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This research work focuses on the preparation and characterization of activated carbons derived from
biomass residues as potential adsorbents for carbon dioxide (CO;) capture applications under ambient
conditions. Three abundantly available and inexpensive raw materials, viz., (i) corn cob, (ii) sugarcane
bagasse, and (iii) wheat straw, are used to prepare activated carbon using carbonization and activation
methods. Characterization techniques such as (a) Nitrogen (N,) adsorption/desorption, (b) Scanning
Electron Microscopy, (¢) Fourier Transform Infrared Spectra, (d) Thermogravimetric Analysis, and (e)
proximate and ultimate analyses are used to examine the surface texture and physiochemical parameters of
the adsorbents, including surface area, pore volume, pore diameter, surface morphology, structural fea-
tures, thermal stability, and quantitative and elemental compounds. The adsorption—desorption isotherms
of CO, uptake capabilities of adsorbents are evaluated at 1 bar pressure, with temperatures varying from 0
to 90 °C. The significant parameters of adsorbents’ adsorption, such as (i) CO, adsorption—desorption
isotherms, (ii) CO,/N, adsorption, (iii) recyclability, (iv) breakthrough curve and (v) isosteric heat of
adsorption (AH,4) are determined. The N, adsorption/desorption investigation shows that the tested
adsorbents are highly porous and crucial for post-combustion carbon capture. Values of AH, 4, for acti-
vated carbon samples are below 40 kJ/mol, which ensures the physical adsorption process. The findings
suggest that adsorbents are most appropriate for multiple gas sorption applications. The anticipated

characteristics will benefit for actual system development.

Keywords activated carbon, adsorbent, adsorption isotherms,
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CO, uptake, physical adsorption

1. Introduction

The sudden growth in advanced technology in the twenty-
first century has expanded the utilization of fossil fuel energy
sources to satisfy energy requirements, which causes emissions
of greenhouse gases (GHGs) that impact our ecosystem. These
GHGs impact the lifecycle and habits of terrestrial, aquatic, and
other living organisms (Ref 1, 2). The main component of
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anthropogenic GHGs is the carbon dioxide (CO,) emissions
directly released into our environment. It is caused mainly by
excessive fossil fuel combustion. The World Meteorological
Organization (WMO) and Intergovernmental Panel on Climate
Change (IPCC) documented that the 400 ppm CO, threshold
has already been surpassed and will probably hit 580 ppm
within 2100, resulting in the highest CO, emissions peaks. This
new shift in CO, emissions is significantly responsible for
global warming potential (GWP) and climate change. These
emissions have resulted in the implementation of innovative
approaches such as (a) Carbon Capture and Utilization (CCU)
and (b) Carbon Capture and Storage (CCS) to achieve net-zero
emissions worldwide. CCS is one of the most feasible options
as it can capture CO, from CO, emitting sources and mitigate
CO, emissions by about 80-95%. There are three distinct CCS
strategies: (i) oxy-fuel combustion carbon capture, (ii) post-
combustion carbon capture, and (iii) pre-combustion carbon
capture (Ref 3, 4). Among all those mentioned CO, capture
options, post-combustion carbon capture is the most popular
approach to capturing CO, emissions from fossil fuel combus-
tion (Ref 5).

Appropriate adsorbent choice is essential in the CCS
method, particularly in the post-combustion adsorption-based
CO, capture process. Solid sorbent materials have recently
received significant interest as promising CCS options, primar-
ily activated carbon materials. The main merits of activated
carbons are (a) inexpensive, (b) superior surface functional
groups, (c) large specific surface area, (d) greater pore volume,
(e) stability toward moisture, (f) good heat resistance, (g)
excellent renewability, (h) superior mechanical and chemical
strength, (i) good surface affinity, (j) excellent CO, selectivity,
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(k) faster kinetics, and (1) tunable porous structure. Due to their
numerous inherent advantages in attractive physicochemical
properties and excellent surface textural characteristics, acti-
vated carbons are used as potential candidates in multiple
applications, viz., pharmaceutical, petrochemical, food/bever-
age, environmental remediation, greenhouse gas capture, auto-
motive, energy storage, and chemical sectors (Ref 6).

Several studies have been conducted on preparing and
characterizing biomass-based adsorbents for CO, physisorption
under ambient conditions. Maniarasu et al. (Ref 7) assessed the
CO; capture efficiency of adsorbents derived from palm shells
using carbonization and potassium hydroxide (KOH) activa-
tion. It is reported that a palm shell-based adsorbent shows a
surface area of 1450.8 m%/g and a pore volume of 0.75 cm?/g.
Furthermore, the adsorbent exhibits a maximum CO, adsorp-
tion isotherm of 4.0 mmol/g at a temperature of 50 °C and
pressure of 1 bar. Ding et al. (Ref 8) reported seaweed-activated
carbon produced from Sargassum and Enteromorpha. At 1 bar
and 25 °C, the maximum CO, adsorption capacity of
1.05 mmol/g and 0.52 mmol/g is achieved for Sargassum-
activated carbon and Enteromorpha-activated carbon, respec-
tively. The same research group developed activated carbon
derived from Pomegranate and Carrot peels using KOH. It is
identified that the maximum CO, adsorption capacities of
4.11 mmol/g at 1 bar, 25 °C, and 6.033 mmol/g at 1 bar, 0 °C
for Pomegranate peel-based activated carbon; and 4.18 mmol/g
at 1 bar, 25 °C, and 5.04 mmol/g at 1 bar, 0 °C for Carrot peel-
based activated carbon. Ismail et al. (Ref 9) evaluated bamboo-
based activated carbon’s potential for CO, capture. Activated
carbon is produced using single-stage activation with different
impregnation ratios of phosphoric acid (H3POy). It is found that
activated carbon exhibits surface area, pore volume, and aver-
age pore size. These values range from 1063-1492 m?/g, 0.93-
1.19 cm?/g, to 2.49-4.48 nm, respectively. Moreover, 50 wt.%
impregnated activated carbon exhibits a maximum CO,
adsorption capacity of 1.45 mmol/g at 1 bar pressure and 0 °C.

Wu et al. (Ref 10) examined Lotus stem waste-based
activated carbon using hydrothermal carbonization followed by
KOH and sulfuric acid. The distinct impregnation ratios (1:2
and 1:4) are used to evaluate activated carbon’s surface area
and porous volume. It is reported that activated carbon exhibits
a surface area of 2893 m?/g and a pore volume of 1.59 cm’/g
at an impregnation ratio of 1:4. Similarly, at the impregnation
ratio of 1:2, the same activated carbon shows a maximum CO,
uptake of 3.85 mmol/g at 1 bar, 25 °C; and 6.17 mmol/g at
1 bar, 0 °C. Maniarasu et al. (Ref 11) evaluated the CO,
adsorption performance of activated carbon obtained from
coconut shells using single-step activation. KOH is used as a
chemical activator to improve the surface area and porosity of
the developed coconut shell-based activated carbon. It is found
that coconut shell-based activated carbon exhibits a surface area
of 1248.5 m*/g and a pore volume of 0.79 cm®/g. Moreover, the
activated carbon shows a maximum CO, uptake of 4.6 mmol/g
at a temperature of 50 °C and pressure of 1 bar. Gautam et al.
(Ref 12) experimentally investigated activated carbons’ CO,
adsorption capacity. In addition, the produced activated carbons
are characterized to determine their surface textural character-
istics and physicochemical properties. It is reported that
activated carbons exhibit surface area, pore volume, and
average pore size, ranging from 923-1254 mz/g, 0.29-0.41
cm®/g, and 16.78-19.21 A, respectively. Further, CARB 6X12
55 activated carbon exhibits a maximum CO, uptake of
4.53 mmol/g, whereas Norit RB 4 activated carbon shows a
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minimum CO, uptake of 3.02 mmol/g at 1 bar pressure and
0 °C.

Huang et al. (Ref 13) examined the performance of
developed N-doped porous enriched CO, adsorbents using a
two-step synthetic approach. They used three impregnation
ratios with three activation temperatures for the activated
carbon preparation. It is identified that an optimum impregna-
tion ratio and activation temperature of activated carbon
enhances the porous textural characteristics and CO, uptake
performance of adsorbent samples. Changdan Ma et al. (Ref
14) studied the assessment of N/S-doped carbon material for
CO, adsorption and supercapacitor. Activated carbon is derived
from water chestnut shells using the KOH-chemical activation
method. Three activation temperatures and three impregnation
ratios are adopted during the process. It is determined that the
optimal activation temperature and impregnation ratio of
activated carbon exhibits excellent surface textural properties
and surface functional groups. Tingyan Lu et al. (Ref 15)
evaluated porous carbon for CO, adsorption applications. They
prepared activated carbon from bitartrate using KOH activation
and impregnation ratios. It is found that the optimum activation
temperature and impregnation ratio of developed carbon show
morphological, structural characteristics, and surface chemical
properties. Based on the literature survey, it is observed that the
optimum impregnation ratio and suitable activation temperature
ensure the surface textural features, physicochemical properties,
and maximum CO, uptake for adsorption.

In this present study, biomass residues, such as (a) corn cob,
(b) sugarcane bagasse, and (c) wheat straw, are selected as
suitable raw materials for activated carbon production. They
possess the following benefits (a) abundantly available, (b)
inexpensive, (c) non-harmful to nature, and (d) easy to handle
and modify their properties. A single-stage KOH activation
(i.e., carbonization and activation) method is used in this
investigation for activated carbon production. Surface textural
characteristics and physicochemical properties of produced
activated carbons are determined using different analytical and
characterization techniques. After ensuring CO, capture suit-
ability, the corn cob-, sugarcane bagasse-, and wheat straw-
activated carbons are named as corn cob, sugarcane bagasse,
and wheat straw adsorbents.

Moreover, the adsorption of CO, onto the surface of
adsorbent samples is evaluated through adsorption isotherms at
various operating conditions. This revealed the surface phe-
nomena (i.e., gas—solid interactions) in the physical adsorption
process. This current investigation also highlights CO, physical
adsorption onto biomass-based adsorbent surfaces. Therefore,
this research aims to use eco-friendly and cost-effective
activated carbons for carbon capture obtained from renewable
biomass resources. The developed porous activated carbon
samples exhibit outstanding CO, uptake and superior recycling
performance over multiple test cycles.

2. Materials, Methods, and Experimental Section

2.1 Sample Selection and Activated Carbon Preparation

2.1.1 Selection of Feedstocks. In this work, biomass
substances, such as (i) corn cob, (ii) sugarcane bagasse, and (iii)
wheat straw, are procured from the most available areas in
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different geographical locations in India. The obtained samples
are cleaned with distilled water (H,O) to remove unwanted
substances. They are dried in open sunlight for nearly four
weeks. The samples are pre-screened to remove impurities and
uneven surface particles. The samples are kept in an oven
heated at 150 °C to remove moisture content. After that, the
samples are stored in an airtight container before the production
process.

2.2 Activated Garbon Preparation

A single-stage activation method is used in the current study
to enhance the activated carbon samples’ surface textural
properties and physicochemical characteristics. Single-stage
activation is the combination of carbonization and chemical
activation processes. Initially, the samples are soaked in KOH
solution at an impregnation ratio of 1:4. The impregnated
samples are carbonized. Carbonization is the thermal decom-
position in which samples are heated at an activation temper-
ature of 600 °C, a heating rate of 10 °C/min, and a holding time
of 1 h in a furnace without oxygen (O,). During this process,
non-carbon elements such as nitrogen (N,), oxygen (O,), sulfur
(S), and hydrogen (H,) are removed from samples. The
obtained end-products are known as biochar. They pos-
sess minimal surface area and porosity on their surfaces.
Therefore, the products obtained through carbonization are
further washed with hydrochloric acid (HCL) and distilled H,O
to remove unwanted impurities and chemical compounds from
their surface. Washing improves final products’ pores and
surface area. The derived activated carbon samples are further
dried at 150 °C overnight. Activated carbon samples are kept in
an airtight container before adsorption analysis.

The yield of activated carbon samples is calculated by using
Eq. 1 (Ref 16, 17)

(mass(g) of activated carbon)
(mass(g) of sample)

(Yoyield) = ( ) x100 (Eq 1)
The result of the activated carbon yield obtained from
biomass is presented in Table 1.

2.3 Experimental Section: Characterization of Activated
Carbons

The quantitative and elemental compositions of raw mate-
rials and activated carbons are obtained using proximate and
ultimate analyzers, respectively. The surface textural character-
istics and physicochemical properties, viz., specific surface
area, pore volume, pore width, and pore size distributions of the
activated carbon samples, are characterized using the N,

sorption isotherm technique. Surface morphological and struc-
tural features of activated carbon samples are investigated using
SEM. The surface chemical groups of activated carbon samples
are analyzed through FTIR. The thermal stability of activated
carbons is determined using a TGA analyzer.

3. Results and Discussion

3.1 Proximate and Ultimate Analyses

3.1.1 Proximate Analysis. Proximate analysis is mainly
used to determine the percentage of ash content, volatile matter,
moisture content, and fixed carbon content in raw materials and
activated carbon samples (Ref 7). Table 2 presents the
quantitative components of raw materials and activated carbon
samples.

It can be observed from the table that quantitative analysis
of raw materials and activated carbon samples. The fixed
carbon of activated carbon samples is increased by about 30.03,
37.86, and 37.59%, respectively, for sugarcane bagasse-, wheat
straw-, and corn cob-activated carbons. Similarly, the other
components, such as volatile matter, moisture, and ash contents,
are decreased on activated carbon samples during activated
carbon preparation. Fixed carbon can strongly interact with
adsorbate molecules and adsorbent materials (Ref 18, 19).

3.1.2 Ultimate Analysis. Ultimate analysis is mainly
used to examine the percentage of carbon (C), hydrogen (H),
nitrogen (N), oxygen (O), and sulfur (S) in raw materials and
activated carbon samples (Ref 11). Table 3 provides the
elemental compositions of raw materials and activated carbon
samples.

It can be inferred from the table that the elemental
compositions of raw materials and activated carbon samples.
The carbon element of activated carbon samples is increased by
about 30.24, 27.22, and 29.78%, respectively, for sugarcane
bagasse-, wheat straw-, and corn cob-activated carbons. On the
other hand, the remaining elemental compositions, such as H,
N, O, and S, are decreased on activated carbon samples during
the thermal decomposition process. Carbon element may play a
vital role in adsorption performance (Ref 18, 19).

3.2 N, Adsorption/Desorption Analysis

In this surface characterization, activated carbon samples’
surface textural characteristics, viz., (a) surface area, (b) pore
volume, and (c) pore size distribution, are investigated using N,
adsorption/desorption (Ref 6, 11). These parameters signifi-
cantly enhance the adsorption performance of activated carbon

Table 1 Percentage of activated carbon yield
Sugarcane bagasse-activated Wheat straw-activated Corn cob-activated

Parameter carbon carbon carbon
Amount of biomass, g 120 120 120

Amount of carbon char used in KOH activation, 98.45 96.67 90.89

g
Amount of activated carbon produced, g 70.98 68.90 60.75
Yield, % 59.15 57.42 50.63
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Table 2 Quantitative components of raw materials and activated carbon samples

Proximate analysis, wt.%

Sample examined Ash content

Volatile matter

Moisture content Fixed carbon

Sugarcane bagasse 1.94 36.64 5.78 55.64
Sugarcane bagasse-activated carbon 0.98 12.04 1.34 85.67
Wheat straw 3.45 42.98 6.45 47.12
Wheat straw-activated carbon 1.96 10.65 241 84.98
Corn cob 4.89 40.87 4.56 49.66
Corn cob-activated carbon 1.25 9.63 1.87 87.25
Table 3 Elemental components of raw materials and activated carbon samples

Ultimate analysis, wt.%
Sample examined C H N (o) S
Sugarcane bagasse 56.72 8.99 12.67 20.39 1.23
Sugarcane bagasse-activated carbon 86.96 1.56 4.85 5.46 99
Wheat straw 55.65 10.45 7.38 24.56 1.96
Wheat straw-activated carbon 82.87 5.89 3.21 6.82 1.21
Corn cob 58.76 8.90 10.83 20.54 97
Corn cob-activated carbon 88.54 2.56 1.89 6.45 .56
samples. Activated carbon’s surface area is essential in practical 800

application as an adsorbent. The investigations are performed at
a temperature of about 77 K, and a relative pressure varies from
0 to 1 bar pressure. Before the experimentation, all activated
carbon samples are placed in a sample-holding container. The
degassed is achieved by maintaining at a temperature of about
120 °C for 45 min. After that, samples are further degassed to
retain at 250 °C for nearly 12 h to remove moisture content.
Figure 1 depicts the N, adsorption/desorption curves of
activated carbon samples.

It can be apparent from the figure that all activated carbon
samples exhibit a similar pattern of adsorption and desorption
curves. It shows the path of the reversible process. Based on
International Union Pure and Applied Chemistry (IUPAC)
classification for adsorption isotherms, all samples exhibit the
same Type IV adsorption isotherm. The curves resemble a
hysteresis loop, which suggests the monolayer followed by
multilayer formation (Ref 11). In addition, all adsorbent
samples exhibit an increasing trend by P/Py= 0.1, which
corresponds to the higher active pores and excellent surface
area. The adsorbent samples’ average pore diameter (D)) is
determined using the surface area (S) and pore volume (V7).

Dp = 4V7/S (Eq 2)

It is understood from the literature that the adsorbent
possesses excellent surface area, and pore volume is more
significant for gas adsorption and surface diffusion rate.
Similarly, activated carbon samples have more active adsorp-
tive pore sites on their surface, thus enable for better adsorption
performance (Ref 20, 21). The average pore width of the
adsorbent sample range between 1 and 2.5 nm, which is more
suitable for gas-phase applications (Ref 12). As a result of
activation, adsorbent samples would enhance the number of
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Fig. 1 N, adsorption—desorption isotherms of activated carbon
samples

active adsorptive pores sites for physical adsorption. The
porosity is another essential factor for activated carbon, which
enhances its adsorption in real-time applications (Ref 22). Pore
size distribution of adsorbent samples is studied using Non-
local Density Functional Theory (NLDFT) through the slit
pores, and the findings are shown in Fig. 2.

It is noticed that all adsorbent samples possess a well-
defined carbon structure with numerous pores. Thus, CO,
molecules can occupy available spaces on adsorbents, which
facilitates physical gas adsorption (Ref 6). The formation of
different pore sizes is mainly attributed to the single-stage
activation process. The curves are well-suited for non-homo-
geneous adsorbents like activated carbon, which account for
effective surface curvature and more energetic adsorption pore
sites. Due to the hierarchical nature of adsorbent samples with
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micropores-mesopores, samples are more significant for effec-
tive CO, physical adsorption. The presence of micropores
confirms a greater potential for CO, adsorption.

It can be inferred from experimentation that the availability
of narrow micropores on adsorbent samples is mainly respon-
sible for good CO, adsorption at atmospheric pressure condi-
tions. Meanwhile, efficient surface area and wide pores are vital
for excellent CO, adsorption under high-pressure conditions
(Ref 19, 23). Hence, biomass-based adsorbent samples are
crucial for CO, capture applications in ambient and temperature
conditions and maximal pressure conditions (post-combustion
adsorption-based carbon capture system).

3.3 SEM Analysis

Biomass-based adsorbent samples are characterized and
analyzed to investigate surface morphology, microscopy struc-
ture, and surface topology (Ref 24). It provides detailed high-
resolution micrographic images of the sample. SEM analysis is
performed at an accelerating voltage of 15 kV under various
magnification factors. Before the analysis, all adsorbent sam-
ples are placed in a muffle furnace at a temperature of 100 °C
for 2 h. Further, they are kept in a vacuum desiccator to remove
moisture content from adsorbent samples’ surface. Figure 3(a)-
(¢c) shows SEM micrographic images of activated carbon
samples.

It can be observed from figures that all adsorbent samples
exhibit a broad and accessible porous structure on their surface.
This is mainly achieved due to the single-stage activation
process. The porous structures of biomass-based adsorbents on
their surface show distinctive shapes and sizes. Thus, the
various form of porous networks can be termed heterogeneous.
The porous structure of samples more significantly facilitates
the surface diffusion of CO, to active adsorptive pores, which
confirms the physical adsorption (Ref 25). The distinct pore
sizes with irregular surface area, as seen in sugarcane bagasse-,
wheat straw-, and corn cob-activated carbon samples, respec-
tively. Apart from these, activated carbon samples should
possess heterogeneous pores with multiple cracks, cavities,
voids, and gaps on their surface. This may be achieved due to a
suitable chemical activating agent used for chemical activation.
As result of the activation process, which ensures the devel-
opment of effective pores on the surface of activated carbon
samples. The greater surface area with higher active adsorptive
pore sites of adsorbents corresponds to superior CO, adsorption
(Ref 26, 27).

—e— Corn cob activated carbon

11 —8— Wheat straw activated carbon

—a&— Sugarcane bagasse activated carbon

Pore volume (cm3/g)

Pore width (nm)

Fig. 2 Pore size distribution of activated carbon samples
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3.4 FTIR Analysis

Activated carbon samples’ surface chemical functional
groups are analyzed using FTIR at a wavelength of 400-
4000 cm ™. The carbon matrix comprises heteroatoms other
than carbon atoms, including nitrogen, oxygen, hydrogen,
halogen, sulfur, phosphorus, and others (Ref 28) (Ref 29).
Activated carbons’ surface chemistry is controlled by these
heteroatoms, which are bound to the margins of the carbon
layers. FTIR spectra give detailed information about the
chemical structure on the surface of activated carbon. The
FTIR spectra of activated carbon obtained from three different
biomass are shown in Fig. 4(a)-(c).

It can be observed from the figure that the spectra of
activated carbon samples with their peaks show the existing
functional groups on their surface. In the sugarcane bagasse-
activated carbon sample, the peak at 2785-3992 cm ' is
assigned to O-H groups. Similarly, the peaks at 1256-1835
and 2175-2740 cm™' correspond to C-O and C=O groups,
respectively. A broad stretching of the band at 3022-3919 cm ™
belongs to O-H groups. The sharp bands observed at 1708-
2303, and 930-1324 cm ™' are assigned to C-O and COOH
groups for wheat straw-activated carbon. A wide transmittance
band, at 3120-3890 cm™!, can be allocated to the O-H
stretching mode of hydroxyl groups. Sharp spectra bands at
1820-2252 and 1094-1243 cm™' correspond to the vibrations
of carbonated and carboxyl groups, respectively, for the corn
cob-based activated carbon sample. All activated carbon
samples’ spectrum and their specific chemical surface groups
present on their surface may contribute to the adsorption
performance (Ref 30, 31).

Mass fractions of C, O, and N and other heteroatoms are
quantified using CHNS/O analysis to examine the elemental
composition of adsorbent samples. The ultimate analysis is
carried out using a CHNS/O analyzer. The study confirms the
highest carbon percentage, which ensures CO, adsorption suit-
ability. The chemical impregnation on the surface of raw
materials may trigger surface chemistry and develop pore and
pore structures on derived samples. The biomass-based adsor-
bent samples have the maximum percentage of carbon as
compared to other elemental compositions. This may be
attributed to CO, physical adsorption of adsorbent samples.

3.5 TGA Analysis

Thermogravimetric analysis (TGA) is mainly used to
examine the sample’s thermal decomposition, kinetic reaction,
and chemical composition (Ref 32, 33). The TGA profile of
activated carbon samples is shown in Fig. 5.

It can be apparent from the figure that samples’ thermal
degradation occurs over the increment of temperature. Three
stages of thermal degradation occur for all activated carbon
samples. In the 1% stage of thermal degradation, moisture
content completely evaporated at a temperature range between
50 and 150 °C for all activated carbon samples. During 2nd
stage of thermal degradation, at a temperature of 175-500 °C,
samples tend to lose their mass. This thermal event occurs in
moderate degradation with a mass loss of 25-40%. At the 3™
stage of thermal degradation, at a temperature of 550-700 °C,
samples’ attain 85-90% of mass loss. Therefore, it can be
affirmed that all activated carbon samples can be used for
adsorption. It is noticed from the TGA results and proximate
analysis that a minimum ash content is observed for all
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Fig. 3 SEM micrographic images of (a) sugarcane bagasse-activated carbon; (b) wheat straw-activated carbon; and (c) corn cob-activated

carbon

activated carbon samples. It is one of the essential character-
istics for selecting suitable candidates for activated carbon
preparation.

All adsorbent samples confirm excellent surface character-
istics and physicochemical properties from characterization
results. Thus, these potential adsorbents play a significant role
in CO, adsorption.

4. GO, Capture Assays

4.1 GO0, Uptake of Activated Garbon Samples

In post-combustion CO, capture, the flue gas consists of
CO; and N, in ambient conditions. CO, partial pressure is in
the 0.01-0.1 bar range. Furthermore, the flue gas temperature is
relatively maximum, about 75-175 °C. The adsorption process
is not well-suited to such maximum temperature conditions.
Thus, the adsorbent will capture minimum CO, molecules
capture/uptake (Ref 34). It is understood from the existing
literature that in the post-combustion adsorption-based CO,
capture system, the flue gas is initially cooled down to a
minimum temperature and then passed to the capture unit for
the adsorption process. Hence, the present investigation is
performed at a temperature of about 0-90 °C and a pressure of
about 0.1-1 bar. The experimental findings of the adsorption—
desorption isotherms of adsorbent samples under different
operating conditions are given in Fig. 6(a)-(c).

It can be apparent from figures that all activated carbon
samples exhibit maximum CO, adsorption with an increase in
pressure under all temperature conditions. On the other hand, a
drop in CO, adsorption is observed for all activated carbon
samples with a raising temperature. This may be due to the
reduction in binding strength and Van der Waal forces of
attraction between the solid adsorbent and the adsorbate CO,
molecules (Ref 35, 36). At maximum temperature, more
adsorption energy is required for molecular diffusion on
the adsorbent sample surface. Thus, adsorbate CO, molecules
completely detaches from the surface of the adsorbent sample.
The process is known as desorption. The significant reduction
in the CO, adsorption potential of adsorbent samples at
maximum temperature is mainly associated with their internal
energy (Ref 37). Therefore, adsorbed CO, molecules are
liberated from the active adsorptive pore sites on the surface of
adsorbent samples. Thus, results of the surface phenomena of
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adsorbents show a spontaneous exothermic reaction, which
indicates the physical adsorption mechanism.

It is noticed that there is good interaction between adsorbent
samples and the adsorbate CO, molecules. This is mainly due
to the minimum temperature and optimum pressure conditions.
As a result, adsorbent samples exhibit multilayer formation.
Thus, obtaining maximum CO, uptake on the surface of
adsorbent samples at a minimum temperature and maximum
pressure is essential, as gas streams from different sources are
cooled down under ambient conditions. All adsorbent samples’
adsorption isotherms resemble Type IV curves. It corresponds
to the hysteresis curve, which follows monolayer with multi-
layer formation (Ref 38). It is observed that the sugarcane
bagasse-activated carbon sample exhibits maximum CO,
uptake of 6.25, 5.3, 4.2, and 2.15 mmol g_1 at 0, 30, 60, and
90 °C, respectively. Similarly, wheat straw- and corn cob-
activated carbons show maximum CO, uptake of 5.85, 4.4, 3.3,
and 1.45 mmol g_l, and 5.25, 4.0, 3.2, and 1.2 mmol g_l at 0,
30, 60, and 90 °C, respectively. This is mainly due to the active
pore sites, good CO, selectivity, excellent surface morphology,
and surface chemistry (Ref 23, 39, 40).

It is noted that sugarcane bagasse- and wheat straw-activated
carbon samples exhibit maximum CO, uptake at operating
conditions, whereas corn cob-activated carbon sample shows
moderate CO, uptake. This is primarily due to adsorbent
samples’ porosity, surface area, and suitable working conditions
(Ref 41). The highest CO, uptake at 0 °C is noticed for
sugarcane bagasse and wheat straw adsorbents because of the
reasonable BET surface area and micropore volume. Corn cob
adsorbent exhibits moderate adsorption capacity. This can be
attributed to the effective pores and surface affinity. In the
investigation, it can be mentioned that pore sizes are essential
as the CO, adsorption process that occurs is physical adsorption
due to Van der Waal’s forces of attraction (Ref 40, 42). During
physical adsorption, the interaction energy between adsorbent
surface functionalities and adsorbate molecules. Hence, it can
be noticed that the performance of these adsorbent samples can
be used for post-combustion CO, capture applications.

4.2 G0, and N, Adsorption Isotherms of Activated Garbon
Samples

This investigation evaluates adsorbent samples to determine
CO, and N, adsorption isotherms at a suitable operating
condition of about 0 °C and 1 bar. Figure 7(a)-(c) shows
activated carbon samples’ CO, and N, adsorption isotherms.
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Fig. 4 FTIR spectra of activated carbon samples. (a) Sugarcane
bagasse-activated carbon. (b) Wheat straw-activated carbon. (c) Corn
cob-activated carbon

It is observed from figures that the adsorption isotherms of
both gas molecules increase with an increase in pressure. The
adsorption isotherm of N, uptake is lower than CO, uptake for
all activated carbon samples. This is mainly due to the selective
nature (i.e., CO,/N, selectivity), porosity properties, and
surface functional groups of activated carbon samples (Ref
14). The plot of all activated carbon samples reveals that the
availability of adsorption sites on their surface enhances faster
adsorption kinetics rate. Thus, activated carbon samples can be
used for industrial applications.
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4.3 Cyclic Study of CO, Adsorption for Activated Carbon
Samples

In the analysis, the reusability and recyclability of CO,
adsorption isotherm is the most crucial parameter for real-time
practical application. About four adsorption/desorption test
cycles of activated carbon samples are investigated using the
same samples for continuous test cycles. The original activated
carbon samples are regenerated using a temperature swing
adsorption (TSA) approach (Ref 7). The adsorption capacity of
activated carbon samples is examined at suitable operating
conditions of about 0 °C and 1 bar. Figure 8(a)-(c) displays the
cyclic adsorption performance of all activated carbon samples.
It is observed from figures that the adsorption capacity of
activated carbon samples reduces slightly over continuous test
cycles. This may be due to the accumulation of adsorbate
molecules on the surface of activated carbon that has not
been released completely. It is noticed that a slight drop of
about 4% loss of CO, uptake takes place for activated carbon
samples by continuous cyclic tests. This may be the closure of
active pore sites on activated carbon samples (Ref 13, 15). The
test cycle indicates that all activated carbon samples exhibit
superior adsorption performance on multiple adsorption—des-
orption test cycles. Thus, activated carbon can be used for
actual practical applications.

4.4 Breakthrough Curve

Acivated carbon’s dynamic CO, uptake can easily be
obtained from the breakthrough curve. It is an essential
parameter for adsorption (Ref 43). Figure 9 depicts the
breakthrough curves of activated carbon samples.

C/C, refers to the ratio of outlet CO, concentration to inlet
CO, concentration as an adsorption time duration. It is
observed from the figure that the adsorption of CO, loading
on activated carbon samples. After that, activated carbon
reaches saturation point (Ref 11). By interpreting the break-
through plots, a dynamic CO, capture capacity of 0.65, 0.76,
and 0.89 mmol/g is achieved for corn cob-, wheat straw-, and
sugarcane bagasse-activated carbon samples, respectively.

4.5 Isosteric Heat of Adsorption

The isosteric heat of adsorption (AH,y) is an essential
parameter for CO, adsorption. It is mainly used to investigate
the adsorbent-adsorbate interaction (Ref 44). The calculations
of AH,4s values are done by using the Clausius—Clapeyron
equation. Figure 10 illustrates the isosteric heat of adsorption of
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Fig. 6 CO, adsorption—desorption isotherms of activated carbon
samples. (a) Sugarcane bagasse-activated carbon. (b) Wheat straw-
activated carbon. (c) Corn cob-activated carbon

activated carbon samples concerning the amount of CO,
adsorbed.

It can be apparent from the figure that isosteric heat is
achieved at the highest of about 35.5 kJ mol™' for the
sugarcane bagasse-activated carbon sample. This ensures the
strong interaction between CO, accumulated on the surface of
activated carbon sample. The highest values of AH,q4, are 30,
and 24 kJ mol~' for wheat straw- and corn cob-activated
samples, respectively. This can be affirmed that there is a
slightly weak interaction between adsorbents and adsorbate
molecules (Ref 45).
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Fig. 7 CO, and N, adsorption isotherms of activated carbon
samples. (a) Sugarcane bagasse-activated carbon. (b) Wheat straw-
activated carbon. (¢) Corn cob-activated carbon

For the sugarcane bagasse-activated carbon sample, AH,q4
occur in the range of 35.5-21.5 kJ mol ™', whereas AH,q4, occur
in the range of 30-17 kJ mol~" for the wheat straw-activated
sample and AH,q occur in the range of 27-14 kJ mol ™! for
the corn cob-activated sample. It is noted that with an increase
in CO, uptake, AH,y, decrease gradually. This is because
of the drastic occupation of adsorptive pores on the surface of
samples (Ref 38). All activated carbon samples exhibit superior
adsorption performance, which indicates exothermic reaction
and spontaneity of nature. The values of AH,q, for all activated
carbon samples are within the range of ordinary physisorption
(< 40 kJ mol "), which indicates samples take place physical
adsorption process (Ref 46, 47).
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Fig. 8 Cyclic study of CO, adsorption for activated carbon
samples. (a) Sugarcane bagasse-activated carbon. (b) Wheat straw-
activated carbon. (c) Corn cob-activated carbon

4.6 Surface Textural Properties and Porous Structure
Characteristics on GO, Uptake

The present study context primarily emphasizes textural
characteristics and surface properties that are significant for
CO, adsorption performance or gas storage (Ref 48). Thus, it is
essential to characterize surface porous, morphology, and
texture of the adsorbent sample. The surface textural charac-
teristics and physical and chemical properties of adsorbents
play a crucial role in effective CO, physical adsorption under
ambient conditions (Ref 38, 49). CO, adsorption mainly
depends on textural features, such as the surface area and total
pore volume of the adsorbent. The surface textural properties
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and physicochemical characteristics of adsorbent samples are
tabulated in Table 4.

4.7 Significance of Present Study and Scope for Future
Work

The current investigation highlights the different analyti-
cal characterizations and the maximum CO, adsorption iso-
therm of biomass-based adsorbents. The prominence of the
research work is not only the preparation of activated carbons
from abundantly available and inexpensive biomass sources. It
is also the exploration of physicochemical characteristics and
surface textural properties of the developed adsorbent. More-
over, an extensive investigation is done on producing adsor-
bents from different biomass residues with maximum CO,
uptake. Hence, the present research is crucial to using
adsorbents for post-combustion adsorption-based carbon cap-
ture applications. Physical adsorption is a surface phenomenon,
a spontaneous exothermic reaction, and efficient removal of
heat released on adsorbent during adsorption-based CO,
capture (Ref 12). Based on the adsorbents’ adsorption perfor-
mance, the adsorbent capture unit is designed and developed
for practical applications. The analytical and characterization
data of the adsorbent would provide a precise scenario of real-
time practicality of carbon capture.

4.8 A Short Note on Potential Adsorbents for Carbon
Capture

Besides these biomass-based adsorbents, numerous biomass
sources can be used as feedstock for CO, physical adsorption to
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Table 4 Surface textural properties

and physicochemical characteristics of adsorbent samples

Surface textural characteristics

CO, adsorption capacity, mmol g™

Activated carbon sample SprT, M2/ Vo, em/g 0 °C 30 °C 60 °C 90 °C
Sugarcane bagasse-activated carbon 2348 1.69 6.35 5.3 4.2 2.15
Wheat straw-activated carbon 1945 0.89 5.85 4.4 33 1.45
Corn cob-activated carbon 1654 0.75 5.25 4.0 3.2 1.2

meet net-zero emissions. Many studies documented in the
literature on doped adsorbents and composite adsorbents
confirm their superior adsorption performance. Few recent
investigations have been reported on the activation temperature
and impregnation ratio. This would enhance the surface texture
properties and physicochemical properties of derived adsor-
bents. Thus, adsorbents exhibit excellent CO, uptake in
adsorption-based applications under suitable operating condi-
tions. Therefore, biomass-based adsorbent is an effective
way of waste minimization and sequestration of hazardous
pollutants in post-combustion CO,-based adsorption systems
(Ref 6, 7, 11).

5. Conclusions

In the present study, the preparation and characterization of
three biomass-activated carbons, namely (i) corn cob-activated
carbon, (ii) sugarcane bagasse-activated carbon, and (iii) wheat
straw-activated carbon, are performed to examine CO, capture
at operating conditions. Physicochemical characteristics and
surface textural properties of the developed activated carbon
samples are evaluated. Active pore sites, surface functional
groups, and thermal stability of activated carbon samples are
also determined and discussed. The findings are given as
follows:

¢ Inexpensive and abundantly available feedstocks are used
to prepare activated carbons using single-stage activation.

e The developed activated carbon samples are subjected to
different characterizations to examine their feasibility of
CO, adsorption.

e At 1 bar and 0 °C, activated carbon exhibits maximum
CO, uptake of 5.85, 5.25, and 6.25 mmol g71 for wheat
straw, corn cob, and sugarcane bagasse adsorbents, respec-
tively.

e All activated carbon samples exhibit superior adsorption
performance on multiple adsorption—desorption test cy-
cles.

e A dynamic CO, capture capacity of 0.65, 0.76, and
0.89 mmol/g is achieved for corn cob-, wheat straw-, and
sugarcane bagasse-activated carbon samples, respectively.

e All activated carbon samples show excellent CO, uptake
and moderate N, uptake with CO,/N, selectivity.

e AH, values of the adsorbents are 30-17, 27-14, and
35.5-21.5 kJ mol™! for wheat straw, corn cob, and sugar-
cane bagasse adsorbents, respectively. It ensures that the
adsorption process is physical adsorption, exothermic, and
spontaneous.

e All adsorbent samples exhibit superior adsorption capabil-
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ity and excellent adsorption performance.

e The developed adsorbents are appropriate for gas sorption
applications and can be used in carbon capture, gas sepa-
ration, and energy storage systems.

e The current study affirms that CO, physical adsorption is
of prime importance at minimum temperature and maxi-
mum pressure, apart from surface textural properties and
physicochemical characteristics.
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