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ABSTRACT: Biowaste utilization as a carbon source and its M
transformation into porous carbons have been of great interest to
promote environmental remediation owing to biowaste’s cost-
effectiveness and useful physicochemical properties. In this work,
crude glycerol (CG) residue from waste cooking oil transesterification —»@
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was employed to fabricate mesoporous crude glycerol-based porous
carbons (mCGPCs) using mesoporous silica (KIT-6) as a template.
The obtained mCGPCs were characterized and compared to
commercial activated carbon (AC) and CMK-8, a carbon material
prepared using sucrose. The study aimed to evaluate the potential of
mCGPC as a CO, adsorbent and demonstrated its superior adsorption
capacity compared to AC and comparable to CMK-8. The X-ray o050 00 o0 o0 700 s 00
diffraction (XRD) and Raman results clearly depicted the structure of e

carbon nature with (002) and (100) planes and defect (D) and graphitic (G) bands, respectively. The specific surface area, pore
volume, and pore diameter values confirmed the mesoporosity of mCGPC materials. The transmission electron microscopy (TEM)
images also clearly revealed the porous nature with the ordered mesopore structure. The mCGPCs, CMK-8, and AC materials were
used as CO, adsorbents under optimized conditions. The mCGPC adsorption capacity (1.045 mmol/g) is superior to that of AC
(0.689 mmol/g) and still comparable to that of CMK-8 (1.8 mmol/g). The thermodynamic analyses of the adsorption phenomena

are also carried out. This work demonstrates the successful synthesis of a mesoporous carbon material using a biowaste (CG) and its
application as a CO, adsorbent.
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€O, adsorption capacity (mmolig)

1. INTRODUCTION

high exposed surface area that results in high adsorption

CO, emission from the combustion of fossil fuels is known to
contribute to global warming and climatic change.'™ In the
past two decades, near-real-time data indicate that global CO,
emissions have increased by 43.5 ppm (equivalent to a 12%
rise). Hence, significant research is focused on exploring
alternative energy sources such as solar, biomass, and other
renewable energies. One of the existing solutions to combating
rising CO, levels is capturing CO, from its sources or from
ambient air with modern adsorption technologies.” In this
context, numerous robust adsorbent materials such as zeolites,
activated carbons (ACs), metal—organic frameworks, and
porous polymers have been fabricated for their large-scale
applications for carbon capture and storage.”~” Along with the
existing carbon capture technologies, the enhancement of CO,
adsorption capacity has become a present-day research
interest. This is on the grounds of economic as well as
productivity improvements. Basic properties of adsorbent
materials include surface activation, high thermal stability,
high abrasion resistance, and average pore diameters with a

© 2023 The Authors. Published by
American Chemical Society

7 ACS Publications

capacity.”” Nonetheless, the fabrication of solid adsorbents
with high porosity, tuned functionality, surface structural
features, and stability is a challenge and much effort has been
devoted to exploring the effective adsorbents to improve CO,
capture through adsorption.'™"* In general, CO, possesses a
strong tetrapolar character and weak acidity, and the activated
carbons with basic compounds achieve good adsorption.
Several methods to fabricate porous carbon materials with
surface activation are considered vital to enhance the CO,
adsorption capacity.”>~"® Ordered spherical mesoporous
carbons with large pores and volumes were synthesized using
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cellular foam as a template and lignin as the carbon source.
They show high Brunauer—Emmett—Teller (BET) surface
areas and CO, adsorption capacity (2.95 mmol-CO,), which is
higher than that of other mesoporous carbons. These were
synthesized via a hard-templating method, and preparation
conditions played a role in achieving the desired properties.'®
Wang'” and colleagues have reported that peanut shells can be
used to produce low-cost porous carbon materials through
activation with either KOH or K,CO;. According to their
study, the K,COj-activated peanut shells in particular exhibited
excellent performance in both CO, adsorption and regener-
ation. Hack'® and his team have written a review that
summarizes the capacity of amine-functionalized materials to
adsorb CO,. The review discusses a range of porous solid
materials, including zeolites and metal—organic frameworks,
which have been reported to exhibit this capability.

In this regard, ordered mesoporous carbons (OMCs) have
attracted great interest in CO, adsorption.'””” OMCs possess
a wide range of ordered pore channels and are especially useful
for the separation of large molecules by providing extensively
fast mass transfer that is highly advantageous in heterogeneous
catalysis.”"*> The current two methods used for OMCs’
fabrication are the hard-templating strategy using organic
polymerization with the inverse replication of the template
[e.g, MCM-48, KIT-6, SBA-n (n = 1, 7, 15)] and the soft-
templating route via supramolecular self-assembly between
amphiphilic nonionic copolymers and phenolic resins. There
remains scope for making advancements in efficient surface
and textural properties.”””>' In this direction, several
mesoporous carbon materials with diverse structures and a
wide range of porosity and physicochemical properties have
been fabricated.””*” The structure and pore sizes of the
produced carbon material depend on the carbon precursors
used, the nature of the silica template, the reaction time,
temperature, and the carbonization process. The structure still
lacks uniformity due to mere structural collapse during
carbonization. Hence, it is challenging to produce mesoporous
carbons since the synthesis conditions, such as carbon-to-silica
ratio and the choice of carbon precursors, need to be varied
and optimized.”>** ™

Various carbon sources are of interest to synthesize OMCs,
and approaches from bio-based carbon compounds as
precursors are crucial for eco-friendly management. More
specifically, when refined and recycled bio-wastes, specifically
derived from food scraps, have the potential to be a sustainable
alternative. Considering disposal regulations and the use of
those food wastes as cheap starting materials, biorefineries have
been of significant interest in the current value-based
market.*>*” There is an annual availability of more than 15
million tons of waste cooking oil (WCO0).”**? Crude glycerol
(CG) is the main byproduct generated during biodiesel
production by transesterification of WCO, where 0.10 kg of
CG is generated per kg of biodiesel produced.” The
complications and high costs associated with biodiesel
production encourage the development and utilization of CG
produced as a byproduct. For instance, CG could be utilized as
a feed source for carbon materials.

Like pure glycerol, CG could be employed as a pore-forming
agent for mesoporous silica and as a carbon precursor for
OMCs.*"** The derived materials could possess micropores
and large mesopores due to some impurities present in CG,
such as soap and fatty acid methyl ester. Further, the size and
concentration of glycerol could affect the porosity and

morphology of the formed OMC possessing semigraphitic
pore walls. Moreover, the synthesis method and the nature of
CG could offer distinct mesoporous carbons with high surface
area and tailorable porosity. Such altered surface chemistry in
porous carbon species could be achieved by utilizing CG under
different experimental conditions. To date, the development of
biowaste carbon sources for porous carbon production is still
highly challenging because of several demanding criteria, such
asa regulated pore structure, activating the surface carbon, and
enhanced surface area, thereby affecting the adsorption
capacity of CO,.

Motivated by the increased attention to global CO, capture
and finding effective biowaste-processed porous carbon
adsorbents, the objectives of this work are to (i) use CG
from WCO as a carbon source to synthesize porous carbon
(CGPC) and compare it with conventional activated carbons
and prominent CMK-8 materials, and (ii) study the potential
application of CGPC as an adsorbent for CO,. A protocol for
designing porous carbons from impure biowaste precursors
with altered surface properties, high porosity, and thermal
stability is presented. The characterization of the textural
properties and surface chemistry of mCGPC materials is used
to explain the CO, adsorption performance, especially at low
CO, partial pressures.

2. EXPERIMENTAL SECTION

2.1. Materials and Chemicals. Pluronic P123 (M, =
5800), tetraethyl orthosilicate (TEOS), butanol (C,H,OH),
hydrochloric acid (HCI), sulfuric acid (H,SO,), hydrofluoric
acid (HF), and sucrose were received from Sigma Aldrich and
were used as received. The commercial NORIT activated
carbon (AC) was received from the Cabot Corporation, where
it was synthesized using a peat-based carbon source (activated
using steam) and contained particles of 2—4 mm diameter.
Crude glycerol was obtained from waste cooking (canola) oil
transesterified in our laboratory, and deionized water was used
during the synthesis.

2.2. Synthesis of Mesoporous Silica, KIT-6. KIT-6 was
synthesized using soft templating and hydrothermal proce-
dures previously described.””** Pluronic P123 (4 g) was
dissolved in 150 mL of distilled water, and 7.9 g of
concentrated HCI was added dropwise under constant stirring
at room temperature. The solution mixture was continuously
stirred for 3 h to complete the dissolution of the template.
After 3 h, 4 mL of butanol was added to the solution while
maintaining the same stirring condition for another 1 h.
Thereafter, 8.4 g of TEOS was added dropwise and
continuously stirred at 35 °C for 24 h. The vigorous stirring
is essential to obtain the high porosity of the mesoporous silica.
The white-colored solution was kept in a drying oven at 100
°C for 24 h. After cooling it to room temperature, the solution
was filtered and washed with distilled water and ethanol. Then,
the final product was dried in an oven at 100 °C for 12 h.
Later, the white precipitate powder was finely ground and kept
in a muffle furnace at 550 °C for a 6 h calcination process to
remove the template.

2.3. Synthesis of Mesoporous Carbon, CMK-8.
Mesoporous silica KIT-6 is required to prepare the
mesoporous carbon (silica as a template source) with the
ordered porous structure of CMK-8. Sucrose (0.75 g) was
dissolved in distilled water (S g) to form a clear solution
(sucrose was employed as a carbon precursor). Then, the
parent silica KIT-6 (0.5 g) was dispersed in the same solution.
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Figure 1. Schematic of the synthesis procedure of mesoporous silica and mCGPC.

Subsequently, 0.15 g of sulfuric acid was added dropwise to the
clear solution and mixed into a paste form and then kept in an
oven for a complete pore-filling process. The composite was
treated at 100 °C for 6 h and then at 160 °C for another 6 h. A
similar procedure was repeated with the same condition for the
perfect impregnation of the carbon precursor. A brownish-
colored solid material was produced. It was then crushed into a
fine powder and then subjected to a carbonization process at
900 °C with a heating ramp of 10 °C/min for 6 h under
nitrogen gas for complete carbonization of mesoporous carbon.
After this process, the black-colored powder was mixed with a
solution of 5% HF in water for 6 h stirring at room
temperature to remove the silica template. Then, the solution
mixture was washed with ethanol and dried at 100 °C for 12 h
to obtain CMK-8.

2.4. Production of Crude Glycerol (CG). Crude
bioglycerol was produced from waste canola oil. First, 20 g
of canola oil was weighed and transferred into a two-neck
round-bottom flask after being preheated at 240 °C for 2 h
(the oil was subjected to a high temperature for a sufficient
time to produce a waste cooking oil). To the preweighed oil,
50% of the methanol solution (12:1 methanol/oil molar ratio)
and KOH (1.0 wt %) were added and stirred for 10 min at
room temperature. The temperature was then raised to 50 + 5
°C and left in a reflux setup for 60 min. The product (mixture
of biodiesel and crude bioglycerol) was transferred into a
separating funnel and left to stand until two distinct bilayers
were observed. The bottom layer containing the crude
bioglycerol was collected and employed for further analysis
without any prior purification.

2.5. Synthesis of Crude Glycerol-Mesoporous Carbon
(MCGPCQ). KIT-6 is used as the silica template to prepare the
crude glycerol-based porous carbon (mCGPC). The meso-
porous silica KIT-6 (0.5 g) was mixed with S g of distilled
water in a Petri dish, and then, 0.5 mL of crude bioglycerol was
slowly added and mixed properly to form a paste.
Concentrated sulfuric acid (0.1S g) was added to the paste
and then mixed vigorously until the formation of a
homogeneous gel. The composite mixture was kept in the
oven at 100 °C for 6 h. Then, the temperature was increased,
and the mixture was kept at 160 °C for another 6 h. To obtain
the mCGPC-x materials (x = 0.5, 1.0, and 3.0 mL), a
comparable procedure was employed where varying amounts
of crude bioglycerol were impregnated into the silica pores.
The process of impregnating the carbon precursor and
subsequent carbonization, as well as the removal of silica, in
the second step, followed the same procedure outlined in
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Section 2.3. A higher amount of crude glycerol would lead to
pore blockage due to its high kinetic diameter; therefore, 3 mL
was optimum for mCGPC preparation. Figure 1 presents a
simplified diagram of the procedure to prepare mCGPC.

2.6. CO, Adsorption Experiments. The CO, adsorption
test of all of the adsorbents was conducted using a
Micromeritics 3Flex Analyzer in the static volumetric mode.
The CO, adsorption isotherms were collected at 25 and 45 °C
at pressures of up to 1 bar in the pressure steps of S0 mbar.
Similarly, N, adsorption isotherms were collected at 25 °C at
pressures of up to 1 bar in the pressure steps of 50 mbar. A
fresh sample of approximately 100 mg was used for each
adsorption run. Prior to the analysis, the adsorbents were
degassed at 200 °C with a ramp rate of 5 °C under a high
vacuum for 6 h to remove any trapped volatile matter carried
from their synthesis and water vapor adsorbed from ambient
air. The CO, and N, adsorption findings were evaluated using
the dry weight of each adsorbent. In addition, CO,/N,
selectivity was calculated at 1 bar, and the recyclability of
adsorbents was tested using pressure swing adsorption (PSA)
to check the reusability of the adsorbents and also determine
the isosteric heat of adsorption.

2.7. Characterization Techniques. The X-ray diffraction
(XRD) patterns in the 20 ranges of 10—60° of the materials
were recorded by a Bruker D2 Phaser. The scan range of 10—
60° was used with a step size of 0.03° and a scan speed of 10 s/
step.

Raman spectroscopy (WITec, Germany) was used to
conduct the structural analysis of the synthesized and
commercial carbons. The samples were placed on a glass
plate, and each spectrum was collected with a resolution of 2
cm ™! in the 1090—2000 cm ™' range. The excitation wavelength
was 532 nm with an energy setting of 1.2 mV, and the spectra
were collected using backscattering geometry with an
acquisition time of 50 s.

The surface morphology of samples was obtained by
scanning electron microscopy (SEM, Quanta 3D operated at
30 kV). Before the SEM analysis, the samples were coated with
a thin layer of gold.

The N, adsorption—desorption isotherms of the samples
were measured at —196 °C on a Micromeritics 3-flex
instrument. Samples were degassed for 10 h at 200 °C under
a vacuum before being measured. The Brunauer—Emmett—
Teller (BET) method was used to determine the specific
surface areas of the samples. The Barrett—]Joyner—Halenda
approach was used to obtain the pore-size distributions from
the adsorption branches of the isotherms. At a P/P; of 0.99,
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Figure 2. XRD patterns of mCGPC, CMK-8, and AC materials.

the total pore volume (V,) was calculated from the N,
adsorption branches.

A buoyancy experiment employing an Intelligent Gravi-
metric Analyzer (IGA), developed by Hiden, U.K., was used to
determine the skeletal density of the adsorbents. The skeletal
densities of CMK-8, AC, and mCGPC-3.0 were calculated by a
buoyancy experiment that used helium flow up to 6 bar in
stages of 1 bar as 1.254, 2.212, and 1.147 g/ cm?, respectively.

A high-resolution transmission electron microscope
(HRTEM, TITAN) operating at 120 kV was used to
characterize the nanostructures in the materials. The material
was first ultrasonically dispersed in ethanol, and then, this
suspension was dropped onto a porous carbon film-covered
copper grid for HRTEM imaging.

The surface chemistry and bonding interactions were
analyzed by an attenuated total reflective Fourier transform
infrared (ATR-FTIR) spectrometer, and the synthesized
materials were acquired using a Bruker Alpha-Platinum ATR
in the range of 500—4000 cm™" with a scan rate of 24 scans per
minute and a nominal resolution of 2 cm™".

The thermal stability of the synthesized carbons was studied
using a thermogravimetric analyzer (TGA Perkin Elmer STA
6000). The samples were heated in an air atmosphere from
room temperature to 900 °C for complete burnt-out at the
heating rate of 10 °C/min, and their mass loss profiles were
recorded. The flow rate of air was fixed at 20 mL/min
throughout the analysis.

3. RESULTS AND DISCUSSION

3.1. Adsorbent Characterization. 3.1.1. X-ray Diffrac-
tion (XRD) Patterns. The wide-angle XRD patterns of the
mCGPC, CMK-8, and AC samples are shown in Figure 2.

The primary peaks at 20 = 23 and 43° corresponded to the
(002) and (100) diffraction planes of the graphitic frameworks,
respectively, and no further peaks were seen.”> This result
demonstrates that, after the pyrolysis at 900 °C in a nitrogen
environment, all of the samples are entirely carbonized and the
broadness of the peaks indicates that these materials are
partially amorphous in nature. The (002) peak is assigned to

the interlayer diffraction resulting from the stacks of parallel
planes, and the intralayer (100) peak represents the clusters of
graphene sheets. In comparison, the activated carbon and
CMK-8 samples show a very broad peak indicating a high
degree of graphitization. The mCGPC-(0.5—1.0) peaks show a
higher graphitization degree than mCGPC-3.0, and it indicates
the influence of the amount of crude glycerol on the formation
of mesoporous carbon in a porous silica matrix. At low
concentrations, a majority of CG enters the silica pores to lead
to linked carbon structures in the pores; however, at high CG
loading (3.0 mL), some glycerol may carbonize on the surface
outside the silica pores to lead to its amorphous character (less
graphitic character). Due to this reason, the carbon formation
and the peaks are weaker than the other mCGPCs, which is
also evidenced by Raman analysis and SEM morphology
(shown later).

To study the variation in the structural properties of
carbonaceous samples with increasing glycerol content, three
parameters were derived using the XRD pattern: (a) polycyclic
aromatic hydrocarbon (PAH) interlayer spacing (dgy,) using
Bragg’s law, as shown by eq 1; (b) the nanocrystallite height
(L.) using the Scherrer formula (eq 2), which indicates the
thickness of the PAH stacks; and (c) the nanocrystallite length
(L,) using the Scherrer formula (eq 3), which indicates the
average length of PAHs.

dopy = #
2 sin Gy, (1)
_ 0.91
< By, cos Gy, 2)
_ 1.841
o Byg, cos Gy, (3)

In the above equations, 4 represents the wavelength (for Cu
Ka radiation, 4 = 1.54 A), 0y, is the Bragg angles, and By, is
the full width at half-maximum (FWHM) for the (002) peak.
To obtain Bragg’s angle and FWHM, Gaussian curves were
fitted through the (002) peak using Matlab software.

https://doi.org/10.1021/acsomega.3c01083
ACS Omega 2023, 8, 21664—-21676


https://pubs.acs.org/doi/10.1021/acsomega.3c01083?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01083?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01083?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01083?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c01083?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Table 1 provides the values of these structural parameters for
the carbonaceous samples. The interplanar distances in all of

Table 1. Structural Parameters of mCGPC, CMK-8, and AC
Samples Obtained from XRD Pattern Analysis

interplanar

distance (dy,) nanocrystallite nanocrystallite
sample name A height (L.) (&) length (L,) (A)
mCGPC-0.5 4.03 20.74 42.87
mCGPC-1.0 4.04 19.74 40.80
mCGPC-3.0 3.80 7.21 1491
AC 3.61 12.17 25.16
CMK-8 3.69 9.41 19.45

the samples are greater than that of graphite (0.33 nm). The
difference suggests that all of the samples have extended PAH
layers due to the amorphous characteristics. When the glycerol
content increases from 0.5 to 1.0 g during sample preparation,
there is a very small change in nanostructural parameters.
However, with an increase in the glycerol content to 3.0 g, the
produced carbon possessed a lower interplanar distance,
shorter PAH stacks, and smaller PAHs when compared to
mCGPC-(0.5—1.0), indicating an increase in the amorphous
nature.

3.1.2. Raman Spectra. Raman spectroscopy was used to
learn more about the porous carbon structure and surface
topology of all carbons, as illustrated in Figure 3.

mCGPC-0.5
s CGPC-1.0 D
s MCGPC-3.0 G
CMK-8
. AC
3
8
>
=1L
(2]
c
(]
]
£
1 1
1200 1500 1800

Wavenumber (cm™)

Figure 3. Raman spectra of mCGPC, CMK-8, and AC materials.

The Raman spectra of mCGPC, CMK-8, and AC reveal the
degree of disorder in the materials. In general, carbon-based
samples show peaks at roughly 1331—1348 and 1576—1593
cm™' for the D and G bands, respectively. These two bands
were observed for all of the samples (with some differences in
peak positions, as shown in Table 1) due to the different
nature of carbon samples and/or their starting materials. The
D band, which appears around 1331 cm™, is most likely
caused by lattice defects (sp* carbon) or other impurities**°
and is indicative of the amount of amorphous carbon in the
material.

The G band was found near 1576 cm™, which is a result of
the sp® hybridized carbon in-plane stretching vibration, and its
amplitude indicates the amount of crystalline graphitic carbon.

To assess the relative amounts of disordered and graphitic
carbons in the materials, the ratios of the intensities of the G
band and the D band (I;/I;,) were found, whose values for the
different materials are shown in Table 2. The intensity ratios

Table 2. G and D Bands and Their Intensity Ratios

sample D band (cm™!) G band (ecm™) Ig/Ip
mCGPC-0.5 1331 1585 0.986
mCGPC-1.0 1333 1576 0.998
mCGPC-3.0 1335 1588 0.998
CMK-8 1333 1589 0.997
AC 1348 1593 0.994

are about 1 for all of the porous carbons, which indicates that
the amount of crude glycerol (carbon precursor) used for
mCGPC preparation did not significantly affect the carbon
structure.

3.1.3. Scanning Electron Microscopy (SEM) Images. The
morphologies of all of the carbon materials were characterized
by scanning electron microscopy (SEM), and the images are
shown in Figure 4. The activated carbon surface exhibits a
smooth morphology with large particle size, accompanied by
irregular cavities and a well-developed porous structure, which
is consistent with findings reported in the literature."” In
contrast to activated carbon, the pristine CMK-8 sample has a
worm-like mesoporous structure, which comprises numerous
micrometer-sized rod-like particles to result in high porosity.
The mCGPC-0.5 images show an irregular surface morphology
with rod-like and worm-like structures that are inherited from
the mesoporous silica replica. The mCGPC-1.0 sample surface
morphology shows irregular shapes of a smooth morphology
together with rod- and worm-like structures with a blurry
surface. The mCGPC-3.0 surface also had an irregular shape
with a rod- and worm-like shape, indicating that an increase in
the CG amount did not noticeably destroy the structure of the
porous carbon. However, the surface roughness increases with
an increase in CG loading.

3.1.4. Fourier Transform Infrared (FTIR) Spectra. The
ATR/FTIR spectra were used to determine the carbon and
oxygen functional groups on mCGPC, CMK-8, and AC
materials (Figure S).

All of the carbon materials exhibited characteristic bands
around 3440—3550 cm™ for —OH stretching or adsorbed
water molecules. The band observed at around 2380 cm™" is
assigned to the C=C stretching vibration of the aromatic
carbon network.** The band at around 1652 cm™ is attributed
to the bending vibration of carbonyl groups, C=0. The band
at 1280 cm ™' is assigned to C—O bonds of the carboxyl group.
The signals at around 1920—2315 cm™" are the characteristics
of ATR measurements.”” The ATR/FTIR results indicate the
presence of carboxylic, carbonyl, and hydroxyl groups on
mCGPC and CMK-8 samples, expectedly, due to the presence
of oxygen functionalities in the starting material for these
mesoporous carbon syntheses, while the AC sample had
relatively less pronounced peaks for these oxygenated groups.’

3.1.5. Thermogravimetric Analysis (TGA). Figure 6 shows
the TGA profiles of the CMK-8, mCGPCs, and AC samples in
an air environment while varying the temperature. The initial
weight loss below 200 °C is due to the physisorbed water
molecules and loosely bound volatile matter on the samples.
The second weight loss occurs in the range of 200—400 °C due
to the presence of reactive oxygenated functional groups that
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(b)

Figure 4. SEM images of mCGPC, CMK-8, and AC at different
magnifications: (a) mCGPC-0.5; (b) mCGPC-1.0; (c) mCGPC-3.0;
(d) CMK-8; and (e) AC.

can support carbon oxidation at relatively low temperatures.
However, this is more apparent for the AC sample possibly due
to the presence of oxygenated groups on the surface that can
be easily desorbed. The mCGPC-0.5 and mCGPC-1.0 samples
had similar weight loss profiles due to the similar nature of the
porous network. However, mCGPC-3.0 suffered a relatively
higher weight loss at low temperatures, which could be due to
its less graphitic character (as indicated by the XRD pattern)
and the presence of more loosely bound volatiles than the
other mCGPC samples. After 200 °C, the weight loss was slow
with increasing temperature, indicating the stability of the

carbon framework at such temperatures. The sudden weight
loss occurred after 550 °C due to the combustion of carbon. At
around 624 °C, the mCGPC samples were completely burnt.
There was no leftover mass after the complete combustion,
which indicates that the silica framework was completely
removed from the materials during their preparation. The
TGA profiles show complete combustion at a maximum
temperature of 900 °C for all of the materials. These profiles
also indicate the thermal stability of the materials at
moderately high temperatures in the air environment in the
following order: CMK-8 > mCGPC-1.0 > mCGPC-0.5 > AC >
mCGPC-3.0.

3.1.6. Transmission Electron Microscopy (TEM) Images.
The TEM images of all of the synthesized materials are shown
in Figure 7. Figure 7a shows a long-ranged ordered three-
dimensional cubic (Ia3d symmetry) mesostructure in CMK-8
with tube-like channels and an interpenetrating bicontinuous
network of channels.”' Figure 7b,c shows a similar structure for
the mCGPC samples, but the structure is slightly less-ordered
in the bicontinuous porous network. Especially, the CGPC-3.0
sample shows a very less ordered structure due to the low
interconnectivity between the pore channels®* (which was also
apparent from XRD and RAMAN results and the nitrogen
adsorption results shown later).

3.1.7. N, Adsorption Isotherms. Figure 8a shows the
nitrogen adsorption isotherms of mCGPCs, AC, and CMK-8
materials, and Figure 8b,c shows their microporous and
mesoporous pore volume and pore diameter distribution. The
nitrogen sorption experiments were conducted at —196 °C to
study the role of textural characteristics and to determine the
effects of activation conditions on the micro- and meso-
structures of carbons. The results are summarized in Table 3.
According to the IUPAC classification, mCGPC and CMK-8
isotherms are type IV and show HI hysteresis with a
prominent capillary condensation in the mesopores, confirm-
ing the presence of well-ordered mesopores.”> The AC
isotherm resembles type 1.°* The isotherm can be classified
as reversible type I because of the concave profile, the high
nitrogen amount adsorbed at low P/P, values, and the plateau
at the high P/P, values for both adsorption and desorption
branches. This type of isotherm is typical of materials with
molecular-scale micropores, where micropore filling is the
dominant mechanism at low P/P,. All of the adsorbents exhibit
a high specific surface area in the range from 388 to 1085 m?/g
and the total pore volume ranging from 0.262 to 1.027 cm?/g.
For mCGPCs, with increasing crude glycerol content (0.5—
3.0) during sample preparation, the surface area increased
along with the total pore volume and the micropore volume.
This indicates an increase in the porous nature of the material
with increasing glycerol concentration. The CMK-8 material
possesses a very high surface area as compared to the others
possibly due to the purity of the carbon precursor used (pure
sucrose as opposed to crude glycerol for mCGPC) and the
cyclic structure of sucrose that could help in the formation of
aromatic structures of high order.

3.2. CO, and N, Adsorption. The carbon dioxide (CO,)
adsorption experiments were carried out at 25 and 45 °C up to
1 bar pressure, and the isotherms are shown in Figure 9a,b.
The CO, adsorption capacity in mmol/g for all of the
adsorbents is listed in Table 3. While CMK-8 had the highest
capacity (1.8 mmol/g) and AC had the lowest one (0.7 mmol/
g), the three mCGPC samples showed similar capacities near 1
mmol/g. A slight increase in the CO, adsorption capacity was
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Figure 5. ATR/FTIR spectra of mCGPC, CMK-8, and AC materials.
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Figure 6. TGA profiles of mCGPC-x, CMK-8, and AC materials.

observed with increasing CG amount used for sample
preparation, which is possibly a result of the increased surface
area and pore volume. In general, the AC surface area and
porosity are based on the carbon precursors, synthesis
conditions, and the activation method. In this work, the AC
used for comparison was synthesized from peat-based carbon
(steam-activated). Many carbon manufacturers produce
activated carbons from different sources based on the targeted
applications. The CO, adsorption capacity and the thermal
stability would vary due to the differences in surface and
porosity properties.”” For instance, the CO, adsorption
capacity of biochar-derived AC is reported to be 0.61 mmol/
gin.*® The AC used in this work showed a low CO, adsorption
capacity due to its lower surface area and low pore volume.
The pore diameter was also very low, making CO, adsorption
difficult. In general, AC is mostly microporous with a high
micropore volume and possesses a lower adsorption capacity of
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CO, with a low surface area and pore diameter. The isotherms
of mCGPCs had an almost similar pattern in Figure 9a,b for
mCGPC-3.0, with the CO, uptake being slightly lower than
the other two mCGPCs at the low pressures (up to SO0 mbar),
after which the uptake improves. This indicates that CO,
interaction with mCGPC-3.0 is more active on the higher
pressure side though the differences among the three mCGPCs
are minimal.

The comparison of Figure 9a,b indicates that, when the
temperature increases in the adsorption experiment, the CO,
adsorption capacity is reduced. This is indicative of
physisorption that is predominantly known to be exothermic
in nature.

Figure 10 presents the nitrogen adsorption capacities of the
materials, where the values are lower than those for CO,
adsorption. The results are summarized in Table 4. CMK-8
had the highest adsorption capacity for N,, while AC had the
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Table 3. Textural Properties of Adsorbents

“SprT ngom CV,TC,O d.average %;)ore

sample (m*/g) (em’/g) (em’/g) diameter (nm)
AC 515.7 0.262 0.112 2.04
CMK-8 1085.7 1.027 0.049 3.78
mCGPC-0.5 377.6 0.510 0.022 5.40
mCGPC-1.0 454.4 0.699 0.034 6.15
- mCGPC-3.0 562.1 0.785 0.072 5.58

100 nm > £ “BET surface area calculated over the pressure range 0.05—0.1 P/P,,.

bTotal pore volume at P/P, = 0.99. “Micropore volume. dAverage
pore size calculated from N, adsorption isotherms using the NLDFT
method.

be high, as indicated in Table 4, which is a desired
characteristic of an adsorbent for CO, capture from
combustion exhaust gases. Among the mCGPC samples,
Table 4 indicates that mCGPC-3.0 had the highest CO,
adsorption capacity together with the highest CO,/N,
selectivity.

The pure component isosteric heat of adsorption was
calculated using the Clausius—Clapeyron equation (eq 4), and
its value for each adsorbent is shown in Figure 11.

In(P) = —i—’; +C “

Figure 7. TEM images of (a) CMK-8, (b) mCGPC-0.5, (c) mCGPC-
1.0, and (d) mCGPC-3.0.

lowest. The mCGPC-3.0 sample showed the lowest adsorption
capacity for N, among the mCGPC materials. The low affinity In this equation, AH corresponds to the enthalpy of adsorption
of the adsorbents for N, means that the CO,/N, selectivity will in kJ/mol at a specific quantity of adsorbed CO,; P and T are,
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Figure 10. N, adsorption capacity of adsorbents at 25 °C and up to 1
bar in order to evaluate their CO,/N, selectivity.

respectively, the absolute pressure in bar and temperature in K;
R is the universal gas constant; and C is the integration
constant. The isosteric heat of CO, adsorption was determined
from the slope of In(P) vs. 1/T curves at fixed amounts of

21672

adsorbed CO, based on the adsorption isotherms at different
temperatures. The heat of adsorption indicates the affinity of
the adsorbent to the adsorbate. The adsorbent, AC, CMK-8,
and mCGPC (3.0) had similar heats of adsorption in the range
of 12—1S5 kJ/mol for different amounts of CO, on the
adsorbents, while mCGPC-0.5 and mCGPC-1.0 had slightly
higher heats of adsorption in the range of 19—27 kJ/mol. The
relatively low heats of adsorption for all of the materials are
indicative of the physisorption process, where the heat of
adsorption remains generally between 10 and 40 kJ/mol
Additionally, the low heat of adsorption values confirm that
these adsorbents are good candidates for pressure swing
adsorption with less energy duties for their regeneration.
Among the mCGPC samples, mCGPC-3.0 had the lowest heat
of adsorption, which indicates that it would require less energy
to regenerate and would thus be the preferred one among the
mCGPC samples.

For an adsorbent, it is important to have a high regeneration
efficiency so that it could be used over numerous adsorption—
desorption cycles. All of the adsorbents were tested for five
cycles of pressure swing adsorption (PSA), as shown in Figure
12. In this study, all of the adsorbents were found to retain the
original CO, adsorption capacity even after the Sth cycle.
Thus, CO, molecules desorb easily from the adsorbents
without any surface accumulation during the regeneration
process. All of these adsorbents were regenerated under high
vacuum conditions without applying any activation temper-
ature.
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Figure 12. PSA regeneration cycles.

3.3. Modeling of the CO, Adsorption Isotherm. The
Langmuir and Freundlich isotherm models were used to match
the experimental data in order to determine a suitable
adsorption isotherm model for CO, adsorption on the AC-,
CMK-8-, and mCGPC-based adsorbents. One of the simplest
models, the Langmuir model (eq $), assumes monolayer
adsorption on a homogeneous surface and that all active sites
are identical for adsorbate molecules to bind to, giving them an
equal adsorption energy. In the Freundlich model (eq 6), a
heterogeneous surface is assumed, and adsorption takes place
at locations with various adsorption energies.

9. kLPCOZ
9= 7 5
1 + ki FPeo, ()
/n
9. = kFPcozl (6)

where ¢, is the equilibrium adsorption capacity in mmol/g, g,
is the monolayer adsorption capacity in mmol/g, Pco, is the

CO, partial pressure in mbar, ki is the Langmuir adsorption
constant in mbar™" or affinity constant related to the energy of
adsorption, Ky is the Freundlich adsorption constant in mmol
g~ mbar™'/", and n is the heterogeneity factor and can be used
to evaluate the adsorption favorability of the adsorbents.
Indicatively, n = 2—8 denotes strong affinity, n = 1 denotes
moderate affinity, and n < 1 denotes poor afinity. Figure 13
shows the experimental CO, adsorption isotherm data of the
AC-, CMK-8-, and mCGPC-based adsorbents at 25 °C and up
to 1 bar fitted with Langmuir and Freundlich models. The
model parameters and R* values are presented in Table S.
Both the Langmuir’’ and Freundlich models suit the
experimental data from Figure 13 and Table S well. By
examining the R? values, it can be determined that the
Freundlich model, which has R* values close to 1, is the one
that best fits the data from the CO, adsorption isotherm.
Additionally, the considerable surface heterogeneity in the
adsorbents, which is confirmed by the n values in the range of
1.5, shows that CO, may be adsorbed with moderate heat of
adsorption values in the range of 12—15 kJ/mol as explored in
the heat of adsorption section. The analogous results obtained
in our previous work™ on ordered hierarchical nanostructured
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Figure 13. Experimental CO, adsorption data at 25 °C up to 1 bar
and (a) Langmuir and (b) Freundlich models.

Table 5. Langmuir and Freundlich Model Parameters of
AC-, CMK-8-, and mCGPC-Based Adsorbents at 25 °C

Freundlich model

Langmuir model parameters parameters

sample I ky, R* K n R?
AC 1.71 0.00067 0.998 0.00432 1.36 0.999

CMK-8 3.26 0.00119 0.997 0.02263 1.57 0.999
mCGPC-3.0 223 0.00086 0.997 0.00872 1.44 0.999

silica (OHNS) had an n value of 2.55 and heat of adsorption
less than 16 kJ/mol.

4. CONCLUSIONS

Crude bioglycerol is a waste from biodiesel production and a
very useful and cheap alternative for carbon production from
an environmental aspect. In summary, we have successfully
synthesized ordered mesoporous carbons (mCGPCs) using
crude glycerol as a carbon precursor via the hard template
method. The physicochemical properties of the materials were
thoroughly characterized by various analytical techniques. The
XRD and RAMAN results depicted the carbon structure and
nature of the porous materials, where the materials were found
to have a partially graphitic and partially amorphous character.
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The TEM images demonstrated a well-ordered porous
structure for both mCGPCs and the reference material,
CMK-8. The N, sorption isotherms confirmed the mesoporous
nature and high porosity of the carbon materials. Finally, we
evaluated the CO, adsorption performance of all of the
synthesized materials and found that mCGPC-3.0 exhibited
superior physical adsorption capacity compared to other
mCGPCs and activated carbons, making it a promising
candidate for CO, capture applications. Overall, the results
suggest that mCGPCs synthesized from crude glycerol are
viable alternatives to traditional carbon precursors for the
synthesis of mesoporous carbons with excellent properties for
CO, capture. The high CO,/N, selectivity of this material also
indicates its suitability for selective CO, capture and storage
from combustion exhaust gases.
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