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ARTICLE INFO ABSTRACT

Handling Editor: Dr J Ortiz This research explores the production of activated carbon (AC) from cashew nut shells using a potassium hy-
droxide (KOH) activation method, with a focus on its application in high-pressure gas adsorption. Among the
synthesized samples, AC850 demonstrated the highest efficiency, displaying a specific surface area of 1972 m?/g
and total and micropore volumes of 0.847 cm®/g and 0.724 cm®/g, respectively. The bioorganic activated carbon
exhibited significant sorption capabilities for H,, with uptake values of 13.34 mmol/g (2.69 wt%) at 10 bar and
25 °C, and a Hy/CHy selectivity range between 43.4 and 2.6. Calculations were also conducted for selectivity in a
mixture of three gases (Hz, CO5, and CHy) in industrial settings. Advanced characterization methods such as N/
CO, adsorption isotherms, FT-IR, Raman spectroscopy, SEM, and TGA were employed to analyze the structural
and chemical properties of the produced AC, including its functional groups and molecular structure. The
research underscores the potential of utilizing agricultural waste, particularly cashew nut shells, to develop
efficient materials for Hy storage and purification. The high-pressure adsorption capability and eco-friendly
nature of the manufactured activated carbon make it suitable for both environmental and industrial applications.
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sustainably regenerated through direct electrolysis of water using
renewable energy sources, creating a sustainable cycle [1]. The quest for

1. Introduction

The shift towards a hydrogen-based economy has become increas-
ingly evident in recent years. Historically, hydrogen production was
dominated by methods such as steam methane reforming (SMR) and
coal gasification, which significantly depend on fossil fuels and
contribute to greenhouse gas emissions. Currently, there’s a marked
shift towards more sustainable production techniques, with a particular
focus on electrolysis driven by renewable energy sources. The primary
benefit of this approach is its environmental friendliness, producing only
water and heat without CO2 emissions, thereby decreasing greenhouse
gases and alleviating air pollution. Moreover, hydrogen can be
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efficient gas separation technologies underpins the pivotal challenges
faced by various industries, ranging from energy production to envi-
ronmental protection. Gas separation plays a crucial role in numerous
industrial processes, significantly impacting environmental sustain-
ability. Gas separation processes, essential in the chemical and petro-
chemical sectors, account for a substantial portion of the operational and
capital expenditures due to their energy-intensive nature. The increasing
awareness of sustainable development has propelled the search for
innovative processes that enhance material and energy efficiency,
thereby reducing costs, energy consumption, and waste generation. Gas
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separation technologies, notably adsorption, are at the forefront of this
quest, offering opportunities for significant improvements in efficiency
and applicability. Innovations in adsorbent materials, coupled with
advancements in process development and optimization, are crucial for
expanding the scope and enhancing gas separation efficiency by
adsorption.

Industries utilize a myriad of gases, including CO, and Hy, which
serve critical roles in various applications such as energy storage,
environmental management, and manufacturing processes. Efficient
separation and storage of these gases are vital for operational efficiency
and environmental stewardship. The challenge lies in developing gas
separation solutions that are not only effective but also environmentally
sustainable and economically viable. Multiple methods exist for
hydrogen storage, encompassing high-pressure compressed gas, cryo-
genic liquids in dedicated tanks, and hydride formation [2]. Each
method offers unique benefits and drawbacks, making the choice of
storage solution context-dependent. Hydrogen carriers, such as
ammonia (NHs), along with solid materials, are pivotal in this area [3].
A particularly promising hydrogen storage approach that has attracted
significant attention is based on adsorption [4]. Key to this strategy is
understanding how hydrogen interacts with solid surfaces. Various solid
adsorbents are being explored for hydrogen storage, including
metal-organic frameworks (MOFs), zeolites, and carbon-based sub-
stances [5].

Among them, activated carbon derived from biomass, emerges as a
sustainable and efficient adsorbent for H; storage. Its unique properties,
such as high surface area, porosity, and tunable surface chemistry, make
it an ideal candidate for adsorption processes. Biomass-derived activated
carbon, in particular, offers a greener alternative to traditional adsor-
bents, providing an opportunity to leverage waste materials for envi-
ronmental and energy applications. Activated carbons, known for their
porous nature and versatile adsorption capabilities, play a significant
role in Hy adsorption due to their textural characteristics, high surface
area, tunable porosity, high degree of surface reactivity, good stability,
and affordable low price for industrial applications [6,7]. Globally, the
annual production of activated carbon is estimated to reach approxi-
mately 100,000 tons [8]. Predominant sources for commercial-scale
activated carbon include wood, anthracite, bitumen charcoal, lignite,
peat shell, and coconut. Additionally, alternative sources like olive and
almond shells are increasingly being utilized. The carbon content of
these materials varies from 40 to 90% (wt.), with a density ranging from
0.4 to 1.45 g/m® [9-12]. Efforts have been directed towards leveraging
waste as raw materials for activated carbon production [13]. Agricul-
tural residues, such as olive cores, biomass, rice husks, corn stalks,
bagasse, fruit Stones (cherry and apricot stones, grape seeds), hard shell
(pistachio, almond, and pecant shells), fruit pulp, bones, and coffee
beans, can also serve as sources [14]. The chosen raw material for
activated carbon preparation should ideally be abundant, cost-effective,
and safe [15]. Furthermore, minimizing mineral content and ensuring
minimal biodegradability during initial storage are crucial consider-
ations [16]. This approach aligns with the principles of sustainable
development, offering a pathway to reduce environmental impact while
addressing the critical need for efficient gas separation.

The use of activated carbon in capturing and separating Hy gas
demonstrates its versatility and effectiveness. Its application spans
various domains, from enhancing energy efficiency in natural gas pro-
cessing to mitigating greenhouse gas emissions. The potential of acti-
vated carbon to selectively adsorb and separate these gases underscores
its significance in addressing the challenges of modern industrial
processes.

This study presents a novel approach to address both waste man-
agement challenges and the development of sustainable gas adsorption
technologies. Our work focuses on the synthesis and application of
activated carbons derived from cashew nut shells, utilizing a potassium
hydroxide activation method. The utilization of agricultural waste as a
precursor for AC production represents a solution to the growing
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problem of waste accumulation while offering a sustainable pathway for
resource utilization. The key novelty of this research lies in the inte-
gration of waste management principles with the exploration of high-
pressure gas adsorption capabilities of the synthesized activated car-
bons. By repurposing cashew nut shells, an abundant agricultural by-
product, not only mitigate environmental concerns associated with
waste disposal but also unlock the potential for value-added materials
with diverse applications. Through comprehensive characterization
utilizing advanced analytical techniques such as Np/CO; adsorption
isotherms, Fourier-transform infrared spectroscopy (FT-IR), Raman
spectroscopy, scanning electron microscopy (SEM), and thermogravi-
metric analysis (TGA), we provide detailed insights into the structural,
chemical, thermal, and morphological properties of the synthesized
activated carbons. Furthermore, this research emphasizes the practical
significance of activated carbon derived from agricultural waste in the
realm of gas adsorption, particularly focusing on H; storage and puri-
fication. By exploring the adsorption capabilities of ACs under high-
pressure conditions, we contribute to the development of efficient and
environmentally friendly materials for gas separation and purification
processes.

2. Methodology
2.1. Preparation of activated carbons

Activated carbon preparation from biochar involved several steps to
achieve the desired properties, as shown in Fig. 1. Initially, cashew nut
shells (CNS) were finely ground until the entire sample passed through a
4 mm screen. To prevent decomposition of components or microbial
proliferation, the ground CNS was stored at —4 °C. Subsequently, the 50
g of CNS was placed in the hot zone of a tube furnace, and heating was
initiated with a ramp rate of 5 °C/min until reaching a final temperature
of 550 °C. This temperature was determined based on prior experiments
aimed at producing biochar devoid of CNSL remnants. Pyrolysis was
maintained for 3 h under a nitrogen flux of 150 mL/min, resulting in the
production of 8.66 + 1.35 g of biochar.

Following biochar production, chemical activation was conducted
using potassium hydroxide (KOH) according to the methodology out-
lined by Cruz-Reina et al. [17]. The biochar was impregnated with solid
KOH at a mass ratio of 1:1 (char) and allowed to react under agitation at
150 rpm for 3 h at 80 °C. Subsequently, the solution was oven-dried at
120 °C overnight. The impregnated samples were then subjected to
activation in a tube furnace at temperatures of 800 °C, 850 °C, and
900 °C (designated as AC800, AC850, and AC900) for 3 h under a ni-
trogen atmosphere with a flux of 50 mL/min and a heating rate of
5 °C/min.

Multiple reactions have been proposed to explain the activation
process during the thermal treatment, but in the most broadly accepted
KOH reacts with the carbonous precursor forming potassium carbonate,
potassium oxide and metallic potassium, which are eliminated during
the hot water rinsing. At high temperatures, biomass decomposes into
gaseous, liquid, and solid products. In the presence of KOH, the pyrolysis
process is catalyzed, facilitating the formation of gaseous hydrocarbons
such as propane (CsHs) and propene (CsHe) through decarboxylation
(removal of carboxyl groups) and dehydration (removal of water)
mechanisms. Furthermore, KOH reacts with the volatile products of
pyrolysis, contributing to the formation of hydrocarbons and inorganic
products such as potassium carbonate (K-COs) and potassium oxide
(K20). The resulting hydrogen (H:) is also one of the main gaseous
products, as shown on the below equations [18-20].

e In this reaction, KOH reacts with carbon (C) to form potassium car-
bonate (K2COs), metallic potassium (K), and hydrogen gas (Hz). This
reaction suggests that KOH serves as both a chemical reagent and an
activating agent, creating pores in the carbon structure.
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Fig. 1. Schematic preparation of activated carbon derived from cashew nut shells.

6KOH + 2C — 2K,CO3 + 2K + 3H, (€D)]

eHere, KOH reacts with a hydrocarbon such as propylene (CsHe) to
produce potassium carbonate (K=COs), potassium oxide (K20), and
hydrogen gas (Hz). This reaction indicates that KOH not only reacts
with pure carbon but also with more complex carbon-containing
compounds.

SKOH + 2C3H6 g 2K2603 + 2K20 + 5H2 (2)

oIn this reaction, KOH interacts with propane (CsHs) to yield potas-
sium carbonate (K=COs), potassium oxide (K20), and hydrogen gas
(H2). This demonstrates the versatility of KOH in reacting with
various carbon-based materials.

4KOH + 2C3H8 —>K2C03 +K20 + 3H2 (3)

After the activation process, the resulting potassium compounds
(K2COs, K20, and metallic K) need to be removed. This is usually done
through water rinsing, which dissolves these compounds, leaving behind
a highly porous and activated carbon structure. The elimination of these
compounds is crucial for achieving high surface area and desired
porosity in the final activated carbon product.

2.2. Characterization of carbon-based materials

TGA analysis is used to measure the weight loss and thermal re-
actions of the CNS during pyrolysis in an inert environment. 10-20 mg of
the sample is heated at a rate of 10 °C/min until it reaches a temperature
of 900 °C. The heating procedure is carried out with a nitrogen flow rate
of 100 mL/min utilizing a STA 7200 Hitachi High-Tech equipment that
has the TAT 81 7200 standard analysis software. Activated carbon’s
structure is analyzed by scanning electron microscopy (SEM) with the
JSM 6490-LV JEOL instrument. FT-IR spectroscopy is used to detect
functional groups in the activated carbon. The Thermo Scientific Nicolet
6700 equipment is used to scan within the 400-4000 cm ™! range. The
sample is manufactured by combining KBr to make a tablet with a solid-
KBr ratio of 0.1%. Raman spectroscopy is conducted using the Xplora
model dispersive Raman spectrometer by Horiba Scientific. The device
has a confocal microscope and three laser excitation lines with wave-
lengths of 514 nm, 632 nm, and 785 nm. The Raman spectra are detected
using a CCD detector. XRD.

Nitrogen adsorption-desorption isotherms are performed at a tem-
perature of —196 °C to analyze the textural features of the materials
studied in this research. Approximately 0.1 g of carbonaceous materials
undergo degassing at 250 °C for many hours utilizing a Micromeritics
ASAP 2020 apparatus. The BET technique is used to determine the
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specific surface area. The Dubinin-Astakhov technique is used to eval-
uate the volume of micropores. The pore size distribution is determined
using the NLDFT model. Micropore volumes (<1.4 nm) and narrow
micropore volumes (<0.7 nm) were determined by measuring CO»
(99.99% pure) adsorption at 0 °C.

High-pressure adsorption isotherms were conducted using Micro-
meritics’ ASAP 2050 sorption analyzer, which is intended to achieve
pressures above 15 bar. Hydrogen adsorption was conducted at 0 and
25 °C up to 10 bars, and high-pressure adsorption isotherms of CO5 and
CH,4 were measured up to 10 bars at a temperature of 25 °C.

Six isotherm models were used to analyze the experimental H; data,
including two-parameter models (Langmuir, Freundlich, Temkin) and
three-parameter models (Redlich-Peterson, Toth, and Sips). The
isotherm assumptions provide a description of the adsorption phenom-
ena and the equations for several models are shown in Table 1. More-
over, non-linear regression analysis was conducted using the Solver
Add-In in Microsoft Excel to accurately model the specified isotherm
equations to empirical adsorption equilibrium observations. This
enabled the derivation of a precise isotherm equation by identifying the
optimal parameter values to match the data. We assessed the fitting
quality in isotherm modeling by calculating the sum of squares error
(SSE), where a lower SSE value signifies a better fit. The SSE is deter-
mined by adding up the squares of the discrepancies between the actual
data points and the estimated values of the dependent variable derived
from the model. The SSE is calculated using the formula:

SSE = i (qe.ubserved - Qe,predicted) ’ 4)

i=1

Where: ge, observed represents the experimental quantities of Hj
adsorbed at equilibrium in mmol/g, whereas qe, predicted indicates the
theoretical amounts determined from a certain isotherm model in
mmol/g.

3. Results and discussion
3.1. Textural properties

The porous structure of activated carbons derived from cashew nut
shells was investigated through nitrogen physical adsorption. Fig. 2
depicts the nitrogen adsorption-desorption isotherms for activated car-
bons prepared at varying activation temperatures. Notably, all activated
carbons exhibited a rapid increase in nitrogen adsorption capacity at low
relative pressures (P/P° < 0.1), indicating the presence of abundant
micropores within the porous carbon structure. Moreover, the isotherms
demonstrated an augmentation in adsorption capacity with increasing
temperature at low relative pressures, with AC850 showecasing the
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Table 1
Description of selected adsorption isotherm models.
Isotherm model Described adsorption phenomenon Non-linear model Parameters of the equation Reference
equations
Langmuir Monolayer adsorption on homogeneous surface K, eP ge - experimental amount of adsorbed adsorbate [mmol/g], qm - [21]
= qmm maximum adsorption capacity (mmol/g), P - relative pressure of the
adsorbate (bar), Ky, - Langmuir isotherm constant (bar ')
Freundlich Multilayer adsorption on heterogeneous surface 1 Ky - Freundlich isotherm constant (bar~?), 1/ny — heterogeneity [22]
G = KpePm factor, np — Freundlich exponent (—)
Redlich-Peterson  Includes the features of both Langmuir and Krp o P Krp - Redlich-Peterson isotherm constant (bar 1), agp - Redlich- [23]
Freundlich isotherm e = 1+ agp-Phee Peterson model constant (bar ~), prp — exponent (—)
Toth Adsorption on heterogeneous surfaces qe = Qm - maximum adsorption capacity (mmol/g), Kr - Toth isotherm [24]
qmeKreP constant (bar 1), ny — heterogeneity factor (—)
[+ (Kr o P
Sips Combined form of the Langmuir and Freundlich L Qm - maximum adsorption capacity (mmol/g), K - Sips isotherm [25]
model equations to characterize heterogeneous qe = M constant (bar 1), ng — Sips isotherm exponent (—)
adsorption systems 1+ (Ks e P)ns
Temkin Adsorption occurring on heterogeneous surfaces ¢, = B e In(Kr ¢ P) B -Temkin constant (—), Kr - adsorption equilibrium constant (bar ') [26]
with a nonuniform energy distribution
from cashew nut shells, synthesized at various activation temperatures
600 (800-900 °C). In this study, a non-local density functional theory
550 2909598 3-89 (NLDFT) model was utilized, employing the N, and CO, adsorption-
5004 desorption isotherm at —196 °C and 0 °C, respectively, to ascertain
% i ) the pore size distributions. A comprehensive analysis of the pore struc-
o 450 00— o
=2 - ture parameters detailed in Table 2 unveiled intriguing insights: an
g 400 elevation in both micropore and mesopore counts within the activated
S 350 F carbon as the activation temperature escalated, particularly up to
g 300 850 °C. The rise in activation temperature prompted an increase in
3 W“WWW volatile content, consequently augmenting the micropore volume.
T 2501 Across all samples, the pore size distribution predominantly clustered
%’ 200 - within the ranges of 0.4-0.7 nm, 0.8-1.0 nm, and 1.1-1.5 nm.
§ 150 4 Remarkably, the micropore volume, encompassing pores less than 2 nm,
a . —o— ACS800 exhibited a pronounced predominance, corroborating the findings from
100 4 —o— AC850 Ny adsorption-desorption isotherm analyses. Notably, the presence of
50 AC900 mesopores was less prominent, as evident by the absence of a distinct
0 : . : : : peak corresponding to mesopores in the pore size distribution curves.
0.0 02 0.4 0.6 08 1.0 Only a minor peak above 1.5 nm hinted at their limited occurrence.

Relative pressure (p/p°)

Fig. 2. N, adsorption-desorption isotherms of activated carbons.

highest adsorption capacity at 850 °C. Elevated calcination tempera-
tures up to 850 °C contributed to a heightened degree of graphitization
in activated carbons, thereby bolstering their structural stability and
augmenting adsorption capacity. However, exceeding this temperature
threshold may lead to the detrimental breakdown of micropores and the
formation of larger pores. This phenomenon, termed “pore coalescence,”
can diminish the specific surface area and porosity of the material [27].
Hence, the optimal calcination temperature range for achieving the
desired level of graphitization while preserving pore structure integrity
ideally falls within 800-850 °C. According to the established IUPAC
classification, the adsorption-desorption isotherms obtained from the
activated carbons displayed a distinctive blend of characteristics
resembling both type I and type IV isotherms. Type I isotherms, which
are typically associated with microporous materials, signify a rapid in-
crease in adsorption at low relative pressures (P/PO < 0.1), suggesting
the presence of numerous micropores. Conversely, type IV isotherms,
characteristic of mesoporous materials, feature a distinct plateau at in-
termediate pressures, indicative of the presence of mesopores. The
observed isotherms also exhibited a small hysteresis loop at medium
pressure with a gradual decline. This phenomenon is consistent with the
formation of a mesoporous structure within the activated carbon sam-
ple, indicating the coexistence of micropores and a limited quantity of
mesopores [28,29].

Fig. 3 presents the pore size distribution curves obtained through
Density Functional Theory (DFT) analysis for activated carbons derived
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Furthermore, pores exceeding 2 nm were notably absent, underscoring
the predominantly microporous nature of the activated carbon samples.

Table 2 provides a comprehensive overview of the pore structure
parameters characterizing the activated carbon samples derived from
cashew nut shells. These parameters, including specific surface area
(SSAgET), total pore volume (Viota1), micropore volume (Vpicro), and pore
width, offer valuable insights into the material’s adsorption properties,
which are influenced by the activation temperature during synthesis.
Starting with AC800, activated at 800 °C, the observed SSA of 1051 m?/
g indicates a substantial surface area available for adsorption. This in-
crease in SSA can be attributed to the creation of micropores and mes-
opores during the activation process, as the relatively moderate
temperature allows for controlled pore formation. Additionally, the
average pore width of 1.50 nm reflects the predominance of micropores
within the material, which contributes significantly to its adsorption
capacity. Upon increasing the activation temperature to 850 °C for
AC850, a substantial enhancement in SSA to 1972 m?/g was observed.
This increase in SSA can be attributed to the intensified activation
process at higher temperatures, leading to the development of a more
extensive network of pores. Consequently, the higher total pore volume
of 0.847 cm®/g and micropore volume of 0.724 cm®/g further under-
score the increased adsorption capacity achieved through temperature
elevation. The slight increase in average pore width to 1.55 nm reflects
the widening of pores within the material due to the higher activation
temperature. Conversely, for AC900 activated at 900 °C, a slight
reduction in SSA to 1594 m?/g was noted compared to AC850. This
decline may be attributed to the excessive activation at higher temper-
atures, leading to the closure or collapse of some pores. Nonetheless, the
material still maintains a considerable SSA, indicative of its high



J. Serafin et al.

4.5 4

International Journal of Hydrogen Energy 86 (2024) 662-676

(a)

3.6

OO

2.7

1.8

dv(d) [e/nnvg]

0.9 A

0.0 T T T T

P (o774
ACE50
)% ,,Aj\j\’“»r‘&uvo“_‘_‘_,_,_,_ »oaaaaaa—a ol g5

1.0 15 2.0 25
Pore width [nm]

3.0 4

2.4 H

1.8 -

1.2 H

d\(d) [em®/nmig]

0.6 +

0.0

3.0

3.5 4.0

(b)

0.4

0.7
Pore width [nm)]

0.8

Fig. 3. DFT pore size distributions of activated carbons based on a) N, adsorption —196 °C, b) CO, adsorption at 0 °C.

Table 2

Textural parameters of the bioorganic prepared activated carbons.
AC sample SSAggT, mz/g Viotals cm3/g Pore size, cm3/g Vimicros %0
AC800 1051 0.448 1.5 0.428
AC850 1972 0.847 1.55 0.724
AC900 1594 0.713 1.52 0.626

adsorption potential. The relatively consistent average pore width at
1.52 nm suggests the preservation of the predominant microporous
structure despite the temperature increase. Overall, the observed trends
in SSA, pore volumes, and pore widths underscore the critical influence
of activation temperature on the pore structure and adsorption proper-
ties of activated carbons. Higher activation temperatures generally lead
to increased SSA and pore volumes, facilitating greater adsorption ca-
pacities. However, excessive temperatures can also lead to pore collapse
or closure, impacting the material’s adsorption performance. Therefore,
careful control of the activation temperature is essential to optimize the
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pore structure and maximize adsorption efficiency [30-32].

3.2. Elemental composition

The specific changes in the elemental composition of the activated
carbons, as shown in Table 3, underscore the activation process’s effi-
cacy in modifying the materials’ textural properties. These findings are
consistent with literature reports on activated carbons derived from
various biomass sources, where similar trends in elemental composition
are observed [33,34]. The highest carbon content, equal to 96.7 wt %,

Table 3

Activated carbons elemental analysis.
AC Sample C (Wt%) H (wt%) N (wt%) 0" (Wt%) 0O/C Ratio
AC800 92.6 2.2 0.5 4.7 0.05
AC850 96.7 1.3 0.1 2.3 0.02
AC900 94.2 1.8 0.3 3.7 0.04

# Calculated by difference.
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was obtained for the AC850 sample. The observed minor value of the
O/C ratio equal to 0.02 indicates the development of an aromatic
structure due to the removal of hydrogen and oxygen from the material
[35,36]. This reduction in oxygen content is indicative of a higher de-
gree of carbonization, which enhances the material’s stability and
adsorptive properties.

3.3. Fourier-transform infrared spectroscopy (FT-IR)

Fig. 4 shows the FT-IR spectra for activated carbons AC-800, AC-850,
and AC-900, revealing various functional groups present on their sur-
faces, which evolve with increasing activation temperatures. A broad
peak around 3400 cm™! is observed in all three samples, indicative of
O-H stretching vibrations. This is characteristic of hydroxyl groups such
as alcohols, phenols, or adsorbed water. The intensity of this peak tends
to decrease with increasing activation temperature, suggesting a
reduction in hydroxyl groups or adsorbed water as the temperature rises.
Hydroxyl groups can influence hydrogen adsorption through hydrogen
bonding interactions (HoO-H). Therefore, a reduction in these groups at
higher temperatures might lead to a decrease in the hydrogen adsorption
capacity through this mechanism [37]. Peaks at approximately 2920
em ! and 2850 cm ™! are consistently present in all samples. These are
attributed to C-H stretching vibrations, indicating the presence of
aliphatic groups. The consistent presence of these peaks across the
samples suggests that aliphatic hydrocarbons remain stable across the
different activation temperatures. Aliphatic groups (CHy) are generally
less involved in hydrogen adsorption compared to other functional
groups like hydroxyl or carbonyl groups. Therefore, their stability sug-
gests that the primary changes affecting hydrogen adsorption occur
elsewhere in the chemical structure [38]. A sharp peak in the range of
1700-1720 cm™! is prominent in all spectra, indicative of C=0
stretching vibrations. This peak is associated with carbonyl groups such
as ketones, aldehydes, and carboxylic acids. Notably, the exact position
of this peak shifts slightly to higher wavenumbers (from 1700 cm™ in
AC800 to 1720 cm ™! in AC900), suggesting an increasing prominence of
carbonyl functionalities with higher activation temperatures. Carbonyl
groups (C=O0) can enhance hydrogen adsorption through
dipole-induced interactions, making the increase in these groups at
higher temperatures potentially beneficial for hydrogen adsorption. A
peak around 1600-1620 cm ™! is observed in all samples, likely due to
C—C stretching vibrations from aromatic structures or adsorbed water.
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This peak’s presence indicates that aromatic structures are a significant
component of the activated carbons’ chemical makeup. Aromatic
structures provide a 7-electron system that can interact with hydrogen
molecules, contributing to adsorption. The persistence of these struc-
tures across all samples suggests a stable potential for hydrogen
adsorption through n-complexation mechanisms (C—=C-Hjy) [39]. The
peak at approximately 1380 cm ™! can be attributed to O-H bending
vibrations or C-H bending vibrations in aliphatic groups. The consis-
tency of this peak across all samples suggests that hydroxyl groups and
aliphatic structures are present in all activated carbons, though the in-
tensity may vary slightly with temperature. The presence of hydroxyl
groups, even if reduced, still supports some level of hydrogen bonding
interactions, contributing to hydrogen adsorption. A peak around 1050
cm™! is noted in all spectra, associated with G-O stretching vibrations.
This is indicative of alcohols, ethers, or carboxylic acids. The presence of
this peak in all samples suggests that these oxygen-containing groups are
a common feature in the activated carbons, regardless of the activation
temperature. Oxygen-containing groups (C-O) can enhance hydrogen
adsorption through various interactions, including hydrogen bonding
and dipole interactions, thus contributing positively to the adsorption
capacity [40].

These observations highlight the impact of activation temperature on
the chemical composition and surface functionalities of the activated
carbons and their implications for hydrogen adsorption. As the tem-
perature increases, there is a noticeable transformation in the chemical
structure, including a reduction in hydroxyl groups and a more promi-
nent presence of carbonyl groups.

3.4. Raman spectroscopy

Fig. 5 shows the Raman spectra of the ACs prepared at different
temperatures, providing a nuanced spectroscopic fingerprint that en-
ables detailed characterization of the carbon bonding configurations
within the activated carbon. The appearance of the D peak, corre-
sponding to disordered regions, and the G peak, associated with ordered
graphitic structures, collectively reveal the intricate interplay of mo-
lecular arrangements defining the heterogeneous nature of the micro-
structure of the activated carbon [41,42]. The data presented offers
insight into the microstructural characteristics of the activated carbon
samples, elucidated through the discernment of distinct D and G peaks in
their Raman spectra. These peaks serve as indicative markers of the
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Fig. 4. FTIR spectra for the sample activated at 800 °C, 850 °C and 900 °C.
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Fig. 5. Raman spectra for the samples activated at 800 °C, 850 °C and 900 °C.

material’s heterogeneous microstructure, with the D peak arising from
the vibration of carbon-carbon sp2 bonds, indicating disorder or struc-
tural irregularities. Conversely, the G peaks result from the vibration of
sp2 carbon bonds within an ordered structure akin to graphite [43].

A more detailed analysis involves evaluating the degree of disorder
within the carbon matrices, quantified through the intensity ratio of the
D peak to the G peak (Ip/Ig) (Table 2). Across the spectrum of elaborated
activated carbons, this ratio falls within the range of 0.83-0.87, a range
recognized by previous studies as characteristic of non-ordered carbon
materials. Notably, higher values within this range indicate an increased
presence of aromatic rings and a reduced occurrence of carbon-
containing structural defects, fostering the formation of functional
groups on the material’s surface, often involving oxygen atoms [44].
Furthermore, the Ig/Ip ratio, representing the degree of graphitization,
was analyzed alongside the Ip/Ig ratio. A higher Ig/Ip ratio suggests a
higher degree of ordered graphitic structures within the material, typi-
cally associated with well-defined graphitic layers seen in more ordered
carbon materials such as graphite (Table 4). The dependency of these
ratios on synthesis temperature was investigated, revealing interesting
trends. An increase in synthesis temperature led to a decrease in the
Ip/Ig ratio and an increase in the Ig/Ip ratio. This is consistent with
expectations, as higher temperatures favor the growth of graphitic do-
mains and promote the formation of ordered graphitic structures, thus
reducing disorder within the carbon structure [45].

3.5. X-ray diffraction (XRD)

Fig. 6 shows distinctive peaks, some of which are labeled with Miller
indices like (002) and (101). These indices denote the orientation of
crystal planes within the carbon structure that are responsible for the
diffraction. The (002) peak is indicative of the interlayer spacing in
graphitic materials, typically associated with the stacking of graphene
layers. The intensity and sharpness of this peak can give insights into the

Table 4
Summary of Raman spectra analysis for activated carbon samples at different
synthesis temperatures.

AC D peak frequency G peak frequency Ip/I¢  Ig/Ip
Sample (cm’l) (cm*l)

AC800 1392.3 1594.6 0.87 1.15
AC850 1333.0 1600.3 0.83 1.20
AC900 1337.1 1584.9 0.84 1.19
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Fig. 6. XRD patterns of a) AC800, b) AC850, c¢) AC900.

degree of graphitization; higher and sharper peaks suggest a well-
ordered graphitic structure, whereas lower and broader peaks suggest
a more amorphous carbon structure or the presence of defects and dis-
order. As the activation temperature increases from AC800 to AC900,
the notable decrease in intensity and increase in the broadening of the
(002) peak suggest that the carbon structure is becoming less ordered,
which can be attributed to the destruction of graphitic domains or
changes in the turbostratic arrangements of the carbon layers. This could
result in an increase in the amorphous phase, potentially enhancing the
material’s porosity and specific surface area, which are desirable for
applications that require high adsorption capacity. The (101) peak also
provides information on the crystalline structure, and its variation with
activation temperature further supports the notion that the carbon is
undergoing structural changes. The broadening of this peak across the
temperatures suggests an increase in lattice defects or a transformation
of the crystalline structure towards a more amorphous state.

Fig. 7. SEM images of a) AC800, b) AC850, c) AC900.
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3.6. Scanning electron microscope (SEM)

Fig. 7 presents a detailed examination of the pore structures of
activated carbon surfaces using SEM micrographs. The images primarily
reveal the mesoporous and macroporous networks within the carbona-
ceous structures. The presence of micropores in the activated carbon
samples has been confirmed through nitrogen adsorption-desorption
isotherms at —196 °C, as shown in Table 2. These analyses indicate a
significant microporous structure, which is crucial for high-performance
gas adsorption. This open pore structure is crucial for gas adsorption
applications, particularly for the efficient and selective adsorption of H
molecules. The unobstructed pore pathways facilitate optimal gas
adsorption performance by ensuring unhindered access to the pore
space, thus promoting effective gas-surface interactions. Examination of
the surface morphology across these activated carbon samples shows
consistent macroporous structures, despite variations in activation
temperatures during synthesis. This uniformity in pore architecture is
vital for gas adsorption applications. The consistent morphology sug-
gests that while activation temperatures impact microstructural fea-
tures, they do not significantly alter the broader macroporous
architecture. This consistency ensures reliable and reproducible gas
adsorption behavior across diverse samples, highlighting the potential
of these activated carbons for use in gas separation and storage systems.
The activated carbon derived from nut biomass demonstrates a prom-
ising pore structure suitable for gas adsorption applications, as sup-
ported by previous studies. The potential of biomass-derived activated
carbons for hydrogen storage and gas separation is an exciting prospect,
offering a sense of excitement and anticipation for the audience. Similar
results were achieved by Chairunnisa et al. [41] and Serafin et al. [42].

3.7. Thermogravimetric (TGA) analysis

The thermogravimetric analysis (TGA) of untreated cashew nutshell
has revealed detailed information on the complex thermal breakdown
processes of this biomaterial, as given in Fig. 8. Beginning with the TGA
curve, there’s a gradual decline in weight percentage from room tem-
perature up to approximately 100-150 °C, which is typically associated
with the evaporation of moisture within the biomass. This initial weight
loss is minor compared to the subsequent losses. As the temperature rises
beyond this point, the TGA curve shows a more pronounced weight loss,
which corresponds to the main decomposition phase of the biomass
components. This is where the DTG curve becomes particularly infor-
mative. The DTG peaks represent temperatures at which the rate of
weight loss is greatest, indicating the breakdown of the primary com-
ponents of the biomass:
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Fig. 8. TGA of raw CNS.
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e The first peak in the DTG curve likely corresponds to the decompo-
sition of hemicellulose, which generally occurs at lower tempera-

tures than cellulose and lignin, around 200-300 °C.

e A sharp peak usually signifies cellulose breakdown, typically be-
tween 300 and 400 °C. Cellulose has a higher thermal stability and
decomposes at a relatively specific temperature range, leading to a

distinct peak in the DTG curve.

e Lignin decomposition is more gradual and extends over a wide
temperature range, often starting around 200 °C and continuing well
beyond 500 °C. As lignin has a complex structure that breaks down in
stages, this could result in a broader peak or multiple peaks in the

DTG curve.

After the major decomposition phase, the TGA curve levels off,
indicating a significant slowdown in weight loss. This plateau suggests
the formation of char, which is the carbonaceous residue remaining after
the volatile components have been driven off. The DTG curve also flat-
tens out, showing that the rate of weight loss has decreased significantly.
Further decomposition of the char and any residual material can
continue up to 800 °C but at a much slower rate. From the TGA and DTG
graph, we can deduce that the cashew nutshell biomass exhibits a typical
decomposition pattern for lignocellulosic materials, with distinct phases
for moisture loss, active devolatilization from the breakdown of hemi-

cellulose, cellulose, and lignin, and finally, char degradation.

The TGA and DTG curves for activated carbons at different prepa-
ration temperatures reveal distinct thermal stability characteristics, as
presented in Fig. 9. The ACs exhibit a clear pattern of thermal behavior.
Initial weight loss across the range is consistent, likely from moisture
release. As temperature increases, the TGA curves show separation, with
the AC800 sample having more volatile content as evidenced by a higher
DTG peak, compared to the lower peaks of AC850 and AC900, indicating
a decrease in volatile matter for carbons prepared at higher tempera-
tures. The DTG peaks are most pronounced around 200 °C-500 °C,
corresponding to the release of organic components. Above 600 °C, the
curves level off, showing significantly less weight loss, with AC900
displaying the greatest thermal stability and highest residual weight,
implying that carbon prepared at 900 °C has the most robust carbon
structure with the highest fixed carbon content. This suggests that car-
bons subjected to higher preparation temperatures undergo more thor-
ough carbonization, resulting in less volatile and more stable activated

carbon materials.

3.8. Hj adsorption tests

The low-pressure hydrogen adsorption isotherm (Fig. 10(a))
100 \ - 20
90 -11.6
—AC900
© 80 — AC850 3 1.206
= AC900 %
= o
=) — — AC800 (?
2 — — ACS850 =
704 —40.8
= AC900 o
60 —~04
s
50 . \s-_.L.Tq _-.I..--.uk-—qlv;q-s. memsol )

0 200 400 800

Temperature [°C]

600

Fig. 9. TGA of activated carbons produced from CNS.
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Fig. 10. H; (a) low-pressure (b) high-pressure isotherms of measured at 25 °C
in the range of 0-10 bar.

illustrates the relationship between the adsorption capabilities of ma-
terials AC800, AC850, and AC900, and the relative pressure (p/po). The
behavior of all materials follows Type I isotherms, which are typical of
microporous solids. In these isotherms, the adsorption capacities in-
crease significantly at low pressures because of the intense contact be-
tween hydrogen molecules and the surface of the adsorbent. The sharp
incline at the beginning suggests that the adsorption process has
favorable energy characteristics at low pressures, making it advanta-
geous for applications that function under gentle circumstances. As the
relative pressure approaches p/pg = 1, the adsorption isotherms reach a
plateau, indicating saturation. AC850 has the greatest adsorption ca-
pacity, approaching 10.52 mmol/g (2.12 wt%), indicating a substantial
surface area (1972 mz/g), improved total pore (0.847 cm3/g) and
micropore volume (0.724 cm®/g) in comparison to AC800 and AC900.
The AC800 isotherm exhibits a slight change in direction at p/py = 0.4,
suggesting the possible existence of mesopores or a non-uniform distri-
bution of pores. This characteristic might enhance the material’s ability
to facilitate diffusive transport.

Fig. 10(b) expands the investigation to high-pressure circumstances,
including relative pressures up to p/po = 10. The isotherms maintain a
Type I pattern, but the adsorption capacities at high pressures far surpass
those reported at lower pressures. Specifically, the AC850 sample has an
adsorption capacity above 13.34 mmol/g (2.69 wt%). The significant
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rise indicates that these materials possess advantageous adsorption
properties even at high pressures, which is crucial for applications
involving the storage of hydrogen at high densities. The isotherms of
each material exhibit various points of stabilization, with AC850
reaching a plateau at a lower relative pressure compared to AC800 and
AC900. This suggests that the hydrogen molecules are packed more
efficiently inside the pore structure of AC850, owing to a more ideal
distribution of pore sizes or a stronger material framework that remains
stable when compressed.

Table 5 presents a summary of the findings on Hy adsorption using
various adsorbents, including those derived from diverse biomass
sources. The results obtained in this work are potentially competitive
compared to other solid carbon-based materials. The physicochemical
structure of these materials significantly influences their hydrogen
storage and gas separation performance. Key factors include:

e Pore size distribution: Micropores (<2 nm) increase hydrogen stor-
age capacity due to a high surface area and volume.

e Surface functional groups: Functional groups such as hydroxyl and
carbonyl groups can enhance adsorption affinity.

e Degree of graphitization: Higher graphitization levels improve
structural stability and reusability.

e Textural properties: A balance of micro and mesopores facilitates
efficient gas diffusion and adsorption.

3.9. Isosteric heat of Hy adsorption

The isosteric heat of Hy adsorption was calculated for 0 (Fig. 11) and
25 °C (Fig. 10(b)) and acts as a definitive measure of the intensity of
contact between the adsorbate and the adsorbent surface, as given by the
Clausius-Clapeyron equation:

NECT)
/()

0
where: p is the partial pressure of the Hy at equilibrium state [bar], T is
absolute temperature [K], R is the ideal gas constant [J/mol-K], Qg
denotes isosteric heat of adsorption [J/mol], and 0 indicates a specific
surface coverage [—].

The pressure values for the given surface coverage have been

calculated using the modified Langmuir-Freundlich isotherm equation,
which has been shown to be effective for this particular use [52].

st

)

Table 5
Comparison of H; uptakes of various carbon-based materials.
Adsorbent Experimental conditions H, uptake, Reference
mmol/g/wt. %
Pressure, Temperature,
bar °C

Wood chips-based 80 25 2.48/0.50 [46]
ACs

SWCNT 0.4 25 22.32/4.50 [47]

MWCNT 14.8 25 31.25/6.31 [47]

K-doped MWCNT 0.1 <40 8.93/1.80 [48]

10 wt% Pd-AC 60 30 2.63/0.53 [49]

Tangerine peel- 30 25 0.69/0.14 [50]
based ACs

CO,-oxidized 120.5 25 4.46/0.90 [51]1
MWCNTs

Air-oxidized 120.2 25 4.96/1.00 [51]
MWCNTSs

Common 45 25 9.61/1.94 [54]
polypody-based
ACs

Cashew nut 10 25 13.34/2.69 This work
shells-based
ACs
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Fig. 11. H, isotherms measured at 0 °C in the range of 0-10 bar.

9e
K — q. @ Kgp,

(6)

Where: q, - maximum adsorption capacity (cms/g), Kgp, - Langmuir-
Freundlich isotherm constant (bar’l), ngg, - index of heterogeneity [—]

The isosteric heat of adsorption ACs was found to vary from 6.56 to
4.39 kJ/mol, in proportion to the total surface coverage, as shown in
Fig. 12. The result offers strong verification that the adsorption of Hy on
ACs is a physical process that is regulated by relatively weak van der
Waals forces. Physical adsorption has a relatively low Qst, ranging from
20 to 40 kJ/mol, while the heat of chemisorption often falls within the
range of 80-200 kJ/mol [53]. Similar results for H storage on ACs have
been achieved by Serafin et al. [54] for different raw material.

3.10. Modelling of H2 adsorption processes

Modeling of H; adsorption isotherms on AC800, AC850, and AC900
materials were studied to analyze their adsorption characteristics up to
10 bar, as given in Fig. 13(a—c). The Langmuir (SSE: 17.68-26.32). And
Freundlich (SSE: 70.50-77.12) isotherms did not accurately model the
adsorption behavior across the pressure spectrum, suggesting limita-
tions due to their assumptions of monolayer adsorption and surface
heterogeneity, respectively. The Temkin isotherm (SSE: 24.08-25.64)

7.0
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=8 —— AC900
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)
£
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4.0 T T ¥ T T T
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0

Fig. 12. Change of the isosteric heat of Hy adsorption as a function of surface
coverage for the prepared ACs.
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Fig. 13. Fitting of H, adsorption isotherms to selected models for (a) AC800,
(b) AC850, and (c) AC900 at 25 °C.

also fell short, indicating that adsorbate-adsorbent interactions are not
dominant within the studied pressure range. Conversely, Sips (SSE:
3.05-4.46) and Toth (SSE: 4.78-6.15) equations were two of the six
remaining isotherm models that may effectively describe the Hj
adsorption capabilities of ACs. Generally, the Toth model improves on
the Langmuir isotherm by accounting for varied adsorption sites,
enhancing fit at high pressures where Langmuir fails, suggesting diverse
adsorption energies due to site differences. The Sips isotherm, merging
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Langmuir and Freundlich models, best matches experimental data
across all pressures for three materials, accommodating surface het-
erogeneity and aligning with the Langmuir isotherm at high pressures,
effectively explaining adsorption in mixed-surface systems. Similarly,
the Redlich-Peterson (SSE: 10.40-11.31) isotherm, a three-parameter
model combining the Langmuir and Freundlich isotherms, also pro-
vided a good fit but not as precise as the Sips and Toth equations.

The excellent performance of the Sips and Toth isotherms in
depicting hydrogen adsorption data indicates that these models’ incor-
poration of surface heterogeneity and fluctuation in adsorption energy
are crucial for accurately characterizing adsorptive behaviors. The
parameter estimates derived from these models may provide useful in-
sights into the characteristics of the adsorption sites and the interaction
energies. This information is crucial for enhancing the design and
advancement of adsorbent materials used in hydrogen storage
applications.

3.11. Hy, COy, and CHy selectivity studies

3.11.1. Equimolar combinations of Ha/CO2, Hy/CHy, and CO2/CHy

Adsorbent materials play a crucial role in the selective separation of
components in gaseous mixtures containing hydrogen (Hy), carbon di-
oxide (CO), and methane (CH4). The selectivity of these materials is
critical for various applications, including gas purification, carbon
capture, and energy storage. Analyzed the adsorption isotherms of Hy/
CO4/CH4 at 25 °C for the best sample (AC850) to determine the selec-
tivity between those three gases. This study calculated the gas selectivity
of Hy/CO2/CH4 by using the ideal adsorption solution theory (IAST) to
accurately assess the efficiency of the separation process.

The IAST method, created by Myers and Prausnitz, is widely used to
calculate the adsorption selectivity of gas mixtures in porous materials
[55]. This integration adheres to a certain equation of state to ensure a
precise evaluation.

=Ly Py @
qdv(p) Px

IAST

where: Siagt is the selectivity coefficient, qx() and qny(p) refer to the
uptake of specific gas [mmol/g], px and py are the partial pressure in the
mixture.

As a result, our focus was on investigating the selectivity for a Hy/
CO9, Hp/CHy4, or COy/CH4 (0.5/0.5) binary mixture. In this context,
equation (1) is modified and expressed in the following specific form:
Siast(Eq) = 900:0) ®

qnN;(p)

Fig. 14 shows the selectivity data obtained from IAST for equimolar
combinations of Hy/CO3, Hy/CHy, and CO2/CHy in flue gas at 25 °C.
mixtures explore how different gas species interact with the adsorbent
surface and compete for adsorption sites under uniform conditions.

> Selectivity Coefficient of CO, compared to CH4: The selectivity
coefficient of CO, relative to CH4 demonstrates a significant range,
from 8.4 to 2.0, as pressure increases from 0.01 to 10 bar. At lower
pressures, CO5 exhibits a pronounced preference for adsorption over
CHy, likely due to its larger molecular size and higher polarizability,
allowing for stronger interactions with the adsorbent surface. How-
ever, as pressure rises, the selectivity coefficient decreases, indi-
cating a reduced preference for CO, adsorption over CH4. This
reduction could stem from the saturation of adsorption sites and
increased competition between CO5 and CH4 molecules for surface
binding [56].

> Selectivity Coefficient of Hy compared to COs: The selectivity
coefficient of Hy relative to CO2 also shows significant variation,
ranging from 11.9 to 1.4, with increasing pressure from 0.01 to 10
bar. Initially, Hy displays a strong preference for adsorption over
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Fig. 14. H,/CO,, Hy/CHy4, and CO,/CH,4 selectivity of AC850 samples versus
pressure at 25 °C.

COy, likely due to its smaller size and potentially stronger in-
teractions with the adsorbent surface. However, as pressure in-
creases, the selectivity coefficient decreases, indicating a
diminishing preference for Hy adsorption over COs. This decrease
may result from the saturation of adsorption sites and intensified
competition between Hy and CO, molecules for surface adsorption
[57].

> Selectivity Coefficient of Hy compared to CHy4: The selectivity
coefficient of Hy relative to CH4 exhibits the most significant varia-
tion, ranging from 43.4 to 2.6, as pressure increases from 0.01 to 10
bar. Initially, Hy demonstrates a strong preference for adsorption
over CHy, attributed to its smaller size and potentially stronger in-
teractions with the adsorbent surface. However, with increasing
pressure, the selectivity coefficient decreases markedly, indicating a
substantial decrease in the preference for Hy adsorption over CHy.
This decrease likely arises from the saturation of adsorption sites and
intensified competition between Hy and CH4 molecules for surface
binding [58].

3.11.2. Selectivity for a mixture of three gases (Hz, CO,, and CHy) in
industrial applications

The selectivity of the gas components within the three-component
mixture was meticulously calculated employing the Serafin-Dziejarski
method. This methodological approach is predicated on the founda-
tional principles of the Langmuir isotherm equation, tailored to assess,
and quantify the selective adsorption characteristics of each gas in the
context of a competitive adsorption environment.

The Serafin-Dziejarski selectivity calculations are instrumental in
elucidating the efficiency with which the adsorbent differentiates be-
tween the gas species under investigation. For each component in the
mixture (CH4, CO», Hy), the selectivity is derived from the ratio of the
amount of that specific gas adsorbed to the sum of the amounts of the
other gases adsorbed, each normalized by their respective partial pres-
sures. This ratio encapsulates the preferential adsorption efficacy of the
adsorbent for each gas relative to the others in the mixture, as shown in
below equation:

g
_ Px
SSeraﬁn—Dziejarski—Xl ~ nxptnxs (9)
Px>+Px3

Where:

e X1 is a gas adsorbed,
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e ny; is the amount of X1 gas adsorbed,

e nyxp and nxo are the amounts of X2 and X3 gases adsorbed,
respectively,

e Px1, Pxo, and Pxs are the partial pressures of X1, X2, and X3 gas in the
mixture, respectively.

The Serafin-Dziejarski selectivity calculations were applied to the
following four gas mixture examples to illustrate the method’s versa-
tility and applicability in varying industrial contexts, as presented in
Tables 6 and 7.

e Hj selectivity: Hydrogen has the highest selectivity values in all
examples, ranging from approximately 12.60 to 14.14. This suggests
that under the conditions studied, hydrogen is preferentially adsor-
bed over methane and carbon dioxide, likely due to its small mo-
lecular size and high mobility.

CO; selectivity: Carbon dioxide shows moderate selectivity values
between approximately 0.65 and 0.72. These values are significantly
lower than those of hydrogen, indicating that CO is less preferen-
tially adsorbed compared to Hy. However, CO» is more selectively
adsorbed than CHy, likely due to its higher polarizability and inter-
action with the activated carbon surface.

CH4 selectivity: Methane has the lowest selectivity values, which
range from approximately 0.09 to 0.16 across the examples. Meth-
ane’s larger molecular size compared to hydrogen and its non-polar
nature compared to carbon dioxide could contribute to its lower
selectivity.

The variation in selectivity across the examples can be attributed to
differences in the gas composition, which affects the partial pressures
and, consequently, the adsorption behavior according to the Langmuir
isotherm equation. These results align with the understanding of
porosity and the capability of activated carbons to adsorb smaller mol-
ecules more effectively. Activated carbon, with its high surface area and
porosity, tends to adsorb gases like hydrogen more readily due to its
small molecular size, allowing for higher selectivity. In contrast, larger
molecules like methane are less easily accommodated in the micropo-
rous structure of activated carbon, resulting in lower selectivity.

3.12. Industrial scalability and economic feasibility aspects

This economic analysis examines the financial viability of producing
activated carbon from cashew nut shells, with a specific focus on Viet-
nam’s prominent cashew industry. Vietnam, a leading global producer,
generated approximately 1.5 million tons of cashew nuts in 2023,
highlighting its crucial role in the industry [59]. The analysis evaluates
the costs associated with setting up and operating a production facility
in Vietnam, aiming to assess the feasibility of utilizing cashew nut
shells—byproducts of the cashew processing sector—for activated car-
bon production. In addition to Vietnam, other significant producers in
the global cashew market include India, Brazil, Nigeria, and Indonesia
(Fig. 15).

This study provides insights into the economic practicality of this
production method, considering both cost efficiency and waste reduc-
tion potential. The establishment of the production facility involves

Table 6
Compositions of gas mixtures.
Example  CHy CO, H, Applications
[%] [%] [%]
1 0.8 0.1 0.1 Heating, power generation, or as a
feedstock for chemical processes
2 0.7 0.2 0.1 Industrial processes or power generation
3 0.85 0.05 0.1 Clean-burning fuel in residential,
commercial, or industrial setting
4 0.75 0.15 0.1 Power generation, or heating
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Table 7
Selectivity calculations across four gas mixture examples, employing the Serafin-
Dziejarski method.

Gas Example 1 Example 2 Example 3 Example 4
Hy 13.59 12.60 14.14 13.07
CO, 0.70 0.65 0.72 0.67

CH,4 0.12 0.16 0.096 0.14

Indonesia
4%

Nigeria
19%

Fig. 15. World cashew nuts production.

several key investments, including site preparation, building construc-
tion, and the installation of essential machinery. These initial setup ac-
tivities ensure that the production operations are efficient and effective.
Site preparation involves clearing and leveling the land, while building
construction includes creating the physical facility to house machinery.
The installation of reactors, dryers, grinders, and other specialized
equipment is crucial for the activation process. Additionally, architec-
tural and engineering design services are required to optimize the fa-
cility layout, and investments in fire safety measures and regulatory
permits are necessary to ensure compliance with legal standards.

Table 8 provides all data and values. Establishing a production fa-
cility for activated carbon from cashew nut shells involves a wide array
of costs that ensure the site is properly equipped and operational. To
begin with, the initial cost of facility setup is estimated at 30,000 €
(819,074,070 VND). This expense includes the broad range of in-
vestments needed to prepare and construct the production site. The cost
of construction materials, which is a significant part of the setup ex-
penses, varies between 8000 € and 15,000 € (218,662,560 to
410,993,800 VND). This variability depends on the specific materials
used and their quality. Labor costs for the setup phase are estimated to
fall between 6000 € and 10,000 € (163,999,680 to 273,328,200 VND).
This amount covers the wages of workers who are involved in the con-
struction and installation processes. The design phase, encompassing
architectural planning and layout design, costs between 1500 € and
3000 € (41,833,130 to 82,059,870 VND). Technical installations,
including essential systems such as plumbing and electrical work, are
expected to cost between 2000 € and 3000 € (54,665,520 to 82,059,870
VND). Additional costs for fire safety measures and necessary permits
and certificates each range from 300 € to 500 € (8,200,915 to
13,676,645 VND), ensuring that the facility complies with safety regu-
lations and legal requirements. Once the facility is set up, processing the
cashew nut shells is a critical step in preparing them for activation. This
process involves cleaning, drying, and grinding the shells. Cleaning
removes impurities and contaminants from the shells, ensuring they are
in the best condition for the subsequent activation process. Drying
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Table 8
Costs of industrial production of activated carbon from cashew nut shells.

Cost Component Estimated Cost (€)  Estimated Cost (VND)
Facility Setup 30,000 819,074,070

Construction Materials 8000-15,000 218,662,560-410,993,800
Labor 6000-10,000 163,999,680-273,328,200
Design 1500-3000 41,833,130-82,059,870
Technical Installations 2000-3000 54,665,520-82,059,870
Fire Safety Measures 300-500 8,200,915-13,676,645
Permits and Certificates 300-500 8,200,915-13,676,645

Process Annual Cost (€) Annual Cost (VND)

Cleaning, Drying, Grinding 2000 54,665,520

Equipment Estimated Cost Estimated Cost (VND)
©)

Horizontal Tube Furnace 12,000 328,195,620

Stainless Steel Reactors 25,000 682,453,250

Drying and Grinding 12,000 328,195,620

Equipment

Filtration and Washing Units 5000 136,676,450

Quality Control Instruments 2000 54,665,520

Packaging Machinery 5000 136,676,450

Storage Facilities 15,000 410,996,350

Staff Estimated Estimated Hourly Rate
Hourly Rate (€) (VND)

Production Operators 1.50-3.00 41,833,130-82,059,870

Supervisors 3.00-5.00 82,059,870-136,766,450

Support Staff 1.00-1.50 27,353,290-41,530,985

Utility Unit Cost (€) Unit Cost (VND)

Electricity 0.05-0.07 per 1367.67-1915.71 per kWh
kWh

Water 0.20-0.30 per m®  5470.66-8206.00 per m>

Gas 0.80-1.20 per m* 21,870.68-32,806.02 per

m3

Annual Cost (€)
800

Annual Cost (VND)
21,870,680

Maintenance and Repairs
Maintenance and Repairs

Quality Control Annual Cost (€) Annual Cost (VND)

Quality Control 400 10,935,340
Logistics Component Annual Cost (€) Annual Cost (VND)
Storage 800 21,870,680
Transportation and Packaging 1500 41,530,985

Summing up all annual
costs, the total production
cost

102,550 € (2,764,654,470 VND)

Exchange rate used: 1 Euro (€) = 27,353.29 Vietnamese Déng (VND)*current
exchange value 05/08/2024.

reduces the moisture content, which is crucial for effective activation.
Grinding increases the surface area of the shells, enhancing their effi-
ciency during activation. The combined annual cost for these processing
steps is approximately 2000 € (54,665,520 VND). The production of
activated carbon requires several specialized pieces of equipment, each
contributing significantly to the overall investment. A horizontal tube
furnace, essential for the carbonization process, costs 12,000 €
(328,195,620 VND). Stainless steel reactors, used for chemical activa-
tion, are priced at 25,000 € (682,453,250 VND). Equipment necessary
for drying and grinding the cashew shells costs another 12,000 €
(328,195,620 VND).

To maintain the quality of the final product, filtration and washing
units are required, costing 5000 € (136,676,450 VND). Quality control
instruments, which ensure that the final product meets industry stan-
dards, are estimated at 2000 € (54,665,520 VND). The packaging
equipment necessary for preparing the product for distribution costs
€5000 (136,676,450 VND). Lastly, storage facilities, essential for hold-
ing both raw materials and finished products, are estimated to cost
15,000 € (410,996,350 VND). The total investment in equipment
amounts to approximately €76,000 (2,088,592,810 VND), with an
annual depreciation cost of 6000 € (163,999,680 VND) spread over a
period of 10 years. This significant initial investment is critical for
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ensuring that the production process runs smoothly and effectively. A
skilled workforce is necessary to manage the production process effi-
ciently. Staffing costs cover the wages of production operators, super-
visors, and support staff. Production operators, who handle the
machinery and ensure its effective operation, have hourly rates ranging
from 1.50 € to 3.00 € (41,833,130 to 82,059,870 VND). Supervisors
responsible for overseeing the entire production process and ensuring
quality and efficiency are paid between 3.00 € and 5.00 € per hour
(82,059,870 to 136,766,450 VND). Support staff, who assist with
maintenance and logistics, earn between 1.00 € and 1.50 € per hour
(27,353,290 to 41,530,985 VND). The total estimated annual cost for
staffing is approximately 12,000 € (327,999,680 VND). The production
process is highly energy-intensive, leading to substantial utility ex-
penses. The estimated annual utility costs amount to around 2250 €
(55,057,395 VND). Specifically, electricity costs between €750 and 1050
€ (20,510,070 to 28,572,160 VND) for an annual consumption of about
15,000 kW h, depending on the unit cost of 0.05 € to 0.07 € per kWh.
Water costs range from 500 € to 750 € (13,676,645 to 20,515,380 VND)
for annual consumption of approximately 2500 m?, based on a unit cost
of 0.20 € to 0.30 € per m®. Gas costs between 800 € and 1200 €
(21,870,680 to 32,806,020 VND) for annual consumption of around
1000 m®, depending on the unit cost of 0.80 € to 1.20 € per m®. Regular
maintenance and occasional repairs are vital for the reliable operation of
the equipment. The estimated annual cost for maintenance and repairs is
800 € (21,870,680 VND).

Additionally, quality control is essential to ensure that the final
product meets industry standards, with an estimated annual cost of 400
€ (10,935,340 VND). Efficient logistics management also involves costs
related to the storage, transportation, and packaging of raw materials
and finished products. The estimated annual logistics costs total
approximately 2300 € (63,401,665 VND). This includes storage costs of
800 € (21,870,680 VND) and transportation and packaging costs of 1500
€ (41,530,985 VND). In summary, the comprehensive financial re-
quirements for setting up and operating a facility dedicated to producing
activated carbon from cashew nut shells encompass various costs,
including facility setup, equipment investment, staffing, utilities,
maintenance, quality control, and logistics. The total estimated annual
production cost amounts to 102,550 € (2,764,654,470 VND).

To determine the cost per kilogram of activated carbon, assuming an
annual production volume of 50,000 kg:

total annual production costs

Pri kiol = 10
rice per kiotgram annual production volume ao

. . 102,550 €
Price per kiolgram _W = 2.05€/ 55,293 VND an

This analysis demonstrates that production costs in Vietnam can be
effectively managed to achieve a competitive price of approximately
2.05 € per kilogram. By optimizing costs related to facility setup,
equipment, staffing, utilities, and logistics, the production process be-
comes economically viable. Utilizing cashew nut shells as a raw material
further enhances cost-effectiveness and supports sustainability.
Adhering to quality control standards is essential for product reliability
and market competitiveness. Effective financial and operational plan-
ning will be crucial for achieving and sustaining profitability in the
activated carbon production industry. The resultant production cost of
2.05 € per kilogram is notably competitive when compared to current
market prices for activated carbon, which typically range from 2.50 € to
4.00 € per kilogram depending on the type and application. By posi-
tioning itself within this cost range, the Vietnam-based production
operation can effectively compete with established players in the mar-
ket, particularly in applications where cost efficiency is a significant
factor. This cost advantage, coupled with the sustainable use of raw
materials, provides a strong foundation for capturing market share and
achieving long-term profitability.
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4. Conclusions

The study presents a promising advancement in the utilization of
agricultural waste for environmental and industrial applications, spe-
cifically through the development of activated carbon from cashew nut
shells using potassium hydroxide activation. The research further em-
ploys advanced characterization techniques, including No/CO2 adsorp-
tion isotherms, FT-IR, Raman spectroscopy, XRD, SEM, and TGA, to
investigate the structural and chemical characteristics of the produced
activated carbon. These methods reveal detailed insights into the func-
tional groups and molecular structure of the activated carbon, as well as
its thermal stability and composition. The findings emphasize the po-
tential of using cashew nut shells, a form of agricultural waste, to
develop efficient materials for environmental and industrial applica-
tions. The study’s key findings and implications are summarized as
follows:

e Development of activated carbon from cashew nut shells using po-
tassium hydroxide activation demonstrates a promising use of agri-
cultural waste.

The AC850 sample exhibits a specific surface area of 1972 m?/g,
suitable for high-pressure gas adsorption applications, especially
hydrogen storage.

Exceptional hydrogen sorption capabilities, with uptake values of
13.34 mmol/g (2.69 wt%) at 10 bar and 25 °C, indicate the mate-
rial’s potential for hydrogen storage and purification.

Notable Hy/CHj selectivity range (43.4-2.6) supports its use in gas
purification, particularly for separating hydrogen from methane.
The activated carbon shows preferential adsorption of hydrogen over
carbon dioxide and methane, with carbon dioxide showing moderate
selectivity and methane the lowest.

Furthermore, the study of industrial scalability and economic feasi-
bility aspects highlights the cost-effective potential of using cashew nut
shells for developing efficient adsorbent materials for environmental
and industrial applications. Additionally, the research supports the
scalability and economic feasibility of producing high-capacity adsor-
bents, which could contribute significantly to sustainable energy solu-
tions and gas purification systems.
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