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Abstract

The increasing concentration of carbon dioxide (CO-) in the atmosphere has created a growing need
to find efficient and sustainable carbon capture technologies. This study investigates the production
of activated biochar from acacia wood using different ratios of red mud as a mineral based activation
agent, with NaOH activation included for comparison.

Biochar was produced through pyrolysis following impregnation with different biomass to activation
agent ratios (1:1 and 1:3 for red mud, and 1:3 for NaOH). The materials were characterized using
SEM-EDX and BET surface area analysis, and their CO: adsorption performance was evaluated
using gas chromatography.

The results showed that increasing the red mud ratio from 1:1 to 1:3 led to higher mineral content
and reduced carbon content, accompanied by a decrease in specific surface area from 94 m?/g to 74
m?/g. This indicates that higher red mud loading may hinder pore development. In contrast, NaOH
activation resulted in a significantly higher surface area (313 m?/g), confirming its effectiveness in
producing porous carbon structures.

Despite the lower surface area, red mud—activated biochar exhibited comparable or slightly higher
CO: adsorption capacity, although with limited regeneration performance. Gas phase analysis
revealed higher carbon monoxide formation for red mud samples, highlighting potential
environmental risks.

Overall, red mud shows potential as a sustainable activation agent, but its performance is strongly
dependent on activation ratio and remains limited compared to conventional NaOH activation.



Acknowledgements

We would first and foremost like to express our sincere gratitude to our examiner Dr. Prof. Le Minh
Thang, for the opportunity to conduct this study at the Catalyst Laboratory in Vietnam. This
experience would not have been possible without her support, and we are deeply grateful. She has
been not only an inspiration within the research community but also a personal role model. Her
guidance, ideas and encouragement have contributed significantly to our development as students,
laboratory practitioners and team members.

We would also like to thank our supervisor and laboratory manager, Mr. Quang, for his continuous
support, guidance, and for patiently answering our many questions throughout our time in Vietnam.
Without his constant presence and assistance, this work would not have been possible. We are also
grateful for introducing us to the Vietnamese culture and cuisine, which greatly enriched our overall
experience.

A special thank you is also extended to the members of the GeViCata Laboratory for not only
guiding us through our work but also for their warm welcome and for making us feel at home during
our stay.

We would further like to thank our examinator at Chalmers University of Technology, Gunnar
Westman, for ensuring we stayed on track and guiding us throughout the process of writing this
bachelor thesis. We also greatly appreciate his continuous support, not only in our academic work
but also through his genuine care for our well being during our stay.

Finally, we would like to acknowledge Minor Field Studies (MFS) and SIDA for funding our stay
and travel expenses in Vietnam. Without this scholarship, this thesis would not have been possible.
This opportunity not only allowed us to conduct research abroad but also contributed significantly to
our personal and academic development. Living and working in a foreign country broadened our
cultural awareness, our social skills and provided a truly valuable experience, for which we are very
grateful.



Table of Contents

1
2

9 Uo (0T 10 Uot 0 ) o T 1
1 4TS ) o2 2
2.1 Biomass as a Precursor for Activated CarbOmn.......oeenieneneensenesseesessssseessessssssessesseesssseens 2
2.2 Chemical Activation before PYrolysiS..... s 3
2.2.1 T 1 11 e 3
2.2.2 A 10 ) P 4
NS TR 54 4 0] 472 E0) o) (o) 55 T U] 4
2.4  Acetone & Water Washing of the BioChar ... 5
2.5  Modification of activated carbon with NItrOZeN......correrereerererrerrerere e sessesenns 6
2.6 Using activated carbon to CApture COy ... ssssssssssssssssssssssssses 6
2.7  Analytic methods to determine the quality 0f AC.......ccoormninnenn s 7
2.7.1 Scanning Electron Microscopy & Energy Dispersive X-ray Spectroscopy (SEM-
EDX) 7
2.7.2 BET (Brunauer-Emmett-Teller) Method ... 7
2.7.3 CO2 AdSOrption & REGENETatiON .....ccriueurieserersssses s ssss s sessssssssssnns 8
G L= Q=T = U (o LY 1= Lo 1o (T 9
3.1 RAW MaAterialS ettt bbb 9
3.2 Preparation of Activated BiOChAT ... ssssssssssssssns 9
3.2.1 Biochar Modification With Nitrogen ... 10
70 TV o = 1w Uor= 1 001 ] Vo Yo K3 TP 10
3.3.1 SEM & EDX ANQALYSIS .uvuerriremrirenssessssssessessssssssssssssssssssssesssssssssssssessssssssssssssssssssssessssssssssssessssans 10
3.3.2 BET Surface Area ANQALYSIS .....coeeneneresnesessessssesssssesssssssssssesssssssssssesssssesssssesssssesssssenns 11
3.3.3 CO2 AdSOrption MEaSUIEIMENT....couuueeersesiresrererssessesssessssssss s sssssesssssss s ssssssessssass 11
3.3.4 GAS Phase ANQALYSIS ... ss s sesssssesssssesssssesssssenns 12
S 7L OF: 1 [ 1 = ) o PR 13
3.4.1 Yield CalCULAtiON ..ttt sss st snses 13
3.4.2 (Gas Phase CalCUlations ... sessss e ssssesssssesssssesssssssssssesssssenns 14
3.4.3 CO2 Adsorption & Desorption Calculations.........eeenenerneesesssesesseseessesseesssssesssessesnns 14
RESUILS & DISCUSSION weuercvrcerieeereeeeresseesesssssessss s sessesss s s sessss s s ss s s s s s s ss s s s s s s s s sessnssnsnsnes 16
4.1  SEM-EDX Morphology and Elemental Composition of Raw Material........cc.ccoccmerreerernennn. 16
4.1.1 AT Vot 1o) = LT Yo 1o T 16
4.1.2 RAW REA MU ...ttt bbbttt sssssns 17
4.2 SEM-EDX Morphology and Elemental Composition of Biochar .........ccceronnerenerenennenn. 18
4.2.1 Effect of Red MUd RAtiOS ... sssssesssssssssssssssssssssssssssssssssssssssssssssssssssssesns 18

4.2.2 Comparison with NaOH-activated BioChar ... 20



4.2.3 Nitrogen Modification BiOChAT ... ssssssssssssessssans 21

4.3 1 (oYl ) ' 1= e TP 22
4.4 (GAS Phase ANalYSiS....couiniriinsisesisssses s ssssses s ssssssss s sssssssssssssssssesssssssssssssssssssssssssnses 24
4.4.1 3 A6 0725 o G T 24
4.4.2 METNANE GAS ..ot 24
4.4.3 (08D o 010) 0000100 s (o D:a 1o LS = T3P 25
4.5  Surface Area Analysis (BET) ..o sssssssssssssssssans 26
4.6 CO2 AdsOrption Performance ... esnssnsssssssssssssssssssssssssssssssssssssssssssssssssssssssssseses 27
4.6.1 )00 0 2 T0 01 8 e TP 27
4.6.2 G 1= T - TP 28
4.6.3 1LY CoT0 L T=To B 23 10 Yo o= o TP 29
4.7 Choice Of METNOAS ... 30
4.7.1 00 010 ) Tof=J ) 8 ¢ L (o 1P 30
4.7.2 Separation of Iron from BiOChar ... essssssssssssesssssssessens 30
4.7.3 PYTOlySiS tEMPEratUure ... 30
4.8 Limitations & SOUICES Of EITOT ... ssssssssssssssssssssssnes 31
S S 01 ) o Uod 11 3 o) s U TP 32

LS SR U0 D N7 £0) o - TR 33



1 Introduction

The increasing levels of greenhouse gases in the atmosphere are among the most urgent challenges
facing society today, especially carbon dioxide (CO:) emissions. These emissions contribute to
global warming, climate change, and ocean acidification [1], creating a pressing need for effective
carbon capture technologies. Among various approaches, adsorption using porous carbon, activated
carbon, and biochar materials has become a promising and energy efficient method for CO-
capturing [2].

Activated carbon can be produced from biomass via pyrolysis followed by activation. This results in
the production of porous structures with high specific surface areas that are suitable for gas
adsorption. However, the performance of these materials strongly depends on factors such as the
choice of activation agent, process conditions, and the properties of the precursor biomass [3].

Conventional chemical activation agents, such as NaOH and KOH, are highly effective in generating
well developed pore structures [4]. However, these methods rely on synthetic chemicals and often
involve environmentally problematic processing steps, including the generation of alkaline waste
streams [5]. Therefore, there is an increasing interest in exploring alternative activation strategies
based on waste derived materials.

One waste derived material is red mud, a by-product from the Bayer process in alumina production.
Red mud is produced in large quantities worldwide and is often considered a waste disposal problem
[6]. However, due to its high content of metal oxides, it is expected to contribute to increase surface
area of the obtained carbon adsorbent. Moreover, its content of sodium has been shown to exhibit
catalytic properties that may also promote pore development during pyrolysis [7]. Utilizing red mud
as an activation agent presents an opportunity to convert two waste streams, biomass and industrial
residue, into a functional material for CO: capture.

In addition to structural properties, the surface chemistry of activated carbon plays an important role
in CO: adsorption. Introducing nitrogen containing functional groups can enhance adsorption
performance by creating additional acid base interactions between the adsorbent and CO:» molecules
[7]. Nitrogen modification can therefore provide a complementary strategy to improve adsorption
capacity beyond physical adsorption alone.

This thesis investigates how the biomass to red mud ratio influences the structural and compositional
properties of biochar and its performance for CO- adsorption. The study further evaluates this waste-
based activation strategy by comparing it with conventional NaOH activation. Additionally, the
effect of nitrogen modification on selected biochar samples is examined to assess its potential for
improving CO: adsorption performance.



2 Theory

This chapter covers all the necessary theory about how activated carbon can be utilized for CO:
adsorption. It explains how activated carbon is produced from biomass using activation agents, as
well as the role of pyrolysis conditions in converting biomass into porous materials such as biochar
and activated carbon. In addition, it describes how activated carbon can be modified through aqueous
nitrogen doping. Finally, a brief overview of the analytical methods applied in this project is
provided.

2.1 Biomass as a Precursor for Activated Carbon
Biomass is composed of residues from plant-based materials and is referred to as lignocellulosic

biomass. These materials contain a high proportion of carbohydrates, meaning they have a high
carbon content [8]. This makes the material a promising precursor for producing active carbon
through biochar. However, the yield of the biochar during pyrolysis depends strongly on the
composition of the biomass [3].

Lignocellulosic biomass consists of three main organic polymers often referred to as pseudo-
components: cellulose, hemicellulose, and lignin [3]. These components decompose at different
temperatures due to their distinct chemical structures. Hemicellulose primarily decomposes at lower
temperatures, usually around 220-315 °C, due to its branched architecture [9]. The weak bonding of
the side chains causes them to break easily by thermal cracking during the pyrolysis process. As a
result of their thermal instability, hemicellulose degrades into volatile organic compounds such as
gases and a small amount of bio-oil. Cellulose is a linear polymer that is held together by strong
intramolecular hydrogen bonds. These bonds make the thermal stability of the molecule significantly
higher than that of hemicelluloses. Thus, it causes the molecule to possess a stable crystalline
structure [3, 10]. Cellulose starts decomposing in the range of 300-400 °C, forming volatile
compounds like mainly bio-oil and a little gas [9]. In contrast, lignin has a more thermally stable
aromatic structure, which promotes the formation of solid carbon residue. As a result, lignin
contributes to most biochar formation and therefore strongly influences the biochar yield [10].
Lignin decomposes at 150-900 °C [9].

Due to these differences in thermal stability and their decomposition processes, the relative
proportions of cellulose, hemicellulose, and lignin in a biomass strongly influence the yield of the
biochar. Biomasses with higher lignin content generally produce higher yields due to the aromatic
and thermally stable structure.

In this study, acacia wood was selected as the biomass precursor. Acacia wood is a hardwood species
that typically contains approximately 20-30% lignin. The high lignin content promotes the formation
of solid carbon during pyrolysis, making acacia wood a suitable precursor for the production of
activated carbon [11].



2.2 Chemical Activation before Pyrolysis
The use of activation agents prior to pyrolysis is a well-known strategy to enhance the development

of porous carbon materials [12, 13]. Impregnation of the biomass before thermal decomposition
allows the activating agent to interact with the biomass structure, functional groups, and cell wall
matrices [ 14, 15]. During pyrolysis, biomass undergoes thermal decomposition, producing biochar,
condensable liquids, and gaseous products [12]. Without prior impregnation, the resulting biochar
often exhibits low specific surface area and limited pore development [16].

Using an activation agent influences thermal decomposition by promoting dehydration,
decarboxylation, depolymerization reactions, and gas evolution [15]. These reactions in turn promote
the formation of pores within the carbon matrix, which enhances the specific surface area (SSA) [12,
15].

Activation agents may also alter the surface chemistry of the biomass by interacting with oxygen-
containing functional groups [17]. These interactions can affect carbon framework stability and
adsorption properties [14, 15].

However, the amount of activation agents must be carefully controlled. Insufficient amounts of agent
may lead to biochar not reaching its full potential with an underdeveloped pore structure. In contrast,
too much activation can cause overconsumption of carbon, structural degradation, and pore
collapse/blocking [2]. Therefore, optimization of the ratio of the activation agent is critical for
achieving a balance between the positive and negative effects.

2.2.1 Red Mud
Red mud is a by-product from the Bayer process of production of alumina from bauxite ore [6]. The

red mud used in this study comes from the Tan Rai Manufactory (Lam Dong Aluminium-Bauxite
Complex Project), Lam Dong Province, Vietnam. The chemical composition of red mud depends on
which plant it comes from. The general composition of red mud is metal oxides and residual alkaline
compounds such as NaOH and KOH, and it exhibits catalytic properties that can be utilized as a
mineral-based activation agent [2]. Red mud is currently a largely underutilized resource and is
commonly regarded as an industrial waste product. This makes it an interesting candidate for
exploring new application areas and further optimizing its performance as an activation agent.
Utilizing red mud for this purpose enables the conversion of two waste materials, biomass and red
mud, into a more sustainable solution for CO: capture. Such an approach would provide a valuable
application for red mud, which is produced in large quantities worldwide.

In more detail, the red mud consists of metal oxides such as SiO2, AlbO3, and an abundance of Fe;O3
[6]. The exact composition varies due to the original composition of the bauxite ore. Specifically for
our case, we used locally produced red mud from Vietnam, which was studied and characterized
using SEM—EDX analysis, confirming the presence of Fe, O, Al, Si, and Na. This composition
generally gives the activation agents properties like high alkalinity and a pH of 12. The different
metal oxides contribute to different catalytic reactions, where Fe>Os3 is the most favourable [18].



During thermal treatment of a biomass, primed with red mud, Fe>O3 has been shown to act as an
oxygen carrier which promotes cleavage of biopolymers [19]. It also enhances the dehydration and
decarboxylation reactions due to Fe>O3 ability during anaerobic conditions, providing catalytically
active sites in the form of metal ions [20]. The Fe>O3 has been proposed to form an unstable
intermediate with -COOH, forming -COOFe, which reduces the binding energy. This increases gas
evolution, lowers the tar production, and simultaneously promotes the carbon yield [18].

As a direct result of using red mud as an activation agent during pyrolysis of biomass, it allows lower
temperatures for effective carbonization, yielding a better conversion rate of biomass to biochar and
enhancing a better surface area because of the promotion of gas evolution [18, 6, 21, 22, 19].
However, excessive use of any activation agent may lead to problems such as pore blocking or pore
collapse [18].

2.2.2 NaOH

Using NaOH as an activation agent is already a conventional method and is widely used in the
production of activated carbon [4]. NaOH participates directly in chemical reactions with carbon
during thermal treatment [5].

During thermal treatment, NaOH reacts with the carbon and oxygen functional groups, leading to
carbon etching and structural rearrangement. This promotes the formation of gaseous production,
which in turn leads to greater pore development [5].

At higher temperatures during pyrolysis, NaOH may also form intermediate sodium compounds such
as NaxCOs or Na;O, which further contribute to pore formation through chemical reactions with
carbon [23].

While NaOH is an effective way of producing pore-rich biochar, it relies on synthetic chemicals and
produces other waste streams, such as alkaline wastewater during washing of the biochar [5]. For this
reason, alternative activation agents such as red mud are of interest as a potentially more sustainable
option. Based on previous studies and in the GeViCat laboratory, a biomass:NaOH ratio of 1:3 was
the only ratio selected for comparison, as this ratio previously produced the highest specific surface
area for similar biomass materials [24].

2.3 Pyrolysis of biomass
During pyrolysis of biomass, the components of biomass are decomposed in an oxygen-deprived

environment through a gradual increase in temperature [25]. As described in “Biomass as a precursor
for activated carbon”, the main components of biomass are hemicellulose, cellulose, and lignin [26].
This results in the production of biochar, a carbon-rich solid material.

The first components to decompose are hemicellulose and cellulose at the temperature range of 200-
400 °C. Functional groups such as -OH and -COOH are eliminated, producing gaseous products such
as CO2, CH4, CO, H>0, and H> [26, 27]. The release of these gases promotes the porous attributes
when they leave the solid structure, creating voids in the carbon matrix [25]. As the temperature



rises, lignin starts to decompose, and the aromatization of the carbon begins to occur. This makes the
carbon more ordered, resulting in a more thermally stable material [26, 27].

Pyrolysis of biomass mainly produces three products in three different phases: A gaseous phase, a
liquid phase, and a solid phase. The gas phase consists of non-condensable gases like Hz, CO, CO-,
and CHa4. The liquid phase is often referred to as tar and consists of bio-oil containing complex
oxygenated compounds. The solid phase is the biochar, which serves as our precursor to the
activated carbon [28].

Previous studies have shown that the distribution of the three product streams is highly influenced by
the temperature [29]. Where a lower temperature leads to higher amounts of the solid phase, and a
higher temperature promotes a bigger gaseous phase. This is because at higher temperatures,
secondary cracking accelerates, resulting in increased formation of gases [30].

2.4 Acetone & Water Washing of the Biochar
During pyrolysis of biomass, various condensable organic compounds such as tar can be formed.

These compounds may stick to the surface of the produced biochar or inside the pore structure,
potentially blocking and limiting surface area [31]. In addition, other organic compounds such as
polycyclic aromatic hydrocarbons (PAHs) and dioxin-like compounds may be produced during
pyrolysis [32].

Previous studies have shown that washing treatments can remove these compounds from the biochar.
Washing with water can remove soluble organic residues and reduce the presence of unwanted
compounds, in turn improving surface area [32].

In this study, acetone was first used as an organic solvent to dissolve and remove tar-like organic
residues that may remain on the biochar. Acetone is commonly used as an extraction solvent of
organic compounds due to its ability to dissolve a wide range of nonpolar and moderately polar
substances [33].



2.5 Modification of activated carbon with nitrogen

A common method to improve the adsorption of COs: is to modify the activated carbon with
additional nitrogen functional groups [7, 38, 41]. Unmodified activated carbon captures the CO:
through physical interactions [36, 40, 42]. Adding nitrogen in the structure of the activated carbon
adds an additional way of capturing the CO., by acid-base interactions [35, 38, 39].

Replacing the acidic groups on the activated carbon with basic groups like nitrogen functionalities
will promote CO: adsorption since the CO- by nature is slightly acidic [7, 35, 38]. It will also help
enhance the selectivity of the adsorption [39, 42]. Creating basic-acid interactions to complement the
Van der Waals forces between the walls and CO- [35, 40].

Introducing nitrogen to the activated carbon can be done in different ways. Either through gas-phase
ammonia, impregnation with amine polymers, or aqueous hydrothermal treatment [7, 38, 41]. This
report will focus on the latter.

Nitrogen in the form of aqueous ammonia is introduced to the activated carbon through
hydrothermal treatment in an autoclave. Elevated temperature and pressure allow the nitrogen to
bind to the carbon surface [34, 37, 39]. This is a method that allows nitrogen functionalization while
still protecting the porous structure of the activated carbon [34, 39].

The modification of the activated carbon retains the reversibility but affects how CO- coordinates to
the surface. [38, 42]. The regeneration of the activated carbon is done in the same way as unmodified
carbons since the acid-base bonds are stronger than the Van der Waals bonds, but still reversible. It
can be done by changing the temperature and/or pressure [36, 38, 42].

2.6 Using activated carbon to capture CO:
Activated carbon (AC) is a material consisting primarily of carbon, with typically around 85% to

95% of its content being carbon. The remaining percentage is composed of heteroatoms such as
oxygen, hydrogen, or nitrogen [43]. Activated carbon can be produced by a wide range of carbon-
containing materials, such as wood, agricultural waste, and coal. Preferably, the precursor has a high
carbon content [43, 44].

Using activated carbon for gas adsorption is favoured because of its unique porous nature, which in
turn benefits to the activated carbon's large specific surface area. Carbon dioxide is a small molecule
with a kinetic diameter of 0.33nm [46]. This allows the small molecule to enter the activated carbon's
pores. Once inside the pores, the CO: hits the walls of the AC, resulting in a physical adsorption
governed by weak intermolecular Van der Waals bonds to the carbon surface [43-45].

Previous studies have shown that the size of the pores is a primary factor of the CO- adsorption
performance [44]. Micropores (<2nm) [45] enable more possible Van der Waals bonds between the
pore walls of the AC and the CO.. However, the appropriate effective size of the pores is also
affected by the temperature and pressure conditions under which the adsorption takes place [44].

An important factor of the AC is its ability to regenerate through desorption of the adsorbed COea.
This could be achieved by changing the temperature or the pressure. By sufficiently changing the



conditions, the weak Van der Waals bonds break and release the CO- again, making it possible to
reuse the AC to capture new CO: [43, 44].

2.7 Analytic methods to determine the quality of AC

In this section, the analytical methods used to evaluate the quality of the activated carbon are
introduced. The performance of the material is assessed through its surface morphology, elemental
composition, specific surface area, and CO: adsorption behavior. Scanning Electron Microscopy
combined with Energy Dispersive X-ray Spectroscopy (SEM—EDX) is used to investigate the
surface structure and elemental distribution. The Brunauer—-Emmett—Teller (BET) method is applied
to determine the specific surface area and porosity of the materials. Additionally, CO: adsorption and
desorption measurements are used to evaluate the adsorption capacity and regeneration performance
of the produced biochar.

2.7.1 Scanning Electron Microscopy & Energy Dispersive X-ray Spectroscopy (SEM-
EDX)
Scanning Electron Microscopy is an analytical method used to investigate the surface morphology

and structural features of solid materials. During SEM, a focused beam of high-energy electrons
scans across the sample surface, which makes the studied material emit secondary electrons that are
detected to produce high-resolution images of the surface topography [48].

It's a particularly useful analysis method to study porous carbon materials, since it provides a high-
resolution image, and information about the particle morphology, surface texture, and larger pore
structures can be inspected. However, micropores, which are the primary CO- adsorbers, cannot be
visualized with this method [48, 49].

Energy Dispersive X-ray Spectroscopy, coupled to the SEM instrument, was used to analyse the
elemental composition of different materials. When the electron beam ejects inner-shell electrons
from atoms in the sample, outer-shell electrons fill vacancies and emit element-specific X-rays. The
X-rays can be detected, allowing identification of semi-quantitative estimation of elemental
composition [48].

2.7.2 BET (Brunauer—-Emmett-Teller) Method
Brunauer-Emmett-Teller method relies on physisorption to determine the specific surface area of a

porous material. The physisorption method implies that the adsorption of the inert gas can be
reversed due to no chemical bonds being formed. During the adsorption of an inert gas, the only
forces being formed and broken are the van der Waals bonds that bind to the surface of the solid
mass [50]. However, the interaction between the surface and other gases in the air occurs constantly
without them bonding. Consequently, to maximize the amount of nitrogen gas absorbed onto the
activated carbon, the interaction must take place in a controlled environment at low temperatures or
in isothermal conditions. While the temperature is constant, the gas concentration and the pressure
increase.



2.7.3 CO: Adsorption & Regeneration
The performance of a CO: adsorbent, such as activated carbon, can be evaluated based on its

capacity to both capture and release CO.. Gas chromatography (GC) is commonly used to quantify
CO: concentrations during adsorption and desorption experiments [47]. By measuring the
concentration of CO: in the gas phase before and after interaction with the adsorbent, it is possible to
determine the net amount of CO: adsorbed.

During regeneration, the adsorbent is reheated, causing the adsorbed CO: to be released. By
analysing the gas phase during this step using GC, the amount of desorbed CO: can be quantified.
Together, the adsorption and desorption data provide a comprehensive evaluation of the performance
of the carbon-based adsorbents, including both their adsorption capacity and regeneration behaviour.



3 Materials and Methods

This chapter describes the material and methods used in this study. It briefly outlines the materials
and chemicals used, as well as their sources. The procedures for the biochar production are described
in terms of ratios rather than exact quantities. Finally, the analytical methods used to characterize the
materials produced are presented, including the operation conditions of the instruments.

3.1 Raw Materials
Acacia wood was used as the biomass precursor for biochar production. The material was obtained

locally in Vietnam.

Red mud, a by-product from the Bayer process of alumina production, was used as a mineral-based
activation agent. The red mud was sourced locally in Vietnam.

Sodium hydroxide (NaOH, analytical grade, >98% purity) was used as a chemical activation agent
for comparison experiments.

Nitrogen gas (>99.99% purity) was used to provide an inert atmosphere during pyrolysis.

Carbon dioxide gas (>99.99% purity) was used in adsorption measurements.

Acetone and distilled water were used for washing and filtration procedures.

Liquid nitrogen was used in the BET procedure to ensure very low temperatures to halt any possible
chemical reactions.

NH3 solution 25% (Xilong, China) was used to nitrogen-modify the biochar.

3.2 Preparation of Activated Biochar
Acacia wood and red mud were sieved separately through mesh sieves to obtain uniformly sized

particles in the range of 0.40mm to 0.20mm. The materials were then placed in separate beakers and
dried in an oven at 100 °C for 4h to remove any moisture.

Two different suspensions were prepared with different mass ratios of biomass:redmud:water; 1:1:1,
respectively 1:3:3. The suspensions were thoroughly mixed to ensure homogenous distribution
before allowing them to impregnate for 5 days at room temperature.

For comparison, biomass was also impregnated using NaOH as an activation agent. A mass
biomass:NaOH:water ratio of 1:3:3 was prepared. The dry biomass was first mixed with solid
NaOH, after which the mixture was slowly added to water under continuous stirring. When
homogeneous, it was left to impregnate for 5 days at room temperature.

Ceramic boats were filled with the wet mixtures. It was placed in the centre of the horizontal furnace
(Lenton Thermal, Hope Valley, United Kingdom). A gas-phase collection system is constructed
together with a nitrogen purge system.

After the isolation of the furnace system was completed, the furnace was purged of oxygen by
pumping N> through the system at 60mL/min for 15 min. The nitrogen flow was then stopped, and
the furnace was heated up at a rate of 20 °C/min.



When the temperature reached 400 °C, the nitrogen flow was resumed to ensure no oxygen was
present inside the furnace. The nitrogen flow was maintained for 30 minutes. Simultaneously, the
first gas-phase bag was filled from 400-450 °C. The bag was replaced with a new bag during the
temperature range of 500-550 °C. Lastly, one last bag was filled with outlet gases at 550 °C.

After 30 minutes of nitrogen flowing, the valve was closed, and the pyrolysis was held at 550 °C for
1h. After 1h, the heating was turned off, letting the furnace cool down overnight with the samples
still inside the oven.

The newly produced biochar was removed from the ceramic boats and weighed. It was placed in a
beaker together with a 2.5x more acetone than biochar by weight, in order to remove any residual
organic compounds. The suspension was placed on a magnetic stirrer to allow washing for 24 hours.

The acetone was then vacuum filtered out to try to recover as much acetone as possible. The biochar
was then washed with water and filtered using a total 800ml water to make the filtrate neutral pH.

When the filtrate was neutral, the biochar was placed in an oven at 100 °C to dry completely
overnight. The dry biochar was then ground up to a fine powder and stored in zip bags.

Two simple magnetic separation tests were conducted to investigate whether iron-containing phases
could be removed from the produced biochar. In the first test, a handheld magnet was placed directly
in the dry biochar powder to determine if magnetic particles could be separated. In the second test,
the biochar was dispersed in water to form a suspension, after which a magnet was placed on the
outside of the beaker in an attempt to attract and separate the iron-containing particles.

3.2.1 Biochar Modification with Nitrogen

The biochar produced using the 1:1 red mud ratio and the biochar produced using the 1:3 NaOH
activation were selected for nitrogen modification. 0.5g of each biochar sample was placed in
separate autoclaves and mixed with 75mL of aqueous ammonia solution (25-28wt% NH3). The
autoclaves were tightly sealed and placed in an oven for 200°C for 48h to allow hydrothermal
nitrogen modification of the biochar samples. After the treatment, the suspensions were vacuum
filtered to recover the modified biochar. The collected samples were then dried in an oven at 100 °C
overnight.

3.3 Analytical Methods
This section describes the analytical techniques used to characterize and analyze the produced

biochar as well as the collected gas phase during pyrolysis. Several different methods were applied
to investigate the morphology, elemental composition, specific surface area, adsorption & desorption
performances of the materials, and the produced gases. The section presents experimental conditions
for the analysis that were performed.

3.3.1 SEM & EDX Analysis
The biochar was placed on adhesive carbon tape and put into the Jeol JCM-7000 microscope (Tokyo,
Japan) to perform Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy
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(EDX) analysis. The SEM images were captured at three different magnifications (500x, 3000x, and
15000x), and the EDX was examined at 15kV acceleration voltage.

3.3.2 BET Surface Area Analysis
Small samples of the biochar were weighed and placed in tubes. The tube was placed in a vacuum

and heated up to remove all water and other absorbed gases. After the sample cooled down, it was
attached to the Micromeritics Gemini VII device and lowered into liquid nitrogen. Then, each
sample was set on the device to be measured at 10 different points.

3.3.3 CO: Adsorption Measurement
Firstly, the biochar needed to be the suitable particle size to allow the gas flow to penetrate the

particles of biochar in the colon. Therefore, the powdered biochar was pressed in a hydraulic hand
press, Specac Ltd. (Orpington, UK), and then sieved to collect uniform biochar particles at a size of
0.7mm to 0.4mm.
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Figure 1. Equipment for CO, adsorption and desorption

The biochar was then sealed in a glass colon by using a small piece of glass fiber on both ends.
However, the isolation was not tightly packed since it could make the particles break into smaller
pieces. This may have resulted in the gas not being able to pass through the colon.

The GC was turned on and once the oven reached 200 °C a continuous gas flow of nitrogen was
passed through the system. The system was then flushed with only nitrogen until no impurities was
found in the chromatograph.

After ensuring no impurities were left in the system, the nitrogen flow was redirected through the
colon while it was simultaneously heated up to a temperature of 200 °C for 1 hour. This degassing
process washed out the contaminants that may have been stuck inside the biochar’s pores. The
system was then cooled down by utilizing a fan to speed up the process. While the system was

11



cooling down blank GC runs were performed to ensure that any potential contaminants from the
degassing got flushed out. At the same time, the gas flow rate of nitrogen and carbon dioxide was
determined to confirm that correct amount nitrogen-to-carbon dioxide ratio was prevalent. The
regulation ratio was set at 10% CO: and 90% N in the mixed gas flow. The total flow rate varied
between 94 ml/min and 85,2 ml/min due to how easily the flow could go through the material in the
colon.

When the flow was regulated to the wanted ratio, the GC was flushed with nitrogen until no carbon
dioxide from the regulation was shown in the chromatogram. The carbon dioxide and nitrogen were
then turned on to create the bypass Three bypasses were created to ensure that the system and flows
were consistent.

The system was flushed again with nitrogen to remove all the carbon dioxide that might have gotten
stuck in the system. The adsorption then begun by letting the mixed regulated gas flow through the
biochar packed colon. The GC ran until the carbon dioxide peak was unchanged or until it was the
same as the reference CO: peak.

The system was then flushed again until no carbon dioxide peak appeared to ensure no carbon
dioxide was left in the system. The desorption begun by heating up the colon to 150 degrees for 3
hours. During these three hours, the GC was continuously measuring and was stopped when the
carbon dioxide peak disappeared.

3.3.4 Gas Phase Analysis
Firstly when analyzing the gasses produced during the different pyrolysis’s the Gas Chromatograph

was turned on with the settings shown in table 1.

Detector TCD
Temperature Detector 200°C
Injection Chamber Temperature 40°C
Column Flow 20ml/min
Gas Injected 0.5ml
Running Time 14.35min
Carrier Gas Helium

Table 1. The settings used for the gas chromatography.
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Figure 2. The Gas Chromatography System

When the detector TCD temperature reached 200°C the sample was prepared. During the Gas Phase
analyzis the same GC was used however instead of an online sampling by a sampling loop attached
to the GC we manually injected our sample. A gas tight syringe was inserted into the sample bag and
the gas was mixed by repeatedly drawing and reinjecting the gas to ensure a homogeneous
composition (see figure 2). The syringe was then filled with 0,6 ml, after which 0,11 ml was
reinjected to the bag. This resulted in a final sample volume of 0,5 ml. The syringe was inserted into
the injector port and the sample was injected. The gas chromatography run was conducted for 18
14,35 min after which the chromatographic peaks were identified based on their retention times and
their appearance.

3.4 Calculation

In this section, the calculations used to quantify experimental parameters are described. These
include yield calculations, gas phase analysis, and adsorption—desorption calculations. The methods
applied provide a basis for evaluating the material performance and comparing the different
activation approaches.

3.4.1 Yield Calculation
Different yield values were calculated in order to obtain a broader understanding of the method. Two

types of yields were evaluated: the yield directly after pyrolysis and the yield after the washing
procedure.

All yields are reported as percentage values and were calculated using the following math equations:

Yield After Pyrolysis = Biochar

v fter Pyrolysis = Biomass + Red Mud
Washed Biochar

Yield After Washing =

Biomass + Red Mud

For NaOH-activated biochar, most of the NaOH could be washed away. Therefor the yield was
calculated by the following equation.
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Washed Biochar

Yield After Washing = Biomass

In these equations, biochar refers to the mass of solid dry products obtained right out of the pyrolysis
oven. Washed Biochar refers to the recovered mass after the acetone washing, water washing and
final filtration procedures were complete. Biomass represents the initial dry mass of acacia wood and
Red Mud corresponds to the initial dry mass of red mud added during activation.

3.4.2 Gas Phase Calculations
For each biochar sample and temperature range replicates were made. From these replicates the

average peak area was calculated and used to determine the gas concentrations.

The relationship between peak area and concentration was defined using the calibration equation:
Astandara = mx

where Agtanaara 15 the standard peak area for the component, x is the percentage concentration of

the component and m is the slope of the calibration curve. Value A and x was given to us based on

the standard.

Gas Concentration Astandard m
Percentage
Hydrogen 30% 0,2857 0,95
Nitrogen 99,90% 120,2411 120,36
Methane 35% 17,8079 50,88
Carbonmonoxide 10& 6,9777 69,78

Tabell 2: Presents the different percentage concentrations of each gas, their standard peak area and the calculated slope
of the calibration curve.

The average concentration was then calculated as:
C = AAverage * X
Astandard
The calculated concentrations were used to construct bar chart. Each chart represents a specific

component (e.g. hydrogen). The x-axis corresponds to the temperature ranges while the y-axis
represents the concentration. For each temperature range three bars were shown corresponding to the
different biochar samples.

3.4.3 CO:z Adsorption & Desorption Calculations
When all carbon dioxide peak areas had been recorded, the CO, concentration was calculated. Both

the relative concentration (as a percentage of the total flow) and the absolute concentration were
determined.

The percentage concentration was calculated as:

_ Speak 0
CPercentage - ACOZ Peak * X (A))
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Where, Acoz peak 1S the peak area obtained from the gas chromatography analysis for each
adsorption and desorption experiment, and Sp,.q i the standard peak area determined as the average
from at least three bypasses. The variable x represents the known CO, fraction in the gas feed which
was around 10%.

The gas flow rate was measured using a bubble flow meter and then calculated using:
V+60
Tt
Where r is the volumetric flow rate (L/min), V is a chosen volume (L), and t is the time (s) required

for the gas to reach that volume. In our case we had V as 0,5 ml.

Using the flow rate, the experimental CO, fraction in the total flow was calculated as:

_ Tco2
xexperimental -
TTotal

The absolute concentration was obtained from:

Speak

Ccoz = Acoz peak * X )
experimental

These concentrations were subsequently used to determine the amount CO, that had been adsorbed
in each run. The adsorbed amount was calculated by numerical integration using the trapezoidal rule:

t1
Sadsorp = ZO[E * (2Cmax — (Ci + Ciyq)) * At
Where S, was the total amount adsorbed, Cp,4, Was the highest concentration adsorbed amongst

all the runs. C; and C;,;was the concentration at different times and where At was the time interval
between the measurements of concentration.

The same calculations applied for desorption when quantifying the concentration of CO,. However
when calculating the total amount desorbed this equation was used:

t1
Sdesorp = ZO[E * (C; + Ciyq) * At

Then the total amount adsorbed and desorbed amounts were obtained by summing up all the
concentrations over the entire time.

Finally, the adsorption/desorption capacity was calculated by converting it from ppm*min to
mmol/g:
Teor ¥ 1076 % S

224 m
Where q is the adsorption or desorption capacity (mmol/g), 1, 1s the total integrated CO, signal
(ppm*min), 107 is the conversion factor from ppm to molar fraction, S is the volumetric gas flow
rate (L/min), 22.4 is the molar volume of an ideal gas at standard conditions (L/mol), and m is the
mass of the adsorbent (g).
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4 Results & Discussion

This chapter presents the experimental results obtained in this study and provides interpretations of
the findings. The results are discussed in relation to the objective of the thesis and existing literature.

4.1 SEM-EDX Morphology and Elemental Composition of Raw Material
In this section, the morphology and elemental composition of the raw materials used in this study are

presented and discussed. SEM-EDX analysis was performed on both acacia wood and red mud in
order to characterize their surface structure and composition prior to pyrolysis. This provides a
reference point for evaluating the changes during the biochar production.

4.1.1 Raw Acacia Wood
Raw Acacia Wood Elemental Composition

Element Mass % Atomic %
C 54.52 +5.66 62.58 +5.03
Q) 41.22 £5.45 36.88 £ 4.82
K 3.23+3.02 1.47 £1.36
Mg 0.27 £0.42 0.22+0.34
Cl 0.11+£0.19 0.07+0.13
Al 0.04 +0.07 0.03 +0.05

Table 3. Elemental surface composition of raw acacia wood determined by SEM-EDX analysis. Values represent mean +
standard deviation from multiple measurement points.

SEM-EDX analysis of the raw acacia wood biomass showed that the material consisted primarily of
carbon and oxygen, with somewhat consistent potassium contents ranging between 0-7 mass%. In
some localized regions, small amounts of magnesium, chlorine, and aluminium were detected,
although these were not consistently present across all measurement points. The presence of
potassium is noteworthy, as previous studies (e.g., Synthesis and Characterization of Biochars and
Activated Carbons Derived from Various Biomasses) have reported that naturally occurring
potassium in biomass can promote activation processes and enhance both specific surface area (SSA)
and CO: adsorption performance. Cl and Al are minor components, due to the lesser accuracy of
EDX method, these elements can be considered uncertain.
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Figure 3. SEM 1500x 15kV Photo & Mapping of Raw Acacia Wood

4.1.2 Raw Red Mud

Element Mass % Atomic %
C 3.81 +£1.26 7.00 +2.35
0] 33.94+0.94 54.86 +0.95
Na 4.17£0.36 4.52 +0.09
Al 9.14+ 141 9.28 +£0.55
Si 4.47 +0.47 3.89+0.48
Fe 42.12 £1.48 19.06 + 0.58

Table 4. Elemental composition of raw red mud determined by SEM-EDX analysis. Values represent mean + standard
deviation from multiple measurement points.

The EDX analysis of the raw red mud confirmed the presence of multiple inorganic components,
including measurable sodium concentrations of approximately 4-5 mass%. Sodium is commonly
associated with chemical activation processes and may contribute to activation effects during thermal
treatment. However, what the chemical composition of sodium as well as the actual availability of
the sodium under the pyrolysis in this study remain uncertain. Fe is the main composition of red

iand Al

mud, together with some S
e >._.» o~

8
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Figure 4. SEM 1500x 15kV Photo & Mapping of Raw Red Mud
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4.2 SEM-EDX Morphology and Elemental Composition of Biochar
In this section, the morphology and elemental composition of the biochar produced in this study are

presented and discussed. SEM-EDX analysis was performed on all different samples of biochar,
including the different red mud ratios, NaOH-activated biochar, and nitrogen-modified biochar. The
analysis provides insight into the surface structure and composition of the materials, allowing
comparison between the different activation methods and modification approaches.

4.2.1 Effect of Red Mud Ratios
Comparing the EDX results of the two ratios, a substantially higher Fe and overall mineral content

are observed in the 1:3 sample. Correspondingly, the relative carbon content is significantly lower
compared to the 1:1 material. The relatively large standard deviations observed for several elements
indicate a heterogeneous distribution of mineral phases across the biochar surface. Ca, K, S are
minor components, due to the lesser accuracy of EDX method, these elements can be considered
uncertain. Comparing the element composition of the raw biomass, raw red mud, and the produced
biochar reveals clear changes in the composition after pyrolysis. The carbon content in the biochar is
significantly lower than that of the raw biomass. At the same time, the relative iron content becomes
more prominent in the biochar samples. Noticeably, elements such as Si, Al, and Na showed a lower
relative percentage of the composition compared to the raw red mud. This may be due to the fact that
Si and Al may react with NaOH in read mud at high temperature to form Na2Si03 and NaAlO2 with
may be filtered out of the solid during the washing process. NaOH may also react with C in biomass
to form Na2CO3 which is also lost during the washing process. The presence of Ti may be due to the
increase of it content, which is originated from red mud but is in too low content to be detected in the
raw read mud, due to the decrease of Al, Si content.

Element |Ratio 1:1 Mass%  |Ratio 1:3 Mass%  |Ratio 1:1 Atomic% Ratio 1:3 Atomic%
Fe 40.48 +£17.62 50.49 £ 19.08 25.55+15.87 29.63 £ 16.88
Q) 25.59 £ 8.12 29.68 +11.62 38.02 £13.48 39.48 £15.23
C 27.04 + 18.96 13.77£11.25 30.37 +26.39 16.68 £ 14.33
Al 4.45+2.01 3.53+1.81 4.68 £3.66 3.49+249
Si 1.86 £0.83 1.49 +0.62 1.63 £0.90 1.31+0.57
Ti 3.12+1.10 3.75+1.21 1.84 £0.79 2.12+0.87
Na 1.28 £0.52 2.18+0.94 1.66 £0.77 2.83+£1.25
Ca 0.99 £0.46 0.72 +0.39 0.67+0.33 0.48 +£0.25
K 0.21 £0.16 0.38 £ 0.27 0.20+0.14 0.36 £0.22

S 0.26 £0.22 0.41+0.31 0.18+0.13 0.29+0.21

Table 5. Compiled SEM-EDX results showing the mean elemental composition (mass% and atomic%) and the standard
deviation of biochar samples for activation ratios 1:1 and 1:3. Values represent average measurements from multiple
analysed regions.

SEM images and elemental mappings further confirm these findings. The surface morphology of
both samples is influenced by mineral phases; however, the 1:3 sample shows a more pronounced

18



dominance of iron-rich regions. In this material, iron-containing particles appear more uniformly
distributed across the surface, whereas the 1:1 sample retains comparatively larger carbon-rich areas.
These results indicate that increasing the red mud ratio leads to greater mineral prevalence at the
biochar surface and a reduced exposure of carbon-rich domains.
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Figure 6. SEM 500x 15kV Photo & Mapping of 1:1 Ratio Sample

This outcome is expected, as a higher amount of red mud introduced prior to pyrolysis results in a
larger fraction of non-volatile inorganic oxides remaining in the solid residue. The reduction in
relative carbon content can partly be explained by a dilution effect, where increasing mineral mass
lowers the proportional carbon fraction. In addition, the catalytic effects of metal oxides during
pyrolysis may promote carbon conversion to gaseous products, further reducing the fixed carbon
content in the final material. Overall, the inorganic fraction plays a decisive role in defining the
chemical identity of the produced biochar.

Studying the morphology with SEM-EDX, we also observe that the solid residue from the mineral
composition becomes dominant on the surface of the biochar. The SEM imaging and elemental
mapping further confirm that a higher ratio of red mud will be even more dominant on the surface of
the biochar. Interestingly, some heterogeneity could be seen during the SEM-EDX analysis. Pure
parts of carbon could be found during examination, and generally more often in the 1:1 ratio. This
could be explained by non-uniform impregnation of red mud and biomass prior to pyrolysis, as well
as localized aggregation of mineral particles. The decrease in carbon content observed in the biochar
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samples can likely be connected to the thermal decomposition of the biomass during pyrolysis,
where the volatile compounds containing carbon such as CO2, CO and hydrocarbons are released.
The enrichment of the iron in the biochar is expected since the mineral phases from the red mud
remain, while organic compounds from the biomass are partially volatilized. This results in a higher
relative concentration of inorganic compounds in the final biochar.

In contrast, the lower relative percentages of Si, Al, and Na may partly be related to the
heterogeneous distribution of the mineral phases, since the SEM-EDX only measures the surface of
the sample.

4.2.2 Comparison with NaOH-activated Biochar
The SEM-EDX and elemental composition analysis of the NaOH-activated biochar show a big

difference compared to the red mud activated biochar. Most notably, a higher amount of carbon is
present in the biochar because different from the red mud, NaOH was removed during washing after
the pyrolysis. Considerably lower amounts of minerals like Fe, Al, and Si are still present, which
indicates that the surface of NaOH-activated biochar is dominated by carbon rather than inorganic
mineral phases. Fe, Al and Si may be contaminants from the ceramic boats. Lower amounts of Na
are also observed, which suggests that most of the remaining Na after pyrolysis was successfully
washed away during the washing procedure, but not completely.

Element Mass % (mean + SD) Atomic % (mean = SD)
C 67.24 +1.65 77.76 +£3.98

(0] 18.72 £2.74 16.42 +2.28

Na 243 +£1.45 1.46 +0.89

Mg 0.06 £0.11 0.03 £0.05

Al 2.79+£0.77 1.88 £0.59

Si 3.24+£1.50 1.80+1.16

Ca 0.49 £0.56 0.17+0.19

Fe 1.16 £ 1.39 0.28 £0.33

Table 6. Average elemental composition of NaOH-activated biochar determined by SEM—EDX analysis. Values
represent the mean of four measurements + standard deviation.

In contrast, the red mud activated biochar exhibits a much higher abundance of mineral elements,
particularly iron which remains solid during pyrolysis and therefore strongly influences the surface
of the produced material. The higher carbon content observed in the NaOH-produced biochar
suggests that this activation method produces a material with a larger fraction of exposed carbon
surfaces, whereas red mud derived biochar forms a type of mineral-carbon composite structure.
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Figure 7. SEM 3000x 15kV Photo & Mapping of 1:3 NaOH Ratio Sample

The differences in surface composition between the two activation agents are expected. The
influence on the adsorption properties of the activation agents has to be evaluated by BET analysis
and CO: adsorption measurements.

4.2.3 Nitrogen Modification Biochar
SEM-EDX analysis of both nitrogen-modified biochars (1:1 red mud activated and 1:3 NaOH

activated) revealed only small signals of nitrogen in very localized areas. In larger elemental
mapping areas, nitrogen could not be detected clearly.
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Figure 8. EDX of 1:3 NaOH-activated, ammonia-treated biochar, showing the presence of nitrogen.

This might be because of the low detection sensitivity of EDX for light elements such as nitrogen,
and adding nitrogen through hydrothermal treatment is considered a mild modification method that
often results in a low percentage of impregnation, while still being a good way of getting a high
dispersity of nitrogen, which in contrast can make detection by EDX even more difficult.
Hydrothermal ammonia treatment did not appear to change the overall morphology of the biochar
samples, as elemental compositions and SEM images showed surfaces similar to unmodified
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biochar, with dominating mineral phases for the red mud activated samples and still the presence of
Na for the NaOH activated samples, and although some small areas of nitrogen could be detected,
the overall morphology stayed unchanged.

4.3 Biochar Yield
For the biochar produced with red mud as an activation agent, two different yields were calculated:

one directly after pyrolysis and one after the complete washing procedure. In the case of the NaOH-
activated biochar, only the final yield after washing was considered relevant, since the washing steps
remove most of the remaining NaOH from the material.

The red mud activated samples showed relative consistency. Particularly examining the yield directly
after pyrolysis. The ratio 1:3 resulted in yields of approximately 68-70%, while the 1:1 ratio
produced yields around 54-55%. The large yield of 1:3 can be attributed to the simple fact that there
is a higher amount of red mud which can’t be converted during pyrolysis. A somewhat larger
variation was observed after the washing procedure. This variation may partly be attributed to
procedural refinement, including improved filtration efficiency in later experiments. The later ones
were done more efficiently using fewer filter papers, which in turn means smaller losses. The pre-
wash yields calculated from red mud replicates experiments are approximately the same, confirming
the reproducibility of the pyrolysis.

The recovered yield for the NaOH-activated biochar was substantially lower compared to the red
mud activated samples. From 15g of raw biomass, only 0.6g of biochar could be collected after the
washing procedure. However, since this value is lower than expected, it should be interpreted with
caution and may reflect material losses during pyrolysis, washing, or filtration rather than the actual
yield of the NaOH activation route.

Another possible explanation is that NaOH reacts with carbon during thermal treatment, leading to
the formation of intermediate sodium compounds such as Na.COs. Since these compounds are highly
water-soluble they are removed during the washing procedure. In contrast, the mineral oxides present
in red mud do not undergo the same type of reaction and therefore remain incorporated within the
carbon structure after washing. This may be the reason why NaOH activated biochar exhibited a
substantially greater mass loss during the washing procedure compared to the red mud samples.

However, red mud also contains small amounts of NaOH which may react similarly during pyrolysis
and subsequently be removed during washing. This could contribute to the observed mass loss after
washing and thereby lower the final biochar yield. Since 1:3 red mud ratio contains a larger amount
of red mud and consequently a higher amount of NaOH, this may explain the greater reduction in
mass and yield for the 1:3 red mud sample compared to the 1:1.

Ratio Run ||Initial Mass (g) ||Dry Biochar (g) ||Yield Before Wash (%) |[Final Yield (%)
1:3 Red Mud |#1 |60 33.7 70.47 56

#2 |24 14.85 68.75 62

#3 |24 15.3 70.42 64

22




Ratio Run |[Initial Mass (g) ||Dry Biochar (g) ([Yield Before Wash (%) |Final Yield (%)
1:3 Mean £+ SD 69.88 + 0.98 60.67 £ 4.16
1:1 Red Mud |#1 |30 12.7 54.57 42
#2 |12 5.8 55.00 48
#3 |12 6.5 55.00 54
1:1 Mean £+ SD 54.86 + 0.25 48.00 = 6.00
1:3 NaOH #1 |15 0.6 - 4

Table 7: Yield results for different ratios, activation agents.
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4.4 Gas Phase Analysis
In this section, the gas phase composition obtained during pyrolysis is presented and discussed. The

analysis is divided into three temperature ranges (400—500 °C, 500-550 °C, and above 550 °C) to
evaluate how gas formation evolves with increasing temperature. The results are compared for the
different red mud activation ratios as well as for the NaOH-activated biochar.

4.4.1 Unknown Gas

Table 7 shows the different retention times that matches the standard retention time for hydrogen.
According to the table the presence of hydrogen should be available in almost all pyrolysis’s with
red mud while none is present in the sodium hydroxide.

1:1 Red Mud 1:3 Red Mud 1:3 NaOH
Hydrogen Hydrogen Hydrogen
Standard
1.18 1.18 1.18
g 1.182 1.185
© o
= 400-500°C 1.185 - -
= - -
=
% 1.202 -
2 500-550°C 1.185 - -
x _ i
- 1.235
550+°C - - -
1.185 1.185

Table 8: Only based on the retention times and represents the retention time of hydrogen for each replica and each
temperature range

However the table is only based on the times without actually analyzing the peaks. After observing
the different peaks we can conclude that these peaks are indeed not hydrogen. The reason for this
assumption is because the hydrogen peak is different. In contrast with other peaks hydrogen peaks
goes down. In conclusion none of the peaks was hydrogen. We can only conclude that these peaks
are some kind of impurities.

One possible reason for their occurrence is that only 0,5 ml was injected in the system meaning that
there could have been an unequal distribution of the gas in the bag. Efforts were made to avoid this
by repeatedly drawing and injecting it using a gas-tight syringe. This meant that the gas was
manually mixed to reach a homogenous mixture.

4.4.2 Methane Gas

In the Figure 10 it can be observed that in the temperature range 400-500°C all three pyrolysis shows
similar methane concentrations. In the range 500-550 °C, the 1:1 red mud and the 1:3 sodium
hydroxide samples shows significantly higher methane concentrations compared to the 1:3 red mud
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sample. One possible explanation is that a higher red mud ratio may lead to pore blockage, which
limits the formation of intermediates that are usually produced around these temperatures. The
intermediates that would otherwise produce methane can instead be promoted to convert into other
gaseous products such as CO. At temperatures higher than 550 degrees we can see much higher
methane concentration in the sodium hydroxide compared to the red mud ones. One possible
explanation is that NaOH reacts with the carbon during pyrolysis promoting the formation of
gaseous compounds. Since 1:3 red mud contains larger amounts of red mud and consequently a
higher amount of NaOH, this may contribute to the higher formation of methane observed compared
to the 1:1 red mud sample.

One particular trend that is similar across all experiments is that the concentration of methane
increases with increasing temperatures. This is consistent with theoretical expectations since the gas
production increases with temperature due to progressive thermal decomposition of the pseudo
components of the biomass. At temperatures above 550°C cellulose, hemicellulose and lignin has
majorly started to decompose and gas formation becomes the dominant reaction pathway, which is
why in the diagram we can see that for all the experiments the concentration increases at higher
temperatures.
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Figure 9. The average concentration methane captured from different ratios and activation agents during pyrolysis

4.4.3 Carbon monoxide Gas

With carbon monoxide we can observe based on figure 6 that at lower temperatures the blocks do not
differ much. However, both red mud attempts is producing higher concentrations then sodium
hydroxide. This is even more clear when the temperatures rises since the blocks of red mud
significantly increase while the carbon monoxide concentration in the sodium hydroxide doesn’t
change significantly. One core explanation that has been brought up before in the thesis is that red
mud has catalytic properties. And with higher ratio of red mud more active sites are available. These
catalytic properties often converts oxygen containing intermediates into carbon monoxide. Also, Red
mud contains a large amount of Fe-Os which can react with carbon to form FesO4 and CO. Since the
1:3 red mud sample contains more Fe:Os consequently the formation of carbon monoxide is higher
compared to 1:1 red mud.
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Figure 10. The average concentration CO captured from different ratios and activation agents during pyrolysis

As carbon monoxide can easily be oxidized to carbon dioxide and is highly toxic at elevated
concentrations, its formation during pyrolysis is undesirable and should be minimized. This suggests
that the use of red mud as an activation agent is less favourable when evaluated solely based on this
aspect.

4.5 Surface Area Analysis (BET)
BET surface area analysis revealed clear differences in specific surface area (SSA) between the

different ratios as well as the different activation agents. For red mud activated biochar, the lower
ratio of 1:1 resulted in a higher SSA of 94m?/g, whereas the higher ratio of red mud 1:3 showed a
lower SSA of 74m?/g.

Increased red mud content may affect pore development in multiple ways. The mineral particles can
act as structural templates that influence gas evolution and pore formation during thermal treatment.
At the same time, excessive mineral content may occupy or block pore structures reducing the
specific surface area available for adsorption. The measured surface area therefore reflects a balance
between pore formation and pore obstruction.

In contrast, the NaOH-activated biochar resulted in a significantly higher SSA of 313m?/g. The large
difference was expected since NaOH is used as a common activator for porous carbons. It’s known
to promote strong chemical reactions with the carbon matrix to enhance pore formation. These
results further confirm this and indicate that NaOH activation is an effective way of producing
porous carbon.

Activation agent Ratio (Biomass : Activator) Sample ID BET SSA (m?/g)
Red Mud 1:1 #1 94
Red Mud 1:3 #1 74
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Activation agent

Ratio (Biomass : Activator)

Sample ID

BET SSA (m%g)

NaOH

1:3

#1

313

Table 9. Presents the SSA of different ratios and activation agents.

Specific Surface Area is a strong indicator of CO: adsorption efficiency, but more analysis methods
like CO: adsorption and desorption are needed to get a clearer and more honest result. For example,
it should be noted that the presence of the residual mineral phases in the red mud activated samples
may dilute the measured surface area when expressed per gram of total material.

4.6 CO: Adsorption Performance
This chapter presents the results of the biochar’s adsorption-desorption abilities carbon dioxide. It
also contains comparison between 1:1 Red Mud activation and 1:3 NaOH activation to produce

biochar.

4.6.1 1:1 Red Mud

The observed adsorption behavior indicates that the material initially captures CO, effectively. This
is indicated by the zero outlet concentration at the beginning of the adsorption curve. As time
increases the CO, concentration rises which suggests that the biochar gradually becomes saturated
and that the gas begins to pass through the system. However the initial low outlet concentration may
also be influenced due to the time required for the gas to pass through the system. Which can mean
that when the experiment has begun the CO, has not yet had the time to reach the injection point.
This may result in delay in time.

During desorption we can clearly see that in the beginning, the CO, is released rapidly and then
steady decreasing until it reached 0. This indicates that the desorption was efficient.
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Figur 11. CO, Adsorption and desorption curves for biochar derived fopm 1:1 Red mud ratio.

However table 9 indicates that total quantity of desorbed CO, is low. This can be observed by the big
difference between the adsorption quantity and the desorption quantity. This means that CO, was
captured tightly inside the biochar but regeneration of the biochar was difficult. One main reason
may be that red mud has a lot of catalytic sites causing the carbon dioxide to bond more stronger to
these, making it more difficult to break these bonds. One way that could make the regeneration
higher would be desorption at higher temperature. Since higher temperature leads to more bonds
breaking it could desorb higher quantities from the saturated biochar.

Adsorption 0.0259 (mmol/g)

Desorption 0.0006 (mmol/g)
Table 10. Present the adsorption-desorption for 1:1 Red Mud activated biochar.

4.6.2 1:3 NaOH

The observed adsorption behavior indicates that the material shows limited CO, capture at the
beginning of the experiment. This is reflected by the paid increase in the outlet CO, concentration,
which reaches approximately 9% within a short period of time. This suggests that the biochar
becomes saturated quickly and that CO, passes through the system with minimal adsorption.

During desorption, it can be observed that the CO, concentration decreases indicating that CO, is

released from the material. However the relatively low concentration during the desorption phase
suggests that only a limited amount of CO, was adsorbed in the first place.
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Despite the adsorption and desorption curves suggesting a relatively affective process, the calculated
values in table 10 reveals that the amount of CO, recovered during desorption is significantly lower

than the amount adsorbed. This evident from the adsorption capacity of 0,00201 mmmol/g compared
to desorption capacity of only 0,0009 mmol/g.

This indicates that the regeneration of the biochar was limited, as only a small portion of the CO,
catured was released. This behaivor may be attributed to strong interactions between CO, and the
surface of the pores, or to it becoming trapped within the pore structure of the material.

Adsorption 0.0201 (mmol/g)

Desorption 0.0009 (mmol/g)
Table 11. Present the adsorption-desorption for 1:3 NaOH activated biochar.

4.6.3 Modified Biochar

For the CO, adsorption experiment with modified biochar, both red mud and NaOH was tested 5
times in total, but all failed. The gas flow through the colon was very slow making it impossible to
achieve the wanted ratio of the mixed gas. This indicates that the gas could not flow through the
biochar because of its size. However, we used the same size as on the nonmodified one and that
worked. After 3 failed attempts we removed the biochar that was tested and could observe that the
pressure from the gas had broken the particles into smaller sizes which was the reason for the low
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flow rate. This means that the modified biochar was too fragile to run through the colon. It may be
due to modified biochar containing ammonia inside the pores. This can make the particles more
prone to stick and result in blockage of the colon.

4.7 Choice of methods
This section discusses the method choices made in this study and the reasoning behind them. It

covers activation agent ratio choices, pyrolysis temperature choices, and separation of iron attempts.

4.7.1 Choice of ratio
The activation ratios used in this study (1:1 and 1:3) were selected based on previous activation

agent research conducted within the GeViCata laboratory, where these ratios showed promising
results for biomass activation. These ratios were therefore considered relevant starting points for
evaluating the effect of red mud as an activation agent.

A broader range of ratios could provide a more comprehensive understanding of the relationship
between activation agent loading and biochar properties. However, due to time constraints, the study
was limited to these selected ratios, which were deemed sufficient to observe general trends and
enable comparison with NaOH activation.

4.7.2 Separation of Iron from Biochar
The magnetic separation tests showed that both mineral particles and carbon material were attracted

to the magnet. As a result, it was not possible to separate the iron while also removing a significant
amount of carbon.

The unsuccessful separation can likely be explained by the fact that the iron species originating from
the red mud were strongly integrated within the biochar structure during pyrolysis. This is also
indicated by the SEM-EDX mapping, where we can see small particles of iron covering and being
fully incorporated with the carbon.

Due to the difficulty of separating the iron from the carbon matrix without significant material
losses, the biochar samples were therefore analysed and used with the red mud residues remaining in
the material. Consequently, the produced material can be considered a mineral carbon rather than a
pure carbon-based adsorbent.

4.7.3 Pyrolysis temperature
Knowing that a lower temperature often produces a higher yield of biochar, one could question why

we didn’t change the pyrolysis temperature. Getting a big yield on your product is always a great
metric; our project's focus was to promote a big specific surface area and good adsorption abilities.
Higher temperatures equal more gas, which is a main factor in producing porous carbons. Therefore,
we believe, through earlier work done in this lab and field, that 600 °C would be a sweet spot. At this
temperature, the compromise between the biochar yield and the gas production is also more
comparable with a broader research framework.
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4.8 Limitations & Sources of Error
Some limitations and potential sources of experimental error should be considered when interpreting

the results of this study.

It should be noted that BET measurements were performed on a single sample for each ratio.
Therefore, the reported SSA should only be interpreted as indicating values rather than statistically
strong averages.

Due to time limitations, only one replicate of the NaOH-activated biochar could be produced.
Consequently, it was not possible to evaluate the reproducibility of the yield or assess experimental
variability for this activation method.

During one of the pyrolysis runs, one ceramic boat broke, resulting in the loss of the produced
biochar.

When the suspension of the activation agent and biomass was transferred from the beaker to the
ceramic boat, a small extra amount of water was used to make sure all of the suspension was used,
resulting in a few extra mL of water used compared to the actual ratio.

While washing the biochar after pyrolysis, filter papers were used, resulting in some small amounts of

biochar being unavailable to recover. Therefore, this is a step where losses are nearly impossible to
avoid.
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5 Conclusion

This study investigated the production of activated biochar from acacia wood using red mud as a
mineral activation agent, with NaOH-activated biochar included as a reference material. The results
provide insight into how different activation agents, as well as different ratios, affect the
composition, influence the structural and surface properties and impact the adsorption-desorption
abilities of the material.

SEM-EDX analysis revealed that red mud activated biochar contain a significant fraction of
inorganic phases, iron being the most dominant element. Increasing the red mud ratio from 1:1 to 1:3
resulted in a higher mineral content and a corresponding decrease in relative carbon content. The
results also showed a heterogenous distribution of the mineral content across the surface, with
localized carbon-rich areas more frequently observed in the 1:1 sample. These findings confirm that
the red mud remains integrated within the carbon matrix after pyrolysis, resulting in a mineral rich
carbon material rather than a purely carbon-based adsorbent.

The biochar yield showed very consistent trends for the red mud activation and pyrolysis method,
where higher red mud loading resulted in higher yields due to the contribution of non-volatile
mineral phases. However, after washing some variations was observed, likely due to material loss
during filtration. In contrast, the NaOH-activated biochar showed an unexpected low yield. This
method and result are therefore considered less reliable and is likely influenced by material loss
during all of the steps of production of biochar. It should therefore not reflect a true yield.

The BET analysis demonstrated the specific surface area of each of the different biochar samples. It
showed that different activation methods has a strong impact on the development of porosity. The
red mud activated biochar’s showed relatively low surface area (94m?/g for 1:1 and 74m?/g for 1:3),
indicating that increased mineral content may hinder a larger SSA by lower pore development or
pore blockage. In contrast, the NaOH-activated biochar exhibited a significantly higher surface area
(313m?/g), confirming the effectiveness of chemical activation in producing highly porous structure.

When it came to the results of the gas phase analysis from the different pyrolysis attempts all of them
showed some production of greenhouse gases such as carbon monoxide. However, the red mud
attempts showed higher concentrations due to their catalytical properties and higher content of
Fe20s. This makes the pyrolysis of red mud less favorable since it gives out greenhouse gases when
the goal was to find a more environmentally friendly solution to our greenhouse gas emissions
problems.

Furthermore, when analyzing the capacity of carbon dioxide adsorption and desorption between the
two samples with the highest BET, we found that the biochar produced from red mud and biomass
gave a slightly higher adsorption quantity. This result is particularly interesting, as it demonstrates
that although the red mus activated biochar exhibited a significantly lower BET surface area
compared to the NaOH activated biochar, it still showed better CO2 adsorption performance. This
suggests that the adsorption behavior is not governed solely by the specific surface area. Instead, the
improved performance may be related to the catatlytic or chemically active sites introduced by the
mineral phases present in the red mud. However, the sodium hydroxide was better at regenerating the
biochar since in the red mud the gas was more tightly bonded to components due to their catalytic
sites.
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In conclusion, while red mud offers a promising and more sustainable alternative as an activation
agent by utilizing industrial waste, its performance remains limited compared to conventional NaOH
activation. The results further indicate that the activation ratio plays a crucial role, where higher red
mud loading increases mineral content but negatively affects pore development and surface area.
However may contribute to higher adsorption performances. Future improvements in optimizing the
activation ratio, enhancing pore structure, and reducing unwanted gas formation are necessary for red
mud-based biochar to become a competitive option for CO- capture applications.

6 Future work
For future work in the same field, different attempts to separate out the red mud residues should be

considered. For example, experiments of removing the red mud before pyrolysis or finding other
ways to allow easier separation of biochar and red mud could be interesting.

More sensitive techniques and analysis methods such as XPS could be used to get more detailed
information about the impregnation of ammonia into the biochar.

As well as other ways of integrating and optimizing the modification with ammonia by changing
time, temperature etc.
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Attachments

Attachment 1: Shows different gasses detected during the pyrolysis process of the 1.1 red mud sample.

1.1 Redmud
Temperat
ure range
Replicates| ¢ 988 Area
was
captured
in
H2 cH4 co

1 0 43717 0.001 0
2 400-500 0 45 457 0013 0,039
3 0 46,68 0.004 0.021

Average | 0000000 | 4528466667] _0.006000 0.02
Concentration 0.376238923| 0.000117925] 0.000286627
1 45 447 0.042 0.473
2 500-550 0 45 225 0,023 0,558
3 0 45328 0,054 0,421

Average 45.33333333| 0.039666667 0.484
Conceniration 0.376643261| 0.000779617] 0.006936383
1 0 46.356 0.088 0.006
2 550+ 0 45 47 0,057 0.102
3 0 46,049 0.154 0,148

Average 45.05833333| 0.009666667] 0115333333
Concentration 0.281835953| 0.001958868| 0.001652885
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1.3 Redmud

Temperat
ure range
Replicates| 1 938 Area
was
captured
in
H2 N2 CHa co
1 0 46.007 0.003 0.007
> | 400-500 0 46174 0.005 0,02
3 - - - -
Average | 0.000000 | 46135500 | 0004000 | 0.013500
Conceniration 0| 0.383307908] 7.86168E-05] 0.000103473
1 0 47 158 0.01 0.184
> | 500-550 0 45 805 0.015 0,18
3 - - - -
Average 0 46,4815 0.0125 0.182
Concentration 0| 0.386182582] 0.000245677] 0.002608309
1 0 43307 0.357 1.022
2 550+ 0 45112 0.124 0,69
3 - - - -
Average 0 442005 0.2405 0.856
Conceniration o 0.367306108] 0.004726835] 0.012267653
1.3 NaOH
Temperat
ure range;
Replicates| € 988 Area
was
captured
in
H2 N2 cH4 co
1 400-500 0 46,2918 0.0045 0.0016
Average | 0.000000 462018 0.0045 0.0016
Conceniration 0| 0.384606496] 8 84430E-05] 2.29302E-05
1 500-550 0 4112306 0,1173 0,0031
Average of 4112396 01173 0.0031
Conceniration o| 3.41670494] 0.002305437] 4.44272E-05
1 550+ 0 38,71 0.6665 0.0284
Average 3871 0.6665 0.0284
Conceniration o] 0.321614573] 0.013009523] 0.000407011
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Tabell:

1.1 Redmud

Adsorption-Desorption

Mass of the biochar: 0.192 (g) sime (min)
Adsorption 250C, 1bar 0
Desorption 1500C, 1bar 18
Ratio: 10% CO2 - 50% N2 36

Total flow rate: 84 mL/min 54
€02 standard peak 15,4257 72
002 percentage concentraion 10,3920 %0

252

NaOH

Peak Area
Nz coz
o
0
11,8338
13,8880
14,5857
15,2292
15,4548
15,5802
15,5324
0,8535
04215
0,457
0,3005
0,404
0,0252
0

Adsorption-Desorption

Mass of the biochar: 0.198 (g} time (min)
Adsorption 250, 1bar 0
Desorpticn 1500C, 1bar 18

Ratio: 10% CO2 - 50% N2 36
Total flow rate: 5,2 m/min 52
€02 standard peak 15,4311 72
032 percentage concentraion = 10% ]
108

126

144

182

180

198

215

234

252

270

Tabel 1: Yields of the produced biochar.

Peak Area
N

€02 Concentration
%CO2
o
o
7,671531553
9,003137614
9,522853587
'9,872593848
10,01884297
10,08717036
10,06514852
0,557250655
0273244708
0,298008523
0,19486918
0,261500029
0,016336338
0,0000
Caleulation Fir adsorption
Caleulstion Fir desoprtion

Adsorpicn
Desorption

€02 Concentration

o
0,145084088
8,957303208
€,942394959
8,082485544
9,036458558
9,083263465
0,311238004
0,770595455
0,43168126
0,370434818
0,308251147
0,155584175
0,132052065
0,028334112
0,0000
Caloulation 5r adsorption
Caloulation F5r desoprtion

Adsorption
Descrpticn

pem

0,1598
5,3898
3,8295
53835
33325
53843
03422
0,8470
0,4745
0,4072
03388
01710
0,1452
0,012
0,0000
48,7798
2,7572

5 (ppm.min)
2778632
201,703
1127040
94,3883
85,7873
80,8812
78,7584
78,2608
1725384

8,153
5,6513
48753
45187
2,7525
0,1618
0,0000
1182,7534
26,1760

0,0253
0,0006

S (ppm.min)
276,2247
187,2162

Time {min)
18
36
54

average
Actual CO2% in the flow

Bypass

S{peak) COZ
15,3552
15,4640
15,454

15,4257
10,0000

BAt d4u qua trinh nha hip phu

mmol/g
mmoallg

Bypass
Time (min) S{peak) CO2

18 15,0658

36 15,7370

54 15,4895

average 15,4311

Actual CO2% In the flow 10,0000

B3t d3u qud trinh nha hip phy

mmolfz
mmollg
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