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The overall objective of this thesis research was to perform a systematic study
on the hydrodynamic behavior and kinetic characteristics of CO, activation of
activated carbon from oil-palm shell in a spouted bed activator using CFD simulation
technique. To achieve this aim, the following tasks were also included in this work:
thermal analysis of oil-palm solid wastes (oil-palm shell, fiber and kernel cake) using
Thermal Gravimetric Analysis (TGA) technique, preparation of activated carbons
under different conditions in a laboratory tube furnace and a spouted bed activator,
and the improvement of carbon activation model originally proposed by Junpirom et
al. JDTT model) to allow better prediction of porous properties (BET surface area
and total pore volume) of the prepared activated carbons.

The TGA technique showed that the main decomposition occurred over the
temperature range of 250-400°C for palm shell, 200-400°C for palm fiber, and 200-
350°C for palm kernel cake. Thermal decomposition behavior could be best described
by the proposed two-parallel reactions model for palm shell and fiber prepared in this
work, while the simplest one-step global model worked well for palm kernel. On the
preparation of activated carbon in a tube furnace, the palm shell and fiber gave

microporosity based activated carbons, while the palm kernel cake carbon possessed



higher proportion of mesoporosity. The optimum activation conditions that gave the
maximum in surface area were found to be 950°C and 2.0 hrs for palm shell, 850°C
and 2.0 hrs for fiber, and 900°C and 2.5 hrs for palm kernel cake, corresponding to
48%, 52% and 66% of char burn-offs, respectively. The maximum BET surface area
obtained were 1067, 522 and 789 m*g for activated carbons produced from shell,
fiber and kernel cake, respectively.

The modified JDTT model for predicting the evolution of pore volume,
internal surface area, and pore size distribution of prepared activated carbon with
respect to the extent of gasification of char was proposed. This modified model gave
significant improvement in predicting the porous properties of prepared activated
carbon compared to the original JIDTT model.

The CFD modeling was used for simulating the CO; activation scheme in the
spouted bed activator in terms of burn-off extents. The rate expression that was used

to describe the kinetics of activation reaction was found to be:

Gasification Rate :[7.57><101 s‘l][COZ]

By combining the modified JDTT model with the CFD simulated results of
char burn-off, it was found possible to estimate accurately the porous properties of

activated carbon produced in the spouted bed activator.
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CHAPTER I

INTRODUCTION

1.1 Rationale of the Study

In this thesis project, a systematic study on the preparation of activated carbon
(also called activated charcoal) was performed. Activated carbon is an amorphous
carbon-based material that exhibits a high degree of porosity and internal surface area
(typically in the range of 300-3000 m?g™). Activated carbon can be produced into two
forms, granular and powder depending on their applications. The granular form is
suitable for the process which requires a large internal surface area and small pore
sizes, typically for gas phase applications. The powder form with a larger pore and
smaller internal surface area is commonly used for liquid phase applications.

Due to its excellence in adsorptive property, the activated carbon is widely
used in purification and separation processes. It can be used as catalyst and catalyst
support. The activated carbon has numerous environmental applications in removing
pollutants from air or water streams both in the field and in industrial processes such
as drinking water filtration, air purification, groundwater remediation, etc. Filters
made of activated carbon are usually used in compressed air and gas purification to
remove oil vapors, odors, and other hydrocarbons from the air. This carbon is also
used in distilled alcoholic beverage purification by filtering organic impurities

containing in vodka and whiskey. Additionally, the activated carbon can be employed


http://en.wikipedia.org/wiki/Pollutant
http://en.wikipedia.org/wiki/Oil
http://en.wikipedia.org/wiki/Hydrocarbon

in medical applications such as to treat poisonings and overdoses following oral
ingestion.

Generally, commercial activated carbons have the internal surface area in the
range of 800-1500 m?/g containing predominantly micropore size range (pore
diameter < 2 nm) (Bansal et al., 1988). The adsorptive properties of activated carbons
depend on the internal porous structure exhibiting by their surface area, surface
reactivity (chemistry), and pore size distribution. The pore size distribution of a given
activated carbon depends significantly on the raw material and its method of
preparation. Figure 1.1 shows the pore size distribution of activated carbon prepared
from various raw materials.

The micro-structure of activated carbon consists of disorganized aromatic
sheets with the space between the sheets providing the porous structure. The overall
structure may be imagined as regions which resemble crumpled sheets of paper
interspersed with a variety of differently sized gaps, as shown in Figure 1.2. The
porous structure of activated carbon can be practically characterized by the analysis of
the adsorption isotherm of some specific gases (such as nitrogen, argon, carbon
dioxide, benzene, etc.). The adsorption capacity of activated carbon can be as high as
0.6-0.8 cm®/g which occurs mostly in the pores of molecular dimension called
micropores (Bansal et al., 1988). Not only the micropore, the activated carbon also
consists of the larger pores, known as mesopores and macropores. Corresponding to
the classification of the International Union of Pure and Applied Chemistry (IUPAC),
pores with the size smaller than 2 nm are classified as the micropore; pores with the
size larger than 50 nm are classified as macropore; and mesopores are pores of the

intermediate size (2-50 nm) (Do, 1998).
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Figure 1.1 Pore size distribution in some activated carbons obtained using different

precursors (Bansal et al, 1988).



Figure 1.2 Schematic representation of activated carbon structure.

The activated carbon surface contains many active sites which plays an
important role on the primary adsorption. These sites include edges of carbon layers
and basal plane of defects (e.g. vacancies, dislocations etc), inorganic particle and
heteroatoms which are represented diagrammatically in Figure 1.3. The carbon atoms
at the active sites are highly reactive because they consist of unpaired electrons,

residual valencies and richer potential energy (Bansal et al., 1988).
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Figure 1.3 Active edge sites of carbon layer.



The adsorption characteristics of porous carbons depend strongly on their
porous properties which in turn determined by the types of precursor and the prepared
process (carbonization and activation). There are two techniques generally used for
preparing the activated carbon, chemical and physical activation. For chemical
activation, it is usually carried out when the raw material is of wood based materials.
The carbonaceous material is impregnated with the activating agent in the form of
concentrated solution. Then, the impregnated material is pyrolyzed in a furnace at the
temperature between 400°C and 600°C in the absence of oxygen. This pyrolyzed
product (i.e. activated carbon) is then cooled and washed to remove the activating
agent. During the pyrolysis process, the activating agent can influence the pyrolysis
decomposition and inhibit the formation of tar which enhances the yield of activated
carbon. This impregnated chemical dehydrates the raw material that consequently
results in charring and aromatization of carbon skeleton leading to the creation of a
porous structure (Bansal et al., 1988). The widely used activating agents are
phosphoric acid, zinc chloride and sulfuric acid. For physical activation, it involves
two main steps: the carbonization of the carbonaceous material at temperatures below
800°C in the absence of oxygen followed by the activation of the carbonized product
with gaseous activating agents at temperatures between 800 and 1100°C. The most
commonly used activating agents are steam and carbon dioxide. Activation with
carbon dioxide providing the activated carbon with smaller pore size compared to
those activated with steam (Bansal, 1988). In actual industrial processes, CO, is part
of the exhausted gas that can be used for activation process on an industrial scale.

Therefore, it was decided to employ carbon dioxide as an activating agent in this



thesis work for the preparation of activated carbon using physical activation
technique.

In Thailand, the most attractive material that can be used as a precursor for
preparing activated carbons are oil-palm solid wastes, including palm shell, palm
fiber, and palm kernel cake. These solid wastes have many distinctive advantages for
activated carbon production. Firstly, they have long storage life. Secondly, large
amount of oil-palm solid wastes are produced each year in Thailand. Thirdly, they
contain low inorganic content (Guo and Lua, 2001). And finally, their price is cheap
because they are abandoned solid wastes produced during palm-oil milling process.

The oil-palm (Elaeis guineensis Jacq.) is a tropical palm tree, which was
originally planted in West Africa, where local people have used it to make foodstuffs,
fiber material, medicines and wine (Carrere, 2006). At the present time, the oil-palm
exists in a wild, semi-wild and cultivated state in the three land areas of the equatorial
tropics: Africa, South-East Asia and America (Hartley, 1988). A rapid expanding of
the oil-palm cultivation in the world is mainly a result of its domestication by man
and the most productive parts of the palm-oil industry entering international trade at
present are in Malaysia and Indonesia (Corley and Tinker, 2003).

At the present time, the oil-palm is the oil-crop which gives the highest oil
yield per unit cultivation area (Corley and Tinker, 2003). The fresh oil-palm fruit is
reddish about the size of large plum and grows in large bunches. A bunch of fruit can
weigh between 10 to 40 kilograms each (Wikipedia, 2006). Each fruit consists of the
central hard-shelled nut surrounded by an outer pulp (mesocarp) which contributes the

most palm oil yield. The central nut is composed of the palm kernel inside the hard-



shell which contains another type of oil, palm kernel oil. The fresh oil-palm fruit and

its longitudinal section are shown in Figure 1.4.

Figure 1.4 Fresh oil-palm fruit and its longitudinal section.

Today there are more than twelve million hectares of oil-palm cultivation
worldwide (FAO, 2006). The total oil-palm production in Thailand and worldwide
since the year 1961 to 2006 are shown in Figure 1.5. The figure shows that the
amount of the oil-palm production (fresh fruits including bunch) increase at an
accelerating rate each year since 1961. In the year 2006, the total oil-palm production
of Thailand and worldwide are approximately 170 and 6.2 megatons, respectively
(FAO, 2006).

The oil-palm solid wastes (including shell, fiber and palm kernel cake) are
cheap and abandoned materials produced during palm oil milling process. For every
ton of fresh fruit bunch being fed to the palm-oil milling process, about 0.07 tons of
palm shell, 0.103 tons of palm fiber and 0.012 tons of palm kernel cake are produced
as the solid wastes (Pansamut et al., 2003). Based on the total amount of the oil-palm
production in Thailand reported by FAO, more than 0.43 megatons of palm shell, 0.64

megatons of fiber, and 0.07 megatons of palm kernel cake are produced each year.



About 80% of these solid wastes are used as boiler fuel in many industries and 20%
are abandoned (Pansamut et al., 2003). With large production each year of these solid
wastes, therefore, they will be alternatively used as precursors for preparing activated

carbon in this thesis project.
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Figure 1.5 Oil-palm production in Thailand and worldwide since 1961 to 2006

(FAO, 2006).

On a commercial scale of activated carbon production, there are three types of
furnaces that are widely used as activators for the production of activated carbon, they
are rotary kiln, multiple-hearth furnace, and fluidized bed furnace. Rotary kiln is most
popularly used by several producers because the product quality is easier to control by
regulating the material residence time and temperature profile within the kiln. In
general, the rotary kiln is usually used in the production of micropore based activated

carbons. For multiple hearth-furnace, the produced activated carbon is slightly lower



in quality with more development of mesoporosity compared to that produced from
the rotary kiln. For fluidized bed furnace, it provides high heat and mass transfer and
the activating agent is in excellent contact with carbon particles. The activation
reaction occurring in the fluidized bed activator is extensive due to its nature of high
heat and mass transfer characteristics and there is much external burning of char
particles leading to the relatively poor quality.

Apart from the above three commercial activating furnaces, the spouted-bed
gas-solid contactor might be another interesting choice for using it as an activator for
activated carbon production, especially for coarse particles with irregular shape like
palm-shell particles studied in this work. Not only being capable of handling coarse
particles, the spouted bed also has other advantages as follows. The product
movement in the spouted bed is easy to control by controlling the flow rate of gas fed
into the vessel. Increasing in the gas feed rate leads to the increase in particle velocity
for all regions (spout core, fountain zone, and annulus region). Bottom screen is not
required for the spouted bed as opposed to the fluidized bed. Agglomeration of
material often possibly found in other types of reactor (such as fluidized bed and
rotary Kkiln) is minimized by the high circulation of material at the inlet nozzle. Unlike
the fluidized bed furnace, the excessive burning of external surface of char particles is
less in the spouted bed activator because of its characteristic of short contacting time
between activating gas and char particles. The spouted bed apparatus has no moving
part, therefore, the construction and maintenance cost of the spouted bed activator
might be low. With these mentioned advantages of the spouted bed activator, the
capability of using the spouted bed as an activator in the preparation of activated

carbon from oil-palm shell was investigated in this thesis.
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In several chemical processes, the understanding of hydrodynamic behavior
and kinetic characteristics of reactor are necessary for the design and scaling up from
laboratory to commercial scale. In recent years, computational fluid dynamic (CFD)
simulation is one of the most popular techniques used to explore the hydrodynamic
pattern and also the kinetic characteristics in several chemical reactors. Therefore, the
CFD is now an established chemical process design tool which can provide complete
information that are necessary for such design and scale-up processes throughout the
engineering profession with the cheapest cost and short design time. The variation on
the process equipment design (for both continuous and batch operation) is easy to
achieve without increasing in the design cost.

The CFD simulation is one of the branches of fluid mechanics that uses
numerical methods and additional algorithms to solve and analyze problems that
involve fluid flows, heat transfer, and other related physical processes. It works by
solving the set of equations of fluid flow (in a special form) over a region of interest
with particular conditions on the boundary of that region. The computer aided
calculation technology is used to perform millions of calculation steps required to
simulate the interaction of fluid-fluid and even fluid-solid for several complex
systems used in engineering applications.

With the above-mentioned merits, the CFD technique will be used to simulate
the hydrodynamic behavior and kinetic characteristics of the spouted bed activator
studied in this work. The CFD simulation will be performed to generate the
hydrodynamic data including system pressure gradient, spouting gas and solid
particles concentration profiles and also their velocity vector components. The Kinetic

characteristic of activation scheme of palm shell based activated carbon is also
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investigated using this CFD technique. These obtained simulated results are expected
to yield important data and methodology for the designing and scaling up a spouted

bed activator system to the commercial process.

1.2 Research Objectives

The overall objective of this thesis is to study the hydrodynamic
characteristics and kinetic scheme of CO, activation process of activated carbon
prepared from oil-palm solid wastes in the spouted bed activator using CFD
simulation technique. The research scheme includes the thermal analysis of oil-palm
solid wastes, the preparation of activated carbons in a laboratory tube furnace and
spouted bed activator, and the CFD simulation of the spouted bed activator. The
specific objectives of this research work are:

e To examine the kinetic characteristics of thermal decomposition of oil-
palm shell, fiber and kernel cake in pyrolysis mode using the Thermogravimetric
Analysis technique (TGA).

e To prepare the activated carbons from oil-palm shell, fiber, and kernel
cake by physical activation method using the laboratory tube furnace and spouted bed
activator, and also to characterize the porous characteristics of derived activated
carbons.

e To modify the structural model recently proposed by Junpirom et al.
(JDTT model) used for describing the evolution of porous structure during the
activation process of activated carbons.

e To study the CO, activation scheme of activated carbon prepared from

palm shell char in the spouted bed activator by using the CFD simulation.
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1.3 Scope and Limitations

In this thesis, the study was separated into four parts. In the first part, the
pyrolysis process of oil-palm solid wastes, including palm shell, fiber and kernel cake,
was studied by using the non-isothermal Thermogravimetric Analysis (TGA)
technique. The study was carried out by monitoring the change of sample mass (TGA
data) and its first derivative (DTG data) with respect to temperature change or heating
time at a constant heating rate. The effects of particle size and heating rate on the
kinetic characteristics of pyrolysis reaction were investigated. Three kinetic models
(one-step global model, two-step consecutive model, and two-parallel reaction model)
were applied for describing the kinetic scheme of the pyrolysis process of oil-palm
solid wastes. The kinetic parameters, including activation energy and pre-exponential
factor, for each model were determined by fitting the kinetic model with the
experimental TGA data. The capabilities of the proposed kinetic models in describing
the kinetic scheme of pyrolysis reaction were examined.

The second part involved the preparations of activated carbons from oil-palm
solid wastes (i.e. palm shell, fiber and kernel cake) in a laboratory tube furnace by
physical activation technique using carbon dioxide as an activating agent. The
prepared activated carbons were further characterized to determine their physical and
porous properties (such as BET surface area, total pore volume, pore size distribution,
etc.). The effects of activation temperature, time and heating rate on the physical and
porous properties of the derived activated carbons were investigated. For the third
part, the structural JDTT (Junpirom-Do-Tangsathitkulchai-Tangsathitkulchai) model
recently proposed by Junpirom et al (2005) was modified to improve its capability

and flexibility in describing the evolution of porosity of activated carbon during the
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activation process. The simulation results generated from the modified JDTT model
was validated with the experimental data of longan seed char gasification obtained by
Junpirom et al. and also with the experimental data of oil-palm shell and fiber
collected from the present study. Finally, the CO, activation scheme of activated
carbon prepared from palm-shell char in the spouted bed activator was studied by
using the CFD simulation technique. The simulation was performed for both
hydrodynamic behavior and kinetic scheme of activation process occurring in the
spouted bed activator. Simulated results from CFD study were further combined with
the modified JDTT model in order to predict the porous characteristics of activated

carbons, including surface area and pore volume.
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CHAPTER 11

NON-ISOTHERMAL THERMOGRAVIMETRIC

ANALYSIS OF OIL-PALM SOLID WASTES

2.1 Abstract

Thermal decomposition of oil-palm solid wastes, including palm shell, fiber
and kernel cake, was studied by thermogravimetric analysis (TGA). Effects of heating
rate and sample particle size on the behavior of thermogram and kinetic parameters
were investigated. The one-step global model, two step consecutive model and two-
parallel reactions model were used to simulate the pyrolysis processes of the three
materials studied. The one-step global model was able to describe the fractional
weight loss upon pyrolysis of palm kernel cake reasonably well but gave a large
deviation for palm shell and fiber. The two-step consecutive model could improve the
fitting for palm shell and fiber, but it cannot account for the inflection characteristic of
the thermogram. Prediction by the two-parallel reactions model gave the best fitting
with the experimental data of all palm wastes under all pyrolysis conditions
investigated. This proposed model was also tested with other biomass materials and

proved to be satisfactory.
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2.2 Introduction

Presently, solid wastes disposal has become an increasing problem and the
available landfill capacity becomes increasingly scarce. Solid waste disposal by
combustion is a viable management option which can reduce the solid waste mass and
volume up to 80 and 90%, respectively (Ontiveros et al., 1989). However, the waste
disposal by process causes many serious environmental problems due to the emissions
of dust, odor, many toxic gases and also solid residue. Pyrolysis may alternatively
become one of the powerful techniques for solid waste disposal that can help in
improving environmental quality by means of energy recovery technology. The term
pyrolysis involves chemical degradation process of carbonaceous materials by
heating, usually at temperature between 400 to 800°C, in the absence of oxygen. The
pyrolysis results in the production of carbon based solid residue (char), liquid (tar and
an agueous solution of organic material) and gaseous products which can be used in
many applications. The compositions of these products vary depending upon the type
of carbonaceous material used, holding time, temperature and rate of heating (Bansal
etal., 1988).

Among the pyrolysis products, the derived char is used as a precursor for
producing activated carbon which is the aim of this research. The knowledge and
understanding on pyrolysis kinetics of biomass are important for proper design of a
pyrolysis reactor which plays an important role in large-scale pyrolysis process. The
pyrolysis kinetics can be studied by several methods but the most popular and
simplest technique is the thermogravimetric analysis (TGA) (Haines, 1995). In this
method, the change of a sample mass is monitored against time or temperature in the

absence of oxygen at a specific heating rate. Important parameters that determine the
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quality and yield of pyrolysis products are heating rate, final temperature, holding
time at the final temperature and the nature and physical properties of raw materials
(Bansal et al., 1988).

In this research project, we aim to produce the activated carbons from valuable
and abandoned oil palm solid wastes, including palm shell, fiber and kernel cake,
using the two-step CO, activation process. Therefore, the knowledge of thermal
analysis of pyrolysis of this biomass is necessary to better understand and optimize
the process of carbonization. The kinetics of pyrolysis reaction of palm shell, fiber
and kernel cake were studied by using the thermogravimetric analysis (TGA)
technique (Haines, 1995). Effects of raw material particle size and heating rate on the
shape of thermograms were investigated. The two-parallel reactions model which
leads to only one analytical solution was applied to simulate the pyrolysis process of
palm shell, fiber and kernel cake. The validity of this proposed model was also tested
with other different carbonaceous materials, including coconut shell, bagasse, longan

seed and cassava pulp residue.

2.3 Review of the Literatures

The decomposition of carbonaceous matter during pyrolysis is very
complicated and depends also on heat transfer by convection, conduction and
radiation. Some simplified numerical models were proposed in literatures to predict
the decomposition rate and final yield of char and volatile matter. Wichman and
Atreya (1987) applied a one-step global model for predicting the devolatilization rate
of pyrolysis process. They assumed that the carbonaceous sample is decomposed in

one step to produce the volatile substance and solid char. Shuangning et al. (2006)
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studied the devolatilization characteristics of various biomass (wheat straw, coconut
shell, rice husk, and cotton stalk) during flash pyrolysis on a plasma heated laminar
entrained flow reactor (PHLEFR) with average heating rates of 10%°C/s. Their
experiments were conducted at temperatures between 477 and 627°C, and the particle
residence time varied from about 0.115 to 0.240 s. They also employed the one-step
global model to simulate the flash pyrolytic process and predict the yield of volatile
products during pyrolysis. Although, the single-step global model is the simplest
kinetic model for describing the pyrolysis process of biomass, but, for some system,
the kinetic characteristics of pyrolysis process is too complex which the one-step is
not capable to employed. Therefore, more flexible and accurate model is needed for
some pyrolysis systems.

Bellais et al. (2003) developed a shrinkage model for the pyrolysis of large
wood particles. The shrinkage was considered in three different ways: uniform
shrinkage, shrinking shell and shrinking cylinders. All shrinkage models showed good
agreements with the experimental results for mass loss versus time at high
temperature range (higher than 600°C) but failed to simulate correctly at low
temperatures. Thurner and Mann (1981) investigated the degradation kinetics of wood
pyrolysis in the temperature range of 300 to 400°C at atmospheric pressure. They used
the three-parallel reactions model to describe thermal decomposition of such wood
pyrolysis. This kinetic model assumed that the wood was pyrolyzed into gas, tar, and
char according to three parallel reactions. They found that the three-parallel reactions
model provided the pyrolysis product distributions of gas, tar, and char that agreed
considerably well with the experimental data. Chan et al. (1985) developed a

pyrolysis model with three primary reactions (parallel reactions) and one secondary
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reaction (tar decomposing into gas and char). The products of the secondary tar
reaction are assumed to consist of light gases (carbon monoxide, ethene, ethyne) and
aromatic tars.

For oil palm solid wastes which were used as raw materials for preparing the
activated carbons in this research, Guo and Lua (2001) have applied the one-step
global model and the two-step consecutive model for simulating the pyrolysis process
of palm shell. The one-step global model showed faster pyrolysis conversion than the
actual experimental values, especially, at the high temperature region. The two-step
consecutive model agreed reasonably well with the experimental data. However, this
model consists of a set of three ODEs which has no analytical solution. Therefore, the
weakness of this model is that its accuracy depends on the size of time step and

numerical techniques used in the calculation.

2.4 Model Description

The two parallel reactions model used in this work was originally proposed by
Font et al. (1991). They used this model for describing the pyrolysis scheme of
almond shell by assuming that the almond shell consists of two independent fractions
which decompose at different rates and temperatures. Therefore, there are two main
competing reactions which occur simultaneously. In addition, the first-order kinetics
for both competing reactions was assumed. In the present work, however, the first-
order kinetic scheme was also assumed for the first fraction, but the order of reaction
was set as a free parameter for the second fraction, with a purpose to increase model

flexibility.
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Basic assumptions of the two-parallel reactions model are that the reaction is
kinetically controlled and there are no secondary reactions among the released
gaseous products. It is further assumed that the raw material consists of two
homogeneous matters, M,and M, and each component decomposes simultaneously
at different rate and temperature, producing volatile matters and solid char. The
overall reaction and the two individual parallel reactions are expressed by Equations

(2.1) to (2.3), respectively.

Raw Material L>Vo|ati|e 1 + Volatile 2 + char (2.1)
MlLVolatile 1 + char (2.2)
M, L>Vo|ati|e 2 + char (2.3)

where K, and K, represent the rate constants of each reaction. The residual weight

fraction of char components are defined as follows

M-m¢  Mp-myg My -my,
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where m ¢ represents the final yield of char which is estimated from the final constant
weight of TG curve. m¢; and m¢, are the final yields of the first and second

components present in the raw material, respectively. M ,Mjand M,are mass
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fractions of total char, solid char of components 1 and 2 present at time t,

respectively, with

M =M;+M, (2.5)

Mg =Mgg+Mgop (26)

The rate of decomposition reaction of component 1 in Equation (2.2) is
assumed to follow the first-order kinetic reaction, whereas the component 2 in
Equation (2.3) is assumed to follow the n-order Kinetic reaction. Therefore, the rate

expressions for both components can be written as the following.

dal _El

—=—Aexp(—= 2.7
dt P RT Yoy 27)
day -E>\ n

—==—Aexp(—5) 2.8
dt xp( RT )z (2:8)

where A is the frequency or pre-exponential factor, E is the activation energy, R is the
universal gas constant, T is the absolute temperature, n is the order of decomposition

reaction for component 2 and t is the time. For a constant heating rate, 5, we can

write

— =5 (2.9)
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Dividing Equation (2.7) and (2.8) by Equation (2.9), the rate of decomposition

reactions can be expressed as a function of temperature, as follows

dO(l Aﬂ_ _El
— =——=exp(— 2.10
e ; P(RT)O& (2.10)
daz A2 —E2 n

__ P cE2 2.11
e 5 Xp( = )22 (2.11)

Rearranging Equation (2.10) and (2.11), then integrating to obtain

o T B

[9% A [ exp(EygT (2.12)
a al ﬂ 0 RT

a2 T _

| doy __ A [ exp(—2)dT (2.13)
VT T R

where aand bare initial values of ¢qandea,, respectively, and they indicate the

initial weight fractions of component 1 and 2 in the starting raw material. They are
assumed constant and depend only on the characteristics of the raw material. The

relationship between a and bis expressed as

a+b=1 (2.14)

The exponential term on the right-hand side of Equation (2.12) and (2.13) can
be expressed in an asymptotic series and by neglecting the higher order terms, the

integration yields (Guo and Lua, 2001)
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At ~E. _ ART2[ 2RT (—Eij
,B-([eXp(RT )dT = JE. {1 E }exp T (2.15)

Substitution of Equation (2.15) into Equation (2.12) and (2.13), the expressions of

aq and a5 can be derived as follows

~ART?(, 2RT —E
alzexp{ :A;El (1— 3 jexp(R—leHn(a)} (2.16)
1
2 -n
az_[(n—l)AzRT [12RTJeXp(E2j+b(ln)]1 (2.17)
BE, E, RT

The total of remaining mass at any temperature is the sum of each residual

fraction. That is,

a=oto,= exp[_AlRT2 (1— 2RT JeXp(_—Elj"‘ |n(a)}

BE, 3 RT
1 (218)
+[(n—1) ART? [1_ 2RT ]exp(_Ez j+b(1n)]1—n
SE, E, RT

Equation (2.18) is used to fit the experimental TG data and the six Kinetic

parameters (a,A,E,A,Ey,andn) are determined through model fitting by

minimizing the Sum of Square of Relative Error (SSRE), defined as,
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2
Pexp ~ Pmodel J (2.19)

SSRE =
Cexp

where  ag,and  apeare the experimental and simulated residual fractions,

respectively.

2.5 Research Methods

The kinetic study of pyrolysis reaction was carried out by following the mass
of a sample as a function of temperature using a thermogravimetric analyzer (TGA 7,
Perkin Elmer). Palm solid wastes, including shell, fiber and kernel cake were supplied
by Golden Palm Industry in Chonburi Province, Thailand. The received materials
were washed and dried at 110°C for 24 hr. Then, they were crushed and sieved to
obtain average particle sizes of 0.36, 0.51, 0.73, 1.1 and 1.4 mm for palm shell, less
than 1.0 mm and 0.25 mm for fiber and kernel cake, respectively. The proximate and
ultimate analyses were performed to identify the chemical compositions of the three
biomass samples. The solid densities of raw materials were measured by using a
helium pycnometer (Micromeritics AccuPyc 1330).

For TGA analysis, a sample of about 10 milligrams was placed into the TGA
equipment and heated from room temperature to 700°C at various heating rates from 5
to 40 °C /min. Ultra high purity grade of nitrogen (99.9995% purity supplied by TIG,
Thailand) at a constant flow rate of 100 cm®min was used as a purge gas to provide
an inert atmosphere around the sample during devolatilization and to carry away the
pyrolyzed products from the reaction zones. Variation of sample mass with respect to

temperature change (TG data) and its first derivative (DTG data) were continuously
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monitored. The derived TG data was fitted with the one-step global model, two-step
consecutive model and two-parallel reactions model to test the predictive capability of
the models by using optimization function in MATLAB program. The Kinetic

parameters were then followed from the model fitting results.

2.6 Results and Discussion

Table 2.1 shows the proximate and ultimate analyses of the three biomass

samples studied in this work.

Table 2.1 Proximate and ultimate analyses of palm shell, fiber and kernel cake.

Ultimate analysis (% w/w) Proximate Analysis Solid

Sample Density
C H N S 0 Volatile | Fix-C Ash g/em’
Shell 47.6 5.38 0.66 0.04 41.38 72.7 23.6 3.6 1.42
Fiber 46.64 5.66 1.73 0.10 39.46 73.7 12.6 6.6 0.75
Kernel 41.47 5.77 3.00 0.03 43.49 80.3 10.3 3.2 1.39

Thermal decompositions of palm shell, fiber and kernel cake were studied at
four different heating rates of 5, 10, 20 and 40°C/min and five average particle sizes
(only for palm shell) of 0.36, 0.51, 0.72, 1.10 and 1.40 mm to investigate their effect
on the behavior of thermogram and kinetic parameters of the pyrolysis process. The
experimental data of all three materials were fitted with the simplest kinetic scheme,
the one-step global model, and also with the more complex kinetic models, the two-
step consecutive model of Guo and Lua (2001) and the two-parallel reactions model

of Font et al. (1991) which was modified and used in this work. Also presented in this
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section are the pyrolysis data and results of model fitting for other potential
biomasses, including coconut shell, bagasse, longan seed and cassava pulp residue.
2.6.1 Analysis of the Thermograms

The thermogravimetric (TG) data and its first derivative (DTG data) of
oil palm shell, fiber and kernel cake pyrolyzed at the heating rate of 20°C/min are
plotted against the temperature in the same graph in order to show their Kinetic
scheme (see Figure 2.1 to 2.3 for palm shell, fiber, and kernel cake, respectively).
Results show that the pyrolysis of oil-palm solid wastes commences at the
temperature above 250°C for palm shell (see Figure 2.1) and above 200°C for palm
fiber (see Figure 2.2) and kernel cake (see Figure 2.3). For the pyrolysis of palm shell
and fiber, there are two distinct peaks of DTG curves which indicate that there should
be at least two main groups of reaction occurring during the decomposition process. It
is noted that the two maximum of decomposition rates occur at about 300°C and
375°C for both palm shell and fiber, respectively.

It is known that the major components of lignocellulosic biomass are
hemicellulose, cellulose and lignin (Antal, 1983). The main thermal decomposition
of lignocellulosic materials generally occurs over the temperature range of 200-
400°C. Lignin is the first component to decompose at a low temperature and low rate
and continues on until approximately 900°C. Hemicellulose is a light fraction
component which also decomposes at the low temperature region between 160 and
360°C. Cellulose is the last component to decompose at the high temperature range of
240-390°C (Vamvuka et al., 2003). The existing of two major peaks observed in DTG

curves may be qualitatively explained as follows. The first peak could be generated by
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the decomposition of hemicellulose and some of the lignin. The second peak should
correspond to the decomposition of cellulose and the remaining lignin (Font et al.,
1991; Tsamba et al., 2006). At the temperatures above 400°C, the final decomposition
involves the aromatization process of lignin fraction leading to very low weight loss
(Fisher et al., 2002). Based on this reasoning, it might be logical to test the
experimental kinetic data of palm shell and fiber using the two parallel reactions and
two-step consecutive model.

For palm kernel cake (see Figure 2.3), there is only one maximum rate
of decomposition observed at about 250°C with a small shoulder located at the higher
temperature side on the DTG curve. This indicates that there is at least one major
reaction scheme occurring during the pyrolysis process for this type of material. The
maximum peak of DTG curve is probably contributed by the decomposition of the
lighter fraction (i.e. hemicellulose) and the small shoulder corresponds to the
decomposition of the heavier component (i.e. cellulose). It is observed that the rate of
decomposition of the light component for the case of palm kernel cake is greater than
the rate of decomposition of the heavy component, while for palm shell and fiber, the
rate of decomposition of the heavy component is dominated. The one peak of DTG
data with small shoulder was also found for the pyrolysis of olive-kernel as reported
by Vamvuka et al. (2003). With the existence of only one peak of DTG data, it is
expected that the experimental data of palm kernel cake could be described by the

one-step global model.
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Figure 2.1 TG and DTG data of palm shell pyrolyzed at heating rate of 20°C/min.

Mass Fraction

Figure 2.2 TG and DTG data of palm fiber pyrolyzed at heating rate of 20°C/min.
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Figure 2.3 TG and DTG data of palm kernel cake pyrolyzed at heating rate of

20°C/min.

It is known that particle size is an important parameter that can affect
the pyrolysis behavior (Haykiri-Acma, 2006; Jayaweera et al., 1989; Kok et al., 1998;
Larsen et al., 2006). An increasing in particle size can establish the temperature
gradient, causing increased heat transfer resistance inside the pyrolyzed particles,
which in turn can cause an increase in the final solid yield and a decrease of volatile
matter released during the pyrolysis process. The residual weight fractions of palm
shell determined during pyrolysis process (TG data) are shown in Figure 2.4, for
various particle sizes at the heating rate of 20°C/min. As observed, the particle size
has no significant effect on the thermogram of palm shell at the initial stage of
pyrolysis (temperature lower than 320°C), after that the residual mass of sample and
the final yield of char increase with increasing of particle size at the same pyrolysis

temperature. However, the decomposition of solid appears to start and end at
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approximately the same temperature range for all particle size studied here. Also
shown in Figure 2.4 is the first derivative of mass change with respect to temperature
(DTG data) for various particle sizes at the heating rate of 20°C/min. The plots show
that the first and second peaks of DTG curve occur at approximately the same

temperature independent of particle sizes (see also in Table 2.4).

s
%
8 ‘88
= §§%
.2 Sézgo
5 A%
& Ao
= 6+ 240
2 840
=} 40
= 2%,
2 0.36 mm g%: 2;:0:?0
4 4 0.51 mm Ofegltnntaas, .
A 0.72mm 0000833'2%2%5333333:;
A | 10mm 00000000003333"
P 1.40mm
2 : : } } f
200 250 300 350 400 450 500
Temperature ("C)
0 {

DTG (% /min)

—(O— 036 mm

.2 4 —@— 051 mm
—— 0.72 mm
gk —&— 110 mm
—p— 1.40 mm
-16 —— s by
200 250 300 350 400 450 500

Temperature (°C)

Figure 2.4 TG and DTG data of palm shell pyrolyzed at heating rate of 20°C/min.
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Figure 2.5 to 2.7 show, respectively, the thermograms of palm shell,
fiber and kernel cake pyrolyzed at various heating rates. It is observed that, as the
heating rate is increased, the thermograms of palm shell and fiber shifted
systematically to higher temperature region but slightly shifted for the case of palm
kernel cake. These results indicate that palm shell and fiber decomposed at a higher
temperature when a higher heating rate was applied. The shift of thermograms to
higher temperature region is probably due to the effect of heat transfer which causes
the temperature lag between the surrounding and inside of the particle. However,
there is no measurable effect of heating rate on the final yield of char for all three
materials. In other words, the final yield depends only on the final pyrolysis
temperature applied. The same results can be observed in the pyrolysis of almond
shell and olive stone as reported by Caballero et al. (1997).

Also shown in Figure 2.5 to 2.7 are the DTG data of palm shell, fiber
and kernel cake pyrolyzed at various heating rates. The heating rate affects
significantly on the maximum decomposition rate, with maximum decomposition rate
tending to increase and occur at higher temperatures when pyrolyzed at higher heating
rates. The first and second maximum rates of decomposition and the corresponding

temperatures are summarized in Table 2.2.



32

1.0 &b T T T T
e,
L O e L A
O g &
ce b a
O ® b a
o ® 4 a
8 + o® & 4 1
o® A,
o e sy
o=t O 8 A A
= Lo -3
= [« -
= L= Y
=1 o e a%y
@ (=3 S
= 6T O e b b
) oe®a
“ &
3 ce®a
= oe s
Opap .t o® A
O 5°C/min ° o.“AA‘
4 T @ 10°C/min 0003383583 ]
LA 20°C/min Smssggmmm
A 40°C/min 1
4 B t t + } t =
200 250 300 350 400 450 500
Temperature ("C)
0«

- =10 A
& 15 A
=
20 4
—O— 5°C/min
e A; —@— 10°C/min ]
o —— 20°C/min
—&— 40°C/min
=30 t t t t +
200 250 300 350 400 450 500

Temperature ("C)

Figure 2.5 TG and DTG data of palm shell pyrolyzed at particle size 0.36 mm for

various heating rate.



33

Yy
A
Ooo A
8+ Yo o ]
o Ok
O g ok
= O g L
= Oeta
= Ceta
2 0@ sa
E 64 o oa .
Oeda
“ O da
= o®oa
*a
= oo A _:‘
3 . L ]
4+ O  5°C/min O g ot 1
. o
® 10°C/min 00 e
A 20°C/min
A 40°C/min
2
100 200 300 400 500
Temperature ('C)
0 aasmnnn e AR
54 4
—_ =10 T i
< 15T ]
O
=
8 204 1
L —O 5°C/min
\e [ —@— 10°C/min
=T —4— 20°C/min 5
[ —&— 40°C/min
=30 | L { L }
100 200 300 400 500

Temperature ("C)

Figure 2.6 TG and DTG data of palm fiber pyrolyzed at different heating rate.



Mass fraction
o
:

414 O 5C/min
' @® 10°C/min
A 20°C/min
A 40°C/min

100 200 300 400 500

DTG (% /min)

- —O— 5°C/min
40 1 —@— 10°C/min
[ =& 20°C/min
b —&— 40°C.min

50 +— a

100 200 300 400 500

Temperature ("C)

Figure 2.7 TG and DTG data of palm kernel cake cake pyrolyzed at different

heating rates.

34



35

Table 2.2 First and second maximum rate of decomposition and corresponding

temperatures of palm solid wastes.

Heating Size 1* maximum 2" maximum
Sample Rate (mm) lemax rate T2,max rate
(°C/min) (%/min) (%/min)
0.36 305 -9.95 380 -14.49
0.51 305 -10.06 375 -13.30
Shell 20 0.73 305 -9.77 380 -14.08
1.10 300 -10.19 380 -13.46
1.40 300 -10.04 380 -13.38
5 280 -2.50 355 -4.20
10 295 -5.02 365 -7.80
Shell 0.36
20 305 -9.95 380 -14.49
40 320 -21.14 390 -26.13
5 280 -3.06 340 -4.14
] 10 295 -5.76 350 -7.44
Fiber <1.00
20 305 -11.76 365 -13.55
40 310 -27.06 370 -27.34
5 250 -4.53 - -
10 245 -9.20 - -
Kernel <0.15
20 255 -18.41 - -
40 255 -43.42 - -

2.6.2 One-Step Global Model
The one-step global model is the simplest kinetic model for describing
the decomposition process of carbonaceous materials. This model assumes that the

rate of decomposition can be expressed by one kinetic scheme. Mathematically,

da A —E/RT n
— = 1- 2.2
= ﬁe (1-a) (2.20)

Here, the residual weight fraction, « , is defined in terms of the change in the mass of

sample as
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o _ Wo—W (2.21)
Wo —Ws

where Wp,wand Wy are the initial, actual and final mass of the sample, respectively.

Figure 2.8 to 2.10 shows the comparison between experimental data and
model fitting with the one-step global model for palm shell, fiber and kernel cake at
different heating rates. The agreement between experimental data and the one-step
global model prediction is considered acceptable, however, the model cannot account
for the inflection of thermograms for all heating rates. The maximum deviations for
the pyrolysis of palm shell and fiber lie in the range of 10-15%. For palm kernel cake,
the model agrees fairly well with the experimental data with less than 4% of the

maximum deviation for all heating rates.
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Figure 2.8 TG data and one-step global model fitting of palm shell.
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Figure 2.9 TG data and one-step global model fitting of palm fiber.
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Figure 2.10 TG data and one-step global model fitting of palm kernel cake.

The kinetic parameters, the order of reaction (n), activation energy (E)
and frequency factor (A) determined from the model fitting are summarized in Table

2.3. The frequency factor and activation energy of palm shell and kernel cake appear
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to increase with increasing of heating rate, while a decrease is observed for the case of
palm fiber. The frequency factor and activation energy indicate how fast and easy for
the pyrolysis reaction to proceed. The higher frequency factor and lower activation
energy, the faster and easier would be for the pyrolysis reaction to occur. The order of
reaction decreases with increasing of heating rate for palm shell and fiber, but it
increases for the case of palm kernel cake. The order of reaction for all three materials

is in the range of 2.5-4.0.

Table 2.3 Kinetic parameters of one-step global model for pyrolysis of palm shell,

fiber and kernel cake.

Samples H?g;:fi;;lte (:\-1) (k J/Ifnol) n Max. Error
Palm shell 5 7.93x108 106.1 2.84 11.90%
10 2.05x10’ 109.1 2.65 9.22%
20 4.84x107 110.4 2.52 10.71%
40 5.27 x107 111.0 2.54 9.51%
Palm fiber 5 1.52 %1010 136.0 3.35 10.83%
10 1.96x10° 125.9 3.32 14.69%
20 1.50x10° 124.1 2.95 11.84%
40 1.00x10° 123.3 2.87 10.93%
Palm kernel 5 4.57x10%3 156.1 3.37 2.99%
10 1.24x10™ 159.5 3.41 2.98%
20 1.31x10™ 167.5 3.52 3.56%
40 2.34x10%° 176.4 3.85 3.87%

Due to the two-peak characteristic of DTG data, the pyrolysis process of
palm shell and fiber should be best described by a model consisting of two-stage
kinetic scheme. In this work, two simple kinetic models, which are the two-step

consecutive model and the two-parallel reactions model were explored.
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2.6.3 Two-Step Consecutive Model

The two-step consecutive model was used by Guo and Lua (2001) in
studying the Kkinetics of pyrolysis reaction of palm shell by using the
thermogravimetric method. Basic assumptions of this model are that the reaction is a
pure Kinetic controlled process and there are no secondary reactions among the
gaseous products.

The model was assumed to consist of two reaction steps (as shown in
Equations (2.22) and (2.23)). The starting material first decomposes to produce the
first group of volatile matters and the intermediate substance which further

decomposes to produce the final solid char and the second group of volatile matters.

That is,
W55 xI + Volatile(1) 2.22)
12 5 yc + Volatile(2) (2.23)

where W, | and Care the weight fraction of raw material, intermediate and solid
char, respectively, and x and y are the stoichiometric coefficients of the reactions.
The kinetic equation for decomposition of raw material and generation of the

intermediate and final solid char can be described by the following expressions.

aW _ A -E/RTy (2.24)
aT B
di _ XA e /RTy A2 -E/RT (2.25)

aT B
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dC _yA -E,/RT|n (2.26)
T p '

where n is the order of the second step of pyrolysis reaction. The relationship

between x and y can be obtained from the mass balance which is written as the

following:
X=_ " (2.27)

where mg is the final yield of char. The initial conditions for the above three ordinary

differential equations are
W=1,1=C=0 at T=0K (2.28)

The residual weight fraction of sample at any temperature and time is
equal to the summation of weight fraction of raw material, intermediate and char. We
solve the above set of ordinary differential equations by using ODE solver in
MATLAB program.

The two-step consecutive model was tested against the experimental
data of palm shell, fiber and kernel cake from the present study and the results are
shown in Figure 2.11 to 2.13, respectively. The two-step consecutive model shows the
improvement of model fitting for palm shell and fiber over the one-step global model.
The maximum deviation for palm shell and fiber are in the range of 4-7 % (see Table
2.4). However, the two-step consecutive model cannot fully account for the inflection

of the thermograms, particularly at low heating rates. For oil-palm kernel cake, the
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two step consecutive model also gives good agreement with the experimental data
with the range of percentage error being the same order as that of the one-step global
model. These results confirm that the one-step global model is sufficient to describe

the pyrolysis process of palm kernel cake which shows only one peak of DTG curve.
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Figure 2.11 TG data and two-step consecutive model fitting of palm shell.
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Figure 2.12 TG data and two-step consecutive model fitting of palm fiber.
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Figure 2.13 TG data and two-step consecutive model fitting of palm kernel cake.

The kinetic parameters determined from the model fitting for the two-
step consecutive model are listed in Table 2.4. The frequency factor of raw material
(A1) increases with increasing of heating rate for all three materials studied here.
Although the activation energy of raw material (E;) decrease with increasing of
heating rate for all materials, but the overall rate constant still increase. This
observation indicates that the raw material decomposes at a faster rate when the
heating rate is increased. This trend of simulated results agrees with the experimental
data of DTG curves (see Figure 2.5 to 2.7) which show the increasing in
decomposition rate for the first peak when heating rate is increased for all three
materials. For the decomposition of intermediate to form solid char, the frequency
factor (A;) decreases when the heating rate is increased for the case of palm shell and
fiber, whereas it increases for the case of palm kernel cake. For activation energy E,,

it decreases with increasing of heating rate for the case of palm shell, but to increase
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for the case of palm fiber and kernel cake. As to the order of reaction, when a higher

heating rate is applied, the order of reaction tends to decrease for all materials.

Table 2.4 Kinetic parameters of two-step consecutive model for pyrolysis of palm

shell, fiber and kernel cake.

Heatin
Sample (“g/?l?ieng) (':f}) (k J/Enll ol) (':ff) (kJ/Enzlol) n | Max. error
Shell 5 2.43x10% 79.0 1.24x10% 301.0 5.89 6.58%
10 6.99x10* 82.1 3.89x10% 299.3 5.24 4.37%
20 9.48x10% 83.9 6.54x10% 295.4 4.34 5.86%
40 3.65x10° 86.3 2.80x10’ 221.8 2.94 5.04%
Fiber 5 9.83x10° 70.4 1.64x10%° 325.2 5.98 4.42%
10 9.73x10° 71.4 7.93x10%8 326.3 5.69 3.80%
20 2.34x10% 73.7 5.10x10% 3324 5.15 5.76%
40 4.92x10* 74.5 4.55x10%8 339.8 4.90 5.19%
Kernel 5 3.50x10° 81.5 1.59x108 112.9 4.02 2.46%
10 6.78x10° 82.5 2.43x10° 174.2 3.62 2.82%
20 3.68x10° 87.2 1.31x10%° 198.2 3.47 2.46%
40 8.19x10° 87.6 1.89x10' 136.7 2.56 4.33%

2.6.4 Two-Parallel Reactions Model

Figure 2.14 to 2.17 compares the experimental data and model fitting
using the two-parallel reaction model for the pyrolysis of oil palm shell, fiber and
kernel cake for various particle sizes and heating rates. Excellent agreement between
the predicted results of the two parallel reactions model and the experimental data is
observed under all pyrolysis conditions. Deviation of model prediction was found to
be less than 4% for all samples and conditions (heating rate and particle size) being
studied here. In addition, the two-parallel reaction model also shows an excellent

description for the inflection of thermograms of palm shell and fiber. Although, the
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two-step consecutive model of Guo and Lua (2001) can describe the experimental
data of palm shell and fiber quite well, its drawback is that the model consists of three
ordinary differential equations which must be solved simultaneously. The accuracy of
the model can be seriously affected by the size of time step and the numerical
technique used. If smaller time step is applied, more accuracy can be obtained but
more time is required for the computation. More importantly, as shown in the
previous section the two-step consecutive model cannot account for the inflection of
thermograms of palm shell and fiber. On the other hand, the two-parallel reactions
model proposed in the present work is more accurate and advantageous because it
contains only one analytical solution, thus requiring much less computation time.
However, it should be noted that the accuracy of the model calculation can be affected
by the initial guess of the kinetic parameters used for the optimization step. Poor

initial trials of the kinetic parameters may cause a large deviation in the model fitting.
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Figure 2.14 TG data and two-parallel reaction model fitting for palm shell pyrolyzed

at heating rate of 20°C /min for different particle sizes.
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Figure 2.15 TG data and two-parallel reaction model fitting for palm shell pyrolyzed

for particle sizes of 0.36 mm at different heating rates.
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Figure 2.16 TG data and two-parallel reaction model fitting for palm fiber pyrolyzed

at different heating rates.
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Figure 2.17 TG data and two-parallel reaction model fitting for palm kernel cake

pyrolyzed at different heating rates.

Table 2.5 lists the kinetic parameters determined from the model
simulation for palm shell, fiber and kernel cake. The first fraction having higher
activation energy could represent the decomposition of the heavier component (i.e.
cellulose) which follows the first order kinetic scheme. Larger value of bin
comparison with the avalue indicates that the pyrolysis of palm shell and fiber are
mainly contributed by the decomposition of the lighter components (i.e.
hemicellulose) (b = 79% and 74% for palm shell and fiber, respectively). Tsamba et
al. (2006) reported the values of the activation energies for pyrolysis of hemicellulose
and cellulose. They found that the activation energy of hemicellulose is in the range
of 147.24-172.75 kJ/mol and cellulose to be in the range of 176.92-248.64 kJ/mol. For

palm shell and fiber, the fitted activation energies of the first fraction (E,) fall in the

same range as those of cellulose, while the fitted activation energies of the second
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fraction (E,) show those of hemicellulose. This agreement further supports that the

first and second fractions could represent the decomposition of cellulose and
hemicellulose, respectively. The variation of the kinetic parameters, including
frequency factor, activation energy and reaction order for different heating rates and
particle sizes can be further examined. It is noted that there is no definite trend for the
frequency factor and activation energy when the heating rate and particle size are
changed. However, the reaction order of the second fraction (n) decreases with the
increasing of heating rate but increases as the particle size is increased. Due to model
simplification, the two-parallel reaction model assumes that the pyrolysis reaction is
purely kinetic control where the effect of heat and mass transfer resistance are
neglected. In principle, if the pyrolysis reaction is a true purely kinetic control, the
kinetic parameters should be constant independent of heating rate and particle size.
The observed variation of kinetic parameters as reported here may result from the
complex scheme of pyrolysis reaction and also the effect of heat and mass transfer
resistance existing in the real system.

In order to further confirm the validity of the two-parallel reactions
model proposed in this study, we also applied this model to the data of other
carbonaceous biomass materials, including coconut shell, bagasse, longan fruit seed
and cassava pulp residue. All samples were pyrolyzed at 10 °C/min. The particle sizes
of the samples are 0.36 mm for coconut shell, 0.1 mm for bagasse, 1.0 mm for longan
seed and 0.23 mm for cassava pulp residue. Figure 2.18 to 2.21 shows the
experimental TG data and the simulated results which demonstrate that the two-
parallel reactions model not only can describe well the pyrolysis of palm solid wastes

but it is also capable of predicting the pyrolysis behavior of many other biomass
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materials. The maximum deviations for all materials are in the range of 1-4%. The
kinetic parameters determined from the model fitting are listed in Table 2.6. The
larger value of b in comparison with that of a indicates that the decomposition of
coconut shell and bagasse are mainly contributed by the lighter fraction (second

fraction).

Table 2.5 Kinetic parameters (a, A, E,, A,, E, and n) of the two-parallel

reactions model for pyrolysis of palm shell, fiber and kernel cake.

Heating| .. 1* fraction 2™ fraction
Sample Rate.e (ISI:fne) A E, A, E, 2{!?3(':
(*C/min) a | moly| P ¢ |kd/mor)| "

5 9.82x10Y" | 243.1 1.15x10™ | 173.2 | 4.02 | 2.81%

10 4.05x10% | 226.4 1.20x10" | 1735 | 3.88 | 2.74%

Shell | g ] 05002 2.43x10Y7 | 238.9 o0 458x101% | 169.8 | 3.50 | 2.61%
40 1.53x10 | 234.6 1.27x10% | 1736 | 3.39 | 2.13%

0.36 2.43x10'7 | 238.9 460x101 | 169.8 | 3.50 | 2.61%

0.51 7.48x101% | 2328 8.61x10% | 172.2 | 3.67 | 2.60%

Shell | 20 0.73 | 0.21 | 8.20x10'® | 233.9 |0.79 | 7.63x10' | 171.5 | 3.75 | 2.59%
1.10 1.08x10'7 | 234.4 6.56x10'% | 170.1 | 3.95 | 2.98%

1.40 1.10x10Y | 234.4 8.66x10%3 | 171.8 | 4.14 | 3.11%

5 3.89x10% | 219.7 4.65x10% | 170.9 | 4.05 | 2.40%

Fiber 10 <100 026 9.04x10 | 201.8 074 1.86x1013 | 156.8 | 3.69 | 2.71%
20 3.85x101° | 209.4 2.92x10'2 | 149.3 | 3.28 | 2.76%

40 2.57x10 | 193.7 3.21x10% | 158.2 | 3.38 | 2.64%

5 2.44x10° | 80.0 4.29x102 | 54.8 | 2.37 | 2.28%

cermnel 10 <05 | 00 7.66x10° | 83.0 0.40 6.20x10% | 54.7 | 2.29 | 2.30%
20 3.58x10% | 87.4 207x102 | 47.9 | 2.04 | 2.66%

40 1.76x10" | 91.0 483x102 | 48.7 | 2.07 | 2.81%
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The thermograms of coconut shell and bagasse show the existence of
inflection which is the same as in the case of the palm shell and fiber. Based purely on
these results, it is expected that the chemical compositions of coconut shell and
bagasse are probably similar to those of the palm shell and fiber. For longan seed and
cassava pulp residue, the thermograms show no inflection of curve as exhibited also
by the palm kernel cake. The derived Kkinetic parameters show that the pyrolysis
reactions of longan seed and cassava pulp residue are contributed equally by the first
and second fractions (the values of a and b are comparatively the same). Similar
conclusion can be inferred that the chemical compositions of these two materials are

probably similar to that of the palm kernel cake.
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Figure 2.18 TG data and model fitting for coconut shell pyrolyzed at 10°C/min.
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Figure 2.19 TG data and model fitting for bagasse pyrolyzed at 10°C/min.
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Figure 2.20 TG data and model fitting for longan seed pyrolyzed at 10°C/min.
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Figure 2.21 TG data and model fitting for cassava waste residue pyrolyzed

at 10°C/min.

Table 2.6 Kinetic parameters of two parallel reactions model for pyrolysis of coconut

shell, bagasse, Longan seed, cassava waste pyrolyzed at 10 °C/min.

A = A, E, Max.
Sample a ™) &kJ/moly | P ™ &J/moty | " error
Coconutshell | 0.14 | 4.26x10% | 25420 | 0.86 | 9.74x10*° | 138.77 | 3.43 | 3.53%
Bagasse 0.30 | 2.68x10*" | 233.76 | 0.70 | 454x10" | 106.26 | 3.35 | 3.16%
Longanseed | 0.47 | 1.23x10'° | 126.96 | 0.53 | 1.20x10! 30.55 1.41 | 1.41%
Cassava waste | 0.49 | 7.66x10’ 1100 | 051 | 7.22x10% | 218.2 3.13 | 3.15%
2.7 Conclusions
The non-isothermal thermogravimetric analysis of palm solid wastes,

including palm shell, fiber and kernel cake shows significant influence of raw

material size and heating rate on their pyrolysis behavior. The following conclusion

can be drawn from this study.



52

e The pyrolysis process of palm shell and fiber consisted of two distinct
kinetic schemes, while only one step of kinetic scheme was observed for palm kernel
cake.

e The particle size had no significant effect on the thermogram of palm shell
at the initial stage of pyrolysis (temperature lower than 320°C), after that the residual
mass of sample and the final yield of char increased with increasing of particle size at
the same pyrolysis temperature.

e As the heating rate was increased, the thermograms of palm shell, fiber,
and kernel cake shifted systematically to higher temperature region. However, there
was no measurable effect of heating rate on the final yield of char for all three
materials.

e The one-step global model was able to describe the thermal
decomposition of palm kernel cake, while the pyrolysis processes of palm shell and
fiber were best described by the two independent kinetic processes namely two-
parallel reactions model proposed in this work. This model was capable of describing
the experimental data with the maximum deviation being in the range of 2-4%.

e Since the two-parallel reaction model consists of 6 kinetic parameters, it is
rather difficult to assign correct initial guesses of the kinetic parameters for the model
optimization. As a result of this difficulty, some parameter should be determined
experimentally, such as the initial fraction (a and b) of the first and second

components.
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CHAPTER Il
PREPARATION OF ACTIVATED CARBON IN

A LABORATORY TUBE FURNACE

3.1 Abstract

The two-step physical activation process was employed for the preparation of
activated carbons from oil-palm solid wastes, including palm shell, fiber and kernel
cake — an abandoned agricultural solid wastes produced during palm-oil mill process.
These solid wastes were first carbonized in a laboratory tube furnace under constant
flow of nitrogen. The effect of carbonization conditions (i.e. temperature, holding
time, heating rate and particle size) on the final yield, iodine number and proximate
analysis of the produced chars were investigated. The optimum carbonization
conditions for preparing chars from those three types of oil-palm solid wastes were
determined by considering their iodine number, final yield and proximate analysis.

The derived chars were further activated with carbon dioxide for varying times
(1-4 hrs) and temperatures (700-900°C). The porous properties of the resulting
activated carbons were characterized using adsorption isotherm data of nitrogen gas at
-196°C. The palm shell and fiber based activated carbon exhibited Type | isotherm,
while the palm kernel cake based activated carbon showed Type IV isotherm. Over
the range of activation temperature used, the BET surface area and pore volume
increased with increasing activation temperature. The same tendency for both surface

area and pore volume was also observed for the effect of activation time, but with less
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significant effect after 2 hrs for the case of palm fiber and kernel cake. The optimum
activation conditions that gave the maximum in surface area occurred under the
following conditions: 950°C and 2 hrs for palm shell, 850°C and 2 hrs for fiber, and
900°C and 2.5 hrs for palm kernel cake, corresponding to 48%, 52% and 66% of char
burn-off, respectively. The maximum BET surface area obtained were 1067, 522 and
789 m?/g for activated carbons produced from shell, fiber and kernel cake,
respectively. The level of char burn-off was found to correlate extremely well with the
porous properties for each type of activated carbon, irrespective of the activation

conditions.

3.2 Introduction

The preparation of activated carbon by physical activation method consists of
two main steps: carbonization and activation. For carbonization, the carbonaceous
material is decomposed at the temperature below 800°C to eliminate non-carbon
species (i.e. oxygen, nitrogen, and hydrogen), hence producing a carbon rich mass.
Some of the pores are created during this step but not well developed and
interconnected. The quality and the final yield of the carbonized product (i.e. char)
depend on the heating rate, carbonization temperature, holding time at final
temperature, and the nature and physical state of raw materials (Bansal et al., 1988).
Mackay and Roberts (1982a) found that the basic microporous structure of char was
formed at the carbonization temperature about 500°C, although some of these pores
were blocked by the pyrolysis products (i.e. tar) and these blocked pores could be
available when the char is further carbonized at higher temperatures. The

carbonization process can be separated into two main stages: softening period and
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shrinkage of the char (Bansal et al., 1988). The properties of char during the softening
period depend on the carbonization temperature used. The shrinkage of the char plays
an important role in the development of porous structure in the char.

For activation step, the aim is to enhance the pore volume and enlarge the
pores which are created during the carbonization step and also create some new
porosity. The activation of char is commonly carried out at temperatures between 800
to 1100°C in the presence of oxidizing gases (i.e. activating agent) such as carbon
dioxide, steam, air and any mixture of these gases. The porous properties (i.e. internal
surface area, pore volume, pore size distribution) depend primarily on the nature of
raw material and their conditions of carbonization and activation (Mackay and
Roberts, 1982b). In the early stage of activation, less than 10% burn-off, the
disordered carbon is removed and the aromatic sheet is exposed and creates a reaction
with the activation agent, leading to the development of microporous structure. The
blocked pores occurring during the carbonization step are opened in this stage. For the
next stage, the reaction widens the existing pores or formation of the large size pores
by the complete burnout of the walls between the adjacent pores, leading to the
transition of the microporosity to mesoporosity or macroporosity and hence the
lowering in the micropore volume and surface area.

Although the precise mechanism of the activation process is not fully
understood, the major mechanism involved may be viewed as the gasification reaction
between carbon atoms contained in the carbonized product and the activating agent.
Each carbon atom in the char has different reactivity depending on their arrangement
and position. The carbon atom located at the edge and boundary of aromatic sheet or

at defect positions and dislocations or discontinuities will have higher reactivity. The
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gasification reaction of carbon dioxide (used as the activating agent in this work) with

carbon atoms follows the endothermic reaction (Bansal et al., 1988):

C + CO, —> 2CO- 39 kcal (3.1)

In this chapter, the preparation and characterization of activated carbons from
oil-palm solid wastes, including palm shell, fiber and kernel cake were studied and
presented. The experiments were carried out in a laboratory tube furnace by using
physical activation with carbon dioxide. The effects of preparation conditions for both
carbonization and activation steps on the physical and porous properties (e.g. internal
surface area, pore volume, pore size distribution, etc.) of activated carbon products

were investigated.

3.3 Review of the Literatures

To date, considerable work on the preparation and characterization of
activated carbons from many different carbonaceous materials by physical activation
has been reported in the literatures. Duran-Valle et al. (2006) prepared the chars from
cherry stone and examined the effect of carbonization conditions on the chemical
composition and porous texture. Their study indicated that the surface functional
groups and porous structure of chars depended mainly on the carbonization
temperature and holding time at the final temperature. Katyal et al. (2003) studied the
effect of process variables (i.e. carbonization temperature, heating rate, and inert
sweep gas flow rate and particle size) on the yield and composition of solid char

produced from bagasse in a fixed bed reactor. They found that the yield of char
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decreased significantly with the increasing of temperature when the char was
carbonized at temperatures lower than 500°C and the product yield appeared to be
independent of the heating rate and particle size. The flow rate of inert sweep gas
affected significantly on the yield of char: the yield decreased with increasing in the
inert gas flow rate. Lu et al. (2000) studied the effect of carbonization temperature on
the aromatic structure, physical structure and chemistry of derived chars prepared
from five Australian black coals. The experimental results indicated that the char
became more ordered and condensed when the temperature was increased. They also
found that the types of raw materials used affected strongly on the aromatic structure
of char. The atomic ratio of H/C and O/C decreased considerably with the increasing
of carbonization temperature.

Some researchers lave studied the effect of carbonization conditions on the
properties of the activated carbon. Daud et al. (2000) investigated the effect of
carbonization temperature on the pore development of palm shell based activated
carbon prepared in a fluidized bed reactor. They found that the activated carbon
prepared from char carbonized at high temperatures consisted mainly of microporous
structure. Marcilla et al. (1996) studied the influence of carbonization heating rate on
the physical properties of activated carbon derived from a sub-bituminous coal. The
results showed that the chars obtained at higher heating rate seemed to have higher
gasification reactivity than those carbonized at a lower heating rate. Robert et al.
(2003) examined the effect of carbonization pressure on coal based char reactivity.
The experiments were carried out in a pressurized thermogravimetric analyzer. They
concluded that the carbonization pressure did not affect directly on the gasification

reactivity of char. However, the chars prepared at higher pressure appeared to react
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with activating agent faster than those prepared at a lower pressure. The increasing in
reaction rate is mostly due to the increasing in internal surface area of the char when
pyrolyzed at the higher pressure.

Several carbonaceous materials are used as precursors for the preparation of
activated carbons. Ganan et al. (2006a, 2006b) used air and carbon dioxide as
activating agents for the preparation of high quality activated carbons from almond
tree pruning. Their activated carbon gave specific surface area of 959 m%g with
19.2% burn-off and 840 m%g with 69.5% burn-off for air and carbon-dioxide
activation, respectively. Gonzalez et al. (2006) prepared the activated carbon from
used tire by steam and carbon dioxide activation. They found that the activated carbon
produced with steam activation exhibited narrower micropores and lower BET surface
areas and total pore volumes than those activated with carbon dioxide. For other types
of carbonaceous materials, the preparation of activated carbons by physical activation
were reported elsewhere , for example, macadamia nut shell (Tam and Antal, 1999),
coconut shell (Tam and Antal, 1999; Iwasaki et al., 2002; Su et al., 2006), oil-palm
wood (Ahmad, 2006), sewage sludge (Yu and Zhong, 2006), bagasse (Juang et al.,
2002; Valix et al., 2004), coal (Pis et al., 1998; Arenas and Chejne, 2004; Scott et al.,
2005), etc.

On the preparation of activated carbons from oil-palm solid wastes, both
chemical and physical activation have been employed. Guo et al. (2005) and Adinata
et al. (2007) prepared activated carbons from oil-palm shell by using chemical
activation with sulfuric acid (H,SO,) and potassium carbonate (K,COj3). The activated
carbon derived from H,SO, activation provided the highest BET surface area of about

1250 m?g™, while the carbon activated with K,COs gave the highest BET surface area
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of 1170 m?g™. Daud and Ali (2004) prepared the activated carbon from palm shell
and coconut shell in a fluidized bed reactor by using carbon dioxide as the activating
agent. They found that, at any burn-off, the micropore and mesopore volumes created
in palm shell- based activated carbon were always higher than those of coconut-shell-
based activated carbon. The activation rate of coconut-shell based char is significantly
higher than that of palm-shell based char which mean that longer activation time is
required for palm shell based activated carbon to achieve a certain level of burn-off

during activation process.

3.4 Research Methods

The oil-palm shell, fiber and kernel cake were supplied by the Golden Palm
Industry in Chonburi Province, Thailand. The received solid wastes were washed and
dried in an oven at 110°C for 24 hrs. The dried materials were crushed and sieved to
obtain the average particle size of 0.5, 1.0, 1.4 and 2.0 mm for oil-palm shell, and size
smaller than 1.0 mm and 0.25 mm for the palm fiber and kernel cake, respectively.
The proximate and ultimate analyses of these solid wastes are shown in Table 3.1
which also appears in Table 2.1 of Chapter 2. About 10 g of each sample was loaded
into a ceramic boat and carbonized in a laboratory tube furnace (Carbolite CTF
12/75/700, 6 cm in diameter and 100 cm in length) under constant supply of ultra high
purity grade nitrogen (UHP, 99.995% purity) at 100 cm®/min. The effects of
carbonization temperatures (400-800°C), times (0.5-3.0 hrs), and heating rates (5-
40°C/min) on the properties of the resulting chars were investigated. Subsequently,
the derived chars were activated in the same tube furnace under a constant flow (100

cm®/min) of high purity grade CO, (HP, 99.95% purity). Porous properties of the
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derived activated carbons, including BET surface area, pore volume and pore size
distribution, were determined as follows. The BET surface area was estimated from
adsorption isotherm data of nitrogen at -196°C (collected by using Micromeritics
ASAP 2010 adsorption apparatus) by applying the Brunauer-Emmett-Teller (BET)
equation (Do, 1998). The total pore volume was computed from the volume of
nitrogen gas adsorbed at the relative pressure of 0.99 and converted it to the volume
of N, in liquid state. Micropore volume was calculated by using the Dubinin-
Astakhov (DA) equation (Do, 1998). The pore size distribution (PSD) was determined
by applying the Density Functional Theory (DFT) model (EI-Merraoui et al., 2000).
Percentage of moisture, volatile and ash contents of raw materials, chars and activated
carbons were determined according to the ASTM standard (ASTM D2867-95,
D5832-95 and D2866-94 for the determination of moisture, volatile and ash contents,

respectively). The fixed carbon content was calculated by mass balance.

Table 3.1 Proximate and ultimate analysis of the palm shell, fiber and kernel cake.

Ultimate analysis (% w/w) Proximate Analysis Solid

Sample Density
C H N S 0] Volatile | Fix-C Ash glem®
Shell 47.6 5.38 0.66 0.04 | 41.38 72.7 23.6 3.6 1.42
Fiber 46.64 | 5.66 1.73 0.10 | 39.46 73.7 12.6 6.6 0.75
Kernel 41.47 | 5.77 3.00 0.03 | 43.49 80.3 10.3 3.2 1.39
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3.5 Results and Discussion

3.5.1 Carbonization of Palm Shell

In this section, the effect of carbonization conditions (i.e. carbonization
temperature, holding time, heating rate and particle size) on the porous characteristics
and proximate analysis of the derived chars are reported for palm shell.

It should be noted that the adsorption isotherm of N, at -196°C on the
derived chars prepared at some carbonization conditions could not be directly
measured, especially at low carbonization temperatures (400-600°C). This is due to
the fact that the porous structure of char was not yet fully developed, containing pores
of very fine sizes with most pores being blocked by tar products generated during the
carbonization step. Therefore, N, molecules could not easily get access into the
internal pores of the char particles and hence its porous properties cannot be directly
determined from the isotherm data. As a result of this difficulty, the porous
characteristics of the derived char were characterized by using the iodine number in
place of the BET surface area, pore volume and PSD. lodine number is the most
fundamental parameter used to characterize activated carbon performance. It is a
measure of activity level (higher number indicates higher degree of activation). It is a
measure of the micropore content of the activated carbon (0 to 20 A, or up to 2 nm)
by adsorption of iodine from solution. The iodine number of the palm-shell based
chars was determined by following the ASTM D4607-94 (1998) standard.

The numerical data of yield and iodine number and also the proximate
analysis of all the chars prepared at various carbonization temperatures, particle sizes,
heating rates, and holding times are listed in Table 3.2. For the effect of carbonization

temperature on the final yield and iodine number of the resulting chars (see Figure 3.1
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and 3.2), the plots show that the yield drops linearly with the increasing of
carbonization temperature when the palm shell is carbonized at the temperature lower
than 600°C. At higher temperatures, the decrease continues but the relative variation
of yield with temperature becomes less. The reverse trend of iodine number with
respect to carbonization temperature can be observed. That is iodine number, which is
a measure of micropore volume (particle size 1.4 mm) increases rapidly with
temperature when the sample is carbonized at the temperature lower than 600°C, and
then it increases at a slower rate when the temperature is further increased. These
observations indicate that the pyrolysis scheme of palm shell is almost completed at
600°C. This conclusion agrees with the collected TGA and DTG data of palm shell in
the previous chapter (Chapter 2, see Figure 2.4) and it is also confirmed by
considering the value of proximate analysis. The proximate analysis results show that
the fixed carbon and volatile contents of char change significantly when the
carbonization temperature is increased up to 600°C, but moderate changes of fixed
carbon and volatile contents are observed at the higher carbonization temperatures.
Figure 3.3 and 3.4 shows the effect of particle size on the yield and
iodine number of the resulting chars, respectively. The palm shell was carbonized at
600°C for 1.0 hr at heating rate of 5°C/min. The results show that there is almost no
measurable effect of particle size (from 0.5 to 2.0 mm) on the value of yield, iodine
number and proximate analysis (i.e. fixed carbon, volatile and ash contents) of the
prepared char. This observation indicates that the effect of heat and mass transfer
resistance inside the char particle can be neglected for the range of particle size

studied here.
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Table 3.2 Yield, iodine number and proximate analysis of the palm shell chars

prepared at various carbonization conditions.

Carbonization conditions

Proximate Analysis (%0)

Temp. | Time Heating Par_ticle % Yield Ior?c')he _ _

°C) (hr) . rate size Fix-C Volatile Ash
(°C/min) (mm)

400 39.25 29.01 69.19 28.59 2.22
500 35.42 54.58 79.36 17.03 3.61
600 1 5 1.4 32.20 117.35 85.58 11.33 3.10
700 30.73 135.03 88.50 7.72 3.77
800 29.89 152.24 90.18 5.61 4.22
0.5 31.45 114.67 85.75 10.89 3.36
600 1 5 1.0 31.87 109.50 85.58 11.33 3.10
1.4 32.20 117.35 84.45 12.56 2.99
2.0 32.26 113.22 84.26 12.99 2.75
5 39.25 29.01 69.19 28.59 2.22
400 1 10 14 38.91 25.13 68.89 27.69 3.42
20 37.43 35.45 68.21 28.22 3.56
30 37.01 32.56 67.09 29.03 3.88
5 31.20 117.35 85.58 11.33 3.10
600 1 10 14 30.69 111.85 85.71 10.31 3.99
20 30.06 109.58 86.19 9.78 4.03
30 29.50 107.52 85.87 9.25 4.88
5 29.89 152.24 90.18 5.61 4.22
800 1 10 14 29.62 141.25 87.89 7.65 4.46
20 29.35 145.26 82.99 12.70 431
30 28.68 138.58 75.13 20.05 4.83
0.5 39.89 31.18 68.75 29.24 2.01
400 1.0 5 14 39.25 29.01 69.19 28.59 2.22
2.0 39.49 58.82 70.26 26.21 3.53
3.0 38.96 45.61 71.40 24.28 4.32
0.5 31.98 112.29 84.11 13.06 2.83
600 1.0 5 14 32.20 117.35 85.58 11.33 3.10
2.0 31.85 135.80 86.34 9.50 4.16
3.0 31.52 120.16 88.33 6.65 5.03
0.5 29.95 131.07 88.78 7.19 4.03
800 1.0 5 14 29.89 152.24 90.18 5.61 4.22
2.0 30.09 136.07 91.73 3.72 4.55
3.0 30.08 127.03 92.95 2.29 4.77
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Figure 3.1 Effect of carbonization temperature on the final yield of the palm shell
chars for particle size of 1.4 mm carbonized at heating rate of 5°C/min

and 1.0 hr of holding time.
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Figure 3.2 Effect of carbonization temperature on the iodine number of the palm
shell chars for particle size of 1.4 mm carbonized at heating rate of

5°C/min and 1.0 hr of holding time.
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Figure 3.3 Effect of particle size on the final yield and iodine number of the palm
shell chars carbonized at 600°C, 5°C/min of heating rate, and 1.0 hr of

holding time.
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Figure 3.4 Effect of particle size on the final yield and iodine number of the palm
shell chars carbonized at 600°C, 5°C/min of heating rate, and 1.0 hr of

holding time.
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The effect of heating rate on the characteristic of the resulting chars at
three carbonization temperatures (i.e. 400, 600 and 800°C) with the same holding time
of 1.0 hr are shown in Figure 3.5 and 3.6 for the yield and iodine number,
respectively. The heating rate plays a significant effect on the final yield of chars
when the palm shell was carbonized at 400°C. At this carbonization temperature, the
yield decreases almost linearly with increasing of heating rate. At higher
carbonization temperature (i.e. 600°C and 800°C), the same behavior can be observed
but the heating rate appears to have lesser effect on the final yield of char as the
temperature is increased. These observations could be attributed to the effect of
secondary reactions of volatile products generated during the pyrolysis process to
form more solid char. That is, at a low heating rate, the volatile matters can be purged
by flowing nitrogen from the reaction zone at a lower rate and the volatile matters
have longer residence time to undergo the secondary reactions to form solid char
(Williams and Besler, 1996). Therefore, additional solid chars are produced when the
sample was carbonized at lower heating rates. A decrease in the yield of char with
increasing of heating rate were also reported by Katyal et al. (2003), Haykiri-Acma et
al. (2006) and Demirbas et al. (2006). Katyal et al. (2003) conducted the
carbonization experiments on the samples of sugar cane bagasse in a static fixed bed
reactor. Haykiri-Acma et al. (2006) employed the TGA technique to investigate the
pyrolysis yield of rapeseed carried out at temperature up to 1000°C for various
heating rate up to 50°C/min. Demirbas et al. (2006) studied the pyrolysis of
agricultural residues in Turkey.

In addition, the proximate analyses of the resulting char (see Table 3.2)

show that variation in the heating rate has no bearing on the fixed carbon content for
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the carbonization temperature of 400 and 600°C, but appreciable increase of fixed
carbon can be observed for carbonization temperature of 800°C as the heating rate is
decreased. These results indicate that the secondary reaction of volatile products play
an important role on char production when the carbonization is carried out at a very
high temperature (i.e. 800°C), in agreement also with the work of Morf et al. (2002).
It was found in their work that the secondary reactions of volatile matters become
important at temperatures higher than 650°C. Although heating rate affects
significantly on the final yield of char, it shows no effect on the iodine number of
char. The iodine number seems to be constant when the heating rate is changed. This
tends to indicate that the range of heating rate studied here has no appreciable effect

on the pore evolution of char.
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Figure 3.5 Effect of heating rate on the final yield of the palm shell chars for particle

size of 1.4 mm carbonized at 1.0 hr of holding time.
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Figure 3.6 Effect of heating rate on the final yield and iodine number of the palm

shell chars for particle size of 1.4 mm carbonized at 1.0 hr of holding

time.

For the effect of holding time (see Figure 3.7 and 3.8), the yield of char

appears to be independent of the holding time for all carbonization temperatures from

400 to 800°C. This means that the pyrolysis process of palm shell is already

completed during the heating up stage. The iodine number varies considerably when

the holding time is changed. It increases with increasing of holding time and passes

through a maximum with the optimum temperature depending on the carbonization

temperature. The maximum value of iodine number can be observed at 2.0 hrs for the

carbonization temperature of 400°C and 600°C and 1.0 hr for 800°C. The plausible

cause for this decreasing of iodine number could result from the shrinkage of char

particle, which could cause the collapse of char porous structure, when unnecessary

longer activation time was used.
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Figure 3.7 Effect of holding time on the final yield and iodine number of the palm

shell chars for particle size of 1.4 mm carbonized at heating rate of

5°C/min.
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Figure 3.8 Effect of holding time on the final yield and iodine number of the palm

shell chars for particle size of 1.4 mm carbonized at heating rate of

5°C/min.



73

By considering the effect of carbonization conditions on the yield and
iodine number of the resulting char, the palm shell was carbonized at the temperature
of 600°C to produce char for the next study of CO, activation step. The carbonization
temperature chosen is well above the main devolatilization temperature (as reported in
Chapter 2) to ensure a relatively carbon-rich char, yet not too high to cause char
particle shrinkage. Other carbonization conditions, including particle size, heating
rate, and holding time, are arbitrarily selected because they seem to have less effect on
final yield and iodine number of char when the palm shell is carbonized at the
temperatures above 600°C (see Figure 3.3 to 3.8). In this work, the particle size of 1.4
mm, heating rate of 5°C/min and holding time of 2.0 hrs were then chosen for
preparing palm shell chars for further activation study.

3.5.2 Carbonization of Palm Fiber and Kernel Cake

The oil palm fiber and kernel cake are solid wastes abandoned from the
palm-oil milling process. Their potential use as precursors for preparing activated
carbons was also studied in this chapter. The derived chars were also used in the
subsequent activation step.

Similar to the case of palm shell, the N, isotherm data of palm fiber
and kernel cake based chars could not be measured, and therefore the BET surface
area, total pore volume and pore size distribution by gas adsorption technique cannot
be directly determined. The determination of iodine number, which is a measure of
surface area in the micropore size range was not performed in this work for palm fiber
and kernel cake chars due to the reason that too large amount of the samples was
required for the analysis, indicating that their surface areas are much lower than that

of palm shell char. As a result of this problem, only the effect of carbonization
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conditions on the final yield and proximate analysis of derived chars will be
presented.
3.5.2.1 Palm Fiber Char

Figure 3.9 to 3.11 show the change of char yield with respect to
the variation of carbonization conditions (i.e. temperature, holding time and heating
rate) for palm fiber. Table 3.3 lists the values of char yield and the corresponding
proximate analysis of the char samples.

For the effects of carbonization temperature (see Figure 3.9),
the results show that the yield of char decreases rapidly when the carbonization
temperature is increased from 400 to 500°C. At higher temperatures up to 800°C, the
yield decreases continually but with a slower change. The proximate analysis shows
(see Table 3.3) that fixed carbon and volatile contents change drastically when the
carbonization temperature is increased from 400 to 500°C. Over the temperature from
500 to 800°C, their changes become less with respect to the change in temperature.
This observation indicates that most of volatile matters are released at the temperature
lower than 500°C. Therefore, the temperature of 500°C was chosen for the
carbonization step of palm fiber to prepare char for the next CO; activation step.

The effect of holding time on the yield of char is shown in
Figure 3.10 for carbonization temperature of 400, 600 and 800°C. The yield of char
decrease significantly for the case of 400°C and the holding time up to 2.0 hrs, but the
yield seems to be constant when the holding time is longer than 2.0 hrs. For the cases
of 600 and 800°C, it appears that holding time has no appreciable effect on the char
yield. The proximate analysis also shows the same trend for fixed carbon and volatile

contents. The amount of fixed carbon and volatile matters change significantly for
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carbonization temperature of 400°C and holding time up to 2.0 hrs and then become
almost constant for further increasing of holding time up to 3.0 hrs. There is almost no
change in fixed carbon and volatile contents for carbonization at 600 and 800°C. It
can be concluded that the pyrolysis of palm fiber is mostly completed when the
carbonization temperature is higher than 400°C or for the holding time longer than 2.0
hrs. By considering the effect of holding time on the yield and proximate analysis of
the resulting chars, the palm fiber will be carbonized at the holding time of 2.0 hrs to

prepare char for the next CO, activation step.
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Figure 3.9 Effect of carbonization temperature on the final yield of the palm fiber

chars carbonized at heating rate of 5°C/min and 1.0 hr of holding time.
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Figure 3.11 Effect of heating rate on the final yield of the palm fiber chars

carbonized at 5°C/min of heating rate.
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Table 3.3 Yield, iodine number and proximate analysis of the palm fiber chars

prepared at various carbonization conditions.

77

Carbonization conditions

% Yield

Proximate Analysis (%6)

Temp. Time Heating rate o .
°C) (hr) (°C/min) Fix-C Volatile Ash
400 34.44 54.85 31.66 13.49
500 28.23 67.44 16.75 15.81
600 1.0 5 26.90 69.64 14.23 16.13
700 25.98 71.38 12.16 16.46
800 24.65 76.33 6.38 17.29
0.5 34.63 49.49 38.28 12.23
1.0 34.44 54.85 31.66 13.49
400 5
2.0 31.58 56.95 30.98 12.07
3.0 31.23 57.47 29.76 12.76
0.5 27.53 68.73 14.79 16.48
1.0 26.90 69.64 14.23 16.13
600 5
2.0 26.80 70.93 13.08 15.99
3.0 26.38 72.16 12.33 15.51
0.5 24.78 75.69 8.49 15.82
1.0 24.65 76.33 6.38 17.29
800 5
2.0 25.19 75.19 8.31 16.50
3.0 25.08 74.55 8.37 17.07
5 34.44 54.85 31.66 13.49
10 32.37 52.14 35.26 12.60
400 1.0
20 31.62 51.88 35.05 13.07
30 31.43 50.78 35.87 13.35
5 26.90 69.64 14.23 16.13
10 26.80 67.96 15.15 16.89
600 1.0
20 26.36 67.26 16.39 16.35
30 26.22 64.72 18.69 16.59
5 24.65 76.33 6.38 17.29
10 24.25 75.57 7.28 17.15
800 1.0
20 24.52 74.69 7.38 17.92
30 24.24 74.73 7.03 18.25




78

For the effect of heating rate (see Figure 3.11), the yield
decreases continually when the heating rate is increased from 5 to 30°C/min for
carbonization temperature of 400°C, while the yield seems to be independent of the
heating rate when the palm fiber was carbonized at 600 and 800°C. Similar to the case
of palm shell, the decrease of yield with respect to heating rate should be due to the
effect of secondary reactions between the volatile products emitted during the
pyrolysis process to form more solid char. However, the effect of the secondary
reactions between the volatile products seems to be less significant when the palm
fiber was carbonized at 600 and 800°C, for which almost negligible change of char
yields can be observed when the heating rate is increased. Therefore, it is better to
carbonize the palm fiber at the low heating rate to provide the maximum yield of char.
As a result of this finding, the palm fiber will be pyrolyzed at the heating rate of
5°C/min for further CO, activation to produce activated carbon as reported in the later
section.

In addition, from the proximate analysis, it should be noted that
the amounts of fixed carbon contained in the palm fiber chars are on the average
lower than those for the case of palm shell chars when carbonized at the same
condition, and the ash content of palm fiber char is about 5 times higher than that of
palm shell char. The ash content indicates the amount of inorganic matters contained
in carbon materials. Thus, higher content in the ash means that the palm fiber char

contains higher amount of inorganic constituents as compared to the palm shell char.
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3.5.2.2 Palm Kernel Cake Char

For palm kernel cake, the effect of carbonization temperature
on the yield of derived char is shown in Figure 3.12. The yield of char decreases
steadily as the carbonization temperature is increased for the whole range of
temperature studied here. The proximate analyses of resulting chars for all preparation
conditions are shown in Table 3.4. The fixed carbon content increases and the volatile
decreases with increasing of carbonization temperature. The fixed carbon and volatile
content change markedly when the carbonization temperature is increased from 400 to
600°C, but lesser changes are observed at higher temperatures. This observation
supports that the pyrolysis of palm kernel cake is almost completed at 600°C. It is
further noted that the palm kernel cake char also contains high ash content

comparable to the case of oil palm fiber char.

40

Yield, %

Temperature, °C

Figure 3.12 Effect of carbonization temperature on the final yield of the palm
kernel cake chars carbonized at heating rate of 5°C/min and

1.0 hr of holding time.
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Table 3.4 Yield, iodine number and proximate analysis of the palm kernel cake chars

prepared at various carbonization conditions.

Carbonization conditions

Proximate Analysis (%)

o i
Temp. | Tme |eatingrate| 0| g e |
400 36.05 59.22 26.85 13.93
500 31.37 65.30 18.35 16.35
600 1.0 5 29.55 71.12 11.61 17.27
700 27.73 72.50 9.94 17.56
800 27.24 74.17 7.88 17.95
0.5 37.66 58.56 28.11 13.33

400 1.0 . 36.05 59.22 26.85 13.93
2.0 35.98 58.97 27.04 13.99

3.0 34.96 59.54 27.07 13.39

0.5 29.70 69.45 13.64 16.91

600 1.0 . 29.55 71.12 11.61 17.27
2.0 29.70 71.88 11.16 16.96

3.0 29.83 69.97 13.22 16.81

0.5 26.81 74.70 6.95 18.35

800 1.0 . 27.24 74.17 7.88 17.95
2.0 27.37 74.53 6.90 18.57

3.0 27.73 74.47 7.17 18.36

5 36.05 59.22 26.85 13.93

400 10 10 36.09 58.89 27.18 13.93
20 36.13 58.55 27.51 13.94

30 35.52 58.80 27.02 14.18

5 29.55 71.12 11.61 17.27

600 10 10 28.87 70.91 11.61 17.48
20 28.06 71.86 10.22 17.92

30 28.56 71.74 10.66 17.60

5 27.24 74.17 7.88 17.95

800 10 10 26.98 73.27 8.14 18.59
20 26.11 72.17 8.61 19.22

30 26.06 72.50 8.06 19.44
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The influences of holding time on the final yield of char are
shown in Figure 3.13 plotted for three carbonization temperatures (i.e. 400, 600 and
800°C). The plots show that holding time plays an important effect on the yield only
at the temperature of 400°C. There is a tendency that when carbonization at this low
temperature of 400°C, the decomposition of palm kernel cake still continues even up
to the holding time of 3.0 hrs. However, at the carbonization temperatures higher than
600°C, the pyrolysis process is almost completed at the early stage of carbonization.
There is no clear effect of holding time on the proximate analysis of the resulting
chars. The fixed carbon, volatile and ash content are observed to be constant

independent of the change in holding time.
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Figure 3.13 Effect of holding time on the final yield of the palm kernel cake chars

carbonized at 5°C/min of heating rate.



82

The effect of heating rate on the yield of char is shown in
Figure 3.14. It can be said that heating rate has no significant effect on the final yield
of char, although slight variation in the yield can be observed at 600 and 800°C. The
heating rate also exerts no important effect on the fixed carbon, volatile and ash
content of the resulting chars. To prepare char for the next activation step, the palm
kernel cake was carbonized at the temperature of 600°C to ensure that complete
carbonization could be achieved. The holding time and heating rate were arbitrary

selected as 1.0 hr and 5°C/min, respectively.

40

—A— 400°C 1
—0— 600°C 7
—o— 300°C

35 4 —a—a_

Yield. %

0 5 10 15 20 25 30 35

Heating rate, "C/min

Figure 3.14 Effect of heating rate on the final yield of the palm kernel cake chars

carbonized at 1.0 hr of holding time.

3.5.3 CO, Activation of Oil-Palm Solid Wastes
The chars prepared from the palm solid wastes, including palm shell,

fiber and its kernel cake from the previous sections, were activated with high purity
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grade carbon dioxide. The influence of activation conditions (i.e. activation
temperature, holding time, CO, concentration and flow rate) on the degree of char
gasification (% burn-off) and porous characteristics of produced activated carbon
including BET surface area, micropore volume, total pore volume and average pore
size was investigated. The percentage burn-off and porous characteristics of the
activated carbons prepared at various activation temperatures, activation times, CO,
flow rates and concentrations are listed in Table 3.5, 3.6 and 3.7 for palm shell, fiber
and kernel cake, respectively. For the sake of clarity, the effects of activation
conditions on percentage burn-off and porous properties of palm shell based activated
carbons are displayed graphically in Figure 3.15 to 3.24.

Figure 3.15 to 3.20 show that the char burn-off, BET surface area, and
total pore volume of the palm shell based activated carbon increase progressively with
increasing of activation temperature and activation time. A slight increasing of the
average pore size is observed when the activation temperature is increased (see Figure
3.21). Figure 3.22 shows that the average pore size seems to be independent of the
change in activation time. The increase in activation temperature and activation time
also leads to the decrease in the percentage of microporosity (also see Figure 3.23 and
3.24). These results indicate that the increase in the BET surface and total pore
volume is mostly due to the combined effects of the creation of new small pores,
enlargement of existing pores, and the integration of adjacent pores giving larger pore

volume.



84

Table 3.5 Effect of activation temperature, activation time, CO, flow rate and concentration on percentage burn-off and the porous

properties of palm shell based activated carbons.

Activating Conditions BUrnLoff BET Micropore | Total pore Micropore volume  |avq. pore size
Temp Time CO, flow | CO; conc. (%) (m?/g) area volume .(nm)
(°C) (hr) (cc /min) (%) (m*/g) (cc/g) (cc /g) %
850 16.76 524 465 0.27 0.23 86.7 2.04
900 2.0 100 100 32.36 776 665 041 0.33 80.7 212
950 48.35 1067 861 0.60 0.43 72.0 2.26
1.0 21.64 567 507 0.29 0.25 87.6 2.04
15 28.44 651 584 0.33 0.29 88.3 2.03
2.0 32.36 776 665 0.41 0.33 80.7 212
900 25 100 100 35.53 802 686 0.43 0.34 80.9 212
3.0 42.64 921 764 0.50 0.38 76.6 2.18
3.5 48.67 1026 847 0.55 0.43 77.3 2.15
4.0 49.48 1046 889 0.59 0.45 76.2 2.16
50 28.50 642 555 0.39 0.31 80.5 211
100 32.36 776 665 0.41 0.33 80.7 212
150 36.44 754 646 0.40 0.32 81.0 212
900 2.0 100
200 36.45 763 653 0.40 0.33 81.6 2.10
250 36.18 786 673 041 0.34 81.2 211
300 38.63 791 691 0.41 0.34 81.2 2.09
25 24.22 583 508 0.30 0.25 83.7 2.08
50 26.70 601 520 0.31 0.26 82.6 2.09
900 2.0 200
75 32.02 670 577 0.35 0.29 82.2 2.10
100 36.45 763 653 0.40 0.33 81.6 2.10




85

Table 3.6 Effect of activation temperature, activation time, CO, flow rate and concentration on percentage burn-off and the porous

properties of palm fiber based activated carbons.

Activating Conditions BUrn.off BET Micropore | Total pore Micropore volume  |avq. pore size

Temp Time CO,flow | CO,conc. (%) (m%g) area volume (nm)
Q) (hr) (cc /min) (%) (m*/g) (cc/g) (cc /g) %

700 13.57 370 306 0.20 0.15 75.9 2.18

750 20 100 100 21.60 405 324 0.22 0.16 12.7 2.20

800 34.09 435 348 0.24 0.17 71.4 2.24

850 51.74 522 411 0.30 0.21 69.1 2.29

1.0 42.46 473 357 0.27 0.18 66.0 2.31

850 15 100 100 45.61 511 379 0.30 0.19 63.1 2.36

2.0 51.74 522 411 0.30 0.21 69.1 2.29

2.5 55.73 512 404 0.29 0.20 69.4 2.28

50 49.64 513 410 0.30 0.21 67.9 2.28

100 51.74 522 411 0.30 0.21 69.1 2.29

850 20 150 100 53.02 519 407 0.30 0.20 69.2 2.27

200 56.46 506 401 0.28 0.20 69.6 2.24

250 56.79 515 403 0.29 0.20 68.3 2.25

300 57.16 510 404 0.30 0.21 68.7 2.22

25 45.43 423 372 0.24 0.19 69.1 2.28

850 20 200 50 47.58 451 359 0.26 0.18 70.3 2.26

75 50.44 472 373 0.27 0.19 69.8 2.28

100 56.46 506 401 0.28 0.20 71.0 2.27
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Table 3.7 Effect of activation temperature, activation time, CO, flow rate and concentration on percentage burn-off and the porous

properties of palm kernel based activated carbons.

Activating Conditions

: Burn-off BET Mlzzc;gore Ti)/':)zﬂjpmoere Micropore volume Avg. pore size
Temp Time CO, flow CO, conc. (%) (m%g) 2 | (nm)
°C) (hr) (cc /min) (%) (m*/g) (cc/g) (cc /g) %
700 9.25 266 216 0.15 0.12 78.5 2.03
750 14.27 341 302 0.18 0.14 77.2 2.10
800 2.0 100 100 20.30 401 335 0.23 0.17 73.9 2.26
850 31.16 512 400 0.32 0.20 63.0 249
900 57.04 782 475 0.64 0.24 38.2 3.25
1.0 38.05 577 440 0.37 0.22 59.7 2.57
15 46.47 689 471 0.52 0.24 45.9 3.00
900 2.0 100 100 57.04 782 475 0.64 0.24 38.2 3.25
25 65.91 789 409 0.76 0.21 27.3 3.87
3.0 70.51 760 345 0.78 0.18 22.7 4.13
50 53.47 736 471 0.60 0.23 38.3 3.23
100 57.04 782 475 0.64 0.24 38.2 3.25
150 58.49 787 488 0.64 0.25 38.8 3.22
900 2.0 100
200 59.41 784 466 0.64 0.24 37.2 3.26
250 59.75 788 469 0.66 0.25 38.2 3.24
300 61.56 786 462 0.66 0.24 37.0 3.32
25 47.48 689 408 0.60 0.22 36.7 3.24
50 50.93 726 428 0.61 0.22 36.1 3.24
900 2.0 200
75 58.87 768 455 0.62 0.23 37.1 3.25
100 59.41 784 466 0.64 0.24 37.2 3.26
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Figure 3.15 Effect of activation temperature on char burn-off of the palm shell based

activated carbon activated with pure CO; for 2.0 hrs.
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Figure 3.16 Effect of activation temperature on BET surface area of the palm shell

based activated carbon activated with pure CO, for 2.0 hrs.
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Figure 3.17 Effect of activation temperature on total pore volume of the palm shell

based activated carbon activated with pure CO; for 2.0 hrs.
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Figure 3.18 Effect of activation time on char burn-off of the palm shell based

activated carbon activated at 900°C.
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Figure 3.19 Effect of activation time on BET surface area of the palm shell based

activated carbon activated at 900°C.
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Figure 3.20 Effect of activation time on total pore volume of the palm shell based

activated carbon activated at 900°C.
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Figure 3.23 Effect of activation temperature on percentage microporosity of the palm

shell based activated carbon activated with pure CO, for 2.0 hrs.
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Figure 3.24 Effect of activation time on percentage microporosity of the palm shell

based activated carbon activated at 900°C.
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Results shown in Figure 3.25 to 3.29 indicate that CO; flow rate has a
definite influence on the char burn-off for the flow rates lower than 150 cc/min, but it
seems to have almost no effect at higher flow rates. This indicates that the amount of
CO, becomes too excessive for the flow rate higher than 150 cc/min. Figure 3.26
shows that the BET surface area increases when the flow rate is increased up to 100
cc/min and becomes unaffected at higher CO; flow rates. Increasing CO; flow rate
from 50 to 100 cc/min increases slightly the total pore volume but with a lesser extent
as compared to its effect on BET surface area. However, percentage microporosity

and average pore size seem to be unaffected by the change in CO, flow rate.
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Figure 3.25 Effect of CO, flow rate on char burn-off of the palm shell based

activated carbon activated at 900°C with pure CO, for 2.0 hrs.



1200
1000
800 |
600 |

400 4

BET surface area. m:.-"g

200 +

0 50 100 150 200 250 300 350

CO, flow rate, cc/min

Figure 3.26 Effect of CO, flow rate on BET surface area of the palm shell based

activated carbon activated at 900°C with pure CO, for 2.0 hrs.
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Figure 3.27 Effect of CO, flow rate on total pore volume of the palm shell based

activated carbon activated at 900°C with pure CO, for 2.0 hrs.
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Effect of CO, flow rate on percentage microporosity of the palm shell

based activated carbon activated at 900°C with pure CO; for 2.0 hrs.
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Figure 3.29 Effect of CO, flow rate on average pore size of the palm shell based

activated carbon activated at 900°C with pure CO, for 2.0 hrs.
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Figure 3.30 to 3.34 show the effect of CO, concentration on the char
burn-off, BET surface area, total pore volume, percentage microporosity, and average
pore size of palm shell based activated carbon activated with CO, for 2.0 hrs,
respectively. The char burn-off, BET surface area, and total pore volume increase
steadily with the increase in CO, concentration up to 100% (see Figure 3.30 to 3.32),
while the percentage microporosity and average pore size seem to be independent of
the concentration (see Figure 3.33 to 3.34). These results show that the increasing in
CO, concentration helps to develop the porous structure of the prepared activated
carbon by mostly creating new micropores without the development of mesopores
from the existing micropores. It should be noted that the maximum percentage burn-
off of char that can be achieved is about 50%, because some ash was visually
observed on the outer surface of char particles when the burn-off was higher than
50%. Therefore, the char should be activated at the retention time of less than 2.0 hrs

and 4.0 hrs for the char being activated at 950°C and 900°C, respectively.
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Figure 3.30 Effect of CO, concentration on char burn-off of the palm shell based

activated carbon activated at 900°C for 2.0 hrs.
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Figure 3.31 Effect of CO, concentration on BET surface area of the palm shell based

activated carbon activated at 900°C for 2.0 hrs.
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Figure 3.32 Effect of CO, concentration on total pore volume of the palm shell based

activated carbon activated at 900°C for 2.0 hrs.
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Effect of CO, concentration on percentage microporosity of the palm

shell based activated carbon activated at 900°C for 2.0 hrs.
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Figure 3.34 Effect of CO, concentration on average pore size of the palm shell based

activated carbon activated at 900°C for 2.0 hrs.

For palm fiber, as shown in Figure 3.35 to 3.37, the percentage burn-
off, BET surface area and total pore volume increase progressively with increasing of
activation temperature, while the percentage of microporosity decreases (see Figure
3.38). The average pore size appears to be constant when the activation temperature is
increased which yields the same result as for the case of palm shell (see Figure 3.39).
The char burn-off increases continuously with increasing of activation time indicating
the progression of activation scheme of palm fiber char (see Figure 3.40). When the
activation time is increased from 1.0 to 2.0 hrs, the BET area and total pore volume
increase and after that they seem to decrease for further increasing of activation time
to 2.5 hrs (see Figure 3.41 and 3.42). Although the effect is not so pronounced, the
average pore size also increases slight with increasing of time, reaching the maximum

at the activation time of 1.5 hrs and then tending to decrease (see Figure 3.43). The
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percentage of microporosity decreases, achieving the minimum value at the time of

1.5 hrs, and then increases again for longer activation time (see Figure 3.44).
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Figure 3.35 Effect of activation temperature on char burn-off of the palm fiber based

activated carbon activated with pure CO, for 2.0 hrs.
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Figure 3.36 Effect of activation temperature on BET surface area of the palm fiber

based activated carbon activated with pure CO; for 2.0 hrs.
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Figure 3.37 Effect of activation temperature on total pore volume of the palm fiber

based activated carbon activated with pure CO; for 2.0 hrs.
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Figure 3.38 Effect of activation temperature on percentage microporosity of the palm

fiber based activated carbon activated with pure CO, for 2.0 hrs.
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Figure 3.39 Effect of activation temperature on average pore size of the palm fiber

based activated carbon activated with pure CO; for 2.0 hrs.
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Figure 3.40 Effect of activation time on char burn-off of the palm fiber based

activated carbon activated at 850°C with pure CO,.
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Figure 3.41 Effect of activation time on BET surface area of the palm fiber based

activated carbon activated at 850°C with pure COs.
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Figure 3.42 Effect of activation time on total pore volume of the palm fiber based

activated carbon activated at 850°C with pure CO..
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Figure 3.43 Effect of activation time on average pore size of the palm fiber based
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Figure 3.44

activated carbon activated at 850°C with pure CO..
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Effect of activation time on percentage microporosity of the palm fiber

based activated carbon activated at 850°C with pure CO,.
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The decreasing in BET area, total pore volume and average pore size
should be due to the shrinkage of porous structure of the resulting activated carbon. It
could be concluded that the shrinkage of porous structure could probably occur at the
activation time longer than 1.5 hrs when the char is activated at 850°C. The density of
the palm fiber is very low when compared to the palm shell and kernel cake (see
Table 3.1) which means that the structure of palm fiber is less dense than the other
two materials. Thus, the porous structure of the palm fiber based activated carbon is
easier to collapse compared to the case of palm shell and kernel cake. It is noted that
although the burn-off increases gradually with increasing of CO, flow rate (see Figure
3.45), only slight change of BET surface area and total pore volume can be observed
(see Figure 3.46 and 3.47). It is also found that the micropore fraction appears to be
constant with increasing of CO, flow rate (see Figure 3.48), while the slight
decreasing of the average pore size can be detected (see Figure 3.49) and these results
may give supportive evidence to the collapse of porous structure as previously
mentioned. As to the effect of CO, concentration, the burn-off, BET surface area and
total pore volume increase steadily in the same fashion as CO, concentration is
increased (Figure 3.50 to 3.52). The average pore size and percentage microporosity
seem to be independent of the change in the concentration of CO, (Figure 3.53 and

3.54).
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Figure 3.45 Effect of CO, flow rate on char burn-off of the palm fiber based
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Figure 3.46 Effect of CO, flow rate on BET surface area of the palm fiber based

activated carbon activated at 850°C with pure CO, for 2.0 hrs.
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Figure 3.47 Effect of CO, flow rate on total pore volume of the palm fiber based

activated carbon activated at 850°C with pure CO, for 2.0 hrs.
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Figure 3.48 Effect of CO, flow rate on percentage microporosity of the palm fiber

based activated carbon activated at 850°C with pure CO; for 2.0 hrs.
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Figure 3.49 Effect of CO, flow rate on average pore size of the palm fiber based

activated carbon activated at 850°C with pure CO, for 2.0 hrs.
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Figure 3.50 Effect of CO, concentration on char burn-off of the palm shell based

activated carbon activated at 850°C for 2.0 hrs.
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Figure 3.51 Effect of CO, concentration on BET surface area of the palm fiber based

activated carbon activated at 850°C for 2.0 hrs.
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Figure 3.52 Effect of CO, concentration on total pore volume of the palm fiber based

activated carbon activated at 850°C for 2.0 hrs.
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Figure 3.53 Effect of CO, concentration on average pore size of the palm fiber based

activated carbon activated at 850°C for 2.0 hrs.
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Figure 3.54 Effect of CO, concentration on percentage microporosity of the palm

fiber based activated carbon activated at 850°C for 2.0 hrs.
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For palm kernel cake, the effect of activation conditions on BET
surface area, total pore volume, average pore size and percentage of microporosity is
similar to the case of palm shell based activated carbon (Figure 3.55 to 3.74). It is
evident that a significant change in the total pore volume, average pore size and
percentage of microporosity can be observed for the derived activated carbon
prepared at the highest temperature of 900°C. This means that the rate of reaction
between CO, and carbon in the char matrix becomes extremely fast when the char is
activated at the activation temperature of 900°C and the activation time longer than

1.0 hr, thus giving considerable impact on the development of porous structure of

resulting activated carbon.
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Figure 3.55 Effect of activation temperature on char burn-off of the palm kernel cake

based activated carbon activated with pure CO; for 2.0 hrs.
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Figure 3.56 Effect of activation temperature on BET surface area of the palm kernel

cake based activated carbon activated with pure CO, for 2.0 hrs.
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Figure 3.57 Effect of activation temperature on total pore volume of the palm kernel

cake based activated carbon activated with pure CO; for 2.0 hrs.
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Figure 3.58 Effect of activation temperature on average pore size of the palm kernel

cake based activated carbon activated with pure CO, for 2.0 hrs.
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Figure 3.59 Effect of activation temperature on percentage microporosity of the palm

kernel cake based activated carbon activated with pure CO, for 2.0 hrs.
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Figure 3.60 Effect of activation time on char burn-off of the palm kernel cake based

activated carbon activated at 900°C with pure CO.,.
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Figure 3.61 Effect of activation time on BET surface area of the palm kernel cake

based activated carbon activated at 900°C with pure COs,.
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Figure 3.62 Effect of activation time on total pore volume of the palm kernel cake

based activated carbon activated at 900°C with pure COs,.
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Figure 3.63 Effect of activation time on average pore size of the palm kernel cake

based activated carbon activated at 900°C with pure CO,.



115

w - 777
80 T

60 +

40 +

% Microporosity

20 +

Time, hr

Figure 3.64 Effect of activation time on percentage microporosity of the palm kernel

cake based activated carbon activated at 900°C with pure CO,.
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Figure 3.65 Effect of CO, flow rate on char burn-off of the palm kernel cake based

activated carbon activated at 850°C with pure CO, for 2.0 hrs.
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Figure 3.66 Effect of CO, flow rate on BET surface area of the palm kernel cake

based activated carbon activated at 900°C with pure CO; for 2.0 hrs.
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Figure 3.67 Effect of CO, flow rate on total pore volume of the palm kernel cake

based activated carbon activated at 900°C with pure CO; for 2.0 hrs.
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Figure 3.68 Effect of CO, flow rate on average pore size of the palm kernel cake
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Figure 3.69

based activated carbon activated at 900°C with pure CO; for 2.0 hrs.
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Effect of CO, flow rate on percentage microporosity of the palm kernel
cake based activated carbon activated at 900°C with pure CO, for

2.0 hrs.
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Figure 3.70 Effect of CO, concentration on char burn-off of the palm kernel cake

based activated carbon activated at 900°C for 2.0 hrs.
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Figure 3.71 Effect of CO, concentration on BET surface area of the palm kernel cake

based activated carbon activated at 900°C for 2.0 hrs.
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Figure 3.72 Effect of CO; concentration on total pore volume of the palm kernel

cake based activated carbon activated at 900°C for 2.0 hrs.
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Figure 3.73 Effect of CO, concentration on average pore size of the palm kernel cake

based activated carbon activated at 900°C for 2.0 hrs.
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Figure 3.74 Effect of CO, concentration on percentage microporosity of the palm

kernel cake based activated carbon activated at 900°C for 2.0 hrs.

The effects of activation time and temperature on the porous properties

of activated carbon can be combined and represented in terms of burn-off level, as

depicted in Figure 3.75 and 3.76. There is a tendency for both the surface area and

pore volume to increase with the degree of char burn-off as expected and to decrease

once a critical burn-off value has been reached, notably observed with palm shell.

This decrease indicates that the volume of large pores continue to increase at the

expense of smaller micropores, which could be due to the collapse of pore walls of

some adjacent pores at relatively high degree of char burn-off (Junpirom et al., 2005).
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Figure 3.75 Effect of char burn-off on BET surface area.
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Figure 3.76 Effect of char burn-off on total pore volume.

From Table 3.5, 3.6 and 3.7, the optimum activation conditions that

give the maximum in BET surface area occur at the following conditions: 950°C and

2.0 hrs (48.4% burn-off) for palm shell, 850°C and 2.0 hrs (51.7% burn-off) for palm
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fiber, and 950°C and 2.5 hrs (65.9% burn-off) for kernel cake, corresponding to 1067,
522 and 789 m?/g of BET surface area, respectively. Figure 3.77 shows the nitrogen
adsorption isotherm measured at -196°C and Figure 3.78 shows typical pore size
distributions of the activated carbons prepared at these optimum conditions. It is clear
that the palm shell and fiber based activated carbons show the Type | isotherm which
is indicative of porous solids with microporosity, while the palm kernel cake based
activated carbon showed Type IV isotherm, a characteristic of mesoporous structure

materials.
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Figure 3.77 N, adsorption isotherm at -196°C of activated carbons prepared at

optimum conditions.
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Figure 3.78 Pore size distribution of activated carbons prepared at optimum

conditions, determined by DFT model (EI-Merraoui et al., 2000).

3.6 Conclusions

Highly porous activated carbon can be produced from the three types of oil-
palm solid wastes, including palm shell, fiber, and kernel cake using the process of
char gasification with carbon dioxide in laboratory tube furnace. The following
conclusion can be drawn from this study.

e The char vyield of palm shell, fiber, and kernel cake decreased
progressively with the carbonization temperature. The char yields also indicated that
the pyrolysis scheme of palm shell and kernel cake are almost completed at about
600°C, while the palm fiber was almost complete at about 500°C. The char yields of
all precursors decreased continually with increasing of heating rate.

e Particle sizes of palm shell smaller than 2.0 mm had no significant effect

on the yield of char and the evolution of porous structure during carbonization process
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e which indicated the insignificant effect of heat and mass transfer on the
pyrolysis scheme.

e The conditions that used for preparing the chars were as follow: 600°C and
2.0 hrs for palm shell, 500°C and 1.0 hr for fiber, and 600°C and 1.0 hr for palm
kernel cake, corresponding to 31.9%, 28.2% and 29.6% of char yields, respectively.
All types of solid wastes were carbonized at heating rate of 5°C/min. These
carbonization conditions were chosen to ensure that the devolatilization scheme of
each precursor was completed and a carbon-rich char with high yield were obtained.

e The optimum activation conditions that gave the maximum in surface area
occurred at the following condition: 950°C and 2 hrs for palm shell, 850°C and 2 hrs
for fiber, and 900°C and 2.5 hrs for palm kernel cake, corresponding to 48.4%, 51.7%
and 65.9% of char burn-off, respectively. The maximum BET surface area obtainable
under the preparation conditions studied were 1067, 522 and 789 m?/g for palm shell,
fiber and kernel cake, respectively.

e The palm shell and fiber derived activated carbons consisted mostly of
microposity in their structure, while the palm kernel cake based activated carbon was
predominated with mesoporosity. The level of char burn-off was found to correlate
directly with the porous properties of each derived activated carbon including surface

area, micropore volume and total pore volume.
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CHAPTER IV

AN IMPROVED CARBON GASIFICATION MODEL FOR

PREDICTING THE PORE DEVELOPMENT OF

ACTIVATED CARBON

4.1 Abstract

The aim of this work is to modify the structural model recently proposed by
Junpirom et al. (JDTT) for describing the evolution of porosity in activated carbon
during the course of activation process with an oxidizing gas. The system is assumed
to consist of graphitic crystallites. The number of graphene layers in each crystallite is
varied randomly within a certain range that depends on the source of chars and its
activation conditions. All graphene layers are assigned with different reactivities with
respect to the gasifying agent, and therefore pores are randomly created as a result of
this difference in the reactivities. The effect of pore collapse at very high extent of
gasification is also incorporated in this modified model. With this simple structural
model, we are able to obtain the evolution of surface area, total pore volume and pore
size distribution from activated carbon as a function of char burn-off. The simulated
results from the modified model are tested with the experimental data of longan seed-
derived chars activated with carbon dioxide and also compared with the simulated
results obtained from the original JDTT model. Furthermore, the simulation capability

of the modified model is tested against the experimental data of CO,-gasification of



130

oil-palm shell and fiber. The simulated results show that the proposed modified model
can describe the evolution of surface area and total pore volume extremely well over

the entire range of degree of burn-off being studied.

4.2 Introduction

As mentioned in the previous chapter, there are two main techniques to
produce activated carbon, physical and chemical activations, with the former method
being most commonly used. The physical activation technique can be separated into
two different steps, carbonization (pyrolysis) and activation of carbonization product
with an oxidizing gas (gasification). The pyrolysis mechanism of oil-palm solid
wastes has been studied and reported in Chapter 2. In this chapter, the porosity
evolution mechanism during activation step of activated carbon derived from oil-palm
solid wastes was studied by applying the modified carbon activation model originally
proposed by Junpirom et al. (2005). A full description of porosity evolution
mechanism will lead to the determination of the porous properties and adsorption
capacities of the derived activated carbons.

The porous properties of activated carbon, such as surface area, pore volume,
and pore size distribution, are progressively developed during the activation process
which is a typical gas-solid (gasification) reaction between carbon (chars) and an
activating agent (oxidizing gas), such as steam and carbon dioxide. The factors that
affect directly the porous properties and also the pore development of the derived
activated carbon are the initial structure of char, activating conditions (i.e.

temperature, holding time and applied heating rate) and type of oxidizing agent used.
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The structure of derived char depends upon the source of carbonaceous
precursors used and the condition of carbonization. Franklin (1951) used X-ray
diffraction to study the structure of carbon, and found that the char consists of two
main groups, the crystalline structure of graphite and the non-graphitic amorphous
carbon. For the graphitic carbons, the crystallite composed of a group of parallel
graphite-like layers with their number varying from 30 to more than 150 layers and its
size varying from 80 to more than 600 A. The inter-layer spacing between these
graphene layers is constant at 3.354 A Figure 4.1 shows the schematic diagram of

graphite.

bonds ———— —*F

Figure 4.1 Schematic diagram of graphite structure.

The aim of this chapter is to modify the Junpirom et al.’s model (JDTT) to

improve the model predictive capability. The simulation results generated from this
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modified model is validated with the experimental data of longan seed char
gasification obtained by Junpirom et al. (2005) and also with the experimental data of
oil-palm solid wastes (palm-shell and fiber) collected in the present study. It should be
noted that the JDTT model can be applied only for the activated carbon consisting
mainly with the microporous structure. For oil-palm kernel based activated carbon, as
shown previously in Chapter 3, it consists mainly of mesoporous structure. Therefore,
the JDTT model will not be used for predicting the porosity evolution of oil-palm

kernel derived activated carbon.

4.3 Review of the Literatures

Presently, many models have been proposed in the literatures for predicting
the porosity evolution of activated carbon as a function of burn-off. Petersen (1957)
modeled the activation system by considering the diffusion and reaction of an
activating agent in a single cylindrical pore and also in a random assembly of pores
with initial uniform diameter. Since the model was dealt with on the assumption of
uniform pores, it is not suitable for modeling the activation process of the solid
adsorbent with a broad pore size distribution, especially activated carbons. Szekely
and Evans (1970, 1971) presented two structural model, shrinking core models of
carbon pellets and pore model. Other developed models based on the population
balance method to describe the change in porous structure during gasification process
were proposed by Hashimoto and Silveston (1973), and Bhatia and Perlmutter (1979).
Another approach employing a random pore model to illustrate the fluid-solid
reactions was proposed by Bhatia and Perlmutter (1980). Sandmann and Zygourakis

(1986) used the discrete numerical model to describe the evolution of pore structure.
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All of these models are primarily focused on the macroscopic properties of the porous
solid.

In another approach, some researchers have considered the porous structure in
microscopic scale. Miura and Hashimoto (1984) proposed a model for calculating the
pore evolution during the activation of carbonaceous materials. The model was
developed based on the structure of graphitic carbons studied by Franklin (1951). The
solid carbon is assumed to consist of two parts, non-organized carbon and graphitic
crystallite. The initial stage of the gasification reaction was performed with the more
reactive non-organized carbon and then the less reactive graphitic crystallite is
gasified steadily. Junpirom et al. (2005) proposed a new structural model by
considering only the graphitic crystallites and ignored the gasification of amorphous
carbon. They assumed that the char is composed of bundles of graphene layers and
the porosity is created via the consumption of these graphene layers by the oxidizing
gas. The total pore volume predicted by Junpirom et al.’s model agreed well with the

experimental data up to 25% burn-off.

4.4 Model Description

As mentioned in the previous section, char obtained from carbonaceous
materials consists of two parts, amorphous carbon and graphitic crystallite (Franklin,
1951; Bansal, 1988; Byrne, 1995). The schematic representation of char structure is
shown in Figure 4.2. The amorphous part is more reactive than the crystallite carbon
and it will be gasified at the initial stage of the activation process. Because of the
highly disorganized structure of amorphous part and its high reactivity, the

gasification reaction is very fast and the porous structure developed from this falls in
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the mesopore and macropore regions. Since we are mainly interested in the evolution

of the micropores, we shall study only the gasification of the graphitic crystalline

structure. The schematic diagram of one crystallite is shown in Figure 4.3a.

\\\_;~ /@ﬂ\\ Graphite-like

/ Crystallite

Figure 4.2 Schematic diagram of char structure.

(a) A crystallite before activation

(b) A crystallite after activation

Figure 4.3 Schematic diagram of a crystallite structure.

The model system consists of a large number of crystallites to ensure a good

statistical averaging. Each crystallite contains N equal-sized graphene layers, and this

number is chosen randomly between N_. and N

max Using random generator in
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FORTRAN. We found that the number of crystallites in the model system of 10,000
crystallites is large enough to ensure that the effect of the random choosing for the
number of graphene layers per crystallite can be ignored. This means that each run of
modeling scheme will give the same simulated result when the number of crystallites
is larger than 10,000 crystallites for the same model conditions. For the number of
crystallites lesser than 10,000 crystallites, the simulated result is considerably depend
on the number of crystallites used. The interlayer spacing of graphene layer is 3.354 A

as reported by Franklin (1951). The range (N ) for each crystallite is an

min > Nmax
adjusting parameter, and it is chosen such that a good agreement between the
experimental data and the simulation results is achieved. It is found that this
parameter depends on the source of char used. Because of the different reactivities of
graphene layers in the same crystallite, pores are continually created in that crystallite
as the gasification is progressing with time. The difference in reactivities of each
graphene layer is the result of the energetic heterogeneity with reference to the

chemical reaction as to be expected in the real system. We also assign a group of

adjacent layers with the same reactivity. This number of layers, N, , is selected in

random between 1 and 5. This would give the largest pore width of 20 A at the initial
stage of gasification (based on an interlayer spacing of 3.354 A), which is in the
micropore size range. However, at high extent of gasification, the effect of

N, becomes less significant, therefore pores with pore width larger than 20 A can be

possibly observed. To make the model more realistic, it is necessary to assign a non-
reactive layer (i.e. zero reactivity) to some of the graphene layers to represent the
diffusion resistance inside the char at the initial stage of the activation process (lower

than 30% burn-off). The first and last layers of all crystallites are also assigned with
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zero reactivity in the early stage of gasification. These non-reactive layers will be
reassigned with reactivity at a later stage of reaction, that is, at high burn-off, and this
condition represents kinetic-controlled gasification.

The degree of gasification reaction for each graphene layer can be expressed

by the following reaction equation.

L =L, -at @.1)

where L; is the length of graphene layer at a theoretical time t, L;,is its initial

length, and ais the reactivity of carbon layer. The graphene layer is gasified along
one side of graphene plane in a lengthwise direction. Figure 4.3b illustrates the typical
porous structure of the crystallite containing a number of slit pores at a given burn-
off. The theoretical time is defined as an incremental integer starting from zero. The
simulation is performed for a given theoretical time and the burn-off calculated along
with the porous properties of the carbon. The calculation is repeated for the next value
of time.

For example, at any burn-off, the remained linear length (L, ) of all graphene

layer can be calculated via Equation (4.1). By using the data of the remained length
and interlayer spacing of 3.354 A for the graphene layer, the mass, surface area, total
pore volume, and pore size distribution can be evaluated. The initial total mass of char
is calculated from the total number of carbon atoms contained in all graphene layers
in the system. At any theoretical time, the burn-off of char can be estimated from the

following equation.
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B — off =2, 100% (4.2)

,0

Surface area is calculated from the area of two opposite graphene planes. Total
pore volume is estimated from the void volume bounded by the two opposite
graphene planes. Figure 4.4 shows the schematic representation of pore size, BET
surface area, and total pore volume of graphite crystallite at any char burn-offs. Pore
size distribution is obtained directly from the data of pore volume of different pore
sizes. The initial surface area and total pore volume of char is estimated from the
actual experimental data. For longan seed char in this study, the initial surface area is

300 m*/g and total pore volume is 0.14 cm’/g (Junpirom et al., 2005).

i,

" Total pore volume

Figure 4.4 Schematic representation of pore size, surface area, and total pore volume

of graphite crystallite at any char burn-offs.
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During the activation process of activated carbon, the important phenomenon
that is usually observed, especially at high burn-off is the collapse of some pore
structure. This would cause the reduction in pore size, surface area and pore volume.
The effect of pore collapse in activated carbon is also considered in this modified
model at high extent of burn-off (greater than 50% burn-off). We assume that the
collapse of pore will occur when the number of adjacent layers which has burnt out
(zero length) exceeds a certain value, defined here as maximum number of burnt out
layers. The burnt out layer which exceeds the maximum burnt out layers will be
deleted and replaced by the nearby layer. This will causes the reduction in pore width
and the number of graphene layers contained in that crystallite. The maximum burnt
out layer depends on the mechanical strength of char used and it is arbitrarily selected
and adjusted until good agreement between the experiment data and simulated result
is obtained. For the case of longan seed char, we found that the pores will collapse
when the number of connected layers being burnt out exceeds 3 layers (maximum
burnt out layers). The differences between the original model proposed by Junpirom
et al. and the modified model in this work are summarized in Table 4.1.

It should be noted that the most important parameters that can affect the
accuracy of model prediction are the selection of layer group pattern, number of non-
reactive layers, and maximum number of burnt out layer as described previously. The
sum of square of relative error is used as the objective function for the optimization to
provide the best fitting of porous properties between the simulation results and the

experimental data.
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Table 4.1 Comparison between the original JDTT model by Junpirom et al. (2005)

and the present modified model.

Model conditions Original model Modified model
total no. of crystallite 100 10,000
no. of graphene layer per 15 (constant) varied in a certain range
crystallite
interspacing between layers (A) 3.354 3.354
non-reactive layer (zero selected randomly |assigned for the first and last
reactivity) layer of all crystallites and the

other layers selected randomly

pore collapse not applied applied

4.5 Research Methods

4.5.1 Preparation of Char

The oil palm solid wastes (including palm shell and fiber) are an
abandoned by- product produced during palm-oil milling process and were supplied
by The Golden Palm Industry in Chon Buri Province, Thailand. The received solid
wastes were first washed and dried at 120°C for 24 hr to remove excess moisture. The
pre-dried solids were further milled to the average size of 1.0 mm for oil palm shell
and less than 1 mm for fiber. The carbonization of the precursors was carried out in a
horizontal ceramic tube furnace (Carbolite, UK). The sample was first heated from

room temperature at the rate of 5°C/min to the desired final temperature of 600°C for
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palm shell and 500°C for palm fiber. Subsequently, the sample was held at this
activation temperature for 2.0 hr for palm shell and 1.0 hr for palm fiber. After that,
the sample was cooled down to room temperature. During the carbonization of char
and cooling-down period, 100 cc/min of ultrahigh purity grade nitrogen (99.999%,
Thai Industrial Gases) was supplied to provide inert atmosphere around the sample.
4.5.2 Gasification of Char and Characterization of Activated Carbon

The gasification of char was carried out in the horizontal tube furnace
(Carbolite, UK). The char was activated by high purity grade carbon dioxide
(99.95%) supplied by Thai Industrial Gases. The activation temperature was varied
from 700-950°C and the activation time was varied in the range of 1-6 hr. The
percentage burn-off of the activated carbon was calculated based on the initial mass of
the char used. The porous properties of the derived activated carbons (BET surface,
total pore volume, and pore size distribution) were estimated based on the adsorption
isotherm of nitrogen at 77 K measured by using an Accelerated Surface Area and
Porosimetry Analyzer (ASAP 2010, Micromeritics, USA). The pore size distribution
of the derived activated carbon was derived by using the density functional theory

(DFT) method (El-Merraoui, 2000).

4.6 Results and Discussion

The new modified gasification model developed in this work was tested
against the porous property data of longan seed and oil-palm solid wastes activated
carbon. The simulated results using the original model was also compared to

demonstrate the improvement of this new model.
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4.6.1 Model Testing with Gasification Data of Longan Seed Char

For the structural model, the number of carbon layer per graphitic
crystallite is the most significant parameter which plays an important role in the
simulation of pore development in activated carbon. For longan seed chars, we found
that the number of graphene layers per crystallite which provided the best fit between
the experimental data and the simulated result varied in the range of 10 to 30 layers.
Junpirom et al. used constant 15 layers in their structural model, and this number falls
into the range proposed in this work.

The evolution of surface area and total pore volume versus the extent of
the gasification for longan seed chars collected experimentally by Junpirom et al.
(2005) are shown in Figure 4.5 and 4.6 as filled symbols. Also shown in this figure
are the simulated results from the structural model proposed by Junpirom et al. (dash
lines) and the results from the present modified model (solid lines). Substantial
improvement of the prediction of the modified model on the total pore volume data is
discernible. The modified model can describe the total pore volume data properly for
the whole range of gasification extent, while the total pore volume obtained from the
original model agree with the experimental data only up to 25% burn-off. The
maximum total pore volume of the derived activated carbon estimated from the
experimental data is about 0.82 cc/g occurring at about 70% burn-off, which is much

better described by the proposed modified model as seen in Figure 4.6.
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Figure 4.5 Experimental data and simulated results of surface area of longan seed

based activated carbons.
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Figure 4.6 Experimental data and simulated results of total pore volume of longan

seed based activated carbons.
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In order to show the effect of pore collapse on the simulated results of
longan seed based activated carbon, the calculated total pore volume is plotted against
the extent of gasification by varying the maximum number of burnt out layers (see
Figure 4.7). In all cases, there is no effect of pore collapse on the predicted total pore
volume of activated carbon at the initial stage of gasification (lower than 40% burn-
off). The pore collapse becomes significant when the burn-off is greater than 40% and
this extent is more pronounced when the maximum number of burnt out layers is one.
For this case of longan seed based activated carbon, it is found that the maximum

number of burnt out layers is three.
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Figure 4.7 Experimental data and simulated results of total pore volume for various
maximum number of burnt out layers of longan seed based activated

carbons.

We further investigate the potential of the model by comparing the pore

size distribution (PSD) obtained from the simulation and that obtained with the DFT
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analysis of nitrogen adsorption data at 77 K. The DFT-derived PSDs calculated at
47.2% and 90.1% burn-off of longan seed derived char are shown as solid lines in
Figure 4.8 and 4.9, respectively. The simulated PSD obtained from the original and
modified models are also shown in the same figure for comparison. The DFT-PSDs
for both extents of gasification consist of two distinct peaks at pore width of about 7
and 111&, with the major peak at 7A. The simulated results obtained from the original
and modified models give much broader size PSDs into the smaller size range. The
original model predicts that the activated carbon for both burn-offs consist mainly of
pores with 5 A pore width. The modified model also predicts the highest peak at 5 A
for 47.2% burn-off, but for 90.1% burn-off, it gives the highest peak at 8.4 A.
Although the modified model can provide a good agreement between the
experimental data and the simulated results for surface area and total pore volume, the
disagreement can still be observed for PSD, especially at the low degree of burn-off.
This deviation could be that at low degree of burn-off the interconnected pore
structure of carbon may not be well developed, so that adsorptive N, molecules could
not penetrate deep into the very small pores.

In order to show the development of the porous structure during activation
process of activated carbon as predicted by the modified model, the predicted PSD are
plotted for a number of burn-off in the range of 6.7% to 90% (Figure 4.10). The
evolution of the porous structure of activated carbon during activation process is
separated into three stages. First, only new pores have been created in the early stage
of gasification. The total pore volume of activated carbon is increased by the
increasing of the pore length, while the average pore width remains constant. This

observation is indicated by the existing of only one peak in the plot of PSD in the low



145

burn-off region (0-10%). For the next stage, some new pores are still continually
created as well as the enlargement of the existing pores. In the last stage, the existing
pores are still continually enlarge which cause the increasing in the number of large
pore (mesopore). The large pores are created from the enlargement of the individual
pore and possibly the combination of small pores. At this stage, some of graphene

layers have been burnt out which cause the collapse of porous structure.
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Figure 4.8 Experimental and computed pore size distributions of longan seed based

activated carbons at 47.2 % burn-off.
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Figure 4.10 The simulated pore size distributions of longan seed based activated

carbons at various degrees of char burn-off.
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4.6.2 Gasification of Palm Shell

Next, the modified model is further tested against the experimental data
of the gasification of oil-palm solid wastes, including palm shell and fiber. For palm
shell and fiber, the experimental data were collected from 10% to 90% and 10% to
60% burn-offs for palm shell and fiber, respectively.

The number of carbon layer per graphitic crystallite for the palm shell
char is varied in the range of 10 to 30 layers which is the same as for the case of
longan seed char, but the number of non-reactive layers applied at the initial stage of
gasification is different. This means that the carbon structures of longan seed char and
palm shell char can be treated the same, but the diffusion resistance of activating
agent in both chars could be different. For palm shell char, the initial values of surface
area and total pore volume were measured and found to be 400 m*/g and 0.15 cc/g,
respectively. Figure 4.11 and 4.12 show the experimental data and simulated result of
surface area and total pore volume as a function of the extent of gasification of palm
shell char, respectively. The simulated results agree well with the experimental data
for both surface area and total pore volume over the range of burn-off studied. The
experimental data show the maximum of BET surface area of 2022 m*/g which occurs
at 85.5% burn-off and no maximum value of the total pore volume is observed. The
simulated results show that the predicted highest surface area of palm shell based
activated carbon is 2040 m*/g occurring at 88.7% burn-off which agrees closely with
that observed experimentally. For predicted total pore volume, the maximum value is

about 1.31 cm’/g at 88.7% burn-off.
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Figure 4.11 Experimental data and simulated results of surface area of palm shell

based activated carbons.

14 T T T T T T T T T T T T T T T T T T T T T T T T T T T
O  Experimental data
1.2 1 Modified model i
£
S 10+ -
2
E
S 81 -
-
z
S
o 6+ .
E
5]
=
44 -
N -
0 20 40 60 80 100 120

% Burn-off

Figure 4.12 Experimental data and simulated results of total pore volume of palm

shell based activated carbons.
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For the PSD data, the typical experimental and calculated PSD of the
oil-palm shell based activated carbon with 48.5% burn-off are shown in Figure 4.13.
The experimental PSD shows two distinct peaks and the highest peak is at 9.6 A. The
simulated PSD shows a broader distribution and the highest peak can be observed at
8.4 A. The difference was ascribed to the possible inaccessibility of N, molecules into
very small pores during the isotherm measurement. The experimental PSD derived is
based on adsorption isotherm of N, and presents the pore volume for pore sizes larger
than about 10 A, while the simulated PSD covers the pore volume data into very small
pore sizes. To better compare the experimental and simulated PSD, attempt was made
to extend the experimental PSD into pore sizes smaller than 10 A. This was achieved
by first plotting the experimental cumulative pore size distributions and extrapolating
the curve down to finer sizes using polynomial function fitting as shown by the dotted
line in Figure 4.14. This overall cumulative distribution was then used to recalculate
the differential pore size distribution and the result was compared with the simulated
pore size distribution, as shown in Figure 4.15. As noted, the simulated pore size
distribution from the modified model now gives similar shape of pore size distribution
to the extrapolated experimental pore size distribution, thus confirming the possible

hypothesis of inaccessibility of N, molecules during isotherm measurement.
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Figure 4.13 Experimental and computed pore size distributions of palm shell based

activated carbons at 48.5% burn-off.
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Figure 4.14 Extrapolation of cumulative pore volume at small pore size for

calculation of PSD of palm shell based activated carbons.
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Figure 4.15 Experimental, computed and extrapolated pore size distributions and of

palm shell based activated carbons at 48.5% burn-off.

4.6.3 Gasification of Palm Fiber

For the gasification of oil-palm fiber, the experimental data (empty
symbols) and simulated results (solid line) for surface area and total pore volume are
plotted against the extent of gasification and shown in Figure 4.16 and 4.17,
respectively. The number of carbon layers per crystallite is in the range of 10 to 40
layers which is different from the case of longan seed and oil-palm shell chars. The
initial condition of measured surface area and total pore volume are 340 m?/g and
0.18 cm’/g, respectively. The simulated results agree fairly well with the experimental
data for both surface area and total pore volume data. We also found that it is not
necessary to apply the non-reactive layers at the early stage of gasification for oil-
palm fiber. This observation means that the reaction mechanism between carbon and

activating agent is kinetically controlled with no significant effect of the diffusion
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resistance inside the char. This finding is reasonable since the structure of palm fiber
is not as dense as the structure of longan seed and palm shell, hence faster transport of
reactant molecules.

We further calculate the surface area and total pore volume for the
extent of gasification higher than those collected experimentally using the same
model parameters as the highest burn-off condition to predict the maximum value of
surface area and total pore volume of activated carbon. The predicted maximum
surface area of palm fiber based activated carbon is about 654 m?/g occurring at
80.2% burn-off and the maximum total pore volume is 0.35 cc/g occurring at 76.2%

burn-off.
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Figure 4.16 Experimental data and simulated results of surface area of oil-palm fiber

based activated carbons.
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Figure 4.17 Experimental data and simulated results of total pore volume of oil-palm

fiber based activated carbons.

Figure 4.18 shows the DFT-derived PSD (solid line) and simulated
PSD for palm fiber (dash line) at 56.5% burn-off. The experimental data shows the
highest peak at 10.5 A and most pores are in the micropore size range (less than 20
A). Again, the simulated PSD shows the highest peak at 8.4 A with broader
distribution into the micropore and mesopore range (greater than 20 2\). The same
extrapolation procedure was performed for experimental PSD of palm fiber carbon to
obtain the complete PSD down to pore sizes smaller than 10 A. The results are shown

in Figure 4.19, which again indicates better PSD agreement between the two methods.
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based activated carbons at 56.5% burn-off.
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4.7 Conclusions

The structural model proposed originally by Junpirom et al. (JDTT model) for
predicting the pore evolution in activated carbon during CO, activation process was
modified and presented in this paper. The simulated results obtained from the
modified model were tested using the experimental data of longan fruit seed activated
carbon and also with the activated carbons derived from palm shell and fiber. The
following conclusion can be drawn from this study.

e The modified JDTT model provided an excellent agreement between the
experimental data and simulated results for both surface area and total pore volume
data for all extent of char gasification.

e PSD from the model prediction gave a broader pore size distribution as
compared to the measured PSD, particularly for activated carbon with low degree of
char burn-off. The difference was ascribed to the possible inaccessibility of N,
molecules into very small pores during the isotherm measurement. This hypothesis
was supported by recalculating experimental PSD by the extrapolation technique

down to very small pore sizes.
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CHAPTER V

CFD SIMULATION OF HYDRODYNAMICS AND CHAR

ACTIVATION PROCESS IN A CYLINDRICAL

SPOUTED BED

5.1 Abstract

The preparation of activated carbon from palm shell in a batch spouted bed
activator was carried out in this study. The received palm shell was first carbonized at
600°C for 2.0 hrs in a laboratory tube furnace to produce chars and then activated in a
spouted bed activator with carbon dioxide at 900°C for different periods of time up to
3.0 hrs. The fluid velocity was maintained at 1.2 times the minimum spouting velocity
(0.182 m/s of superficial velocity). Porous properties of produced activated carbons
were estimated based on adsorption isotherm data of N, at -196°C. It was found that
under the same activation temperature and time, the spouted bed activator produced
activated carbons with 8-17% lower in char burn-off as compared to those prepared in
the laboratory-scale tube furnace. This discrepancy could arise from lesser gas-
particle contact per unit time in the spouted bed activator since the major portion of
gas flows through the central core region where particle concentration is relatively
low. However, the activated carbons produced from both types of activator showed
similar values of the BET surface area and the total pore volume for the same char

burn-off, indicating the same activation mechanism during pore development.
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Hydrodynamic behavior of spouted bed system was studied by using air as a
spouting fluid and palm-shell char particles as a solid bed. The effects of geometric
factors (fluid inlet diameter and conical base angle), initial static bed height and air
feed velocity on pressure drop across the bed, expanded bed height, and minimum
spouting velocity were investigated experimentally. In addition, simulation of spouted
bed behavior for air-palm shell char particles was also performed by using the
commercial CFD package software (CFX 10.0). The applicability of CFD simulator
was tested by comparing the simulated results with the obtained experimental data. It
was found that the minimum spouting velocity predicted from CFD simulation was
much lower than those observed from the experiment. This should result from the
lower values of drag force between fluid and solid particles and the friction forces
between solid particles and its neighbors, due mainly to the assumed spherical particle
shape in CFD simulation.

Information on fluid mechanics of spouted bed derived from this CFD
computation was further used to simulate the CO; activation process of palm-shell
char in the spouted bed activator. For comparison purposes, the simulation conditions
including gas inlet velocity, initial feed amount of char, activation temperature and
particle size were chosen to duplicate those used in the experiment. To facilitate the
computation scheme, the simple first-order reaction of carbon and CO, was assumed
for describing the kinetics of activation process with the rate of reaction being
dependent only on the molar concentration of CO,. In running the simulation, the
simulated result of char burn-off for the initial stage of activation time at 30 min was

first matched with the experimental data and the overall first-order rate constant of

activation reaction was determined and found to be 7.57x10' s™'. This rate constant
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was further applied to predict the char burn-off for the next longer activation times up
to 180 min. The overall prediction of char burn-off agreed extremely well with those
obtained from the experiment over the entire range of activation time studied. In order
to extend the simulated results for the prediction of porous properties of activated
carbons, including surface area and total pore volume, the modified activation model
developed in Chapter 4 from the tube furnace results was incorporated into the
spouted bed simulation scheme. The agreement between the experimental and
simulated results on the porous properties was considered to be excellent, further
proving that the pore evolution mechanism of activated carbons prepared in the tube

furnace and the spouted bed activator are fundamentally the same.

5.2 Introduction

On a commercial scale, there are three types of furnaces that are commonly
used as activators for the production of activated carbon, they are rotary kiln,
multiple-hearth furnace, and fluidized bed furnace. Rotary kiln is most commonly
used because the product quality is easier to control by regulating the material
residence time and temperature profile within the kiln. Fundamentally, the residence
time of solid in a rotary kiln is longer than in the other two furnaces and is basically
controlled by adjusting the rotational speed, the angle of the kiln, the rate of carbon
feeding and withdrawal, and also the length of the kiln. The temperature profile
within the rotary kiln is also easy to regulate by managing the position of burner along
the kiln and the amount of fuel supply. In general, the rotary kiln is usually used in the
production of micropore based activated carbons. For multiple hearth-furnace, the

produced activated carbon is slightly lower in quality with more development of
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mesoporosity compared to those produced from the rotary kiln. This type of furnace is
also used for regeneration of spent activated carbon. For the fluidized bed furnace, it
provides a good heat and mass transfer characteristics and the activation agent being
in excellent contact with carbon particles. The residence time is shortest of all
activating furnaces. The activation reaction occurring in the fluidized bed activator is
extensive and there is much external burning of char particles leading to the relatively
poor product quality.

Apart from the above three commercial activating furnaces, the spouted-bed
gas-solid contactor might be another interesting choice for using it as an activator for
activated carbon production, especially, for coarse particles with irregular shape like
palm-shell particles studied in the work. Not only being capable of handling coarse
particles, the spouted bed also has other certain advantages as follows. The product
movement in the spouted bed is easy to control by controlling the flow rate of gas
being fed into the vessel. Increasing in gas feed leads to the increase in particle
velocity for all regions (spout core, fountain zone, and annulus region). Bottom screen
is not required for the spouted bed as apposed to the fluidized bed. Agglomeration of
material often possibly found in other types of reactor (such as fluidized bed and
rotary kiln) is minimized by the high circulation of material at the inlet nozzle. Unlike
the fluidized bed furnace, the excessive burning of external surface of char particles is
less likely encountered in the spouted bed activator because of its characteristic of
short contacting time between activating gas and moving char particles. The spouted
bed apparatus has no moving part, therefore, the construction and maintenance cost of

the spouted bed activator might be low.
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In several chemical processes, the understanding of hydrodynamic behavior
and kinetic characteristics of reactor are necessary for the design and scaling up from
laboratory to commercial scale. In recent years, computational fluid dynamic (CFD)
simulation is one of the most popular techniques used to explore the hydrodynamic
pattern and also the chemical kinetic characteristics in several chemical reactors.
Therefore, CFD is now an established chemical process design tool which can provide
complete information required for such design and scale up processes throughout the
engineering profession with the cheapest cost and short design time. The modification
of process equipment design (for both continuous and batch operation) is easy to
achieve without increasing in the design cost. With these merits, the CFD technique
will be used to simulate the hydrodynamic behavior and kinetic characteristics of the
spouted bed activator studied in this work.

The CFD simulation uses numerical methods and additional algorithms to
solve and analyze problems that involve fluid flows, heat transfer, and other related
physical processes. It works by solving the set of equations of fluid flow (in a special
form) over a region of interest along with particular characteristic conditions on the
boundary of that region. The computer aided calculation technology is used to
perform millions of calculations required to simulate the interaction of fluid-fluid and
even fluid-solid for several complex systems commonly used in engineering
applications. Presently, although the simplified governing equations used in CFD
calculation have been proposed and high-speed supercomputers has been utilized,
only approximate solutions can be achieved in many cases. Higher performance and
more accurate CFD technique have been extensively developed by many researchers

in the field.
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The basic fundamental of CFD problem is the Navier-Stokes equations which
define the motion of single phase fluid substances, including liquids and gases. These
equations describe the change in momentum in infinitesimal volume of fluid by
considering the sum of dissipative viscous forces, change in pressure, gravity and
other forces acting inside the fluid. The Navier-Stokes equations being nonlinear
partial differential equations when applied to almost any real situations are difficult or
impossible to solve analytically. However, the Navier-Stokes equations can be
simplified by removing terms that describe viscosity and heat conduction to obtain the
Euler equations. By further simplification, terms describing vorticity can be removed
to yield the full potential equations. Finally, these equations can be linearized to yield
the linearized potential equations. Historically, the first CFD calculation was
developed to solve these linearized potential equations for two-dimensional problems
and then the three-dimensional calculation was put forward.

In this chapter, the aim of work is to study the CO, activation scheme of
activated carbon prepared from palm shell char in the spouted bed activator by using
the CFD simulation. The simulation was carried out for both hydrodynamic behavior
and kinetic scheme of activation process occurring in the spouted bed activator. The
study was separated into three main parts. The first part is concerned with the
experimental study of hydrodynamics of spouted bed for air and palm shell char
particles operated at room temperature. Pressure drop across the bed and total bed
height of spouting bed were monitored as a function of increasing and decreasing air
flow rate. The minimum spouting velocity was defined and determined from the
velocity-pressure drop diagram. The effects of static bed height, conical base angle,

air inlet diameter and palm-shell char particle size on the hydrodynamic behavior and
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minimum spouting velocity of the spouted bed were investigated. The experimental
results of pressure drop and minimum spouting velocity were compared with those
calculated from CFD simulation under the same operating conditions. The CFD
simulation of spouted bed of air-palm shell particles system was achieved by using
the commercial CFD software package, ANSYS CFX 10.0.

For the second part, the preparation and characterization of activated carbons
from palm shell char were studied in a cylindrical spouted bed reactor by using CO,
as an activating agent. The effect of activation time on the porous characteristics (i.e.
BET surface area, total pore volume, and pore size distribution) and char burn-off of
produced activated carbons was investigated. These porous characteristics and char
burn-off of produced activated carbons were compared with those of activated
carbons obtained from the tube furnace reported previously. Finally, the CFD
simulation results from the hydrodynamic study was used to simulate the CO,
activation process of palm shell char in the spouted bed reactor by imposing the
gasification reaction between CO, and solid chars into the CFD software. The CFD
simulation program was run to generate the useful data of degree of char burn-off at
several activation times and the kinetic characteristics of activation process of char in
the spouted bed activator was explored. By fitting the experimental burn-off data of
palm-shell char at the early stage of activation process (at the activation time of 30
min) with those computed from the CFD simulation, the effective rate constant of
gasification reaction for CO; activation scheme could be initially estimated. This rate
constant was then used for subsequent CFD calculation for char activation scheme at
longer activation times up to 3.0 hrs. The predicted results for the degree of char burn-

offs were then compared with the experimental data to test the validity of the CFD
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technique in describing the activation process in the spouted bed activator. The porous
properties of the produced activated carbons, including internal surface area and total
pore volume, were then estimated by applying the structural activation model
proposed in Chapter 4 using the computed char-burn-off obtaining from CFD
simulation for several periods of activation times. These predicted surface area and

total pore volume were compared with those obtained experimentally.

5.3 Review of the Literatures

Because of the distinct advantages in handling coarse particles and unique
flow characteristics, the spouted bed has been applied in a wide range of physical
operations such as drying (Mathur and Gishler, 1955; Devahastin and Mujumdar,
2001; Benali and Amazouz, 2006), coating and granulation (Vieira and Rocha, 2004;
Paulo Filho et al., 2006). In recent years, increasing attention has been paid to the
application of spouted beds as chemical reactors, including coal gasification reactors
(Hoque and Bhattacharya, 2001; Adegoroye et al., 2004; Salam and Bhattacharya,
2006), fuel combustors (Konduri et al., 1999; Rasul, 2001; Vuthaluru and Zhang,
2001), pyrolysis reactors (Elordi et al., 2007a, 2007b; Arabiourrutia et al., 2007),
catalytic partial oxidation reactors (Marnasidou, 1999), chemical vapor deposition
(CVD) reactors (Juarez et al., 2003; Pan et al., 2006), and catalytic hydrocracking
reactors (Al-Mayman and Al-Zahrani, 2003). In spite of its potential applications in
many areas, limited amounts of work have been reported in the literature concerning
the use of spouted bed as an activator for activated carbon production. Dalai et al.
(1996) prepared activated carbons from Canadian coals using steam activation

technique in a fixed bed and spouted bed reactors. They found that activated carbons
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prepared in the spouted bed reactor had the same degree of surface area but lower
density compared to those prepared in the fixed-bed system.

Spouted bed was originally invented by Mathur and Gishler (1955) at the
National Research Council of Canada during the development of a technique for
drying wheat. The spouted bed is an alternative to fluidized bed for handling coarse
particles which is not amenable to fluidization. A schematic representation of the
conventional spouted bed is shown Figure 5.1. Basically, the spouted bed column
consists of two main parts, a conical base and a cylindrical vessel. The fluid, either
gas or liquid, is introduced vertically through a single nozzle at the center of a conical
or flat base. If the fluid injection rate is high and the bed height is low enough, the
fluid stream will push through the bed as a spout in which the solid particles are
rapidly carried upward to the top of bed by the fluid in a central well-defined core and
form a fountain above the bed. After that, the solid particles will move uniformly
downward in the annular surrounding the central core, providing a dense-phase. There
also exists a countercurrent contact in the annular region between the solid particles
and the fluid which escapes from the central core through the spout-annulus interface.
A systematic cyclic pattern of solids movement is thus established, giving rise to a
unique hydrodynamic system which is more suitable for certain applications than
more conventional fluid-solid contacting equipment. Like the fluidized bed
equipment, solid particles can be appended into and removed from the spouted bed,
therefore, it can be performed in mode of continuous operation. The solid particles
may be fed into the spouted bed either at the top near the wall, so that they join the

downward moving mass of particles in the annulus, or with the incoming gas.
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Figure 5.1 Schematic diagram of a conventional spouted bed

(Mathur and Epstein, 1974).

The mechanism of transition from a static to spouted bed can be described by
considering the typical pressure drop-flow rate curves collected from air-wheat
particles system which are shown in Figure 5.2 (Mathur and Epstein, 1974). The
experimental data were determined for wheat particle size of 3.6 mm carried out in a
spouted bed column with 15.2 cm of diameter, 1.27 cm of nozzle size and conical
base angle of 60°. The solid line in the plot for static bed height of 30 cm (A-B-C-D)

represents the pressure drop for increasing step of air flow rate and the dash line (D-
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C*-B*-A) illustrates the reverse process of decreasing air flow. The change of
hydrodynamic behavior of spouted bed for increasing air flow rate can be observed as

the following sequences of events.
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Figure 5.2 Typical pressure drop-flow rate curves of conventional spouted bed

(Mathur and Epstein, 1974).

At low flow rate of fluid, the fluid just flows upward through the bed without
disturbing the particles causing the linear increasing of pressure drop across the bed
(along A-B) with rising of fluid flow rate. When the flow rate is increased to a certain
value which is high enough, the solid particle is pushed up and a small empty cavity
above the gas inlet is created. The particles surrounding the cavity are packed together
against the upper particles and provide a compacted arch causing a greater resistance

to fluid flow. With further increase in fluid flow, the cavity is lengthened steadily and
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forms an internal spout. The arch of compacted particles still exists above the internal
spout, so that the increase in pressure drop continues until it reaches a maximum

value of -AP,, corresponding to superficial velocity of U,, (point B). As the flow rate

is increased beyond point B at which the height of the central core become large
relative to the above packed particles, the decreasing of pressure drop will be
observed (along B-C).

Near point C, sufficient amount of solid particles has been displaced from the
central core and a slight increase in flow rate of fluid will cause a noticeable
expansion of the central core until point C is reached. At a slightly higher fluid flow
rate from point C, the internal spout now breaks through the bed surface to form an
initial spouting condition. At this stage, the particle concentration above the central
core decreases suddenly, resulting in a sharp decline in pressure drop to point D,
where the steady spouting condition is established and the entire bed starts moving. It
should be noted that the pressure drop history for this increasing step of fluid flow is
not exactly reproducible, depending on the packed condition of particle bed at initial
static state, especially, for non-spherical particles (Mathur and Epstein, 1974). With
continued increase in fluid flow rate, the supplementary fluid flowing through the
spout zone will cause only the increase in fountain height without causing any
significant change on the total pressure drop. Therefore, the pressure drop across the

bed remains relatively constant and it is denoted as -AP;.

On slowly decreasing the fluid flow from point D, the bed remains in the
spouted state until point C* which represents the minimum spouting action is reached.
The superficial air velocity at this minimum spouting condition is denoted as

minimum spouting velocity, U,,;. A slightly decreasing of fluid flow rate at U,
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condition will cause the collapse of spout and the pressure drop then rises rapidly to
point B*. With further reduction in fluid flow rate, the pressure drop across the bed
decreases gradually along B*-A. However, the pressure drop curve now stays below
that for increasing step of fluid flow rate. This is due to the fact that the energy
expended by the fluid jet to penetrate the solid bed and expand the internal core is no
longer required.

The hydrodynamic behavior and its stability of spouted bed depend largely on

its geometric dimensions which are defined and shown in Figure 5.3, where Hp is
the height of dense solid bed, Hy is the height of bed fountain, H; is the total bed
height (Hg+Hg), D; and D, are column and fluid inlet nozzle diameter,

respectively, and @ is an angle of conical base.

Figure 5.3 Geometric dimensions of a spouted bed column.

The hydrodynamic behavior of spouted bed and its stability have been studied

and reported by many researchers. Mathur and Gishler (1955) proposed the simplest
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equation to estimate the minimum spouting velocity, U,,. , with accuracy of £15% for

size of cylindrical vessel, D¢, up to about 0.5 m..

1/3
d D 20Hg | pp —p
S R

where Hyg is static bed height, dp is the mean solid particle diameter, p,and pg are

densities of solid particle and fluid, respectively. For nonspherical particles, d, is the
equivalent sphere diameter having the same volume as the particle, and g is the

gravitational acceleration.

For the cylindrical vessel with the size larger than 0.5 m (D¢ > 0.5 m),

Uwms =2.0Dc (Ui ) 5 (5.2)

where Dg has the unit of meters.

King and Harrison (1980) proposed a modified version of Mathur and Gishler
(1955) equation for the spouted bed operated at high operating pressures up to 20

bars, as the following

0.2 13
dp |( D 29Hs (2o — 0¢ )
U P | |8 || Eo s 5.3
(Unis )y 5 [ pawpl)] (DCJ(DCJ \/ s (53)

where Pair( p=1) is the density of air at one atmosphere and room temperature.
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It is well known that the spouting will be unstable when the initial static bed
height is higher than a certain limit value denoted as maximum spoutable bed height,

H,, . This unstable state of spouting could result from three individual mechanisms

(Mathur and Epstein, 1974). Firstly, when the bed height is increased, the amount of
fluid that leaks into the annulus zone through the spout core-annulus interface will be
increased. This will cause the increasing of upward fluid flow rate in the annulus
zone. If the flow rate of fluid in the annulus is high enough to fluidize the solid
particles, the occurring fluidization will disturb the stability of the spouting. Secondly,
the spouted bed will change to either bubbling fluidization or slugging bed when the
bed is higher than the maximum spoutable bed height. Finally, higher static bed
height will cause the instability growth of spout core. The spout core-annulus
interface which is not a rigid surface will exhibit an observable rippling movement
during the growth of spout core. The rippling movement of spout core-annulus
interface becomes higher when the bed height is increased. It should be noted also
that the maximum spoutable bed height becomes larger when the operating pressure is
increased. Therefore, higher operating pressure provides the expansion of spoutability
region of spouted bed (Yang, 2003).

The following empirical correlation can be used for estimating the maximum

spoutable bed height (Epstein and Grace, 1997).

2 2/3 2 2
H, =DcfDc | 5680 (Vi+359x10Ar -1 (5.4)
d, { D, Ar

p

where b is a constant. Mcnab and Bridgwater (1977) found that Equation (5.4) with

b=1.11 gave the best fit with the experimental data. However, for high temperature
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applications, taking b=0.9 is more suitable. The dimensionless variable, Ar, is

Archimedes number defined as:

P (Pp i )df,g

e

Ar =

(5.5)

where 4 is the viscosity of fluid.
The average diameter of spout core, D, has been correlated empirically and

proposed as the following expression by McNab in 1972 for spouted bed operated at

room temperature. In SI units, the equation reads (Yang, 2003)

_ 2.00G 0.49 Dg.68

0.41
Pr

Dy (5.6)
where G is the superficial mass flux of spouting fluid based on diameter of
cylindrical vessel, and pg is bed density or bulk density of bed. For high temperature
operation, the dimensionally consistent semi-empirical equation of average spout

diameter proposed by Wu et al. in year 1987 was suggested instead as the following

(Yang, 2003)

(5.7)

G 0433 Dg'583,u0'133
0283
(pF Psd )

D, =5.61[

Bed voidage distribution in a cylindrical spouted bed was studied extensively
by Olazar et al. (2001a). They used an optical fiber probe for measuring the local bed

voidage in the spout core, annulus, and both fountain core and periphery (particle
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downflow zone) of spouted bed. The effects of base angle, gas inlet diameter, static
bed height, particle size, and gas velocity on longitudinal and radial profiles of bed
voidage were investigated. They found that the bed voidage at the fluid inlet region
was nearly unity and decreased in the radial and longitudinal directions. The factor
that had the greatest influence on the bed voidage along the axis of the spouted bed
was the total height of the spouting bed. There are significant differences between the
bed voidage in the fountain core and fountain periphery. The bed voidage in the
fountain core followed a trend similar to that in the spout core, while the bed voidage
in the fountain periphery was clearly higher and almost independent of operating
conditions. They also observed that the average bed voidage, either in the spout core
or in the annulus zone, increased with increasing of static bed height.

Practically, it is difficult to monitor the moving characteristics of solid
particles inside gas-solid two-phase flow operations (such as spouted bed, and
fluidized bed), due principally to the existence of numerous colliding particles.
Although the optical fiber probe can be used for monitoring the particle velocity
profiles and its flow pattern (Olazar et al., 2001b) as well as bed voidage distribution
(San Jose et al., 1998; Olazar et al., 2001a), the presence of the optical fiber probe
may affect the flow field and it is almost impossible to observe the immediate flow
field that fluctuates in unsteady state operation. In order to observe the solid motion at
the central plane of spouted bed, He et al. (1994) measured the particle velocity in
spouted beds with half-cylindrical vessels, using an optical fiber probe and compared
the results with the case of full cylindrical vessel. They found that the flat wall of the
half-cylindrical vessel interfered significantly on the velocity of particles. The particle

velocity near that flat wall was much reduced.
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In recent years, the advent of high performance computer aided calculation
technology has made numerical simulations the most popular technique in the study
of dense gas-solid two-phase flows system (such as spouted bed, fluidized bed, etc.).
This technique is a useful tool to obtain detailed information on the hydrodynamic
behavior of spouted bed or fluidized bed without performing direct measurement
which could disturb the flow field. The most popular tool in performing numerical
simulation of gas-solid two-phase flows is the computational fluid dynamic (CFD)
technique.

The most popular CFD softwares that are typically used by many researchers
in the CFD simulation of solid particle-fluid system are FLUENT and ANSYS CFX.
Benyabhia et al (2000) simulated a two-dimensional air-fluid catalytic cracking (FCC)
particles flow behavior in the riser section of a circulating fluidized bed (CFB) by
using FLUENT. Their simulation provided gas and particle flow profile data of
velocities, volume fractions, pressure and turbulence parameters which agreed
reasonably well with the experimental results. Taghipour et al. (2005) applied
FLUENT in studying the hydrodynamic of a two-dimensional fluidized bed for air-
glass beads (250-300 pum in diameter) system. They claimed the validation of CFD
simulation for fluidized bed system by showing good agreement between their
simulated results and experimental data (i.e. gas-solid flow pattern, voidage profile,
pressure drop and minimum fluidization velocity) for both phases.

Witt et al. (1998) modeled the isothermal flow in 3-dimensional bubbling
fluidized bed system by using ANSYS CFX. Lettieri et al. (2006) also used ANSYS
CFX to simulate a liquid fluidized bed in slugging mode. Their CFD modeling gave

the pressure drop which was greater than those obtained experimentally for all fluid
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velocities. In addition to the fluidized bed and spouted bed system, CFD simulation
can be applied for other complex gas-solid flow systems. Chu and Yu (2008)
presented the CFD simulations of glass bead-air flow in three complex three-
dimensional systems, including pneumatic conveying bend, gas cyclone and
circulating fluidized beds (CFB), by using FLUENT. Their CFD simulation also
generated hydrodynamic information which agreed well with the measured values.
Due to the reliability of CFD simulation in modeling hydrodynamic
behavior of fluid-solid two phase flow system, there has been a growing interest in
using CFD method to demonstrate a gas-solid contacting based reactor used in several
chemical processes. Watanabe and Otaka (2006) employed the CFD modeling to
predict the performance of an entrained flow coal gasifier. The reaction scheme
considered in their model consisted of three processes which are pyrolysis, char
gasification and gas phase reactions. Marschall and Mleczko (1999) had studied the
simulation of an internally circulating fluidized bed reactor. They proved that the
CFD model was able to explain the effect of different reactor designs and various

hydrodynamic parameters on the flow fields.

5.4 CFD Model Description

In running the CFD simulation for gas-solid two-phase flow, two distinct
multiphase flow approaches may be used, Lagrangian particle tracking multiphase
model or discrete element method (DEM) and Eulerian-Eulerian multiphase flow
model or two fluid model (TFM). The Lagrangian particle tracking multiphase model
is capable of modeling dispersed phases which are discretely distributed in a

continuous phase. The modeling involves separate calculation of each phase where
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the two-way interactions between the dispersed and continuous phase will be
considered. As to the Eulerian-Eulerian multiphase flow model, both fluid and solid
particle phases are treated mathematically as interpenetrating continua using the
concept of phase volume fraction. The phase volume fraction represents the space
occupied by each phase and the sum is equal to unity. Both fluid and solid particle
phase are assumed to satisfy the conservation laws of mass and momentum. The mean
and fluctuating velocity of solid particles are described by the kinetic theory of
granular flow (KTGF). Table 5.1 compares the characteristics of these two multiphase
approaches.

The simulation of spouted bed system studied in this work consists of a large
number of particles and in principle it is not necessary to know the complete
information on the behavior and residence time of every particle in the system which
can cause excessive calculation time. Further, the global flow pattern information is
still sufficient to explore the hydrodynamic behavior of dispersed solid phase in the
flow field. As a result, the two-fluid model was adopted in this work for performing
the simulation task.

Details of the governing equations, including mass and momentum
conservation equations, KTGF model, drag force correlations, and turbulence model,
used in CFD calculation are briefly presented in the following section.

5.4.1 Conservation Equations of Mass and Momentum

For volume fraction balance equation, the sum of all phase volume

fraction, X , is equal to unity, that is

Xe+Xp=1 (5.8)
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where the subscripts F and P represent fluid and particle phases, respectively.

Table 5.1 Comparison between the two-fluid and particle transport models

Two-fluid model Particle transport model

Provide complete global information for | Provide complete information on

the particle phase. behavior and residence time of individual
particles.

Many set equations are necessary for Easy to model a system consisting of a

many particle sizes. wide range of particle size.

Easy to include turbulent model. Difficult to include turbulent model.

Cheaper calculation cost for system with | Expensive calculation cost for system

large number of particles with large number of particles.

The mass conservation equations and equations of motion for fluid and

dispersed solid phase can be expressed as the following in Cartesian coordinates.

0 0 0 0
a(XFpF)+&(XFPFUX)+E(XFPFUy)+E(XFPFUZ):0 (5.9)
0 0 0 0
a(XPpP)+&(XPpPVx)+5(XPPPVy)+E(XPIOPVZ)= 0 (5.10)

where Uand V are velocity components of the fluid and dispersed phase,

respectively.
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0

a(xF,oFU)W-(prFUU)=—xFVP+voi+§F (5.11)
%(xppﬂ)w-(xppp\ﬁ): X VP +Ver, +Fy o+ Fo + Xp 050 (5.12)

where F—D is the interaction force between the fluid and dispersed phase (drag force)

and Fs is solid pressure force due to collision between solid particle and its
neighbors. 7. and 7, are viscous stress tensor of continuous (fluid) and dispersed

(particle) phase, respectively. The details on the calculation of these parameters will
be discussed later.

The last term in Equation (5.12) represents the force exerted by gravity
which is generally neglected for fluid phase (i.e. gas in this study) because the fluid
phase has very low density, hence small gravity force in comparison with drag force
and pressure gradient forces. In this investigation, smooth wall boundary condition is
assumed for the wall of spouted bed column, thus the interaction force between the
wall and particles or fluid phase (wall lubricant force) will not be considered. The
buoyancy force acting on the solid particles is also neglected because of very low
density character of the gas phase.

5.4.2 Kinetic Theory of Granular Flow (KTGF)

The kinetic theory of granular flow is an extension of the classical
kinetic theory of dense gas. It has been developed based on statistical mechanics to
describe the mean and fluctuating velocity of particles found in continuous granular

media.
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By an analogy with the kinetic theory of dense gas, which explains the
pressure in gas to result from collision of gas particles with its neighborhood, the
basic principle in the kinetic theory of granular flow has been developed (Lun et al.,
1984; Gidaspow, 1994). The basic governing concept in the KTGF is that the particles
are in a continuous and chaotic movement within the fluid phase. This chaotic random
motion exists at both low concentration (due to drag force between gas and solid
particles, gas turbulence and pressure variation in the fluid) and at higher
concentration (due to an inelastic collisions of particles). The KTGF describes the
dependence of the rheological properties of the moving particles on local particle
concentration and the fluctuating motion of the particles.

In the KTGF, the actual particle velocity (V ) is calculated from the

combination of local mean velocity (V), ) and a random fluctuating velocity (V; ).

This is

—_ —

V=V, +V, (5.13)

In relation to the random motion of the particles and analogy to the
definition of the thermodynamic temperature of a gas in the classical kinetic theory,

the granular temperature (@) for a group of particles can be defined as

9=_<\Tg> (5.14)

where the bracket denotes ensemble averaging. The granular temperature is described

by a separated conservation equation,
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3{8 —
= = (P Xp0)+ Vel po XV, 0 }:
2 6'[( ) ( ) (5.15)

—(FST+ XPZ):W—M—V-(kQVH)—lBH—y

where the term —(FSI=+ XP:) : VVT,{ is the generation of energy by the solid stress

tensor, k,V @ is the diffusion of energy (k, is the diffusion coefficient), -3 360 is the

energy exchange between fluid and solid phase (4 is interphase momentum transfer

coefficient calculated based on the Gidaspow drag model and it will be discussed later

in details), I is a unit tensor, and y is the dissipation rate due to inelastic mutual
particle collisions.
There are variables that must be defined and substituted into Equation

(5.15) to solve for the granular temperature, including the dissipation rate (), solid

pressure force (), and viscous stress tensor solid phase (Z). First, y can be

expressed as the following expression.

P

2 \y2 4 |6 v
y=3(1—9Rc)xppp909{d—\/;—(v~vm )} (5.16)

where e, is the restitution coefficient of particles. This coefficient is a fractional

value representing the ratio of velocities before and after the collision of particles. A
particle with the restitution coefficient equal to unity collides elastically with another
particle, while a particle with restitution coefficient of zero will collide inelastically

with its neighbor. The influence of €,. on CFD simulation of the spouted bed had

been studied by Du et al. (2006). They found that the simulation results are sensitive
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to the value of e, . Increasing the value of e.. leads to the decreasing in fountain
height and slightly improves the stability of the spout shape. The variable g, is the

radial distribution function expressed by Gidaspow (1994) as

% -1
9o (Xp)=0.6 1—{ Xe j (5.17)

P,Max

It is noted that the radial distribution function goes to infinity when
solid volume fraction is approaching the maximum particle packing volume fraction

( Xp max )- This limitation is resolved in ANSYS CFX 10.0 by setting:
90 (Xp)=Cy+C, (Xp =X )+Cy (Xp =X ) +Cy (Xp = Xc ) (5.18)

where X = Xp vy —0.001,  C;=1079, C, =1.08x10°, C,=1.08x10" and
C,=1.08x10"
The solid pressure force (F; in Equation (5.15)) can be expressed as a

function of granular temperature. That is,

Fs = 2 X0 1+2(1+ €4 ) 9, X5 | (5.19)

The solid phase viscous stress tensor (7, ) in Equation (5.12) and

Equation (5.15) can be expressed by the following expression,
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::—sz —gﬂpj(v-\m)ﬂﬂp [(WTA)+(VV—M)TH (5.20)

where the superscript T represents the transpose operation and A, is the solid bulk

viscosity given by Lun et al. (1984) as

4 0
/IPZEXédePgo(lJreRC)\/; (5.21)

where 4, is the shear viscosity expressed as a summation of two contributions,

kinetic ( 4p ¢, ) and collision ( 4p ki ) contributions. Thus,

Hp = Hp col T Hp kin (5.22)

There is a general agreement on the appropriate form of the collision
contribution. As in the kinetic theory of gases, it is taken to be proportional to the

square root of the granular temperature (Ding and Gidaspow, 1990).

4 0
Hp col :gxéppdpgo (1+eRc)\/; (5.23)

The kinetic contribution term is given by Lun and Savage (1986) to be

L= — 0 5.24
IUP,Km 96 P n9, 5 2 —7 ( )

N pdp(l 8XPJ[1+[(877(377—2)XF)90)/5} 77

where 77 =(1+egc )/2
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5.4.3 Turbulence Model

Turbulence plays an important role on the characteristics of the flow
when chaotic three-dimensional vorticity exists randomly in the flow field. It occurs
when the inertia forces in the fluid become significant compared to viscous forces for
fluid flow at high Reynolds number. When turbulence is present, it affects all flow
phenomena, including the increase in energy dissipation, mixing, heat and mass
transfer, and drag force. For this reason, the effect of turbulence on the flow filed
needs to be predicted in most CFD simulations.

In this CFD simulation, the turbulence predictions of the continuous
phase are carried out using the standard k-epsilon model proposed by Jones and
Launder (1972). It is the most prominent turbulent model implemented in most
general purpose CFD codes. This turbulent model has proven to be stable and
provides a well predictive capability. In k-epsilon model, K is the turbulence kinetic
energy and is defined as the variance of the fluctuations in velocity. It has dimensions
of (length® time™), e.g. m*/s” in SI unit. Epsilon (&) is the turbulence eddy dissipation
(the rate at which the velocity fluctuations dissipate) and has dimensions of K per unit
time (length” time™), e.g. m?”/s’® in SI unit. .

The values of k and epsilon (€) appear in the differential transport

equations for the turbulence kinetic energy and turbulence dissipation rate:

%(XFka)+V-(XFpFUk):V-(XF (,u+§JVkJ+ X P —Xepee (5.25)
k
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0 .
(5.26)
A &£
o

&

where C,, C,, o,.and oy are constants which have the values of 1.44, 1.92, 1.3 and
1.0, respectively. x is the fluid molecular (dynamic) viscosity and g4 is the fluid

turbulent viscosity defined as:

k2
My ZC;JPF? (527)
where C p is a constant and its value is 0.09.

The term B, is the turbulence production due to viscous and buoyancy

forces, which is modeled using the relation,

P, =Mvu-(vu +vuT )—gv-v (34U + pek) - “tP gV e (5.28)
e Pr
where Pr is turbulent Prandtl number defined as:
pr = Sek4 (5.29)

¢

where C, is the fluid specific heat capacity at constant pressure and ¢ is the thermal

conductivity.
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The viscous stress tensor for the continuous phase (7, ) appearing in the
conservation equation of momentum for fluid phase (Equation (5.11)) and the

conservation equation of granular temperature (Equation (5.15)) can be determined

from the following expression.

- 2 .\ = U —
e = _E(ka + Py VU ) I+ pr 4 (V'U +VeU ) (5.30)

5.4.4 Drag Force Model

The drag force exerted on an immersed body by a moving fluid arises
from two mechanisms. Firstly, the drag is caused by the viscous shear stress denoted
as the skin friction. The second form is due to the pressure distribution around the
immersed body, and is called the form drag. The total drag force is most conveniently
expressed in terms of the dimensionless drag coefficient, C, . For a particle of simple
shape, such as a sphere, immersed in a Newtonian fluid and is not rotating relative to
the surrounding free fluid stream, the drag coefficient depends only on the particle

Reynolds number, Re,. The function C,(Re,)may be determined experimentally,

and is known as the drag curve.

The drag force acting on a particle, Fj ,, in fluid-dispersed solid system

can be represented by the product of the interphase momentum transfer coefficient,

[, and the slip velocity, (U -V ) , between the two-phase. That is

For=pU-V) (5.31)
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Note that the drag force acting on the continuous phase by dispersed phase, F, ., are

equal and has opposite direction to Fj ;.

Gidaspow et al. (Ding and Gidaspow, 1990) employed the Ergun

equation (Ergun, 1952) for calculating the interphase momentum transfer coefficient

(p) for dense phase and the Wen-Yu equation (Wen and Yu, 1966) for dilute phase.

2
o =150—2H 11 75%ePE 1y v|  for X, <08
X.d d,

FYp

ﬂDiIute :%CD %|U 'V| X,;2‘65 for XF >0.8

P

where the drag coefficient, C,, was expressed by

o _Ix 2; [1+0.15(><F Rep)““”} for Re, <1000
p = e RCp
0.44 for Re, >1000

and the particle Reynolds number is defined as

_Pr |U _V|dP
)7

Re,

5.4.5 Kinetics of Activation Reaction

(5.32)

(5.33)

(5.34)

(5.35)

The kinetic scheme of activation process of palm-shell char with CO,

taken place in a spouted bed activator is calculated based on the concentration

distribution of all substances, including reactants (carbon and CO,) and gaseous
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product (CO). These concentration profiles are calculated using CFD modeling. The
following assumptions are applied in this simulation.
e There exists only one reaction between carbon atom and CO, and

there is no secondary reaction among the gaseous components.

C +CO, —X 2cO0 (5.36)

e The system was considered to be isothermal. Therefore, there is no
effect of heat transfer on the kinetics of gasification reaction.

e The reaction is kinetically controlled without the effect of mass
transfer resistance.

In a spouted bed activator, the mass of char per unit volume of activator
is very high compared to the amounts of CO and CO,. With this reasoning, it is
reasonable to assume that the amount of char is excess relative to that of CO; during
the activation reaction and therefore its amount will not affect the progress of kinetic
scheme. Because high flow rate of CO; is fed into the spouted bed activator, the
amount of CO generated during activation process should be quickly removed from
the reaction zone by the flowing gas. Therefore, the rate of gasification reaction
shown in Equation (5.36) can be practically expressed based on the first-order kinetics
with respect to molar concentration of carbon dioxide for all regions in the spouted

bed system, including annulus zone, spout core and fountain. That is,

Gasification Rate = K[CO, ] (5.37)
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where K is the overall effective rate constant and [CO,] is the molar concentration of

CO, in gas phase in unit of mole/m’. This concentration refers to the average value for
each numerical grid distributed in the spouted bed activator. The amount of char and
CO; consumed, including the generation of CO, are calculated individually for each
numerical grid and the overall kinetic scheme is calculated from the contribution of
all numerical grids.

It should be noted that, for the Eulerian-Eulerian multiphase flow (two
fluid approach) employed in this work, the option for multiphase reaction is not
available for the current release of the commercial CFD software used, CFX 10.0. The
char activation process for the preparation of activated carbon involves the multiphase
reaction (i.e. gasification) between oxidizing gas (i.e. carbon dioxide) and carbon rich
solid phase (i.e. palm-shell char). Therefore, in the model setting, the solid char will
be assumed to convert first to an intermediate matter denoted as IC. This intermediate
matter has density and molecular weight being equal to solid char but its transport
property (i.e. dynamic viscosity) will be that of the gas phase. This intermediate
matter is allowed to react with the oxidizing gas instead of solid char. The generation
rate of intermediate matter is set to equal the rate of gasification reaction. Thus, the
rate of generation and consumption of the intermediate matter will be the same, giving
no accumulation in the spouted bed activator system. The rate of activation reaction

scheme used in the CFD simulation can be rewritten as the following expressions.

c X5 1c (5.38)

IC+C0O, — 2CO (5.39)
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5.4.6 Simulation Procedure

The simplified flow sheet for the simulation algorithm is displayed in
Figure 5.4. The calculation procedure commences by setting the initial and boundary
conditions. Some unknown system variables, such as turbulent quantities (i.e.
turbulence kinetic energy and turbulence eddy dissipation), require the initial guess
for the first step of calculation. The initial guesses of these system variables are given
automatically by commercial CFD software used (ANSYS CFX 10.0). The
conservation equation of momentum is first solved using SIMPLEC (Semi-Implicit
Method for Pressure-Linked Equations-Consistent) algorithm which uses the pressure
distribution and velocity components from the previous iteration or initial and
boundary conditions to obtain new corrected pressure and velocity data of both phases
and then they will be updated and used in the next calculations. Details on the
SIMPLEC algorithm can be found in the recent book of Versteeg and Malalasekera
(1995). Next, the conservation equation of mass is solved to obtain volume fraction

(X, and X ) and mass flow rates for both phases. Finally, other governing equations

are then solved, including turbulence model, drag force model, and KTGF model to
obtain the other remaining system variables. The Gidaspow drag model is solved to

calculate the interphase momentum transfer coefficient ( £ ) which will be used in the
calculation of KTGF model and drag force (E and ?’F ). The KTGF model is then

solved to obtain granular temperature (&) used for the determination of the viscous

stress tensor of solid phase (Z) and solid pressure force (Fi). Next, the viscous

stress tensor of fluid phase (Z) is calculated from the turbulent model of standard k-
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epsilon model. Finally, the calculated solutions are checked for the convergence
criteria or final steady-state condition.

The convergence or final steady-state criterion of simulated system is
achieved by considering the RMS of residual values of the governing equations used
in CFD simulation. The residual value is calculated as the inequality between the two
sides of governing equations (see model description section). This residual is caused
by the truncated error of the numerical computation and the differences of computed
values resulted from the iteration scheme. All the RMS of residual values of all
physical parameters (such as velocity components, particle concentration, pressure,...,
etc.) are set as 10, This means that if the RMS of residual value is lower than 107,
the iteration is considered convergent or the steady-state condition is achieved. The

RMS of residual is calculated from the following equation:

RMS of Residual (I )= %Z 2 (5.40)
i=1

where I; is the residual value collected from n control volume of all numerical grids.
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Set boundary and initial conditions

h 4

Update all variables

A 4

Solve conservation equation of momentum
using SIMPLEC algorithm

\ 4

Update pressure and velocity components

A 4

Solve mass conservation equation to obtain mass flow rate

\ 4

Solve turbulence model, KTGF model, drag force model

Converged ?

Yes

Final solutions

pressure gradient (P), velocity vectors (V and U )
volume fraction (Xp and Xg)

Figure 5.4 Flow sheet of the CFD simulation algorithm.

5.5 Research Methods

5.5.1 Experimental Study of Spouted Bed Hydrodynamics
This part of work involves the study of hydrodynamic behavior of

spouted bed using air as the spouting fluid and oil-palm shell char particle as the
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dispersed solid phase. The hydrodynamics was characterized by monitoring pressure
drop across the bed and developed bed height as a function of increasing and
decreasing of air flow rate. The influence of geometric factors (including conical base
angle and fluid inlet nozzle size) and initial static bed height on the hydrodynamic
behavior and minimum spouting velocity was investigated.

The experimental procedure was started with the preparation of oil-palm
shell char particles. The raw palm shell, solid waste produced from a palm oil milling
process, was supplied by Golden Palm Industry Co., Ltd in Chon Buri, Thailand. This
received palm shell was first washed and dried at 150°C for 24 hrs to remove moisture
content adsorbed during the land dumping process. The pre-dried palm shell was
crushed and sieved to obtain the average size fractions of 0.5 mm (30x40 mesh), 0.7
mm (20x30 mesh), and 1.4 mm (12x16 mesh) and then kept in a desiccator for
subsequent experiments.

The prepared palm shell sample was carbonized in a laboratory ceramic
tube furnace (Carbolite CTF 12/75/700, 6 cm in diameter and 100 cm in length) to
produce char. For this experiment, about 30 g of palm-shell particles were placed in a
ceramic boat and then put into the tube furnace and heated up from room temperature
to the desired carbonization temperature of 600°C at the heating rate of 10°C/min and
held at this temperature for 2.0 hrs. The final char yield obtained was about 30% by
weight. The carbonization temperature chosen was well above the main
devolatilization temperature (as reported in Chapter 2) to ensure that a carbon-rich
char was obtained. During carbonization process, ultra high purity grade nitrogen
(UHP, 99.995% purity) at constant flow rate of 100 cm’/min was used as the

sweeping gas to provide an inert atmosphere for pyrolysis and to remove any gaseous
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and condensable products emitted. This nitrogen gas was supplied by Thai Industrial
Gas Pub Co., Ltd (TIG) in Rayong, Thailand. When the carbonization was completed,
the sample was allowed to cooled down to room temperature under the flow of No.

The spouted bed column was made from stainless steel (grade 304) for
the conical base and acrylic plastic column for the cylindrical section. The geometric
dimensions of spouted bed column are: 44 mm of column inside diameter, 5 and 7
mm for air inlet size, and 45° and 60° for conical base angle. A U-tube manometer
was fabricated from glass tubing and filled with CCls for measuring pressure drop
across the spouted bed. One end of the manometer was connected to the air inlet
pipeline just below the nozzle opening and the other was exposed to the atmosphere.
The experimental procedure for hydrodynamic study was started by packing the palm
shell char particles to the initial static bed height in the range of 5 to 10 cm. For each
condition, compressed air was allowed to flow into the spouted bed at gradually
increasing of air flow rate. Pressure drop across the bed and developed bed height at
each air flow rate were noted until the fully spouting state was observed. After that,
the air flow rate was gradually decreased to zero and the change of pressure drop was
monitored. The minimum spouting velocity is defined here as the minimum air
velocity at which the particle bed still remains in spouting condition for the step of
decreasing air flow.

5.5.2 Preparation of Activated Carbons in the Spouted Bed Activator

In this part, the work covered the preparation of activated carbons from
oil-palm shell in the spouted bed activator. The influence of activation time on the
degree of char burn-off and porous characteristics of produced activated carbons,

including internal surface area and total pore volume, was studied.
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The palm shell char particles prepared in the previous part of
hydrodynamic study with the average size of 0.5 mm were activated with high purity
grade CO, (HP, 99.95% purity) in a stainless steel spouted bed activator (grade 310S).
The geometric dimensions of this spouted bed activator are: 30 cm in length and 4 cm
in column diameter, 7 mm of nozzle inlet diameter and 60° of conical base angle.
Figure 5.5 shows the schematic diagram of the spouted bed activator. About 30 g of
fresh palm-shell char particles were put into the column to the initial static bed height
of 4.0 cm which was the only height used for running the spouted bed activation
experiment as a function of activation time. The flow of 100 cm’/min of UHP grade
N, was fed into the spouted bed activator for 30 min at room temperature to ensure
that the char sample was truly under the inert atmosphere. Next, the activation process
was started by heating up the char sample from room temperature to the desired
activation temperature of 900°C at a heating rate of 10°C/min under the constant flow

Osz.

Spouted bed activator

Flow
meter

Temp. controller

[ ]
._/-4 ooo OO

CO, vessel

%
N

Gas pre-heater

Figure 5.5 Schematic diagram of spouted bed activator.
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When the desired activation temperature was reached, the gas was
switched from N, to CO, to start the activation process by gasification reaction. The
CO, flow rate was selected at the fluid velocity of 1.2 times the minimum spouting
velocity (0.182 m/s of superficial velocity). The minimum spouting velocity was
measured experimentally at 900°C based on the experimental pressure drop-gas flow
data which was found to be 0.152 m/s of superficial velocity based on cylindrical
cross-sectional area. When the activation step was completed, the char sample was
cooled down to room temperature under the constant flow of N,. The activated carbon
produced at each period of activation time was weighed and kept in a desiccator for
further characterization of its porous properties. The percentage of char burn-off was

calculated from the following expression.

W, —
% Char burn-off = -vchar ~Wac 100, (5.41)
Wac

where Wcp, and Wy are the initial weight of char and the final weight of activated

carbon produced, respectively.

Six values of activation times (0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 hrs) were
employed to obtain activated carbons with different char burn-offs. It was noted that,
for relatively shallow bed height used in this work, the application of too high the gas
velocity would induce a violent motion of particles without the establishment of
uniform spouting pattern. For this reason, it was decided to operate the spouted bed
activator at the gas velocity near the Uys. Therefore, in this work the spouted bed

activator was operated at 1.2 times the minimum spouting velocity of CO,.
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Porous properties of the derived activated carbons were determined
from the adsorption isotherm data of N, at -196°C, acquired with the Accelerated
Surface Area and Porosimetry Analyzer (ASAP2010, Micromeritics, USA). The BET
surface area was estimated from adsorption isotherm data of nitrogen by applying the
Brunauer-Emmett-Teller (BET) equation (Do, 1998), assuming the value of 0.162
nm? for cross-sectional area of N, molecule. The total pore volume was computed
from the volume of nitrogen adsorbed at a relative pressure of 0.99 and converted this
value to the volume of N, in liquid state at -196°C. Micropore volume and area were
calculated by applying the Dubinin-Astakhov (DA) equation (Do, 1998). The true
density of prepared activated carbon, which is an important parameter for using in the
CFD simulation, was measured by a pycnometer (Micromeritics AccuPyc 1330). The
determined char burn-off and porous properties of produced activated carbons were
compared with the activated carbons prepared in the tube furnace reported in the
previous chapter (Chapter 3).

5.5.3 CFD Simulation of Spouted Bed Hydrodynamics

The aim of this section is to apply CFD simulation technique to simulate
the hydrodynamic behavior of spouted bed under conditions similar to the
experimental study. The capability of CFD model prediction was confirmed by
comparing the simulated results of pressure drop and minimum spouting velocity with
those obtained by direct measurement.

The CFD simulation of spouted bed hydrodynamics was performed by
using the Eulerian-Eulerian multiphase flow model (two-fluid model) incorporated in
the commercial CFD software package, ANSYS CFX 10.0. The set of governing

equations, as shown in the previous section of model description, was solved by a
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finite control volume method. Generally, the computation of CFD modeling was
started by creating numerical grids in the chosen system geometry. In this study, the
numerical grid was generated by using commercial engineering CAD software,
ANSYS Workbench 10.0.

Because of the significant difference in the velocities of both gas and
solid phases within the three regions of spouted bed (Mathur and Epstein, 1974), it is
logical to construct the numerical grids with different size for each zone. The
velocities of gas and solid phase are maximum in the spouting core and minimum in
the annulus zone. Due to the rapid change of velocity at the spout core and annulus
interface, care must also be taken in the generation of numerical grids in this region.
Therefore, small numerical grid size was used in the vicinity of spouting core region
(near the central core of column) and larger grid size can be employed in the expected
annulus zone and empty zone above the solid bed to reduce the calculation time. In
this simulation, the minimum and maximum numerical grid sizes were 0.5 and 2.0
mm, respectively. The numerical grid distribution of spouted bed used in this work is
shown as in Figure 5.6.

In running the CFD simulation, the following initial and boundary
conditions were employed:

e For initial condition, the system was assumed to consist of static bed
of spherical palm-shell char particles with volume fraction of 0.6 and the velocity of
air is set to be zero. The initial system pressure is set to be constant at 1.0 atm.

e At air entrance, the gas was injected only in the axial direction with

zero velocity gradient (plug flow boundary condition).
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e At air outlet, the column is exposed to ambient pressure with no

velocity gradient of air (static condition).

¢ On the wall, a non-slip boundary condition was assumed for both gas

and solid phase.

Spout
] core
5 Anmmilus
zone
[ =]
et

Figure 5.6 Numerical grids of spouted bed used in CFD simulation.

The CFD simulation in this section was computed using a time step of
107 sec until the steady-state condition was attained. The corresponding experimental
conditions, including geometric factors, properties of dispersed and fluid phases and
simulation parameters are listed in Table 5.2. The simulations were performed for air

inlet velocity varying in the range of 0-1.7 times the minimum spouting velocity. The
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expected results generated from CFD simulation were pressure gradient data, pressure
drop across the bed, velocity profiles of gas and solid phases, concentration profile of

gas and solid phases, and the minimum spouting velocity.

Table 5.2 Simulation parameters for CFD simulation of spouted bed.

Parameters Description Value
pr (kg/ m’) Solid density 980
p; (kg/m’) | Air density (25°C) 1.185
u; (kg/m.s) | Air viscosity (25°C) 1.831x10°°
d, (mm) Particle diameter 0.70
€rc Particle restitution coefficient 0.90
X P .Max Maximum particle packing volume fraction 0.60
Hg (cm) Static bed height 7.2
D, (cm) Inlet nozzle diameter 0.7
D (cm) Column diameter 4.40
0 Conical base angle 60°

5.5.4 CFD Simulation of Spouted Bed Activator
The CFD software package, ANSYS CFX10.0 was also used to
simulate the CO; activation process of palm shell chars in the spouted bed activator.
This simulation was run by employing the same simulation parameters and boundary
conditions as in the case of CFD simulation of hydrodynamic study. However, the
fluid phase was changed from air to the gas mixture of CO, and CO occurring from

the gasification reaction of carbon mass and CO,. The geometric dimensions of
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spouted bed used in the simulation were those of the experimental spouted bed
activator. In this respect, the percentage burn-offs of char was calculated as a function
of activation time as follows. First by matching the burn-off results from simulation
with those from experiments at the short activation time of 0.5 hrs, the effective first-
order rate constant for the gasification reaction between CO, and palm-shell char
could be estimated. This rate constant was then used for further CFD simulation to
compute the degree of char burn-off at longer activation time up to 3.0 hrs. These
calculated char burn-offs were compared with those measured directly from the
experimental runs to test the capability of the CFD modeling in describing the
activation process in the spouted bed activator.

The CFD simulation was performed at a time step interval of 107 s.
The numerical grid size created was the same as that used in the previous part of

hydrodynamic study. The simulation parameters used are listed in Table 5.3.

Table 5.3 Simulation conditions for CFD simulation of spouted bed activator.

Parameters Description Value
ps (kg/m’) | Solid density 980
p; (kg/m’) | CO, density (900°C) 0.458
#; (kg/ms) | CO, viscosity (900°C) 1.490x107°
d, (mm) Particle diameter 0.50
€rc Particle restitution coefficient 0.90
X b Max Maximum particle packing volume fraction |0.60
Hg (cm) Static bed height 4.0
D, (cm) Inlet nozzle diameter 0.7
D (cm) Column diameter 4.0
0 Conical base angle 60°




201

5.6 Results and Discussion

5.6.1 Hydrodynamic Study of Spouted Bed

The pressure drop across the bed and total bed height were measured as
a function of increasing and decreasing air flow rate and are shown in Figure 5.7 to
5.31 for mean particle sizes of 0.5, 0.7, 1.4 mm and various initial static bed heights
and geometric factors (i.e. conical base angle and gas inlet diameter). These figures
show that the behavior of pressure drop-air flow rate curve is different from those
reported by Mathur and Epstein (1974) for the case of wheat particles (see Figure
5.2). This difference should be due to the differences in their nature of particle shape
and outer surface characteristic of palm-shell char and wheat which affect directly on
packing characteristic of particles in the bed and hence the friction between
neighboring particles. The palm-shell char consists of highly irregular shaped
particles with distribution of sizes, while the wheat particles have rather uniform size
and shape.

The transition behavior from a static to spouting condition of air-palm
shell char particle system can be observed by considering the typical pressure drop-air
flow rate diagram presented in Figure 5.7 for particle size of 0.5 mm, air inlet
diameter of 7.0 mm, base angle of 60° and 6.30 cm of initial static bed height. The air
superficial velocity shown in the figure was calculated based on cross-section area of
cylindrical vessel of spouted bed. The bed heights shown in the figure include height
of dense solid bed (Hg) and total height of spout bed (Ht= Hg + Hg) for increasing air

flow.
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Figure 5.7 Typical pressure drop—flow rate diagram and bed height
for increasing air flow of spouted bed for D; = 7.0 mm,

dp 0f 0.50 mm, 6 = 60° and Hs= 6.3 cm.

At low flow rates, air just flows upward through the bed without
disturbing the particles causing linear increasing of pressure drop across the bed
(along A-B) and reaching the maximum value at point B. With further increasing of
air flow rate, the bed is suddenly pushed up causing an expansion of bed (along B-C).
The bed now becomes loosely packed so that there is a dramatic reduction of bed
pressure drop from point B to point C. By continued increasing of air flow rate, the

bed is now steadily expanded and the pressure drop continues to decline along C-D.
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Further increasing of air flow rate from point D will initiate the spouting of solid bed
and a slight drop of pressure drop to point E can be observed. The increasing of air
flow rate from point E on will lengthen only the height of fountain with no
consequent effect on the height of dense bed (Hg) and pressure drop across the bed
(along line E-F).

On the decreasing of air flow rate, the pressure drop is still constant
from point F to G. At this point, the spouting condition is still observed but further
decreasing of air flow rate from point G will cause the collapse of spouting state back
to the static bed condition and bring the pressure drop to a higher value at point H.
The minimum air velocity that still maintains the spouting phenomenon of bed
particles on decreasing air flow (point G in Figure 5.7) is defined here as the
minimum spouting velocity (Ums). With further decreasing in air flow rate, the
pressure drop decreases steadily to point A (no feeding of air) and the bed height still
remains constant along line H-A in Figure 5.7.

It should be observed that the measured pressure drop at low flow rate
of air before the initial expansion of particle bed was not reproducible (along line A-B
in Figure 5.7). The value of pressure drop depends specifically on initial packing
condition of char particles. However, at air flow rates higher than the point that the
bed has been expanded (point B), the measured pressure drop was repeatedly
reproducible. Therefore, at low air flow rates, the pressure drop for each experimental
run was measured for at least 3 times (starting with new particle loading for each
time) and their values at a given air flow rate were averaged to obtain the

representative pressure drop for that condition.
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Figure 5.8 Pressure drop—flow rate diagram and bed height of spouted bed for

D, = 7.0 mm, dp of 0.7 mm, &= 60° and Hs= 6.3 cm.
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Figure 5.9 Pressure drop—flow rate diagram and bed height of spouted bed for

D, = 7.0 mm, dp of 0.7 mm, &= 60° and Hs= 8.3 cm.
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Figure 5.10 Pressure drop—flow rate diagram and bed height of spouted bed for

D, =7.0 mm, dp of 0.7 mm, &= 60° and Hs=10.3 cm.

2500 T T — — . — 12
H,=6.3cm
& a
L —&— Increasing air flow g 411
2000 i —©— Decreasing air flow &
—o— Hy ¥
,}‘j @ Hp e 110 g
o 1500 =
S =
= 419 &h
2 2
2 1000 =
= r ]
& 18 A
500 17
0& C : 6
0.0 1 2 3 4 5

Air superficial velocity (m/s)

Figure 5.11 Pressure drop—flow rate diagram and bed height of spouted bed for

D, =7.0mm, dp = 1.4 mm, &= 60° and Hs= 6.3 cm.
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Figure 5.12 Pressure drop—flow rate diagram and bed height of spouted bed for

Pressure drop (Pa)

D, =7.0 mm, dp = 1.4 mm, &= 60° and Hs= 8.3 cm.
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Figure 5.13 Pressure drop—flow rate diagram and bed height of spouted bed for

D, =7.0 mm, dp = 0.5 mm, 8= 45° and Hs=4.9 cm.
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Figure 5.14 Pressure drop—flow rate diagram and bed height of spouted bed for

D, =7.0 mm, dp = 0.5 mm, 8= 45° and Hs= 6.9 cm.
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Figure 5.15 Pressure drop—flow rate diagram and bed height of spouted bed for

D, =7.0 mm, dp = 0.5 mm, 8= 45° and Hs= 8.9 cm.
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Figure 5.16 Pressure drop—flow rate diagram and bed height of spouted bed for

D, =7.0 mm, dp = 0.7 mm, 8= 45° and Hs=4.9 cm.
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Figure 5.17 Pressure drop—flow rate diagram and bed height of spouted bed for

D;=7.0mm, dp = 1.4 mm, 6= 45° and Hs=4.9 cm.
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Figure 5.18 Pressure drop—flow rate diagram and bed height of spouted bed for
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Figure 5.19 Pressure drop—flow rate diagram and bed height of spouted bed for

D;=7.0mm, dp = 1.4 mm, 6= 45° and Hs= 8.9 cm.
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Figure 5.20 Pressure drop—flow rate diagram and bed height of spouted bed for

D, =5.0 mm, dp = 0.5 mm, 8= 60° and Hs= 6.3 cm.
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Figure 5.21 Pressure drop—flow rate diagram and bed height of spouted bed for

D, =5.0 mm, dp = 0.5 mm, &= 60° and Hs= 8.3 cm.



2500
2000 -
1500

1000 |

Pressure drop (Pa)

500

H,=6.3cm

—&— Increasing air flow

—-©— Decreasing air flow "l

—o— H,
‘AIDII H

Air superficial velocity (m/s)

[§]

Bed height (cm)

211

Figure 5.22 Pressure drop—flow rate diagram and bed height of spouted bed for

D, =5.0 mm, dp = 0.7 mm, 8= 60° and Hs= 6.3 cm.
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Figure 5.23 Pressure drop—flow rate diagram and bed height of spouted bed for

D, =5.0 mm, dp = 0.5 mm, 8= 45° and Hs=4.9 cm.
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Figure 5.24 Pressure drop—flow rate diagram and bed height of spouted bed for

D, =5.0 mm, dp = 0.5 mm, 8= 45° and Hs= 6.9 cm.
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Figure 5.25 Pressure drop—flow rate diagram and bed height of spouted bed for

D, =5.0 mm, dp = 0.5 mm, 8= 45° and Hs= 8.9 cm.
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Figure 5.26 Pressure drop—flow rate diagram and bed height of spouted bed for

D, =5.0 mm, dp = 0.7 mm, 8= 45° and Hs=4.9 cm.
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Figure 5.27 Pressure drop—flow rate diagram and bed height of spouted bed for

D =5.0mm, dp = 0.7 mm, &= 45° and Hs= 6.9 cm.
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Figure 5.28 Pressure drop—flow rate diagram and bed height of spouted bed for

D, =5.0 mm, dp = 0.7 mm, 8= 45° and Hs= 8.9 cm.
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Figure 5.29 Pressure drop—flow rate diagram and bed height of spouted bed for

D, =5.0mm, dp = 1.4 mm, 8= 45° and Hg=4.9 cm.
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Figure 5.30 Pressure drop—flow rate diagram and bed height of spouted bed for
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Figure 5.31 Pressure drop—flow rate diagram and bed height of spouted bed for

D;=5.0mm, dp = 1.4 mm, 8=45° and Hg= 8.9 cm.
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Generally, the most important parameter that is necessary for designing
spouted bed based equipment is the minimum spouting velocity (Uwms). This velocity
is the minimum fluid velocity at which a bed is transformed from the fixed bed mode
in a loosest state to the spouted bed state and depends on solid and fluid properties,
and also on the geometric dimensions of the system. The experimental minimum
spouting velocity for the air-palm shell char particle system for various air inlet
diameters, conical base angles, particle sizes and initial static bed heights are listed in
Table 5.4.

In order to show the effect of geometric factors, static bed height, and
particle size on the minimum spouting velocity, the experimental data of the
minimum spouting velocity listed in Table 5.4 were plotted graphically as shown in
Figure 5.32 to 5.35. The results show clearly that the minimum spouting velocity
increases with increasing of particle size (dp, see Figure 5.32), initial static bed height
(Hs, see Figure 5.33), and gas inlet size (D), see Figure 5.34 and 5.35). When the
particle size is increased, the force required to push the particle moving upward in the
spouting core is also increased. Therefore, higher gas flow rate (or higher minimum
spouting velocity) must be supplied to increase the lift force. The increasing in static
bed height leads to the increasing in interface area between spouting core and annulus
zone. The expansion of the interface area causes the increasing of gas leaking from
spouting core to annulus zone through that interface. Thus, higher gas flow must be
supplied into spouted bed to compensate for gas leakage to maintain spouting state of
solid bed. For gas inlet diameter, larger size of spout core is expected when the gas
inlet diameter is increased. Therefore, higher gas flow is required to maintain the

same velocity for spouting the bed.



Table 5.4 Minimum spouting velocity (Uws) of spouted bed (experimentally

determined) for various geometric dimensions, particle sizes and

static bed heights and Uys calculated from Equation (5.1).
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dli\zla?ézltZr Base Angle | Particle size B(elfilsh(e;irg?t Min S(Fl)Jo:stl,nr?]/\s/)eIOCIty % Error
(Di, mm) @) (de. mim) Exp. [Cal (Eq.(5.1)

7 60° 0.50 6.3 0.154 0.195 | -26.6%
6.3 0.230 0273 | -18.8%

7 60° 0.70 8.3 0.252 0314 | -24.7%
10.3 0.274 0.350 | -27.9%

: 60 139 6.3 0.436 0.543 | -24.4%
8.3 0.485 0.624 | -28.7%

4.9 0.208 0.173 16.8%

7 45° 0.50 6.9 0.230 0.205 10.9%
8.9 0.274 0233 | 15.0%

7 45° 0.70 4.9 0.230 0242 | -5.1%
4.9 0.436 0.480 | -10.1%

7 45° 1.39 6.9 0.485 0.570 | -17.6%
8.9 0.501 0.648 | -29.4%

S o 0.50 6.3 0.142 0.177 | -24.6%
8.3 0.164 0.203 | -23.8%

5 60° 0.70 6.3 0.230 0248 | -7.7%
4.9 0.142 0.156 | _9.99

5 45° 0.50 6.9 0.152 0.185 | -21.7%
8.9 0.164 0210 | -28.0%

4.9 0.208 0218 | -4.9%

5 45° 0.70 6.9 0.230 0259 | -12.4%
8.9 0.274 0293 | -7.1%

49 0.386 0433 | -12.3%

S 45° 1.39 6.9 0.436 0.514 | -17.8%
8.9 0.469 0.583 | -24.3%
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Figure 5.32 Effect of particle size on minimum spouting velocity.
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Figure 5.33 Effect of initial bed heights on minimum spouting velocity.
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Effect of gas inlet diameters on minimum spouting velocity for particle

size of 0.5 mm and conical base angle 45°.
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Also shown for comparison with experimental data in Table 5.4 are
minimum spouting velocities calculated from the expression proposed by Mathur and
Gishler (Equation (5.1)). The comparison indicates that the correlation proposed by
Mathur and Gishler (1955) provides the prediction with the maximum deviation up to
about 30%. The Standard Error of Estimate (SEE) was determined to be 20.5%, using

the formula

2
SEE = Z(UMS,Exp._UMS,CaI.] /N—Z) (5.42)

i=1 U MS,Exp.

where N is the number of data points which is 25 points in this work. Equation (5.1)
was proposed based on a specific system of air-wheat particles, the nature of which is
quite different from the air- palm shell char system studied in this work. Therefore, it
was decided to propose a more suitable correlation to improve the prediction accuracy
for air-palm shell char particle system of the present work.

The general dimensionless equation for predicting minimum spouting

velocity can be given as the following (Abdul Salam and Bhattacharya, 2006).

a B y B g
uMs=ﬂ(2gHB)k(SZJ (B;J (BCBJ {pppfpf} (5.43)

where A, k, a, 8, y and & are constants estimated by fitting Equation (5.43) with

the experimental data.



221

In this work, the optimization function in MATLAB program was used
to fit Equation (5.43) with the experimental data. The objective function is to

minimize the sum of square of relative error (SSQR) defined as,

2
U -U
SSOR = Z( MS.exp MS cal J (5.44)

U MS exp

where Upyg oo and Uy are the experimental and calculated minimum spouting

velocities, respectively.
The fitting results gave the constants asA=1.239, k=0.287,

a=0.891, f=0.263, y=0.0, and 6 =0.373, with the final proposed correlation

reads

d 0.891 D 0.263 Do —p 0.373
Uys =1.239(2gHg )" (—P] L—'J LGSR (5.45)
Dc Dc Pt

The minimum spouting velocity computed by employing Equation
(5.45) are listed in Table 5.5. Although an improvement on the prediction of
minimum spouting velocity using this empirical equation was observed, the prediction
results still show relatively large deviation up to 26% for some geometric dimensions
of the spouted bed. The standard error of estimate was found to be 11.1% which show

the improvement of the prediction compared to Equation (5.1).



Table 5.5 Minimum spouting velocity (Uws) of spouted bed (experimentally

determined) for various geometric factors, particle sizes and static

bed heights and Upys calculated from Equation.(5.45).
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dﬁ?ﬁzltgr Base Angle |Particle size B(edegin%?t Min S(FEJOJ: I,nr%/sv)eIOCIty % Error
(D), mm) (4) (dp, mm)
Exp. Cal. (Eq(5.45))
7 60° 0.50 6.3 0.154 0.183 -18.8%
6.3 0.230 0.247 -7.4%
7 60° 0.70 8.3 0.252 0.268 -6.2%
10.3 0.274 0.285 -4.0%
. 60° 139 6.3 0.436 0.455 -4.4%
8.3 0.485 0.493 -1.7%
4.9 0.208 0.171 17.8%
7 45° 0.50 6.9 0.230 0.188 18.3%
8.9 0.274 0.203 25.9%
7 45° 0.70 4.9 0.230 0.230 0.1%
4.9 0.436 0.424 2.7%
7 45° 1.39 6.9 0.485 0.468 3.5%
8.9 0.501 0.504 -0.6%
5 60° 0.50 6.3 0.142 0.169 -19.0%
8.3 0.164 0.183 -11.6%
5 60° 0.70 6.3 0.230 0.228 0.9%
49 0.142 0.157 -10.6%
5 45° 0.50 6.9 0.152 0.173 -13.8%
8.9 0.164 0.186 -13.4%
4.9 0.208 0.212 -1.9%
5 45° 0.70 6.9 0.230 0.234 -1.6%
8.9 0.274 0.271 1.1%
4.9 0.386 0.390 -1.2%
5 45° 1.39 6.9 0.436 0.430 1.3%
8.9 0.469 0.463 1.3%
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A different new approach was proposed and tried in this work for the
estimation of Uys by applying the theory of a turbulent free-jet (Perry, 2007). In a
free-jet flow, a fluid flows into a static fluid through a small nozzle and it will expand
and decelerate. The momentum of the jet fluid is transferred to the static fluid to
conserve the total momentum. Practically, a jet is considered free when the cross-
sectional area of nozzle inlet is less than one-fifth of the total cross-sectional flow area
region through which the jet is flowing. The configuration of the turbulent free-jet is
shown in Figure 5.36. The nomenclature U, appearing in the figure is denoted as
average jet inlet fluid velocity, D, is the jet inlet size, Z is the longitudinal distance
from fluid inlet, and U is average axial fluid velocity in the flow field. The
longitudinal distribution of velocity along the jet center line for the turbulent free-jet

characteristics of rounded-inlet circular nozzle can be expressed by the following

equation.
K
U D, \?
— —K,| =L 5.46
U, 1( YA j (40

where K; and K, are constants.

For the analysis of the minimum spouting velocity, the configuration of
a turbulent free-jet in a spouted bed is approximated as shown in Figure 5.37. The
spouting fluid or jet fluid is fed into the spouted bed through the jet inlet at the conical
base. The solid bed is assumed to be the static fluid just as in the case of free-jet flow.
It is noted that the jet fluid is assumed to flow only in the axial direction and no
leakage of jet fluid from the spout core into the annulus zone. The jet-fluid is also

assumed to be incompressible. The nomenclature P is the upstream pressure due to
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the flow of jet fluid or spouting fluid, P* is the pressure due to the weight of solid

particles above the spout core, and Pam is the atmospheric pressure.

voidage
£ |

Tnternal
cavity

Figure 5.37 Configuration of a turbulent free-jet in spouted bed.
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The analysis of the minimum spouting velocity using the turbulent free-
jet flow begins by writing the force balance on particles contained in the cylindrical
section ABCD by assuming constant height of dense solid bed (Hg) and equal to

initial static bed of spouted bed (Hs). Thus,

P_Patm:(HS_Z)(l_gP)pPg (5:47)

where &p is bed voidage and its value is assumed to be 0.40 in this work.

By employing the well known Ergun Equation for turbulent flow
through a packed bed of spherical particles, the pressure drop across the bed or the

difference between P and the atmospheric pressure can be written as,

1.75pgU* (1-¢p ) (Hs - 2)

AP =P—-Pyy, = 3 (5.48)
d pép
Equating Equation (5.47) and (5.48) gives
1.75p¢U°
ppy =——L— (5.49)
d pép

The density of fluid (pg) is assumed to be the density of air at

atmospheric pressure and 25°C which is 1.185 kg/m’. Substituting the mean axial jet

velocity, U, from Equation (5.46) into Equation (5.49) yields

175 ¢ (u, K, (Dy/Z)" )2

3
dpep

ppg = (5.50)
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The transformation from fixed bed to the minimum or incipient spouting
condition occurs when the length of internal cavity elongates and just touches the bed
surface on increasing air flow. Therefore, at Uys the axial velocity in Equation (5.50)
is the minimum spouting velocity (U, = Uus) and the longitudinal distance is equal to

the static bed height (Z = Hs). Using these criteria, Equation (5.50) now becomes

3
Uys = L ,/ppgdpgp (5.51)
Ky (D /Hg) 2\ 1.75p¢

The constants K; and K; can be obtained by fitting this equation (5.51)

to the experimental data. The fitted values of K; and K, were found to be 0.184 and
0.740, respectively. The predicted minimum spouting velocity for each geometric
dimensions and particle size are listed in Table 5.6. It is found that Equation (5.51)
provides large deviation with maximum deviation of 73% of compared to the
experimental data. The standard error of estimate was found to be 31.5%. Figure 5.38
compares the experimental and predicted values of the minimum spouting velocity.
The figure shows that about 40% of the predicted values are with in £15% of
deviation line. This large deviation should be due to the difference in basic concept of
free-jet flow compared to the flow characteristics of spouted bed. The free-jet flow
assume that the jet fluid flow through the other stagnant fluid, while the spouting fluid
flow through a solid bed. Moreover, in the analysis of free-jet flow for predicting the
minimum spouting velocity, it is assumed that the fluid flow only in the axial
direction and no leakage of jet fluid from the spout core into the annulus zone which

are different from the real system of spouted bed.
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Table 5.6 Minimum spouting velocity (Uws) of spouted bed (experimentally

determined) for various geometric factors, particle sizes and bed

heights, Uys calculated from Equation (5.51).

Nozzle Base Par_ticle Bed height Min. s(%o:stinng]/\slocity
diameter | angle size (Hs, cm) % Error
(D, mm) | (8) | (dp, mm) EXp. Cal. (Eq.(5.51))
7 60° 0.50 6.3 0.154 0.266 -72.8%
6.3 0.230 0.315 -36.9%
7 60° 0.70 8.3 0.252 0.387 -53.7%
10.3 0.274 0.455 -66.1%
7 60° 139 6.3 0.436 0.444 -1.8%
8.3 0.485 0.546 -12.5%
4.9 0.208 0.222 -6.7%
7 45° 0.50 6.9 0.230 0.287 -24.6%
8.9 0.274 0.346 -26.4%
7 45° 0.70 4.9 0.230 0.263 -14.2%
4.9 0.436 0.370 15.1%
7 45° 1.39 6.9 0.485 0478 1.5%
8.9 0.501 0.577 -15.3%
5 60° 0.50 6.3 0.142 0.178 -25.3%
8.3 0.164 0.218 -32.7%
5 60° 0.70 6.3 0.230 0.211 8.5%
4.9 0.142 0.147 -3.8%
5 45° 0.50 6.9 0.152 0.190 -24.7%
8.9 0.164 0.229 -39.4%
4.9 0.208 0.174 16.1%
5 45° 0.70 6.9 0.230 0.224 2.5%
8.9 0.274 0.270 1.3%
4.9 0.386 0.246 36.3%
5 45° 1.39 6.9 0.436 0.316 27.5%
8.9 0.469 0.381 18.8%
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Figure 5.38 Comparison of experimental and calculated minimum spouting

velocities by Equation (5.51).

In order to make Equation (5.51) more flexible and to improve its
capability in predicting the minimum spouting velocity, this equation will be modified
to obtain a semi-empirical correlation by including the effect of spouted bed column

diameter (D¢) with free parameters on D, and Hs, as shown in the following equation.

D, ) (H:)? dos?
Upys = | =+ s | |2e=ele (5.52)
Dc) | Dc 1.75p¢

By fitting the experimental data with Equation (5.52), the parameters

a,, a,, and a,, were determined to be 0.700, 1.501, and -0.309, respectively. The

final proposed equation thus becomes
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D, Y017y 0309 42
Uy =0.70| = s Prlpép (5.53)
De De 1.75p¢

The predicted minimum spouting velocity using Equation (5.53) for
each geometric dimensions and particle size are listed in Table 5.7. The predicted
results show better improvement of the prediction of minimum spouting velocity, with
maximum deviation of 59.0% and the standard error of estimate of 26.1%. Figure
5.39 compares the results between the experimental and predicted values of the

minimum spouting velocity using Equation (5.53).

T
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3 f.. K
= 02 -

0.0 t } t
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Calculated U/, ¢ (m/s)

Figure 5.39 Comparison of experimental and calculated minimum spouting

velocities by Equation (5.53).
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Table 5.7 Minimum spouting velocity (Uws) of spouted bed (experimentally

determined) for various geometric factors, particle sizes and bed

heights, and Uys calculated from Equation (5.53).

Min. spouting velocity

dE\inOrrﬁzlt(Zr :naglz PasrigeCle B(G‘\Hdsf]iirg?t (Uus . ms) % Error
(D, mm) | (8) | (dp, mm) Exp. cal. (Eq. (5.53))

7 60° 0.50 6.3 0.154 0.244 -58.7%
6.3 0.230 0.289 225.7%

7 60° 0.70 8.3 0.252 0.315 -25.1%
10.3 0.274 0.337 23.1%

, o 10 6.3 0.436 0.407 6.6%
8.3 0.485 0.444 8.4%

4.9 0.208 0.226 -8.9%

7 45° 0.50 6.9 0.230 0.252 -9.6%
8.9 0.274 0.273 0.4%

7 45° 0.70 4.9 0.230 0.268 -16.5%
4.9 0.436 0.378 13.4%

7 45° 139 6.9 0.485 0.420 13.4%
8.9 0.501 0.455 9.2%

s o 050 6.3 0.142 0.208 -46.8%
8.3 0.164 0.227 -38.3%

5 60° 0.70 6.3 0.230 0.247 7.2%
4.9 0.142 0.193 -35.7%

5 45° 0.50 6.9 0.152 0.214 -40.8%
8.9 0.164 0.231 41.1%

4.9 0.208 0.228 -9.6%

5 45° 0.70 6.9 0.230 0.253 -10.1%
8.9 0.274 0.274 0.1%

4.9 0.386 0.321 16.8%

5 45° 1.39 6.9 0.436 0.357 18.2%
8.9 0.469 0.386 17.7%
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The proposed expression for predicting the minimum spouting velocity
via Equation (5.53) was also tested for its validity using the experimental data
reported by other researchers. Zhong and co-workers (2007) studied the influence of
operating pressure on the spout characteristics of a cylindrical spouted bed. The
minimum spouting velocity for various operating pressure in the range of 0.1 to 0.4
MPa were reported for millet particle size of 2.3 mm, cylindrical column diameter of
0.1 m, air inlet size of 0.01 m, and 60° of conical base angle. Their results on Uys and
those predicted by Equation (5.53) are shown in Table 5.8 for comparison. Maximum
deviation of 33.5% is observed and the standard error of estimate was found to be
26.5%, which is the same order as the case of experimental data determined in this
study (see Table 5.7).

The total bed height (Hr) at fluid velocity higher than the minimum
spouting velocity is another parameter that is required for designing the height of a
spouted bed apparatus. In this work, the expression for predicting the total bed height

was proposed as the following in dimensionless equation.

b
%:exp a[—u ‘Um} (5.54)

This correlation satisfies the condition that, at U = Uys, the bed height
will be the initial static height (Hr = Hs) and all the parameters that affect the total bed
height (Ht) are incorporated in the minimum spouting velocity (Uys). By fitting
Equation (5.54) to experimental data of total bed height at air flow rate higher than the

minimum spouting velocity for all spouting conditions, the fitted parameters, a and b
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can be determined, which were found to be 0.318 and 1.101, respectively. The final

correlation reads

H U—-U 1.101
—T —exp|0.318) ——Ms (5.55)
H U s

S

Table 5.8 Comparison between Minimum spouting velocity results (Uys) of Zhong
et al., 2007 for 8= 60°, D; = 0.01 m, dp = 2.3 mm, and Dc = 0.10 m at
various pressure and static bed height, and Uys calculated from

Equation (5.53).

Experimental Predicted
Pressure | Bed height| minimum s_pouting min_imum spouting % Error
(MPa) (Hs, m) velocity velocity using Eq. (5.53)
(Unms , mis) (Uns , mis)
0.15 0.442 0.351 20.5%
01 0.20 0.544 0.400 26.6%
0.25 0.602 0.441 26.7%
0.30 0.641 0.479 25.3%
0.15 0.353 0.351 0.5%
0.2 0.20 0.418 0.400 4.4%
0.25 0.454 0.441 2.8%
0.30 0.489 0.479 2.0%
0.15 0.312 0.351 -12.6%
0.20 0.357 0.400 -11.9%
03 0.25 0.381 0.441 -15.9%
0.30 0.413 0.479 -16.0%
0.15 0.277 0.351 -26.8%
0.20 0.308 0.400 -29.7%
04 0.25 0.335 0.441 -31.8%
0.30 0.359 0.479 -33.4%
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Equation (5.55) is capable of predicting the total bed heights reasonably
well with maximum deviation of 13%. Figure 5.40 shows the deviation between the
experimental and predicted values of the total bed height. The figure shows that about

90% of the predicted values are within £10% of deviation line.
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Figure 5.40 Comparison of experimental and calculated total bed height by

Equation (5.54).

5.6.2 Preparation of Activated Carbons in the Spouted Bed Activator
Figure 5.41 shows the effect of activation time on the char burn-off
during the activation step with CO; in the tube furnace and spouted bed activator at
900°C. The spouted bed results show that at the starting of activation step about 10%
of char burn-off could be observed, although this value should be zero according to
the definition of burn-off. This could be explained by the fact that CO, was not
admitted into the activator until the final temperature of 900°C was attained. During

the heating-up period from room temperature to this final temperature, the activator
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was operated in an inert atmosphere of N,, where some initial weight loss had
occurred due to the process of devolatilization. It is further noted that, up to the
maximum burn-off of 35%, the char burn-off appears to increase linearly with
activation time, indicating that at this relatively high temperature the gasification

reaction is the rate-controlling step in the activation process.

50 ————

| —O— Spouted Bed -
I —-A—  Tube Furnace o

% Burn - off

0 1 2

Activation time (hrs)

Figure 5.41 Effect of activation time on the extent of char burn-off during

activation with CO, at 900°C.

Figure 5.41 also shows that, at the same activation time and
temperature, the spouted bed activator gives the activated carbons with lower
percentage burn-off as compared to those produced in the tube furnace. This
discrepancy should stem from the difference in the mode of contact between CO, and
particles in the two types of activator. In a spouted bed system, most of fluid flows
pass the solid bed through the spouting core containing dilute phase of solid particles,

whereas the rest of fluid flows countercurrently with the descending dense solid
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particles in the annulus zone. Therefore, the mode of contact between fluid and solid
particles is significantly different for spouting core and annulus zone. As a result, the
rate of gasification reaction of each particle depends strongly on its local position. The
solid particle located in the spouting core will react with CO, at higher rate because of
higher amount of CO, compared to that in the annulus zone. Although the particles
can be gasified at high rate in the spouting core, each particle will stay in the spouting
core for very short contact time before they reach the fountain zone and dropped
down into the annulus zone again. On the other hand, the thin layer of static particles
in the tube furnace ensured a uniform contact between activating gas and solid
particles, giving longer average reaction time as compared to the spouted bed
activator, hence higher values of char burn-off. From this finding, it might be
necessary to operate the spouted bed activator near the condition of minimum
spouting velocity to allow for efficient air-particle contact throughout the spouted bed.
Too high of a gas velocity will force the major portion of air to pass through the
central core region with little contact with the particles.

Figure 5.42 shows the BET surface area and micropore area of produced
activated carbons in the spouted bed activator as a function of activation times from
1.0 to 3.0 hrs. Both BET and micropore area increase linearly with increasing in
activation time and both appear to be parallel to each other over the range of
activation time studied. This observation indicates that the pore development of
activated carbon gasified for time less than 3.0 hrs should be contributed mainly by
the creation of new pores, the majority of which is in the micropore size range. The
effect of activation time on the total pore and micropore volume of the derived

activated carbons are shown in Figure 5.43 and also shown in this figure is the
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percentage microporosity. The plot shows that the total pore and micropore volume
increase steadily with increasing of activation time and there is a tendency for the
percentage microporosity to decrease slightly by about 6% when activation time is
increased from 1.0 to 3.0 hrs. These results confirm that the pore development should
result from the combined effect of new pore creation and enlargement of existing

pores with the former giving the larger contribution.
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Figure 5.42 Effect of activation time on BET and micropore area of activated

carbons prepared at 900°C in the batch spouted bed activator.

In order to show the effect of percentage burn-off on the porous
characteristics of activated carbons prepared from the spouted bed activator, the
experimental data of BET surface area, total pore volume, and percentage
microporosity of produced activated carbons were replotted against the percentage

burn-off and they are shown in Figure 5.44 to 5.46, respectively. For the purpose of
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comparison, the experimental results of those activated carbons prepared in the tube
furnace (see Chapter 3) are also shown in the same figure. Although the spouted bed
activator produced the activated carbons with lower degree of burn-off compared to
the tube furnace at the same activation time and temperature, the BET surface area
and total pore volume of activated carbons prepared from both types of activator were
not comparatively different for the same degree of char burn-off. This means that the
pore evolution mechanisms of activated carbons for both types of activator are
fundamentally the same. Figure 5.47 shows N, adsorption isotherm measured at -
196°C for activated carbons prepared in the spouted bed activator. It is clear that the
activated carbon exhibited the Type I isotherm which further confirms the

microporous nature of the derived activated carbon.
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Figure 5.43 Effect of activation time on total and micropore volume, and percentage
microporosity of activated carbons prepared at 900°C in the batch

spouted bed activator.
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Figure 5.45 Effect of char burn-off on total pore volume.
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Figure 5.46 Effect of char burn-off on percentage microporosity.
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Figure 5.47 N, adsorption isotherm at -196°C of activated carbon prepared at 900°C

for activation time of 3.0 hrs in the batch spouted bed.
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5.6.3 Hydrodynamic Study of Spouted Bed by CFD Simulation

Figure 5.48 shows the simulation results of pressure drop-air flow rate
relation for spouted bed with nozzle size of 7 mm, particle size of 0.7 mm, base angle
of 60° and 7.2 cm of initial static bed height. For comparison, the corresponding
experimental data are also shown plotted on the same figure. It is observed that
pressure drop curves of both simulated and experimental results differ somewhat
particularly at low air velocities. To help explain the simulated hydrodynamic
behavior of spouted bed upon increasing air flow, the physical appearances of solid

bed are also displayed in Figure 5.49.

staticbed ——e | internal spouting fully spouting |
[ | I . ; ]
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|
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400
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Figure 5.48 The experimental and CFD simulated results of pressure drop-air flow

rate diagram.

It is seen from Figure 5.48 that at air velocity lower than 0.03 m/s, the

calculated pressure drop increase linearly with air flow rate and agrees well with the
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experimental data (line AB). Under this condition, no disturbance of air flow to the
stagnant bed is observed. With increasing air flow through the simulated spouted bed
beyond this upper limit of 0.03 m/s, e.g. at air velocity of 0.032 m/s, the creation of
internal cavity above air inlet region can be observed which becomes larger when the
air flow is increased (see Figure 5.49). .

The elongation of this internal cavity along the flow axis leads to the
decreasing of pressure drop (along BC) due to the enlargement of interface area
between particle bed and the internal cavity. The fluid will flow pass the particle bed
through that interface with slower velocity when the interface area is enlarged causing
the decreasing in pressure drop. This behavior is different from that observed
experimentally. The experimental pressure drop still increases with increasing of air
flow beyond point B without disturbing the bed. This increase in pressure drop

continues until the maximum value is reached (point B "). At slightly higher air flow,

the bed starts to expand and immediately transforms into the loosest packed state,
giving a reduction in pressure drop. It was observed experimentally that the value of
maximum pressure drop depended strongly on the shape and initial packing condition
of solid particles. In CFD simulation, the solid particles were assumed to have the
spherical shape with uniform size. This would give less contact points among
particles and hence the maximum pressure drop would occur at a lower fluid velocity
and a gradual change in pressure drop is to be expected along line BC.

With only a slight increase in air flow rate beyond point C, the internal
cavity breaks through the bed surface causing the reduction in pressure drop to point
D at which the spouting state is fully established. This point (point D) is the minimum

spouting velocity predicted by the CFD simulation which is lower than that measured
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experimentally (point D”). At air flow rates higher than the minimum spouting

velocity, there is no significant effect of air flow rate on the simulated pressure drop.
The simulated pressure drop appears to be constant and has the same magnitude with
those measured experimentally. It is noted that, for the CFD simulation, the calculated
pressure drop for both increasing and decreasing step of air flow were the same and
this behavior is different from that observed from the experiment. This deviation
should be due to the limitation of the two-fluid model (TFM) employed in the CFD
simulation in assuming spherical shape with uniform size for the dispersed solid
phase. This assumption cannot represent well the system composed of non-spherical

particles like palm shell particles used in this work.
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Figure 5.49 Char particle concentration distribution at several air velocities.
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Figure 5.49 Char particle concentration distribution at several air velocities (Cont.).
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Figure 5.49 Char particle concentration distribution at several air velocities (Cont.).
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Figure 5.49 Char particle concentration distribution at several air velocities (Cont.).

The minimum spouting velocity (Uwys) calculated from CFD modeling is

0.177 m/s which is about 20% lower than that observed from the experiment of
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0.228 m/s. This difference should be due to the limitation of CFD model in assuming
spherical shape with uniform size for the bed particles. With this assumption, there is
no real packing effect of bed particles on the hydrodynamic behavior of spouted bed.
On the other hand, the actual char particles are irregular in shape with distribution of
sizes from which the packing condition of bed particles should play an important role
in the behavior of gas and solid interaction. This packing condition could cause the
inter-locking of solid particles which prevents the free movement of solid particles
inside the bed. As a result, higher gas flow is required to overcome this increased
frictional forces between particles, enabling the formation of internal spouting core
region until the full spouting condition is finally achieved. This is the reason why the
simulated Uys is lower than that observed experimentally. Although the simulated
minimum spouting velocity is lower than the real measured value, the calculated
pressure drop over the range of steady spouting exhibits the same general trend of
relatively constant on increasing air velocity and agrees reasonably well with the
experimental measurement (see Figure 5.48).

Figure 5.50 shows the simulated fountain heights (Hg) of spouted bed as
a function of air flow rates higher than the minimum spouting velocity. The figure
shows the linear increasing of the simulated fountain height, as the air flow rate is
increased whereas the dense bed height remains constant as shown in Figure 5.49.
This behavior of spouted bed was also observed in the experiment. Therefore, this
should confirm that the CFD simulation gives the correct predictive trend for
simulating fluid-solid particle flow systems such as the spouted bed system studied in
this work. Also shown in the same figure is the fountain height that was measured

experimentally. It is noted that the experimental fountain height is much higher than
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those predicted from CFD simulation. This large deviation of the simulated fountain
height is probably due to the chosen set of model parameters used in the computation
such as the particle restitution coefficient, the maximum particle packing volume
fraction, the quality of numerical grids created, and also the time step interval applied.
The quality of numerical grids and time step are important for avoiding round-off
error occurring in numerical calculation during simulation task.

It should be noted that the accuracy of CFD simulation depends largely
on the model parameters used. The use of model parameters should be pre-tested
with the experimental data of hydrodynamic information (i.e. minimum spouting
velocity, pressure drop, solid bed voidage distribution and velocity profile of fluid and
dispersed phase) to improve the accuracy of CFD simulation (Du et al., 2006). In this
work, however, the complete data of solid bed voidage and velocity profile of fluid
and dispersed phased were not experimentally determined. Therefore, only minimum
spouting velocity and pressure drop across the bed were compared with the values
predicted from the CFD simulation.

The radial distributions of air and particle velocities at different heights
from air inlet are shown in Figure 5.51 and Figure 5.52, respectively, for operating air
superficial velocity of 1.143Us. It is noted that the regions of spout core and annulus
zone located in these figures were estimated based on the air inlet size which
approximately equal to the size of simulated spout core (see Figure 5.49). The figure
shows that at region near the air inlet of the bed, air velocity is maximum at the center
core of spout (see Figure 5.51 for H = 1-3 cm). But the maximum value of air velocity
systematically shifts closer to the interface between the spout core and annulus zone

at higher bed positions (see Figure 5.51 for H = 4-6 cm). For particle movement
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behavior, there exists a velocity accelerating region near the air inlet of the bed in the
spout core (see Figure 5.52 for H = 1-3 cm) and a decelerating region in the upper part

of the bed (see Figure 5.52 for H = 4-6 cm).
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® CFD results
©  Experimental data
| —— Smooth curve

Fountain height (., cm)

U/
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Figure 5.50 Simulated fountain height of spouted bed.

As observed from Figure 5.52, the particle velocities have their maxima
at the central core of bed and becomes close to zero at the interface between spout
core and annulus. At this interface, particular attention should be paid on the quality
of numerical grid used in the simulation because, in actual system, the bed voidage
and velocities of fluid and dispersed phase change abruptly. As a result, a rather small
grid size was set for the region in the spout core, including spout-annulus interface,
becoming larger in the annulus zone to reduce the error occurring from the numerical
computation. This behavior of particle movement was the same as the predicted CFD

result reported by Du and co-workers (2006). They employed the CFD modeling to
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simulate the hydrodynamic behavior (bed voidage profile and particles velocity
distribution) of cylindrical spouted bed for air-glass bead system.

Figure 5.53 shows radial distribution of bed voidage at different heights
(H) from the air inlet for air velocity of 1.143Uys. The simulated voidage profiles
show that in the spout core, the bed voidage decrease with the increasing height from
the air inlet. There exists an empty cavity at the region above air inlet and the voidage
become denser at higher height. The maximum bed voidage appears at the spout core
axis for the height lower than 2.0 cm and this maximum value move closer to the
interface between the spout core and annulus zone when the height is more than 2.0
cm. This observation indicates that there is the formation of particle core at the axis of

column and at the position higher than 3.0 cm from the air inlet.
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Figure 5.51 Velocity profiles of air at air velocity of 1.143Uys.
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Figure 5.52 Velocity profiles of palm-shell particles at air velocity of 1.143Uys.
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of 1.143Us.

In order to show the influence of operating air velocity on the velocity

profile of air and char particles, the radial distribution of velocities at air average
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velocity varying from 1.00Uyps to 1.714Upys at several positions above air inlet are
shown in Figure 5.54 to 5.59 and Figure 5.60 to 5.65 for air and char particles,
respectively. These figures show that, for both air and char particles, the increasing in
air flow rate has no effect on the air and particle velocity profiles in the annulus zone.
The velocities in the annulus zone of both phase is nearly constant for all position
above air inlet when the higher flow of air is fed into the spouted bed. However, as
seen the particle velocity in the spout core increases steadily with the increasing of air

flow rate.
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Figure 5.54 Bed voidage profiles of palm-shell char particles at air velocity

of 1.143Upys for 1.0 cm of height from air inlet.
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Figure 5.55 Bed voidage profiles of palm-shell char particles at air velocity

of 1.143Upys for 2.0 cm of height from air inlet.

Spout ' Apnulus zone H=3cm

—e— 1.0000,,
—o— L1430,
—a— 12860/
—a— 14200,

—-— 1571 ¢
—o— L7140,

Air velocity (m/s)

0.0 0.5 1.0 1.5 2.0

Radial distance from spout axis (cm)

Figure 5.56 Bed voidage profiles of palm-shell char particles at air velocity

of 1.143Upys for 3.0 cm of height from air inlet.
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Figure 5.57 Bed voidage profiles of palm-shell char particles at air velocity

of 1.143Upys for 4.0 cm of height from air inlet.

1.571U, 5
1.7140,

|4 Y 7 | T T T T T T T T T T T T T T g T
Spout | Annulus zone H=5
: 1112 =Jcm
2t core .
o : —e— 1.0000/ .
: —o— L1430, .
10 + R
: —a— 1.2860/, . 1
8 : —— 142907, 1
o T | ‘_
|
|
|

Air velocity (m/s)

Radial distance from spout axis (cm)

Figure 5.58 Bed voidage profiles of palm-shell char particles at air velocity

of 1.143Upys for 5.0 cm of height from air inlet.
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Figure 5.59 Bed voidage profiles of palm-shell char particles at air velocity

of 1.143Upys for 1.0 cm of height from air inlet.
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Figure 5.60 Bed voidage profiles of palm-shell char particles at air velocity

of 1.000Upys to 1.714Upys for 1.0 cm of heights from air inlet.
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Figure 5.61 Bed voidage profiles of palm-shell char particles at air velocity

of 1.000Upys to 1.714Upys for 2.0 cm of heights from air inlet.

Spout Annulus zone H=3cm

—e— 1.0000/,
—o— 11437,
—a— 12860, ]
—a— 14200/,
—m 15710,

I
|
|
|
|
|
|
|
|
|
|
I
I
|
| —o— L7140, ]
|

|

|

Particle velocity (m/s)

0.0 0.5 1.0 1.5 2.0

Radial distance from spout axis (cm)

Figure 5.62 Bed voidage profiles of palm-shell char particles at air velocity

of 1.000Upys to 1.714Upys for 3.0 cm of heights from air inlet.
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Figure 5.63 Bed voidage profiles of palm-shell char particles at air velocity

of 1.000Upys to 1.714Upys for 4.0 cm of heights from air inlet.
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Figure 5.64 Bed voidage profiles of palm-shell char particles at air velocity

of 1.000Upys to 1.714Upys for 5.0 cm of heights from air inlet.
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Figure 5.65 Bed voidage profiles of palm-shell char particles at air velocity

of 1.000Upys to 1.714Upys for 6.0 cm of heights from air inlet.

The circulation pattern of char particles in the spouted bed obtained
from the CFD simulation is shown in Figure 5.66. The arrow heads represent the
moving direction of char particles inside the bed. It is clear that the char particles
move upward in the spout core region until they reach the top of fountain and then
rain down onto the annulus surface. After that, the particles move downward in the
annulus zone. The figure also shows the moving of char particles from annulus zone
into the spout core through the interface. Figure 5.67 shows the circulation pattern of
air in the spouted bed determined from the CFD modeling. The direction of
movement of air is represented by the arrow heads. The figure shows that most air
flows upwardly in the spout core region and the rest flows into the annulus zone
through the interface. As observed, the flow of air through the fountain zone of
spouted bed particles has caused the wake formation of reverse air flow behind the

showering particles.
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Figure 5.66 Circulation pattern of char particles at air velocity of 1.143Uwms

Although, the CFD simulation results provide some deviations in
predicting the hydrodynamic information from the experimental data, such as the
minimum spouting velocity, pressure drop-gas flow diagram, and fountain height, the
circulation flow pattern of both air and char particle agree considerably well with
those reported by Mathur and Epstein (1974). This inconsistency of hydrodynamic
data can be circumvented in part by improving the quality of numerical grid used,
adjusting the model parameters, and improving the governing equations applied (such

as drag force model, turbulent model, etc.). The quality of numerical grid can be



259

improved by reducing the grid size or adjusting grid size distribution in geometry.
Higher quality of numerical grid helps to reduce round-off error occurring in the
computational procedure. Generally, the complete experimental data of hydrodynamic
information (such as velocity profile, bed voidage, etc) are necessary for pre-testing

the accuracy of the model parameters and the governing equations used.
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Figure 5.67 Circulation pattern of air at air velocity of 1.143Uys
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5.6.4 CFD Simulation of Spouted Bed Activator

The primary purpose of this part of study was to extend the CFD
technique to predict the extent of CO, gasification of palm shell char in the spouted
bed activator. Generally, the hydrodynamic data of gas and dispersed solid phases,
including velocity and concentration profiles, and also pressure gradient data, are
required for simulating the kinetics of activation reaction between the activation gas
and solid char of the spouted bed activator. The CFD simulation from previous
hydrodynamic study was used to provide these hydrodynamic data for the spouted bed
activator.

The initial spouting state (t = 0) of a simulated system, as displayed in
Figure 5.68, was first achieved by running the CFX program in the same fashion as
the previous section of hydrodynamic study but without gasification reaction (reaction
rate constant is assumed to be zero) and pure carbon dioxide was used instead of air.
This simulation was carried out by fixing the system temperature and CO; flow rate at
900°C and 0.182 m/s of superficial velocity, respectively, which were the same as
those employed in the activation experiment. The time step interval used in this CFD

simulation was set to be 10 s. The simulation system was considered to be at steady

state when the RMS of residuals were less than10~ .

In running CFD program, the CO, activation scheme of palm-shell char
in the spouted bed activator was simulated by assuming the simplest form of overall
first-order reaction with respect only to the molar concentration of CO, in the gas
phase. The extent of activation reaction was investigated by computing the calculated
char burn-off for a series of simulated activation time. This percentage of char burn-

off was calculated from the simulated concentration data of char particles inside the



261

spouted bed activator. The concentration of char particles in each numerical grid was
multiplied by the volume of grid to obtain the corresponding mass of char. All
calculated char mass of all numerical grids inside the geometry were sum to provide
the total mass of char remaining in the activator. Next, the percentage char burn-off is

then calculated using Equation (5.41).
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Figure 5.68 Steady-state concentration profile of palm-shell char at t =0 in the

spouted bed activator

The effective rate constant (K) of the gasification rate equation (see
Equation (5.37)) was found to be 7.57x10' s™'. This rate constant was then substituted

into the rate equation to give:

Rate = K[CO,]

(5.56)
=[7.57x10' s™'][CO, ]

where [CO;] is the molar concentration of CO; in the unit of mole/m’.
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The CFD calculation was further performed by using the rate equation
expressed in Equation (5.56) for the next activation time up to 180 min. The
comparison between the experimental and simulated results of char burn-offs at
various activation times up to 180 min is shown in Figure 5.69. Excellent agreement
between the CFD simulation results and the experimental data for the range of
activation time studied can be observed. This indicates that it is logical to describe the
gasification reaction scheme of palm-shell char in the spouted bed system by the
overall simple first-order reaction with respect to molar concentration of CO,. The
simulated results of palm-shell char concentration profiles at time 30, 60, 90, 120, 150

and 180 min in the spouted bed activator are given in Figure 5.70.
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Figure 5.69 Experimental and CFD simulated char burn-off gasified as a function

of activation time in the spouted bed activator
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t =30 min t =60 min

t =90 min t= 120 min

Figure 5.70 Concentration profiles of palm-shell char at different activation times

in the spouted bed activator
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Figure 5.70 Concentration profiles of palm-shell char at different activation times

in the spouted bed activator (Cont.)

By combining the modified activation model developed in Chapter 4

with the CFD simulation results of the spouted bed activator, the BET surface area

and total pore volume of activated carbons for various char burn-offs can be estimated

and compared with experimental results. The model parameters (i.e. total number of

crystallites, number of graphene layer per crystallite, interspacing between layers, and

number of non-reactive layer) of the modified JDTT model were the same as those

used in Chapter 4. As shown in Figure 5.71 and 5.72, the simulated results agree

extremely well, within the limit of experimental error, with the experimental data of

BET surface area and total pore volume for the whole range of char burn-off studied

in this work.
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Figure 5.71 Experimental and simulated BET surface area of activated carbons

prepared from palm shell in spouted bed activator.
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Figure 5.72 Experimental and simulated total pore volume of activated carbons

prepared from palm shell in spouted bed activator.
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Although the CFD simulation is capable of describing the
hydrodynamics and activation scheme of activated carbon in the spouted bed
activator, the extremely long computation time is still the major difficulty. By using
high-speed PC to perform the CFD simulation of spouted bed activator for actual
activation time of 3.0 hrs, it took several months for only one run of simulation
condition using a time step interval of 10 s. In principle, the calculation time could
be reduced by increasing the time step interval or numerical grid size. However, the
increase in computational time step and numerical grid size could lead to the
increasing in round-off error occurring in numerical calculation during the simulation
scheme, which in turn could affect significantly on the convergence of simulation

results.

5.7 Conclusions

The CFD technique was successfully used for simulating the hydrodynamic
behavior and activation scheme of oil-palm shell based activated carbon prepared in a
cylindrical spouted bed activator using CO, as the activation agent. The two-fluid
approach with relevant governing equations (i.e. conservation equation of mass and
momentum, KTGF model, drag force model, turbulence model, and kinetics of
gasification reaction) was employed in the CFD simulation to predict the velocity
profiles of fluid (i.e. air or CO,) and dispersed-solid (i.e. palm shell char) phases, bed
voidage distribution, and kinetic characteristics of the activation process. The validity
of the CFD modeling in the prediction of hydrodynamic behavior was examined by
comparing the predicted CFD results with the experimental data of spouted bed for

air-palm shell char particle system measured at room temperature. Subsequently, the
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CFD simulation with the same model parameters (such as restitution coefficient,
maximum particle packing volume fraction, etc) as those derived from the
hydrodynamic study was used for describing the kinetic scheme of activation process
in the spouted bed activator. The predicted CFD results of the degree of char burn-off
for several periods of activation time were also compared with the experimental data.
The following conclusion can be drawn from this study.

e From the experimental results of hydrodynamic study of spouted bed, the
increasing in initial static bed height, particle size and gas inlet diameter of spouted
bed led to the increasing in the minimum spouting velocity of fluid.

e The dimensionless correlation for predicting the minimum spouting
velocity of spouted bed for air-palm shell char particle system was proposed as the

following.

q 0.891 D 0.263 Do —p 0.373
Uys =1.239(2gHg )" [—Pj (—') et
Dc Dc Py

e The correlation equation derived based on the theory of a turbulent free-jet
flow for predicting the minimum spouting velocity of spouted bed was also proposed

in this work as the following

Uy = 1 pp9dpss
0.184(D, /Hg )"\ 1.750¢
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This correlation was further modified to obtain a new semi-empirical correlation to
make it more flexible and to improve its capability in predicting the minimum

spouting velocity, as shown in the following equation

1.501 -0.309
Usre =070 D Hs Pp9dpsp
ms = Y-
Dc Dc 1.75 pg

e The simulation on hydrodynamic behavior of spouted bed was effectively
performed using the commercial CFD code software, CFX 10.0. By considering the
pressure drop-air flow diagram predicted from the CFD simulation as compared to
those measured experimentally, the simulation showed the difference in the transition
mechanism of solid bed from static to the spouting condition. The CFD modeling
predicted the minimum spouting velocity of air to be lower than that measured
experimentally. The predicted hydrodynamic information of fluid and dispersed solid
phase in the spouted bed, including velocity profile, bed voidage distribution, and
pressure drop across the bed, have also been reported.

e The spouted bed activator (with geometric dimensions: 40 mm of
cylindrical vessel diameter, 7.0 mm of gas inlet size, and 60° for conical base angle),
operated at 1.20 times the minimum spouting velocity of CO, (0.182 m/s of
superficial velocity) and 4.0 cm of static bed height, gave the activated carbons with
lower char burn-off compared to those prepared in the laboratory tube furnace at the
same activation temperature and time. However, both types of activator gave
comparable porous characteristics of activated carbons (BET surface area and total

pore volume) for the same char burn-off.
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e First order kinetic scheme with respect to molar concentration of CO, was
adopted to describe the extent of reaction between the gasification of carbon with
CO,. By fitting the predicted char burn-off at the early stage of activation process (at

activation time up to 30 min) with the experimental data, the effective rate constant

(K) in the proposed rate expression was determined and found to be 7.57x10"' s™'.

The rate of gasification reaction can thus be written as the following.

Gasification Rate = K[CO,]
=[7.57x10' s1[CO,]

where [CO;] is molar concentration of CO; in unit of mole/m>. This obtained effective
rate constant was then employed to predict the char burn-off for the next longer
activation time up to 180 min. The overall prediction of char burn-off agreed very
well with the experimental data over the entire range of activation time studied.

e The activation model proposed in Chapter 4 was combined with the
predicted char burn-off results to estimate the porous properties (internal surface area
and total pore volume) of activated carbons prepared in the spouted bed activator and

the agreement with experimental determinations was satisfactory.
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CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

This work involved the systematic study of preparation of activated carbon
from oil-palm solid wastes, including palm shell, fiber, and kernel cake. These
precursors are cheap and abundantly available solid wastes from palm-oil milling
process in Chonburi Province, Thailand. The project started with the thermal analysis
of oil-palm shell, fiber, and kernel to investigate their decomposition characteristics
under pyrolysis in N, atmosphere using Thermogravimetric Analysis technique
(TGA). The influences of heating rate and particle size on the pyrolysis kinetics and
final yield of char were investigated. Three kinetic models, including the one step
global model, two-step consecutive model, and two-parallel reaction model, were
employed to describe the kinetic scheme of pyrolysis reaction of palm shell, fiber, and
kernel cake. The kinetic parameters (i.e. pre-exponential factor, activation energy, and
reaction order) were determined separately for each model and the model validity in
describing the kinetics of pyrolysis scheme was compared. The next task is concerned
with the preparation of activated carbons in a laboratory scale tube furnace using a
two-step physical activation process with carbon dioxide as an oxidizing gas. The
effect of activation temperature and holding time on the porous properties of produced
activated carbons, including BET surface, total pore volume, percentage

microporosity, and pore size distribution were studied. Subsequently, a modified
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structural activation model proposed by Junpirom et al. (2005), called JDTT model,
was proposed and used to describe the porosity evolution of palm shell and fiber
based activated carbons during the activation process. The final part involved the
CFD modeling of hydrodynamics and palm shell char activation process in a
cylindrical spouted bed activator using a commercial CFD software package, ANSYS
CFX 10.0. The influences of the geometric dimensions of spouted bed, initial static
bed height, and particle size on the pressure drop across the bed and minimum
spouting velocity were explored. The applicability of CFD simulation in describing
the activation process of palm shell char in the spouted bed activator was performed
and tested by comparing the predicted degree of char burn-off for several periods of
activation time with results from the experiments. The following conclusions can be
drawn from this study.

e From TGA study, the pyrolysis of oil-palm solid wastes commenced at the
temperature above 250°C for palm shell and above 200°C for palm fiber and kernel
and the pyrolysis was almost complete at the temperature around 420°C for oil-palm
shell and fiber and 350°C for palm kernel cake. The pyrolysis process of oil-palm
shell and fiber consisted of two distinct kinetic schemes, while only one step of
kinetic scheme was observed for oil-palm kernel.

e The thermograms obtained using TGA technique showed that the particle
size affects significantly on the final yield of char. The yield increased with increasing
of particle size. The heating rate had a direct effect on the maximum decomposition
rate, with maximum decomposition rate tending to increase and occur at higher

temperatures when pyrolyzed at higher heating rates.
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e The kinetic study of pyrolysis reaction using Thermogravimetric Analysis
technique (TGA) proved that the one-step global model was able to describe the
thermal decomposition of oil-palm kernel, while the pyrolysis processes of oil-palm
shell and fiber were best described by the two-parallel reactions model proposed in
this work.

e The chosen conditions used for producing the chars from oil-palm solid
wastes in the tube furnace for further activation step were as follows: 600°C and 2.0
hrs for palm shell, 500°C and 1.0 hr for fiber, and 600°C and 1.0 hr for palm kernel
cake, corresponding to 31.9%, 28.2% and 29.6% of char vyields, respectively. This
carbonization conditions chosen were well above the main devolatilization to ensure
carbon-rich chars.

e For the preparation of activated carbons from oil-palm solid wastes in the
tube furnace, the optimum activation conditions that gave the maximum in surface
area occurred under the following conditions: 950°C and 2.0 hrs for palm shell, 850°C
and 2.0 hrs for fiber, and 900°C and 2.5 hrs for palm kernel cake, corresponding to
48.4%, 51.7% and 65.9% of char burn-off, respectively. The maximum BET surface
area obtainable under these preparation conditions were 1067, 522 and 789 m?/g for
palm shell, fiber and kernel cake, respectively. The oil-palm shell and fiber derived
activated carbons consisted mainly of microposity in their structure, while the oil-
palm kernel based activated carbon was predominated with mesoporosity.

e The modified JDTT model proposed in this work predicted accurately the
measured surface area and total pore volume data as a function of char burn-off.

However, the pore size distribution from model prediction gave a broader pore size
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distribution compared to the measured PSD, particularly for activated carbon with low
degree of char burn-off.

e The experimental results of hydrodynamic study of spouted bed for air-
palm shell char particles system indicated that the increasing in initial static bed
height, particle size and gas inlet diameter of spouted bed gave rise to the increasing
in the minimum spouting velocity of fluid. The particle size appeared to have the
greatest influence on the minimum spouting velocity, while the gas inlet size
contributed the least effect.

e By employing the commercial CFD software package, ANSYS CFX 10.0,
the prediction on hydrodynamic behavior of spouted bed for air-char particle system
was effectively performed. The CFD modeling showed the difference in the transition
mechanism of solid bed from static condition to spouting beds compared to that
observed experimentally. The minimum spouting velocity of air predicted from the
CFD simulation was lower than that measured experimentally. The predicted
hydrodynamic information of fluid and dispersed solid phase in spouted bed,
including velocity profile, bed voidage distribution, and pressure drop across the bed,
have been presented.

e The spouted bed activator (with geometric dimensions: 40 mm of
cylindrical vessel diameter, 7.0 mm of gas inlet size, and 60° for conical base angle),
operated at 1.20 times the minimum spouting velocity of CO, (0.182 m/s of
superficial velocity) and 4.0 cm of static bed height, provided the activated carbons
with lower char burn-off compared to those prepared in the laboratory tube furnace

studied at the same activation temperature and time. However, for the same char burn-
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off, the porous characteristics of activated carbons (BET surface area and total pore
volume) prepared from both types of activators were relatively similar.

e First order kinetic scheme with respect to molar concentration of CO, was
applied to the CFD simulation to describe the extent of reaction between the carbon
and CO, in the spouted bed activator. By matching the predicted char burn-off
obtaining from the CFD modeling at the early stage of activation process (at

activation time 30 min) with the experimental data, the effective rate constant (K) in

the proposed rate expression was obtained and found to be 7.57x10" s™. The rate of

gasification reaction can be written as the following.

Gasification Rate = K[CO,]
=[7.57x10' s71][CO,]

This rate equation was successfully applied to estimate the char burn-off for the next
longer period of activation time up to 180 min.

e The CFD results from the spouted-bed activator were used as input data
for the modified activation model to predict satisfactorily the porous properties of
activated carbon, thus completing the simulation task for activated carbon production

in a spouted bed activator.

6.2 Recommendations for Future Works

e Practically, the preparation of activated carbon using the conventional
physical activation technique is separated into two step, carbonization and activation

with an oxidizing agent. This work in Chapter 2 was concentrated only on the kinetic
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study of thermal decomposition or pyrolysis scheme of oil-palm solid wastes using
thermogravimetric analysis technique which is related only to the carbonization step.
It is recommended to use the thermogravimetric analysis technique to study the
kinetics of gasification scheme between carbon and oxidizing gas during activation
step to complete the understanding for both step of carbon preparation process. The
study can be performed by heating up the char produced from carbonization step
under the surrounding of N, flow to the desire activation temperature and then
changing N to the oxidizing gas to start the gasification scheme. Variation of sample
mass with respect to the activation time (TG data) and its first derivative (DTG data)
will be continuously collected. This useful data can then be subsequently used in the
analysis of kinetic study of activation step.

e In the preparation of activated carbons from oil-palm solid wastes using
the laboratory tube furnace studied in Chapter 3, the char was prepared from only one
condition for each sample. The carbonization conditions affect significantly on the
porous properties of the produced char which in turn have a direct effect on the
porous characteristics of the final prepared activated carbon. Therefore, it is suggested
that experiments be performed to study the influence of carbonization conditions on
the porous properties of activated carbon.

e For the CFD simulation of hydrodynamic study performed in Chapter 5,
the deviation in the prediction of hydrodynamic data can be avoided by improving the
quality of numerical grid used, adjusting the model parameters, and improving the
governing equations applied (such as drag force model, turbulent model, etc.). The
quality of numerical grid can be improved by reducing the grid size or adjusting grid

size distribution in geometry. Higher quality of numerical grid helps to reduce round-
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off error occurring in computational procedure. The predicted hydrodynamic
information is recommended to be pre-tested with the actual experimental data of
velocity profiles and bed voidage distribution of both fluid and solid particle phases to
examine the validity of model parameters and the governing equations applied.

e Because of the limitation of research time spent in this work, the CFD
simulation of the spouted bed activator was performed for only one set of operating
condition and geometric dimensions. Further evaluation of current CFD simulation of
spouted bed activator is recommended to investigate in more details the effect of
various operating conditions and geometric dimensions on the predictive information

of hydrodynamic behavior and kinetic characteristics.
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