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Oxygen and nitrogen enriched micro—meso porous carbon powders have been prepared from pectin and
melamine as oxygen and nitrogen containing organic precursors, respectively. The synthesis process has
been performed following a solvothermal approach in an alkaline solution during which Pluronic F127
was added to the solution as the soft template. Following the solvothermal treatment, the carbonization
process has been performed at 700, 850 and 950 °C. The synthesized porous carbons have been
characterized by X-ray diffraction (XRD), Raman spectroscopy, X-ray photoelectron spectroscopy (XPS),
field emission scanning electron microscopy (FESEM), transmission electron microscopy (TEM), nitrogen
adsorption—desorption isotherms and Fourier transform infrared spectroscopy (FTIR). The surface area of
499.5 m? g1, total pore volume of 0.35 cm® g%, and a high nitrogen and oxygen content of 9.3 and
29.1 wt% are displayed for the fine sample. The optimal porous carbon had CO, adsorption of up to

31 mmol gt at 273 K at 1 bar owing to abundant basic nitrogen-containing functionalities and the
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Accepted 14th December 2021 valuable micro—meso porous structure. Despite the absence of any reagent and also having a relatively

moderate specific surface area, compared to similar materials, a very high ratio of adsorption capacity to
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1. Introduction

Climate change is one of the most serious dangers to the
environment, and the prominent cause is greenhouse gas
(GHG) emissions. Among released GHGs, carbon dioxide (CO,)
represents the largest portion.* CO, carries out a significant role
in global warming, and the concentration of this gas has risen
steadily from around 325 ppm in 1967 to around 409 ppm
(2017) and is expected to reach 570 ppm by the year 2100. As
a result, the Earth's surface temperature will rise, resulting in
some issues such as ocean acidification, health consequences,
and so on.” To reduce CO, concentrations in the atmosphere, it
is critical to develop carbon capture and storage (CCS) tech-
nologies.> Post-combustion, pre-combustion, and oxyfuel
combustion capture are the three main forms of CCS. Post-
combustion capture is the most commonly deployed CO,
adsorption technique due to its simplicity and ease of fitting in
existing coal-fired power plants.* Membrane isolation and
cryogenic separation are other methods.>® The gas—solid
adsorption process is a low-cost energy method and solid
adsorbents provide advantages such as high adsorption
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specific surface area (6.2 pmol m~2)

and the physisorption process was reported.

was observed. The Elovich kinetic model was found to be the best

capacity, quick recovery, high uptake efficiency in humid situ-
ations, easy handling, and material stability.”

For CO, adsorption, solid porous materials such as zeolites,*
metal-organic frameworks (MOFs),” and porous carbons,' are
available. In these materials, there is no electron transfer
between CO,, and the adsorbent and molecules are preferen-
tially adsorbed onto the surface of adsorbents. Owing to their
high CO, capture, zeolites are widely regarded as the main
materials for CO, adsorption applications.'” In a previous study,
the H-ZSM-5 demonstrated CO, adsorption of 2.6 mmol g~ at
273 K, at 1 bar under flue gas conditions.”® MOFs are widely
used as adsorbents due to their readily tunable pore geometry
and surface properties. The ultramicroporous MOF (copper
MOF) possesses a specific surface area of 945 m> g™, showing
CO, adsorption of 3.5 mmol g~ at ambient temperature and
pressure.'* Using zeolites has several drawbacks: (1) producing
defect-free zeolite crystals may be difficult, time-consuming,
and expensive (2) zeolite shapes and compositions are
restricted, and (3) expensive surface chemistries are frequently
required to enhance adhesion to polymer matrices.” Also,
MOFs have problems such as sensitivity to moisture, costly and
difficult synthesis.’® Due to their high thermal and chemical
stability, high surface area, low cost, the low energy require-
ment for regeneration, surface modification, and tunable
porous structure, porous carbons are considered the most
promising CO, uptake candidates among these adsorbents."”
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The presence of heteroatoms and micropores in solid
adsorbents improves material performance. The incorporation
of heteroatoms into porous carbons is one of the most
successful and popular strategies for improving CO, capture in
carbon-based materials. When compared with non-doped
carbon materials, heteroatoms can improve the electronega-
tivity of porous carbons, resulting in better CO, capture."”
Nitrogen (N)' and oxygen (O)* are the most common nonme-
tallic heteroatoms substituted in porous carbon materials. N-
doped porous carbons have been developed to be utilized as
CO, adsorbents due to the broad range of nitrogen sources.
Nitrogen-containing groups, also including Lewis bases, are
known to be active sites for acidic CO, binding.**** Many
research has been published on the effect of oxygen-containing
groups on CO, adsorption. A study by Dawei et al. detected the
interactions between CO, and oxygen functional groups were
stronger than the interactions between CO, and carbon surface.
This point shows a positive effect of oxygen functional groups
on CO, uptake.”® Also, results show that heteroatom groups
(such as C-O and C=O0) may provide more active sites for
nitrogen functional groups entry.> Furthermore, at 273 K and 1
bar, micropores smaller than 0.8 nm were suggested to be
beneficial for CO, adsorption, and molecules are trapped in the
narrow micropores.>

The choice of precursors is important for the production of
porous carbons. Precursors can be typically divided into two
specific categories: natural and synthetic. Through various
synthesis methods, porous carbons are traditionally obtained
by pyrolysis of a variety of C-rich materials as precursors, which
can be synthetic (formaldehyde,* resorcinol,> and thiourea®)
or natural (biomass, cheap agricultural, and materials with
known chemical composition) such as pine cone,? chitosan,*
and poplar wood.*® Pectin is a low-cost natural polysaccharide
and contains a linked a-p-galacturonic acid backbone with
many hydroxyl and carboxyl groups. It is usually recognized in
the biomedical and food markets and is easy can be extracted
from the citrus pomace.** Pectin can be produced in a gel-like
structure, and this gel might provide access to novel carbona-
ceous materials with unique porosity properties.** Pectin has
been effectively used as a functional biopolymer to create N/O
co-doped 3D carbon architecture with hierarchical pores for
supercapacitor by Zhou et al** As well as Zhang et al. using
pectin as the porous carbon precursor, an adsorbent for meth-
ylene blue was gained.** Further, Yuanyuan et al. synthesized
pectin-derived N, S-enriched carbon to enhance the charge
transfer and oxygen reduction reaction (ORR) electrocatalysts
activity.** According to the instances mentioned above, in our
research, for the first time, pectin-based porous carbon is
investigated for CO, uptake.

In this work, porous carbons with a high percentage of
oxygen and nitrogen were synthesized using pectin and mela-
mine as carbon, oxygen, and nitrogen precursors. Moreover,
Pluronic F127 was used as a soft template. Pyrolysis was per-
formed at 700, 850, and 950 °C, and the obtained samples were
characterized by field emission scanning (FESEM) and trans-
mission electron microscopy (TEM), Raman, Fourier-transform
infrared (FTIR) and X-ray photoelectron spectroscopy (XPS),
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X-ray diffraction (XRD), thermogravimetry-differential thermal
analysis (DTA-TG) and N, adsorption-desorption analysis. After
characterization and determination of the best synthesized
porous carbon, it was applied as the sorbent for CO, uptake.
The results show that the optimal porous carbon has a high CO,
adsorption capacity of 3.1 mmol g~* at 1 bar, 273 K. The
physisorption adsorption is derived from thermodynamic and
kinetic analysis at different temperatures under various pres-
sures. Eventually, a parameter called the amount of adsorption
to the specific surface was introduced and the present synthe-
sized porous carbon was compared with other developed
porous carbons.

2. Experimental

2.1. Materials

Pectin was purchased ready made from a local confectionary
market (Tehran, Iran) and melamine from Merck Company
(Munich, Germany). Pluronic F127 was purchased from Sigma-
Aldrich Company (Munich, Germany). Ammonia solution (25%)
was purchased from Dr Mojallali™ Company (Tehran, Iran). All
chemicals were analytical grade and utilized without additional
purification as received.

2.2. Synthesis

To synthesize porous carbon, 1 g of melamine, 2 g of pectin, and
1 g of Pluronic F127 as template were added to 90 cm?® of
distilled water and 30 cm? of 25% ammonia at 343 K and stirred
until full dissolution. The prepared clear solution was trans-
ferred to a reflux system and stirred for another 1 h at 363 K.
Then, during normal cooling to the ambient temperature, a gel-
like material was formed. The obtained gel was freeze-dried
overnight at a temperature of —80 °C during which a foam-
like structure was formed. The prepared foam was labeled as
fmp. A similar foam was prepared without the addition of
Pluronic F127 and labeled as mp. Then the foams were pyro-
lyzed under argon atmosphere in a tube furnace at 700, 850, and
950 °C. The obtained samples were labeled as mpx and fmpx
where x represents the pyrolysis temperatures.

2.3. Characterization

Micromeritics ASAP2020 (US) adsorption analyzers was
employed to measure the N, adsorption-desorption isotherms
at 77 K. Before performing the adsorption-desorption analyses,
samples were degassed under dynamic vacuum conditions to
constant weight at a temperature of 393 K for 2 h. Raman
spectroscopy was conducted on a Takram micro-Raman spec-
trometer (Teksan™, Iran). FTIR spectroscopy was accomplished
on a PerkinElmer Spectrometer in the range of 500-4000 cm ™"
with KBr pallets. X-ray photoelectron spectroscopy (XPS)
measurements were carried out on an Al Ko source (XPS Spec-
trometer Kratos AXIS Supra). Transmission electron microscope
(TEM) using Philips EM208S 100 kV. Thermogravimetric anal-
yses (TG) in argon and air atmosphere were conducted on
a Q600 (US) TA. Field emission scanning electron microscopy
(FESEM) was observed on a Nanosem-450 microscope. Low-
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pressure CO, adsorption isotherms of the synthesized porous
carbon were measured at 273 K on an ASAP 2020 (US) Micro-
meritics at 0-1 bar.

2.4. Adsorption experimental procedure

A fixed bed adsorption reactor was used to evaluate the CO,
adsorption-desorption performance of the synthesized porous
carbon adsorbent, as shown in Fig. 1. In the research, pure CO,
was used as a feed to evaluate the porous carbon surface's
adsorption capacity. In the fully sealed cylindrical reactor, 0.5 g
of porous carbon synthesized was loaded. Experiments were
carried out for 90 minutes under 1 bar pressure at temperatures
of (273, 298, 308, and 318 K). Thermodynamic parameters were
investigated in temperature ranges from 298 to 328 K at 6 bar.
Because of the mixing tank in the route, the CO, pressure
and temperature were stabilized, and the stable gas was then
given to the adsorbent reactor. An electrical heat tracing
provides heat to the reactor, and the computer records
temperature and pressure variations in CO, in real time.

3. Results and discussions

3.1. Morphologic and characterization analysis

Fig. 2 shows % TG (Thermo Gravimetric) curves of samples in
an argon atmosphere to follow the mass and structural changes
of the foams synthesized with and without F127. The mecha-
nism and temperatures of the reaction may be established
according to this analysis, which exposes vital data regarding
the decomposition behavior that happens as the temperature
rises. The TG curves of both materials indicated 10-15% mass
loss at 100-200 °C owing to the elimination of physically
adsorbed water molecules.*® For fmp and mp in the TG
diagram, a weight loss zone occurred in the temperature range
of 250 °C to 350 °C which is related to the decomposition of the
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Fig. 2 Thermogravimetric results of fmp and mp under argon
atmosphere.

polymerization resulting in the emission of CO, and H,O. The
fmp has a rapid weight loss in the range of 350 °C to 450 °C,
which is due to the removal of the F127 from the structure.
Continued weight loss in both samples is due to the carbon-
ization of the samples. After 450 °C, fmp does not decrease
weight, indicating that the carbon matrix is formed at this
temperature.®**

Fig. 3 depicts the structure, crystallinity, and textural char-
acteristics of the pyrolyzed samples. The crystal structure of the
materials was examined using XRD patterns. The production of
turbostratic carbons with structural ordering intermediate
between amorphous carbon and crystalline graphite is readily
seen in X-ray diffraction patterns Fig. 3(a). Two broad diffrac-
tion peaks centered at around 2theta of 23.6° and 43.7° for
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Fig. 1 Schema of experimental CO, adsorption set up.
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Fig. 3 XRD (a), Raman (b), N, adsorption—desorption (c), magnify the figure of c (including mp700, and fmp950) (d), BJH pore size distributions
curves (e) and magnify the figure of e (including fmp700, mp700, fmp950, and Mp950) (f) of porous carbons.

Table 1 Detailed textural properties of the synthesized carbon foams

Specific surface Average pore Pore volume Mesoporous volume Microporous volume
Sample ID area (m® g ") diameter (nm) (em® g™ (em® g™ (em® g™ Yield (%)
mp700 2.2 14.2 0.007 0.001 0.006 49
fmp700 10.8 20.2 0.055 0.001 0.055 43
mp850 88.4 3.7 0.081 0.023 0.058 31
fmp850 499.5 2.9 0.355 0.174 0.181 13
mp950 4.2 5.4 0.005 0.005 0.0001 44
fmp950 3.9 6.4 0.006 0.005 0.0002 46
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synthesized foams pyrolyzed at 700 and 950 °C in Fig. 3(a)
correspond to the graphitic (002) and (100) planes of carbon,
respectively.® The turbostratic nature of these carbon
compounds can be inferred from the broadness and weak
intensity of the (002) and (100) peaks in the synthesized samples
at 750 and 950 °C.">"” In the mp850 and fmp850 samples, the
width of the peaks has been decreased, indicating that the
graphitization degree has been enhanced. Slightly blue shifts of
(002) and (100) diffraction peaks in mp850 and fmp850 are due
to the decrease in the interplanar spacing.*® As the temperature
rises to 950 °C, the graphitization level of the structure
decreases, which could be due to the collapse of the cavity
walls.* From the Raman spectra in Fig. 3(b) it can be possible to
further declare the graphitization level of the synthesized
carbons. This can be determined by comparing the intensity
ratios of the disordered diamond (D) band to the ordered
graphitic (G) band of the Raman spectra. All samples have D
and G bands that are centered at 1355 cm™* and 1585 cm™*,
respectively, corresponding to the sp® carbons in the disordered
carbon structures and sp”> hybridized carbons in graphitic
carbon structures.** Furthermore, the presence of a 2D-band at
about 2800 cm ™' indicates a greater degree of graphitization
and is due to the interaction between graphite planes, in the
carbon structure.* The relative ratio of the G band to the D
band (Ig/Ip) is commonly used to determine the degree of
graphitization in porous carbons.** As the mentioned ratios
show, the intensity ratios of G to D bands (Ig/Ip) of all the
samples are larger than 1, indicating a proper graphitization on
the carbon surface."”

Textural properties, including the specific surface area, pore-
volume, and average pore diameter of the synthesized carbons
extracted from N, adsorption-desorption and pore size distri-
bution analyses, Fig. 3(c)-(f) were collected in Table 1. From the
N, adsorption-desorption results it is clear that the pyrolyzation
temperature has a remarkable effect on the textural properties
of the synthesized carbons. Increasing the pyrolyzation
temperature from 700 °C to 850 °C results in the increase in the
specific surface area from 2.2 m* g~ * to 88.4 m? g ' in carbon
foams synthesized without Pluronic F127 and from 10.8 m* g~*
to 499.5 m> g~ for carbon foams synthesized using Pluronic
F127 as the soft template. Further increase in the pyrolyzation
temperature to 950 °C led to a pronounced decrease in the
specific surface area to 4.2 m* g~ ' and 3.9 m* g~ ' for synthe-
sized carbons without and with using Pluronic F127, respec-
tively. It seems that according to the results (Table 1), two
factors have played the creation of pores and specific surface
areas (removal of F127 and activation through carbon dioxide).
The effectiveness of carbon dioxide on the activation process
can be declared from the mp850 surface characteristics and
fmp850 can demonstrate the effectiveness of Pluronic F127. The
reaction of carbon dioxide with the surface carbon atoms
(Boudouard reaction) can resemble shoveling or etching of the
surface. This shoveling or etching process increases the specific
surface area of the synthesized carbons. The minimum
temperature required for the beginning of the Boudouard
reaction in which the Gibbs free energy change of this reaction
becomes negative is 705 °C. Therefore, CO, gases produced at
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a temperature below this temperature are not effective for the
activation process.*” Also, during the pyrolyzation treatment,
the elimination of Pluronic F127 soft templates (porosity
formation) takes place which increases of the specific surface
area. From the N, adsorption-desorption results it seems that
the elimination of the soft templates beginning and continuing
at temperatures greater than 700 °C can justify the low specific
surface area and pore volume of fmp700. Low specific surface
area and pore volume of mp950 and fmp950 can be attributed to
the lack of CO, gas in the reaction chamber and also the
collapse of the porous carbon structure.***” Comparison of
mp850 and fmp850 synthesized porous carbon with other
synthesized carbons in Table 1, confirms that during the pyro-
lyzation treatment at 850 °C, both micropores and mesopores
volume increased. The simultaneous increase in the micropores
and mesopores volume shows that new pore creation and pore
widening took place at the same time and that the micropore
production did not compromise the mesopores’ structure. With
simultaneous consideration of Fig. 3(a) and (b), it can be
deduced that fmp850 has the highest graphitization level. As
summarized in Table 1, the fmp850 has the highest specific
surface area (499.51 m* g™ %), the highest yield (13%), and the
highest amount of total pore volume (0.355 cm® g~ '). The
higher specific surface area is consistent with the higher
defected carbon structures i.e., higher I in the Raman spectra.
Therefore, approximately the same I to Iy level of all the
synthesized carbons indicates that the I; (the level of graphiti-
zation) of fmp850 must be higher than other synthesized
carbons. This better graphitization can also be approved by the
sharp (002) and (100) graphitic peaks in the X-ray diffraction
pattern of fmp850.

The addition of simple functional groups to the porous
carbons will increase their affinity for acidic CO, molecules.”
Oxygen contains functional groups that are often polar in
nature and increase the degree of hydrophilicity of the carbon
surface. The hydrophilicity of the pore surface increases the
competition between CO, and moisture adsorption, which in
turn reduces the adsorption capacity.” Also, a nitrogen atom
has the same atomic radius as a carbon atom and shares five
valence electrons with it. As a result, the physical and chemical
properties of the carbon structure, including electronic prop-
erties, electrical conductivity, basicity, oxidation, and catalytic
efficiency, can be modified by regulating the doping number of
the nitrogen atom.*®* The surface chemical properties of the
porous carbons have been depicted in Fig. 4. FTIR curves are
used to describe the functional groups in the structure. Fig. 4(a)
shows the FTIR curves of fmp before pyrolysis, fmp850, and
mp850. Fig. 3(a) illustrates a peak at around 3430 (cm ™), which
is commonly assigned to stretching vibration of hydroxyl
bands.* The peak at 3000 cm ' indicates the C-H bond. The
1700 (cm™ ") band is correlated to the stretching of C=0 bonds
in carboxyl groups. Furthermore, peaks between 1438 to 1654
(em™) correlate to the vibration of C=C, and C-N bonds,
demonstrating that N atoms were successfully incorporated
into the structure and it is clear that after pyrolysis due to high
temperatures, the peaks related to nitrogen have weakened. As
it is known, after pyrolysis, C-H, C=C and C-N bonds are

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 FTIR transmission of fmp850, mp850, and fmp before pyrolysis (a), XPS survey spectrum of fmp850 sample showing the presence of C, N

and O elements (b), C 1s (c), O 1s (d), and N 1s (e) peak deconvolution.

reduced and hydroxyl bonds are formed, which can lead to an
increase in the amount of oxygen in the structure. Another set of
broad and strong peaks at 1090 (cm~') might be attributed to
the vibration of C-O bond (phenolic). A tiny peak at 880 (cm ™)
is caused by C-O-C bonds. Fmp850 is aromatic and has an
oxygenated functional group including phenolic and carboxylic
acid groups, which give the surface a negative charge. All of
these functional groups can boost CO, adsorption capacity.>***

The surface composition and atomic percentage of the
fmp850 porous carbon material were then investigated using
XPS. As shown in Fig. 4(b), three peaks at 285 eV, 400 eV and
532 eV correspond to C 1s (61.2%), N 1s (9.3%) and O 1s
(29.5%). According to the high-resolution elemental spectra

© 2022 The Author(s). Published by the Royal Society of Chemistry

(Fig. 4(c)), the C 1s spectrum can be deconvoluted into two
distinct peaks, each of which is attributable to sp®> C-C (284.9
eV), C=0 (287.5 eV). The O 1s spectra can be fitted into two
peaks corresponding to C=0 (531.4 eV) and C-O (534.4 eV)
(Fig. 4(d)).***>* Furthermore, as shown in Fig. 4(e), the core
level spectra of N 1s may be deconvoluted into two peaks at
398.4, 401 eV. The peaks at 398.4 and 401 eV represent pyridinic
and pyrrolic/pyridonic signals, respectively. The pyrrolic and
pyridonic cannot be separated from one another using XPS
measurements. However, due to the presence of oxygen in the
porous carbon structure and the fact that pyridonic is more
stable than pyrrolic. According to the results of other
researches, pyridonic and pyridinic groups are suitable for
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adsorption of CO,, due to the increase of active sites and
stronger interactions that occur between nitrogen groups and
CO, molecules.>*

The surface morphology and crystalline analysis of fmp850
have been shown in Fig. 4. The surface morphology of the
fmp850 specimen by using a field emission scanning electron
microscope (FESEM) is shown in Fig. 5(a) and (b). As can be
seen, a graphite cauliflower structure is observed.*® It can be
shown that the size distribution of the pores, which is one of the
most important factors deciding its applicability, occurred at
random on the sample surface. In Fig. 5(a) and (b), micropores,
mesopores, and macropores are identified and show a hierar-
chical porous structure with larger pores created at high
temperatures. The diffusion and mass transfer of molecules are
enhanced by the hierarchical porous carbon structure.*® The
formation of pores produced a large surface area as well as
access to the material's interior. Rougher textures with

— — e
SEM MAG: 100.0 kx SEM HV: 15.0 kV
wi mm Det: InBeam
Date(midly): 10/10/20 | View field: 1.44 pm

MIRA3 TESCAN
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heterogeneous with the presence of compact graphitic and
microporous carbon aggregates and porous with many cavities
can be seen.’”*®

The TEM images, which reveal the formation of crystallinity
of the porous structure, can be used to verify the manufacturing
of the fmp850. The presence of porosity with an interconnected
and worm-like structure is evident in the TEM images.*"*

By comparing these two samples, more order graphite plates
can be seen in the fmp850 than in the fmp950 sample, which
indicates the collapse of the structure at much higher temper-
atures. This is in line with the results of XRD and Raman.

3.2. CO, adsorption performance

The plot of CO, uptake for the fmp850 sample under 0-1 bar
pressure and 0 °C is shown in Fig. 6. The adsorption rate at 1 bar
pressure and 273 K temperature is 3.1 mmol g ', which is

MIRA3 TESCAN

SEM HV: 15.0 kv
Det: InBeam
View field: 5.78 pm

EM MAG: 25.0 kx
WD: 4.87 mm
Date(midly): 10/10/20

Fig. 5 FESEM images of cauliflower-like texture of fmp850 (a), (b) and TEM images of worm-like structure fmp850 (c), (d) and fmp950 (e), (f).

552 | RSC Adv, 2022, 12, 546-560

© 2022 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/d1ra08407k

Open Access Article. Published on 22 December 2021. Downloaded on 2/10/2026 9:28:48 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

w
%

0 w
[ =}
1 1

Q
[~}

g
S)
L

Q

CO, uptake (mmol gh
o
1
Q
9
®

o
1
Q

=}
n
1
e

0.0 4 T T T
0.0 0.2 0.4 0.6 0.8 1.0

Relative Pressure (p/p,)

Fig. 6 CO, adsorption at 273 K under pressure 0-1 bar on the
fmp850.

comparable to other porous carbons. The fmp850 sample was
selected as the sample for adsorption due to its higher specific
surface area and suitable pore size distribution. CO, adsorption
rises with increasing pressure without revealing adsorption
saturation, showing that the adsorbent can support greater CO,
adsorption at higher pressures. The formation of nitrogen-
containing groups like pyridonic, on carbon surfaces and
micropores, which may improve the affinity of carbon materials
for CO, uptake.®®** The initial consequence of nitrogen doping
is that it promotes a larger density of N-doped basic active sites
for enhanced van der Waals interactions between nitrogen
functional groups and CO, molecules, which increases
adsorption capacity.® CO, adsorption could be enhanced by the
existence of a microporous structure and strong interactions
between CO, molecules and the framework (particularly N-
containing groups) via H-bonding or dipole-quadrupole inter-
actions in N-enriched porous carbons.®® The strong hydrogen-
bonding interactions between CO, molecules and hydrogen
atoms (from CH and NH groups) on the carbon surface are
greatly enhanced by the intercalation of N atoms into the

View Article Online
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behavior of N-doped porous carbons. Also, the strong dipolar
C=0 bonds give the CO, molecules a significant electric
quadrupole moment. The N doping introduces polar groups
into the carbon skeleton, which can cause local polarization/
charge separation. As a result, N-containing compounds
improve performance in the presence of strong quadrupole
interactions between CO, molecules and the surface.’®** As
previously stated, narrow microporosity greatly affects CO,
adsorption at 298 K and pressures up to 1 bar, and in many
cases, a linear connection between equilibrium adsorption
capacity and narrow micropore volume may be established. In
this regard, it is worth noting that, while micropores are the
most essential adsorption factors for CO,, associated meso and
macropores are also significant for adsorption purposes since
they usually contribute to the diffusion of the gas from the bulk
carbon matrix.®>%’

3.3. Kinetic and thermodynamic analysis

Micropores, mesopores, and adsorbent surface are play key role for
review of various energy in gas adsorption by permeable materials.
The adsorption mechanism is related to physical and chemical
structure affect of the adsorbent, as per investigation of the uptake
kinetic. We investigated diverse theoretical kinetic models,
including pseudo-first-request, pseudo-second-request, Elovich,
and fragmentary request as below equations (eqn (1)—(4)).%®
Pseudo-first-order

g = qe(1 — ™) (1)
Pseudo-second-order
q = (kDL + qekit] @)
Elovich
q, = (1/8 In(«p)) + (1/8 In 1) (3)

Ritchie second order

carbon framework, which acts for the excellent CO, capture G = e — qo(1 + ko)™ (4)
Table 2 Calculated parameters of CO, adsorption kinetic models at 6 bar for fmp850
Kinetic models Parameters 298 K 308 K 318 K
Pseudo-first-order ge (mg g™ 323.611 162.429 172.823
ke (1 min™) 0.013 0.004 0.004
R? 0.8182 0.8937 0.9412
Pseudo-second-order ge (mg g™ 334.918 175.337 185.798
ks (1 minfl) 0.000069 0.000036 0.000037
R 0.9422 0.9505 0.9789
Elovich a (mg g~ min™Y) 1.70859 0.01664 0.01793
B (gmg™™ 28.65 24.14 25.28
R? 0.9771 0.9929 0.9844
Ritchie second order g. (mg g™ 334.918 175.338 185.798
k, (1 min™) 0.023 0.006 0.007
R? 0.9422 0.9505 0.97888

© 2022 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2022, 12, 546-560 | 553


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra08407k

Open Access Article. Published on 22 December 2021. Downloaded on 2/10/2026 9:28:48 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

qe (mg/g)

®  Exp.
— — — - First Order
50 | Second Order E
— — — -Elovich
Ritchie Second Order

0 1 L L L L L L
0 500 1000 1500 2000 2500 3000 3500

Time ( sec)

4000

Fig. 7 CO, adsorption experiment of fmp850 via fitting desirable
kinetic models at 298 K.

The pseudo-first-order and the second-order kinetic models
are illustrated the chemisorption process as the adsorption
controlling factor via the reversible adsorption interaction the
adsorbent surface.* Due to predicting kinetic parameters is
complex, we applied the typical method with the adjust exper-
imental data to mentioned models for choose the best one.”

The Elovich kinetic model was found to be the best match
based on correlation coefficient values (R*) in the range of
0.9771 to 0.9929 at 6 bar (298, 308, and 318 K), and related
kinetic parameters are presented in Table 2. The CO, adsorp-
tion kinetic model at 298 K under 6 bar pressure was also fitted
to the experiment data and presented in Fig. 7.

The laws of thermodynamics are used to calculate the
entropy (AS°) and the Gibbs free energy (AG®) parameters using
absolute temperature 7 (°K) and, the following equations. The
adsorption enthalpy was evaluated using the Van't Hoff equa-
tion, eqn (7), and from the unification of two equations, eqn (5)
and (6):"*

AG® = AH® — TAS® (5)

AG’ = —RTIn K4 (6)

3.9

y =3644.3x - 8.5726
R?=10.9635

3.6

3.3 1

3 1

Ln (kd)

2.7 1

2.4

2.1
0.003

0.0031 0.0032 0.0033 0.0034
1T (k)

Fig. 8 CO, experimental Van't Hoff plot on fmp850.
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Table 3 Thermodynamic parameters of the fmp850 in CO, adsorp-
tion at 6 bar

AG (k] mol ™)

AH AS
(kmol™) (kymol *K*) 298K 308K 318K 328K
—30.03 —0.071 -9.049 -8337 -—7.624 —6.911
AS  AH®
hKj= —— —— (7)
R RT

where R is gas constant (8.314 (J mol " K™')), enthalpy (AH’) is
slope and entropy is intercept that they are obtained from the
plotting of In K4 against 1/7. Thermodynamic parameters were
investigated in temperature ranges from 273 to 328 K at 6 bar.
The Van't Hoff plot of fmp850 is disply in Fig. 8 and the positive
slope of the In Ky curve shows the adsorption process is
exothermic.

Table 3 shows the results of the estimated CO, thermody-
namic parameters. The physisorption process was represented
using a value of less than 20 (k] mol ') since the chemisorp-
tion process was illustrated using a value of more than 40 (k]
mol™").%® The AS° is a display of the randomized and organized
gas-solid interfaces, and in this case of AS® < 0 representing
less randomness.” The negative values of Gibbs free energy
(AG®) and (AS°), indicating that the adsorption process is
exothermic and spontaneous. The present thermodynamic
results show that low enthalpy values indicate physical
absorption, and it is in step with different preceding studies
on this field.**7”*

3.4. Equilibrium adsorption isotherms

In Fig. 9, the CO, adsorption isotherms were plotted using the
Langmuir, Freundlich, Dubinin Radushkevich (D-R), and
Temkin equations at 308 K and pressures ranging from 3.25 to

@® Exp.
350 |- Langmuer i
Freundlich
Dubinin Radushkevich
—— & Temkin

q (mg/g)

3 4 5 6 7 8 9
PCOZ (bar)

Fig. 9 Comparison isotherms models vs. fmp850 experimental data
for CO, adsorption at 308 K.
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Table 4 Theoretical isotherm models of CO, adsorption at 6 bar for fmp850°

Models Parameters 298 K 308 K 318 K
Langmuir e = gmkiP(1 + k. P) dm 625.2 16 150.1 2512.4
ky, 0.152 0.001 0.012
R? 0.9991 0.9992 0.9953
Freundlich g, = kpP.'/" ke 139.1 36.751 37.237
n 1.934 1.002 1.008
R? 0.9967 0.9988 0.9939
Dubinin Radushkevich g. = g,,, e 2 qm 440.827 379.281 321.122
A 1.138 2.012 2.057
w 0.657 0.502 0.399
R? 0.9927 0.9642 0.9321
Temkin g. = B x log(4) + B x log(c) A 1.047 0.421 0.497
B 152.017 199.028 162.284
R 0.9995 0.9844 0.9812

¢ Where g, is the value of CO, adsorption capacity (mmol g ), g,,, is the max adsorption value of CO, (mmol g "), Pis the equilibrium pressure (bar),
kp is the Freundlich model constants ((mmol g~ ') (bar *)*”) and, n is Freundlich isotherm constant. A is (D-R) model constant (mol® J72),  is
Polanyi potential (J mol "), A is the Temkin model constant (L mol '), and B is the first virial coefficient (B = RTby '); by ' (J mol ™).

% Efficiently

Cycle

Fig. 10 Recycling performance of the fmp850 sample for CO,
adsorption.

9.25 bar. The findings showed that increasing the uptake
pressure increased the rate of CO, adsorption. Table 4 shows
the experimental results and related to R* correlation coeffi-
cients for all coefficients of isotherm parameter models.

As the temperature was raised, the adsorption values
dropped, suggesting an exothermic CO, adsorption tendency.
While all of the isotherm models agreed with the experimental
results, when fitted to the data, the Langmuir isotherm model
exhibited the greatest correlation coefficient (R?) values.
Furthermore, the energy parameters of two isotherm models
established by D-R and by Temkin provide valuable data,
where w is the mean adsorption free energy and is the heat of
adsorption.

The normal physisorption of CO, adsorption is shown by
average A values in the 1-2 (k] mol™") range.” Based on the
findings in Table 4, the Freundlich constant, n, in the range of
1 to 1.93, demonstrates the attractiveness of physisorption.
The adsorption process is multi-layer, with CO, absorbed and
permeated in the surface and interior layers of the fmp850,
according to the findings. Langmuir > Freundlich > D-R >
Temkin was the order of efficacy of the mentioned theoretical

Table 5 Comparison of adsorption capacity of different precursors with specific surface area and different pyrolysis temperature at 273 Kand 1

bar

Pyrolysis temperature Specific surface

Adsorption capacity Adsorption capacity/specific

Precursor (—) (°K) area (m* g ") (mmol g™ ") surface area (umol m~?) Ref.
Poplar catkin 1073 1024.8 2.8 2.73 73
Pineapple waste 973 1076.3 5.32 4.94 74
Lotus leaf 823 1883 3.58 1.90 75
Casein 1073 1080 3.5 3.24 76
Walnut shell 773 1721 3.17 1.84 77
Celtuce leaves 873 3404 6 1.76 78
Peanut shell 1000 1893 7.12 3.76 79
Hazelnut shell 823 1600 6.43 4.01 80
Water caltrop shell 873 2194 5.97 2.72 81
Graphene 973 1296 2.52 1.94 82
Lotus stalk 873 1188 5.11 4.30 83
Commercial phenolic 873 2200 7.47 3.39 84
Black locust 923 1175 2.79 2.37 85
Pollen 873 1460 5.63 3.85 86
Pectin 1123 499.51 3.1 6.20 This work

© 2022 The Author(s). Published by the Royal Society of Chemistry
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isotherms in the explanation and prediction of adsorption
behavior, according to the nonlinear (R*) values determined in
Table 4 and by the nonlinear regression technique.”®”>

4. Regeneration performance of
fmp850

One of the most important aspects is the reuse of sorbent for
economic reasons. The regeneration process for 0.5 g sorbent
was evaluated at a pressure of less than 2 bar. Ten adsorption/
desorption cycles at 298 K at 6 bar were recorded for the CO,
adsorption process, which was then regenerated at 460 K in
a vacuum oven for 5 hours. The adsorbent potential does not
vary much after each loop, as seen in Fig. 7. The sorbent's
adsorption performance was lowered from 100% to 98% after
10 cycles. As result, the sorbent can be employed in industrial
applications as a low-cost and cost-effective adsorbent based
on the effects of the regeneration process (Fig. 10).

5. Comparison of various porous
carbons

The adsorption capacity of the fmp850 sample is compared with
other biomass-based porous carbon samples at 273 K and 1 bar
pressure in Table 5. The ratio of the adsorption side to the
amount of specific surface area for each sample is given in Table
5. As it turns out, the highest adsorption ratio to the specific
level is related to the current study. These samples were all
activated by an foreign agent, but the sample studied in this
study did not have any activation by an external agent.

6. Conclusion

In summary, the synthesis of porous carbon using pectin and
a source of melamine was utilized to add nitrogen to the
structure. Furthermore, F127 as mold was used to create
porosity. fmp850 was used for CO, adsorption at 273 K and 1
bar pressure that showed an adsorption capacity of 3.1 (mmol
g~ "). This result indicated that fmp850 with a relatively low
specific surface area had a higher adsorption ratio to specific
surface area (6.20 pmol m~?) than other porous carbons. One
of the reasons for proper adsorption is the high presence of
nitrogen in the structure, particularly pyridonic nitrogen, as
well as the suitable percentage of micropores in the sample.
Moreover, these characterizations indicated that the role of
parameters such as heteroatom added to the structure for CO,
uptake. Besides, the volume of micropores played a greater
role than the high specific surface area for CO, adsorption.
The kinetic and thermodynamic analysis results show that low
enthalpy values indicate physisorption for the adsorption
process and the Elovich model was found the best kinetic
model. In general, with the results of this research, due to the
lower cost, the use of a cheap source of nitrogen such as
melamine, proper adsorption relative to the specific surface
area, and the lack of reagent, this adsorbent is promising for
CO, uptake. Eventually, we trust that our method can promote
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the usage of pectin-melamine nitrogen-enriched for synthe-
sizing high-overall performance porous carbons in industrial
cases.

Abbreviations

K, Langmuir model constant (bar ")

ke Rate constant of adsorption for the Pseudo-first-order
(1 min™")

ks Rate constant of adsorption for the first-order model (g
mmol ' min")

K4 Distribution coefficient

m Mass of gas adsorbed (mg)

P Pressure (bar)

P, Saturated vapor pressure (bar)

g Adsorption capacity (mmol g™

g. Equilibrium adsorption capacity (mmol g~ )

gm Maximum adsorption (mmol g~ ")

g. Adsorption capacity at specified time ¢ (mmol g )
R Universal gas constant (8.314 ] mol ' K™*)

R®> Correlation coefficient (%)

T Temperature (K), (C)

t Time (s)

Greek symbols

o Parameter value of Elovich model (mmol ¢! min™ %)
i3 Parameter value of Elovich model (g mmol ")
Acronyms

CO, Carbon dioxide

CCS Carbon capture and storage

FTIR Fourier transform infra-red

FESEM Field emission scanning electron microscopy
TEM Transmission electron microscopy

PSD Pore size distribution

TG Thermo gravimetric

XPS X-ray photoelectron spectroscopy

XRD X-Ray diffraction
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