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Abstract

Activated carbon is an artificial carbon material that is usually produced from coal, petroleum,
wood, resin, biomass and so on. Due to its developed pore structure, activated carbon exhibits
a very high specific surface area and pore spaces of molecular dimension. Since such pores
work as an adsorption site for various molecules and ions, activated carbons are used for
purification of air and water, separation of gases, and as catalyst carrier or catalyst support.
Also, activated carbons are widely used in energy storage devices such as electric double layer
capacitors or Li-S cells.

Activation method is mainly divided into chemical activation and physical activation. For
chemical activation, chemicals such as KOH, NaOH, and ZnCl; are used as activation agents,
and chemically activated carbon having a high specific surface area and a relatively narrow
pore size distribution can be produced in high yield by the catalytic reaction of metal ion. On
the other hand, physical activation uses oxidation gas such as steam, CO3, and air to introduce
pore structure by gasification of the carbonized material. Although physical activation gives
activated carbon with relatively low specific surface area and activation yield, it is possible to
produce activated carbon at a low cost. Most of challenges about the activated carbon
manufacturing is the development of a method for producing activated carbon at low cost such
as physical activation, while having a high specific surface area and high yield like chemical
activation.

In order to manufacture activated carbon with high pore development, it is necessary to
improve the understanding of the pore structure of activated carbon. Unlike traditional pore
models, our research group proposed a new pore structure model; hierarchical structure model

based on microdomain. By increasing pore development degree, microdomain size was



decreased in pitch-based physically activated carbon fiber. Besides, in our previous study, we
reported that the yield and pore development were lowered due to the lack of diffusibility of
the activation agent onto carbon material in physical activation compared to chemical
activation. Therefore, as a method to improve diffusibility of activation agent, we focused on
pressurization during physical activation process.

In this thesis, we would like to suggest a new and facile method to produce activated carbon
with high yield and pore development degree. In order to suggest the pressurized physical
activation, the following factors should be considered,;

(1) Effect of pressurization to yield and pore structure development

(2) Influence to the particle and microdomain structure

(3) Application and generalization

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

In Chapter 3, we would like to establish a method for high yield and pore development degree
of activated carbon by the pressurization. Firstly, we attempted to elucidate the effect of
pressurization on the activated carbon yield, pore development degree and other factors. It was
confirmed that the gasification, the main reaction of physical activation, is promoted by
pressurization. Next, in order to investigate the effect of pressurization on particles,
microdomain, and pore structure, activated carbon sample was prepared using MSB-TG and
the pore development degree was evaluated. As a result, it was confirmed that when compared
with the atmospheric physical activation condition, the specific surface area is significantly
increased by pressurized physical activation. In addition, many large micropores were

introduced by pressurization from the pore size distribution results. As a result of STM
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observation, it was confirmed that the cause of the difference in the high specific surface area
and the pore size distribution was due to the difference in the size and development of the
microdomains between atmospheric and pressurized physical activation. However, since the
morphology and particle size distribution of the activated carbon do not change significantly
by pressurization, it means that the heterogeneous gasification reaction on the outer surface of
the particles has been improved. Consequently, it was possible to confirm the effect and
possibility of the pressurized physical activation method onto particle and microdomain.

In Chapter 4, we suggested “Pressurized physical activation” method for facile method having
high yield and more development degree of activated carbon manufacturing process. Physical
activation methods are commonly adopted in industry because of their low production costs,
but the lack of activating agent diffusibility into core parts of the particles and microdomains
of carbon materials causes a lower activation yield and degree of pore development, compared
with chemical activation methods. To increase the diffusibility of activating agent into carbon
material and corresponding degree of pore development, we propose a novel pressurized
physical activation method. Pressurization showed remarkable increases in specific surface
area and total pore volume of the prepared activated carbon, compared with atmospheric
physical activation. Additionally, in activated carbon prepared by pressurization, pore size
distribution analysis revealed characteristic development of micropores of about 1.6 nm; such
micropores did not appear in activated carbon under conventional atmospheric physical
activation. Furthermore, observations of particles and microdomains showed that
pressurization increased the diffusibility of activation agent in carbon particles, but not at the
microdomain level. This innovative pressurized physical activation can produce activated
carbon with highly developed pores (specific surface area > 2,600 m?/g) and a unique pore size

distribution due to the improved activating agent diffusibility in carbon particle level.
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In Chapter 5, we applied pressurized activated carbon as adsorbent for ethanol adsorption heat
pump. Although chemically activated carbon with highly developed pore structures exhibits
good ethanol adsorption performance, high activated carbon manufacturing costs inhibit its
practical application as an adsorption heat pump adsorbent. Moreover, although physical
activation can produce inexpensive activated carbon, the limited pore development limits the
ethanol adsorption performance. Recently, we developed a pressurized physical activation
method that can produce activated carbon with a well-developed pore structure and
characteristic pore size distribution with relatively high yield. In this study, we investigated the
applicability of the pressurized physically activated carbon as an adsorbent in activated carbon—
ethanol type adsorption heat pump system. Because of the large proportions of appropriate size
pores by pressurization, the pressurized physically activated carbon showed effective ethanol
adsorption performance comparable with that of chemically activated carbon on a weight basis.
Furthermore, on a volume basis, the pressurized physically activated carbon, with a high bulk
density, showed much higher effective ethanol adsorption performance than chemically
activated carbon. These results reveal the potential of the pressurized physically activated
carbon as a relatively inexpensive high-performance adsorbent for AHP systems with ethanol
refrigerant.

In Chapter 6, obtained results and discussions in this thesis were summarized as conclusion.
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Chapter 1.

General introduction

1.1 Activated carbon

Recently, the need of porous materials has emerged as an advanced storage material such as
the use of hydrogen energy and the medium for carrying gas. Activated carbon is one of useful
artificial porous carbon materials that having a well-developed pore structure and high specific
surface area among carbon materials [1]. Thus, activated carbon exhibit superior adsorption
performance for various molecules and ions. Together with the porosity, surface functionality
is also related to adsorption phenomena and performance. Adsorption is a phenomenon in
which the concentration of molecules or ions on the solid surface is higher than the
surroundings, and diffusion of adsorbed molecules or ions into surroundings is called
desorption. Adsorption can be divided into physical adsorption and chemical adsorption
depending on an absence or presence of electron transfer between adsorbed molecule
(adsorbate) and adsorbent surface. Physical adsorption occurs due to weak attractive force such
as van der Waals force. On the other hand, chemical adsorption is an adsorption is caused by
the chemical bond formation between adsorbate and adsorbent with the electron transfer. Even
before activated carbons were artificially designed and manufactured, human beings have
empirically recognized the adsorptive performance of charcoal and used it as an adsorbent for
removing odor, color and impurities. And nowadays, we manufacturing various shaped
activated carbons such as crushed, powdered, pelletized, spherical, and fiber types [2]. Also we
can produce activated carbon from various raw materials such as palm shell, husk, wood, coal,

petroleum, polymer, and so on [3-6].



Due to the well-developed pore structure and its surface functionality, activated carbon is
widely used in various fields as adsorbent and catalyst support. For example, activated carbon
is used for water purification [7-9] and air purification [10, 11]. The US Departments of Energy
(DOE) are looking for ways to using the high chemical energy of hydrogen (39 kWh/kg). Since
hydrogen gas has a risk of explosion, the safe storage and transportation method are required.
As a solution to this problem, research on hydrogen adsorption methods using porous materials
such as activated carbon is proceeding [12, 13]. In addition, to its application to water treatment
and exhaust gas refining, activated carbon in recent years is becoming more and more
demanding as a functional carbon material. On the other hand, the catalyst carrier is a high
specific surface area material used for highly dispersing the catalyst. The catalyst has a problem
that the number of active sites decreases due to sintering and aggregation during the process.
Decreasing the number of active sites not only reduces the overall reactivity, but can also
induces catalytic degradations, giving rise to a reduction of the quality of the product. To
prevent catalytic degradation, activated carbon with a high specific surface area is used as a

support to disperse the catalyst particles and maintain the performance [14-16].

In addition, activated carbon with a high specific surface area is also required for energy
storage devices such as electric double-layer capacitors (EDLCs) and Li-S batteries. Li-S
batteries have a Li metal // sulfur type cell structure and are charged and discharged by the
electrochemical reversible reaction of lithium and sulfur compounds [17, 18]. In Li-S battery,
sulfur should be supported to porous material to form an electrode. To supporting sulfur,
activated carbon is known to be the most suitable material, because of the excellent sulfur
adsorption amount per electrode weight, electric conductivity, inexpensive price, and chemical
stability. Also, EDLC, one of the ultra-high capacity supercapacitors, has the form of activated

carbon // activated carbon symmetric electrode type [19-21]. EDLC has high output
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performance by utilizing the principle of storing / releasing energy based on the principle that
electrolyte ions form an electric double layer on the anode and cathode. When an external
power supply is applied, anions and cations are attracted to the positive and cathode electrodes,
respectively. During discharge, the stored energy is released by the diffusion of ions into
electrolyte. Therefore, the specific surface area should be secured so that ions can be adsorbed
as much as possible. EDLC electrodes using activated carbon are often used because of their

excellent output density per weight (W/kg) and low price.

In order to further improved the performance of devices, it is required to increase of the degree
of pore development of activated carbon, control the pore structure, and innovate of the

activated carbon manufacturing method.



1.2 Manufacturing of activated carbon

Generally, activated carbon is manufactured by activation process. Activation process of
carbon material is mainly classified by physical and chemical activation method. Physical
activation reaction of carbon material is based on gasification of solid carbon atoms consisting
of the carbon materials [22, 23]. The pore structure is developed by the controlled partial
gasification reaction at the specific reaction site. As an agent that can cause the gasification
reaction, an appropriate reactivity with the solid carbon atoms is required. For example,
nitrogen, methane and carbon monoxide have relatively weak reactivity and they are not
suitable as activation agents. On the other hand, oxygen has extremely high reactivity with
carbon at high temperatures. Also, activation by oxygen is an exothermic reaction, so it is
impossible to control. In contrast, carbon dioxide (CO2) and steam (H.O) possess suitable

properties as the activation agents in physical activation of carbon materials.

The gasification reaction by CO2 is shown in the following equation.

C+C02=2CO -40.8 kcal

In addition, the gasification reaction by H>O is shown in the following equation.

C+H0=H2+CO -29.4 kcal

C+2H,0=2H2+CO, -19.0 kcal

Because of the endothermic reaction between carbon and CO. or H»O, the control of
gasification degree is easy. The advantage of the physical activation method is that the price of
the activation agent is inexpensive, and obtained activated carbon can be used immediately
without a post-treatment process. However, since this physical activation takes place for carbon

atoms where the oxidizing gas can access, local gasification at outer surface often occurs,
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giving rise to the lowering of the yield and the pore development degree. Therefore, activated
carbon by physical activation is a mainly used to manufacture cheap activated carbon although

its pore structure development is low.

The main reaction of chemical activation is catalytic gasification by metal ions and
hydroxide ions of the oxidizing agent. The most representative chemical activation mechanism

by potassium hydroxide is shown in the following equations [24, 25].

2KOH — H20 + K20

C+HO—-H2+CO

CO + H,O — CO2 + H2

K20 + CO2 — K2CO3

K20 + Hy — 2K + H.0

C+Kx0—-2K+CO

When KOH, NaOH, ZnCl,, or others is used as an activation agent, a neutralization/washing
process using an acidic solution as post-treatment is necessary to remove intermediate strong
base products in entire reaction. In addition, the high price of the activating agent for chemical
activation compared to that for physical activation also affects the production cost of
chemically activated carbon. However, activated carbon by chemical activation has an
overwhelmingly high pore development degree, so it can be used such as hydrogen or energy

storage device that requires high adsorption performance.

New methods such as the microwave method, the two-step activation method, and the nano-

metal catalyst method have been proposed to produce activated carbon having higher pore



development degree [26-28]. However, as can be seen from the results of these studies, in order
to obtain activated carbon with high yield and pore development degree, chemical activation
is required consequently. Thus, the manufacturing cost of activated carbon by microwave, two-
step activation, and nano-metal catalyst method is much higher than the existing physical and
chemical activation. Therefore, there is a need for a new and facile manufacturing method for

activated carbon having a high yield and a high pore structure with low manufacturing cost.



1.3 Interpretation of the pore structure on activated carbon by microdomain model

In order to make activated carbon with high yield and high pore development, it is necessary
to efficiently develop a pore structure on carbon material. And to develop efficient pore
structure, it is necessary to understand the pore structure development more accurately.
Regarding the traditional pore model (hole-, slit- shaped), Franklin et al. [29] described that

the pore structure is the defect of carbon stack structure or crystallite (Figure 1-1).

In 1992, as shown in Figure 1-2, Kaneko et al. [30] calculated specific surface area by
microcrystalline graphitic structures of microporous carbon fibers. And they described the
interstices between micro-graphitic walls may be classified into open and partially closed pores
and an interstitial cage surrounded with neighboring micro-graphite. Furthermore, the open and
partially closed pores are classified into slit and wedge-shaped micropores. Ruike et al. [31]
reported microporous structure on carbon in 1994. Ruike model is shown in Figure 1-3. Their
model was based on the Kaneko model, however, they explained about micropore and closed
pore additionally. As a result of analyzing the carbon aerogel by the Monte-Carlo simulation
method, Gavalda et al. [32] found that aerogel spheres with a 6 nm diameter to form a carbon
aerogel, and 3 to 15 nm of mesopores and 0.7 to 1.5 nm of micropores (Figure 1-4). In addition,
as a result of observation using a scanning tunneling microscope, Pfeifer et al. [33] reported
the pore structures having shape of channels. At this moment, the depth of the pores by the

channel was from 2.8 to 3.0 nm, and the channel width was from 1.5 to 2.0 nm.

However, these models cannot exactly explain about pore structure so far, and a new structural
model is required for more accurate pore structure analysis. Unlike the suggestions of these
structural models, our research group have presented a pore development model based on the
microdomain structure. Our research group have been found finer units under particle level in
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1995 [34]. After that, our research group suggested domain and microdomain structure is exist
in carbon fiber [35]. Based on the domain and microdomain structure, our research group
proposed a hierarchical carbon structure model [36]. Furthermore, our research group
suggested that pore structure development can be explained by microdomain structure model.
Our research group reported the development of slit-shaped micropores intra-microdomain and
cylindrical mesopores are on inter-microdomains [37]. From our previous researches, | would
like to suggest that it can be possible to selectively develop a unique pore structure for the

purpose by understanding of the pore structure based on such a microdomain structure.

In a previous study, our research group have found that carbon particles are considered to be
aggregates of a large number of basic structural units called microdomains [36]. Based on this
microdomain structure model of carbon materials, a new model of pore structure of activated
carbons has been proposed as a result of observing physically activated carbon fibers using
scanning electron microscope and scanning tunnel-electron microscope [37]. In addition, as a
result of observing activated carbon fibers prepared from the same raw material but different
degrees of activation, it has been reported that the microdomain diameter distribution and the
average microdomain size tended to decrease as the pore structure developed [37].
Furthermore, as a result of investigations of activated carbons prepared by physical and
chemical activation methods from the same raw material, it has been found that the chemical
activation method did not change the diameters of the particles and microdomains even if the
degree of pore development increased [48]. In the case of the chemical activation, pore
development progressed homogeneously overall for all microdomains consisting of carbon
particles without apparent morphological change. However, the physical activation caused
inhomogeneous gasification from the outer surface of the particle and microdomain due to the

lower diffusibility of activation agent, giving rise to lower pore development and activation
8



yield. Therefore, if the inhomogeneous gasification can be improved, it would be possible to
produce activated carbon with high activation yield and high specific surface area by cheap

physical activation method.



1.4 Objective of this study

Based on various analysis and manufacturing methods, in numerous research groups related
on activated carbon, methods to develop pores more effectively while increasing the
understanding of the pore structure have been studied. Until now, however, the activated
carbon by the physical activation method has a specific surface area of about 2000 m?/g and an
average pore diameter of 1.2 nm. These porosity of physical activation is reached almost the
upper limit, and no process for producing advanced activated carbon by the physical activation
method has been developed. Even if the specific surface area of 2000 m?/g is achieved by the
physical activation method, the yield is extremely low. By the chemical activation, on the other
hand, it is possible to produce activated carbon with high yield and high degree of pore structure

development, but the production cost of activated carbon is about dozen times higher.

The purpose of this study is to propose a method that can produce activated carbon with high
yield and high activation degree at low cost, as opposed to the existing physical activation
method. After showing the new possibilities, it was aimed at a development of a production
process of activated carbon with a low-cost, high-yield and high-development pore structure.
Furthermore, applicability of activated carbons produced by the developed new method to

advanced devices was also examined.

This thesis consists of 6 chapters as follows.

In Chapter 1, I would like to introduce about activated carbon and its pore structure,
manufacturing activated carbon and interpretation of the pore structure on activated carbon by

microdomain model. Also, the objective of the study was mentioned.
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In Chapter 2, | described evaluation methodologies of activated carbon. The gas adsorption
method, which is the most widely used for the analysis of the pore structure of activated carbon,
and the specific surface area calculation method and density functional theory based on the gas
adsorption method were introduced. In addition, scanning electron microscope and scanning
tunnel-electron microscope was introduced as an observation method to evaluate activated
carbon. Furthermore, *?*Xe nuclear magnetic resonance was also introduced, which is being
discussed as a new method for analyzing the pore development degree and pore shape of
activated carbon. Additionally, density measurement of activated carbon was described.

In Chapter 3, 1 would like to establish a method for high yield and pore development degree
of activated carbon by the pressurization. Firstly, we attempted to elucidate the effect of
pressurization on the activated carbon yield, pore development degree and other factors. It was
confirmed that the gasification, the main reaction of physical activation, was promoted by
pressurization. Next, in order to investigate the effect of pressurization on particles,
microdomain, and pore structure, activated carbon sample was prepared using magnetic
suspension balance - thermogravimetry and the pore development degree was evaluated. As a
result, it was confirmed that when compared with the atmospheric physical activation
condition, the specific surface area is significantly increased by pressurized physical activation.
In addition, many large micropores were introduced by pressurization from the pore size
distribution results. As a result of microdomain observation, it was confirmed that the cause of
the difference in the high specific surface area and the pore size distribution was due to the
difference in the size and development of the microdomains between atmospheric and
pressurized physical activation. However, since the morphology and particle size distribution
of the activated carbon do not change significantly by pressurization, it means that the

heterogeneous gasification reaction on the outer surface of the particles has been improved.
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Consequently, it was possible to confirm the effect and possibility of the pressurized physical
activation method onto particle and microdomain.

In Chapter 4, I suggested “Pressurized physical activation” method as a facile manufacturing
method of activated carbon having high yield and pore development degree. Physical activation
methods are commonly adopted in industry because of their low production costs, but the lack
of activating agent diffusibility into core parts of the particles and microdomains of carbon
materials causes a lower activation yield and degree of pore development, compared with
chemical activation methods. To increase the diffusibility of activating agent into carbon
material and corresponding degree of pore development, | propose a novel pressurized physical
activation method. Pressurization showed remarkable increases in specific surface area and
total pore volume of the prepared activated carbon, compared with atmospheric physical
activation. Additionally, in activated carbon prepared by pressurization, pore size distribution
analysis revealed characteristic development of micropores of about 1.6 nm; such micropores
did not appear in activated carbon under conventional atmospheric physical activation.
Furthermore, observations of particles and microdomains showed that pressurization increased
the diffusibility of activation agent in carbon particles, but not at the microdomain level. This
innovative pressurized physical activation can produce activated carbon with highly developed
pores (specific surface area > 2,600 m?/g) and a unique pore size distribution due to the
improved activating agent diffusibility in carbon particle level.

In Chapter 5, | applied pressurized activated carbon as adsorbent for ethanol adsorption heat
pump. Although chemically activated carbon with highly developed pore structures exhibits
good ethanol adsorption performance, high activated carbon manufacturing costs inhibit its
practical application as an adsorption heat pump adsorbent. Moreover, although physical

activation can produce inexpensive activated carbon, the limited pore development limits the
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ethanol adsorption performance. Recently, we developed a pressurized physical activation
method that can produce activated carbon with a well-developed pore structure and
characteristic pore size distribution with relatively high yield. In this study, we investigated the
applicability of the pressurized physically activated carbon as an adsorbent in activated carbon-
ethanol type adsorption heat pump system. Because of the large proportions of appropriate size
pores by pressurization, the pressurized physically activated carbon showed effective ethanol
adsorption performance comparable with that of chemically activated carbon on a weight basis.
Furthermore, on a volume basis, the pressurized physically activated carbon, with a high bulk
density, showed much higher effective ethanol adsorption performance than chemically
activated carbon. These results reveal the potential of the pressurized physically activated
carbon as a relatively inexpensive high-performance adsorbent for adsorption heat pump
systems with ethanol refrigerant.

In Chapter 6, obtained results and discussions in this thesis were summarized as conclusion.
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Figure 1-1.Franklin model of (a) graphitizable carbon and (b) non-graphitizable carbon [29].
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Figure 1-2. Schematic image of open, partially closed and interstitial cage shape pore by
Kaneko model [30]. ("Reprinted from Journal of Carbon, 30, 5211751437883, K.
Kaneko, et al., Origin of superhigh surface area and microcrystalline graphitic

structures of activated carbons, 1075-1088, 1992, with permission from Elsevier").
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Figure 1-3. Pore structure model on activated carbon by Ruike [31]; Vs: volume of carbon
substrate, Vmpi: large micropore volume, Vmps: small micropore volume, Vyp: ultra-
micropore volume, V¢p: closed pore, respectively. (“Reprinted (adapted) with
permission from M. Ruike, et al., Inaccessible pore characterization of less-
crystalline microporous solids, J. Phys. Chem., 98, (1994) 9594-9600. Copyright

1994 American Chemical Society").
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Figure 1-4. (a) Mesopores and micropores in carbon aerogel. (b) Hierarchical pore structures
in carbon aerogel modeling by Gavalda [32]. ( "Reprinted (adapted) with
permission from S. Gavalda, et al., Nitrogen Adsorption in Carbon Aerogels: A
Molecular Simulation Study, Langmuir, 18, (2002) 2141-2151. Copyright 2002

American Chemical Society").
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Figure 1-5. Comparison of hierarchical structure model of carbon material based on

microdomain structure [36] and pore size classification by IUPAC.
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Chapter 2.

Methodology

2.1 Pore structural analysis

Gas adsorption method is established to characterize pore structures [1]. There are two types
of gas adsorption isotherm measurement methods; the gravimetric method and the volumetric
method. In the gravimetric method, adsorption amount is directly obtained by measuring the
weight change of an adsorbent at different gas pressures using weighing equipment such as a
quartz spring, an electronic balance, etc. The volumetric method is a method of calculating the
amount of adsorption from the pressure change using the combined gas law. For both methods,
temperature of sample is well-controlled using cryogen, water/oil bath, heater, and so on,
though, in the case of the volumetric method, manifold temperature is also needed to be kept
constant. The gases used in gas adsorption methods mainly include nitrogen, argon, carbon

dioxide, xenon, water vapor, and so on [2].

In 1985, IUPAC issued “Reporting Physisorption Data for Gas / Solid Systems” regarding
pore structure classification, measurement and calculation of surface area / porosity. Pore
structure classification by IUPAC in 1985 is shown in Figure 2-1. The report by IUPAC is
widely accepted by the scientific and industrial fields [3]. However, over the past decades,
various new characteristic types of isotherms have been identified and shown to be closely
related to pore structure and its shape. Therefore, in 2015, IUPAC reported newly
classifications of physical adsorption isotherms. The updated classification of physical
adsorption isotherms is shown in Figure 2-2 [4]. Type | is an isotherm curve commonly found

in chemical adsorption or microporous materials such as activated carbon. Of them, Type I(a)
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appears when narrow pores (1 nm or less) are present, and type I(b) is observed when a wide
range of micropores and narrow mesopores exist. Types Il and I11 are found in non-porous or
macro-porous materials. The interaction between the adsorbent and the adsorbed molecule
(adsorbate) is weaker in Type 11l than in Type Il. Type IV is mainly found for the adsorbent
with mesopores. In Type IV(a), a hysteresis loop generated by the capillary condensation is
observed. On the other hand, Type IV(b) isotherms are also provided by conical and cylindrical
mesopores that are closed at the tapered ends. Type V is similar to Type IV, but is seen when
the interaction between the solid and the adsorbed molecule is weak. Type VI isotherms
represent a layer-by-layer adsorption on a very uniform non-porous surface. For nitrogen and
argon adsorptions at 77 K and 87 K, respectively, Type I(a) isotherms are given by microporous
materials having mainly narrow micropores (< 1 nm size); Type I(b) isotherms are found with
materials having pore size distributions over a broader range including wider micropores and

possibly narrow mesopores (< 2.5 nm size).

Various calculative analysis methods have been proposed to obtain pore structural
parameters such as specific surface area and pore volume from the adsorption isotherm curves
obtained by the abovementioned gas adsorption methods. The BET method which has been
proposed by S. Brunauer et. al. is a well-known analysis method based on the multi-layer
physical adsorption process on a flat surface [5]. In the BET analysis, the specific surface area
is commonly calculated using the adsorption amount in the range of relative pressure P/Po =
0.05 to 0.3. Here, in the case of adsorption on the flat surface, the relative pressure P/Po = 0.05
is the pressure at which the adsorption of the monolayer is almost completed, and at the relative
pressure P/Po = 0.35, the molecule is in the process of adsorbing to the second layer as reported
by the simulation study [5]. By the BET analysis, the adsorption amount of the monolayer can

be obtained by using the adsorption amount when the adsorption of the second layer proceeds
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after the adsorption of the first layer is completed. However, for porous materials whose pore
diameter is 2 nm or less, that is, microporous materials, the adsorbed molecules receive the
interactions from opposed pore walls, but not from one-side surface. Therefore, the unexpected
adsorption is promoted in micropores. The actual adsorption amount is larger than the ideal
adsorption amount of the BET model, and the analysis result often gives a overestimated
specific surface area than the actual value. For this reason, the BET analysis should not be

applied to microporous materials with a pore diameter of 2 nm or less like activated carbon.

Although many methods for analyzing 77 K nitrogen or 87 K argon adsorption isotherms
other than the BET method have been proposed, analysis by the as-plot method [6-8] is
considered to be desirable for porous materials. The as-plot is a method for analyzing unknown
samples by comparing the adsorption isotherms of standard samples and unknown samples. In
the as-plot analysis, the nitrogen adsorption isotherm of the standard sample is converted so
that it becomes a straight line, and information on the unknown sample can be obtained by
comparing the standard sample with the unknown sample. From this analysis, the values of the
total specific surface area, the external specific surface area, and the total pore capacity can be
obtained. The average pore width can be calculated by assuming the pore shape using the
obtained values of specific surface areas and pore volume. For example, assuming a slit type
pore, if the total specific surface area is Stotal, the outer specific surface area is Sext, and the
micropore capacity is V, the average pore width w of the micropores is calculated by the

following equation [9].
w =2V x 1000/ (Stotal - Sext) [nm]

The average pore width w obtained by this equation shows a relatively good agreement with

the values from other analysis methods.
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Recently, the calculated absorption isotherms can be easily obtained based on the density
functional theory (DFT) method [10-12] and the Grand Canonical Monte Carlo (GCMC)
method [13], which have become possible due to the development of computers in recent years.
By using the DFT and GCMC, important pore structure information such as pore size

distribution, total pore volume, micro- and meso-pore volume can be obtained.
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2.2 Observational analysis

Many studies have been conducted to understand the pore structure of activated carbon. In
the previous studies, since direct observation was quite difficult, gas adsorption techniques or
simulation methods by modeling have been mainly conducted. With the development of
technology, however, it becomes possible to directly obtain information of the pore structure

in these days.

Scanning electron microscope (SEM) images the electronic signals of secondary electrons
and backscattered electrons emitted from the surface of a sample when the surface of the
sample is irradiated with an electron beam. At low magnification, it is effective for observing
particles of activated carbon, and at high magnification, micropores can also be observed in
recent years. However, since only a local image on the particle surface is obtained by SEM,

there is still a limitation for quantitative analysis of the entire pore structures.

Scanning tunneling microscope (STM) is an analytical method for observing the surface state
by tunneling current [14]. When a bias voltage is applied between the very close to the sample
surface and the probe that the micrometer-level thickness tip, electrons can pass through the
potential barrier due to the tunnel effect. The result of tunneling current is determined by the
distance of the probe and sample, the applied voltage, and the interaction with the sample. An
image can be obtained by measuring the tunnel current flowing between the probe and the
sample while scanning the sample surface. By using STM, the mean size of microdomains and

the microdomain size distribution can be obtained.
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2.3 Other methods

129%e-NMR method is a state-of-the-art technology that is drawing attention in pore structure
analysis. From 1%Xe-NMR measurement results for adsorbed Xe gas on porous material,
correlated graph has been obtained with the chemical shift value at the peak top on the
horizontal axis and the average pore diameter on the vertical axis [15]. According to the results
of this report, not only the degree of pore development but also information of pore shape can
be estimated. It is thought that different pore structures such as cylindrical shape and slit-like
shape would give different interaction strength between pore and adsorbate, and thus different
correlations will be given for each pore type. Indeed, as shown in Figure 2-3, different
correlation curves from that for the cylinder type pores were obtained for the slit type pores
[15, 16]. Additionally, it has been confirmed that the correlation was independent from
dominant components of porous materials: Both silica-based mesoporous materials and
mesoporous carbons gave the same correlation curve. This result indicates that the correlation
is mainly the pore shape dependent, suggesting a potential of ?Xe -NMR technique as an

analytical method of pore shape of porous materials.

Since activated carbon has a pore structure in carbon material, there is a correlation between
the density of activated carbon and the degree of pore structure development. Density is divided
into true density, bulk density, and apparent density. Because of the true density is a density of
solid substance with the exception of any voids and pores, it is difficult to obtain for samples
when micropores and/or closed pores are existing. Apparent density is the density of substance
including closed pores but excluding open pores and voids. In a calculation of the bulk density,

volumes include solid substance, closed pores, open pores, and voids between particles.

28



B

K

m 1" 4
©
5
G

S B
Q
€

P 7

Relative pressure —»

Figure 2-1. Classification of physical adsorption isotherm curves suggested by IUPAC in 1985
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PHYSISORPTION DATA FOR GAS/SOLID SYSTEMS with Special Reference

to the Determination of Surface Area and Porosity, Pure Appl. Chem., 57 (1985)

603-619. © IUPAC, Copyright 1985 De Gruyter").

29



I(a) I(b)

ﬁ
i
Ht

IV(b)

Amount adsorbed —————

Relative pressure ————————

Figure 2-2. Classification of physical adsorption isotherm curves suggested by IUPAC in 2015
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Chapter 3.

Possibility of pressurized physical activation method

3.1 Introduction

As mentioned in Chapter 2, physical activation reaction is based on gasification of carbon
material by oxidizing gas [1, 2]. Therefore, although it is possible to manufacture activated

carbon at low cost, the yield and pore development of activated carbon are low [3, 4].

As explained in Section 1.3, the improvement of diffusibility of activating agent is
considered to be a key to increase the degree of pore development and activation yield of

physically activated carbon.

To increase diffusibility of activating agent into carbon material, pressurization is considered
to be an effective way. Our research group have reported that the pressurization during the
oxidative stabilization of isotropic and mesophase pitch fibers improved diffusivity of gas into
core part of the fibers, allowing homogeneous stabilization at low temperature [8]. In addition,
although not that much, it has been reported that the diffusibility of the oxidation gas into the
carbon material was improved by pressurization [9-11]. From these studies, it was speculated
that the diffusibility of the activating agent into the carbon material could be increased by

pressurized during physical activation.

In this Chapter 3, a possibility of the pressurized physical activation as a preparation method

of activated carbon of high activation degree was studied.
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3.2 Experimental
3.2.1 Preliminary study to estimate activation conditions

As araw material for activated carbon, an 8 um spherical phenol resin (BEAPS series, ASAHI
YUKIZAI CORPORATION, Japan) was applied to investigate the effects of pressurization on
particle size and shape. At first, the resin was carbonized at 600°C for 1 h in N> with a flow
rate of 200 cm®/min. The average carbonization yield was 52%. CO, was selected as the
activating agent because of its easy handling. In this study, a magnetic suspension balance -
thermogravimetry system (MSB-TG, Figure 3-1) was used for atmospheric and pressurized
gasification. From the thermogravimetry curve, relationship between the activation conditions
(temperature and pressure) and gasification rate was evaluated. The gasification rate was

calculated as:

Gasification rate [%] = Gasified (decreased) weight [g] / Initial weight [g] x 100

3.2.2 Sample preparation

Based on the results in the preliminary examination in Section 3.2.1, activation conditions to
obtain activated carbons with 18-20% yield were determined at each activation pressure of 0.1,
0.5, and 1.0 MPa. | designated the obtained activated carbon as PXTY, where X and Y indicate
the activation pressure in MPa and stopped temperature in degree Celsius, respectively; for

example, P0.1T920 indicates activated carbon prepared at 0.1 MPa and stopped at 920°C.
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3.2.3 Characterization

To investigate pore characteristics, N2 adsorption and desorption isotherms at 77 K were
measured using a gas adsorption desorption analyzer (Nova-e series; Anton Paar QuantaTec
Inc., USA). Pore structural parameters including total pore volume and specific surface area
were calculated by the as-plot [13] and quenched solid density functional theory (QSDFT) [14]

methods from the N adsorption isotherms.

Particle size distribution and average particle size were investigated using a scanning electron
microscope (SEM, JSM-6700F; JEOL, Japan), evaluating the mean size of 300 particles in
SEM images of each sample. To investigate the microdomain size and structure, | also acquired
scanning tunneling microscope (STM, Agilent Technologies 5500 Scanning Probe
Microscope; Toyo Corporation, Japan) images, using its constant current mode (current: 0.3—
1.2 nA, bias voltage: 0.1-1.5 V, and scan frequency: 1-2 Hz). Microdomain size distribution
and mean size of microdomain were determined by 200 microdomains in STM images of each

activated carbon sample.
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3.3 Results and discussion

3.3.1 Preliminary study using MSB-TG

MSB-TG results are shown in Figure 3-2. At all pressures, a rapid weight loss (gasification)
was observed from 700°C. It was considered that the gasification reaction with CO> started at
around 700°C on carbonized BEAPS. Furthermore, since the inflection point of the curve was
observed at a lower temperature as the pressure increased, it can be seen that the temperature
at which the gasification reaction started became lower by applying the pressure. This was the
same tendency as reported in the previous study that the stabilization temperature decreasing
occurred by pressurization on the stabilization process to the pitch-based carbon fiber [9]. For
a direct comparison of gasification tendency, the temperatures required to achieve target
gasification rates of 30, 50 and 70% under each pressure condition are shown in Table 3-1. At
0.1 MPa, each gasification rate was achieved at 895, 943 and 976°C. In contrast, at 0.5 MPa,
it was achieved at 838, 886, and 924°C, respectively. Compared to 0.1 MPa, the temperature
was about 50 to 60°C lower at each gasification rate. It was also achieved at 762, 819 and
862°C when pressurized to 1.0 MPa. It was confirmed that in the case of 1.0 MPa compared to

0.1 MPa, it is achieved at lower temperatures of about 90-130°C. In 1.5 MPa, however, there

are almost no change from 1.0 MPa. From these results, it was confirmed that the temperature
for achieving a certain gasification rate decreased with an increase of the applying pressure.

This result suggests that pressurization can accelerate and promote the gasification reaction.

3.3.2 Pore structure analysis results

N2 adsorption isotherm results of the activated carbons prepared at different CO> pressure at
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77 K are shown in Figure 3-3. Also, activation pressure, yield and pore structural parameters
are shown in Table 3-2. All samples basically showed Type | adsorption isotherm curves, but
P0.5T900 and P1T870 showed a slight hysteresis shape. As a result of the as-plot analysis, it
was found that P0.1T920 had a specific surface area of about 1140 m?%g and 0.6 cm®/g of total
pore volume. On the other hand, for P0.5T900, the N> adsorption amount clearly increased
compared to P0.1T920, and a specific surface area of 1910 m?/g and 1.2 cm®/g of total pore
volume was achieved. Furthermore, P1T870 showed further increased N2 adsorption amount,
and the specific surface area and total pore volume were 2680 m?/g and 1.5 cm®/g, respectively.
These results revealed that the degree of pore structure development of pressurized physically
activated carbon can exceed the limit of the conventional physically activated carbon. Changes
of specific surface area and pore volume for each activated carbon prepared at different
activation pressures are shown in Figure 3-5. By pressurization, specific surface area was
increased proportionally. However, total pore volume increased a little bit compared to the

specific area. This result suggests that P1T870 had wider pore size than others.

Pore size distribution was calculated by the QSDFT method from the 77 K nitrogen
adsorption isotherm. As shown in Figure 3-4, it was confirmed that 0.6 to 2 nm micropores
were introduced in P0.1T920. Especially, peak top was placed at 0.8 nm. On the other hand, it
was found that the pores with a size of 1.2-3 nm were specifically increased in P0.5T900 as

compared with P0.1T920. In addition, P1T870 showed a further development of pores of 1.2-

3 nm. It was confirmed that the large amount of wider pores can be introduced by

pressurization, which was not possible with conventional physical activation processes.

3.3.3 Particle and microdomain observation results
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Figure 3-6 shows particle size distribution and mean particle sizes for each activated carbon.
All activated carbon samples maintained the original spherical shape of the starting sample
(carbonized BEAPS sample). For each activated carbon sample, P0.1T920, P0.5T900 and
P1T870 had mean particle size of 4.9, 4.8, and 5.0 pum, respectively. There were almost no
changes between pressurized conditions even though they had different degree of pore
development. Also, particle size distribution showed the same tendency that 4-6 pum of

particles were predominant regardless of the activation pressure.

Figure 3-7 shows microdomain images, microdomain size distribution and mean size of
microdomain of prepared activated carbon samples estimated by using STM. P0.1T920 showed
an unclear boundary between microdomains. By the pressurization, however, P0.5T900 and
P1T870 showed clear boundary and spherical shapes. Microdomain distributions showed a
shift to smaller size direction by pressurization. In addition, mean size of microdomains also
showed a decreasing tendency: those of P0.1T920, P0.5T900, and P1T870 were 7.7 nm, 5.2
nm, and 4.8 nm, respectively. The STM results suggested two things; First thing is that inter-
microdomain space was developed by pressurization, contributing the pore structure
development. Second thing is that pressurization was not that effective for improving the intra-
microdomain diffusion of activating agent as suggested from the decreased microdomain size

by pressurization.
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3.4 Conclusion

In Chapter 3, to investigate a possibility of the pressurized physical activation process, the
gasification reactivity of the carbonized spherical phenol resin was evaluated under pressurized
conditions using the MSB-TG apparatus. As a result, it was confirmed that the gasification
reaction occurred at a lower temperature by pressurization. In other words, it was confirmed
that the temperature required to achieve the same specific gasification rate decreased by
pressurization. It was considered that pressurization improved the diffusibility of the activating
agent gas and thus the gasification reaction, similar to the result seen in the pressurized
stabilization in the carbon fiber manufacturing process in the previous study. In addition, as a
result of evaluating the pore structure of activated carbons produced by atmospheric /
pressurized physical activations, it was confirmed that the specific surface area greatly
increased and the pore size distribution was also significantly changed by the pressurization.
As a result of observing the microdomains of each sample, a difference in microdomain size
was observed, which is presumed to be the cause of the change in the pore structure due to
pressurization. On the other hand, since almost no change in the size of the particles was
observed even when pressurized, it was considered that uniform activation was performed at
the particle level. From these results, it was possible to confirm the pressurized physical
activation was effective to prepare activated carbons with higher degree of pore development

as compared with the conventional atmospheric physical activation.
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Table 3-1. Temperatures to achieve the target gasification rate at different applied pressures.

Achieved temperature at each pressure

[°C]
Target gasification rate
0.1 MPa 0.5 MPa 1.0 MPa
[%]
30 895 838 762
50 943 886 819
70 976 924 862
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Table 3-2. Activation pressure, yield and pore structural parameters of the starting carbonized
material (C6) and derived activated carbons prepared by atmospheric and

pressurized physical activation methods.

Activation Activation  Activation Specific Total pore
Sample pressure temperature yield surface area volume
[MPa] [°C] [%] [m?/g] [cm®/g]
P0.1T920 0.1 920 18 1140 0.6
P0.5T900 0.5 900 18 1910 1.3
P1T870 1.0 870 20 2680 1.5
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Figure 3-2.Pressurized thermogravimetric curves by MSB-TG at (black) 0.1, (red) 0.5, (blue)

1.0, and (green) 1.5 MPa of CO: pressure, respectively.
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Figure 3-3.N2 adsorption and desorption isotherms at 77 K of atmospheric and pressurized
physical activated carbons. Solid and open symbols denote adsorption and
desorption isotherms, respectively. (Black) P0.1T920; (red) P0.5T900; (Blue)
P1T870. PXTY: X and Y indicate the activation pressure in MPa and temperature

in degree Celsius, if any, respectively.
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Figure 3-6.Scanning electron microscope (SEM) images and particle size distributions of
activated carbons. (a) SEM image of P0.1T920 and its (b) distribution; (c) SEM

image of P0.5T900 and its (d) distribution; () SEM image of P1T870 and its (f)

distribution, respectively.
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Figure 3-7.Scanning transmission electron microscope (STM) images and particle size
distributions of activated carbons. (a) STM image of P0.1T920 and its (b)
distribution; (c) STM image of P0.5T900 and its (d) distribution; (¢) STM image

of P1T870 and its (f) distribution, respectively.
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Chapter 4.

Effect of pressurization on activated carbon manufacturing process

Pressurized physical activation: A simple production method for activated carbon with a

highly developed pore structure (H. Yi, et al., Carbon, 183 (2021) 735-742.)

4.1 Introduction

Activated carbon is a useful artificial material; because of its developed pore structure, it has
been adopted as an adsorbent for air and water purification [1-3], gas separation [4, 5], catalyst
carrier [6], and electrode materials for energy storage devices [7-9]. To improve its
performance and exploit new application fields, there is a need to increase the degree of pore
development in activated carbon. The process of developing a pore structure in carbon is known
as activation, which is divided into physical and chemical methods. Physical activation
methods were developed earlier and are more widely used in industry; they can manufacture
activated carbon with a low cost because of the lower activating agent price (e.g., steam, COz,
or air) and lack of requirements for subsequent treatment and special facilities [9-12].
However, the limited extent of pore development and comparatively low activation yield are
disadvantages of such methods. Chemical activation methods involve the use of substances
such as ZnCly, phosphate, and alkali metal compounds as activating agents to manufacture
activated carbon, thereby providing more highly developed pore structures and higher yields
[2, 13-16]. However, these chemical activation methods inevitably require a post-treatment
acid-washing process to remove the residues of the chemical activating agent and are therefore

costly.
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Recently, trials to obtain activated carbon with highly developed pores have been conducted
and various methods have been proposed [17-20]. However, these methods are based on
chemical activation; high production costs remain problematic. Thus, there is a need to develop
a simple production method for activated carbon with highly developed pores, comparable with
the results of chemical activation, but with low production costs, similar to the costs of physical

activation methods.

In our previous work, our research group have reported the existence of microdomains as a
basic structural unit of artificial carbon materials and proposed a microdomain structure model
to describe the pore structure of activated carbon [21]. Based on this microdomain structure
model, our research group have elucidated the differences between physical and chemical
activation mechanisms [22]. Chemical activation provides widespread uniform pore
development for microdomains comprising carbon particles, whereas physical activation
causes inhomogeneous gasification from the outer surface of the carbon particles and their
microdomains, thereby producing a lower degree of pore development and lower activation
yield. These findings suggested that, during physical activation, the activating agent molecules
preferentially react with solid carbon on the outer surfaces of particles and microdomains, prior
to penetration into core areas. Therefore, if the activating agent diffusibility can be improved,
a more homogenous activation reaction could be achieved for all microdomains within each
carbon particle. Thus, highly developed pores and a high activation yield could be obtained

even by physical activation.

Here, our research group would like to suggest the pressurization may aid in increasing the
activation agent diffusibility; our research group have reported in a study of the stabilization

process of carbon fiber production [23] that pressurization improved the oxygen gas
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diffusibility, resulting in a homogenous stabilization reaction throughout pitch fibers. Positive
influence of pressurization on pyrolytic and gasification performances of carbonaceous
materials has been also reported [24-36]. In pyrolysis, for example, some studies have shown
the increase of char yield by pressurization [24, 28]. Also, pressurization was found to
accelerate the gasification reaction of chars [30-35]. Zhang et al. have reported an increase of
surface area and pore volume by pressurization, but this study did not discuss the pore
development mechanism by pressurization [29]. In Chapter 4, | propose a novel pressurized
physical activation method as a simple production process for activated carbon with a highly

developed pore structure.
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4.2 Experimental
4.2.1 Sample preparation

As a raw material, carbonized 8 pm spherical phenol resin was used also in Chapter 4 as in
Chapter 3. The carbonized material (C6) was heated to 700—900°C at a rate of 5 °C/min in a
flow (150—200 cm®/min) of pure CO; at a pressure of 0.1 or 1.0 MPa for atmospheric or
pressurized activation, respectively, without holding. To obtain activated carbon with a higher
degree of activation, portions of C6 were held at 900°C in the CO. flow for various intervals.
The obtained activated carbons were designated as PXTYmZ, where X, Y, and Z indicate the
activation pressure, temperature, and holding time at 900°C, if any, respectively; for example,
P0.1T900m15 indicates activated carbon prepared at 0.1 MPa and 900°C and held for 15 min.

Activation yield was calculated by the following equation.

Activation yield [%] = —cienafteractivation [e] \ 100 Bum-off [%]
y ° Weight before activation [g] °

4.2.2 Characterization

To investigate pore characteristics, | measured N2 adsorption and desorption isotherms at 77
K using a surface area analyzer (Nova-e series; Anton Paar QuantaTec Inc., USA). Pore
structural parameters including total pore volume and specific surface area were calculated by
the as-plot [37] and quenched solid density functional theory (QSDFT) [38] methods from the

N> adsorption isotherms. The porosity was calculated as
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cm3 cm3
Porosity p— = Total pore volume ?

X Bulk density [%]

where bulk density was estimated by packing each specimen in a cylinder having an inner

diameter of 1.6 mm and a depth of 2.5 mm.

Particle size was determined using a scanning electron microscope (SEM, JSM-6700F; JEOL,
Japan), evaluating the mean size of 300 particles in SEM images of each sample. To investigate
the microdomain size and structure, | also acquired scanning tunneling microscope (STM,
Agilent Technologies 5500 Scanning Probe Microscope; Toyo Corporation, Japan) images,

using its constant current mode (current: 0.3-1.2 nA, bias voltage: 0.1-1.5 V, and scan

frequency: 1-2 Hz).
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4.3 Results and discussion
4.3.1 Pore structure evaluations of activated carbon

Figure 4-1 shows the N adsorption and desorption isotherms at 77 K of the starting
carbonized material (C6) and activated carbon derived from both the atmospheric and
pressurized physical activation methods, with CO> as the activating agent. The activation yields
and pore structural parameters calculated by the as-plot method from N2 adsorption isotherms
are listed in Table 4-1. For all forms of activated carbon, adsorption hysteresis originating from
mesopores was nearly undetectable. At an activation pressure of 0.1 MPa, there were no
significant differences in the yield or N2 adsorption isotherms for activation temperatures up to
800°C. At 900°C, however, the adsorption amount of N> increased in the low relative pressure
(P/Po) region, with a noticeable decrease of the activation yield. By holding the specimen at
900°C, activation progressed: P0.1T900m90 exhibited a specific surface area of 1650 m?/g,
total pore volume of 0.59 cm®/g, and activation yield of 13%. In contrast, when physical
activation was performed at a CO. pressure of 1.0 MPa, a remarkable increase in N2 adsorption
was observed even at an activation temperature of 800°C, and further pore development was
confirmed at 900°C. As shown in Table 4-1, lower activation yields were observed for
pressurized activated carbon than for atmospheric activated carbon at the same activation
temperature and holding time. Indeed, pressurization reportedly increases the rate of
conversion of char particles into CO gas during CO> gasification [31, 32, 35]. However, the
much higher specific surface area and total pore volume of pressurized activated carbon suggest
that the pressurization should have enhanced CO> diffusibility into carbon particles and/or
microdomains to efficiently develop pores. The highest degree of pore development was

obtained for P1T900m5 (specific surface area: 2630 m?/g and total pore volume: 1.31 cm®/g)
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at 12% vyield. At 1.0 MPa and 900°C, the longer activation period of 15 min (P1T900m15)

induced complete gasification and activated carbon was not obtained.

Figure 4-2 shows the pore size distribution of activated carbon, calculated by the QSDFT
method. CO- activation at 0.1 MPa was found to preferentially introduce narrow micropores
less than 1.0 nm of pore width. A longer activation period at 900°C developed comparatively
wide micropores (1.0-1.5 nm) in atmospheric activated carbon (P0.1T900m15 and
P0.1T900m90). In contrast, activation at 1.0 MPa resulted in the development of 1.0-1.5 nm
wide pores even at an activation temperature of 800°C (P1T800). The pore size distribution
was gradually broadened with increases of the activation temperature and holding time;
P1T900m5 exhibited a prominent peak for a pore width of about 1.6 nm, indicating a
development of wide micropores at that width and corresponding to a significant increase in

the total pore volume of this activated carbon.

The relationships of activation yield with specific surface area and total pore volume are
shown in Figure 4-3. These confirm an apparent difference between the atmospheric (0.1 MPa)
and pressurized (1.0 MPa) physical activations: The gradient of the degree of pore development
compared with activation yield was much steeper for the pressurized activated carbon than for
the atmospheric activated carbon. This led to considerable differences in specific surface area
and total pore volume at a similar yield, indicating the effectiveness of pressurization for pore
development. Notably, pressurized physical activation yielded a specific surface area of 2630
m2/g, which is difficult to achieve by conventional atmospheric physical activation. For a
similar level of pore development, a higher activation yield was obtained for the pressurized
activated carbon (e.g., 53% vs. 21% for pressurized and atmospheric activated carbon,

respectively, at a specific surface area of approximately 1400 m?/g). From the perspective of
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activation yield, pressurization can suppress the unwanted local gasification of solid carbon,

causing more efficient pore development.

In addition, the relationships of activation yield from carbonized BEAPS, so-called char, to
degree of pore development tendency are shown in Figure 4-4. The specific surface area per
char weight was reduced by the pressurization, indicating that the gasification without pore
development was suppressed. In addition, to the total pore capacity per char weight, it was
confirmed that same tendency with specific surface area per char weight. From Figure 4-4,
pore development degree vs. char weight results are shown that the inefficient gasification
reaction was restrained by pressurization, which contributed to the higher yield and pore

structure development degree.

Changes of bulk density and porosity with the degree of activation are shown in Figure 4-5.
With a decrease of activation yield, in other words, with a progress of activation, the bulk
density decreased regardless of the activation pressure (Figure 4-5(a)). However, the
pressurization induced the more decrease of bulk density, which was attributed to the higher
degree of pore development: As shown in Figure 4-5(b), a noticeable difference of porosity of
atmospheric and pressurized activated carbon samples confirmed the effectiveness of

pressurization for pore development.

4.3.2 Particle and microdomain observations of activated carbon

Figure 4-6 and Figure 4-7 show SEM images of atmospheric and pressurized physically
activated carbons, respectively. All activated carbon samples maintained a spherical shape.

Figure 4-8 shows the change in mean particle size with activation yield and the particle size
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distributions for atmospheric and pressurized activated carbon. In atmospheric activated
carbon, mean particle size decreased with increasing degree of activation (Figure 4-8(a)) and
the particle size distribution tended to shift leftward (Figure 4-8(b)). This decrease in size
agrees with our previous findings for atmospheric physical activation using steam as an
activating agent [22]. In contrast, pressurized activated carbon showed no change in either
mean particle size (Figure 4-8(a)) or particle size distribution (Figure 4-8(c)). When
considered together with the porosity assessment results, these findings indicate that

pressurization can achieve a uniform reaction, at least at the particle level.

To compare the changes in microdomain structure under atmospheric and pressurized
physical activations, | applied STM technique to P0.1T900m90 and P1T900m5 as
representatives of atmospheric and pressurized activated carbon, respectively, with similar
activation yields. The resulting images and microdomain size distributions are shown in Figure
4-9. P0.1T900m90 showed an unclear boundary between microdomains; however, P1T900m5,
obtained by pressurized physical activation, showed a clear boundary. The distributions
indicated that the microdomains tended to be smaller in P1T900m5 than in P0.1T900m90; the
mean microdomain sizes were 5.0 and 6.1 nm for the pressurized and atmospheric activated
carbon, respectively. The STM results suggested that pressurization was ineffective for

improving activating agent diffusion into microdomains.

4.3.3 Pore development mechanism of pressurized physical activation

Figure 4-10 shows a schematic model of the mechanistic difference in pore development of
the atmospheric physical, pressurized physical, and chemical activation methods based on the

microdomain structure model [21]. According to the model, a carbon particle consists of
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numerous microdomains, and both inter- and intra-microdomain spaces function as pores.
During chemical activation, sizes of carbon particles and microdomains do not show noticeable
changes regardless of the degree of activation, indicating a sufficient diffusibility of the
activating agents in both carbon particles and microdomains. This enables uniform reaction of
the activating agents with each microdomain in the carbon particle, and both inter- and intra-
microdomain pores are well developed [22]. For conventional atmospheric physical activation,
on the other hand, the low activating agent diffusibility causes local gasification reactions at
the outer surfaces of microdomains and carbon particles, causing decreases in size of both
carbon particles and microdomains. This results in the low activation yield and degree of pore
development observed under atmospheric physical activation [39—-41]. In contrast, the diffusion
at the particle level was improved in pressurized activated carbon in this study, as revealed by
the unchanged particle size even at the high degree of activation (Figure 4-8). Previous studies
[23, 42] have reported that gas diffusibility in solid carbon materials can be improved by
pressurization. However, the decrease of microdomain size suggested little influence of the
pressurization on the improvement of the activating agent diffusibility. Therefore, the
remarkable increases in specific surface area and total pore volume under pressurization can
presumably be attributed to the development of inter-microdomain pores. That is, the
pressurized physical activation method can produce a high degree of pore development,
between the development outcomes achieved by chemical and atmospheric physical activation

methods.
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4.4 Conclusion

To produce activated carbon with a highly developed pore structure by a simple production
process, a novel pressurized physical activation method was proposed. It was found that the
pressurized activated carbon achieved either a higher degree of pore development for a similar
activation yield or a higher activation yield for a similar degree of pore development.
Furthermore, a characteristic pore size distribution, with a maximum at approximately 1.6 nm,
was obtained by pressurization. Observation results of particles and microdomains revealed
that pressurization improved the diffusibility of activation agent into carbon particles, but not
in their microdomains. Consequently, | successfully demonstrated the effectiveness of the
pressurized physical activation method to produce activated carbon with a high degree of pore

development by means of improving diffusibility of activating agent at the particle level.
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Table 4-1. Activation yield and pore structural parameters of the starting carbonized material

(C6) and derived activated carbons prepared by atmospheric and pressurized

physical activation methods.

Activation Activation Total Specific
Sample pressure yield pore volume surface area
[MPa] [%] [cm®/g] [m?/g]
C6 - - 0.18 570
P0.1T700 86 0.18 570
P0.1T800 82 0.18 590
P0.1T900 66 0.32 1020
0.1
P0.1T900m5 44 0.36 1150
P0.1T900m15 21 0.49 1410
P0.1T900m90 13 0.59 1650
P1T700 78 0.24 760
P1T800 53 0.46 1390
P1T900 1.0 40 0.65 1940
P1T900m5 12 1.31 2630
P1T900m15 0 - -
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Figure 4-1. N> adsorption and desorption isotherms at 77 K of atmospheric physical activated
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carbons. Solid and open symbols denote adsorption and desorption isotherms,
respectively. (Circle) P0.1T700 or P1T700; (square) P0.1T800 or P1T800;
(rhombus) P0.1T900 or P1T900; (triangle) P0.1T900m5 or P1T900mb5; (inverted
triangle) P0.1T900m15; and (star) P0.1T900m90. PXTYmZ: X, Y, and Z indicate
the activation pressure, temperature, and holding time at 900°C, if any,
respectively. Inset: The results of the starting carbonized material (C6) are shown

for comparison.
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Figure 4-2.Pore size distributions of atmospheric physical activated carbons. (Circle)
P0.1T700 or P1T700; (square) P0.1T800 or P1T800; (rhombus) P0.1T900 or

P1T900; (triangle) P0.1T900m5 or P1T900m5; (inverted triangle) PO.1T900m15;
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and (star) P0.1T900m90. Inset: The results of the starting carbonized material (C6)

are shown for comparison.
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Figure 4-3.Relationship of activation yield to degree of pore development for activated
carbons prepared by (black circle) atmospheric and (red square) pressurized

physical activation methods with CO: as an activating agent: (a) yield vs. specific
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surface area; (b) yield vs. total pore volume. The results of the starting carbonized

material (C6; open triangle) are shown for comparison.

71



(a) Specific surface area by char

1000

= 800 1.0 MPa
g

o

w600 A

el

o

5 |

5 400 - 0.1 MPa

u’;_.ﬂ N

=

w

& 200

N3]

¥

j=H

72}

0 T T . .
0 20 40 60 g0 100

Activation yield [%0]

(b) Total pore volume by char

0.30
1.0 MPa

3

Total pore volume by char [em™/g |
o
o

0 20 40 60 80 100
Activation yield [%0]
Figure 4-4.Relationship of activation yield to degree of pore development for activated
carbons prepared by (black circle) atmospheric and (red square) pressurized
physical activation methods with CO> as an activating agent: (a) activation yield

rate vs. specific surface area by char; (b) activation yield vs. total pore volume by
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Figure 4-5.Relationships of activation yield to (a) bulk density and (b) porosity for activated
carbons prepared by (black circle) atmospheric and (red square) pressurized
physical activation methods. The results of the starting carbonized material (C6;
open triangle) are shown for comparison.
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Figure 4-6. Scanning electron microscope (SEM) images of activated carbons prepared by
atmospheric physical activation. (a) P0.1T700; (b) P0.1T800; (c) P0.1T900; (d)
P0.1T900m5; (e) P0.1T900m15; (f) P0.1T900m90. PXTYmZ: X, Y, and Z indicate

the activation pressure, temperature, and holding time at 900°C, if any,

respectively.
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Figure 4-7. SEM images of activated carbons prepared by pressurized physical activation at

1.0 MPa of CO pressure. (a) P1T700; (b) P1T800; (c) P1T900; (d) P1T900m5.
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Figure 4-8.(a) Relationships between mean particle size and activation yield for atmospheric
(black, circle) and pressurized physical activations (red, square), and particle size
distributions of (b) atmospheric and (c) pressurized physical activated carbons.
(Circle) P0.1T700 or P1T700; (square) P0.1T800 or P1T800; (rhombus) P0.1T900
or P1T900; (triangle) P0.1T900m5 or P1T900m5; (inverted triangle)

P0.1T900m15; and (star) P0.1T900m90.
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P1T900m5.
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Chapter 5.

Application of pressurized physically activated carbon to ethanol

adsorption heat pump

Study on the applicability of pressurized physically activated carbon as an adsorbent in

adsorption heat pumps (H. Yi et al., RSC Adv., 12 (2022) 2558-2563)

5.1 Introduction

Today, environmental friendliness, CO. emission reduction, thermal energy efficiency, and
thermal management are important global concerns. A heat pump is a system capable of
cooling, heating, and freezing by pumping heat. Heat pumps are widely used in homes and
industrial plants. According to their drive power, heat pumps are classified into vapor
compression  (compressor),  thermoelectric  element  (Peltier  element), and
absorption/adsorption types. Among these, the adsorption heat pump (AHP) is commercially
available as adsorption type refrigerators. These refrigerators are equipped with a porous
adsorbent and operate based on the adsorption cooling principle proposed by Faraday in 1848
[1]. Unlike other types of heat pumps, AHPs require almost no electricity for its operation and
produces minimal vibration and noise. Furthermore, AHPs can be driven by solar heat or
industrial low-temperature waste heat, preventing CO2 emissions. Therefore, replacing existing
heat pumps with AHPs can contribute to electric power saving and efficient waste thermal
energy recycling. However, the large size of existing AHPs devices limits their widespread

usage, necessitating the improvement of the performance of AHP systems.

84



Examples of AHP refrigerants include NHs, water, alcohol, and CO> [2-4], while porous
materials such as silica gel, synthetic zeolite, and activated carbon are used as adsorbents [5—
7]. Synthetic zeolite—water is a commercial AHP adsorbent-refrigerant combination. Although
water is inexpensive and safe, the zeolite—water pair is limited by low adsorption capacity, and
water cannot obtain temperatures below ice point. Thus, activated carbon—ethanol has attracted
increasing attention as an alternative pair [8-11]. For example, owing to its well-developed
pore structure, activated carbon has a saturated ethanol-uptake capacity of 1900 mg/g [10].
Saturated ethanol uptake capacity is an important indicator of the maximum adsorption
capacity of an adsorbent. Instead, “effective adsorption uptake” is used herein to denote the
difference in adsorption uptake between adsorption and regeneration (desorption) conditions,
as a critical index to assess the performance of AHP systems. This is because the AHP working
pressure range is determined by the AHP operation temperatures (i.e., the temperatures of
cooling water, the surrounding environment, and regeneration) and does not include the overall
relative pressure (P/Po) range of refrigerant (0-1). In a previous study, the AHP P/Po range was
calculated as 0.1-0.3 of ethanol adsorption isotherms at 303 K under assumption of 283, 303,
and 353 K for the cooling water, the surrounding environment, and regeneration temperatures,
respectively. Under this condition, the maximum effective ethanol uptake occurred at a carbon
pore slit width of 1.6 nm [12]. Chemically activated carbon with an average pore width of 1.6

nm showed a high effective ethanol uptake of > 700 mg/g [12].

However, conventional physical activation methods using atmospheric pressure CO> or steam
cannot easily realize activated carbon with a large number of 1.6-nm micropores. In contrast,
chemical activation using KOH or NaOH as the activation agent can introduce a large number
of micropores and mesopores; however, the required post-treatment step of acid-washing and

anti-corrosion equipment increase production costs. Thus, we recently developed a pressurized
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physical activation method for activated carbon production [13]. The obtained activated carbon
showed a high degree of pore development and characteristic pore size distribution, with a peak

pore width of approximately 1.6 nm.

In this study, I investigated the applicability of pressurized physically activated carbon in

AHP systems using ethanol refrigerant.
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5.2 Experimental
5.2.1 Sample preparation

| used a carbonized BEAPS (C6) in the same manner as Chapters 3 and 4. C6 was activated
at 900°C under CO- pressures of 0.1 MPa for 90 min and 1.0 MPa for 5 min to obtain
atmospheric pressure and pressurized physically activated carbon, respectively. During
chemical activation, a mixture of C6 and KOH (1:6 by weight) was heated to 900°C and held
for 1 h under nitrogen flow. Afterward, washing, filtering, and drying were performed to obtain
chemically activated carbon. Activated carbons obtained by atmospheric pressure activation
(CO2-activated carbon), pressurized physical activation (pressurized COz-activated carbon),
chemical activation (KOH-activated carbon) are abbreviated as PAC, PPAC, and CAC
respectively. Activation yield was calculated as follows:

Activation yield [%] = 100[%] — Weight loss by activation process [%]

5.2.2 Adsorption measurements

Nitrogen adsorption—desorption isotherms at 77 K of the activated carbon prepared from C6
were obtained using a volumetric gas adsorption measurement device (Nova-e series; Anton
Paar QuantaTec Inc., USA). Total pore volume and specific surface area were estimated
through an os-plot analysis [14] of the N2 adsorption isotherms. Average pore width was
calculated using the estimated total pore volume and specific surface area, assuming a slit-
shaped pore. Pore size distribution was obtained using the quenched solid density functional
theory (QSDFT) method [15]. Micropore volume was calculated based on the size distribution

of pores smaller than 2.0 nm. Porosity was calculated as
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cm3 cm3
Porosity p— = Total pore volume ?

X Bulk density [%]

where bulk density was estimated by packing each specimen into a cylinder with 1.6-mm inner

diameter and 2.5-mm length.

Ethanol adsorption—desorption isotherms at 303 K were obtained using a commercial

volumetric adsorption apparatus (Belsorp-max; MicrotracBEL Corp., Japan).

5.2.3 Morphological characterizations

| determined particle size using a scanning electron microscope (SEM, JSM-6700F; JEOL,
Japan) and evaluated the mean size of 300 particles in SEM images of each sample. To observe
microdomain structure, scanning tunnelling microscope (STM, Agilent Technologies 5500
Scanning Probe Microscope; Toyo Corporation, Japan) images were also acquired using its
constant current mode (current: 0.3-1.2 nA, bias voltage: 0.1-1.5 V, and scan frequency: 1-2

Hz).

5.2.4 Chemical characterizations

Raman spectra were obtained using a Laser Raman Microspectroscopy (Nanofinder® 30;
Tokyo Instruments Inc., Japan) employing a 532 nm Ar-ion laser as the excitation source.
Intensity ratio of D band and G band, Ip/lg, was calculated from the peak intensities at 1350

cm™* (D band) and 1580 cm™ (G band) in the Raman spectra.

Elemental compositions of samples were analysed using a CHN analyzer (MT-6; Yanaco
Analytical Systems Inc., Japan). The assay of O content (Ouitr.) was defined by subtracting the
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sum of the contents of C, H, and N from 100%.
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5.3 Results and discussion
5.3.1 Pore structure of prepared samples

Figure 5-1 shows the N adsorption—desorption isotherms at 77 K of starting carbonized
material (C6), and the activated carbons derived via different activation methods. PAC showed

Type I(a) isotherm, suggesting a presence of narrow micropores (of width < ~ 1 nm). PPAC

and CAC showed Type I(b) isotherms, though a small Type H4 hysteresis loop was observed
for CAC, according to the IUPAC classification [16]. This suggests that PPAC and CAC have
pore size distributions over a broader range including wider micropores and possibly narrow
mesopores. The activation yield and pore structural parameters of each activated carbon are
summarized in Table 5-1. The specific surface area and total pore volume of C6 were 570 m?/g
and 0.21 cm®/g, respectively. PAC showed an increased specific surface area of 1650 m?/g and
total pore volume of 0.60 cm®/g. PPAC showed a comparable activation yield to PAC, but a
much higher degree of pore development, with a specific surface area of 3290 m?/g and total
pore volume of 1.78 cm®/g. Owing to chemical activation using KOH, CAC exhibited highly
developed pores, with a specific surface area of 3010 m?/g, total pore volume of 2.45 cm?/g,
and high activation yield of 31%. Chemically activated carbons are well known to exhibit
higher activation yield and pore development than conventional physically activated carbons

[17].

Table 5-2 presents bulk densities and porosities calculated from total pore volume and bulk
density. PPAC showed the highest porosity (0.69 cm®cm?d), indicating effective pore
development by pressurization. This high porosity was due to the high bulk density of PPAC

(approximately twice that of CAC), although PPAC had a smaller total pore volume than CAC.

Figure 5-2 illustrates the pore size distributions calculated from the N2 adsorption isotherms
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at 77 K using the QSDFT method. Narrow micropores (< 1.0 nm) in C6 were presumably voids
formed during the thermal decomposition of raw phenol resin. PAC, prepared by the
atmospheric pressure physical activation method, developed numerous narrow micropores with
pore widths of < 1.0 nm. Compared with PAC, CAC had fewer micropores smaller than 1.0
nm; however, it contained a large number of mesopores larger than 2.0 nm. In contrast, PPAC
showed a characteristic bimodal pore size distribution, comprising narrow micropores smaller
than 1.0 nm and wide micropores of approximately 1.6 nm. Pressurization enhanced the
diffusibility of the activation agent (CO. gas) into carbon particles and induced the
development of inter-microdomain pores [13]. Therefore, it was confirmed that the pressurized
physical activation gave rise to the well-developed and unique pore structures between the

atmospheric pressure physical activation and chemical activation methods.

5.3.2 Morphological characteristics

Figure 5-3 shows the SEM images and particle size distribution of starting material, C6, PAC,
PPAC, and CAC. In addition, results of a heat-treated sample of C6 at 900°C in N> for 1 h
(C6C9) are also shown in Figure 5-3 for a comparison, because the activation process was
carried out at 900°C. To all samples, spherical shape of particle was maintained. Any treatment
at 900°C, that is, heat treatment in N2, atmospheric and pressurized physical activations with
CO., and chemical activation with KOH, induced a decrease of particle size. The mean particle
size of CAC almost agreed with that of C6C9 (6.7 and 6.8 pum, respectively). On the other hand,
PAC showed a noticeable decrease of mean particle size to 4.5 um. PPAC gave the mean
particle size of 5.8 um; intermediate between PAC and CAC. This suggests that the diffusibility
of the activation agent into carbon particles for the pressurized physical activation was between
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the atmospheric pressure physical activation and chemical activation methods.

STM images of all activated carbon samples are shown in Figure 5-4. As reported in our
previous works, inter-microdomain boundary suggests a development of inter-microdomain
pores [13, 18]. PAC showed connected or unclear microdomain boundary. In contrast, PPAC
and CAC showed clear inter-microdomain boundary. Moreover, CAC gave wider inter-
microdomain gaps than PPAC. These results suggest that the wide pores including mesopores
for CAC and the characteristic micropores of 1.6 nm for PPAC were originated from the inter-

microdomain space.

5.3.3 Ethanol adsorption properties

Figure 5-5 shows ethanol adsorption—desorption isotherms measured at 303 K. Adsorption
and desorption isotherms well overlapped each other for C6 and PAC, but PPAC and CAC
showed small adsorption hysteresis loops at P/Po > 0.4. From these isotherms, both the
saturated (P/Po = 0.95) and effective (P/Po = 0.1-0.3) adsorption uptakes of ethanol were
estimated (Table 5-4). For C6, the non-activated carbon, the saturated adsorption uptake was
small (170 mg/g), although the effective adsorption uptake was much smaller (10 mg/g).
According to the pore structural parameters (Table 5-1) and pore size distribution (Figure 5-
2), C6 possessed almost no pore structures that can contribute to the effective uptake of ethanol.
The saturated uptake of ethanol by PAC was 730 mg/g, which was significantly higher than
that by C6 (170 mg/g); however, the effective adsorption uptake was not so high enough (70
mg/g). This was because the pores developed via conventional atmospheric pressure physical
activation were mainly narrow micropores (< 1.0 nm). Thus, PAC is not suitable as an

adsorbent for AHP systems with ethanol refrigerant. Compared with PAC, CAC, with a high
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degree of pore development, showed over eight times higher effective ethanol uptake (580
mg/g). PPAC achieved an effective ethanol uptake of 570 mg/g, comparable with that of CAC.
The characteristic pore size distribution of PPAC, with an optimal pore size of 1.6 nm [12],
provided high ethanol uptake at P/Po = 0.1-0.3 and thus showed the large effective adsorption
uptake, despite its lower total pore volume than CAC. In addition, PPAC showed the highest
effective ethanol uptake per unit volume of activated carbon (220 mg/cm?; Figure 5-6, Table
5-3). In contrast, the value for CAC was only 120 mg/cm?®, because CAC contained a large
number of wide pores, including mesopores, which contributed little to effective adsorption
uptake. In other words, PPAC possessed “effective” pores. The superior volumetric ethanol

adsorbability of PPAC suggests that it can improve AHP performance and reduce device size.

Furthermore, because of the post-treatment costs and expensive acid and alkali resistance
equipment, chemical activation is much costlier than conventional atmospheric pressure
physical activation. Although pressurized physical activation achieves a lower activation yield
than chemical activation and requires a pressure-tight vessel, PPAC achieves a remarkably high
effective ethanol uptake per unit volume; thus, it has potential as a relatively inexpensive, high-

performance adsorbent for AHP systems with ethanol refrigerant.

5.3.4 Chemical properties

Raman spectroscopy (Figure 5-7) and elemental analysis (Table 5-4) were also carried out
for confirming influence of functional groups on activated carbon for ethanol adsorption.
However, relationships between the chemical properties and effective adsorption uptake of
ethanol were not observed. As our research group have found that surface functional groups

induced diffusional hindrance of ethanol molecules, giving rise to decreases of adsorption
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uptake and shortening of adsorption equilibrium time of ethanol [19], detailed investigations
on the influence of surface modification of PPAC on the ethanol adsorbability are important as

future works.
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5.4 Conclusion

In Chapter 5, I evaluated the applicability of pressurized physically activated carbon in AHP
systems with ethanol refrigerant. The analyses of N. adsorption—desorption isotherms at 77 K
revealed that the carbon prepared via pressurized physical activation exhibited wide micropores
of approximately 1.6 nm. Such micropores were not observed in activated carbons prepared
via conventional atmospheric pressure physical activation or chemical activation. The
pressurized physically activated carbon showed high effective ethanol uptake on a weight basis.
The uptake was comparable with that of chemically activated carbon, despite the large
difference in total pore volume between both carbon materials. Moreover, the pressurized
physically activated carbon exhibited a remarkably high effective ethanol uptake per unit
volume. Therefore, the pressurized physically activated carbon has great potential as an

adsorbent for AHP systems with ethanol refrigerant.

As future works, to realize the AHP systems of PPAC-ethanol pairs, | believe that adsorption-

regeneration cycle tests are indispensable for a confirmation of the long-term stability.
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Table 5-1. Activation yield and pore structural parameters of the starting carbonized material (C6) and derived activated carbons prepared by

atmospheric and pressurized physical activation methods.

Activation Activation Total pore Micropore - ]
_ Specific surface area Average pore width

Sample pressure yield volume volume
m?/ nm
[MPa] [%] [cm®/g] [cm®/g] L] [om]
Cé6 - - 0.21 0.18 570 0.73
PAC 0.1 13 0.60 0.56 1650 0.73
PPAC 1.0 12 1.78 1.39 3290 1.09
CAC 0.1 31 2.45 1.01 3010 1.65
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Table 5-2. Bulk density and porosity of starting carbonized material and derived activated

carbons.
Bulk density Porosity
Sample

[g/cmq] [cm3/cm?]

C6 0.84 0.18

PAC 0.57 0.35

PPAC 0.39 0.69

CAC 0.20 0.51
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Table 5-3. Saturated and effective adsorption amounts of ethanol of starting carbonized

material and derived activated carbons.

Saturated adsorption  Effective adsorption Effective adsorption

Sample amount of ethanol amount of ethanol amount of ethanol
[mg/g] [mg/g] [mg/cm?’]
C6 170 10 3
PAC 730 70 40
PPAC 1730 570 220
CAC 1630 580 120
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Table 5-4. Elemental composition of starting carbonized material (C6), and the activated

carbons derived via different activation methods (PAC, PPAC, and CAC).

Sample  C[wt.%] H[wt%] NJ[wt%]  Ougirr[wt.%]  Ash[wt.%] Ouisr/C

C6 90.19 2.23 0.22 7.36 - 0.062
PAC 96.53 0.33 0.08 3.06 - 0.024
PAPC 93.66 0.34 0.09 5.91 - 0.047
CAC 95.15 0.02 0.14 4.69 - 0.037
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N, adsorption amount [c1n3(STP)/ g]

Relative pressure, P/P

Figure 5-1. N2 adsorption and desorption isotherms at 77 K of starting carbonized material
(C6) and derived activated carbons prepared by different activation methods. Solid
and open symbols denote adsorption and desorption isotherms, respectively.

(Circle) C6; (Triangle) PAC; (Square) PPAC; (Diamond) CAC.
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Figure 5-2.Pore size distributions for starting carbonized material and derived activated

carbons. (Circle) C6; (Triangle) PAC; (Square) PPAC; (Diamond) CAC.
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(a) SEM images

C6C9, 6.8 um

(b) Particle size distributions
120
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Number of particles [count]
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Particle size [um]

Figure 5-3.(a) SEM images and mean particle sizes and (b) particle size distributions of C6,

C6C9, PAC, PPAC, and CAC.
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Figure 5-4.STM images of PAC, PPAC, and CAC.

103



2000

— - PPAC
‘9;0 ' R
= O i e WS
£ 1600 - ' ' __‘_..-..-.--:;;;;\’ TS o A $3
E .... v"ﬁ”. CAC
8 l'.- 0"*":’ [
J o

51200 @
g .'. o
E i PAC
g* 800 1 N . . . . . | . R ' .
F§ P ’pf:iu.“u.n gt e el A VT VA e VN Y -1- A A
o " .
S 400 1 8B # : : : L
3 ' - C6

'3 O I~ B B8 e R -8 8- e 0eCe 80—

0 . .
0.0 0.2 04 0.6 0.8 1.0
P/P,

Figure 5-5. Ethanol adsorption—desorption isotherms at 303 K of starting carbonized material,
and the derived activated carbons (circle: C6; triangle: PAC; square: PPAC;

diamond: CAC).
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Figure 5-6. Ethanol adsorption—desorption isotherms on an adsorbent volume basis at 303 K
of starting carbonized material, and the derived activated carbons. (circle: C6;

triangle: PAC; square: PPAC; diamond: CAC).
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Figure 5-7.Raman spectra of starting carbonized material (C6), and the activated carbons

derived via different activation methods (PAC, PPAC, and CAC).
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Chapter 6.

General conclusion

To produce activated carbon having high yield and pore development degree by physical
activation, | proposed pressurized physical activation method. Physical activation method can
produce activated carbon with low cost, but the yield and pore development degree goes low
too. In this thesis, I would like to suggest new method based on physical activation process.
Based on previous works of our research group, | tried pressurization on physical activation
process. By pressurized physical activation, | successfully produced activated carbon with high
yield and high pore development degree. In addition, unique pore width was introduced by
pressurization which developed in inter-microdomain structure. Also, | applied and evaluated
pressurized activated carbon to ethanol adsorption heat pump as advanced device. As a
consequence, pressurized activated carbon The conclusions of each chapters for pressurized

physical activation method and its application results are summarized below;

Chapter 3. Effect and factors about pressurized activated carbon

manufacturing process

In Chapter 3, to find and explain the factors by pressurization on the physical activation
process, | tried physical gasification by MSB-TG. I confirmed the effect of pressure application
on the gasification reaction with oxidizing gas, and examined the possibility of the pressurized
physical activation method. The gasification reactivity of the carbonized spherical phenol resin

was evaluated under pressurized conditions using MSB-TG. As a result, it was confirmed that
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the gasification reaction occurred at a lower temperature due to the pressurization. Furthermore,
it was confirmed that the temperature required to achieve the specific gasification rate was
decreased by pressurization. It is considered that the pressurization improved the diffusibility
of the activation agent gas and gasification reaction, similar to the result seen in the pressurized
stabilization in the carbon fiber manufacturing process in our previous study. In addition, as a
result of evaluating the pore structure of activated carbon produced by atmospheric /
pressurized physical activation using MSB-TG, it was confirmed that the specific surface area
was greatly improved and the pore size distribution was also significantly changed by
pressurization. As a result of observing the microdomains of each sample, a difference in
microdomain size was observed, which is presumed to be the cause of the change in the pore
structure due to pressurization. On the other hand, since almost no change in the size of the
particles was observed even when pressurized, it is considered that uniform activation was
performed inter- and intra-particle level. From these results, it was possible to confirm the
effect of pressurized physical activation on the factors of activated carbon such as the yield of

activated carbon, pore structure, particles and microdomains.

Chapter 4. Effect of pressurization on activated carbon manufacturing

process

To produce activated carbon with a highly developed pore structure by a simple production
process, | proposed a novel pressurized physical activation method. I found that this pressurized
activated carbon achieves either a higher degree of pore development for a similar activation
yield or a higher activation yield for a similar degree of pore development. Furthermore, a

characteristic pore size distribution, with a maximum at approximately 1.6 nm, was obtained
111



by pressurization. Observations of particles and microdomains revealed that pressurization
improved the activating agent diffusibility in carbon particles, but not in their microdomains.
Consequently, I have successfully demonstrated the effectiveness of the pressurized physical
activation method to produce activated carbon with a high degree of pore development by

means of improving activating agent diffusibility at the particle level.

Chapter 5. Application of pressurized physically activated carbon to ethanol

adsorption heat pump

In Chapter 5, | evaluated the applicability of pressurized physically activated carbon in
adsorption heat pump systems with ethanol refrigerant. The analyses of N> adsorption—
desorption isotherms at 77 K revealed that the carbon prepared via pressurized physical
activation exhibited wide micropores of approximately 1.6 nm. Such micropores were not
observed in activated carbons prepared via conventional atmospheric pressure physical
activation or chemical activation. The pressurized physically activated carbon showed high
effective ethanol adsorption amount on a weight basis. The uptake was comparable with that
of chemically activated carbon, despite the large difference in total pore volume between both
carbon materials. Moreover, the pressurized physically activated carbon exhibited a
remarkably high effective ethanol adsorption amount per unit volume. Therefore, the
pressurized physically activated carbon has great potential as an adsorbent for adsorption heat

pump systems with ethanol refrigerant.
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As a consequence of this thesis, | can confirmed the effect of pressurization on physical
activation process. The pressurization on physical activated carbon manufacturing process, it
can produce high yield and high pore development degree on activated carbon with lower cost.
In the not-so-far future, | expect that the physical activated carbon manufacturing method by
pressurization as facile and effective activated carbon manufacturing process, can contribute to

reducing manufacturing costs and improving device performance.
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