
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Ja

nu
ar

y 
20

23
. D

ow
nl

oa
de

d 
on

 1
2/

6/
20

25
 1

0:
59

:3
9 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Experimental and
aNational Centre for Catalysis Research and

of Technology-Madras, Chennai 600 036,

+91-44-2257-4235
bDepartment of Chemical Engineering, I

Chennai 600 036, India
cInternational Research Organization fo

Kumamoto University, 2-39-1 Kurokami, Ch

† Dedicated to Professor Duong D. Do
University of Queensland, Brisbane, Austr

‡ Electronic supplementary informa
https://doi.org/10.1039/d2ra07171a

Cite this: RSC Adv., 2023, 13, 973

Received 11th November 2022
Accepted 21st December 2022

DOI: 10.1039/d2ra07171a

rsc.li/rsc-advances

© 2023 The Author(s). Published by
modelling studies of carbon
dioxide capture onto pristine, nitrogen-doped, and
activated ordered mesoporous carbons† ‡

Talla Venkata Rama Mohan, a Palla Sridharb and Parasuraman Selvam *ac

The search for suitable materials for carbon dioxide capture and storage has attracted the attention of the

scientific community in view of the increased global CO2 levels and its after-effects. Among the different

materials under research, porous carbons and their doped analogues are extensively debated for their

ability to store carbon dioxide at high pressures. The present paper examined high-pressure carbon

dioxide storage studies of 1-D hexagonal and 3-D cubic ordered mesoporous pristine and N-doped

carbons prepared using the nano-casting method. Excess carbon dioxide sorption isotherms were

obtained using the volumetric technique and were fitted using the Toth model. Various parameters that

influence CO2 storage on metal-free ordered mesoporous carbons, such as the effect of pore size, pore

dimension, pyrolysis temperature, the impact of nitrogen substitution, and the effect of ammonia

activation are discussed. It was observed that the carbon dioxide storage capacity has an inverse relation

to the total nitrogen doped, the amount of pyridinic nitrogen functionality, and the pyrolysis

temperature, whereas the pore size seems to have a linear relationship. On the other hand, the presence

of oxygen has a positive effect on the sorption capacity. Among the prepared ordered mesoporous

carbons, the ammonia-treated one has shown the highest adsorption capacity of 37.8 mmol g−1 at 34

bar and 0 °C.
Introduction

Frequently observed adverse climatic effects are associated with
increasing global warming and have been a widespread concern
in recent years. Carbon dioxide (CO2) is the primary greenhouse
gas that is responsible for these calamities. The threshold limit
for global CO2 emissions is ∼450 ppm.1 The world average CO2

concentration has reached 415 ppm, and is rising by 2.5 ppm
per year which is an increasing cause of worry for humanity.1,2 It
was apparent during the pandemic that the primary reasons for
these emissions are the energy and transportation sectors,
which involve the use of fossil fuels and coal as the primary
energy source. Hence, there is a substantial interest in shiing
from fossil fuel systems that evolve CO2 to cleaner systems to
decrease the current levels of CO2 globally. To reduce the CO2
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levels, various methods such as curbing atmospheric CO2,
conversion of CO2 to useful chemicals, and limiting the amount
of CO2 evolved in different fossil fuel consumption processes
are under trial. In particular, CO2 storage at high pressure is
utilized in the carbon capture and storage (CCS) technologies
for better transport and sequestration of CO2, and for pressure
swing adsorptions such as gas purication and separation of
carbon dioxide from the ue gases, the pressure uctuations are
in the range of 10–40 bar. Hence, CO2 storage has gained much
attention, and the physical capture or storage of CO2 is mostly
focused on porous adsorbents.

Various adsorbents such as zeolites, templated silica, porous
carbon materials, porous aromatic frameworks (PAF), porous
organic polymers (POP), hierarchical porous carbons (HPC),
and metal–organic frameworks (MOF) have actively pursued
CO2 storage evaluations.3–12 To act as an ideal adsorbent, along
with high CO2 adsorption capacities, the materials must also
adhere to other criteria, such as good cyclic stability and cost-
effectiveness, and are economically recycled. Porous carbons
have all these advantageous features.13 The CO2 storage capacity
of porous carbons was studied with various carbon materials
ranging from amine-graed porous carbons to zeolite or mes-
oporous silica template carbons prepared using so template
methods synthesized by post-graingmethod or activated using
either physical or chemical processes.10,14–17 Among them, the
ordered mesoporous carbons (OMCs) are exible materials and
RSC Adv., 2023, 13, 973–989 | 973
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are considered to be very attractive as they possess high surface
areas with interconnected ordered pore channels that facilitate
gas diffusion with ease. This is a unique feature, which distin-
guishes OMCs from other types of carbonaceous materials
including activated carbons. Also, the effect of functionality
created in the carbon matrix, such as doping with nitrogen,
boron, or other light elements and amine functionalization, is
advantageous, particularly at sub-ambient pressures.18

In particular, nitrogen doping has created a keen interest as
it is assumed that increased functional groups increase the
interaction of incoming acidic CO2 molecules and bind them
even more vital. Different groups have studied the adsorption
capacity of mesoporous N-doped carbons (designated here as
MNCs) made using both so-template and hard-template
methods. The details of precursors used for synthesis,
textural properties, and the CO2 adsorption capacities of
various ordered mesoporous carbons reported till now are
summarized in Table S1.‡ 2,19–40While the so template studies
were mainly limited to using urea-doped phenolic resins as
precursors, hard-template methods used precursors such as
ethylene diamine, ethyl violet, and melamine–formaldehyde
polymers.20–25 Zhou et al.33 studied the effect of pyrolysis in the
temperature range of 700–1100 °C on the CO2 adsorption
capacity of MNCs and showed that lower pyrolysis temperature
is favored for CO2 adsorption. Similar results were obtained
with the works of Goel and co-workers, who studied the
adsorption behaviors in the temperature range of 500–800 °C
and showed that a pyrolysis temperature of 700 °C has shown
the maximum adsorption.30

On the other hand, Lakhi et al.41 and Yu et al.42 indepen-
dently showed using ethylene diamine as a carbon precursor,
CO2 adsorption capacity increases with pyrolysis temperature.
Saleh et al.39 and Wang et al.40 also studied the effect of
pyrolysis temperature using disorder porous activated carbons
in the range of 500–800 °C and found a pyrolysis temperature
of 600 gave better CO2 adsorption. By considering all these, we
can say that a pyrolysis temperature of 600–700 °C is suitable
for CO2 adsorption studies. The comprehensive reports of the
adsorption of CO2 on template carbons show that the adsor-
bents are studied only aer physical or chemical activation of
the prepared carbons, along with the study of the effect of
pyrolysis temperature (see Table S1‡). However, the CO2

adsorption performance evaluation in these templated and
doped carbons were limited to ambient pressures and
temperatures to 0 °C or 25 °C. A small number of reports are
available on high-pressure studies of mesoporous pristine and
N-doped carbons.19–22 In this regard, the study of CO2 adsorp-
tion capacities of ordered mesoporous carbons at high pres-
sures is of keen interest, considering the advantages of these
porous materials. Also, the dependence of pore size, pore
dimensionality, and nitrogen doping on the adsorption
capacity of CO2 is yet to be studied. Taking all this into
consideration, in the present study, we have synthesized and
characterized various OMCs and MNCs with multiple pore
sizes and pore dimensionality. Aer that, we looked for the
possible effects of carbons material synthesis on the CO2

adsorption capacity at high pressures.
974 | RSC Adv., 2023, 13, 973–989
Methodology
Starting materials

All the chemicals used were of analytical grade. The surfactants
(Pluronic P123; Brij-56, Brij-58 and CTAB), silica source (tet-
raethyl orthosilicate; TEOS), and carbon source (sucrose) were
procured from Sigma-Aldrich. Other chemicals including, eth-
ylenediamine ($99.5%), carbon tetrachloride ($99.5%) poly-
vinylpyrrolidone (PVP) ($99.0), p-phenylenediamine ($98.0%),
anilines, and pyrrole, toluene, peroxy disulphate, HF (40%
aqueous solution), HCl (36% aqueous solution), ammonia
solution, were obtained from various chemical resources, viz.,
Sigma-Aldrich, and SD-ne chemicals.
Materials synthesis

The 1-D hexagonal and 3-D cubic OMCs were prepared using the
nanocasting method, which employed ordered mesoporous
silica as hard templates43–52 and acidied sucrose as a carbon
source. Likewise, all the MNCs were also synthesized using SBA-
15 silica as a hard template53,54 and the precursors used for
synthesizing these N-doped carbons are ethylene diamine, p-
diaminobenzene, aniline, pyrrole, and polyvinylpyrrolidone
(PVP). The N-doped carbons were also prepared through post-
ammonia treatment by exposing the OMCs. All the materials
under study were characterized in detail using various struc-
tural, textural microscopic, and spectroscopic techniques.
Detailed synthesis protocols and characterization techniques
are given below.

Ordered mesoporous silica
MCM-41. The ordered mesoporous silica (MCM-41) was

synthesized hydrothermally as per the following procedure with
a typical gel (molar) composition of: SiO2 : 0.27CTAB :
0.26TMAOH : 0.13NaOH : 68H2O.43–45 To this, fumed silica (SiO2)
was added slowly to a solution of tetramethylammonium
hydroxide diluted with water (TMAOH) to obtain a homogeneous
solution A. Solution B was prepared by dispersing cetyl-
trimethylammoniumbromide (CTAB) in aqueous NaOH for about
30 min. Now, solution A and solution B were mixed together
under constant stirring for an hour in order to get a homogeneous
gel. Aer adjusting the gel pH to 11.5 the solution was autoclaved
for hydrothermal treatment at 100 °C for 24 h. The solid product
obtained (as-synthesized MCM-41) was washed with copious
amounts of water ltered and dried at 100 °C. In order to remove
the surfactant sample was calcined at 550 °C under owing
nitrogen for 1 h and followed by air for 6 h with a heating rate of
1 °C min−1. The resulting sample is designated as MCM-41.

IITM-56. Mesoporous silica, IITM-56 was synthesized using
Brij56 (C16H33(OCH2CH2)10OH) as surfactant with molar gel
composition of 1 : 11.30 : 119 : 1.50 TEOS/HCl/H2O/Brij56.46,47

Typically, 2.0 g of Brij56 was dissolved in 10.0 mL of water and
40.0 mL of 2.0 M dil. HCl solution with stirring at 50 °C for 3 h
until a homogeneous solution is obtained. To this solution,
4.4 mL of TEOS was added and stirred at 50 °C for 24 h. This
mixture was then subjected to hydrothermal treatment at 100 °
C for 24 h followed by ltration and calcined at 550 °C in the air
for 6 h at a heating rate of 1 °C min−1 to obtain IITM-56.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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SBA-15. SBA-15 was prepared by using the method reported in
the literature.48–50 In a typical synthesis, 8.0 g of P123 triblock
copolymer was dissolved in 16.0 mL of HCl, and 160.0 mL of
water and was stirred for 1 h at 40 °C. To this, 18.0 mL of TEOS
was added and the solution was stirred for 20 h at 40 °C. The
mixed solution was then put into an autoclave and subjected to
hydrothermal treatment for 24 h at 100 °C. The obtained
precipitate was ltered, washed with water, dried at 60 °C, and
then kept for calcination at 550 °C for 6 h in the air to remove
the template.

SBA-11. Mesoporous silica SBA-11 was prepared by adding
tetraethoxysilane (TEOS) into a hydrochloric acid solution of
Brij58.48 The molar composition was 1 : 5.9 : 193 : 0.053 TEOS/
HCl/H2O/Brij58. Typically, 1.78 g Brij58 was dispersed in
20.0 mL H2O followed by the addition of 80.0 mL 2.0 M HCl.
Aer stirring for 3 h, 6.5 g TEOS was added and the stirring was
continued for 48 h at 40 °C. Then the solution was kept for
hydrothermal treatment at 100 °C for 48 h. The obtained solid
was ltered and dried at 80 °C overnight. SBA-11 was obtained
by calcination at 550 °C for 6 h in the presence of an air
atmosphere.

KIT-6. KIT-6 was prepared by using the method reported in
the literature.55 In a typical synthesis, 6.0 g of P123 triblock
copolymer was dissolved in 217.0 g water, 11.85 g of conc. HCl,
and was stirred for 1 h at 40 °C. 6.0 g of n-butanol was added at
once then the stirring was continued for onemore hour. To this,
12.95 g of TEOS was added and the solution was stirred for 24 h
at 40 °C. The mixed solution was then put into an autoclave and
subjected to hydrothermal treatment for 24 h at 100 °C. The
obtained precipitate was ltered hot, washed with water, dried
at 100 °C, and then calcined at 550 °C for 6 h in the air to remove
the template.

Ordered mesoporous carbons
CSI-xxx. The mesoporous silica MCM-41, IITM-56, SBA-15,

SBA-11, and KIT-6, are used as the hard templates for the
synthesis of mesoporous carbon.56,57 Sucrose and sulphuric
acid were used as the carbon source and the dehydrating
agent, respectively. First, sucrose (1.25 g) is dissolved in 5.0 mL
water then 98% sulphuric acid (0.14 g) is added under stirring.
Aer that 1.0 g of SBA-15 is dispersed in an acid-containing
sucrose solution. The slurry is heated at 100 °C for 6 h in an
oven and subsequently at 160 °C for another 6 h. This step is
repeated with different amounts of substances (0.8 g of
sucrose, 0.09 g of sulphuric acid, and 5.0 mL of water). Aer
heating, the dark brown solid product is obtained, which is
a composite of carbon and mesoporous silica. This composite
material is carbonized at 900 °C under an argon atmosphere
for 6 h. The silica template is removed by dissolving the
material in a 15% HF solution and then washed with ethanol
and dried at 120 °C. For all other carbons' synthesis, the same
protocol is followed except that the amount of water added
varies from 2.0 to 2.5 mL per gram of template. The obtained
resulting template-free carbon materials synthesized from
MCM-41, IITM-56, SBA-15, SBA-11, and KIT-6 were designated
as CSI-419, CSI-569, CSI-309, CSI-119, and CSI-809,
respectively.
© 2023 The Author(s). Published by the Royal Society of Chemistry
CMK-xxx. Likewise, two sets of samples were prepared using
the SBA-15 template and sucrose as the source varying the
pyrolysis temperature and pyrolysis atmosphere. In the rst set
of samples, the carbonization was done under an argon atmo-
sphere and the samples were designated as CSI-306 and CSI-
309, respectively, for samples carbonized at 600 and 900 °C.
For the second set of samples, the carbonization was done
under a nitrogen atmosphere, and the samples carbonized at
600 and 900 °C were denoted as CMK-306 and CMK-309.

Ordered mesoporous nitrogenous carbons. Mesoporous
nitrogenous carbons or N-doped mesoporous carbons (MNCs)
were prepared using hard-template procedures. SBA-15 was
taken as the template for all the N-doped carbons prepared. The
pyrolysis and silica etching procedures are the same for all the
MNCs. The pyrolysis was carried out in an argon atmosphere at
600 °C for 6 h with a ramping rate of 5 °C min−1 to obtain the
silica–carbon composite. The nitrogen-doped ordered meso-
porous carbons (MNCs) were obtained aer etching the
template from the silica–carbon composite. For the silica
etching process, 1 g composite was dispersed in 20 mL of
15 wt% HF at room temperature and stirred for 8 h, followed by
washing with copious of distilled water, and ethanol and then
dried.

MNC-316. MNC-316 was synthesized by adopting the
following procedure.58,59 Typically ordered mesoporous silica
SBA-15 (1.0 g) is mixed with 4.4 g ethylenediamine and 10.8 g
carbon tetrachloride. This mixture was subjected to reux at
90 °C for 6 h to obtain a dark brown solid mixture that was dried
and powdered. Further, pyrolysis and etching of the silica
template gave the carbon MNC-316.

MNC-326. MNC-326 was synthesized by following the proce-
dure reported.60 The synthesis is done by mixing 1.0 g SBA-15 in
30 mL toluene and then adding 3.24 g p-diaminobenzene and
4.6 g ammonium peroxydisulphate in a round-bottomed ask.
The system was kept under reux for 12 h at 80 °C to obtain
a dark solid that was dried and ground into a ne powder. Aer
pyrolysis and template removal we obtain MNC-326.

MNC-336. The sample was prepared via the liquid impreg-
nation method according to a reported method in the litera-
ture.61 At rst, 6.6 mL of aniline was in absolute ethanol. To this
1.0 g of SBA-15 was added under constant stirring that is
continued for another 2 h before adding 20.0 mL of 1 M
ammonium persulphate solution. The stirring was continued at
room temperature for 12 h for complete polymerization. The
resultant mixture was subsequently dried, pyrolyzed, and then
the composite was then etched to give MNC-336 carbon.

MNC-346. MNC-346 was synthesized by following the proce-
dure reported earlier.62,63 In brief, 0.1 mL of sulfuric acid was
added to a solution of 1.0 mL of pyrrole in 0.5 mL absolute
alcohol, to obtain a light-yellow solution that was added to 1.0 g
of the SBA-15 template. Thereaer sample was kept at 80 °C in
a vacuum for 2 h to evaporate alcohol followed by pre-
carbonization at 150 °C for 8 h. The above steps are repeated
once again before the sample was carbonized followed by
template removal. The resultant sample was denoted as MNC-
346.
RSC Adv., 2023, 13, 973–989 | 975
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MNC-356. Amodied synthesis used for the preparation of N-
doped carbon nanotubes was adopted for the preparation of N-
doped OMC using OMS template.64 Solution of 5 g of PVP in
20 mL of dichloromethane was prepared and stirred for 1 h at
below 30 °C. Subsequently, 1.0 g of SBA-15 was added and
stirred for 6 h at room temperature. The mixture was placed in
a drying oven at 70 °C for 6 h. The carbonization and template
removal procedures are carried out and the template-free
carbon product thus obtained is denoted as MNC-356.

N-doped OMCs via post-synthesis method
CSI-xxx (NH3). The incorporation of nitrogen was also done

by the post-synthesis method using aqueous ammonia as the
nitrogen precursor.65 Ordered mesoporous carbons CSI-306,
CSI-309, CMK-306 and CMK-309 prepared are used as
templates for this purpose. For this, the prepared carbon was
taken in a ceramic boat and was heated to 900 °C under an
argon atmosphere. Then the ow was changed to NH3/Ar and
was maintained at this temperature for 2 h. Then the sample
was allowed to auto-cool under an argon atmosphere and
collected. The activated samples were designated as CSI-306
(NH3), CSI-309 (NH3), CMK-306 (NH3) and CMK-309 (NH3).
Materials characterization

All the samples were systematically characterized using various
analytical, spectroscopic, and imaging techniques. Powder X-
ray diffraction (XRD) measurements were carried out on
a Rigaku Miniex II desktop model advanced powder X-ray
diffractometer with a Cu Ka (l = 1.5406 Å) radiation source,
operating at 30 kV and 15 mA with a scanning rate 0.5° min−1.
Nitrogen adsorption–desorption isotherms were obtained at 77
K on a Micrometrics ASAP 2020 apparatus. Prior to the analysis,
all samples were treated at 200 °C for 10 h. The specic surface
area of the samples was calculated according to the Brunauer–
Emmet–Teller (BET) method, and pore size distribution curves
were obtained from the analysis of the desorption branch of
nitrogen adsorption isotherms using Barrett–Joyner–Halenda
(BJH) method. TEM studies were carried out on a 2100 JEOL
microscope operated at 200 kV. The samples for TEM studies
are prepared by coating the carbon on 200 mesh lacey foam
coated copper grid. Elemental analysis was done using Perki-
nElmer 2400 Series CHNS/O analyzer. X-ray photoelectron
spectroscopy (XPS) measurements were performed with an
Omicron Nanotechnology spectrometer with the hemispherical
analyzer. The Al Ka X-source was operated at 15 kV and 20 mA.
For the narrow scans, the analyzer pass energy of 25 eV was
applied. The base pressure in the analysis chamber is 5 × 10−10

torr.
CO2 sorption measurements

Carbon dioxide uptake capacity was performed on a Micro-
metrics HPVA apparatus. Pre-treatment of the samples was
done overnight at 200 °C under vacuum (10−7 bar) conditions.
CO2 uptake capacity measurements were performed using ultra-
high pure CO2 (99.9995%) at 0 °C and room temperature, and
up to 45 bar in pressure.
976 | RSC Adv., 2023, 13, 973–989
Modelling studies

The synthesized ordered mesoporous carbons and N-doped
carbons were then subjected to high-pressure carbon dioxide
sorption studies that were obtained at 0 °C and 25 °C in the
pressure up to 45 bar.

Adsorption isotherm model. The Toth adsorption isotherm
model was a well-known empirical adsorption equation used in
the literature for the gas adsorption onmesoporous carbons.66,67

In general, the Freundlich equation is not pertinent for low- and
high-pressure regions and the Sips equation is also not valid for
lower-pressure region predictions due to incorrect Henry-law
behavior. In contrast, the Toth equation can cover both low-
and high-pressure limits. Therefore, the Toth equation is
applied to represent the adsorption equilibrium data of CO2 on
pure and nitrogen-doped mesoporous carbons. The Toth model
is dened as the following equation:

n ¼ nmaxbp

ð1þ bptÞ1=t
; b ¼ b0e

Q

RT ; t ¼ t0 þ a

�
1� T0

T

�

T0 = 273 K, ‘n’ and ‘nmax’ are the equilibrium adsorption and
maximum adsorption amounts, respectively, ‘b’ is the equation
constant, ‘T’ is the temperature in Kelvin, ‘R’ is the universal gas
constant and ‘p’ is the equilibrium pressure. If the value of t= 1,
then the isotherm reduces to the Langmuir adsorption
isotherm equation. The parameter ‘t’ represents the heteroge-
neity factor in the current study. Themore the value of t deviates
from 1 more heterogeneous the system is said to be. The
parameters have been determined through the nonlinear curve
tting technique. The objective function used for tting is given
as:

F ¼
X
i

ðnm � nexÞ2

The parameters are represented in Table S2‡ with objective
function values. The objective is dened as the above expression
for 0 °C and 30 °C temperatures. The ‘nex’ denotes the experi-
mental excess adsorption, ‘nm’ is the model predicted value and
‘i’ is the number of pressure points used. For all OMCs and
MNCs, the isotherm modelling was performed to 30 bar for
uniformity.
Results and discussion
OMCs

The HR-TEM images of various pristine OMCs including 1-D
hexagonal and 3-D cubic structures are shown in Fig. 1 to
illustrate the periodicity of the mesoporous structure. Fig. 1a–f
depicts the nanoscopic images of 1-D hexagonal carbons in
which the projections aligned parallel (100 planes) to the elec-
tron beam appear as closely spaced dots, which is direct
evidence for the periodic arrangement of the prepared carbons.
Parallel running strips with uniform thickness are seen in all
images corresponding to the tubular arrays of ordered meso-
porous carbons aligned perpendicular (110 planes) to the elec-
tron beam. Fig. 2 and 3 depict the corresponding XRD proles
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra07171a


Fig. 1 HRTEM images of different pristine orderedmesoporous carbons synthesized: (a) CSI-419, (b) CSI-569, (c) CSI-309, (d) CMK-309, (e) CSI-
306, (f) CMK-306, (g) CSI-119 and (h) CSI-809.
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with well-resolved reections typical of 1-D hexagonal structure
indicating that the mesoscopic order of the materials and the
typical type IV N2 adsorption–desorption isotherms with
© 2023 The Author(s). Published by the Royal Society of Chemistry
characteristic H2 hysteresis are presented in Fig. S1 and S2.‡
The calculated pore sizes are given in Table 1 which are
concurrent with the pore sizes calculated from TEM.
RSC Adv., 2023, 13, 973–989 | 977
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Fig. 2 Low-angle XRD diffraction patterns of various 1D-hexagonal ordered mesoporous silicas, carbons, and nitrogenous carbons. (A) Small
mesopore structures of pristine OMS and OMC, (B) intermediate mesopore structures of pristine OMS AND OMC, and (C) large mesopore
structures of pristine OMS and OMC, and N-doped OMC. See also Tables 1 and S3.†

Fig. 3 Low-angle XRD diffraction patterns of various 3D-cubic ordered mesoporous silicas and carbons. (A) Small mesopore structures of
pristine OMS and OMC, and (B) large mesopore structures of pristine OMS and OMC. See also Tables 1 and S3.†

978 | RSC Adv., 2023, 13, 973–989 © 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Material properties and carbon dioxide storage capacities of pristine ordered mesoporous carbon materialsa

Adsorbent STotal (m
2 g−1) SMicro (m

2 g−1) VP (cm3 g−1) DBJH DTEM

Elemental compositionb
CO2 uptake
(mmol g−1)

Carbon (at%) Nitrogen (at%)
30 °C
(45 bar)

0 °C
(34 bar)

CMK-306 1027 208 0.84 3.8 3.9 81.7 1.80 16.3 25.4
CMK-309 1009 105 0.98 4.0 4.1 91.1 0.68 14.4 24.4
CSI-306 1138 145 0.91 3.8 4.1 81.2 0.19 22.5 27.5
CSI-309 1022 217 1.14 3.8 4.0 93.2 0.12 17.8 25.4
CSI-419 1079 37 0.48 1.8 1.7 89.8 0.48 13.3 16.9
CSI-569 1036 20 0.16 2.9 2.3 94.5 0.66 9.8 13.2
CSI-809 1068 83 0.73 3.8 3.8 89.1 0.73 10.7 15.5
CSI-119 1168 106 0.32 3.7 3.8 92.5 0.32 14.8 20.7

a STotal = BET surface area; SMicro =micropore surface area determined from the t-plot; VP = total pore volume; DBJH = pore diameter (nm). b From
CHNS elemental analysis data.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Ja

nu
ar

y 
20

23
. D

ow
nl

oa
de

d 
on

 1
2/

6/
20

25
 1

0:
59

:3
9 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Interestingly, the 1-D hexagonal OMCs exhibit three different
pore sizes, viz., CSI-419 (1.9 nm), CSI-569 (2.9 nm), and CSI-309
(3.8 nm), which is clearly evidenced from the pore size distri-
bution plots as shown in the insets of Fig. S1.‡ The values of
surface area and total pore volume given in Table 1 indicate that
all three carbons (CSI-419, CSI-569, and CSI-309) possess almost
similar values. At this juncture, it is to be noted here that, out of
the total surface area, 10% is comprised of micropores. On the
other hand, the TEM images (see Fig. 1e and f) and BJH pore
size distributions of 3-D cubic carbons (see Fig. S2‡ inset) show
that both CSI-119 and CSI-809 are having a similar pore size of
∼3.8 nm with CSI-119 (1168 m2 g−1) having slightly higher
surface area than CSI-809 (1068 m2 g−1).

Furthermore, the inuence of variation in pyrolysis atmo-
sphere (nitrogen and argon) and different pyrolysis
Fig. 4 N(1s) core level XP spectra of various porous carbons: [A] pristine
by arrows represent different kinds of nitrogen species present in N-dop
(N3) type nitrogen.

© 2023 The Author(s). Published by the Royal Society of Chemistry
temperatures (600 and 900 °C) on high-pressure CO2 storage is
also investigated for various OMCs such as CSI-306, CSI-309,
CMK-306, and CMK-309. For this purpose, the various OMCs
were carefully synthesized and systematically characterized.
Fig. 2C depicts the characteristic XRD patterns with unique
TEM images (see Fig. 1) and the typical type IV N2 adsorption–
desorption isotherms (Fig. S3‡) with H2 hysteresis. The textural
properties and elemental analysis data are listed in Table 1.
Fig. 4 depicts the core-level N (1s) XP spectra for the various
mesoporous carbon samples prepared under different experi-
mental conditions. It is interesting to note from Fig. 4A that,
unlike CMK-306 and CMK-309, the samples CSI-306 and CSI-
309 show no signals corresponding to nitrogen functionality,
which is consistent with the elemental compositions of
nitrogen (0.2 wt%; Table 1). This observation evidently species
OMC; [B] CO2-activated OMC; [C] N-doped OMC. The signals marked
ed carbon showing phenanthridinic-(N1), acridinic-(N2), and graphitic-

RSC Adv., 2023, 13, 973–989 | 979
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Fig. 5 (Above) Experimental CO2 excess adsorption isotherm and (Below) modified Toth fit (solid lines) measurements of 1-D hexagonal OMC.
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that the OMC samples pyrolyzed in a nitrogen atmosphere show
doping of a small amount nitrogen in the porous carbonmatrix.

The CO2 adsorption isotherms of various OMCs and the
model data both at 0 and 30 °C are presented in Fig. 5–7, S4 and
S5.‡ The parameters used to model the experimental data are
shown in Table S2.‡ As seen in Fig. 5, the adsorption capacity at
room temperature and 45 bar of 1-D hexagonal carbon adsor-
bents follow the order: CSI-309 (17.8 mmol g−1) > CSI-419
(13.3 mmol g−1) > CSI-569 (9.8 mmol g−1). The presence of
mesoporous channels greater than 3 nm in CSI-309 mainly
contributes to the higher adsorption. Further, the adsorption
temperature decreases, the adsorption capacities increase as
the intermolecular repulsions are slowed down at lower
temperatures. This is consistent with the adsorption capacities
shown both at 0 and 30 °C (Fig. 5). At room temperature, the
adsorption increases monotonically with pressure. In contrast,
at 0 °C, we have observed a linear increase with an unsaturated
curve due to the pore lling at this temperature. The unsatu-
ration in the curve indicates that at this temperature the cata-
lysts are capable of higher CO2 uptake at higher pressures. The
CO2 adsorption capacity of 1-D hexagonal carbons is seen to
decrease with the pore size, suggesting that a pore size of above
3 nm is desirable for sufficient CO2 uptake at high pressures. On
the other hand, the cubic carbons (Fig. 6) have shown an
adsorption capacity of 20.4 and 15.4 mmol g−1, respectively.
Although the pore size is similar to that of 1-D hexagonal carbon
CSI-309, the CO2 adsorption capacities of cubic carbons (CSI-
809, CSI-119) are lower than corresponding 1-D hexagonal
980 | RSC Adv., 2023, 13, 973–989
carbons. Similar behaviour was also observed with the hydrogen
sorption system.50,51 In addition, it can also be seen from these
gures that, unlike CMK-306, the sample CSI-306 exhibit
highest CO2 uptake (Fig. 7) which could possibility be attributed
to the low or no nitrogen content in the sample as it was red in
inert (argon) atmosphere. The former exhibit a lower capacity
owing to the inerrant presence of nitrogen in the matrix upon
ring in nitrogen atmosphere. The observed ndings could be
attributed to the presence of nitrogen in the carbon network
which is in agreement with the results are obtained for the
microporous activated carbons24,68 and slit pore-type graphitic
pristine and N-doped carbons69 wherein it was shown that the
nitrogen present in the carbon has no inuence or negative
inuence on CO2 uptake or it is considered to be detrimental for
this purpose. Therefore, it is clear from both literature data and
our own experimental data that nitrogen doping negatively
affects the CO2 adsorption capacity in porous carbons. CSI-306
has shown an adsorption capacity of 27.5 mmol g−1 of at 0 °C
and 34 bar. A comparison of the different reports on CO2

adsorption on pristine OMC is made in Table S1,‡ which shows
that the present result on CSI-306 material is the highest re-
ported in pristine OMCs which is associated with the large
surface area and possibly with the presence of oxygen func-
tionality. In fact, there is the possibility of the quadrupole–lone
pair interaction between CO2 and O2, which would increase the
binding affinity of the CO2. This is clearly evidenced for CSI-306
(Fig. 7) which show an increased CO2 uptake owing to the
presence of intrinsic oxygen functionality as the sample CSI-306
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (Top) Experimental CO2 excess adsorption isotherm and (Bottom) modified Toth fit (solid lines) measurements of 3-D cubic OMS.
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was prepared under nitrogen-free atmosphere. Hence, the
higher surface area of carbons, i.e., the samples pyrolyzed at
600 °C, is the key to higher CO2 adsorption capacities.

N-doped OMCs

In order to study the effect of N-doping in detail, several N-
doped ordered mesoporous carbons, designated as MNC-3x6,
were synthesized and investigated for CO2 capture. Fig. 8 and 9
represent the typical XRD patterns and TEM images of these
ordered mesoporous nitrogenous carbons, respectively. Both
projections aligned parallel (100 planes) and perpendicular (110
planes) to the electron beam can clearly be visualized in these
images which imply a highly ordered nature and unimodal pore
size distribution. The deduced pore sizes from these images
match with the BJH pore size distributions calculated from the
N2-sorption isotherms (Fig. S6‡), and the corresponding data
are represented in Table 2. It can be seen from this table that
these MNCs have a surface area between 450–600 m2 g−1, with
a pore size of around 3.6 nm. The nitrogen content was
© 2023 The Author(s). Published by the Royal Society of Chemistry
determined using elemental analysis and showed a total
nitrogen content between 9–18 wt% (Tables 1 and 2). All these
N-doped carbons were subject for CO2 storage in the pressure
range of 0–45 bar at RT and between 0–35 bar at 0 °C. Fig. 10A,
B, S7, and S8‡ present the CO2 isotherms, and it can be noticed
that the adsorption capacity for all these nitrogen-doped
carbons is far less than the corresponding undoped analogue,
CMK-306. Indeed, the decrease in surface area is proposed to be
the primary reason for this decrease besides a large amount of
nitrogen content. The inclination of CO2 adsorption with the
total nitrogen-doped in the carbons is plotted and is shown in
Fig. 10C. From this gure, it was observed that as the total
nitrogen in the carbon decreases, the CO2 adsorption capacity
increases. This is in agreement with our results with pristine
carbons. Similar results are seen from the study of Lakhi
et al.41,42 wherein with the increase in pyrolysis temperature,
a decrease in the nitrogen content and an increase in carbon
dioxide adsorption capacity is perceived. Additionally, as indi-
cated earlier (see OMC section), there is the possibility of the
RSC Adv., 2023, 13, 973–989 | 981
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Fig. 7 Experimental CO2 excess adsorption isotherm measurements (solid symbols) and modified Toth fit (solid lines) of OMC prepared at
different reducing atmospheres and different pyrolysis temperatures at RT and 0 °C.
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quadrupole–lone pair interaction between CO2 and O2, which
would increase the binding affinity of the CO2. This is clearly
evidenced in MNC-356 (Fig. 10), which show an increased CO2

uptake within the respective groups owing to the presence of
intrinsic oxygen functionality owing to the fact that, unlike all
other N-doped OMCs, the sample MNC-356 is prepared using
oxygen/nitrogen-containing precursor.
NH3-activated OMCs

Further, the post-synthesis ammonia-treated pristine ordered
mesoporous carbons, namely CSI-306 (NH3), CSI-309 (NH3),
CMK-306 (NH3), and CMK-309 (NH3) are rigorously character-
ized and used for CO2 storage studies. Upon activation,
a signicant collapse in the ordered nature of the porous system
is observed, as evidenced by XRD, TEM (see Fig. S9‡), and N2-
sorption isotherms (see Fig. S10‡). Also, the amount of nitrogen
982 | RSC Adv., 2023, 13, 973–989
in these samples varied, with the samples CSI-306 (NH3), and
CMK-306 (NH3) having a nitrogen percentage of 9.2 and
7.8 wt%, respectively, whereas the samples CSI-309 (NH3) and
CMK-309 (NH3) possess almost 5.5 wt% nitrogen content (Table
2). The XP N (1s) analysis of the post-synthesized carbons was
carried out the resultant plots are presented in Fig. 4B. Upon
activation using ammonia, for the sample CSI-306 (NH3) the
predominant substitution occurred at pyridinic sites (N1 + N2
regions). On the other hand, in all three samples, the doping
occurred at both pyridinic (N1 + N2 regions) and quaternary (N3
region) sites. The percentage of nitrogen substitution at
different functional areas of all prepared catalysts is given in
Table 2. The carbon dioxide adsorption isotherms of the
ammonia-activated post-synthesized carbons are shown in
(Fig. 11, S11 and S12‡). An initial comparison with the pristine
carbons suggests that the adsorption capacity of the activated
carbons increased mostly in the low-pressure regions, wherein
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Low-angle XRD diffraction patterns of various N-doped/nitroge-
nous 1D-hexagonal ordered mesoporous carbons.
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the micropores of the activated carbons are mostly lled. The
increase in the sorption capacity is in line with the increase in
surface area. The sample CSI-306 (NH3) with the highest total
Table 2 Materials properties and carbon dioxide storage capacities of N

Adsorbent
STotal
(m2 g−1)

SMicro

(m2 g−1)
VP
(cm3 g−1) DBJH DTEM

Elem

Carb

CMK-306 1027 208 0.84 3.8 3.9 81.7
MNC-316 571 16 0.68 3.8 4.3 91.1
MNC-326 690 66 0.89 3.6 4.1 81.2
MNC-336 455 91 0.46 3.4 3.7 93.2
MNC-346 637 21 0.47 3.4 3.7 89.8
MNC-356 561 28 0.62 3.8 3.9 94.5
CSI-306 (NH3) 1351 205 1.18 — — 89.1
CSI-309 (NH3) 1391 292 1.67 — — 92.5
CMK-306 (NH3) 1301 334 1.15 — — 81.7
CMK-309 (NH3) 1566 527 1.57 — — 91.1

a STotal = BET surface area; SMicro =micropore surface area determined fro
CHNS elemental analysis data. c From N(1s) XPS data – see also Fig. 4.

© 2023 The Author(s). Published by the Royal Society of Chemistry
nitrogen showed the lowest adsorption, followed by CMK-306
(NH3), CSI-309 (NH3), and CMK-309 (NH3). The carbon CMK-
309 (NH3) has shown a CO2 adsorption capacity of 37.8 mmol
g−1 at 34 bar and 0 °C, which is one of the highest reported in
porous carbons. Although CSI-306 (NH3) and CMK-306 (NH3)
have a high amount of nitrogen substituted, the total CO2

adsorbed is lower compared with other CSI-309 (NH3) and CMK-
309 (NH3). The high amount of nitrogen doping associated with
the collapse of the major amount of mesoporosity resulted in
the decrease of carbon dioxide adsorbed at higher pressures.

On the other hand, for samples CSI-309 (NH3) and CMK-309
(NH3), the nitrogen doping resulted in only doping of approxi-
mately 5.5%. This is also associated with partial collapse of
mesoporosity, as evident from the nitrogen sorption isotherms
and the corresponding pore size distributions (Fig. S7‡). This
resulted in a higher adsorption capacity of these samples. In
addition, Fig. 11C shows the correlation prole of the CO2,
adsorption of all the post-synthesized carbons against the
amount of pyridine nitrogen functionality in these carbons.
From Fig. 11C, the adsorption capacity decreases with the
amount of pyridinic nitrogen present in the carbons, showing
that pyridinic nitrogen inhibits carbon dioxide sorption even
though the sample possesses a higher surface area. In literature,
the presence of the pyridinic site in the carbons is proposed to
be the primary reason for higher CO2 adsorption (at sub-
ambient pressures), as the CO2, a weak acid, is known to bind
strongly on the pyridinic sites.31,41 However, a negative correla-
tion between the adsorption capacities with pyridinic sites is
seen within the catalysts studied in the present context. This
may be due to the differences in the interaction energies of CO2

molecules on free-graed amines and the nitrogen functionality
that is present in the graphitic lattice. As known, CO2 is weakly
acidic and the interaction with highly basic free amine is more
predominant, particularly at low pressures. On the other hand,
the nitrogen present in the graphitic lattice is already in
conjugation with the surrounding carbon atoms, decreasing its
electron-donating capability and making it even less basic. This
-doped mesoporous carbon materialsa

ental compositionb (at%)
CO2 uptake
(mmol g−1)

on
Total N
(N1 + N2 + N3)

Pyridinic-N
(N1 + N2)c

Graphitic-N
(N3)c

30 °C
(45 bar)

0 °C
(34 bar)

1.8 2.1 0.3 16.3 25.4
18.2 7.8 7.0 6.9 9.6
17.2 6.4 6.7 6.6 6.7
13.8 3.9 6.4 6.3 7.3
12.5 5.5 6.7 9.2 10.4
7.7 2.7 4.0 10.6 11.9
9.2 5.8 1.5 20.8 29.3
5.6 2.8 1.4 21.5 31.5
7.8 4.3 1.8 16.6 29.0
5.4 2.0 1.2 23.1 37.8

m the t-plot; VP = total pore volume; DBJH = pore diameter (nm). b From

RSC Adv., 2023, 13, 973–989 | 983
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Fig. 9 HRTEM images of various N-doped OMCs: (a) MNC-316 (b) MNC-326 (c) MNC-336 (d) MNC-346 (e) MNC-356 (f) CMK-306.
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in-turn results in lowering the adsorption energies of these
carbons for CO2 adsorption and hence lower sorption capac-
ities. Therefore, it is further proved that nitrogen doping has
a negative effect on the high-pressure CO2 adsorption capacity
of the porous carbons. From these observations, we can
summarize that microporosity will contribute to the enhance-
ment of carbon dioxide at lower pressures, whereas its effect is
not apparent at higher pressures. Additionally, we can say that
in order to have high carbon dioxide adsorption at higher
pressures, carbons with nitrogen-doped in micropore structure
984 | RSC Adv., 2023, 13, 973–989
of carbon along with mesopores with pore size greater than
3 nm and high mesopore surface area are to be synthesized.

Finally, the various porous physiochemical parameters of all
the samples used in the present study are correlated with CO2

uptake. Fig. 12A–C gives the linear t plots of CO2 uptake at 0 °C
and 34 bar pressure respectively against the total surface area,
micropore surface area, and total pore volume (for values see
Tables 1 and 2). It is known that the higher the correlation
coefficient of a linear t, the greater will be the dependence of
that particular property with the characteristic under
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Experimental CO2 excess adsorption isotherm measurements
(solid symbols) and modified Toth fit (solid lines) of N-doped OMCs at:
[A] 0 °C and [B] RT; [C] correlation plot for CO2 sorption vs. total N-
content in the framework structure.

Fig. 11 Experimental CO2 excess adsorption isotherm of ammonia-
activated OMCs at: [A] 0 °C and [B] RT; [C] correlation plot of CO2

sorption vs. pyri-N in the framework structure.
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investigation.70 The correlation coefficients (R2) values for the
physiochemical characteristics total surface area, micropore
surface area, and total pore volume are respectively 0.79, 0.72,
© 2023 The Author(s). Published by the Royal Society of Chemistry
and 0.56. Also, the R2 values for the linear ts of total nitrogen
content (Fig. 10C) and for pyridinic content (Fig. 11C) are given
as 0.90 and 0.62. Therefore, from the above data, we can see that
RSC Adv., 2023, 13, 973–989 | 985
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the total nitrogen content and the total surface area are the
most inuential factors in determining the CO2 adsorption
capacities. While the total surface area poses a positive uptake
Fig. 12 Linear fitting of the CO2 uptakes at 273 K and 34 bar vs. [A] total
surface area (Stotal), [B] micropore surface area (Smicro), [C] total pore
volume (Vp).

Fig. 13 Entropy and free energy of adsorption for CSI-309, CSI-119
and MNC-356.

986 | RSC Adv., 2023, 13, 973–989
with an increase in surface, total nitrogen content causes
a negative inuence on the uptake, particularly at high pres-
sures. Also, we can see that during the lling of micro and
© 2023 The Author(s). Published by the Royal Society of Chemistry
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mesopores, initially the pore surface is lled followed by the
multilayer adsorption.71 Consequently, as more and more
multilayers are accumulated, the mesopore gradually decreases
to themicropore size and the pore lling takes place.72 Hence all
the above results suggest that at high pressures, the inuence of
surface functional properties on CO2 uptake is masked and it is
mainly dependent on the total surface area.

Isosteric heat of adsorption

The isosteric heat of adsorption values for carbon dioxide
sorption was derived using Van't Hoff equation:

ln Pe ¼ �
�
DH

RT

�
þ
�
DS

R

�

The corresponding entropy and free energy values are
calculated using the following equations:

DG ¼ RT ln

�
Psat

Pe

�

DG = DH − TDS

The thermodynamic parameters are calculated using the
above methods described and are depicted in Fig. 13. Since the
adsorption isotherms are calculated using a high-pressure
adsorption instrument the heat of adsorption at sub-ambient
pressures is not determined. The parabolic shape of the isos-
teric heat of the adsorption curve suggests that, initially, the
adsorbate–adsorbent interactions play a prominent role. Such
heterogeneous interaction parameters result in the high heat of
adsorption that initially decreases with an increased number of
occupied active sites. Aer that, the intermolecular adsorbate–
adsorbate forces dominate the heat of adsorption, resulting in
an upshi of the values. The negative values of DG indicate that
the adsorption is spontaneous, and the further decrease
suggests that the adsorption decreases with an increase in
temperature concurrent with the adsorption data. The positive
nature of DS values indicates that the resultant adsorption
results in a slight disorder increase. The DH values are below
10 kJ mol−1, suggesting that the process is exothermic and
carbon dioxide adsorption on carbons is purely based on
physisorption.

Conclusion

Pristine mesoporous carbons with various pore sizes and pore
dimensionalities and various nitrogen-doped ordered meso-
porous carbons with highly ordered uniform sizes are synthe-
sized successfully. The CO2 storage isotherms reveal that
mesoporous carbons with pores greater than 3 nm will achieve
high storage capacities. Also, it was seen that 1-D hexagonal
carbons are better gas sorption materials when compared with
their cubic counterparts. The effect of nitrogen doping in
carbons keeping all other parameters like surface area, pyrolysis
© 2023 The Author(s). Published by the Royal Society of Chemistry
temperature, pore size and pore volume constant is studied and
the results indicated that carbon dioxide adsorption decreases
with an increase in the total nitrogen content as well as with the
amount of pyridinic nitrogen. The post-synthesized carbons
comprising of both micro and mesopores resulted in better
adsorption capacities. Among the prepared carbons, CMK-309
(NH3) shows a CO2 adsorption capacity of 37.8 mmol g−1,
which is the highest reported.
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