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ABSTRACT

Chars were obtained from individual fuels and blends with different
blend ratios of coal, coke and biomass in Drop Tube Furnace at different
temperatures. Based on TGA experimental data, it was shown that the
effect of the blending ratio of biomass to other fuels on the reactivity of the
co-pyrolyzed chars is more pronounced on the chars prepared at lower
temperature, due to the presence of synergetic effects originating from the

interaction of the two fuels.

SEM images showed differences in shapes and particle size of char
particles from biomass and coal/coke. These also show the agglomeration
of coal and coke chars with biomass char particles at high temperatures.
The agglomeration may be the reason for the non-additive behaviour of the
blends. BET analysis showed increase in the surface area with an increasing
temperature for biomass and coal, but the trend for coke was inversely

related to the temperature.
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CHAPTER |

INTRODUCTION

[-A: Coal use status;

Codl is usually used as a solid fuel to produce heat through
combustion, and is responsible for about 40% of electricity generation in
the world. The large abundance of coal makes it a reliable and long-term
fuel source for both domestic and export purposes in countries like Canada,
Australia and South Africa. Data also shows that the coal reserve to
production ratio is almost 10 times bigger than oil and gas corresponding

ratios .

According to National Energy Board ¥, Canada has 78.8 hillion
tonnes of proven coa resources. Over 70% of coal resources occur in
Alberta and in coal reserves in Alberta are more than double of oil sands
reserves. In Alberta, aimost 89% of electricity is generated by coal fired
power plant. The total coal production in Alberta was estimated at 28
million tonnes in 2003. According to the data published by the World Coal
Institute (WCI) on Coal Facts 2007w edition, coa provides 25% of the
globa primary energy needs and generates 40% of the world's electricity.

Compared to petroleum and natural gas, which are in relatively shorter



supply, the amount of coa deposit is abundant. WCI aso estimates that
proven coal reserves worldwide will last 155 years at the current production

levels!?.

Coa combustion releases large amounts of pollution to the
atmosphere. These pollutants include PM2.5 and PM10 (particles smaller
than 2.5, 10 um in aerodynamic diameter), NOx and SOx, lead and mercury,
as wel as Oz VOC's (volatile organic compounds) and CO. The
combustion of coal is also suspected to produce dioxin ! a low
temperature. Advances in combustion technology reduced the absolute
amount of pollution emitted from combustion sources by 31% from 1970 to
1997 ! even while energy production has increased by 40%. This great
achievement does not, however, include reductions of carbon dioxide (CO,),
a greenhouse gas. The reduction of greenhouse gas has emerged over the

last decade as a challenging new problem.

[-B: A clean coal technology and co-gasification;

In recent years, global warming and its immense effects on our
ecosystems because of the emission of greenhouse gases, of particular
importance, carbon dioxide, have been the center of attention worldwide.
Coal-fired power plants have been held responsible as the main

anthropogenic source of carbon emission of the environment. In response to



this issue, recently, the acceptance of an integrated gasification combined
cycle (IGCC), which is a more efficient and cleaner way of electricity
production, has increased internationally. The heart of the IGCC technology
is the gasification process, which its cost and reliability are largely

influenced by feed quality and operating conditions.

Gasification is a process that converts carbonaceous materials, such
as coal, petroleum, biofuel, or biomass, into carbon monoxide and hydrogen
by reacting the raw material at high temperature with a controlled amount
of oxygen and/or steam . The resulting gas mixture is called synthesis gas
or syngas and is itself afuel. Gasification is a method for extracting energy

from many different types of organic materials.

Gadification is the front runner among clean technologies for the
conversion of carbonaceous solid in the production of electricity, ammonia
and liquid fuels, with the possibility of producing methane and hydrogen
for fuel cells and has aready been adopted as a clean coal technology in
many countries. Gasification can be integrated with other technologies for
advanced power generation, particularly combustion turbines and
eventually solid oxide fuel cells. The resulting systems are highly efficient,
squeezing more value from each pound of feedstock. Gasification provides

an effective means of capturing and storing or sequestering carbon dioxide,



a greenhouse gas. This is because gasification produces a much higher
concentration of carbon dioxide than direct combustion of coal in air, and
this helps to make carbon capture and storage more economical than it
would be otherwise ™. Another major factor that leads to the interest in
gasification is the volatility and high prices of oil and natural gas. However,
adoption of this new technology islargely related to the full appreciation of

the gasification behaviour of different fuels and blends.

The steady increase of synthetic crude production from oil sand in
western Canada has resulted in massive production and accumulate of oil
sand coke (>6000 tong/day). This may represent almost 1000 MW of
electricity, if al production is utilized as the feedstock in an integrated
gasification-combined cycle (IGCC) plant . Oil sand coke, one kind of
petroleum coke (pet-coke), is a by-product derived from oil sand refinery
cracking process, and two types of coke exist depending upon the
production process, and these are: fluid and delayed coke. Most of the
delayed coke produced by Suncor is combusted on site, whereas all fluid
coke produced by Syncrude is stockpiled. The cokes have high carbon
content (above 80%) with non-graphitic structure. Oil sand coke is a free
(zero-cost) solid waste, and because of its low reactivity, use of this fuel in
its pure form is not well-developed. For the sake of clarity, the oil sand

coke used in this study is fluid coke, aterm that will be used in the text as



well. The advantage of petroleum coke is that it has a high calorific value,
however, its high sulphur and vanadium content puts it in a very
disadvantageous position from an environmental perspective, as compared
to coal. In particular, vanadium oxide (V,0s) causes slag of boiler pipes.
V,0s5 can be accumulated in the selective catalytic reduction (SCR) NOx
removal catalyst, and serves as an oxidation catalyst, thereby oxidizing SO,
into SO3. SO3 then forms deposits in the downstream process together with
ammonia!®. Therefore, a gasification process not emitting SOx and NOx
and yet capable of generating power and producing new chemical materias

IS the best process for utilizing oil sand coke.

Biomass, on the other hand, is one of environmentally friendly fuels.
It contains less sulphur and ash but more hydrogen than coal. Therefore,
biomass is likely to be an attractive clean development mechanism option
for reducing green house gas emission. However, only biomass cannot be
used for a fuel since its heating value is relatively low. Therefore, Co-
gasification of biomass and coal can be considered as a potential fuel-base
for gasification and further synthesis gas (syngas. CO+H,) production and
methanol/dimethyl ether (DME) synthesis. Co-gasification of biomass and
coa has been proposed as a bridge between energy production based on

fossi| fuels and energy production based on renewable fuels.



Combined gasification of biomass and coal/pet-coke alows

achievement of economy of production, operational stability, decreasing the

impact on the environment and optimal thermal efficiency for the process.

Comparison between sole biomass gasification and co-gasification is as

giveninthe Table 1.1.

Table 1.1 Advantage of co-gasification of biomass with other feedstock !

Disadvantage of sole biomass

gasification

Advantage of co-gasification

Small scale

Big scale (economically)

Tar production

Low gasification temperature

No tar production

Tar convertedtogasat high T
Bio-ash as catdyst to coa
gasification

High gasyield

Low heat value

High CO, content

High heat value

CO,convertedto COat high T

Fluidization quality:
Anomalistic shape,

Inert bed particle (sand), abrasion

Fluidization quality:
Coke as bed particles,

Abrasion reduced and power saved

Gadification of solid fuel can be divided in two main stages:

pyrolysis or devolatilization and subsequent gasification of the remaining



char, with the second stage being the controlling step of the overall process.
Gasification means the partial oxidation and conversion of a carbonaceous
solid or liquid substance into a synthesis gas (syngas) in which the maor
components are carbon monoxide (CO) and hydrogen (H,), while pyrolysis
refers to the thermal decomposition of a carbonaceous material in the
absence of oxygen. Knowledge about the reactivity of chars and their
structure variation as reaction progress is fundamental for the design of
gadsification reactors, because char gasification determines the final

conversion achieved in the process 2.

[-C: Objectives of thiswork;

The objective of the present work is to investigate the interaction of
different fuels and elucidate any advantages that may arise from the binary
and co-gasification of coal/biomass/coke. Specific investigations will be as
follows:

(1) The temperature and feedstock in the pyrolysis reaction in Drop

Tube Furnace will be varied to investigate their effects on the
morphology, porosity, kinetic properties of produced chars;

(2) Char reactivity data will be acquired for the reaction of carbon

dioxide with Genesee coa, Fluid coke and biomass chars, both

aone and selected mixtures;



(3) From the experimental results, any potential synergism will be
examined between pairs of single fuel char and blended fuel char
from the pyrolysis processin DTF;

(4) Temperature and blending ratio effect on synergism of blended
char will be discussed and explained;

(5) Factors leading to synergism (e.g. shrinking and agglomeration)

of particleswill be explained.
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CHAPTER II

LITERATURE REVIEW

This chapter includes a review on composition of feedstock,

gasification and co-gasification and experimental procedures.

[1-A: Composition of the feedstock;

Prior to presenting a detailed review, the detailed properties of solid

fuels are briefly presented.

[1-A-1 Composition of biomass

Biomass materials that have been used as pyrolysis feedstock
include cellulosic refuse, wood, crop residues, agricultural processing
wastes and sewage sludge. Biomass can be anayzed based on ASTM
standard. These tests include ultimate analysis and proximate analysis.
Table 2.1 provides a summary of the ultimate analysis of a series of various
biomass materials. Some typical fossil fuels are included for the sake of
comparison. It is evident that, whilst biomass materials have a higher
hydrogen/carbon ratio compared to coals, they have more than twice as
much oxygen compared with different types of coal. In comparison with
crude petroleum feedstock, the oxygen content of biomass is about fifty

times higher. Hydrocarbon fossil fuels such as heavy oil make up for the

10



lack of oxygen by being comprised of twice as much carbon and hydrogen

asatypical biomass material.

Table 2.1 Ultimate analyses (wWt%) of biomass and fossi| fuel
cracking feedstock with their equivalent chemical formula™
Material C H 0] S N Equivalent
Formula
Cellulose 434 64 500 0.0 0. CeH1060s.2
Aspen-Poplar 480 6.2 456 0.0 0.2 CsHy3043
Birch-Flour 487 64 444 00 0.1 CeHo3041
Bagasse 494 64 435 01 0.6 CeHo404
Municipal SW 523 6.7 393 0.1 0.5 CsHg,034
Cow Manure 540 6.5 331 0.7 3.9 CeHg 60,9
Spent-coffee 570 7.6 329 01 21 CeHo60,6
Peat 580 6.1 329 03 25 CeH7.60256
Sewage Sludge 57.1 7.9 292 00 5.8 CeH10.0023
Lignin 628 59 273 22 15 CeHe 70>
Lignite Coal 722 52 203 06 17 CeHs,013
Sub-bit. Coal 755 54 170 05 16 CeHs1011
Petroleum WV 83.6 129 3.6 n.a. na. CeH111002
Cold Lake 83.7 104 11 44 04 CeHz.900.06

The main constituent of biomass materials is cellulose. Cellulose is

the main building block of plant cell walls and is a biopolymer with the

11



elementary chemical formula (C¢H10Os), Extensive research into the
structure of cellulose has identified it as a linear polysaccharide composed
of anhydroglucose units linked to each other. Lignin is the other major
component of plants and provides the plant tissue with mechanical strength.
It may be isolated from plants as it is insoluble during hydrolytic removal

of polysaccharides 2.

[1-A-2 Composition of coal

Coa isafossil form, produced over millions of years by the effect of
temperature and pressure on the remains of plants. The Ultimate (el emental)
analysis (C, H, N, S and O contents) of some typical coals is shown in
Table 2.1. Coa has a very complex and diverse structure. Coals are
composed of a complex mixture of organic materials containing mostly
carbon, hydrogen and oxygen. They aso contain smaller amounts of
sulphur, nitrogen and some trace elements. Different coals have different
degrees of maturity depending on their composition and the geological
conditions in which they matured over time. Thisis known as the “rank” of
the coal. A high rank coal has higher carbon content and lower oxygen and
hydrogen composition, compared to a lower rank coal. Lignite is a typical

low rank coal, whilst anthracite is identified as a high rank coal ™.

12



[1-A-3 Composition of petroleum coke

Petroleum coke is produced through the thermal decomposition of
heavy petroleum process streams and residues. It is a product of extreme
temperature and pressure treatments that convert heavy petroleum feedstock

into a solid substance composed predominately of carbon.

The three most common feedstock used in coking operations are
reduced crude (vacuum residue), thermal tar, and decant oil (catalyticaly
cracked clarified ail). These are heated to thermal cracking temperatures
and pressures (485 to 505°C at 400 KPa) that create petroleum liquid and
gas product streams. The material remaining from this process is a solid

concentrated carbon material, petroleum coke 1.

Petroleum coke is composed primarily of elemental carbon
organized as a porous polycrystalline carbon matrix. The specific chemical
composition of any given batch of petroleum coke is determined by the
composition of the feedstock used in the coking process, which in turn are
dependent upon the composition of the crude oil and refinery processing

from which the feedstock is derived.

13



[1-A-4 Comparison of fuel characteristics

It can be very useful to compare the characteristics of the possible
fuels: coal, coke and different types of biomass. As it can be seen from
Table 2.2, adl biomass types are quite similar and have some differences
with the other fuels. Biomass has more moisture and volatiles than coal or
coke. Its LHV (lower heating value) is roughly the same as that of the coal
and half of that of the coke. The same can be said about carbon content.
The difference between biomass and coal is that the first has high oxygen
content and the second high ash content. Biomass has about twice the
hydrogen content than the other fuels. Lastly, biomass has low sulphur

content, especialy if compared with coke, as shown in the table 2.21%.

14



Table 2.2 Composition and heating value tests on several feedstocks !

Coal Coke

W.S B.S P.W o.T W.T  Cynara

Moisture(wt%) 2 2
Proximate analysis (wt%, d.b.)
Volatile matter  22.1 12.4
Fixed carbon 314 87.0
Ash 46.5 0.58

Ultimate analysis (wt%, d.b.)

C 40.6 87.7
H 2.8 3.8
0] 8.4 0.19
N 0.82 15
S 0.88 6.2
Ash 46.5 0.58

LHV (ki/kg, w.b. )

LHV 15.10 33.22

121 13.8 8 15 15 8

73.6 75 76.3 78.1 76.6 76.5

18.5 19.3 18.1 18.9 20.7 17.7

7.9 5.7 5.6 3 2.7 5.8

45.6 45.6 47.2 49.8 49 46.8

5.7 5.6 5.7 6 5.7 5.8

40 42.5 39.2 40.4 41.8 40.7

0.7 0.5 2.2 0.7 0.7 0.7

0.09 0.09 0.09 0.06 0.05 0.13

7.9 5.7 5.6 3 2.7 5.9

1447 14.40 1636 15.78 15.18 16.04

W.S=Wheat Straw, B.S=Barley Straw, P.W=Pine Wood, O.T=0live Tree, W.T=Wine Tree

[1-B: Understanding gasification

Gadification is a proven manufacturing process that converts
hydrocarbons such as coal, petroleum coke (pet-coke) and biomass to a
synthesis gas (syngas), which can be further processed to produce

chemicals, fertilizers, liquid fuels, hydrogen and electricity. Gasification is

not a combustion process. It is aflexible, commercially proven and efficient

15




technology that produces the building blocks for a range of high-value

products from a variety of low-value feedstock.

A hydrocarbon feedstock is injected with oxygen and steam into a
high temperature pressurized reactor until the chemical bonds of the
feedstock are broken. The resulting reaction produces the syngas. The
syngas is then cleansed to remove impurities such as sulphur, mercury,
particulates and trace minerals. Carbon dioxide can also be removed at this
stage. The clean syngas is then used to make either a single product such as

fertilizer or multiple products such as hydrogen, steam and electric power.

In conventional combustion technology, a hydrocarbon feedstock is
burned using excess air to ensure complete combustion. In gasification the
amount of oxygen is generally one-fifth to one-third the amount
theoretically required for complete combustion. Carbon monoxide (CO)
and hydrogen (H,) are the main components of the produced gas, only a

fraction of the carbon is combusted.

Gadification of a hydrocarbon feedstock can be divided into two-
stage process. The first one is the fast pyrolysis of the feedstock, an
essentially thermal effect which consists of a sudden release of volatiles

accompanied by drastic changes in the morphology and molecular structure

16



of the fuel particles and the second one is the chemical reaction between the
oxidizing agent, such as steam, carbon dioxide, oxygen or a mixture of
these gases and both the gaseous (volatile matters) and the solid (char)

products of pyrolysis at a much higher temperature.

This two-stage process can be summarized as™:
- Pyrolysis (adso caled mild gasification, therma decomposition,
carbonization or devolatilization)
A hydrocarbon feedstock + heat —char + liquids +gases
- Gasification

Char + gasifying agent —gases + ash (and/or slag)

Much of the oxygen fed to the gasifier, either as pure oxygen or in
air, is used up by oxidation reaction (partial combustion or combustion) and
thereby provides the heat necessary to dry the coal, to break chemical bonds
in the feedstock, to raise the products to reaction temperature and to drive
the following gasification reactions. Table 2.3 shows the basic reactions

that take place during fuel gasification.
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Table 2.3 Reactions happened during gasification ™!

Oxidation

Boudouard

Water-gas

Methanation

Water-gas shift

Steam reforming

Dry reforming

Tars reforming

C+0,=C0, C+(1/2)0,=CO
C+CO,= 2CO

Primary C+H,0=CO+H,
Secondary C + 2H,0 = CO, + 2H,
C+2H, = CH,

CO +H,0=CO, + H,

CH4 + H,0 = CO + 3H,

CH, + CO, = 2CO + 2H,

2C(s) + 2H,0 = CO;, + CH,

Like al chemical reactions, these tend to a state of equilibrium. The

operating temperature and pressure are important

equilibrium concentrations of the gases produced.

Gadification with carbon dioxide (Boudouard

endothermic and for a given carbon in the absence of a catalyst, takes place
at several orders of magnitude slower than the C-O, reaction at the same

temperature. The reaction proceeds very slowly at temperature below

1000K, and isinhibited by its product.

18
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Gadification with steam (water-gas reaction) is an endothermic
reaction which is favoured by elevated temperature and reduced pressure
and, in the absence of a catalyst, occurs slowly at temperatures below
1200K. The unanalyzed reaction is inhibited by its product but is generally

somewhat faster than the C-CO, reaction under the same conditions.

Gadification with hydrogen (M ethanation/hydrogasification reaction)

isvery slow except at high temperatures.

When a coal particle enters a gasifier it is first dried by the hot gases
present in the reactor. As the temperature of the coal particle exceeds
approximately 673K the pyrolysis reactions occur. During pyrolysis
hydrogen-rich volatile matter is evolved and tars, oils, phenols and
hydrocarbon gases form. The char residue contains the remaining mineral

matter and carbon.

When the temperature of the remaining char exceeds approximately
973K the gasification reaction proceed. The char reacts with O,, steam
(H,0), CO,, H, and the gases react among themselves to approach

equilibrium and produce the final gas mixture.
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The water-gas shift reaction has influence on the CO/H, ratio, which

can be important if the gasisfor usein synthesis.

[1-C: Importance of studying pyrolysis process.

Naturally, pyrolysis is the initial stage in any gasification process,
which divides the feedstock into a hydrogen-rich fraction, consisting of
gases and tar (volatile matter), and a carbon-rich solid residue (char),
because whenever a solid fuel is subjected to high temperature
devolatilisation occurs. Volatile matter is a mixture of low molecular
weight compounds (hydrogen, oxides of carbon, methane, etc) and higher
molecular weight hydrocarbons, such as light oils and tars. The solid
residue is a composite of the non-volatile or “fixed” carbon mixed with the

inorganic mineral matter which will form ash upon oxidation.

In the pyrolytic stage the solid fuel is converted into char as an
intermediate product which is subsequently or simultaneously gasified. The
treatment condition in pyrolysis strongly affects the yield and the reactivity
of the char, and consequently influences the subsequent process. In
gasification, the temperatures and product distributions are strongly
influenced by pyrolysis. Maximization of the rate of evolution and yield of
volatiles reduces reliance on relatively slower heterogeneous gas-solid

reactions 1°.In addition, the pyrolysis process controls swelling, particle
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agglomeration, char reactivity and char physical structure ). Therefore
among the different aspects of investigation, the kinetics of char
gasification plays a very important role since it provides valuable data for

better design of gasifier.

Moreover, if the heating of the feedstock particles is carried out
under an oxygen-free atmosphere, the solid product obtained can be readily
isolated and recovered for its full characterization. The importance of this
relies in the fact that the isolated material is the final product of the
pyrolysis stage and at the same time, the starting point of the subsequent
gadification stage. A full knowledge of this material can simplify the study

of overall gasification stage ¥

[1-D: Review of related work on co-gasification;

Previous investigations on the co-gasification of biomass/coal blends
have mostly concentrated on the mechanism of production of gas and liquid
phase species ™. Additionally, there are aso few studies that have
focused on the interaction effect (also known as the catalytic or synergetic
effect) between coal, biomass and other fuels, such as petroleum coke and

plastics €],
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Zhang et a. ™ studied co-pyrolysis of legume straw and Dayan
lignite in a free-fall reactor under atmospheric pressure in nitrogen
environment, over a temperature range of 500-700°C. The results showed
that the compositions of the gaseous products from the blended samples are
not al in accordance with those of their parent fuels. Moreover, under the
higher blending ratio conditions, the char yields were lower than the
theoretical values calculated on pyrolysis of each individual fuel and
consequently the liquid yields were higher. The results indicated that there
exists a synergetic effect in the co-pyrolysis of biomass and coal and might
explained by that biomass in blends offers plenty of hydrogen donors and

plays a hydrogenation role on coal pyrolysis.

Kumabe et al. ™ carried out a study on the co-gasification of woody
biomass and coal in an oxygen-containing atmosphere in a pressurized
fluidized bed reactor and found that the synergy due to the mixture of
woody biomass and coal might be observed in the extent of water-gas shift
reaction based on the finding that the extent of the shift reaction in the
equilibrium did not vary significantly with the biomass ratio, in contrast,
the extents of the shift reaction in the experiment varied significantly with
the biomass ratio and reached the maximum value at the biomass ratio of

0.5.
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Similar findings were reported by Sjostrom et al. [*¥, who studied the
reactivity of char in co-gasification of biomass and coal. In their study, a
noticeable phenomenon was that the mixtures of the fuels and their char
formed in situ demonstrated an unexpected high reaction rate of gasification
under studied conditions. The yield of char decreased and consequently the
production of gasincreased. Further, both the formations of tar and nitrogen
compounds also seemed affected synergetically in the co-gasification
experiments of the fuels. The yields of tar and of ammonia were lower than
expected. Although not very certain, they reported the occurrence of
synergetic effects in the co-gasification of birch wood with two different
types of coa in experiments performed in the pressurized fluidized-bed
reactor. The reactivity of the fuelsin the mixtures and the formed chars was

seen to have increased, leading to promoted gas production.

In another investigation, Collot et a. ™ co-pyrolyzed and co-
gasified coa and biomass in bench-scale fixed- and fluidized-bed reactors.
They found that, in pyrolysis experiments, neither intimate contact between
fuel particles nor their relative segregation led to synergistic effects. They
however reported that mineral matter residues from the wood appear to
have played a catal ytic effect during combustion. Generally, they concluded

that there was no evidence of synergy that was found with the fluidized-bed
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reactor, thereby demonstrating the lack of contact between coal and

biomass particles in the system.

Another recent work is that by Fermoso et d., [*¥ who co-gasified
coal, biomass and petroleum coke at high pressure. From this work, a
synergistic effect was observed for blends of coal with pet-coke and an
increase in the production of H, and CO was obtained. Furthermore, the
addition of a small amount of biomass (up to 10%) led to an increase in H,
and CO production. Finaly, blending biomass with coal/pet-coke blends
did not produce any significant change in H, production, although slight

variations were observed in the production of CO and CO..

Yoon et a. " has done preliminary study of gasification of coal and
petroleum coke mixtures, thermogravimetric analysis was performed at
various temperatures (1100, 1200, 1300 and 1400°C) and the isothermal
kinetics were analyzed and compared. The activation energies of codl,
petroleum coke and coal/petroleum coke mixture were calculated by using
both a shrinking core model and a modified volumetric model. The results
showed that the activation energies for the anthracite and petroleum coke
used in this study were 9.56 and 11.92 kcal/mol and reaction times were
15.8 and 27.0 min. In the case of mixed fuel, however, the activation energy

(6.97 kcal/mol) and reaction time (17.0 min) were lower than the average
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value of the individual fuels, confirming that a synergistic effect was

observed in the co-processing of coal and petroleum coke.

Alkali metal salts, especially potassum and calcium salts, are
considered to be effective catalysts for carbon gasification by steam and
CO, while too expensive for industry application. Zhua et a. ¥ used an
herbaceous type of biomass, which has a high content of potassium to act as
a source of catalyst by co-processing with coal. The co-pyrolysis chars
reveadled higher gasification reactivity than that of char from codl,
especialy at high levels of carbon conversion. On the influence of the alkali
in the char and the pyrolysis temperature on the reactivity of co-pyrolysis
char, experimental results showed that the co-pyrolysis char prepared at
750°C had the highest alkali concentration and reactivity as compared to the

char prepared at 850°C.

Vuthaluru ¥ on his study of thermal behaviour of coal/biomass
blends during co-pyrolysis reported no interactions between coa and
biomass and the 50:50 coal/biomass blend had the highest reaction rate,
ranging from1x10° to 2x10° min™. There are aso some investigations by
Cai et al. @ who investigated the thermal behaviour of coa blends with
plastics during co-pyrolysis and found that the difference of weight loss

between experimental and theoretical data was 2.0-2.7% at 550-650°C,
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which was the overlapping degradation temperature interval between coal
and plastic, assuming that to be the favourable temperature for hydrogen
transfer from plastic to coal. Palmer et al., * while working on the co-
conversion of coa/waste plastic mixtures under various pyrolysis and

liquefaction conditions, had amost the same findings as those by Cai et al.

[22]

Most of these studies reviewed above are based on pure coa or coal
blends with other fuels. However, not much research has been conducted on
the co-pyrolysis of the coke blend with biomass. The purpose of this study
Is to investigate any synergies resulting from vastly different characters of
fuels: coke high in sulphur, biomass high in calcium and potassium and
coa high in silica. The differences in the amount and type of volatile matter
in different fuels do have impact on the char character and gasification

kinetics.

I1-E: Co-gasification of biomass and coal

In recent years, some researchers [*® have reported on the co-
gasification of woody biomass with coal and have pointed out a number of
advantages that come with it. The addition of woody biomass to coal
gasification do not only reduce CO, emissions but aso reduce the problems

caused by sulphur and ash contained in coal; this is because the woody

26



biomass has almost no sulphur and has low ash content. However, biomass
gasification is relatively expensive and produces relatively larger amount of
tar. Therefore, co-gasification can not only reduce the cost of the feedstock
but also reduce the problems that occur in plant operation due to the
reduction of tar. Moreover, the high thermochemical reactivity of biomass
and the high content of volatiles in it suggest that some synergetic effects
might exist during the simultaneous thermochemical treatment of biomass

and codl.

[1-E-1 Factorsinfluencing the co-gasification

1. Temperature:

The rise in gasification temperature promotes hydrocarbons further
reactions, leading to a decrease in tars and hydrocarbons contents and an
increase in H, release and total gas yield. For example, as shown in Figure
2.1, increasing temperature, from 750 to 890 °C, during gasification of a
mixture with 60% (w/w) of coal, 20% of pine and 20% of Polyethylene (PE)
waste ™ led to a decrease in methane and other hydrocarbons
concentration of about 30 and 63%, respectively, while hydrogen

concentration increased around by 70%.
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Figure 2.1 Effect of temperature on gas composition for co-gasification 2%

Char yield should, in principle, be as little as possible to ensure a
high conversion during gasification. The rise of temperature in co-
gasification of coal mixed with pine and PE wastes, led to a decrease in
char formation of only 9%, which agrees with the results obtained by Gil et
a.” which showed that temperature did not influence much char
production. However, Herguido et al.*® observed a more pronounced
decrease of char yield, about 20% (depending on the type of biomass

studied), with the rise of temperature, which agreed with the greater

increase in gas yield.
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2. Gasification gas flow:

Pinto et a. ™ studied the influence of reaction flow rate on
gasification output parameters for co-gasification of coal with pine and PE
waste. They found that a higher O./fuel ratio promoted an increase in the
guantity of gas produced, as shown in Figure 2.2, due to the increase of
combustion reaction rates. It was aso noted that there was a clear decrease
in HHV (high heat value), which might be due to consumption of
hydrocarbons by combustion. These variations led to a reduction in
apparent energy conversion with the rise in O,/fuel ratio. The increase of
this ratio also decreased the energy requirements of gasification process due

to the energy release in the combustion process.
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Figure 2.2 Effect of oxygen flow rate/fuel ratio on gas composition for co-gasification ¥

However, Pinto et al. '*? also pointed that, in principle, any increase
in O, amount should be determined by the H,/CO ratio requirement of the
end-use application of gas, as shown in Figure 2.3, the conversion rate of
H, and CO are highly depended on the ratio of O, in O, and steam mixed
gasification medium flow. Higher fractions of oxygen on the gasifying
mixture caused some decrease on H,, methane and other hydrocarbons, as
the combustion and reforming reaction was promoted, meanwhile, both CO
and CO, concentration increased and the concentration of the latter more

than doubled.
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Figure 2.3 Effect of oxygen/steam ratio on gas composition for co-gasification ¥

Fairly similar results have been shown by other researchers, no
matter what was the nature of the feedstock gasified [**%. Kim et al. "
studied a sub-bituminous coa (Shenwha) gasification and although using a
reactor with different characteristics, they also detected that H,, C,H,4, CoHe,
CsHg, CsHg decreased dlightly, whilst CO and CO, increased with
increasing oxygen, thus the HHV of the gas decreased and gas yield
increased due to combustion of hydrocarbons. Aznar et a. ¥ studied
biomass gasification with steam and oxygen mixtures in a pilot fluidised
bed gasifier. It was reported that the rise of oxygen content led to an
increase in gas yield, whose composition showed a decrease in both H, and

gaseous hydrocarbons.
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3. Feedstock composition:
a. Biomass/coa

A research done by Kumabe et al. ™ studied the co-gasification
behaviour of a woody biomass and coa by varying the biomass content
ratio from O to 1 in the total feedstock on a carbon basis. The conversion to
gas on a carbon basis increased with an increase in the biomass ratio,
whereas the conversions to char and tar decreased. With an increase in the
biomass ratio, the H, composition decreased and the CO, composition
increased. However, the CO composition was independent of the biomass
ratio. A low biomass ratio led to the production of a gas favourable for
methanol and hydrocarbon fuel synthesis and a high biomass ratio led to the
production of a gas favourable for DME synthesis. The synergy due to the
mixture of woody biomass and coal might be observed in the extent of the
water—gas shift reaction. The co-gasification conditions in the study

provided a cold gas efficiency ranging from 65% to 85%.

Woody biomass has more volatile matter compared to coal. Tar
production is an important issue pertaining to biomass gasification. At the
higher biomass ratio, the conversion to tar is less because the air—fuel ratio
is relatively high ™. In contrast, at the lower biomass ratio, the conversion
to char is relatively higher, while that to gas is lower, because the

gasification temperature was relatively low as a condition for coal
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gasification. The tar derived from pyrolysis can be generaly classified into
two types. heavy tar, which is difficult to gasify and is finally polymerized
to produce char, and light tar, which is easy to gasify and is finaly
converted to gas. A significantly large amount of heavy tar is produced in
coa gasification as compared to that from woody biomass gasification.
Consequently, it can be inferred that the lower biomass ratio is responsible

for the high conversion to tar and char.

b. Biomass components. (Taking woody biomass for example)

As the feedstock utilized in biomass gasification, inexpensive
materials such as forest residue, wood residue and rice straw would be
practical. However, the cellulose, hemicelluloses and lignin composition of

these materials can differ significantly, as shown in Table 2.4.

Table 2.4 Properties of biomass ™"

Spent | Aspen | Scots | Silver

Coffee | Poplar | Pine | Birch

Composition wt%, Dry Basis

Cellulose 49.8 423 | 400 | 41.0

Hemi-cellulose 95 31.1 285 | 324

Lignin 22.1 162 | 27.7 | 22.0

Gani *¥ studied co-combustion and co-gasification technologies of

coa with biomass in several practical coal boilers in order to reduce CO,
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emission, fuel cost and so forth. In this study, fundamentals of pyrolysis
and combustion characteristics of several types of biomass were studied
using a Thermogravimetric Analyzer Drop Tube Furnace. Figure 2.4 shows
profiles of the mass decreased fraction of combustible for three types of
biomass, cellulose and lignin. From the figure, pyrolysis starts at about
473K for al samples. However, the trend of mass decrease for bark differs
from rice husks. Comparing these results with the results for lignin and
cellulose, the profile for bark is relatively similar to that for lignin. Thisis
because the bark contains more lignin rather than cellulose. On the contrary,
the profile for rice husks comes close to that for cellulose. These results
suggest that the volatilization behaviour of biomass depends on the lignin

and cellulose content.
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I1-E-2 Catalyst on coal gasification

The catalytic gasification of coa has been studied extensively to
develop efficient and economic processes for conversion of coa to clean
fuel gas ®*3¥. Lee et a. ¥ undertook some study aimed at increasing the
gasification rate and control the composition of the product gas by using
various catalysts. The catalytic activities of single salts in steam coal
gasification depend considerably on the gasification temperature. The order
of activity is K,COs; > Ni(NOs), > K,SO, / Ba(NOs), > FeSO,. Of the
binary catalysts tested, K,SO, + Ni(NOs), exhibited the greatest
cooperative effect. The activity ranking of binary catalyst salts is K,SO, +

Ni(NOs), > K,SO, + Ba(NO5), / K,SO, + FeSO,.

Brown et a. ¥ investigated catalytic gasification of coal char using
biomass-derived potassium salts. Alkali metal salts, especially those
containing potassium, are excellent promoters of gasification reactions but
are generally considered too expensive for commercial use. Fast-growing
biomass, which contains large quantities of potassium, may prove to be an
excellent source of inexpensive gasification catalyst. A series of CO,-char
gasification tests were performed in a thermogravimetric analyzer (TGA) to
evaluate the catalytic activity of alkali-rich biomass-derived materials. Both
switchgrass char and switchgrass ash displayed cataytic activity in

mixtures with coa char produced from Illinois No. 6 coal. The results
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obtained with switchgrass ash were especially impressive, with an amost
eight-fold increase in coal char gasification rate at 895°C in a 10:90 mixture
of coal char and switchgrass ash. These results give encouragement that

biomass could be the source of inexpensive, coal gasification catalysts.

I1-E-3 Interaction effect in co-gasification of biomass/coal/pet-coke mixture

Interaction effect (aka: catalytic effect, synergetic effect) is very
important in co-gasification, which means the percentage of increasing or
decreasing of the experimental yield (yield of co-pyrolysis/ co-gasification
of the mixture) with respect to the calculated yield (obtained by the linear
combination of the pyrolysisgasification yields of coal, pet-coke and

biomass), which evaluate the interactions between blended feedstock.

The high thermochemical reactivity of biomass and the high content
of volatiles in it suggest that some synergetic effects might be expected in
simultaneous thermochemical treatment of wood and coal, which is
demonstrated by some of the experimental ™ results on advantageous
synergies obtained in co-gasification of birch wood with Daw Mill coal as
well as with Polish coa using oxygen-enriched nitrogen in a pressurized
fluidized bed gasifier.

Phenomenon of synergy in co-gasification of wood with coal has

been reported. Madsen et al. *¥ reported on a series of air-blown fluidized
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bed and entrained bed co-gasification tests with coal and straw. Pressuresin
the larger unit were up to 14.2 bar and feed rate of the feedstock was a
maximum of 720 kg/h. Feeding presented problems, but some synergies
were noted. Sjostrom et a. ¥ ¥ also found synergies in fluidized bed co-
gasification of wood and coal mixtures at small particle sizes. Reinoso et al.
38 reported on a comprehensive experimental program including a series of
tests in larger pilot scale air-blown circulating fluidized bed gasifier at near
atmospheric pressures. Waste coal, lignite and pine chips were used.
Modeling comparisons indicated synergies existed between coa and
biomass. Jong et a. ¥ and Pan et a. *? also noted analogous synergy

phenomenain their research.

However, the study of the synergetic effects in co-gasification is still
in its early phase, therefore sufficient data are not available for explaining
the observations. Based on previous research, the following proposed

scheme might be valid for the co-gasification of biomass and coal 1'%

1. Gasification is initiated by thermal or oxidative cleavage of the weakest
covalent bonds in the organic matter in wood resulting in the formation of
abundant volatiles which readily decompose and form plenty of free

radicals.
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2. The free radicals produced from wood decomposition or oxidation react
not only with the organic matter in wood but may also react with the
organic matter of coal, and thus initiate and increase the decomposition and

oxidation reactionsin coal.

3. The hydrogen-rich light molecules obtained in the devolatilization
products of wood, as well as the hydrogen obtained in their cracking may
react with the free radicals obtained from coal in the moment of their
formation, thus preventing the recombination reactions and the formation of

less reactive secondary char.

4. In addition, the akali metals, known as effective catalysts for coal
gasification, present in wood biomass might also promote the gasification

reaction of coal with oxygen catalytically.

[1-F: Gasification power plant: IGCC;

Recently Integrated Coal Gasification Combined Cycle (IGCC) is
being considered as a next generation fossil power plant type in the aspects
of higher overall cycle efficiency and superior environmenta performances
compared with conventional coal-fired power plants. IGCC is a
combination of two leading technologies. The first technology is called

gasification, which use carbonaceous feedstock to create syngas. The
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second technology is called combined-cycle, which is the most efficient
method of producing electricity commercially available today. Gasification
process has been explained in the first chapter, so no need to do it again.
The combined cycle consists of a combustion/gas turbine, a heat recovery
steam generator and a steam turbine. The exhaust heat from the gas turbine
Is recovered in the heat recovery steam generator to produce steam which
passes through steam turbine to produce more electricity. IGCC is more
efficient than conventional power generating systems because it re-uses
waste heat. On the other hand, the carbon dioxide produced during
gasification is present at much higher concentrations and at higher pressures
than in streams produced from conventional combustion, making them
easier to capture. The vision is to convert synthesis gas into pure hydrogen
using the water-gas shift reaction and use the hydrogen as an ultra-clean

fuel with an exhaust gas of nothing but water.

However, because IGCC shows typicaly very complicated
combination of gasification, gas clean-up, gas turbine, steam cycle and air
separation unit (ASU) systems with various energy and mass integration
schemes affecting the overall performances and the emission characteristics
of 1GCC*Y, it is very difficult for the engineers in power industry to

determine the optimum integration condition of the subsystems.
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As shown in Figure 2.5, the fuel of gas turbine combustor of IGCC
is derived from coal or even heavy residue il in refinery process 4. In
general, the heating value of the syngas fuel is about 20-30% of the natural
gas. For this reason, the IGCC gas turbine combustor requires 4-5 times
fuel consumption of the syngas compared with the natural gas combustor at
the same turbine inlet temperature (TIT) condition. Another different
feature of IGCC from conventional coal and natural gas power plants can
be found in ASU-gas turbine integration scheme. Air is extracted from gas
turbine compressor and then is fed to the ASU, which separates oxygen
from air for the oxidizer of coa gasification and the nitrogen for the

dilution agent of NOx control in gas turbine combustor.
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Figure 2.5 IGCC integration scheme *
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[1-G: Review of experimental procedures,

[1-G-1: Drop tube furnace (DTF)

In order to determine the optimum integration condition of the
subsystems in IGCC power plant, an air-blown two-stage entrained flow
gasification technology has been employed in the demonstration plant.
Because these plants are operated at high temperature and high pressure, a
pressurized drop tube furnace facility (PDTF), as shown in Figure 2.6, is
used to investigate coa reactivity under the same conditions as inside a

gasifier.
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Figure 2.6 Schematic of the PDTF facility 1/

Reaction kinetic studies of coal and carbonaceous materials are
usually carried out in one of the following types of apparatus. electrically
heated wire grid, therma gravimetric/derivative therma gravimetric
analyzers, pyroprobe, fluidized bed, shock tube, flat flame burner, plug
flow reactor and drop-tube furnace. Among the above mentioned

techniques, the drop-tube furnace, with its high heating rates (10°-10° K/s),
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high temperatures and dynamic conditions, may better reflect the pulverized

fuel combustion/gasification environment.

Zhang et al. " studied tar destruction and coke formation of biomass
in three different conversion processes: pyrolysis, steam gasification and
partial oxidation. An entrained drop-tube furnace (DTF) was applied to all
experimental tests. It was found that raising the temperature remarkably
decreases tar evolution. Steam and oxygen also have a positive effect on tar
destruction. Benzene and toluene are the most difficult condensable tar

species to destroy.

In the report from Jiyi Luan et al. !, a one-dimensional temperature-
controlled drop tube furnace (DTF) was employed to study re-burning
characteristics of corn straw, rice husk, and bituminous coal for the sake of

reducing NOy emission.

In another investigation [}, combustion behaviour of blends of two
Indian coals of same rank with wide variation in mineral matter content
were studied using Thermogravimetric Analyzer (TGA) and Drop Tube
Furnace (DTF). DTF studies on coals and their blends and the role of
macerals on the morphology of chars were well-documented. Miura ! on

his study of gasification reaction of coke, a pressurized drop tube furnace at
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high pressure and high temperature was used. Matsuoka et al. !*¥ obtained
useful and reliable pyrolysis data under high pressures, continuous
pyrolysis experiments via a drop tube furnace. Similarly, pressurized drop
tube furnace (PDTF) was used to understand the effect of coal type on coal
gasification process, and then a numerical study was conducted °®. DTF
was also adopted in characterization of the properties of size fraction from

coal and their char. [°Y

[1-G-2: Thermogravimetric analyzer (TGA)

Thermogravimetric Analysis or TGA is a testing procedure that is
performed on samples to determine changes in weight in relation to change
in temperature. Such analysis relies on a high degree of precision in three
measurements. weight, temperature and temperature change. As many
weight loss curves look similar, the weight loss curve may require
transformation before results may be interpreted. A derivative weight loss
curve can be used to tell the point at which weight loss is most apparent.
Again, interpretation is limited without further modifications and

deconvolution of the overlapping peaks may be required.

The TGA usually consists of a high-precision balance with a pan
(generally platinum) loaded with the sample. The pan is placed in a small

electrically heated oven with a thermocouple to accurately measure the


http://en.wikipedia.org/wiki/Weight�
http://en.wikipedia.org/wiki/Temperature�
http://en.wikipedia.org/wiki/Precision�

temperature. The atmosphere may be purged with an inert gas to prevent
oxidation or other undesired reactions. A computer is used to control the

instrument.

TGA is commonly employed in research and testing to determine
characteristics of materials such as polymers, to determine degradation
temperatures, absorbed moisture content of materials, the level of inorganic
and organic components in materials, decomposition points of explosives
and solvent residues. It is also often used to estimate the corrosion kinetics

in high temperature oxidation.

Simultaneous TGA-DTA/DSC measures both heat flow and weight
changes (TGA) in a material as a function of temperature or time in a
controlled atmosphere. Simultaneous measurement of these two materia
properties not only improves productivity but also simplifies interpretation
of the results. The complimentary information obtaned alows
differentiation between endothermic and exothermic events which have no
associated weight loss (e.g., melting and crystallization) and those which

involve aweight loss (e.g., degradation).

The temperature in many testing methods routinely reaches 1000°C

or greater, but the oven is so greatly insulated that an operator would not be
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aware of any change in temperature even if standing directly in front of the
device. After the data is obtained, curve smoothing and other operations

may be done such as to find the exact points of inflection.

This device can be used to generate continuous decomposition data
of a sample as a function of either time (isothermal TGA) or temperature
(dynamic TGA). It is one of the most common techniques used to
investigate thermal events and reaction kinetics. TGA has been widely used
in understanding pyrolysis and gasification rate of fuels and their chars.
Brown et a. ¥ performed a series of CO.-char gasification tests in a
thermogravimetric analyzer (TGA) to evauate the catalytic activity of
alkali-rich biomass-derived materials. Vuthaluru ** investigated into the
thermal behaviour during co-pyrolysis of coal, biomass materials and
coal/biomass blends prepared at different ratios (10:90, 20:80, 30:70 and
50:50) using @ TGA apparatus. Li et a. ¥ performed thermogravimetric
studies on biomass showed that the DTG peaks of devolatilisation move to
a higher temperature range and the peak becomes wider with the increase of
the heating rate and expected that the pyrolysis processes with different
devolatilisation temperatures could happen simultaneously under very fast
heating rate pyrolysis condition as is in the case of free fall reactor.

Similarly, Sadhukhan et al. ™ carried out pyrolysis experiments in Helium
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atmosphere with blends of biomass and high volatile coa in TGA - FTIR

to help to set up pyrolysis model.

Recently, Naredi et al. * pyrolzyed a high volatile bituminous coal
in a DTR at different furnace temperatures and in a TGA to observed the
char reactivity profile. Zhang et al. °” determined the reactivity of the chars

(TGA) method in 0.1 MPaair in the same way.

[1-G-3: Brunauer-Emmett-Teller measurement (BET)

BET theory is arule for the physical adsorption of gas molecules on
a solid surface and serves as the basis for an important analysis technique
for the measurement of the specific surface area of a material. In 1938,
Stephen Brunauer, Paul Hugh Emmett and Edward Teller published an
article about the BET theory in ajournal for the first time; “BET” consists

of thefirst initials of their family names.

The concept of the theory is an extension of the Langmuir theory,
which is a theory for monolayer molecular adsorption, to multilayer
adsorption with the following hypotheses: (a) gas molecules physically
adsorb on a solid in layers infinitely; (b) there is no interaction between
each adsorption layer; and (c) the Langmuir theory can be applied to each

layer. The resulting BET equation is expressed by Eqn 2.1 and Eqgn 2.2 13
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1 c—l( PJ 1
= — |+
v[(P,/P)-1] wv,c(P) v, Eqn 2.1

RT Eqn 2.2

P and Py are the equilibrium and the saturation pressure of adsorbate

at the temperature of adsorption, v is the adsorbed gas quantity (for

example, in volume units), and v,, is the monolayer adsorbed gas quantity.
BET constant is C.
E. is the heat of adsorption for the first layer, and E, is that for

the second and higher layers and is equal to the heat of liquefaction.
Equation (1) is an adsorption isotherm and can be plotted as a straight line
with 1/ v[(Py/ P) — 1] on the y-axis and ¢ = P / Pg on the x-axis according

to experimental results. This plot is caled a BET plot. The linear

relationship of this equation is maintained only in the range of 0.05 < P/
Py < 0.35. The vaue of the slope A and the y-intercept | of the line are
used to calculate the monolayer adsorbed gas quantity V., and the BET

constant C. The following equation can be used:

A
c=1+—
| Eqn 2.3
1
v, =
A+l Eqn 2.4
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The BET method is widely used in surface science for the

calculation of surface areas of solids by physical adsorption of gas
molecules. A total surface area Sga and a specific surface area S are

evauated by the Egn 2.5 and Egn 2.6:

S

_ “total

a Egn 2.5

SBET

o (N
BET total _T Eqn 26

N: Avogadro's number; s: adsorption cross section; V: molar volume of adsorbent gas; a:

molar weight of adsorbed species.

Liu et a. ¥ determined the specific surface of coa or chars with
BET method during gasification to help investigate the gasification
reactivity of those chars. Ismadiji et al. [* determined that the surface area
and pore volume of activated carbon prepared from vacuum pyrolysis char
were 1150 m?/g and 0.43 cm’/g, respectively, by the method of BET
anayzer. By studying the pore size distribution using BET analysis, Chiang
et al. [® believed that the mesopore had the greatest effect on the bio-
sludge pyrolysis. Yu et a. [*? studied pore size distribution, surface area
together with particle size distribution, swelling behaviour to help
understand char characteristics and particle matter formation during coal

combustion process.
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[1-G-4: Laser diffraction mastersizer

Before discussing methods for particle sizing, it is worth
understanding how particle size distributions are defined. Particles are
three-dimensional objects for which three parameters (the length, breadth
and height) are required in order to provide a complete description. As such,
it is not possible to describe a particle using a single number that equates to
the particle size. Most sizing techniques therefore assume that the material
being measured is spherical, as a sphere is the only shape that can be
described by a single number (its diameter). This equivalent sphere
approximation is useful in that it simplifies the way particle size
distributions are represented. However, it does mean that different sizing
techniques can produce different results when measuring non-spherical

particles.

Laser diffraction based particle size analysis relies on the fact that
particles passing through a laser beam will scatter light at an angle that is
directly related to their size. As particle size decreases, the observed
scattering angle increases logarithmically. Scattering intensity is also
dependent on particle size, diminishing with particle volume. Large
particles therefore scatter light at narrow angles with high intensity whereas

small particles scatter at wider angles but with low intensity.
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It is this behaviour that instruments based on the technique of laser
diffraction exploit in order to determine particle size. A typical system
consists of a laser, to provide a source of coherent, intense light of fixed
wavelength; a series of detectors to measure the light pattern produced over
a wide range of angles; and some kind of sample presentation system to
ensure that material under test passes through the laser beam as a
homogeneous stream of particles in a known, reproducible state of
dispersion. The dynamic range of the measurement is directly related to the
angular range of the scattering measurement, with modern instruments
making measurements from around 0.02 degrees through to beyond 140
degrees. The wavelength of light used for the measurements is also
important, with smaller wavelengths (e.g. blue light sources) providing

improved sensitivity to sub-micron particles .

Leuschner et al. ®¥ studied particle size distributions of Bacillus
spores. Laser diffracting with a Malvern Mastersizer and scanning
transmission electron microscopy (STEM) were used to record images of
50-100 individual spores. Good agreement between the average individual
spore dimensions determined by electron microscopy and those obtained by

laser diffracting was evident.
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Laser diffraction has been questioned because of potential
evaporative losses of the small particles at the edge of the plume, causing an
apparent shift in the particle size distribution and thus a larger mass median
diameter (MMD). Kwong et al. [®} compared particle size of nebulized
aerosols measured directly using laser diffraction or by evaluating
aerodynamic properties by cascade impaction and got good match result

between each other.

On the contrary, Choi et al. ® used six analyzers, such as
Mastersizer Microplus (Malvern Instruments Ltd., UK), LS230 (Coulter
Electronics Ltd., USA) LMS30 (Seishin, Japan), Analysette22 (Fritsch,
Germany), HELOS (Sympatec, Germany) based on a laser diffraction and
scattering method, and the SKC-2000S (Seishin Co., Ltd., Japan) based on
the centrifugal sedimentation method to study the particle size distribution
of poly component particulate systems. It was reported that they failed to

find reasonably good agreement between the different analyzer.

11-G-5: Scanning electron microscope (SEM)

The scanning electron microscope (SEM) is a type of electron
microscope that images the sample surface by scanning it with a high-
energy beam of electrons in a raster scan pattern. The electrons interact

with the atoms that make up the sample producing signals that contain
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information about the sample's surface topography, composition and other

properties such as electrical conductivity.

The types of signals produced by an SEM include secondary
electrons, back-scattered electrons (BSE), characteristic X-rays, light
cathodolumi-nescence, specimen current and transmitted electrons.
Secondary electron detectors are common in all SEMs, but it is rare that a
single machine would have detectors for all possible signals. The signals
result from interactions of the electron beam with atoms at or near the
surface of the sample. In the most common or standard detection mode,
secondary electron imaging or SEI, the SEM can produce very high-
resolution images of a sample surface, revealing details about less than 1 to
5 nmin size. Due to the very narrow electron beam, SEM micrographs have
alarge depth of field yielding a characteristic three-dimensional appearance
useful for understanding the surface structure of a sample. This is
exemplified by the micrograph of pollen shown to the right. A wide range
of magnifications is possible, from about 10 times (about equivalent to that
of a powerful hand-lens) to more than 500,000 times, about 250 times the

magnification limit of the best light microscopes.

Back-scattered electrons (BSE) are beam electrons that are reflected

from the sample by elastic scattering. BSE are often used in analytical SEM
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along with the spectra made from the characteristic X-rays. Because the
intensity of the BSE signal is strongly related to the atomic number (Z) of
the specimen, BSE images can provide information about the distribution of
different elements in the sample. For the same reason, BSE imaging can
image colloidal gold immunolabels of 5 or 10 nm diameters which would
otherwise be difficult or impossible to detect in secondary electron images
in biological specimens. Characteristic X-rays are emitted when the
electron beam removes an inner shell electron from the sample, causing a
higher energy electron to fill the shell and release energy. These
characteristic X-rays are used to identify the composition and measure the

abundance of elements in the sample 7.

SEM technology has been widely used in fuels studies. A ot works
are reported for a qualitative analysis of the morphology of fuels chars. For
instance, Jindarom et al. % employed scanning electron microscopy (SEM)
technigue to observe the surface morphology of the as received sewage
sludge and char, which help to support the increase in the BET surface area
as a function of temperature. SEM image was performed to show no traces
of soot in the char samples and incomplete meltage of the wood sample
during pyrolysis. 9. Alonso et a.l"™ indicated the difference of 300°C

between the low and high temperature runs seems to have been enough to
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provoke a significant improvement in inertinite devolatilisation based on

the morphologies of the char sample given by SEM micrographs.

SEM observation plays an indispensable role in particle size,
porosity and morphology studies. SEM images are very definite, can be
magnified to obtain accurate details or, vice versa, enlarged to give a global
vision of a pulverized sample with minor loss in precision. It helps to differ
a certain component from others, to evaluate the structural variations in
particles after different thermal treatments, to observe superficial pores and

gualitatively relate porosity, surface area and adsorption capacity and so on

[71-80]
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CHAPTER I11

EXPERIMENTAL PROCEDURES

The objective of the this present work is to investigate the kinetic
properties and morphology of char particles prepared from the co-pyrolysis
of coal/biomass/fluid coke at different temperatures and investigate the
interaction of these different fuels to elucidate any advantages that may

arise from the binary co-gasification.

The experimental procedure involved char samples preparation using
a Drop Tube Furnace (DTF) under nitrogen atmosphere and rapid heating
conditions. Reactivity of the produced chars was assessed using
thermogravimetric analyses (TGA) and CO, was supplied as the oxidizing
agent. The morphological properties of the char particles were studied using
scanning electron (SEM). Particle size distribution was determined using a
laser diffraction Mastersizer. Also, surface area and pore structure was

studied by Brunauer-Emmett-Teller (BET) analyses.

68



11 —A: Experimental apparatus

A drop tube furnace (DTF), shown in Figure 3.1, was used for the
feedstock co-pyrolysis tests, which alows to simulate an entrained flow
reactor in conditions similar to those encountered in practical plants.

Primary Nitrogen

Screw 5 FCLﬂio //

Feeder

= ih = Secondary Nitrogen

Feeding Prom
Y i

Vertical
Furnace

{1

=

Tail Gas To
Collector Probe —» Exhaust Fan

J
/
i

Cyclone—» \tf
Figure 3.1 Schematic of DTF

The furnace contains an electrically heated vertical core of Mullite
tube (inner diameter of 60 mm) of 140 cm long, with an effective heated
zone of 120 cm. DTFs have been widely used because of their similarity to

the entrained reactor in practical plants.

DTF is made up of three parts. feeding section, reaction furnace tube

and collecting part. Let introduce this plant from top to bottom. A screw
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feeder attached to a hopper with pulsating walls, which prevents bridging of
fine particles, was used to feed particles into the DTF. The nominal
capacity of feeder ranged from 8 to 60 g/hr for coal. The water-cooled
feeding probe was used to prevent ignition of particles inside the feeder
which is crucial in estimating the particle residence time. The feeder probe
was shielded from the heat using high-temperature insulation material.
When the depth that the feeding probe was inserted into the furnace was
adjusted, the residence time could be changed. The pyrolysis products were
collected through a water-cooled collection probe, shown in Figure 3.2. To
prevent condensation of pyrolysis products on the inner shell of the
collector probe, the probe was equipped with a sintered stainless steel inner
shell through which gas (nitrogen) was passed. There were two gas inlets
on the collector probe: the quench gas inlet, which quenched the
combustion products in the top section of the collector and prevented the
reactions from progressing further, and the wall gas inlet, which prevented
condensation and deposition of particles in the lower section of the probe.

The cooled gas and products were then sent to the cyclone.
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Figure 3.2 Schematic of collector probe

Three proportional-integral-derivative (PID) temperature controllers
adjust the temperature of the reactor at constant in three different zones. A
K-type thermocouple was used to roughly calibrate the gas temperatures
inside the tube while no flow gas was injected into the furnace, as shown in
Figure 3.3. The maximum attainable gas temperature in this furnace is 1650

°C.
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Figure3.3 Temperature calibration for DTF

1l —B: Fudls characterization

Biomass, coal and fluid coke are carriers of accumulated solar
energy and have been important solid fuels. However, the different histories
of formation of these three fuels make for differences in their natures and
availability. Coal and fluid coke have a higher energy content compared to
biomass. Biomass, though it carries lower energy content, is more
environmentally friendly when utilized for energy production. Besides, the
higher thermochemical reactivity of biomass facilitates the conversion and
upgrading of the fuel.

Three different raw materials, Genesee coal, fluid coke (Syncrude
coke), and woody biomass from a carpentry shop, were used in this study.

The fuels were crushed and ground using a Ball mill and a pulveriser, sieved
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and classified to obtain a particle size cut of 53-75 um for both Genesee coal

and fluid coke, while a particle size range of 250-300 um was selected for

woody biomass. These particle sizes were chosen because they are the ones

normally used for these fuelsin practical situations. The samples were oven-

dried at 105°C for 2 hours to eliminate the effect of moisture, which could

lead to the agglomeration of particles and also to maintain smooth flow rates.

The samples were then fed to the DTF. Table 3.1 presents the ultimate and

proximate analyses of the fuels used in this study. All these tests on the

composition of fuels are based on ASTM standards. (ASTM standard D 3172

Standard Practice for Proximate Analysis of Coal and Coke; E 870 — 82

Standard Test Methods for Analysis of Wood Fuels).

Table 3.1 Proximate and ultimate analyses of fuels

Proximate analysis (%)(w/w,as received)

Ultimate analysis (%)(w/w,daf)

fixed volatile
sample carbon matter  ash moisture C H N S
Genesee
Coal 40.15 23.44 30.62 5.79 76.09 4.51 1.09 0.42
Fluid coke 85.81 6.60 6.22 1.37 86.72 1.76 2.09 6.70
Sawdust 12.38 84.17 0.43 3.02 49.15 6.54 0.27 0.51
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[11 — C: Char preparation
Calibration of feeding speed on different fuels and their mixtures was done

first, under some conditions with that for char preparation to ensure all char was

collected at the same feeding rate.

Sawdust was blended with coal or coke at different ratios by weight, as
shown in Table 3.2. The blending was performed before feeding into the reactor.
The pyrolysis of the samples was conducted at four different temperatures. 700°C,

1100°C, 1250°C and 1400 °C.

Table 3.2 Blending fuels ratio and their abbreviation
component by weight percent
Sample Genesee coal Sawdust Fluid coke
GC 100 0 0
FC 0 0 100
S 0 100 0
GCS 2-1 67 33 0
GCS 1-1 50 50 0
GCS 1-2 33 67 0
FCS 2-1 0 33 67
FCS 1-1 0 50 50
FCS 1-2 0 67 33
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For every experimental run, the reactor tube was heated to a set pyrolysis
temperature. Once the temperature reached the desired point, air was purged from
the DTF by passing N, for thirty minutes at a flow rate of 10 L/min to make sure
the system was air-free. After that, the prepared sample was fed into the reactor.
The fast pyrolysis took place when the sample particles passed through the heated
zone of the furnace and the char particles were collected in the cyclone. The N.

flow rate, feeding rate and residence time were fixed for all of the experiments.

[11 — D: Measurement of Char Gasification Reactivity

The gasification reactivity of the co-pyrolyzed char was measured at
isothermal conditions using TGA. The reactivity is defined in terms of the reaction

rate constant of K.

Before the tests, the samples were dried at 105°C to remove moisture. In
TGA experiments, nitrogen was used as the sweeping gas during the period of
heating to the desired temperature (in this case, 800°C) with a heating rate of 10
°C/min. The mass of the sample was approximately 12 mg. When the set
temperature is reached, the isothermal gasification reaction of the co-pyrolyzed
char sample was initiated by switching on a flow of carbon dioxide. The
experiment was stopped when no more mass loss was detected and the rate

constant was determined from the weight loss curves.
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CHAPTER 1V

RESULTSAND DISCUSSION

IV — A: Effect of blending on the char surface area

The BET surface area and pore volume of char were obtained from N:
adsorption isothermally at 77 K using an Omnisorp 360 analyzer. The specific
surface area was calculated by the BET equation. Prior to the analysis, the samples

were degassed at 350°C for 4 hours.

Information on the effect of blending was obtained from the determination
of the surface area using BET analysis on both pure and blended (GCS 1-1 and

FCS 1-1) chars, as shown in Figure 4.1.
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Figure 4.1 Temperature effect on the surface area (SA) for three pure chars, namely, Genesee coal,

fluid coke, and sawdust chars.

Results showed that the porosity of the chars increase with an increase in
the pyrolysis temperature because of the removal of volatile matters. Given the
fact that the residence time in the DTF is fixed and the temperature of 700°C is not
high enough to achieve complete devolatilization of fuel, the BET surface area of
Genesee coa char dightly increased with increasing the pyrolysis temperature
from 44.2 m* g™ (at 700 °C) to 48.2 m? g™* (at 1400 °C), while that of sawdust char
went up from 33.0 m? g* (at 700 °C) to 81.3 m? g* (at 1400 °C). However, results
from fluid coke char exhibited an opposite trend, whereby the surface area

decreased with the temperature, as shown in Table 4.1.

77



Table 4.1 Pore structure and BET surface area of Genesee coal/Fluid
coke/Biomass pure and blended chars at ratio of 1:1

BET SA Micropore Mesopore

Sample (m?/g) V (cm*/g) V (cm*/g)
5,700 33.0 0.00675 0.01112
5,1400 81.3 0.01461 0.01973
GC,700 44.2 0.00452 0.00537
GC,1400 48.2 0.00519 0.00666
FC,700 18.0 0.00575 0.00398
FC,1400 10.8 0.00311 0.00560
GCS 1-1,700 12.8 0 0.00581
GCS 1-1,1400 64.0 0.02282 0.01746
FCS 1-1,700 6.6 0 0.00401
FCS 1-1,1400 12.5 0.00382 0.00838

The pore volume and BET surface area of the three pure chars prepared at

700 and 1400 °C are compared in Table 4.1.

In Table 4.1, there are two points can be summarized. Firstly, char prepared
at a higher temperature always has bigger Surface area except for FC char, which
gives an opposite trend towards temperature increase. Higher pyrolysis
temperature means higher heating rate which will promote devolatilization process
to convert more solid phase content into liquid and gas phase. Another possible

reason needs to take in account is pore type change. Generaly, pores in char

78



particles are divided into three classes. micropores, mesopores, and macropores.
The boundary between micro- and mesopores is 2 nm, while the boundary of
meso- and macropores is 50 nm by convention. Results indicate that, the lower the
pyrolytic temperature, the larger the macropore contribution to the pore structure.
Moisture and other highly volatile molecules were vaporized to generate the
macropore during the initial stage of the pyrolytic process. As the pyrolytic

temperature increases, the cell wall cracksto generate both meso- and micropore.

Secondly, surface area for GCS/FCS 1-1 prepared at 700°C is smaller than
that of pure GC/FC char prepared under same condition. However, at 1400°C, it
shows an opposite result, that is blended GCS/FCS char has larger SA compared
to their corresponding pure char. This might due to the thermal cracking of
volatiles in gas and liquid phases at 1400°C. Sawdust contains more volatiles, so
when it is blended with coal/pet-coke, the blended fuel will release more volatiles
compared with pure coal/pet-coke. At high temperature, such as 1400 °C, those
liquefied and gasified volatiles will process thermal cracking, during which larger
molecule will be broken down to smaller one. In the downstream in DTF, those
larger molecules will condense to the particle surface whilst smaller volatiles
particle will still stay in gas phase. Thermal cracking reaction can not happen at
700 °C. More volatiles in the blended fuel will cause more small broken molecules

to escape and fewer molecules to condense. Those condensed molecules might
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block pores and form a smoother layer on char particle surface, which will result

in adecrease in surface area.

IV —B: Char Reactivity

The reaction of char with oxygen or carbon dioxide has generally been
described as being governed by the following controlling stages: (i) mass transfer
(by diffusion) of oxygen to reaction sites; (ii) chemisorptions of oxygen on the
carbon surface, reaction of chemisorbed oxygen or carbon dioxide with carbon to
form products, and desorption of products; and (iii) mass transport of the gaseous
products from the reaction sites. Theoretically, in the absence of external diffusion
limitations, the reaction rate, R, of the porous solid can be written in the general
form
—dw/dt= R= KiCq Egqn4.1
where, Ki=ki(T)Aqn WC.

Thisrate form can be rewritten as

—dx/dt =k(1-x) or -In(1-x)=kt Egn 4.2
where k= ki(T)Ay 1 CC..

x= 1- w/woisthe solid conversion

w isthe weight (daf) of the sample at any time
k expresses the dependence of the reaction rate on the concentrations of the

gaseous species Cq
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ki is the kinetic constants
T isthe particle temperature
A, isthe surface area

n isfractional availability of the surface area

C.. isthe concentration of accessible active sites
Thus, in a kinetic controlled zone, the rate of the reaction should only

depend upon the concentration of accessible active sites C.

As mentioned above, one of the objectives of this work is to examine if co-
pyrolysis and/or co-gasification of different fuels have any effect on the reaction
kinetics of the fuels. In thiswork, reactivity of different co-pyrolyzed samples was
compared on the basis of their reaction rate constants, k. The reaction rate constant
guantifies the speed of a chemical reaction, and thus, it is a good indicator when it
comes to the comparison of reactivity. Here is an example about how to calculate
reaction rate constant k based on TGA result as shown in Figure 4.2. As
mentioned, in TGA experiments, isothermal gasification reaction of the co-
pyrolyzed char sample was initiated by switching on a flow of carbon dioxide at
1200 or 800°C. Sample weight, time and temperature were recorded continuously
during the experiment as the first plot shown in Figure 4.2. Based on Egn 2,
reaction rate constant k can be calculated as the slope in the relationship plot

between —In(1-x) and time.
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Figure 4.2 Scheme of how to calculate k based on TGA result
IV-B-1 Char reactivity rate with CO, at 1180°C

All these chars from DTF were gasified with carbon dioxide isothermally at
1180°C in a thermogravimetric analyzer. TG results for the group of GCS chars,

prepared at 700°C, 1100 °C,1250 °C,1400 °C, respectively, are as shown in Figure

4.3.
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Figure 4.3 TG results for GCS 1-1 chars, gasified isothermally at 1180°C with carbon dioxide.
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From the figure above, it is above to find the temperature effects at which
chars were prepared in DTF, on the gasification reactivity. The higher the prepared
temperature is, the less reactive the chars are. This can be explained by the fact
that the higher co-pyrolysis temperature leads to more volatiles being driven out of
the particles, hence, rendering the remaining char less reactive. The increase in
heat treatment temperature in DTF results in a substantial reactivity reduction,
associated with magjor changes of the turbostatic carbon structure, and thus with a
variation in the amount and/or accessibility of active sites . Massive loss of
active sites with increasing temperature has been reported for explaining this
phenomenon B4, In this work, it might indicate the abundant remainder of the
relatively active compositions at the lower temperature (at 700°C) because of

incomplete pyrolysis of fuels.

And due to the setting gasification reaction temperature was much higher
than two chars conducted temperature, chars produced at 700 °C and 1100 °C had
a greatly mass loss before reaction happened in TGA equipment. For instance, for
GCS 1-1 char produced at 700°C, the remaining weight percent was also 52.37%
when the temperature reached the setting point. Based on this fact, another group
of TGA tests have been done, and the setting temperature was lowered to 800 °C.
Such temperature can not only ensure the gasification reaction happens not too

slow, but also let the char reserve most of its weight before reaction starts.



IV-B-2 Char reactivity rate with carbon dioxide at 800°C

All these chars from DTF were gasified with carbon dioxide isothermally at
800°C in a thermogravimetric analyzer. These experiments conducted at a lower

temperature to assure the assumption of negligible diffusion resistance.

| —-T=700 -T=1100- - -T=1250=- T=140(
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Figure 4.4 DTG curvesfor rate of gasification vs. Time for GCS 1-1 blended chars, formed at

700,1100,1250,1400°C, respectively.

All these chars from DTF were gasified with carbon dioxide isothermally at
800°C in a thermogravimetric analyzer. The DTG curves for Genesee coal,
sawdust 50:50 blends produced at four different temperatures in DTF are
presented in Figure 4.4. It is evident that for all four samples the degradation

started at the very beginning then the rate decreased to zero due to the release of
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initial moisture remaining in the samples. And after the loss of moisture, under
nitrogen environment, all four samples had different extent of degradation, which
can be explained by the escape of the remaining volatile matters in the sample. For
the blended sample produced at 700 °C the rate of degradation was the largest with
the rate increasing sharply as soon as the carbon dioxide gas was injected into the
TGA apparatus. As the co-pyrolysis temperature increased, the gasification peak
in the Figure 4.4 became much lower and indicated less reactive of the char
samples. Moreover, for the blended char prepared at 1400 °C, the gasification peak

was shown as two parts which suggest that more complicated reactions took place.
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Figure 4.5 TGA results for Genesee coa and sawdust (GCS 1-1) blended char pyrolyzed at 700,

1100, 1250 and 1400°C
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Figure 4.5 shows the weight loss curves for the pyrolyzed Genesse coal and
sawdust 1:1 blend chars produced at all four temperatures, namely, 700, 1100,
1250, and 1400°C. The curves distinctively show the difference between these
chars, with the char produced at 700°C being the most reactive, while that
produced at 1400°C being the least reactive. For the char produced at 700°C, it can
be seen that the weight loss starts much earlier at a temperature of about 450 °C
and this is before the CO:reaction even starts, something which is not supposed to
happen. This could be due to the fact that 700°C is the lowest temperature used in
char preparation and, because the height of the drop tube is fixed, the residence in
the furnace may not have been long enough to drive all of the volatiles out of the
particle. Upon reheating during gasification with CO., the remaining volatiles will
start to be released at the shown lower temperatures, hence, leading to the

observed particle weight loss.
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Figure 4.6 TGA resultsfor fluid coke and sawdust (FCS 1-1) blended char pyrolyzed at 700, 1100,

1250, and 1400°C

The trend observed for the Genesse coal-sawdust blend was also observed
in the 1:1 fluid coke/sawdust blend, as shown in Figure 4.6 above. Again, the char
produced at 700°C had the most weight loss, indicating its high reactivity, while
the char produced at 1400°C had the lowest weight loss, thus being the least
reactive. The early weight loss for the 700°C char was again observed here and an
amost similar trend was observed for the char produced at 1100°C, although the
onset of the weight loss was at a much higher temperature. The same explanation
as the one given for the coal-sawdust blend above is valid in this case as well. A
simple comparison between these two figures shows that the coal-sawdust blend is

more reactive than the fluid coke-sawdust blend.
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Figure 4.7 Effect of the blending ratio and pyrolysis temperature on reactivity of Genesee cod

and sawdust blended char (the units of k are min'™).

Figure 4.7 gives a comparison of the reactivity in terms of the reaction rate
constant k. X-axis is the Genesee coa weight proportion in the blended fuel. Four
solid lines give the actual rate constant calculated from TGA analyses for char
prepared at different pyrolysis temperature. Consistent to what has been reported
above, for agiven blend ratio, the reactivity of lower temperature produced char is
higher than the reactivity of those prepared at higher temperatures. Moreover,

assuming that there is no catalytic interaction by the sawdust on the coal char,
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reactivity of chars prepared from the mixture of Genesee Coal and Sawdust should
display a ssmply weighted average of the individual rates for the blending chars, in
another word, be additive on the rate constant k based on the weight proportion
(see dashed line in Figure 4.7). From Figure 4.7, there is no hesitation to say that
al solid lines (experimental lines) do not coincide with dashed lines. To be more
specific, the char prepared from the mixture shows consistently lowered
gasification reactivity compared to the averaged reactivity, which means by
blending sawdust with coal/pet-coke, there is an interaction between different fuel
particles and gives an overal negative effect on the blended char gasification

reactivity.

Figure 4.7 further presents the effect of the blending ratio on the reactivity
of the chars. Sawdust char is more reactive than coal char. So the blended char has
higher reactivity compared with pure coal char. There are at least two possible
interaction factors happened during pyrolysis process, and one plays a positive
role on reactivity and the other plays an opposite role. Firstly, as stated in Chapter
I1, there might exist the synergetic effect during co-pyrolysis process due to the
Alkali salt in sawdust working as a catalyst on coal/pet-coke char, which will have

apositive effect on gasification rate constant k of the blended char.
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However, on the other hand, decreased surface area (active sites) of
blended char will decrease gasification reactivity of char. Agglomeration
phenomenon among char particles is expected to decrease the surface area and
active sites. This phenomenon can be seen directly in the SEM images, as shown
in Figure 4.10 and Figure 4.11 in the next section. Furthermore, volatile molecule
in the gas phase, which released from feedstock particle at earlier stage in DTF
may condense on the surface area of char particles when it passes through water-
cooled collector probe, forming a surface layer modifying the char particle surface
by blocking small pores on the surface of coal char to reduce the surface area as
well as availability of active sites on char particles. This surface modification
hypothesis is consistent with the one in BET analyses section to explain surface
area change with blending ratio. At 700°C pyrolysis temperature, surface area of
sawdust char, GC char and GCS 1-1 char are 33.0, 44.2 and 12.8 mg,
respectively. Blended char has the smallest surface area compared with pure chars
under same pyrolysis condition. The decrease on surface area might due to the

condensed volatile matter blocking pores on coal char particles.

There are some other interesting findings based on Figure 4.7. Considering
the much higher volatile matter contents in sawdust, it is easy to conclude that the
majority of the blending char would be composed by coal/fluid coke char.
Consequently, the reactivity of the chars from co-pyrolysis at the lower blending

ratio (around 33.3 wt %) should be close to that of coal char alone. And the
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reactivity of the chars from co-pyrolysis under the higher blending ratio conditions
(around 66.7 wt %) should be averagely higher than that of coa char alone.
However, it is quite interesting that, in my study, only for low pyrolysis
temperature, to be specific, reactivity of chars produced at 700 °C are in line with
the above. And those chars prepared at 1100, 1250, 1400 °C, except for coal or
fluid coke blending with sawdust at half and half, seem like the sawdust blending

ratio has little influence on the reactivity of the blending chars.

From the Figure 4.7 it can be seen that, for the case of the char pyrolyzed at
700°C, the reactivity of the chars is higher when the biomass (sawdust) proportion
increases. As the proportion of sawdust decreases (increasing coal proportion), the
reactivity is also seen to decrease. Apart from the char prepared at 700°C, it is
difficult to conclude the same for the chars prepared at the remaining three
temperatures, i.e., 1100, 1250, and 1400°C, where the variation of the rate constant
k does not give any particular pattern. It is tempting to conclud that by increasing
the proportion of raw sawdust in the feeding materials, reactivity of blended char
will be increase when the materials are pyrolyzed at a lower temperature but the
same conclusion does not hold when chars are prepared above 1100°C. The
increased reactivity at a higher biomass blending ratio could be due to the
interaction between two fuels. These findings are in agreement with the work of
Zhang et al. ©®, who pyrolyzed biomass and coal at temperatures between 500 and

700°C but found that the synergetic effect was more pronounced on the char
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produced at 600°C than the one produced at 700°C. Another work with similar
findingsis that of Zhuaet a. !, who produced char at 850°C, with lower reactivity

than the one produced at 750°C.

One possible explanation for this is the melting of the potassium silicate
normally found in biomass and is a big contributor to the enhancement of the
reactivity in co-gasification processes, as reported by Frydaet a. [7and Velez et al.
8 Fryda et al. !, when investigating the fluidized bed gasification of biomass,
pointed out that the high potassium content of some biomass causes the formation
of melt responsible for total defluidization. The main defluidization mechanism is
the total melting of the silicate ash forming a highly viscous liquid. Melts consist
mainly of alkali silicates and, to alesser extent, other oxides or alkali salts. In this
case, bed particle grains were either adhered to the sticky melt or joined together
by a molten layer on their surfaces. This is characteristic for silica systems and is
described as viscous flow sintering. According to the sintering and coating
mechanisms described, collisions with the reacting fuel particles may dominate the
transfer of K-rich compounds to the bed particle surfaces. No obvious chemical
interaction between the bed material and the fuel ash in the gasifier was observed

with the SEM/energy-dispersive spectrometry (EDS) analyses.

A similar mechanism can be used to explain results from DTF, in which the

interaction between the two fuel particles occurs during pyrolysis. Once the
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melting of the silicates occur (MP for potassium silicate is 740°C), the transfer of
K-rich compounds from biomass to coal or fluid coke is hindered, hence leading to
less reactive chars. This can explain why the effect of the blending ratio on

reactivity (k) is not so significant when the chars produced at higher temperatures

(>700°C) are gasified with CO:in the TGA.

The effect of the blending ratio on char reactivity for the fluid coke-sawdust
blend, as shown in Figure 4.8, was almost the same as the one depicted in Figure

4.7, and the same reasons can explain the results.
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Figure 4.8 Effect of the blending ratio and pyrolysis temperature on reactivity of fluid coke and

sawdust blended char (the units of k are min™).
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Furthermore, as expected, biomass char particles showed the highest
reactivity, followed by Genesee coal, and fluid coke char particles had the least
reactivity. For instance, the rate constant k for char produced at 1400°C in DTF for
sawdust, Genesee coal and fluid coke, and then gasified in carbon dioxide
amosphere isothermally at 800° C in TGA, are 0.0135, 0.0097, 0.0023 s*,

respectively.

As stated in the proximate analysis, volatile matter (VM) percentage as
received in feedstock is 23.44%, 6.60%, 84.7% for GC, FC and S respectively. So,
for biomass, volatiles represent a significant portion of the carbonaceous fuel. It is
obvious that sawdust should contribute much less proportion in blended char
produced from DTF than its proportion in the raw blended feedstock. If it is
assumed that devolatilization in DTF is complete and all volatile matter based on
proximate analysis result is released. Then the proportion of GCS or FCS blended
char that came from GC or FC can be calculated. For instance, VM in GC and Sis
23.44% and 84.7% and moisture in GC and S is5.79% and 3.02%. So for GCS 2-
1 char, the proportion of GC char should be equal to:

Assumed GC char %=100%* (2/3)* (1-23.44%-5.79%)/ ((2/3)* (1-23.44%-5.79%)
+ (1/3)* (1-84.17%-3.02%))
Using same method, GC or FC char percentage in the blended char under

this assumption can be calculated, shown as table 4.2.
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Table 4.2 Assumed GC or FC proportion in blended char

Fuel VM% GC&FC% in raw assumed GC char % assumed FC char %

GC 23.44% 100.00 100.00 100.00

FC 6.60% 66.67 91.70 93.51

S 84.17% 50.00 84.67 87.80
33.33 73.42 78.25
0.00 0.00 0.00

In this case, by replacing X axisin Figure 4.7 and Figure 4.8 with
corresponding assumed GC or FC char %, these two figures will become Figure

4.9 and Figure 4.10 as below.

Compared Figure 4.9, 4.10 with Figure 4.7, 4.8, it is not hard to find that

most of the point has been squeezed down to the right bottom corner by a different

expression of feedstock proportion.

96



——T=700 —=-T=1100 ——T=1250 —=—T=1400

0.0600

0.0300
0.0400
0.0300

0.0200

rate constant K (min 1)

0.0100

0.0000 . .
0.00 20.00 40.00 60.00 80.00 100.00

Assumed GC char proportion (%0)

Figure 4.9 Effect of the assumed blending ratio and pyrolysis temperature on reactivity of coa

and sawdust blended char (the units of k are min'™).
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Figure 4.10 Effect of the assumed blending ratio and pyrolysis temperature on reactivity of coke

and sawdust blended char (the units of k are min'™).
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But it should be noticed that, residence time in DTF is less than 2.5 second
and heating rate is around 10-15k K/s . And devolatilization or pyrolysis
depends on a large amount of factors, the more important factors are: composition
and structure of the original carbonaceous; heating rate imposed upon the
carbonaceous particles; temperature, pressure, and composition of the atmosphere
involving the particles. Proximate analysis was conducted in Muffle Furnace
which has a constant temperature during reaction. VM content using to convert
GC proportion to Assumed GC char proportion is based on proximate analysis.
However, VM percentage will be changed on different heating rate. So the
assumed GC or FC Char proportion is not a accurate number. It can only be used

to get arough idea on source of blended char.

IV — C: Morphological Analysis of Pyrolysis Char

The surface morphology of the char samples was examined using SEM.
Figure 4.11 shows SEM images for biomass-coal blends pyrolyzed at the four
temperatures mentioned before (i.e., 750, 1100, 1250, and 1400°C). The first
image a, which is a co-pyrolyzed char produced at 700°C shows needle-like
particles. The needle-like particles are mostly biomass particles that are composed
of lodgepole and jack pines, both belonging to the softwood group. The next
image b, which is for char produced at 1100°C, still exhibits needle-shaped

particles, but they are much shorter as compared to those in image a. As the co-
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pyrolysis temperature is increased to 1400°C, particles are seen to have become
more porous and spherical. This is in agreement with the findings by Cetin et al.

[ \who had reported that softwoods show a shape transition from needle-like to

spherical with increasing temperature.

Figure 4.11 SEMs of chars at 100x magnification, showing effect of pyrolysis temperature on
morphology of Genesee coal and sawdust at 1:1 blending ratio. Pyrolysis temperatures are (a)

700°C, (b) 1100°C, (c) 1250°C, and (d) 1400°C.

Further investigation revealed that, as the pyrolysis temperature was

increased beyond 1250°C, agglomeration seemed to start occurring. Close
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observation showed coal particles either covered by the sawdust pieces or attached
to the sawdust and becoming a part of the sawdust surface. The reason for the
agglomeration could be the same as the one given in the preceding section, where
the melting of silicates was pointed out to be the cause of this. The molten layer on
the surface enables coal particles to attach themselves to sawdust particles, leading

to the observed agglomeration.

The seemingly higher porosity of the particles at higher temperature (as
compared to lower temperature) could be due to the enhanced release of volatile
matter during the pyrolysis process and also coalescence of smaller pores to form
bigger pores, not only as shown in the figure above, which is more obvious in Fig
4.12. When reaction happened at higher temperature, sawdust particles was with
bigger openings compared with char prepared at lower temperature, which should
be the gas release path during pyrolysis reaction. And the smaller holes are
connected with each other to form a chamber-the biggest holes for gas to escape.
Those hollow woody char particles become more and more evident as char
reaction temperature climbing. FC-S blends is accordant in this point with GC-S,

that is the higher the temperature is, the bigger the holes are in sawdust particles.
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Figure 4.12 SEMs of chars at 300x magnification, showing effect of pyrolysistemperature on

porosity of char particles. Pyrolysistemperatures are (a) 700°C, (b) 1100°C, (c) 1250°C, and (d)

1400°C.

Figure 4.13 shows an example of agglomerated particles, where coal
particles are seen to have attached themselves onto biomass particles. Similar
shape changes were observed for the fluid coke-biomass blend. The morphological
analysis of fluid coke reveaed a significant growth of poresin coke chars at high
temperatures when compared to the chars at low temperatures, as depicted in
Figure 4.14. The char prepared at 1400°C appears to be more spongy than the one

prepared at 700°C. Generally, results from the morphological study of pyrolysis
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chars complement the findings from TGA on why the effect of fuel blending is

less pronounced when the pyrolysis temperature is increased.

Figure 4.13 Agglomeration between coal and biomass particles at higher temperature. Image (@)

is char produced at 1250°C, and image b is char produced at 1400 °C. Magnification was 300x.

Figure 4.14 Pores development in fluid coke chars at (a) 700°C and (b) 1400°C.

IV —D: Particle size distribution.

To investigate further theeffect of the co-pyrolysis temperature on particle

sizes, the particle size distribution of the collected char from DTF was analyzed
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using a laser diffraction Mastersizer 2000 instrument. For this particular analysis,

1:1 blends of both coa and fluid coke were used.

Figure 4.15 shows the variation of the particle size with the char pyrolysis
temperature. In this particular case, the particle size variation is explained using d
(0.1), which means 10% of the particles were smaller than this size, and d(0.9), at

which 90% of the particles were smaller.

For the coal biomass blend, the effect of pyrolysisis shown in the top panel
of Figure 4.15, starting with a blend that was not pyrolyzed at all, shown at 25°C.
It can clearly be seen that d (0.9) particle sizes initially decrease with an increase
in the pyrolysis temperature up to 1250°C. Thereafter, an increase in the particle
size is observed when the temperature increases to 1400°C. For the case of d (0.1),
it looks like there are a lot of fine particles at 25°C. As the temperature increases,
the proportion of fines decrease asthe d (0.1) is seen to increase. A similar trend is
observed for the fluid coke-biomass blend, as shown in the bottom panel of Figure
4.15. Theinitial decrease in the d (0.9) particle size can be caused by shrinking of
the particles because of devolatilization, as explained previously. The higher the
temperature, the more volatiles will be released and the more structural
deformation of the now void particles will occur, thus leading to smaller particle
sizes. As the pyrolysis temperature is increased further, agglomeration, as

described above, starts to take place and leads to a number of particles sticking
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together forming larger particles, as exhibited in Figure 4.13. The shrinking and
agglomeration phenomena are consistent with SEM results discussed in the
previous section and support further reactivity results presented in the section of
char reactivity. On the other hand, the increase in the d (0.1) particle size signifies
the decrease of the proportion of fines in the blend. While it may be difficult to
explain this completely, one of the possibilitiesisthe early onset of agglomeration.
Additionally, some fines could likely be lost during pyrolysis, hence, raising the d

(0.2).
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A closer look on Figure 4.15 shows particle sizes of over 450 um, while in
experiment, the particle sizes used for coal and fluid coke were 53-75 um and, for
biomass, the particles were 250-300 um. The reason for this is that particle size
fractions used were initially determined by sieve analysis, and that was when the
size cuts of 53-75 pum and 250-300 um were established. In sieve analysis,
however, pin shaped particles could vertically go through a sieve. Later, the blend
particle sizes were measured by the Mastersizer, in which case the longest
dimension of the pin-shaped particles is measured and recorded. The difference

between the two measuring techniques could be the reason for the discrepancy.

The Mastersizer measurements however are purely for comparison purpose,

therefore posing no threat to the final results.
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CHAPTER YV

CONCLUSION

Co-pyrolysis of sawdust with Genesee coal/ Fluid coke was performed in a
Drop Tube Furnace working at atmospheric pressure and Nitrogen environment
and the effects of blending ratio as well as temperature on synergy were
investigated. Char was gasified with carbon dioxide in a TGA apparatus to record
the char mass change over an isothermal temperature course. The surface
morphology was characterized by SEM and the particle size of char samples was
measured by a Mastersizer. BET surface area determination of the DTF char

samples was carried out.

From TGA studies, sawdust char has the highest gasification rate with
Carbon Dioxide, while pet-coke char has the lowest. Reactivity decreases with
increased pyrolysis temperature for both pure char and blended char. It is
speculated that char obtained from co-pyrolysis of sawdust with coal/pet-coke
would increase gasification reactivity of char particles due to catalytic effect of
akali species, which transfer from sawdust to coal/pet-coke char particles and
work as a gasification catalyst on coal/pet-coke char. The interactions between
biomass particles with coal/pet-coal particles are more complicated than we

thought. Alkali salts improve the reactivity while particle surface area decrease
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due to agglomeration and condensation decrease the observed reactivity. But
overall, based on the TGA result, reactivity of blended char shows lower reaction
rate than that of blends with no synergitic effect. It can be concluded that the effect
of the biomass to other fuels blending ratio on the reactivity of the co-pyrolyzed
chars is more pronounced on chars prepared at low temperatures and the effect

becomes less significant for the chars prepared at higher pyrolysis temperature.

The morphological study using SEM showed a particle size decrease and
shape change from needle to spherical shape as the pyrolysis temperature was
increased. Further investigation revealed that, as the pyrolysis temperature was
increased beyond 1250 °C, agglomeration seemed to start occurring. The reason
for the agglomeration could be due to the melting of silicates from the biomass.
The molten layer on the surface enables coal particles to attach themselves to
sawdust particles, leading to the observed agglomeration. The shrinking and
agglomeration phenomena were aso verified by the particle size distribution

anaysis.

From the surface area analysis, it can be pointed out that, even though the
surface area of both pure and blended char increases with an increasing pyrolytic
temperature, the increase surface area in blended chars is much more pronounced

when compared to that of the corresponding pure chars. This might be due to the
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strong physical or chemical agglomeration that occurs at high pyrolytic

temperatures between biomass and other fuel.
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APPENDIX A

PUBLISHED PAPER AND CONFERENCE PRESENTATION

Research results have been presented at CSCHE-Ottawa-2008
conference and will be a part of the presentation given by group member at
the upcoming CSCHE-Saskatoon-2010 [submitted]. A paper has been
published on Energy & Fuel, entitled “ Co-gasification of Biomass with Coal
and Oil Sand Coke in a Drop Tube Furnace”. Refer to next pages to view

this paper.
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The present paperis aimed at investigating the co-gasification of biomass with coal and o1l sand fluid coke.
Chars were obtained from individual fuels and blends with different blend ratios of coal, o1l sand coke, and
hiomass in a drop tube furnace at different temperatures. The chars were then gasified in a thermogravi-
metric analyzer (TGA) under CO; atmosphere to determune their reactivity. Results showed that the effect
of the blending ratio of biomass to other fuels on the reactivity of the co-pyrolyzed chars is more
pronounced on chars prepared at low temperatures and the effect becomes less significant as the pyrolysis
temperature increases. The increased reactivity at a higher biomass blending ratio 1s due to the presence of
synergetic effects onginating from the interaction of the two fuels. Scanning electron microscopy images
showed differences in shapes and particle size distribution of char particles from biomass and coal/coke.
These also showed the agglomeration of coal and coke chars with biomass char particles at high
temperatures. The agglomeration may be the reason for the non-additive behavior of the blends. The
chars were also analyzed for the particle size distribution using a laser diffraction Mastersizer instrument
and surface area with the Brunaver—Emmett—Teller (BET) technique. BET analysis showed an increase in
the surface area with an increasing temperature from 700 to 1400 °C for biomass and coal, but the trend for

coke was inversely related to the temperature.

1. Introduction

In recent years, global warming and its immense effects on
our ecosystems because of the emission of greenhouse gases,
of particular importance, carbon dioxide, have been the center
of attention worldwide. Coal-fired power plants have been
held responsible as the main anthropogenic source of carbon
emission to the environment. In response to this issue, re-
cently, the acceptance of an integrated gasification combined
cycle (IGCC) has increased internationally, which is a more
efficient and cleaner way of electricity production. The heart
of the IGCC technology is the gasification process, which 1ts
cost and reliability are largely influenced by feed quality and
operating conditions. Gasification products generally burn
hotter and cleaner than conventional coal and, thus, can spin a
more efficient gas turbine rather than a steam turbine. Gasi-
fication also helps to achieve zero carbon dioxide emissions to
the environment, even though the energy comes from the
conversion of carbon to carbon dioxide. This i1s because
gasification produces a much higher concentration of carbon
dioxide than direct combustion of coal in air, and this helps to
make carbon capture and storage more economical than it
would be otherwise.! Another major factor that leads to the
interest in gasification 1s the volatility and lugh prices of oil
and natural gas. However, adoption of this new technology 1s
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largely related to the full appreciation of the gasification
behavior of different fuels and their blends.

Gasification of solid fuel can be divided into two stages:
pyrolysis or devolatilization and subsequent gasification of
the remaining char, with the second stage being the controlling
step of the overall process. Knowledge about the reactivity of
chars and their structure variation as reaction progresses is
fundamental for the design of gasification reactors because
char gasification determines the final conversion achieved in
the process.?

The steady increase of synthetic erude production from oil
sand in western Canada has resulted in massive production
and accumulation of o1l sand coke ( > 6000 tons/day). Qil sand
coke is a byproduct derived from oil sand refinery cracking
processes, and two types of coke exist depending upon the
production process: fluid and delayed coke. The cokes have
high carbon content (above 80%) with nongraphitic struc-
ture. Oil sand coke is a free (zero-cost} solid waste, and
because of its low reactivity, use of thus fuel in its pure form
15 not well-developed.

Biomass, on the other hand, is one of the environmentally
friendly fuels. However, biomass alone cannot be used as a
fuel because its heating value is relatively low. Therefore, co-
gasification of biomass and coal or coke can be considered asa
potential fuel base for gasification, further synthesis gas
(syngas: CO + H,) production, and methanol/dimethy] ether
(DME} synthesis.

Previous investigations on the co-gasification of biomass/
coal blends have mostly concentrated on the mechamsm of

(2) Everson, R. C.; Neomagus, H. W. J. P.; Kasaim, H.; Njapha, D.
Reaction kinetics of pulverized coal-chars derived from inertinite-rich
coal discards: Gasification with carbon dioxide and steam. Fuel 2006, 85,
1076-1082.
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production of gas- and liquid-phase species.” ” Additionally,
there are also few studies that have focused on the interaction
effect (also known as the catalytic or synergetic effect) between
coal, biomass, and other fuels, such as petroleum coke and
plastics.® ' Kumabe et al.® studied co-pyrolysis of biomass
and coal in a free-fall reactor under atmospheric pressure with
nitrogen as the balance gas and reported that, with an increase
in the bhiomass ratio, the H, composition decreased and the
CO, compositions increased. Zhang et al.® carried out a study
on the co-gasification of woody biomass and coal in an
oxygen-contaiming atmosphere in a pressunzed fluidized-
bed reactor and found that the char and liquid yields from
the blended samples were higher and lower, respectively, than
the theoretical values calculated on the pyrolysis of each
individual fuel. Similar findings were reported by Sjostrom
et al.,'” who studied the reactivity of char in co-gasification of
bhiomass and coal. Although not very certain, they reported
the occurrence of synergetic effects in the co-gasification of
birch wood with two different types of coal in experiments
performed 1n the pressurized fluidized-bed reactor. The re-
activities of the fuels in the mixtures and the formed chars were
seen to have increased, leading to promoted gas production.
In another investigation, Collot et al.'' co-pyrolyzed and
co-gasified coal and biomass in bench-scale fixed- and flui-
dized-bed reactors. They found that, in pyrolysis experiments,
neither intimate contact between fuel particles nor their
relative segregation led to synergistic effects. They however
reported that mineral matter residues from the wood appear
to have played a catalytic effect during combustion. Gener-
ally, they concluded that there was no evidence of synergy that
was found with the fluidized-bed reactor, thereby demonstrat-
ing the lack of contact between coal and biomass particles in
the system. Another recent work is that by Fermoso et al.,'?
who co-gasified coal, biomass, and petroleum coke at high
pressure. From this work, a synergistic effect was observed for
blends of coal with petcoke and an increase in the production
of H; and CO was obtained. Furthermore, the addition of a

(3) Demirbas, A. Mechanisms of liquefaction and pyrolysis reactions
of biomass. Erergy Convers. Manage. 2000, 41, 633-646.
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1. I1; Garcia-Pena, F.; Casero, P. High-pressure co-gasification of coal
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{13) Zhua, W.; Song, W.; Lin, W. Catalytic gasification of char from
co-pyrolysis of coal and biomass. Fuel Process. Technol. 2008, §9, 890—
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small amount of biomass (up to 10%) led to anincrease in Hy
and CO production. Finally, blending biomass with coal—
petcoke blends did not produce any significant change in H;
production, although slight vanations were observed in the
production of CO and COs.

Alkalimetal salts, especially potassium salts, are considered
to be effective catalysts for carbon gasification by steam and
CO, while too expensive for industry application. Zhu et al.™
used a herbaceous type of hiomass, which has a high content
of potassium to act as a source of catalyst by co-processing
with coal. The co-pyrolysis chars revealed higher gasification
reactivity than that of char from coal, especially at high levels
of carbon conversion. On the influence of the alkaliin the char
and the pyrolysis temperature on the reactivity of co-pyrolysis
char, expenmental rtesults showed that the co-
pyrolysis char prepared at 750 °C had the highest alkali
concentration and reactivity as compared to the char prepared
at 830 °C.

Vuthaluru' on his study of thermal behavior of coal/
biomass blends during co-pyrolysis reported to have found
no interactions between coal and biomass during co-pyrolysis,
and apart from the pyrolysis of coal alone, the 50:50 coal/
biomass blend had the highest reaction rate, ranging from 1 x
10” to 2 x 10 min~'. There are also some investigations by
Cai et al.'® who investigated the thermal behavior of coal
blends with plastics during co-pyrolysis and found that the
difference of weight loss between experimental and theoretical
data was 2.0—2.7% at 550—6350 °C, which was the over-
lapping degradation temperature interval between coal and
plastic, assuming that to be the favorable temperature for
hydrogen transfer from plastic to coal. Palmer et al.,'® while
working on the co-conversion of coalfwaste plastic mixtures
under various pyrolysis and lhiquefaction conditions, had
almost the same findings as those by Cai et al.'?

Most of these studies reviewed above are based on pure coal
or coal blends with other fuels. However, not much research
has been conducted on the co-pyrolysis of the coke blend with
biomass. The purpose of this study is to nvestigate any
synergies resulting from wvastly different characters of fuels:
coke high in sulfur, biomass high in potassium, and coal high
in sihica. The differences in the amount and type of volatile
matter in different fuels do have impact on the char character
and gasification kinetics.

The underlying objective of the present work is to investi-
gate char particles prepared from the co-pyrolysis of bio-
mass—coal and biomass—fluid coke blends for their kinetic
properties and morphology at different temperatures to pro-
vide some fundamental understanding of the interaction of
the different fuels and elucidate any advantages that may arise
from the binary and/or ternary co-gasification of coal/bio-
mass/coke. For the sake of clarity, the o1l sand coke used in
this study i1s fhuid coke, a term that will be used in the text
as well.

In this respect, reactivity of produced chars 1s assessed using
thermogravimetric analysis (T'GA) and CO; as the oxidizing
agent. Themorphological properties of the char particles were
studied using scanning electron microscopy (SEM). Particle
size distnibution was determined using a laser diffraction

(15) Ca, J.; Zhou, L.; Huang, Q. Thermogravimetric analysis and
kinetics of coal/plastic blends during co-pyrolysis in mtrogen atmo-
sphere. Fuel Process. Technol 2008, 8%, 21-27.

(16) Palmer, S. R.; Hippo, E. L.; Tandan, D. Co-conversion of coal/
waste plastic mixtures under various pyrolysis and liquefaction condi-
tions. Prepr. Symp.—Am. Chem. Soc., Div. Fuel Chem. 1995, 40, 29-33.
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Table 1. Proximate and Ultimate Analyses of Fuels
proximate analysis (%) (wiw, as received) ultimate analysis (%) (wiw, daf)
sample fixed carbon volatile matter ash moisture [ & H N O 8
Genesee coal 40.15 2344 30.62 5.79 76.09 4.51 1.09 17.89 0.42
fluid coke 85.81 6.60 6.22 1.37 86.72 1.76 2.09 2.73 6.7
sawdust 12.38 §4.17 0.43 3.02 49,15 6.54 0.27 43.53 0.51
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Figure 1. Schematic diagram of the DTE.

technique. Also, the pore structure was studied by Bru-
nauer—Emmett—Teller (BET) analysis.

2. Experimental Section

The experimental procedure involved char samples prepara-
tion using a drop tube furnace (DTF) under rapid heating
conditions and then further analyzing them by TGA, BET, laser
difftaction Mastersizer and SEM.

2.1. Raw Materials. Three different raw materials, Genesee
coal, fluid coke (syncrude coke), and woody biomass from a
carpentry shop, were used in this study. The fuels were crushed
and ground using a ball mill and a pulverizer, sieved, and classified
to obtain a particlesize cut of 53—75 gem for both Geneseecoal and
fluid coke, while a particle size range of 230— 300 gm was selected
for woody biomass. These particle sizes were chosen because they
are the ones normally used for these fuels in practical situations.
The samples were oven-dried at 105 °C for Zhours to eliminate the
effect of moisture, which could lead to the agglomeration of
particles, and also to maintain smooth flow rates. The samples
were then fed to the DTF. Table 1 presents the ultimate and
proximate analyses of the fuels used in this study.

2.2, Equipment. The experimental setup is shown schemati-
cally in Figure 1. The furnace contains an electrically heated
vertical core of Mullite tube (inner diameter of 60 mm) of 140 cm
long, with an effective heated zone of 120 ¢m. DTFs have been
widely used because of their similarity to the pulverized reactor
in practical plants.

Three proportional —integral —derivative (PID) temperature
controllers adjust the temperature of the reactor at constant
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Figwre 2. Schematic diagram of the collector probe.

temperature in three different zones. A thermocouple is used to
calibrate the gas temperature inside the tube. The maximum
attainable gas temperature in this furnace is 1650 °C. A screw
feeder attached toa hopper with vibrating walls, which prevents
bridging of fine particles, is used to feed particles into the feeder
probe. The nominal capacity of the feeder ranges from 8 to 60 g/
h for coal. A water-cooled feeding probe is used to prevent
ignition of particles inside the feeder, whichis crucial in estimat-
ing the true particle residence time. The feeder probeis shielded
from theheat using high-temperature insulation material. When
the depth that the feeding probe is inserted into the furnace is
adjusted, the residence time can be changed. Combustion
products are collected through a water-cooled collection probe,
shown in Figure 2. To prevent condensation of combustion or
gasification products on the inner shell of the collector probe,
the probe is equipped with a sintered stainless-steel inner shell
through which gas (nitrogen) is passed. There are two gas inlets
on the collector probe: the quench gas inlet, which quenches the
combustion products in the top section of the collector and
prevents thereactions from progressing further, and the wall gas
inlet, which prevents condensation and deposition of particlesin
the lower section of the probe. The cooled gas and products are
then sent to the cyclone.

2.3. Char Preparation. Sawdust was blended with coal or coke
at different ratios by weight, as shown in Table 2. The blending
was performed before feeding into the reactor. The pyrolysis
of the samples was conducted at four different temperatures:
700, 1100, 1250, and 1400 °C. The DTF was purged for 30 min
with nitrogen at a flow rate of 10 L/min to make sure no
oxidation occurred in the furnace.
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Table 2. Blending Fuels Ratio and Their Abbreviation

component by weight percent

samples Genesee coal sawdust fluid coke
GC 100 0 0
FC 0 0 100
S 0 100 0
GCS 21 a7 33 0
GCs 1-1 50 50 0
GCS1-2 33 67 0
FCS2—1 0 33 67
FCS1-1 0 50 50
FCS1-2 0 67 33

For every experimental run, the furnace was heated to the set
point temperature before the particles were fed into it and the
char particles were collected in the cyclone. The N, flow rate,
feeding rate, and residence time were fixed for all of the experi-
menfs.

2.4. Measurement of Char Gasification Reactivity. The gasi-
fication reactivity of the co-pyrolyzed char was measured at
isothermal conditions using TGA. TGA is one of the most
common techniques used to investigate thermal events and
reaction kinetics. TGA has also been widely used to study the
reactivity of different char particles nsing an oxidizing agent,
such as carbon dioxide.

Before the tests, the samples were dried at 105 °C to remaove
moisture. In TGA experiments, a flow of nitrogen was used as
the sweeping gas during the period of heating to the desired
temperature (in this case, 800 *C) with a heating rate of 10 *C/
min. The mass of the sample was approximately 12 mg. When
the set temperature is reached, the isothermal gasification reac-
tion of the co-pyrolyzed char sample was initiated by switching
on a flow of carbon dioxide. The experiment was stopped when
no more mass loss was detected and the rate constant was
determined from the weight loss curves.

3. Results and Discussion

3.1. Char Reactivity. As mentioned above, the objective
of this work is to see if co-pyrolysis and/or co-gasification
of different fuels have any effect on the reaction kinetics
of the fuels 1n question. In this work, reactivity of diffe-
rent co-pyrolyzed samples was compared on the basis of
their reaction rate constants, k. The reaction rate constant
quantifies the speed of a chemical reaction, and thus, it
is a good indicator when it comes to the comparison of
reactivities.

Figure 3 shows the weight loss curves for the pyrolized
Genesse coal and sawdust 1:1 blend chars produced at all
four temperatures, namely, 700, 1100, 1250, and 1400 °C.
The curves distinctively show the difference between these
chars, with the char produced at 700 °C being the most
reactive, while that produced at 1400 °C being the least
reactive. This can be explained by the fact that the higher
co-pyrolysis temperature leads to more volatiles being driven
out of the particles, hence, rendering the remaimng char less
reactive. For the char produced at 700 °C, it can be seen that
the weight loss starts much earlier at a temperature of about
450 °C and this is before the CO, reaction even starts,
something which is not supposed to happen. This could be
due to the fact that 700 °C is the lowest temperature used in
char preparation and, because the height of the drop tube is
fixed, the residence in the furnace may not have been long
enough to dnve all of the volatiles out of the particle. Upon
reheating during gasification with CO,, the remaining vola-
tiles will start to be released at the shown lower temperatures,
hence, leading to the observed particle weight loss.
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The trend observed for the Genesse coal—sawdust blend
was also observed in the 1:1 flud coke/sawdust blend, as
shown in Figure 4. Again, the char produced at 700 °C
had the most weight loss, indicating its high reactivity,
while the char produced at 1400 °C had the lowest weight
loss, thus being the least reactive. The early weight loss for
the 700 °C char was again observed here, and an almost
similar trend was observed for the char produced at 1100 °C,
although the onset of the weight loss was at a much higher
ternperature. The same explanation as the one given for the
coal—sawdust blend above 1s valid in this case as well. A
simple comparison between these two figures shows that
the coal—sawdust blend is more reactive than the flud
coke—sawdust blend.

A companson of the reactivities in terms of the reaction
rate constant & is given in Figure 5. Consistent to what has
been reported above, for a given blend ratio, the reactivity of
lower temperature prepared charis higher than the reactivity
of those prepared at higher temperatures. Figure 5 further
presents the effect of the blending ratio on the reactivity of
the chars, and this is where the presence or absence of the
synergetic effect can be established. From the figure, it can be
seen that, for the case of the char pyrolyzed at 700 °C, the
reactivity of the chars is higher when the biomass (sawdust}
proportion is high. As the proportion of sawdust decreases
(increasing coal proportion), the reactivity is also seen to
decrease. Apart from the char prepared at 700 °C, 1t is
difficult to conclude the same for the chars prepared at the
remaiming three temperatures, i.e., 1100, 1250, and 1400 °C,
where the variation of the rate constant k& does not give any
particular pattern. It can therefore be concluded that the
effect of the blending ratio on the reactivity of the co-
pyrolyzed chars 1s more pronounced on the chars prepared
atlow temperatures and the effect becomes less significant as
the pyrolysis temperature increases. The increased reactivity
at a lngher biomass blending ratio 18 due to the presence of
synergetic effects originating from the interaction of the two
fuels. These findings are in agreement with the work of
Zhang et al.,” who pyrolyzed biomass and coal at tempera-
tures between 500 and 700 °C but found that the synergetic
effect was more pronounced on the char produced at 600 *C
than the one produced at 700 °C. Another work with similar
findings 1s that of Zhu et al,'”® whose char, which was
produced at 850 °C, had a lower reactivity than the one
produced at 750 “C. One possible explanation for this is the
melting of the potassium silicate normally found in biomass
and 1s a big contributor to the enhancement of the reactivity
in co-gasification processes, as reported by Fryda et al.'” and
Velez et al.'® Fryda et al.,'” when investigating the fluidized-
bed gasification of biomass, pointed out that the lgh
potassium content of some biomass causes the formation
of melt responsible for total defluidization. The main de-
fhudization mechanism is the total melting of the silicate ash
forming a highly viscous hiquid. Melts consist mainly of
alkali silicates and, to a lesser extent, other oxides or alkah
salts. In this case, bed particle grains were either adhered to
the sticky melt or joined together by a molten layer on their
surfaces. This is characteristic for silica systems and 1s

(17) Fryda, L. E.; Panopoulos, K. D.; Kakaras, E. Agglomeration in
fluidised bed gasification of biemass. Powder Technol. 2008, 181, 307
320.

(18) Vélez,J. F.; Chejne, F.; Valdés, C. F.; Emery, E. J.; Londono, C.
A Co-gasification of Colombian coal and biomass in fluidized bed: An
experimental study. Fuel 2009, 88, 424-430.
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Figure 3. TGA results for Genesee coal and sawdust (GCS 1—1) blended char pyrolyzed at 700, 1100, 1250, and 1400 °C.
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Figure 4. TGA results for fluid coke and sawdust (FCS 1—1) blended char pyrolyzed at 700, 1100, 1250, and 1400 °C.

described as viscous flow sintering. According to the sinter-
ing and coating mechanisms described, collisions with the
reacting fuel particles may dominate the transfer of K-rich
compounds to the bed particle surfaces. No obvious chemi-
cal interaction between the bed material and the fuel ash in
the gasifier was observed with the SEM/energy-dispersive
spectrometry (EDS) analyses. A similar mechanism can be
used to explain results from DTF, in which the interaction
between the two fuel particles occurs only during the pyr-
olysis. Once the melting of the silicates occur (MP for
potassium silicate is 740 °C), the transfer of K-rich com-
pounds from biomass to coal or fluid coke is hindered, hence
leading to less reactive chars. This can explain why the effect
of the blending ratio on reactivity (k) is not so significant
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when the chars produced at higher temperatures (> 700 °C)
are gasified with CO, in the TGA.

The effect of the blending ratio on char reactivity for the
fluid coke—sawdust blend was almost the same as the one
depicted in Figure 5, and the same reasons can explain the
results. Furthermore, as expected, biomass char particles
showed the highest reactivity, followed by Genesee coal, and
fluid coke char particles had the least reactivity.

3.2. Morphological Analysis of Pyrolysis Char. The surface
morphology of the char samples was examined using SEM.
Figure 6 shows SEM images for biomass—coal blends pyr-
olyzed at the four temperatures mentioned before (i.e., 750,
110, 1250, and 1400 °C). The first image a, which is a
co-pyrolyzed char produced at 700 °C shows needle-like
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Figure 5. Effect of the blending ratio and pyrolysis temperature on reactivity of Genesee coal and sawdust blended char (the units of k ares™").

Figure 6. Effect of the pyrolysis temperature on particle morphology of Genesee coal and sawdust 1:1 ratio blend. Pyrolysis temperatures are
(a) 700 °C, (b) 1100 °C, (c) 1250 °C, and (d) 1400 °C. SEM magnification was 100x.

particles. The needle-like particles are mostly biomass par-
ticles that are composed of lodgepole and jack pines, both
belonging to the softwood group. The next image b, which
is for char produced at 1100 °C, still exhibits needle-shaped
particles, but they are much shorter as compared to those
in image a. As the co-pyrolysis temperature is increased
to 1400 °C, particles are seen to have become more porous
and spherical. This is in agreement with the findings by Cetin
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et al.,' who had reported that softwoods show a shape
transition from needle-like to spherical with increasing tem-
perature. On the other hand, the seemingly higher porosity of
the particles at higher temperature (as compared to lower

(19) Cetin, E.; Moghtaderi, B.; Gupta, R.; Wall, T. F. Influence of
pyrolysis conditions on the structure and gasification reactivity of
biomass chars. Fye/ 2004, 83, 2139-2150.
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Figure 7. Agglomeration between coal and biomass particles at higher temperature. Image a is char produced at 1250 °C, and image b is char

praduced at 1400 °C. Magnification was 300x.

Figure 8. Pores development in fluid coke chars at {a) 700 °C and (b) 1400 °C.

temperature) could be due to the enhanced release of volatile
matter during the pyrolysis process and also coalescence of
smaller pores to form bigger pores.

Further investigation revealed that, as the pyrolysis tem-
perature was increased beyond 1250 °C, agglomeration
seemed to start occurring. Close observation showed coal
particles either covered by the sawdust pieces or attached to
the sawdust and becoming a part of the sawdust surface. The
reason for the agglomeration could be the same as the one
given in the preceding section, where the melting of silicates
was pointed out to be the cause of this. The molten layer on
the surface enables coal particles to attach themselves to
sawdust particles, leading to the observed agglomeration.
Figure 7 shows an example of agglomerated particles, where
coal particles are seen to have attached themselves onto
biomass particles. Similar shape changes were observed for
the fluid coke—biomass blend. The morphological analysis
of fluid coke revealed a significant growth of pores in coke
chars at high temperatures when compared to the chars at
low temperatures, as depicted in Figure 8. The char prepared
at 1400 °C appears to be more spongy than the one prepared
at 700 °C. Generally, results from the morphological study of
pyrolysis chars complement the findings from TGA on why
the effect of fuel blending is less pronounced when the
pyrolysis temperature is increased.

3.3. Particle Size Distribution. To investigate further the
effect of the co-pyrolysis temperature on particle sizes, the
particle size distribution of the collected char from DTF was
analyzed using a laser diffraction Mastersizer 2000 instru-
ment. For this particular analysis, 1:1 blends of both coal and
fluid coke were used.

Figure 9 shows the variation of the particle size with the
char pyrolysis temperature. In this particular case, the
particle size variation is explained using (0.1}, which means
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Figure 9. Temperature effect on the particle size distribution of char
from Genesee coal + sawdust blend (above) and fluid coke +
sawdust blend {below).
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Figure 10. Temperature effect on the surface area (SA) for three pure chars, namely, Genesee coal, flnid coke, and sawdnst chars.

10% of the particles were smaller than this size, and (0.9}, at
which 90% of the particles were smaller. For the coal—
biomass blend, the effect of pyrolysis is shown in the top panel
of Figure 9, starting with a blend that was not pyrolyzed at ali,
shown at 25 “C. It can clearly be seen that (0.9) particle sizes
initially decrease with an increase in the pyrolysis temperature
up to 1250 °C. Thereafter, an increase in the particle size is
observed when the temperature increases to 1400 °C. For the
case of 4(0.1), 1t lookslike there is alot of fine particles at 25 °C.
As the temperature increases, the proportion of fines decrease
as the (0.1} is seen to increase. A similar trend is observed for
the fluid coke—biomass blend, as shown in the bottom panel of
Figure 9. The initial decrease in the &(0.9) particle size can be
caused by shrinking of the particles because of devolitilization,
as explained previously. The higher the temperature, the more
volatiles will be released and the more structural deformation
of the now void particles will occur, thus leading to smaller
particle sizes. As the pyrolysis temperature isincreased further,
agglomeration, as described in section 3.2 above, starts to take
place and leads to a number of particles sticking together
forming larger particles, asexhibited in Figure 7. The shrinking
and agglomeration phenomena are consistent with SEM
results discussed in the previous section and support further
reactivity results presented in section 3.1. On the other hand,
the increase in the #(0.1) particle size signifies the decrease of
the proportion of fines in the blend. While it may be difficult to
explain this completely, one of the possibilities is the early
onset of agglomeration. Additionally, some fines could likely
be lost during pyrolysis, hence, raising the Z(0.1}.

A dloser look on Figure 2 shows particle sizes of over 450
i, while in experiments, the particle sizes used for coal and
fluid coke were 53—75 um and, for biomass, the particles
were 250—300 gm. The reason for this is that particle size
fractions used were initially determined by sieve analysis,
and that was when the size cuts of 53—75 ym and 250—
300 ym were established. In sieve analysis, however, pin-
shaped particles could vertically go through a sieve. Later, the
blend particle sizes were measured by the Mastersizer, in which
case the longest dimension of the pin-shaped particles is
measured and recorded. The difference between the two
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measuring techniques could be the reason for the discrepancy.
The Mastersizer measurements however are purely for com-
parison purposes, therefore posing no threat to the final results.

3.4. Effect of Blending on the Char Surface Area. More
information on the effect of blending was obtained from the
determination of the surface area using BET analysis on both
pure and blended (GCS 1—1 and FCS 11} chars, as shown
in Figure 10. The BET surface area and pore volume of char
were obtained from N, adsorption isotherms at 77 K using
an Omnisorp 360 analyzer. The specific surface arca was
calculated by the BET equation. Prior to the analysis, the
samples were degassed at 350 °C for 4 hours.

Results showed that the porosity of the chars increase with
an increase in the pyrolysis temperature because of the
removal of volatile matters. Given the fact that the residence
time in the DTF is fixed and the temperature of 700 *Cisnot
high enough to achieve complete devolitilization of fuel, the
BET surface arca of Genesee coal char slightly increased with
increasing the pyrolysis temperature from 44.2 m® ¢ ! (at
700 °C) to 48.2 m? ¢ " (at 1400 °C), while that of sawdust
char went up from 33.0m? ¢ ' (at 700 °C) to 813 m? ¢ * (at
1400 °C). However, results from fiuid coke char exhibited an
opposite trend, whereby the surface area decreased with the
temperature, as shown in Table 3. The reason for thisisnot
fully understood, but one possible explanation could be that
some micropores are blocked, probably because of the soft-
ening or melting of the char matrix. Also, the transformation
of micropores to macropores could result in the same trend.

Generally, pores in char particles are divided into three
classes: micropores, mesopores, and macropores. The
boundary between micro- and mesopores is 2 nm, while the
boundary of meso- and macropores is 50 nm by convention.
Results indicate that, the lower the pyrolytic temperature,
the larger the macropore contribution to the pore structure.
Moisture and other highly volatile molecules were vaporized
to generate the macropore during the initial stage of the
pyrolytic process. As the pyrolytic temperature increases, the
cell wall cracks to generate both meso- and micropore. The
pore volume and BET surface area of the three pure chars
prepared at 700 and 1400 °C are compared in Table 3.
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Table 3. Pore Structure and BET Surface Area of Genesee Coal/Fluid
Coke/Biomass Pure and Blended Chars at a Ratio of 1:1 (SA and ¥
Represent Surface Area and Volume, Respectively)

BET SA micropors mesopore

sample (m”/g) V(em’/g) V (cm’/g)
S, 700 33.0 0.00675 0.01112
5, 1400 813 0.01461 0.01973
GC, 700 442 0.00452 0.00537
GC, 1400 48.2 0.00519 0.00666
FC, 700 18.0 0.00575 0.00398
FC, 1400 10.8 0.00311 0.0056
GCS 1-1, 12.8 0 0.00581
700
GCS 1-1, 64, 0.02282 0.01746
1400
FCS 1-1, 6.6 0 0.00401
700
FCS 1-1, 12.5 0.00382 0.00838
1400

Another observation that can be pointed out from Table 3
is that, even though the surface area of both pure and
blended chars is increasing with an increasing pyrolytic
temperature (except for the pure fluid coke char), the in-
crease in blended chars1s much greater compared to that of
the corresponding pure chars. This might be due to the
strong physical or chemical agglomeration that occurs at
high pyrolytic temperatures between biomass and other fuel.
This finding is supported by the previous SEM analysis and
particle size distribution results.

4. Conclusion

The effect of the blending of woody biomass material with
flmd coke and coal on the co-pyrolysis process was investi-
gated in a DTF.
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From this work, 1t can be concluded that the effect of the
biomass to other fuels blending ratio on the reactivity of the
co-pyrolyzed chars is more pronounced on chars prepared at
low temperatures and the effect becomes less significant as the
pyrolysis temperature increases. The increased reactivity at a
higher biomass blending ratio 1s due to the presence of
synergetic effects originating from the interaction of the
two fuels.

The morphological study using SEM showed a particle size
decrease and shape change from needle to spherical shape as
the pyrolysis temperature was mcreased. Further investiga-
tion revealed that, as the pyrolysis temperature was increased
beyond 1250 °C, agglomeration seemed to start occurring.
The reason for the agglomeration could be due to the melting
of silicates from the biomass. The molten layer on the surface
enables coal particles to attach themselves to sawdust parti-
cles, leading to the observed agglomeration. The shrninking
and agglomeration phenomena were also venfied by the
particle size distribution analysis.

From the surface area analysis, it can be pointed out that,
even though the surface area of both pure and blended chars
increases with an increasing pyrolytic temperature, the in-
crease in blended chars 18 much more pronounced when
compared to that of the corresponding pure chars. This might
be due to the strong physical or chemical agglomeration that
occurs at high pyrolytic temperatures between biomass and
other fuel.
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