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Abstract in English

Development and Application of Porous Carbons fromNatural

Biomass

Mr. Seokjong Kim
Dited by Ph.D./Prof. Jae-Wook Lee
Dejpaent of Chemical Engineering
Grattugschool of Chosun University

There is growing interest of the scientific community on produactof activated carbon
using biocarbon as potential sustainable precursors carbonized Hromass wastes. In
general, physical activation and chemical activation are ntan methods applied in the
activation process. The physical and chemical propertiesaativated biocarbon can be
controlled for multiple applications including water pollutionatreent, CQ@ capture, and
energy storage. The key parameters of carbonization andatamtivare the feedstock with
different compositions and activation conditions with conventiomal aicrowave heating.
Compared to traditional activated carbon, activated biocarbon appedre a new potential
cost-effective and environmentally-friendly carbon materiaith great application prospect

in many field.

In this study, hierachical mesoporous carbon with high surface areeontrolled pore size
was prepared from two biomass of giaMiscanthus and alge. The activation was
conducted by a simple process that involvedOH treatment, followed by microwave
heating. HO, treatment time and microwave irradiation time were ogsoh based on the
adsorption capacity of methylene blue dye on biosorbents. The prepasatbent samples
were characterized employing TG, SEM, XRD, FTIR, BET, ané zmitential measurement

for the evaluation of surface area, pore size distribution améhcsu morphology. The
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adsorption equilibrium and kinetic data of methylene blue wetedfiith Langmuir and
Freundlich isotherm and pseudo second order model kinetic model, tresgecAdsorption
isotherm data measured at different temperatures were fmedhe determination of
thermodynamic properties of/ °GA/H’ and 4 8. Results showed that the adsorption of
methylene blue was feasible, spontaneous, and endothermic. Tdieablemical properties
were measured by cyclic voltammetry and impedance. It wasdf that microwave-assisted
porous carbons exhibited higher adsorption capacity and excellentroeherhical

performance due to the well-developed hierarchical pore stracture

On the other hand, the feasibility of a hybrid system congisbf powdered activated
carbon (PAC) adsorption and dissolved air flotation (DAF) procesgags examined for
simultaneous removal of algae (anabaena and mycrocystis) tla#id secondary algal
metabolites (2-methylisoboneol and geosmin). Before studying thedhgystem, adsorption
equilibrium and kinetics of organics (2-methylisoboneol and geosmin)upeddfrom algae
on three powdered activated carbons were studied. The flotatimieraffy of algae and
PAC in DAF process was evaluated with zeta potential meamnts. Zeta potential is a
key parameter of double layer repulsion for individual partidad can usually be used to
interpret the trend of coagulation efficiency. This study focusedthe measurement of zeta
potential of algae and activated carbon under various experimeatalitions including
water characteristics (pure water, stream water, resewaier) and coagulant dose (10~50
mg/L). Results showed that the variation of zeta potential ghkly sensitive depending
on the water characteristics and coagulation conditions. Zetentjat of two genera of
algae (anabaena sp. and microcystis sp.) were changed highly cedgulant dosage,
especially. On the basis of DLVO theory and trajectory yaigl bubble-floc collision
efficiency simulated in terms of zeta potential was fitigdll with removal efficiency of
chlorophyll-a from algae particles. It was found that the cbntf zeta potential was
important for effective removal of algae particles. Intémgbf, we also found that the
agglomerate of bubble and PAC particle can be successfulliyedloby DAF. In addition,
the simultaneous removal of algae and organics (i.e., secondgly naétabolites) dissolved

in water can be achieved by using the hybrid system of adsorptienfdécesses.
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Chapter 1

Introduction

1.1 Background of research

Carbon materials including carbon black, graphene, carbon nanotubesy giagbon,
activated carbon, and porous carbon, have been successfully appliegshvironmental
protection and energy storage area because of their struaodal functional diversity
(Figure 1.1). The performance of the adsorption separation and energy stoeagees
highly depend on the carbon materials with ideal structural mlessimple preparation
process, specific properties, abundant resource, low-cost and emeiah friendliness. To
apply energy storage device, carbon materials have highetroeie conductivity, adjustable
microstructure and excellent stability [1-5]. It has been knothet graphene is generally
prepared by chemical vapor deposition using fossil fuel-basedecales of methane,
acetylene, and ethylene. Despite of the specific structure exadptional physicochemical
properties of graphene and carbon nanotube, their preparation precessgally complicated
and suffers from high cost and very low vyield. In addition, calgh the synthesis of
graphene has been achieved in small batches reactor by cladsicaher's method, the
strong acid and oxidation agents used in the synthesis procdsdrintg environmental

pollution [3].

Thus, renewable raw materials and low-cost preparation metheel highly demands for
the development of advanced science and technology. Biomass ddy resvailable,
renewable, non-toxic and low cost [6]. In addition, the biomassetkricarbon materials
have many advantages of high specific surface area, wéledepore size distribution,
excellent electric conductivity and easily surface heterna doping. Interestingly,
biomass-derived carbons for adsorbents and electrodes haaetedttmuch attention because

of their structural diversities (i.e., OD spherical, 1D fibrous, Binellar and 3D spatial

-1 -

) Collection @ chosun



structures) and surface heteroatom doping [7-12]. So far, many $sopracursors including
rice husk, waste coffee beans, wood, bamboo and peanut shell haveprepaned by
pyrolysis, physical and chemical activation, or hydrotherelbonization. In especial, the
biomass-derived carbon electrodes have many advantages includingspegific surface
area, well defined pore size distribution, excellent electaodactivity and easily modified
surface chemistry [13-16]. Surprisingly, numerous biomass-derivetiorcamaterials are

naturally porous or unique hierarchical pore structures createdctwateon process.
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1.1.1 Biomass

Many biomass precursors including rice husk, waste coffeensbeaood, bamboo and
peanut shell have been used to prepared porous carbon materid8].[1&s shown in
Figure 1.2, Lee et al. reported recently the preparation of bio-carbons btivar biomass
precursors including corn-grain, Kapok, Hasuo, bean curd dregs, seaweest godtinds
and brewery yeast for carbon electrodes of electric doubjer laapacitors and the
adsorption of methane, hydrogen, and volatile organic compounds of beamdnéoluene
[19-27]. As a continuous work, giamMiscanthus and algae biomass were employed in this

study for the production of porous carbons.
1.1.1.1 Giant Miscanthus

Geodae-Uksae 1G{ant Miscanthus) is a sort genotype oMiscanthus sacchariflous (Amur
silvergrass) for energy crop [28]. It is approximately twicetall and thick as common M.
saccariflorus. The mass vyield of the dry stalk is approximately 30 ton/hend@e-Uksae 1
(Giant Miscanthus) grows approximately 4 m tall with an average stalk diamefel cm.

As shown inFigure 1.3, Many methods are being applied for the energy conversion of
Geodae-Uksae 1, including hydrolysis and fermentation for bioethanol pimguc
combustion through pelletization and fast pyrolysis for the productiorbia@oil [29-31].
Geodae-Uksae 1Gfant Miscanthus) cultivation and mass-production system is eco-friendly
and sustainable for bioenergy was developed in Kum river aredd®fha from 2011 to
2013 fFigure 1.4, Figure 1.5). The chemical compositions of lignocellulosic feedstocks
including corn stover, switchgrassMiscanthus, reed canary, popular and willow are

cellulose, hemicellulose and lignimable 1.1).
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Table 1.1 Composition of lignocellulosic feedstocks

Carbohydrate
Biomass Lignin (%)
Cellulose (%) Hemicellulose (%) Total (%)

Corn sover 38 26 64 19
Switchgrass 37 29 66 19
Miscanthus 43 24 67 24
Reed canary 24 36 60 -
Forgage sorghum 34 17 51 16
Popular 45 19 64 26
Willow 43 21 64 26
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Figure 1.5 Miscanthus biomass town in Kum river area
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1.1.1.2 Algae

The Four Major Rivers Restoration Project in Korea was ceteglon October 21, 2001.
The funding of the project on the Han, Geum, Nakdong and Yeongsars nvas 22
trillion won (approximately US$19.3 billion) for the construction 1 dams and dredged
520 million cubic metres of mud from the river beds for flood préeentUnfortunately,
algal blooms have reappeared in summer and winter causingoa scare over the quality
of the country’s drinking waterF{gure 1.6) because of the Four Major Rivers Restoration

Project. In especial, algae are most seriously affectiegNakdong and the Han.

Nakdong river

e
LN
TR ="} *]]

— ]
B_Li| 1=

Han river Yeongsan river

Figure 1.6 South Korean rivers hit by alga bloom
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2-methylisoborneol (MIB) and geosmin from blue-green algae iterwaften produce the
musty-earthy taste and odor. Therefore, how to remove taste andcodgrounds from
drinking water have been received much attention internationafigause of significant
pollution of water sources. On the other hand, biomass has been wisiedly to prepare
carbons as adsorbents and electrode material, in particuldh womposition of
hemicellulose and lignin. Although algae are not lignocellulosey thgolved protein and
carbohydrate are also suitable precursors. Interestinglycdheersion of algae into valuable

matters would reduce the pollution and create economic berfig#i88].

'__.l"
rhag _.._-"
| ..l'r""

.---“r-r-p-ﬁ,_p-p-rr:' -

Figure 1.7 Blue-green algae of a) anabaena and b) microcystis
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1.2 Literature Review

1.2.1 Physical and Chemical Activations

Activated carbon a have been widely used for an many applicaitio separation,
decoloration, deodorization, pfiri cation, and filtration operations usecaof large surface
area and high mesoporous volume. Major characteristics of the aghempmposition,
carbonization and activation processes of the biomass, play aortamt role in the
formation of surface area, pores, and pore volume. In general, cphyand chemical
activations are common methods to prepare activated carlBteam, nitrogen, and carbon
dioxide are used While, in chemical activation method, a chendiebldrating agents are

employed to activate the biomadsigure 1.8).

Physical activation is normally conducted in two steps arbanization and activation [39].
Carbonization takes place to eliminate the volatile mattereova temperatures from the raw
material. In the next step, the activation of the obtained cambadni(carbon-rich
intermediate) material are carried out at much-elevadeoberature. The burning df brous
carbon of biomass can be prevented in the presence of inert iggheding steam, b
CO,, Ar, or their mixtures for mild reduction of the carbonaceous enatbr physical
activation. Among inert gases, nitrogen is clean, easy to daadid available at low-cost.
Thus, N is most generally employed as gaseous atmosphere during tihati@t process.
During carbonization, the biomass precursor is pyrolyzed at vellatiow temperature to
eliminate low molecular weight and volatile organic residués a continuos step,
activation takes place at temperature of 700to 1100 C in the presence of supporting
gases. They can prevent €@rmation and generate pores of diverse sizes in the atfivat

carbon during activation process.

- 12 -
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Figure 1.8 Physical and chemical activations for producing activated carbon
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Compared to physical activation, chemical activation has numeadwantages. Chemical
activation is usually preferred due to the simplicity, shodetivation time, higher vyield,
lower temperature and incorporation of suitable functional grougé® s OH, COOand
C=0, larger surface area, and better development of the poraustumsdr [40-43]. The
carbonization and activation processes for chemical activaiencombined in one step that
saves the heat energy during synthesis. Moreover, chemicahtactivconducted at a lower
temperature compared to physical activation; thus, it alawess energy. Chemically
impregnated biomass has higher surface area by heat treatment amndeert atmosphere.
The chemical agents (i.e., sulphuric acid, nitric acid, phosphorid, ainc chloride,
potassium hydroxide, sodium hydroxide, calcium carbonate etc.) ark tasgenerate the
pores in the activated carbon using degradation, dehydration, andegatigsi with organic
carbon molecules of precursor materials. Unfortunately, the mdijsadvantage of the
chemical activation process is the cost of chemical agehts. eliminate the surplus
unreacted chemicals and chemical by-products, the chemidahtmet is also required an
additional step offl ushing activated carbon with hot and cold water. dftemical
activation process also has some environmental concern amengedbarchers over using
the dehydrating chemical agents before or after carbonizatiop. dte addition, the
environmental friendly chemical dehydrating agent should be usedhi®runcertainty of
the environmentalist. And after cautious treatment of the ratenmal with chemicals, part

of the added chemicals should be recovered.
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1.2.2 Microwave-assisted Activation

Compared to conventional heating, microwave-assisted heating isattearctive method
offering the internal and volumetric heating [44-48]. The adges and disadvantages of

conventional and microwave-assisted heating are liste@iaobe 1.2

Table 1.2 Comparison of microwave and conventional heating for activated carbon

preparation [44]

Heating
Advantages Disadvantages

method

Microwave  Fast, volumetric and uniform heating; Non-contact Hot spots caused by micro-plasma and

heating technique; Lower activation temperature; Shorter non-uniformity of materials; Inaccurate
processing time and energy savings; Temperature temperature measurement and control
gradient from the centre to outer surface; Thermal runaway; Possible leakage of MW

Micro-plasma thermal and catalysis effects; Light Economics needs to be improved; Process
components are easily released to create more scale-up is not mature.

pores; Improved efficiency; Immediate stat-up and

shutdown; Improved safety; Smaller equipment size

and less feedstock; pre-treatment needed

Conventioanl Relatively mature process and easy scale-up Relativigh thermal gradient inside the
heating particle; Non-& ectiveness of removal of
gaseous products; Carbon deposition and
obstruct microporous network; Low pore
volume and BET surface area; Distortion and
inhomogeneous microstructure; Longer treating
time and high cost; Possible fat ring
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Microwaves increase the rate of chemical reactions and eethéc energy consumption. The
chemical structure, shape and size of microwave-assistaditadt carbons are dependent on
the number and intensity of the tiny microplasma (small sparkselectric arcs) spots
during microwave heating. The appearance of micro-plasmas igedinto tiny space and
lasts only for fractional second. The generation of tiny miasma spots during microwave
pyrolysis increases the local temperature resulting in géeeration of gases even at low
bulk temperatures [45]. Microwave-assisted activation ancpeesture profiles are shown in
Figure 1.9. Large amounts of heat can be transferred to the interior of #teriah. The
generation of gases (i.e., CO, £CCH,, and He) increases the formation of pores in the
biocarbons during pyrolysis. Moreover, reaction time is alsgnifccantly reduced in
microwave heating compared to conventional heating. Recentigrowave heating is
applied to prepared activated carbon pretreated with varihesnicals. Foo and Hameed
have carried out extensive studies on the preparation and whtedticarbon from various
biomass using chemical agents like KOH, NaOH, an@Q [46]. These activated carbons
exhibited higher adsorption capacity due to the presence ofdesdloped pore structure
with high surface ara and total pore volume. Carbon-based mstessd -effective
microwave absorbers and can be transformed into new materitils nvodiied properties
under microwave irradiation. Microwave absorbers may act awlysts in different

heterogeneous reactions.
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Figure 1.9 a) Microwave-assisted activation (CH-conventioanl heating, CR:
chemical reagents, MW-microwave, PA-physical activation agents)
and b) temperature profiles and direction of heat transfer [44]
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1.2.3 Dissolved Air Flotation

The Four Major Rivers (i.e., Han, Geum, Nakdong and YeongsanprBést Project in
South Korea stimulate the algae bloom seriously. The watersedervoirs generally have
algal particles with low density because of eutrophication.réfbee, the particles are very
difficult to remove by the conventional processes of coagulatifocculation, and
sedimentation. More recently, the presence of the musty-eadbie and odor algal
metabolites (i.e., 2-methylisoborneol (MIB) and geosmin) in wateratment causes
complaints from consumers. The limiting concentration of mustyreandors of MIB and
geosmin is as low as 10 ng/L. The major treatment techniqueshéoremoval of algae

and extracellular taste and odor compounds (Geosmin and 2-MéBlisted inTable 1.3.

Table 1.3 Treatment techniques of live algae and dissolved extracellular compounds

. Removal or Destruction of Extracellular T&O
Removal of Live Algae

Compounds
Pre-treatment techniques Oxidative Techniques
- Coagulation/Flocculation/Sedimentation - Chlorine
- Coagulation/Flocculation/Ballasted Flocculation - Potassium permanganate
- Coagulation/Flocculation/DAF - Advanced oxidation
- Ozonation
Filtration Processes Sorptive Techniques
- Granular media filtration - Powdered activated carbon (PAC)
- Low pressure membrane filtration - Granular activated carbon (GAC)
- Cartridge and bag filters - Biologically active filtration

- Strainers
- Reverse osmosis of nanofiltration

Dissolved air flotation (DAF) is an effective separatiorogess of solid/liquid mixtures for
low density particles including algae, color, and clay flocs predurom low turbidity
water [46,49-58]. However, the removal efficiency of DAF isyvéimited for the removal
of the secondary algal metabolites dissolved in water. DAEepe®s consist of four unit
process of coagulation and flocculation, bubble generation, bubble-fiiision and
attachment in a mixing zone, and rising of bubble-floc agglomeraiea flotation tank.
When bubble-PAC particles collision results in successfudclamhent, and bubble-particle

agglomerate is positively buoyant, the agglomerate can rigbetdop of the liquid column
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and collect in a foam layer which can subsequently be skimmed Bz#ffed on the
assumption the PAC can be successfully floated by DAF, a cotaninprocess of DAF
and PAC adsorption seems to be widely applied in water and wedstetreatment. Many
works have been conducted on individual process of adsorption Afdf@ the removal
of MIB and geosmin, and algae, respectively. However, littls baen reported on the

combination of the two processes of adsorption and DAF.
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1.3 Goal and Outline of This Dissertation

The final target of this study is to develop a promising oubtfior producing hierachical
mesoporous activated carbon from raw biomass materials ot §lescanthus and algae

(Figure 1.10) by peroxide-assisted microwave activation for environmergadtection
technologies Kigure 1.11).

Gas and uid-phase
adsorbents

Carbon electrodes

Dissolved air flotation

Figure 1.10 Objectives and outline of doctorial thesis
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Surface modification techniques of activated carbon

Physical Chemical Biological
modification modification modification
Impregnation of Acidic
Steam acidic and basic
Cr:) 2 chemicals
AIE- (H;:PO,, H,SO,

- KOH, NaQH,
otherinert gases KQCO_;,.‘HQOg.EtC.)

Conventional heating & microwave heating

Hierachical mesoporous carbons

Figure 1.11 Peroxide-assisted microactivation for porous biocarbons
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The outline of this thesis is given as follows.

Chapter 1: Introduction

The different physiochemical properties of the biocarbons prépfmem giant Miscanthus
and algae are discussed in this chapter. In addition, information abifererdi processes of
physical, chemical, and microwave activations for preparationactvated carbons are
explained along with the advantages of using activated carbonsvarious modern

applications due to textual and surface characteristicheofattivated carbons.

Chapter 2: Theories and modeling
Different adsorption isotherm and kinetics models, thermodynamipepies are introduced
in this chapter. In addition, collision efficiency for anahgitrajectories in DAF processes

are introduced.

Chapter 3: Experimental
The preparation and characterization of hierachical porousorsarby different activation
processes using conventional heating and microwave heating andotthral ocharacteristics

of activated carbons are discussed in this chapter for vadifiesent applications.

Chapter 4: Results and discussion

The physiochemical properties are evaluated based on dbkeltsr of various analysis
including TG/DTA, SEM, TEM, particle size distribution, FT-IR,EB and zeta potential.
The adsorption and electrochemical properties are discussed a@il. dat addition, the

experimental and theoretical analysis for flotation efficjené porous activated carbon were
systematically studied for simultaneous removal of dissolvednirg and algae particles in

water by dissolved air flotation processes.
Chapter 5: Overall conclusion and recommendation

The overall conclusion and recommendations are summarizeletail.
- 22 -
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Chapter 2

Theories and Modeling

Before studies on the hybrid system of adsorption and dissolved air flotation (DAF),

adsorption characteristics (i.e.,, equilibrium and kinetics) and thermodynamic properties

of dissolved organics on PAC particle, as well as hydrodynamics and surface forces of

bubble-particle interaction were theoretically analyzed.

Adsorption

|

Adsorption Equilibrium and Kinetics

Adsorption Kinetics

- Pseudo- 1% order madel

- Intraparticle diffusion model

- Pseudo-2" order mode! =i
- External diffusion model % i

Adsorption Equilibrium

= Langmuir
- Freundlich

- Toth etc.

_ DR (Dubinin-Radushkevich) BE.a o9
¥
ALY}

Thermodynamic Parameters

‘— Hybrid Adsorption-DAF Processes

Navier-Stokes Equation

Stream Function MEs
DLVO Theory (Hamaker Constan

Extended DLVO (Hydrophobic Cunst_at)
Trajectory Analysis

Collision Efficiency

Attachment Efficiency

DAF

Hydrodynamics and surface forces of

bubble-particle interaction

I

Figure 2.1 Model formulation of adsorption and DAF
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2.1 Adsorption Kinetics

The kinetic models of pseudo-first-order and pseudo-second-order were applied to examine
the rate controlling step of biocarbons in the adsorption process. In addition, the external
mass transfer diffusion model and intraparticle mass transfer diffusion model were used to
determine the diffusion mechanism of the adsorption system.

2.1.1 Pseudo-first order equation

The pseudo-first order eguation is generally written as [60]:
— =k, (q, —q,) (Eq. 2.1)

where ¢, (mg g %) is the amount of sorbate at equilibrium, ¢, (mg g~ %) is the amount of
sorbate at time ¢ (min), and %, (min Y is the rate constant of the pseudo-first order

equation.
2.1.2 Pseudo-second order equation

The pseudo-second order equation is as follow relationship [61]:
—= = ky(q. —q,)? (Eq. 2.2)

where &, (g mg 'min~1) is the rate constant of the pseudo-second order equation .
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2.2. Diffusion models

The adsorption of adsorbate on the adsorbent is carried out by diffusion or mass transfer

process based on the three steps as follows:

Step 1. Externa diffusion

Mass transfer from the boundary liquid film to the surface of the solid.
Step 2. Internal diffusion

Mass transfer from the surface to the intra-particle active sites.
Step 3. Adsorption

Uptake of adsorbate by complexation, sorption or intra-particle precipitation
Weber and Morris addressed the intraparticle diffusion model which has been used in
several studies. The initial rate of intraparticular diffusion is determined by linear plot of
the curve expressed by:

q= Kt (Eq. 2.3)

where ¢ (mg g %) is the amount of adsorbate onto the adsorbent at any time (s) and A,

(mg g * s %) is the diffusion coefficient in the solid .

Urano and Tachikawa reported the intraparticle diffuson model obtained from the
assumption that the adsorption rate is independent of the stirring speed and external
diffusion is negligible relative to the low overall adsorption rate. The final model equation

is as follows:

g \? 4’ Dit
o 1_(_) - == (Eq. 2.4)
p

where D, (m* s %) is the diffusion coefficient in the solid.
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2.3. Equilibrium isotherm models

An adsorption isotherm is the relationship between the adsorption capacity of adsorbent and
the adsorbate concentration remaining in the solution. The adsorption isotherms are the
most important information to understand the mechanism on the sorption process. There are
many isotherm equations for analyzing experimental adsorption equilibrium data. The
information of the adsorption mechanism and the surface properties and affinity of the
sorbent are generaly obtained from the isotherm parameters and underlying thermodynamic
assumptions of these equilibrium models. In this work, three important models (i.e.
Langmuir, Freundlich, Temkin and Dubinin-Radushkevich) were selected for evaluation

purposes .
2.3.1. The Langmuir isotherm
The Langmuir model is described by the following equation [63]:

— qmaXbC;
= 1+bC,

(Eq. 2.5)

where €, is the equilibrium concentrations in the liquid phase (mg L%, ¢ is the
equilibrium concentrations in the solid phase (mg g%, ¢,, is the maximum uptake
constant (mg g %) and b is aso a Langmuir sorption constant related to the sorption
process energy and the affinity of the binding sites (L mg ). The adsorption capacities
and Langmuir constants can be estimated by the linear plot of Langmuir isotherm. This

isotherm is given by the following expression:

1 1 1

where ¢, axd b ae caculated from the intercept and slope of the linear plot of

Langmuir isotherm.
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2.3.2. Freundlich isotherm

The Freundlich isotherm is an empirical model employed to describe heterogeneous systems.

The Freundlich equation [64] is as follows:
g = KpC" (Eq. 27)

where C. is the equilibrium concentration (mg L™ %), ¢, is the adsorbed amount (mg g b,
K, and n are constants incorporating all parameters affecting the adsorption process, such
as adsorption capacity and intensity, respectively. The linearized form of Freundlich

adsorption isotherm is used to evaluate the sorption data and is represented as:
1
Ing, = In&p+—inC, (Eq. 2.8)

where K and n are calculated from the intercept and slope of the Freundlich plot of (Eg.
2.8).

2.3.3. The Temkin isotherm

The Temkin isotherm model considers the influence of adsorbate-adsorbate interaction on
the adsorption process based on the assumption that the heat of adsorption of all molecules
on the surface decreases linearly with increase of surface coverage. The Temkin equation
describes the behaviors of many adsorption systems on heterogeneous surfaces in the

coverage region 0.2 < # < 0.8. This isotherm is:

T
q. = %lnk}—k R—lnC

) : (Eq. 2.9)

where b is a Temkin constant related to the heat of adsorption (Jmol ') and A& is the

Temkin isotherm constant (L g %). A, and n are calculated from the intercept and slope
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of the Temkin plot of (Eq. 2.9).

2.3.4. The Dubinin -Radushkevich isotherm

The Dubinin-Radushkevich (D-R) isotherm is commonly used to describe the adsorption

mechanism with Gaussian energy distribution onto heterogeneous surfaces. The model is

given by the following equation:

G = gne "
Pt
V2EKp,
¢ = R7n|1+ -
e

(Eq. 2.10)

(Eq. 2.11)

(Eq. 2.12)

where £ is the mean free energy (kJ mol ) of sorption per molecule of adsorbate, 4,

is an isotherm constant (mol® J ?), g is the theoretical saturation capacity (mg g %), € is

the Polanyi potential (mg L™ %), R (J mol ' K™% is the gas constant and T (K) is the

absolute temperature. The parameter £ gives information about the sorption mechanism of

chemisorption and physisorption. When the values of E is between 8 and 16 kJ mol !, the

sorption process occures via chemisorption [67], while for values of E < 8 kJ mol *, the

sorption process is mainly of physical adsorption [68].
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2.4. Physisorption and Chemisorption

It is meaningful

to distinguish between physisorption involving only relatively weak

intermolecular forces and chemisorption invilving essentially the formation of a chemica

bond between the adsorbate molecules on the adsorbent surfaces. Although the distinction is

conceptualy useful there are many intermediate cases. The general features are listed in

Table 2.1.

Table 2.1 Comparison of physisorption and chemisorption

Physisorption

Chemisorption

Adsorbent

Adsorbates

Temperature range

Heat of adsorption

All solid

All gases below the critica point,

intact molecules

Low temperatures

Low, ~heat of condensation

Some solids

Some chemically reacitve  gases,
dissociation into atoms, ions, radicals

Generaly high temperature

High, ~heat of reaction
(4 Hads = -200 kJ mol-1)

(typical 4Hads = -20 kJ mol-1) exothermic
Rate Very fast Strongly temp dependent
_— No barrier activation .
Activation energy Barrier, low Generaly high
Surface coverage Multilayer Monolayer
Reversibility High reversible Often irreversible
- 29
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2.5. Thermodynamic parameters

To understand the adsorption characteristics of biocarbons, thermodynamic parameters of
free energy change, enthalpy change, and entropy change of adsorption can be calculated as
follows [70-71]:

(Eq. 2.13)

where Ky is the adsorption distribution constant. The values of 4/G° (J mol™ %), ZH° (J
mol Y and /S (J mol~* K™% are evaluated from the following equations:

AG'= —RTh K, (Eq. 2.14)

AG = AH'— TAS® (Eg. 2.15)

AHY 1 AS°
K= — S5+ }f (Eq. 2.16)

where T (K) is the absolute temperature and R (J mol™* K™% is the universid gas
constant. The values of /H° and /S can be calculated from the slope and intercept of
the In Kq vs. /T plot of (Eg. 2.16).
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2.6. Model formulation of hydrodynamics for DAF

2.6.1. Hydrodynamics

For model formulation of DAF process, the bubble-particle interaction is generaly divided
into three processes of collision, adhesion and detachment. The hydrodynamics of
bubble-particel collison has been extensively investigated. However, the adhesion and
detachement are less studied because those processes are highly dependent on the chemistry

of the system. The probability of bubble-particle aggregates can be given by
P=P./P,(1—P,) (Eq. 2.17)

where P, is the probability of bubble-particle collision, P, is the probability of adhesion,
and P, is the probability of detachment. For the low inertia, P, of fine particle can be

negligibly small. Thus, the Eq. 2.17 becomes:
P=P.P, (Eq. 2.18)

where P, is determined by the hydrodynamics of the system. The probability of
bubble-particle collision is highly affected by the particle size, bubble size and turbulance
of the system. The probability of adhesion (2,) is influenced by the hydrodynamics and
also the surface chemistry involved. Recently the probability of bubble-particle collision and
attachment was derived by Yoon based on solving the Navier-Stokes [76]. In addition,
Yoon and Luttrell derived a stream function for the intermediate Reynolds number range
[77]. They obtained an expression for the probability of collision and attachment using

Navier-Stokes and stream function (Figure 2.2).
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2.6.2. Surface forces

Both the particles and bubbles are negatively charged in may flotation systems [76-87]. The
classica DLVO theory considers only the electrostatic and dispersion forces to describe the
interaction. Recently, Yoon et al. [76] reported the extended DLVO theory which includes

the contributions from the hydrophobic interactions between bubble and particle (Figure

2.3).

Electrostatic

11922l

Interaction

2
Ve = megeRa(1hy” + %) {‘Pl;pj- Y2

1+ ekt
1= ekt

) +In[1 - e'z""’]]
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Kizp = K31 - K232

Figure 2.3. Extended DLVO theory including hydrophobic interaction
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2.6.3. Collision efficiency for analyzing trajectories

Trajectory analysis is performed to evaluate the collision efficiency of bubble and particle.
The collision efficiency of a bubble particle interaction has usually been expressed as

follow:

E. = X Eqg. 2.19
¢ (r, 1) (Eg. 2.19)

where, r, and r, are the radii of the bubble and the particle, and X = X. is the
horizontal displacement of the critical trajectory from the vertical axis of the bubble at an
infinite distance upstream (Figure 2.4). Many researchers have studied the determination of
Xc so far. A mathematicadl model to perform a trgectory anaysis was formulated by
Leppinen to calculate collision efficiencies between the rising bubble and falling particle
[77-78].
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Figure 2.4 Schematic of the coordinate system and trajectory of two spheres
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The model was formulated by incorporating the hydrodynamics of two particle interactions
with interparticle forces. Also, the bubble and particle concentrations are sufficiently small
so that higher order interactions are negligible. The governing model equations are as
follows [78]:

Vip(r) = [%L(S,A,vﬂ(# %)M(S,A,v)} o
T s

a;tay [rr rr
67rpa1(122 [FG(S’)‘H_([* T—Z)H(S,/\)} -ve (Eq. 2.20)

where, @ is the potential of the inter-particle force. Ho et a. [80] used the van der Waals

potential (@ vpw) for the interaction between two spheres.

AN
31+ A1) (s—2)1+1.7692p)

p < 1, @VD[,V = - (Eq 221)

A\ 2.45 217 | 0.59
3(1+ M) (s—2)\ 5 15p* 35p°

p=LPypy= —

The electrostatic potential (@ gec) for the interaction attributed to thin overlapping double

layers was used as the model:

£a10y

B 1+e kh
Pprpc= 1(a, +ay) [2C1C21H

1— e*kh

)+ (@+&)n(1—e ) (Eq. 2.22)

The relative motion trgjectory is determined by the decomposing Eq. (2.22) into radial and

tangential components as shown in Figure 2.4.

ds Dy,
Vi=y = _COSQL(&A)V]Q_7KTG(57)\)V¢IQ (Eq. 2.23)
do .
Vp=sm = M(s,)\)sinf V3, (Eq. 2.24)

From Eg. 223 and Eq. 224, the governing equation of the streamline method for

analyzing the trajectory can be given as follows:

- 36 -

) Collection @ chosun



— cosOL(s,\) V, —&G( NV
dr_ Ve CoSTRR M e e e Y e (Eq. 2.25)
a -~ °v, M(s,\)sinf Vi, q. 2

The model parameters of Egs. (2.21)~(2.25) are described in detail [78]. Numerical solution

of Eqg. (2.25) was solved as a function of time using Matlab software.
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Chapter 3

Experimental

3.1 Preparation of porous carbon

3.1.1 Chemicals

Giant Miscanthus used in this experiment was provided by the Korea Rural Develipme
Administration, and Chlorella €llipsoidea used concentrated culture medium. Giant
Miscanthus was thoroughly washed and dried. After washing, centrifugation, aindtidn

of Chlorella ellipsoidea, the remainders were freeze-drying for 12 h. Methylene blue, a
monovalent cationic dye was selected as the model adsorbakesinvdrk. Methylene blue
was bought from Sigma-Aldrich. The chemical properties of nhetiey blue is listed in
Table 3.1. All solutions were prepared using distilled water. All ottkremicals were of

analytical grade and used as received.

Table 3.1 Chemical properties of Methylene Blue (MB)

Property MB
Chemical formular C16H18N3SClI

Molecular weight (g-md) 284.29
Molar volume (cm-ma) 241.9
Width (A) 14.3

Depth (A) 6.1

Thickness (A) ~4

UV anlaysis (hm) 661

N\
Chemical structure ~y s e
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3.1.2 Conventional Heating

The biomass materials were air-dried and subsequently oveh-dtiel10°C for 24 h to
remove the moisture content. They were transferred to furr@ceré-carbonized at 10T
for 1 h and further carbonized at 700, 800 and @0or 1 h at the heating rate of &
min® under N atmosphere. The experimental apparatus for conventional heatirtgpvs s

in Figure 3.1.
3.1.3 Microwave-assisted Heating

Porous carbons prepared from giant Miscanthus and Chlorella ellipsoigiea used as the
starting material for activation. A 2.0 ~ 3.0 g of the preparedysorcarbon was added to
30 ~ 45 mL of hydrogen peroxide solution for 12 h. Then reactents gamied to room
temperature and then dried at 110 for 4 h. A 1.5 ~ 2.5 g of dried sample was placed
in quartz tube inside the microwave reactor. The microwavstadsiheating was carried
out with 5 ~ 10 min microwave irradiation under power 700 W andflblv (200 mL
min®). Then cooled down and the obtained sample was named as MS-X-¥n@XY
denote immersion and irradiation times), and CH-XX-YY (XX and ¥enote carbonization
temperature and immersion times). Experimental apparatus forowsive activation was

shown inFigure 3.2.
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3.2 Characterization of porous carbon

Dried giant Miscanthus and Chlorella ellipsoidea biomass samples were preheated according
to the methodology followed by to further reduce the moisture wbntdfter such
conditioning of biomass samples, TGA was carried out using a T#uinents TGA2050,
which is able to supply a continuous measurement of sample mass fanction of time

or temperature. Samples were placed in a pottery crucible atddhat three heating rates
(5 C min?) from ambient to 800C. This heating was carried out undep Btomosphere

to carry out the combustion process.

Waler Hestimg dement

Saringe

Y

Ve

)
-l!

Teurmie canirofir

[]

Nam Vess Bw meter

Foestric Furmce

Figure 3.1 Experimental apparatus for conventional carbonization
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Figure 3.2 Experimental apparatus for microwave activation
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Then, derivative thermogravimetric curves (burning profileserew obtained for the
combustion of giantMiscanthus and Chlorella ellipsoidea biomass. A scanning electron
microscope (SEM) was used to observe the surface structurepamed development of
carbon samples. The prepared carbon samples were examindtarmsmission electron
microscope (TEM) (Topcon 002B, Topcon Corp. Japan) operating at 200 kkay X
diffraction measurements using a Bruker D8 Advance diffracemetthrough
nonmonochromatic Cu K  X-ray at 40 kv and 40 mA were conduclie surface
functional groups of the samples was analyzed by FT-IR sperding a PHI5700 ESCA
FTIR system sung KBr disks prepared by mixing 0.5% of finglyugd carbon sample in
KBr. Pellet made of pure KBr was used as a referenceplsanof background
measurements. The spectra were recorded form 4000 to 400atm resolution of 4 cm
N, adsorption-desorption isotherms were obtained using marae scientific instruments
(nanoPOROSITY, Gwangju, Korea). Prior to measurements, the ncadamples were
degassed under vacuum for 3 h. The specific surface area wasmidetd by the
Brunauer-Emmet-Teller (BET) method at relative pressi#é?) of 0.05 to 0.25, and the
specific surface area of micropores was calculated usjigts. The average pore size of
the sample was evaluated using Barrett-Joyner-Halenda (Ri#dprption method. The
micropore volume was calculated by the t-plot and BJH methdts. pH titration was
conducted in 100 mL suspension solution containing 1.0 g/L of porous carhbimogeN
gas was introduced to remove any dissolved, @®&ore HC| was added to lower solution
pH to 3. The concentration of HCI solution was titrated with 0.1M MNa@pto pH 10.
The determination of pik was conducted by adjusting the pH of 503ct02 M KClI
solution to a value between 1 and 14. After adding carbon samplés4of), the final
solution pH was determined after 24 h under agitation. Thg.@sl determined from the

point where plita — pHina = 0.
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3.3. Adsorption equilibrium kinetics measurements

For the adsorption kinetics experiments, methylene blue adsorptias conducted in
adsorber of 500 mL at 28°. The initial concentration of methylene blue was set as 10
mg L. A small quantity was taken out from the adsorber for diffeontacting times (5

~ 180 min). The whole mixture of methylene blue and powetivaded carbons was
separated by filtration. Methylene blue concentration wasasored using a UV
spectrophotometer at 660 nm. In the adsorption isotherm experimentl g of the
carbon samples was add to 250 mL and 5 ~ 20 rifgdie solution and then was
contacted for 24 h at 150 rpm in a rotary mechanical shakepratant temperature (20,
50, 60 C) to reach equilibrium. The amount of methylene bluegofimg g') at timet

was calculated by the following equation :

qf,:MV (Eq. 3.1)

w

where g, (mg g% is amount of solute adsorbed from the solution per g of sorbetimat
t (min). Co (mg L% is the initial concentrationC; (mg L") is the concentration of
methylene blue solution at time Y (mL) is the volume of the aqueous solution, amd

(g) is the weight of the adsorbent.

3.4. Electrochemical measurement
3.4.1. Preparation of electrode

The carbon electrode was prepared by the phase inversidrodnasing activated carbon as
the active material and polyvinylidene fluoride as the binder. pheparation process is

illustrated in Figure 3.3. A binder solution was prepared by dissolving 1 g of
polyvinylidene fluoride in 25 mL dimethyl acetamide solution hwitirring at 80°C for 4

h. To prepare a carbon electrode, 9 g carbon materials was pouced®5 mL binder
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solution to prepare a uniform electrode slurry by paste miR&M-300, Dae Wha Tech).
The prepared electrode slurry was cast on graphite sheet dscigr blade to be about
160 to 170 # m in thick, and then dried at &0 for 2 h.

PVdF . Biocarbons Doctor Blade
+ +
DMAc Mixed Solution
Graphite Sheet Graphite Sheet

Mixed Solution Mixed Slurry Doctor Blade Casting Dry (60 °C, 2hr)

Figure 3.3 Preperation of biocarbon electrodes

The electrochemical performance of the carbon electrode rpepiom biocarbons was
evaluated by cyclic voltammetry (CV) using an electrotical workstation (CHI660E,
USA) with a three-electrode system. The working electrodanteo electrode, and reference
electrode were a platinum wire attached to the biocarbootradie with a conductive
carbon paste (2= 3 mg), a platihum wire, and an saturated Calelestrode (SCE),
respectively. Cyclic voltammograms were obtained in a potemtiadow of -1.0 to 1.0 V
with different scan rates (16 200 mVY)sfor assessing the voltammetric capacitance of
the carbon electrode and electrolyte solution of 1 M potassiuroriddl The specific

capacitance was determined from the CV curves from thewfoly relationship:

oo MaTl) A (Eq. 3.2)

where C represents the specific capacitance (B, g, is anodic current (A) and. is
cathodic current (A)y is scan rate (VY, andm is the mass of the carbon electrode (g).
To determine the specific capacitance from the cyclictavminetry experiments, the
measured electrical current is divided by the scan Mtear{d the sample weight of carbon

electrodes according to the (Eq. 3.2).
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3.5. Dissolved air flotation

3.5.1 Coagulation and Flocculation

Before sedimentation and DAF operation, coagulation of powdered bdsar was
examined on a Jar-Test apparatus using polyaluminium chlorid&lGit-6H,0 (Junsei Co.,
Japan) as a coagulant having a gram molecular weight of 241.45coBlgelant was added
to the dye solution and was rapidly mixed (140 rpm) for 1 minofiedd by slow mixing
(20 rpm) for 7 min and then allowed to settle for 1 h. The sumsrhaifter the treatment
was used to determine the concentration of residual PAC. getential (Photal Otsuka
ELS-8000, Japan) was evaluated to investigate the chaséicieriof surface charge to
obtain further insight in the mechanism of removal. The experitneapgparatus for
dissolved air flotation is shown ifrigure 3.4. The experimental conditions for DAF and
CGS are listed inTable 3.2. The flotation column was made of plexiglass having 10 cm
in diameter and the height in 30 cm. Powdered biocarbon particdes suspended initially
in the column, then bubbles were supplied in the column from the bottoen oficthe
column. The dissolved air solution was introduced into the flotatiolunmy and the
particles in the column were removed by the rising bubblesndéepe on the collision and
attachment efficiency. The mean diameter of the bubbles fedthetacolumn was 25« m.
After all the bubbles in the cell reached the top of the column, dhietion was
withdrawn to evaluate the flotation efficiency. The conediins of particles were
determined using the turbidity meter (HACH 2100P).
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Table 3.2 Experimental conditions for CGS and DAF

Step Iltems Values
Rapid mixing Paddle speed (rpm) 150

Time (min) 1

Paddle speed (rpm) 50
Slow mixing

Time (min) 20
CGS Sedimentation (min) 30

Recycle ratio (%) 20
DAF

Saturator pressure (kg @n 5
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Figure 3.4 Experimental apparatus for dissolved air flotation
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Chapter 4

Results and Discussion

4.1 Characterization of porous carbon

Hierarchical porous carbons from giaktiscanthus and Chlorella €ellipsoidea were prepared

by carbonization and peroxide-assisted microwave activation. Theasmimetric curves of
the raw giant Miscanthus and algae show the suitability of these materials for the
preparation of biocarbons. Many factors, including the applied textyper nature of the
precursor, and content of inorganic matter, determine the finakigathyand chemical
properties. Figure 4.1. shows the TGA curves for giarMiscanthus and algae under a
nitrogen atmosphere. The weight loss began atC40and gradually increases up to 350
C. This is followed by a sudden and sharp increase in weightbesgeen 250 and 350
C. Contrary to giantMiscanthus, the weight loss of algae was progressed smoothly. The
final yields of giantMiscanthus and algae at 708C under nitrogen were 10 % and 7 %,

respectively
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Figure 4.1 TGA result of a) Giant Miscanthus b) Chlorella ellipsoidea
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Figure 4.2 shows the FE-SEM images and EDX of the prepared carbongjiaoft
Miscanthus depending on the temperatures. Interestingly, it can be obsdraedilt samples
have honeycomb-like structure for raw, carbonization and activasemples. Also, the
carbon contents increased from 65.49 % to 87.33T&hl¢ 4.1).

: y y 2 AR I
] 0s 1 5] 2 28 3 'l 'H] 1 15 2 25 3 35 4 'l 03 1 15 2 5 3 3% 4
Fui Scaie 401 cts Cursor, 000 ke Ful Scae 773 ety Curser G000 Ful Scae 773 cts Carsor 0600 1]

Figure 4.2 SEM images and EDX of Giant Miscanthus a) Raw, b) Carbonization,
c) Activation

Table 4.1 Elemental analysis for samples of raw, carbonization and activation

Carbon (%) Hydrogen (%) Potassium (%)
Raw 65.49 17.65 16.86
Carbonization 75.84 20.45 1.85
Activation 87.33 12.19 0.47
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The carbonized samples were activated using hydrogen perdRitte. to activation, the
carbonized sample was obtained direct heat treatment afC7Qthder nitrogen atmosphere.
The impregnation of kD, on the biocarbons was carried out as follows. 2 g of biocarbon
was put into 30 mL of KD, solution. The mixtures were stirred using a magnetic stirrer
at 200 rpm for different time periods (6 h, 12 h, or 24 h)OHmpregnated biocarbons
were vacuum filtered, and the solids were treatmented in ntf@owave reactor under
microwave power (700 W). The microwave treatment was ezhrout for 2.5, 5, 7, 10 and

15 min. After the activation, the reactor was cooled to ambientperature prior to the
removal of the activated carbon. As shownFigure 4.3, an example of scanning electron
micrographs at different locations and magnifications for poroubonaf(MS-0-0) prepared
from giant Miscanthus without microwave activation and .8-impregnated MS-12-7.5.
Also, Figure 4.4 shows an typical example of scanning electron micrographs for porous
carbon (CH-700) from algae biomass prepared by peroxide-assis@dwane activation
(CH-700-H12). HO.impregnated carbon results in opening up of the micron-sized spots
generated during microwave irradiation. In addition, the formationnafoparticles and
nonotube-like structures is observed in some regions on the suofacarbons. These
results may come from the fact that the microwave @@ finpregnated carbons cause the
microexplosions in the vicinity of the carbon surface. Thus, the dtiom of more internal

pores of smaller diameter acts as possible adsorption sites.

Figure 4.3 SEM images of a) MS-0-0, b) MS-12-7.5
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Figure 4.4 SEM image and EDX of a) CH-700, b) CH-700-H12

Table 4.2 Elemental analysis for samples of CH-700 and CH-700-H12

Carbon (%) Potassium (%) Oxygen (%)
CH-700 96.43 3.57 -
CH-700-H12 77.67 3.21 17.71
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The particle size distribution of the powdered activated carBomery important especially
when it is applied to adsorption equilibrium and kinetics as waslldissolved air flotation
for water and wastewater treatmerfigure 4.5 shows the particle size distribution of
porous carbon (MS-0-0) without microwave activation andOHmpregnated MS-12-7.5.
Also, the average particle size of porous carbon (CH-700) frajaeabiomass prepared by
peroxide-assisted microwave activation (CH-700-H12) was exa@mifibe average particle

size of CH-700 was 998 nnfFigure 4.6).
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Figure 4.5 Particle size distribution of a) MS-0-0, b) MS-12-7.5
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Figure 4.6 Particle size distribution of CH-700

Figure 4.7 shows the XRD patterns of the CH-700 and CH-700-12 samplesriyl all
samples have two strong and weak diffraction peaks appearing aroundan2b°45°
corresponding to (002) and (100) planes of amorphous carbon. It corfignghey have a
disordered structure. The weak (002) peak indicates low gragilutiz degree and
disordered arrangement of carbon layers. The (100) peak weslidhtt the presence of

honeycomb structure formed by sp2 hybridized carbons.
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Figure 4.7 XRD patterns of a) CH-700 and b) CH-700-H12
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Figures 4.8 show the FT-IR spectra of untreated (MS-0-0, CH-700) and trecéeldons
(MS-12-7.5, CH-700-H12) indicating strong absorption peaks in the region5@d~32000

cm™. In general, these peaks could be attributed to the antisyimnséengthing vivration
of -OH (at 3435cm?), -CH; and -CH (at 2924 cnf), C-O (1068 cil) and C=0O (at
1646 cnt), respectively. These peaks indicated that tescanthus contains a lot of
cellulose and hemicelluloses. In addition, it can be confirnfext the addition of bD,

increase the content of oxygen functionalities such as carboxatate hydroxyl groups in
the carbon. However, microwave treatment of peroxide impregnadubrc results in the
reduction in surface of concentration of these groups, although ghygiificance is present
in the FT-IR spectra. This can be attributed to the oxidatiorthef carbon surface in the

presence of WD, during the microwave treatment.
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Figure 4.8 FT-IR spectra of untreated and treated carbons (MS-12-7.5,
CH-700-H12)
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Potentiometric titration was conducted to

agueous biocarbons.

investigate the rorigf surface charge on

Results showed that all biocarbons of CH-900 ar@00cHH 2

contained titratable functional groups, indicating that deprotonatibnsurface functional

groups may be responsible for the charge acquisition. It is knowtnbtbearbons contain

acidic functional groups of oxygen-containing functionalities of carboagd hydroxyl

groups that may dissociate at higher pH and result in negaiivelsged surfaces.

14.0
13.0
12.0
110
10.0
9.0
8.0
7.0
6.0
5.0
4.0
3.0
2.0

) Collection @ chosun

i EElank
| eCH-900
®CH-900-H12
] |
m ge

] =280
) L

] ®
| *
1 L
i o ®

@

1 9
T ssnBEl L ¢
00 02 04 06 083 10 12 14 16 18 2.0

Volume of 0.1M NaOH (mL)

Figure 4.9 Potentiometric titration of biocarbons
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Figure 4.10 shows the nitrogen adsorption-desorption isotherms for the two difféf&-0-0
and MS-12-7.5. Such isotherms offer plentiful information for understanttieg textural
nature of the adsorbate-adsorbent system. The nitrogen adsalggamtion isotherms
provide qualitative information on the adsorption mechanism and posbusture of
carbonaceous materials. The nitrogen adsorption isotherm anafyd$#S-0-0 and modified
sample of MS-12-7.5 Fjgure 4.10). According to the International Union of Pure and
Applied Chemistry (IU-PAC) classification, two samples destmted that the isotherm
resembles type I and type H4 hysteresis isotherms. They shdwedsame type of
hysteresis. This adsorption behavior suggests a combination i@bporous-mesoporous
structure. This characteristic indicates that absorbents prasem¢soporous structurdable
4.3 summarizes a comparison of porous structure of activateoborearwith and without
peroxide treatment. MS-12-7.5 prepared in this study demonstrateell-aeveloped porous
structure with a higher BET surface area of 493 gn, total pore volume (¥;) of 0.12
cn® g, and mean pore size of 3.2 nm. Contrary to expectation, the ®iEfice area of
CH-700-H12 was lower than the carbon samples of MS-12-7.5. diticad wider pore size
distribution can be observedrigure 4.11). The surface area, pore volume and pore size are
listed in Table 4.4.
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Figure 4.10 Adsorption-desorption isotherms of a) MS-0-0 and b) MS-12-7.5
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Figure 4.11 Pore size distribution of MS-0-0 and MS-12-7.5

Table 4.3 Textural characteristics of untreated carbon and activated carbon

Surface area Pore volume Pore size
Sample (m* g (e’ g*) (nm)
VBH Vhk Deun Drk
MS-0-0 0.06 0.16 3.2 0.88
MS-12-7.5 0.12 0.21 3.2 0.54
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Table 4.4 Textural characteristics

of CH-700-H12

Surface are Pore volum Pore siz
Sample (m* g% (em® g (nm)
BET VBiH Vi Dgin Dk
CH-700-H12 47.93 0.10 0.02 3.99 1.30
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4.2. Adsorption and electrochemical properties

Figure 4.13 shows the adsorption capacity of porous carbon from dvlistanthus biomass
depending on D, impregnation time (6, 12, 24, 48 h) and microwave radiation time (2.5,
5, 7.5, 10, 12.5, 15 min). The highest adsorption capacity of methylene bluebecan
observed for MS-12-7.5. On the other hailgure 4.14 shows the adsorption capacity of
methylene blue on porous carbon (CH-700) prepared from algae kioroaghons
(CH-700-D0O6, CH-700-H06, CH-700-H12, CH-700-H12) employing peroxide-adsiste
microwave activation. The maximum capacity of methylene hlne CH-700-H12 was 30

mg g

To understand the rate controlling step in the adsorption of MBhierarchical porous
carbons, the kinetic experimental data were obtained for tH®rcasamples prepared under
different peroxide-assisted microwave activation. The ligedriplot of the first and second

order kinetic equations are given as follows

First-order-kinetic model:

kit
log(q, —,) =logg, ~ 5502 (Eq. 4.1)
Second-order-kinetic model:
L_ 1t (Eq. 4.2)

bk

The model parameters of those models were determined frorsldpe and intercept of the
linear plot of Egs. (4.1) and (4.2). The determined values aed [i&dble 4.5, Figure 4.15
shows that the pseudo-second-order model fits the experimentaic kitegd of a) MS-0-0,
(b) MS-12-5, and (c) MS-12-7.5 in 10 mg'LMB solution. The solid lines ifFigure 4.16

are the predicted results based on pseudo-second-order kinetic omidgl the kinetic
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parameters Table 4.5) at different concentration of 10, 20, 50 mg MB solution. On the
other hand, Figure 4.17 shows the adsorption kinetics of methylene blue on untreated
carbon and treated carbons a) concentration change over timé)apseudo-second order
kinetic models. Here the solid lines are the predicted eesuding kinetic parameters listed
in Table 4.6. It was found that the pseudo-second order kinetic model cansstdbe fit

the kinetic data of carbons prepared from both gMidcanthus and algae biomass.
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Figure 4.13 Effect of (a) impregnation time and (b) microwave radiation time
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Figure 4.14 Adsorption capacity of methylene blue on algae biomass carbons
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Table 4.5 Adsorption kinetics parameters for giant Miscanthus carbons

Parameters
Adsorbents Concentration Pseudo-second-order model Pseudo-first-order model
(mg L-l) ky 9e R? Ky 9e R2
(@ mg* hY)  (mg g (" (mg g)

10 1.12 13.1 1.00 1.09 129 0.98

MS-0-0 20 0.94 12.8 1.00 0.99 12.5 0.83

50 1.22 12.9 1.00 0.67 12.8 0.95

10 0.31 20.4 1.00 1.00 19.8 1.00

MS-12-5 20 0.41 18.9 1.00 1.17 18.3 0.96

50 1.69 16.2 1.00 2.20 15.9 0.68

10 0.24 25.5 1.00 1.06 24.6 1.00

MS-12-7.5 20 0.28 25.6 1.00 1.46 24.6 0.97
50 0.53 23.3 1.00 1.19 22.8 0.96
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Figure 4.17 Adsorption kinetics of methylene blue on untreated carbon and
treated carbons a) concentration change over time, b)
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Table 4.6 Adsorption kinetics parameters for algae biomass carbons

Parameters
Adsorbent
ky(g mol'min’) q.(mmol g% h(mmol g'min™) R?

CH-700 0.0048 16.67 1.35 0.99
CH-700-D06 0.0055 17.46 1.68 0.99
CH-700-HO6 0.0066 18.33 2.23 0.99
CH-700-H12 0.0038 31.04 3.67 0.99
CH-700-H24 0.0053 25.55 3.47 0.99
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Adsorption equilibrium isotherm data is the most effective &alyzing the adsorption
process. Adsorption characteristics of methylene blue on biotashmples were evaluated
on the basis of adsorption equilibrium studies. The adsorption isoth&frmsethylene blue
were obtained for the carbon samples prepared under different dqeessdisted microwave
activation. Among the well-known isotherm models including thengbauir, Freundlich,
Sips, and Dubinin-Radushikevich equations, the Langmuir and Freudlichensotmodels
are generally employed for the adsorption on monolayer surfaceraggy and multiple
surface layer, respectively. The isotherm parameters of Langamd Freundlich equations
are evaluated using the linear regression methods using Eq. 4.3qgartl4E The linearized

equations of Langmuir and Freundlich isotherms are given as follows.

Langmuir equation:

11, 1 1

PRy (Ea 42)
Freundlich equation:

Ing, = Ink-+—InC, (Eq. 4.4)

Figure 4.18 shows the adsorption isotherms of MS-12-7.5 at different tenpes (25, 35,
45 ). On the other hand, the thermodynamic parametefs °( ard 7/ 8) for the

adsorption process of MB on MS-12-7.5 were determined from ther liplea of Ink;, vs.

iT from the Eqg. 2.12 Rigure 4.19). The determined thermodynamic parameters are listed

in Table 4.8. Compared to MS-12-7.5, the adsorption isotherm of methylene dblue
CH-700-H12 was highly dependant on temperatures of 30 toC6QFigure 4.20). The
solid lines inFigure 4.18 and Figure 4.19 are the predicted results, based on the Langmuir
and Freundlich isotherm parameterBafle 4.7 and Table 4.9). The Langmuir, Freundlich
and Dubinin-Radushikevich models fit the experimental data of -1M3.5 and

CH-700-H12. It has been known that the Langmuir isotherm describesmtrelayer
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surface coverage on the active sites of the adsorbents, wigleFreundlich isotherm is
used to describe the physical adsorption over multiple surtags.|The determined values

of Dubinin-Radushikevich isotherm af, (mg g ') are 26.8, 33.8, 36.1 for 25, 35, 45

and those ofK,, (moP J % are 2.90x10 %, 3.62x10" %, 6.16 <10 *, respectively.

The Gibbs free energy describes the degree of spontarkeitiieosorption precess/ °H
and 4 $ were estimated from the slope and intercept of a plot ofKJnagainst 1/T
(Figure 4.19 and Figure 4.21). When temperature was increased from 25 toASor giant
Miscanthus carbon and from 30 to 60C for algae biocarbon, the magnitude of free
energy change moved to a high negative value suggesting that tleptiads was
energetically favourable, rapid and spontaneous. The positive valuadsdrption heat
(11.42 and 29.93 kJ mdl confirmed the endothermic nature of adsorption process and the
positive value of standard entropy changes suggested randomneg&asencat the

adsorbent-solute interface during the adsorption process.
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Figure 4.18 Adsorption isotherms of MS-12-7.5 at different temperatures

G’Collection @ chosun

- 74 -



InK;

R =0.9292

::] T T
0.0031 0.0032 0.0032 0.0034

ur

Figure 4.19 A plot of Ink] vs. LT for the adsorption process of MB on MS-12-7.5
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Figure 4.20 Adsorption Isotherm of Methylene blue on CH-700-H12 depending on
temperatures
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Table 4.7 Adsorption isotherm parameters for Miscanthus Sacchariflorus Carbon

Parameters
Adsorbents TemperatureC() Langmuir Freundlich
q,, b k n
25 27.0 161.8 25.9 18.3
MS-12-7.5 35 33.6 95.4 32.7 15.7
45 36.3 34.1 34.3 155

Table 4.8 Thermodynamic parameters for the adsorption of MB onto MS-12-7.5

4G (kJ mot)
AH® (kJ motY) A4S (kI mol* K
25C 35C 45C
-5.44 -6.18 -6.57 11.42 0.0567
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Table 4.9 Adsorption isotherm parameters for CH-700-H12

Parameters
Adsorbents TemperatureC() Langmuir Freundlich
A, b k n
30 10.4 0.6 7.0 6.6
CH-700-H12 50 23.8 0.8 12.4 34
60 251 0.1 20.8 3.6

Table 4.10 Thermodynamic parameters for the adsorption of MB onto CH-700-H12

AG° (kJ mot)
AH® (kJ motY) A4S (kI mol* K1

30T 50C 60T

-0.47 -2.10 -3.59 29.93 0.10
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Electrochemical capacitor is a promising energy storageiceleproviding usually high
power density and longer cycle life with lower energy dendiyr example, the electrical
double layer capacitor is an important properties of electmiciaé storage device. It has
been known that the electrical energy is accumulated in atriedécdouble layer through
the separation and the pure electrostatic attraction of chargde interface between the
charged surface on an electrode and ionically conductive eldetrofy lot of materials
have been tried as electrochemical double-layer capacitarsthee application is still limited
due to the low energy density. Recently, many works on develauidg modifying carbon
materials by control of the pore size distribution and making reltive metallic particles
or electrical conducting polymers have been investigatedntanee the energy density of
capacitor. Many types of carbon materials as a form of powfileer, paper (fabric or
web), carbon nanotubes and the related nanocomposites have beieedreauch attention
as candidates for capacitor electrodes. In especial, tdivearbon is a key candidate for

the storage of energy because of its unique surface propestiedettrochemical purposes.

It has been known that the activated carbons with high surfage gaeerally has high
capacitance. However, a non-linear relationship between the eudaega and specific
capacitance has been observed. The carbon electrode pedernm largely affected by
other parameters including pore geometry, pore size, pore sizibudistr surface functional
groups, and size of the electrolyte ions. Widespread applicatiocartfon electrodes may
require abundant renewable materials with easy availakilily low cost. In a sense, it is
urgent to develop the high-performance carbon electrode matérah abundant renewable
natural resources. Many naturally occurring materials suchoasnat, bamboo, wood, pine
cone etc., have been tried as possible precursors for manimfgcagtivated carbon. Also,
our group has recently reported a novel carbon materials pdefieme corn grain, Ceiba
pentandra (L.) Baertn. (kapok)Pleuropterus multiflorus TURCZ. (Hasuo) and brewery

yeast.

Cyclic voltammetry is an electrochemical technique to mmeaghe current for the applied
voltage from an electrochemical cell. Cyclic voltammetsy performed by cycling the

potential of a working electrode, and measuring the resulting currdet. direction of the
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potential is reversed at the end of each san in cyclic moi&try. Current increases as the
potential reached the reduction potential of the analyte. Likewdgaent decreases as the

analyte is depleted in the redox reaction.

Cyclic voltammetric measurements were conducted over thentmdt range of- 1.0 to 1.0
V at different scan rates of 10, 20, 50, 100, 150, 200 iV Fégure 4.22 shows the
typical cyclic voltammetric curves of MS-12-7.5 electrode different scan rates of 10, 20,
50, 100 mV &. Similarly, cyclic voltammetric curves are shown Higure 4.23 for
CH-700-H12 electrode at different scan rates of 50, 100, 150 andm®0G'. Symmetric
AC electrodes were characterized by cyclic voltammédryobserve their profile differences
and to determine the voltage window for charge/discharge cydihgMS-12-7.5 and
CH700-H12. The determined capacitances are in the range of t89.89.3 F ¢ for
MS-12-7.5 and 3.10 to 4.00 F'gfor CH-700-H12 as listed in Table 4.7 and Table 4.8.
Figure 4.22 and Figure 4.23 show the cyclic voltammetric curves witQuasi rectangular

shape from— 1.0 to 1.0 V.

The cyclic voltammetry can be applied to kinetic equations tao darther information

about the electron transfer occurring at the working electrdtle. oxidation and reduction
peak potentials give details on the reversibility of the reactiThe ideal peak separation
for a reversible redox couple is independent of scan rate and cappiied to calculate

the number of electrons (n) transferred in the reaction.

57
AB, =B, ~E,=""mV (Eq. 4.5)

The Randles Sevcik Equation utilizes the current respof)eof an electrochemical redox
reaction at various scan rates to analyse an electrochemprogess. In  this work
particularly, the Randles Sevcik equation (Eg. 4.6) has been wsednt and scan rate
from cyclic voltammogram. The scan rate was changed from 1200 mV & and the
peak currents were recorded. A plot of the square root of the reta was generated as a

function of the peak current and a linear relationship was duta{figure 4.22 and 4.23).
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The Randles-Sevcik equation was applied to evaluate the diffusoefficient, D, of a

particular analyse at a activated carbon electrode, basefqo 4.6.

The Randles Sevcik equation is:

nfvD
RT

1/2
”FD) ]UW (Eq. 4.6)

RT

1/2
i,p =0.4463nFA C{)( ) = [0.446371FACE)

where i, is peak current (A);, is number of electronsd is electrode surface area ®m
G, is analyte concentration (mol &n v is scan rate (V Y, D is diffusion coefficient

(cn? sY), 7 is Faraday’'s constant (96485 C ol R is gas constant (8.314 J'K

mol®), and 7" is temperature (K). Plotting i, VS v'? as suggested yields the following

graph for the data recorded at 1 M NaCl electrolyte conceorirati

Figure 4.22 and 4.23 show thdot of the peak current as a function of the square root of
the scan rate for the data set at 1 M NaCl electrolytecestration. Both the anodic and
cathodic traces were used for this graph. The diffusion cweftico from the theoretical

value of the slope is as follows:

nFD\'/?
slope = [0.4463nFACU( RT) } (Eq. 4.8)
o slope zﬂ
(O.4463nFAC’O) nF (Ea. 4.9)
The determined values of a cathodic diffusion coefficient.&r <10 "em?s ' and anodic

2 1

diffusion coefficient of 6.68 <10 “em®s™ ' for MS-12-7.5 electrode in the experimental

conditions. Likewise, the determined diffusion coefficientsnifrcathodic and anodic data of

CH-700-H12 are4.20<10 “em?s™ ! and 6.82 <10 "em?s™ L.
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Table 4.11 Capacitance of MS-12-7 for different scan rate

Scan rate (mV Y
MS-12-7.5
10 20 50 100

Capacitance (F 65.3 52.8 40.6 29.2

Table 4.12 Capacitance of CH-700-H12 for different scan rate

Scan rate (mV 3§
CH-700-H12
50 100 150 200

Capacitance (F 3.90 4.00 3.50 3.10
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Figure 4.22 CV curves (top) of MS-12-7.5 electrode at different scan rates of 10,
20, 50, 100 mV s and the plot of the peak current as a function of
the square root of the scan rate (bottom)
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Figure 4.23 CV curves of CH-700-H12 electrode at different scan
100, 150 and 200 mV s’ and the plot of the peak current as a
function of the square root of the scan rate (bottom)
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The Four Major Rivers (i.e., Han, Geum, Nakdong and Yeongsanpri&st Project in

South Korea stimulate the algae bloom seriously. The sourceswatereservoirs generally
contain algal particles with low density because of eutropbitaof stagnant water basins
when nutrients (i.e., nitrogen and phosphorus) from external non-pointesoafcpollution

and internal sediments are released into the water. Algal blisoran issue that occurs
every year despite efforts to solve green algae problems. Algaim is caused by the
eutrophication Algae play a key role in the ecosystem as primeducers; however, they
can grow in large quantities in water bodies and cause environmemalems such as
increasing turbidity, odor generation, water quality deterioration, @egleneration of the
ecosystem of the water body and surrounding environment; the laserprabla result of

algae depleting the oxygen in the water body and generatingiesadi when they die [86].

Numerous techniques based on various physical, chemical, and kablgginciples have
been developed to prevent and remove green algae. Among thesguesh the bubble
flotation (BF) process (particularly, dissolved air flotationds been considered the best
technique to prevent and remove algae [82]. In DAF process, bubblepaaticles interact
to form aggregates (or float solids) by considering eitlemensible 2nd order reaction or

1st order reaction [86].
bubbles + particles — aggregates

When considering the number of particles 5gs the number of bubbles as, and the
kinetic constant or rate constant &s the kinetic rates of the 2nd order reaction and 1st

order reaction are as follows:

dn,, ,
T knyn, = kn, (Eq. 4.6)

The rate constant is given by
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3 Al 79 Upb

k. = k. = nb(apbnTAb Upbnb): ) d,

(Eq. 4.7)

The input parameters and variables for particle, bubble amtgrware described in detall
by Kim and Kwak [86].

The dimensionless particle transport or collison coefficientfadlows [87]:
Nr=np+tntns+ne (Eq. 4.8)

The contact efficiency or filtration efficiencyX( is derived from the kinetic rate of the
reversible 1st order reaction at steady state. It desctibesformation of the bubbte
particle aggregate or removal of particles, as expressed i¥.BY wheret is the contact
time and k:c is the bubble flotation rate constant depending on the collisioffficbeet
(n7), attachment coefficientaf,), bubble diameter 7p,), bubble volume concentrationy,,
approaching velocity between the bubble and the particlg),( bubble surface areaA(),
gravitation acceleration gf, and viscosity coefficient £ ), as expressed in Eq (4.7). To
determine the rate constant, the collision coefficient) (and the attachment coefficient
(a,;) are required based on the trajectory analysis as describébeory section of Egs.

2.20~2.26. The electrostatic forces acting between particles ar bubbles can be

calculated from their¢ -potentials.

Figures 4.24 shows the simulation results using model parameters listebable 4.13 The
total collision coefficient or dimensionless particle transpmréfficient ¢,) was obtained in
various particle diameter ranges. As a result, the smadlfler garticles, the smaller the
bubbles collided to obtain the higher values of particle trahspoefficient ¢,). On the
other hand, the maximum value for the optimal bubble size existe@viery particle. Also,

the maximumq,, is obtained when the size of each particle meets the praaiebsize.
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Figure 4.24 Collision frequency and attachment efficiency as functions of bubble
and particles size
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Stream functions predict the probability of bubble particle doilisover a range of bubble
sizes in flotation processes. The stream functions are sgdpbed to predict the probability
of adhesion through induction time measurements. Then, the poweon®ig between
flotation rate constant and bubble size is known from these plipatinctions. It has
been known that the flotation rate constants determined experilpeti® in good
agreements with those predicted from the interceptional cwllignodel. However, the
agreement is very limited only when the cell was operated uadeelatively quiescent
condition. The rate constants obtained using smaller bubbles areasied, while those
obtained using larger bubbles are increased under more turbulenticcendrigure 4.25
describes Physical constant for the calculation of electiostateraction (;), van der
Waals dispersion interaction7{,) and hydrophobic interaction4;). When particles and
bubbles are oppositely charged, they can be attracted with eheh atd form bubbte
particle aggregates. The van der Vaals dispersion forcesregnasive in bubble particle
interactions. The classical DLVO theory (Derjaguin-Landam¥ey-Overbeek) considers only
the electrostatic and dispersion forces. The free energy of éaphbticle interaction )
can be calculated using the extended DLVO theory including retatic interaction ),
van der Waals dispersion interactidf){) and hydrophobic interactioni{,) (Figure 4.26). It
can be seen that V,, contributes relatively little tol, under the experimental conditions
listed in Table 4.13. Both the electrostatic and dispersion energies are repulsiviie the

hydrophobic interaction is the only driving force for air bubble andigba

Many researchers have studied for the determination of thenakta constant and
hydrophobic constant to evaluate the electrostatic and hydrophotdcactions [89-107].
Recently, Hen and Huang reported the aggregation kinetics of ineghoactivated carbons
in aquatic environments [100]. The external surface propertiestefacting bodies and the
interventing medium are the major parametes to affect the aklsmconstants which
provide a tool for evaluating the relative strength of van d&xals attractive interactions.
The currently available Hamaker constant data for aetivatarbons, however, were either
estimated from suffogate materials (e.g., carbon fibers, 5.246.2*" 7 ) using the contact

angle method or calculated from adsorption data (5.0<7082° ./ ) [101-102]. Figure 4.24
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shows the flotation efficiency (top), PAC concentration chafgeddle) and aggregation
concentration change (bottom).
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Table 4.13 Model parameters for particle, bubble and water

Diameter Density Zeta Potential Concentration
Particles (pm) (kg M) (mv) (mg LY
600 1050 -20 50
Diameter Density Zeta Potential Concentration
Bubble (1m) (kg m?®) (mv) (mg LY
16 1.1184 -20 0.25
Temp. Density Zeta Potential Concentration
water () (kg m®) (mVv) (mg LY
25 998 0.0068951 0.003
Hamaker Hydrophobic € €o
J) @) ) (Clvolt.m)
Physical -2.50%x10%° 6.30x10" 86.5 8.85x106°
constants Avogadro Boltzamann Electron Wave
(1/mol) (@ KY © (m)
6.02x16° 1.38x107 1.60x10" 1.0x10’
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It has been known that colloidal particles are agglomerateédbas the adsorption of
hydrogen ions or positive-charged ions (i.e., such as aluminum ionshegatively-charged
surfaces. The coagulation mechanism of PAC is very complex and evasals reaction
mechanism such as charge neutralization (electrostaticadtitm) and complex formation
between PAC and alumino precipitates, adsorption, bridge formatiod saurface
precipitation on alumino hydroxide solid precipitate. Prior to sediati®n and flotation
measurements, the optimal coagulation conditions were deternfigute 4.27 shows the
coagulation and sedimentation of powdered biocarbons. To verifyD#ie process to float
powdered biocarbons, the removal efficiencies was compared iprésence and absence
of coagulant. The removal efficiency without coagulant was vewy (< 20%), while the
efficiency increased with increasing coagulant does up to 80% &S é@nd up to 90% by
DAF. It was found that hybrid process consisting of biocarbon adsorptnd DAF can be
successfully applied to the simultaneous removal of partieled dissolved organics for
water and wastewater treatments. For this, further workk beil studied for the feasibility

of surface modification of PAC and bubble using positively chardetbsan.

Water characteristics
Raw waiter pH: 6.7
Raw water lemperature: RT
Raw water TOC. 5 Mg /L
Turbidiy 20 NTU
i Alkalinny: 20 mg/L

fi Opuimal cosgulation conditions
polyalumchlorde dose 40 mg/L
Rapid mixing 250 rpm for 1.5 min

. After sodimentation for 30 min
Flocculation: 30 rpm for 15 min 120, 40, 60, B0 pam from laft side)

Figure 4.27 Coagulation and sedimentation of powdered biocarbons
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Chapter 5

Overall Conclusions

This work has been targeted to design, preparation, characterization and application of
hierarchical mesoporous carbon from natural biomass of giant Miscanthus and Chlorella
ellipsoidea for feasibility of utilizing the peroxide-assisted microwave activation. This work
provides a simple and sustainable route to obtain hierarchical mesoporous carbons for

potential adsorbents and electrode materials from various biomass.

Hierarchica mesoporous carbons from giant Miscanthus and Chlorella ellipsoidea, one of
algae, were successfully prepared by peroxide-assisted microwave activation. The activation
was conducted by a simple process of H,O, treatment followed by microwave heating. The
activation conditions of H,O, impregnation time and microwave power time were optimized
to obtain biocarbon adsorbents with high specific surface area and high adsorption capacity
for commercial dye of methylene blue. Pore size distribution, surface morphology and
elemental composition of activated bio-carbons were characterized. It is confirmed from the
potentiometric titration that peroxide-assisted microwave bio-carbons contain acidic functional
groups of oxygen-containing functionalities of carboxyl and hydroxyl groups that may
dissociate at higher pH and result in negatively charged surfaces. H,O, impregnation time
of 24 h and microwave radiation time of 12 h under the power of 700 W were produced
mesoporous biocarbons with narrow pore size distribution. The surface area and average
pore size of the hierarchica porous carbon were in the range of 200 ~ 500 m? g and
about 3 nm under different activation conditions. Nitrogen adsorption and desorption are
type | isotherm and type H4 hysteresis based on IUPAC classification. The
pseudo-second-order model fits the experimental kinetic data very well. The adsorption
equilibrium data obtained at different temperatures showed good correlation with the
Freundlich isotherm and the maximum adsorption capacity was 30 mg/g. Thermodynamic

parameters showed that the adsorption of methylene blue on bio-carbons was feasible,
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spontaneous, and endothermic under the studied conditions. Therefore, the prepared
biocarbons from giant Miscanthus and Chlorella ellipsoidea could successfully applied to
both adsorbents for the removal of dyes dissolved in water and carbon electrodes for

energy storage device.

In DAF process, the total flotation efficiency was highly dependent on the contact
efficiency and separation efficiency. The flotation model was formulated by considering the
hydrodynamic and surface forces of bubble-particle interaction which is essentiad in
predicting flotation rates. Based on the systematic analysis of experimental and theoretical
results, biocarbons can be successfully removed by DAF process. As expected, the flotation
efficiencies of powdered biocarbons were enhanced with coagulation dose because of the
increase of the zeta potential values. However, the remova efficiency of powdered
biocarbons was very low without coagulation. The efficiency increased up to 80% by CGS
and to 90% by DAF when polyaluminium chloride was used as a coagulant. The results
suggest that the hybrid system of powdered biocarbon adsorption and dissolved air flotation
(DAF) processes can be successfully applied for simultaneous removal of particles (i.e.,

inorganics and algae) and organics dissolved in water.

As a continuos work, the feasibility of surface modification of PAC and bubble using
positively charged chitosan will be studied for the simultaneous removal of particles and
organics dissolved in water. On the other hand, the higher recovery and selectivity of a
flotation process depend on the control of hydrodynamic conditions and surface forces,
respectively. The free energy of bubble-particle interaction is the summation of free energy
change due to electrostatic interaction, van der Walls interaction, and hydrophobic
interaction. The total potential can be calculated from the extended DLVO theory covering
the contributions resulted from the hydrophobic interaction between air bubble and particle.
For the calculation of the free energy and the total potential, Hamaker constant (/45,) and
hydrophobic constant (k&i;,) will be studied using AFM technique to measure the

hydrophobic surface forces under different conditions.
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