is considered insignicant. First, for activated
carbons of both the AC series (see Fig. 4A) and the OTA series
(Fig. 4B), each sample (for each activation time) showed
approximately a normal pore size distribution with a peak
occurring at a pore size in the range of 10–20 nm. Thus, it may
be inferred that the gasication reaction of carbon atoms with
CO2, leading to pore development in activated carbon, should
occur in a random manner. In other words, the active sites
(reaction sites) for gasication should be distributed randomly
on the carbon surface with a distribution of reaction activation
© 2023 The Author(s). Published by the Royal Society of Chemistry
energy. The extent of the gasication reaction, therefore, is
dependent on both the number and reactivity of the active sites.
Second, the highest production of mesopores in the pore size
range of 10–20 nm indicates that the active sites probably
concentrate mostly in this pore size range. Finally, for pore sizes
in the range of 2–10 nm, there is a clear tendency for the mes-
opore volume to increase with the increase in activation time for
both the AC series and the OTA series. It is probable that the
distribution of activation energy of the active sites in this pore
size range is relatively wide, thus the increase in activation time
would help increase the probability of carbon–CO2 reaction to
occur, leading to mesopore development. There is no general
denite trend for the variation of pore volume as a function of
activation time for pore sizes in the range of 10–50 nm for both
carbon series, except that the pore volume of mesopores
remained relatively unchanged for the pore size range of 20–
50 nm in both carbon series. This has to do with the nature of
the distribution of both the number and activation energy of the
active sites which are governed by the preparation conditions of
the precursor carbon for activated carbon production. Overall,
for the same activation time, the OTA method could produce
activated carbons with a higher mesopore volume for all pore
size ranges as compared to the conventional activation method.
3.3. The effect of porous properties of the initial carbon
precursor

Obviously, the porous properties of activated carbons produced
by the OTA method from a given precursor will depend on the
preparation and treatment conditions including oxidation and
heat treatment conditions, activation conditions, porous prop-
erties of the initial carbon precursor, etc. This section reports
the effect of porous properties of the initial carbon precursor on
mesopore development by the OTA method.

Activated carbons were prepared using the OTAmethod from
three different carbon precursors with increasing porosity,
namely CG, AC1, and AC2, giving the corresponding activated
carbon products designated as CG-OTA, AC1-OTA, and AC2-
OTA, respectively. Fig. 5 shows the N2 adsorption isotherms of
the three activated carbon products measured at −196 °C. The
derived isotherms display Type IV isotherms of the IUPAC
classication, typical of mesoporous adsorbents with a distri-
bution of pore sizes. The sizes of the hysteresis loops are
RSC Adv., 2023, 13, 14065–14077 | 14069
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Fig. 4 Pore size distributions of activated carbon gels determined by the DH method for (A) the AC series and (B) the OTA series.

Fig. 5 N2 adsorption isotherms (−196 °C) of mesoporous activated
carbons prepared under the same activation conditions by the OTA
method from carbon precursors having different initial porous
properties.
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approximately the same but the relative pressure at which the
desorption branch closes the loops tended to decrease in the
order AC2-OTA < AC1-OTA < CG-OTA. The amount of N2

adsorbed increased in the following order, AC2-OTA > AC1-OTA
> CG-OTA, which is indicative of the increase in the surface area
and pore volume of the respective carbon samples. The porous
properties of activated carbon products, calculated from the
adsorption isotherms, are listed in Table 2. All porous proper-
ties of activated carbons produced from each precursor by the
OTA method were signicantly higher than those of the original
precursors. For example, increases in BET surface area of about
177, 120, and 72% were observed for activated carbons
produced from CG, AC1, and AC2, respectively. Fig. 6 shows the
correlation between the porous properties of the initial
precursors and those of the corresponding activated carbons,
from which a linear relationship can be observed. This signies
14070 | RSC Adv., 2023, 13, 14065–14077
that the number of reaction sites for CO2 gasication increased
proportionally with the increase in the surface area of the
precursors. Again, the OTA method has proved to be an excel-
lent process for increasing the porous properties of activated
carbon produced from carbon gel.

Next, the development of micropores and mesopores in
activated carbons produced by the OTA method from carbon
precursors with different porous properties (CG, AC1, and AC2)
is further explored in more detail. We studied the pore devel-
opment in terms of the pore size distribution for the following
carbon samples, CG, AC1, AC2, CG-OTA, AC1-OTA, and AC2-
OTA. The N2 adsorption isotherms of the carbon samples
were measured from a low relative pressure (P/P0) of 1 × 10−6 to
1 by using a high-performance adsorption analyzer (BELMax,
Belsorp, Japan), and the derived information was analyzed by
the NLDFT method to obtain micropore and mesopore size
distribution data. The obtained results are presented graphi-
cally and numerically in Fig. 7 and Table 3, respectively, for the
following pore size ranges: <0.7 nm (ultra-micropores), 0.7–
2 nm (super-micropores), and 2–10 nm (lower-size mesopores)
and 10–50 nm (upper-size mesopores).

Starting from the CG precursor, Table 3 indicates that most
pores are concentrated in the mesopore size range of 2–50 nm
(77.4 volume%) which in part reects the mesoporous structure
of the carbon gel. For the activated carbon AC1, derived by
activating the CG sample with CO2 for 1 h at 1000 °C, the
proportion of its upper-size mesopores notably decreased from
61.2 to 50.1% while those of smaller pores (0.7–10 nm) tended
to increase. For the pore volume, the percentage increase of
pore volume was 6.2, 108, 44, and 5.7% for the ultra-micropores,
the super-micropores, the lower-size mesopores, and the upper-
size mesopores, respectively. The large percentage increase of
the super-micropores indicated that the micropores were
created inside the particles at a much faster rate as compared to
the development of mesopores. This could be attributed to the
large internal surface area of the nanoparticles which favors the
creation of micropores by gasication. It is further noted that
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Textural properties of mesoporous carbons prepared by the OTA method from precursors having different initial porous properties

Sample name SBET (m2 g−1) Vmi (cm
3 g−1) Vme (cm

3 g−1) VT (cm3 g−1)
Burn-off
(%)

Yield
(%)

CG 632 0.254 (27.5) 0.657 (71.3) 0.922 — —
CG-OTA 1750 0.719 (40.9) 1.03 (58.5) 1.76 48.3 51.7
AC1 1120 0.447 (37.5) 0.735 (61.7) 1.19 24.5 75.5
AC1-OTA 2460 0.994 (41.7) 1.35 (57.4) 2.38 62.1 37.9
AC2 1700 0.677 (39.1) 1.04 (59.9) 1.73 51.9 48.1
AC2-OTA 2920 1.19 (39.2) 1.81 (59.6) 3.03 76.3 23.7

Fig. 6 Effect of the surface area of initial precursors on the surface
area of activated carbon produced by the OTA method.
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the percentage increase of the upper-size mesopore volume was
much lower than that of the lower-size mesopore volume (5.7%
vs. 44%). This appears to conrm that the upper-size mesopores
Fig. 7 Pore size distributions of carbon samples obtained by using the N

© 2023 The Author(s). Published by the Royal Society of Chemistry
are possibly created outside the carbon gel particles (inter-
particle pore formation), while the lower-size mesopores are
developed inside the particles (intra-particle pore formation) by
the enlargement of smaller micropores via the gasication
reaction. It should be noted that the average size of interparticle
spaces of carbon gels in the range of 17–80 nm has been re-
ported30,49 that approximately covers the range of the upper-size
mesopores in this work. The AC2 sample, which was derived by
activating the AC1 sample for 1 h or by activating the CG sample
for 2 h, showed a decrease in the proportional percentage of the
upper-size mesopores from 50.1% to 43.9% but an increase
from 18.1% to 21.6% was observed for the lower-size
mesopores.

The CG-OTA sample, which was prepared from the CG
precursor by the OTA method, showed a signicant increase in
the pore volume for all pore sizes, on average by about twofold.
Furthermore, the order of increase in the proportional
percentage of pore volumes of CG-OTA was the same as that of
the CG sample, that is, upper-size mesopores > super-
micropores > lower-size mesopores > ultra-micropores.
However, a drop in the percentage of upper-size mesopore
volume from 61.2 to 42.9% was observed which further
substantiates that pore development mostly occurs inside the
LDFT method.

RSC Adv., 2023, 13, 14065–14077 | 14071
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Table 3 The calculated pore volume for each pore size range (NLDFT method)

Sample name

Micropores (cm3 g−1) Mesopores (cm3 g−1)

0–0.7 nm 0.7–2 nm 2–10 nm 10–50 nm

CG 0.032 (3.4%) 0.162 (17.5%) 0.150 (16.2%) 0.564 (61.2%)
AC1 0.034 (2.9%) 0.338 (28.4%) 0.216 (18.1%) 0.596 (50.1%)
AC2 0.131 (7.6%) 0.445 (25.7%) 0.375 (21.6%) 0.760 (43.9%)
CG-OTA 0.096 (5.5%) 0.493 (28.0%) 0.388 (22.0%) 0.755 (42.9%)
AC1-OTA 0.078 (3.3%) 0.742 (31.1%) 0.666 (27.9%) 0.878 (36.8%)
AC2-OTA 0.136 (4.5%) 0.726 (23.9%) 1.229 (40.5%) 0.898 (29.6%)
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nanoparticles which form the carbon gel. Similar results were
obtained when comparing AC1 with AC1-OTA and AC2 with
AC2-OTA. In view of carbon preparation methods, both micro-
pore and mesopore volumes of CG-OTA prepared by the OTA
method were higher than those of the sample prepared by the
conventional method (AC1) on the average by 50%, while
similar results were obtained when comparing AC1-OTA with
AC2. When the surface area of the precursor series increased
(CG < AC1 < AC2), the volume percent of the upper-size meso-
pores in the activated carbons produced by the OTA method
decreased from 42.9 to 29.6% but an increase in the volume
percent of the lower-size mesopores from 22 to 40.5% was
attained, possibly at the expense of themicropore volume by the
pore enlargement mechanism. It is interesting to examine
further, from Table 3, the formation of mesopores from the
enlargement of original micropores by the OTA method. As an
example, comparing the porous properties of the CG and CG-
OTA samples. The super-micropores volume of the CG-OTA
carbon is 0.493 cm3 g−1, while that of the original CG sample
is 0.162 cm3 g−1. Therefore, the increase in the volume of newly
formed micropores = (0.493 − 0.162)(100)/(0.162) = 204%. The
lower-size mesopores volume (2–10 nm) of the CG and the CG-
OTA are 0.150 and 0.388 cm3 g−1, respectively. From these
numerical values, the percentage of micropores of the original
CG that is enlarged by CO2 gasication to form the lower-size
mesopores = (0.388 − 0.150)(100)/(0.162) = 147% which is
greater than 100%. This indicates that the widening of micro-
pores to form mesopores could occur with the newly-formed
micropores as well.

Overall, the obtained results conrm that the preparation of
activated carbon from carbon gel by the OTAmethod is superior
to the conventional activation method for improving the porous
properties of the resulting carbon. This is due principally to the
higher gasication rate of the OTA-treated carbon, resulting
from a larger number of reaction sites in the gel particles.
3.4. Role of surface functional groups in the OTA method

The key success of the OTAmethod is the inclusion of oxidation
and heat treatment steps prior to the nal activation of
a carbon. The oxidation step increases the amount of surface
functional groups, while the following heat treatment removes
such groups. Thus, a large number of active reaction sites for
the subsequent activation step are produced that substantially
14072 | RSC Adv., 2023, 13, 14065–14077
help the improvement of the porous properties of the derived
carbon. Thermal destruction can control the reactivity of carbon
gel by controlling the degree of destruction of functional
groups, for example, by controlling the level of heat treatment
temperature. The higher the thermal treatment temperature,
the larger amounts of functional groups being removed, and
hence the increase in the carbon gel reactivity for gasication.

In this work, the amounts of oxygen-containing functional
groups of the carbon samples were analyzed by a TPD
(Temperature Programmed Desorption) method conducted
under vacuum. Typical TPD spectra, which show the desorption
rate of CO, CO2, and H2 as a function of temperature, of carbon
samples collected aer each step of the sequence of the OTA
method, namely the initial carbon obtained through CO2 acti-
vation for 1 h (AC), the air oxidized sample (AC-O), the sample
aer heat treatment (AC-OT), and the nal reactivated carbon
(AC-OTA) are shown in Fig. 8. The total amounts of CO, CO2,
and H2 desorbed from the samples in the unit of mmol g−1 are
presented in Table 4. For the initial activated carbon (AC), the
prole of CO2 showed a maximum at around 340 °C, while the
prole of CO displayed a maximum at about 1000 °C. In the
literature, the CO2 peak at low temperatures is usually attrib-
uted to carboxylic groups, while CO2 desorption above 400 °C is
assigned to acid anhydrides, and lactones.50 CO desorption is
ascribed to the decomposition of phenol, ethers, and carbonyls
and the desorption temperature of carbonyls is higher than
those of the others.50,51 For the air-oxidized carbon (AC-O), two
sharp peaks appear in its CO2 spectra which are at around 300 °
C for the smaller one and about 670 °C for the larger one. The
maximumCO desorption rate for the air-oxidized sample can be
observed at around 700 °C, which is thought to be due to the
decomposition of phenolic groups.52 However, it should be
noted that larger amounts of CO2 and CO desorbed from AC-O
than from AC, by about 10 and 25 times, respectively. It is
obvious that the air oxidation of activated carbon has led to the
creation of large amounts of oxygen-containing functional
groups on the graphene sheets which form the carbon.

Aer heating the oxidized carbon at 1000 °C in an N2 ow,
the heat-treated sample (AC-OT) showed similar results to those
of the initial activated carbon (AC) for both the CO2 and CO
spectra but with lower amounts of emitted gases. This indicates
that most of the oxygen-containing functional groups were
removed from the heat-treated carbon, thus the number of
unpaired electrons due to bond disruption was enhanced.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (A) CO (B) CO2 and (C) H2 desorption spectra of the OTA samples.
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Slightly larger amounts of gases were emitted from the carbon
reactivated by CO2 (AC-OTA) than from the heat-treated sample
(AC-OT), which implies that functional groups are readily
formed by CO2 during the activation step. On the other hand,
AC-OTA also showed similar spectra to the initial activated
© 2023 The Author(s). Published by the Royal Society of Chemistry
carbon (AC) but the amounts of emitted gases were slightly
lower than those of the initial activated carbon. It could be
possible that the CO2 gasication reaction removes more of the
reactive edge sites in the carbon structure, leading to fewer
functional groups at the edge sites as well.
RSC Adv., 2023, 13, 14065–14077 | 14073
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Table 4 Total amounts of CO2, CO, and H2 which desorbed from the
samples

Sample code CO2 (mmol g−1)
CO (mmol
g−1) H2 (mmol g−1)

AC 63.8 191 2026
AC-O 723 5520 1989
AC-OT 56.1 122 1805
AC-OTA 55.9 169 1887
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To investigate the inuence of oxygen functional groups on
the main role of the OTA method, the amount of each type of
oxygen functional group was determined by peak separation of
the TPD spectra of CO2 and CO (refer to Fig. S1†). The desorp-
tion temperature and full width at half-maximum of the oxygen-
containing functional groups were determined based on
previous work.49 Table 5 presents the amount of oxygen-
containing functional groups in the carbon samples. The
order of oxygen-containing functional group content in the
carbon sample aer the oxidation step (AC-O) was as follows:
phenol/ether > lactone > carbonyl > carboxylic > anhydride.
These results indicate that air oxidation of carbon primarily led
to the formation of phenol/ether groups. The acidic groups of
the AC-OT sample were almost completely removed as
compared to those of the oxidized carbons, with their amounts
being slightly lower than those in the starting activated carbon
(AC). On the other hand, aer heat treatment, the carbonyl
groups content was reduced to the value of about 50% as
compared to that of the AC sample (0.128 vs. 0.064 mmol g−1),
while the contents of other functional groups remained almost
unchanged. Interestingly, the AC-OTA sample showed a slight
increase in the functional groups formed by CO2 during the
activation step, except for the carbonyl groups which increased
up to 95%. This suggests that the thermal destruction of the
carbonyl groups during gasication could play a stronger role in
the generation of reaction sites for gasication, and hence the
pore development in activated carbon.
3.5. Determination of carbon reactivity towards CO2

gasication

TGA analysis was employed to illustrate the importance of the
OTA method in increasing the reactivity of active sites for CO2

gasication. The carbon reactivity for CO2 gasication (Rc) was
dened here as the rate of fractional conversion according to
eqn (2):
Table 5 Amount of oxygen-containing functional groups in the sample

Sample code
Carboxylic
(mmol g−1)

Anhydride (mmol
g−1)

AC 0.036 0.019
AC-O 0.072 0.000
AC-OT 0.034 0.012
AC-OTA 0.038 0.009

14074 | RSC Adv., 2023, 13, 14065–14077
Rc ¼ dX

dt
(2)

where X is the fractional conversion of carbon (X = (W0 − Wt)/
(W0 −WN)), andW0,Wt, andWN are the initial weight of carbon
before gasication, the weight of carbon at time t, and the
remaining weight, respectively. The results calculated for the
CO2 gasication of AC and AC-OT at 1000 °C are shown in
Fig. 9.

The carbon conversion data with respect to the gasication
time are presented in Fig. 9A. The results indicated that the
carbon conversion of AC-OT increased at a much higher rate
than that of AC, which can be observed from the steeper slope of
the curve. This could be associated with the larger number of
reactive sites available during the activation step. Fig. 9B shows
the effect of carbon conversion on carbon reactivity. The reac-
tivity curve of AC showed a relatively constant rate, while the AC-
OT curve stayed above the AC curve and showed a characteristic
of continuous rising with the increase in the fractional
conversion, meaning higher reactivity at all degrees of carbon
conversion. The rising trend of the reactivity curve is attributed
to the increase in surface area with increasing carbon conver-
sion that provided more reactive sites for the gasication,
leading to a higher reaction rate. As mentioned above, the
reactivity of carbon from the OTA method was higher than that
derived through the conventional activation method, as
observed from the comparison between the curves of AC and
AC-OT at the same carbon conversion (X). These results support
the fact that the OTA method is capable of increasing the
number of active sites for the gasication reaction by CO2,
resulting in the rapid development of pores and the corre-
sponding increase in surface area.

In summary, the OTA method is a modied method of the
conventional physical activation method for producing
mesoporous-activated carbon by incorporating two consecutive
steps of air oxidation and thermal destruction of the developed
oxygen-containing functional groups before CO2 gasication.
Mesopores are created not by the coalescence of micropores at
a high degree of carbon burn-off, but as a result of micropore
widening caused by the increased surface reactivity of micro-
pores for CO2 gasication. Therefore, when the OTA method is
used, small mesopores can occur within the carbon nano-
particles at any level of carbon burn-off. This would be advan-
tageous for applications such as capacitors due to a large
specic surface area andmesopores that develop not only in the
interparticle spaces but also within the nanoparticles of the
activated carbon produced from carbon gel.
s

Lactone (mmol
g−1)

Phenol/ether
(mmol g−1)

Carbonyl (mmol
g−1)

0.010 0.044 0.128
0.651 4.987 0.532
0.009 0.035 0.064
0.009 0.046 0.125

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (A) The carbon conversion profiles for CO2 gasification at 1000 °C of the activated carbons prepared by conventional activation (AC) and
by the OTA method (AC-OT) and (B) the effect of carbon conversion on the carbon reactivity towards CO2 gasification.
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4. Conclusions

Carbon gels were used as precursors for the synthesis of meso-
porous activated carbon by a modied physical activation
method, called the OTA method, consisting of three consecutive
steps of air oxidation of the starting carbon, high-temperature
heating of the oxidized carbon, and CO2 activation of the heat-
treated product. It was found that the activated carbons derived
from the OTA procedure provided much improved porous
properties when compared with those prepared through the
traditional activation method under the same activation condi-
tions and/or at the same carbon burn-off value. The maximum
values of the porous properties of activated carbon gel obtained
by the OTA method in this work were 2920 m2 g−1, 3.03 cm3 g−1,
1.19 cm3 g−1, and 1.81 cm3 g−1 for the BET surface area, total
pore volume, micropore volume, and mesopore volume, respec-
tively. The superiority of the OTA method is its ability to generate
a larger number of reaction sites for CO2 gasication which
results from the bond disruption of the created surface func-
tional groups. The produced activated carbon had a larger
volume of mesopores as compared to that of micropores, which
substantiates the highly porous nature of the carbon gel. As
a result, the overall structure of the carbon gel is relatively stable
along the course of the activation process. Furthermore,
increasing the activation time tended to decrease the percentage
of mesopores and a corresponding increase in the volume
percent of micropores. It is also evident that the upper-size
mesopores (10–50 nm) are probably formed outside the carbon
particles in the carbon gel, while the lower-size mesopores (2–10
nm) andmicropores (<2 nm) are created inside the particles. It is
believed that the activated carbon gel produced by the OTA
method with a large surface area and pore volume can be applied
in the adsorption eld for the effective removal of organic
compounds andmetal ions from aqueous solutions as well as the
storage of such gases as carbon dioxide, hydrogen, andmethane.
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