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CHAPTER 1

INTRODUCTION

1.1 Motivation

Recently, energy storage technology has been developed continuously to serve
the increasing energy demand (Chen et al. 2009). Among various energy storage
alternatives, capacitor is a simple way to store electricity. It basically consists of two
electrodes separated by a separator. It can be charged and discharged more than 1,000
times with high efficiency and high energy density which makes capacitors charging
period shorter than conventional batteries (Chen et al. 2014). Since capacitors store
energy using ion adsorption, electrode materials with desired pore size and ultrahigh
surface area is a key to high capacitance and superb power delivery rate (Zhang et al.
2011).

Activated carbon is a promising carbonaceous material for fabricating
capacitor-electrode owing to its high porosity, low cost, and easy processability
(Zhang et al. 2011). The production of activated carbon involves with three individual
steps which are pretreatment, carbonization, and activation. Hydrothermal pretreatment
has been studied wildly since it could enhance yield and propertied of the products. In
hydrothermal pretreatment, a feedstock is firstly heated with water within a temperature
range of 180 to 250 °C under an autogenously pressurized condition to remove some
amorphous structure including some of hemicellulose and lignin (Gao et al. 2013).

Then, solid residuals from hydrothermal pretreatment step is heated at temperature in



the range of 400 to 1000 °C under inert atmosphere to produce carbonized powder.
Then, the carbonized powder is transferred to another reactor to perform activation.
Activation step aims to increase surface activity of a certain material with
activating agents at high temperature ranging between 400 and 900 °C (Saygili, Giizel,
and Onal 2015) for a designated long process time (for example 1-7 h) (Baccar et al.
2009). Potassium hydroxide activation is a potential method because it could provide
activated carbon with microporous structure and extremely large specific surface area.
Though the reaction mechanism of carbon with potassium hydroxide has not been

clearly studied, simple reaction can be descripted as follows:

6KOH + 2C — 2K + 3H; + 2K»CO:s.

H>2, CO and CO:2 could be produced from redox reactions between potassium
compounds and carbon because this activation occurred at high temperature resulting
in activated carbon with micropores and mesopores in their structures
(Wu et al. 2016).

In electric furnace, heat transfer is slow since heat needs to be transferred from
heated coils to container before being received by surface of heating materials.
Microwave irradiation has been considered as a promising choice to overcome the heat
transfer limitation in conventional electric furnace. When microwave irradiation is
applied, microwave energy can create frictional force in atomic scale resulting in
rapidly generating of volumetric heat within heating materials (Russell et al. 2012).

There are various kinds of material that could be used as a feedstock to produce

activated carbon. Water hyacinth is vastly widespread and cause countless ecology-



issues. Notedly, this plant has thin cell walls and large intercellular spaces. The cell
walls are mostly made from cellulose which basically composed from carbon element.
Therefore, water hyacinth could be a good feedstock for synthesizing activated carbon
that has large specific surface area and high capacitance (Wu et al. 2016).

In this work, activated carbon was synthesized from water hyacinth using
hydrothermal pretreatment, carbonization, and potassium hydroxide activation with
microwave irradiation. Operating variables regulated in potassium hydroxide activation
with microwave irradiation were investigated their effects on characteristics of resultant

activated carbon.

1.2 Objectives

Synthesize activated carbon from water hyacinth using potassium hydroxide

activation with microwave irradiation.

1.3 Scopes of the research

To achieve desired objectives, following scope of experimental work in
potassium hydroxide activation with microwave irradiation had been considered. Two
operating variables were investigated their effects on characteristics of resultant

activated carbon as descripted in Table 1-1.



Table 1-1 Operating variables regulated in potassium hydroxide activation step

with microwave irradiation

Operating variables

Microwave irradiation time (min) 1

Mass ratio of potassium hydroxide to carbonized water hyacinth | 1:1

3:1

6:1

In addition, methods of adding water into activation system which are wet

impregnation, wet nitrogen gas, and wet impregnation together with wet nitrogen gas

were studied.

1.4 Expected benefits

This study provided an insight to roles of some permanent variables used in

synthesis of activated carbon from water hyacinth using potassium hydroxide activation

with microwave irradiation.

Effects of the operating variables which are microwave irradiation time, mass

ratio of potassium hydroxide to carbonized water hyacinth, and methods of adding

water into activation system on characteristics of the resultant activated carbon was

obtained.



CHAPTER 2

FOUNDAMENTAL KNOWLEDGE

To produce activated carbon from water hyacinth and utilized it as a capacitor
electrode material, basic knowledge and understanding in relevant issues are important.
Therefore, basic knowledge of capacitor, activated carbon, and properties of water

hyacinth are briefly summarized in this chapter.

2.1 Capacitors

Cathode Anode

(+) =)

Separator

Eesistance

Applied voltage

Figure 2-1 Illustration of double-layer capacitor



There are two types of capacitor which are double layer and pseudo
capacitors. Double layer capacitors consist of two electrodes separated by insulator as
shown in Figure 2-1. They store energy charges by non-faradaic reactions which
means that there is no charge transfer at interface of electrode and electrolyte. In
contrast, faradaic charge transferring at electrode-electrolyte interface is observed in
pseudo-capacitors resulting in the charge stored electrostatically. On the other hand,
transition metal oxides (Lin et al. 2008) and conducting polymers are used as
electrode materials for pseudo-capacitors (Yan et al. 2010). In this research, electrical
double-layer capacitors would be an ultimate goal which would be started from

production of activated carbon with acceptable characteristics.

Charge/discharge method could be employed to analyze capacitor. This method
would be performed at a supporting electrolyte between initial potential to final
potential at a specific current density. The charge/discharge curve is shown in Figure

2-2.
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Figure 2-2 Charge/discharge curves of carbon-based electrode derived from

water hyacinth using carbon dioxide activation

Average specific capacitance of electrode materials can be evaluated using

Equation 2-1 (Yang, Chen, and Chang 2011).

Ix At
AV xm

Cp Fgh= Equation 2-1

Whereas, | refers to discharging current (A), At represents discharging time, AV

represents discharging voltage and m is the electrode mass.

Normally, an electrode material which was tested by charge/discharge method
and its capacitance decreased in a range of 40 — 50 % is considered as a not stable
electrode material. In the case of electrodes derived from carbon materials, the
charge/discharge test can be done more than 1,000 cycles while specific capacitance
decreased only 10%. This could be implied that carbon materials have good electrode

stability (Wang, Wang, and Xia 2005).



2.2 Activated carbon

Activated carbon has been used widely as electrode materials owing to its
ultrahigh specific surface area, low cost, and easy processability.

Generally, activated carbon possesses large specific surface area of 1000 m? g*
but electrodes fabricated from such activated carbon shown a capacitance less than
10 uF cm 2 which is lower than the theoretical value (1525 pF cm2). This could be
implied that not every pores are possible to accumulating charges (Kierzek et al. 2004).
Structure of activated carbon basically comprises of micro-, meso-, and macro-pores.
Previous studies reported that capacitance of electrode derived from activated carbon
in aqueous electrolytes (in the range of 100 F g~* to 300 F g ) is higher than in organic
electrolytes (less than 150 F g %). It should be note that electrolyte ion cannot access
into pores that is smaller than the ion. The pores which can be accessible by the ion
have no contribution to the charge stored. Since size of organic electrolyte ion is larger
than size of aqueous electrolyte ion, organic electrolyte ion has less chance to be stored
in the pores of porous carbonaceous electrode than aqueous electrolyte ion. Optimal
pore size for storing electrons in double-layer capacitance is 0.7 nm (Raymundo-Pifiero
et al. 2006). It should be noted that specific surface area is not only important parameter
for evaluating capacitive properties but also pore size distribution.

Surface functional groups are one of the key factors in capacitance because they
have an effect on wettability at the surface of electrode and electrolyte solution
(Pandolfo and Hollenkamp 2006). Types of surface functional groups, found on carbon
electrodes, normally depend on preparation method. Oxygen-and nitrogen-containing
groups are the most common functional groups that was found on the surface of carbon

electrodes. Previous work shown that acidic oxygenated surface groups can elevate the



capacitive performance of carbon electrode by improving wettability of the surface
(Hsieh and Teng 2002). Furthermore it could be observed that in acidic media system,
capacitance of carbon electrodes trend to increase with an increase in nitrogenate
functional groups (Frackowiak 2007). The increasing of capacitance in acidic
electrolyte cause by interaction of nitrogen species with protons of the electrolyte
(Hulicova, Kodama, and Hatori 2006).

Normally activated carbon can be synthesized via carbonization and activation.
In addition, hydrothermal pretreatment could be employed to remove volatile content
from precursor to produce activated carbon. Hydrothermal pretreatment is a thermal
process aims to converting organic materials into solid products with high carbon
content. This method can be done by mixing organic materials with water and heating
them in close system in temperature range of 180 to 250 °C (Gao et al. 2013). Pressure
in the system depends on autogenous step due to saturated vapor pressure of subcritical
water according to system-temperature. Hydrothermal pretreatment is an exothermal
reaction leading to formation of oxygenate functional group on surface of hydrothermal
pretreatment powder which could enhance capacitive properties of carbon-base
materials.

Carbonization is a method for converting biomass resources into solid products
with high carbon content (Hu, Ma, and Li 2015). Carbonized water hyacinth powder
produced from carbonization step could be activated via several methods to produce

activated carbon.
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2.3 Potassium hydroxide activation with microwave irradiation

Generally, a carbon precursor can be activated with various activation agents
including steam, air, and potassium hydroxide. Potassium hydroxide has been using
widely to produce activated carbon in industrial section because activated carbon
produced from potassium hydroxide activation posse ultrahigh surface area with
suitable pore structure. During activation step, the following reactions summarized in

Equation 2-2 take place (Lillo-Rddenas, Cazorla-Amords, and Linares-Solano 2003).

—_

C+2KOH - ZE+H:+COs

Equation 2-2
C+2KOH -2 JZK+H.0+CO —
COz + 2KOH = K:CO0: +H20 |

Previous study reported that in potassium hydroxide activation, potassium
carbonate was produced and make carbon precursor burn-off resulting in good value in
produce yield and good pore developing (Abechi et al. 2013). When temperature is
higher than 700 °C in potassium hydroxide activation, yield of activated carbon trends
to increase with an increase in temperature because carbon atoms at the surface of

carbon precursor was oxidized leaded to pore formation (Abdul Khalil et al. 2010).

In commercial scale, electric furnace has been employed to be a heating source
for potassium hydroxide heating method because it is easy to use and to monitor the
temperature inside the furnace. In contrast, heating by electric furnace required long

heating period leaded to lots of energy consuming. Microwave irradiation could be
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employed to overcome those disadvantages of electric furnace. Microwave could

consume shorter activating time and less energy than electric furnace.

Microwave irradiation under inert atmosphere has been used to prepared
activated carbon from many organic materials likes bamboo sawdust (Dai et al. 2017),
orange peel (Lam et al. 2017), and coffee shell (Li et al. 2016). Surface structure of
activated carbon derived from potassium hydroxide activation with microwave
irradiation is different from those of electric furnace. It could be observed that activated
carbon derived from microwave irradiation possess a larger specific surface area than
activated carbon derived from electric furnace and the specific surface area increases
with increasing reaction temperature, and microwave power level (Huang, Chiueh, and

Lo 2016).

Normally, thermal decomposition of lignocellulosic materials at constant

temperature is consisted with Arrhenius equation as described in Equation 2-2.
& éexp ( %) (1-x)" Equation 2-2

Hereby, x is the conversion fraction of carbonized powder obtained from

weight of dried water hyacinth - weight of activated carbon

carbonization step: , T is the temperature, 3

weight of dried water hyacinth
is the heating rate, A is the pre-exponential or frequency factor, E is the activation
energy, and R is the universal gas constant. Equation 2-3 can be integrated into

Equation 2-3 and Equation 2-4 (Huang, Chiueh, and Lo 2016).

In [2252] = In [’;—:(1%)] = (forn=1) Equation 2-3
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In [% = n[2(1-3)] - (forne) Equation 2-4

Assuming 2RT/E << 1, Equation 2-3 and Equation 2-4 can be simplified to

Equation 2-5 and Equation 2-6.

" [ 1n$-x)] I (/;_1;) -% (for n=1) Equation 2-5
1-n
In [% ~ In (%) - (forn#1) Equation 2-6
A plot of In [_ lnﬁ_x)] versus /T for n = 1 from Equation 2-5 or In [—I_T(zl(;i):)_ n]

versus 1/T for n #1 from Equation 2-6 shown a linear trend when -E/R represented a

slope and In(AR/BE) represented an intercept, then E and A can be determined.

Microwave irradiation provides many advantages over heat irradiation and
convection occurred in electric furnace. The hot spot phenomenon occur in microwave
heating method would have significant influence on the yield and characteristics of
resultant powder. The activation energy and pre-exponential factor of product from
microwave heating method are much lower than those of conventional heating method,
revealing that the reaction kinetics for the two heating methods are different.
Microwave heating method might have a high potential for converting lignocellulosic

biomass into valuable products (Huang, Chiueh, and Lo 2016).
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2.4 Water activation with microwave irradiation

Nitrogen and water vapor-mixture could be used in activation step. It could be
prepared by bubbling nitrogen gas into water. This system could be considered as a
vapor liquid equilibrium and could be assumed that the vapor is an ideal gas and the
liquid phase is an ideal solution. In the reactor, there is nitrogen (1) and water vapor (2)
in system, compositions of the vapor and liquid phase in a sealed can be calculated as

descripted follows.

Pressure in the system is equal to atmospheric pressure which is 0.99 bar. To
calculate compositions of vapor and liquid phase in this system, temperature must be

specified. Base on a steady state assumption with a temperature of 40 °C (313.15 K).

Henry’s law described by Equation 2-7 can be applied for nitrogen.

yiP = X1Kn1 Equation 2-7

where y1 is mole fraction of nitrogen in vapor phase, P is system pressure, X1 is

mole fraction of nitrogen in liquid phase, and kn1 is Henry’s law coefficient.

Henry’s law coefficient is a function of temperature. It can be descripted using

Equation 2-8,

-dInky
d(1/T)

k= kgxexp{ (1 L)} Equation 2-8

T T°

-dInky
> d(1/T)

Where kS is Henry’s law coefficient at standard condition is temperature

dependence, T is system temperature, and T is temperature at standard condition which

is 25 °C (298.15 K).
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Therefore, Henry’s law coefficient of nitrogen is:

1 1
ki = (6.5% 10'4)Xe<13°°(m‘m)) (Smith and Van Ness 1987)
ky = 3.69 x 103 M/atm
ky = 15,183 bar

Raoult’s law described by Equation 2-9 can be applied for water and can be

written:
y2P = X2Psat2 Equation 2-9

where y» is mole fraction of water in vapor phase, P is system pressure, X2 is
mole fraction of water in liquid phase, and Psa2 IS vapor pressure of water at the
temperature of system which can be calculated by Antoine equation as descripted in

Equation 2-10.

B

loglo Pgan=A - T Equation 2-10

10g, Pyyr=8.07131- —d? Smith and Van Ness 1987
0810 a2 7O " 233.426+40 (Smith and Van Ness )
Psato =55.19

Psat2 =0.70 bar

Mole fraction of nitrogen in liquid phase can be evaluated using Equation 2-7

and Equation 2-9 as show in Equation 2-11,

(Yaity2) xP = X1Kn1+ X2Psarz Equation 2-11
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Since y1 + y2 = 1, Equation 2-12 can be simplified into Equation 2-12:

_ P-Psatp .
X1 = m Equatlon 2-12
i 0.99-0.70 6.02x10°
15,183-0.70
X2 = 1-6.02x10° = 0.99994

Composition in vapor phase can be calculated from Equation 2-7,

Yi = 7
X '5><
yi - 6.02x10 15,183 \ 0.92545
0.99
Y2 = 1-0.92545 = 0.07455

Compositions of liquid and vapor phase at various temperatures used in this

research are descripted in Table 2-1.

Table 2-1 Compositions in liquid and vapor phase at various temperatures

Temperature (°C)
Mole fraction

40 60
Nitrogen in liquid phase 6x107° 3x10°
Water in liquid phase 0.99994 0.99997
Nitrogen in vapor phase 0.92545 0.79867
Water in vapor phase 0.07455 0.20133
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2.5 Water Hyacinth

Water hyacinth (Eichhorniacrassipes) is floating plant recognized as invasive
aquatic species. Since water hyacinth’s stem is like spongy, it can spread widely and
makes serious problems on biological and ecological system. Generally, water hyacinth
composes of lignocellulosic materials which are cellulose, hemicellulose, and lignin.

Cellulose is composed from a homo-polymer compound. It can be found in
starch, glycogen, and other carbohydrates. Cellulose consists of D-glucose (CeH100s)
units linked by B-1,4 glycosidic bond via hydrogen bonds and van der Waals forces.
Both crystalline and amorphous structures can be found in structure of cellulose. The
amorphous structures are more easily to decomposed than the crystalline structure in
subcritical water condition. Cellulose could be hydrolyzed with de-ionized water at
temperature of 180 °C which is normally used in hydrothermal pretreatment.

Hemicellulose is another lignocellulosic compound that could be found in every
plant. Hemicellulose consists of sugars with five or six carbon atoms which are pentose,
hexoses, mannose, glucose, and sugar acids. Each sugar is linked by (1—4)-glycosidic
or o(l1—2)-bonded 4-O-methylglucoronic acids. Random amorphous structures
including 500-3,000 shorter chains sugar units could be found in hemicellulose
structure. The hemicellulos can be hydrolyzed at 160 °C in the presented of water as
known as hydrothermal pretreatment.

Lignin is a complex hydrocarbon structure. It can be found in structures of cell
wall. Lignin is mostly composed of amorphous structures consisted of 10,000 units of

cross-linked macromolecule.
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Notedly, water content of water hyacinth is up to 95% wt leading to high energy
consumption in drying process (Rezania et al. 2015). Hydrothermal pretreatment is one

way to treat water hyacinth using less energy consumption than drying process.

2.6 Literature reviews

There were several researches presented that water hyacinth has been used as
raw materials for producing activated carbon. Huang, et al. reported that activated
carbon with meso-porous structure and oxygenate functional groups could be prepared
from water hyacinth using phosphoric acid activation to eliminate lead(ll) ion in water.
Activated carbon possessed high meso-porosity (93.9%) with surface area of
424 m? gt (Huang et al. 2014). EI-Wakil et al. explored the synthesis of activated carbon
from dried water hyacinth stems by chemical activation with phosphoric acid. They
were produced with a reasonable yield about 75% and have a remarkable surface area

864.52 m? g* well-developed pore structure (EI-Wakil and Awad 2014).

Potassium hydroxide activation with microwave irradiation for producing
activated carbon has been studies owing to shorter process time and effective energy
use. Ji, et al. reveal that activated carbon with large specific surface area can be prepared
via potassium hydroxide activation with microwave irradiation. The influences of
potassium hydroxide to meso-carbon microbeads weight ratio and activating time on
pore development of the activated carbon has been studied. Activated carbon prepared
using microwave irradiation possessed larger specific surface area than those by heat
convection. The microwave irradiation can shortened the activation time considerably

(Ji et al. 2007). Kubota, et al. used potassium hydroxide activation with microwave
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irradiation to prepare activated carbon from phenolic resin. The most developed
porosity of activated carbon was obtained when potassium hydroxide was mixed with
phenolic resin at weight ratio of 4 and activated using microwave irradiation at total
input power of 0.39 kW. Mesoporous structures can be developed under microwave
irradiation owing to the rapid heating rate of the heating materials. It should be noted
that temperature of heating materials heated by microwave irradiation is rose extremely
faster than those heated by electric furnace (Kubota, Hata, and Matsuda 2009).
Furthermore, activated carbon can be prepared from oil palm empty fruit bunch using
potassium hydroxide activation with microwave irradiation operated at 2.45 GHz.
Microwave oven was used at total input power of 360 W with irradiation time of 15
minutes. The resultant activated carbon shown a large specific surface area of
807.54 m? g'. (Foo and Hameed 2011). Ahmad and Theydanb presented that
pomegranate peel can be converted into activated carbon using potassium hydroxide
activation with microwave heating method. The activated carbon powder was
characterized educing nitrogen-adsorption surface area which gave remarkable increase

in specific surface area (941.02 m?g) (Ahmed and Theydan 2013).



CHAPTER 3

EXPERIMENTAL

According to literature reviews related to the production of activated carbon
from water hyacinth, experimental methodology and configuration of the reactor used
in hydrothermal pretreatment, carbonization and potassium hydroxide activation with

microwave irradiation will be briefly summarized in this chapter.

3.1 Raw Materials and Chemicals

Fresh water hyacinth was gathered from Maha Sawat canal, Nakhon Pathom,
Thailand. Potassium Hydroxide with 85.0 % purity had been purchased from Wako
Pure Chemical Industries, Ltd and Nitrogen gas with 99.999 % purity was purchased

from Linde (Thailand) Public Co, LTD.

3.2 Equipment and Reactor

3.2.1 Stainless steel autoclave reactor

50 ml of stainless steels autoclave reactor with Teflon liner was used in a series
of experiment of hydrothermal pretreatment as shown in Figure 3-1. Diameter and

height of the reactor are 3.5 and 5.5 cm, respectively.
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Figure 3-1 Stainless steel autoclave reactor

3.2.2 Horizontal reactor equipped with Microwave oven

This reactor was used in potassium hydroxide activation with microwave
irradiation. The reactor consisted of quartz tube which its diameter and length are 3.4
and 91 cm respectively. The quartz tube was placed in home-used microwave oven
(R-216, Sharp) and connected to a vapor inlet which was consisted of nitrogen gas and

water vapor as demonstrated in Figure 3-2.

Figure 3 2 Reactor used in potassium hydroxide activation heating by microwave
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Heating oven used in hydrothermal pretreatment step was from Memmert and
electric furnace used in carbonization step was Nabertherm High Temperature Furnace

(HTCT 03/16/P330 LCO30H6SN, Nabertherm).

3.3 Experimental Procedures

3.3.1 Preparation of water hyacinth

After being gathered from Maha Sawat canal, Nakhon Pathom, Thailand.
Every part of water hyacinth including lefts, bodies, and roots was chopped and washed

to remove sludge. Then, it was sun-dried for 3 days to remove moisture.

3.3.2 Hydrothermal pretreatment

Afterward, dried water hyacinth and de-ionized water was mixed at mass ratio
of 1:10 before being load into the autoclave reactor. The reactor was heated in the oven
at 180 °C for 8 hours before being quenched immediately by water at room temperature.
Solid product was separated by filtration then it was dried at 110 °C overnight before
being used in carbonization step.

3.3.3 Carbonization

1 kg of resultant solid obtained from hydrothermal pretreatment step was
putted into a quartz tube before being loaded into a furnace. The pre-carbonization was
performed at 450 °C (5 °C min™®) in for 2 hours under ambient N,. Carbonized water
hyacinth was obtained by annealing the pre-carbonized product at 800 °C for 2 hours
under N2 (Wu et al. 2016). After being cooled to room temperature naturally,

carbonized water hyacinth was collected for using in activation step.
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3.3.4 Activation

In the activation step, the carbonized water hyacinth was mixed with potassium
hydroxide flakes at the desired mass ratio before being grinded into fine powders using
mortar. The mixture was put in a quartz boat hosted in a glass tube for safety protection,
and it was heated to 200 °C with a heating rate of 10 °C min and a holding time of 13
min before being transferred into microwave reactor. The microwave reactor was built
by making holes on a home-use microwave oven (2.45 GHz, 800 Watts), through which
a quartz tube was inserted. The activation reaction was carried out in this quartz tube,
and the microwave irradiation time was set for 1 min. N2 gas was supplied to this quartz
tube at 300 ml min and atmospheric pressure. The resultant activated carbon was
filtrated and washed by distilled water until the pH value of the washing solution

became neutral. Afterward, activated carbon was dried at 110 °C overnight.

In activation step, three difference methods for adding water were performed
to study effects of water transfer on activated carbon properties. The first method: wet
impregnation, carbonized water hyacinth had been soaking the prepared potassium
hydroxides solutions for 24 h. The influence of chemical impregnation was examined
over a range of impregnation ratio (i.e. weight of potassium hydroxide: weight of
carbonized water hyacinth) ranging from 1:1 to 6:1. After being soaking for 24 h, solid
product was separated by filtration and loaded into quartz tube equipped into modified
microwave oven. Remaining among of water left in the separated solid can be
determined by titration. For the second method, water was added by wet nitrogen gas.
Carbonized water hyacinth grounded with potassium hydroxide pellet at desire portion
was loaded into quartz tube equipped with microwave oven. Wetting nitrogen gas was

prepared by bubbling nitrogen gas into water as shown in Figure 3-2. Mixture of water
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and nitrogen gas was lined to the quartz tube. Composition of water can be calculated
as descripted in Table 2-1. The third method had done by preparing wet impregnation
and wet nitrogen gas at the same time. The quartz tube was equipped with microwave
oven. To perform activation, the oven was adjusted to 800 W and used for desired
period. The carrier gas will be fed with a flow rate of 300 ml min*. Resultant activated
carbon was filtrated and washed by distilled water until the pH value of the washed

solution is between 6 and 7 before being dried at 110 °C overnight.

To comparison the effect of heating methods, the carbonized powders were
mixed with potassium hydroxide flakes grinded into fine particles at mass ratio of 1:3.
The mixture was put on nickel foil placed in ceramic boat. Then, the boat was loaded
into a stainless-steel tubular reactor located inside an electric furnace and connected
with gas line. The reactor was heated to 700 °C with 10 °C min-1 and held at 700 °C
for 1 h. Nitrogen was flowed through the reactor at 300 ml min-1 during the activation
step. Afterwards, the potassium hydroxide activated carbon powders were filtrated and
washed by distilled water until the pH value of the washed solution was between 6 and

7 before being dried at 110 °C overnight.

To comparison the effect of activating agent, carbon dioxide activation was
studied. 0.3 g of dried water hyacinth were pressed using a hydraulic pressing machine
with a regulated pressure of 4 MPa. The pellets with a nominal size of 10 mm in
diameter and 2 mm in thickness could be consolidated without using any binders. The
consolidated pellets of dried water hyacinth were placed in a container and loaded into
a quartz tubular reactor, which was situated in a programmable electric furnace. The

consolidated water hyacinth pellets were carbonized. Then the carbonized water
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hyacinth pellets were activated by filling the reactor with mixture of carbon dioxide and
nitrogen with volumetric ratio of 1:2 at the same temperature for 1 h. Finally, the
activated carbon pellets were collected after the furnace had cooled to room temperature
naturally under a pure nitrogen flow.
3.3.5 Capacitance measurement

To measure the capacitance of the resultant activated carbon pellets, two
identical pellets were used as electrodes dipped in a 6 M KOH electrolyte. The
electrodes were connected to charge-discharge circuit unit. This unit was built using
constant-current diodes and a programable relay by which the charge-discharge
direction was alternately switched between two targeted values of inter-electrode
voltage. The potential data was collected using a data logger for estimating the

capacitive properties of each electrode set.

3.4 Product Characterization

Morphology and surface composition of the activated carbon were studied by
Scanning Electron Microscope and Energy Dispersive X-ray Spectrometer (SEM-EDS,
JSM-6610LV, JEOL and X-MaxN 50, Oxford). Raman spectroscopy (MicroRAM-
3000L, Lambda Vision) was used to investigate surface crystallinity and morphology.
The specific surface area was determined by the Brunauer—Emmett-Teller (BET)
method using an automated chemisorption/physisorption surface area analyzer
(BELSORP-minill-S, MicrotracBEL) at 77 K and estimated using N2 gas isothermal
adsorption. Elemental analyzer (FLASH 2000 HT, Thermo Scientific) was used to

explore composition of the activated carbon. X-ray photoelectron spectroscopy (XPS;
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PHI5000 Versaprobe 11, ULVAC-PHI) has been employed to study the chemical states
and compositions at the surface of activated carbon. The capacitance measurement
circuit was controlled by a programable relay (ZEN-10C1DR-D-V2, Omron). The

potential data was collected using a data logger (PCS10, Velleman).



CHAPTER 4

RESULTS AND DISSCUSSION

As the first step, elemental composition, and biopolymer components of dried
water hyacinth before being hydrothermal pretreated, carbonized and activated with
potassium hydroxide using microwave irradiation were determined. Typical sample of
water hyacinth are composed of 40% of cellulose, 6% of hemicellulose, 7% of lignin,
37% of ash and 10% of moisture. Elemental analysis of dried water hyacinth powder
revealed that the powder consisted of 33.95% of carbon, 4.85% of hydrogen, 2.16% of

nitrogen, 0.08% of sulfur and 58.96% of others.

4.1 Effect of hydrothermal pretreatment and carbonization

Dried water hyacinth was hydrothermal pretreated at 180 °C for 8 hours before
being carbonized at 800 °C for 2 hours under nitrogen flow. Particle size of dried,
hydrothermal, and carbonized water hyacinth is in the range of 20 — 30 um as shown in

Figure B-1 to Figure B -3.

4.1.1 Scanning Electron Microscope (SEM)

Figure 4-1 displays an SEM image of the dried water hyacinth and a sheet-
like product with a large uniform surface was observed. The surface of the dried water
hyacinth containing intercellular structure which was relatively smooth and consisted

of a certain amount macro pores. Morphology of hydrothermal and carbonized water
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hyacinth were presented in Figure 4-2 and Figure 4-3. After being hydrothermally
pretreated and carbonized, intercellular structures were still observed. However, it
could be clearly observed that carbonized water hyacinth contained much more portion
of smaller pores with broader distribution. Comparison of such microscopic structure
would suggest that the elevated temperature in carbonization steps would result in the
collapse of cellulose and hemicellulose structure within the activated carbon (Molina-

Sabio et al. 1996).

Figure 4-1 SEM images of dried water hyacinth
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Figure 4-3 SEM images of carbonized water hyacinth
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4.1.2 Elemental analysis

Thermal processes including hydrothermal pretreatment and carbonization can
improve the properties of dried water hyacinth like the coalification process. Cellulose,
which is the main component in water hyacinth, is known to have high H/C and O/C
ratios, similar to other biomass materials (Funke and Ziegler 2010). The H/C and O/C
ratios of dried water hyacinth decreased when it was hydrothermally pre-treated and
carbonized because the cellulose was converted into carbonaceous products by
chemical dehydration during hydrothermal pretreatment and carbonization (Funke and

Ziegler 2010):

4(CsH1005) n 2 2(C12H100s5) n + 10n H20).

Consequently, hydrothermal pretreatment can enhance carbon content of
hydrothermal and carbonized water hyacinth from dried water hyacinth by reducing the
hydrogen and oxygen contents of hydrothermal and carbonized water hyacinth as

presented in Figure 4-4.
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Figure 4-4 Elemental contents of dried, hydrothermal and carbonized water

hyacinth on mass basis

Average mass yield percentage of hydrothermal and carbonized water hyacinth
were determined using Equation 4-1 and Equation 4-2. The mass yield percentage of
hydrothermal and carbonized water hyacinth are 75.23 and 26.33 respectively. Weight
of hydrothermal and carbonized water hyacinth dramatically decreased from dried
water hyacinth. It could imply that some volatile compounds including humidity in
dried water hyacinth structures were vaporized at rising temperature in hydrothermal

and carbonization step leading to weight reduction in carbonization and activation step.

weight of hydrothermal water hyacinth

% yield of hydrothermal water hyacinth = x 100 Equation 4-1

weight of dried water hyacinth
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weight of carbonized water hyacinth

% yield of carbonized water hyacinth = x 100 Equation 4-2

weight of dried water hyacinth

Due to limitation of elemental analysis used in this experiment, compositions of
oxygen could not be measured directly. Compositions of oxygen, presented in Figure
4-4 and Figure 4-5, were calculated by mass balance. Compositions of oxygen,
obtained by mass balance, consisted with EDS and XPS results as shown in Table 4-1

and Table 4-2 respectively.

4.1.3 Energy dispersive x-ray spectroscopy analysis (EDS)

The EDS results of dried water hyacinth as shown in Table 4-1 demonstrated
that majority components in dried water hyacinth were carbon and oxygen which were
consisted with elemental analysis results. Carbon and oxygen are the main component
of cellulose which was a majority composition in water hyacinth. EDS spectrum of

dried water hyacinth was provided in Figure C-1.

Table 4-1 Composition of dried water hyacinth obtained from EDS

C O | Mg | Si Cl K | Ca

% Composition by mass | 46.81 | 34.75 | 0.35 | 0.05 | 7.10 | 9.76 | 1.19

% Composition by mole | 59.30 | 33.04 | 0.22 | 0.03 | 3.11 | 3.86 | 0.45
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4.2 Effect of activating agents

The color of water hyacinth changed from green to brown in drying step and
then, it turned to black in the carbonization and activation steps. After dried water
hyacinth was hydrothermally pretreated, resultant hydrothermal product was
carbonized under nitrogen atmosphere.

Carbonized water hyacinth was mixed with potassium hydroxide at mass ratio
of 1:6 and activated using electric furnace heated at 700 °C for 1 h. For comparison,
carbonized water hyacinth was activated with carbon dioxide using electric furnace

heated at 700 °C for 1 h.

4.2.1 Raman spectroscopy analysis

The surface structures of carbonized water hyacinth and activated carbon from
potassium hydroxide and carbon dioxide activation with heat irradiation using electric
furnace were studied using Raman scattering in the range of 1100 to 2000 cm™ to
confirm their graphitic and disorder carbon structure. As shown in Figure 4-5,
carbonized water hyacinth and the activated carbons exhibited the Raman shift with
detectable signals of disorder-induced D-band (1330 cm™) and in-plane graphitic
vibrational G-band (1590 cm™) (Pimenta et al. 2007). D band represented the
disordered carbonaceous structures which is linked to the breathing modes of
disordered graphite rings while G band represents vibrations of sp? carbon atoms found
in graphitic materials and double bonds (Chia et al. 2012). Raman spectrum of each
samples was fitted using two Lorentz functions and a linear baseline to achieve an
adequate match to the experimental data. The match of carbonized water hyacinth and

activated carbon from potassium hydroxide activation with microwave irradiation,
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potassium hydroxide activation with heat irradiation using electric furnace and carbon
dioxide activation with heat irradiation using electric furnace presented R? values at

0.89, 0.94, and 0.98 respectively.

Figure 4-5 (a) demonstrated the G-band peak of carbonizeded water hyacinth
which are stronger than the D-band with a higher intensity ratio of the D band to the G
band (Ip/lg) ratio of 0.81. This result indicated that there are both the disordered

structures and graphitic structure in the structure of carbonized water hyacinth.

Figure 4-5 (b) demonstrated the G-band peak of activated carbon derived from
potassium hydroxide activation with heat irradiation using electric furnace which are
significantly stronger than the D-band with a higher intensity ratio of the D band to the
G band (Ip/lg) ratio of 0.87. It could be observed that activated carbon derived from
potassium hydroxide activation using heat irradiation ocurred in electric furnace
exhabited a higher Ip/lg (0.87) than that of carbonized water hyacinth (0.81) indicating
lower degree of graphitic ordering (Pimenta et al. 2007). The lower degree of graphitic
ordering in the activated carbon derived from potassium hydroxide activation using
heat irradiation might cause by some graphitic structures were destroyed during

activation with potassium hydroxide for a long period.

Figure 4-5 (c) demonstrated the G-band peak of activeted carbon dereved from
carbon dioxide activation using heat irradiation ocurred in electric furnace which are
significantly stronger than the D-band with a higher intensity ratio of the D band to the
G band (Ip/lg) ratio of 1.11. Experimental results demonstrated that the activated carbon
derived from carbon dioxide activation with heat irradiation exhabited a higher Ip/lc

than that of carbonized water hyacinth (0.81) and and activated carbon from potassium
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de activation (0.87) indicating lower degree of graphitic ordering (Pimenta, et
6). The lower degree of graphitic ordering in the activated carbon derived from

dioxide activation with heat convection might cause by some graphitic

structures were destroyed during activation with carbon dioxide for a long period.
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Figure 4-5 Raman spectrum and fitting results of (a) carbonized water hyacinth

an

d activated carbon from (b) potassium hydroxide activation with heat

irradiation and (c) carbon dioxide activation with heat irradiation

4.2.2 Brunauer—Emmett-Teller (BET) analysis

can be

surface

Otowa mechanism (Wang, et al., 2012) as descripted in Equation 4-4 to 4-7
used to explain potassium hydroxide activation reaction that occurred on the

of the carbonized water hyacinth (at below 700 °C).
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2KOH - K20+H20 Equation 4-3
C+Hx0 - CO +H; Equation 4-4
CO + H0 - CO2+H2 Equation 4-5
CO2+ K20 - K2COs3 Equation 4-6

The reaction between potassium hydroxide and carbonized water hyacinth
during the chemical activation step is similar to the scheme proposed by the Linares-
Solano group, which can be expressed as follows (Lillo-Rddenas, Cazorla-Amoros, and

Linares-Solano 2003):

6KOH + 2C — 2K +2 KoCOs+3H2 Equation 4-7

According to Sodtipinta, et al., the reduction reactions of CO2, K0, and K.COs3
by carbon that produces CO and potassium metal occurred at high temperatures as
shown in Equation 4-10 - Equation 4-12, respectively (Sodtipinta et al. 2017).
Therefore, there were three main KOH activation mechanisms:

(a) reactions between potassium hydroxide and carbonized water hyacinth that
lead to the collapse of the carbon framework (Equation 4-8),

(b) the physical activation through gasification of carbon (Equation 4-5) via the
formation of H,O (Equation 4-4) and CO. (Equation 4-6) that was responsible for
introducing the microporosity in the carbon matrix,

(c) the intercalation process of potassium metal (Equation 4-8) in the carbon

lattices of the carbonized water hyacinth that volumetrically expands the carbon
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framework. After the intercalated potassium metal, K,COs3, and K>O were removed by
washing, a large specific surface area (1,642 m? g*-carbon) with high micro- and meso-

porosity was obtained as presented in Figure 4-7 (a).
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Figure 4-6 N2 sorption isotherms (filled symbols mean adsorption isotherm, and
open symbols mean desorption isotherm) of (a) activated carbon derived from
potassium hydroxide activation and (b) activated carbon derived from carbon

dioxide activation with heat irradiation using electric furnace

For comparison, activated carbon derived from carbon dioxide activation was
prepared. The reaction of carbon dioxide with carbon material is heterogeneous, and
numerous problems are encountered in attempting to explain its mechanism. Equation
4-10 explained reaction between carbon dioxide and carbonaceous materials consisted
with mechanism suggested by Ergun (Ergun 1956). The mechanism demonstrated the

ability of certain carbon atoms to detach an oxygen atom from a carbon dioxide
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molecule. In another word, oxygen retained on the surface can be removed by carbon
monoxide. These reactions may be expressed as Equation 4-13.

Co,+Cy — CO+C, Equation 4-8

Where C t represented a free site, which is capable of reaction, and C o, was an
occupied site, i.e., a site possessing an oxygen atom. Equation 4-13 expresses the
oxygen exchange phenomenon, not the carbon transfer from solid to gas phase. The
transfer of carbon from solid phase to gas phase originates from the occupied sites and

may be expressed as shown in Equation 4-14.

¢, — CO Equation 4-9

Where n is an integer having a value of 0, 1 or 2, when occupied sites are
considered individually. When the reaction of a macroscopic carbon sample is
considered, n can have any statistical value between 0 and 2; but the most likely value
appears to be 1. The reverse of the above reaction, Equation 4-13, and the reactions
shown in Equation 4-13 would result in carbon transfer from gas to solid phase and to
carbon deposition when the concentration of CO exceeds that required by
thermodynamic equilibrium between CO2 and CO. According to the reaction presented
in Equation 4-13, it could imply that carbon dioxide activation mainly causes the
creation of microporosity. (Molina-sabio, et al., 1996). In this research, experimental

results shown that the activated carbon derived from carbon hydroxide activation
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possessed a nominal specific surface area (599 m? g*-carbon) with micro- and meso-
porosity was obtained as presented in Figure 4-7 (b).

To compare the effects of activating agent, activated carbon were prepared
using two difference activating agents which are potassium hydroxide and carbon
dioxide. The experimental results show that porosity of activated carbon derived from
potassium hydroxide activation was larger than that of carbon dioxide activation
because potassium hydroxide reacted with carbonized water hyacinth and generated

various activating agents that could enhance activation process.

4.2.3 Elemental analysis

Average mass Yyield percentage of activated carbon was calculated using
Equation 4-14. The mass yield percentage of activated carbon, shown in Figure 4-7,
from potassium hydroxide activation using microwave oven, potassium hydroxide
activation using electric furnace and carbon dioxide activation using electric furnace

are 40.70 and 55.92 respectively.

weight of activated carbon

% yield of activated carbon = x 100  Equation 4-10

weight of carbonized water hyacinth

Since weight of activated carbon dramatically decreased from carbonized water
hyacinth, it could imply that some parts of carbonized powder were reacted with
activating agents and produced some compounds that were vaporized in activation step
as descripted in Equation 4-4 to Equation 4-13. Those reasons lead to weight

reduction in activation step
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Figure 4-7 Mass yield percentage and elemental contents of (a) carbonized water
hyacinth and activated carbon from (b) potassium hydroxide activation and (c)

carbon dioxide activation with heat irradiation using electric furnace

4.3 Effect of heating methods

Carbonized water hyacinth was mixed with potassium hydroxide at mass ratio
of 1.6 and activated using microwave irradiated at 800 watts for 3 minutes. For
comparison, the mixture of carbonized water hyacinth and potassium hydroxide was
heated with electric furnace heated at temperature of 700 °C for 1 h.

4.3.1 Raman spectroscopy analysis
The surface structures of carbonized water hyacinth and activated carbon from

potassium hydroxide activation with microwave irradiation and with heat irradiation
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using electric furnace were studied using Raman scattering from 1100 to 2000 cm™ to
confirm their graphitic and disorder carbon structure. As shown in Figure 4-8,
carbonized water hyacinth and the activated carbons exhibited the Raman shift with
detectable signals of disorder-induced D-band (1330 cm™) and in-plane graphitic
vibrational G-band (1590 cm™) (Pimenta et al. 2007). D band represented the
disordered carbonaceous structures which is linked to the breathing modes of
disordered graphite rings while G band represents vibrations of sp? carbon atoms found
in graphitic materials and double bonds (Chia et al. 2012). Raman spectrum of each
samples was fitted using two Lorentz functions and a linear baseline to achieve an
adequate match to the experimental data. The match of carbonized water hyacinth and
activated carbon from potassium hydroxide activation with microwave irradiation and
potassium hydroxide activation with heat irradiation using electric furnace presented

R? values at 0.89, 0.94, and 0.95 respectively.

Figure 4-10 (a) demonstrated the G-band peak of carbonizeded water hyacinth
which are stronger than the D-band with a higher intensity ratio of the D band to the G
band (Io/lg) ratio of 0.81. This result indicated that there are both the disordered

structures and graphitic structure in the structure of dried water hyacinth.

Figure 4-10 (b) demonstrated the G-band peak of activated carbon derived
from potassium hydroxide activation using heat irradiation occurred in electric furnace
which are significantly stronger than the D-band with a higher intensity ratio of the D
band to the G band (Ip/lg) ratio of 0.87. It could be observed that activated carbon
derived from potassium hydroxide activation using heat irradiation ocurred in electric

furnace exhabited a higher Ip/lg (0.87) than that of carbonized water hyacinth (0.81)
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indicating lower degree of graphitic ordering (Pimenta et al. 2007). The lower degree
of graphitic ordering in the activated carbon derived from potassium hydroxide
activation using heat irradiation occurred in electricfurnace might cause by some
graphitic structures were destroyed during activation with potassium hydroxide for a

long period.

Figure 4-10 (c) demonstrated the G-band peak of activated carbon from
potassium hydroxide activation with microwave irradiation which are significantly
stronger than the D-band with a higher intensity ratio of the D band to the G band (Io/lc)
ratio of 0.65. The activated carbon from potassium hydroxide activation with
microwave irradiaiton possesed a lower Ip/lc (0.65) than that of carbonized water
hyacinth (0.81) and activated carbon from potassium hydroxide activation with heat
irradiation (0.87) indicating higher degree of graphitic ordering (Pimenta et al. 2007).
From this result, the resultant activated carbon can be expected to possess the high

electric conductivity, which is necessary property for application of the capacitor.
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Figure 4-8 Raman spectrum and fitting results of (a) carbonized water hyacinth
and activated carbon from (b) potassium hydroxide activation with heat

irradiation, (c) potassium hydroxide activation with microwave irradiation

4.3.2 Brunauer—Emmett-Teller (BET) analysis

Potassium hydroxide activation with microwave irradiation can provides many
benefits over heat irradiation occurred in electric furnace. The hot spot phenomenon
occurred in microwave irradiation could have influence on resultant activated carbon.
The activation energy and pre-exponential factor of product from microwave irradiation
were much lower than those of the heat irradiation occurred in electric furnace,
revealing that the reaction kinetics for the two heating methods were different. Since

activation energy, used in the activation with microwave irradiation, was lower than
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those of the heat irradiation occurred in electric furnace, activation time used in the
activation with microwave irradiation was shorter than those of the heat irradiation
occurred in electric furnace. In this research, the activated carbon, derived from and
activated with microwave irradiation for 3 minutes, possessed a nominal specific
surface area (868 m? g-carbon) with micro- and meso-porosity as presented in

Figure 4-9.

1400
1200 |
1000 |

800

V,/cm*(STP) g

Figure 4-9 N2 sorption isotherms (filled symbols mean adsorption isotherm, and
open symbols mean desorption isotherm) of activated carbon derived from

potassium hydroxide activation with microwave irradiation

To compare the effects of heating method, activated carbon derived from
potassium hydroxide activation were prepared using two difference heating methods
which are microwave irradiation and heat irradiation using electric furnace. To
synthesize activated carbon with norminal specific surface area, both heating methods
could be used but microwave irradiation (3 minutes) consumed less time than heat

convection (1 hours). The hot spot phenomenon occurred in microwave irradiation
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could have significant influence on resultant activated carbon. According to Arrhenius
equation in Equation 2-3, the activation energy and pre-exponential factor of product
from microwave heating method are much lower than those of heat irradiation method

resulting in shorten activation time (Huang, Chiueh, and Lo 2016).

4.3.3 Elemental analysis

Average mass Yyield percentage of activated carbon was calculated using
Equation 4-3. The mass yield percentage of activated carbon, shown in Figure 4-6,
from potassium hydroxide activation using microwave oven and potassium hydroxide

activation using electric furnace are 59.28 and 55.92 respectively.

weight of activated carbon

% yield of activated carbon = x 100  Equation 4-11

weight of carbonized water hyacinth

Since weight of activated carbon dramatically decreased from carbonized water
hyacinth, it could imply that some parts of carbonized powder were reacted with
activating agents and produced some compounds that were vaporized in activation step
as descripted in Equation 4-4 to Equation 4-12. Those reasons lead to weight

reduction in activation step as shown in Figure 4-10.
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Figure 4-10 Mass yield percentage and elemental contents of (a) carbonized
water hyacinth and activated carbon from potassium hydroxide activation with

(b) heat irradiation and (c) microwave irradiation

4.4 Effect of microwave irradiation time

This research focused on activated carbon derived from water hyacinth using
potassium hydroxide activation with microwave irradiation. Potassium hydroxide was
mixed with carbonized water hyacinth at mass ratio of 1:1 and irradiated by microwave

at 800 watts in the range of 1-3 minutes.

4.4.1 Raman spectroscopy analysis
The surface structures of activated carbon from potassium hydroxide

activation using microwave irradiation in the range of 1-3 minutes were studied using
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Raman scattering from 1100 to 2000 cm™* to confirm their graphitic and disorder carbon
structure. As shown in Figure 4-11, carbonized water hyacinth and the activated
carbons exhibited the Raman shift with detectable signals of disorder-induced D-band
(1330 cm™) and in-plane graphitic vibrational G-band (1590 cm™) (Pimenta et al.
2007). D band represented the disordered carbonaceous structures which is linked to
the breathing modes of disordered graphite rings while G band represents vibrations of
sp? carbon atoms found in graphitic materials and double bonds (Chia et al. 2012).
Raman spectrum of each samples was fitted using two Lorentz functions and a linear
baseline to achieve an adequate match to the experimental data. The match of activated
carbon from potassium hydroxide activation using microwave irradiation in the range

of 1-3 minutes presented R? values at 0.95, and 0.96 respectively.

Figure 4-11 (a) demonstrated the G-band peak of carbonizeded water hyacinth
which are significantly stronger than the D-band with a higher intensity ratio of the D
band to the G band (Io/lg) ratio of 0.81. This result indicated that there are both the

disordered structures and graphitic structure in the structure of dried water hyacinth.

Figure 4-11 (b) demonstrated the G-band peak of activated carbon from
potassium hydroxide activation using microwave irradiation for 1 minutes which are
significantly stronger than the D-band with a higher intensity ratio of the D band to the
G band (Io/lg) ratio of 0.65. The activated carbon from potassium hydroxide activation
with microwave irradiaiton for 1 minutese possesed a lower Ip/lg (0.65) than that of
carbonized water hyacinth (0.81) indicating higher degree of graphitic ordering

(Pimenta et al. 2007). From this result, the resultant activated carbon can be expected
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to possess the high electric conductivity, which is necessary property for application of

the capacitor.

Figure 4-11 (c) demonstrated the G-band peak of activated carbon from
potassium hydroxide activation using microwave irradiation for 3 minutes which are
significantly stronger than the D-band with a higher intensity ratio of the D band to the
G band (Ip/lg) ratio of 0.65. The activated carbon from potassium hydroxide activation
with microwave irradiaiton for 1 minutese possesed a lower Ip/lg (0.65) than that of
carbonized water hyacinth (0.81) indicating higher degree of graphitic ordering
(Pimenta et al. 2007). In addition, Ip/lg of activated carbon from potassium hydroxide
activation using microwave irradiation for 3 minutes is the same as that of activated
carbon from potassium hydroxide activation using microwave irradiation for 1 minutes.
It could be imply that microwave irradiation time in the range of 1 — 3 minutes did not
make significantly different on surface crystallinity of activated carbon presented by

Raman scattering.



48

( a) D-band G-band —Overa
—Fitted D-band
Ip/I;=0.81 ~—Fitted G-band

—Envelope

Intensity (a.u.)

(b) D-band G-band —OQverall
—=Fitted D-band
ID/I(; =0.65 ,»:‘ —=Fitted G-band

—Envelope

Intensity (a.u.)

G-band —CQverall

D-band
(c) —Fitted D-band
Ip/Ic = 0.65 —=Fitted G-band

—Envelope

Intensity (a.u.)

S———— 1 | L 1 L 1 L 1

1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
Raman Shift (cm™1)

Figure 4-11 Raman spectrum and fitting results of (a) carbonized water hyacinth
and activated carbon prepared from potassium hydroxide activation with
microwave irradiation for (b) 1 minutes and (c) 3 minutes using mixture of

potassium hydroxide to carbonized water hyacinth at mass ratio of 1:1

4.4.2 Elemental analysis

It found that the yield of activated carbon, which was calculated using Equation
4-3, and percentage of carbon content slightly decreased with an increasing of
irradiation time as shown in Figure 4-12. The reaction rate directly related to
temperature, which increase with increasing of irradiation time, resulting in decreased

of carbon yield when irradiation time is longer (Huang, Chiueh, and Lo 2016).
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Figure 4-12 Elemental contents of (a) carbonized water hyacinth and activated
carbon derived from potassium hydroxide activation with microwave irradiation

time of (b) 1, (c) 2, and (d) 3 minutes

4.4.3 X-ray photoelectron spectroscopy analysis (XPS)

Due to limitation of elemental analysis used in this experiment, compositions
of oxygen could not be measured directly. Compositions of oxygen can be obtained by
XPS as shown in Table 4-3. The results shown that majority components in activated
carbon were carbon and oxygen which were consisted with elemental analysis results.

XPS spectrum of the activated carbon were provided in Figure D-3 and Table D-1.
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Table 4-2 Composition of activated carbon derived from potassium hydroxide

activation with microwave irradiation at 3 minutes obtained from XPS

C o) K
% Composition by mass 43.47 56.53 0
% Composition by mole 36.58 63.42 0

4.5 Effect of potassium hydroxide to carbonized water hyacinth mass ratio

This part of thesis focusing on effect of potassium hydroxide to carbonized
water hyacinth mass ratio on activated carbon derived from potassium hydroxide
activation with microwave irradiation. Potassium hydroxide was mixed with
carbonized water hyacinth at mass ratio of 1:1, 3:1, and 6:1 and irradiated by microwave
at 800 watts in the range of 1-3 minutes.

4.5.1 Scanning Electron Microscope (SEM)

Figure 4-13 displays an SEM image of activated carbon activated carbon,
derived from potassium hydroxide activation using microwave radiation at 3 minutes
and potassium hydroxide to carbonized water hyacinth mass ratio of 6:1 which is
considered as the most severe condition studied in this thesis, a sheet-like product with
a large uniform surface was observed. After being activated, the morphology of the
products’ structure changed slightly compared with dried, hydrothermal, and

carbonized water hyacinth’s structures as presented in Figure 4-1 to Figure 4-3.
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Figure 4-13 SEM images of activated carbon prepared using microwave
irradiation for 3 min with potassium hydroxide to carbonized water hyacinth
mass ratio of 6:1

4.5.2 Raman spectroscopy analysis

The surface structures of carbonized water hyacinth and activated carbon from
potassium hydroxide activation with microwave irradiation in the range of 1-3 minutes
together with potassium hydroxide to carbonized water hyacinth mass ratio of 1:1, 3:1,
and 6:1 were studied using Raman scattering in the range of 1100 to 2000 cm™ in order
to confirm their graphitic and disorder carbon structure. As shown in Figure 4-14 and
Figure 4-15, carbonized water hyacinth and the activated carbons exhibited the Raman
shift with detectable signals of disorder-induced D-band (1330 cm™) and in-plane
graphitic vibrational G-band (1590 cm™) (Pimenta et al. 2007). D band represented the

disordered carbonaceous structures which is linked to the breathing modes of
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disordered graphite rings while G band represents vibrations of sp? carbon atoms found
in graphitic materials and double bonds (Chia et al. 2012). Raman spectrum of each
samples was fitted using two Lorentz functions and a linear baseline to achieve an
adequate match to the experimental data. The match of activated carbon from potassium
hydroxide activation with microwave irradiation for 1 minutes with potassium
hydroxide to carbonized water hyacinth mass ratio in the range of 1:1, 3:1, 6:1 presented

R? values at 0.96, 0.96 and 0.96 respectively.

Figure 4-14 (a) demonstrated the G-band peak of carbonizeded water hyacinth
which are significantly stronger than the D-band with a higher intensity ratio of the D
band to the G band (Io/lg) ratio of 0.81. This result indicated that there are both the
disordered structures and graphitic structure in the structure of carbonized water

hyacinth.

Figure 4-14 (b) demonstrated the G-band peak of activated carbon derived
from potassium hydroxide activation with microwave irradiation at 1 minutes and
potassium hydroxide to carbonized water hyacinth mass ratio of 1:1 which are
significantly stronger than the D-band with a higher intensity ratio of the D band to the
G band (Ip/lg) ratio of 0.65. Activated carbon derived from potassium hydroxide
activation with microwave irradiation at 1 minutes and potassium hydroxide to
carbonized water hyacinth mass ratio of 1:1 possesed a lower Ip/lg (0.65) than that of
carbonized water hyacinth (0.81) indicating higher degree of graphitic ordering

(Pimenta et al. 2007).

Figure 4-14 (c) demonstrated the G-band peak of activated carbon derived

from potassium hydroxide activation with microwave irradiation at 1 minutes and
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potassium hydroxide to carbonized water hyacinth mass ratio of 3:1 which are
significantly stronger than the D-band with a higher intensity ratio of the D band to the
G band (Ip/lg) ratio of 0.74. Activated carbon derived from potassium hydroxide
activation with microwave irradiation at 1 minutes and potassium hydroxide to
carbonized water hyacinth mass ratio of 3:1 possesed a lower Ip/lg (0.65) than that of
carbonized water hyacinth (0.81) indicating higher degree of graphitic ordering
(Pimenta et al. 2007). In addition, activated carbon derived from potassium hydroxide
activation with microwave irradiation at 1 minutes and potassium hydroxide to
carbonized water hyacinth mass ratio of 3:1 exhabited not sugnificantly different Ip/l
(0.74) than that 1:1 (0.65) indicating no difference in degree of graphitic ordering

(Pimenta et al. 2007).

Figure 4-14 (d) demonstrated the G-band peak of activated carbon derived
from potassium hydroxide activation with microwave irradiation at 1 minutes and
potassium hydroxide to carbonized water hyacinth mass ratio of 6:1 which are
significantly stronger than the D-band with a higher intensity ratio of the D band to the
G band (Io/lg) ratio of 0.67. Activated carbon derived from potassium hydroxide
activation with microwave irradiation at 1 minutes and potassium hydroxide to
carbonized water hyacinth mass ratio of 6:1 possesed a lower Ip/lg (0.67) than that of
carbonized water hyacinth (0.81) indicating higher degree of graphitic ordering
(Pimenta et al. 2007). Moreover, experimental results demonstrated that activated
carbon derived from potassium hydroxide activation with microwave irradiation at 1
minutes and potassium hydroxide to carbonized water hyacinth mass ratio of 6:1
exhabited not significantly differente Ip/l (0.87) than that of 1:1 (0.65) and 3:1 (0.74)

indicating no different in degree of graphitic ordering (Pimenta et al. 2007). Difference
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in degree of graphitic ordering could not be observed might owing to the irradiation
period that not long enough to provide enough energy to make a change in carbon

structure.



55

—Overall
—Fitted D-band
—=Fitted G-band
—FEnvelope

Intensity (a.u.)

—CQverall
= (b) D-band s b —Fitted D-band
S ——Fitted G-band
& Ip/lg=0.65 —Envelope
£
&
2
=
—Overall
| (c) —TFitted D-band
z I,/1.=0.74 ~=TFitted G-band
= —Envelope
£
w
=
2
=
e

T e —

T ———

—Overall
—Fitted D-band
~=Fitted G-band
——Envelope

( d) D-band

Intensity (a.u.)

1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
Raman Shift (cm!)

Figure 4-14 Raman spectrum and fitting results of (a) carbonized water hyacinth
and activated carbon derived from potassium hydroxide activation with
microwave irradiation for 1 minutes using mixture of potassium hydroxide to

carbonized water hyacinth at mass ratio of (a) 1:1, (b) 3:1, and (c) 6:1
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Raman spectrum of each samples was fitted using two Lorentz functions and
a linear baseline to achieve an adequate match to the experimental data. The match of
activated carbon prepared from potassium hydroxide activation with microwave
irradiation for 3 minutes together with potassium hydroxide to carbonized water
hyacinth mass ratio in the range of 1:1, 3:1, and 6:1 presented R? values at 0.95, 0.96,

and 0.95 respectively.

Figure 4-15 (a) demonstrated the G-band peak of carbonizeded water hyacinth
which are significantly stronger than the D-band with a higher intensity ratio of the D
band to the G band (Io/lg) ratio of 0.81. This result indicated that there are both the

disordered structures and graphitic structure in the structure of dried water hyacinth.

Figure 4-15 (b) demonstrated the G-band peak of activated carbon from
potassium hydroxide activation with microwave irradiation at 3 minutes and potassium
hydroxide to carbonized water hyacinth mass ratio of 1:1 which are significantly
stronger than the D-band with a higher intensity ratio of the D band to the G band (Io/lg)
ratio of 0.65. The activated carbon from potassium hydroxide activation with
microwave radiaiton possesed a lower Ip/lc (0.65) than that of carbonized water
hyacinth (0.81) indicating higher degree of graphitic ordering (Pimenta et al. 2007).
From this result, the resultant activated carbon can be expected to possess the high

electric conductivity, which is necessary property for application of the capacitor.

Figure 4-15 (c) demonstrated the G-band peak of activated carbon derived
from potassium hydroxide activation with microwave irradiation at 3 minutes and
potassium hydroxide to carbonized water hyacinth mass ratio of 3:1 which are

significantly stronger than the D-band with a higher intensity ratio of the D band to the
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G band (Ip/lg) ratio of 0.69. Activated carbon derived from potassium hydroxide
activation with microwave irradiation at 3 minutes and potassium hydroxide to
carbonized water hyacinth mass ratio of 3:1 possesed a lower Ip/lg (0.69) than that of
carbonized water hyacinth (0.81) indicating higher degree of graphitic ordering
(Pimenta et al. 2007). In addition, activated carbon derived from potassium hydroxide
activation with microwave irradiation at 3 minutes and potassium hydroxide to
carbonized water hyacinth mass ratio of 3:1 exhabited not significantly different Ip/lg
(0.74) than that of 1:1 (0.65) indicating no difference in degree of graphitic ordering
(Pimenta et al. 2007). Figure 4-15 (d) demonstrated the G-band peak of activated
carbon derived from potassium hydroxide activation with microwave irradiation at 3
minutes and potassium hydroxide to carbonized water hyacinth mass ratio of 6:1 which
are significantly stronger than the D-band with a higher intensity ratio of the D band to
the G band (Ip/lg) ratio of 0.65. Experimental results demonstrated that activated
carbon derived from potassium hydroxide activation with microwave irradiation at 3
minutes and potassium hydroxide to carbonized water hyacinth mass ratio of 6:1
exhabited a lower Ip/lg (0.65) than that of carbonized water hyacinth (0.81) indicating
highher degree of graphitic ordering (Pimenta et al. 2007). Moreover, experimental
results demonstrated that activated carbon derived from potassium hydroxide
activation with microwave irradiation at 3 minutes and potassium hydroxide to
carbonized water hyacinth mass ratio of 6:1 exhabited not significantly differente Ip/l
(0.65) than that of 1:1 (0.65) and 3:1 (0.69) indicating no different in degree of graphitic
ordering. Difference in degree of graphitic ordering could not be observed might owing
to the irradiation period that not long enough to provide enough energy to make a

change in carbon structure.
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Figure 4-15 Raman spectrum and fitting results of (a) carbonized water hyacinth
and activated carbon derived from potassium hydroxide activation with
microwave irradiation for 3 minutes using mixture of potassium hydroxide to

carbonized water hyacinth at mass ratio of (a) 1:1, (b) 3:1, and (c) 6:1
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4.5.3 Elemental analysis

It found that the yield of activated carbon, which was calculated using
Equation 4-3, and percentage of carbon content significantly decreased with an
increasing of potassium hydroxide to carbonized water hyacinth mass ratio as shown in
Figure 4-13. The reaction rate directly related to concentration of potassium hydroxide
as described by Arrhenius equation in Equation 2-3 and the mechanism stated in
Equation 4-4 to 4-12 resulting in decreased of carbon yield concentration of potassium
hydroxide. This tendency could be observed when microwave irradiation time is in the

range of 1-3 minutes as shown in Figure 4-15 to Figure 4-17.
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Figure 4-16 Elemental contents (in mass basis) of (a) carbonized water hyacinth
and activated carbon derived from potassium hydroxide activation with
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hyacinth mass ratio of (a) 1:1, (b) 3:1, and (c) 6:1
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Figure 4-18 Elemental contents (in mass basis) of carbonized water hyacinth and
activated carbon derived from potassium hydroxide activation with microwave
radiation at 3 minutes and potassium hydroxide to carbonized water hyacinth

mass ratio of (a) 1:1, (b) 3:1, and (c) 6:1

4.5.4 X-ray photoelectron spectroscopy analysis (XPS)

Due to limitation of elemental analysis used in this experiment, compositions
of oxygen could not be determined directly. Compositions of oxygen can be obtained
by XPS as shown in Table 4-4. The results shown that majority components in the
activated carbon were carbon and oxygen which were consisted with elemental analysis
results. XPS spectrum of the activated carbon were provided in Figure D-3 to Figure

D-7 and Table D-1.
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Table 4-3 Composition of activated carbon derived from potassium hydroxide

activation with microwave radiation obtained from XPS

Activating Condition

% Composition by

% Composition by

mole mass

Potassium hydroxide | Radiation

to carbonized water Time C 0] K C @) K

hyacinth mass ratio (min)

Carbonized Water Hyacinth 43.74 | 36.52 | 19.75 | 38.96 | 37.17 | 23.87

11 1 58.16 | 37.74 | 4.10 | 54.43 | 40.36 | 5.21
1:1 3 36.58 | 63.42 | 0.00 | 33.54 | 66.46 | 0.00
31 2 22.65 | 77.35 | 0.00 | 20.40 | 79.60 | 0.00
6:1 1 23.65 | 70.92 | 543 | 21.10 | 72.32 | 6.58
6:1 3 58.40 | 31.30 | 10.30 | 54.00 | 33.08 | 12.93

4.6 Effect of water adding method

This part of the research focused on method of adding water into activation.

There are two methods was used in this study which are soaking carbonized water

hyacinth with potassium hydroxide for 24 hours and wetting nitrogen gas before

flowing in activation system. For comparison, activated carbon were derived from

water hyacinth using potassium hydroxide activation with microwave radiation period

of 1-3 minutes (800 watts) and potassium hydroxide to carbonized water hyacinth at

mass ratio of 1:1, 3:1, and 6:1.
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4.6.1 Scanning Electron Microscope (SEM)

Figure 4-19 displays an SEM image of activated carbon, which were derived
from potassium hydroxide activation using microwave radiation at 3 minutes and
potassium hydroxide to carbonized water hyacinth mass ratio of 6:1 which is considered
as the most severe condition studied in this thesis and adding water by wet impregnation
together with wet nitrogen gas, and a sheet-like product with a large uniform surface
was observed. After being activated, the morphology of the products’ structure changed
slightly compared with dried, hydrothermal, and carbonized water hyacinth’s structures

as presented in Figure 4-1 to Figure 4-3.
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Figure 4-19 SEM images of activated carbon prepared using microwave

irradiation for 3 min with potassium hydroxide to carbonized water hyacinth
mass ratio of 6:1 and adding water by are wet impregnation together with wet

nitrogen gas

4.6.3 Brunauer—Emmett-Teller (BET) analysis

According to the intercalation process of potassium metal (Equation 4-8) in the
carbon lattices of the carbonized water hyacinth that volumetrically expands the carbon
framework. After the intercalated potassium metal, K,COs3, and K>O were removed by
washing, a large nominal surface area with high micro- and meso-porosity can be

observed in activated carbon prepared by adding water using wetting nitrogen gas, and
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using both wetting nitrogen gas, and soaking in potassium hydroxide solution as

presented in Figure 4-20 respectively.
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Figure 4-20 N2 sorption isotherms (filled symbols mean adsorption isotherm, and
open symbols mean desorption isotherm) of activated carbon derived from
potassium hydroxide activation with microwave irradiation and using wet

impregnation together with wet nitrogen gas

Specific surface area of activated carbon prepared by using only wetting
nitrogen gas and using both wetting nitrogen gas and adding water by wet impregnation
in potassium hydroxide solution possessed specific surface area of 131 m? g--carbon.
The experimental results show that degree of porosity of activated carbon wet

impregnation in potassium hydroxide solution was lower than activated carbon
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prepared without adding water (868 m? g*-carbon) because wetting carbonized water
hyacinth in potassium hydroxide solution causing water diffusing into the pores of
carbonized water hyacinth. When carbonized water hyacinth were activated, water in
the pores of carbonized water hyacinth were exposed and enlarged the pores size,

resulting in lower specific surface area.

4.6.4 Elemental analysis

It found that the yield of activated carbon obtained by adding water using wet
impregnation together with wet nitrogen gas, which was calculated using
Equation 4-3, and percentage of carbon content decreased with an increasing of
potassium hydroxide to carbonized water hyacinth mass ratio as shown in Figure 4-21.
The reaction rate directly related to concentration of potassium hydroxide as described
by Arrhenius equation in Equation 2-3 and the mechanism stated in Equation 4-4 to
4-8 resulting in decreased of carbon yield with an increasing of concentration of
potassium hydroxide. This tendency can also be observed when adding water by only
wet impregnation in potassium hydroxide solution and only wet nitrogen gas as shown

in Figure 4-22 and Figure 4-23.
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Figure 4-21 Elemental contents (in mass basis) of (a) carbonized water hyacinth

68

0 Oxygen

® Hydrogen
m Carbon

B Nitrogen

and activated carbon derived from potassium hydroxide activation using
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Figure 4-23 Elemental contents (in mass basis) of (a) carbonized water hyacinth

and activated carbon derived from potassium hydroxide activation using

microwave irradiation at 1 minutes and potassium hydroxide to carbonized
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minutes and potassium hydroxide to carbonized water hyacinth mass ratio of (d)

3:1, and using microwave irradiation at 3 minutes and potassium hydroxide to

carbonized water hyacinth mass ratio of (e) 1:1 and (f) 6:1 and adding water by

only wetting nitrogen gas
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4.6.5 X-ray photoelectron spectroscopy analysis (XPS)

Due to limitation of elemental analysis used in this experiment, compositions of
oxygen could not be measured directly. Compositions of oxygen can be obtained by
XPS as shown in Table 4-4. The results shown that majority components in activated
carbon were carbon and oxygen which were consisted with elemental analysis results.
XPS spectrum of activated carbon were provided in Figure D-8 to Figure D-17 and
Table D-1.

Table 4-4 Composition of activated carbon obtained from XPS

Activating Condition % Composition by mole | % Composition by mass

Methods of
KOH:Carbon * | Radiation Time (min) C 6] K C O K

adding water
Carbonized Water Hyacinth 43.74 | 36.52 | 19.75 | 38.96 | 37.17 | 23.87
soaking 6:1 1 43.61 | 56.39 0 40.36 | 59.64 | 0.00
soaking 1:1 1 58.62 | 32.08 9.3 54.33 | 33.98 | 11.70
soaking 31 2 4225 | 57.75 0 39.03 | 60.97 | 0.00
soaking 6:1 3 60.32 | 39.68 0 57.08 | 42.92 | 0.00
soaking 1:1 3 54.39 | 45.61 0 51.06 | 48.94 | 0.00

Soaking +
6:1 1 61.61 | 33.64 | 4.75 | 57.85 | 36.10 | 6.05

wetting N2

Soaking +
1:1 1 54.74 | 38.36 6.9 50.71 | 40.61 | 8.68

wetting N2

Soaking +
31 2 56.6 434 0 53.30 | 46.70 | 0.00

wetting N2

Soaking +
6:1 3 59.42 | 40.58 0 56.16 | 43.84 | 0.00

wetting N2

Soaking +
1:1 3 58.27 | 41.73 0 54.99 | 45.01 | 0.00

wetting N2

Note: KOH:Carbon* represented mass ratio of potassium hydroxide to carbonized water hyacinth
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4.7 Application of activated carbon as capacitance electrode materials

For activated carbon prepared by carbon dioxide activation, the pellets of the
consolidated water hyacinth powder could still be preserved after the carbonization and
activation steps were conducted. It should be reminded that the weight of the dried
water hyacinth could be reduced by carbonization, in which the volatile contents in
water hyacinth were considered to be evaporated. It can be expected that these volatile
components can become natural binders so that the addition of any chemical binders
was not necessary to the consolidation of such water hyacinth powder. Accordingly,
the as-formed disk pellets, which were prepared without addition of any blinder, were
directly used as the electrodes in the investigation on electrical capacitive properties.
To determine the electric capacitance of the activated carbon pellets with 6M KOH
electrolyte, the direction of the constant current was switched in each cycle of the
charge-discharge steps so that the inter-electrode voltage changed between the two
programed values, 0 and 0.176 V. The time-dependency of the inter-electrode voltage
when the current density was 1.26 mA g is shown in Figure 2-24 (a).

It should be noted that the charge-discharge cycle was asymmetric, where the
fast rise and drop of the voltage when the current direction was switched are
outstanding. Such fast changes could be caused by a limitation of the ionic diffusion
rate for the exchange of the dominant polarity of the ions existing at adjacent zone
nearby the electrode surface (Wu et al. 2016). These fast changes would become
apparently significant because the voltage-scan was conducted in narrow range
(0.0-0.176 V); nevertheless, the internal leakage current could be negligible in such
conditions. Then, in the Figure 2-24 (a), the range since the fast voltage-rise was

terminated in charging step until the discharge step was initiated was used to calculate
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the capacitance of the activated carbon electrode. As a result, the estimated capacitance
of such typical sample was 32 F g,

In addition, a multiple charge-discharge cycling operation was tested up to 425
cycles as shown in Figure 2-24 (b). It was found that the capacitance of typical sample
decreased to 33 % of the initial value after 200 charge-discharge cycles were conducted.
Nevertheless, the capacitance of typical sample turned to rise up afterward and achieved
the value of 190 % after 425 cycles were performed. The decrease in the capacitance
would generally be attributed to the decrease in the specific surface area of electrode
material (Chen et al. 2014). Such decrease in the capacitance would occur when weak
structures generated by the activation step were destroyed by the multiple charge-
discharge cycling process. On the other hand, the capacitance could be improved in the
later cycles because amorphous carbons which would block the micropores could be
eliminated during the multiple charge-discharge cycles (Pimenta et al. 2007). With all
results discussed above, it would be reasonable to the activated carbon prepared from
dried water hyacinth powder would be the promising electrode material for

supercapacitor application.
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CHAPTER S

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

Activated carbon was successfully synthesized from dried water hyacinth using
microwave irradiation and potassium hydroxide activation. As a beginning, dried water
hyacinth was hydrothermally pretreated and carbonized before being activated.
Hydrothermal pretreatment and carbonization can enhance carbon content of
hydrothermal and carbonized water hyacinth from dried water hyacinth by reducing the
hydrogen and oxygen contents according to chemical dehydration reaction during
hydrothermal pretreatment and carbonization:

4(CsH1005) n = 2(C12H1005) n + 10 ne(H20).

To study the effects of activating agent, activated carbon was prepared using
potassium hydroxide and carbon dioxide activation. The results show that porosity of
activated carbon derived from potassium hydroxide activation was larger than that of
carbon dioxide activation because various activating agents i.e. K, K20, K>COs, CO,
CO3, H20, and H2 which could enhance activation process were generated in potassium
hydroxide activation process.

To study the effects of heating method, activated carbon derived from potassium
hydroxide activation were prepared by microwave irradiation and heat irradiation using
electric furnace. Experimental results shown that activated carbon with nominal
specific surface area can be synthesized from both heating methods. However,

microwave irradiation (3 minutes) consumed less time than heat irradiation (1 hours)
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because microwave irradiation can induce dipole rotation in atomic scale and create a
frictional force between atoms and molecules within heated material so that volumetric
heating inside the heated material is realized.

Effect of microwave radiation time on resultant activated carbon was studied.
The results show that the yield of activated carbon and percentage of carbon content
slightly decreased when microwave irradiation time was longer. The reasons are that
the reaction rate relates to temperature, which increase when radiation time increase,
resulting in decreased of carbon yield when radiation time is longer.

In addition, the yield of activated carbon and percentage of carbon content
significantly decreased with an increase in potassium hydroxide to carbonized water
hyacinth mass ratio. Since the reaction rate directly relates to concentration of
potassium hydroxide, carbon yield decreased with increasing of potassium hydroxide
concentration. This tendency could be observed when microwave irradiation time is in
the range of 1-3 minutes. The BET analysis shows that activated carbon, which was
activated with microwave irradiation for 3 minutes with mass radio of potassium
hydroxide to carbonized water hyacinth at 6:1, possessed a nominal specific surface
area of 867.39 m? g-*-carbon.

Nowadays, water has been used as an activating agent to produce activated
carbon. In this thesis, method of adding water into activation system was investigated.
The experimental results show that the yield of activated carbon obtained by adding
water using wetting nitrogen gas, soaking in potassium hydroxide solution and both
soaking in potassium hydroxide solution and wetting nitrogen gas shown the same
tendency that percentage of carbon content decreased with an increase in potassium

hydroxide to carbonized water hyacinth mass ratio. Furthermore, activated carbon
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prepared by using wet impregnation together with wet nitrogen gas and activated using
potassium hydroxide activation with microwave irradiation for 1 minutes with mass
radio of potassium hydroxide to carbonized water hyacinth at 1:1 possessed specific
surface area of 208 m? g*-carbon.

The consolidated carbon pellets can be derived from water hyacinth using
potassium hydroxide activation exhibited nominal electrical capacitance of 32 F g
when they were subjected to a direct electrical current of 1.26 mA g*. Observation of
the capacitance retention with 425 charge-discharge cycles of the resultant activated

carbon would suggested that it could be promising for supercapacitor application.

5.2 Recommendations

1. Improving specific surface area of activated carbon by increasing microwave
radiation time used in activation step. To increasing the radiation time,
activation system with microwave radiation much be improved e.g. a suitable

container much has high thermal expansion coefficient.

Figure 5-1 Broken quartz container
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2. Improving microwave radiation in activation system to be more uniform

distribution.

Figure 5-2 Insulation used in potassium hydroxide activation with microwave
irradiation
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Appendix A

Elemental analysis

Table A- 1 Elemental analysis on mass basis

83

Operating variables used for the activation | %Yield Composition (Y%owt)
Adding Microwave
water radiation time | KOH:Carbon * N C H O
methods (min)
Dried water hyacinth - 2.16 33.95 4.85 58.96
Hydrothermal water hyacinth - 2.51 37.73 5.12 54.52
Carbonized water hyacinth 100 2.34 51.28 0.77 45.61
No 3 6:1 59.28 1.39 55.63 1.69 41.29
No 2 6:1 56.66 0.00 51.12 4.30 44,58
No 1 6:1 41.60 0.00 59.80 1.33 38.87
No 3 b 73.82 0.51 54.53 4.96 40.00
No 1 1:1 74.24 0.54 60.79 4.87 33.80
No 2 1:1 75.32 0.51 57.29 4.89 37.32
No 1 31 72.92 0.00 46.46 6.27 47.27
No 2 31 55.68 0.00 57.98 6.29 35.73
No 3 3:1 58.90 0.00 57.89 6.49 35.62
Soaking 1 6:1 60.18 0.00 57.47 8.51 34.02
and
Wetting
N> gas
Soaking 1 1:1 68.14 0.00 62.60 4.82 32.58
and
Wetting
N> gas
Soaking 2 3:1 63.64 0.00 63.77 5.22 31.01
and
Wetting
N2 gas
Soaking 3 6:1 64.30 0.00 60.48 4.28 35.24
and
Wetting
N2 gas
Soaking 3 1:1 56.56 0.00 64.27 4.79 30.94
and
Wetting
N> gas
Soaking 1 6:1 62.80 0.00 58.42 3.27 38.31
Soaking 1 1:1 64.82 0.00 61.67 3.06 35.27
Soaking 2 3:1 63.42 0.00 62.41 3.73 33.86
Soaking 3 6:1 54.04 0.00 64.28 5.09 30.63
Soaking 3 1:1 61.76 0.00 64.45 4.69 30.87




Table A- 1 Elemental analysis on mass basis (continuous)
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Operating variables used for the activation

Adding Microwave KOH:Carbon *
water | radiation time
methods (min)

%Yield

Composition (Yowt)

C H

No 1 6:1

water
(same KOH

left after

soaking)

48.20

1.11

66.43 0.71

31.76

No 1 11

water
(same KOH

left after

soaking)

61.60

1.40

57.08 1.40

40.12

No 2 31

water
(same KOH

left after

soaking)

52.00

0.55

57.53 1.04

40.88

No 3 6:1

water
(same KOH

left after

soaking)

49.20

0.55

52.91 1.50

45.05

No 3 11

water
(same KOH

left after

soaking)

53.82

0.47

55.85 1.32

42.37

Wetting 1 6:1
N2 gas

43.60

0.69

59.45 1.92

37.95

Wetting | 1 11
N2 gas

64.86

1.15

55.80 1.67

41.37

Wetting | 2 311
N2 gas

58.36

0.00

55.22 1.81

42.96

Wetting | 3 6:1
N2 gas

33.98

0.00

58.42 1.28

40.30

Wetting | 3 11
N2 gas

42.88

0.00

56.51 1.35

42.14

KOH in 6:1
furnace

55.92

0.00

50.48 0.23

49.29

COzin 6:1
furnace

40.70

0.00

34.46 0.39

65.15

Note: KOH:Carbon* represented mass ratio of potassium hydroxide to carbonized water hyacinth
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Figure B- 1 (a) SEM images and (b) particle size distribution of dried water
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Appendix B Particle size distribution
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Figure B- 2 (a) SEM images and (b) particle size distribution of hydrothermal

water hyacinth
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Appendix C  EDS Spectrum
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Figure C- 1 (a) SEM image and EDS spectrum of dried water hyacinth
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Appendix D

XPS spectrum
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Table D- 1 Deconvoluted results from the C1s peak presented in XPS spectrum

Operating condition

Adding water Micr-OV\-/ave KOH:Carbon | Metal carbide | C-C | C-O | C=0
methods -radlatlo-n *
time (min)
Hydrothermal Water Hyacinth 20.37 20.53 | 48.98 | 10.12
Carbonized Water Hyacinth 17.81 61.09 | 13.50 | 7.60
No 3 1:1 12.37 67.31 | 16.86 | 3.46
No 1 1:1 11.75 65.39 | 12.53 | 10.33
No 2 3:1 43.26 27.51 | 14.54 | 14.69
No 3 6:1 18.24 53.43 | 20.31 | 8.02
No 1 6:1 32.03 4599 | 19.97 | 2.02
soaking 1 9.3 57.32 15.02 | 1836 | 9.3
soaking 1 9.36 68.55 1468 | 7.4 | 9.36
soaking 2 22.46 43.9 23.03 | 10.6 | 22.46
soaking 3 3.76 70.97 15.25 | 10.02 | 3.76
soaking 3 16.62 55.84 19.58 | 7.96 | 16.62
Soaking + 1 15.61 62.27 12.75 | 9.37 | 15.61
wetting N2
Soaking + 1 9.52 62.64 19.45| 8.39 | 9.52
wetting N2
Soaking + 2 6.24 65.24 2041 | 8.11 | 6.24
wetting N2
Soaking + 3 46.27 25.81 20.2 | 7.72 | 46.27
wetting N2
Soaking + 3 70.85 7.97 15.61 | 5.58 | 70.85
wetting N2

Note: KOH:Carbon* represented mass ratio of potassium hydroxide to carbonized water hyacinth
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Figure D- 1 Full-scan XPS spectrum of hydrothermal water hyacinth
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Figure D- 2 Full-scan XPS spectrum of carbonized water hyacinth
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hydroxide activation with microwave radiation at 3 minutes and potassium

hydroxide to carbonized water hyacinth mass ratio of 1:1
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Figure D- 4 Full-scan XPS spectrum of activated carbon derived from potassium
hydroxide activation with microwave radiation at 1 minutes and potassium

hydroxide to carbonized water hyacinth mass ratio of 1:1
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Figure D- 5 Full-scan XPS spectrum of activated carbon derived from potassium

hydroxide activation with microwave radiation at 2 minutes and potassium
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hydroxide activation with microwave radiation at 3 minutes and potassium
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Figure D- 7 Full-scan XPS spectrum of activated carbon derived from potassium

hydroxide activation with microwave radiation at 1 minutes and potassium
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Figure D- 8 Full-scan XPS spectrum of activated carbon derived from potassium

hydroxide activation with microwave radiation at 1 minutes and potassium

hydroxide to carbonized water hyacinth mass ratio of 1:1 and adding water by

soaking with potassium hydroxide solution



93

x10° Su.45.9_1.spe
25 T T T T T
)
Q
2_ -
o
(8]
1]
Q o
154 =5 g
Ky 3 Q
g g 3 o <
2
“’Fr.h” ‘\ b M"‘.\Jk & I~ |
'Ww‘ﬂ" \8 el L m«.WW'W‘"“”"’NM ¢ ¢
il i g T ) ! o
Wiyl el | o
05 W = 1
o 0 .
g &d& o 4
T
| I | | I w.\.,_\,)».“.A.,‘»,,‘.h_r.\,, Sy
0
1400 1200 1000 800 600 400 200 0

Binding Energy (eV)

Figure D- 9 Full-scan XPS spectrum of activated carbon derived from potassium

hydroxide activation with microwave radiation at 1 minutes and potassium

hydroxide to carbonized water hyacinth mass ratio of 6:1 and adding water by

soaking with potassium hydroxide solution
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Figure D- 11 Full-scan XPS spectrum of activated carbon derived from
potassium hydroxide activation with microwave radiation at 3 minutes and
potassium hydroxide to carbonized water hyacinth mass ratio of 1:1 and adding

water by soaking with potassium hydroxide solution
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Figure D- 13 Full-scan XPS spectrum of activated carbon derived from
potassium hydroxide activation with microwave radiation at 1 minutes and
potassium hydroxide to carbonized water hyacinth mass ratio of 1:1 and adding
water by soaking with potassium hydroxide solution together with wetting
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Figure D- 14 Full-scan XPS spectrum of activated carbon derived from
potassium hydroxide activation with microwave radiation at 1 minutes and
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Figure D- 15 Full-scan XPS spectrum of activated carbon derived from
potassium hydroxide activation with microwave radiation at 2 minutes and
potassium hydroxide to carbonized water hyacinth mass ratio of 3:1 and adding
water by soaking with potassium hydroxide solution together with wetting

nitrogen gas

Su.48.16_1.spe
16000 T T T T

o
Q
14000 -
12000 -
o
10000 o -
= Q4
;) 3 e
£ so0f B < g g 2 :
T o
= 3
1& %E ’| % .
T o
Ul L T 0N B N T
4000 i M’J&J“m .’“‘M” Lw,\ﬁwlaj.w,thfﬁ“l\."rW”M"}* i 'Lfll (lj N J’f & -
\ﬂf\,\dﬂrh‘u lﬂf‘\uvll iy M.\f =
Ne o &
2000 Ul% 8 g K
e aadently
0 1 1 Il 1 1 1 Wy,
1400 1200 1000 800 600 400 200 0

Binding Energy (eV)

Figure D- 16 Full-scan XPS spectrum of activated carbon derived from
potassium hydroxide activation with microwave radiation at 3 minutes and
potassium hydroxide to carbonized water hyacinth mass ratio of 1:1 and adding
water by soaking with potassium hydroxide solution together with wetting
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