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Biomass-derived porous carbons are the most common adsorbent materials for O,/N, adsorption because
of their excellent textural properties, high surface area, and low expense. A new synthesis method based on
a self-activation technique was developed for a new green porous carbon adsorbent. This ecofriendly
system was used for the synthesis of hierarchical porous carbons from walnut-shell precursors. The
sorbent was successfully synthesized by facile one-step carbonization, with the activating reagents being
gases released during the activation. The sample morphology and structure were characterized by field
emission scanning electron microscopy, high-resolution transmission electron microscopy, Raman,
Fourier transform infrared spectra, X-ray photoelectron spectroscopy, X-ray powder diffraction,
thermogravimetric, and differential thermal analysis. The optimal porous carbons were synthesized at
1000 °C, providing a surface area as high as 2042.4 (m? g~%) and micropore volume of about 0.499 (m*
g™). At 298 °K under 9.5 bar pressure, the potential for O,/N, separation using porous carbon samples
was studied, and the sips isotherms with the highest adsorption potential were determined to be 2.94
(mmol g~ and 2.67 (mmol g3, respectively. The sample exhibited stable O,/N, separation over ten
cycles, showing high reusability for air separation. Finally, the technology described presents a promising
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1 Introduction

Gas separation process technologies play an influential role in
various industries including medical, food, chemical, petro-
chemical, and power generation industries."* Pressure swing
adsorption (PSA) is one of the most cost-effective solutions for
air separation applications in response to industrial require-
ments for nitrogen and oxygen processing.>* In the 1950s, air
separation systems based on a pressure swing were estab-
lished.® One of the special applications of air separation tech-
nology in the power plant industry is oxyfuel, which is one of the
solutions to reduce carbon dioxide.®*” The PSA technology is
a cyclic adsorption process in gas separation using different
adsorbents and adsorption capacity rates.*® Molecular adsor-
bents are used to separate and purify various gas species from
a gas mixture under pressure using the PSA technique. This
process usually operates at low pressure and ambient temper-
atures.>'® Various adsorbents such as porous carbon, zeolites,
carbon molecular baskets (CMB), and carbon molecular sieves
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strategy for producing eco-friendly porous carbon from a variety of biomass on an industrial scale.

(CMS) are used to adsorb the subject gas molecules at pressure
swing.'*

2 Literature review

For air separation, both physisorption and chemisorption
processes are utilized, but the physisorption mechanism has
become more common due to the low bond energy between gas
and solid adsorbent, as well as the low-cost energy of sorbent
regeneration."»'* Recently, various physisorption-adsorbent
such as zeolites are used in the O,/N, adsorption as porous
crystalline aluminosilicates.” They have open crystal lattices
that contain pores of molecular size, and gas molecules can
diffuse them. The selective gas separation by zeolites requires
control of the structure and composition of the framework,
shape, and distribution of cations within the cavities."* The
breathtaking adsorption of zeolites for air separation is used in
the continuous development of nitrogen adsorbents from the
air. At room temperature, the ability of zeolites to separate air
has revealed that nitrogen uptake capacity is greater than
oxygen adsorption capacity.”'® Metal-organic frameworks
(MOFs) are composed of organic ligands or “struts” coordinated
to metal-based nodes to form a three-dimensional extended
network.”” Much research has been done on the MOFs with
tunable pore size, high surface area, ability to functionalize the
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walls of cavities, and particularly, open metal sites for gas
separation and storage."”* Experiments at high pressures and
extremely low temperatures have been reported, therefore these
points impose operational constraints. Carbon-based adsor-
bents are suitable for gas adsorption and are divided into
different categories based on morphology, porosity, and struc-
ture, such as carbon nanotubes, graphene, and fullerenes."®*>>*
Despite their high adsorption efficiency, these adsorbents have
drawbacks such as high synthesis costs, environmental
impacts, and the use of toxic chemicals during synthesis.”»**
Porous carbon, unlike carbon-based adsorbents, does not have
the aforementioned drawbacks.

Porous carbon has a wide range of uses, including catalysts,
heavy metals adsorbents, separation of various gases, energy
storage, and electrochemical materials, due to its unique
characteristics.’® The porous carbon media is structurally
complex and the total volume, size, and distribution of the
pores determine how the molecules of a gas are adsorbed on the
porous carbon, which these pores have strong van der Waals
forces for the adsorption process.?* Natural precursors biomass
can be used for porous carbon synthesis such as rice straw,
tobacco, coffee, pine cone, palm shell, etc. due to renewable,
cost-effective, and eco-friendly.**>* The broad range, the abun-
dance of nature, and the renewability of precursors used in the
synthesis process distinguish porous carbon fabrication from
that of other sorbents.** Since biomass-derived porous carbon
has a large surface area (up to 3072 m* g~ '), its density and
morphology are influenced by the synthesis process.*® In recent
years the traditional methods such as chemical and physical
activation have commonly been used to activate/pyrolyze
a variety of carbonaceous biomass. Porous carbons can be
pyrolyzed/activated by physical (with CO,, N,, steam, O,, and
NH3;) or chemical (H;PO,, HCl, KOH, NaOH, and ZnCl,) acti-
vation of the carbon precursors that may occur in a one or two-
steps process.*”*® The type of precursor, activating agent, acti-
vation temperature, and the ratio of activating agent to
precursor are the key parameters that impact porosity compo-
sition, pore size distribution, and pore volume.**?**** The
synthesis and carbonization method to prepare porous carbon
is one of the influential features in the characteristics of porous
carbon materials.* In the physical activation method, the
mentioned gases are used at a temperature below 1000 °C, while
in the chemical activation method, acidic and alkaline agents
are used to impregnate.** Chemical activation is favored due to
the resulting material's tendency to be mesoporous and tunable
porosities, even though physical activation is less expensive and
has a lesser environmental effect. Chemical activation, on the
other side, is frequently afflicted by toxic gases released during
pyrolysis, process complexity, and device corrosion, and is not
environmentally friendly.****

The direct pyrolysis method is a step forward in the
production of porous carbons since it removes the need for
post-synthesis activation. A novel self-activation approach for
porous carbon synthesis has been developed in recent years as
a result of the aforementioned limitations. In recent research,
intrinsic hydroxyapatites were employed as natural templates to
produce N-doped mesopore-dominant carbon materials
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utilizing a one-step self-activation method under N, atmo-
sphere. As discussed, this method is not considered self-
activation due to the use of inert gases and templates during
the process.****

The present work proposed a green, low-cost and facile
method to prepare green porous carbon with mesopore-
dominant from walnut-shell as precursors using a one-step
self-activating system. The proposed approach is based on
a closed-loop carbonization system that uses gases decompo-
sition from biomass as the reagent. To better understand the
role of the self-activating system, the pyrolysis process was
performed with and without argon gas to determine the effect of
this system on the structure. In the following, the present report
proposed the high-performance green porous carbon adsorbent
for O,/N, adsorption. Adsorption equilibrium and kinetics
experiments of O,/N, were also performed to obtain the
adsorption capacity and kinetics. The morphology and struc-
ture, as well as chemical constitution of the resulting porous
carbon, were characterized by field emission scanning electron
and high-resolution transmission electron microscopy, Raman
and Fourier-transform infrared spectroscopy (FTIR), X-ray
photoelectron spectroscopy (XPS), powder X-ray diffraction
(XRD), thermogravimetry-differential thermal analysis (DTA-
TG) and N, adsorption-desorption analysis, in which the
influence of the treatment method on the morphology and
porous texture of the material was also demonstrated. By use of
a virtual representation of a large surface area (up to 2042.4 m>
¢~ ") and availability, the resulting porous carbons show great
potential as functional sorbents for gas storage and separation.

3 Experimental
3.1 Materials

In the current study, all chemicals and reagents were analytical
grade and were utilized without additional purification as
supplied. Walnut-shell biomass was collected from walnut trees
on the campus area of Iran University and Science Technology
(Tehran, Iran). This biomass was rinsed multiple times before
being treated to eliminate visible impurities. Hydrochloric acid
(37%) was purchased form was purchased from Dr Mojallali™
Company (Tehran, Iran), and, O, (99.999%), N, (99.999%), Ar
(99.999%) were supplied by Arman Gas Company (Tehran, Iran).

3.2 Self-activating system for preparation of porous carbon

A sealed chamber, a tubular electric furnace, an air pump, and
eventually a condenser are all part of the self-activating synthesis
system that is connected by pipes. Both ends of the quartz tube
were sealed with rubber. During the synthesis process, no gas is
released into the atmosphere since the system is sealed. An
aluminum combusting boat holding a specific amount of
different types of biomass was put in the hot zone (up to 1373 K)
during the pyrolysis process. With the assistance of an air pump
positioned at the system, the gases produced throughout the
pyrolysis of the feeding biomass are cycled in a closed-loop
channel. With the help of these gases, the activation process is
carried out. As a result, no further activating agent is required. A

© 2021 The Author(s). Published by the Royal Society of Chemistry
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condenser is also placed along the gas's path, collecting and
converting a part of the exhaust gases to liquid.

To prepare activated carbon, walnut-shell powder was
directly pyrolyzed in a tubular electric furnace with a quartz
tube under an argon atmosphere and without it at 1000 °C
(heating rate: 5 °C min~"). The samples were held at the
maximum temperature for 3 h. After cooling to room temper-
ature, the obtained product was washed and stirred with 1 M
HCIl and ultrapure water to remove impurities. Ultimately,
filtration was applied until neutral pH and the residue was
thoroughly washed with deionized water and dried at 95 °C for
12 h. The corresponding products were identified as W1000
(self-activated after pickling in 1000 °C), W1000-B (self-activated
before pickling), W1000-Ar (self-activated under argon, after
pickling in 1000 °C), and W1000-Ar-B (self-activated under
argon, before pickling in 1000 °C). Fig. 1 shows a schematic view
of the self-activating used in the present study.

3.3 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 150 °C for 6 h. FTIR spec-
troscopy was accomplished on a PerkinElmer Spectrometer in
the range of 500-4000 cm ™" with KBr pallets. Raman spectros-
copy was conducted on a Takram micro-Raman spectrometer
(Teksan™, Iran). X-ray photoelectron spectroscopy (XPS)
measurements were carried out on an Al Ka source (XPS Spec-
trometer Kratos AXIS Supra). High-resolution transmission
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electron micrographs were obtained on a 300 kV FEI (US) TITAN
microscope (HR-TEM). Thermogravimetric and differential
thermal analyses (DTA/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.

3.4 0,/N, Adsorption-desorption measurement

A fixed bed adsorption reactor was built as shown in Fig. 2 to
test the adsorption/desorption capacity of sorbent using the
volumetric approach. For experiments, pure O, and N, were
used as a feed to study the adsorption capacity on the sorbent
surface. Each experiment by 1 g sorbent was tested in a fixed bed
reactor sealed of the experimental set-up. Before the start-up
test, the N, gas purging at 380 °K for 30 min in the experi-
mental set-up was used. The experimental tests were performed
at 298, 308, 318, and 328 °K temperatures under pressures
rating 2 to 9.5 bar for 60 min. Due to the mixing tank in the
passage, the CO, pressure and temperature were stabilized, and
the stable gas was then fed to the adsorbent reactor. The pres-
sure difference recorded at fixed temperature using pressure-
temperature sensors and computer panel during the time was
used to assess the adsorption parameters. The electrical heat
tracing for the temperature stabilizer was used.

4 Results and discussions

4.1 Characterization analysis

DTA/TG analysis method has been accomplished in argon and
air atmospheres to reveal the stability of the precursor,

- e e ..

1IsUIPUO)

Walnut

Fig. 1 Schematic of the self-activating synthesis setup.
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Fig. 2 The experimental set-up in the schematic view.

exothermic or endothermic reactions during pyrolysis, the
amount of moisture and volatile matter lost from 50 °C to
1200 °C (Fig. 3).*>** As can be seen in Fig. 3(a and b), in the first
step, both conditions' TG curves show a ~7.5-10.5% mass loss
up to 200 °C due to the removal of adsorbed water molecules.
Additionally, DTA curves show an endothermic reaction owing
to the evaporation of moisture found in walnut-shell.** The next
step begins at the first to the second turning point of the plots
(220-400 °C for argon and 220-600 °C for air) has the highest
weight loss, which represents the thermal elimination of
organic components, hemicellulose, cellulose, and lignin. The
third stage is the burning of lignin leftovers, which takes place
at elevated temperatures. In the air atmosphere, the weight of
the precursor decreases gradually with a temperature up to
580 °C. Conversely, the weight loss process decreases slightly

TG (mg)

lEndo

14

T T T T T A
200 400 600 800 1000 1200

Temperature (°C)

Fig. 3
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above this temperature (580-850 °C) and reaches a steady pace
at high temperatures due to oxygen consumption. In an argon
atmosphere, weight loss is fast up to 380 °C, while at high
temperatures is moderate. Moreover, DTA curves of both
atmospheres show an exothermic reaction that represents the
thermal decomposition of the walnut-shell.**** As mentioned
exothermic peaks, burning the precursor produces, confirm
CO, production, indicating that walnut-shell combustion takes
place in both atmospheres. This implies there is enough oxygen
in the walnut-shell components for the combustion process to
take place.*

The activation strength of the introduced self-activating
system is demonstrated by the nitrogen adsorption-desorp-
tion analysis results of the pyrolyzed walnut-shell in Fig. 4. N,
adsorption-desorption, micropores-plots (MP plot), and the

10
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Thermogravimetric and differential thermal analysis results of walnut-shell in argon (a) and air (b) atmosphere from 50 °C to 1200 °C.
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Fig. 4 N, adsorption/desorption isotherms, (a), MP plots (pores smaller than 2 nm) (b), and BJH pore size distributions curves (c) of porous

carbons.

pore size distribution (PSD) of various green porous carbons can
be seen in Fig. 4(a—c). Moreover, the detailed textural properties
of green porous carbons can be observed in Table 1. The specific
surface area, mean pore diameter and, total pore volume of the
walnut-shell pyrolyzed under argon atmosphere are 488.2 m>
g~ ', 2.05 nm, and 0.24 cm® g~ ' which confirms that a self-
activating system can form porous carbon under argon atmo-
sphere. Conversely, the self-activating system without argon
circulate the released gases such as CO,, CO, H,, and H,O,
which shows the increment of mesopore volumes as seen by the

Table 1 Detailed textural properties of green porous carbons

much higher N, adsorption. With the aid of this system, the
specific surface area of W1000 has been greatly increased
(2042.4 m*> g ') compared to the W1000-Ar, which shows the
capability of a self-activation synthesis system. The volume
increased steadily at low relative pressure (P/P, > 0.1) in the N,
sorption plot, indicating the presence of micropores.”** The
H;-type hysteresis loop at P/P, > 0.5 for all samples is the
capillary condensation phenomenon, showing the affluence
meso-micro porous characteristics which confirm the results of
the table. Based on MP plot results, W1000 has 0.83 cm® g~ " and

Specific surface Average pore

Total pore volume

Mesoporous volume Microporous volume

Sample ID area (m* g~ ") diameter (nm) (em® g™ (em® g™ (em® g™
W1000-Ar-B 450.94 1.9241 0.24 0.2 0.04
W1000-Ar 488.21 2.0542 0.28 0.22 0.06
W1000-B 1580.1 5.4821 2.33 0.56 1.77
W1000 2042.4 4.6401 2.68 0.83 1.85

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Fourier transform infrared spectroscopy results of W1000 (a), XPS survey spectrum of W1000 showing the presence of C, N and O

elements in the structure (b), C 1s (c) and O 1s (d), peak deconvolution.

1.85 cm® g~ ' mesopores and micropores volume which is much
larger than the sample synthesized under argon atmosphere. It
shows that more elevated temperatures are favorable for
micropore formation. The concurrent rise in micropore and
mesopore volume indicates that new pore formation and pore
widening occurred at the same time, and the production of
micropores did not compromise the W1000 mesopore struc-
ture. The PSD presents the hierarchical porous structure of the
self-activated instances, composed of micropores (0.5-2 nm),
small mesopores (2-10 nm), and large mesopores/macropores
(10-60 nm) with large size mesopores and abundant micro-
pores.**>* As summarized in Table 1, the acid-pickled samples
provide a larger specific surface area (488.21-2042.4 m* g )
and a pore volume (0.28-2.68 cm® g~') than the others, due to
removing impurities during pickling. Pickling of porous carbon
with acidic solutions (HCI) resulted in the removal of the inor-
ganic compounds that mainly generate mesopore structures. By
disappearing these compounds from the surface, voids appear,
which firstly increase the volume of porosity and secondly
increase the specific surface area.>®*”

According to the results of the textural properties and DTA/
TG, the general mechanism of self-activation can be achieved,
which is expressed in the following reactions:

36130 | RSC Adv, 2021, 11, 36125-36142

H;0q) = HxO (1)

Co + HaOg) = COg) + Hag (2)
2C(s) + Oy = 2CO, (3)
COg) + HxOg) = COsg) + Hay (4)
Ceo) + COxg) = 2COy, (5)

At low temperatures, the moisture is gradually removed and
converted to vapor. Activation begins slowly at temperatures
above 700 °C, and the evolved H,, H,0, CO, and CO, gases
during the pyrolysis process with continuous rotation in the
circulatory system, carry out a key role in the self-activation
process.”®*® When the activation temperature increases (=700
°C) the standard Gibbs free energy change of the Boudouard
reaction (5) becomes negative. As a result, CO, and steam (H,0),
which are produced by the decomposition gases of cellulose,
may react with carbon atoms and can penetrate into the interior
of the carbon material to increase the porosity. Both the reac-
tions of carbon with CO, and H,O are endothermic which are
consistent with the DTA results. Pyrolyzation at =850 °C is high
enough to effectively initiate the reaction (4). As the activation
temperature rises, the equilibrium constant decreases. This

© 2021 The Author(s). Published by the Royal Society of Chemistry
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indicates the Boudouard reaction is faster in favor of CO
production and solid carbon consumption, as seen by the TG's
weight loss. Through the Boudouard reaction, carbon atoms
were separately stripped from their surfaces to create carbon
monoxide and hydrogen in the gas phase. As well, as demon-
strated in reaction (4), the exothermic water-gas shift reaction
between steam and carbon monoxide may occur, resulting in
CO, and H, as catalyzed by the carbon surface.****> The pore-
forming process in this system has two parts, with tempera-
tures ranging from 200 to 600 °C and 650 to 1000 °C, respec-
tively. Initially, the channel is created by a huge amount of
pyrolysis gases escaping from biomass. Secondly, the pyrolysis
gases were forced into the channel of char, causing the collapse
of adjacent pores. It led to creating micro-meso pores by gasi-
fication reactions with carbon.®**

In addition to carbon atoms, self-incorporated heteroatoms
such as N- and/or O- dopants, which are typically components of
the precursors' original structure, can improve the inherent char-
acteristics of the porous carbon, resulting in enriched surface-
active sites.®®” Furthermore, functional groups comprising the
aforementioned heteroatoms can have a significant impact on the
final product's behavior in a variety of applications, including gas
adsorption. Acidity, electronegativity, and oxyfunctionalized
molecules determine the surface chemistry of porous carbons.®*”
Fig. 5 depicts the surface chemical properties of the W1000. As can
be seen, the FTIR spectra of chemical bond vibration and specific
functional groups have been shown in Fig. 5(a). The mentioned
figure demonstrates a peak at approximately 3500 (cm ™), which is
typically assigned to O-H stretching vibration of hydroxyl bands.
At lower wavenumbers, the location and asymmetry of this band
suggest the presence of strong hydrogen bonding. The peak in the
2350 (cm ') range is related to R-C=C-H bonds and assigns the
presence of C=C (alkynes) stretching vibration. Moreover, the
band at 1732 (cm ') indicates the presence of the C=0 vibration
of the carbonyl group in acidic oxygen surface groups; the bands at
1500-1700 (cm™ ") display the C=C vibrations (alkenes) in the
aromatic group. The bands at 1460-1350 (cm™ ') depict the C-O
vibrations in the carboxylate group. Eventually, a weak bond at
around 700 (cm ') is associated with the structure of aromatic
C-H out-of-plane bending vibration (benzene ring).**”** Carboxyl
functional bands show the weak intensity of peaks due to the high
temperature of porous carbon synthesis. After activation at high
temperature, the intensity of C=0 was apparently decreased,
implying that the carboxylic groups were converted to -OH groups.
This confirms the role of steam in the self-activating system.”>”®

The surface elemental composition and chemical bond
configuration of W1000 were characterized by XPS measurement.
In the survey spectrum carbon, oxygen and nitrogen can be
identified by photoelectrons of their 1s orbitals. As shown in
Fig. 5(b)-(d) as expected, the surface composition of the sample is
composed of carbon species (68%) and a rich distribution of
oxygen (31.4%) on the surface. Furthermore, N 1s (0.6%) peak
can also be observed at around 401.5 eV on the surface. The C 1s
(sp®-boned) spectrum was deconvoluted into three peaks repre-
senting sp> hybridized graphitic-C (284 eV), phenolic C-O (285.9
eV), and O-C=0 (288.1 eV) groups. O 1s spectrum was fitted by
two peaks, located at 532 and 534 eV, which could be belonged to

© 2021 The Author(s). Published by the Royal Society of Chemistry
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C-O and O=C-O groups.****”” The high temperature of the
synthesis leads to an increase in the amount of oxygen and
nitrogen increasingly disappear, which is consistent with the
results of FTIR. These abundant oxygen functional groups on the
surface of porous carbon couple with the high specific surface
area offer a strong tendency to gas adsorption.”®”®

The morphology and crystallinity of the W1000 have been
demonstrated in Fig. 6. The development of porosity and
changes in the surface morphology was shown by using
a FESEM. As shown in Fig. 6(a)-(c), the sample revealed
a cauliflower-like structure and a highly irregular porous. It can
be seen rougher textures with heterogeneous surfaces and
porous with many cavities. Furthermore, it can be seen that the
size distribution of the pores, as critical factors determining its
applicability, occurred randomly at the sample surface. When
synthesis occurs with a gradual increase in temperature, cellu-
lose is changed to porous solid carbon. These changes led to the
opening of pores and the spaces between the crystallites. Owing
to the thermal degradation of porous carbon occurring at high
temperatures, the part of the micropores structure collapses
and became mesoporous, confirming the results of BJH. Ulti-
mately, the increase of the pore development in the ACs has
a key role due to these pores acting as the active sites for gas
adsorption, during the pyrolysis.>*>"-#3

The fabrication of the W1000 can be verified by the HRTEM
images, showing the development of crystallinity and graphite
plates of the porous structure. Fig. 6(d)-(f) illustrates the
disordered carbon graphite layers with an approximate short-
range lattice spacing (0.07 nm). As it can be seen, the sample
consists of disordered mesostructured typical of amorphous
carbon with some defects alongside low crystallization.
Furthermore, Fig. 6(d) shows an interconnected hierarchical
porous structure, including porosity with different dimensions
of wormhole-like pores (meso-micro) which comprise large
amounts of mesoporous.’*#*%¢

Raman spectroscopy analyses (Fig. 6(g)) were used to eval-
uate the degree of structural graphitization of the W1000.
Raman spectra display two peaks at 1340 cm ™' (D band) and
1593 cm™ ' (G band). D band is attributed to the double-
resonance effect of disordered and defects in biomass-based
porous carbon (sp®*-bond) and G band is ascribed to the in-
plane stretching of sp®>-bond and graphite in-plane vibrations
with E,, symmetry. Moreover, the appearance of a 2D-band
about 2700 cm™ ' indicates a higher degree of graphitization
and is linked to the association between graphite plates, which
is the cause of graphite formation in the carbon structure.®”-*°
The integral intensity ratio of D to G bands (Iy/I; = 1.36) is
higher than 1.00. This point indicated that a number of defects
present on the carbon surface, poor graphitization, and the
tendency of the structure to be amorphous as to be seen in
HRTEM Fig. 6(e) and (f). Although higher temperatures usually
cause graphite to increase, sometimes destroys the graphite
structure, which can be a reason for the irregularity of the
synthesized sample at 1000 °C.5"

As can be observed in Fig. 6(h), X-ray diffraction patterns
clearly show the development of turbostratic carbon with
structural ordering intermediate between amorphous carbon

RSC Adv, 2021, 11, 36125-36142 | 36131
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Fig. 6 FESEM micrographs showing cauliflower structure at 1000 °C (a)—(c), HRTEM micrographs showing the turbostratic carbon matrix with
clear graphite crystallites (d)-(f), Raman (g) and XRD (h) of W1000.

and crystalline graphite. As shown a broad and weak diffraction lower ordering. Besides, the increase in pores at high temper-
peak was observed at about 43;100) (turbostratic structure) atures due to the higher orientation freedom of the graphite
indicating the presence of amorphous graphitic carbon and crystallites has led to a decrease in the severity of reflection and
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Table 2 Calculated parameters of O,/N, adsorption kinetic models at 6 bar for the W1000
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298 °K 308 °K 318 °K
Kinetic models Parameters 0, N, 0, N, 0, N,
Pseudo-first-order g (mmol g ") 2.334 1.835 1.285 1.08 0.961 0.676
ke (min ™) 0.035 0.029 0.016 0.023 0.029 0.017
R* (%) 0.9849 0.9598 0.9859 0.9668 0.9105 0.8766
Pseudo-second-order g (mmol g™ ") 2.384 1.896 1.340 1.118 0.965 0.721
ks (minfl) 0.0339 0.0274 0.0228 0.0398 0.1544 0.0314
R? (%) 0.9961 0.9848 0.9977 0.9879 0.8865 0.9356
Elovich (mmol g min™") & 2.3 x 10° 1.1 x 10* 5.5 x 10" 6.4 x 10" 9.1 x 10° 30.37
8 (g mmol %) 0.099 0.132 0.084 0.071 0.041 0.088
R* (%) 0.9565 0.9858 0.8898 0.9191 0.8942 0.9126
Fractional-order g (mmol g ") 2.662 1.376 1.306 1.376 1.637 0.711
ky (minfl) 0.0685 0.055 0.0651 0.055 0.0036 0.0103
n 3.0041 6.5344 0.949 6.5344 19.035 0.4638
m 0.5458 1.2209 0.5273 1.2209 0.0001 0.1353
R* (%) 0.9987 0.9933 0.9982 0.9933 0.8977 0.9782
expansion at peaks. The absence of a peak at 222002) (oriented ¢ = qo(1 — e ") pseudo-first-order (6)
aromatic carbon) is a sign of the structure's strong tendency to
. . . . 2
formation of highly disordered and randomly oriented qr = (g ks)/[1 + gekyt] pseudo-second-order (7)
graphitic carbon layers that generate higher specific surface )
areas, consistent with the observation of Raman and BJH's q: = (1/8 In(aB)) + (1/68 x In 7) Elovich (8)

results. Raman results likewise revealed a more disordered
structure, while XRD correlated to lower graphitization
degrees‘51,80,91793

4.2 Adsorption kinetic and equilibrium isotherms

The gas adsorption processes by porous material is depending
on micropores, mesoporous, surface area of adsorbent, and
type of different kinetics. Review and analysis of the uptake
kinetics reveal that the adsorbents’ physical and chemical
nature also affects the mechanism. We applied several theo-
retical kinetic models such as the pseudo-first-order, pseudo-
second order, Elovich, and fractional-order kinetic models
(eqn (6)—(9)) for kinetic models study.>*

T PR

q_ (mmol/g)

e

O Exp.
— = = - First Order
Second Order B
— — —-Elovich
Fractional Order

p. L L L L L L L )
0 200 400 600 800 1000 1200 1400 1600
Time ( sec)

1800

g = go — (g1 =™+ ((n = DIm)k, ™M@ = ™) fractional-order
kinetic model 9)

The pseudo-first-order model shows the reversible adsorp-
tion with the equilibrium between the adsorbent surface and
the pseudo-second-order kinetic model based on the chemi-
sorption process as the adsorption controlling factor. The
fractional-order kinetic model shows simultaneous physical
and chemical adsorption. Due to the complexity of predicting
kinetic parameters, a common approach involves adapting
experimental data to a set of mentioned models and selecting
one of the best options. The kinetic parameters are presented in
Table 2 and the best model is based on correlation coefficient
values (R®) in the range of 0.8766 to 0.9987 at 298 °K, 308 °K, 318

q_(mmol/g)

e

0.6 o

Exp.

— — = -First Order
**Second Order 4

— — = -Elovich

Fractional Order

Py L 1

0 200 400

L L L L L
800 1000 1200 1400 1600
Time ( sec)

L
600 1800

Fig. 7 O/N, adsorption capacities of the W1000 and corresponding fit desirable kinetic models at 298 °K and 6 bar.
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Fig. 8 Comparison of isotherms and O,/N, experimental on the W1000 at 298 °K.

°K, and 6 bar were fitted. The results of the models were also
plotted to the experiment data to describe the best kinetic
model for O,/N, adsorption, and the kinetic curves of the
sorbent are shown in Fig. 7. Fig. 7 shows that the experimental
data did not fit the first-order kinetic model, although
fractional-order and second-order models were more
proportionate.>®%>%¢

The kinetic parameters derived from Table 2 revealed that
the fractional-order kinetic model was better appropriate for
explaining adsorption kinetics. Furthermore, R> coefficient
values for the fractional model ranged from 0.8977 to 0.9987,
indicating that the fractional model was well fitted at 298 °K and
6 bar for O,/N,.

Adsorption isotherms by the following Freundlich, Dubinin-
Radushkevich (D-R), Temkin, and sips models were plotted at

experimental data and related correlation coefficient of R* for
all coefficients of isotherm parameters models were obtained in
Table 3. The decrease in K; value revealed the physical adsorp-
tion behavior, while the increase in g, value revealed the
pressure and temperature-dependent O,/N, adsorption
behavior.”*

The g. values decreased as the temperature was increased,
indicating an exothermic O,/N, adsorption behavior. All of the
isotherm models good agreed with the experimental data but
the Sips isotherm model has gained the highest correlation
coefficient (R*) values fitted with experimental data. The Sips
model proposed a similar equation to the Freundlich model for
distinguishing the problem of the ongoing increase in the value
adsorbed at increasing in limited pressure for the Freundlich
model.”” Furthermore, the beneficial data assigned to the

298 °K in the range of pressures 2 to 9 bar in Fig. 8. The energy parameters is provided by two isotherm models
Table 3 Isotherm models of O,/N, adsorption for the sorbent at 6 bar®
298 °K 308 °K 318 °K
Models Parameters 0, N, 0, N, 0, N,
Freundlich g, = kpP.'" ke 13.547 7.145 7.764 6.322 6.112 2.808
n 1.106 0.946 0.983 1.007 0.951 0.860
) R* 0.9633 0.9968 0.9898 0.9929 0.9955 0.9998
Dubinin-Radushkevich g, = gme ™" qm 108.607 86.996 85.399 68.661 73.536 46.474
A 2.409 3.398 3.253 3.420 3.304 4.337
w 0.456 0.384 0.392 0.382 0.389 0.340
R* 0.9997 0.9867 0.9910 0.9910 0.9851 0.9835
Temkin g. = B x log(4) + B x log(c) A 0.630 0.624 0.599 0.628 0.597 0.604
B 55.402 39.913 41.138 31.265 35.101 19.837
R* 0.9967 0.9870 0.9953 0.9923 0.9901 0.9694
) qm(bP)l/" Gm 1.966 4.345 2.928 2.845 3.481 2.543
SIps ¢e = 1+ P bP 2.858 1.601 1.985 1.820 1.651 1.272
n 0.0193 0.0307 0.0285 0.0328 0.0302 0.0094
R* 0.9995 0.9999 1.0000 1.0000 0.9995 1.0000

“ Where g, is the value of O,/N, adsorption capacity (mmol g™ '), gy, is the max adsorption value of O,/N, (mmol g™ '), P is the equilibrium pressure
(bar), Ky is the Freundlich model constants [(mmol g~ *). (bar )" and 7 is Freundlich isotherm constant. 2 is (D-R) model constant (mol® ] 2), w is
Polanyi potential (] mol™"), 4 is the Temkin model constant (L mol "), and B is the first virial coefficient (B = RT x by ");by " (J mol ™).
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Fig. 9 Temperature effect on the O,/N, adsorption capacity of the W1000 at 6 bar for 60 min.

developed by D-R and Temkin, where  is the mean adsorption
free energy and by is the heat of adsorption. The normal phys-
isorption of O,/N, adsorption is shown by average A values in
the 3-4 (k] mol™ ') range. The Freundlich constant, n, in the
range of 1 to 2, illustrates the desirability of physisorption based
on the findings of Table 3. The adsorption process is multi-
layer, according to the findings, with O,/N, adsorbed and
penetrated in the surface and inner layers of the sorbent.
According to the Sips model, more efficient contact sites are
prioritized, meaning that the sorbent surface is heterogeneous
and multilayer O,/N, adsorption is induced by a nonhomoge-
neous distribution of energy inactive sites.”***° This point in
the Sips model represents the physical adsorption process.
Furthermore, the isotherm parameters derived from Table 3
revealed that the Sips isotherm model was better appropriate
for explaining adsorption isotherm. The coefficient values of the
Sips model ranged from 0.9995 to 1, indicating that the Sips
model was well fitted from range 298 °K to 308 °K and 6 bar for
0,/N, adsorption. According to the correlation coefficient (R?)
values derived in Table 3, the strength of the indicated
isotherms models in the description and prediction of adsorp-
tion behavior was Sips > Freundlich > D-R > Temkin.**

4.0

2 W1000 —0— 298K 308K—0— 318K & 328K
W1000-Ar-B - 4 - 298 K- # - 308 K- - 318 K- - 328K
354 Oy WI000-B —4—208 K—*— 308 K—*— 318K + 328K
WI1000-Ar- - 208 K- 5~ 308 K- - 318K~ > - 328K
3.0
~25
&
g 20
)
154 T g
1.0 1
0.5
0.0 -

Pressure (bar)

4.3 The effect of temperature and pressure on O,/N,
adsorption

The effect of different temperatures at 6 bar for 60 min on the
W1000 for review of O,/N, adsorption capacity by adsorption
setup is shown in Fig. 9. As can be seen, the increase of
temperature from 298 °K to 398 °K, reduced the O,/N, adsorp-
tion capacity for the W1000, and the maximum adsorption
capacity of both gases was observed at 298 °K. The first thing to
cite about the results in Fig. 9 is that denotes the relatively low
quantity of N, adsorbed, resulting in the very interesting
selectivity values recorded for W1000. The second thing to cite
these results is that the O, is more quickly than N, adsorbed at
the same time, resulting again in selectivity values recorded for
W1000.*° Furthermore, the results show that the O,/N,
adsorption process is exothermic, and O,/N, adsorption
capacity decreases by increasing the temperature. The effect of
equilibrium pressure in the range of 298 °K to 398 °K on the
W1000, W1000-B, W1000-Ar, and W1000-Ar-B sample sorbents
for adsorption capacities of O,/N, is plotted in Fig. 10. The
results show that the W1000 sample is higher efficiency in the
adsorption capacity of O, and N,. Increased pressure has

40 b W1000 —@— 298 K—@— 308 K—@— 318 K@ 328 K
W1000-Ar-B - 4 - 298 K- 4 - 308 K- 4 - 318 K- 9 - 328K
354 Ny WI000-B —4—298 K—*—308K—*—318K 328K
WI000-Ar- - 208 K- - 308 K-~ 318K~ » - 328K
3.0 1
~25
=
2204
&
S 154
1.0 -
0.5
0.0

Pressure (bar)

Fig. 10 The O,/N, adsorption equilibrium isotherms (a) O,, (b) N, of the W1000, W1000-B, W1000-Ar-B, and W1000-Ar.
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Fig. 11 O,/N, adsorption selectivity on W1000 at 298 K and different
pressures.

a significant impact on O,/N, adsorption capability, according
to the findings. At 9.2 bar and 298 °K, the maximum adsorption
capacities of 0,/N, on the sorbent are 2.94 (mmol g~ ') and 2.67
(mmol g™ 1), respectively.

The single-component isotherm is a technique for deter-
mining the selectivity of adsorbent for O, over N,. The equation
was used to calculate the adsorption selectivity of O, over N,."**

a=Vo/VN) (10)
Vo, and Vy, are the volumes of O, and N, gas adsorbed at a given
pressure P and temperature T, respectively. The W1000 sepa-
ration performance was evaluated using the reported equation.
At various pressures, the selectivity of O, over N, was deter-
mined, and the results are presented in Fig. 11. As can be

R?=0.9985
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observed from the results, the W1000 performed better in O,
adsorption than N,, implying that it has more potential for
selective adsorption.

4.4 Comparison of O,/N, uptake

The high adsorption values of these two gases indicate the
principal role of mesopores and oxyfunctionalized groups in the
sorption and compensation of nitrogen deficiency in the
structure. In a selective adsorption application, the pore size
and shape are the most significant characteristics. The void
areas between highly irregular graphitic plates provide porous
carbons pore structure. Moreover, the electrical characteristics
of the adsorbate, such as the dipole/quadrupole moment and/or
polarizability, influence the rate of sorption. Otherwise, the
kinetic diameter, molecular size, and the structure of N,/O,,
affect the rate of adsorption. As shown in Fig. 10, at a specified
temperature and pressure, porous carbon tends to adsorb more
oxygen than nitrogen. Charge transfer from micro graphite to
adsorbed oxygen occurs as adsorbed oxygen molecules pene-
trate smaller pores (microporosities). Owing to the abundance
of micropores, this indicates a greater tendency of these pores
to adsorb more oxygen. The kinetic diameter of a molecule in
a gas is proportional to its mean free path, which indicates the
size of the molecule as a target. As a result, the kinetic diameter
differs from the atomic diameter, measured in terms of the
atom's electron shell size, which is generally significantly
smaller. The kinetic diameters of O, and N, are 3.46 and 3.64 1&,
respectively. These values are so near that separating them
using a size exclusion or molecular sieve technique is diffi-
cult.?*121% O, has a somewhat lower effective kinetic diameter
within porous materials than N, from a kinetic viewpoint. As
a result, O, diffusion via sorbent meso-micro pores can be

2.5

R?=0.9171

(b)

Ln (kd)

0.0032 0.0033

UT (k1)

0.0034

(@)

% O, Adsorption
S = N WA B

T T

302 309
T(K)

295 316 323 330

Fig. 12 O,/N, experimental Van't Hoff plot (a and b) and adsorption variations percentage vs. temperature (c and d).
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Table 4 Thermodynamic parameters of the W1000 in O,/N;
adsorption at 6 bar

AS AG (k] mol ™)

(kJ mol
Gas AH (kf mol™") K) 298°K  308°K 318°K 328 °K
0, —26.449 —0.071 —5.428 —4.723 —4.018 —3.312
N,  —39.079 —0.113  —5.310 —4.178 —3.045 —1.912

quicker than N, diffusion, particularly when the adsorbent
contains reasonably uniform pores with diameters near the
kinetic diameter of N,.'* Furthermore, nitrogen and oxygen
have a shape factor that is likely to affect (adverse) adsorption
kinetics since these molecules must pass through the selective
porosity longitudinally, resulting in a loss of rotational flexi-
bility.’® Because activation of porous carbon and high
temperatures enlarge pore diameters, it is predicted that N,
contact with pore walls will be reduced more than O, interac-
tion.’ The quadrupole moment of N, (—4.9 x 107>¢ cm?) is
approximately four times that of O,, resulting in increased N,
adsorption, as is well known. Thus, N, can have a stronger
interaction with the sorbent's electrical field gradients than O,.
However, by observing the obtained results, it can be under-
stood that this factor does not play a role in the adsorption rate

View Article Online

RSC Advances

of gases on porous carbon.'® Because of the diamagnetic nature
of nitrogen molecules, the dipolar field of paramagnetic oxygen
molecules shows better adsorption at very high pressures. The
reason for this is that the electron spin resonance does not
change for nitrogen molecules at very high pressures.'””

4.5 Adsorption thermodynamic analysis

The standard free energy (AG®), enthalpy (AH®), and entropy
(AS°) are thermodynamic parameters and calculated using the
following equations:

AG® = AH® — TAS® (11)

AG’ = —RTIn K4 (12)
AS"  AH°

Kq = (P = Po) x (VIW) (14)

The values of (AH’) and (AS®) were calculated from the slope
and cut off the plot of Ln K4 versus 1 x T~ '. The standard Gibbs
free energy change of sorption (AG°) was calculated using
equations eqn (11) and (12). The Van't Hoff equation was used
through equations eqn (11) and (14). In the mentioned equa-
tions, R is gas constant (8.314 (J mol " K™ *))."* As can be seen in

Table 5 Experimental parameter ranges of various biomass vs. the present study.**°

Pyrolysis temperature

Specific surface Porosity volume

Precursors (—) (°C) area (m* g ") (em*g™)
Lignin waste 600-700 1820-2038 0.91-1
Crab shell 500-650 192-1387 0.09-0.5
Peanut shell 680-780 1713-1871 0.73-0.8
Empty fruit bunch 600-800 1080-1120 0.17-0.43
Olive stone 800 1063 0.49
Bambo 873-973 1840-1990 0.7-0.8
Pollen 800 937 0.4
Popcorn 800 867-1489 0.40-0.70
Lotus leaf 450-500 792-1924 0.29-0.79
Vine shoots 700-800 538-1439 0.23-0.67
Chitosan 800-1000 1389-2025 0.68-1.15
Poplar wood 600 511 0.22
Waste wool 600 1010-1420 0.57-0.86
Chrysanthemum tea 1000 1840 1.16
Cork 700 2010 0.82
Coffee ground 700-800 1476-1692 0.61-0.71
Garlic peel 600-800 967-1262 0.51-0.7
Wheat 700 1438 0.65
Pineapple 700 1076 0.08
Coconut shell 600 1172 0.43
Paulownia sawdust 600-900 782 0.41-1.181
Walnut-shell 500 811 0.34
Peanut shell-C 973 956 0.43
Sunflower seed shell 973 1790 0.77
Catkin 700-900 1005-1455 0.4-0.78
Tar 800 1829 1.2
Sugarcane bagasse 750 622 0.38

Tea seed shell 700 1064 0.47
This work (walnut-shell) 1000 2042.4 2.68
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Fig. 13 Recycling performance of the W1000 for O,/N, adsorption.

Fig. 12(a) and (b) the values (AH°) and (AS°) were calculated
from the slope and traverse of the plot of Ln Kq unto 1 x T .
The results of calculated thermodynamic parameters of O,/N,
were tabulated in Table 4. The value of AH® < 20 (k] mol %)
represented the physisorption process and if the value of AH° >
40 (k] mol ™), represents the chemisorption. The AS° is repre-
sented the randomized and organized interfaces of gas and
solid, which in the case of AS® > 0, it was more random, and in
the case of AS° < 0 it was less random.*®'* The Van't Hoff plot
of the equilibrium constant of the sorbent which was used for
the estimate of AS® and AH° in the range of temperature from
298 °K to 328 °K was plotted in Fig. 12(a and b). The negative
values of Gibbs free energy change (AG°) and (AS°), indicating
that the adsorption process is exothermic and spontaneous.
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The percentage variations of O,/N, adsorption into temper-
ature were shown in Fig. 12(c and d). The percentage of
adsorption capacity for both gases increases with decreasing
temperature, which confirms this physisorption process.

4.6 Comparison of various porous carbon

The recent experimental data on biomass-derived precursors for
porous carbon adsorbents are summarized in Table 5. The
current derived porous carbon fine sample has a considerably
greater porosity volume capacity than previous experimental
studies due to its high surface area and hierarchical porosity.
The high surface area (2042.4 m” g™ '), accessible micro-meso
pores, and a reasonable percentage of micropores in W1000
contribute to its excellent capacitance, as seen in Table 1.
Table 6 compares the adsorption capacities of the porous
carbon used in this study to a variety of other adsorbents
previously used for O,/N, adsorption. As shown, the W1000 has
much higher adsorption capacities than many other previously
reported adsorbents. The findings of this research can be used
to develop a new porous carbon green synthesis adsorbent that
is both effective and high performance for O,/N, adsorption.

4.7 Regeneration performance of W1000 studies

The reuse of sorbent for economic reasons is one of the most
significant considerations. For 1 g sorbent, the regeneration

Table 6 Comparison of the O,/N, adsorption capacities of the porous carbon derived from walnut-shell with other works

Surface area

Material (manufacture) Test method (m?g™") 0,/N, adsorption (mmol g~') Pressure (bar) Temperature (K) Ref.
5A/3A MSC (Takeda) VSM — 0-1.76/0-1.75 0-8 273-323 111
ACF (Kurare) ESR 2000 0.181/0.064 0-0.02 298 107
CMS 3A (Takeda) Volumetric — — 0.63/0.62 0-2.2 293 112
0.35/0.36 323
0.21/0.23 353
CMS-T3A (Takeda) Volumetric ~ 522.59 2.2/1.2 0-5 293 113
1.8/0.85 303
1.7/0.75 313
AC (AX-21); (coconut shells based using Volumetric 3000 9/— 2.5 118 98
KOH impregnated) 2.5/— 10 298
2.1/— 10 313
CMS 3A (Takeda) Gravimetric 523 0.07/0.22 0.69/0.68 293 97
0.07/0.16 0.69/0.64 303
0.06/0.13 0.72/0.65 313
CMB (palm shell based using PEI Micrometrics 1052 0.4/0.29 0-1 298 35
impregnated)
AC (SorboNorit B3) Volumetric 1012 1.75/— 9.96 303 114
2.63/— 19.02
3.39/— 31.5
AC Volumetric  1306.4 1.519/— 10.1 323 94
CMS 436.8 1.18/1.06 9.56 323
AC 1.86/1.24 10.26 308
CMS 1.39/— 9.78 308
AC 2.23/— 10.17 293
CMS (Kuraray) 1.66/1.45 10.1 293
CMS GC-AP (air products and chemicals) Volumetric = — 0.88/0.78 7 298 99
Porous carbon (walnut-shell based using Volumetric  2042.4 2.4/1.7 6 298 This work
self-activation method) Volumetric  2042.4 2.94/2.67 9.2 298 This work
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Fig. 14 Schematic representation of the porous carbon synthesis for O,/N, adsorption.

process was measured at a pressure of less than 2 bar. For the
0,/N, adsorption operation, 10 adsorption/desorption cycles
were reported at 298 °K at 6 bar and regenerated at 450 °K in
a vacuum oven for 6 hours. As seen in Fig. 13, there is no
significant change in adsorbent potential after each loop. After
10 cycles, the adsorption performance of the sorbent was
reduced from 100% to 96%. According to the effects of the
regeneration process, the sorbent can be used in industrial
applications as a low-cost and cost-effective adsorbent. The
steps involved in the processing and synthesizing the sorbent
are depicted in Fig. 14.

5 Conclusions

In this research, a high-performance adsorbent for O,/N,
adsorption is developed using a new green synthesis of porous
carbon adsorbent based on the green self-activation process. In
summary, a mesopore-dominant porous carbon was synthe-
sized with a high surface area via direct carbonization of walnut-
shell. The optimal porous carbon possesses the specific surface
area and the pore volume up to 2042 (m* g~ ") and 2.68 (cm® g™ ")
at 1000 °C, respectively. During the characterization of the
optimal sample, the open porosity with the formation of hier-
archically interconnected porous, and turbostratic structures
was identified. The mechanism of the self-activating system
confirms the effective role of gases emitted from the carbon
precursor (such as CO and CO,) in the activation of porous
carbon. The green porous carbon preparation confirms an
important perspective on the separation efficiency of O, and N,
gases. Adsorption experiments in the temperature range of 298
°K to 328 °K under pressures up to 9.5 bar were conducted. The
kinetics of O,/N, adsorption on the sorbent has followed the
fractional-order kinetic model well and thermodynamic anal-
ysis indicated that physisorption process is govern. The sips,
fractional-order, and pseudo-second-order isotherm models

© 2021 The Author(s). Published by the Royal Society of Chemistry

were well equipped with adsorption isotherm and kinetic
adsorption models, respectively, after comparing experimental
adsorption effects by models. It was found that the factors such
as the kinetic diameter of gases, the dipole/quadrupole
moment, polarizability, and the abundance of micropores
play a crucial role in better oxygen uptake than nitrogen. The
maximal adsorption potential for O,/N, was found to be 2.94
(mmol g ') and 2.67 (mmol g~ ') at 298 °K under 9.5 bar pres-
sure, respectively. After ten cycles, the adsorption efficiency of
the sorbent was reduced from 100% to 96%. Compared to the
other carbon-based adsorbents studied, due to the high-
performance efficiency and high-efficiency regeneration, the
prepared sorbent can be promising for industrial air separation
technologies based on the advanced adsorbents. In semi-scale
and industrial processes, the new approach reflects a prom-
ising technique for preparing the green porous carbon from
biomass wastes.

Nomenclature

Temkin model constant (L mol ")

First virial coefficient

Second virial coefficient

Subscripts refer to final condition

Subscripts refer to initial condition

Langmuir model constant (bar™")

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

kp Freundlich model constants [(mmol g~*) (bar™*)*")]

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

k, Rate constant of adsorption for the fractional-order model
(min~")

K4 Distribution coefficient

m  Mass of gas adsorbed (mg)

o m e

&
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Molecular weight of gas (g mol ")

Pressure (bar)

Saturated vapor pressure (bar)

Equilibrium pressure (bar)

Adsorption capacity (mmol g~ '), (mg g™ )

g Equilibrium adsorption capacity (mmol g~ ")
¢m Maximum adsorption (mmol g )

g Adsorption capacity at specified time ¢ (mmol g™ ")
R Universal gas constant (8.314 J mol " K )
R*> Correlation coefficient (%)

T Temperature (°K), (°C)

t Time (s)

w  Mass of adsorbent (g)

Z  Compressibility factor

Greek symbols

«  Parameter value of Elovich model (mmol g~ min)

$  Parameter value of Elovich model (g mmol ')

A Dubinin-Radushkevich (D-R) model constant (mol® J~?)
w  Polanyi potential (J mol ")

Acronyms

AC Activated carbon

ACF Activated carbon fiber

CMS Carbon molecular sieve

CMB Carbon molecular basket

DTA Differential thermal analysis

ESR Electron spin resonance

FESEM  Field emission scanning electron microscopy
FTIR Fourier transform infra-red

HRTEM High-resolution transmission electron microscopy
MSC Molecular sieve carbon

MOFs Metal-organic frameworks

PEI Poly ethylene imine

PSA Pressure swing adsorption

PSD Pore size distribution

TGA Thermo gravimetric analysis

VSM Vacancy solution model

XPS X-ray photoelectron spectroscopy

XRD X-ray diffraction
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