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Abstract

Fossil fuels, which are used as the main energy source in industry, account for more than 80% of
energy sources. However, the use of fossil fuels is causing global warming and environmental
problems due to the increase in CO2 gas. That is why biomass, which can provide the renewable source
of fixed carbon, is receiving attention. Biomass is a substance extracted from organic matter, including
plants and animals and their byproducts, and is stored in large quantities on earth. When biomass is
classified by cultivation, it can be divided into terrestrial biomass and marine biomass. Terrestrial
biomass is biomass that is mainly extracted from wood or plants, or from residues or by-products after
producing related products, or from raw materials such as animal bones, meat, and human waste.
Terrestrial biomass is widely used in biomass research, but it requires land and agricultural water for
cultivation. And it has the disadvantage of low solar energy efficiency of less than 1%. Marine biomass
that grows in the sea among biomass is a biomass that includes marine inorganic substances such as
macroalgae, microalgae, and emerging plants that grow in the sea, wetlands, or swamps, as well as
plankton, fish, and marine organisms. Marine biomass is economically efficient because, unlike
terrestrial biomass, it does not require separate agricultural water or separate farmland. Also, its solar
energy efficiency is relatively high. It has an excellent CO absorption capacity, so in places with
developed coastlines such as Japan and Korea, the area available for cultivation is large, and it is
emerging as a new alternative for reducing greenhouse gases through seaweed cultivation. Among
marine biomass, seaweed is used as food in Asia, but in the West, it is still considered a weed of sea
and is discarded. Therefore, it is necessary to find a solution that can be applied in places where
seaweed is not consumed as food while reducing CO.. However, seaweed is rich in alkali and alkaline
earth metals (AAEM) such as potassium, sodium, magnesium, etc. AAEM are difficult to control
during the high-temperature heat treatment required for carbon conversion and reduce product quality.

In addition, AAEMSs participate in reactions such as developing pores through gasification reactions



by reacting as catalysts in heat treatment processes. To utilize marine biomass, it is necessary to
effectively remove AAEMSs and manufacture and apply carbon materials with highly developed pores.
In this study, we intend to produce activated carbon using marine biomass, seaweed, as a raw
material. In order to produce marine biomass-derived activated carbon, the following factors should
be considered;
(1) Confirm the presence of AAEMs as impurities in marine biomass and effectively remove them
(2) Adopt an activation method to produce activated carbon with a high degree of pore development

(3) Application suitable for the pore structure of the manufactured activated carbon

Abstracts of each chapter in this thesis are summarized as below;

In Chapter 1, the background and purpose of this study were described that the biomass utilization
was necessary and classifies terrestrial biomass and marine biomass. And | explained about the
manufacturing and application of activated carbon. In the application field, | introduced electric double
layer capacitor in more detail. The purpose of the study was also mentioned.

In Chapter 2, the presence of alkali and alkaline earth metals (AAEMs) in marine biomass was fined
by the XRF analysis method. | confirmed that AAEMs had effects such as lowering the resultant
carbon content and developing pores during heat treatment and activation processes. For the removal
method, | considered various acid solutions, and established a method for optimizing the removal of
AAEMs by evaluating. As a result, we achieved a CHO content of 97.5%, which is higher than the
removal efficiency and CHO content of 94.5% of AAEMSs announced in the previous study.

In Chapter 3, | used 2-step CO: activation to manufacture activated carbon using marine biomass
from which AAEMs were removed. | confirmed that the marine biomass developed pores through
gasification reaction with the existing AAEMs as a catalyst during the heat treatment process. This
resulted in the production of activated carbon having a structure in which mesopores are also

developed, despite the physical activation primarily developing micropores. | performed activation



using the pressurized physical activation method for high pore development, but the catalytic reaction
of AAEMs also increased in the pressurized atmosphere, which hindered the development of effective
micropores for high specific surface area, making it impossible to produce activated carbon with high
pore development and high yield, which is an advantage of pressurized activation. |1 consume the
primary AAEMs through catalytic gasification by atmospheric activation, the pores were developed,
and then the AAEMs appearing on the surface were removed, thereby developing the pores while
minimizing the influence of AAEMs in pressurized physical activation, and finally, activated carbon
with a maximum surface area of 2100 m?/g was manufactured by pressurized activation. Additional
1.5 nm micropores were developed by the diffusion of the activator through pressurized activation,
and marine biomass-derived activated carbon having mesopore and micropore size distributions
developed by the catalytic gasification reaction of AAEMs was produced.

In Chapter 4, | verified the applicability of uniquely developed mesoporous structure of marine
biomass-derived activated carbon to electric double layer capacitors. As a comparison group, |
produced phenol resin-derived activated carbon with the same heat treatment conditions and similar
specific surface area but only micropores. Both activated carbons were manufactured with a surface
area close to 1500 m?/g, and the marine biomass-derived activated carbon had more than 60%
mesopores, while the phenol resin-derived activated carbon was manufactured with 0% mesopores.
Full-cell electrochemical analysis confirmed that the EDLC of marine biomass-derived activated
carbon with developed mesopores exhibited high capacitance (25.9 F/g and 29.4 F/g at 2.7 V and 3.3
V) at both low and high voltages. The content of ions in charge/discharge quantitatively evaluated by
F solid-state NMR was more than twice as high for marine biomass-derived activated carbon at a
high voltage of 3.3 V. | demonstrate the potential of marine biomass-derived activated carbon for the
utilization of high-voltage double-layer capacitors as a solution to increase energy density.

In Chapter 5, the above obtained results and discussions in this thesis were summarized as

conclusion.
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Chapter 1. General introduction

1.1 Marine biomass
1.1.1Biomass

Fossil fuels, such as coal, oil, and natural gas, are the main sources of energy used in industry and
account for more than 80% of the energy consumed worldwide. These resources are crucial for
sustaining economic and industrial activities [1]. However, the growing reliance on fossil fuels has
also led to a significant increase in greenhouse gas emissions, exacerbating environmental issues such
as a decrease in the amount of radiative heat emitted from the earth and increases atmospheric
temperatures, which in turn causes global warming [2,3]. The problem of global warming has a huge
impact on humans as well as the natural ecosystem [4]. Also, although the reserves of fossil fuels are
uncertain, they are predicted to be gradually depleting [5]. One of the alternative energy sources
gaining attention is biomass, which is environmentally friendly and can provide the only renewable
source of fixed carbon [6]. Biomass is a material derived from organic matter, including plants, animals,
and their by-products. Unlike fossil fuels, it is a renewable and eco-friendly resource based on carbon
cycle. The earth holds an immense amount of biomass, such as wood, shrubs, plant material, and
animal-derived waste. Biomass stored on land is estimated about 1.8 trillion tons, while aquatic
reserves amount to about 4 billion tons, providing a potential production capacity of 33,000 EJ, which
is more than 80 times the world’s annual energy consumption [7]. The Figure 1-1 indicates, the
potential for using biomass as an energy source is extremely high.

Biomass is diverse and there is no definitive classification method, so it can be classified based on
purpose and scope. There is a method of dividing into agricultural, forestry and fishery resources,
waste, and plantation biomass, a method of dividing into terrestrial and marine biomass, and a
classification according to the growth environment [8]. This study, biomass is classified according to

its growth environment, that is, based on the raw material.
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1.1.2 Classification by biomass raw material

When biomass is divided into raw materials, it can be classified into wood based biomass,
herbaceous biomass, marine biomass, animal and human waste biomass, and finally biomass mixtures
[9]. Wood based biomass is a biomass whose components are mainly cellulose and lignin, and is
generally composed of materials such as wood, root bark, and leaves. It is mainly supplied from places
such as residues after producing wood related products, residues of wood waste [10]. Herbaceous
biomass is extracted from plants without woody stems and is a by-product of the food or fiber industries, such

as grains. [11]. Animal and human waste biomass refers to biomass that is made up of animal bones,
meat, excrement, and human waste. This biomass is used as fertilizer or in agricultural fields [10]. And
biomass mixture refers to a case where the biomass introduced above is mixed. However, these
terrestrial biomass are diffuse resources that occur over a wide area, so they require a large area of

land that is costly and poses significant logistical problems for collection and transportation [6].
Terrestrial biomass that grows through photosynthesis have evolved over thousands of years to thrive
under abundant sunlight, developing to protect their photosynthetic tissues from intense solar energy.
And the evolved terrestrial biomass has a low efficiency in using solar energy, at less than 1 % [12].
However, marine biomass that grows in the ocean, does not undergo complex differentiation, so its
solar energy efficiency is much higher than that of terrestrial biomass [13,14]. In addition, marine
biomass has a higher carbon dioxide absorption capacity than terrestrial biomass, and in countries with
developed coastlines such as Japan and Korea, the area available for cultivation is larger than on land,

so it is emerging as a new possibility for reducing greenhouse gases through seaweed cultivation.
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1.1.3 Marine biomass

Marine biomass refers to biomass that includes marine organic matter, including macroalgae that
grow up to 60 m, microscopic organisms such as diatoms and green algae, and emerging plants that
grow submerged in wetlands and swamps, as well as plankton fish [15]. Marine biomass is
economically efficient because, unlike terrestrial biomass, it does not require separate agricultural
water or separate farmland [16]. In addition, it has the advantage of being more efficient in solar energy,
better absorbing carbon dioxide, the main culprit of global warming, and growing faster than terrestrial
biomass [17]. Japan also has a large sea area and already has excellent technology to mass-produce
seaweed, so it has very advantageous conditions for establishing a production system compared to
terrestrial biomass [18]. Among marine biomass, macroalgae and seaweed are easy to collect and
supply, can grow naturally, have high carbon content, and absorb CO> as they grow, making them
suitable for conversion into carbon materials. Seaweed is used as an edible ingredient in Asian
countries such as Japan, Korea, and China, but in the West, it is considered a seaweed and is discarded.
It is important to find universal solutions that can reduce carbon dioxide by using abundant marine

resources regardless of local dietary practices.

1.1.4 Alkali and alkaline earth metals in marine biomass

Seaweeds are rich in alkaline and alkaline earth metals (AAEMSs) such as potassium, sodium,
calcium, and magnesium, as well as chlorine [19,20]. AAEMs and ClI have a close influence on the
heat treatment of marine biomass raw materials. AAEMs make it difficult to control at high
temperatures and reduce product quality [21]. In particular, when AAEMSs are released during high
temperature reactions in carbon material conversion, they cause corrosion in the furnace, which
reduces the reactivity of carbon materials [22,23]. Therefore, it is a problem in carbon conversion of

marine resources. However, AAEMs confirmed that pores can be developed by participating in the
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gasification reaction as a metal catalyst during the heat treatment process. This reaction enables the
production of porous materials without an activation process [24-26]. However, after catalyst
gasification, the removal of metal compounds present on the surface is essential. Therefore, to utilize
marine biomass, it is necessary to find an effective method to remove AAEMSs. Strong acids such as
hydrofluoric acid (HF) are used to ensure the removal of AAEMs [27]. However, HF is highly toxic,
so it has many problems such as environmental pollution and high wastewater treatment costs. In
particular, it is toxic to humans, so a new method is needed [28,29]. He et al.[20] identified AAEMSs
present in marine biomass and removed them using CO> and acetic acid in an effective and simple
approach in an environmentally friendly and cost-effective mechanism This removal method was quite
effective, but the remaining about 5 mass% remains a challenge to determine how it will affect
subsequent processes and how to remove it further. Therefore, in-depth research and improvement are

needed to utilize the potential of the remaining AAEMSs and their appropriate use.



1.2 Activated Carbon

1.2.1 Activated carbon manufacturing method

Activated carbon refers to an amorphous carbon material with a large specific surface area
developed into a porous structure [30]. Therefore, the structural features of the high specific surface
area and developed pores of Activated carbon [31] adsorption is possible not only in the gaseous state
but also in the liquid state through physical and chemical adsorption reactions [32] due to functional
groups combined with carbon atoms present on the surface [33]. Adsorption is the concentration of
solute molecules in a gas or liquid at the interface between solid and gas or solid and liquid [34]. In
activated carbon, adsorption occurs through physical adsorption and chemical adsorption reactions.
Physical adsorption occurs when gas or liquid passes between activated carbon packing layers due to
the weak Van der Waals force of surface tension [35]. Physical adsorption has a weaker adsorption
force as the temperature increases, a lower heat of adsorption, but a faster adsorption rate and a
reversible adsorption/desorption reaction [36]. In the case of chemical adsorption, it occurs through
chemical bonding by strong ionic bonds or covalent bonds [37]. As the temperature rises, the
adsorption power increases, but the heat of adsorption is large and the adsorption rate is slow, so
activation energy is required [38]. In addition, adsorption and desorption have reversible or irreversible
reactions, and desorption is easy at temperatures above 800°C [39].

Activated carbon is produced from materials that contain carbon-rich organic matter, and can be
manufactured from a variety of raw materials, such as coconut shells, coal, synthetic resins, wood,
pitch, coke, and biomass [40]. Activated carbon manufacturing can be divided into two methods:
physical activation and chemical activation [41]. Physical activation develops pores through a
gasification reaction in carbon materials that have undergone carbonization to remove volatile
substances [42]. Oxidizing gases such as oxygen, CO, and H>O are used as activating agents in
physical activation reactions The advantage of physical activation is that the process is simple because

the activator is inexpensive and no post-processing is required after the activation reaction [43]. In
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addition, since it does not use chemical reagents, it is advantageous in terms of safety compared to the
chemical activation process, and it is environmentally friendly and cost-effective as no separate
environmental treatment costs are incurred [44]. However, since the oxidizing gas starts gasification
from the surface of the carbon, the micropore development is limited, so it has the disadvantage of
having a relatively low specific surface area and low yield [45]. That is why physical activation is used

to produce low-cost activated carbon.

The carbon and gasification reactions of CO- are as follows [46].

C+C0O2=2CO

And the gasification reaction by H>O is as follows [47].

C+H,0 =H» +CO

C+2H20 = 2H2+CO2

Chemical activation occurs through a catalytic gasification reaction of metal ions and hydroxide ions
of an oxidizing agent using acids and bases such as KOH, Na2COs, NaOH, and H3zPO4 [48]. It generally
occurs at a lower temperature than physical activation and has the advantage of a higher activation
yield compared to physical activation [48]. Compared to physical activation, activated carbon with a
high specific surface area can be manufactured, but chemical activation can cause environmental
pollution because the activating chemical contains a lot of inorganic substances, and additional
processes such as cleaning using an acid solution are required [44]. Because these additional processes
are required, the manufacturing process is complex and the activators used are also relatively expensive,
which increases the cost of the process [49]. However, because it has a high specific surface area and
excellent development of micropores compared to physical activation, it is used in places where high

adsorption is required [50].

The typical chemical activation, KOH activation mechanism reaction is as follows [51].
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6KOH+2C = 2K+3H2+2K2COs3

K2CO3 = K20+CO2

CO2+C =2CO

K2CO3+2C = 2K+3CO

C+K20 = 2K+CO

Yi et al.[45] proposed a new pressurized physical activation method to solve the problems of
physical activation, which has the advantage of low production cost but has low activation yield and
pore development compared to chemical activation method due to poor diffusion of the activator.
These results demonstrate that pressurization achieves higher levels of pore development at similar
activation yields compared to atmospheric pressure. This suggests that the pressurized atmosphere can
produce activated carbon with a high level of pore development by improving the diffusion of the

activator at the particle level.
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Figurel- 3. Schematic diagram of differences in atmospheric physical, pressurized physical, and

chemical activation processes [45].
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1.2.2 Applications of activated carbon

Activated carbon has a well-developed pore structure and surface functionality, making it widely
used as an adsorbent and catalyst support in various fields. For example, it is used to purify polluted
water, remove COD, BOD increasing substances, heavy metals, odorous gases, and harmful gases
from the air environment caused by industrial waste gas, and as an adsorbent for removing organic
substances [52]. In addition, the need for porous materials as advanced storage materials such as
hydrogen energy utilization and gas transport media has recently emerged. However, hydrogen gas has
a risk of explosion, so it is necessary to find a safe storage and transportation method [53]. And as a
solution, research is being conducted on hydrogen adsorption of activated carbon among porous carbon
materials, and research on natural gas storage is also being conducted [54]. The catalyst carrier is a
material that disperses the catalyst and requires a material with a high specific surface area. This is to
prevent the number of active sites from decreasing due to sintering and agglomeration of the catalyst
and to prevent the deterioration of product quality due to catalyst decomposition [55]. Therefore,
activated carbon with a high specific surface area is an appropriate material to be used as a catalyst
support to disperse catalyst particles and maintain performance [56]. Additionally, due to the high
surface area and good electrical conductivity of activated carbon, it is also used in energy storage

devices such as electric double layer capacitors (EDLC).

11



1.3 Electric double layer capacitors

Electric double layer capacitor (EDLC) is an energy storage device that generates energy through a
charging and discharging process by creating an electric double layer based on the adsorption and
desorption of electrolyte ions. In general, EDLCs are characterized by superior power and long life
compared to other secondary batteries, and due to their fast energy charging and discharging
capabilities and high power output, they are used as replacement or complementary devices in a variety
of applications, including standby power systems, portable electronic devices, and electric hybrid
vehicles [57]. However, low energy density is one of the shortcomings that limits various applications
as energy storage devices. The electrodes of EDLCs are usually made of porous materials with a high
surface area for ion adsorption of the electrolyte. Among them, activated carbon is mainly used because
it is composed mainly of micropores, has a large specific surface area, is relatively cheap, and is
chemically stable [58]. The capacitance (C) of an EDLC is defined as C = ¢A/d, where A is the surface
area of the electrodes, € is the ionic permittivity between the electrodes, and d is the distance between
the electrodes [59]. Therefore, the specific surface area of the porous material used in the electrode is
important in increasing the capacitance. However, the yield of activated carbon that can be obtained
by the activation method generally decreases as the specific surface area increases, so the specific
surface area has a limit. The energy (E) of ELDC is expressed as E =% CV?2, where V is voltage [60].
The operating voltage of the charge/discharge cycle is an effective way to increase the energy density.

However, high voltage operation generally reduces the capacitance.

Ideta et al. [61] confirmed that large pores in Activated carbon can have high capacitance during
charging/discharging at high voltage. These results suggest that the large pores of Activated carbon
can efficiently maintain ionic charges even at high voltages and lead to favorable diffusion, which can
maintain enhanced capacitance. However, since the activated carbon was composed of relatively large

micropores rather than mesopores and had a high specific surface area compared to the activated

12



carbon, it remains a challenge whether the activated carbon with a low specific surface area and mostly

mesopores can maintain high electrostatic capacity at high voltage.
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1.4 Objective of this study

Biomass is the basic material of the carbon cycle and has been used as a raw material for many
applications and materials. Among them, marine biomass has a high potential for use as carbon
neutrality and blue carbon in the future as it does not require separate farmland, has high solar energy
efficiency, and grows by consuming CO». However, since AAEMSs present in marine biomass interfere
with the conversion of carbon materials, research is needed on their removal and the influence of
AAEMs on the conversion of carbon materials. The purpose of this study is to propose a method for
the effective removal of AAEMs from marine biomass and production of marine biomass-derived
activated carbon with high pore development. In this study, I intend to perform physical activation for
a low-cost process. And pressurized physical activation is introduced to develop low-cost and highly
developed pore structures. Furthermore, | also reviewed the application of the developed marine
biomass activated carbon to energy storage devices suitable for marine biomass derived activated
carbon structure. This study is organized into five chapters as follows.

In Chapter 1, I introduce biomass, marine biomass, activated carbon production and applications, and

electric double layer capacitors. I will also mention the purpose of the research.

In Chapter 2, | aimed to analyze the alkaline and alkaline metals (AAEMSs) present in marine biomass,
the influence of AAEMs during heat treatment, and the need for their removal. To identify the types
and elements of impurities present in marine biomass, X-ray Fluorescence (XRF) elemental analysis
was used to confirm the presence of AAEMSs such as Na, K, and Mg. Next, we investigated the
influence of these impurities during the heat treatment process and confirmed the pore structure
developed when activation was performed without removing AAEMSs. The low carbon content and
low activity consequently suggested the necessity of AAEMs removal. And for the removal method,
the existing low-concentration acetic acid and CO> aeration method was additionally evaluated with

new concentrations and various acid solutions to establish a method for optimizing the removal of
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AAEMs from marine biomass. As a result, | were able to produce a higher amount of removed marine

biomass than the previously announced AAEMs.

In Chapter 3, physical activation was adopted to manufacture activated carbon from marine biomass
from which AAEMs were removed. AAEMs in marine biomass develop mesopores through heat
treatment via gas reaction as a catalyst. So, it was confirmed that activated carbon was produced with
both mesopores and micropores developed despite the atmospheric physical activation. However, the
catalytic gasification reaction of AAEMs also increased the diffusion during pressurized activation,
and rather, it hindered the introduction of effective pores with a high specific surface area, which
hindered the production of activated carbon with a high yield and high activation degree, which is an
advantage of pressurized activation. To solve these problems, | proposed a two-step activation. The
activated carbon with developed pore structure by atmospheric activation showed increased AAEMs
again, and by further removing them, | confirmed that effective pores for high specific surface area
were developed in pressurized physical activation. After pressurized physical activation, 1.5 nm
micropores were additionally developed, and the maximum surface area was 2100 m?/g. Activated
carbon with highly developed pores and developed mesopore and micropore size distributions due to

AAEMs could be produced.

In Chapter 4, marine biomass-derived activated carbon was applied to a high-voltage electric double
layer capacitor (EDLC). Marine biomass-derived activated carbon developed mesopores together with
the influence of AAEMs despite physical activation. EDLCs have the problem of low energy density
despite fast charging/discharging and high output energy. Our research group previously reported that
EDLC fabricated with large-pore activated carbon electrodes produced by chemical activation
exhibited high-voltage performance. The marine biomass-derived activated carbon we previously
manufactured had developed mesopores despite being physically activated, and | manufactured it using
phenol resin-derived activated carbon with only developed micropores manufactured under the same

conditions as a comparison group. In this study, | investigated the applicability of two activated
16



carbons as electrode materials in high-voltage EDLC. Activated carbon derived from marine biomass
with mesopores developed by more than 60% exhibited high capacitance at both low and high voltages
and showed higher ion diffusivity than phenol resin-activated carbon in the impedance results. The
content of ions during charge and discharge, quantitatively evaluated by F°-solid NMR, was
confirmed to be more than twice as high. These results demonstrate the potential of marine biomass-
derived activated carbon for the utilization of high-voltage EDLC as a solution to increase energy

density.

Chapter 5 summarizes the results and discussions obtained in this study and concludes them.
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Chapter 2. Removal and impact of alkaline and alkaline earth metals
from marine biomass

Enhanced porosity in marine biomass-derived activated carbon via two-step CO- activation and

acidic decontamination (J. Choi, et al., Carbon letters, (2024))

2.1 Introduction

The production of functional carbon materials from fossil fuels or their derivatives contributes
significantly to CO. emissions and global warming [1, 2]. Addressing CO: emissions is an urgent
global priority as nations strive toward carbon neutrality [3,4]. Biomass, derived from plants, animals,
and their by-products, offers a renewable and environmentally sustainable alternative for carbon-based
materials, aligning with the principles of the carbon cycle [5-7]. However, Japan faces challenges in
securing a commercially viable biomass source. Recently, marine biomass (MB), such as seaweed, has
emerged as a promising candidate due to Japan’s extensive coastline, widespread seaweed farming,
and advanced technological infrastructure [8-11]. Notably, MB, particularly marine algae, exhibits a
rapid growth rate and efficient CO> fixation, surpassing that of terrestrial plants [12, 13].

Among MB, seaweed contains significant amounts of AAEMs, along with chlorine (CI) and sulfur
(S), which can exceed 6 wt% [14-16]. Our previous work on kelp and seaweed MB demonstrated that
high-temperature heat treatment partially removes these impurities through evaporation [16]. Further
impurity reduction was achieved through washing with pure water, CO.-aerated water, and dilute
acetic acid [16]. While these treatments enhanced the porosity of the resulting carbon materials by
removing AAEMSs, residual impurities remained, which could limit the performance of AC, especially
for high-value applications such as energy storage [17-22]. AAEMs can catalyze gasification during
activation, lowering yield and preventing the formation of high-SSA materials. Thus, effective and
environmentally sustainable methods for AAEM removal are therefore essential. Although
hydrofluoric acid (HF) is highly effective for impurity removal [23], its toxicity and environmental
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impact, along with the high cost of waste treatment, necessitate the search for safer alternatives [24—

26].

AAEMs were found to participate in gasification reactions as catalysts in heat treatment processes
[17,18,27]. | focused that that AAEMSs participating in the metal-catalyzed gasification reaction are
advantageous to produce activated carbon among carbon materials in that they affect the mesopore
development of marine biomass. In this chapter, I explore the washing method using various acid
solutions to remove AAEMs with higher efficiency than previous studies, study the pore structure
characteristics of marine biomass after washing and the pores developed under the influence of
AAEMs during heat treatment, and examine the possibility of producing activated carbon derived from

marine biomass.
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2.2 Experimental

2.2.1 Pre-heat treatment process of marine biomass

The MB, specifically seaweed (WAKAME), was collected from the Japanese coast and supplied by
Nippon Steel Co. Ltd. The seaweed, with an initial moisture content of 10 wt%, was further dehydrated
and ground into particles smaller than 250 um. It was then subjected to preheating at various
temperatures for 2 hours under an N2 atmosphere. The preheated WAKAME was labeled according to

the treatment temperature (e.g., 800W for WAKAME preheated at 800°C).

2.2.2 Removal of AAEM from marine biomass

To remove alkali and alkaline earth metals (AAEMSs), aqueous solutions of hydrochloric acid (36.5
wt%), nitric acid (69.9 wt%), acetic acid (99.9 wt%), and citric acid (99.5 wt%) were prepared at
concentrations of 1 vol.% for acetic acid and 10 vol.% for the other acids. The reason is that there is a
sample with only 1 vol.% concentration of acetic acid to compare it with the 1 vol.% acetic acid and
CO2 gas methods, which were the methods of our research group's previous studies. Then, 0.5 g
samples of 800W were dispersed in 500 mL of each acid solution and stirred at 300 rpm for 2 hours,
followed by rinsing with pure water until the pH approached neutral. For AAEM removal using CO2-
aerated water, 0.5 g of 800W was added to 500 mL of pure water, and CO> gas (100 mL/min) was
bubbled through the solution with stirring at 300 rpm. The acid-washed samples were labeled with the
suffix "-acid type and concentration”, such as 800W-Acetic acid 10 for samples treated with 10 vol%

acetic acid.
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Figure 2- 1. A flowchart depicting the detailed heat treatment and removing impurities from marine

biomass.
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2.2.3 Characterization

Thermogravimetric analysis (TGA) was performed to investigate the thermal decomposition
behavior of both raw and preheat-treated MB using a TG/DTA6200 platform (Hitachi, Japan).
Elemental compositions before and after pyrolysis, AAEM removal, and activation were evaluated
using X-ray fluorescence (XRF) spectrometry (ZSX Primus IV/RX9 platform, Rigaku, Japan) method
and by using an elemental analyzer (CHN Coder; MT-5). Oxygen content (Odiff.) was derived by
subtracting the sum of carbon, hydrogen, and nitrogen contents from 100%. Nitrogen adsorption and
desorption isotherms at 77 K were obtained using a surface area analyzer (Nova-e series; Anton Paar
Quanta Tec Inc., USA) to determine pore characteristics. Specific surface areas and pore volumes were
calculated from the isotherms using as-plot analysis [28] and quenched solid density functional theory
(QSDFT) methods [29], respectively. The mesopore volume percentage was calculated using the

following formula:

Total pore volume — Pore volume less than 2nm

Mesopore volume (%) = Total pore volume X 100
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2.3 Results and discussion

2.3.1 Pre-heat treatment process of marine biomass

TGA was carried out to investigate the thermal decomposition behavior and mass loss of
WAKAME samples under varying temperatures and atmospheres. Figure 2-2 (a) shows the thermal
decomposition behavior of both raw and preheat-treated WAKAME samples in an N2 atmosphere at
600°C, 800°C, and 1000°C. The MB samples underwent progressive pyrolysis across different
temperature ranges, releasing various volatile compounds alongside the thermal decomposition of
carbonaceous components. The samples preheated at 600°C and 800°C (600W and 800W) exhibited
significant weight loss above 800°C [16], primarily due to the evaporation of alkali metal species ,
with the 800°C-treated sample showing fewer volatile emissions. In addition, | measured the TGA
curves of the preheated WAKAME samples in a CO. atmosphere (Fig. 2-2 (b)). All samples
exhibited mass loss above approximately 700°C, indicating the onset of carbon gasification by CO..
The sample preheated at 1000°C showed a more rapid weight decrease around 800°C compared to
the others. Based on these observations, | selected 800°C as the optimal preheating temperature for

further studies.
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(b) Under CO> atmosphere for preheated MB.
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2.3.2 Removal of AAEM from marine biomass

The yields and elemental compositions of acid washing are also summarized in Table 1. Treatment
with 1% v/v acetic acid (800W-1Acetic acid), which was previously studied, increased the CHO
content to 95.3 mass% and reduced the total content of AAEMSs, Cl, and S to around 4 mass%, with
Na being particularly effectively removed. However, Mg and S remained in large amounts, 1.40
mass% and 2.07 mass% A higher concentration of acetic acid (10% v/v) further improved AAEM
removal (800W-10Acetic acid), increasing the CHO content to 97.0 mass %. However, approximately
3 mass % of impurities remained, and the most abundant element was S constituting 1.17 mass %.
Nitric acid is more effective than acetic acid in removing AAEMs. And it was still effective in
removing Na. The nitric acid-treated sample showing the highest CHO content at 97.5 mass %. After
nitric acid treatment, the impurity levels were significantly reduced: Na decreased from 8.23 to 0.15
mass %, Cl from 6.36 to 0.08 mass %, Ca from 2.51 to 0.1 mass %, and K from 1.93 to 0.05 mass %.

Changes in Mg and S were less pronounced, with Mg reducing from 1.88 to 0.81 mass % and minimal

changes observed for S (1.0 mass %). The COz-aerated aqueous solution effectively removed Na but

was less efficient in removing other alkali metals (Ca and Mg) compared to nitric and acetic acid

treatments. Thus, the CHO content was 95.8 mass%o.
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Table2- 1. Elemental compositions (mass %) of raw, preheat-treated and acid-washed MBs,

determined by XRF analysis.

Ultimate analysis
[ mass %, daf] Ash

Sample [mass %, db]
C H N O isr
WAKAME 35.6 4.7 2.3 47.7 9.8
WAKAMEG600 444 0.4 2.1 34.0 19.1
WAKAMEI1000 67.6 0.3 0.4 53 26.3
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Table2- 2. Elemental compositions (mass %) of raw, preheat-treated and acid-washed MBs,

determined by XRF analysis.

Yield
I.D. CHO Na Cl Ca K Mg S etc.
(%)
Wakame 922 305 228 076 0.63 056 039 0.1
800W 77.6 823 636 251 193 188 1.01 043
800W-1Acetic acid 53 953 - 022 0.62 0.06 140 2.07 033
800W-10Acetic acid 44 97.0 - 0.11  0.32 - 1.06 1.17 045

800W-10Citric acid 46 942 0.15 145 047 005 166 173 0.29
800W-10N:itric acid 50 975 0.15 0.08 0.19 0.05 081 1.00 0.22

800W-10Hydrochloric
y 49 956 027 208 0.15 0.05 0.71 098 0.16
aci

800W-CO» 48 958 - 022 072 0.10 1.89 081 043
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SEM analysis was performed to verify whether the pore-blocking substances were removed before
and after nitric acid washing, which was most effective in removing AAEMs after heat treatment of
marine biomass. Figures 2-3 (a) and (b) show the surface condition of marine biomass after heat
treatment. The marine biomass particles were still very large, and their shapes were not uniform even
after heat treatment. In addition, it can be confirmed that metallic impurities exist on the surface.
Figures 2-3 (c) and (d) show the surface of marine biomass after washing with nitric acid. The particles
are still large, and their shapes are not uniform, but compared to after heat treatment, the particles were
relatively reduced, and it was clearly revealed that the impurity particles existing on the surface were

reduced.
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Figure 2- 3. SEM images of: (a-b) 800W, (c-d) 800W_10HNOs3.
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2.3.3 Pore structure evaluations of Marine biomass with impurities removed

Then, | examined the changes in porosity and specific surface area due to the removal of AAEMs
and other impurities from preheated MB samples through various acid washing treatments. Figure 3
presents the N adsorption/desorption isotherms at 77 K for 800W samples before and after acid
washing, along with the corresponding pore size distributions calculated using the QSDFT method. A
notable adsorption hysteresis was observed, particularly after the acid washing treatments, confirming
the presence of mesopore. The pore size distribution (Fig. 3(b)) shows the coexistence of mesopores
(3-4 nm) and micropores. Although acid washing did not alter the pore size, it significantly increased
the volume of both micropores and mesopores. Table 2-2 summarizes the pore structure parameters
calculated using the as-plot and QSDFT methods. The specific surface area of MB after preheat
treatment was relatively low at approximately 340 m3g. However, following AAEMs removal, the
surface area increased to 813 m3g for acetic acid-washed MB, 936 m3g for nitric acid-washed MB,
and 1033 m3g for the CO,-aerated water-treated MB. This enhancement in surface area is attributed
to the removal of AAEMs, which are known to block pore development during preheating. Washing

effectively removes these impurities, resulting in a significant increase in specific surface area.
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Table2- 3. Pore structural parameters of preheat-treated MBs, followed by acid washings with acetic

acid, CO» and nitric acid.

Mesopore (>2

Specific surface  Total pore volume .
nm) volume ratio

D area (m?/g) (cm®/g) (%)

800W 340 0.14 21
800W-1Acetic acid 813 0.40 38
800W-CO2 1033 0.46 35
800W-10Nitric acid 936 0.45 38
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Figure 2- 4. (a) N2 adsorption-desorption isotherms at 77 K, (b) Pore size distributions for preheated
MB and MB with alkali and alkaline earth metals removed. Solid and open symbols

represent adsorption and desorption, respectively.
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2.3.4 Pore structure evaluations of Marine biomass with impurities removed

| first examined CO2 and 1% acetic acid solution, which were examined in previous studies for
preheat-treated and demineralized WAKAME, CO: activation was carried out at temperatures
ranging from 800°C to 950°C under pressures of 0.1 to 1 MPa. Activation at 1000°C resulted in a
low yield of approximately 7%, and the sample turned white; thus, this condition was excluded from
further consideration [16] Figure 2-5 presents the N2 adsorption/desorption isotherms at 77 K and
the corresponding pore size distributions for ACs prepared from acetic acid-treated 800W.
Adsorption hysteresis became more pronounced following CO:> activation, especially at elevated
temperatures and pressures. Under atmospheric CO2 conditions, the N2 adsorption capacity increased
with increasing activation temperature across the entire relative pressure range (P/Po). At 950°C, a
sharp rise in adsorption at higher P/Po values was observed, indicating the formation of larger
mesopores. The pore size distribution further confirmed the development of mesopores larger than
5 nm. Table 2-3 summarizes the pore structural parameters and activation yields. The highest
specific surface area of 1581 m3g was obtained for AC activated at 950°C and 0.1 MPa. However,
when the activation pressure was increased to 1.0 MPa, both the specific surface area and activation
yield decreased for the acetic acid-treated 800W. Figure 2-5 presents the N. adsorption/desorption
isotherms and the corresponding pore size distributions for ACs prepared from demineralized 800W,
which was washed using a CO»-aerated aqueous solution. These ACs displayed noticeable
adsorption hysteresis, further confirming the presence of mesopores [30-32]. Like the atmospheric
COqz.activated samples, the porosity of these ACs varied with activation temperature, regardless of
the acid washing solution used (acetic acid or CO--aerated aqueous solution). Table 2-4 summarizes
the activation yields and pore structural parameters. While the activation yield was higher for ACs
prepared from 800W_CO> compared to those treated with acetic acid, the specific surface area was
lower. Pressurized CO- activation further decreased both the specific surface area and the activation

yield for the 800W_CO> samples. Previous studies have demonstrated that pressurization during
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physical activation enhances pore development in AC by improving the diffusivity of the activation
gas [33]. However, in the case of preheat-treated MB, residual AAEMSs, even after acid washing,
appeared to induce severe catalytic gasification of the carbon material, particularly under pressurized
conditions. This led to the formation of larger mesopores (greater than 3 nm) rather than the creation
of additional pores that would increase the specific surface area. To fully benefit from pressurization
and achieve a higher specific surface area, it is essential to further remove residual AAEMs after the
first atmospheric CO- activation. This is because some AAEMs species in the preheat-treated MB
may remain covered by carbon layers, preventing them from being fully exposed to acid during the
initial washing. However, the first activation process can gasify these carbon layers, exposing the
remaining AAEMSs, which can then be more effectively removed during a second acid washing step.
In addition, the impurity removal method used previously was not sufficiently removed, so the

specific surface area was not properly increased.
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Table2- 4. Activation yield and pore structural parameters of MB-derived ACs prepared via 1% acetic

acid washing, followed by atmospheric and pressurized CO: activations.

Activation Specific Total pore Mesopore (>2

I.D. ield (%) surface volume nm) volume ratio
y area (m?/g) (cm®/g) (%)
800W_1Acetic
acid_800P0.1 75 1258 0.54 31
800W_1Acetic
acid_900P0.1 43 1361 0.74 49
800W_1Acetic
acid_950P0.1 32 1581 1.28 65
800W _1Acetic acid_950P1 18 1326 1.37 69
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Figure 2- 5. (a) N2 adsorption-desorption isotherms at 77 K, (b) Pore size distributions for MB with

AAEMSs removed using acetic acid. Solid and open symbols represent adsorption and

desorption, respectively.
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Table2- 5. Activation yield and pore structural parameters of MB-derived ACs prepared via CO3-

aeration, followed by atmospheric and pressurized CO; activation.

Activati Specific Total pore Mesopore (>2
ctivation .
I.D. ield (%) surface area volume nm) volume ratio
Y (m?/g) (cm¥/g) (%)
800W_CO_800P0.1 84 1226 0.52 31
800W_CO2_900P0.1 65 1384 0.67 39
800W_CO2_950P0.1 39 1505 1.06 58
800W_CO2_9500P1 25 1126 1.07 64
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2.4 Conclusion

In Chapter 2, I conducted a review of the presence of impurities and removal methods confirmed
through raw material analysis of marine biomass, as well as whether it is suitable for manufacturing
as activated carbon. Marine biomass is a carbon-rich renewable material, and has various advantages,
including easy supply and rapid growth compared to terrestrial biomass, especially in Japan, where
there is a wide coastline. However, there are impurities of rich alkali and alkaline earth metals. Through
thermogravimetric analysis, marine biomass observed significant thermal weight loss, especially at
800 and 1000°C. The reduction in thermal weight was confirmed even after high-temperature heat
treatment at 800 and 1000°C. This confirmed that the metal impurities in marine biomass were
volatilized at high temperatures. In addition, through CHN analysis, marine biomass showed a very
low carbon content of less than 80% even after high-temperature heat treatment at 1000 degrees.
Therefore, it was confirmed that impurity removal is necessary for the conversion of marine biomass
into carbon material. | have achieved effective removal of AAEMSs by increasing the concentration of
previously performed low concentration acetic acid washes and CO, methods, as well as by various

types of acids such as nitric acid, hydrochloric acid and citric acid.

As a result, it was confirmed that when washed using nitric acid, the impurities were effectively
removed, reducing the AAEMs, which were present at 22.4 mass% after heat treatment at 800°C, to
2.5 mass%. In addition, it was confirmed that the metal impurities blocking the pores on the surface
were removed, and the specific surface area was also greatly increased. | reviewed the production of
marine biomass-derived activated carbon through atmospheric and pressurized CO> activation using
previously reviewed marine biomass washed with acetic acid and CO.. It was confirmed that the
manufactured activated carbon forms mesopores instead of generating effective pores that can increase
the specific surface area and induce catalytic gasification especially under pressurized conditions due
to the remaining AAEMSs even after washing. As a result, it was difficult to manufacture highly porous

activated carbon with a high specific surface area. Therefore, to convert it into activated carbon, it was
48



confirmed that it was necessary to additionally remove the remaining AAEMs after activation through

marine biomass washed with nitric acid to remove as many impurities as possible.
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Chapter 3. Activated carbon production through 2-step regeneration of

atmospheric and pressurized CO: activation

Enhanced porosity in marine biomass-derived activated carbon via two-step CO- activation and

acidic decontamination (J. Choi, et al., Carbon letters, (2024))

3.1 Introduction

In Chapter 2, | have closely examined the presence of alkaline and alkaline earth metals (AAEMS)
impurities through raw material analysis of marine biomass (MB) and the washing method using
various single acids to remove them. In this chapter, after washing with nitric acid, marine biomass
was removed by up to 89% after heat treatment. And | performed CO; activation from atmospheric to
pressurized MB after low-concentration acetic acid and CO2 washing, which was reviewed in Chapter
2. The remaining impurities developed mesopores larger than 3 nm during activation, and in particular,
this catalytic gasification reaction was further promoted under pressurized activation, resulting in a
decrease rather than development of the specific surface area. Through this, | confirmed that the
existing AAEMs in MB developed mesopores through the reaction during activation by catalytic

gasification.

In this study, | focus on the utilization of low-cost seaweed-based MB for the preparation of
activated carbon (AC) with a high specific surface area (SSA) for various value-added applications.
AC, with its highly porous structure, is widely used as an adsorbent for air and water purification [1,2],
as a catalyst support [3], and in energy storage devices such as electrodes [4]. There is a growing
demand for AC with high SSA, as it directly influences performance in these applications. However,

the effective preparation of MB-derived AC with a high SSA requires the removal of intrinsic
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impurities, particularly alkali and alkaline earth metals (AAEMS), which are known to inhibit pore

development during preheat treatment and activation [5-8].

In this study, | aim to prepare MB-derived AC with an SSA exceeding 2000 m3g at a relatively low
cost. I employed physical activation using COz as the activation gas, as this method is simpler and less
expensive than chemical activation using expensive activators such as KOH and NaOH. Compared
with physical activation, which does not require post-treatment, chemical activation requires
anticorrosion equipment and a post-treatment step with an acid solution to remove the activator [9].
While physical activation generally results in less pore development compared to chemical activation
[10], this limitation could be solved by utilizing a pressurized physical activation method, which
significantly enhances pore formation [11]. Our laboratory has confirmed that high-pressure can
enhance the diffusivity of CO2, thereby enhancing the pore development, which can develop a high
specific surface area comparable to that of chemical activation [11]. Using this method, I successfully
prepared AC with high SSA through both atmospheric and pressurized CO; activation of seaweed-
derived precursors, following optimal preheating and impurity removal with selected acid treatments

[11].
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3.2 Experimental

3.2.1 Preparation of precursor from MB

Figure 3-1 illustrates the process flow diagram for the preparation of AC from MB. The MB,
specifically seaweed (WAKAME), was collected from the Japanese coast and supplied by Nippon
Steel Co. Ltd. The seaweed, with an initial moisture content of 10 wt%, was further dehydrated and
ground into particles smaller than 250 um. It was then subjected to preheating at 800°C for 2 hours
under an N2 atmosphere. The preheated WAKAME was labeled according to the treatment temperature
(e.g., 800W for WAKAME preheated at 800°C). To remove alkali and alkaline earth metals (AAEMs),
aqueous solutions of nitric acid (69.9 wt%). The acid-washed samples were labeled with the suffix "-

acid type and concentration”, (e.g., 800W-nitric acid 10 for samples treated with 10 vol% nitric acid.)

3.2.2 Preparation of AC from precursor

I applied a second CO: activation to the nitric acid-washed samples that had undergone the first
atmospheric CO; activation to further enhance the porosity of the derived ACs by heat treatment and
nitric acid treatment. The first activation was performed on the 800W-10nitric acid sample at 900°C,
0.1 MPa, with a CO. flow rate of 200 mL/min for 0, 30, 60, or 90 minutes. The ACs obtained from the
first atmospheric CO- activation were labeled as 800W_10HNO3_900P0.1M'X’, where X" indicates the
activation duration. The second AAEM removal was conducted at 50°C, with stirring at 150 rpm for
6 hours, using a mixed acid solution of 10 vol% nitric acid and 10 vol% acetic acid in a weight ratio
of 7:3. After rinsing with pure water until the pH reached neutral, the samples were designated with
the suffix "_Washing." Finally, the second activation was carried out under 1 MPa pressure at 900°C
with a CO; flow rate of 200 mL/min, without any holding time. The final products after this pressurized

CO: activation were labeled with the suffix " 900P1".
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3.2.3 Characterization

| used a Laser Raman spectrophotometer (532nm, NRS-3200, Jasco), X-ray diffraction (RINT-
Ultima 1lI, Rigaku), and scanning electron microscope (JSM-6700F, JEOL) to investigate the
structural properties, such as graphitic properties and surface morphologies of preheat-treated MB and
MB derived AC. Elemental compositions before and after pyrolysis, AAEMs removal, and activation
were evaluated using X-ray fluorescence (XRF) spectrometry (ZSX Primus IV/RX9 platform, Rigaku,
Japan). Nitrogen adsorption and desorption isotherms at 77 K were obtained using a surface area
analyzer (Nova-e series; Anton Paar Quanta Tec Inc., USA) to determine pore characteristics. Specific
surface areas and pore volumes were calculated from the isotherms using aS-plot analysis [12] and
quenched solid density functional theory (QSDFT) methods [13], respectively. The mesopore volume

percentage was calculated using the following formula:

Total pore volume — Pore volume less than 2nm

Mesopore volume (%) = Total pore volume X 100
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Figure 3- 1. A flowchart depicting the detailed synthetic process of MB derived ACs.
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3.3 Results and discussion

3.3.1 1t CO, atmospheric activation

| examined the effect of atmospheric CO- activation at 900°C on the pore structure development of
acid-washed MB, focusing on the balance between micropore and mesopore formation over varying
activation durations. Figure 3-2(a) displays the N> adsorption/desorption isotherms at 77 K for ACs
prepared from 800W_10HNOs3 via atmospheric CO. activation at 900°C for various activation
durations. Chapter 3 of experiments were conducted at temperatures up to 950°C, but ACs activated
at 950°C exhibited excessive mesopore development. Based on these preliminary results, 900°C was
selected as the optimal temperature for the first activation, as it was expected to promote further
micropore development. No significant difference in N2 adsorption was observed at low P/Po for most
samples, except for 800W_10HNO3_900P0.1M0, while a marked increase in adsorption at higher P/Po
values indicated the development of wide mesopores. Figure 3-2(b) shows the pore size distributions
of ACs calculated using the QSDFT method. As the activation period increased, the volume of
micropores smaller than 1 nm decreased, whereas both wider micropores and mesopores continued to
develop. Notably, mesopores larger than 4 nm progressively increased with longer activation time.
This aligns with reports that AAEMs catalyze the gasification of carbon, promoting mesopore
formation [8,14-16] Table 3-1 summarizes the activation yields and pore structural parameters for
ACs prepared from 800W_10HNOs. Without holding time at 900°C, the AC
(800W_10HNOs3_900P0.1M0) exhibited an activation yield of 76%, a specific surface area of 1463
m<g, and a total pore volume of 0.69 cm3g. Both the specific surface area and total pore volume
increased with longer activation periods. The highest specific surface area, 1712 m3dg, was obtained
for the 800W_10HNO3z_900P0.1M90 sample, which had an activation yield of 20% and a total pore

volume of 1.64 cm3g. This sample also exhibited a mesopore volume ratio of 68%.
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Table 3- 1. Activation yield and pore structural parameters of MB derived ACs prepared via 10%

nitric acid washing, followed by atmospheric CO> activation.

Specific Total pore  Mesopore (>2

Activation
I.D. ield (%6) surface area volume nm) volume
y (m?g) (cm®/g) ratio (%)
800W_10HNOs_900P0.1M0 76 1463 0.69 36
800W_10HNO3_900P0.1M30 57 1544 0.96 46
800W_10HNO3_900P0.1M60 32 1668 1.23 57
800W_10HNO3_900P0.1M90 20 1712 1.64 68
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Figure 3- 2. (a) N2 adsorption-desorption isotherms at 77 K, (b) Pore size distributions for MB derived
ACs using atmospheric CO> activation methods. Solid and open symbols represent

adsorption and desorption, respectively.
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3.3.2 Additional impurities removed after atmospheric activation

Additional removal of AAEMs and other impurities from CO-activated MB-derived AC were
carried out using a mixed acid solution to enhance carbon content and prevent residual impurities from
inhibiting micropore formation. The elemental compositions after atmospheric CO> activation of
800W_10HNOs are presented in Table 3-2. As the activation time increased, the carbon content
gradually decreased from 97.5 mass% for the parent 800W_10HNO3 due to the activation process,
which led to a relative increase in AAEMs content. To prevent residual AAEMs from inhibiting
micropore formation, a further removal step was performed on the once-activated samples. Nitric acid
alone was insufficient for eliminating the remaining impurities, so a mixed acid solution of nitric and
acetic acids was employed for the second washing. This mixed acid treatment effectively removed
most of the residual AAEMs (Table 3-2), with Mg being completely eliminated from all samples. The
carbon content increased by 1 to 6 mass% following the second acid wash. The sample
800W_10HNO3_900P0.1M60 achieved the highest carbon content at 99.4 mass%, with the AAEM

content reduced to below 1.0 mass%o.

| examined the pore structure development of MB derived AC washed with mixed acid after
atmospheric CO- activation. Figure 3-3(a) displays the N2 adsorption/desorption isotherms at 77 K
for ACs prepared from washed with mixed acid after atmospheric CO; activation. The graph, which
showed a rapid increase in adsorption at high relative pressure, like the adsorption/desorption isotherm
of atmospheric CO> activation, indicated that mesopores were still developed. Figure 3-3(b) shows
the pore size distributions of ACs calculated using the QSDFT method. There was almost no difference
in pore development before and after washing between 8900P0.1MO_Washing and
900P0.1M90_Washing. And there was no significant increase in mesopores. Table 3-3 summarizes
the washing yields and pore structural parameters for MB derived ACs washed with mixed acid after
atmospheric CO; activation. In most cases, the increase in surface area and total pore volume was very

small or nonexistent. As with the results of the pore size distribution, 900P0.1MO0_Washing and
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900P0.1M90_Washing showed little increase in surface area, 900P0.1M30_Washing showed an
increase of about 150 m?/g, and 900P0.1M60_Washing showed a very small increase of 80 m?/g. And
the ratio of the mesopores volume was almost the same. This result suggests that the remaining
AAEMs after activation were not blocking the pores but were present on the surface, and thus did not

affect pore development even after removal.
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Table 3- 2. Elemental compositions (mass %) of MB derived ACs, prepared through a sequential
process of preheating, initial acid washing, CO2 activation, and subsequent second acid

washing, determined by XRF analysis.

I.D. CHO Na Cl Ca K Mg S etc.

800W_10HNO3z_900P0.1MO 971 0.18 0.07 031 0.10 130 0.69 0.25

900P0.1M0_Washing 991 018 001 0.03 0.02 - 0.06 0.06
800W_10HNO3_900P0.1IM30 96.4 - 003 025 0.07 176 1.02 0.47
900P0.1M30_Washing 98.7 020 001 0.03 0.03 - 0.95 0.08

800W_10HNO3z_900P0.1M60 935 034 0.05 070 0.17 328 141 055

900P0.1M60_Washing 994 0.22 - 0.01 - - 0.32 0.05

800W_10HNO3_900P0.1M9%0 926 034 0.04 054 015 386 166 081

900P0.1M90_Washing 98.0 027 0.02 0.03 0.03 - 159 0.06
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Table 3- 3. Wash yield and pore structure parameters of after mixed acid treatment of MB derived

ACs prepared using atmospheric CO> activation method.

Specific Total pore  Mesopore (>2

Washing
I.D. ield (%6) surface area volume nm) volume
y (m?g) (cm®/g) ratio (%)
900P0.1MO_Washing 91 1433 0.69 38
900P0.1M30_Washing 87 1698 0.98 46
900P0.1M60_Washing 86 1744 1.28 57
900P0.1M90_Washing 85 1761 1.60 66
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Figure 3- 3. (a) N2 adsorption-desorption isotherms at 77 K, (b) Pore size distributions after mixed
acid treatment of MB derived ACs prepared using atmospheric CO; activation method.

Solid and open symbols represent adsorption and desorption, respectively.
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3.3.3 2" CO; pressurized activation

The further purified ACs, treated with a mixed acid solution, were subjected to additional CO;
activation at 1.0 MPa to promote mesopore development and enhance the surface area. The N2
adsorption/desorption isotherms at 77 K are shown in Figure 3-4 (a). Following the second activation,
the N2 adsorption at low P/Po remained relatively unchanged, but significantly increased at higher P/Po,
indicating the further development of wide mesopores [17-19]. Figure 3-4 (b) shows the pore size
distributions of the ACs, calculated using the QSDFT method. Micropores smaller than 1 nm and
mesopores ranging from 3 to 4 nm, formed during the first atmospheric activation, persisted. However,
the volume of micropores larger than 1 nm and mesopores wider than 4 nm increased after the second
activation. It has been reported that pressurized CO: activation develops wider micropores,
approximately 1.6 nm in size, likely due to the formation of inter-microdomain pores [11]. Table 3-4
summarizes the activation yields and pore structural parameters of the pressurized CO»-activated
samples. On average, the specific surface area increased by 21% following pressurized CO- activation
(Table 3-4 vs. Table 3-1). The sample 900P0.1M60_Washing_900P1 exhibited the highest specific
surface area (2110 m3g) and total pore volume (1.74 cm3g), with an activation yield of 37%. This
sample also demonstrated a large mesopore volume ratio of 57%. The ACs derived from MB exhibited
unique compositions of micropores and mesopores, with significantly higher mesopore volume ratios
over 46% compared to typical ACs produced from coal and terrestrial biomass [20,21]. Micropores
smaller than 2 nm play a critical role in determining the specific surface area, which is the primary
factor influencing adsorption capacity. However, mesopores are crucial for applications involving the
adsorption of ions or molecules larger than micropores [21]. Additionally, mesopores are necessary to
support fuel cell catalysts, as electrodes require mesoporous structures [22]. Furthermore, our previous
studies have demonstrated that mesopores in ACs contribute significantly to the high-voltage

performance of electric double-layer capacitors (EDLCs) [23]. Therefore, the high mesopore content
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of MB-derived AC offers a distinct advantage for such applications, and | currently investigating its

potential as an electrode material for EDLCs.
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Table 3- 4. Activation yield and pore structural parameters of MB derived ACs prepared through a
sequential process of preheating, initial acid washing, first CO. activation, second acid

washing and second pressurized CO> activation.

ID. Activation  oPecific  Total pore  Mesopore (>2

. surface volume nm) volume
yield (%) area (m?/g)  (cm®/g) ratio (%)
900P0.1MO_Washing_900P1 41 1805 1.23 46
900P0.1M30_Washing_900P1 40 1876 1.53 56
900P0.1M60_Washing_900P1 37 2110 1.74 57
900P0.1M90_Washing_900P1 35 1959 1.94 65
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Figure 3- 4. (a) N2 adsorption-desorption isotherms at 77 K, (b) Pore size distributions for MB derived
ACs using pressurized CO» activation methods. Solid and open symbols represent

adsorption and desorption, respectively.
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3.3.4 Structural characterization of AC

| conducted structural characterizations of the selected samples using Raman spectroscopy, XRD,
and SEM: preheat-treated MB (800W), preheat-treated and purified MB after the first nitric acid
treatment (800W_10HNO3), activated carbon after the first atmospheric CO. activation
(800W_10HNO3_900P0.1M60), the second purified sample
(800W_10HNOs3_900P0.1M60_Washing) following mixed acid treatment, and the second pressurized
CO: activated carbon (900P0.1M60_Washing_900P1). Raman spectra of all samples (Fig. 3-5(a))
exhibit two prominent bands: the D band (defect-induced mode) around 1350 cm™!, and the G band
(E2¢2 mode) around 1582 cm™ [24,25]. In all cases, the intensified and broadened D bands indicate
typical disordered characteristics [26]. Moreover, the R values (Ip/lg, the ratio of the integrated
intensity of the D band to the G band) were close to 1.00 for all samples [27-29]. After preheat
treatment, the R value slightly decreased, likely due to the removal of additional metal impurities
during atmospheric activation, but it returned to 1.00 following pressurized activation. This increase
can be attributed to structural perturbations caused by pore development during pressurized activation.
Furthermore, the Raman spectra showed no significant changes before and after acid washing,
indicating that the acid treatment does not affect the structural order. XRD analysis proved highly
effective in monitoring the removal of AAEMs in MB (Fig. 3-5(b)). After preheat treatment, multiple
peaks appeared in the MB sample, corresponding to various metal compounds, indicating the presence
of numerous AAEMs [6]. However, these peaks were almost completely removed following the first
purification with nitric acid. Interestingly, peaks corresponding to MgO reappeared after atmospheric
activation, which is consistent with the increased magnesium content observed in the XRF results
(Table 3-2). After the second acid washing, the MgO peak disappeared again and did not reappear,
even after the second pressurized activation. The preheat-treated MB sample also showed a broad (002)
peak between 22° and 24°, which became more pronounced after the first nitric acid purification.

However, the XRD peaks remained broad, confirming that the graphitic structures of MB and MB-
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derived activated carbon are largely amorphous [30]. I carried out SEM observations to reveal the
surface morphologies of the samples (Fig. 3-6). The MB particles exhibited non-uniform shapes and
sizes, with relatively large particles. AAEMs were present on the surface of the preheat-treated MB,
but their quantity decreased after nitric acid treatment. The particle surfaces were rough. Following
atmospheric activation, the particle size slightly decreased, though the irregular shapes remained, and
a small amount of AAEMs reappeared on the surface. After the second mixed acid treatment, AAEM
impurities were nearly undetectable, and none were observed after the second pressurized activation.
The surface of the activated carbon appeared significantly smoother after the second pressurized
activation, with the rough carbon surfaces reduced along with the decreased carbon yield. SEM images
confirmed that the particles remained rough and irregular in shape, with the presence of remaining

AAEMs and surface conditions clearly visible.
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Figure 3- 5. (a) Raman spectra and (b) X-ray diffraction patterns: preheat-treated, first acid-washed,
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activated samples.
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Figure 3- 6. SEM images of (a) - (c) preheat treated MB (800W), (d) - (f) 1% removing impurities with

nitric acid (800W_10HNOs), (g) - (i) 1% atmospheric CO, activation
(800W_10HNOs 900P0.1M60), () - () 2™  removing  impurities
(800W_10HNOs3 900P0.1M60 _Washing) and (n) - (0) 2" pressurized CO; activated

carbon (900P0.1M60 _Washing_900P1).
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3.4 Conclusion

| successfully produced MB-derived AC with a specific surface area of 2110 m3g through repeated
removal of AAEMs and a two-step activation process involving atmospheric and pressurized CO>
activations. Impurities were effectively removed using two acid treatments: 10% nitric acid and a
mixed solution of 10% nitric acid and 10% acetic acid (1:1 vol./vol.). In the first purification step,
nitric acid alone reduced the impurity content in the preheat-treated MB from 22.4 mass% to 2.5
mass%. After the first atmospheric CO: activation, a second purification with the mixed acid solution
further reduced impurities in the AC to below 1.0 mass %, with a 1-6 mass % removal of residual
contaminants. This progressive impurity removal significantly increased the specific surface area of
both the preheated MB and the first-activated ACs. Following the first atmospheric CO- activation,
the MB-derived AC achieved a specific surface area of 1712 m3g, which further increased to 2110
m3g after the second pressurized CO- activation. The resulting ACs exhibited a unique pore structure,
with a mesopore volume ratio exceeding 36% after the first atmospheric CO> activation and second
acid purification, and over 46% after the second pressurized CO. activation. This high mesopore
volume ratio can be attributed to catalytic gasification by the residual AAEMs originally present in the

MB.
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Chapter 4. Application of activated carbon derived marine biomass to

EDLC electrode materials

Marine biomass-derived activated carbon as an electrode material for electric double-layer
capacitors (J. Choi, et al., Carbon letters, (2024))

4.1 Introduction

The effective utilization of marine biomass (MB) as an environmentally friendly carbon source is
of great interest because it grows by consuming CO: through photosynthesis. MB can be more easily
obtained than terrestrial biomass in countries with extensive coastlines, such as Japan, and it has the
advantage of growing faster than terrestrial biomass [1]. However, the large amount of impurities, such
as alkali and alkaline earth metals (AAEMS), is a significant barrier to obtaining high carbon yields
from MB in the preparation of functional carbon materials [2]. During the heat treatment used to obtain
such materials, AAEMSs within the MB cause catalytic gasification to occur, resulting in lower carbon
yields and reduce micropore development [3-5]. In a previous study, | carefully controlled the degree
of catalytic gasification caused by impurities within the MB by adjusting the heat treatment process
and successfully prepared a unique activated carbon (AC) with a specific surface area of approximately

1000 m?/g, containing both micro- and mesopores [6].

Electric double-layer capacitors (EDLCs) generate energy by creating an electric double layer
through a charge/discharge process based on the adsorption and desorption of ions, conferring superior
power and long-life characteristics compared to common secondary batteries [7]. Due to their rapid
energy charging and discharging capabilities and high power output, EDLCs are used as replacement
or complementary devices in a variety of applications, including standby power systems, portable

electronic devices, and electric hybrid vehicles [8]. However, their low energy density is a major
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drawback that limits their broad application as energy storage devices [9-12]. The electrode materials
of EDLCs are generally porous carbon materials with high specific surface area. Among these
materials, AC has a large specific surface area composed mainly of micropores and is primarily used

because it is relatively inexpensive and chemically stable [13,14].

The capacitance (C) and energy (E) stored in an EDLC are expressed according to the relationships
C =¢A/d [15] and E =% CV?2[16], where C is the capacitance, A is the surface area of the electrodes,
¢ is the ion permittivity between electrodes, d is the distance between electrodes, and V is the voltage.
Accordingly, the specific surface area of AC and the electric voltage of the charge/discharge operation
are important factors affecting the energy density of an EDLC [13,17]. However, there is a limit to the
specific surface area of AC attainable by physical activation methods, such as steam activation,
because the AC vyield typically decreases with increasing specific surface area [18]. High-voltage
charge/discharge of an EDLC is a more effective method for increasing its energy density. However,
high-voltage operation usually lowers the capacitance of an EDLC [19-21]. | previously examined the
effect of large-sized pores in ACs on charge/discharge capacitance values at 2.7 and 3.3 V and found
that an AC composed of micropores and some mesopores exhibited high capacitance upon
charge/discharge at the high voltage of 3.3 V. This result suggested that mesopores within the AC
efficiently retained ion charges even at high voltage and could act as a buffer space for the mobility

and diffusion of solvated ions, which can lead to improved capacitance retention [22].

In the present study, I sought to prepare an AC composed of micropores and mesopores using only
a physical activation method, with MB as the raw material. The target volume ratio of mesopores in
the AC was >50% of the total pore volume. Furthermore, | investigated the application of the newly
developed MB-derived AC for EDLC electrodes suitable for charge/discharge at high voltage, e.g.,
3.3 V. Finally, I elucidated the mesopore effect of the developed MB-derived AC on the development
of high capacitance during charge/discharge at 2.7 and 3.3 V using fluorine-19 (*°F) solid-state nuclear

magnetic resonance (NMR) spectroscopy. | selected seaweed-derived MB as the raw material and
83



pressurized CO; activation as the activation method to obtain the target MB-derived AC [23]. To
clearly establish the pore size effect, we also prepared, as a reference, an AC with similar specific

surface area and almost no mesopores from spherical phenolic resin (PR) [23].
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4.2 Experimental
4.2.1 Preparation of activated carbons

The raw materials of spherical PR and dried seaweed MB (wakame; 12 wt% water content) were
obtained from Asahi Organic Chemicals (Tokyo, Japan) and Nippon Steel Corp. (Tokyo, Japan),
respectively. The wakame was further dried and crushed into fine particles smaller than 250 pm before
use in experiments. PR and powdered MB were preheated at 800°C for 2 h under a nitrogen atmosphere.
After preheating, the MB particles were treated with 10% aqueous nitric acid solution with vigorous
agitation at 300 rpm for 2 h to remove AAEMs. Then, the preheated, purified MB was washed with
distilled water until the pH was neutral. AC samples from pretreated PR and from preheated, purified
wakame were prepared by pressurized physical activation using flowing (200 cm®min, 1.0 MPa) CO:
gas as the activation agent at 700-1,000°C. The experimental conditions and apparatus are described

elsewhere [23].
4.2.2 Characterization

| used a Laser Raman spectrophotometer (532nm, NRS-3200, Jasco), X-ray diffraction (RINT-
Ultima 1ll, Rigaku), and scanning electron microscope (JSM-6700F, JEOL) to investigate the
structural properties of PR and MB derived AC. X-ray fluorescence spectrometry (ZSX Primus
IVIRX9; Rigaku, Tokyo, Japan) was used to evaluate the elemental compositions of the PR and MB
used as starting materials. The structure of AC-based electrodes was examined using scanning electron
microscopy (JSM-6700F; JEOL Ltd., Tokyo, Japan). A surface area analyzer (Nova-e series; Anton
Paar QuantaTec Inc., Boynton Beach, FL, USA) was used to determine the specific surface area and
pore size distribution of the synthesized ACs. Nitrogen adsorption and desorption isotherms were
determined at 77 K, and the specific surface area and pore structure parameters were obtained from
the adsorption isotherms using an as plot [24]. Total pore volume and mesopore volumes were

determined using the quenched solid density functional theory (QSDFT) method [25] because it is
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difficult to differentiate pore volumes as micropores and mesopores using an as plot. The mesopore

volume ratio was calculated as follows:

Mesopore volume ratio (%) = [(Total pore volume — VVolume of pores < 2 nm)/(Total pore volume)]

x 100
4.2.3 Preparation of EDLCs

The activated carbons derived from PR and MB, used as electrode materials for EDLCs, were
labeled as PR800_950P1 and WAKAMES800_10HNOs_900P1, respectively. Their activation yields
and pore structural parameters are summarized in Table 2. The AC samples had specific surface areas
of 1,479 and 1,525 m?/g, total pore volumes of 0.50 and 1.17 cm®/g, and mesopore volumes of 0% and
64%, respectively. The prepared EDLC electrodes were composed of AC (80 wt%), conductive carbon
(carbon black; 10 wt%), and polytetrafluoroethylene (PTFE) binder (10 wt%). The electrodes were cut
to 12 mm in diameter. The EDLC cells were assembled as CR2032 coin-type full cells, in which the
fabricated positive and negative electrodes had an average thickness of 0.25 mm and the separator
(NKKTF4035; Nippon Kodoshi Corp., Kochi, Japan) was 40 um thick. The electrolyte was an organic
electrolyte of 1 M tetraethylammonium tetrafluoroborate (TEABF4) in propylene carbonate (PC)

(Kishida Chemical Co., Ltd., Osaka, Japan).
4.2.4 Electrochemical characterizations

The capacitance of the full cell was measured using a charge/discharge apparatus (Toscat-3100;
Toyo System, Fukushima, Japan) at a current density of 10 mA/g and voltages of 2.7 and 3.3 V using
constant current and constant voltage methods. Cyclability was estimated up to 1,000 cycles at a
current density of 100 mA/g. The capacitance of the full cell was calculated according to the

relationship C = Q/V, where V is the potential and Q is the stored charge, calculated as the discharge
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capacity of a full cell. Specific capacitance (F/g) refers to the capacitance divided by the weight of the

active material of the electrode [26].

Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS; HZ-3000 series;
Hokuto Denko Co. Ltd., Tokyo, Japan) experiments were conducted using various full cell
configurations, from 0 to 2.7 and 3.3 V and at 10, 20, 50, and 100 mV/s scan rates. EIS measurements
were made over a frequency range of 10 mHz to 100 kHz at 2.7 and 3.3 V. Specific capacitance was

calculated from the area of the CV curve formed by the following relationship [27]:

1 1
C=—=| idt
wAV Ol

where C is the specific capacitance (F/g), w is the mass of the active material of the electrode, i is the

current, dt is the current flowing time (h), and AV is the range over which the current flows.
4.2.5 F NMR spectroscopy

EDLC cells were prepared using electrodes impregnated at 0 V, charged at 2.7 and 3.3 V, and
discharged at 0 V. The current density of all EDLCs during charging and discharging was 10 mA/g.
The F NMR instrument was equipped with an ECZL600G (14.1 T) HXM3.2 probe (JEOL Ltd.). A
sample rotational speed of 13 kHz ensured that the PTFE peaks and spinning sidebands did not overlap
with sample peaks. Accurate peak areas were obtained by setting the repetition time at 20 s, which
ensured that the relaxation time of the peak with the longest relaxation time was at least five times

longer than that of the sample.

8 7



4.3 Results and discussion

4.3.1 PR and MB raw material analysis

| performed elemental analysis using XRF on PR and dried MB as raw materials, as well as on
preheated PR and MB, and preheated, purified MB after 10% nitric acid treatment (see Table 4-1).
The PR consisted almost entirely of carbon, while the raw and preheated MB contained significant
amounts of AAEMs and sulfur (S), with carbon contents of 92.2 wt% and 77.6 wt%, respectively.
Preheating the wakame at 800°C resulted in a substantial increase in AAEMs to 22.4 wt%. Following
treatment with 10% nitric acid, the AAEM content in the preheated, purified MB decreased to 2.5 wt%,
while the carbon content rose to 97.5 wt%. Prior to activation, the carbon contents of the preheated PR

and preheated, purified MB differed by 2.3 wt%.

8 8



Table 4- 1. Elemental compositions of raw, preheat treated PR, preheat treated MB, and preheat treated

and purified MB measured by XRF.

(unit: mass %)

I.D. CHO Na Cl Ca K Mg S etc.
PR 100 - - - - - - -
WAKAME 922 305 228 076 063 056 039 0.1
PR800 99.8 0.2 - - - - - -
WAKAMES00 776 823 636 251 193 188 101 043

WAKAMES00_10HNOs3 975 015 008 019 005 081 100 0.22
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4.3.2 Pore structure evaluations of AC derived MB, PR

The N2 adsorption/desorption isotherms and the pore size distributions of the PR- and MB-derived
ACs are compared directly in Fig. 4-1. The isotherm of the preheated (800°C) PR showed almost no
hysteresis, whereas that of the preheated MB displayed significant hysteresis, which suggested that
preheating enhanced mesopore development [28]. The isotherm profile resembled that of International
Union of Pure and Applied Chemistry (IUPAC) type IV, and its shape was better cleared following
nitric acid purification [29]. The PR-derived ACs displayed no significant changes in their isotherm
shapes across the various pressurized activation temperatures; however, the amount of nitrogen
adsorbed at low pressure was significantly higher after activation at 950°C and 1,000°C (Fig. 4-1(b)).
All PR-derived ACs displayed IUPAC type I isotherms, indicating significant micropore content [24].
However, all MB-derived ACs displayed IUPAC type IV hysteresis isotherms at all activation
temperatures from 700°C to 1,000°C (Fig. 4-1(c)). These isotherms had almost identical adsorption
amounts at low pressure but showed large differences in their adsorption amounts at relative pressures
above 0.4 P/Po. Nitrogen adsorption decreased at low relative pressures when the activation
temperature was 1,000°C, which indicated rapid micropore reduction [30]. The pore size distributions
of preheated PR, preheated, purified MB, and all PR- and MB-derived ACs were calculated using the
QSDFT method [25] (Fig. 4-1(d-f)). Preheated PR and all PR-derived ACs contained only or almost
only micropores (Fig. 4-1(d—e)). In contrast, preheated MB, preheated, purified MB, and all MB-
derived ACs contained micropores and mesopores, and the mesopore content increased with increasing
activation temperature. In the preheated MB, preheated, purified MB, and all MB-derived ACs,

mesopore size ranged from 2.8 to 4.1 nm, with an average size of 3.4 nm (Figs. 4-1(d-f)).
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Figure4- 1. (a-c) N2 adsorption-desorption isotherms at 77 K (solid symbols: adsorption, open
symbols: desorption) and (d-f) pore size distributions of: (a,d) pre-heat treated PR, MB,
and AAEM-removed MB; (b,e) PR-derived AC; and (c,f) MB-derived AC prepared by

pressurized CO; activation.
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Table 4-2 summarizes the activation yields and pore structure parameters of both ACs using the as
plot [24] and QSDFT [25] methods. Phenolic resin preheated at 800°C displayed a higher specific
surface area and total pore volume (730 m?/g and 0.25 cm®/g, respectively) than those of preheated
MB (340 m?/g and 0.16 cm®/g, respectively). Notably, the preheated, purified MB had a much higher
specific surface area and total pore volume (936 m?/g and 0.50 cm®/g, respectively), suggesting that
ionic AAEMs impurities in the raw wakame were converted to meso-sized particles during preheating,
which then behaved as catalysts for partial catalytic gasification to form mesopores; particles
remaining at the entrances of developed pores partially closed the nucleated pores and were
subsequently removed by 10% nitric acid treatment [6,31]. PR-derived ACs activated at 900°C, 950°C,
and 1,000°C had specific surface areas and activation yields of 1,106 m?/g and 87 wt%, 1,479 m?/g
and 70 wt%, and 1,918 m?/g and 55 wt%, respectively. In comparison, MB-derived ACs activated at
700°C, 800°C, and 900°C had specific surface areas and activation yields of 1,414 m?/g and 81 wt%,
1,488 m?/g and 73 wt%, and 1,525 m?/g and 40 wt%, respectively. The MB-derived AC activated at
1,000°C showed a decreased specific surface area of 1,181 m?/g despite an increased total volume of

1.59 cm®/g and low activation yield of 28 wt%.
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Table 4- 2. Activation yield and pore structural parameters of PR and MB derived ACs.

o e dre T Mo
(m?lg) (cmg)  ratio (%)Y
PR800 - 730 0.25 0
PR800_700P1 94 1004 0.32 0
PR800_800P1 90 1077 0.35 2
PR800_900P1 87 1106 0.37 1
PR800_950P1 70 1479 0.50 0
PR800_1000P1 55 1918 0.73 3
WAKAMES00 - 340 0.16 24
WAKAMES00_10HNO3 - 936 0.50 39
WAKAMES00_ 10HNOs_700P1 81 1414 0.66 30
WAKAMES00_10HNOs_800P1 73 1488 0.70 30
WAKAMES00 10HNO3_900P1 40 1525 1.17 64
WAKAMES00_10HNOs_1000P1 8 1181 1.59 72

Mesopore volume ratio (%) = (Total pore volume — Pore volume less than 2 nm) / Total pore volume)

x 100
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I summarizes the specific surface areas calculated according to the os plot [24] and micropore
ratios calculated using the QSDFT method [25] for all PR- and MB-derived ACs obtained via the
pressurized CO; activation method (Fig. 4-2). The specific surface area of PR-derived ACs increased
with increasing activation temperature, and micropore ratios were close to 100%. The PR-derived AC
activated at 1,000°C had a mesopore volume ratio of only 3%. The specific surface area of the MB-
derived ACs also increased with increasing activation temperature; a maximum specific surface area
of 1,525 m?/g was attained at 900°C. Above 900°C, the specific surface area decreased, reaching 1,181
m?/g at 1,000°C. The mesopore volume ratio was 30% at activation temperatures of 700°C and 800°C,
but markedly higher (64% and 72%) at 900°C and 1,000°C, respectively. This behavior suggested that
any AAEMs remaining after nitric acid treatment may enhance the catalytic gasification reaction

during the pressurized activation process.

The  MB-derived AC  obtained at an  activation temperature of  900°C
(WAKAMES00_10HNO3;_900P1; 1,525 m?/g specific surface area; 64% mesopore volume ratio) was
selected as a suitable material for high-potential charge/discharge operations using the EDLC electrode.
The PR-derived AC obtained at an activation temperature of 950°C (PR800_950P1; 1,479 m?/g
specific surface area; 0% mesopore volume ratio) was selected as a reference sample for comparison
because it had a similar specific surface area but no mesopores. | selected these two samples because
they were best suited to compare the effects of mesopores in ACs with a specific surface area of
approximately 1,500 m3g, which could be easily obtained by the physical activation method, in a high-

potential charge/discharge operation.
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Figure4- 2. Changes in specific surface area and mesopore volume ratio of MB- and PR-derived ACs

as a function of activation temperature.
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4.3.3 Electrochemical performance of ELDC

The electrochemical performance of MB-derived AC were compared with those of PR-derived AC.
The specific capacitance from 2.7 to 3.3 V for the EDLC assembled into a full cell is summarized in
Table 4-3. The specific capacitance of PR-derived AC was 19.6 F/g (18.1 F/cc) at 2.7 V. When the
voltage was increased to 3.3 V, the specific capacitance increased by 1.7 F/g to 21.3 F/g (18.3 F/cc).
In comparison, the MB-derived AC displayed a specific capacitance of 25.9 F/g (10.7 F/cc) at 2.7 V,
which was 6.1 F/g greater than that of the PR-derived AC. At the higher voltage of 3.3 V, the specific
capacitance increased by 3.5 F/g to 29.4 F/g (12.6 F/cc), i.e., 8.1 F/g higher than that of the PR-derived
AC. Although the PR- and MB-derived ACs had similar specific surface areas, the specific
capacitances of their full cells differed significantly. This indicates that the EDLC electrode fabricated
with the MB-derived AC had a more effective electric double layer than the electrode fabricated with
the PR-derived AC [32]. In addition, although the specific surface area was not very high (ca. 1,500
m3g), it had a relatively high electrostatic specific capacitance of 29.4 F/g at 3.3 V. Based on these
results, the MB-derived AC, having a sufficient number of mesopores, would be effective for high-
voltage capacitor applications because these require high capacitance at both low and high voltages.
After 1,000 charge/discharge cycles, the MB-derived AC full cells displayed specific capacitance
values of 97% and 95% at 2.7 and 3.3 V, respectively, compared with that of the first cycle, whereas
the corresponding PR-derived AC capacitance values were 99% and 97%. The slightly lower
capacitance retention of the MB-derived AC after 1,000 cycles is attributed to residual AAEM
impurities in the MB-derived AC. During the charge/discharge process, metal impurities undergo

redox reactions and accumulate on the separator, which can cause the separator to clog [33].
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Table 4- 3. Capacitances obtained from full cell configurations and CV analysis.

Full-cell capacitance

Specific capacitance calculated from CV

(F/9) (F/9)
1.D. 2.7V 3.3V
27V 27V 3.3V 3.3V
1) 2) 1) 2) 10 20 50 100 10 20 50 100
mV/s mV/s mV/s mV/s mV/s mVI/s mVIis mV/s
WAKAMES00
251 294 279
_10HNO3 25.9 351 30.2 169 81 785 703 531 338
(97%) (95%)
_900P1
PR800 194 20.7
19.6 21.3 159 134 96 6.3 421 349 26.6 15.2
_950P1 (99%) (97%)

1) Capacitance of the first cycle measured in the full cell

?) Capacitance after the 1000th cycle measured in the full cell
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Subsequently, CVs of PR- and MB-derived ACs were obtained using 1 M TEABF4 in PC as the
electrolyte at scan rates of 10-100 mV/s (Fig. 4-3). The parallelogram-shaped curve at a low scan rate
is typical of porous carbon materials in organic electrolytes (Fig. 4-3(a)) [34]. Ideally, a capacitor
generates a perfectly rectangular CV curve, displaying constant current during a constant voltage
sweep [35-37]. However, in real capacitors, a constant current at high voltages is unattainable due to
internal resistance caused by electrochemical side reactions [36—38]. In addition, the CV curve
becomes more distorted with increasing resistance, i.e., less rectangular [37,38]. At all voltages, the
CV curves approached a square shape at lower scan rates because at these rates, electrolyte ions
sufficiently penetrated the pores to form effective double-layer capacitance. The curve was gradually
distorted from this square shape as the scan rate increased to 20 mV/s. In typical CV measurements,
as the scan speed increases, the curve becomes distorted due to diffusion-limited capacitance caused
by the polarization effect due to internal resistance [38,39]. At 100 mV/s, the curve changed to an
elliptical shape. The CV area and specific capacitance of MB-derived AC were greater than those of
the PR-derived AC at all voltages and scan rates. The specific capacitance values from the CV curves
are summarized in Table 4-3 and their changes with scan speed are evident in Fig. 4-4. At 2.7 and 3.3
V, the specific capacitance values of the MB-derived AC were higher than those of the PR-derived AC
at all scan rates. The specific capacitance values differed almost 2-fold at 2.7 V and scan rates of 10
and 20 mV/s. The specific capacitance of the MB-derived AC was nearly double that of the PR-derived
AC at all scan rates at 3.3 V. At 10 mV/s, the specific capacitance of the MB-derived AC was 78.5
F/g, whereas that of the PR-derived AC was 42.1 F/g, representing a decrease of approximately 46%.
At the higher scan rate of 100 mV/s, the specific capacitance of the MB-derived AC was 33.8 F/g,
while that of the PR-derived AC was approximately 55% lower, at 15.2 F/g. The higher capacitance
of the EDLC fabricated with MB-derived AC is attributed to its greater mesopore volume, as the PR-
and MB-derived ACs differed only in mesopore volume. In a previous study, | found that electrolyte

ions are more easily adsorbed and desorbed in mesopores compared to micropores due to lower
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polarization resistance, which facilitates the formation of an electric double layer and thereby increases

specific capacitance [22].
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Figure4- 3. CV curves of PR- and MB-derived ACs at scan rates of (a) 10 mV/s, (b) 20 mV/s, (c) 50

mV/s, and (d) 100 mV/s at operating voltages of 2.7 and 3.3 V.
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4.3.4 EIS measurements of ELDC

EIS measurements of MB-derived AC were compared with those of PR-derived AC. Figure 4-5
shows Nyquist plots of EDLCs measured by EIS at the indicated voltages. This technique provides
information about the electrochemical and electrical properties of the electrodes and electrolytes. The
equivalent circuit was analyzed using a transmission line model to represent the electric double layer
of the porous material [40]. The semicircle starts in the high-frequency region, allowing identification
of the bulk electrolyte resistance and the system resistance between the electrodes and the current
collector [41-44]. Since PR- and MB-derived ACs used the same current collector, they exhibited
similar solution resistance (Rs) at all voltages. The semicircle diameter corresponds to the charge
transfer resistance (Rc), representing the contact resistance of the electrode [14]. There are various
factors and influences that contribute to the increase in Rc. Among them, Rc is affected by the particle
size of the active material used in the electrode; therefore, electrodes with active materials of larger
particle sizes exhibit higher Rc [45]. The PR-derived AC had small, uniform particles, whereas MB-
derived AC had large, irregular particles (Fig. A4.1). In addition, it is thought that the Rc of MB
derived AC was greater due to various factors such as impurities and surface unevenness [46,47]. The
straight line with a slope of 45° at intermediate frequencies represents the resistance to ion diffusion
within the pores. This slope was well expressed for the MB-derived AC but was not clear for the PR-
derived AC, confirming that ion diffusion within the pores was better in the MB-derived AC. [48].
The tilt of the vertical line in the low-frequency region is due to poor penetration of the electrolyte into
the pores of the carbon material [49]. The vertical line of the PR-derived AC was more tilted compared
to that of the MB-derived AC, indicating that the electrolyte ions were unable to sufficiently penetrate
the narrow pores of the PR-derived AC compared to the MB-derived AC. Based on the results of the
45° slope at intermediate frequencies and the vertical line at low frequencies, we conclude that the

MB-derived AC showed an advantage in ion diffusion compared to the PR-derived AC due to its
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mesopores and sufficient pore penetration by electrolyte ions, resulting in the MB-derived AC having

a higher capacity than the PR-derived AC.
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4.3.5 19F solid-state NMR of ELDC

| employed *°F solid-state NMR to study ion mobility to establish whether the same behavior occurs
with ACs with specific surface areas of approximately 1,500 m?/g, prepared by the physical activation
method. Figure 4-6 presents the 1°F NMR spectra of EDLC electrodes fabricated with PR- and MB-
derived ACs. The PTFE used as binder in the electrodes enabled quantitative analysis [22]. Table 4-4
summarizes the anion concentrations in the pores of the EDLC electrodes, as reported previously.
Figure 4-6(a) presents the spectrum of the electrode containing MB-derived AC [22]. There was no
significant change in the positions of the peaks corresponding to infiltrated BF4 after impregnation,
charging, and discharging of the electrode. Figure 4-6(b) presents the spectrum of the electrode
containing PR-derived AC. After impregnation and discharging of the electrode, the peak
corresponding to infiltrated BF4~ shifted to the right compared with its position after charging, due to
n electrons of the AC, which react to an electrostatic field to induce a ring current and local magnetic
field. The °F peak position is influenced by proximity to these m electrons of the AC [50]. After
impregnation, the BF4~ concentration of the electrode containing MB-derived AC was 12.9 x 107
mol/g and that of the electrode containing PR-derived AC was 2.3 x 10~* mol/g, corresponding to a 6-
fold difference. After charge and discharge, the BF4~ concentrations were also higher in the electrode
containing MB-derived AC than in that containing PR-derived AC. At 2.7 and 3.3 V, the BF4”
concentrations of the MB-derived AC-containing electrode were 17.3 x 10* and 19.3 x 10 mol/g,
respectively, and those of the PR-derived AC-containing electrode were 6.6 x 10 and 6.5 x 10
mol/g, respectively. Moreover, after discharge, the electrode containing MB-derived AC had BF4~
concentrations of 14.5 x 10~* and 14.9 x 10 mol/g at 2.7 and 3.3 V, respectively; the corresponding
values for the electrode fabricated with PR-derived AC were only 1.8 x 10 and 1.4 x 10 mol/g.
These results clearly indicate that the electrode fabricated with MB-derived AC contained more BF4~
ions during charge and discharge at all voltages; these findings are consistent with the CV and full

cell-derived specific capacitance data. Furthermore, it is evident that mesopores of the MB-derived
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AC facilitated better ion movement than micropores, resulting in better charge/discharge performance
even at the high voltage of 3.3 V [22,51]. In a previous study, | proposed a parameter (B) to estimate
capacitance efficiency by guantifying the numbers of electrons and ions in the EDLC electrode [51].

B is calculated as follows:

B = [Electrons]/([BF4 Jcharged — [BF4 Jdischarged)

where [Electrons] indicates the amount of electronic charge, expressed as mol/Qelectrode = Q
(C/Qelectrode)/F (C/mol) = C(F/Qelectrode) V/F. The number of anions is given by A[BF4 ] = [BF4 Jcharged —
[BF4 ]discharged. Table 4-4 summarizes the B values of electrodes containing MB- or PR-derived ACs
at2.7 and 3.3 V. At 2.7 V, the B values of electrodes containing MB- and PR-derived AC were 2.7 and
1.1, respectively, whereas at the high voltage of 3.3 V, these values were 2.7 and 1.4, respectively.
Thus, the electrode containing MB-derived AC had a higher p value regardless of the charge/discharge
potentials. In our previous study proposed that for an anion moving ideally, p approaches 2 when the
electrode is charged, i.e., [Electrons]/A[BF4] = 2 [22,51], whereas for an electrode containing PR-
derived AC, fewer electrons than ions are captured, such that f <2 at both 2.7 to 3.3 V. However, for
an electrode containing MB-derived AC, B > 2 at both 2.7 to 3.3 V, which is consistent with ions

moving in an ideal state.
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Table 4- 4. Ionic concentrations and B values of impregnated, charged and discharged electrodes of

PR and MB-derived ACs [22].

BF4 concentration, [BF4~] (mmol/g) BY

EDLC sample Charged Discharged [electron]?/A[BF4]®
Impregnated

2.7V 3.3V 2.7V 3.3V 2.7V 3.3V

WAKAMES00
12.9 173 193 14.5 14.9 2.7 2.7
_10HNO3_900P1
PR800_950P1 2.3 6.6 6.5 18 1.4 1.1 1.4

) B, Revelation efficiency for capacitance, [electron]/([BF4s] charged — [BF47] discharged).

2) The amount of electronic charge, [electron] (Mol/g electrode) = Q

(C/g electrode)/F(C/mol) = C(F/Q electrode) V/F.

%) The amount of anion, A[BF47] = [BF47] charged — [BF47] discharged-
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Figure4- 6. 1°F solid-state NMR spectra of impregnated, 2.7 and 3.3 V charged and discharged from

(a) MB derived AC and (b) PR derived AC.
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4.3.6 Raman spectrum of activated carbon used in electrodes

| conducted structural characterizations of the activated carbon using Raman spectroscopy: MB
derived AC (800W_10HNO3 900P1), PR derived AC (800B_950P1). Raman spectra (Fig. 4-7)
exhibit two prominent bands: the D band (defect-induced mode) around 1350 cm™, and the G band
(E2g2 mode) around 1582 cm [52,53]. PR derived AC showed a higher peak than the G peak, but it
had a sharp shape. However, the D peak of MB derived AC showed a very wide peak shape compared
to the G peak with almost the same height. The D peak is very broad and shows a strong peak because
the two ACs are disordered and amorphous [54]. However, in the case of MB derived AC, since it
showed a wider and broader D peak, the R value (Io/lg, the ratio of the integrated intensity of the D
band to the G band) calculated through the area was close to 2 for marine biomass and 1.86 for PR
derived AC [55-57]. It can be said that in the case of MB derived AC, it is due to the structural
disturbance caused by the metal impurities remaining on the surface after activation and the
development of pores. In addition, the MB-derived AC exhibits a broader D peak, indicating a

relatively more amorphous and irregular structural feature [54].
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4.4 Conclusion

| have demonstrated that AAEMSs in MB promote mesopore formation through catalytic gasification
during heat treatment. In contrast, PR-derived AC, prepared under similar conditions and with a
comparable specific surface area, contained only micropores smaller than 2 nm. The electrochemical
behavior of EDLCs was evaluated during charge/discharge operations at 2.7 V and 3.3 V. The EDLCs
were fabricated using two types of AC: MB-derived AC with 64% mesoporosity and a surface area of
1,525 m4g, and PR-derived AC with a surface area of 1,479 m3g. Both materials were synthesized
via pressurized physical activation. The MB-derived AC demonstrated superior electrochemical
performance, with higher specific capacitance (25.1 F/g compared to 19.4 F/g for PR-derived AC) at
2.7 V. This advantage was maintained at 3.3 V, where MB-derived AC achieved a specific capacitance
of 29.4 F/g, compared to 21.3 F/g for PR-derived AC. Cyclic voltammetry revealed that the MB-
derived AC exhibited larger CV areas across all scan rates and voltage ranges. The difference in
specific capacitance was particularly pronounced at 3.3 V with a scan rate of 10 mV/s, where MB-
derived AC achieved 78.5 F/g compared to 42.1 F/g for PR-derived AC. Quantitative '’F NMR spectral
analysis indicated that the anion concentration in the pores directly correlated with the measured
capacitance. Despite having similar specific surface areas, the mesoporous structure of MB-derived
AC facilitated higher anion concentrations, which enhanced charge/discharge capabilities and electron
concentration factors crucial for capacitance. These ionic charges remained stable even at elevated
voltages, demonstrating the structural advantage of the MB-derived AC. The mesoporous structure of
MB-derived AC provided superior ion diffusion and mobility at high voltages, contributing to
sustained capacitance performance. In conclusion, MB can be effectively converted into an eco-
friendly mesoporous carbon material through physical activation. The resulting mesoporous structure
exhibits excellent ion diffusion properties, even at high operating voltages, making it a promising

material for enhancing electrostatic capacity in EDLC applications.

111



4.5 Future work

The research so far has focused on the production of high surface area activated carbon and its
application. Future endeavors will delve deeper into the development of mesopores, removal of
impurities, and new applications. The development of 2-4 nm mesopores, which are characteristic of
MB, is thought to have potential for use in catalyst carriers for fuel cells. Mesopores rather than
micropores are required for catalyst carriers for fuel cells to support catalysts such as platinum.
However, for application, maximum impurity removal is required in the impurity region more than
before. In addition, it is most important to explore more than 80% of mesopores. In the coming stage,
further pulverize the particles to control their size, and manufacture MB-derived porous carbon
materials with developed mesopores through a process that can minimize impurities along with high-
temperature heat treatment. | believe that additional research is needed to confirm the possibility of

advancing into high value industries such as fuel cell catalyst carriers.
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Appendix for Chapter 4

Figure A4- 1. SEM images of MB-derived AC (a-c) and PR-derived AC (d-f).
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Figure A4- 2. IF solid-state NMR spectra of impregnated, 2.7 and 3.3 V charged and discharged

from MB derived AC (Full spectra of Figure 4-6 (a) MB derived AC).
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Chapter 5. Total conclusion

In this thesis, | studied the production and effective application of advanced activated carbon for
high added value of marine biomass. Seaweeds have low yields and poor quality when converted to
carbonaceous materials due to catalytic gasification of carbonaceous materials or pore blocking by
alkali and alkaline earth metals (AAEMs). AAEMs of marine biomass were reduced from 22.4 mass%
to 2.5 mass% through nitric acid. In addition, I successfully produced activated carbon containing a
large amount of mesopores with a specific surface area of more than 2000 m?/g through two-stage CO>
physical activation. The conclusions of each chapters for production activated carbon and its

application results are summarized below;

Chapter 2. Removal and impact of alkaline and alkaline earth metals from

marine biomass

In Chapter 2, | performed qualitative and quantitative analyses of AAEMSs present in marine biomass,
and discussed their removal methods. It was confirmed that the impurities present at 22.4 mass% after
heat treatment of marine biomass were removed up to 2.5 mass% by nitric acid. As the impurities were
removed, the pores that had been blocked by metal impurities were converted to open pores, and the
specific surface area increased from 340 m?/g to 936 m?/g. Furthermore, it showed a characteristic
pore size distribution in which both micropores and mesopores of 3—4 nm developed together. When
marine biomass, which had been washed with acetic acid and CO., which had been examined in a
previous study to be less effective in removing impurities than nitric acid, was activated with CO2 from
atmospheric to pressurized, the specific surface area decreased under pressurized activation due to the
remaining impurities. It was found that the specific surface area was not reduced due to the

development of mesopores, which are not pores effective for increasing the specific surface area,
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because the catalytic gasification reaction was promoted with CO2 gas under pressure. From these
results, it was clearly confirmed that in order to manufacture activated carbon derived from marine
biomass, it is necessary to remove AAEMs as much as possible before activation, and that an additional

washing process is necessary after atmospheric pressure activation.

Chapter 3. Activated carbon production through 2-step regeneration of

atmospheric and pressurized CO; activation

In Chapter 3, | described the production of activated carbon derived from marine biomass through
COz physical 2-step activation. marine biomass, which was first washed with nitric acid, was first
activated with CO; at atmospheric activation to achieve a surface area of 1700 m?/g and mesopores of
66%. The manufactured activated carbon maintained the micropores and mesopores developed after
nitric acid treatment, and it showed a unique pore structure in which mesopores were developed despite
physical activation. However, after atmospheric activation, additional impurities of 1 to 6 mass%
appeared on the surface again, and the second wash reduced the impurities to a maximum of 0.6 mass%
through mixed acid treatment. However, the surface area was not affected. This suggests that the
impurities were not blocking the pores but were present on the surface. The second activation achieved
a surface area of 2100 m?/g through pressurized CO; activation. Unlike before, an additional peak
appeared near 1.5 nm. However, it was manufactured as activated carbon having mesopores richer
than micropores, with 57% mesopores. From these results, it was confirmed that it is possible to
manufacture marine biomass derived activated carbon having a unique structure with more than 50%

mesopores and a surface area exceeding 2100 m?/g by performing pressurized activation using COx.
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Chapter 4. Application of activated carbon derived marine biomass to EDLC

electrode materials

In Chapter 4, the applicability of Marine biomass-derived Activated carbon as an electrode material
for high-voltage EDLC was evaluated. Marine biomass derived activated carbon manufactured
through CO> pressurized activation had a surface area of 1500 m?/g and more than 60% mesopores,
and it was applied as an electrode of an electric double layer capacitor. As a result, it showed a higher
capacitance at a low voltage of 2.7 V and a high voltage of 3.3 V compared to phenol resin-based
activated carbon with the same surface area and 100% micropores. Although the surface areas of the
two activated carbons were similar, the marine biomass activated carbon with developed mesopores
showed superior ion diffusion properties of the electrolyte through EIS analysis. In addition, the
charge/discharge electrolyte ion content evaluated by the °F solid-state nuclear magnetic resonance
method was more than twice as high in the marine biomass-derived activated carbon at a high voltage
of 3.3 V, and the capacitor expression efficiency B also showed a high value at a high potential of 3.3
V. Therefore, marine biomass-derived activated carbon has great potential as an electrode for electric

double layer capacitors operating at high voltage.

As a consequence of this thesis, | was able to confirm the production and application of activated
carbon from marine biomass. Using eco-friendly marine biomass that can consume CO; as a raw
material, 1 was able to produce highly porous activated carbon with a specific surface area of more
than 2000 m?/g with developed mesopores and micropores through a two-step CO2 physical activation
method. It is expected that marine biomass-derived activated carbon with developed mesopores can

be effectively applied in applications that require high value-added mesopores in the future.
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AR XLDER, L

bR ERIE= RO 8 FILL L& EDTHEED FEZ R NLF—JHTHDH7, €02 DEELFEAR
ELTHREINDDT, HAEFMRERNAA A~ AMEABFREONREL L TR ELTWD, NS A~ R

X, EBGINC L o The EEWENA A~ A EREND, ~ VU oA A< RAF, . 3 ZONEH
\ZAFET DARAEEM Z G Lo A A~ AT, B b SA A~ A LY KBS RV F—3h2038 i < R &
Wz, C02 DERERESIDFE AL A~ ALV EN D, BARTIEE S K0 U I A EOWFEATEN KA

T, R by TNV OAEFTHEIN AR 2 L RICRVIBFERICEENTEBY . v o\ F < A %1k
FERE BT 2 RAWRE U THEATE UL, BB AR L OEEETROME TR L BIfFTE 5,

AR T, ARSCAMEZRET 2 RFRE U THEREZFEE S AV, @A MiE(bo—E & LTk
TEMEIR DREERCZE DA NGO TR Z T 0T, vV N\ F~RE, TABVBIRT A Y
THE4 R (Alkali & Alkali Earth Metals; AAEMs) SRR ER ERNEN D, IRFEMICHERT
LR, AAEMs RASHI Db T 24012 K AR RIS JOVERT 2 MIFLOPAZEIC K DK DOJR KNI 72
5720, WEIKTORKNIZRD, AFIETIE, v~V N A A~ ADO—FTHDHU I A ZFREFNT,
2000 m2/g LA o> EEFR AR OVEME K A i3S L OV OTEMHR OER _HE X v N X OEMmF & LTo
HEHERRL Z L2 HB & LTz,

LUFICAMIZEIZ Ko TR O A 2R~ 5

B1ETIE, AEOERE BME L LD TR, ", A ADDH, <V o A A~ A% RFR
ELTHWEEAZREZHA Lz, S0, HEREBEBRI _HEF v U X IOV THBTo 2%, K
WFFED BN DN TR~

FH2ETIX, B~ U LS A~ RTHEET D AMBMs OENER L ONERSIT 21T 72, Tl B A
TIE 10 mass% T o7z AAEMs R AMMIL 800 CEMLIRIZ L - T 23 mass%hE THIM L7, 800°C CHITAL
AT 12U 0 A Z i LT B 2R B KTAIRIC KX D R OBREZIT o 1o bR, 10%H /KA IC
E o TRIBEENR D 7 A D AAEMs AN ED 89%LL EAREI I, HbmEWREREZ R LIz, UH A
X, AITALER & AEERIC K D 1 IREBVEVR T2 1T C A VLASHEE L 900 m2/g FRO LR FfE A 1~ L7z,

THRAEDS Y A F < R RBEIRE W THEMERZRIET 2 FIENED LILTRWED, Ul
A &R BRIRL . Z2HOTIHFERIC L - TEMROFARFILEEZ L FO LR THEA L (1) 800C
ATALER I BRI O FREL,  (2) BUBRIROBIFE L AARMs RAKI D 1 kERZE,  (3) €02 2 M7= 1k (i
JB) BRIE,  (4) ks KOV AARMs SRARMI O 2 RBRE, BEL O (B) €02 MW= 2%k (OE) .

553 EECIE, LO%RYBEKIAIR CYRE L7-RIBRA T 7 A & CO2 12X 5 1k (FE) BRI L7ofRe £ &
Wiz, €02 Z MWW 1 IR EMIEZAT oo/ R, I 7 nflZT N EICRET L7 =/ — VR RO
TEVER & B2 0 . Ul ARSRIEMERIZI 7 v fl & A VLT I8 U o Rr i L& 2 A L. 1700
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m2/g OEbERmEZ R LTz, UL, MBI X B IRFBICIE DAL T IV AAEMs SR AH 23 HE 0 3
L0°C, JREE (RHER/NEE 7/3 (wt/wt)) Ik D 2 IREREZITUY AAEMs R &2 0.6 masshE TR
E LTz, D%, 002 &Mz 2 RANERRYEZ4TVy, 2100 m2/g OmbtbRERE & A VY FLoS 60%LA =i
FEN DR RS 2 A DGR BE ISR LT,

FAFETIE, v U oA A~ AR R RTEME R O b AR RIEH & LT, @A CIEE) Al he

CHEX NV EOE MM E L TCOICHERE LR A E LD, ER_CEHEY v SO
ANF—HEOWERL L THF vy N OB RE SN TV D, EEEENMICEH TR
il 72 T R FEARAA VI BRE S AL TRV, ARG TRRE L7 U 7 AR & 2 Bl OTEME IR S Tk %
WENZHWT, C02 12 X B2 MERRIE 721 T, 1500 m2/g DEEME & 60%LL LD 2 V2T 259 h
A HRIEPERR 36 K OVMRIAR O F15 TR R R mfE & 99% A B> X 7 mfL72T 2 7 DI MR 2 i i

mEMAER _HEX v XU FOEME LTOEHA LEDOX v /v & L L TOESRILTFREL T
BRI LICAER, 7 nflE0 28427 =/ —VBHIEHCRIEMR KV 2.7 V & 3.3 V OEENAFE)
T2fEEEDF Yy R B AFEE R, AVIEAT L~ U3 F~ ZAHRIGEMER DS @ BN HE

CTHEX Y NV EOEMM E LTHTH D Z ENHER I, S I, 19F EEREZER AT
P SN B OEMREA A 'L, U U3, A AHRIEMERD 3.3 VOESELETIHU ES
. FX RNV EUAOEBNRTHD B ED 3.3 VOB T2HEREVEELRT 2 &EDNHRTE

—o

BEETIE, VU A A A~ ZAHROTEMROELE LIEHIZOWT IR E TORNAEZREE LT,
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