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Introduction
1. Introductory Remarks

Activated carbon is a porous carbon material, which can be used in
various kinds of applications. In conventional processes, activated carbon
with a specific surface area above 1000 m? g* can be produced using various
activating agents. Typically, carbon precursors are mixed with the activating
agents before being heated at 500 °C or higher for 1-4 h. * Among them, an
activation method using potassium hydroxide (KOH) 23 can be used to
produce activated carbon with a high degree of porosity.

The conventional activation methods require a long activation time
(hour-day level) to produce activated carbon with a high specific surface area,
resulting in high energy consumption. Therefore, this research aims to shorten
activation time by developing a novel method, which leads to efficient
production with reduced energy consumption. To reduce activation time,
many research works have been paying attention to the microwave heating
method and trying to apply it to KOH activation. When the microwave
heating method applies to KOH activation, one of the short activation time
recorded is 5 min, 4 which is one to two orders of magnitude shorter than
conventional activation time.

As mentioned above, the activation time could be shortened by using
microwave heating with KOH activation. This study aims to use microwave
heating with KOH activation to open the possibility to develop a continuous
system, which could lead to less energy consumption and less harm to the
environment.

2. Activated Carbon

Activated carbon, often known as activated charcoal, is a kind of carbon
material. It has a random, uneven structure that is highly porous and has a
wide range of pore sizes. The porous structure of activated carbon provides a
high surface area, allowing the activated carbon to adsorb various chemicals
witha wide range of molecular size. Activated carbon is utilized in a variety
of chemical processes. It can be used as adsorbents in water treatment, °
purification of biotechnological xylitol from Candida tropicalis fermentation,
% indoor air purification, * methylene blue removal, 8and catalytic supports in
lactic acid production from glucose, °® methane dry reformation, 1° and other
applications. Some applications of activated carbon show in Figure 1.
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Figure 1 Some application of activated carbon: (a) water purification,*
(b) air purification,? (c) catalyst support,*® and (d) hydrogen
storage. 14
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Figure 2 Activated carbon and its porous structure. 2!



Conventionally, activated carbon has a specific surface area in the range
of 500 to 3000 m? g. The structure of the activated carbon consists of
micropores (pore diameter < 2 nm), mesopores (2 nm < pore diameter < 50
nm), and macropores (pore diameter > 50 nm) as shown in Figure 2. > The
pore size was classified accordingly to IUPAC. %

Various carbon precursors can be used as feed material to prepare
activated carbon, such as shaddock peel, 2> bamboo, 2 co-carbonization of
waste truck tires and spent tea leaves, 2 coffee residue, 2 polyvinylidene
chloride (PVDC) resin, % and yeast biomass waste. 2/ Some examples of
carbon precursor is presented in Figure 3.

(a) Biomass

(a-1) Water hyacinth (a-2) Mangosteen Peel
Carbonized Water hyacinth Activated cabon

(b) Coal (c) Synthetic Carbon Gel

Activatd carbon

i

|
&% 3 4 5 6

Figure 3 Some carbon precursors that can be used as a feed materials
to prepare activated carbon: (a) biomass such as (a-1) water
hyacinth and (a-2) mangosteen peel?, (b) coal?, and (c)
synthetic carbon gel.

Typically, carbon precursors are mixed with a variety of activating
agents, for example, gas activating agents such as steam ° and carbon dioxide
(CO»), 3132 or chemical activating agents such as zinc chloride (ZnCly), 3
sodium hydroxide (NaOH), *+* KOH, and potassium carbonate (K,COs) 3¢
The advantages and disadvantages of the activation method using gas and
chemical activating agents are compared and summarized in Table 1. Then,
the mixture of carbon precursor and activating agents is heated at designated
temperature and time. The activation period using gas activating agents and
chemical activating agents are summarized in Figure 4.
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Table 1 Comparison of advantages and disadvantages of activation using
gas and chemical activating agents.

Advantage Disadvantage
Gas activating agents Inexpensive and easy to Ineffective to
handle generate micropores

Chemical activating agents Effectively to generate  Expensive and
microporous structure  difficult to handle due
to corrosiveness

Carbon precursor
1

| gas activation | | Chemical activation |
I |

I T | 1 I 1

Another Chemical Carbonization in inert

Steam CO, N, . . .
inert gas impregnation atmosphere at moderate
l l I l temperature
Chenhical

Carbonization at

impregnatio
moderate temperature P 'E;
Activation at high temperature Activation at temperature
>800 °C for 0.5—- 7 h >500°Cfor1 —4h
|
Washing
1
Activated carbon Activated carbon

Figure 4 Summary of activation using gas and chemical activating
agents.!

3. Reactor design for Production of Activated Carbon
3.1 Conventional Reactors

Rotary kiln and fluidized bed are normally used for activated carbon
production on an inductrial scale. ¥ It is important that the reactors are
operated under high temperature and inert atmosphere e.g. argon (Ar) and
nitrogen (N2). It is also necessary to have a purge line in order to prevent a
build-up of the pressure inside the reactor. Normally, the temperature limit of
the heating part varies by the installed resistor of the reactor. * However, a
maximun temperature of 900 °C is ideal for most reactors especially when
chemical activation is used.

For example, Satya Sai, et al. *° prepared activated carbon from coconut
shell for iodine adsorption. In this work, a fluidized bed reactor with diameter



of 100 mm was employed. Steam and/or carbon dioxide had been used as
activating agents. The optimal operating condition observing in this work is
a reaction time of 1.5 h and particle size of 1.55 mm at a temperature of
850 °C, using steam as the fluidizing medium.

Mohaddespour, et al. 4° developed an induction heated fluidized bed
reactor to make activated carbon from resorcinol-formaldehyde aerogels.
Carbon dioxide was served as an activating agent in this research. The results
show that the developed reactor can markedly reduce the activation time
(from hours to minutes) by improving heat and mass transfer effieciency. The
development of this reactor can contribute to the scale-up of the activation
process.

Tiegam, et al. *! studied a production process of activated carbon from
cocoa pods by KOH activation in a batch sytstem and assessed its
sustainability by using Life Cycle Assessment (LCA). This study
demonstrated that this process has a high electrical consumption, that
potentially be harmful to the ecosystem.

3.2 Microwave Reactor

A microwave is an electromagnetic wave, which is normally operated at
2.45 GHz for heating purposes. It is known that microwave heating has two
mechanisms. One mechanism is the excitation of the dipole for dielectric
materials. For example, water can be heated by microwave irradiation by this
mechanism. For the activation to produce activated carbon with KOH
addition, the temperature of KOH can be raised by this mechanism. Another
mechanism is the absorption by free electrons in conductive materials,
generating eddy current in them and causes Joule heating. > For example,
high crystallinity carbon can be heated by this mechanism. When amorphous
carbon receives microwave at room temperature, the heating by this
mechanism is not significant. But when its temperature become high, its
conductivity can be increased, “® and the electrical conductivity of such
carbon may become high enough to be heated by the second mechanism.

Microwave reactors, as opposed to conventional reactors, can provide a
high temperature-elevation rate. A previous studies suggested that the
activation time is mostly determined by the type of precursor and can be
altered greatly by particle size and heat transfer mechanism. In addition,
operating conditions can have significant effects on pore properties and yield
of the activated carbon. For example, the activation temperature, heating rate,
type of activating agent, activation atmosphere, microwave irradiation power,
sample weight, and gas flowrate can pose strong influences on the surface



area and pore structure of the produced activated carbon. Moreover, the yield
of activated carbon is affected by the sample’s washing procedures, activation
temperature, overall handling, etc.

Canales-Flores, et al. ** produced activated carbon from barley husk,
corn cob, and Agave salmiana leaves using phosphoric acid impregnation
with microwave heating. The produced activated carbon showed significant
removal efficiencies of methylene blue, which could be influences of the
activation agent and microwave.

Brazil et al. *° reported the optimization of the activated carbon
production based on conventional and microwave processes. In this research,
Kraft lignin was used as a feed material. Activated carbon was prepared using
phosphoric acid impregnation under oxidizing atmosphere. The experimental
results indicated that activated carbon with a specific surface area of 1,030
m? g can be prepared with the lignin : acid ratio of 1:2. In addition, the
activated carbon prepared by the microwave process is more efficient in the
methylene blue removal than the activated carbon prepared by the
conventional process.

3.3 Comparison between Conventional and Microwave Reactors

It is desired to develop a reactor which contributes to a sustainable
society. Such a reactor should be able to produce activated carbon on a large
scale and can be operated in a continuous process in order to reduce energy
consumption and time with acceptable production yield. For the production
of activated carbon, conventional reactors, particularly rotary kilns and
fluidized bed reactors, are used on a large scale. 3*6 They are mostly
employed in the industry because of their ease of use, good control over the
temperature gradient, and inexpensive installation cost. This type of reactor
can be used to perform carbonization and activation in one step.

The microwave reactor is a promising technology because it allows fast
heating and conversion of raw materials to activated carbon with a short
activation period, leading to less energy consumption. However, more
research into more energy efficiency is recommended for this method. Also,
a large-scale microwave reactor for activated carbon production would be
expensive, and large-scale deployment has yet to be established. Furthermore,
precise temperature monitoring in a microwave reactor is difficult. As a result,
temperature control is required for the commercialization of this technique
for activated carbon production; otherwise, hot spots can cause non-
homogeneous heating, compromising the quality of the final activated carbon
product.



Both conventional and microwave reactors can generate activated carbon
with a high surface area and promising pore properties. Here, this study
focuses on microwave reactor to obtain high-surface-area activated carbon
because the author expects that the activation time can be shortened than the
conventional one, resulting in less energy consumption. Despite the fact that
conventional reactors driven by electric heating or fossil fuel combustion
have attained technological maturity, they nevertheless have a number of
drawbacks, including environmental concerns and limited efficiency.

4, Plasma and its influences on Chemical Reaction

Plasma is the fourth state of matter (states of matter are solid, liquid, gas,
and plasma). Plasma can be used widely in chemical engineering work
because of its properties that can intense chemical processes including
improve process efficiency and stimulate chemical reactions that are not
possible in the conventional method. The plasma can be classified according
to the temperature of plasma components including electron temperature
(Te), ion temperature (Ti), gas temperature (Tg), and electron density (ne).
Schematic explanations of plasma classification is illustrated in Figure 5.

Plasma can be categorized by electron temperature into low- and high-
temperature plasma (electron temperature > 10’ K). The low-temperature
plasma can be categorized into thermal and non-thermal plasma. For thermal
plasma, electron temperature, ion temperature, and gas temperature are
similar. Therefore, the thermal plasma can be defined as in local
thermodynamic equilibrium. On the contrary, for non-thermal plasma, the
electron temperature is much higher than the ion temperature. In addition,
previous studies reported that gliding arc and microwave discharge can
provide properties of both thermal plasmas (large electron densities, currents,
and power) and non-thermal plasmas (low gas temperature).*” The non-
thermal plasma can be categorized by electron temperature into warm (gas
temperature ~10° K) and cold plasma (gas temperature ~10? K). A previous
study illustrates that plasma can be used for intense chemical processes.
However, practical use of a chemical process in a plasma system needs to be
in a reactor with good phase contact and optimal plasma parameters.

4.1 Thermal plasma

Thermal plasma can provide extremely high temperature in the range of
103~10% K, which is not easy to reach in normal environments for chemical
reactions. The thermal plasma can be generated from various kinds of reactors
such as microwave plasma, RF-induced plasma, and arc plasma. The high
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temperature can be realized when the gas molecules expose to a strong
electric field. Then, the charged particles collide with each other and release
heat, resulting in direct heat reductive and oxidative on the gas and its
mixtures.

The features of thermal plasma, which mentioned earlier can be used to
realize cleaner chemical processes. For example, one-step conversion from
coal to acetylene, waste treatment, and nanomaterials fabrication. On the
contrary, extremely high temperature of the thermal plasma makes a big
challenge on the reactor design.

Classification of plasma

Low-temperature plasma High-temperature plasma
T,~T,>10"K
n,> 1020 m3
e.g., fusion plasmas

Thermal plasma Non-thermal plasma
I,=T,~T,~10*K I, < T,~ 10K

n,~102m3 n, <1020 m=
e.g., arc plasma at normal pressure

Warm plasma Cold plasma
T,~10°K T, ~10K
e.g., gliding arc e.g., low-temperature
plasma glow discharge

Figure 5 Classification of Plasma. 4’
4.2 Non-thermal plasma

Different from thermal plasma, non-thermal plasma cannot be defined as
in local thermodynamic equilibrium because electron temperature is much
higher than ion temperature. It consists of various components, which are
highly reactive such as charged particles, excited molecules, radicals, etc. In
such non-equilibrium plasma likes non-thermal plasma, it can be directly
determined by electron temperature because the electron temperature is
significantly higher than the temperature of heavy particles like ion
temperature. Non-thermal plasma can be made from various types of pulsed



discharge such as corona discharge, glow discharge, dielectric barrier
discharge. The non-thermal plasma also can be generated from microwave
and RF discharges. Since non-thermal plasma has a lower temperature than
thermal plasma, it can be combined with a catalysis reaction. In order to
generate non-thermal plasma by discharge, operating parameters such as
operating pressure and gas temperature need to be optimized for a specific
applications.

5. Objective of This Work

This dissertation aims to open the possibility to develop a new
continuous reactor design concept for activated carbon preparation by
combining microwave-induced plasma with the KOH activation. Here, this
activation is referred to as MiIWP-KOH activation. This MiWP-KOH
activation can realize the extremely fast preparation of activated carbon with
a high surface area and controlled pore structure.

In Chapter 1, the development of MiWP-KOH activation (batch-
operation) to obtain activated carbon within several minutes is reported. It is
remarkable that the investigated method can reduce the activation time by one
to two orders of magnitude in comparison to conventional heat-conduction
activation. Emission spectra from the plasma are also discussed here.

In Chapter 2, the effect of temperature-elevation rate on pore formation
of activated carbon prepared by MiWP-KOH activation operated in the batch
system is discussed. The measurement of temperature change of the feed
material in the MiWP-KOH activation is included. The microporous and
mesoporous structure of activated carbon produced by the MiWP-KOH
activation is investigated to understand the effect of rapid temperature-
elevation rate on pore generation of a micropore-dominating structure. For
the discussion, activated carbon is prepared using a conventional heat-
conduction activation with various temperature-elevation programs, and the
results of pore-structural analysis from these experiments are compared with
those observed in activated carbon prepared by MiWP-KOH activation. The
investigation on activated carbon prepared by MiWP-KOH activation and
conventional heat-conduction activation with a similar temperature changing
program is conducted to confirm the effects of microwave irradiation to
enhance the pore formation.

In Chapter 3, the hypothesizes that microwave-irradiation time and KOH
concentration in the feed mixture as important factors governing the pore
formation is investigated. The operating conditions of the MiWP-KOH
activation operated in the batch system have been adjusted to modify and



increase the surface area of activated carbon and to keep the repeatability of
the activated carbon.

In Chapter 4, a new pseudo-continuous reactor for MiWP-KOH
activation is examined. The specific surface area and pore structure of the
produced activated carbon is investigated by varying microwave-retention
time. In addition, an average mass yield percentage of the activated carbon
synthesized by the proposed method is reported. In this chapter, the reaction
mechanism is discussed based on the influence of the microwave retention
time.
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Chapter 1 MIiWP-KOH Activation: Batch Operation

1.1 Introduction

Many researchers have been paying attention to the fundamentals and
applications of plasma owing to its unique properties including high reactivity
and high temperature, which can be useful for material fabrications.
%2 Microwave-induced plasma can be generated by irradiating microwave to
conductive porous materials, such as carbonized powders. The conductive
porous materials can easily facilitate the generation of plasma because
electrons can be discharged in the microstructure of the porous materials
when a microwave is applied. * Previous studies reported the generation of
microwave-induced microplasmas in porous carbon materials, resulting in the
production of selective catalysts. >*>° Because microwave can rapidly heat
materials which are good microwave absorbers, such as carbon materials, the
microwave has been applied to a process of opening small pores on these
materials to prepare activated carbon to reduce the activation time. * Before
the present study, the shortest record of activation time is 5 min to obtain
activated carbon with a relatively small surface area of 708 m? g* when a
microwave is applied. %7

Activated carbon is a porous carbon material with a surface area in the
range of 500-3000 m? g 1. Due to the porous structure of activated carbon, it
has been used in various purification processes based on adsorption,
including water and gas purifications. 862 Activated carbon can be produced
by heating carbon precursors with activating agents, such as KOH, NaOH,
and K,COs at an elevated temperature. 3% Nowadays, in industries, the
process to prepare activated carbon is limited to only batch operation because
of its long activation time. ®-%° The drastic reduction of activation time can
make an evolutional change in the reactor design concept for activated carbon
preparation by switching the batch operation to continuous operation. This
situation motivates us to conduct this study to reduce the activation time by
applying MiWP-KOH activation.

1.2 Materials and Methods

The procedure to obtain activated carbon examined in this study is
described as follows. Firstly, a synthetic carbon gel was prepared according
to the method reported by Mukai et al. ° Here, phenol was mixed with
formaldehyde in distilled water in the presence of sodium carbonate which
served as the catalyst. The concentration of phenol was fixed at 500 mol m,
Molar ratios of phenol to formaldehyde and sodium carbonate were fixed at
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0.5 and 1.5, respectively. The mixture was heated at 95 °C for 72 h before
being left at room temperature for another 72 h to complete polymerization,
and the gel formed by this polymerization was washed with distilled water
for 1 h. The obtained carbon gel was dried at 110 °C (1 °C min! to reach
110 °C) for 1 h and was carbonized at 700 °C (10 °C min* to reach 700 °C)
for 1 h under nitrogen atmosphere before being cooled naturally to obtain
carbonized carbon gel (CCG).

The CCG was ground with KOH at a mass ratio of KOH to CCG = 1:10,
1:1, and 6:1. Among of CCG was fixed at 0.1 g. The mixture of CCG and
KOH was heated for 40-330 s by a modified microwave oven [Sanyo Electric,
EM-LA1(HL)] as shown in Figure 1.1. The inside dimension of the
microwave oven is 350 mm x 425 mm x198 mm. The inside dimension and
length of the quartz tube is 42 mm and 139 mm, respectively. The inside
dimension of the alumina container is 14 mm x 17 mm x 11 mm. The
diameter of the microwave emission port is 15 mm. The modified microwave
oven was operated at 2.45 GHz, 500 W.

Purge gas
Spectroscope ] o
Microwave emission port
//
Quartz tube /
N, gas
Flow meter / Insulator .
300 ml min"!
Alumina Mixture of
container  carbonized carbon gel and KOH -

N,
cylinder

Figure 1.1 Experimental setup for microwave-induced plasma used in
extremely fast activation.
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To compare the MiWP-KOH activation and the conventional activation
using an electric furnace, the mixture of CCG and KOH was heated up to
1000 °C by an electric furnace using two heating patterns, with a temperature-
elevation rate of 10 and 50 °C min?, and holding time for 5 and 0 min,
respectively.

1.3 Results and Discussion
1.3.1 Temperature-distribution in the microwave oven

Microwave irradiation normally provides ununiform heating. To identify
the suitable location to perform MiWP-KOH activation, COMSOL
multiphysics© software had been used to calculate electric field in the reactor
as presented in Figure 1.2. To validate the calculation results from COMSOL
multiphysics© software and identify a location to perform MiWP-KOH
activation, flakes of cheese were put in the tray with the same size as the
microwave oven (350 mm x 425 mm) before being heated by microwave for
20 s. The image of heated cheese is illustrated in Figure 1.3.

Time=20s Multislice: Electric field norm (V/m)
mm X104
mm
35
10(9 100 200 300 l
I ‘ "' 400 {3
300 12.5
q 2
= ! = 0
200 ™™
i 1.5
l 100
" 1
L -
’ 0
y 0.5
|
E— X

Figure 1.2 Electric field in the reactor for MiWP-KOH activation
calculated from COMSOL multiphysics© software.
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Figure 1.3 Flakes of cheese heated by microwave for 20 s.

1.3.2 Plasma-Temperature Evaluation

When the MiWP-KOH activation was used on the powder bed with a
mass ratio of KOH to CCG = 1:1 and 6:1, a uniquely bright plasma was
clearly observed above the powder bed. It should be noted that the plasma
cannot be observed when the mixture of KOH to CCG with a mass ratio of
KOH to CCG = 1:10. The size of the observed plasma was much larger than
the microscale reported previously as microwave-driven plasma in porous
carbon. 5 The emission spectra of the microwave-induced plasma were
measured using a spectroscope [Ocean Optics, USB2000] as presented in
Figure 1.4.

The optical fiber was fixed at a constant position, but the lighting plasma
was moving around on the surface of the KOH-carbon gel mixture bed.
Because of this situation, the sensitivity of the measurement of the optical
emission spectra was not stable, and the plasma evolution with time could not
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be obtained. Nevertheless, we can show the spectra obtained when the light
was introduced to the optical fiber well so that the sensitivity is high and when
less light was introduced to the optical fiber causing relatively low sensitivity.
In the spectrum with low sensitivity, the prominent peaks can be seen at about
595 nm and about 770 nm, indicating atomic Na and K, respectively. %72 Na
might come from the remaining sodium carbonate catalyst to form carbon gel
or impurities contained in the KOH reagent (0.5 wt%). In the spectrum with
high sensitivity, small peaks suggesting K are also seen at about 410 nm and
700 nm. " The plasma temperature was estimated using the intensities of
these small K peaks with relatively comparable intensities by Eq. (1.1).

For this temperature estimation, the physical parameters, Axi, gk,
and Ex are taken from the Kurucz atomic spectral line database. T is
thermodynamic temperature, artificially chosen as 10* K and kg is Boltzmann
constant 8.617330310x10° eV-K™. As a result, the temperature estimated by
this way turned out to be 16500 K.

Intensity = Axigk exp(-Ex/(Tks)) (1.2)

In the spectrum with high sensitivity, a broad peak with a maximum
wavelength of about 500 nm can be seen. When Wien's displacement law ™
of Eq. (1.2) is used, the temperature is estimated to be 5770 K.

JmaxT = 0.2884 cm K (1.2)

where, Zmax represents wavelength at the highest intensity of the black body
radiation spectrum, and T represents the temperature of a radiating object.
The calculated temperature here is considered to be in the same range as the
typical microwave-induced plasma temperature previously reported. " The
inconsistency of the temperatures above may indicate that atmospheric-
pressure non-thermal plasma was generated in our system. It should be noted
that the temperature of the fed particle mixture (CCG and KOH) should not
exceed the range of 500-1000 °C, which is a known range of activation
temperature for the synthesis of activated carbon. 5%

15



Intensity [relative]
Z
o

(b)

Intensity [relative]

400 600 800
Wavelength [nm]

200

Figure 1.4 Emission spectra of microwave-induced plasma observed
from MiWP-KOH activation (a) when plasma moved from the
focus point of the optical fiber so that the sensitivity of
spectrum measurement is reduced and (b) when light emitted
from plasma was well introduced to optical fiber.

1.3.3 Specific Surface Area of Activated Carbon

A specific surface area of each resultant activated carbon was evaluated
by the Brunauer-Emmett—Teller (BET) method with nitrogen using an
automated physisorption surface area analyzer [MicrotracBEL, BELSORP-
minill-S] at 77 K. The specific surface area of the activated carbon obtained
from MiWP-KOH activation with a microwave-irradiation time in the range
of 40-330 s is presented in Figure 1.5.

It is shown here that the specific surface area of the activated carbon
tends to increase with the increase in microwave-irradiation time. This
tendency is reasonable as the pore opening reaction takes time to proceed.
The point regarded as significant is that the increasing rate of the specific
surface area of the products is extremely high. One can see in this figure that
the specific surface area reaches 1,007, 1,888, and 2,084 m? g * within 80,
270, and 330 s. On the other hand, the activated carbon prepared using an
electric furnace by heating at 1,000 °C with a temperature-elevation rate of
10 and 50 °C min! possesses a specific surface area of 1,913 and
1,607 m? g%, respectively. It is commonly known that the conventional
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activation operated using an electric furnace requires several hours to prepare

activated carbon with a specific surface area that is higher than 1000 m? g%,
56,57

2500
[ |
=2000 }
en | | | ] | ]
— ]
<
s 1500 } . i
5
q‘E n n "
51000 } .
Q
=
2
& 500 F
| ]
[ |
0 . .!l 'l 'l 'l 'l
60 120 180 240 300 360

Microwave-retention time [s]

Figure 1.5 Effect of microwave-irradiation time on the specific surface
area of activated carbon prepared by MiWP-KOH activation.

The long activation time limits the operation mode of activation only in
the batch system. The method investigated here can drastically reduce the
activation time by one to two orders of magnitude. Thus, this result will make
an epoch-making change in reactor design concept by switching the operating
mode from a batch system to a continuous system.

1.3.4 Nitrogen Adsorption-Desorption Isotherm

Figure 1.6 illustrates nitrogen adsorption-desorption isotherm of CCG
and activated carbon derived from an electric furnace with a heating rate of
10 and 50 °C min™%, and activated carbon obtained from the MiWP-KOH
activation using a microwave-irradiation time of 270 s. According to Figure
1.6, nitrogen adsorption-desorption isotherm of activated carbon derived
from an electric furnace with a temperature-elevation rate of 50 °C min™* and
activated carbon obtained from MiWP-KOH activation show a similar shape.
However, the shape of the nitrogen adsorption-desorption isotherm of
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activated carbon derived from the electric furnace with a temperature-
elevation rate of 10 °C min! is different from the others. It should be noted
that the shape of nitrogen adsorption-desorption isotherm represents pore
structure. '® Therefore, the pore structure of activated carbon derived from
the electric furnace with a relatively high temperature-elevation rate of
50 °C min! and activated carbon obtained from MiWP-KOH activation may
be similar, while the pore structure of activated carbon derived from the
electric furnace with a relatively low temperature-elevation rate of
10 °C min? is different from the others.

The volumes of mesopores (2 nm < pore diameter < 50
nM) Vmeso Calculated from adsorption isotherms based on the Dollimore—Heal
method 7" and those of the micropores (pore diameter <2 nm) Vmicro based on
the Horvath-Kawazoe 9method "®are shown in Table 1.1. The ratio
Of Vmicro/Vmeso 1S cOmmonly as large as 3.6-3.8 in the activated carbon derived
from relatively fast activation using a 50 °C min~! of the temperature-
elevation rate in the furnace and the MiWP-KOH activation with a
microwave-irradiation time of 270 s, while this ratio becomes as small as 1.6
when the temperature-elevation rate is as low as 10 °C min! in the electric
furnace. The pore size becomes larger when the activation time is longer
because the pores may merge together if the pore opening reaction on carbon
takes a long time.

In addition, one can see in this table that the specific surface area
and Vmicro/Vmeso ratio of the activated carbon tend to increase with the increase
in the concentration of KOH in the mixture of KOH and CCG. It can be
implied that activated carbon with a high ratio of Vmicro/Vmeso has a high degree
of porosity. The results indicate that KOH plays an important role in the
creation of a porous structure. When the concentration of KOH is higher, a
degree of porosity in the structure of the activated carbon is higher, resulting
in a higher specific surface area.

As mentioned above, the activated carbon with a large surface area
derived from the MiWP-KOH activation has the feature that the micropores
dominate over the mesopores. This result indicates that the hot microwave-
induced plasma contacted with the precursor powder bed may contribute to
the rapid increase in temperature of the precursors, resulting in the production
of micropore-dominating activated carbon. Here, it should be recognized that,
in our observation, the plasma is difficult to generate when the same
microwave is irradiated to the carbon gel powders without mixing with KOH.
Also, plasma generation is difficult when the microwave is irradiated with
only KOH. Thus, the appropriate mixing ratio between carbon and KOH
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should be necessary to realize this plasma generation. The optimization work
to find the best mixing ratio is described in Chapter 3.
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Figure 1.6 Nitrogen adsorption-desorption isotherms of (c-e) CCG, (£
A) activated carbon prepared by activation using an electric
furnace at 1000 °C with a temperature-elevation rate of
10 °C min, (O — M) activated carbon prepared by
activation using an electric furnace at 1000 °C with a

temperature-elevation rate of 50 °C min~%, and (O -4)

activated carbon obtained prepared by MiWP-KOH
activation with a microwave-irradiation time of 270 s.
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1.3.5 SEM and TEM Images

Field emission scanning electron microscope [SEM; JEOL, JSM-6700F]
and transmission electron microscope [TEM; JEOL, JEM—1010] were used
to observe the surface morphology and pore structure of each particular
sample. Figure 1.7 presents the surface morphology and pore structure of (a),
(e) CCG, activated carbon derived from the electric furnace with a
temperature-elevation rate of (b), (f) 10 and (c), (g) 50 °C min™%, and (d), (h)
activated carbon obtained from the MIWP-KOH activation with a
microwave-irradiation time of 270 s. One can see that the CCG without
activation and the activated carbon derived from an electric furnace with a
temperature-elevation rate of 10 °C min~! show a similar surface structure in
the SEM images. However, the pore structure of the CCG and the activated
carbon derived from the electric furnace with a temperature-elevation rate of
10 °C min! are different in the nitrogen adsorption analysis. No porous
structure was observed on the CCG in the TEM image. In comparison with
CCG and the activated carbon derived from the electric furnace with a
temperature-elevation rate of 10 °C min%, activated carbon derived from the
electric furnace with a temperature-elevation rate of 50 °C min? and
activated carbon obtained from MiWP-KOH activation with a microwave-
irradiation time of 270 s show the porous structures including micropores and
distinct surface structures in the microscopic observation. These results
confirm that the temperature-elevation rate used in the MiWP-KOH
activation affects the surface structure of the activated carbon.

1.4 Conclusion

In summary, microwave-induced plasma with KOH activation can be
used for extremely fast preparation of activated carbon, so-called MiWP-
KOH activation. The temperature of the plasma above the precursor powder
bed, including powdery CCG mixed with KOH, was estimated to be higher
than 5000 °C from black body radiation spectrum analysis, resulting in the
energy input to the precursors to realize the extremely fast activation. From
the analysis of emission spectra, the plasma was considered to be non-thermal.
By this fast activation, the specific surface area of the activated carbon can
reach 1,007, 1,888, and 2,084 m? g~ within 80, 270, and 330 s, respectively.
This MiWP-KOH activation can reduce activation time by one to two orders
of magnitude compared to conventional activation. This result can raise
expectations that an epoch-making change will occur in the reactor design
concept in the preparation of activated carbon by changing the operating
mode from a batch system to a continuous system. Furthermore,
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nitrogen adsorption-desorption analyses and microscopic observation reveal
that temperature-elevation rate can have influences on the pore structure of
the activated carbon. It is revealed that the micropores dominate the
mesopores in the activated carbon obtained from MiWP-KOH activation
when an appropriate KOH/carbon ratio is used.

Figure 1.7 SEM images of surface structure: (a) CCG, (b) activated
carbon prepared using an electric furnace at 1,000 °C with a
temperature-elevation rate of 10 °C min=, (c) activated
carbon prepared using an electric furnace at 1,000 °C with a
temperature-elevation rate of 50 °C min=2, and (d) activated
carbon obtained using MiIWP-KOH activation with a
microwave-irradiation time of 270 s. TEM images of surface
structure: (e) CCG, (f) activated carbon prepared using an
electric furnace at 1,000 °C with a temperature-elevation rate
of 10 °C min~%, (g) activated carbon prepared using an electric
furnace at 1,000 °C with a temperature-elevation rate of 50 °C
min~, and (h) activated carbon obtained using MiWP-KOH
activation with a microwave-irradiation time of 270 s.
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Chapter 2 Effect of Temperature-Elevation Rate
2.1 Introduction

It was reported that some kinds of plasma such as dielectric barrier
discharge plasma *® and microwave-induced plasma 82 can be used to
modify surface structures of activated carbon. Microwave-induced plasma
can be made by irradiating microwave to electrically conductive materials
with specific structures such as metals with sharp-edge or porous carbon
materials. In case of the porous carbon materials, it can facilitate plasma
generation because electrons can be discharged in microporous structures.

A previous study reported that microwave-induced CO; activation within
90 min can be used to prepare activated carbon with a specific surface area
of 1,036 m? g%, where plasma generation was not reported. & In contrast, the
present work uses a plasma-generating microwave system, so-called MiWP-
KOH activation, aiming to produce activated carbon of which specific surface
area is approaching 2,000 m? g'* with the drastically-reduced activation time
within 80-330 s as reported in Chapter 1. For its short reaction time, the
results are expected to cause a revolutionary change in the reactor design
concept by changing the activated carbon preparation process from batch to
continuous system. To develop a new reactor system using MiWP-KOH
activation, the mechanism of this method must be investigated.

Temperature-elevation rate can be one of the important factors governing
the pore formation in activated carbon prepared by MiWP-KOH activation
because microwave-induced plasma is expected to rise up the temperature of
reacting carbon material rapidly. Therefore, the effect of temperature-
elevation rate on the pore formation of activated carbon was investigated in
this work. To discuss this effect, the pore structure analysis on the activated
carbon prepared by MiWP-KOH activation is compared with the results
obtained from the activation by the conventional heat-conduction method.
Here, the micropores and mesopores are focused to investigate because these
pores mainly contribute to realizing high surface area and important
adsorption characteristics.

2.2 Materials and Methods
2.2.1 Preparation of Activated Carbon

Here, carbonized carbon gel (CCG) was used as a precursor material to
prepare activated carbon. The synthetic carbon gel was prepared as explained
in Chapter 1. The CCG was ground with KOH solid pellets to make a
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powdery mixture. The mass ratio of KOH to CCG was fixed at 6. The
activation on CCG was conducted by microwave irradiation to this CCG-
KOH mixture as described below.

2.2.1.1 Activated Carbon Synthesis by MiWP-KOH Activation

This CCG-KOH mixture was put in an alumina container, which was
placed in a quartz tube. The quartz tube was filled with nitrogen (300 mL min
1y and located in the middle of a modified household microwave-oven [Sanyo
Electric, EM-LA1(HL)] operated at 2.45 GHz and 500 W. The inside
dimension of the microwave oven is 350 mm x 425 mm %198 mm. The
mixture was heated by this oven for 40-600 s. Temperature-change in MiWP-
KOH activation was measured by a radiation thermometer [Japan Sensor,
FTHX-0200S V-1563] as shown in Figure 2.1 (a). It suggests that the
maximum temperature occurred in MiWP-KOH activation is around 750-
850 °C. Here, the temperature-elevation rate was calculated using the period
of time used to raise the temperature from 500 °C to the maximum
temperature. In MiWP-KOH activation, temperature-elevation rate varies
from 90-700 °C min™. The resultant activated carbon was washed with
distilled water until the filtrate became neutral (pH ~7). Then, it was dried at
50 °C for 12 h.

2.2.1.2 Activated Carbon Synthesis by Heat-Conduction Activation

To investigate the influence of temperature-change rate used for
activation on the pore formation of activated carbon using the precursor
material of CCG-KOH mixture, activated carbon was synthesized by
conventional heat-conduction activation with various temperature-elevation
programs. A cylindrical electric furnace was used here because it was
impossible to intentionally control the temperature-elevation rate in the
MiWP-KOH activation. In this experiment, the CCG-KOH mixture was
heated to 1000 °C under a nitrogen atmosphere (100 mL min™?). The
temperature programs used to prepare activated carbon are shown in Figure
2.1.

Figure 2.1 (b) represents the temperature programs made by the
cylindrical electric furnace with temperature-elevation rates of 5.6-9.6 °C
min~t to 1000 °C. Here, the total heating period of each temperature program
was set at a constant value of 195 min by keeping the temperature at 1000 °C.
By using these conditions, the influence of the holding time at 1000 °C can
be observed in addition to that of the temperature-elevation step. To enable
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one to focus on the temperature-elevating step, the conditions are shown in
Figure 2.1 (c1) and (c2) were made. These figures illustrate the temperature
programs by the same furnace with the temperature-elevation rate in the range
of 2.2-19.1 °C mint without keeping the temperature after it reaches 1000 °C.
Figures 2.1 (c1) and (c2) shows the same data with different scales of the
horizontal axis to clearly exhibit the wide range of temperature-elevation rate.

In addition, these figures show a fast temperature change of 91.5 °C min
! realized by conductive heating using a hand-made plate-shape heater to
imitate the temperature change of the CCG-KOH mixture in MIWP-KOH
activation. This hand-made heater was made of a graphite plate of 1 mm-
thickness with applying DC electric current. CCG-KOH mixture was placed
on this graphite-plate heater set in a quartz tube and heated to synthesize
activated carbon under nitrogen flow. By this way, the CCG-KOH mixture
was heated up to 812 °C. This temperature-changing pattern is similar to that
seen in the MIWP-KOH activation. This temperature change was plotted in
Figures 2.1 (a), (c1), and (c2).

The activated carbon obtained by the heat-conduction was also washed
and dried in the same way as the activated carbon prepared by the
aforementioned MiWP-KOH activation.

2.2.2 Investigation on Pore Structure of Activated Carbon

Nitrogen adsorption-desorption isotherms on the activated carbon at 77
K were investigated using a specific-surface-area pore-size-distribution
analyzer [MicrotracBEL, BELSORP-mini 11-S] to analyze pore properties.
The nitrogen adsorption isotherms were used to calculate the specific surface
area and the micropore volume based on Brunauer-Emmett-Teller (BET)
method 8 and t-plot method %, respectively. The mesopore volume of
activated carbon was calculated by applying Barrett-Joyner-Helenda (BJH)
method ® to the nitrogen desorption isotherm.

Mass yield percentage of the activated carbon was obtained using the
following Eq. (2.1).

. mass of activated carbon
Mass yield percentage = X100 % (2.1)
mass of CCG

In addition, the micropores including the narrow spaces can not be
accessed by nitrogen. Therefore, carbon dioxide adsorption isotherms at 298
K were used to analyze the activated carbon by the abovementioned analyzer
based on Dubinin-Radushkevitch (DR) equation & on the representative two
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specimens from the MiWP-KOH activation and three specimens from the
conductive heating method.

2.3 Results and Discussion
2.3.1 Nitrogen adsorption-desorption isotherm

Figure 2.2 illustrates nitrogen adsorption-desorption isotherms of
activated carbon prepared using different heating methods. Figure 2.2 (a)
represents the adsorption-desorption isotherms of activated carbon prepared
by MiWP-KOH activation using microwave-irradiation time of 40-600 s. The
results show that the volume of nitrogen adsorbed at low relative pressure
tends to increase with the increase of microwave-irradiation time. The
adsorption of nitrogen at low relative pressure here indicates the formation of
highly microporous structures. 8 The results suggest that in the pore
formation step, the number of micropores increase with an increase of
microwave-irradiation time. In addition, each of the adsorption-desorption
isotherms represents a hysteresis loop, which might be associated with
capillary condensation taking place in mesopores. 8-°° The results show that
the hysteresis loops do not increase with the increase of microwave-
irradiation time. This feature is unique in MIWP-KOH activation in
comparison to the conventional heat-conduction activation.

It should be reminded that the temperature in MiWP-KOH activation can
reach above 800 °C with the a high temperature-elevation rate of
approximately 90-700 °C min™t. As reported in Chapter 1, the gas plasma
generated above the CCG-KOH mixture has an extremely high temperatures,
such as 5500 °C. The contact of this plasma with the CCG-KOH mixture
should enable this high temperature-elevation rate. This high temperature-
elevation rate should be an important feature in MiWP-KOH activation, and
it may be an important factor to determine the pore structure in the produced
activated carbon.

To investigate the effect of temperature-elevation rate on the pore
formation of activated carbon from the CCG-KOH mixture, the activated
carbon was prepared using various temperature programs by the heat-
conduction activation as illustrated in Figure 2.1. When activated carbon was
prepared by varied temperature programs with the controlled total heating
period as shown in Figure 2.1 (b), Nitrogen adsorption-desorption isotherm
was obtained as represented in Figure 2.2 (b) to investigate the pore structure
of the activated carbon.

The formation of microporous structure in the activated carbon can be
observed owing to the nitrogen adsorption at low relative pressure. The
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results show that the hysteresis loops became wider with a decrease in
temperature-elevation rate with less time to hold at 1000 °C. It indicates that
the number of mesopores increases as the temperature-elevation rate
decreases. This is a piece of evidence that keeping the high temperature at
1000 °C level is not the important factor to increase the micropore/mesopore
volume ratio in the structures of activated carbon, but the high temperature-
elevation rate is one of the improtant factors to achieve its high value. Here,
it should be reminded that the temperature-elevation rate of the CCG-KOH
mixture is extremely high when MiWP-KOH activation is used to prepare
activated carbon. Therefore, one can expect that the microporous structure
dominates over the mesopores in the activated carbon prepared by MiWP-
KOH activation.

To confirm the above feature, activated carbon was prepared using the
various temperature-elevation programs without controlled total heating
period as shown in Figure 2.1 (c), and the isotherms from such conditions
are shown in Figure 2.2 (c). The nitrogen adsorption-desorption isotherms
show that the adsorption amount above 400 cm® g* STP at low relative
pressure can be observed in the isotherms of each activated carbon, indicating
micropore formation. The microporous structures in activated carbon seemed
to be formed in all conditions (except the condition of 91.5 °C min, which
do not reach 1,000 °C) when the temperature reached 1,000 °C, but the level
of the micropore formation does not seem dependent on the temperature-
elevation rate so significantly here. The hysteresis loops can be clearly
observed only from the isotherms of activated carbon prepared using a low
temperature-elevation rate (2.2 to 5.3 °C mint). In contrast, the isotherms of
activated carbon prepared with the high temperature-elevation rate of 19.1
and 91.5 °C min?t do not present any clear hysteresis loops. Since the
presence of a hysteresis loop might suggests the formation of mesoporous
structures, the results confirm that when a low temperature-elevation rate is
used to prepare activated carbon, the mesoporous structures can be formed
significantly in activated carbon. These tendencies indicate that the
micropores should dominate over the mesopores when the temperature-
elevation rate is high. Therefore, when microwave-induced plasma is
generated to realize the extremely high temperature-elevation rate in the
CCG-KOH mixture, the micropores should be preferably formed in
comparison to mesopores.

For comparison, the isotherms of activated carbon prepared by the
MiWP-KOH and the heat-conduction method using similar activating
conditions including activation temperature, activation time, and
temperature-elevation rate are illustrated in Figure 2.2 (d). One can see that
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activated carbon prepared by MiWP-KOH activation has a higher pore
volume than activated carbon prepared by the conventional heat-conduction
activation.

2.3.2 Specific Surface Area and Pore Volume

Nitrogen adsorption-desorption isotherms of the activated carbon
prepared by the MiWP-KOH method were used to calculate specific surface
area as shown in Figure 2.3 (a). The calculation shows that the specific
surface area of activated carbon increases with an increase in microwave-
irradiation time. When microwave-irradiation time is longer, more energy
should transfer to the CCG-KOH mixture, resulting in more micropore-
formation and higher specific surface area. According to the previous report
91 activated carbon prepared using the microwave-irradiation time in the
range of 40 — 80 s shows a specific surface area of 43-1263 m? g*. The
activated carbon prepared using the microwave-irradiation time in the range
of 80-600 s shows a specific surface area in the range of 1132—2500 m? g*.
Also, these results suggest that when microwave-irradiation time is shorter
than 80 s, the energy transferred to the feed materials is not enough to make
activated carbon with a high surface area. The value of 80 s should correspond
to the time required to reach about 800 °C in the MiWP-KOH activation, as
shown in Figure 2.1 (a).

The mass yield percentage of the activated carbon prepared by MiWP-
KOH activation was calculated as shown in Figure 2.3 (a). The results show
that the yield of the activated carbon drastically decreases as microwave-
irradiation time increases from 40 to 80 s. After that, the yield of the activated
carbon decreases as microwave-irradiation time increases from 80 to 600 s.
This result suggests that when the temperature is lower than about 800 °C,
weak parts in the CCG structure can be consumed without fast small-pore
formation, resulting in the decrease of activated carbon yield with low
specific surface area. When the MiWP-KOH activation was conducted
further after 80 s, the temperature becomes high enough to open micropores
at relatively stable parts in the CCG structure, resulting in the high specific
surface area and the low additional consumption of the CCG with a relatively
retarded decrease of the yield.
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Additionally, the microwave should excite the rotation of molecular
dipole to cause the heating. KOH can be heated by this mechanism. Also, a
free electrons in conductive materials can absorb the microwave to cause
heating. Carbon can be heated by this mechanism. The pores in carbon can

be generated by reaction of carbon with KOH (2C + 6KOH — 2K + 3H; +

2K2CO3, 2C + K,CO3 — 2K + 3CO) at a considerably high temperature 3.

Figure 2.3 (b) presents a specific surface area of the activated carbon
prepared from the heat-conduction activation using a variety of temperature-
elevation patterns as shown in Figure 2.1 (b). The activated carbon prepared
by the temperature-elevation rate of 5.6-9.6 °C min™* shows a specific surface
area of 1,208-2,507 m? g'. The results indicate that a specific surface area of
the activated carbon tends to decrease with an increase in temperature-
elevation rate. Here, it should be reminded that when the heating rate is higher,
the holding time at 1000 °C is longer. Namely, an excessively long heating
period at 1000 °C can lead to degradation of the porous structures by some
reactions, such as sintering, chemical transformations, evaporation, etc. %,
resulting in low specific surface area in activated carbon as illustrated in
Figure 2.3 (c).

Moreover, Figure 2.3 (b) shows thmass yield percentage of the activated
carbon prepared by heat-conduction using different temperature-elevation
patterns. The mass yield percentage is in the re ange of 1.5-10.2 %, which
tends to slightly decrease as the temperature-elevation rate increases. One
should be aware that the yield from MiWP-KOH activation is significantly
higher than that from the heat-conduction activation. This would be because
the activation time by MiWP-KOH activation is much shorter than that by the
conduction activation.

It should be noted that the activated carbon prepared by heat-conduction
with the temperature-elevation rate of 91.5 °C min! and total heating time of
220 s shows a specific surface area of 984 m? g%, while the activated carbon
prepared by MIWP-KOH with a similar temperature-change pattern
(temperature-elevation rate = 91.1 °C min? as shown in Figure 2.1 (a))
exhibits specific surface area of 1,680 m? g*. Another activated carbon
prepared by MiWP-KOH (total activation time of 210 s as shown in Figure
2.1 (a)) shows a specific surface area of 1716 m? g. One can see that
activated carbon prepared by MiWP-KOH has a significantly higher specific
surface area than that of activated carbon prepared using heat conduction.
These results suggest that MIWP-KOH activation should have the
microwave-originated effect on the activation of CCG-KOH mixture to
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enhance pore formation, resulting in the fast generation of micropore volume
in the activated carbon structure.

Micropore and mesopore volumes of the activated carbon were
calculated from the nitrogen adsorption-desorption isotherms, and they were
used to estimate the ratio of micropore to mesopore volume as represented in
Figure 2.4. Figure 2.4 (a) shows the pore properties of the activated carbon
prepared by MiWP-KOH activation. The calculation confirms that both the
micropore volume and the mesopore volume tend to increase with an increase
of microwave-irradiation time. In addition, the ratio of micropore volume to
mesopore volume tends to increase with the increase of microwave-
irradiation time. The results indicate that when microwave-irradiation time
increases, the microporous structures in the activated carbon become more
dominant.

Figure 2.4 (b) represents the pore properties of the activated carbon
prepared by the heat-conduction activation with the varied temperature-
elevation rate as shown in Figure 2.1 (b). This result shows that the volumes
of the micropores and the mesopores decrease with the increase in
temperature-elevation rate. It should be recognized that the ratio of micropore
to mesopore volume increases with an increase in temperature-elevation rate.
This calculation suggests that microporous structures become more dominant
when the temperature-elevation rate is high. Since the temperature-elevation
rate is extremely high in MiWP-KOH activation, activated carbon with a
micropore-dominating structure can be realized.

Table 2.1 represents the micropore volume of activated carbon
calculated from nitrogen and carbon dioxide adsorption results based on the
DR equation. It seems that the nitrogen-accessible micropore volume
becomes about twice by increasing the treatment time is changed from 80 to
600 s in the MiWP-KOH activation, and carbon dioxide-accessible micropore
volume becomes four times higher by the same change of the treating time.
In the case of the heat-conduction activation, carbon dioxide-accessible pore
volume does not change meaningfully, while the nitrogen-accessible pore
volume decreases with the increase of the temperature-elevation rate. It
should be noted that when the temperature-elevation rate for heat-conduction
activation is higher, the time for heating at 1,000 °C is longer. Thus, it is
suggested that the carbon dioxide-accessible pores which are smaller than
nitrogen-accessible pores may hardly be destroyed by excessively long
treatment time at high temperatures. These results would indicate that
ultramicropores evaluated by carbon dioxide adsorption experiment can be
effectively generated by the MiWP-KOH activation and such pores are
considered stable.
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As mentioned earlier, micropores and mesopores are focused to
investigate here. If one are interested in the surface morphologies of activated
carbon prepared by MiWP-KOH activation related to macropores, one can
refer to Chapter 1, showing the observation by scanning electron microscope
(SEM) and transmission microscope (TEM) on it. One can see an SEM image
there showing that slit pores with the width less than 0.8 pwm are generated in
activated carbon synthesized by MiWP-KOH activation, while activated
carbon synthesized by the conduction heating activation exhibits nearly-
circle cross-section pores or random-mesh-like pores, depending on
temperature-elevation rate, with diameters less than 0.8 um.

2.3.3 Mechanism of Pore Formation

Based on the explanation of the results above, the phenomena with the
pore formation of the activated carbon in MiWP-KOH activation is illustrated
in Figure 2.5 (a) in contrast to the one in the conventional conductive
activation as in Figure 2.5 (b). Due to the high temperature-elevation rate of
the CCG-KOH mixture of 91.1-694.3 °C min™ heated by the microwave-
induced plasma, the consumption of CCG occurs within 80 s to start opening
pores. From 80 s, mesopores starts to be opened, so that the micropore to
mesopore volume ratio is not so high at this stage. Afterward, micropores are
increased by time, reaching to the high micropore to mesopore volume ratio.
Then, micropore-dominating structure with a large specific surface area of
about 2000 m? g can be formed finally until 5-6 min.

In the case of the activation using the conventional heat-conduction
activation, high temperature-elevation rate can cause the micropore-
dominating structure. However, the specific surface area of activated carbon
prepared by a heat-conduction which has similar temperature-change pattern
with MIWP-KOH activation cannot reach the level of 1000 m? g. This result
suggests that microwave-irradiation should have the effect to enhance pore
formation at CCG-KOH mixture.

The mechanism of this microwave-originated effect has not yet been
clarified. At this stage, we consider that it may be reasonable that the
temperature at the interface between carbon and molten KOH may be highly
raised by microwave irradiation because carbon is electrically conductive.
When microwave is irradiated to conductive materials, eddy current is
generated in them. %2 When the sizes of the materials are deeper than the
depths of the skin effect of the generated current, the surface of the materials
can be locally heated. Therefore, the pore formation on the surface of CCG is
considered to be enhanced.
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Pore formation in activated carbon prepared by using electric furnace
(for example, using the temperature-elevation patterns of Figure 2.1 (b)) is
illustrated in Figure 2.5 (b). Here, the heat transfer occurs only by heat
conductivity from outside. The results confirm that microporous structures
become more dominant when a high temperature-elevation rate is used.
However, specific surface area of the activated carbon decreases as a
temperature-elevation rate used to prepare activated carbon increases, owing
to long holding period at reaction temperature, resulting in thermal
degradation of porous structures %.

2.4 Conclusion

This study investigates the pore formation of high surface area activated
carbon prepared using MiWP-KOH activation by observing the effects of
temperature-elevation rate on the pore structure of activated carbon. It is
revealed from nitrogen adsorption-desorption isotherms that micropore and
mesopore volume and specific surface area of activated carbon can increase
as the microwave-irradiation time increases. In addition, microporous
structures become more dominant as the microwave-irradiation time is longer.

By the experiment using the heat-conductive activation, it was confirmed
that temperature-elevation rate have a significant influence to cause the
micropore-dominating activated carbon structures. Thus, the extremely high
temperature-elevation rate occurred in MiWP-KOH activation can be used to
prepare activated carbon with micropore-dominating structures.

Temperature-change pattern in MiWP-KOH activation was measured.
Then, it turned out that the specific surface area of activated carbon prepared
by MiWP-KOH activation was significantly larger than that of activated
carbon prepared by heat-conductive activation with similar temperature-
change pattern. This result suggests that MiWP-KOH activation should have
the microwave-originated effect to enhance pore formation.
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Figure 2.5 Hlustration of pore formation of activated carbon prepared
by (a) MiWP-KOH activation and (b) conventional heat-
conduction activation.
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Chapter 3 Effect of KOH Concentration in Feed Mixture

3.1 Introduction

Activated carbon has a hierarchical pore structure consisting of
micropores (pore diameter is smaller than 2 nm), mesopores (pore diameter
is between 2-50 nm), and macropores (pore diameter is larger than 50 nm) >
19 According to its microporous structure, activated carbon has been
recognized as a promising adsorbent. Activated carbon can be used to adsorb
various kind of molecules such as acetone, dichloromethane, ethyl formate,
etc. %

To prepare the activated carbon with high surface area, carbon precursors
(feed materials) must be mixed with the activating agents and heated at high
temperature for several hours. 6699 Among various activation methods,
KOH activation is a well-established method that can be used to prepare high-
surface-area activated carbon in industrial scale. ° Previous study reported
that the high-surface-area activated carbon with microporous and
mesoporous structures can be prepared by mixing KOH with the carbon
precursor using KOH/carbon mass ratio of 6. %

In a conventional process, the mixture of the carbon precursors and the
activating agents was heated at 700-850 °C for 0.5-2.5 h to get the activated
carbon with specific surface area in the range of 647-2413 m? g%, %910 The
long activation time limits the activated carbon preparation process to be
operated in batch systems, which cannot efficiently produce activated carbon
in large scale. If the activation time becomes shorter (several minutes), the
activated carbon preparation process can be operated in continuous system.

Many researchers have been seeking for a new method to reduce
activation time by applying microwave irradiation to the KOH activation. For
example, previous study 1% reported that activated carbon can be synthesized
using KOH activation with microwave irradiation, suggesting that activated
carbon with specific surface area of 729 m? g* can be prepared within 10 min.
In another study, activated carbon was prepared by microwave-KOH
activation 13, suggesting that the mixture of carbon precursors and KOH was
heated by microwave irradiation for 7 min to obtain activated carbon with
specific surface area of 752 m? g*. Furthermore, activated carbon with
specific surface areas of 972 m? g and 1229 m? g can be prepared within
12 min % and within 3 min, 97 respectively, using microwave-KOH
activation. In these studies, the preparation methods required at least 3 min to
get high-surface-area activated carbon, and none of them report the synthesis
of activated carbon of which the specific surface area is above 2000 m? g
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And, none of them report the generation of the plasma in the reaction zone,
but only electromagnetic heating of the feed.

Recently, we found that the MiWP-KOH activation can be used to prepare
activated carbon with high-surface-area of 1007 and 2084 m? g* using
microwave-irradiation time of 80 and 330 s, as suggested in Chapter 1.
Economically, the consumed energy and the cost for the preparation of
activated carbon should depend on the activation time. The preparation of
high surface area activated carbon with microporous and mesoporous
structures in a short time is considered to be very important from an energy
point of view.

Previous studies suggested that activation time and concentration of the
activating agents in the feed mixture play an important role in pore formation
of activated carbon prepared by a conventional method. 43194105 Therefore,
the work in this Chapter 3 aims to investigate the influence of the
concentration of the activating agents, KOH, to use MiWP-KOH activation
for the preparation of activated carbon with high specific surface area (higher
than 2000 m? g*) and hierarchical pore structures with micropores and
mesopores. Also the effect of the microwave-irradiation time was
investigated on the pore structures, with relating to the effects of the KOH
concentration.

3.2 Materials and Methods
3.2.1 Preparation of Activated Carbon

A carbonized carbon gel (CCG) has been used as a carbon precursor here.
Synthesis procedure of CCG is explained in Chapter 1. CCG was activated
by MiWP-KOH activation as descripted in previous chapters by adjusting the
microwave-irradiation time (80, 180, and 270 s) as well as KOH
concentration (9-91 wt-%) in the feed mixture, which is CCG-KOH mixture.
The MiWP-KOH activation was carried out in a modified household
microwave oven [Sanyo Electric, EM-LAL(HL)] under nitrogen atmosphere
with a flowrate of 300 cm® min in a quartz tube. The microwave oven was
operated at 500 W and 2.45 GHz. The mixture was cooled to ambient
temperature under nitrogen atmosphere. Then, the mixture was washed with
distilled water until the filtrate became neutral (pH ~7). The activated carbon
was dried at 50 °C for 12 h before being collected and measured its weight to
evaluate mass yield percentage using Eq. (2.1).
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3.2.2 Investigation of Activation Temperature

Microwave-induced plasma can be clearly observed as a uniquely bright
plasma above the CCG-KON mixture bed. As mentioned in Chapter 1, the
temperature of this plasma was estimated to be above 5000 °C from the
analysis of the emission spectra. The contact of this hot plasma with the CCG-
KOH mixture bed should enhance the fast increase of its temperature.

It was observed that thermocouples were corroded heavily by KOH at
high temperature, suggesting that commonly-used thermocouples protected
by metallic sheath cannot be used to measure the temperature of the CCG-
KOH mixture in the MiWP-KOH activation. Therefore, the temperature-
change of the CCG-KOH mixture was observed using a radiation
thermometer [Japan Sensor, FTHX-0200S V-1563].

3.2.3 Investigation on Pore Structure of Activated Carbon

Pore structures of the activated carbon was studied by obtaining nitrogen
adsorption-desorption isotherms using an automated physisorption surface
area analyzer [MicrotracBEL, BELSORP-minill-S]. The samples were
outgassed at 200 °C in vacuum for 4 h before the measurements. The nitrogen
adsorption-desorption isotherm was used to evaluate pore properties of the
activated carbon.

The total pore volume was assessed, corresponding to volume of nitrogen
adsorbed at relative pressure (P/Po) of 0.9. Micropore volume was calculated
by applying V-t plot method & to nitrogen adsorption data. Mesopore volume
was calculated from nitrogen desorption isotherms using Barrett-Joyner-
Helenda (BJH) method. & Specific surface area was calculated by Brunauer—
Emmett—Teller (BET) equation 8 using nitrogen adsorption isotherms. The
calculation considered the molecular cross-sectional area of nitrogen at 77 K
to be 0.162 nm2. Microporosity was calculated by Eq. (3.1) to indicate the
degree of micropore-domination in structure of activated carbon.

. ] micropore volume
Microporosity = X100 % (3.1)
total pore volume

3.3 Results and Discussion
3.3.1 Activation Temperature

The temperature-change of CCG-KOH mixture was recorded as
illustrated in Figure 3.1. It is shown that the temperature rises along with
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microwave-irradiation time to about 450 °C by 80-90 s with almost same
temperature-elevating rate in all KOH-concentration cases, and the difference
can be seen in the temperature-elevation rate after this time range. The result
shows that the maximum activation temperature was 505, 787, and 860 °C
when KOH to CCG ratio is 4:1, 6:1, and 10:1, respectively. It indicates that
the maximum activation-temperature increases along with the increasing of
KOH concentration in feed material.

1200

KOH:CCG KOH:CCG KOH:CCG
=10:1 =6: =4:1

1000

T 800

600

Temperature [ °

~
S
S

0 i i i i [ i i i i [

0 5 10
Microwave-retention time [min]

Figure 3.1 Temperature-change of CCG-KOH mixture in the MiWP-
KOH activation with varied KOH:CCG ratio.

3.3.2 Pore Formation of Activated Carbon

Figure 3.2 represents nitrogen adsorption-desorption isotherms of the
activated carbon prepared using various KOH concentration in the feed
mixture. Figures 3.2 (a), (b), and (c) show adsorption-desorption isotherms
of the activated carbon prepared using microwave-irradiation time of 80, 180,
and 270 s, respectively. The adsorption-desorption isotherms show
adsorption of nitrogen at low relative pressure (P/Po < 0.01), indicating
microporous structure in activated carbon. 768 The results suggested that the
adsorbed volume of nitrogen at low P/Po tends to increase with an increase
in the KOH concentration, leading to an increase in micropore volume. In
addition, each isotherm shows a hysteresis loop, indicating mesoporous
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structure. 68 The size of the hysteresis loops seem to be wider as the KOH
concentration increases. It can imply that the volume of mesopores increases
with the increase of the KOH concentration in the feed mixture.

Figure 3.3 represents the specific surface area of activated carbon
prepared using different KOH concentrations in the feed mixture and the
microwave-irradiation times. Figure 3.3 (a), (b), and (c) show specific
surface area of the activated carbon prepared using microwave-irradiation
time of 80, 180, and 270 s, respectively. It can be shown that the maximum
specific surface area are 1,266, 2,189, and 2,332 m? g* in activated carbon
obtained by microwave-irradiation time of 80, 180, and 270 s, respectively.
The results illustrate that specific surface area tends to increase as the KOH
concentration increases.

Here, “reproducible zone” is defined as the operating conditions used to
produce activated carbon with pore properties that have narrow fluctuation-
range. The reproducible zone can be observed in the results of activated
carbon prepared by microwave-irradiation time of 180 and 270 s. However,
no reproducible zone can be seen in the results of activated carbon prepared
by microwave-irradiation time of 80 s. This tendency suggests that it takes
time more than 80 s to realize uniformity of heating. It should be noted that
the electrical conductivity of carbon increases with temperature, 1% and the
electrical conductivity of CCG may become high enough to cause the uniform
plasma at higher than 450 °C of CCG temperature, when the microwave-
irradiation time exceed 80 s. It can be observed in the experiments that when
the average CCG temperature is not high enough, the plasma above the GGC-
KOH mixture becomes narrowly localized, so that the CCG can be activated
just in non-uniform manner.

One should remind that, unless the KOH concentration is substantially
high, the reproducible zone can not be seen even if the average temperature
of CCG-KOH is high enough. It seems that KOH is vaporized during the
MiWP-KOH activation. Thus, if the amount of KOH in GGC-KOH mixture
is not high enough, the uniformly-occuring reaction between carbon and
KOH can not be preserved during the MiWP-KOH activation.

Similarly to the study reported in Chapter 1, it can be shown here that the
specific surface area of activated carbon significantly increases as
microwave-irradiation time increases until microwave-irradiation time
becomes 120 s. When microwave-irradiation time is longer than 120 s, the
specific surface area of the activated carbon seems to increase very slowly
with an increase of microwave-irradiation time. This tendency might be due
to the loss of KOH from CCG-KOH mixture by the vaporization of KOH.
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(b) KOH concentration in CCG- KOH mixture:
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W
3
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1000 (©) KOH concentration in CCG- KOH mixture:
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Figure 3.2 Nitrogen adsorption-desorption isotherms of activated carbon
prepared by MIWP-KOH activation with microwave-
irradiation time of (a) 80, (b) 180, (c) 270 s.
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The analytical results of micropore volume show the similar tendency
with those of the specific surface area. Figure 3.4 shows the micropore
volume of activated carbon prepared using different KOH concentration and
the microwave-irradiation times. Figures 3.4 (a), (b), and (c) show the
micropore volume of the activated carbon prepared using microwave-
irradiation time of 80, 180, and 270 s. The results show that micropore
volume tends to increase as the KOH concentration increases. Moreover, the
reproducible zone can be observed in the results of the activated carbon
prepared by microwave-irradiation time of 180 and 270 s at the high KOH
concentration range. However, no reproducible zone is shown in the results
of activated carbon prepared by microwave-irradiation time of 80 s. The
results indicate that in the suitably high ranges of KOH concentration in feed
mixture and microwave-irradiation time, the reproducible zone can be
secured for specific surface area and micropore volume.

Figure 3.5 represents mesopore volume of the activated carbon prepared
using different concentrations of KOH in feed mixture and microwave-
irradiation times. Figures 3.5 (a), (b), and (c) show mesopore volume of the
activated carbon prepared using microwave-irradiation time of 80, 180, and
270 s, respectively. The results show that mesopore volume increases with an
increase of the KOH concentration. Also, the mesopore volume increases
with increasing the microwave-irradiation time. The influence of the
microwave-irradiation time seems similar to the cases of the specific surface
area and the micropore volume. However, differently from the cases of the
specific surface area and the micropore volume, the mesopore volume does
not exhibit the reproducible values even in the high KOH concentration range,
which corresponds to the reproducible zone observed in the results of the
specific surface area and the micropore volume.

Figure 3.6 shows the nitrogen adsorption-desorption isotherms of
activated carbon synthesized at 82 and 86 wt-% of KOH concentration with
270 s of the microwave-irradiation time. These conditions are categorized
into the reproducible zone to obtain the stable values of high specific surface
area and the micropore volume. One can notice that the shapes of these
isotherms are different in the relatively high pressure range, where the one
synthesized at 82 wt-% of KOH concentration is expected to contain well-
grown mesopores and the other should not contain significant volume of the
mesopores. The reason why mesopore volume is difficult to control can be
explained as follows.
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In the MiWP-KOH activation, the growth of micropores can proceed
since activation time is short, but mesopores grow much slower at the high
temperature while the CCG-KOH is heated by the plasma. In fact, the timing
to start stable plasma that can heat CCG-KOH mixture uniformly is not well
repeatable. Therefore, if the timing to obtain such stable plasma is late, the
duration of such plasma until the activation is terminated is not long enough
to obtain well-grown mesopores, but this duration can be long enough to form
well-grown micropores. If the timing to start such stable plasma is early, the
both of micro and mesopores can be grown well. To improve the stability of
mesopore volume, further study to investigate the reaction conditions to
stabilize the timing to obtain such stable plasma will be necessary.
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Figure 3.6 Nitrogen adsorption-desorption isotherms of activated carbon
prepared by MiWP-KOH activation with two KOH
concentrations, 86 and 82 wt-% and microwave-irradiation
time of 270 s.

3.3.3 Mass yield percentage in MiWP-KOH activation

Figure 3.7 illustrates the mass yield percentage of activated carbon
prepared using microwave-irradiation time of 180 and 270 s. The mass yield
percentage was calculated using Eq. (2.1). The average value of the mass
yield percentage for the condition when high-surface-area activated carbon
with surface area higher than 1500 m? g was synthesized in the stabilized
zone is 12.3 wt.-%. It is similar to the mass yield percentage of the activated
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carbon prepared by conventional conduction heating in Chapter 2, which is
9.3 wt-% in average.
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Figure 3.7 Effect of KOH concentration on mass yield percentage of
activated carbon prepared by MiWP-KOH activation using
microwave-irradiation time of 180 and 270 s. The plots
marked by square are the one obtained when high-surface-
area activated carbon with surface area higher than 1500 m?
g was synthesized in the stabilized zone.

3.3.4 Comparison with Past Studies

A comparison of the present study with past studies about the use of
microwave to produce activated carbon is summarized in Table 3.1. Here,
the values of the maximum specific surface area of activated carbon obtained
by each of the past studies are shown. This table also shows the information
of some reports of the conventional activation. By looking at the comparison
in this table, it could be said that the present study exhibits the best microwave
performance. Koyuncu et al. 1% reported that activated carbon with specific
surface area of 1021 m? g was obtained within 40 s, but the power to
generate microwave used by them was 900 W. On the other hand, the power
used by the present MiWP-KOH activation to produce the activated carbon
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with similar surface area was only 500 W. Liu et al. 1% used the even lower
power, 350 W, to obtain activated carbon with specific surface area of 1410
m? g, but a long microwave-irradiation time such as 20 min was required
there. Other works used longer time and higher power to make the microwave
activation. And importantly, none of the microwave activation methods
except MiWP-KOH activation realized the synthesis of activated carbon of
which specific surface area was above 2000 m? g.

One can see in this table that the conventional methods can be used to
prepare activated carbon with high specific surface area, but they need 60-90
min to finish the activation % One may imagine that such time-
consuming activation of MiWP-KOH may result in high energy consumption.
As a feature of the pore structure of activated carbon prepared by MiWP-
KOH activation, the microporosity seems to be relatively high. The
characteristics of the MiWP-KOH activation which need relatively short
activation time and less power to generate microwave may indicate the
potential to realize the energy saving process to produce high-surface-area
activated carbon.

3.3.5 Controllability of Microporosity

Figure 3.8 shows the microporosity calculated by Eqg. (3.1) for the results
obtained with all of KOH concentration in feed mixture and microwave-
irradiation time adopted in this study. The results suggest that the
microporosity tends to increase as the KOH concentration increases. On the
other hand, the influence of the microwave-irradiation time is not clearly seen.

The relation between the microporosity and KOH concentration within
the observed KOH concentration range seem to be described by a linear
equation, although relatively large variations from this correlation line can be
seen. This correlation line can be written as (Microporosity) = (0.529)(KOH
concentration [wt-%]) + 22.65%, where coefficient of determination R? is
0.414.

The microporosity defined here is considered to be a kind of criteria to
know how much the micropores dominate the porous structures. When one
needs to use activated carbon to adsorb relatively large molecules, or wants
quick adsorption with high diffusivity of adsorbate molecules in activated
carbon, the activation condition with high KOH concentration can be
recommended. The result here can be used to synthesize activated carbon by
MiWP-KOH activation to answer such demands for the pore structure of
activated carbon. Schematic summary of pore formation can be summarized
as shown in Figure 3.9.
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Figure 3.8 Microporosity of activated carbon prepared by MiwP-KOH
activation defined by Eq. (3.1) related with KOH
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Figure 3.9 Schematic summary of pore formation in activated carbon
prodeced by MiWP-KOH activation.
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3.4 Conclusion

MiWP-KOH activation can be used to prepare a high-surface-area
activated carbon with specific surface area of 1,251, 2,250, and 2,718 m? g
within 80, 180, and 270 s. The MiWP-KOH activation can be done rapidly
because the high-temperature plasma, as mentioned in Chapter 1, may
support the quick heating of the feed material. It was suggested that the
increases in the microwave-irradiation time and KOH concentration in the
feed mixture resulted in the increase in micropore and mesopore volumes, but
excessively long activation time was not useful to increase these volumes. It
was observed that the concentration of KOH should be high enough to
stabilize the high values of the micropore volume and the specific surface
area of the activated carbon. This condition is referred to as “reproducible
zone” in this study. The reproducible zone can not be observed for mesopore
volume at this stage. The mass yield percentage of the activated carbon
prepared by MiWP-KOH activation was 12.3 wt-% in average in the stable
condition. This mass yield percentage is higher than the mass yield
percentage of the activated carbon prepared by the conventional activation.

The result about microporosity indicates that the microporous structure
becomes more dominant when KOH concentration becomes higher. The
results obtained here may be useful to control the pore structures of activated
carbon with high specific surface area for various demands for adsorption
applications.
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Chapter 4 MiIWP-KOH Activation: Pseudo Continuous
Operation

4.1 Introduction

Conventionally, activated carbon with high specific surface area can be
made by mixing carbon precursor with activating agents and heated at high
temperature for several hours 2, Since the mixture of carbon precursors and
activating agents must be heated for a long period, such activated carbon
preparation process is limited to be operated in batch system, leading to the
difficulty to produce activated carbon in fast way. If the activation time can
be shortened, this process can be improved to be continuous operation. Then,
fast and energy-saving production of activated carbon can become possible.

Previous study reported that some types of electrical plasma can be used
to modify surface structure of carbon materials. For example, Su et al.}t?
reported that atmospheric dielectric barrier discharge plasma can be used to
modify LiMno.gFeo2POa4/nitrogen-doped carbon, which is a part of lithium-
ion battery. Moreover, work of Das et al. 14 shows that microwave-induced
plasma can successfully use to synthesize of multiwall carbon nanotubes.

A microwave-induced plasma can be generated by irradiating microwave
onto electrically conductive materials with suitable shape such as a metal
needle with sharp-edge or porous carbon materials. For the porous carbon
materials, the microwave-induced plasma can be generated because electron
is discharged in micropores of the porous carbon materials. Zheng et al. 8
reported that activated carbon with specific surface area of 1036 m? g* can
be prepared using microwave irradiation in carbon dioxide environment
within 90 min. As explained in the previous chapters, the MiWP-KOH
activation used microwave-induced plasma with KOH activation had been
successfully developed to prepare activated carbon with surface area of 2000
m? g or higher within several minutes. Due to the significantly short
activation time, the results can contribute to the development of continuous
reactor system for the preparation of high surface area activated carbon.

As a first step toward the development of the continuous reactor, this
research has developed a new activation method using pseudo continuous
reactor system with feeding carbon precursor (carbonized carbon gel; CCG)
mixed with KOH under microwave-induced plasma, so called MiwP-KOH
activation, to prepare high surface-area activated carbon.
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4.2 Materials and Methods
4.2.1 Activated Carbon Preparation by Pseudo Continuous Reactor

Firstly, the CCG was mixed with KOH at 86 wt-% and ground
thoroughly. Then, the mixture of CCG-KOH was activated using a pseudo
continuous microwave reactor, which was developed as represented in
Figure 4.1. An L-shape quartz tube was placed in a microwave oven, and
motor was driven to move a ceramic boat containing the CCG-KOH mixture.
The moving speed was controlled in the range of 0.03-0.12 mm s. The path
of this moving boat was adjusted so that the carbon precursor was carried
through the microwave-concentrated zone. The length of the microwave
reaction zone in the moving direction was estimated to be 14.3 mm.
Microwave was generated at 2.45 GHz and 500 W there. The retention time
of the carbon precursor in the microwave reaction zone is defined by the
reaction zone length divided by the boat moving speed. This microwave-
retention time was varied for 120-510 s. Nitrogen gas was introduced to the
quartz tube at 300 mL min* so that the activation reaction can occur in inert
gas environment. After the precursor-contained ceramic boat passed the
microwave reaction zone, the boat was dropped down at the L-shape part in
the quartz tube. After the activation, the resulted activated carbon was washed
with distilled water until the filtrate became neutral (pH ~7) before being
dried at 50 °C for 12 h.

A radiation thermometer [Japan Sensor, FTHX-0200S V-1563] was used
to observe the temperature-change of the CCG-KOH mixture in this reactor.
This measurement was conducted in batch mode when the moving speed of
the precursor-contained boat was stopped, so that the time-dependency of the
precursor temperature could be obtained. When the pseudo continuous
operation is conducted in this reactor, the temperature of the precursor at the
microwave reaction zone can be estimated by the microwave-retention time
related with this time-dependency of the precursor temperature.

4.2.2 Investigation on Pore Structure of Activated Carbon

An automatic physisorption-based surface area analyzer [MicrotracBEL,
BELSORP-mini 11-S] was used to observe nitrogen adsorption-desorption
isotherms of the activated carbon. The adsorption-desorption isotherms have
been used to investigate pore properties. Specific surface area, micropore
volume, and total pore volume of the activated carbon can be calculated from
the nitrogen adsorption-desorption isotherms. Micropore volume was
calculated from t-plot method. Mesopore volume was calculated from the
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difference between total pore volume and micropore volume. Mass yield
percentage of activated carbon is defined by Eq. (2.1).
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Figure 4.1 Pseudo continuous microwave reactor system used for
activated carbon preparation.

4.3 Results and Discussion
4.3.1 Heating Feed Mixture by Microwave

The temperature-change of the carbon precursor in batch mode was
measured as presented in Figure 4.2. The result suggests that the maximum
of activation temperature is 787 °C. The temperature-elevation rate is 90 °C
min’t, as calculated from the period of time used to rise temperature from 500
to 787 °C.

It should be noted that the temperature of the CCG cannot reach the
activation temperature unless KOH is mixed. When microwave was
irradiated to 0.1-0.7 g of ground CCG without mixing KOH for 10 min, its
temperature could not reach above 200 °C, which is the minimum limit of the
radiation thermometer used here. Then, further temperature increase was not
observed even when the microwave-retention time was prolonged. From this
result, KOH seems to play a role not only for reaction to open pores on carbon
but also for increasing the temperature of the feed to activate the carbon.
When microwave is irradiated to pure KOH, the temperature became 450 °C
at maximum.
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Figure 4.2 Temperature-change of CCG-KOH mixture placed at the
microwave-reaction zone in the batch mode.

The electrically-conductive high-crystallinity carbon can absorb
microwave by its free electrons, and electric current induced in such carbon
causes Joule heating 1*°. However, if the carbon material does not have high
electrical conductivity due to its inclusion of amorphous structures, the
microwave heating may not be so efficient. The analyses using X-ray
diffractometer were conducted on the CCG, as presented in Figure 4.3. The
results suggested that the signals to prove the existence of graphitic structures
was not clear. Thus, the main structure of the CCG should be amorphous, and
such structure should lead to the difficulty of the temperature-elevation of the
CCG without KOH at ambient temperature.

Nevertheless, it should be noted that the electrical conductivity of carbon
significantly increase with temperature %, When microwave is absorbed by
KOH by its dipole excitation, it can cause the temperature-elevation of CCG-
KOH mixture. Then, the CCG can be conductive enough at such high
temperature to be heated by the microwave-induced electric current.
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Figure 4.3 X-ray diffractometer of activated carbon prepared by
MiWP-KOH activation.

4.3.2 Nitrogen Adsorption-Desorption Isotherm

The nitrogen adsorption-desorption isotherms of the activated carbon
prepared from the pseudo continuous microwave-reactor is shown in Figure
4.4. The results indicate that the products obviously have micropores when
the microwave-retention time is longer than 210 s, suggested by the sharp
slope at the low-pressure range seen in the products with the retention time
from 210 to 510 s. In this range, the microporous structure of the activated
carbon seems to increase as microwave-retention time increases. Considering
with the result of the temperature change shown in Figure 4.2, it should be
necessary to experience the temperature higher than about 730 °C to generate
micropores.

The result shown in Figure 4.4 also indicates that the micropore volume
increases as microwave-retention time prolongs. This trend seems significant.
Moreover, each isotherm shows a hysteresis loop, which might be related to
capillary condensation taking place in mesoporous structure. This hysteresis
loop also tends to increase when the microwave-retention time prolongs.
However, the trend of the hysteresis loop depending on the microwave-
retention time does not seem so significant compared with the trend of the
micropore volume. The quantitative comparison between these trends is
explained later.
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Figure 4.4 Nitrogen adsorption-desorption isotherm of activated carbon
prepared by pseudo continuous microwave-reactor using

microwave-retention time of (-4p) 120 s, (CI-H) 210 s,
(/A\-A) 300 s, and (O-@) 450 s.

4.3.3 Specific Surface Area, Micropore and Mesopore Volume

Figure 4.5 represents the specific surface area of the activated carbon
prepared by the pseudo continuous microwave-reactor system. The results
indicate that the specific surface area of the activated carbon increases as the
microwave-retention time is prolonged. It should be noted that the specific
surface area can continue growing even after 300 s, when the temperature
becomes maximum at 787 °C. At the microwave-retention time of 510 s,
when the specific surface area becomes the largest, the temperature of the
carbon precursor may become down to about 500 °C, as suggested in Figure
4.2. This result indicates that under the irradiation of the microwave, the
growth of the pores can continue in the temperature range, 500-788 °C. This
temperature range is considered to be lower compared with typical
temperature for activation in conventional ways by ordinary heat-conduction.
From this fact, one may consider that there would be unique effects of
microwave irradiation to enhance pore formation reactions.
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Figure 4.5 Specific surface area of activated carbon prepared by pseudo
continuous microwave-reactor.
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Figure 4.6 Micropore and mesopore volume of activated carbon
prepared by the pseudo continuous microwave-reactor
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From the nitrogen adsorption-desorption isotherms, micropore and
mesopore volume of the activated carbon prepared from the pseudo
continuous microwave reactor system can be calculated as shown in Figure
4.6. The results indicate that the both of micropore and mesopore structure
increase as microwave-retention time prolongs. In the conditions when the
microwave-retention time is long enough to clearly exhibit pore volumes,
namely when microwave retention time is longer than 210 s, the ratio of the
micropore volume to mesopore volume does not seem to depend on the
microwave retention time. Overall, the micropore volume is about three times
larger than mesopore volume.

4.3.4 Length of the microwave reaction zone

The effective retention time for microwave irradiation on the moving
KOH-carbon mixture in the pseudo continuous system was calculated by the
assumed reaction zone length divided by the speed of the motion of the KOH-
carbon mixture. This assumed reaction zone length was changed so that the
results from batch and pseudo continuous systems seemed the same with
consideration of the experimental error.

Nitrogen adsorption-desorption isotherms of the activated carbon
obtained from batch and pseudo continuous systems were used to calculate
specific surface area and micropore volume as shown in Figure 4.7 and
Figure 4.8, respectively. It should be noted that the batch and pseudo
continuous system exhibits the same trend in the relationship of the specific
surface area and the micropore volume to the retention time of the microwave
irradiation, when the reaction zone length is set to be 1.43 cm.

The calculation results reveal that the length of the reaction zone is 1.43
cm. It should be noted that the motion of the KOH-carbon mixture does not
affect the pore structures of the AC products. The results here can contribute
to development of a continuous microwave-reactor system for activated
carbon preparation.

4.3.5 Mass Yield Percentage of Activated carbon

Figure 4.9 shows the mass yield percentage of the activated carbon
prepared using the pseudo continuous microwave reactor system. In this work,
activated carbon using the microwave-retention time of 120-510 s shows the
mass yield percentage of 21.7-71.2 wt-%. The yield of the activated carbon
significantly decreases as microwave-retention time increase from 120 to 210
s. However, the yield of the activated carbon shows the slightly decrease as
the microwave-retention time increases from 210 to 510 s, although the
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temperature of the feed mixture may become about 787 °C at 300 s within
this time range as stated earlier.
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Figure 4.7 Specific surface area of activated carbon prepared by batch
and pseudo continuous reactor system.
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Figure 4.8 Micropore volume of AC prepared by batch and semi-batch
reactor system.
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Figure 4.9 Mass yield percentage of activated carbon prepared by the
pseudo continuous microwave-reactor.

This tendency can be explained by considering that the CCG consists of
stable structures and relatively weak structures. Within 210 s of the
microwave-retention time, the weak structure could be reacted with KOH,
leading to the drastic decrease in the mass yield percentage. This consumption
does not generate pores so much without the significant increase of specific
surface area of the activated carbon. After this time range, the temperature of
the carbon precursor becomes higher than about 700 °C as mentioned above,
which can be high enough to generate micropores and mesopores at the
remaining stable parts in the structure of CCG. Therefore, the yield-
decreasing rate while the pores are generated at high temperature after 210 s
can be obviously lower than that while the weak parts are consumed within
210s.

The average mass yield percentage of the activated carbon was
calculated for the conditions when specific surface area becomes higher than
1,000 m? g. The calculation results show that the average yield of the
activated carbon is 24.2%.

4.3.6 Mechanism of Pore Formation

According to the results mentioned earlier, model of pore formation of
activated carbon prepared by pseudo continuous microwave reactor system
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can be summarized as illustrated in Figure 4.9. The consumption of CCG can
start at its weak parts in the short retention time range within 210 s without
generating significant amount of pores. After the microwave retention time
reaches 210 s, the microporous and mesoporous structures start to be
generated on the stable parts of the CCG. One should be reminded that
micropore volume is dominant over mesopore volume during the pore
generation. Finally, the activated carbon with high specific surface area of
3000 m? g* with micropore-dominant structure can be achieved within 8-9
min.

4.4 Conclusion

Toward the development of a continuous reactor system to produce high-
surface-area activated carbon, the pseudo continuous microwave reactor
system is firstly investigated. Here, CCG mixed with KOH is used as a feed
material to produce activated carbon. The results regarding the surface area,
the pore volume, and the production yield have been discussed based on the
microwave-retention time defined by the reaction zone length divided by the
feed moving-speed through the microwave reaction zone. The nitrogen
adsorption-desorption isotherms of the activated carbon produced by the
proposed system reveal that pore volume and specific surface area can
increase significantly when the microwave retention time is long enough to
achieve about 700 °C of the temperature at the carbon precursor. Overall,
micropore volume becomes more dominant over mesopore volume. The
production yield decreases drastically in the short microwave retention time
range when the temperature of the carbon precursor is lower than about
700 °C, and this decrease becomes slight when the microwave retention time
is long enough to reach above about 700 °C. This tendency can be explained
by considering that the fed CCG consists of weak parts and stable parts, and
the weak parts are consumed when the microwave-retention time is short.
When the microwave-retention time was set to 510 s, the specific surface area
of the activated carbon reached 3054 m? g by use of the proposed system.
The fast rate and high yield shown here should contribute to energy-saving
process.
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Conclusion and Outlook

Summary of the key thesis contribution

This dissertation contributes to the development of a continuous reactor
system to synthesize activated carbon with high specific surface area by
microwave-induced plasma with KOH activation, so-called MiWP-KOH
activation. To develop this continuous microwave reactor system, systematic
investigation on the parameters that could have an influent on the pore
formation of activated carbon had been conducted. Firstly, it was proved that
activated carbon with a specific surface area larger than 2,000 m? g™ can be
synthesized in a short time using MiWP-KOH activation (Chapter 1). The
pore formation mechanism of activated carbon prepared by MiWP-KOH had
been investigated by studying influences of temperature-clevation rate
(Chapter 2) and KOH concentration in the feed mixture (Chapter 3) on pore
properties of the activated carbon. Finally, the pseudo continuous microwave
reactor system was investigated (Chapter 4).

In Chapter 1, it was experimentally confirmed that high-surface-area
activated carbon can be synthesized within several minutes using MiWP-
KOH method. In this method, a plasma gas was generated above the mixture
of powdery CCG and KOH. The temperature of the plasma was estimated to
be higher than 5000 °C. This high temperature plasma could lead to the
energy input to the precursors to realize the extremely-fast activation. The
analytical results of emission spectra indicate that the plasma should be a non-
thermal plasma. By using this fast activation, the activated carbon with
specific surface area of 1007, 1888, and 2084 m? g'! can be obtained within
80, 270, and 330 s. In comparison to a conventional activation, MiWP-KOH
method can reduce the activation time by one to two orders of magnitude.
Moreover, nitrogen adsorption-desorption isotherm and micropore
observation show that temperature-elevation rate could have significant
effects on pore structure of the activated carbon. The results also indicate that
activated carbon with pore structure that the micropores dominate the
mesopores can be obtained by MiWP-KOH with appropriate KOH/carbon
ratio.

In Chapter 2, the effects of temperature-elevation rate on pore structure
of activated carbon prepared by MiWP-KOH have been investigated to
realize pore formation mechanism. The results reveal that as the microwave
retention time prolongs, microporous structure becomes more dominant in
the structure of the activated carbon. For comparison, activated carbon was
prepared by conventional conduction activation method. The experimental
results confirm that temperature-elevation rate is one of important factors to
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generate micropore-dominating structures in activated carbon. Therefore,
activated carbon with micropore-dominating structures can be prepared by
MiWP-KOH, which has the extremely high temperature-elevation rate. In
addition, temperature-change pattern of the mixture of powdery CCG and
KOH during MiWP-KOH activation occurred had been measured. In
comparison with the activated carbon prepared using conventional activation
with similar temperature-change pattern, the activated carbon prepared by
MiWP-KOH activation has a higher specific surface area. This suggests that
MiWP-KOH activation should have the microwave-originated effect to
enhance pore formation.

In Chapter 3, the investigation of the pore formation of high-surface-area
activated carbon prepared by MiWP-KOH activation by observing the effects
of KOH concentration in the feed mixture on pore structure of activated
carbon is discussed. In this experiment, the “reproducible zone” in pore
properties of the activated carbon can be observed when an appropriate range
of microwave-retention time and the KOH concentration was used to prepare
activated carbon. Here, microwave-irradiation time and the KOH
concentration were optimized to realize the reproducible zone in pore
properties of the activated carbon, leading to more repeatability of activated
carbon properties. The experimental results show that microporosity of the
activated carbon indicates that the microporous structure becomes more
dominant as the microwave-retention time and the KOH concentration
prolongs, resulting in the activated carbon with higher specific surface area.

In Chapter 4, development of a pseudo continuous reactor with MiWP-
KOH activation for production of activated carbon with high specific surface
area was reported. The specific surface area, pore volume, and production
yield of the activated carbon have been discussed based on the microwave-
retention time. The study revealed that pore volume and specific surface area
of the activated carbon produced by continuous activation can become as
3,054 m?> g! when the microwave-retention time is long enough for the
temperature of the carbon mixture to achieve about 700 °C. In addition,
micropore volume becomes more dominant over mesopore volume as the
microwave-retention time prolongs. Since CCG consists of weak and stable
parts, and the weak parts might be consumed when the temperature is lower
than about 700 °C. Then, the stable parts could be consumed when the
microwave retention time is long enough to reach above about 700 °C.
Therefore, when the temperature of the carbon precursor is low, the mass
yield percentage significantly decreases in the short microwave-retention
time range. Decreasing the yield becomes slight when the microwave-
retention time is long enough.
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In this dissertation, an original method, MiWP-KOH activation, which
can be operated in batch and pseudo continuous systems had been developed.
The feature of the production method is using microwave-induced plasma to
prepare high-surface-area activated carbon with micropore-dominating
structure in a short time. This kind of activated carbon has been used as a
superior adsorbent for separation units in chemical industries, cleaning of
water and air for environmental protection, energy storage capacitors, and so
forth.,

There are five achievements therein.

(1) Ultra-fast pore formation (270 s) to produce activated carbon
(2,718 m? g) is realized by MiWP-KOH activation operated in batch
system.

(2) Extremely high temperature-elevation rate (> 90 °C min) in MiWP-
KOH activation is essential to realize minute-level activated carbon
synthesis.

(3) Micropore domination can be seen in activated carbon made by MiWP-
KOH activation.

(4) Itis possible to control micropore-volume to mesopore-volume ratio.

(5) Pore formation model on the carbonize carbon gel is proposed for
MiWP-KOH activation.

The novel point in this research is the development of MiWP-KOH
activation for the preparation of activated carbon that has a specific surface
area above 2,000 m? g*. Although the activating conditions in many kinds of
literature can use microwave to produce activated carbon with a high surface
area, none of the previous literature reported the fast production by
consuming low microwave power as this study. Furthermore, this MiWP-
KOH method can successfully prepare activated carbon with a high specific
surface area and remarkably reduce activation time by one or two orders of
magnitude compared to the conventional activation method. In terms of
generation of high surface area activated carbon with significant reduction of
reaction time, MiWP-KOH activation can be a promising method.

Energy consumption in MiWP-KOH activation and activation by heat
conduction using electric furnace can be simply compared based on
experimental result in Chapter 2 using Eq.C.1. The calculation results are
summarized in Table C.1.

Supplied Power [J S'I]XHeating time [s]

Energy Consumption [J g'] =

~ Amount of produced activated carbon [g]

(C.1)

The calculation shows that energy needed to be consumed to produce
activated carbon by MiWP-KOH activation and heat conduction activation is

69



20.13 and 261.34 MJ g'!, respectively. MiWP-KOH activation can consume
less energy than heat conduction activation because MiWP-KOH activation
requires less activation time to produce activated carbon with high specific
surface area. Therefore, the pseudo continuous system that had been
developed could open the possibility to develop continuous system, which
might result in less energy consumption and be more environmental friendly.

Table C.1 Energy consumption in MiWP-KOH activation and activation by

heat conduction using electric furnace

MiWP-KOH  Heat conduction

Temperature-elevation rate °C min't 19
Specific surface area m2g? 2,500 2,507
Mass yield percentage % 14.9 10.2
Total heating time S 600 11,760 (196 min)
Amount of produced activated carbon ¢ 0.015 0.031
Supplied Power w=Jst 500 680
Energy Consumption Jg?t 2.01E+07 2.61E+08
MJ gt 20.13 261.34

Outlook for future research

To realize industrial production, more operating parameters must be
investigated. For example, flow rate of inert gas, inert gases, activating agents,
particle size of the carbon precursor, and carbon precursors. The carbon
precursors can have an influence on both properties of activated carbon and
production cost. Our previous study shows that this MiWP-KOH activation
can be used to make activated carbon from Water hyacinth, which is well-
known biomass in Thailand. More study on this biomass and the others
should be done further. In addition, the stability and repeatability of plasma
should be improved. Our preliminary study shows that moisture content in
the mixture of carbon precursor and activating agents could have an influence
on the stability and repeatability of the plasma. More investigation is needed
to improve plasma generation. Moreover, analysis of activated carbon
properties such as surface functional group and hydrophobicity can expand
the range of application of the activated carbon.
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