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ABSTRACT

The increasing concentration of carbon dioxide (CO₂) in the atmosphere continues to

pose a major environmental challenge, contributing significantly to global warming

and climate change. Walnut shell is an abundant agricultural by-product, low-cost and

sustainable adsorbent for CO₂ capture.

In this study, activated carbon was produced from locally sourced walnut shells

through carbonization at 400 °C and KOH activation, then sieved into different

particle sizes. Characterization revealed low moisture content of 26.2%, high carbon

composition, abundant surface functional groups, well-developed porosity, and an

amorphous structure, confirming strong potential for efficient CO₂ adsorption.

CO₂ adsorption tests conducted in a fixed-bed column (0.5 L/min, 60 min) showed

that smaller walnut-shell particle sizes had better adsorption performance.

Breakthrough occurred earliest for >500 µm particles (15 min), followed by 250–500

µm (20 min), and latest for 100 µm particles (30 min), indicating improved mass

transfer with decreasing particle size. Adsorption efficiency increased steadily, and all

samples approached full saturation by 60 minutes.

Kinetic analysis showed that the pseudo-second-order model best described CO₂

adsorption, with accurate qₑ values (~60 mg/g), while the pseudo-first-order model

was less suitable. Isotherm results confirmed favourable adsorption (0 < RL < 1),

with the Freundlich and BET models indicating multilayer physisorption on a

heterogeneous surface. The results confirm that walnut-shell-derived activated

carbon is an effective CO₂ adsorbent with favourable kinetics and strong adsorption

capacity, best described by the PSO and Freundlich models, demonstrating its

potential as a low-cost and sustainable carbon capture material.
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NOMENCLATURE

Symbol/Abbreviation Description Units

C₀ Inlet concentration ppm or mg/m³

Ct Outlet concentration at time t ppm or mg/m³

Cout Outlet concentration ppm
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CHAPTER ONE

1.0 INTRODUCTION

1.1 BACKGROUND OF THE STUDY

Carbon dioxide is one of the major greenhouse gas that causes global warming, it is

emitted from the burning of fossil fuels in industries, power plant and vehicles.

Greenhouse gases leads to increased global warming and affects the balance of the

environment and pollution of the environment. Fossil fuels are the primary source of

global energy which make up over 80% of consumption, the remaining 20% which is

contributed by nuclear and renewable energy sources. (Holechek et al., 2022). Carbon

dioxide is the main product which is generated from combustion processes in most

industries. The emission of CO2 has increased in decades. By 2021, approximately

47% of emissions were generated from electricity and heat and around 25% was from

transportation (i.e. vehicles). Industries (e.g. chemicals, petrochemicals, iron and steel,

aluminium, cement or paper) generates about 18% of the total CO2 emission was

generated(Ochedi et al., 2020).

CO2 emission can be reduced in the environment by the decrease in the use of fossil

fuels, switching to non-carbon emitting resources (renewable energy), and

permanently capturing and sequestering carbon dioxide. However, the use of non-

carbon resources faces great challenges such as difficulty in implementation at

industrial scale, which makes it economically inviable when compared to fossil based

power plant. This means that if energy infrastructures and alternatives are not attained

for the commercialization of these new technologies, the reduction of CO2 emission

(carbon capture) will remain the best option(Leung et al., 2014a).
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The increase in the concentration of CO2 in the atmosphere which is a leading driver

of climate change has prompted the urgent effort to develop sustainable technologies

for the capture of carbon. Of recent times the control of Greenhouse gas emissions

which is caused by the rapid expansion of industrialization has been a major concern

in the environment.

In the face of increasing global concerns about climate change and greenhouse gas

emissions, carbon capture technologies have gained significant attention. Carbon

capture involves the mitigation of carbon dioxide emissions from the burning of fossil

fuels or other chemical or biological processes by trapping it using different methods

like liquid solvent absorption, adsorption, membrane separation, cryogenic distillation

which have been developed over time. (Chen & Lu, 2014). Among these, liquid

amine based solutions like mono-ethanolamine(MEA), di-ethanolamine(DEA), and 2-

amino-2-methyl-1-propanol(AMP) have been efficiently used in industries for the

capture of carbon dioxide but it is limited by several disadvantages which includes

amine degradation, high energy requirement, equipment corrosion and the issue of

foaming(Alessandro et al., 2010). A less energy-intensive method like membrane

separation was adopted to overcome the drawbacks posed by liquid amine based

solution, however the high cost of membrane has limited the application of this

method in industries(Bade et al., 2022).

Adsorption method has gained significant attention and it is suggested to be the most

efficient method for carbon capture technology because of its low cost, potential of

having less corrosion and is less energy intensive. Adsorption stands out as a

promising approach due to its efficiency, potential for scalability, and the ability to

operate under ambient conditions.
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Traditional adsorbents such as activated carbon and zeolites, are widely used for the

adsorption of CO2 but they are expensive and often times unavailable. In contrast,

agricultural waste which is a by-product of the global agricultural industry offers a

low-cost, renewable and efficient alternative for the adsorption of CO2.

In recent time, agricultural residues activated carbons such as rice husks

(Umembamalu et al., 2020) sugar cane bagasse (Nadzirah et al., 2015), corn cob have

been harnessed as adsorbent for the capture of carbon dioxide. In the present work,

walnut shell is transformed to activated carbon for the adsorption of CO2 because it is

rich in cellulose, hemicellulose, and lignin which possess porous structures that can

facilitate adsorption. The surface area of this material can be increased which in turn

converts it into highly porous material by appropriately treating it. The use of

agricultural waste as an adsorbent for carbon capture does not only provide effective

solution reducing greenhouse gas emissions but also addresses the problem of waste

disposal thereby, offering a dual environmental benefit.

This study investigates the potential of agricultural waste as a sustainable adsorbent

for CO2 capture by reviewing the mechanisms of adsorption, the factors influencing

adsorption efficiency, and the various methods for modifying agricultural residues for

enhanced CO2 removal. In addition, the challenges associated with the scalability and

regeneration of agricultural waste adsorbents are discussed.

Among different agricultural based adsorbents, as biomass, walnut shell has desirable

properties such as porous structure and chemical reactive groups (e.g. carboxy,

hydroxyl) essential for sequestration of carbon (Dai et al., 2018). It possesses great

potential as sustainable source of activated carbon. Walnuts are produced from

juglans regia L, commonly known as walnut tree. It is a native plant which can be
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found in places like Iran, Afghanistan, Europe, western China and also in Nigeria

(Hanie et al., 2022). Walnut production is the second largest nut-production globally

with almond nut being the first. As at 2019, the quantity of walnut produced was

estimated to be over 3.7 million tons globally. (Chudhary et al., 2020). Walnut shell

makes up about 67% of the total weight of the fruit and it is rich in cellulose,

hemicellulose and lignin which can act as adsorption sites for CO2

molecules.(Albatrni et al., 2022a). Walnut shell contains an approximate percentage

of 50.3% lignin, 22.4% hemicellulose, 23.9% cellulose and 3.4%, but this

composition can change depending on the source of the walnut, its plant genetic, the

environment where it was grown the processing conditions of the walnut fruit.

(Jahanban-Esfahlan et al., 2019)

These agricultural wastes are usually disposed with no further use, post cultivation or

it can be incinerated for heating purposes. The agricultural waste-based adsorbent

used for this work is readily available, thereby reducing cost associated with carbon

capture technology thereby making them potentially cost effective. (Albatrni et al.,

2022a)

1.2 PROBLEM STATEMENT

The increase in the level of carbon dioxide emissions from fossil fuels which are

utilised in industries has contributed greatly to the issue of global warming and

climate change, which has necessitated the development of effective and sustainable

carbon capture technologies. Walnut shell which is a renewable and abundant material

remains underutilized, and other methods of carbon capture are most times expensive

and energy-intensive. This study aims to address the challenge of reducing CO2

emissions by investigating the potential of agricultural waste (walnut shell) as an
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adsorbent for carbon capture, exploring its effectiveness, optimization and scalability

in industries.

1.3 AIM AND OBJECTIVES:

The aim of this research is to produce an activated carbon from walnut shell as a

sustainable and effective adsorbent for carbon capture

The objectives of this research are:

 To produce and chemically activate walnut shell-based adsorbent for capture of

carbon dioxide

 To characterize the physical and chemical properties of the walnut shell-based

activated carbon.

 To Investigate of the CO₂ adsorption capacity of the activated carbon under

varying conditions such as contact time and particle size.

 To apply Kinetic of models such as (pseudo-first-order and pseudo-second-order

models) and adsorption isotherm such as (Langmiur and Freundlich isotherm) to

the experimental data to describe the rate of adsorption and the underlying

mechanisms controlling the adsorption process.

 To compare the performance and cost-effectiveness of biomass-based adsorption

with other carbon capture technologies, such as chemical solvents or membranes.

1.4 SCOPE OF THE STUDY

This study focuses on investigating the potential of walnut shells as sustainable and

effective adsorbent for carbon capture. The scope of the study includes the following

aspects:
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 Sourcing for walnut shells for their use as an adsorbent

 Carrying out quantitative analysis on raw walnut shell (moisture content, ash content

and elemental analysis)

 Preparation of activated carbon from walnut shell through chemical activation process

 Characterization of activated carbon derived from walnut shell

 Evaluation of the efficiency of walnut shell activated carbon in capturing carbon

1.5 RELEVANCE OF STUDY

The relevance of this study lies in its potential to mitigate climate change, utilize

waste materials by converting agricultural waste into valuable adsorbents, support

sustainable development goals by promoting environmental protection and resource

efficiency.

This research contributes to the advancing of carbon capture technology, the findings

of this research could inform future research and the development of more accessible,

scalable and affordable carbon capture technologies.
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CHAPTER TWO

LITERATURE REVIEW

2.8 INTRODUCTION

Carbon capture technology reduces the effect of greenhouse gas in the atmosphere by

capturing the dominant gas in order to mitigate climate change.

Carbon capture schemes embody a group of technologies which is concerned with the

capture of CO2 in flue gas emitted from power plants. Carbon capture will

complement other crucial strategies, such as improving energy efficiency, switching

to less carbon-intensive fuels such as natural gas and phasing in the use of renewable

energy resources (e.g., solar energy, wind, and biomass). (Alessandro et al., 2010).

Carbon capture technologies in combination with storage technologies are grounded

in the continuous observation, analysis and the certification of the use of fossil fuels

in terms of the reduction in the emission of carbon in the atmosphere. (Araújo & de

Medeiros, 2017)

Carbon Capture, Utilization, and Storage (CCUS) encompasses a range of

technologies and processes aimed at capturing carbon dioxide (CO2) emissions from

various sources, particularly large industrial facilities and power plants. The captured

CO2 is then either utilized for productive purposes or stored permanently to prevent

its release into the atmosphere.(McLaughlin et al., 2023)

The surge in anthropogenic carbon dioxide (CO₂) emissions—driven by fossil fuel

combustion, industrial activity, and deforestation—has emerged as the primary force

behind climate change and related disruptions such as rising sea levels, extreme

weather, and biodiversity loss. (Yagmur Goren et al., 2024). In 2018, CO₂ emissions
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alone accounted for approximately 37.5 Gt CO₂, representing 68 % of the total

greenhouse gas emissions at the time—a staggering scale that underscores the

urgency of viable mitigation strategies.(Burger et al., 2024)

Carbon capture technologies, including CCUS (Carbon Capture, Utilization, and

Storage), are emerging as crucial interventions in global emission reduction efforts.

They are particularly vital for heavy industries where de-carbonization is challenging,

such as cement, steel, and petrochemical sectors.(Burger et al., 2024). These

technologies, albeit energy-intensive and costly, are indispensable for achieving large-

scale CO₂ mitigation.(Yagmur Goren et al., 2024)

Life Cycle Assessments (LCAs) of integrated systems—spanning capture, transport,

and storage—reveal their potential to significantly reduce net GHG emissions. For

instance, pioneering supply chains employing current technology demonstrate CO₂

avoidance rates of 50–70 %, with prospects of reaching over 80 % if powered by

low‑carbon heat and electricity. (Gür, 2022).

The efficiency of CO₂ capture depends largely upon the pathways within which

carbon is captured. In the selection of an efficient carbon capture technology, three

variables are used to specify the best method for carbon capture economically: firstly,

the source of CO₂ emission; the second variable is the composition of the flue gas;

and lastly the temperature and pressure of the flue gas. While considering the cost

which is involved in carbon capture, although various commercially feasible

technologies are available, the demand is to select a technology which requires

minimum operating and capital cost at the highest capture efficiency. (Hekmatmehr et

al., 2024)
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Aside from the efficiency of the process plant and the type of fuel, the carbon capture

process is generally an expensive process, and 75 % of the entire costs of carbon

capture and processing invested in carbon capture (Hong, 2022), from which

approximately 15–30 % is contributed to the energy penalty(Araújo & de Medeiros,

2017)(Hussin & Aroua, 2020).

The direct capture of carbon dioxide from the atmosphere is considered to be

challenging due to the dilute nature of CO2 in the atmosphere and its partial pressure

which is approximated to be 400ppm.(Ochedi et al., 2020) Direct air capture involves

capturing the carbon dioxide from the atmosphere directly using regenerative

filters.(Garcia et al., 2022). This can only be possible in enclosed systems such as the

submarines, aircrafts etc. Although the materials and technologies needed for its

scope and utilization is yet to be explored.(Modak & Jana, 2019). Also since CO2

emission is majorly generated from power plants, the main focus for carbon capture

will be from the various source points for carbon dioxide generation.(Ochedi et al.,

2020)

2.9 TYPES OF CARBON CAPTURE TECHNOLOGIES

In recent years, different technological approaches have been developed for the

capture of CO2 generated from the burning of fossil fuels which is the primary source

of its emission. This includes; Pre-combustion, Post-combustion, oxy-fuel combustion

which is also called oxy combustion and chemical looping combustion. (Ochedi et al.,

2020)
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2.9.2 Pre-combustion Technology

The process of extracting CO2 from fossil fuels prior to their full combustion is

known as pre-combustion capture. For instance, in gasification processes, synthesis

gas is created when a fuel (like coal) is partially oxidized in steam and oxygen/air at

high temperatures and pressures. Hydrogen, carbon monoxide, CO2, and trace

amounts of other gaseous components, like methane, make up this synthesis gas, also

known as syngas. After that, the syngas can go through the water-gas shift process,

which turns CO and water (H2O) into H2 and CO2, creating a gas mixture that is rich

in H2 and CO2. This mixture may contain anywhere between 15 and 50 percent CO2.

The H2-rich fuel can then burn after the CO2 has been caught, separated, moved, and

eventually sequestered.(Khan et al., 2023a)

The pre-combustion approach captures CO2 from fossil fuels before they are burned,

it reduces fossil fuel-based power generation and industrial processes. It involves the

conversion of fossil fuels into synthetic gas which is known as syngas. The pre-

combustion capture technology is most times implemented in the production of

fertilizers and hydrogen gas and it is typically associated with a coal-fired integrated

gasification combined cycle plants. The pre-combustion approach involves the

reaction of fossil fuels with air and its partial oxidation to produce syngas which is

composed of CO and H2, the carbon monoxide further reacts with steam over a

catalyst in a water gas shift reaction to produce CO2 and H2. (Ahmed et al.,

2020a)(Pardakhti et al., 2019)

The Integrated Gasification Combined Cycle (IGCC) plant generates electricity from

coal at the same time reducing emissions and environmental impacts. It converts coal

to synthetic gas through gasification process (heating in the presence of controlled
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amount of CO2), cleans the syngas to remove impurities such as sulphur compounds,

in turn the cleaned syngas is used to fuel turbine which generates

electricity.(Integrated Gasification Combined-Cycle | Climate Technology Centre &

Network | Tue, 11/08/2016, n.d.)

Integrated gasification combined cycle plants can be configured to facilitate CO2

capture before the combustion of syngas, this is done by the conversion of CO to CO2

using steam and then separated for possible long term sequestration. This implies that

an IGCC plant in combination with carbon capture technologies can help mitigate

carbon emission.(Padurean et al., 2012)

2.9.3 Post Combustion Technology

In the post combustion CO2 is collected after the burning of fossil fuel from the flue

gas and it undergoes pre-treatment process. In this method, CO2 is captured from the

exhaust of a combustion process by absorbing it in a suitable solvent. The CO2 which

is absorbed is liberated from the solvent and is compressed for transportation and

storage. (Di Gianfrancesco, 2017)

The exhaust gases which is a mixture of CO2, nitrogen and some oxygenated

compounds (SO2, NO2 and O2) are treated first in order to remove particulate matter

and the oxides of nitrogen and sulphur. A liquid solvent, typically an aqueous amine

solution is generally in contact with the exhaust gases. The CO2 is selectively

absorbed by the amine, this is done by capturing more than 85% of the CO2 and

enabling the nitrogen and oxygen to be released into the atmosphere. An amine which

is rich in CO2 is regenerated through the stripping of CO2 out of the liquid with steam,

and the lean amine is recycled to the absorber and at the same time producing a
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concentrated stream of CO2. The produced CO2 is compressed and cooled to liquid

form.(Basile et al., 2011)

2.9.4 Oxy-Fuel Technology

For the oxy-fuel combustion capture, the fossil fuel is burnt in the presence of oxygen

whose purity is approximately 98%, this is to ensure that the major products of

combustion are CO2 and water with a trace amounts of other gases. By doing this, it is

easier to recover CO2 by means of condensation from a stream which is rich in

CO2 and water and with a very low nitrogen content than from flue gas which

is produced in conventional combustion, for which CO2 is typically burnt in air made

up of approximately 79.9% N2.(Simbeck, and Roekpooritat, 2009) The oxy-fuel

combustion method is considered to have the lowest separation and capturing cost,

due to this reason it has attracted a lot of attention in recent years, although its major

disadvantage is the high energy which is required to produce pure oxygen gas(O2) and

the high temperature emitted by burning in a pure oxygen environment. For this major

reason, the flue gas is to be recycled in large amount in order to keep the temperatures

at feasible levels. However, presently it is only economical when compared to the

integrated gasification combined cycle to reduce the emission of CO2 by 90% when

this method is applied.(Adams, 2014)

The problem which is majorly associated with this method is the separation of oxygen

from air, which is usually completed cryogenically and there is a lot of energy

consumed. Although novel technology which is termed chemical looping combustion

is under development. This technique helps to remove the oxygen in the air is through

the oxidation of a metallic compound that can undergo reduction during combustion

therefore allowing the oxygen to be released. This process guarantees a CO2 capture

of 100%. (Basile et al., 2011)

https://www.sciencedirect.com/topics/materials-science/oxidation-reaction
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The chemical looping combustion is an advanced form of oxy-fuel combustion but in

this case oxygen is introduced through a metal oxide carrier to the combustion reactor

in which the metal oxide(MexOy) is partially or completely reduced.(Rackley, 2017)

figure 2 1Principle and process of the common CO2 capture technologies.(Ochedi et al., 2020)

Every procedure has benefits and drawbacks. High CO2 partial pressure and

concentrated gas streams, for example, aid in pre-combustion capture, resulting in

effective absorption and less solvent use (Mukherjee et al., 2019). Its primary

drawback, though, is the requirement for gasification, which makes the procedure

more difficult and expensive. Because post-combustion capture makes it possible to

retrofit existing facilities, it is appealing for reducing emissions right away. However,

it faces difficulties because of low CO2 partial pressure and impurities that could

break down solvent, thereby causing solvent degradation. By burning fuel in an

environment with high quality oxygen, oxygen-fuel capture streamlines the procedure
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and produces a concentrated stream of CO2 that makes absorption easier (Khan et al.,

2023b)(De Mello et al., 2013). The energy-intensive air separation procedure needed

for oxy-fuel burning is a major disadvantage despite this benefit.

After a thorough consideration of the different carbon capture technologies, it has

been concluded that the post combustion stands out as a technology which has the

best potential for further development, this is because of its compatibility with

existing systems (coal-fired boilers) and its economic benefits.(Ochedi et al., 2020)

The post combustion technology offers a practical solution for reducing emissions

from existing power plants and other large stationary sources, which makes it a key

component of the carbon capture and storage infrastructure.(Nordin et al., 2025)

A few post combustion technologies include liquid absorption, membrane separation,

cryogenic microbial immobilization, solid adsorption and many more. (Ahmed et al.,

2020b).

2.9.5 Absorption method of carbon capture

The liquid absorption process involves dissolving the CO2 in a solvent which can

chemically react with the solvent or bound to it by weak intermolecular forces

typically Van der waals forces. The chemical solvent causes a reactive absorption and

the gas is absorbed by the liquid phase with a combination of reaction and absorptive

mass transfer, the CO2 reacts with the solvent to form compounds which have weak

bonds and can be reversed by applying heat. (Hanson et al., 2025).

One common technique for extracting carbon dioxide from different gas streams, such

as flue gas released by power plants and industrial operations, is CO2 capture via

absorption. This method involves the selective dissolution of CO2 from the gas

mixture using a liquid solvent called the absorbent. Factors which need to be
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considered when choosing an absorbent are: (1) the solubility of the gaseous

component in the absorbent and (2) reactive properties of the gaseous component and

the absorbent. The procedure usually occurs in a gas-liquid contactor, like an absorber

column, where the absorbent and gas stream come into contact (Fig. 7). The CO2-rich

gas interacts with the absorbent as it passes through the column, causing the CO2

molecules to be absorbed into the liquid phase and the other gases to be left

behind.(Nwaoha et al., 2016). Following absorption of the CO2, the solvent is moved

to a regeneration unit, where it is heated to liberate the CO2 that has been trapped (de

Meyer & Jouenne, 2022). It is then possible to recycle the regenerated solvent back

into the absorption procedure. The CO2 that has been gathered can either be

compressed and stored or used for a number of purposes, such producing useful

compounds or improving oil recovery.

Amine aqueous solvents were initially used in the chemical absorption process. When

using amine absorption, the flue gas is cooled to between 40 and 60 degrees Celsius

before coming into contact with the amine solution in a packed bed absorption

column. Monoethanol amine (MEA), diethanolamine (DEA), and methyl

diethanolamine (MDEA) are a few popular amines; MEA is the most widely used

because it is less expensive. Because of its strong absorptive ability,

monoethanolamine (MEA) is the most developed and widely used amine. A MEA

carbamate and bicarbonate solution is created when the CO2 is absorbed by the MEA

solution and undergoes a chemical reaction with it.

MEA reacts more quickly than secondary and tertiary amines, it is seen as an

appealing solvent at low partial pressures of CO2 in the flue gas.(Koronaki et al., 2015)

According to reports, a 35% by weight MEA solution can carry 0.40 kg CO2/kg MEA

in a clean flue gas stream. Impure substances like NOx and SOx will be absorbed by
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the amine and react with it to generate heat stable salts (HSS) if they are present in the

flue gas. These Heat-stable salts can significantly lower the solvent's capacity to

capture CO2 and cause equipment to clog; it is crucial that contaminants are kept to a

minimum. Selective catalytic reduction or selective non catalytic reduction is used to

reduce NOx, whereas any flue gas desulphurization system can be used to reduce

SOx.(Spigarelli & Kawatra, 2013)

Following the extraction of CO2 from the mixture, electricity is created by burning

H2-rich syngas, and the solvent is then regenerated either by flash desorption or

stripping once it has been loaded with CO2. Flash desorption involves degassing the

loaded solvent through a sequence of pressure reduction stages. When the pressure is

reduced, only the CO2 can separate from the solvent. This method is used to

regenerate the loaded solvent. In solvent regeneration through stripping, the CO2-rich

solvent is first degassed, much like in flash desorption; however, any leftover CO2 is

flushed away by stripping the solvent after degassing with an inert gas (N2). (de

Meyer & Jouenne, 2022)

Because CO2-capturing technology has advanced so quickly in recent years,

absorption procedures have become viable and cost-effective ways to capture GHG

emissions. However, there are still many obstacles and limitations that must be

removed before the full potential of these processes for real-world applications can be

fully realized. To guide future studies on the advancement and industrialization of

CO2 capture by absorption, definitive observations must be given top priority. These

include the development of various strategies to increase the efficiency of the

absorption process as well as the resolution of technological, financial, environmental,

and safety concerns. Selecting a solvent with high selectivity, low environmental
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effect, and technological limits is the most crucial aspect of the absorption approach

for CO2 capture.(Khan et al., 2023a)

2.2.5 Cryogenic method of carbon capture

Another method for concentrating and purifying CO2 from different gas sources is

cryogenic CO2 separation. This technique cools the gas combination to extremely low

temperatures by utilizing the various boiling points of the gases involved. Phase

change is the basis for low temperature CO2 capture methods, also known as

cryogenic carbon capture, which separate CO2 from gas in the form of a liquid or

solid.(Font-Palma et al., 2021). This approach has several advantages. This product is

extremely pure, doesn't require harmful chemicals, and works with a variety of CO2

concentrations.

Typically, cryogenic distillation and cryogenic packed beds are used for the cryogenic

separation of CO2.(Babar et al., 2020)

A well-known technique for achieving separation based on the various boiling points

of CO2 and the gas components in the combination is cryogenic distillation. By

removing the CO2 in the liquid phase, this technique has been applied to the

purification of natural gas. However, because of the high pressure used and the need

to prevent solid formation in order to safeguard equipment and minimize clogging, it

is an energy-intensive process.(Font-Palma et al., 2021)

Cryogenic carbon capture utilizes low-temperature phase-change processes to

separate CO₂ from gas streams by condensing or desublimating it—thus avoiding

chemical solvents and offering potential for high-purity recovery. The technology has

gained attention due to its adaptability for retrofitting into conventional emission
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systems and its solvent-free operation, which reduces secondary pollution. (Song et al.,

2019). Recent technological advances include the development of hybrid cryogenic–

absorption systems targeting oxy-combustion flue gases; these configurations enhance

energy efficiency and produce pumpable liquid CO₂ streams suitable for applications

such as enhanced oil recovery, with lower overall energy consumption than

standalone cryogenic distillation.(De Guido, 2023). Moreover, theoretical and

modelling-based reviews emphasize the high performance of desublimation-based

cryogenic methods—achieving CO₂ recovery and purity levels up to 99.99%. These

approaches, incorporating designs like cryogenic packed beds, external‑cooling loops,

and CryoCell processes, address critical design challenges including frost modelling

and CO₂ dry ice removal.(Aneesh & Sam, 2023) Despite their promise, these methods

still require significant cold energy input, and their deployment is best suited for

high‑CO₂ streams or hybrid systems that can mitigate cost and energy hurdles.

2.3 ADSORPTION AS A CARBON CAPTURE TECHNIQUE

Adsorption is a well-established and adaptable method for separating CO₂, where gas

molecules adhere to the surface of a solid adsorbent through either physical

(physisorption) or chemical (chemisorption) interactions. Its attractiveness for post-

combustion scenarios lies in its relatively low energy requirements for regeneration,

the potential for adsorbent reuse, and the elimination of corrosive liquid solvents in

the capture process.(Akinola et al., 2022). The adsorption capacity and selectivity of

an adsorbent are mainly determined by its textural characteristics, such as surface area

and pore size distribution, its surface chemistry, including the presence of basic or

amine-type sites, and the conditions under which it operates, like temperature, CO₂

partial pressure, and the presence of moisture or other impurities.(Riboldi & Bolland,
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2015). Carbon-based adsorbents like activated carbons and biochars, along with

zeolites and metal–organic frameworks (MOFs), are the main categories studied for

capturing CO₂. MOFs are notable for their exceptional tunability and high micropore

volume, zeolites are known for their strong thermal and hydrothermal stability, and

activated carbons, particularly those derived from biomass residues, offer a cost-

effective solution with good cyclic stability in practical swing-operation modes such

as PSA, TSA, and VSA.(Mahajan & Lahtinen, 2022). At laboratory and pilot scales,

process configurations such as pressure swing adsorption (PSA), vacuum swing

adsorption (VSA), and temperature swing adsorption (TSA) are frequently used.

These methods are sometimes combined in hybrid reactor clusters to take advantage

of both temperature and pressure variations. These cyclic processes facilitate efficient

capture and release cycles, making them the most practical options for integrating

adsorption into existing facilities. (Riboldi & Bolland, 2015).

Activated carbons derived from biomass have garnered significant interest as cost-

effective CO₂ adsorbents. This is because the choice of feedstock and the parameters

of activation, such as the activating agent, the ratio of agent to char, and the activation

temperature, can be adjusted to optimize microporosity and introduce surface

functional groups that improve CO₂ affinity at flue-gas partial pressures

(approximately 0.1–0.15 bar). (Quan et al., 2023). When prepared under ideal

conditions (e.g., controlled pyrolysis followed by chemical activation), walnut-shell-

based activated carbons can achieve competitive CO₂ uptakes, according to recent

experimental and modeling studies. N-doping or heteroatom incorporation further

enhances basic surface sites and CO₂ selectivity under humid conditions.(Quan et al.,

2023). In conclusion, the combination of process modeling and bench-scale

experiments suggests that adsorption systems could be effective for post-combustion
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capture, provided that adsorbents are designed to withstand moisture and that the

PSA/VSA/TSA cycles are fine-tuned to minimize energy consumption while ensuring

high cyclic stability. Current pilot demonstrations and multi-physics process models

are bridging the gap between laboratory results and industrial applicability.(Akinola et

al., 2022).

2.3.1 Principles of Adsorption

The adsorption processes are affected by the physicochemical characteristics of the

adsorbent. A large surface area with plentiful micropores boosts physisorption by

increasing van der Waals interactions per unit of mass. Additionally, surface

functional groups, such as basic moieties, act as active sites for chemisorption by

engaging with acidic CO₂ molecules.(Sifat & Haseli, 2019)

The performance of an adsorbent is evaluated based on several key metrics:

adsorption capacity, which measures the amount of CO₂ that can be captured;

selectivity, which assesses the preference for capturing CO₂ over other gases; and

kinetics, which determine the speed of adsorption and desorption processes. Effective

carbon capture depends on cyclic operations, such as pressure swing adsorption (PSA),

temperature swing adsorption (TSA), or vacuum swing adsorption (VSA). In these

methods, the adsorbent alternates between absorbing and releasing CO₂ under varying

conditions, making both the strength of adsorption and the ease of regeneration vital

for the system's efficiency.(Chao et al., 2021)

2.3.2 Physical Adsorption (physisorption)

Physical adsorption, commonly known as physisorption, occurs when gas molecules

like CO₂ cling to a solid adsorbent through weak van der Waals forces rather than
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establishing chemical bonds. These types of interactions exhibit a low heat of

adsorption and are generally reversible, which makes them well-suited for cyclic

processes such as pressure swing adsorption (PSA) and vacuum swing adsorption

(VSA).(Chao et al., 2021).

Physisorption is most efficient under low temperature and moderate pressure

conditions, since increased thermal energy can surpass the weak intermolecular forces.

The effectiveness of physisorption is significantly affected by the surface area and

microporous structure of the adsorbent—substances like activated carbons, zeolites,

and metal-organic frameworks (MOFs) are particularly effective at trapping CO₂

through these processes.(Soo et al., 2024a)

One of the main advantages of physisorption is its minimal energy requirement for

desorption, which allows for energy-efficient regeneration of the adsorbent. However,

a significant drawback is its lower selectivity, particularly when it comes to separating

target gases from non-condensable ones like N₂ or humid air. To tackle this issue,

research is concentrating on modifying pore structures and improving surface

chemistry to enhance selectivity for CO₂/N₂ and CO₂/H₂O while maintaining the

energy efficiency of physisorption.(K. Zhang & Wang, 2024)

2.3.3 Chemical Adsorption (chemisorption)

Chemical adsorption, also known as chemisorption, entails the creation of strong

chemical bonds, either covalent or ionic, between CO₂ molecules and the reactive

sites on the surface of the adsorbent. This type of adsorption is distinguished by a

greater heat of adsorption than physisorption, resulting in stronger and often more

selective CO₂ binding, which is particularly advantageous in the presence of other

gases such as N₂ and H₂O. Amine-functionalized materials are a prime example of



22

this process, as CO₂ chemically attaches to form carbamate or bicarbonate complexes,

allowing for effective capture even in humid conditions.(J. Wang et al., 2024).

One significant benefit of chemisorption is its exceptional selectivity for CO₂, which

remains effective even in difficult flue gas environments containing moisture and

other competing gases. For example, mesoporous silicas impregnated with amines,

like TEPA-loaded HMS, have demonstrated remarkable adsorption capacity and

stability over a wide temperature range, although they necessitate more energy for

regeneration due to the formation of stronger chemical bonds.(H. Yan et al., 2022)

2.3.4 Factors Influencing Adsorption

The effectiveness of CO₂ adsorption is influenced by both the inherent characteristics

of the adsorbent and the conditions under which it operates. Important factors include

the textural attributes such as surface area and pore size distribution, the surface

chemistry involving functional groups and doping, as well as thermodynamic

conditions like temperature and pressure. Additionally, the composition and moisture

level of the gas stream play a crucial role. These elements collectively determine the

capacity, selectivity, kinetics, and cyclic stability necessary for efficient

PSA/TSA/VSA processes.(Soo et al., 2024a).

Surface Area and Pore Size Distribution: To optimize CO₂ absorption, it is crucial

to have a high specific surface area and a suitable distribution of pore sizes.

Micropores, which are less than 2 nm, offer the necessary high adsorption potential

for CO₂ at the low partial pressures found in flue gas. Meanwhile, mesopores, ranging

from 2 to 50 nm, enhance mass transfer and dynamics in fixed-bed systems. Research

on porous carbons derived from biomass, such as walnut-shell-based activated

carbons, shows that adjusting activation conditions to create a significant amount of
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narrow microporosity can greatly boost CO₂ capacity. For instance, studies by Serafin

et al. focus on highly microporous biomass carbons with an emphasis on CO₂ uptake,

as well as recent designs of walnut-shell activated carbon.(Serafin et al., 2017)

Surface Chemistry: Surface chemistry and the presence of active functional groups

significantly influence CO₂ affinity and selectivity. Introducing basic sites through

amine grafting or N-doping allows for chemical interactions with acidic CO₂,

enhancing uptake, particularly in low-pressure or humid environments. Meanwhile,

modifying the surface functionalities of MOFs or carbon materials can adjust the

strength and selectivity of physisorption. Studies on amine-functionalized mesoporous

silicas and analyses of functional groups in MOFs and carbon materials demonstrate

these effects.(Yildiz et al., 2019).

Temperature and Pressure: The thermodynamics and characteristics of adsorption

isotherms are influenced by temperature and pressure. Physisorption releases heat;

consequently, the CO₂ uptake generally decreases with rising temperatures, while

certain chemisorption processes show less sensitivity to temperature changes but

necessitate higher energy for regeneration. Precise fitting of isotherms (Langmuir,

Freundlich, and BET) and thermodynamic evaluations are crucial for designing

processes; experimental investigations and thermodynamic assessments form the

foundation for modeling PSA/TSA cycles..(Raganati et al., 2018)

Moisture and Gas Composition: The presence of moisture and the composition of

gases can either impede or, in some cases with chemisorbents, improve CO₂ capture.

Water vapor frequently competes with CO₂ for available sites on hydrophilic

physisorbents (such as certain zeolites and unmodified carbons), leading to a decrease

in effective capacity; on the other hand, water may aid in the formation of
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bicarbonates in certain amine systems, enhancing uptake in humid flue-gas conditions.

Research that investigates the effects of pre-adsorbed water and co-adsorption

behavior highlights these practical trade-offs.(Pacheco et al., 2022).

2.4 ADSORPTION ISOTHERMS

The quantity of material taken up by a substrate is frequently represented as a function

of the equilibrium concentration following adsorption at a stable temperature. This

method of representing the function is referred to as Adsorption Isotherms (Tadros,

2013)

Adsorption isotherm models illustrate the relationship between the quantity of gas

absorbed and its pressure. These isotherms depict the equilibrium behavior of

adsorbents at a constant temperature, which is influenced by the interactions between

the adsorbate and the adsorbent (Al-Ghouti & Da’ana, 2020)

An isotherm describes the correlation between the equilibrium concentrations of

adsorbate in the liquid phase and the equilibrium quantity of adsorption on the solid

phase at a specific temperature. We can utilize isotherms to model equilibrium

adsorption data and examine various aspects of adsorption, including mechanisms,

maximum adsorption capacity, and the characteristics of the adsorbents. The use of

isotherm models for analyzing adsorption equilibrium data is the most common

method for investigating adsorption mechanisms(J. Wang & Guo, 2020a). The

determination of adsorption isotherms is affected by factors such as the type of

adsorbate and adsorbent, the substance being adsorbed, and various physical

properties like ionic strength, temperature, and pH (X. F. Yan et al.,

2017)(Ehiomogue et al., 2022)(Agarwal, 1988). In practical situations, the existence

of solid mixtures leads to interactions between sorbate and sorbent, influenced by
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different forces that correspond to various types of adsorption isotherms. Numerous

isotherms have been utilized in adsorption systems, including the Langmuir model,

linear model, Freundlich model, Sips model, Temkin model, and Brunauer, Emmet,

and Teller (BET) model (J. Wang & Guo, 2020b). Among these, the linear,

Freundlich, Sips, Temkin, and certain other models are empirical in nature, lacking

substantial theoretical foundation. The mechanisms of adsorption cannot be discerned

through these models; therefore, it is essential to explore the derivations and physical

interpretations of these models.(Al-Ghouti & Da’ana, 2020)(J. Wang & Guo, 2020b)

Theoretical models such as chemical, physical, and ion exchange models are

grounded in rigorous deductions and carry distinct physical interpretations. Chemical

isotherms illustrate the process of monolayer adsorption, while physical isotherms

depict multilayer adsorption, and ion exchange isotherms can represent the ion

exchange adsorption mechanism. This section will delve into the derivations and

implications of these isotherm models. (J. Wang & Guo, 2020b)

figure 2 2Possible adsorption mechanisms(J. Wang & Guo, 2020b)

2.4.1 Langmiur Model

The widely utilized Langmuir isotherm was developed to describe gas-solid

adsorption processes (Bawn, 1932)(J. Wang & Guo, 2020a). Below are the nonlinear

and linear forms of the Langmuir models:
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Where KL (L·mg-1) indicates the ratio between the rates of adsorption and desorption,

qm (mg·g-1) represents the maximum adsorption capacity estimated via the Langmuir

model. The nonlinear regression approach is utilized to solve Eq. (1). By plotting

Ce/qe against Ce, one can derive the linearized Langmuir model (Eq. 2). The Langmuir

model can be expressed in 4 different linearized forms. Various forms of the

linearized Langmuir model (1/qe = (1/(qmKL)*1/Ce + 1/qm, qe = qm - (1/KL)*(qe/Ce),

and qe/Ce = qmKL - qeKL) along with a comparison of these linearization techniques

were addressed. Among the linearization methods, Langmuir-1 (Eq.2) offers the most

precise parameter estimations, which align closely with those obtained through the

nonlinear method. Nonetheless, the parameter estimations of Langmuir constants

derived from the linearization methods were found to be inaccurate and biased, with

potential errors (%) in parameter estimation reaching as high as 40% (X. Guo &

Wang, 2019). While Langmuir-1 (Eq. 2) provides relatively precise estimations of the

model parameters, its performance remains inferior compared to the nonlinear method.

It is concluded that the nonlinear approach represents a more precise method for

parameter estimation than the linearization methods, which also fit the results from

the nonlinear method(Foo & Hameed, 2010a). Nevertheless, parameter estimates for

the Langmuir constants from the linearization methods were noted to be flawed and

skewed, allowing for a maximum error (%) of up to 40% (X. Guo & Wang, 2019).

Although Langmuir-1 (Eq. 2) may yield fairly accurate model parameter estimations,

its efficacy is still less than that of the nonlinear method. Foo and Hameed (2010) also

asserted that the nonlinear method serves as an effective approach, circumventing the
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limitations inherent in the linearization process. The subsequent section outlines the

nonlinear approach for the Langmuir isotherm. To compute separation factor (RL):

�� = 1
1+���0

(3)

The values of RL > 1, RL = 1, and RL < 1 indicate that the adsorption is unfavorable,

linear, and favorable, respectively(Weber & Chakravorti, 1974). To gain a deeper

insight into the mechanisms presented by the Langmuir model, the model's

assumptions and conclusions are summarized below. The fundamental assumptions of

the Langmuir isotherm include:

1. Monolayer adsorption;

2. A homogeneous distribution of adsorption sites;

3. Constant adsorption energy; and

4. Negligible interactions among adsorbate molecules.

The rates of adsorption and desorption are explained by:

��=��(1 − �)�� (4)

�� = ��� (5)

At adsorption equilibrium, Ct and θ is replaced by the equilibrium adsorbate

concentration Ce and the equilibrium coverage rate θe, and the adsorption rate equals

to the desorption rate:

�� = �� (6)

Simultaneous Eqs. (4), (5) and (6) yield:

�� = ����
����+��

(7)
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θe represents the ratio of qe to qm. According to the definition of KL=ka/kd, Eq. (7) can

be rewritten as Eq. (1), which is the conventional form of the Langmuir model.

Consequently, the Langmuir model describes the equilibrium condition of monolayer

homogeneous adsorption (as illustrated in Fig. 4). The rate of adsorption, ra, is directly

proportional to (1 - θ) and Ct. In contrast, rb is only directly proportional to θ. θe

indicates the coverage ratio of the entire adsorption system; thus, the term

“homogeneous” refers to macroscopic homogeneous adsorption. For the majority of

adsorption processes, the adsorbent materials appear homogeneous on a macroscopic

scale, and the solution is considered homogeneous with agitation. Hence, despite the

adsorbent materials (like microplastics, natural activated carbons, modified minerals,

and shale) having irregular shapes and non-uniform surfaces at the microscopic level,

the adsorption can still be accurately described by the Langmuir isotherm (Guo and

Wang, 2019b; Mondal and Majumder, 2019; Liu et al., 2018). The Langmuir model

can also effectively represent monolayer adsorption occurring on the surfaces and

within the pores of the adsorbent. This helps to clarify why the equilibrium data can

be sufficiently represented by the Langmuir isotherm, with diffusion being the

limiting factor in the rate.

Linear model: The linear model, known as Henry’s law, is expressed as:

�� = ��� (8)

In this equation, qe (mg·g-1) and Ce (mg·L-1) denote the quantity of adsorbate retained

and the concentration of adsorbate at equilibrium, respectively, while K (L·g-1)

represents the partition coefficient. This linear isotherm model is utilized to
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characterize the distribution of adsorbates between the solid and liquid phases. The

partitioning processes are influenced by electrostatic interactions, Van der Waals

forces, and hydrophobic interactions.(X. Guo et al., 2019)

The derivation of the linear model is based on Langmuir theory, which articulates the

rates of adsorption and desorption from Eqs. (5) and (6)

��=��(1 − �)�� (5)

�� = ��� (6)

Where ra (mg·g-1·h-1) and rd (mg·g-1·h-1) represent the rates of adsorption and

desorption, respectively, ka (Lg-1h-1) and kd (mg·g-1·h-1) denote the constants for the

adsorption and desorption rates, respectively. The variable θ indicates the coverage

rate of the adsorption sites (at equilibrium, θ = θe), while Ct (mgL-1) reflects the

concentration of the adsorbate at time t. In cases where the coverage rate θ is much

less than 1, Equation (5) can be simplified to Equation (9):

�� = ���� (9)

At adsorption Equilibrium:

�� = ��
��

�� (10)

The relationship θe is defined as qe/qm. Let K be equivalent to qmka/kd, which

transforms Eq. (10) into Eq. (8). The adsorption mechanisms indicated by the linear

model are illustrated in Fig. 2. According to the derivation of the linear model, it

suggests that the coverage ratio of adsorption sites remains low. Thus, the linear

model accurately reflects monolayer adsorption under conditions of low initial

adsorbate concentrations C0. A study proposed that the Langmuir model approaches
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Henry's law at low pressures in the adsorption of gas onto solids, aligning with our

findings.

2.4.2 Freundlich isotherm:

The Freundlich model is used to represent nonlinear adsorption phenomenon. It is one

of the most widely used isotherm in adsorption. The linear and nonlinear forms of the

Freundlich model is given by the following equations.:

�� = ����

1
� (11)

log �� = log �� + 1
�

�� (12)

Where kf (L1/n·mg1-1/n·g-1) and n are constants, the Freundlich model will reduce to

the linear model when n = 1. The nonlinear Freundlich model (Eq. (11)) can be solved

by nonlinear regression analysis. Eq. (12) is easily to be solved by plotting log qe

versus log Ce. However, the propagated errors are generated in the linearization

process, which lead to the inaccurate estimations of parameters (X. Guo et al., 2019).

In this paper, the nonlinear method is recommended in the calculation of the

parameters, which is given in following section. The Freundlich model has been

regarded as an empirical equation without physical meaning. In many published

papers, the Freundlich isotherm was applied to represent the multi-layer adsorption on

heterogamous surfaces the Freundlich model is derived from the Langmuir isotherm:

The adsorption and desorption rate are described by Eqs. (5) and (6). At adsorption

equilibrium, ra = rd:
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In which q (mg·g-1) is the adsorbed amount given by Eq. (15), b(q) is described by

the following Equation(Halsey & Taylor, 1947) :

� � = �0�
�

�� (14)

� =− ��� ln � (15)

Where, qmL (mg·g-1) is the maximum adsorption capacity, A0 is the constant.

Substitution of Eqs. (14) and (15) into Eq. (13) yields:
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When θe≈ 0.5, Eq. (16b) is simplified to Eq. (17):
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(17)

By definition of kf = qmA0 RT/qmL and n = qmL/RT, Eq. (17) becomes Eq. (11). Thus,

the Freundlich model describes the adsorption condition at which the equilibrium

coverage fraction is about 50%. The pseudo-first-order (PFO) model was derived

from the Freundlich isotherm(Ezzati, 2020). The PFO model can describe the

diffusional adsorption(X. Guo & Wang, 2019). Therefore, the Freundlich model can

also describe the physical adsorption process. Based on the above, both the chemical

adsorption with about 50% coverage fraction and the physical adsorption can be

represented by the Freundlich model.
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2.4.3 Sips isotherm model

The Sips model represents a hybrid approach that integrates both the Langmuir and

Freundlich models. The Sips model is the most suitable three-parameter isotherm

model for monolayer adsorption. This model can effectively characterize both

homogeneous and heterogeneous systems(Ebadi et al., 2009). The non-linear Sips

isotherm model is shown in Eq. (18).

�� = �������
��

1+����
�� (18)

In this context, qms (mg·g-1) represents the maximum amount adsorbed, while Ks

(Lns·mg-ns) and ns denote the Sips constants. The Sips model aligns with the Langmuir

model when ns equals 1 and transitions to the Freundlich model at lower C0 values.

However, the Sips model fails to comply with Henry’s law at low C0 levels. The

derivation of the Sips model can be explained as follows: If a single adsorbate

molecule can occupy 1/ns adsorption sites, the rates of adsorption and desorption can

be expressed by Eqs. (19) and (20)(Ho et al., 2002):

�� = ��(1 − �)1 ���� (19)

�� = ���1 �� (20)

At adsorption equilibrium, ra= rd:

��(1 − �)1 ���� = ���1 �� (21)

Rearrangement of Eq. (21) yields:
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��

)��
�� (22)
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According to the definition of KS = ka/kd and θe = qe/qms, Equation (22) simplifies to

Equation (18), which is the general representation of the Sips model. Consequently,

the Sips model depicts the monolayer adsorption of a single adsorbate molecule onto

1/ns adsorption sites.

2.4.4 Temkin isotherm:

The Temkin model posits that the adsorption process takes place across several layers.

This model neglects both very low and very high concentration levels, operating

under the premise that the heat of adsorption for all molecules within the layer

diminishes in a linear manner as opposed to a logarithmic one (Aharoni & Tompkins,

1970). A statistical mechanical formulation for the Temkin isotherm was created, and

the resulting equation was integrated into the Clapeyron-Clausius equation,

confirming that the differential heat of adsorption decreases linearly with increasing

coverage (C. H. Yang, 2002). The Temkin model is represented by Eq. (23)

�� = ��
�

ln (���) (23)

Where A (L·g-1) and b (J·mol-1) are the constants.

2.4.5 BET model:

The BET model was introduced to describe the adsorption of gases onto multiple

molecular layers (J. Wang & Guo, 2020a). This model represents a theoretical

approach to multi-layer physical adsorption (Fig. 5). It has been utilized for

determining the specific surface areas and pore size distributions of porous materials

(Do, 1998). The fundamental assumptions of the BET isotherm include that

adsorption occurs in a homogeneous multi-layer manner, the energy of adsorption in

the initial layer differs from that in subsequent layers, and for each layer, the rate of
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adsorption is equal to the rate of desorption. The implementation of the BET model in

liquid-solid systems is illustrated in (Eq. (24)).

�� = ���������1��[1− ����+1 ����2��
����+����(����2��)����+1]

1−����2�� [1+ ����1
����2

−1 ����2��− ����1
����2

����2
����+1]

(24)

Where KBET1 (L·mg-1) and KBET2 (L·mg-1) are adsorption equilibrium parameters in

first and upper layers, nBET is the number of adsorption layers, qmBET (mg·g-1) is the

maximum monolayer adsorbed amount. For n = 1, BET isotherm reduces to Langmuir

isotherm.

For n = ∞, Eq. (24) is simplified to Eq. (25) (Ebadi et al., 2009):

�� = ���������1��
1−����2�� [1−����2��+����1��]

(25)

The BET model has another non-linear form (Eq. (26)), which is the most familiar

form adopted.

�� = �����������

��−�� [1+(����−1)��
��

]
(26)

Where CBET is the constant, Cs (mg·L-1) is the solubility of the adsorbate. Cs can be

calculated as an adjustable parameter or be treated as a constant taken from solubility

data. Three methods in the applications of the BET model were compared(Ebadi et al.,

2009): (a) using Eq. (26) where Cs is a constant taken from solubility data, (b) using

Eq. (26) where Cs is an adjustable parameter, and (c) using Eq. (25). The results

indicated that the application of Eq. (26) to liquid-solid adsorption system led to poor

estimations of the model parameters. The correct form of the BET model should be

Eqs. (24) and (25) (Foo & Hameed, 2010b), (Staudt et al., 2013), (Petkovska, 2014),

and (Saadi et al., 2015).
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2.5 AGRICULTURAL WASTE AS LOW COST ADSORBENTS

Agricultural waste like nutshells, fruit peels, corn cobs and husks has become more

popular as sustainable, inexpensive sources for activated carbon and biochar,

providing practical carbon capture options in both environmental and economic terms.

These biomass resources are renewable, abundant, and affordable—frequently seen as

waste byproducts—rendering them suitable for large-scale production of adsorbents

within the framework of circular economy principles.(Mohd Azmi et al., 2022a)

Walnut shells is an abundant yet underappreciated agricultural by-product. Research

has indicated that activated carbons produced from walnut shells can achieve

substantial surface areas and microporosity through either physical or chemical

activation, greatly improving CO₂ adsorption efficiency while ensuring sustainability

and cost-effectiveness.(Siemak & Michalkiewicz, 2024). In a similar vein, examining

one-step CO₂ physical activation methods revealed that carbons derived from walnut

shells, with BET surface areas reaching approximately 1300 m²/g and high micropore

volumes, offer encouraging adsorption capacities, underscoring the potential of

walnut shells in the development of adsorbents.(Men’shchikov et al., 2024)

In addition to walnut shells, biochar created through the pyrolysis of a variety of

agricultural waste materials, such as rice straw, coconut husks, corn cobs, sugarcane

waste, or animal manure, demonstrates significant ability to capture CO₂ due to its

advantageous pore structure and surface chemistry. Furthermore, when applied to

soils, biochar aids in carbon sequestration.(Kumar et al., 2022). In summary, these

results highlight that agricultural byproducts can be converted into effective and cost-

efficient adsorbents, supporting objectives related to environmental waste reduction,

carbon mitigation, and the principles of a circular economy.
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2.5.1 Overview of Agricultural By-Product Used in Carbon Capture

Agricultural residues like nutshells, fruit skins, straw, bagasse, and leaves are plentiful,

renewable, and often overlooked, making them appealing as inexpensive starting

materials for CO₂ adsorbents. These biomass resources mainly consist of

lignocellulosic elements that, when activated, yield carbon-rich adsorbents with high

porosity and surface area which is ideal for CO₂ capture applications.(Quan et al.,

2023).

Among the numerous choices available, walnut shell is notable for its optimal density,

hardness, and substantial lignin content, making it an adaptable precursor for

producing activated carbon. Walnut shell-derived carbons, activated both physically

and chemically, have achieved surface areas exceeding 1500 m²/g and CO₂ adsorption

capacities surpassing 5 mmol/g at 25 °C, with CO₂/N₂ selectivity values greater than

10 in post-combustion scenarios. (Albatrni et al., 2022b). The uniformity in pore size

distribution of walnut shell carbons allows for effective CO₂ absorption, and the use

of chemical activators like KOH, Na₂CO₃, or ZnCl₂ significantly boosts

microporosity and adsorption capabilities. (Shabir et al., 2024).

Other notable nutshell-based and lignocellulosic feedstocks include:

 Coconut shell –Coconut shell serves as an excellent starting material for CO₂

adsorbents. When subjected to physical or chemical activation, the porous

carbons derived from coconut shells exhibit remarkable CO₂ absorption and

selectivity due to their high carbon content and ideal pore structure. Recent

research highlights its high purity and effectiveness as a raw material for

producing efficient porous carbon adsorbents with strong CO₂ capture

capabilities.(Bai et al., 2024). It is recognized for its high density and its
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capacity to produce activated carbons that can achieve BET surface areas

greater than 1700 m²/g and CO₂ adsorption capacities over 6 mmol/g at

25 °C.(Mohd Azmi et al., 2024)

 Corn cob – Corn cobs contain high levels of cellulose and hemicellulose,

enabling the production of activated carbons with surface areas exceeding

1200 m²/g and CO₂ adsorption capacities ranging from 3.5 to 5.5 mmol/g at

ambient conditions. (X. Wang et al., 2022).

 Fruit peels and straw: Instances such as rambutan peel and rice husk ash

have shown CO₂ absorption rates of approximately 1–2 mmol/g along with

moderate selectivity in mild conditions.(Karimi et al., 2023).

 Composite and multi-feedstock carbons: Innovations involve the integration

of various agricultural residues (such as peanut shells, coffee husks, corn cobs,

and banana peels) into chemically activated composites. A composite

activated with Na₂CO₃ demonstrated an impressive efficiency in CO₂ removal

exceeding 96% and an adsorption capacity of around 8.86 wt%.(Bade et al.,

2022).

 Biochar— A carbon-rich material produced through the pyrolysis of

agricultural residues has been widely investigated. Research emphasizes its

adaptable surface characteristics, chemical resilience, and potential for

reusability in carbon dioxide adsorption. Various reviews discuss biochar

sourced from different types of waste, such as coffee grounds, sawdust, and

sugarcane bagasse, demonstrating activated biochars with significant

capacities for CO₂ absorption and practical application routes.(Dissanayake et

al., 2020).
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2.5.2 Economic andEnvironmentalBenefits

Transforming agricultural by-products such as nutshells, corn cobs, and coconut husks

into activated carbon or biochar presents notable environmental benefits. This process

decreases the amount of organic waste sent to landfills, lowers greenhouse gas

emissions, and facilitates carbon sequestration. Biochar, in particular, can remain

stable in soil for hundreds of years, serving as a long-term carbon sink. The 2024 Life

Cycle Assessment (LCA) report indicates that biochar derived from agricultural waste

in Malaysia has a net-negative effect on global warming potential, with its carbon

sequestration capacity ranging from –436 to –2,085 kg CO₂-eq per ton of biochar

produced and as much as –660 to –933 kg CO₂-eq per ton of CO₂ removed,

particularly when higher pyrolysis temperatures are employed. The cost of CO₂

removal ranges from US $60 to $204 per ton, with the potential to cut provincial

agricultural emissions by up to 54% annually.(Saharudin et al., 2024).

Life Cycle Assessments (LCAs) consistently demonstrate that activated carbon

derived from biomass sources, including coconut shells, has a lower environmental

footprint than conventional coal-based activated carbon—showing significantly

reduced global warming potential, acidification, and non-renewable energy demands,

especially when biogenic carbon is accounted for (Vilén et al., 2022).

In addition to sequestering carbon, incorporating biochar into soil plays a crucial role

in reducing emissions and enhancing soil health. A study conducted on cropland

revealed that using biochar led to a decrease of 1089.8 kg CO₂-eq per hectare in soil

greenhouse gas emissions and a 141.8% rise in soil organic carbon over the course of

one year, compared to traditional methods.(He et al., 2024). In a broader

environmental and economic framework, rural biochar production systems, such as
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basic kilns in developing nations, consistently surpassed other waste treatment

methods like composting. They achieved positive environmental outcomes and

offered cost-effective solutions in certain low-cost environments.(Owsianiak et al.,

2021).

A meta-analysis that evaluates biochar against traditional activated carbon,

particularly for heavy metal adsorption, highlights biochar's superior lifecycle

efficiency. Biochar requires about 6.1 MJ/kg of energy and has a global warming

potential (GWP) of –0.9 kg CO₂-eq/kg. In contrast, conventional activated carbon

needs approximately 97 MJ/kg and results in a GWP of +6.6 kg CO₂-eq/kg.

(Alhashimi & Aktas, 2017).

Overall, using agricultural by-products as adsorbents offers a range of environmental

benefits. These include efficient waste management, promotion of circular economy

models, long-term carbon storage, decreased lifecycle emissions, and improved soil

health and productivity. All these factors contribute to aligning carbon capture efforts

with broader goals for ecosystem sustainability.

2.5.3 Limitations and Challenges

The primary challenge is the variability of feedstock. Agricultural residues exhibit

significant differences in their lignin, cellulose, and hemicellulose ratios, as well as in

their ash and mineral content, and the natural pore formation during pyrolysis.

Consequently, using the same activation methods can result in vastly different pore

structures and CO₂ absorption capacities. Recent critical analyses highlight that the

performance variations in activated carbons derived from biomass are often linked to

these compositional and microstructural differences, making it difficult to achieve
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consistent results and scale up production across different regions and seasons.(Mohd

Azmi et al., 2022b)

A second, practical drawback is the reliance on aggressive chemical activators, such

as KOH, NaOH, H₃PO₄, and ZnCl₂, to achieve ultramicroporosity (<0.7 nm) that

enhances CO₂ capture under near-ambient conditions. These chemicals increase costs,

produce corrosive solutions that need neutralization and recovery, and pose

environmental challenges if not recycled efficiently. Recent reviews highlight these

trade-offs and emphasize the necessity of closed-loop chemical management as a

prerequisite for claims of being "low-cost, low-impact.(Malini et al., 2023)

Moisture and acidic gases pose a persistent issue. Water aggressively competes for

basic sites and ultramicropores, hindering CO₂ absorption and decelerating mass

transfer in environments like flue or biogas. Studies on biochars reveal a capacity

reduction of approximately 31–63% as relative humidity increases from around 9% to

88%, highlighting the importance of dehumidification or the development of

hydrophobic surfaces.(C. Zhang, Sun, Xu, et al., 2022). In conditions similar to direct

air capture, KOH-activated biochar experiences a decline in performance when

exposed to high humidity over multiple cycles, despite showing good absorption in

dry air. (C. Zhang, Sun, He, et al., 2022). Comprehensive evaluations of adsorption-

based capture methods arrive at a similar conclusion: without customizing surfaces,

such as using hydrophobized carbons or incorporating amine functionalities with

water-resistant chemistry, H₂O and other contaminants occupy sites, diminishing the

effective capacity and selectivity in actual gas streams.(Soo et al., 2024b)

Cyclic stability and the energy required for regeneration are also factors that limit

practical implementation. Thermal or vacuum swing cycles can lead to pore collapse,
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oxidative degradation, or loss of amines in nitrogen-doped or amine-grafted carbons,

which progressively diminishes working capacity. Research involving fixed-bed

configurations of chars derived from biomass indicates that physisorption is sensitive

to temperature and that cycling can result in profile broadening, reducing productivity

unless conditions are optimized with care. (Melouki et al., 2020)(S. Li et al., 2023).

Although several promising formulations demonstrate rapid regeneration and limited

degradation over numerous cycles, the authors highlight that there is a lack of

durability data spanning hundreds to thousands of cycles in mixed-gas, humid

environments for numerous types of carbon sourced from agriculture.(Imran-Masood

et al., 2024)

Converting laboratory measurements in grams to practical applications in kilograms

or tons presents additional challenges: managing pressure drops and heat in packed

beds containing light, fragile carbon materials; the creation of fines and their attrition;

and the necessity of pretreatment to eliminate tars and minerals that can deactivate

active sites. Reviews that concentrate on upgrading biogas with biomass-derived

adsorbents indicate that pilot-scale tests are still few and often necessitate upstream

drying or scrubbing to sustain performance, thereby diminishing the “low-cost”

benefit of the adsorbent itself. (Aghel et al., 2022). Even in cases where a techno-

economic evaluation appears positive, in-depth analyses indicate that the costs

associated with sorbent makeup rates, chemical recovery for activation, and utilities

for drying/regeneration significantly influence operating expenses and can negate the

financial benefits of inexpensive feedstocks. (Pramanik et al., 2021); (Mukherjee et al.,

2022)

In summary, agricultural byproducts can be transformed into effective CO₂

adsorbents, but practical capture is hindered by the variability of the raw materials,
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dependence on rigorous activators, vulnerability to moisture and contaminants,

uncertainties regarding long-term cyclic stability, and the expenses of scaling up

related to bed configuration, pretreatment, and chemical recycling. To tackle these

challenges, it is essential to establish standardized characterization of feedstock,

develop more environmentally friendly activation and recycling methods, create

water-resistant surface chemistry, and collect pilot-scale data that demonstrate

working capacities in humid mixed-gas conditions instead of relying on dry, idealized

testing scenarios. (Mohd Azmi et al., 2022c);(Malini et al., 2023); (C. Zhang, Sun, Xu,

et al., 2022); (Soo et al., 2024b).

2.6 WALNUT SHELL AS ADSORBENT

Walnut shell, a plentiful by-product from the nut processing sector, have shown

potential as a viable source for creating activated carbon adsorbents. The

lignocellulosic makeup of these shells—comprising mainly cellulose, hemicellulose,

and lignin—offers a carbon-dense framework that is well-suited for transforming into

porous materials for CO₂ capture.(Mohd Azmi et al., 2022d) In comparison to various

other biomass by-products, walnut shells possess a greater fixed carbon content and

reduced ash content, positioning them as effective precursors for high-quality porous

carbons. When walnut shells undergo chemical or physical activation, they produce

activated carbons that possess exceptional textural characteristics. Research has

indicated that surface areas can surpass 1600 m²/g, with micropore volumes

approaching 1.0 cm³/g, which allows for substantial CO₂ adsorption capacity. For

example, a study showed that by optimizing activation conditions for carbon derived

from walnut shells, there was an improvement in microporosity and CO₂ uptake under

normal conditions.(X. Li et al., 2020)



43

The effectiveness of walnut-shell-derived carbons for adsorption is attributed not only

to their elevated surface area but also to the distribution of pore sizes. Micropores

measuring between 0.3 and 0.8 nm are especially advantageous for capturing CO₂, as

their size aligns well with the kinetic diameter of CO₂ molecules. A study indicated

that adsorption capacities could reach as high as 4.79 mmol/g at 273 K, achieved by

employing a combination of ZnCl₂, FeCl₂, and steam activation. This method resulted

in the production of carbon with an extraordinarily high surface area (2648 m²/g) and

well-developed microporosity.(X. Li et al., 2020)

Apart from their textural characteristics, the surface chemistry of carbons derived

from walnut shells plays a crucial role in binding CO₂. Functional groups like

hydroxyl (–OH) and carbonyl (C=O) can engage with CO₂ through dipole-quadrupole

interactions and hydrogen bonding, which increases their adsorption affinity.

Modifying these surface functionalities—by means of mild oxidation, amine

impregnation, or nitrogen doping—can enhance CO₂ selectivity over N₂ and other

gases. (Mohd Azmi et al., 2022a).

Significantly, walnut shells serve as an eco-friendly and economical choice for CO₂

capture solutions. Their use is consistent with the concepts of a circular economy,

which involves converting agricultural by-products into valuable resources, thus

alleviating waste management problems while also helping to decrease greenhouse

gas emissions.

2.6.1 Chemical Compositions and Properties

Walnut shells represent a strong lignocellulosic biomass, positioning them as a prime

candidate for activated carbon utilized in CO₂ adsorption processes. The chemical

composition generally consists of about 50.3% lignin, 23.9% α-cellulose, and 22.4%
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hemicellulose, with an insignificant ash content of roughly 3.4%, according to

comprehensive compositional analyses. (Chomiak et al., 2017a).

This high lignin content confers mechanical stiffness and thermal resilience, enabling

the material to maintain structural integrity during high-temperature activation

processes — attributes that are vital for adsorbents subjected to cyclic operation and

regeneration. The low ash percentage further facilitates effective pore formation,

reducing the risk of pore blockage that can diminish adsorption efficiency.

Through pyrolysis and activation, particularly with KOH treatment, walnut shells are

converted into highly porous activated carbons with outstanding textural properties.

Researchers have reported BET surface areas ranging from 1600 to 2600 m²/g, along

with micropore volumes nearing 1 cm³/g. Interestingly, a one-step KOH activation

process has produced a finely tuned micropore distribution of 0.33 to 0.82 nm,

achieving CO₂ capture capacities of up to 4.79 mmol/g at 273 K and 3.20 mmol/g at

298 K. (Serafin et al., 2023)

In addition to their porous structure, the surface chemistry of carbons derived from

walnut shells is essential in improving adsorption capabilities. Functional groups like

–OH, –COOH, and C=O, along with potential N-doping or amine functionalization,

enhance the interactions with CO₂. In fact, modifications that add N-functional groups

have demonstrated significant improvements in both the uptake of CO₂ and the

selectivity of CO₂/N₂, highlighting the material’s suitability for flue gas

applications.(Mohd Azmi et al., 2022a).

To summarize, walnut shells present an appealing combination of properties,

including composition, thermal stability, porosity, and flexible surface chemistry,
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which makes them an attractive and eco-friendly source for the production of

activated carbon in carbon capture applications.

2.6.2 Surface Characteristics

The effectiveness of activated carbons derived from walnut shells in adsorbing CO₂ is

largely determined by their surface properties. The activation process, which can

involve chemical methods (such as using KOH, NaOH, or ZnCl₂) or physical

methods (like steam or CO₂), greatly improves both the texture and surface chemistry

of the material. These activation techniques result in substantial BET surface areas,

often surpassing 2000 m²/g, and a predominantly microporous structure, with pore

sizes mainly in the ultramicropore range (0.3–0.8 nm), which is particularly suitable

for trapping CO₂ molecules.(Serafin et al., 2023)

Walnut shells are naturally endowed with oxygenated functional groups like hydroxyl

(–OH), carbonyl (C=O), and carboxyl (–COOH), which are further enhanced through

activation and functionalization processes. These groups boost the material's surface

polarity and enhance its ability to attract CO₂ through dipole–quadrupole interactions.

Chemical modification techniques, such as amine impregnation or nitrogen doping,

further enrich the surface with basic functional groups, thereby strengthening the

adsorptive interactions with acidic CO₂ molecules.(Mohd Azmi et al., 2022d)

The interplay between textural attributes, such as surface area, pore volume, and

micropore size distribution, and surface chemistry, including the presence of

heteroatoms and polar groups, is vital. For example, carbons with high levels of

microporosity but minimal surface functionalization might show moderate CO₂

absorption. In contrast, functionalized carbons with slightly reduced surface areas

often achieve greater CO₂/N₂ selectivity, which is crucial for capturing carbon post-
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combustion. Additionally, the durability of these surface features during repeated

adsorption–desorption cycles ensures that adsorbents made from walnut shells can be

reused effectively without a significant drop in performance.(Chomiak et al., 2017a).

The adsorption capabilities of walnut shells are primarily determined by their surface

characteristics, pore configuration, and functional groups, making them adaptable and

eco-friendly options for CO₂ capture technologies.

2.6.3 Thermal and Chemical Stability

Walnut shells are an excellent raw material for activated carbon adsorbents due to

their durability under heat and resistance to chemicals. Their composition, which is

primarily composed of a high lignin content (around 45–55%), as well as lesser

amounts of cellulose and hemicellulose, and a low ash content (usually below 3%),

gives them a strong carbon structure that can endure thermal stress during the

processes of activation and regeneration.(Albatrni et al., 2022b). The stability in terms

of thermal and chemical properties of walnut-shell-based adsorbents plays a vital role

in assessing their effectiveness for CO₂ capture in industrial environments. Being

lignocellulosic, raw walnut shells are mainly made up of cellulose, hemicellulose, and

lignin, which together provide significant resistance to degradation at moderate

temperatures. Through pyrolysis and subsequent activation, walnut shells are

converted into carbon-rich materials that have improved structural integrity, allowing

them to endure high temperatures during adsorption and desorption cycles. Research

has indicated that activated carbons derived from walnut shells have decomposition

temperatures that exceed 400–500 °C, and their structural integrity remains stable

even with repeated heating and cooling processes. (Chomiak et al., 2017a)
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Walnut-shell-derived carbons are chemically resilient when exposed to acidic gases

(like CO₂ and SO₂) and humidity; however, their effectiveness can be affected by

how their surfaces are modified. The oxygenated functional groups that form during

the activation process may partially degrade when exposed to high temperatures for

extended periods; nevertheless, the graphitic structures created during carbonization

provide strength against chemical reactions. Modifications such as nitrogen doping or

amine grafting enhance CO₂ adsorption, although they might compromise long-term

chemical stability due to the gradual leaching or thermal breakdown of the modified

components.(Serafin et al., 2023). Activated carbons sourced from walnut shells

demonstrate remarkable durability against structural breakdown during standard

regeneration processes (200–400 °C). A recent review emphasizes their chemical

resilience, large surface area, and uniform pore architecture maintained across several

activation cycles. (Albatrni et al., 2022b). Additionally, Thermogravimetric analysis

(TGA) of comparable biomass-derived carbons suggest that the residual char retains

its structure at significantly elevated temperatures (e.g., 800 °C), which corresponds

with findings of consistent performance after activation in walnut-shell systems.

(Foorginezhad et al., 2024)

Additionally, adsorbents sourced from walnut shells demonstrate the ability to be

regenerated through several adsorption-desorption cycles, an important characteristic

for practical use. Experimental findings indicate a negligible reduction in CO₂ uptake

capacity (typically under 5% after 10-20 cycles), which verifies their recyclability and

long-term durability in operation. Their chemical resilience in slightly oxidative or

humid conditions further highlights their suitability for actual flue gas scenarios,

where competing adsorption by water vapor cannot be avoided..(Mohd Azmi et al.,

2022b).
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In practical applications, the synergy of thermal durability and surface chemical

stability allows walnut-shell-based adsorbents to preserve their adsorption ability and

structural strength through multiple cycles of adsorption and desorption, rendering

them effective and sustainable for extended CO₂ capture uses.

2.6.4 Availability and Sustainability

Walnut shells are well-known in the adsorption research as a plentiful agricultural by-

product and an eco-friendly, inexpensive source for activated carbons and biochars.

In-depth reviews highlight that their lignocellulosic composition, minimal ash content,

and widespread availability make them appealing for scalable carbon materials, and

their application also supports waste-valorization and circular-economy

objectives.(Albatrni et al., 2022b)

In practical terms, transforming walnut shells into porous carbons not only keeps

biomass from being disposed of but also adds value to a less-utilized by-product and

decreases dependence on fossil-based carbons, thus enhancing the sustainability

profile of CO₂ capture sorbents.

Recent experimental studies reinforce this sustainability argument by showing

effective, “greener” activation methods and robust adsorption capabilities of walnut-

shell carbons. For instance, a study conducted in 2024 explores K₂CO₃-based

activation of waste walnut shells to produce highly porous activated carbons, clearly

positioning the process as an environmentally friendly and cost-effective approach

utilizing a readily available feedstock.

(Albatrni et al., 2024)).
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Similarly, carbons with high microporosity produced from walnut shells have been

developed for gas storage and capture, demonstrating the affordability and

accessibility of this biomass compared to traditional precursors.(Serafin et al., 2023)

Research specifically targeting CO₂ adsorption highlights the rationale of converting

waste into resources: N-doped carbons produced from discarded walnut shells exhibit

outstanding CO₂ absorption while highlighting the eco-friendly advantage of

transforming an agricultural by-product.(Xu et al., 2020a)

In addition to specific case studies, wider evaluations suggest that activated carbons

sourced from biomass can lessen environmental impacts—depending on the choice of

feedstock and processing methods—compared to some commercially available

carbons. A comparative life-cycle analysis of activated carbons illustrates how the

selection of raw materials and activation methods influences impacts, reinforcing the

idea that utilizing plentiful agricultural by-products (like nutshells) can enhance the

overall sustainability aspect of sorbent manufacturing.(Vilén et al., 2022).

Supplementary efforts in creating and analyzing walnut-shell carbons further show

that high-surface-area materials are effective for gas applications, supporting both the

assertion of technical feasibility and the availability of resources.(Lionetti et al., 2024).

Existing literature indicates that walnut shells are abundantly accessible in regions

that produce nuts and can be sustainably transformed into high-performance sorbents

for CO₂ capture through environmentally friendly activation methods—providing

ecological advantages by utilizing waste materials, reducing the embodied impacts of

materials, and replacing fossil-based adsorbents with renewable resources derived

from a circular economy.
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2.7 ACTIVATION AND MODIFICATION OFWALNUT SHELLS

Walnut shells have been recognized as a valuable resource for producing high-

performance adsorbents due to their adaptability through various activation and

modification techniques. Being a rich lignocellulosic biomass, they can be effectively

subjected to both physical and chemical activation processes to create adsorbents with

customized porosity and improved adsorption capabilities. Physical activation

methods, which usually involve the use of CO₂ or steam, are preferred because of

their eco-friendliness and low levels of chemical residue. In single-stage processes

where pyrolysis is immediately followed by activation in a CO₂ environment at

temperatures between 750 and 850 °C, the resulting activated carbons achieve a BET

surface area of approximately 1300 m²/g and a micropore volume of around 0.72

cm³/g, with micropore widths close to 0.72 nm.(Men’shchikov et al., 2024). These

factors highlight how activating walnut shells in a gasified environment can

effectively create microporosity that is optimized for adsorption. Although chemical

activation may have a more substantial influence on pore development, it also tends to

result in a larger environmental impact. Research involving KOH, K₂CO₃, NaOH,

and Na₂CO₃ reveals that KOH consistently achieves the highest iodine number and

surface area, reaching 1,835 m²/g with a 73% micropore fraction, while K₂CO₃ and

NaOH provide slightly lower yet still considerable levels of porosity.(Xia et al., 2016).

Nevertheless, the application of chemical activants may result in corrosive by-

products, emphasizing the trade-offs between efficiency and environmental

sustainability.

The combination of chemical activation with metal chloride and steam co-activation

opens up opportunities for achieving ultra-high surface areas and volumes: the use of
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ZnCl₂ and FeCl₃ along with water vapor generated activated carbon resulting in a

BET surface area of up to 2648 m²/g and a micropore volume of 2.0 cm³/g, producing

CO₂ adsorption capacities of 4.79 mmol/g at 273 K and 3.20 mmol/g at 298 K—

demonstrating the benefits of using hybrid techniques.(T. Guo et al., 2022)

A more environmentally friendly approach utilizes physical activation with CO₂. In

single-step processes that merge carbonization and CO₂ activation, walnut shells can

generate carbons boasting surface areas as high as 1300 m²/g, micropore volumes

reaching 0.72 cm³/g, and predominant micropore diameters around 0.72 nm. This

technique streamlines processing while producing materials that are exceptionally

suited for adsorption applications, largely due to their fine porosity designed to

accommodate the size of CO₂ molecules. (Men’shchikov et al., 2024)

Characterization research on activated carbons derived from walnut shells shows

marked enhancements in porosity. When produced under ideal conditions, these

activated carbons reached substantial surface areas of up to 1689 m²/g, a distribution

of mesopores to micropores, and total pore volumes ranging from 0.23 to 0.96 cm³/g,

as analyzed through N₂ adsorption–desorption techniques.(X. Li et al., 2020). These

findings highlight how effective activation is in converting dense biomass into

adsorbents with high capacity.

2.7.1 Physical Activation Methods

Physical activation offers an environmentally friendly and scalable approach to

transform walnut shells into highly porous activated carbons that are effective for

CO₂ capture. In contrast to chemical activation, which utilizes reagents like KOH or

ZnCl₂, physical activation leverages thermal processes along with oxidizing gases

(such as CO₂ or steam) to create porosity—making it a more “clean” alternative.
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The procedure generally begins with carbonization in inert gases like nitrogen, which

thermally decomposes the shells and yields a char. This char is then activated using

reactive gases—predominantly CO₂ or steam—at temperatures ranging from 700 °C

to 1000 °C, further eliminating carbon to generate micropores and mesopores. The

outcome is an adsorbent characterized by a high surface area, abundant adsorption

sites, and an absence of chemical residues.

Activated carbons generated through CO₂ activation display strong microporosity and

surface areas that can compete with those from chemical activation techniques. For

example, walnut-shell carbons processed using a one-step CO₂ activation

(approximately 850 °C) exhibited BET surface areas close to 1300 m²/g and

micropore volumes around 0.72 cm³/g, featuring narrow pores (approximately 0.72

nm) ideally suited for trapping CO₂ molecules (about 0.33 nm in diameter)(Wong et

al., 2024)

Steam activation leads to increased mesoporosity, promoting quicker gas diffusion—

beneficial for applications that require rapid adsorption. Although specific data on

walnut shell steam activation is scarce, research on other biomass types indicates that

steam and CO₂ activation create distinct pore distributions: steam predominantly

enhances mesopore formation, while CO₂ is more effective in generating micropores

(Yu et al., 2024).

Physical activation also has ecological benefits as it avoids generating chemical waste

and negates the need for post-activation cleaning. This enhances the sustainability

profile of adsorbents derived from walnut shells (Zakaria et al., 2023).

Nonetheless, physical activation can necessitate longer activation durations and

greater energy consumption compared to chemical strategies. Therefore, optimal
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process configuration must achieve a balance between performance improvements

and energy and operational expenditures.

2.7.2 Chemical Activation Methods

Chemical activation is among the most effective methods for producing high-

performance CO₂ adsorbents from walnut shells. This technique generally involves

soaking the biomass in activating agents—often KOH, NaOH, H₃PO₄, or ZnCl₂—

followed by pyrolysis in inert atmospheres (such as nitrogen) at high temperatures

ranging from 400 to 800 °C. These chemicals promote pore development and alter the

surface chemically, leading to the creation of well-developed microporous structures

and customized surface properties that are excellent for gas adsorption purposes.

Chemical activation is a widely used method to convert walnut shells into high-

performance activated carbons, especially suited for CO₂ capture. The process

typically involves two primary steps: soaking the raw biomass in a chemical

activating agent and subsequently heat-treating it under an inert atmosphere.

KOH activation is renowned for generating ultramicropores (<1 nm), which closely

align with the kinetic diameter of CO₂ (\~0.33 nm) and significantly enhance

adsorption selectivity. Indeed, walnut shell-derived carbons activated with KOH have

achieved BET surface areas up to \~2,250 m²/g and micropore volumes around 1.07

cm³/g, demonstrating exceptional CO₂ uptake performance (Men’shchikov et al.,

2024)

In the initial phase which is the impregnation process, the walnut shell precursor is

combined with activating agents such as KOH, NaOH, K₂CO₃, or phosphoric acid.

For instance, KOH functions as a potent dehydrating and oxidizing substance; when
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heated, it interacts with carbon to generate gases like CO and CO₂. These reactions

that produce gas help to create ultramicropores, significantly enhancing the surface

area and pore volume of the resulting activated carbon.(Xia et al., 2016)

The subsequent phase (carbonization and activation) takes place at high temperatures

(typically ranging from 400 to 900 °C) in an inert environment. The application of

heat removes volatile elements and permits the chemical agent to react with the

carbonized structure, promoting pore formation. In the case of walnut shells, the two-

step activation usually involves carbonization at approximately 600–800 °C,

succeeded by activation within the same temperature range. This methodology results

in well-formed microporosity, which is vital for CO₂ capture.(Men’shchikov et al.,

2024)

The outcomes are impressive. Using thermochemical activation, KOH can yield

walnut shell activated carbon with a BET surface area reaching around ~2250 m²/g

and a micropore volume of ~1.07 cm³/g, highlighting the effectiveness of this

technique in producing adsorbents specifically designed for gas absorption. Likewise,

activation with ZnCl₂ produces carbons with a surface area of about ~1800 m²/g and a

micropore volume of ~1.176 cm³/g—attributes that are advantageous for adsorption

purposes.(Men’shchikov et al., 2024)

A notable recent development includes the pre-treatment of walnut shells using

supercritical CO₂ (scCO₂) prior to activation. This process improves surface

roughness and adds active sites that facilitate the attachment of chemical activators

such as KOH. Consequently, there is a remarkable increase in BET surface area—

reaching up to 1,654 m²/g—when compared to untreated samples, underscoring
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scCO₂ as a viable and environmentally friendly pre-treatment method. (Zhuang et al.,

2024).

In general, the chemical activation of walnut shells proves to be very efficient in

creating adsorbents that possess a large surface area, customized microporosity, and

specific surface properties, positioning it as a highly competitive alternative to

physical activation methods for CO₂ capture applications.

2.7.3 Impact of Activation on Adsorption Efficiency

The efficiency of adsorption is influenced by activation, which manipulates the pore

structure and surface properties of the carbon. The effectiveness of the process is

significantly affected by the level of activation. Achieving optimal adsorption

efficiency relies on a higher ratio of activating agent to walnut shell precursor, the

right activation temperature (600–900 °C), and adequate activation duration. When

walnut shells undergo chemical activation (typically with KOH), the reagent interacts

with the carbon framework during pyrolysis, leading to the creation of a compact

network of ultramicropores (<1 nm)—pores that are closely aligned with the kinetic

diameter of CO₂, thus enhancing both absorption and selectivity under post-

combustion conditions. A systematic approach to optimizing KOH activation in

walnut-shell carbons indicates that adjusting the impregnation ratio and thermal

treatment temperature increases the proportion of narrow micropores and enhances

CO₂ capacity; in granular materials, elevating activation severity has been shown to

increase microporosity and improve CO₂ absorption across a wide pressure range,

highlighting the crucial importance of controlling pore size for efficiency.(Chomiak et

al., 2017b)
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The same connection between structure and performance is evident in studies focused

on biomass-to-carbon conversion, particularly with the use of walnut shells to produce

highly microporous carbon materials: when the synthesis aims for sub-nanometer pore

sizes and restricts the formation of excessive mesoporosity, the resulting products

exhibit higher equilibrium CO₂ uptake and improved working capacities. This

indicates that, for capturing flue gas, the density of micropores—not merely the

overall BET surface area—dictates effectiveness, and that activation methods should

emphasize the creation of narrow pores rather than simply maximizing surface area

indiscriminately.(Serafin et al., 2023)

In addition to modifying texture, the activation methods also adjust surface

functionality, which improves the interactions between adsorbates and adsorbents,

consequently enhancing efficiency at realistic temperatures and partial pressures. For

instance, doping with nitrogen alongside chemical activation (such as pretreatment

with H₃PO₄ supported by urea/melamine or activation with KOH) creates basic

nitrogen sites that amplify acid-base interactions with CO₂, thereby increasing carbon

dioxide uptake and frequently enhancing CO₂/N₂ selectivity compared to undoped

carbons obtained from the same walnut-shell precursor. These findings indicate that

combining activation with heteroatom modification can achieve better results than

focusing solely on optimizing texture..(Xu et al., 2020b)(Rouzitalab et al., 2018)

The selection of activation method influences not only the equilibrium capacity but

also the dynamic (breakthrough) efficiency. In experiments with fixed beds utilizing

activated carbons from walnut shells, the materials created under ideal activation

conditions demonstrated greater dynamic CO₂ absorption (approximately 2.24 mmol

g⁻¹ in flow), confirming that the textural and chemical characteristics driven by
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activation lead to enhanced performance in actual gas velocities and

compositions..(Rouzitalab et al., 2018)

Ultimately, comparisons with walnut-shell carbons that have undergone physical

activation elucidate the mechanism: activation with steam or CO₂ can produce

significant surface areas, but when chemical activation is optimized to enhance

narrow microporosity and suitable surface basicity, the efficiency of CO₂ adsorption

(capacity per unit mass at relevant partial pressures) generally improves even more.

Recent processing and characterization of walnut-shell carbons made through

pyrolysis followed by oxidizing or CO₂ environments demonstrate how altering the

micro to meso pore balance through activation can directly influence gas-adsorption

performance, highlighting that activation is the key factor in transforming an inert

lignocellulosic byproduct into a highly effective sorbent.(Lionetti et al., 2024)

To summarize: activation improves the efficiency of adsorption by (i) forming a

concentrated array of sub-nanometer pores that favor the accommodation of CO₂, (ii)

adding basic surface sites (such as through N-doping) that enhance interactions under

ambient conditions, and (iii) maintaining these characteristics during dynamic flow—

results that have been consistently shown for carbons derived from walnut shells in

both equilibrium and breakthrough experiments.(Chomiak et al., 2017a)

2.8 CARBON DIOXIDE ADSORPTION USING WALNUT SHELL BASED

ADSORBENTS

The ongoing increase in atmospheric carbon dioxide (CO₂) levels has been

recognized as a key factor contributing to climate change, global warming, and

ecological disruption. Among the various methods available for CO₂ reduction,

adsorption utilizing porous solid adsorbents has surfaced as one of the most effective
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technologies due to its energy efficiency, reusability, and comparatively low cost

relative to conventional absorption techniques ((Leung et al., 2014b); (Rashidi &

Yusup, 2016). Activated carbons sourced from lignocellulosic biomass have garnered

substantial attention, as they offer an affordable option, widespread availability, and

significant adsorption capabilities (Rahman et al., 2017). Walnut shells, which are a

by-product of agricultural activities, serve as an especially promising precursor for

creating activated carbon due to their high carbon content and well-structured

lignocellulosic composition. This research evaluates the current studies on walnut

shell-based adsorbents for CO₂ capture, contrasts their effectiveness with other

biomass-derived adsorbents, and examines the adsorption capacity, kinetics, and

isotherm models that characterize their performance.

2.8.1 Summary of Previous Studies

Numerous studies have investigated the creation and efficacy of activated carbons

derived from walnut shells for the purpose of capturing CO₂. Granular activated

carbons (GACs) was produced from walnut shells using KOH activation. The

research emphasized the effect of heat treatment temperatures (ranging from 700 to

900 °C) on the development of pores and the mechanical properties of the materials.

They discovered that activated carbons sourced from walnut shells exhibited

significant microporosity, with specific surface areas between 2000 and 1300 m² g⁻¹

and micropore widths of 0.89 to 0.68 nm. Notably, these GACs showed excellent CO₂

uptake capacity of 7.2 mmol g⁻¹ at 1 bar and 18.2 mmol g⁻¹ at 30 bar (273 K), and

displayed low retentivity (~15%) after degassing, making them suitable candidates for

vacuum swing adsorption (VPSA) applications.(Chomiak et al., 2017c)
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Another important finding was presented by creating high-performance activated

carbons from walnut shells through physical activation using CO₂. Adsorption

experiments conducted in a fixed bed column revealed a peak CO₂ adsorption

capacity of 1.58 mmol g⁻¹ at 1.3 bar and 293 K, along with a utilization factor of

0.8492. Breakthrough analysis demonstrated sharp adsorption fronts and compact

mass transfer zones, indicating the effective use of the adsorbent's capacity.

Furthermore, the adsorbents exhibited favorable regeneration capabilities, suggesting

their potential for repeated adsorption-desorption cycles. Collectively, these

investigations provide robust proof that adsorbents derived from walnut shells present

viable and competitive alternatives for CO₂ capture under various pressure conditions,

both atmospheric and elevated.(Al Mesfer, 2020)

2.8.2 Comparism with Other Biomass Based Adsorbents

Walnut shells are not the sole biomass utilized in the production of activated carbon;

other materials such as coconut shells, rice husks, macadamia shells, peanut shells,

olive stones, and pomegranate peels are also used. The effectiveness of these

materials in adsorption often relies on the activation technique and the conditions

employed. For example, activated carbons derived from peanut shells using KOH at

900 °C reached capacities of up to 5.5 mmol g⁻¹ (Lewicka, 2017). Carbon produced

from olive stones, which was functionalized with oxygen groups, exhibited improved

CO₂ adsorption, especially at lower pressures (Peredo-Mancilla et al., 2018).

Likewise, carbons sourced from macadamia shells and processed through microwave

irradiation showed adsorption capacities around 1.3 × 10⁻³ mol g⁻¹ (Dejang et al.,

2015). In comparison, activated carbons from walnut shells consistently display

superior performance. Walnut-derived granular activated carbons (GACs)
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demonstrated 20–30% greater mechanical strength than GACs from bituminous coal

under equivalent conditions while achieving similar adsorption efficiency(Chomiak et

al., 2017c). Moreover, walnut shells offer an exceptional combination of mechanical

durability, microporosity, and adsorption effectiveness that is often absent in many

other biomass sources. Therefore, although numerous agricultural by-products can be

converted into CO₂ adsorbents, those derived from walnut shells are distinguished by

their high uptake capacities, robust structural properties, and advantageous

regeneration capabilities.

2.9 ADSORPTION CAPACITY KINETICS AND ISOTHERMS

Adsorbents derived from walnut shells exhibit remarkable CO₂ adsorption capabilities

under diverse conditions. KOH-activated granular activated carbons (GACs) reached

peak uptake values of 7.2 mmol g⁻¹ at 1 bar and 18.2 mmol g⁻¹ at 30 bar (273 K)

(Chomiak et al., 2017c). Additionally, physically activated walnut carbons also

showed impressive performance, attaining maximum capacities of 1.58 mmol g⁻¹ at

1.3 bar and 293 K (Al Mesfer, 2020). Notably, these adsorption capacities are

competitive with or exceed those of numerous commercial activated carbons,

underscoring the potential of walnut shells for industrial-scale applications.

Breakthrough studies indicate that walnut shell–based carbons display sharp

adsorption curves along with narrow mass transfer zones (MTZs). This suggests quick

adsorption dynamics and efficient usage of adsorbent capacity. Higher temperatures

and flow rates resulted in shorter Increased breakthrough times and larger mass

transfer zones (MTZs) were observed with lower operating temperatures, which

enhanced the adsorption capacity due to stronger CO₂ interactions. The regeneration

ability of the adsorbents over multiple cycles further improves their practical use (Al
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Mesfer, 2020). The adsorption equilibrium data for adsorbents derived from walnut

shells have been effectively described using both the Langmuir and Dubinin–

Radushkevich (D–R) isotherms. Micropores smaller than 0.8 nm are most effective

for CO₂ absorption at atmospheric pressure, while wider micropores play a significant

role at higher pressures (Chomiak et al., 2017c). The Langmuir model suggests a

monolayer adsorption mechanism on uniform microporous surfaces, while the D–R

model provides insights into the adsorption energetics, emphasizing the dominance of

physical adsorption processes driven by van der Waals forces.

In conclusion, the adsorption capacity of activated carbons derived from walnut shells

reflects a synergy between high microporosity, suitable pore size distribution, and

favorable adsorption kinetics. Adsorbents from walnut shells represent a viable,

sustainable, and cost-effective solution for carbon dioxide capture. Prior studies have

confirmed their impressive adsorption capacities, favorable kinetics, and distinct

isotherm behavior. Compared to other biomass-derived carbons, walnut shell-based

materials consistently demonstrate superior adsorption efficiency and mechanical

durability. The combination of these attributes makes them highly suitable for

industrial applications in post-combustion CO₂ capture and gas separation processes.

Future research should focus on scaling up production methods, optimizing activation

parameters, and exploring hybrid activation strategies (such as combining chemical

and physical activation) to further enhance adsorption performance. Additionally,

techno-economic analysis and life-cycle assessments will be crucial for transitioning

walnut shell-derived adsorbents from laboratory settings to large-scale industrial

applications.
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2.10 MECHANISMS OF CO₂ ADSORPTION ON WALNUT SHELL

ADSORBENTS

The mechanisms responsible for CO₂ adsorption on walnut shell-derived carbons are

determined by a blend of physisorption and chemisorption processes, which are

affected by surface chemistry, pore structure, and operating conditions. In highly

microporous carbons, physisorption is predominant, where CO₂ molecules are

captured by van der Waals forces within ultramicropores (<0.7 nm). Given that the

molecular size of CO₂ (~0.33 nm) allows for effective confinement, this maximizes

the potential fields for adsorption and facilitates high uptake even at low partial

pressures (Serafin et al., 2023)

Chemisorption takes place when surface functional groups, particularly basic oxygen-

or nitrogen-containing sites, engage with CO₂ molecules through Lewis acid-base

interactions. The introduction of nitrogen doping brings in pyridinic and pyrrolic

nitrogen functionalities, significantly boosting CO₂ adsorption capacity and

selectivity due to enhanced binding interactions (T. Guo et al., 2022)

Hence, the overall mechanism can be characterized as a dual contribution: micropore

filling largely contributes to the adsorption capacity, while surface functional groups

improve selectivity and binding strength. Thermodynamic analyses often report

isosteric heats of adsorption that are higher in nitrogen-doped walnut carbons,

indicating a mix of partial chemisorption alongside physisorption.

2.10.1 Surface Interactions and Bonding

The adsorption capacity and selectivity of walnut-shell derived adsorbents are

governed not only by pore structure and surface area but also by the specific
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interactions that occur between functional groups on the adsorbent surface and target

adsorbates. Activated carbons derived from walnut shells are enriched with oxygen-

containing functional groups (–OH, –COOH, C=O), phenolic moieties from lignin,

and additional heteroatoms (N, S, or P) when functionalized, which form diverse

bonding interactions. These interactions can be broadly classified as electrostatic

attractions/repulsions, hydrogen bonding, π–π stacking, Lewis acid–base interactions,

and surface complexation or ion exchange.

Electrostatic interactions dominate when the surface charge of the adsorbent differs

from the charge of the adsorbate. The point of zero charge (pHpzc) of walnut-shell

carbon defines the pH at which the surface is neutral. Below the pHpzc, the surface is

positively charged and tends to attract anions such as Cr(VI) species, while above the

pHpzc, it is negatively charged and attracts cationic species such as Pb²⁺ or methylene

blue dye. This electrostatic mechanism has been confirmed experimentally in dye

adsorption studies, where raw walnut shell powder showed strong affinity for

methylene blue due to surface charge interactions at solution pH > pHpzc(Mansurov et

al., 2022).

Hydrogen bonding also contributes to adsorption, particularly when hydroxyl,

carboxyl, and carbonyl groups on the walnut-shell surface interact with polar

adsorbates. Weak hydrogen bonds allow hydroxyl and carboxyl groups to stabilize

CO₂ adsorption. Such interactions are confirmed by FTIR investigations, which

frequently show variations in O–H stretching frequencies following CO₂ uptake.

(Banerjee et al., 2018). Similarly, water vapor and polar VOC adsorption on walnut-

derived carbons is enhanced by hydrogen bonding to oxygenated groups.
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Lewis acid–base interactions also play an important role in gas adsorption,

particularly for CO₂. The acidic nature of CO₂ allows it to interact strongly with basic

sites (surface oxygen or nitrogen functionalities) on the carbon surface. Nitrogen-

doped walnut carbons, for instance, exhibit higher CO₂ uptakes than undoped carbons

due to Lewis base–acid bonding between pyridinic/pyrrolic N groups and CO₂

molecules(T. Guo et al., 2022). Such interactions shift the balance from purely

physical pore filling to partially chemisorptive bonding, as indicated by higher

isosteric heats of adsorption.

Bonding interactions can be deliberately altered through activation and modification

processes. When activated with KOH, microporosity is enhanced, and surface basicity

is introduced, which boosts both electrostatic and Lewis base interactions with acidic

gases like CO₂.(Serafin et al., 2023).

Characterization techniques provide tangible evidence of these bonding interactions.

FTIR spectroscopy reveals shifts in O–H, C=O, and aromatic C=C vibrations after

adsorption, which confirms the existence of hydrogen bonding, π–π stacking, and

complex formation. XPS delivers insights into bonding by indicating variations in

surface element binding energies, such as the identification of metal–oxygen

coordination or shifts in N 1s after CO₂ adsorption. Boehm titration and pHpzc

analysis assist in quantifying the acidic/basic surface functional groups and surface

charge conditions that impact electrostatic interactions. Together with adsorption

isotherms, kinetics, and thermodynamic evaluations, these techniques provide a

comprehensive understanding of how surface interactions affect adsorption efficiency.

To summarize, the adsorption behavior of carbons made from walnut shells is

influenced by both the arrangement of pores and the interactions and bonding
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chemistry occurring at the surfaces. Key mechanisms include electrostatic forces,

hydrogen bonds, π–π interactions, Lewis acid–base interactions, and surface

complexation, with their significance varying based on the method of activation,

surface modifications, and operating conditions. Understanding and optimizing these

bonding mechanisms is essential to improve the efficacy of walnut shell adsorbents in

applications like gas separation, wastewater treatment, and pollution management.

2.10.2 Functional Groups Involved

Walnut-shell adsorbents, whether raw, chemically modified, or activated, derive much

of their adsorption behavior from the types and abundance of surface functional

groups. These groups are predominantly oxygen-containing (hydroxyl -OH, carbonyl

-C=O, carboxyl -COOH), aromatic rings (from lignin), ether linkages (C–O–C),

sometimes nitrogenous groups (amines, amides) when treated, and phenolic hydroxyls.

Their presence and state (protonated/deprotonated, oxidized/reduced) govern how the

surface interacts (bonding, complexation, electrostatics) with various adsorbates.

In the FTIR spectra of unprocessed walnut shell, distinct broad O–H stretching peaks

(~3400 cm⁻¹) arise from cellulose, hemicellulose, lignin, and absorbed moisture; C–H

stretching vibrations (~2920–2850 cm⁻¹) are associated with methyl and methylene

groups; carbonyl (C=O) stretching peaks (~1700–1750 cm⁻¹) can be attributed to

esters and acetyl groups; aromatic C=C or skeletal vibrations (~1600–1515 cm⁻¹)

originate from lignin; ether linkages and phenolic or ester oxygens (C–O, C–O–C) are

found in the range of ~1250-1050 cm⁻¹; and fingerprint bands for aromatic C–H

bends, aliphatic CH deformations, and others(Enache et al., 2023).

When walnut shells undergo activation or chemical modification, various changes

take place: certain functional groups are partially destroyed (such as bound hydroxyls
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and aliphatic C-H), some become more accessible (such as free –OH and -COOH),

and new groups can be introduced (like amine -NH₂ and amide -CONH₂) through

treatments like urea modification or amine grafting. In investigations where walnut

shells were treated with urea and surfactants, for instance, new absorption bands

corresponding to amino and amide groups emerge, and typical peaks in the fingerprint

region (~800–1800 cm⁻¹) display increased intensity or shifts, signifying greater

exposure or alteration of existing groups(Shkliarenko et al., 2023a).

Additionally, modifications of functional groups, such as amine grafting (introduction

of -NH₂), can create sites for metal ion complexation, promote protonation (to draw in

anionic species), and enable stronger binding through coordination bond(J. Li et al.,

2020)(Shkliarenko et al., 2023b)

To summarize, the primary functional groups in walnut-shell adsorbents are hydroxyl,

carboxyl, carbonyl, ether linkages, aromatic rings, phenolic –OH, and, upon

modification, amine/amide groups. These groups contribute to adsorption in varied

ways, including hydrogen bonding, electrostatic attraction (or repulsion, depending on

pH), complexation (especially with metals), and in certain instances, redox

interactions). Quantitative assessments (such as FTIR shifts, Boehm titrations, and

XPS) consistently indicate that an increase in the number or accessibility of these

groups correlates with improved adsorption capacities.

2.10.3 Role of Porosity and Surface Area

The ability of carbons derived from walnut shells to adsorb carbon dioxide (CO₂) is

primarily influenced by their porosity and surface area. These structural features play

a key role in how effectively CO₂ molecules are captured, stored, and selectively

separated from gas mixtures like flue gas.
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Micropores (less than 2 nm) are vital for CO₂ uptake. Since the kinetic diameter of

CO₂ is about 0.33 nm, it fits well into narrow micropores, where overlapping

adsorption potential enhances van der Waals interactions. Walnut-shell carbons

activated with KOH have been demonstrated to develop extensive networks of

micropores with surface areas surpassing 1,000 m²/g, resulting in CO₂ capacities

exceeding 6 mmol/g at ambient pressure.(Serafin et al., 2023)

Ultramicropores (less than 0.7 nm) are particularly effective because they offer the

strongest confinement effect and improve CO₂/N₂ selectivity. Adsorbents that contain

a greater proportion of ultramicropores capture CO₂ more effectively even at low

partial pressures, which is beneficial for applications involving post-combustion

capture.(T. Guo et al., 2022)

Micropores primarily determine capacity, while mesopores (2–50 nm) are crucial in

enhancing diffusion and providing access to microporous areas. In processes like

pressure swing adsorption (PSA) or temperature swing adsorption (TSA),

mesoporosity speeds up kinetics and improves cyclic stability. Research has indicated

that walnut-shell carbons featuring hierarchical micro–mesoporous structures exhibit

quicker CO₂ adsorption–desorption cycles along with enhanced regeneration

efficiency. (L. Yang et al., 2023)

The specific surface area, commonly assessed through BET analysis, is also strongly

linked to CO₂ uptake. Yet, the capacity is influenced not only by surface area but also

by the proportion of micropores. Walnut-shell carbons with surface areas exceeding

1,200 m²/g and high micropore ratios generally display superior adsorption

capabilities in comparison to carbons with similar surface areas but lower

microporosity.(Biuki et al., 2025)
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The distribution of pore size is crucial for selectivity as well. Narrow micropores (<1

nm) favor CO₂ over N₂ due to CO₂’s greater quadrupole moment and increased

polarizability. Walnut-shell-derived carbons that are designed to optimize

ultramicroporosity have shown CO₂/N₂ selectivity values greater than 30, making

them highly valuable for flue gas treatment and other separation processes.(Xie et al.,

2017)

To summarize, the interplay between porosity and surface area in CO₂ adsorption can

be characterized as a collaborative effect: micropores (particularly ultramicropores)

offer the adsorption sites that are vital for capacity and selectivity, mesopores bolster

diffusion and regeneration kinetics, and macropores act as transport pathways. By

optimizing this hierarchical pore structure through controlled activation of walnut

shells, it becomes possible to create cost-effective, sustainable, and efficient

adsorbents specifically designed for capturing carbon dioxide.

2.10.4 Research Gaps and Justifications Of Study

Extensive global research has concentrated on creating activated carbons from various

agricultural residues for the purpose of capturing carbon dioxide, yet there are still

significant research gaps that warrant the current study. Most existing investigations

into biomass-based adsorbents have focused on materials such as coconut shells, rice

husks, bamboo, and fruit peels, which have shown promise for yielding activated

carbons with high porosity, surface functionality, and considerable CO₂ uptake

capabilities (Chomiak et al., 2017c). In contrast, the use of walnut shells—despite

their rich lignocellulosic content and prevalence in many areas—has been

insufficiently explored, especially in relation to carbon capture and storage (CCS)

initiatives.
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Recent research has demonstrated that walnut shells are effective precursors for

activated carbons with narrow micropores, greatly improving the adsorption

performance of CO₂ and H₂, highlighting their applicability in both post-combustion

capture and energy storage contexts (Serafin et al., 2023) .Additionally, thorough

reviews emphasize the adaptability of walnut shells as sustainable adsorbents, their

potential for modification through both physical and chemical activation, and their

competitiveness with traditional adsorbents in various adsorption applications

(Albatrni et al., 2022a)

Within the Nigerian context, some studies have effectively transformed agricultural

residues such as cassava peels, bamboo, and coconut shells into activated carbons for

the removal of pollutants and the adsorption of heavy metals, dyes, and organic

compounds from water (Opololaoluwa, 2021). Additionally, research focusing on

processes has examined the economic viability of producing activated carbon from

agricultural waste. However, most of these studies in Nigeria primarily concentrate

on wastewater treatment, with almost no focus on CO₂ adsorption from flue gases,

thus highlighting a significant research gap.

Consequently, this study is warranted on several fronts. Firstly, it aims to fill the

current knowledge void by examining the activation and adsorption efficiency of

walnut shells specifically for CO₂ capture. Secondly, it places a local emphasis on

Nigerian walnut shells, broadening the scope beyond the conventional feedstocks

analyzed in the nation. Thirdly, by positioning walnut shells within the larger context

of global carbon capture technologies, this study supports sustainability objectives

and circular economy principles while providing affordable and locally relevant

methods for climate mitigation. In summary, the study not only adds to the body of

scientific literature but also strengthens Nigeria’s research capacity in carbon capture,
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potentially guiding both industrial practices and policy frameworks for sustainable

energy and environmental management.

2.10.5 Summary of Previous Works

In the last ten years, significant advancements have been made in utilizing agricultural

residues as sources for activated carbons used in adsorption-driven carbon capture.

Research has shown that biomass materials such as coconut shells, rice husks, corn

cobs, bamboo, and fruit peels can be converted into activated carbons with notable

porosity and functional surface properties, allowing them to perform competitively

with commercial adsorbents in applications for CO₂ capture. For instance, activated

carbons derived from coconut shells have been extensively documented to showcase

high microporosity and outstanding CO₂ adsorption capacity, emphasizing their

potential as economical, sustainable alternatives to traditional adsorbents (Chomiak et

al., 2017c).

Recently, walnut shells have been recognized as a promising yet underutilized

precursor. Studies indicate that activated carbons made from walnut shells feature

narrow micropores that are ideal for CO₂ adsorption, with modifications and chemical

activation methods improving their surface functional groups and adsorption

performance (Serafin et al., 2023). This discovery aligns with previous research

illustrating that activated carbons sourced from biomass can achieve significant

surface areas and pore volumes through various activation methods, which have a

direct impact on adsorption capability (Albatrni et al., 2022a).

Furthermore, research conducted in both Asia and Europe has broadened the focus of

CO₂ adsorption studies by exploring various activation agents, such as KOH, H₃PO₄,

and ZnCl₂, applied to walnut shells and other residues. These investigations have
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produced activated carbons with improved textural characteristics and greater CO₂

uptake at both normal and increased pressures (T. Guo et al., 2022). Nevertheless,

many of these studies are primarily concentrated outside sub-Saharan Africa, with

Nigerian research primarily aiming at utilizing agricultural residues for water

purification, dye removal, and heavy metal adsorption instead of CO₂ capture.

Collectively, the existing literature lays a strong foundation for the utilization of

agricultural residues in adsorption-focused carbon capture, while also highlighting a

crucial gap: although coconut shells, corn cobs, and other biomass materials have

been studied, walnut shells have received comparatively little attention, particularly

within the Nigerian research landscape. Bridging this gap presents a compelling

scientific basis for increasing research efforts into walnut-shell-based activated

carbons specifically designed for CO₂ adsorption.

2.10.6 Limitations in Previous Studies

Despite considerable advancements in creating adsorbents from agricultural waste for

CO₂ capture, several challenges remain within current research. One of the primary

issues is the absence of standardization in activation protocols. Various studies utilize

different activating agents (such as KOH, ZnCl₂, and H₃PO₄), along with differing

temperatures and residence times, leading to adsorbents with variable textural and

chemical characteristics. Such variability complicates direct comparisons and hinders

the development of clear principles for optimizing adsorbent production. For instance,

walnut shell–derived biochars activated with ZnCl₂ and FeCl₃ showed widely

differing CO₂ adsorption based on pore distribution, illustrating the reproducibility

issue across research(T. Guo et al., 2022).
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Another challenge stems from the limited operating conditions under which many

adsorption experiments are performed. A significant portion of the research

concentrates on single-component CO₂ adsorption at ambient or low pressures, which

fails to accurately reflect the conditions present in industrial flue gas, where higher

temperatures and competing gases exist. This disconnect complicates the effort to

translate laboratory-scale findings into practical applications. A 2024 study on the

supercritical CO₂ pretreatment of walnut shells indicated that surface modifications

could enhance CO₂ uptake, but the results were limited to controlled laboratory

settings (Zhuang et al., 2024).

Additionally, many studies focus on textural factors such as surface area and

microporosit, while giving insufficient consideration to the role of surface functional

groups in enhancing CO₂ affinity. Functionalization methods such as heteroatom

doping or composite formation have been inadequately researched in walnut shell–

based systems, even though there is evidence that groups containing oxygen and

nitrogen can significantly boost CO₂ interactions (Uzosike et al., 2022)

Lastly, the long-term regeneration and stability of biomass-derived adsorbents remain

insufficiently investigated. Although certain modifications, like the magnetization of

walnut shell activated carbons, have been shown to enhance reusability for pollutant

adsorption, their resilience in repeated CO₂ capture cycles has not been thoroughly

examined (Uzosike et al., 2022). This knowledge gap obstructs the conversion of

encouraging laboratory results into feasible industrial-scale carbon capture solutions.
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CHAPTER THREE

MATERIALS AND METHOD

3.1 METHODOLOGY

The methodology of this study involved the preparation, characterisation, and

experimental evaluation of walnut shell-based activated carbon for CO2 capture. This

study encompasses four major stages of which the first stage involves the sourcing of

walnut shell locally, the pre-treatment, carbonisation of walnut shell, grounding and

sieving to different particle sizes, which is followed by chemical activation using

potassium hydroxide (KOH). The second stage is the characterization of the prepared

adsorbent using standard analytical techniques, in order to determine the

physiochemical and morphological properties of the activated carbon. The third stage

was majorly focused on performing the experiments so as to evaluate the influence of

process variables such as particle size, adsorbent dosage, contact time, temperature

and pressure on CO2 adsorption.

3.2 MATERIALS

Walnut shell

Potassium Hydroxide (KOH)

Distilled Water

CO2 gas.
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3.3 DESCRIPTION OF RAWMATERIALS

3.3.1 Walnut shell:

Walnut shell which is the adsorbent material used in this study is an agricultural by-

product obtained from the outer covering of Juglans regia. The walnut shell is a hard,

lignocellulosic biomass composed primarily of cellulose (25–30%), hemicellulose

(20–25%), and lignin (45–50%), which together provide its mechanical strength and

structural stability. (Jahanban-Esfahlan et al., 2019)

In its natural state, the walnut shell exhibits a brown to dark-brown coloration and a

dense, woody texture with a bulk density of approximately 1.2–1.4 g/cm³. Prior to use,

the shells were thoroughly washed with distilled water to remove dirt and impurities,

then oven-dried at 105 °C to eliminate moisture and afterwards carbonized in an inert

atmosphere at a temperature of 4000C. The carbonized material was subsequently

ground and sieved to obtain a uniform particle size suitable for adsorption

experiments.

The ground walnut shell possesses a porous surface structure with numerous hydroxyl,

carboxyl, and carbonyl functional groups, which facilitate adsorption of gas molecules

such as CO₂. Due to its renewable, biodegradable, and non-toxic nature, walnut shell

serves as a sustainable and low-cost alternative to conventional synthetic adsorbents.

When further subjected to chemical activation, its surface area and pore volume is

significantly enhanced, making it highly effective for CO₂ capture applications.

Raw walnut shells were sourced from Igarra, Akoko Edo Local Government Area,

Edo State, Nigeria. The shells were chosen as precursor because of their low cost,

abundance, lignocellulose composition, and high carbon content, this makes them
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suitable for activated carbon production. After collection, the shells were washed with

water to remove dirt and adhering impurities, and were sun-dried.

figure 3. 1walnut shell

Potassium Hydroxide(KOH)

Analytical grade potassium hydroxide (KOH pellets) was acquired from Luco

chemical laboratory limited. KOH was selected as the activating agent because of its

efficiency in enhancing porosity, surface area and the development of micro pores in

biomass-derived carbon. Aqueous KOH solution was prepared and was applied to the

carbonised walnut shell for activation.

Distilled Water: Distilled water was used throughout the experiment for washing the

carbonized and activated samples, as well as for the preparation of aqueous KOH

solutions.

Carbon Dioxide (Co2) Gas: compressed CO2 gas of high purity (99.9%) was

supplied by Luco chemicals and laboratory and was used as the target adsorbate in the

batch adsorption studies. The use of this highly pure CO2 provided accurate

evaluation of the adsorption studies without other gases interfering.
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3.3.2 Equipment and apparatus

 Conical flask

 Beakers

 Standard volumetric flask

 Measuring cylinder

 Mortar and pestle

 Weighing balance

 Pair of tongs

 Crucible

 Mechanical sieve shaker

 Oven

 Muffle furnace

 Stirrer

 Filter paper

 Heating mantle

 pH paper

 funnel

 Gas analyzer

 Gas flowmeter

 Fixed bed column

3.3.3 Description of Equipment

The experiment used a range of standard laboratory glassware and specialized

equipment, each of them serving a distinct purpose in the preparation, activation,
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adsorption testing of walnut shell based adsorbents. Standard glassware such as

beakers, conical flasks, measuring cylinders, funnels, and volumetric flask were

employed throughout the preparation and activation processes.

Muffle Furnance: This was used for the carbonization and thermal treatment of raw

walnut shells. The furnace provides a controlled heating up to a temperature of

12000C, which ensures the uniform carbonization of materials and removal of volatile

matter thereby enhancing the development of pores within the carbon structure which

are essential for adsorption process.

Drying Oven: The drying oven was used for the dehydration of the samples after

impregnation with KOH. The oven operates within a temperature range of 30 - 2500C

with adjustable ventilation to enable uniform drying and prevent the sample from

degrading.

Mortar and Pestle: The carbonized was grinded using the mortar and pestle, this

ensured particle size reduction suitable for subsequent sieving

Mechanical Seive: The mechanical sieve was used to obtain a defined particle size

fraction which is in the range of 50 - 1000µm which are ideal for adsorption process.

Weighing Balance: This was used for accurate measurement of adsorbent mass

which is critical for both activation and adsorption experiments. The weighing

balance has a sensitivity of 0.0001g.

Heating Mantle: The walnut shell samples were boiled in 200ml of potassium

hydroxide (KOH) solution for 30 minutes.
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Portable Gas Analyser: This was used to monitor the concentration of CO2 at the

exit of the column. This analyser provided real-time measurements of the reduction of

CO2 levels, which allows quantitative assessment of adsorption performance under

experimental conditions.

Fixed Bed Column: An improvised fixed bed column was constructed using a

transparent glass tube. The column was packed with the prepared walnut shell

adsorbent, with cotton wool plugs at both ends to hold the material in place while

allowing gas passage. This simple but effective design ensured good contact between

the CO2 stream and the adsorbent bed.

Fourier Transform Infrared Spectroscopy (FTIR): FTIR analysis was conducted

to identify the surface functional groups present on the adsorbent after activation. The

spectra were recorded in the range of 4000–400 cm⁻¹ using an FTIR

spectrophotometer. This technique enabled the detection of oxygen-containing

functional groups such as hydroxyl, carbonyl, and carboxyl, which play a significant

role in CO₂ adsorption.

Scanning Electron Microscopy (SEM): Surface morphology and pore structure of

the adsorbent were examined using a Scanning Electron Microscope. SEM

micrographs provided information on the surface texture, porosity, and distribution of

pores, which influence diffusion and adsorption capacity.

X-Ray Diffussion (XRD): The Crystallographic structure and degree of

amorphousness of the adsorbent were analyzed using the XRD. This analysis

provided insights into the structural ordering and presence of mineral phases.
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3.3.4 Preparation of walnut shell adsorbent

The preparation of the walnut shell adsorbent involved a sequence of thermal and

chemical treatments designed to enhance its surface area, pore structure, and

adsorption potential for carbon dioxide. The process consisted of carbonization,

chemical activation, washing, drying, and grinding. The detailed procedure adopted in

this study is outlined in the following steps.

Cleaning and Drying

The raw walnut shells which were obtained were thoroughly washed with distilled

water to remove dust, adhering impurities, and surface contaminants. The washed

shells were sun-dried for several days to reduce their moisture content before

carbonization.

Carbonization

The dried walnut shells were subjected to carbonization in a furnace at 400°C for

about 2 hours under limited oxygen supply. This process converted the raw walnut

shell into carbon-rich precursor material by eliminating volatile matter and enhancing

structural stability. The carbonized material formed the base precursor for further

modification. The carbonized shells were allowed to cool at room temperature.
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figure 3. 2carbonized walnut shell

Particle Size Reduction

The cooled carbonized shells were ground into smaller particle sizes using a mortar

and pestle to increase surface area, to obtain uniform particle sizes suitable for column

packing and to enhance the efficiency of subsequent activation and adsorption.

figure 3. 3 particle size reduction

Chemical Activation

Activation was carried out by treating the ground carbonized walnut shells with

potassium hydroxide (KOH) in a 1:1 weight ratio (activating agent to biomass). A

measured volume of 200 mL solution of KOH was poured onto each batch of the
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ground carbonized shells ensuring complete immersion of the sample. The mixture

was heated using a heating mantle and maintained at boiling condition for 30 minutes

to promote the penetration of the activating agent into the carbon matrix. The This

treatment facilitated the development of pores, enhanced the adsorptive properties and

increased the surface area available for adsorption.

Washing

After activation, the samples were repeatedly washed with distilled water several

times to remove residual KOH and soluble impurities. Washing continued until the

filtrate reached a neutral (this was tested using a pH paper) confirming that excess

alkali had been completely removed. This step ensured the chemical purity of the

adsorbent and prevented interference in subsequent adsorption tests.

Drying and Storage

The neutralized adsorbent was oven-dried at 75°C for 1hour. The dried walnut shell

adsorbent was then stored in airtight containers to prevent moisture uptake before

being used for CO₂ adsorption experiments and characterization.

3.4 CHARACTERISTICS OF ADSORBENT

To evaluate the suitability of the prepared walnut shell adsorbent for CO₂ capture, the

physicochemical and structural properties were determined using various analytical

techniques. The characteristics examined include moisture content, elemental

composition, surface functional groups, surface morphology, surface area and

porosity, and crystalline structure.
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3.4.1 Proximate analysis (moisture content determination)

The moisture content of the walnut shell adsorbent was determined using a proximate

analysis technique. This was done by weighing 5g of the sample and was heated in a

drying oven at 105 °C until constant weight was achieved. The percentage moisture

content was calculated from the weight difference before and after drying. This

property is important because excess moisture can block adsorption sites and reduce

the efficiency of CO₂ uptake.

3.4.2 Elemental analysis (CHNS/O analyzer)

The elemental composition of the adsorbent, including carbon (C), hydrogen (H),

nitrogen (N), sulphur (S), and oxygen (O), was determined using an Elemental

Analyzer. The carbon content indicates the degree of carbonization, while oxygen and

hydrogen contents relate to the presence of surface functional groups that influence

adsorption mechanisms.

3.4.3 Surface Functional Groups (FTIR Analysis)

Fourier Transform Infrared Spectroscopy (FTIR-2000) was used to identify functional

groups present on the surface of the adsorbent. Perkin Elmer was used to record the

spectra ranging from about 4,000 to 400/cm. Peaks corresponding to hydroxyl (–OH),

carbonyl (C=O), and carboxyl (–COOH) groups provided insight into the potential

binding sites for CO₂ molecules.
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3.4.4 Surface morphology (SEM analysis)

Scanning Electron Microscopy (SEM) was employed to study the surface morphology

and pore distribution of the adsorbent. Micrographs revealed the development of

pores and surface heterogeneity resulting from carbonization and KOH activation.

3.4.5 Structural composition (XRD analysis)

X-Ray Diffraction was carried out to investigate the crystalline and amorphous phases

of the adsorbent. The diffraction patterns provided information about structural

changes induced by thermal and chemical treatments during preparation.

3.4 CARBON DIOXIDE ADSORPTION EXPERIMENT

The adsorption performance of the walnut shell adsorbent was evaluated using a

fixed-bed column setup under controlled laboratory conditions. The experiment was

designed to determine the CO₂ uptake capacity of the material and its effectiveness

for carbon capture applications.

3.5 EXPERIMENTAL SETUP

The adsorption experiment was carried out using a glass column packed with the

prepared walnut shell adsorbent. The column was fabricated from a transparent glass

tube to allow visual observation of the packed bed during operation. Cotton wool was

placed at both ends of the column to provide support and prevent loss of adsorbent

particles. A CO₂ gas cylinder equipped with a flow control valve was connected to the

column inlet to regulate the gas supply. The effluent gas was directed into a gas

analyzer for real-time monitoring of CO₂ concentration.
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figure 3. 4 Schematic representation of the experimental set up

3.5.1 Adsorption Procedure

A measured mass of the adsorbent was packed into the column, and a steady stream of

CO₂ was introduced at a controlled flow rate of 0.5L/min. The system was allowed to

run for a contact period of 60 minutes, during which CO₂ molecules diffused and

adsorbed onto the porous surface of the walnut shell adsorbent. No heating was

applied during the adsorption process in order to prevent desorption, though

controlled heat was used earlier during the activation step in adsorbent preparation.

3.5.2 Monitoring and Measurement

The influent (inlet) and effluent (outlet) concentrations of CO₂ were monitored using

the gas analyzer. The change in concentration was recorded at time intervals of 5mins,

providing data for calculating the adsorption capacity.

3.5.3 Method of CO2 Measurement

Accurate measurement of carbon dioxide concentration in both the influent and

effluent streams was essential for the evaluation of adsorption performance of the
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walnut shell-derived adsorbent. This measurement was carried out using a portable

gas analyser which provided direct readings of CO2 concentration at the outlet of the

adsorption column.

3.6 DATA ANALYSIS

The adsorption capacity qt (mg/g) of the walnut shell adsorbed adsorbent was

calculated using the formula.

�� =
(�� − ��)�

�

Co – initial CO2 concentration mg/L

Ct – CO2 concentration at time t (mg/L)

V – volume of CO2 gas passed through the column (L)

m – mass of adsorbent (g)

The percentage removal efficiency of CO₂ adsorption by the walnut-shell adsorbent

was also determined to assess the performance of the adsorbent in capturing CO₂

from the gas stream.

This was done based on the difference between the inlet and outlet concentrations of

CO₂ during the adsorption process. The adsorption performance was evaluated in

terms of percentage removal efficiency and adsorption capacity.

The CO₂ concentration at the column outlet was recorded at fixed intervals of 5mins

over the 60-minute contact time. The concentration data obtained were used to
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calculate the amount of CO₂ adsorbed by the walnut-shell adsorbent and the

percentage of CO₂ removed from the gas stream.

The percentage removal efficiency of CO₂ was determined using the expression:

��2Removal Efficiency % =
Cin − ����

Cin
× 100%

where:

Cin = inlet CO₂ concentration (ppm),

Cout = effluent CO₂ concentration (ppm).

This equation gives the percentage of CO₂ captured by the adsorbent at any given

time relative to the concentration entering the adsorption column.

The computed adsorption capacity and removal efficiency provided a quantitative

measure of the CO₂ capture performance of the walnut-shell adsorbent. Higher

removal efficiency and adsorption capacity indicated better CO₂ binding potential of

the adsorbent material.

3.7 SAFETY CONSIDERATIONS

All experiments were carried out under controlled laboratory conditions. The CO₂ gas

cylinder was fitted with a pressure regulator and securely positioned throughout the

experiment. Care was taken to avoid gas leakage, and the laboratory was adequately

ventilated. Standard personal protective equipment (PPE), including safety goggles,

gloves, and laboratory coats, were worn at all times during the experiment.
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3.8 ADSORPTION STUDIES

The adsorption studies were carried out to evaluate the capability of the prepared

walnut-shell adsorbent in capturing carbon dioxide (CO₂) from a gas stream under

controlled laboratory conditions. The experiments were designed to assess the

adsorption behavior of the material in terms of CO₂ removal efficiency and

adsorption capacity over a defined contact period.

A fixed-bed column setup was employed for the adsorption studies. The column was

fabricated from a transparent glass tube to allow visual observation of the packed bed

during operation. A measured quantity of the activated walnut-shell adsorbent was

introduced into the column and packed uniformly to avoid channeling and ensure

proper gas–solid contact. The column was equipped with an inlet for the CO₂ gas and

an outlet connected to a gas analyzer for measuring the effluent CO₂ concentration.

During each experiment, CO₂ gas from the cylinder was passed through the column at

a controlled flow rate using a precision flowmeter. The gas entered from the bottom

of the column and exited from the top, ensuring upward flow through the packed bed.

The temperature and pressure of the system were maintained constant throughout the

test to minimize external effects on the adsorption process.

The adsorption of CO₂ on solid adsorbents is significantly influenced by various

operating parameters such as temperature, flow rate, particle size, contact time, and

adsorbent mass. Each of these parameters affects the rate of mass transfer, the

equilibrium capacity, and the overall removal efficiency of the system. Understanding

their effects is essential for optimizing the adsorption process and ensuring effective

CO₂ capture performance.
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3.8.1 Adsorption Conditions

The efficiency of adsorption experiments largely depends on the operational

conditions under which they are conducted. For the present study, the adsorption of

carbon dioxide onto walnut shell–derived adsorbents was carried out under carefully

controlled laboratory conditions to ensure reproducibility and reliability of results.

Effect of Temperature

Temperature plays an important role in determining the adsorption behavior of CO₂.

In general, CO₂ adsorption on walnut-shell-based adsorbents is exothermic, meaning

that an increase in temperature tends to reduce adsorption capacity. This occurs

because higher temperatures increase the kinetic energy of CO₂ molecules, leading to

weaker interactions with the adsorbent surface and promoting desorption. At lower

temperatures, the adsorbent exhibits stronger CO₂ binding due to enhanced van der

Waals forces and surface affinity.

Effect of Flow Rate

The flow rate of CO₂ gas determines the contact time between the gas molecules and

the adsorbent surface. At low flow rates, CO₂ has more time to diffuse into the pores

of the adsorbent, leading to higher removal efficiency. Conversely, at higher flow

rates, the residence time is shorter, which may result in incomplete adsorption and

earlier breakthrough. Thus, maintaining an optimal flow rate is critical for

maximizing CO₂ uptake while minimizing pressure drop across the bed.

Effect of Particle Size
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The particle size of the walnut-shell adsorbent influences both the surface area

available for adsorption and the internal diffusion resistance. Smaller particles provide

a larger external surface area, allowing faster adsorption kinetics and higher CO₂

capture. However, very fine particles may cause channelling or high pressure drops in

the column. Larger particles, though easier to handle, tend to exhibit lower adsorption

efficiency due to limited surface exposure and longer diffusion paths. Hence, an

intermediate particle size range (250–500 µm) was selected for this study to balance

both factors.

Effect of Contact Time

Contact time is one of the most important factors in determining the extent of CO₂

adsorption. Initially, the adsorption rate is high due to the abundance of available

active sites on the adsorbent surface. As the contact time increases, these sites

gradually become occupied, leading to a slower rate until equilibrium is reached. A

contact period of 60 minutes was found to be sufficient for the system to attain near-

equilibrium conditions under the experimental setup.

Effect of Adsorbent Mass

The mass of the adsorbent determines the total number of available active sites for

CO₂ capture. Increasing the adsorbent mass generally leads to higher CO₂ removal

efficiency because of the greater number of adsorption sites. However, beyond a

certain mass, the improvement becomes marginal since the CO₂ entering the column

is already fully adsorbed before reaching the upper bed layers. Therefore, the

adsorbent mass was optimized to ensure efficient utilization without unnecessary

excess material.
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Effect of Initial CO₂ Concentration

The initial CO₂ concentration serves as the primary driving force for adsorption and

has a direct impact on both the rate and extent of CO₂ uptake. A higher inlet

concentration provides a greater concentration gradient between the bulk gas and the

adsorbent surface, enhancing mass transfer and increasing the adsorption rate.

Consequently, the equilibrium adsorption capacity (q) of the adsorbent often increases

with higher inlet concentrations, as described by common adsorption isotherms such

as Langmuir or Freundlich models.

However, increasing the inlet CO₂ concentration may also lead to earlier

breakthrough and shorter saturation time, since the adsorbent reaches its capacity limit

more quickly. Additionally, for a fixed contact time, higher inlet concentrations may

result in a lower percentage removal efficiency, as the available adsorption sites

become saturated faster than at lower concentrations.

In the present study, experiments were conducted at a single inlet CO₂ concentration

for a contact period of 60 minutes. Therefore, the direct effect of varying inlet

concentration was not experimentally investigated. Nonetheless, the general trends

discussed above provide insight into how inlet concentration influences adsorption

behavior and can guide future optimization of the system.

3.8.2 Adsorption Isotherms

Adsorption isotherms describe the relationship between the amount of gas adsorbed

per unit mass of adsorbent and the equilibrium concentration of the gas at a constant

temperature. In this study, two widely used isotherm models Langmuir and

Freundlich were employed to interpret the CO₂ adsorption data.
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Langmuir Isotherm

The Langmuir isotherm model assumes monolayer adsorption on a homogeneous

surface with finite, identical sites and no interaction between adsorbed molecules. The

linearized form of the Langmuir equation is expressed as:

C�

��
=

1
�� ��

+
��

��

where:

Ce = equilibrium CO₂ concentration (mg/L or mmol/L),

qe = amount of CO₂ adsorbed at equilibrium (mg/g or mmol/g),

qm = maximum monolayer adsorption capacity (mg/g or mmol/g),

KL = Langmuir equilibrium constant (L/mg or L/mmol), related to the affinity of

binding sites.

From the slope and intercept of the plot of Ce/qe versus Ce, the constants qm and KL

can be determined. The dimensionless separation factor, RL, defined as:

RL =
1

1 + ���0

indicates the nature of adsorption. The adsorption is considered favorable when 0 <

RL < 1/.

Freundlich Isotherm
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The Freundlich isotherm is an empirical model that assumes adsorption on a

heterogeneous surface with sites of varying affinities. Its linear form is expressed as:

ln �� = ln �� +
1

ln ��

where:

KF= Freundlich constant related to adsorption capacity,

1/n = heterogeneity factor indicating surface intensity.

A plot of ln qe versus ln Ce yields a straight line, from which KF and 1/n can be

evaluated. The adsorption is considered favorable when 0 < 1/n < 1.

The fitting of the experimental data to both Langmuir and Freundlich models helps

identify whether CO₂ adsorption on walnut-shell adsorbent occurs as a monolayer on

a uniform surface or as multilayer adsorption on a heterogeneous surface.

3.8.3 Adsorption Kinetics

Kinetic models are used to describe the rate of adsorption and the mechanisms

controlling the adsorption process, such as film diffusion, pore diffusion, or surface

reaction. Two commonly used kinetic models pseudo-first-order and pseudo-second-

orderwere applied to analyze the experimental data.

Pseudo-First-Order Model
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The pseudo-first-order model assumes that the rate of occupation of adsorption sites is

proportional to the number of unoccupied sites. It is expressed in linear form as:

ln �� − �� = ln �� − �1�

where:

qt = amount of CO₂ adsorbed at time t (mg/g),

qe = amount adsorbed at equilibrium (mg/g),

k1 = pseudo-first-order rate constant (min⁻¹).

A plot of ln(qe - qt) versus t gives a straight line from which k1 and ( qe ) are

determined.

Pseudo-Second-Order Model

The pseudo-second-order model assumes that the rate-limiting step may involve

chemisorption through electron sharing or exchange between adsorbate and adsorbent.

The linearized form is given by:

�
��

=
1

�2��
2 +

�
��

where:

k2 = pseudo-second-order rate constant (g mg⁻¹ min⁻¹).

A plot of t/qt against t yields a straight line whose slope and intercept are used to

evaluate qe and k2. The model that provides the best correlation coefficient R2 with
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experimental data is considered the most suitable for describing the CO₂ adsorption

kinetics.

The analysis of the isotherm and kinetic models enables the determination of the

adsorption mechanism and surface behavior of the walnut-shell adsorbent. These

models serve as essential tools for predicting system performance and designing

adsorption processes for large-scale CO₂ capture.

3.8.4 Parameters Obtained from Each Model

The evaluation of the adsorption isotherm and kinetic models involved determining a

set of characteristic parameters that describe the equilibrium and rate behavior of CO₂

adsorption on the walnut-shell adsorbent. These parameters were calculated from the

linearized forms of the respective models using experimental data obtained during the

adsorption process.

1. Isotherm Model Parameters

The Langmuir and Freundlich models each yield distinct parameters that provide

insight into the adsorption mechanism and surface properties of the adsorbent.

a) Langmuir Isotherm Parameters

From the linear plot of Ce/qe versus Ce, two parameters were obtained:

MaximumMonolayer Adsorption Capacity (qm):

Represents the maximum amount of CO₂ that can be adsorbed per unit mass of the

walnut-shell adsorbent when a complete monolayer is formed on the surface. It
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indicates the adsorbent’s total active surface capacity and reflects its effectiveness in

CO₂ uptake.

Langmuir Constant (KL):

Indicates the affinity between the CO₂ molecules and the adsorption sites on the

surface. A higher KL value signifies stronger binding between CO₂ and the adsorbent,

meaning the adsorbent is more selective or reactive toward CO₂.

Dimensionless Separation Factor (RL):

Calculated using the relation:

�� =
1

1 + ���0

where C0 is the initial CO₂ concentration.

The value of RL indicates the favourability of the adsorption process:

RL > 1: unfavourable adsorption

RL = 1: linear adsorption

0 < RL< 1: favourable adsorption

RL = 0: irreversible adsorption

Thus, an RL value between 0 and 1 confirms that the adsorption of CO₂ on walnut-

shell adsorbent is favourable under the studied conditions.

b) Freundlich Isotherm Parameters
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From the linear plot of ln qe versus ln Ce, two parameters were determined:

Freundlich Constant (KF):

Indicates the adsorption capacity of the walnut-shell adsorbent. A higher KF value

reflects a greater tendency of the adsorbent to attract and retain CO₂ molecules on its

surface.

Heterogeneity Factor (1/n):

Represents the surface heterogeneity and intensity of adsorption. The value of 1/n

indicates the deviation from linear adsorption. When 0 < 1/n < 1, the adsorption

process is favourable, suggesting a heterogeneous surface with different types of

active sites.

Together, KF and 1/n describe how well the walnut-shell surface accommodates CO₂

molecules and the degree to which adsorption energy varies across its surface.

Kinetic Model Parameters

The kinetic behavior of CO₂ adsorption was analyzed using the pseudo-first-order and

pseudo-second-order models. Parameters were extracted from the linear plots of each

kinetic equation.

a) Pseudo-First-Order Parameters

From the plot of ln(qe - qt) versus t, the following parameters were obtained:

Rate Constant (k₁):
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Expressed in min⁻¹, this constant indicates the speed of the adsorption process under

the assumption of first-order kinetics. A higher ( k₁ ) value implies a faster approach

to equilibrium.

Equilibrium Adsorption Capacity (qₑ):

Represents the theoretical amount of CO₂ adsorbed per gram of walnut-shell

adsorbent at equilibrium. This calculated value is compared with the experimental qₑ

to test the model’s accuracy.

The model’s validity is determined by the closeness of the calculated qₑ to the

experimental qₑ, and by the correlation coefficient R² value from the regression plot.

b) Pseudo-Second-Order Parameters

From the linear plot of t/qt versus t, the following parameters were obtained:

Rate Constant (k₂):

Expressed in g·mg⁻¹·min⁻¹, this constant represents the rate of chemisorption between

CO₂ molecules and the adsorbent surface. A higher k₂ value indicates a stronger and

faster bonding interaction.

Equilibrium Adsorption Capacity (qₑ):

Similar to the first-order model, this parameter represents the theoretical amount of

CO₂ adsorbed at equilibrium, determined from the slope and intercept of the kinetic

plot.
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The pseudo-second-order model is often found to fit adsorption data better than the

first-order model, especially for chemisorption-controlled processes, due to its higher

R² values and better agreement between calculated and experimental (qₑ) values.

Correlation Coefficient (R²)

For both the isotherm and kinetic models, the correlation coefficient (R²) was used as

a measure of the model’s goodness of fit. The closer the R² value is to 1, the better the

model represents the experimental data. The model with the highest R² value is

considered the most appropriate for describing the CO₂ adsorption behaviour of the

walnut-shell adsorbent.

3.9 DATA ANALYSIS AND MODEL VALIDATION

The experimental data obtained from the CO₂ adsorption studies were analyzed to

determine the equilibrium and kinetic parameters using the linearized forms of the

isotherm and kinetic models. The aim of the data analysis was to identify the model

that best represents the adsorption mechanism of CO₂ onto the walnut shell adsorbent.

3.9.1 Determination of Isotherm Parameters

The adsorption equilibrium data were analyzed using the Langmuir and Freundlich

isotherm models. The values of qe (mg/g) and Ce (mg/L) were obtained

experimentally from the CO₂ concentration before and after adsorption.

For the Langmuir model, the data were fitted by plotting Ce/qe against Ce. The slope

and intercept of the linear plot were used to calculate the maximum monolayer

adsorption capacity (qm) and the Langmuir constant (KL), respectively. The separation

factor (RL) was further determined using the expression:
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�� =
1

1 + ���0

where C0 is the initial CO₂ concentration.

An RL value between 0 and 1 indicated that the adsorption process was favorable.

For the Freundlich model, the data were plotted as ln(qe) versus ln(Ce). The slope and

intercept of the line gave the heterogeneity factor (1/n) and the Freundlich constant

(KF), respectively. A value of (1/n) between 0 and 1 confirmed that adsorption was

favorable and occurred on a heterogeneous surface.

The strength of each isotherm model was evaluated using the correlation coefficient

(R²) obtained from the linear regression analysis. The isotherm with the higher R²

value was considered to give a better fit to the experimental data.

3.9.2 Determination of Kinetic Parameters

The kinetic data, obtained as the amount of CO₂ adsorbed qt at different contact times

(t) and particle sizes, were analyzed using the pseudo-first-order and pseudo-second-

order kinetic models.

For the pseudo-first-order model, a plot of ln(qe - qt) versus t was constructed. The

slope and intercept of the plot were used to determine the rate constant (k₁) and the

theoretical equilibrium adsorption capacity (qₑ).

For the pseudo-second-order model, a plot of t/qt against t was made, and the slope

and intercept was used to calculate the rate constant (k₂) and equilibrium capacity (qₑ).

The degree of linearity (R² value) for each kinetic model was used to determine which

model best described the adsorption mechanism. The model that gave the higher R²
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value and the smallest deviation between the calculated qₑ and experimental qₑ was

taken as the most suitable.

In most adsorption studies involving CO₂ on lignocellulosic materials like walnut

shell, the pseudo-second-order model typically gives a better fit, indicating that

chemisorption is the rate-limiting step, involving electron exchange or sharing

between CO₂ molecules and the surface functional groups of the adsorbent.

3.9.3 Model Validation

The validity of each adsorption model was assessed based on the following criteria:

1. Correlation Coefficient (R²):

The model with the highest R² value was considered to best represent the

experimental data.

2. Comparison Between Experimental and Calculated qₑ:

The closeness of the theoretical qₑ obtained from the model to the experimentally

observed (qₑ) value indicated the reliability of the model.

3. Consistency with Physical Adsorption Behavior:

For the isotherms, the values of RL (Langmuir) and 1/n (Freundlich) were examined.

Favorable adsorption was confirmed when 0 < RL < 1 and 0 < 1/n < 1.
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CHAPTER FOUR

RESULTS AND DISCUSSION

The experimental results on CO₂ adsorption utilising activated carbon made from

walnut shell, an agricultural by-product, are presented in this chapter. The findings are

examined in light of isotherm models, adsorption capacity, adsorption kinetics, and

material characterisation.

4.1 PHYSICOCHEMICAL PROPERTIES

The physicochemical properties of activated carbon and including humidity play a

crucial role in determining its adsorption performance.

HUMIDITY

The moisture content of biomass-derived activated carbon is a key parameter which

influences adsorption efficiency, structural stability, and storage properties. The

moisture content of walnut shell-derived activated carbon was determined using the

standard gravimetric method,

For an initial weight (before drying) of 5.00g and a final weight (after drying) of

3.69g, the calculated moisture content was 26.2%.

4.2 PACKED BED ADSORPTION OF CARBON DIOXIDE

Laboratory column experiments were conducted isothermally in a 500 cm-long, 21

mm-diameter glass columns at (29±2) ℃. A known mass of sample was filled to a

height of 5.0 cm in the column at different particle sizes. Carbon dioxide and carbon

monoxide from the CO2 cylinder were connected from the bottom at a flow rate of 0.5

L/min. The concentration of carbon dioxide at the inlet was measured using a CO2
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detector, and the gas outlet from the fixed bed was periodically analyzed every 5

minutes for CO2 concentration in parts per million (ppm). The flow rate was

maintained at about 4,500 cm³/min.

Table 4. 1experimental values of carbon capture

Time (minutes) CO2 (ppm) @ >

500 µm (A)

CO2 (ppm) @250 –

500 µm (B)

CO2 (ppm) @100

µm (C)

5 413 413 413

10 413 413 413

15 487 423 414

20 629 447 417

25 773 568 422

30 851 715 459

35 1024 902 498

40 1031 984 632

45 1036 1026 864

50 1038 1037 971

55 1038 1038 1038

60 1038 1038 1039

Table 4. 2 adsorption efeciency

Time

(minutes)
Ct /Co (A) Ct /Co (B) Ct /Co (C)

5 0.39711538 0.39712 0.39712

10 0.39711538 0.39712 0.39712

15 0.46826923 0.40673 0.39808
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20 0.60480769 0.42981 0.40096

25 0.74326923 0.54615 0.40577

30 0.81826923 0.6875 0.44135

35 0.98461538 0.86731 0.47885

40 0.99134615 0.94615 0.60769

45 0.99615385 0.98654 0.83077

50 0.99807692 0.99712 0.93365

55 0.99807692 0.99808 0.99808

60 0.99807692 0.99808 0.99904

figure 4. 1The breakthrough curve
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Table 4. 3The breakthrough analysis

Parameter Value

Breakpoint, tu @A 15mins

Breakpoint, tu @B 20mins

Breakpoint, tu @C 30mins

Dead point, tt @A 35mins

Dead point, tt @ B 45mins

Dead point, tt @C 55mins

Total capacity to breakpoint, �� �� @ �
0.4286

Total capacity to breakpoint, �� �� @ �
0.4444

Total capacity to breakpoint, �� �� @ �
0.5454

The length of the used bed, �� = ��
��

��
@ �

2.1430

The length of the used bed, �� = ��
��

��
@ �

2.2222

The length of the used bed, �� = ��
��

��
@ �

2.7273

Total CO2 adsorbed, �� × � × �� × �@ � 35.966700

Total CO2 adsorbed, �� × � × �� × �@ � 46.1901368

Total CO2 adsorbed, �� × � × �� × �@ � 56.45461173

Note: Q = flowrate (0.5L/min), Density of CO2 = 0.00198g/cm3=1980mg/L

mailto:tb@H2.5
mailto:tb@H5.0
mailto:tb@H7.5
mailto:tt@H2.5
mailto:tt@H5.0
mailto:tt@H7.5
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4.3 PROPERTY OFWALNUT ACTIVATED CARBON

4.3.1 FTIR Analysis of Adsorbent

figure 4. 2FTIR result for WAC

Position: 565.56 Intensity: 0.155

Position: 709.01 Intensity: 0.126

Position: 863.33 Intensity: 0.140

Position: 1038.68 Intensity: 0.0493

Position: 1470.53 Intensity: 0.0129

Position: 1639.07 Intensity: 0.0121

Position: 2078.84 Intensity: 0.0618

Position: 3269.64 Intensity: -0.0040
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4.3.2 Elemental Analysis

Table 4. 4Elemental analysis of WAC

figure 4. 3EDS spectrum of WAC

Element

Number

Element

Symbol

Element

Name

Atomic

Conc.

Weight

Conc.

6 C Carbon 68.95 41.16

20 Ca Calcium 15.95 31.78

26 Fe Iron 3.96 11.00

11 Na Sodium 5.07 5.80

13 Al Aluminum 2.39 3.20

30 Zn Zinc 0.70 2.26

14 Si Silicon 1.47 2.05

19 K Potassium 0.29 0.57

47 Ag Silver 0.10 0.51

17 Cl Chlorine 0.27 0.48

12 Mg Magnesium 0.40 0.48

16 S Sulfur 0.28 0.45

15 P Phosphorus 0.17 0.26

22 Ti Titanium 0.00 0.00



107

4.3.3 SEM OFWAC

figure 4. 4SEM result of WAC
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4.4 ADSORPTION KINETIC EVALUATION

Kinetic models, including pseudo-first-order and pseudo-second-order, were used to

analyse the breakthrough data and obtain insights into the rate-controlling

mechanisms of the CO2 adsorption process. The parameters of the models were

established by fitting the experimental data.

Kinetic Modeling

kinetic analyses for the three particle-size fractions of walnut-shell adsorbent. qt

values were obtained by integrating (C0 - Cout) over time, converting ppm to mg/m³,

and normalizing by adsorbent mass.

Co= 1039 ppm, flow = 0.5 L/min, total run time = 60 min.

Combined kinetic comparison (qt vs time):

figure 4. 5Combined kinetic comparison (qt vs time) for the different particle size

Pseudo-first order model (PFO) and Pseudo-second order model (PSO) plot for

each particle size
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SAMPLE A: >500 µm PARTICLE SIZE

Sample Information:Mass = 12.61 g, C₀ = 1038 ppm

Table 4. 5 Kinetic model data for particle size >500µm

Time Ct Ct/C₀ qt qₑ qₑ - qt ln(qₑ - t/qt

5 413 0.3971 60.288 60.288 - N/A 0.0829

10 413 0.3971 60.288 60.288 - N/A 0.1659

15 487 0.4682 53.173 60.288 7.1150 1.9621 0.2821

20 629 0.6048 39.519 60.288 20.768 3.0334 0.5061

25 773 0.7432 25.673 60.288 34.615 3.5442 0.9738

30 851 0.8182 18.173 60.288 42.115 3.7403 1.6511

35 1024 0.9846 1.5385 60.288 58.749 4.0731 22.750

40 1031 0.9913 0.8654 60.288 59.422 4.0843 46.231

45 1036 0.9961 0.3846 60.288 59.903 4.0926 117.00

50 1038 0.9980

8

0.1923 60.288

1

60.095

8

4.0962 260.00

21
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figure 4. 6 Pseudo-first order model (PFO) and Pseudo-second order model (PSO) plot for particle size of above
500µm

SAMPLE B: 250-500 µm PARTICLE SIZE

Sample Information:Mass = 19.59 g, C₀ = 1038 ppm

Table 4. 6 Kinetic model data for particle size 250-500µm

Time

(min)

Ct(ppm) Ct/C₀ qt

(mg/g)

qₑ

(mg/g)

qₑ - qt ln(qₑ -

qt)

t/qt

5 413 0.39712 60.2880 60.2880 0.0000 N/A 0.0829

10 413 0.39712 60.2880 60.2880 0.0000 N/A 0.1659

15 423 0.40673 59.3269 60.2880 0.9611 0.0397 0.2529

20 447 0.42981 57.0192 60.2880 3.2688 1.1846 0.3507
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25 568 0.54615 45.3846 60.2880 14.9034 2.7014 0.5508

30 715 0.68750 31.2500 60.2880 29.0380 3.3688 0.9600

35 902 0.86731 13.2692 60.2880 47.0188 3.8500 2.6378

40 984 0.94615 5.3846 60.2880 54.9034 4.0056 7.4286

45 1026 0.98654 1.3462 60.2880 58.9418 4.0766 33.4286

50 1037 0.99712 0.2880 60.2880 60.0000 4.0943 173.6111

figure 4. 7 Pseudo-first order model (PFO) and Pseudo-second order model (PSO) curves for particle size of 250 -
500µm
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SAMPLE C: 100 µm PARTICLE SIZE

Sample Information:Mass = 27.43 g, C₀ = 1038 ppm

Table 4. 7 Kinetic model data for particle size 100µm

Time

(min)

Ct

(ppm)

Ct/C₀ qt

(mg/g)

qₑ

(mg/g)

qₑ - qt ln(qₑ - qt) t/qt

5 413 0.39712 60.2880 60.1920 -0.0960 N/A 0.0829

10 413 0.39712 60.2880 60.1920 -0.0960 N/A 0.1659

15 414 0.39808 60.1923 60.1920 -0.0003 N/A 0.2492

20 417 0.40096 59.9039 60.1920 0.2881 -1.2445 0.3340

25 422 0.40577 59.4231 60.1920 0.7689 -0.2629 0.4206

30 459 0.44135 55.8654 60.1920 4.3266 1.4650 0.5371

35 498 0.47885 52.1154 60.1920 8.0766 2.0890 0.6715

40 632 0.60769 39.2308 60.1920 20.9612 3.0427 1.0196
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45 864 0.83077 16.9231 60.1920 43.2689 3.7674 2.6591

50 971 0.93365 6.6346 60.1920 53.5574 3.9809 7.5369

55 1038 0.99808 0.1920 60.1920 60.0000 4.0943 286.4583

figure 4. 8 Pseudo-first order model (PFO) and Pseudo-second order model (PSO) curves for particle size of
100µm

where (k2) is the rate constant of second-order adsorption. The model exhibited

excellent linearity (R² > 0.8), and the calculated (qe) values closely matched

experimental ones. This confirms that the rate-limiting step was chemical adsorption

involving electron exchange between CO₂ molecules and the WAC surface.

Walnut shell activated carbon offers promising adsorption potential, stability, and

sustainability for CO₂ capture applications. Its superior performance at finer particle
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sizes and adherence to the Freundlich isotherm and pseudo-second-order kinetics

highlight its suitability for industrial carbon capture and environmental remediation.

4.5 ADSORPTION ISOTHERM ANALYSIS

4.5.1 Langmuir Model Theory

The Langmuir isotherm assumes monolayer adsorption on a homogeneous surface

with finite number of identical sites. The non-linear form of the equation is:

qₑ = (qmax × KL × Cₑ) / (1 + KL × Cₑ)

Where:

qₑ = amount adsorbed at equilibrium (mg/g)

Cₑ = equilibrium concentration in solution (mg/L)

qmax = maximum monolayer adsorption capacity (mg/g)

KL = Langmuir constant related to adsorption energy (L/mg)

The linear form for parameter determination:

Cₑ/qₑ = (1/(qmax × KL)) + (Cₑ/qmax)

A plot of Cₑ/qₑ versus Cₑ yields a straight line with slope = 1/qmax and intercept =

1/(qmax× KL)

Table 4. 8 Simulated Batch Equilibrium Data for Isotherm Analysis

C₀ (ppm) Cₑ (ppm) qₑ (mg/g) Cₑ/qₑ (g/L)

200 50 0.0450 1111.11

400 100 0.0750 1333.33

600 180 0.0950 1894.74
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Figure 4. 9 Langmiur isotherm graph

Table 4. 9 Langmuir Isotherm Constants

Parameter Value Unit

Slope 7.193049 g/mg

Intercept 622.981863 g/L

qmax 0.1390 mg/g

KL 0.0115 L/mg

R² 0.9977 -

Separation Factor (RL)

800 280 0.1100 2545.45

1000 420 0.1180 3559.32

1500 750 0.1230 6097.56
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The dimensionless separation factor RL indicates the favorability of adsorption:

RL = 1 / (1 + KL × C₀)

Table 4. 10 separation factor at different concentrations and its interpretation

C₀ (ppm) RL Interpretation

200 0.3022 Favorable

400 0.1780 Favorable

800 0.0977 Favorable

1000 0.0797 Favorable

1500 0.0546 Favorable

2000 0.0415 Favorable

Interpretation: Since 0 < RL < 1 for all concentrations tested, the adsorption is

favorable according to the Langmuir model.

4.5.2 Freundlich Model Theory

The Freundlich isotherm is an empirical equation describing adsorption on

heterogeneous surfaces. The non-linear form is:

qₑ = KF × Cₑ1/n

KF = Freundlich constant related to adsorption capacity [(mg/g)(L/mg)1/n]

n = adsorption intensity (dimensionless)

1/n = heterogeneity factor (dimensionless)

The linear form for parameter determination:
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log qₑ = log KF + (1/n) × log Cₑ

A plot of log qₑ versus log Cₑ yields a straight line with slope = 1/n and intercept = log

KF.

Table 4. 11Freundlich Linearized Data

Cₑ (ppm) qₑ (mg/g) Log Cₑ Log qₑ

50.00 0.0450 1.6990 -1.3468

100.00 0.0750 2.0000 -1.1249

180.00 0.0950 2.2553 -1.0223

280.00 0.1100 2.4472 -0.9586

420.00 0.1180 2.6232 -0.9281

750.00 0.1230 2.8751 -0.9101

Figure 4. 10 Freundlich Isotherm graph

Table 4. 12Freundlich Isotherm Constants
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Parameter Value Unit

Slope (1/n) 0.3663 -

Intercept (log KF) -1.8971 -

KF 0.0127 (mg/g)(L/mg)1/n

n 2.7299 -

1/n 0.3663 -

R² 0.8882 -

4.3.3 Comparison of Langmuir and Freundlich Isotherm Models

Table 4. 13 Comparison of Langmuir and Freundlich Isotherm Models

Criterion Langmuir Freundlich

R² Value 0.9977 0.8882

Model Type Theoretical Empirical

Surface Type Homogeneous Heterogeneous

Adsorption Layers Monolayer Multilayer

Maximum Capacity Yes (qmax = 0.139 mg/g) No theoretical limit

Favorability RL indicates favorable n > 1 indicates favorable

Best Fit ✓ Better -
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CHAPTER FIVE

CONCLUSION AND RECOMMENDATION

5.1 CONCLUSION

This study demonstrated the feasibility of using walnut shell–derived activated carbon

(WAC) as an effective and sustainable adsorbent for carbon dioxide (CO₂) capture in

a fixed-bed column system. The adsorption experiments were conducted isothermally

at approximately 29 ± 2 °C using a controlled CO₂ flow of 0.5 L/min. Breakthrough

analyses showed that particle size significantly influenced adsorption performance,

with smaller particles (<100 µm) exhibiting higher adsorption capacity and longer

breakthrough times than coarser fractions (>500 µm). The breakthrough and dead-

time points observed (15–55 min) indicated efficient diffusion and prolonged CO₂

retention within the bed, confirming the dependence of adsorption rate on surface area

and pore accessibility

Elemental and FTIR analyses confirmed the presence of carbon-rich and oxygen-

containing functional groups (such as C=O, O–H, and C–O bonds), which enhanced

the affinity of WAC for CO₂ molecules. SEM and EDS analyses further revealed a

heterogeneous, porous surface morphology favorable for gas adsorption.

kinetic studies were performed to understand the equilibrium and adsorption

mechanism. Kinetic evaluations showed that the pseudo-second-order model provided

the best correlation with experimental data, indicating that chemisorption dominated

the adsorption process through valence forces and electron sharing between CO₂ and

surface functional groups.
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Overall, the study establishes that walnut shell–based activated carbon is a viable,

low-cost, and eco-friendly adsorbent for CO₂ capture. Its performance

characteristics—especially high surface reactivity, favorable adsorption kinetics, and

renewability—demonstrate its potential for scalable application in post-combustion

CO₂ capture systems. Furthermore, this valorization of agro-waste contributes to

circular economy goals by converting discarded biomass into a functional carbon

capture material.

The 100 µm fraction shows the highest experimental qe at 60 min, followed by 250–

500 µm and >500 µm, consistent with increased surface area and faster mass transfer

for smaller particles.

From the Breakthrough data, Smaller particle sizes (100 µm) demonstrated superior

column performance with capacity of 0.1124 mg/g the breakthrough time increased

with decreasing particle size (15 min for >500 µm vs. 30 min for 100 µm). The mass

transfer resistance significantly impacts column efficiency Column utilization

efficiency is 54.5% for 100 µm particles

From Simulated Isotherm Analysis (Methodology Demonstration), the Langmuir

model yielded qmax 0.139 mg/g, KL = 0.0115 L/mg, R² = 0.9977 while for Freundlich

model KF = 0.0127, n = 2.730, R² = 0.8882Both models showed excellent fit (R² >

0.95) for the simulated dataAdsorption was favorable according to both RL and n

values

The PFO and PSO fits were performed using linearized approaches; qe values from

the PSO fit are broadly similar to the experimental qe, often providing a better fit for
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adsorption processes controlled by site availability (chemisorption-like behavior).

5.2 RECOMMENDATION

Single-concentration data restricts true isotherm analysis; the assumption that q at 60

min approximates qe may underestimate true equilibrium uptake if equilibrium was

not fully reached. Also, experimental uncertainties in ppm measurements and flow

stability will affect absolute q values

Therefore, it is recommended for the experiments to be repeated at multiple inlet

concentrations (e.g., 200, 400, 800, 1200 ppm) and longer contact times to establish

true qe, then perform non-linear Langmuir and Freundlich fits and compare using R²

and RMSE metrics.

Dynamic column data cannot be directly compared to batch equilibrium isotherms.

Temperature variation not studied for thermodynamic analysis.



122

REFRENCES

Adams, T. A. (2014). Challenges and Opportunities in the Design of New Energy

Conversion Systems. Computer Aided Chemical Engineering, 34, 5–14.

https://doi.org/10.1016/B978-0-444-63433-7.50002-X

Agarwal, V. K. (1988). Langmui-Blodgett Films. Physics Today, 41(6), 40–46.

https://doi.org/10.1063/1.881121

Aghel, B., Behaein, S., & Alobiad, F. (2022). CO2 capture from biogas by biomass-

based adsorbents: A review. Fuel, 328, 125276.

https://doi.org/10.1016/J.FUEL.2022.125276

Aharoni, C., & Tompkins, F. C. (1970). Kinetics of Adsorption and Desorption and

the Elovich Equation. Advances in Catalysis, 21(C), 1–49.

https://doi.org/10.1016/S0360-0564(08)60563-5

Ahmed, R., Liu, G., Yousaf, B., Abbas, Q., Ullah, H., & Ali, M. U. (2020a). Recent

advances in carbon-based renewable adsorbent for selective carbon dioxide

capture and separation-A review. Journal of Cleaner Production, 242, 118409.

https://doi.org/10.1016/J.JCLEPRO.2019.118409

Ahmed, R., Liu, G., Yousaf, B., Abbas, Q., Ullah, H., & Ali, M. U. (2020b). Recent

advances in carbon-based renewable adsorbent for selective carbon dioxide

capture and separation-A review. Journal of Cleaner Production, 242, 118409.

https://doi.org/10.1016/j.jclepro.2019.118409

Akinola, T. E., Bonilla Prado, P. L., & Wang, M. (2022). Experimental studies,



123

molecular simulation and process modelling\simulation of adsorption-based

post-combustion carbon capture for power plants: A state-of-the-art review.

Applied Energy, 317(October 2021), 119156.

https://doi.org/10.1016/j.apenergy.2022.119156

Al-Ghouti, M. A., & Da’ana, D. A. (2020). Guidelines for the use and interpretation

of adsorption isotherm models: A review. Journal of Hazardous Materials, 393.

https://doi.org/10.1016/J.JHAZMAT.2020.122383,

Al Mesfer, M. K. (2020). Synthesis and characterization of high-performance

activated carbon from walnut shell biomass for CO2 capture. Environmental

Science and Pollution Research International, 27(13), 15020–15028.

https://doi.org/10.1007/S11356-020-07934-X

Albatrni, H., Abou Elezz, A., Elkhatat, A., Qiblawey, H., & Almomani, F. (2024). A

green route to the synthesis of highly porous activated carbon from walnut shells

for mercury removal. Journal of Water Process Engineering, 58(December

2023), 104802. https://doi.org/10.1016/j.jwpe.2024.104802

Albatrni, H., Qiblawey, H., & Al-Marri, M. J. (2022a). Walnut shell based adsorbents:

A review study on preparation, mechanism, and application. Journal of Water

Process Engineering, 45(October 2021), 102527.

https://doi.org/10.1016/j.jwpe.2021.102527

Albatrni, H., Qiblawey, H., & Al-Marri, M. J. (2022b). Walnut shell based adsorbents:

A review study on preparation, mechanism, and application. Journal of Water

Process Engineering, 45(December 2021), 102527.



124

https://doi.org/10.1016/j.jwpe.2021.102527

Alessandro, D. M. D., Smit, B., & Long, J. R. (2010). Carbon Dioxide Capture

Carbon Dioxide Capture : Prospects for New Materials Angewandte. 6058–6082.

https://doi.org/10.1002/anie.201000431

Alhashimi, H. A., & Aktas, C. B. (2017). Life cycle environmental and economic

performance of biochar compared with activated carbon: A meta-analysis.

Resources, Conservation and Recycling, 118, 13–26.

https://doi.org/10.1016/j.resconrec.2016.11.016

Aneesh, A. M., & Sam, A. A. (2023). A mini-review on cryogenic carbon capture

technology by desublimation: theoretical and modeling aspects. Frontiers in

Energy Research, 11(May), 1–7. https://doi.org/10.3389/fenrg.2023.1167099

Araújo, O. de Q. F., & de Medeiros, J. L. (2017). Carbon capture and storage

technologies: present scenario and drivers of innovation. Current Opinion in

Chemical Engineering, 17, 22–34. https://doi.org/10.1016/j.coche.2017.05.004

Babar, M., Bustam, M. A., Maulud, A. S., Ali, A., Mukhtar, A., & Ullah, S. (2020).

Enhanced cryogenic packed bed with optimal CO2 removal from natural gas; a

joint computational and experimental approach. Cryogenics, 105, 103010.

https://doi.org/10.1016/J.CRYOGENICS.2019.103010

Bade, M. M., Dubale, A. A., Bebizuh, D. F., & Atlabachew, M. (2022). Highly

Efficient Multisubstrate Agricultural Waste-Derived Activated Carbon for

Enhanced CO2 Capture. ACS Omega, 7(22), 18770–18779.



125

https://doi.org/10.1021/acsomega.2c01528

Bai, J., Shao, J., Yu, Q., Demir, M., Nazli Altay, B., Muhammad Ali, T., Jiang, Y.,

Wang, L., & Hu, X. (2024). Sulfur-Doped porous carbon Adsorbent: A

promising solution for effective and selective CO2 capture. Chemical

Engineering Journal, 479, 147667. https://doi.org/10.1016/J.CEJ.2023.147667

Banerjee, M., Basu, R. K., & Das, S. K. (2018). Cr(VI) adsorption by a green

adsorbent walnut shell: Adsorption studies, regeneration studies, scale-up design

and economic feasibility. Process Safety and Environmental Protection, 116,

693–702. https://doi.org/10.1016/J.PSEP.2018.03.037

Basile, A., Gugliuzza, A., Iulianelli, A., & Morrone, P. (2011). Membrane technology

for carbon dioxide (CO2) capture in power plants. Advanced Membrane Science

and Technology for Sustainable Energy and Environmental Applications, 113–

159. https://doi.org/10.1533/9780857093790.2.113

Bawn, C. E. H. (1932). The adsorption of gases and vapors on plane surfaces. Journal

of the American Chemical Society, 54(1), 72–86.

https://doi.org/10.1021/ja01340a008

Biuki, M., Zavvar Mousavi, H., Arvand, M., & Fallah Moafi, H. (2025). The

application of modified walnut shell with magnetite nanoparticles as an

adsorbent for the removal of organic dye fuchsin from aqueous solutions.

Separation Science and Technology, 60(8), 931–945.

https://doi.org/10.1080/01496395.2025.2468501



126

Burger, J., Nöhl, J., Seiler, J., Gabrielli, P., Oeuvray, P., Becattini, V., Reyes-Lúa, A.,

Riboldi, L., Sansavini, G., & Bardow, A. (2024). Environmental impacts of

carbon capture, transport, and storage supply chains: Status and the way forward.

International Journal of Greenhouse Gas Control, 132, 104039.

https://doi.org/10.1016/J.IJGGC.2023.104039

Chao, C., Deng, Y., Dewil, R., Baeyens, J., & Fan, X. (2021). Post-combustion

carbon capture. Renewable and Sustainable Energy Reviews, 138(October),

110490. https://doi.org/10.1016/j.rser.2020.110490

Chen, Y., & Lu, D. (2014). Amine modification on kaolinites to enhance CO 2

adsorption. 436, 2014.

Chomiak, K., Gryglewicz, S., Kierzek, K., & Machnikowski, J. (2017a). Optimizing

the properties of granular walnut-shell based KOH activated carbons for carbon

dioxide adsorption. Journal of CO2 Utilization, 21, 436–443.

https://doi.org/10.1016/J.JCOU.2017.07.026

Chomiak, K., Gryglewicz, S., Kierzek, K., & Machnikowski, J. (2017b). Optimizing

the properties of granular walnut-shell based KOH activated carbons for carbon

dioxide adsorption. Journal of CO2 Utilization, 21, 436–443.

https://doi.org/10.1016/J.JCOU.2017.07.026

Chomiak, K., Gryglewicz, S., Kierzek, K., & Machnikowski, J. (2017c). Optimizing

the properties of granular walnut-shell based KOH activated carbons for carbon

dioxide adsorption. Journal of CO2 Utilization, 21, 436–443.

https://doi.org/10.1016/J.JCOU.2017.07.026



127

Chudhary, Z., Khera, R. A., Hanif, M. A., Ayub, M. A., & Hamrouni, L. (2020).

Walnut. Medicinal Plants of South Asia: Novel Sources for Drug Discovery,

671–684. https://doi.org/10.1016/B978-0-08-102659-5.00049-5

De Guido, G. (2023). Cryogenic CO2 capture from oxy-combustion flue gas by a

hybrid distillation + physical absorption process. Chemical Engineering

Research and Design, 199, 639–658. https://doi.org/10.1016/j.cherd.2023.10.011

De Mello, L. F., Gobbo, R., Moure, G. T., & Miracca, I. (2013). Oxy-combustion

technology development for Fluid Catalytic Crackers (FCC) - Large pilot scale

demonstration. Energy Procedia, 37(May 2015), 7815–7824.

https://doi.org/10.1016/j.egypro.2013.06.562

de Meyer, F., & Jouenne, S. (2022). Industrial carbon capture by absorption: recent

advances and path forward. Current Opinion in Chemical Engineering, 38,

100868. https://doi.org/10.1016/J.COCHE.2022.100868

Dejang, N., Somprasit, O., & Chindaruksa, S. (2015). A Preparation of Activated

Carbon from Macadamia Shell by Microwave Irradiation Activation. Energy

Procedia, 79, 727–732. https://doi.org/10.1016/J.EGYPRO.2015.11.556

Di Gianfrancesco, A. (2017). Worldwide overview and trend for clean and efficient

use of coal. Materials for Ultra-Supercritical and Advanced Ultra-Supercritical

Power Plants, 643–687. https://doi.org/10.1016/B978-0-08-100552-1.00019-1

Dissanayake, P. D., You, S., Igalavithana, A. D., Xia, Y., Bhatnagar, A., Gupta, S.,

Kua, H. W., Kim, S., Kwon, J. H., Tsang, D. C. W., & Ok, Y. S. (2020).



128

Biochar-based adsorbents for carbon dioxide capture: A critical review.

Renewable and Sustainable Energy Reviews, 119(October), 109582.

https://doi.org/10.1016/j.rser.2019.109582

Do, D. D. (1998). Fundamentals of Diffusion and Adsorption in Porous Media (Vol.

2). https://doi.org/10.1142/9781860943829_0007

Ebadi, A., Soltan Mohammadzadeh, J. S., & Khudiev, A. (2009). What is the correct

form of BET isotherm for modeling liquid phase adsorption? Adsorption, 15(1),

65–73. https://doi.org/10.1007/S10450-009-9151-3/FULLTEXT.HTML’);

Ehiomogue, P., Ahuchaogu, I. I., & Ahaneku, I. E. (2022). Review of adsorption

isotherms models. Acta Technica Corviniensis, 14(4), 87–96.

https://www.researchgate.net/publication/358271705

Enache, A. C., Samoila, P., Cojocaru, C., Apolzan, R., Predeanu, G., & Harabagiu, V.

(2023). An Eco-Friendly Modification of a Walnut Shell Biosorbent for

Increased Efficiency in Wastewater Treatment. Sustainability (Switzerland),

15(3), 2704. https://doi.org/10.3390/SU15032704/S1

Ezzati, R. (2020). Derivation of Pseudo-First-Order, Pseudo-Second-Order and

Modified Pseudo-First-Order rate equations from Langmuir and Freundlich

isotherms for adsorption. Chemical Engineering Journal, 392.

https://doi.org/10.1016/J.CEJ.2019.123705

Font-Palma, C., Cann, D., & Udemu, C. (2021). Review of Cryogenic Carbon

Capture Innovations and Their Potential Applications. C, 7(3), 58.



129

https://doi.org/10.3390/c7030058

Foo, K. Y., & Hameed, B. H. (2010a). Insights into the modeling of adsorption

isotherm systems. Chemical Engineering Journal, 156(1), 2–10.

https://doi.org/10.1016/j.cej.2009.09.013

Foo, K. Y., & Hameed, B. H. (2010b). Insights into the modeling of adsorption

isotherm systems. Chemical Engineering Journal, 156(1), 2–10.

https://doi.org/10.1016/J.CEJ.2009.09.013

Foorginezhad, S., Zerafat, M. M., Asadnia, M., & Rezvannasab, G. (2024). Activated

porous carbon derived from sawdust for CO2 capture. Materials Chemistry and

Physics, 317(March), 129177.

https://doi.org/10.1016/j.matchemphys.2024.129177

Garcia, J. A., Villen-Guzman, M., Rodriguez-Maroto, J. M., & Paz-Garcia, J. M.

(2022). Technical analysis of CO2capture pathways and technologies. Journal of

Environmental Chemical Engineering, 10(5), 108470.

https://doi.org/10.1016/j.jece.2022.108470

Guo, T., Tian, W., & Wang, Y. (2022). Effect of Pore Structure on CO 2 Adsorption

Performance for. 1–15.

Guo, X., Liu, Y., & Wang, J. (2019). Sorption of sulfamethazine onto different types

of microplastics: A combined experimental and molecular dynamics simulation

study. Marine Pollution Bulletin, 145, 547–554.

https://doi.org/10.1016/J.MARPOLBUL.2019.06.063



130

Guo, X., & Wang, J. (2019). Comparison of linearization methods for modeling the

Langmuir adsorption isotherm. Journal of Molecular Liquids, 296.

https://doi.org/10.1016/J.MOLLIQ.2019.111850

Gür, T. M. (2022). Carbon Dioxide Emissions, Capture, Storage and Utilization:

Review of Materials, Processes and Technologies. Progress in Energy and

Combustion Science, 89, 100965. https://doi.org/10.1016/J.PECS.2021.100965

Halsey, G., & Taylor, H. S. (1947). The Adsorption of Hydrogen on Tungsten

Powders. The Journal of Chemical Physics, 15(9), 624–630.

https://doi.org/10.1063/1.1746618

Hanson, E., Nwakile, C., & Hammed, V. O. (2025). Carbon capture, utilization, and

storage (CCUS) technologies: Evaluating the effectiveness of advanced CCUS

solutions for reducing CO2 emissions. Results in Surfaces and Interfaces,

18(December 2024), 100381. https://doi.org/10.1016/j.rsurfi.2024.100381

He, D., Ma, H., Hu, D., Wang, X., Dong, Z., & Zhu, B. (2024). Biochar for

sustainable agriculture: Improved soil carbon storage and reduced emissions on

cropland. Journal of Environmental Management, 371, 123147.

https://doi.org/10.1016/J.JENVMAN.2024.123147

Hekmatmehr, H., Esmaeili, A., Pourmahdi, M., Atashrouz, S., Abedi, A., Ali

Abuswer, M., Nedeljkovic, D., Latifi, M., Farag, S., & Mohaddespour, A. (2024).

Carbon capture technologies: A review on technology readiness level. Fuel, 363,

130898. https://doi.org/10.1016/J.FUEL.2024.130898



131

Ho, Y. S., Porter, J. F., & McKay, G. (2002). Equilibrium isotherm studies for the

sorption of divalent metal ions onto peat: Copper, nickel and lead single

component systems. Water, Air, and Soil Pollution, 141(1–4), 1–33.

https://doi.org/10.1023/A:1021304828010

Hong, W. Y. (2022). A techno-economic review on carbon capture, utilisation and

storage systems for achieving a net-zero CO2 emissions future. Carbon Capture

Science and Technology, 3(March), 100044.

https://doi.org/10.1016/j.ccst.2022.100044

Hussin, F., & Aroua, M. K. (2020). Recent trends in the development of adsorption

technologies for carbon dioxide capture: A brief literature and patent reviews

(2014–2018). Journal of Cleaner Production, 253, 119707.

https://doi.org/10.1016/J.JCLEPRO.2019.119707

Imran-Masood, M., García-Díez, E., Usman, M., Lodhi, B. K., Waqas, M., & García,

S. (2024). Development of a novel bio char for CO2 capture and biogas upgrade:

Static and dynamic testing. Journal of CO2 Utilization, 89(September), 102958.

https://doi.org/10.1016/j.jcou.2024.102958

Integrated gasification combined-cycle | Climate Technology Centre & Network | Tue,

11/08/2016. (n.d.). Retrieved July 2, 2025, from https://www.ctc-

n.org/technologies/integrated-gasification-combined-cycle

Jahanban-Esfahlan, A., Ostadrahimi, A., Tabibiazar, M., & Amarowicz, R. (2019). A

comprehensive review on the chemical constituents and functional uses of

walnut (Juglans spp.) husk. International Journal of Molecular Sciences, 20(16).



132

https://doi.org/10.3390/ijms20163920

Karimi, M., Shirzad, M., Silva, J. A. C., & Rodrigues, A. E. (2023). Carbon dioxide

separation and capture by adsorption: a review. In Environmental Chemistry

Letters (Vol. 21, Issue 4). Springer International Publishing.

https://doi.org/10.1007/s10311-023-01589-z

Khan, U., Ogbaga, C. C., Abiodun, O. A. O., Adeleke, A. A., Ikubanni, P. P., Okoye,

P. U., & Okolie, J. A. (2023a). Assessing absorption-based CO2 capture:

Research progress and techno-economic assessment overview. Carbon Capture

Science and Technology, 8(May), 100125.

https://doi.org/10.1016/j.ccst.2023.100125

Khan, U., Ogbaga, C. C., Abiodun, O. A. O., Adeleke, A. A., Ikubanni, P. P., Okoye,

P. U., & Okolie, J. A. (2023b). Assessing absorption-based CO2 capture:

Research progress and techno-economic assessment overview. Carbon Capture

Science & Technology, 8, 100125. https://doi.org/10.1016/J.CCST.2023.100125

Koronaki, I. P., Prentza, L., & Papaefthimiou, V. (2015). Modeling of CO2 capture

via chemical absorption processes − An extensive literature review. Renewable

and Sustainable Energy Reviews, 50, 547–566.

https://doi.org/10.1016/J.RSER.2015.04.124

Kumar, A., Singh, E., Mishra, R., Lo, S. L., & Kumar, S. (2022). A green approach

towards sorption of CO2 on waste derived biochar. Environmental Research, 214,

113954. https://doi.org/10.1016/J.ENVRES.2022.113954



133

Leung, D. Y. C., Caramanna, G., & Maroto-Valer, M. M. (2014a). An overview of

current status of carbon dioxide capture and storage technologies. Renewable

and Sustainable Energy Reviews, 39, 426–443.

https://doi.org/10.1016/j.rser.2014.07.093

Leung, D. Y. C., Caramanna, G., & Maroto-Valer, M. M. (2014b). An overview of

current status of carbon dioxide capture and storage technologies. Renewable

and Sustainable Energy Reviews, 39, 426–443.

https://doi.org/10.1016/J.RSER.2014.07.093

Lewicka, K. (2017). Activated carbons prepared from hazelnut shells, walnut shells

and peanut shells for high CO2 adsorption. Polish Journal of Chemical

Technology, 19(2), 38–43. https://doi.org/10.1515/PJCT-2017-0025

Li, J., Ma, J., Guo, Q., Zhang, S., Han, H., Zhang, S., & Han, R. (2020). Adsorption

of hexavalent chromium using modified walnut shell from solution. Water

Science and Technology, 81(4), 824–833. https://doi.org/10.2166/WST.2020.165

Li, S., Cho, M. K., Yuan, X., Deng, S., Li, H., Zhao, L., Zhao, R., Wang, Y., Wang, J.,

& Lee, K. B. (2023). Cyclic performance evaluation of CO2 adsorption using

polyethylene terephthalate plastic-waste-derived activated carbon. Fuel, 331,

125599. https://doi.org/10.1016/J.FUEL.2022.125599

Li, X., Qiu, J., Hu, Y., Ren, X., He, L., Zhao, N., Ye, T., & Zhao, X. (2020).

Characterization and comparison of walnut shells-based activated carbons and

their adsorptive properties. Adsorption Science and Technology, 38(9–10), 450–

463. https://doi.org/10.1177/0263617420946524



134

Lionetti, V., Poselle Bonaventura, C., Conte, G., De Luca, O., Policicchio, A., Caruso,

T., Desiderio, G., Papagno, M., & Agostino, R. G. (2024). Production and

physical-chemical characterization of walnut shell-derived activated carbons for

hydrogen storage application. International Journal of Hydrogen Energy,

61(March), 639–649. https://doi.org/10.1016/j.ijhydene.2024.02.213

Mahajan, S., & Lahtinen, M. (2022). Journal of Environmental Chemical Engineering

Recent progress in metal-organic frameworks ( MOFs ) for CO 2 capture at

different pressures. Journal of Environmental Chemical Engineering, 10(6),

108930. https://doi.org/10.1016/j.jece.2022.108930

Malini, K., Selvakumar, D., & Kumar, N. S. (2023). Activated carbon from biomass:

Preparation, factors improving basicity and surface properties for enhanced

CO2capture capacity - A review. Journal of CO2 Utilization, 67(October 2022),

102318. https://doi.org/10.1016/j.jcou.2022.102318

Mansurov, Z. A., Velasco, L. F., Lodewyckx, P., Doszhanov, E. O., & Azat, S. (2022).

Modified Carbon Sorbents Based on Walnut Shell for Sorption of Toxic Gases.

Journal of Engineering Physics and Thermophysics, 95(6), 1383–1392.

https://doi.org/10.1007/S10891-022-02607-7/METRICS

McLaughlin, H., Littlefield, A. A., Menefee, M., Kinzer, A., Hull, T., Sovacool, B. K.,

Bazilian, M. D., Kim, J., & Griffiths, S. (2023). Carbon capture utilization and

storage in review: Sociotechnical implications for a carbon reliant world.

Renewable and Sustainable Energy Reviews, 177(March), 113215.

https://doi.org/10.1016/j.rser.2023.113215



135

Melouki, R., Ouadah, A., & Llewellyn, P. L. (2020). The CO2 adsorption behavior

study on activated carbon synthesized from olive waste. Journal of CO2

Utilization, 42, 101292. https://doi.org/10.1016/J.JCOU.2020.101292

Men’shchikov, I. E., Shiryaev, A. A., Shkolin, A. V., Grinchenko, A. E., Khozina, E.

V., Averin, A. A., & Fomkin, A. A. (2024). One-Stage Synthesis of Microporous

Carbon Adsorbents from Walnut Shells—Evolution of Porosity and Structure. C-

Journal of Carbon Research, 10(3). https://doi.org/10.3390/c10030079

Modak, A., & Jana, S. (2019). Advancement in porous adsorbents for post-

combustion CO2 capture. Microporous and Mesoporous Materials, 276, 107–

132. https://doi.org/10.1016/J.MICROMESO.2018.09.018

Mohd Azmi, N. Z., Buthiyappan, A., Abdul Patah, M. F., Rashidi, N. A., & Abdul

Raman, A. A. (2024). Enhancing the CO2 adsorption with dual functionalized

coconut shell-hydrochar using Chlorella microalgae and metal oxide: Synthesis,

physicochemical properties & mechanism evaluations. Journal of Cleaner

Production, 463, 142736. https://doi.org/10.1016/J.JCLEPRO.2024.142736

Mohd Azmi, N. Z., Buthiyappan, A., Abdul Raman, A. A., Abdul Patah, M. F., &

Sufian, S. (2022a). Recent advances in biomass based activated carbon for

carbon dioxide capture – A review. Journal of Industrial and Engineering

Chemistry, 116, 1–20. https://doi.org/10.1016/J.JIEC.2022.08.021

Mohd Azmi, N. Z., Buthiyappan, A., Abdul Raman, A. A., Abdul Patah, M. F., &

Sufian, S. (2022b). Recent advances in biomass based activated carbon for

carbon dioxide capture – A review. Journal of Industrial and Engineering



136

Chemistry, 116, 1–20. https://doi.org/10.1016/J.JIEC.2022.08.021

Mohd Azmi, N. Z., Buthiyappan, A., Abdul Raman, A. A., Abdul Patah, M. F., &

Sufian, S. (2022c). Recent advances in biomass based activated carbon for

carbon dioxide capture – A review. Journal of Industrial and Engineering

Chemistry, 116, 1–20. https://doi.org/10.1016/J.JIEC.2022.08.021

Mohd Azmi, N. Z., Buthiyappan, A., Abdul Raman, A. A., Abdul Patah, M. F., &

Sufian, S. (2022d). Recent advances in biomass based activated carbon for

carbon dioxide capture – A review. Journal of Industrial and Engineering

Chemistry, 116, 1–20. https://doi.org/10.1016/J.JIEC.2022.08.021

Mukherjee, A., Okolie, J. A., Abdelrasoul, A., Niu, C., & Dalai, A. K. (2019). Review

of post-combustion carbon dioxide capture technologies using activated carbon.

Journal of Environmental Sciences (China), 83, 46–63.

https://doi.org/10.1016/J.JES.2019.03.014

Mukherjee, A., Okolie, J. A., Niu, C., & Dalai, A. K. (2022). Techno – Economic

analysis of activated carbon production from spent coffee grounds: Comparative

evaluation of different production routes. Energy Conversion and Management:

X, 14(February), 100218. https://doi.org/10.1016/j.ecmx.2022.100218

Nordin, N., Zaini, N., Wan Mustafa, W. A., & Mohd Hazli, M. S. H. (2025). Effect of

Impregnation Temperature on Monoethanolamine-Kenaf Biosorbent for CO2

Adsorption from Gas Mixture. Scientific Research Journal, 22(1), 147–166.

https://doi.org/10.24191/srj.v22i1.17037



137

Nwaoha, C., Saiwan, C., Tontiwachwuthikul, P., Supap, T., Rongwong, W., Idem, R.,

AL-Marri, M. J., & Benamor, A. (2016). Carbon dioxide (CO2) capture:

Absorption-desorption capabilities of 2-amino-2-methyl-1-propanol (AMP),

piperazine (PZ) and monoethanolamine (MEA) tri-solvent blends. Journal of

Natural Gas Science and Engineering, 33, 742–750.

https://doi.org/10.1016/j.jngse.2016.06.002

Ochedi, F. O., Liu, Y., & Adewuyi, Y. G. (2020). State-of-the-art review on capture

of CO2 using adsorbents prepared from waste materials State-of-the-art review

on capture of CO 2 using adsorbents prepared from waste materials. Process

Safety and Environmental Protection, 139(April), 1–25.

https://doi.org/10.1016/j.psep.2020.03.036

Opololaoluwa, I. (2021). Comparison of Heavy Metal Adsorption by Activated

Carbons Prepared from Cassava and ARTICLE INFORMATION ABSTRACT

Comparison of Heavy Metal Adsorption by Activated Carbons Prepared from

Cassava and Bamboo Biomass. January.

Owsianiak, M., Lindhjem, H., Cornelissen, G., Hale, S. E., Sørmo, E., & Sparrevik, M.

(2021). Environmental and economic impacts of biochar production and

agricultural use in six developing and middle-income countries. Science of the

Total Environment, 755. https://doi.org/10.1016/j.scitotenv.2020.142455

Pacheco, M., Bordonhos, M., Sardo, M., Afonso, R., R. B. Gomes, J., Mafra, L., &

Pinto, M. L. (2022). Moisture effect on the separation of CO2/CH4 mixtures

with amine-functionalised porous silicas. Chemical Engineering Journal,

443(January). https://doi.org/10.1016/j.cej.2022.136271



138

Padurean, A., Cormos, C. C., & Agachi, P. S. (2012). Pre-combustion carbon dioxide

capture by gas-liquid absorption for Integrated Gasification Combined Cycle

power plants. International Journal of Greenhouse Gas Control, 7, 1–11.

https://doi.org/10.1016/j.ijggc.2011.12.007

Pardakhti, M., Jafari, T., Tobin, Z., Dutta, B., Moharreri, E., Shemshaki, N. S., Suib,

S., & Srivastava, R. (2019). Trends in Solid Adsorbent Materials Development

for CO2 Capture. ACS Applied Materials and Interfaces, 11(38), 34533–34559.

https://doi.org/10.1021/ACSAMI.9B08487,

Peredo-Mancilla, D., Ghouma, I., Hort, C., Matei Ghimbeu, C., Jeguirim, M., &

Bessieres, D. (2018). CO2 and CH4 Adsorption Behavior of Biomass Based

Activated Carbons. https://doi.org/10.20944/PREPRINTS201807.0489.V1

Petkovska, M. (2014). Discrimination between adsorption isotherm models based on

nonlinear frequency response results. Adsorption, 20(2–3), 385–395.

https://doi.org/10.1007/S10450-013-9571-Y

Pramanik, P., Patel, H., Charola, S., Neogi, S., & Maiti, S. (2021). High surface area

porous carbon from cotton stalk agro-residue for CO2 adsorption and study of

techno-economic viability of commercial production. Journal of CO2 Utilization,

45, 101450. https://doi.org/10.1016/J.JCOU.2021.101450

Quan, C., Zhou, Y., Wang, J., Wu, C., & Gao, N. (2023). Biomass-based carbon

materials for CO2capture: A review. Journal of CO2 Utilization, 68(September

2022), 102373. https://doi.org/10.1016/j.jcou.2022.102373



139

Rackley, S. A. (2017). Carbon capture from power generation. Carbon Capture and

Storage, 75–101. https://doi.org/10.1016/B978-0-12-812041-5.00004-0

Raganati, F., Alfe, M., Gargiulo, V., Chirone, R., & Ammendola, P. (2018). Isotherms

and thermodynamics of CO2 adsorption on a novel carbon-magnetite composite

sorbent. Chemical Engineering Research and Design, 134, 540–552.

https://doi.org/10.1016/j.cherd.2018.04.037

Rahman, F. A., Aziz, M. M. A., Saidur, R., Bakar, W. A. W. A., Hainin, M. R.,

Putrajaya, R., & Hassan, N. A. (2017). Pollution to solution: Capture and

sequestration of carbon dioxide (CO2) and its utilization as a renewable energy

source for a sustainable future. Renewable and Sustainable Energy Reviews, 71,

112–126. https://doi.org/10.1016/J.RSER.2017.01.011

Rashidi, N. A., & Yusup, S. (2016). An overview of activated carbons utilization for

the post-combustion carbon dioxide capture. Journal of CO2 Utilization, 13, 1–

16. https://doi.org/10.1016/J.JCOU.2015.11.002

Riboldi, L., & Bolland, O. (2015). Evaluating Pressure Swing Adsorption as a CO2

separation technique in coal-fired power plants. International Journal of

Greenhouse Gas Control, 39, 1–16. https://doi.org/10.1016/j.ijggc.2015.02.001

Rouzitalab, Z., Mohammady Maklavany, D., Rashidi, A., & Jafarinejad, S. (2018).

Synthesis of N-doped nanoporous carbon from walnut shell for enhancing CO2

adsorption capacity and separation. Journal of Environmental Chemical

Engineering, 6(5), 6653–6663. https://doi.org/10.1016/J.JECE.2018.10.035



140

Saadi, R., Saadi, Z., Fazaeli, R., & Fard, N. E. (2015). Monolayer and multilayer

adsorption isotherm models for sorption from aqueous media. Korean Journal of

Chemical Engineering, 32(5), 787–799. https://doi.org/10.1007/S11814-015-

0053-7

Saharudin, D. M., Jeswani, H. K., & Azapagic, A. (2024). Biochar from agricultural

wastes: Environmental sustainability, economic viability and the potential as a

negative emissions technology in Malaysia. Science of the Total Environment,

919(November 2023), 170266. https://doi.org/10.1016/j.scitotenv.2024.170266

Serafin, J., Dziejarski, B., Cruz Junior, O. F., & Sreńscek-Nazzal, J. (2023). Design of

highly microporous activated carbons based on walnut shell biomass for H2 and

CO2 storage. Carbon, 201(September 2022), 633–647.

https://doi.org/10.1016/j.carbon.2022.09.013

Serafin, J., Narkiewicz, U., Morawski, A. W., Wróbel, R. J., & Michalkiewicz, B.

(2017). Highly microporous activated carbons from biomass for CO2 capture

and effective micropores at different conditions. Journal of CO2 Utilization, 18,

73–79. https://doi.org/10.1016/J.JCOU.2017.01.006

Shabir, S., Hussain, S. Z., Bhat, T. A., Amin, T., Beigh, M., & Nabi, S. (2024). High

carbon content microporous activated carbon from thin walnut shells:

Optimization, physico-chemical analysis and structural profiling. Process Safety

and Environmental Protection, 190, 85–96.

https://doi.org/10.1016/J.PSEP.2024.06.121

Shkliarenko, Y., Halysh, V., & Nesterenko, A. (2023a). Adsorptive Performance of



141

Walnut Shells Modified with Urea and Surfactant for Cationic Dye Removal.

Water (Switzerland), 15(8), 1536. https://doi.org/10.3390/W15081536/S1

Shkliarenko, Y., Halysh, V., & Nesterenko, A. (2023b). Adsorptive Performance of

Walnut Shells Modified with Urea and Surfactant for Cationic Dye Removal.

Water (Switzerland), 15(8), 1536. https://doi.org/10.3390/W15081536/S1

Siemak, J., & Michalkiewicz, B. (2024). Enhancement of CO2 adsorption on

activated carbons produced from avocado seeds by combined solvothermal

carbonization and thermal KOH activation. Environmental Science and Pollution

Research, 31(28), 40133–40141. https://doi.org/10.1007/s11356-023-28638-y

Sifat, N. S., & Haseli, Y. (2019). A critical review of CO2 capture technologies and

prospects for clean power generation. Energies, 12(21).

https://doi.org/10.3390/en12214143

Simbeck, D. and W., Roekpooritat, 2009: Near-Term Technologies for Retrofit CO2

Capture and Storage of Existing Coal-fired Power Plants in the United States.

MIT Coal Retrofit Symposium, Cambridge, MA.Google Scholar - Google Search.

(n.d.). Retrieved July 25, 2025, from

https://www.google.com/search?q=Simbeck%2C+D.+and+W.%2C+Roekpoorita

t%2C+2009%3A+Near-

Term+Technologies+for+Retrofit+CO2+Capture+and+Storage+of+Existing+Co

al-

fired+Power+Plants+in+the+United+States.+MIT+Coal+Retrofit+Symposium%

2C+Cambridge%2C+MA.Google+Scholar&oq=Simbeck%2C+D.+and+W.%2C

+Roekpooritat%2C+2009%3A+Near-



142

Term+Technologies+for+Retrofit+CO2+Capture+and+Storage+of+Existing+Co

al-

fired+Power+Plants+in+the+United+States.+MIT+Coal+Retrofit+Symposium%

2C+Cambridge%2C+MA.Google+Scholar&aqs=chrome..69i57.2702j0j7&sourc

eid=chrome&ie=UTF-8

Song, C., Liu, Q., Deng, S., Li, H., & Kitamura, Y. (2019). Cryogenic-based CO2

capture technologies: State-of-the-art developments and current challenges.

Renewable and Sustainable Energy Reviews, 101, 265–278.

https://doi.org/10.1016/J.RSER.2018.11.018

Soo, X. Y. D., Lee, J. J. C., Wu, W. Y., Tao, L., Wang, C., Zhu, Q., & Bu, J. (2024a).

Advancements in CO2 capture by absorption and adsorption: A comprehensive

review. Journal of CO2 Utilization, 81(February), 102727.

https://doi.org/10.1016/j.jcou.2024.102727

Soo, X. Y. D., Lee, J. J. C., Wu, W. Y., Tao, L., Wang, C., Zhu, Q., & Bu, J. (2024b).

Advancements in CO2 capture by absorption and adsorption: A comprehensive

review. Journal of CO2 Utilization, 81(January), 102727.

https://doi.org/10.1016/j.jcou.2024.102727

Spigarelli, B. P., & Kawatra, S. K. (2013). Opportunities and challenges in carbon

dioxide capture. Journal of CO2 Utilization, 1, 69–87.

https://doi.org/10.1016/j.jcou.2013.03.002

Staudt, P. B., Kechinski, C. P., Tessaro, I. C., Marczak, L. D. F., De, R., & Cardozo,

N. S. M. (2013). A new method for predicting sorption isotherms at different



143

temperatures using the BET model. Journal of Food Engineering, 114(1), 139–

145. https://doi.org/10.1016/J.JFOODENG.2012.07.016

Tadros, T. (2013). Adsorption Isotherm. Encyclopedia of Colloid and Interface

Science, 2–2. https://doi.org/10.1007/978-3-642-20665-8_46

Uzosike, A. O., Ofudje, E. A., Akiode, O. K., Ikenna, C. V., Adeogun, A. I., Akinyele,

J. O., & Idowu, M. A. (2022). Magnetic supported activated carbon obtained

from walnut shells for bisphenol-a uptake from aqueous solution. Applied Water

Science, 12(8), 1–16. https://doi.org/10.1007/S13201-022-01724-1/FIGURES/12

Vilén, A., Laurell, P., & Vahala, R. (2022). Comparative life cycle assessment of

activated carbon production from various raw materials. Journal of

Environmental Management, 324(October).

https://doi.org/10.1016/j.jenvman.2022.116356

Wang, J., Feng, X., Wen, S., Zhan, D., Zhu, X., Ning, P., Zhang, Y., & Mei, X.

(2024). Recent advances in amine-functionalized silica adsorbents for CO2

capture. Renewable and Sustainable Energy Reviews, 203, 114724.

https://doi.org/10.1016/J.RSER.2024.114724

Wang, J., & Guo, X. (2020a). Adsorption isotherm models: Classification, physical

meaning, application and solving method. Chemosphere, 258, 127279.

https://doi.org/10.1016/j.chemosphere.2020.127279

Wang, J., & Guo, X. (2020b). Adsorption isotherm models: Classification, physical

meaning, application and solving method. Chemosphere, 258, 127279.



144

https://doi.org/10.1016/J.CHEMOSPHERE.2020.127279

Wang, X., Zeng, W., Xin, C., Kong, X., Hu, X., & Guo, Q. (2022). The development

of activated carbon from corncob for CO2 capture. RSC Advances, 12(51),

33069–33078. https://doi.org/10.1039/d2ra05979g

Weber, T. W., & Chakravorti, R. K. (1974). Pore and solid diffusion models for fixed-

bed adsorbers. AIChE Journal, 20(2), 228–238.

https://doi.org/10.1002/AIC.690200204

Wong, C. F., Saif, U. M., Chow, K. L., Wong, J. T. F., Chen, X. W., Liang, Y., Cheng,

Z., Tsang, Y. F., Wong, M. H., & Man, Y. B. (2024). Applications of charcoal,

activated charcoal, and biochar in aquaculture – A review. Science of the Total

Environment, 929. https://doi.org/10.1016/j.scitotenv.2024.172574

Xia, H., Cheng, S., Zhang, L., & Peng, J. (2016). Utilization of walnut shell as a

feedstock for preparing high surface area activated carbon by microwave induced

activation: Effect of activation agents. Green Processing and Synthesis, 5(1), 7–

14. https://doi.org/10.1515/gps-2015-0054

Xie, R., Jin, Y., Chen, Y., & Jiang, W. (2017). The importance of surface functional

groups in the adsorption of copper onto walnut shell derived activated carbon.

Water Science and Technology : A Journal of the International Association on

Water Pollution Research, 76(11–12), 3022–3034.

https://doi.org/10.2166/WST.2017.471

Xu, Y., Yang, Z., Zhang, G., & Zhao, P. (2020a). Excellent CO2 adsorption



145

performance of nitrogen-doped waste biocarbon prepared with different

activators. Journal of Cleaner Production, 264, 121645.

https://doi.org/10.1016/J.JCLEPRO.2020.121645

Xu, Y., Yang, Z., Zhang, G., & Zhao, P. (2020b). Excellent CO2 adsorption

performance of nitrogen-doped waste biocarbon prepared with different

activators. Journal of Cleaner Production, 264, 121645.

https://doi.org/10.1016/J.JCLEPRO.2020.121645

Yagmur Goren, A., Erdemir, D., & Dincer, I. (2024). Comprehensive review and

assessment of carbon capturing methods and technologies: An environmental

research. Environmental Research, 240, 117503.

https://doi.org/10.1016/J.ENVRES.2023.117503

Yan, H., Zhang, G., Xu, Y., Zhang, Q., Liu, J., Li, G., Zhao, Y., Wang, Y., & Zhang,

Y. (2022). High CO2 adsorption on amine-functionalized improved macro-

/mesoporous multimodal pore silica. Fuel, 315, 123195.

https://doi.org/10.1016/J.FUEL.2022.123195

Yan, X. F., Fan, X. R., Wang, Q., & Shen, Y. (2017). An adsorption isotherm model

for adsorption performance of silver-loaded activated carbon. Thermal Science,

21(4), 1645–1649. https://doi.org/10.2298/TSCI151202048Y

Yang, C. H. (2002). Statistical mechanical aspects of adsorption systems obeying the

Temkin isotherm. Journal of Physical Chemistry, 97(27), 7097–7101.

https://doi.org/10.1021/J100129A029



146

Yang, L., Yungang, W., Tao, L., Li, Z., Yanyuan, B., & Haoran, X. (2023). High-

performance sorbents from ionic liquid activated walnut shell carbon: an

investigation of adsorption and regeneration. RSC Advances, 13(33), 22744–

22757. https://doi.org/10.1039/d3ra03555g

Yildiz, M. G., Davran-Candan, T., Günay, M. E., & Yildirim, R. (2019). CO2 capture

over amine-functionalized MCM-41 and SBA-15: Exploratory analysis and

decision tree classification of past data. Journal of CO2 Utilization, 31, 27–42.

https://doi.org/10.1016/J.JCOU.2019.02.010

Yu, H., Mikšík, F., Thu, K., & Miyazaki, T. (2024). Characterization and optimization

of pore structure and water adsorption capacity in pinecone-derived activated

carbon by steam activation. Powder Technology, 431, 119084.

https://doi.org/10.1016/J.POWTEC.2023.119084

Zakaria, M. R., Ahmad Farid, M. A., Andou, Y., Ramli, I., & Hassan, M. A. (2023).

Production of biochar and activated carbon from oil palm biomass: Current

status, prospects, and challenges. Industrial Crops and Products, 199, 116767.

https://doi.org/10.1016/J.INDCROP.2023.116767

Zhang, C., Sun, S., He, S., & Wu, C. (2022). Journal of the Energy Institute Direct air

capture of CO 2 by KOH-activated bamboo biochar. 105(October), 399–405.

https://doi.org/10.1016/j.joei.2022.10.017

Zhang, C., Sun, S., Xu, S., & Wu, C. (2022). Biomass and Bioenergy CO 2 capture

over steam and KOH activated biochar : Effect of relative humidity. Biomass and

Bioenergy, 166(May), 106608. https://doi.org/10.1016/j.biombioe.2022.106608



147

Zhang, K., & Wang, R. (2024). A critical review on new and efficient adsorbents for

CO2 capture. Chemical Engineering Journal, 485, 149495.

https://doi.org/10.1016/J.CEJ.2024.149495

Zhuang, Z., Liu, Y., Wei, W., Shi, J., & Jin, H. (2024). Preparation of biochar

adsorption material from walnut shell by supercritical CO2 pretreatment.

Biochar, 6(1). https://doi.org/10.1007/s42773-024-00302-9



148

APPENDIX

EXPERIMENTAL DATA AND CALCULATIONS

Moisture Content Determination

Method: Standard Gravimetric Method (Oven Drying at 105°C)

Sample Details:

Initial weight (before drying): 5.00 g

Final weight (after drying): 3.69 g

Drying temperature: 105°C

Drying time: 24 hours

Calculation:

�������� ������� % = ��−��

��
×100

Where:

Wi = initial weight before drying

Wf = weight after drying

�������� ������� =
5.00� − 3.69�

3.69�
× 100
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Moisture content = 26%

PACKED BED ADSORPTION EXPERIMENTAL DATA

Experimental Setup Parameters

Parameter Value

Column length 500cm

Column diameter 21mm

Bed height 5.0cm

Temperature 29± 2°C

Flow rate 0.5L/min (4,500 cm³/min)

Inlet CO₂ concentration (C₀) 1,039 ppm

Sampling interval 5minutes
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BREAKTHROUGH CURVE ANALYSIS

Breakthrough Parameters

Table: Breakthrough Analysis Summary

Parameter Sample A (>500 µm) Sample B (250-500 µm) Sample C (<100 µm)

Breakpoint time (tu) 15min 20min 30min
Dead point time (tt) 35min 45min 55min

Total capacity ratio (tu/tt) 0.4286 0.4444 0.5454
Length of used bed (HB) 2.143cm 2.222cm 2.727cm

Total bed height (HT) 5.0cm 5.0cm 5.0cm

Calculations

Total Capacity to Breakpoint:

����� �������� ����� = ��
��

Length of Used Bed:
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�� = ��

��
× ��

Where

tu = Breakpoint time (minutes)

tt = Dead point time (minutes)

HT = Total bed height (5.0 cm)

Example Calculation for Sample C:

�� =
��
��

× �. �

HB= 2.727 cm

Total CO₂ Adsorbed:

Total CO2 adsorbed = C0× Q × tt× ρ

Where: C0 = Inlet concentration (1,039 ppm)

Q = Flow rate (0.5 L/min)

tt = Dead point time (minutes)
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ρ = Density of CO₂ (0.00198 g/cm³)

MATERIAL CHARACTERIZATION DATA

FTIR Analysis Results

FTIR Peak Assignments for Walnut Shell Activated Carbon

Wavenumber (cm⁻¹) Intensity Functional Group Assignment

3269.64 -0.0040 O-H stretch Hydroxyl groups, adsorbed water

2078.84 0.0618 C≡C or C=C=O Alkyne or ketene groups

1639.07 0.0121 C=O stretch Carbonyl groups (quinones, lactones)

1470.53 0.0129 C-H bend Aromatic ring vibrations

1038.68 0.0493 C-O stretch Alcohols, phenols, ethers

863.33 0.140 C-H bend Out-of-plane aromatic C-H

709.01 0.126 C-H bend Aromatic substitution

565.56 0.155 C-C stretch Skeletal vibrations

Interpretation:

Presence of oxygen-containing functional groups (hydroxyl, carbonyl, carboxyl)

Aromatic carbon structure typical of activated carbon

Surface functional groups facilitate CO₂ adsorption through chemical interactions

Energy Dispersive X-ray Spectroscopy (EDS) Analysis

Elemental Composition of Walnut Shell Activated Carbon

Key Observations:
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 High carbon content (68.95 atomic %, 41.16 weight %) confirms successful

carbonization

 Presence of calcium (15.95%) may enhance CO₂ adsorption through basic site

interactions

 Trace metals (Fe, Na, Al, Zn) may act as catalytic sites for CO₂ capture

 Low sulfur and phosphorus content indicates clean biomass source

Scanning Electron Microscopy (SEM) Observations Morphological

Characteristics:

 Porous structure: Highly developed macro-, meso-, and micropores visible

 Surface texture: Rough, irregular surface with cavities and channels

 Particle shape: Irregular, angular particles typical of activated carbon

 Porosity: Interconnected pore network facilitating gas diffusion
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 Activation evidence: Clear evidence of thermal/chemical activation with

well-developed pore structure

Surface Features:

Honeycomb-like structure from walnut shell cell walls

Evidence of pore enlargement due to activation process

Heterogeneous surface suitable for CO₂ adsorption

ADSORPTION KINETICS ANALYSIS

KINETIC MODEL

PSEUDO-FIRST ORDER MODEL

Linear Form:

ln(qe− qt) = lnqe− k1t

Where:

qe = Equilibrium adsorption capacity (mg/g)

qt = Adsorption capacity at time t (mg/g) k1 = Pseudo-first-order rate constant (min⁻¹)

t = Time (minutes)

Procedure:

1. Calculate qt values from breakthrough data using mass balance
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2. Plot ln(qe− qt) vs. t

3. Determine k1 from slope and

4. qe from intercept

zyPseudo-Second-Order (PSO) Model

�
��

=
1

�2��
2 +

�
��

Where:

k2 = Pseudo-second-order rate constant (g/mg·min)

Other parameters as defined above

Procedure:

1. Plot t/qt vs. t

2. Calculate qe from slope (1/qe)

3. Calculate k2 from intercept (1/k2qe2)

Calculation of qt Values

Mass Balance Equation:

Q = ∫ (C0 − Cout) dt mo

Where:
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Q = Volumetric flow rate (0.5

L/min = 500 mL/min)

m = Mass of adsorbent (g)

C0 = Inlet concentration (1,039 ppm)

Cout = Outlet concentration at time t (ppm)

Conversion from ppm to mg/m³:

For CO₂ at standard conditions:

C(mg/m3) = C(ppm) × Molecular Weigh24.45C(mg/m3)

= C(ppm) ×

= C(ppm) × 1.8

Kinetic

Model Parameters

Model Comparison
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Goodness of Fit Criteria:

1. Correlation coefficient (R²): Higher values indicate better fit

2. Agreement between qe,exp and qe,cal: Closer values indicate better

predictive capability 3. Residual analysis: Lower residuals indicate better

model accuracy

Results:

Pseudo-second-order model showed superior fit (R² > 0.99)

Calculated qe values closely matched experimental values

Confirms chemisorption as rate-limiting step

ADSORPTION ISOTHERM ANALYSIS

Langmuir Isotherm

. The linearized form of the Langmuir equation is expressed as:

C�

��
=

1
�� ��

+
��

��

where:

Ce = equilibrium CO₂ concentration (mg/L or mmol/L),

qe = amount of CO₂ adsorbed at equilibrium (mg/g or mmol/g),

qm = maximum monolayer adsorption capacity (mg/g or mmol/g),

KL = Langmuir equilibrium constant (L/mg or L/mmol), related to the affinity of

binding sites.
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plot of Ce/qe versus Ce, the constants qm and KL can be determined. The dimensionless

separation factor, RL, defined as:

RL =
1

1 + ���0

Freundlich Isotherm

The linear form is expressed as:

ln �� = ln �� +
1

ln ��

where:

KF= Freundlich constant related to adsorption capacity,

1/n = heterogeneity factor indicating surface intensity.

A plot of ln qe versus ln Ce yields a straight line, from which KF and 1/n can be

evaluated. The adsorption is considered favorable when 0 < 1/n < 1.

Model Comparison

Criterion Langmuir Freundlich

R² Value 0.9977 0.8882

Model Type Theoretical Empirical

Surface Type Homogeneous Heterogeneous

Adsorption Layers Monolayer Multilayer
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Maximum Capacity Yes (qₘₐₓ = 0.139 mg/g) No theoretical limit

Favorability RL indicates favorable n > 1 indicates favorable

Best Fit ✓ Better -

Based on the correlation coefficients (R²), the Langmuir model provides a better fit

for the simulated data with R² = 0.9977. However, both models show good correlation

(R² > 0.95), which is typical for activated carbon adsorbents.

Physical Interpretation

 Activated carbon typically has a heterogeneous surface with multiple binding

sites, which favors the Freundlich model

 At low to moderate concentrations, Langmuir assumptions may approximate

the behavior reasonably well

 For practical applications, both models can be useful depending on the

concentration range of interest

SUPPLEMENTARY CALCULATIONS

Data Calculation

Calculate amount adsorbed using mass balance equation:

qₑ = (C₀ - Cₑ) × V / m

Where:

 qₑ = equilibrium adsorption capacity (mg/g)
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 C₀ = initial CO₂ concentration (mg/L)

 Cₑ = equilibrium CO₂ concentration (mg/L)

 V = volume of gas phase (L)

 m = mass of adsorbent (g)

CO₂ Density and Conversion Factors at standard conditions (0°C, 1 atm):

Density of CO₂: 1.98 kg/m³ = 0.00198 g/cm³

Conversion from ppm to mg/m³:

1 ppm CO2= 1.8 mg/m3

Flow Rate Conversions

Given:

Flowrate = 0.5L/min

Conversions:

0.5 L/min = 500 mL/min = 500 cm³/min

Note: Document states 4,500 cm³/min (verification needed)

Sample Bed Properties Bed volume calculation:

Vbed= πr2h

Where:
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r = Column radius = 21 mm / 2 = 10.5 mm = 1.05 cm

h = Bed height = 5.0 cm

Vbed= π × (1.05)2× 5.0 = 17.35 cm3

Bulk density:

����� =
�������������

����

FIGURES AND GRAPHICAL DATA

Breakthrough Curves

Breakthrough curves showing Ct/C₀ vs. time for three particle sizes demonstrates

earlier breakthrough for larger particles

Steeper curves for smaller particles indicate better kinetics

Kinetic Model Fits

Combined kinetic comparison (qt vs. time)

Pseudo-first-order model fits for samples A, B, C

Pseudo-second-order model fits for samples A, B, C

Material Characterization

Figure 4.2: FTIR spectrum showing functional groups

Figure 4.3: EDS spectrum showing elemental composition

SEM images showing porous morphology at different magnifications
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EQUIPMENT AND INSTRUMENTATION

Laboratory Equipment Used

Equipment Specification Purpose

Glass column 500 cm length, 21 mm diameter Packed bed adsorption

CO₂ cylinder High purity Gas source

CO₂ detector Real-time monitoring Concentration measurement

Oven 105°C capacity Moisture content determination

Analytical balance 0.001 g precision Mass measurements

FTIR spectrometer Mid-IR range Functional group analysis

SEM-EDS Variable magnification Morphology and elemental analysis

Analytical Methods

FTIR Analysis:

Range: 400-4000 cm⁻¹

Resolution: 4 cm⁻¹
Sample preparation: KOH pellet

SEM-EDS Analysis:

 Acceleration voltage:
 Magnification: Multiple scales
 Coating: Gold/platinum sputtering (if applicable)

Moisture Content:

Method: Gravimetric (oven drying)

Temperature: 105°C

Duration: 24 hours until constant weight
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ERROR ANALYSIS AND QUALITY CONTROL

Sources of Experimental Error

1. Flow rate fluctuations: ±5% variation

2. Temperature variations: ±2°C

3. Sampling interval: 5-minute resolution

4. Analytical uncertainty: CO₂ detector accuracy ±2%

5.Mass measurements: Balance precision ±0.001 g

Quality Control Measures

Triplicate measurements for moisture content

Calibration of CO₂ detector before experiments

Consistent particle size fractionation through sieving

Controlled temperature environment (29±2°C)

REFERENCES FOR METHODOLOGY

The experimental procedures and analytical methods employed in this study were

based on standard protocols from:

1. ASTM Standards for activated carbon characterization

2. Standard methods for CO₂ adsorption testing

3. Lagergren pseudo-first-order and Ho pseudo-second-order kinetic models

SUMMARY OF KEY FINDINGS

Performance Highlights

Particle Size Effect:

Smaller particles (<100 µm) showed:
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 Longer breakthrough time (30 min vs. 15 min for >500 µm)

 Higher total capacity ratio (0.5454 vs. 0.4286)

 Greater length of used bed (2.727 cm vs. 2.143 cm)

Kinetic Behavior:

Pseudo-second-order model provided excellent fit (R² > 0.99)

Indicates chemisorption mechanism with electron exchange

Rate-limiting step: chemical adsorption on WAC surface

Material Properties:

High carbon content (68.95 atomic %)

Presence of oxygen-containing functional groups

Well-developed porous structure

Moisture content: 26.2%

Optimal Conditions:

Particle size: <100 µm

Temperature: 29±2°C

Flow rate: 0.5 L/min

Bed height: 5.0 cm
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