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ABSTRACT

A STUDY ON THE CATALYTIC PYROLYSIS AND COMBUSTION
CHARACTERISTICS OF TURKISH LIGNITE AND CO-PROCESSING
EFFECTS WITH BIOMASS UNDER VARIOUS AMBIENT
CONDITIONS

Abbasi Atibeh, Ehsan
M.Sc., Department of Mechanical Engineering

Supervisor: Asst. Prof. Dr. Ahmet Yozgathigil

July 2012, 223 pages

In this study the catalytic pyrolysis and combustion characteristics of Turkish coal
samples in O,/N, and O,/CO, (oxy-fuel conditions) ambient conditions were
explored and the evolution of emissions during these tests was investigated using
non-isothermal Thermo-gravimetric Analysis (TGA) technique combined with
Fourier Transform Infrared (FTIR) spectroscopy. Potassium carbonate (K,COs),
calcium hydroxide (Ca(OH),), iron (I11) oxide (Fe,O3) and iron (I11) chloride (FeCls)
were employed as precursors of catalysts to investigate the effects of potassium (K),
calcium (Ca) and iron (Fe). Furthermore the effects of these catalysts on calorimetric

tests of Turkish coal samples were investigated.



TGA-FTIR pyrolysis tests were carried out in 100 % N, and 100 % CO, ambient
conditions which are the main diluting gases in air and oxy-fuel conditions. Lignite
pyrolysis tests revealed that the major difference between pyrolysis in these two
ambient conditions was observed beyond 720 °C and Derivative Thermogravimetric
(DTG) profiles experienced sharp peaks at 785 °C in pure CO, cases which can be
attributed to char-CO, gasification reaction. Furthermore K,CO; found to be the
most effective catalyst in lignite char gasification reaction during pyrolysis tests in
100 % CO,. Combustion experiments were carried out in various oxygen
concentrations from 21 % to 35 % in N, and CO, ambient conditions. Lignite
combustion tests carried out in CO, ambient revealed that in 30 % and 35 % oxygen
concentrations, the relative active sequence of catalysts to the reaction rates of
devolatilization can be described as Fe>> K> Ca> Raw-form and Fe> Ca> Raw-
form>> K respectively. Furthermore K-based catalyst showed the best char reactivity
due to its much higher reaction rates in all the oxygen concentrations. Emission
profiles of CO,, CO, H,0, CH,, SO, COS, NH3, NO and HCI evolved species were
analyzed using Fourier Transform Infrared spectroscopy (FTIR) method for
pyrolysis and combustion tests in both N, and CO, ambient conditions. A good
correlation was seen in most of the combustion tests between the T,max (temperature
of the maximum rate of weight loss in the devolatalization region of combustion) and
Tremax  (temperature of the maximum flue gas emission) and also between
|(dm/dt)omax| (the maximum rate of weight loss in the devolatalization region) and
maximum spectral absorbance at a given wavenumber in both N, and CO, ambient

conditions.

Finally the possible way of using biomass as a potential source of inexpensive
catalysts in the co-processing of coal and biomass was investigated through co-
processing combustion tests of lignite and biomass ash contents in O,/N;, and O,/CO,
ambient conditions. These experiments revealed that the hazelnut shell and walnut
shell ash contents were significantly effective in increasing the char reactivity of
Kangal lignite due to high concentration of potassium based oxides in the ash.

Furthermore the catalytic reactivity of wheat straw, cattle manure and saw dust ash



contents were observed in the devolatalization region due to high concentrations of
alkali and alkaline earth metals existed in the ash. In conclusion, these results
revealed that the ash contents of the evolved biomass fuels can be used as a potential
source of inexpensive alkali and alkaline earth metal catalysts and develop a step

forward in economic aspects of catalytic coal combustion.

Keywords: Oxy-fuel combustion, Catalyst, Lignite, Biomass, TGA-FTIR
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TURK LINYITLERININ VE BIYOYAKIT KARISIMLARININ CESITLI
ATMOSFER KOSULLARINDA PIROLIZ VE YANMA OZELLIKLERI
HAKKINDA BiR CALISMA

Abbasi Atibeh, Ehsan
Y. Lisans, Makina Miihendisligi Boliimii

Tez Yoneticisi: Yrd. Dog. Dr. Ahmet Yozgatligil

Temmuz 2012, 223 sayfa

Bu ¢alismada Tiirk linyitlerinin, O,/N, ve O,/CO, (oksi-yakit) ortamlarinda katalitik
piroliz ve yanma Ozellikleri incelenmistir. Ayrica testler esnasinda salinim
degisimleri es 1s1l1 olmayan Thermo-gravimetric Analiz (TGA) ve Fourier Transform
Infrared (FTIR) spektroskopi methodlart ile gozlemlenmistir. Potasyum karbonat
(K2COs3), kalsiyum hidroksit (Ca(OH),), demir (I11) oksit (Fe,O3) ve demir (111) Klorit
(FeCl3), bilesikleri potasyum (K), kalsiyum (Ca) ve demir (Fe) elementlerinin
katalitik etkilerinin gozlemlenmesi icin kullanilmistir. Katalizorlerin -~ Tiirk

linyitlerinin kalorimetri testlerine etkileri de incelenmistir.

TGA-FTIR piroliz deneyleri hava ve oksi yakit ortamlarinin ana seyreltik bilesenleri

vii



olan N, ve CO; % 100 oldugu atmosfer iginde yapilmistir. Linyit piroliz testleri
sonucunda bu iki ortam arasinda 720 °C’den sonra Onemli farklilagmalar
goriilmiistiir. Ornegin 785 °C’ de % 100 CO, ortaminda karbon- CO, gazlasma
reaksiyonlarina bagl olabilecek keskin tepe noktalar1 goriilmistiir. Ayrica % 100
CO;igeren ortamda yapilan testlerde, K,COj bilesiginin linyit karbon- CO, gazlasma
reaksiyonlarinda en etkili katalizor oldugu gozlemlenmistir. Yanma deneyleri % 21
ve % 35 arasinda degisen oksijen oranlarinda, N, ve CO; ortamlarinda yapilmistir.
Linyitin % 30 ve % 35 oksijen igeren oksi yakit ortaminda devolatilizasyon hizina
katalizorlerin etkisi Fe>> K> Ca> katkisiz linyit ve Fe> Ca> katkisiz linyit >> K
olarak gorilmiistiir. Ayrica, potasyum bileseni katalizorlerin biitiin  oksijen
oranlarinda en etkin karbon-CO, gazlasma  reaksiyonlarma sebep oldugu
goriilmistiir. N, ve CO, ortamlarinin her ikisinde de, piroliz ve yanma sirasinda CO»,
CO, H,0, CHy4, SOy, COS, NH3, NO ve HCI salinimlar1 FTIR yontemi kullanilarak
izlenmistir. Biitlin yanma deneylerinde Tymax (yanma devolatilizasyonu sirasinda
maksimum agirlik kaybi oranina karsilik gelen sicaklik) ve Tegmax (maksimum
emisyona karsilik gelen sicaklik) ve ayrica |(dm/dt),ma| (yanma devolatilizasyonu
sirasinda maksimum agirlik kaybi orani) ve belirli bir dalga boyunda maksimum

spektral tutunum arasinda anlamli bagintilara rastlanmaistir.

Son olarak hava ve oksi-yakit ortamlarinda biokiitlenin komiiriin es islenmesinde
ucuz bir katalizor olarak kullanilmasina yonelik olanaklar incelenmistir. Bu
deneylerde, findik ve ceviz kabuklarmin killerinin Kangal linyitinin karbon
doniisiim reaksiyonlariiizerindeki miispet etkileri gozlemlenmistir. Bu etki findik ve
kestane  kabugu kiillerinin  yiUksek oranlarda  potasyum icermesinden
kaynaklanmaktadir. Ayrica, bugday samani, inek giibresi ve odun talaginin icerdigi
yiiksek oranlardaki alkali ve toprak alkalilere bagli olarak devolatilizasyon esnasinda
katalitik reaksiyonlara rastlanmistir. Ozetlemek gerekirse, gozlemlenen sonuclar
1s181nda gelecekte, biokiitlenin islenmesi ile elde edilecek kiiller, icerdikleri yiiksek
oranlardaki alkali ve toprak alkaliler nedeniyle, ucuz birer katalizor olarak

kullanilabilecegi ortaya ¢ikmaktadir.

Anahtar kelimeler: Oksi-yakit yanma, Katalizor, Linyit, Biyokitle, TGA-FTIR
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CHAPTER 1

INTRODUCTION

Energy sources are the need of modern civilization. The increasing world
population and the continuous improvement in living standards, technological and
economic developments have led to drastic increases in the demand for energy.
According to The World Energy Outlook projects, world energy supply will rise 40
% up to 2030 [1]. About 85 % of the world's commercial energy needs are currently
supplied by fossil fuels [2] and among the mix of this energy supply; coal is the
source of about 27 % of the world primary energy consumption and it accounts for
about 34 % of all the electricity generated in the world, while much of this occurs by
means of the combustion of pulverized coal [3]. Although other alternative fuels are
being researched recently to reduce the reliance on fossil fuels, they will be in the
center of the energy scene in far future. Therefore in the foreseeable future, with the
826 billion tons of proved reserves [4], coal is believed to be a major energy source
in many parts of the world. However, the utilization of coal was also related to the
increasing environmental concern because of greenhouse gas (GHG) emissions and
especially CO,, as the major contributor to the greenhouse effect and a main cause
for global warming. Emissions of the greenhouse gas carbon dioxide from coal-fired
power plants are very high, accounting for 40 % of total global emissions [5].
Therefore the abatement of GHG emissions and mitigation of the negative
consequences derived from the climate change are now an urgent challenge [6, 7].
On the other hand the risks of pollutants emitted during coal combustion are

being raised due to the contribution of these pollutants to rain acidification,



global warming and depletion of stratospheric ozone layer [8, 9].

Reduction of greenhouse gas emissions from fossil fuel-fired power generation
can be achieved by efficiency improvement, switching to lower carbon fuels and CO,
capture and storage (CCS) [10]. Carbon dioxide capture and storage (CCS) has been
suggested as a step change method to reduce CO, emissions from coal combustion
and would enable the world to continue to use fossil fuels but with much reduced
emissions of CO; [2]. There are several options for capture and storage of CO, from
coal combustion and gasification. These CCS methods are profoundly discussed
elsewhere [11-13] and a brief description can be found in Chapter 2.3. However the
major problem is that the combustion of fossil fuels in air typically leads to a dilute
CO, concentration in the flue gas stream (typically 15 % by volume), rendering it
unsuitable for direct sequestration in a supercritical state from compression which

requires a high CO, concentration [7, 14, 15].

Oxy-fuel combustion technology is an emerging approach toward CCS methods.
Oxy-fuel combustion is not technically a capture technology but rather a process
during which a combination of oxygen, typically of greater than 95 % purity, and
recycled flue gas as the main heat carrier through the boiler (nitrogen free
combustion ambient) is used for the combustion of a fuel. Thereby, combustion of
fossil fuels occurs in O,/CO, (oxy-fuel condition) rather than in O,/N, ambient as in
conventional air fired systems. Therefore, this technology is one of several promising
new technologies for enrichment of CO, in the flue gas to levels as high as 95 % in
the flue gas stream [16]. Oxy-fuel combustion technology for coal fired power
generation along with laboratory and pilot scale studies have been described and
reviewed in detail recently [10, 12, 17, 18]. However, switching from conventional
to oxy-fuel pulverized coal combustion technology brings a number of technical
challenges. Previous results have shown that the replacement of N, by CO, can cause
significant differences in combustion furnace operation parameters such as flame
ignition, burning stability, char burnout, heat and mass transfer, gas temperature
profiles, emissions and ash properties mostly due to differences in gas properties

between CO, and N, [17, 19-25]. Furthermore previous studies on oxy-fuel



combustion mainly revealed that the overall O, concentration at the inlet to the boiler
should be between 27 % and 35 vol % in order to yield comparable adiabatic flame
temperatures and heat transfer profiles as seen for conventional combustion in air
[12]. This need for higher oxygen concentration can be explained by higher heat
capacity of CO, which causes lower adiabatic flame temperature (AFT) and delay in
combustion process [10,12, 17, 22, 25, 26].

On the other hand for improving coal combustion efficiency, many methods were
applied to coal conversion process, including advanced reactor (Circulating Fluidized
Bed), oxygen enriched technology and catalytic combustion. Catalysts were added
into pulverized coal by physical mixing or impregnation which can improve coal
combustion characteristics. At present, catalytic combustion of pulverized coal is
mainly applied in power plant boiler, entrained-flow reactor and coal injection for
blast furnace iron making [27]. Previous studies have revealed that constituents of
coal mineral matter significantly affect other types of coal conversion reactions [28-
30]. Besides that, according to the wide variety of literature, using different types of
catalysts have been recognized as a potential way for improvement of the emissions
and therefore clean and efficient utilization of coal. Alkali, alkaline earth metals and
transition metallic species are accounted as effective catalysts for the combustion,
pyrolysis and gasification of a wide variety of carbonaceous materials [8, 28, 31-37].
Moreover, the study on the pollutants emitted during coal combustion is still of
significant interest. According to the literature, using different types of catalysts have
been recognized as a potential way for the clean and efficient utilization of coal and
improvement of the emissions [8, 31, 38-44].

However, most of researches were focused on the effects of catalysts on pyrolysis
and combustion behavior of coal samples in O,/N, ambient, whereas effects of
catalysts on oxy-fuel (O,/CO, ambient) combustion characteristics of indigenous
coal samples using Thermogravimetric Analyzer coupled with Fourier Transform
Infrared Spectrometer (TGA-FTIR) are not available to date. Therefore, the main
objective in this thesis study was to profoundly explore the effects of three inorganic

materials, potassium (K) which is an alkali metal, calcium (Ca) which is an alkaline



earth metal and iron (Fe) which is a transition metal, on oxy-fuel (O,/CO, ambient)
combustion, pyrolysis and emission characteristics of Turkish lignite and sub-
bituminous samples using TGA-FTIR. These catalysts are environment-friendly
compounds with lower toxicity which have shown significant catalytic activities in
pyrolysis, combustion and emission control of coal samples worldwide [8, 28, 31-
37].

As a preliminary approach to the experimental part of this study, an attempt was
done to investigate the possible influences of these three inorganic materials of
potassium (K), calcium (Ca) and iron (Fe) on calorific values of four different
indigenous coal samples including lignite, sub-bituminous and bituminous types

using Oxygen bomb calorimeter.

Finally the possible way of using Turkish biomass as a potential source of
inexpensive catalysts in the co-processing of coal and biomass ash under oxy-fuel
conditions was examined. Alkali metal salts, especially potassium salts, are
considered as effective catalysts by steam and CO,, while too expensive for industry
application [45]. On the other hand considerable amounts of these alkali metal
oxides, especially potassium oxides, were traced in the ash of biomass fuels like
wheat straw, olive bagasse and hazelnut shell [46]. Therefore various types of
biomass including walnut shell, hazelnut shell, wheat straw, Limba wood saw dust
and cattle manure from the domestic sources were used in these experiments and the
results compared with the results obtained from the utilization of potassium (K),

calcium (Ca) and iron (Fe) inorganic catalysts.

In this thesis study, the summary of the literature survey including oxy-fuel
combustion and TGA-FTIR catalytic tests are reported in Chapter 2. The samples
used throughout this study and the experimental methods and sample analyses are
described in Chapter 3. The results and discussion part including pyrolysis and
combustion tests are embodied in the Chapters 4 and 5 respectively. Finally the

conclusion part can be reviewed in Chapter 6.



CHAPTER 2

LITERATURE SURVEY

2.1 Coal

Coal is one of the most vital energy sources in meeting the rapidly growing
energy needs of the world. Today almost 40 % of the electricity production
worldwide is relied on coal and it is expected to remain constant during the next 30
years. Furthermore this contribution in many countries, like Poland, South Africa,
Australia and China is much higher, about 94 %, 92 %, 76 % and 77 % respectively
[47, 48]. The main part of coal production in Turkey is also used for electricity
production. So the important role of coal not only in electricity production, but also
in many other industrial activities like steel and cement production is obviously
undeniable. Pulverized Coal-Firing technology is the most common power
generation technology worldwide which is supported by decades of experience and is

being used in many parts of the world.

Coal is originally the remains of prehistoric vegetation aggregated in swamps and
peat bogs which altered over time. The coal quality is specified by the formation
time period, temperature and pressure which is called organic maturity. This gradual
change applied on coal deposits - known as coalification- would alter the physical
and chemical properties of coal which is referred to as coal rank. At the first step the
peat is converted into lignite which is also referred to as brown coal. Continuing
effects of pressure and temperature will impose further change in lignite over
millions of years and increase its rank into the range known as sub-bituminous.

These low rank coals are characterized by their high humidity and low carbon and



energy content. Moreover, these physical and chemical alternations as a result of
pressure and temperature will continue further and make the coals become harder
and blacker forming the bituminous or hard coals and finally anthracite. These types
of coal contain lower humidity, higher carbon content and therefore higher energy

content. Fig. 2.1 shows the different coal types and their applications.
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Although coal reserves are expected to last longer (over 190 years) than other
types of the fossil fuels (for example for oil the expected period is 42 years) [47],
all the resources of fossil fuel will eventually run out on the earth. Therefore, an
efficient use of these fuel reserves is an essential concern worldwide and
significant improvement should continue to utilize coal and other types of fossil
fuels more efficiently and clean. With 38 % increase in coal production over the
past 20 years, currently 4030 million tons of coal is produced worldwide and is
expected to reach 7000 million tons by 2030 [47]. Therefore coal will continue to
play an important role in the world’s energy mix. The top five coal producers can

be named as: China, the USA, India, Australia and South Africa.

2.2 Greenhouse Gas (GHG) Emissions and Other Pollutants

Production and utilization of energy has considerable impacts on the
environment. Therefore, minimizing these negative impacts of human activities
on the nature and mitigating the environmental concern of energy utilization is of
great importance worldwide. Naturally occurring gases in the atmosphere help to
regulate the earth’s temperature by trapping other radiation which is known as the
Greenhouse Effect (Fig. 2.2). The major greenhouse gases are carbon dioxide
(COy), nitrous oxide (NO), methane (CH,), water vapor (H,0), sulphur
hexafluoride, hydrofluorocarbons and perfluorocarbons among which the first

three are associated with different coal utilizations worldwide.
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Fig. 2.2 The Greenhouse Effect [47]



Considerable amount of sulphur exists in the coal as an impurity which will form
SOy during combustion. NOy is also is a product during any fossil fuel combustion
and burning. SOy (sulphur oxides) and NOy (nitrogen oxides) emitted from
combustion of fossil fuels and especially coal, react chemically with water vapor in
the atmosphere and form acids which will then be showered during rainfall. NOy can
also cause the development of smog as well as acid rain. Considerable amount of
research is being performed in order to reduce the emissions of SOy and NOy from
fossil fuel combustion and more important from coal-fired power plants. An
alternative way of reducing SO emissions rather than using low sulphur content coal
is flue gas desulphurisation (FGD) system which is developed for use in coal-fired
power plants. These systems, known as scrubbers, can remove up to 99 % of sulphur
oxide emissions. Fluidized bed combustion (FBC) as an advanced technological
approach is an efficient alternative in reducing both sulphur and nitrogen oxides up
to 90 % or more. In such a system, pulverized coal particles are burned while
suspended in flowing air at high velocities. The bed would cause the rapid blending
of the particles which would allow the system to reach complete coal combustion in

lower temperatures.

2.3 Carbon Capture and Storage (CCS)

The greenhouse gas emissions, especially carbon dioxide as a major contributor
from coal-fired power plants, are very high, accounting for 40 % of total global
emissions [5]. As such anthropogenic emissions are the main causes of global
climate change leading global warming, the reduction of these emissions and the
negative effects of global warming problem are now an urgent challenge. The
abatement of GHG emissions from fossil fuel-fired power generation can be
achieved by efficiency improvement, switching to lower carbon fuels and CO,
capture and storage (CCS) [10]. Carbon dioxide capture and storage (CCS) has been
suggested as a step change method to reduce CO, emissions from coal combustion
and would enable the world to continue to use fossil fuels but with much reduced

emissions of CO,. There are several technologies for capture and storage of CO,
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from coal combustion and gasification which are shown in Fig. 2.3 [11, 12].

Pre-combustion capture: In this CO, capture method, coal gasification is applied
to produce a synthesis gas mixture (syngas) which contains mainly CO, CO, and H..
Carbone dioxide is a direct product of the carbon-oxygen reaction. In the production
of synthesis gas, carbon gasification via the reaction with CO, is greatly encouraged.

The CO conversion to CO; is then performed through the water-gas shift reaction:

C + CO; « 2CO (Carbon gasification by CO5)
CO + H,O < CO; + H, (Water-gas shift reaction)

The CO; from this reaction can be separated from the syngas mixture and leave a
hydrogen-rich stream of flue gas which will be combusted in the gas turbine. Pre-
combustion CO, capture also referred to as fuel decarburization is more beneficial to
be used in connection with Integrated Gasification Combined Cycle (IGCC) power

plants.

Post-combustion capture: In this CO, capture method, CO, is separated from the
flue gas mixture of conventional pulverized-coal-fired power plants just before they
are emitted to the atmosphere. This is done by applying a new final processing stage
of wet scrubbing with aqueous amine solutions. The CO, removed from the solvent
during the regeneration process is dried, compressed and transported to safe

geological storage.

Oxy-fuel combustion technology: Oxy-fuel combustion technology is an emerging
approach toward CCS methods which will be discussed in Chapter 2.4.
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Fig. 2.3 Overall plants configurations for the three main CCS technologies [12]
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2.4 Oxy-fuel Combustion Technology

CO, capture and sequestration can be achieved more readily from a concentrated
CO, stream, which can be generated by firing fossil fuels with oxygen and drying the
combustion effluent. This technique is called oxy—fuel combustion. In 1982, the
technology was proposed for coal-fired processes by Abraham to generate CO, for
Enhanced Oil Recovery [10]. After initial introduction in 1982, oxy-fuel technology
for pulverized coal combustion was researched as a means to produce relatively pure
CO, for Enhanced Oil Recovery. Despite these research efforts, the technology did
not pick up on a large scale for this application. However, the increase in the
awareness of greenhouse gas emissions into the atmosphere has renewed the interest

in this technology, with a two-fold focus:

e The generation of a relatively pure CO, for sequestration,

e The potential to reduce pollutant emissions, in particular NOy

The oxy-fuel technology can produce a sequestration ready high-CO,
concentration effluent gas. In this technology, oxygen (95-97 % by volume) from an
air separation unit (ASU) is used as a fuel oxidant instead of conventional air. By
eliminating N, from the input oxidant, the flue gas volume considerably decreases
consisting largely of CO, and condensable water vapor which will make it quiet
suitable for cost effective sequestration of CO,. To moderate the combustion
temperatures in the furnace, the input oxygen stream is mixed with dry recycled flue
gas (containing mostly CO,). Mixing recycled flue gas with oxygen at the inlet of the
burner is necessary since the available construction materials, currently are not able
to withstand the high temperature resulted from combustion carried out in pure
oxygen. Thus, the combustion takes place in an O,/CO,, instead of an O,/N, ambient.
Previous studies on oxy-fuel combustion mainly revealed that the overall O,
concentration at the inlet to the boiler should be between 27 and 35 vol % in order to
yield comparable adiabatic flame temperatures and heat transfer profiles as seen for
conventional combustion in air. A general flow sheet of oxy-fuel technology is

provided in Fig. 2.4.
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Performing combustion in O,/CO, rather than O,/N, ambient (substitution of CO,
for N,), however, affects the ignition and combustion characteristics of pulverized
coal, burner stability, flame propagation, gas temperature, char burnout, radiating
properties of the flame, efficiency of the boiler and evolution of pollutants [5, 10, 17,
49]. Such issues may be partly attributed to the replacement of nitrogen with higher-
heat-capacity carbon dioxide gas which would cause lower combustion temperatures.
Furthermore the requirement of an Air Separation Unit (ASU) in oxy-fuel technology
will cause a significant reduction in efficiency compared to currently used

technology.

Previous studies on oxy-fuel combustion mainly revealed that the burnout is
improved in this technology. The emission rate of CO is reported to be similar in air
and oxy-fuel combustion even though significantly increased CO levels are seen
within the flame zone in O,/CO, ambient. SO, emissions are likewise reported to be
of similar magnitude regardless of flue gas composition. The NOy emissions is,
however, significantly reduced during oxy-fuel compared to air-firing systems due to

a near-elimination of thermal NO formation and to reburning of NOy passed through
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the burners with the recirculated flue gas. Reduction of the emission rates by 70- 80
% have been reported [25, 50-52]. However, the oxy- fuel environment is expected
to lead to a significant increase in the SO3 concentration within the boiler, increasing
the risk of both high and low-temperature corrosion as well as increased retention of
sulphur in the fly ash [12].

The CCS methods are profoundly discussed through an extensive research studies

worldwide with an especial focus on oxy-fuel combustion technology.

Strube and Manfrida [53] carried out a study on the effects of different CO,
capture methods on plant performance and all the processes were simulated with
Aspen Plus. It was indicated that post-combustion capture showed the highest impact
on plant performance while capturing of CO, in oxy fuel technology was observed to

have the lowest specific energy penalty of all the explored options.

Gibbins and Chalmers [11] studied on technologies that are being developed to
prevent the carbon dioxide emissions vented in to the atmosphere. Different
possibilities of CCS method were investigated closely and critical aspects of CO,

geological storage activities have also been identified and discussed in this study.

Irfan et al. [7] made an overview on coal gasification in CO, ambient since 1948.
In this study the effects of some inorganic catalysts including Na, K, Ca and Ni were
also investigated. Furthermore, oxy-fuel combustion technology and its effects over
the coal combustion along with the effects of particle size, heating rate and usage of

different reactors were reported and overviewed.

Oxy-fuel combustion technology was profoundly explored by Buhre et al. [17].
This technology was reported to be a near-zero emission technology, also referred to
as zero- emission technology (CCS), that can be used in both existing pulverized
coal-fired power stations or as a new technology in implementation of new plants.
Furthermore, studies from the techno-economic point of view revealed that oxy-fuel
combustion is a cost effective method of CO, capture and is technically feasible with
current technologies. Furthermore, in this study, the following issues are reported for

oxy-fuel combustion technology in comparison with air combustion:
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e The lower heat transfer in the convective section of the boiler

e The lower flame propagation speed and delayed ignition due to the higher
heat capacity of CO, compared to that of N,

e Improvement in the reactivity of char with increasing oxygen mole fraction
in both O,/N, and O,/CO, ambient conditions

e Reduction in NOyx emission due to the reduction in thermal NOy and
reburning

e Decreased SO, emissions and significant increase of sulphur in the furnace

deposits which leads to an increase in furnace corrosion

In the research presented by Bejarano and Levendis [18], single coal particle
combustion characteristics in both O,/N, and O,/CO, ambient conditions were
investigated. A drop-tube furnace facility operated at temperatures of 1400 K and
1600 K was used to perform these experiments. Experimental results revealed that
the combustion of coal particles experienced higher mean temperatures and shorter
times in O,/N; than in oxy-fuel conditions at similar oxygen mole fractions which
were caused by replacing N, with higher-heat-capacity CO; gas and also by thermal
radiation enhancements. However, the corresponding burnout times were shorter.
Furthermore, as the oxygen concentration in the mixture was enhanced, the particle
temperatures increased and the burnout times decreased. During the tests performed
in oxy-fuel conditions, it was observed that coal-N to NOy conversion was decreased,;
a better char burnout, lower CO emission and lower unburned carbon amounts were
also achieved. Another important result reported in this study was the equivalent
oxygen concentration in oxy-fuel condition to have the same volatile and char
temperature as in air combustion which was reported to be 26 and 30 % for the

evolved lignite and bituminous coal samples respectively.

The adiabatic flame temperature in air and oxy-retrofit combustion was compared
in the study carried out by Terry Wall et al. [10]. The adiabatic flame temperature
(AFT) for air combustion case under 20 % excess air is indicated in Fig. 2.5. The two

oxy-retrofit combustion cases of oxy-wet and oxy-dry are included in the figure. In
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the case of oxy-wet recycle, the recycled flue gas included water vapor while in oxy-
dry recycle water vapor was removed from the recycled flue gas. As illustrated in
Fig. 2.5, the overall O, concentration was around 27 and 35 vol % in oxy-wet and
oxy-dry conditions in order to yield comparable adiabatic flame temperatures as seen
for conventional combustion in air. These oxygen mole fractions were used as a
reference in experimental parts of this study.

Y
o)}
o
o

2200+

1800-

1400-

1000 ; : . :
0.18 0.22 0.26 0.30 0.34 0.38

02 fraction at burner inlet

Adiabatic flame Temperature (K)

Fig. 2.5 The O, mole fractions required at burner inlet (to achieve similar AFT as in air-
fired case) for oxy-wet and oxy-dry conditions [10]

As a result, a need has been identified for successful implementation of oxy-fuel
combustion which requires a detailed understanding of changes associated with
replacing N, with CO,. This means that a further research is needed to obtain a

fundamental understanding of the changes between oxy-fuel combustion (O,/CO,
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ambient) and conventional air-fired combustion. Furthermore, a detailed modeling
of the different coal combustion processes under oxy-fuel conditions are required for
accurate performance predictions. A main part of this study is focused on the science
underpinning oxy-fuel combustion technology during which the effects of two
diluting gases N, and CO, and various oxygen mole fractions (21-35 %) are

investigated.

2.5 TGA-FTIR Experiments

Thermogravimetryic Analysis (TGA) has been found as a useful method to study
the combustion and pyrolysis behavior and kinetics of samples in the coal science
field and biomass studies. This system coupled with Fourier Transform Infrared
spectrometer (FTIR) is used for determination of evolved gases during such tests.
These methods are profoundly used in research studies regarding coal and biomass
combustion and pyrolysis characteristics worldwide. During this literature survey a
special focus was devoted to the effects of different catalysts on coal combustion and

pyrolysis behavior of pulverized coal.

Sis [3] carried out a study on the effects of particle size on combustion kinetics
and properties using TGA (Thermogravimetric Analysis) and DTA (Differential
Thermal Analysis) techniques. 14 different size ranges of Turkish lignite (Elbistan
region) from 38 pum to more than 2 mm were used in these experiments. Some
differences in proximate analyses of lignite samples were observed due to change in
particle size. During the TGA tests, 10 mg of each sample was exposed to air flow
rate of 50 ml/min and underwent heating rate of 10 °C/ min from room temperature
to 900 °C. It was reported that the activation energies were higher for finer particles.
Furthermore, the main peaks in the devolatalization region shifted slightly to lower
temperatures as the particle size decreased and a slight rise was reported in the char

oxidation region for fine particles.

In the study carried out by Oztas and Yiiriim [28], the effects of mineral matter on

pyrolysis characteristics of Turkish Zonguldak bituminous (300-500 °C) were
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investigated and the acid washed lignite samples were used to make comparisons. It
was concluded that the inorganic matters of calcium (Ca), iron (Fe) and magnesium
(Mg) had some positive catalytic effects on pyrolysis process. However silicates

reduce the conversion rate in pyrolysis tests.

Yang and Cai [31] investigated the effects of inorganic catalysts of potassium (K),
calcium (Ca), nickel (Ni) and iron (Fe) on pyrolysis of bituminous and lignite
samples using TG-FTIR. The catalysts were added to the raw coals with the particle
size range of 50-150 pm. 20 mg of the sample was used in each test under 100 % N,
and two heating rates of 20 “C/ min and 40 °C/min were used. It was indicated that

the K,CO, precursor was not active in coal pyrolysis while Ca, Fe and Ni catalysts

showed considerable catalytic effects. Moreover, it was reported that the maximum
rate of weight loss shifted to higher temperature zone at high heating rate, since the

coal samples experienced shorter residence time.

Liu et al. [8] studied the effects of NaCl, CaCl,, FeCls, FeCl, and Fe,O3 catalysts
on combustion characteristics and SO, emissions of Chinese coal samples. TGA was
used during these experiments under constant heating rate of 20 "C/ min and 30 °C/
min and total air flow rate of 60 ml/min. 20 mg of each sample was used in the tests
from room temperature to 1000 °C. The addition of catalysts was performed through
physically dry mixing method and corresponded 6 % by weight. It was demonstrated
that the CaCl, showed the best catalytic reactivity in SO, reduction. Furthermore,
FeCl; and FeCl, were effective catalysts in improving combustion characteristics

although they increased the SO, concentration in the flu gas.

Liu et al. [33] carried out a study on the effects of mineral matter on the reactivity
of coal samples and kinetic behaviors of some low rank Chinese coals during
pyrolysis tests using TGA method. The raw and demineralized samples added with
doping agents CaO, K,CO3; and Al,O; were used as samples. The particles were
ground to below 125 pum (120 Mesh) and were impregnated by the evolved catalysts
corresponded 10 % by weight. 20 mg of the sample was tested under 30 ml/min N,
flow at heating rate of 10 °C/ min from 110 °C to 800 °C during each run. It was

indicated that the lower rank coals were more sensitive to these catalytic activities.

19



Furthermore, it was demonstrated that the inorganic catalysts of CaO, K,CO; and
Al,O3; improved the reactivity of coal pyrolysis which was also affected by
temperature and coal types. A decrease in activation energy was also observed during

the catalytic pyrolysis runs.

The effects of alkaline metal (AM) matters, Na and K, on the pyrolysis and
gasification processes of coal conversion were studied by Shenqi et al. [34]. A high
rank Chinese coal (particle size < 75 um) used as a sample and the aqueous solution
impregnation method was used to add the catalysts to the acid washed samples in
order to better investigate the effects of the evolved catalysts. 5 %, 10 % and 20 %
(by mass) of the catalysts concentration were used. The pyrolysis tests performed in
a pressurized thermobalance under constant N, flow and the heating rate of 10 "C/
min. In the gasification tests, N, flow was replaced with CO, (1000 ml/min) when
desired temperature achieved and continued until a constant weight was reached. It
was reported that acid washed coal samples showed the highest reactivity in the
pyrolysis region while they had a relatively low gasification rate. On the other hand,
it was indicated that, although the impregnated samples demonstrated relatively low
pyrolysis rate, the corresponding chars had high gasification reactivity. Furthermore,
one can see the effects of pyrolysis temperature and the contents of alkaline metals in

char samples in this study.

Steam gasification of coal char and the effects of potassium carbonate (K,CO3) as
a catalyst were explored on a laboratory fixed bed reactor by Wang et al. [35]. It was
observed that the steam gasification of coal char using 10-17.5 % K,COj3; (by mass),
as a catalyst, occurred remarkably in the temperature range of 700-750 °C.
Furthermore, it was confirmed that the catalytic steam gasification of coal char

produced high yield of hydrogen in comparison with the non-catalytic gasification.

In the study carried out by Yu et al. [36], a considerable enhancement in hydrogen
production during the steam gasification of Victorian brown coal using iron as a
catalyst was shown. Ferric chloride (FeCls) was used for iron loading (~3 % by
mass) into the acid-washed Loy Yang brown coal using aqueous solution.

Gasification experiments were carried out using a quartz reactor at a fast particle
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heating rate. It was revealed that the overall gasification rate of a char increased
greatly in the presence of iron. Moreover, the impregnated coal samples with iron
catalyst greatly increased the production of hydrogen and carbon dioxide during the

gasification of chars.

The effects of five metal catalysts, K, Na, Ca, Mg, and Fe, were studied on CO,
gasification reactivity of softwood char by Huang et al. [37]. TGA method was used
in these experiments and the impregnation of the catalysts performed using aqueous
solution of the evolved catalysts precursors. During each test about 10 mg of the
generated char heated at a rate of 10 °C/min up to a final temperature of 1150 °C
under a continuous CO, flow of 400 ml/min. It was reported that the gasification
reactivity of biomass char can be improved by metal catalysts in the order of K> Na>
Ca> Fe> Mg.

The emission characteristics during the co-combustion process of wheat straw and
coal was examined by Wang et al. [39] using TGA-FTIR and the evolved gases of
HCI, SO,, CO, and NOy were monitored. Blends of typical anthracite coal and wheat
straw with (40 %, 60 %, 85 %, 90 % and 100 % of wheat straw by mass) were used
as samples. During these experiments the sample weight, total air flow rate, heating
rate and final temperature were 5.5 mg (< 200 um), 50 ml/min, 20 “C/ min and 900
°C respectively. The results in this study revealed that the HCI peak occurred at 310
°C for all blends. Furthermore, the analysis showed that the optimum straw to coal
mass ratio in order to generate the lowest levels of HCI, NO4 and SO, pollutants was
60:40.

TGA analysis has been used to explore the ignition and burnout characteristics of
a raw and catalysts added samples by Ma et al. [54]. MnO,, Fe,O3; and BaCO3; were
used as catalysts. The air total flow rate was 20 ml/ min and the samples heated from
the ambient temperature to 1000 °C at the heating rate of 20 “C/min. The ignition
index and burn out index were used to characterize the ignition and burnout
characteristics of the samples and the results indicated that the relative active
sequence of catalysts to the ignition performance and burnout performance was
described as MnO,> BaCOz;> Fe,O; and Fe,Os;> BaCOz> MnO, respectively.
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Furthermore, it was revealed that the enhancement in emission of volatile matters

was the most important issue reducing the ignition temperature.

Fang et al. [55] performed a study on the effects of various oxygen concentrations
on pyrolysis and combustion of wood using TGA-FTIR. In this study, the activation
energy during pyrolysis and combustion processes was observed to be a linear
function of oxygen concentration. Furthermore, the maximum values of DTG curves
shifted to lower temperature zone as oxygen concentration increased. As illustrated
in this study, the process of wood combustion can be divided into four steps of
moisture release, volatile matter combustion, semi-coke combustion and finally

remaining semi-coke reaction with CO,.

In the work reported by Zhu et al. [45], co-pyrolysis of coal and wheat straw was
studied. In this study, the aim was investigating the wheat straw characteristics
during co-pyrolysis with coal as an inexpensive source of potassium-based catalyst
using TGA. These experiments were carried out with various concentrations of
wheat straw in the blend: 0 %, 20 %, 30 %, 50 % and 100 % by mass. 9 mg of the
sample (< 120 pm) was purged under 50 ml/min of nitrogen and heated at the heating
rate of 40 °C/min. When the desired temperature was reached, the isothermal
gasification reaction of the char sample was initiated by switching on a flow of 70
ml/min of CO,. As a result the gasification reactivity of chars improved as the
concentration of wheat straw in the blend was increased. Furthermore, as the char
prepared from acid washed wheat straw/coal blend showed a similar reactivity to the
coal char, it was concluded that the high reactivity of wheat straw/coal blend was due
to the high content of alkali components especially potassium (K) in the biomass ash.

The effects of calcium-based catalysts on the removal of sulfur containing species
of coal samples during pyrolysis tests were studied by Guan et al. [42] using a fixed-
bed reactor. Bituminous coal was used in these experiments (150-250 pum) and
CaCOg3, CaO and Ca(OH), were used as precursors of calcium catalyst. Different
catalyst addition methods of mechanically dry mixing, wet impregnation and
ultrasonic irradiation in the Ca(OH), solution were used to add the calcium to the

coal samples. This study revealed that Ca(OH), and CaO were effective catalysts in
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reducing the sulfur containing gases and resulted in retention of sulphur evolved
from untreated coal in the char up to 95 %. However, impregnation and ultrasonic
treatment showed better improvements in sulphur retention capacity. Moreover, in
the same catalyst addition method Ca(OH), was more effective than CaO, while

CaCOj3 showed a little effect at high temperature.

Selcuk and Yuzbasi [19] investigated the pyrolysis and combustion characteristics
of Turkish lignite under air and oxy-fuel conditions using TGA-FTIR and the
evolved gases of CO,, CO, H,0, CH,4, SO, and COS were monitored. During these
tests carried out in a TGA system coupled with FTIR, 12 mg of lignite sample (< 100
um) heated at the heating rate of 40 °C/ min from room temperature up to 950 °C.
The total gas flow rate through the system was adjusted to 70 ml/min and 45 ml/min
for pyrolysis and combustion tests respectively. Pyrolysis tests carried out under 100
% N, and 100 % CO, ambient conditions. The combustion tests performed under 21
% and 30 % O, in both N, and CO, ambient conditions. In this study similar trends
were observed up to 720 °C during the pyrolysis tests in both ambient conditions.
However, beyond this temperature range, further weight loss was occurred in the
CO, ambient which was thought to be a result of CO,-char gasification reaction.
Furthermore, a delayed combustion process was observed during the combustion
tests under oxy-fuel conditions. Moreover, the effects of oxygen mole fraction was
considerably higher than that of diluting ambient and shifted the DTG curves to
lower temperature zone and much higher reaction rates. FTIR results revealed that
CO formation increased significantly due to char-CO, gasification reaction and
consecutively COS formation experienced considerable peak in 100 % CO, ambient.

In the work reported by Li et al. [56], the effects of oxygen mole fraction,
combustion ambient, heating rate and different particle sizes on combustion
characteristics of pulverized coal under different oxy-fuel conditions were
investigated using TGA-FTIR technique. A Chinese bituminous coal was used in
these tests during which around 10 mg of the coal sample was heated up to 1000 °C
at the heating rate of 30 °C/ min in both O,/N, and O,/CO, ambient conditions. The

total gas flow rate was adjusted to 80 ml/min. Various oxygen mole fractions (21 %,
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30 %, 40 % and 80 %), particle sizes (< 48 pm, 48-74 um and 74-90 um) and
heating rates (10 °C/min, 20 °C/min and 30 *C/min) were used to monitor the related
effects. The results indicated that during the combustion tests, three stages of weight
loss were recognized in the TGA/DTG curves: moisture release, devolatilization and
char gasification. Combustion of coal particles was delayed in O,/CO, compared
with that in O,/N, ambient at the same O, mole fraction. As the oxygen
concentration in the mixture was enhanced, the DTG curves of pulverized coal
combustion shifted to lower temperature zone, the process reaction rate increased
and the burnout time was shortened. Moreover, it was indicated that the refinement

of pulverized coal particles will result in improvements of combustion process.

In the study reported by Bakisgan et al. [46], a detailed ash analysis of Turkish
biomass fuels was performed. The biomass fuels under study were wheat straw, olive
bagasse and hazelnut shell for which the ash concentration corresponded 7.9 % 3.9 %
and 1.2 % respectively. In the ash content of these biomass fuels Si, Ca, K, Mg and P
were the most abundant species. The ashing process for determination of the ash
amount as well as obtaining required ash for further analyses were carried out at
oxidation temperature 575 + 25 °C. The compositions of ash forming oxides,
reported in this study are listed in Table 2.1.

Table 2.1 Composition of ash forming oxides [46]

%, By weight

Oxide Wheat straw Hazelnut shells Olive bagasse
K50 24.6 38.7 51.6

Cal 19.1 27.6 233

Si0, 35.6 13 7.1

MgO 5.2 7.4 23

A0, - 0.7 19

P05 6.4 4.8 75

Others 9.1 19.5 6.3
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As illustrated in this table, considerable amount of K,O was traced in the ash
contents regarding wheat straw, hazelnut shell and olive bagasse which were 24.6
%, 38.7 % and 51.6 % respectively. The ash analyses also revealed that there was
high amount of CaO in the ash contents of the biomass fuels tested. Furthermore,
significant amount of SiO, was seen in wheat straw ash which was not traced in

the ash contents of hazelnut shell and olive bagasse.

As a result, a need has been identified for a detailed understanding of the effects
of various inorganic catalysts on combustion and pyrolysis characteristics of Turkish
coal samples in both O,/N, and O,/CO, ambient conditions. Furthermore, the
possible use of the ash contents of Turkish biomass fuels, as precursors of catalysts

during combustion tests, was also investigated.
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CHAPTER 3

SAMPLES AND EXPERIMENTAL METHODS

3.1 Samples

Most of the Turkish coal reserves are low-grade lignite usually containing high
sulfur contents and low calorific values. Lignite is the second most important
potential source of energy in Turkey. 2 % of the world’s lignite reserves are located
in Turkey. Turkey is ranked as seventh in the world from the aspect of lignite
reserves and sixth in production [57]. In this study, four types of Turkish coal
samples and five common Turkish biomass fuels were studied. Turkish coal samples
were selected from the feeders of Kangal, Seyitdmer, Tuncbilek and Zonguldak
power plants and are named as their resource regions. The Kangal, Seyitdmer,
Tuncbilek and Zonguldak coal samples are also illustrated with K, S, T and Z
abbreviations respectively throughout this study. Kangal and Seyitémer low rank
coals are classified as lignite while Tuncbilek and Zonguldak are categorized as sub-
bituminous and bituminous respectively. Therefore, a wide variety of coal ranks were
covered in these experiments. The coal samples were directly selected from the
feeding lines of the power plants and were used in the experiments in order to match
the quality being used in electricity production. Common biomass fuels of Turkey
namely walnut shell (WSh), hazelnut shell (HSh), wheat straw (WS), Limba wood
saw dust (SD) and cattle manure (CM) were also used in the tests regarding coal and

biomass co-processing. Examples of Turkish biomass fuels are shown in Fig. 3.1.
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Fig. 3.1 Turkish biomass fuels: hazelnut shell (left) and walnut shell (right)

Potassium carbonate (K,COg3) which is an alkali metal salt, calcium hydroxide
(Ca(OH),) which is an alkaline earth metal hydroxide, iron (111) oxide or ferric oxide
(Fe,O3) which is a transition metal oxide and iron(l11) chloride, also called ferric
chloride (FeCls) were employed as precursors of potassium (K), calcium (Ca) and
iron (Fe) catalysts. These metallic compounds were all commercially available with
high purity.

In calorimetric tests, Kangal, Seyitomer, Tuncbilek and Zonguldak coal samples
were used while Kangal and Tuncbilek samples were selected for TGA-FTIR. Co-

processing tests of biomass and lignite were performed with Kangal lignite.

Proximate and ultimate analyses of the coal samples were carried out in MTA
(General Directorate of Mineral Research and Exploration) according to ASTM
standards with the same particle size as used throughout this study (< 106 pum or 140
Mesh). The particle size of the sample might have slight influences on proximate
analysis results according to several references [3, 58, 59]. Calorific values of the
fuels were measured by using oxygen bomb calorimeter. Proximate and ultimate
analyses of coal samples together with their calorific values are summarized in

Tables 3.1 and 3.2. Kangal and Seyitomer lignite samples can be characterized by
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their low calorific values, high moisture contents (~41 % and 23 % respectively) and
high ash contents (~31 % and 36 % respectively). Furthermore, Kangal lignite

contains very low fixed carbon content (around 3.3 %).

Table 3.1 Proximate analyses of Turkish coal samples

Proximate analysis (as received, %by wt.)

Kangal Seyitomer Tuncbilek  Zonguldak
Moisture 40.85 22,55 7.67 11.54
Ash 31.21  35.85 43.24 8.32
Volatile 2464  26.52 26.38 27.44
matter
Fixed 3.30 15.08 22.71 52.70
carbon
Proximate analysis (Dry basis, %by wt.)

Kangal Seyitomer Tungbilek  Zonguldak
Moisture = = = -
Ash 52.77 46.29 46.83 9.40
Volatile 41.66 34.24 28.57 31.02
matter
Fixed 5.57 19.47 24.60 59.58
carbon
HHV 9.943 9.179 14.377 17.695
(MJ/Kg)
HHV 23748 21925 3433.8 4226.4
(Kcal/Kg)

28



Table 3.2 Ultimate analysis of Kangal lignite and Tuncbilek sub-bituminous used in
TGA-FTIR tests

Ultimate analysis (as received,

%by wt.)
Kangal Lignite Tuncbilek sub-bituminous
C 28.30 42.05
H 2.00 2.72
o 11.37 3.63
N 0.82 1.44
Scombustible 131 0.91
Sinash 2.46 0.81
Stotal 3.77 1.72

* By difference

All the stages of sample preparation and catalyst impregnation were performed
in the Mineral Processing laboratory of Mining Engineering Department at Middle
East Technical University. The samples were first used to perform the moisture
content tests as received basis. 10 g of each sample (sufficiently fine particles) was
dried at 107+ 4 °C in the low temperature furnace and was weighed consecutively
over the time increments of 15 minutes until it reaches constant weight. A slight
increase observed at the end of some of the time increments was due to moisture
absorbance of hot coal particles during the weighing procedure. After performing the
humidity content tests, the process of sample preparation, continued with crushing by
first jaw and then roll crushers (Fig. 3.2). Then 2 kg of each sample was selected for
milling and sieving to desired particle size of < 106 pum (140 Mesh). The milling
process was done with ceramic ball mill as illustrated in Fig. 3.3. However the
original samples could not be milled as they were received due to formation of a
sticky cake over the walls of the mill as a result of moisture content. So step by step
drying and milling processes were carried out during which the drying period was

different in the case of each coal sample. A 2 hour milling process was done
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consecutively and a 140 Mesh sieve was used to screen the particles below 106 pum.
The moisture content of this particle size range after milling (used in further
experiments) was measured through a series of tests similar to the tests performed for
original samples. The original humidity results along with humidity as tested results
are listed in Table 3.3. A detailed procedure of humidity analyses can be found in

Appendix A.

Fig. 3.2 Jaw (left) and roll (right) crushers
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Fig. 3.3 Ceramic ball mill

Table 3.3 Moisture content of the coal samples

Coal Type Original Humidity Humidity as tested
(as received) (%) (after milling) (%)

Kangal 40.85 27.63
Seyitémer 22.55 16.00
Tungbilek 7.67 4.37
Zonguldak 11.54 2.60
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3.1.1 Addition of the Catalysts (Impregnation)

Potassium carbonate (K,COs3), calcium hydroxide (Ca(OH),), iron (1) oxide or
ferric oxide (Fe,O3) and iron(ll1) chloride, also called ferric chloride (FeCls) were
employed as precursors of potassium (K), calcium (Ca) and iron (Fe) catalysts. All of
the precursors used were commercially available reagents with high purity of greater
than 99 %. As was reported in the literature [42], the addition of additives by
impregnation and ultrasonic treatment showed much better reactivity than
mechanical mixing in pyrolysis and combustion processes. Impregnation method
would allow the aqueous solution of the catalysts to be absorbed by porous nature
coal particles and the inside surfaces of the particles would also be exposed to the
catalytic effects. Therefore, the impregnation method was used for the addition of
water soluble catalysts (K,CO3, Ca(OH), and FeClz). However in order to provide
fully comparable samples in the cases of water soluble catalysts and the water

insoluble one (Fe,O3), the same procedure of catalyst addition was applied.

Kangal lignite and Tungbilek sub-bituminous coal were selected to be used in
TGA-FTIR studies. Since coal is a heterogeneous substance, it is important to ensure
that the prepared samples are representative of the coal types. For this purpose, 30 g
of Kangal lignite or Tungbilek sub-bituminous coal samples was taken from the
sample pool randomly and was mechanically mixed at 80 rpm for 2 hours to have a
homogeneous mixture. After that 5x5.5 g of each coal sample was weighed out of
this homogeneous sample pool into five separate petri plates (glass containers).
These samples were dried at 100 °C for 90 minutes, and then collected into five
capped containers quickly and placed in a dessicator to be cooled without absorbing
any moisture from the environment. These dry samples were used in the following

steps of catalysts addition (impregnation).

The impregnated K-form, Ca-form, and two Fe-forms (Fe,O; and FeCl;
precursors) samples were obtained by mixing the raw coal (< 106 pm) with a
saturated aqueous solution of K,CO3, Ca(OH), and FeCl; and an insoluble mixture
of deionized water and Fe,Os respectively to form a slurry. The Raw-form samples

were also used to form slurry without any additives. The amount of deionized water
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and coal samples during the impregnation processes were adjusted to 30 ml and 4g
respectively. The catalysts addition to the raw Kangal lignite and Tungbilek sub-
bituminous coal by impregnation corresponded 5 % in terms of mass ratio of
catalysts precursors to coal (dry basis). The slurries in the capped containers were
then continuously stirred by using magnetic mixers at room temperature for 24 hours
followed by evaporation of water at 60 °C for sufficient time (around 48 hours). The
resulting mixtures were pounded and mechanically stirred for 2 hours at the speed of
80 rpm in order to have completely homogeneous mixtures (since TGA experiments
are performed with a very small amount of sample and therefore the prepared
impregnated samples must be completely homogenous in order to get accurate
results). These impregnated Kangal lignite and Tungbilek sub-bituminous coal

samples were used in TGA-FTIR tests.

In co-processing experiments of biomass and lignite, Kangal lignite and five
Turkish biomass fuels were used and the biomass ash contents were used as the
precursors of catalysts, since considerable amount of metallic compounds are
reported in the ash deposits of biomass. The same impregnation method and
procedure was used as described in this chapter and these samples were used in the
TGA-FTIR tests. The biomass ash addition to the raw Kangal lignite by
impregnation corresponded 15 % in terms of mass ratio of biomass ash to coal (dry
basis). Fig. 3.4 shows the impregnated samples with biomass ash contents used in
TGA-FTIR tests.
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Fig. 3.4 Impregnated Kangal lignite samples with biomass ash used in TGA-FTIR tests

In calorimetric tests, catalyst additions to the raw coal by impregnation,
corresponded 2 %, 5 % and 10 % in terms of mass ratio of catalyst precursors to coal.
In these tests both FeCl; and Fe,O3 were applied as precursors of Fe-based catalyst.
In sample preparation methods regarding the calorimetric tests, the amount of
deionized water and coal samples during the impregnation processes were adjusted to
30 ml, 75 ml and 30 ml and 6 g, 30 g and 6 g for 2 %, 5 % and 10 % of catalyst
concentration respectively. The 5 % catalyst impregnation was prepared in higher
quantity since these samples were used to do the ash analysis carried out using XRF
(X-ray Fluorescence spectroscopy) method. Preparation of the samples for
calorimetric tests was similar to the TGA-FTIR sample preparation method. The
drying step of the coal samples before adjusting the concentration of catalysts in coal
(in terms of mass ratio) was not performed and partly wet coal samples (after milling
basis (Table 3.3)) were used. A correction factor was used in these tests as will be
described in Chapter 3.2.3.2.

The impregnated coal samples used in the calorimetric tests are labeled according
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to the following method:

Coal sample abbreviations (K, S, T or Z) + Percentage of catalyst addition (2 %, 5 %
or 10 %) name of the catalyst precursor (Fe,Os, FeCls, K,CO3 or Ca(OH),)

During the calorimetric tests, samples should be used as dry basis in order to
eliminate the mass of inherent water from calorimetric calculations. Therefore, as a
final step, the prepared samples were dried at 100 °C for an additional 60 minutes to
ensure that completely dry samples were prepared for the calorimetric tests and were
packed and kept in the dessicator. This time period was determined from a series of
preliminary tests which confirmed that this time of drying is enough to obtain
completely dry samples (Appendix A). In order to provide sufficient ash amount for
XREF tests from the samples with 5 % catalyst addition, after being dried at 60 °C, the
samples are divided into two parts (around 5 g and 25 g). In order to do this
selection, the papered blend should first be pounded and mechanically mixed and
then around 5 g of each sample should be separated for calorimetric tests. This
procedure will help providing samples as homogeneous as possible. The rest parts of
these samples were used in ash preparation processes. The original form of the

samples were dried at 100 °C and used in the tests.

3.2 Experimental Set-Up and Procedure

3.2.1 TGA-FTIR Tests

Thermogravimetric Analysis (TGA), Differential Scanning Calorimetry (DSC),
and Differential Thermal Analysis (DTA) techniques are useful tools to study the
combustion and pyrolysis behavior and kinetics of coal samples. Thermogravimetric
Analysis is a technique in which the sample mass is monitored as a function of
temperature or time as it undergoes a controlled heating or cooling process in a

controlled atmosphere. A Thermogravimetric Analyzer (TGA) is a laboratory tool
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used for material characterization during dehydration, decomposition, and oxidation

of a sample using this technique.

A Thermogravimetric Analyzer (TGA) consists of a sample pan in a furnace
which is supported by a precision balance. Sample purge gas, which may be inert or
an oxidative gas, flows over the sample and determines the process environment. A
built in mass flow controller is used to control the sample purge gas. Balance purge
gas enters the device through a separate port and maintains a constant environment
for the balance. The furnace cool-down is done with the chiller and integral forced
air features. Sample and reference temperatures are measured directly with embodied

Sensors.

Thermogravimetric Analysis (TGA) thermal curves are displayed so that the X-
axis indicates the weight of the sample (mg or %) and the Y -axis can be displayed as
time or temperature. The Derivative Thermogravimetric (DTG) curves can also be
extracted from TGA curves whish illustrates the rate of weight loss (mg/min or
%/min) over the X-axis and is a very useful method in exploring the reaction rates
during TGA tests.

In order to explore the evolution of product gases from a TGA system, several
techniques are used in which two or more devices are combined. This approach is
referred to as evolved gas analysis (EGA). Thermogravimetric Analyzer (TGA)
coupled with Fourier Transform Infrared spectroscopy (FTIR) is the most common
type of Evolved Gas Analyzing (TGA — EGA) systems which is known as TGA-
FTIR technique.

The electromagnetic spectrum between the visible and microwave regions is
known as infrared (IR) region. The IR part of electromagnetic spectrum is divided
into three regions of near, mid and IR regions. The mid IR region is the region in
which the wavelengths varies from 3 x 10 to 3 x 10 cm (in wavenumbers, the mid
IR range is 4000-400 cm™) and is being used quite often in the practical aspects of
organic chemistry. A rise in wavenumber will lead to an increase in energy content.
The infrared radiation is converted into the energy regarding molecular vibration as

this radiation is absorbed by organic molecules. Radiation at the mid-IR regions
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demonstrates extensive information about chemical bonds of the evolved species.
One of the most valuable data that can be extracted by measuring the transmittance,
radiance, and reflectance of the stream in mid-IR regions, is recognizing the evolved
species concentration. Infrared spectroscopy has been a common and widely used
method of material analysis for over seventy years. In this method an organic
molecule is exposed to infrared radiation. The absorption of IR radiation takes place
when the radiant energy matches the energy related with specific molecular vibration
and some of it is passed through (transmitted). Furthermore molecular compounds
are a unique combination of atoms with different infrared spectrum and as a result
the vibrational spectrum of a molecule is considered to be a unique physical
property. Therefore the infrared spectrum can be used as a fingerprint for
identification of the evolved molecules. Moreover the magnitude of the peaks in the
spectrum can be used to quantify the amount of material present. A schematic view

of the IR spectroscopy is illustrated in Fig. 3.5.

Fourier Transform Infrared spectrometry (FTIR) is a preferred method of IR
spectroscopy which was developed to overcome the limitations of dispersive
instruments. In dispersive methods the main problem was the slow scanning process
which is solved in FTIR through simultaneous measurements of infrared frequencies.
The other FTIR advantages over the dispersive technique can be mentioned as
follow: Sensitivity, mechanical simplicity, internally calibrated and etc. So these
specifications has made the FTIR method more suitable for wide variety of analyses
including identifying unknown materials, determination of the sample quality and the

amount of components in a mixture.
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Fig. 3.5 Schematic view of the IR spectroscopy

Fourier Transform Infrared spectroscopy (FTIR) coupled with TGA to study the
evolved gas analysis (EGA) in coal science research appears to be more and more
common. Fig. 3.6 shows a schematic diagram of the experimental setup. The setup is
indicated in Fig. 3.7. The experimental setup consists of Perkin Elmer Pyris STA
6000 TGA (Fig. 3.8 and the components Fig. 3.9), Spectrum 1 FTIR spectrometer
(from PerkinEImer Company) (Fig. 3.8), a set of two stage regulators to better damp
the flow fluctuations and two variable area mass flow meters (MFM) to monitor and
adjust the flow of the gaseous species. The Perkin Elmer Pyris STA 6000 TGA and
Spectrum 1 FTIR spectrometer were controlled by Pyris Software (Version
11.0.0.0449) and Spectrum TimeBase software (Application Version: 3.1.2.0041)
respectively. In the present work TGA (Thermogravimetry) and DTG (Derivative
Thermogravimetry) profiles were used to determine pyrolysis and combustion
characteristics of the original and impregnated coal samples in both O,/N, and
0,/CO, ambient conditions. The TGA/DTG profiles are derived with 3800 process

points in Pyris Software from PerkinElmer Company.
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Fig 3.6 Schematic diagram of the experimental setup
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Fig. 3.7 Experimental setup



Fig. 3.8 Perkin Elmer Pyris STA 6000 TGA (left), Spectrum 1 FTIR spectrometer (right)
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Fig. 3.9 Internal view of the TGA at METU Central Laboratory (Perkin Elmer Pyris
STA 6000)

The TGA system was coupled with FTIR spectrometer for determination of
evolved gases during pyrolysis and combustion experiments. TGA and FTIR were
connected by a heated line at the temperature of 270 °C in order to prevent the

condensation of gases (Fig. 3.10).
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Fig. 3.10 TGA system coupled with FTIR spectrometer and the heated line between

two devices

FTIR is highly sensitive to H,O and CO,, thus in order to minimize the
environment effect and ensure the stability of TGA-FTIR, before each test the whole
system was purged for at least 15 minutes. Then the background gas profile from the
FTIR device was checked and if required the system was left to operate for enough
time with a flow of oxygen rich gas and the elevated line temperature of around 310
°C in order to burn and clean the possible contaminations inside the connecting line.
The experiment started only when the system was stable. FTIR spectra were
collected with 4 cm™ resolution, in the range of 700- 4000 cm™ IR absorption band.
The FTIR gas vacuum flow was adjusted to 50 ml,/min in both combustion and
pyrolysis tests. A linear relation between spectral absorbance at a given wavenumber
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and concentration of gaseous components is given by Beer’s Law [60]. In this study,
the points of absorbance (arbitrary unit) at a certain wavenumber are plotted against
temperature in order to obtain a formation profile for each evolved gas observed in
the spectra during experiments. The IR wavenumbers of CO,, CO, H,0, CHy, SOy,
COS, NH;, NO, NO;, N;O, HCN and HCI are listed in Table 3.4. These
wavenumbers are selected between the strong absorption bands of these gases so
that, an attempt was done to avoid any overlap between the desired absorption bands
[31, 39, 60-65]. However, due to interference problems, it was not possible to
distinguish between the SO, and SO; species, and both of them can contribute to the
wavenumber of 1374 cm™. Thus, SO, was assumed to be due to both species.
Furthermore, formation profiles of NOy related species such as NO and NO, are not
reported in some cases due to overlap of their absorption bands with the

characteristic absorption bands of water.

Table 3.4 IR wavenumbers of the evolved gases

Mainvolatile o o5 o CcH, SO, COS NH; NO NO, N,0 HCN HCl
products
z’é’r";‘]‘_’l‘;”“mber 2360 2182 1510 3016 1374 2042 962 1903 1640 2563 3290 2798

About 25 mg of the original and impregnated coal samples with particle size less
than 106 pum was heated with a relatively low heating rate of 15 °C/ min from room
temperature up to 980 °C during each experiment to fully monitor the pyrolysis and
combustion processes. The required combustion ambient was formed by mixing the
desired ratio of the two gases by using two different mass flow meters. The total gas
flow during the combustion tests was around 80 ml,/min. 30ml./min of this mixture

was used as a system purge gas and the remaining 50 ml,/min was sent through the
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balance as a balance purge gas. It is always important to have the balance purge
higher than the sample purge. This balance gas positive purge differential prevents
volatile gases from back streaming into the balance area which may contaminate the
ultra-precision balance. In the case of pyrolysis tests, the system purge gas was
adjusted to 40 ml,/min and the total gas flow was set to 140 ml,/min. This higher
total flow ensures an inert atmosphere on the sample during the run and there will be
enough N, or CO; flow during pyrolysis tests provided for FTIR vacuum and there
would be no leakage from the environment. The working pressure of O,, N, and CO,

gases were adjusted to 2.2 bar, 2.5 bar and 2.45 bar respectively.

The combustion experiments were performed in oxygen mole fractions of 21 %
(oxygen concentration equivalent to normal air combustion), 25 %, 30 % and 35 %
in order to explore the effects of elevated oxygen mole fractions in both N, and CO,
ambient conditions. Pyrolysis tests were carried out in 100 % N, and 100 % CO,
ambient conditions which are the main diluting gases in air and oxy-fuel conditions

respectively.

3.2.1.1 TGA-FTIR Experimental Matrix

The experimental matrix of TGA-FTIR tests throughout this study is listed in
Tables 3.5- 3.8.
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Table 3. 5 TGA-FTIR experimental matrix of original and impregnated Kangal lignite
and Tuncbilek sub- bituminous coal samples

Run Coal Catalyst Oxygen Mole Environment Combustion/
Number Sample Fraction Pyrolysis
Kangal Q ;
1 lignite - 21 % 0O,/ N, combustion
2 Iﬁg?]?tzl - 25 % 0O,/ N, combustion
3 }ﬁgﬂ?til - 30 % O,/ N, combustion
4 ES?\?&I - 35 % O,/ N, combustion
Kangal g ;
5 lignite - 0% N, pyrolysis
6 'ﬁg?}?til - 21 % 0,/CO, combustion
7 *ﬁgﬂ?t‘;' i 25 9% 0,/CO, combustion
8 }ﬁgﬂ?til - 30 % 0,/CO, combustion
9 *ﬁgﬂ?tz' i 35 9% 0,/CO, combustion
10 'ﬁg?}?@l 0% CO, pyrolysis
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Table 3. 6 TGA-FTIR experimental matrix of original and impregnated Kangal lignite
and Tuncbilek sub- bituminous coal samples (continued)

Run Coal Catalyst Oxygen Mole Environment Combustion/
Number Sample Fraction Pyrolysis
11 *ﬁg'r‘]?ti' Fe,0s 21 % 0,/CO, Combustion
12 *ﬁg?}?tzl Fe,0; 25 % 0,/CO, Combustion
13 'ﬁg'r‘]?t"’é' Fe,0s 30 % 0,/CO, Combustion
14 'ﬁgrr‘]?t‘;' Fe,0; 35 % 0,/CO, Combustion
15 'ﬁg'r‘]?t"’é' Fe,0, 0% Co, Pyrolysis
16 ﬁg?}?&l Ca(OH), 21 % 0,/CO, Combustion
17 *ﬁgﬂ?&' Ca(OH), 25 % 0,/CO, Combustion
18 'ﬁg'r‘]?t"’é' Ca(OH), 30 % 0,/CO, Combustion
19 *ﬁgﬂ?ti' Ca(OH), 35 % 0,/CO, Combustion
20 'ﬁgﬂ?@' Ca(OH), 0% co, Pyrolysis
21 fgﬂf’t": K,CO; 21% 0,/CO, combustion
22 'ﬁg?\?ti' K,CO, 25 9% 0,/CO, combustion
23 'ﬁgﬂ?@' K,COs 30 % 0,/CO, combustion
24 fgﬂf’t": K,CO; 35% 0,/CO, combustion
25 'ﬁg?\?@l K,CO3 0% CO, pyrolysis
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Table 3.7 TGA-FTIR experimental matrix of original and impregnated Kangal lignite

and Tuncbilek sub- bituminous coal samples (continued)

Run Coal Sample Catalyst Oxygen Mole Environment Combustion/
Number Fraction Pyrolysis
26 Ttg?gb”.ek Sub- - 21 % 0,/ N, combustion
ituminous
Tunchilek sub- 0 .
27 bituminous - 30 % 0,/CO, combustion
Tuncbilek sub- . .
28 T Fe,0; 30 % 0,/CO, combustion
Tuncbilek sub- . .
29 T Ca(OH), 30 % 0,/CO, combustion
Tunchilek sub- 0 .
30 bituminous K,CO4 30 % 0,/CO, combustion
38 Kangal lignite K,CO4 21 % O,y/ N, combustion
39 Kangal lignite K,CO4 25 % O,y/ N, combustion
40 Kangal lignite K,CO4 30 % O,/ N, combustion
41 Kangal lignite K,CO4 35 % Oy/ N, combustion

47



Table 3. 8 TGA-FTIR experimental matrix of original Kangal lignite and the

impregnated samples with biomass ash contents

Run Number Coal Sample Catalyst Oxygen Mole Fraction Environment
1 Kangal lignite HSh 21 % 0O,/N,
2 Kangal lignite HSh 30 % 0,/N,
3 Kangal lignite HSh 21 % 0,/CO,
4 Kangal lignite HSh 30 % 0,/CO,
5 Kangal lignite WSh 21 % 0,/N,
6 Kangal lignite WSh 30 % 0,/N,
7 Kangal lignite WSh 21 % 0,/CO,
8 Kangal lignite  WSh 30 % 0,/CO,
9 Kangal lignite WS 21 % 0,/N,
10 Kangal lignite WS 30 % 0,/N,
11 Kangal lignite WS 21 % 0,/CO,
11 Kangal lignite WS 30 % 0,/CO,
13 Kangal lignite CM 21 % 0,/N,
14 Kangal lignite CM 30 % 0,/N,
15 Kangal lignite CM 21 % 0,/CO,
16 Kangal lignite CM 30 % 0,/CO,
17 Kangal lignite SD 21 % 0,/N,
18 Kangal lignite SD 30 % 0,/N,
19 Kangal lignite SD 21 % 0,/CO,
20 Kangal lignite SD 30 % 0,/CO,
21 Kangal lignite - 21 % 0,/N,
22 Kangal lignite - 30 % 0,/CO,
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3.2.1.2 Combustion Regions in TGA-FTIR Studies

When the pulverized coal first enters the hot environment, particles rapidly
undergo a process called devolatalization yielding a mixture of primary volatiles or
tars consisting mainly of high molecular weight carbon species plus a mixture of
combustible gases containing CO, H,, CH4and small amounts of other hydrocarbons.
The remaining char consists of highly polymeric aromatics, unsaturated
hydrocarbons and the ash. The amount of volatiles, their composition and the rate at
which they are released are all strongly dependent on many physical and chemical
properties of the original coal.

In combustion tests, the TGA/ DTG plots clearly suggested that there were three
stages of weight loss (Fig. 3.11). These regions were determined according to the
approximate starting and end points of DTG curves which shows thermal breakdown
of organic matters and volatiles in the samples. The first region on the DTG curve
was due to the moisture and low boiling point organic matters in the sample. The
second region where the main weight loss occurred was due to oxidation and
removal of volatile matters from the sample. Furthermore, complicated chemical
reactions, such as formation of liquid and gaseous products, occur in this interval.
The third region was due to oxidation of the char remaining after the volatiles were
removed from the samples and oxygen diffuses gradually to the surface of the fixed
carbon. During the combustion tests in O,/N, ambient and equivalent oxygen mole
fractions in CO, ambient, these three regions were seen approximately in 28-200 °C,

200-520 °C and beyond 520 °C temperature intervals respectively.
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Fig. 3.11 TGA and DTG profiles of Kangal lignite combustion during 21 % O, in CO,
ambient

3.2.1.3 Characteristic Parameters in TGA-FTIR Studies

TGA/DTG and FTIR profiles obtained during pyrolysis and combustion
experiments were used to determine the characteristic parameters such as initial
decomposition temperature (Ti,), peak temperature in the second region due to
devolatilization (Tomax), ignition temperature (Tig), burnout temperature (Ty),
temperature of the maximum flue gas emission (Trs.max) and the absolute value of the
maximum rate of weight loss in the second region (J(dm/dt)omax| (%/min)).
Furthermore, |(dm/dtsmax)| and (Tzmax) Were also defined as the absolute value of the
maximum weight loss rate occurred in the third region of combustion due to char
gasification and oxidation and the corresponding temperature respectively. The
specific reactivity (dm/dt) (%/min) can also be defined as the rate of weight loss of
the sample at any time during pyrolysis or combustion processes. Ti, represents the

initiation of weight loss and was defined as the temperature at which the rate of
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weight loss reaches 0.5 %/min after initial moisture loss peak in DTG profiles. T max
is the point at which the maximum reaction rate |(dm/dtymax)| OCcurs in the second
region of combustion due to devolatilization and is related to fuel structure. This
peak temperature is the measure of combustibility. Lower the peak temperature,
easier is the ignition of the fuel. Different from initial decomposition temperature,
ignition temperature (Tig) is defined as the temperature at which coal starts burning.
It was taken as the temperature at which the weight loss curves in the oxidation and
pyrolysis experiments diverge and a sudden decrease is seen in the DTG curve [66].
The procedure for determining the ignition temperature was defined as following:
firstly, a vertical line passing through the DTG peak point was drawn upward to meet
the TG curve at point A; secondly, a tangent line was made to the TG curve at point
A, which met the extended TG initial level line at point C; thirdly, another vertical
line was made downwards from point C, which intersected with the abscissa at one
point, the corresponding temperature of this point was defined as the ignition
temperature (Fig. 3.12) [54, 56]. The last characteristic temperature considered in
TGA/DTG curves was the burnout temperature (T,) which represents the
temperature where sample oxidation is completed and reflects the thermal behavior
of coal organic matter during combustion and pyrolysis. It was taken as the point
immediately before reaction ceased when the rate of weight loss was 0.5%/min. The
initial and final decomposition temperatures are related to the difficulty with which
the reaction proceeds. Moreover, Trc.max (FTIR profiles) was the temperature at
which the maximum flue gas emission (absorbance at the certain wavenumber)

occured in the second region.
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Fig. 3.12 Ignition temperature (T;) definition sketch [56]

3.2.2 Ash Analysis with XRF Method

X-ray Fluorescence (XRF) spectrometer is used for routine and relatively non-
destructive chemical analyses of minerals, rocks, fluids and sediments. XRF works
on wavelength-dispersive spectroscopic principles and uses relatively large amount
of sample. The stability and ease of use of XRF devices along with low cost and
relative ease of sample preparation of this method make the utilization of these X-ray
spectrometers one of the most common methods in chemical analyses and tracing

elements in wide variety of substances.

Responses of atoms exposed to radiation in XRF method have made it possible to
chemically analyze and trace elements in geological materials. When materials are
exposed to a short wavelength radiation (with high energy), the atoms become
ionized. If the energy of the radiation is sufficient to dislodge a tightly-held inner

electron, the atom becomes unstable and an outer electron replaces the missing inner
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electron. When this happens, energy is released due to the decreased binding energy
of the inner electron orbital compared with an outer one. The emitted radiation is of
lower energy than the primary incident X-rays and is termed fluorescent radiation.
Because the energy of the emitted photon is characteristic of a transition between
specific electron orbitals in a particular element, the resulting fluorescent X-rays can
be used to detect the abundances of elements that are present in the sample. XRF
analyses would provide data in the form of element oxides and separating different

types of one element’s oxides is not possible in these analyses.

In the preparation of ash samples for analysis, slow burning of the coal samples is
necessary to prevent the retention of sulfur as sulfate in the ash. In selected test
methods (ASTM D-3682; ASTM D-4326), the ash from original lignite and
impregnated samples (catalyst concentrations of 5 %) was prepared by placing a
weighed amount of sample (around 20 g and < 106 um in size) in a cold muffle
furnace. The temperature was gradually raised to 500 °C (932 °F) in 1 hour and to
750 °C (1382 °F) in 2 hours [67]. The resulted ash was then cooled in the dessicator
to prevent moisture absorption from the environment. Then, a blend of 6.25 g ash
and 1.4 g diluent was pressed under the pressure of 300 bar for around 5 minutes to
make the XRF (X-ray Fluorescence spectrometer) test tablets (Fig. 3.13). The X-ray
Fluorescence, SPECTRO iQ (Fig. 3.14) was utilized for determination of ash
composition. Prior to the ash analysis tests, three types of calibration tests were run.
The results of ash analyses are listed in Tables 3.9-3.12. In these tables one can see
the effects of impregnation on ash composition of the coal samples. These tables are
illustrated in element-based oxides since XRF analysis would provide data in the
form of element oxides and separating different types of one element’s oxides is not
possible in these analyses. It should be noticed that considerable amounts of silicium
and aluminum oxides were observed in the ash contents of the coal samples used.
Furthermore, it was revealed that the Kangal lignite used in TGA-FTIR tests,

originally had high amount of calcium oxide in the ash.
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Fig. 3.13 XRF test tablets

Fig. 3.14 X-ray Fluorescence SPECTRO iQ (left) and the hydraulic press (right)
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Table 3.9 Ash analyses of the original and impregnated Kangal lignite samples

Element-based

Oxides Si Al Ca Mg K Na Fe i P s
(% By weight)

Kangal lignitt 3400 1596 2440 4107 1120 <011 6037 06774 01361 1484
Fe,0-form 2084 1403 2158 3707 <0.0012 <0.11 1670 0.4486 0.1145 1349
FeCls-form 2018 1310 2112 3413 0905 <011 1155 05042 <0.001 1234

Ca(OH),-form 31.64 1473 30.71 3.864 0.986 <0.11 5.391 0.5784 0.0955 13.88
K,COz-form 30.60 1285 23,53 3.155 8.574 <0.11 5.775 0.6116 0.1392 15.06

Table 3.10 Ash analyses of the original and impregnated Seyitémer lignite samples

Element-based

Oxides Si Al Cca Mg K Na  Fe Ti P S
(% By weight)

Seyitomer lignite  52.98  21.82 2923 5434 1899 <011 10.86 0.7133 <0.001 5.338
Fe,04-form 5039 21.85 2.349 4.175 2153 <0.11 16.62 0.7003 <0.001 3.964
FeCly-form 5287 21.82 2276 4.468 2219 <0.11 1486 0.6345 <0.001 2.797
Ca(OH),-form NA NA NA NA NA NA NA NA NA NA
K,COy-form 5110 21.37 2321 4363 8079 <011 9251 0.6951 <0.001 5.049
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Table 3.11 Ash analyses of the original and impregnated Tungbilek sub- bituminous

samples
Element-based
Oxides Si Al ca Mg K Na  Fe Ti P S
(% By weight)
Tuncbilek sub- 57.85 2151 3.095 5.095 1.398 <0.11 8.721 0.7888 0.0854 3.454
bituminous
Fe,O5-form 5252 19.73 2965 4.758 1.279 <0.11 1655 0.7334 <0.001 3.372
FeCls-form 53.04 1935 3.236 5.824 1485 <0.11 13.82 0.7495 <0.001 4.394
Ca(OH),-form 50.90 19.04 10.26 5.014 1.345 <011 7.880 0.6782 <0.001 6.994
K,CO;-form 52.90 19.68 2.926 4.869 7.545 <0.11 8.074 0.7064 <0.001 5.425

Table 3.12 Ash analyses of the original and impregnated Zonguldak bituminous samples

Element-based
Oxides

Si Al Ca Mg K Na Fe Ti P S
(% By weight)
Zonguldak 5450 3042 2038 2.752 4266 <0.11 5835 1.165 <0.001 1.524
bituminous
Fe,O4-form 4914 27.82 1903 2585 3791 <0.11 1481 1.052 <0.001 1.348
FeCly-form NA NA NA NA NA NA NA NA NA NA
Ca(OH),-form 4803 2653 1064 2588 3.851 <0.11 5697 1.130 <0.001 3.613
K,CO4-form 4896 26.69 2046 2443 1093 <0.11 5675 1113 <0.001 2.429
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3.2.2.1 Repeatability Tests

In order to test the repeatability of XRF analysis, a set of experiments were
performed using S + 5 % FeClz and T + 5 % FeCl; samples. In the case of each

sample, three XRF runs were performed and the results are listed in Table 3.13.

Table 3.13 Repeatability tests in XRF analyses

Element-based Av.
Oxides Si Al Ca Mg K Na Fe s  Error
(% By weight) (%)

S+5%FeCl; (run  52.80 21.86 2292 4,406 2267 <011 14.88 2711
#1)

S+5%FeCl, (rlun  52.82 21.85 2278 4.416 2267 <011 1492 2.713
#2)

S+5%FeCl, (rlun  52.81 21.81 2276 4.460 2277 <011 1491 2717
#3)

Max Elemental 015 023 070 123 044 0 0.27 0.22 0.46
Error (%)

T+5%FeCly(run  52.27 19.49 3200 5813 1.248 <011 13.80 4.313
#1)

T+5%FeCly (run 53.14 1940 3.233 5797 1416 <011 13.85 4.296
#2)

T+5%FeCly;(run  53.34 19.48 3.180 5899 1.330 <011 1381 4.316
#3)

Max Elemental 205 046 167 176 13.46 0 0.36 0.47 2.53
Error (%)

57



3.2.3 Calorimetric Tests

A bomb- or combustion calorimeter is a device used to measure the amount of
heat created by a sample which is combusted under controlled conditions. This
combustion takes place in a closed vessel (Fig. 3.15) which is sank in water and
embedded under relatively high oxygen pressure. A weighed amount of sample (1-2
g) is placed in the crucible located in to the stainless steel bomb filled with oxygen
up to the pressure of 25-30 bar (in a typical calorimeter). Then an ignition wire is
used to ignite the sample. During the burning process, the heat created is transferred
into the surrounding water. The inner vessel is finely isolated using an outer vessel in
order to ensure that the created heat does not get out of the system or the system is
not affected by the environment while the room temperature changes. This rise in
water temperature is monitored using a precision thermometer and is used in the
calculations. Oxygen bomb calorimeter and the schematic view of the components
are indicated in Fig. 3.16. There are various types of calorimeters among which
Differential Scanning Calorimeter (DSC) is known as a common method in

calorimetric analysis.

Fig. 3.15 Oxygen bomb
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Fig. 3.16 Oxygen bomb calorimeter (left) and schematic view (right)

The calorimetric tests were carried out using oxygen bomb calorimeter for K, S, T
and Z coal samples in the Mineral Processing laboratory of Mining Engineering
Department at Middle East Technical University (Fig. 3.17).
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Fig. 3.17 Oxygen bomb calorimeter set up

Around 1.5 g of the raw or impregnated coal samples (completely dry) were
weighed using a digital scale with high balance resolution. The sample container was
put in the embedded place inside the bomb with a fine wire passing through the
sample. The standard wire length of 10 cm was used in all the experiments. The
bomb was closed and filled with oxygen up to 25 bar pressure. The removable water
container was filled with specified amount of distilled water and was placed in the
isolated tank during each experiment. The stainless steel bomb containing the sample
and oxygen under high pressure was placed in the water inside the isolated tank and
electrical connections were plugged in to their embodied sockets for igniting the

sample. A precision thermometer was used to monitor the temperature before sample
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ignition (T;) and the maximum temperature reached (T,). This thermometer was
working within the temperature interval of 27-35 °C. A magnifier was used to better
monitor the temperature. A water bath stirrer was used to generate internal flow
around the bomb to help the system become thermally stable. During each
experiment and prior to ignition, the whole system was left for enough time (around
10 min) to become thermally stable while the water was being stirred. T; was
recorded just before igniting the sample and T, was the maximum temperature
reached just before its fall-off. The higher heating values (HHV) of the samples were

then derived using the following formula:

2416 x (T2-T1) (31)

Calorific Value (HHV) (Kcal/Kg) = -

T, (°C): Maximum temperature
T, (°C): Temperature before ignition

m (g): Modified sample mass

Each experiment was carried out at least twice in order to check the repeatability
and the average was considered as the calorific value of the sample. At the end of
each test the ash amount of the sample was measured. Ambient temperature might
also be considered as a variable during these kinds of experiments. In the case of all
our experiments, ambient temperature varied within the temperature interval of 17-20

°C and therefore this effect was considered negligible in our calorimetric tests.

In order to make sure that the added catalysts were directly ineffective during
calorimetric tests, four runs were carried out with the pure catalysts. In these
experiments, it was observed that no temperature increase was traced for all the pure
catalysts used, confirming that these additions did not have any direct influence in

creating temperature difference.
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3.2.3.1 Catalytic Effects on Calorimetric Tests

In this part of the study, an attempt was done to profoundly explore the possible
influences of three inorganic materials, potassium (K), calcium (Ca) and iron (Fe), on
calorific values of four different indigenous coal samples using oxygen bomb
calorimeter. Potassium carbonate (K,COj3), calcium hydroxide (Ca(OH),), iron (I11)
oxide (Fe,O3) and iron (I11) chloride (FeCls) were employed as precursors of the
mentioned catalysts. In calorimetric tests, catalyst additions to the raw coal by
impregnation, corresponded 2 %, 5 % and 10 % in terms of mass ratio of catalyst
precursors to coal. Sample preparation and tests methodology can be reviewed in
Chapter 3.1. Detailed results of calorimetric tests for different coal samples are listed
in Appendix B. The calorific values of the original coal samples (dry basis) used in
these tests were 2375 Kcal/Kg, 2192 Kcal/Kg, 3434 Kcal/Kg and 4226 Kcal/Kg for

Kangal, Seyitomer, Tuncbilek and Zonguldak samples respectively.

Results obtained from the calorimetric tests of Kangal lignite and Tungbilek sub-
bituminous samples are illustrated in Figs. 3.18 and 3.19. As illustrated in these
figures, no significant effects of catalysts were seen in the calorific values of Kangal
and Tuncbilek samples. Although there were some slight differences in the
calorific values of the impregnated samples, these fluctuations can be a result of
the experimental and impregnation errors. Therefore, within the experimental
uncertainty, calorific values were almost the same and no significant catalytic

effects were observed in the calorimetric tests.
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Fig. 3.19 Calorific values of Tungbilek sub-bituminous samples with catalysts
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3.2.3.2 Sources of Errors in Calorimetric Tests

1) The m in the denominator of the equation for deriving higher heating value (HHV)
(Chapter 3.2.3) should be related to the effective mass of the coal samples used in
these experiments. Therefore, the mass of the added catalyst used for impregnation
of the coal samples should be subtracted from the total weight of the sample in each
experiment. This should be done as long as it was confirmed that these catalysts did
not show any direct influence in calorimetric tests, thus having only the mass of the
effective part in the denominator of HHV equation. On the other hand, addition of
the catalysts with the percentages of 2 %, 5 % and 10% was carried out in terms of
mass ratio of catalyst precursors to the coal samples as tested (after milling and not
the completely dry samples) (Table 3.3). However, completely dried samples should
have been utilized in formation of these mixtures, since after the final dehumidifying
process and eliminating the mass of remaining water from the samples, the
contribution of the catalysts would no longer be 2 %, 5 % and 10 % but higher than
these percentages which was related to the humidity contents of each sample at the
time of adding into catalyst slurries. Therefore, the sample effective mass was
modified as illustrated in Appendix B. The humidity content of the samples used in
the process of impregnation was extracted from Table 3.3 which was 27.63 %, 16.00
%, 4.37 % and 2.60 % for K, S, T and Z coal samples respectively.

2) The time interval between T, and T, recording points were reported to be within
400-450 seconds for 10 arbitrary selected runs. On the other hand, the system
temperature would drop 0.11-0.18 °C during such a period even after becoming
thermally stable before sample ignition which could be due to the weakness of
system isolation. Therefore, this temperature drop (and even more since the system
temperature is rising during these tests) should be added to the temperature
difference between T, and T,. However, this effect was not considered in
calorimetric tests performed in this study, since this would not affect the comparative
nature of this study.

3) Although the wire used for igniting the sample would contribute in producing

heat, this effect is not embodied in the HHV equation suggested by the producer.
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CHAPTER 4

TGA-FTIR EXPERIMENTS OF KANGAL LIGNITE PYROLYSIS

The coal pyrolysis reaction is the first stage of coal thermal treatment. Pyrolysis
can be defined as decomposition caused by exposure to high temperature in an
oxygen free atmosphere which is the most important aspect of coal behavior because
it occurs in all major coal conversion processes, like combustion, gasification,
carbonization and liquefaction. The process of coal pyrolysis can be divided in to

two steps:

(1) Coal — primary product + gas (H, CH and so on) + char;

(2) Primary product — secondary product + gas [68].

Pyrolysis as the preliminary process of coal combustion plays a crucial role in
determining flame stability, ignition, and product distributions [69]. The ignition
temperature of lignite is determined by volatile combustion. Therefore, lignite
pyrolysis rate is a very important factor affecting the ignition temperature. Pyrolysis
tests of Kangal lignite carried out in both 100 % N, and 100 % CO, ambient

conditions.

DTG profiles throughout the analysis of pyrolysis tests were smoothed using

10 points window and standard smoothing algorithm (Pyris Software).
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4.1 Effects of N, and CO, Ambient Conditions

In this study the effects of the ambient conditions on pyrolysis behavior of Kangal
lignite was investigated in 100 % N, and 100 % CO, ambient conditions. TGA and
DTG profiles of pyrolysis tests are shown in Figs. 4.1 and 4.2 and the results are
listed in Table 4.1. It was observed that pyrolysis behavior of the lignite sample in
100 % N, and 100 % CO, ambient conditions was very similar to each other up to
720 °C. This indicates that CO, also behaves as an inert gas until this temperature.
After the moisture release in the first 220 °C temperature zone, pyrolysis continued
with the release of volatile matter content. The primary pyrolysis took place between
220-445 °C temperature interval which included the release of larger fraction of
volatiles, mainly light species and gases, CO,, light aliphatic gases, CH, and H,O.
Tar and hydrocarbons evolved between 445-550 °C during which additional gas
formation such as CH,4, CO and H, from ring condensation was mainly observed [69,
70]. Pyrolysis opens up some dead pores and enlarges sizes of already existing pores.
Therefore, in the initial stages of gasification at around 650 °C, disorganized carbon
from tars are removed which results in opening of inaccessible porosity and then an
increase in all sizes of pores which enhance reactivity until up to a certain
conversion. With further increase in conversion, the most active sites decrease
leading a loss in active surface area and as a consequence reactivity decreases [71].
The major difference in pyrolysis of lignite samples in these two different
atmospheres was observed after 720 °C with the separation of TGA profiles. In 700-
980 °C temperature range, additional peaks were displayed in both DTG profiles as
shown in Fig. 4.2. As illustrated in Table 4.1, in 100 % CO, ambient, the maximum
weight loss rate in this temperature range was found to be considerably higher with
higher corresponding temperature (Tamax). In 100 % N, a peak appearing at 727 °C is
attributed to partial burning of combustible matter at high temperatures by using
inherent oxygen which is about 11 % in Kangal lignite. On the other hand, the sharp
peak observed at 785 °C in DTG profile of pyrolysis tests in 100 % CO, (Fig. 4.2)

can be attributed to char-CO, gasification reaction:

C(s) + CO, (g) <> 2CO [12] (5.1)
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Char-CO, gasification reaction may increase the reactivity of char in O,/CO,
conditions due to the high concentrations of CO,. This sharp peak observed in the
temperature range beyond 720 °C was in a good agreement with Kwon et al. [72].
This also can be confirmed by higher total weight loss in 100 % CO, (59.9 %) with
respect to 100 % N, (43.6 %) and by other studies [56, 14].

100

Pyrolysis in N2 (dotted line)
Pyrolysis in CO2 (solid line)
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28 200 400 00 &00 1000
Temperature (°C)

Fig. 4.1 TGA profiles of N, and CO, pyrolysis tests
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Fig. 4.2 DTG profiles of N, and CO, pyrolysis tests

Table 4.1 N, and CO, pyrolysis characteristics

Pyrolysis in 100 % N, Pyrolysis in 100 % CO,

Tin CC) 270 269
Tamax (°C) 727 785
|(dm/dt)smax|(%6/min)  1.74 2.44
Total weight lossup  43.6 59.9
t0 980 °C (%)
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4.2 Effects of Catalysts

The possible impacts of different catalysts on pyrolysis of Kangal lignite in 100
% CO, ambient were investigated and the results are illustrated in Figs. 4.3 and 4.4
and listed in Table 4.2. Tzmax and |(dm/dt)smax| Were related to the gasification of
char. As illustrated in Table 4.2, although there was no considerable change in Tamax
during the char-CO, gasification reaction, the maximum weight loss rate of this
process was influenced by the evolved catalysts. The K-based catalyst increased the
maximum rate to 2.78 %/min, while the Ca- and Fe-based catalysts decreased this
rate to 2.2 %/min and 2.35 %/min respectively in comparison with Raw-form
pyrolysis rate, 2.44 %/min. Therefore, K,CO; found to be the most effective catalyst
in char gasification in 100 % CO,. The catalytic gasification mechanism of K,CO;
can be found elsewhere [35]. The total weight loss of the impregnated lignite
samples was slightly higher than in Raw-form case which might be due to the direct

influence of catalysts remained in the ash.

Table 4.2 Effects of catalysts in CO, pyrolysis

Raw-form Fe-form Ca-form K-form

Tamax CC) 785 783 783 789
|(dm/dt)3max|(%6/min) 2.44 2.35 2.20 2.78
Total weight loss 59.9 56.9 57.7 57.4

up to 980 °C (%)
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Fig. 4.3 DTG profiles of CO, pyrolysis tests with catalysts
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Fig. 4.4 TGA profiles of CO, pyrolysis tests with catalysts
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4.3 FTIR Results

4.3.1 Effects of N, and CO, Ambient Conditions

Formation profiles of evolved gases including CO,, CO, H,0O, SO, and COS
during pyrolysis tests in 100 % N, and 100 % CO, ambient conditions are reported
and shown in Figs. 4.5 and 4.6. The evolved species of CH4, HCN, NO, N,O and
HCI were not considered because these concentrations were below the sensible limits
of FTIR during pyrolysis tests. In both ambient conditions, H,O peak was detected at
around 100 °C due to moisture release and also in the temperature range of 200-750
°C with small peaks at 400 "C and 525 °C in 100 % N, and 100 % CO, ambient
conditions respectively. In 100 % N,, CO, release started after 180 °C and continues
until 780 °C with two strong peaks at 360 °C and 730 °C. In the case of low rank
coals, CO; is formed from aliphatic and aromatic carboxyl and carboxylate groups at
low temperatures. At high temperatures, however, CO, derive from thermally more
stable ether structures, quinones and oxygen-bearing heterocycles [73]. In pyrolysis
tests under 100 % CO, ambient, the evolution of CO started at 400 °C and reached a
main peak at 800 °"C. This peak zone was in a good agreement with the temperature
at which the maximum reaction rates occurred in pyrolysis tests and confirms that in
100 % CO,, significant amount of CO was evolved from char-CO, gasification
reaction (C (s) + CO;, (g) <> 2CO). Therefore, formation of CO was found to be the
major contributor to the evolved gases in CO, ambient with its highest absorbance
intensity at high temperature zone. On the other hand, in 100 % N, negligible
amount of CO was formed due to partial burning of combustible matter which
experienced a peak at 735 °C. In pyrolysis tests of high sulphur content lignite, SO,
and COS releases were also noted. As indicated in Fig. 4.6, pyrolysis in 100 % CO,
revealed that the evolution of SOy took place in high temperature zone, as the
emission started at 900 °C and reached the maximum at 950 °C. In the case of 100 %
Ny, the SOy evolution occurred between 250 °C and 600 °C during which the
corresponding absorbance intensity was much lower than the peak in 100 % CO, and
this was in good agreement with Liu the literature. Liu et al. [8] reported that in 100

% N,, SO, would easily be formed and released at a lower temperature level and
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more than half of the SO, yield was observed at lower than 600 °C. Several studies
have reported that the oxy-fuel process using recycled flue gas resulted in a higher
concentration of SO, which might be associated with higher amounts of secondary
sulphur species (SO3, H,S, COS) during the process. The other sulphur containing
gas, COS, is formed by reaction of pyrite or sulphur formed during pyrite
decomposition with CO [19]. COS formation increased significantly with the
initiation of gasification reaction in CO, ambient and experienced three peaks at 530
°C, 780 °C and 910 °C. Higher CO concentration in pyrolysis environment led to the
higher formation of COS in 100 % CO,, in contrast to 100 % N, [19].
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Fig. 4.5 Formation profile of CO, during N, pyrolysis test
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Fig. 4.6 Formation profiles of evolved gases during N, and CO, pyrolysis tests

4.3.2 Effects of Catalysts in CO, Pyrolysis

In the catalytic pyrolysis tests, Fe,03, Ca(OH), and K,CO3; compounds were used

as precursors of Fe, Ca and K catalysts respectively to form Fe-form, Ca-form and

K-form samples. The effects of these catalysts on the formation profiles of evolved

gases including CO and COS were investigated in 100 % CO, which is the main

diluting gas in oxy-fuel condition and the results are shown in Fig. 4.7. The

formation profiles of CO decreased in the cases of all the catalysts with an extra peak

at 900 °C for Fe,O3. However, the Ca-based catalyst was the most effective, since
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Ca(OH), catalyzed the water-gas shift reaction, resulting in the decrease of CO [31].
Sulphur containing gases, COS, appeared in the FTIR spectra. COS is formed by
reaction of pyrite or sulphur formed during pyrite decomposition with CO [19]. COS
formation increased significantly with the initiation of gasification reaction at 720 °C
in 100 % CO,. Higher CO concentration in pyrolysis environment led to the
formation of COS in 100 % CO, in contrast to 100 % N,. The evolution of COS
decreased in the case of all the catalysts and maximum release was observed at 780
°C. Ca(OH), and CaO were reported to be quite effective in capturing the sulfur-
containing gases by Guan et al. [42]. COS evolution profiles experienced three peaks
in the cases of Raw- and Fe- form samples at 530 °C, 780 °C and 910 °C. Two main
peaks were observed in the cases of Ca- and K-based catalyst. The effects of the
evolved catalysts on SO, formation were not reported since SOy evolution mainly

occurs in the temperature regions beyond the limitations of our TGA-FTIR system.
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CHAPTER 5

TGA-FTIR COMBUSTION TESTS

Kangal lignite and Tuncbilek sub-bituminous samples were selected to be used in
TGA-FTIR studies of combustion tests. In catalytic combustion tests, Fe,Os,
Ca(OH), and K,CO3; compounds were used as precursors of Fe, Ca and K catalysts
respectively to form Fe-form, Ca-form and K-form samples. Combustion tests of raw
and impregnated coal samples were carried out in air (21 % O, in Ny), oxygen-
enriched air (25 % O, in N, 30 % O, in N,, 35 % O, in N,), oxy-fuel environment
with equivalent oxygen concentration as in air (21 % O, in CO,) and oxygen-
enriched oxy-fuel environments (25 % O, in CO,, 30 % O, in CO,, 35 % O, in CO,).
Previous studies on oxy-fuel combustion mainly revealed that the overall O,
concentration at the inlet to the boiler should be between 27 and 35 vol % in order to
yield comparable adiabatic flame temperatures (AFT) and heat transfer profiles as
seen for conventional combustion in air [12]. This oxygen mole fraction range was

used as a main reference in comparative analyses.

DTG profiles throughout the analysis of combustion tests were smoothed
using 10 points window and standard smoothing algorithm (Pyris Software).
Furthermore, FTIR profiles are illustrated while smoothed using exponential
smoothing method under damping factor of 0.5 in order to have optimum view of

the profiles without underestimating the values.

The characteristic temperatures of Tig, Tomax, To, Tre-max @long with |(dm/dt)zmay|
(%/min) (absolute value of the maximum rate of weight loss in the second region)

and maximum absorbance (arbitrary unit) of the evolved gases are investigated to
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explore the effects of N, and CO; diluting gases, oxygen mole fractions and catalysts
on combustion characteristics and evolution of the evolved gases during combustion

tests.

5.1 TGA/DTG Profiles of Kangal Lignite and Tungbilek Sub-Bituminous

Samples (Combustion Tests)

TGA and DTG profiles of combustion tests performed by Kangal lignite and
Tuncbilek sub-bituminous samples in air and 30 % O, in CO, are illustrated in Figs.
5.1 and 5.2 respectively. In air combustion case, as illustrated in Fig. 5.1, three stages
of weight loss were observed separately in Kangal lignite DTG curve. Since the
higher volatile matter content of Kangal lignite (41.66 % dry basis) with respect to
Tuncbilek sub-bituminous sample (28.57 % dry basis) led to oxidation and removal
of volatile matters in lower temperature zone (200-500 °C) and prior to the sufficient
temperature required for starting the char combustion. However, in Tuncbilek sub-
bituminous combustion tests, the main weight loss occurred during the temperature
interval of 200-550 °C and devolatilization and char burning steps are not discretely
separated. The maximum rate of weight loss in the second region (|(dm/dt),max|) and
the corresponding temperature (T,max) Was observed to be much higher in the case of
Tuncbilek providing higher temperature medium for char combustion which was
thought to be the reason of continuous devolatalization and char oxidation regions.
However, a slight peak at around 590 °C might be due to the char combustion
remaining after the first stage of volatile and char combustion. T, was observed to be
considerably lower in Tungbilek combustion in air with respect to Kangal lignite
combustion. The total weight loss was reported to be almost the same in both

samples.
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In the combustion tests carried out in 30 % O, in CO,, Tomax Was considerably
lower in lignite than in sub-bituminous (304 °C versus 457 °C). However a slight
change in |(dm/dt),max| Was observed in DTG curves of these two samples.

5.2 Combustion Tests of Kangal Lignite

5.2.1 Effects of N, and CO; Diluting Gases in Different Oxygen Mole
Fractions (TGA/DTG Results)

The TGA/DTG curves indicated in Figs. 5.3 to 5.6 are profiles to analyze the
effects of the diluting gas on combustion characteristics of lignite in various oxygen
concentrations. Ignition temperature, combustion rate and burnout behavior were
determined for evaluation of combustion reactivity in both second and third regions.
The lower the ignition temperature and the higher the maximum combustion rate, the
better the reactivity. The similarity in TGA/DTG profiles obtained at the same
oxygen concentration levels but with different ambient conditions was an expected
result. During the combustion tests in O,/N, and O,/CO, mixtures, the mass losses of
around 9 %, 33 % and 11 % took place in the first, second and third regions
respectively. Therefore, the second region is the most important region to examine
since the major mass loss and complicated chemical reactions, such as formation of

liquid and gaseous products, occur in this interval.

Tigand Tomax Were higher in all the oxygen mole fractions (except for 30 % Oy)
during combustion tests in N, with respect to CO, ambient. These differences were
more significant in 21 % O, (Table 5.1) during which 11 °C and 13 °C of temperature
difference was experienced in the cases of Tiy and Tomax respectively. However, these
results are not supported by previous studies, since they do not agree with the
expected delay in oxy-fuel combustion in most of the oxygen concentrations. In TGA
technique combustion temperature of the sample is controlled by electrical heating
and sample temperature is not affected by combustion environment effectively.
Therefore, different heat capacities of diluting gases in combustion environment has

no significant effect on combustion in contrast to practical tests as also confirmed by
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Rathnam et al. [14]. As illustrated in Fig. 5.7 and with regard to each oxygen
concentration, although the maximum reaction rate ((|(dm/dt)omax| (%/min)) was
slightly higher in 21 % O, in CO, than in air combustion, in elevated oxygen cases
(25 %, 30 % and 35 %), |(dm/dt),max| Were higher in O,/N, ambient. The maximum
reaction rates in O,/N, corresponded 3.72 %/min, 6.72 %/min and 11.34 %/min with
increasing oxygen concentration from 25 % to 35 % respectively. Therefore, the
higher reactivity of the sample in 21 % O, in CO, ambient was confirmed by the
lower Tig and Tomax in addition with higher |[(dm/dt)omax|- Accordingly, the higher
reactivity of the sample in 30 % O, in N, ambient was confirmed by the lower Tjg
and Tomax In addition with higher |[(dm/dt)omax|- Tr Was independent from oxygen
concentration and showed to be 640 °C and 750 °C in O,/CO, and O,/N, ambient
conditions respectively. This result was in agreement with Rathnam et al. [14] in
which two coal types showed significant improvements in burnout during oxy-fuel
conditions compared to air conditions. In O,/N, case, the third region of DTG
profiles differed from the oxy-fuel case. In this region, the DTG profile of N,
diluting combustion case experienced another peak that was not seen in oxy-fuel
case.
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Fig. 5.3 TGA and DTG profiles of Kangal lignite combustion during 21 % O, in N, and
21 % O, in CO, ambient conditions
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Table 5.1 Characteristic parameters of Kangal lignite combustion in 21 % O,

21% O-719% N, 21 % O,-79 % CO,

Tin (CC) 243 234
Tiy CC) 287 276
T2max (OC) 332 319
Ty (C) 751 639
|(dM/dt)omaxl(Y6/min)  3.01 3.28
100 0 &
’u_
a
90 =
H E
< | 1 E
g 20 - £
= =
e 701 25% 02 - 75% N2 (dotted line) [ 2 =
5 25% 02 - 75% CO2 (solid line) | &
2 60 - 2
= 3
-
50 - £
2
40 T . : r -4 S
28 200 400 600 800 1000

Temperature (°C)

Fig. 5.4 TGA and DTG profiles of Kangal lignite combustion during 25 % O, in N, and
25 % O, in CO, ambient conditions
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Fig. 5.5 TGA and DTG profiles of Kangal lignite combustion during 30 % O, in N, and
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Fig. 5.6 TGA and DTG profiles of Kangal lignite combustion during 35 % O, in N, and
35 % O, in CO, ambient conditions
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5.2.2 Effects of N, and CO, Ambient Conditions (FTIR Results)

In this section, the possible impacts of different ambient conditions on evolution
of combustion gases are investigated through FTIR tests. Formation profiles of
evolved gases including CO, H,0, SO, and COS during combustion tests in air and
21 % O, in CO, ambient are illustrated in Fig. 5.8 and the results are listed in Table
5.2. In both ambient conditions, two peaks were detected at 350 °C and 610 °C in CO
evolution profiles for which the first peak occurred with 24 °C and 30 °C delay in N,
and CO, ambient conditions respectively in comparison with T,n. in the second
region. Actually, required time for the transfer of combustion gases from the
Thermogravimetric Analyzer to the gas cell of FTIR spectrometer caused a delay
between the TGA result and the corresponding IR spectra. However, a good
agreement was observed between the second peak and the maximum rate of weight
loss due to char combustion in the third region. H,O evolution profiles have two
peaks at 100 °C and 325 °C in both ambient conditions for which the first peak was
due to the primary moisture release. These two peaks were in good agreement with
DTG curves. Sulphur containing emissions are mainly related to the sulphur content
of the sample which was relatively high (~ 4 %) in Kangal lignite. SOx and COS
profiles had their single peaks at 315 °C and 325 °C respectively with an extra
shoulder at 400 °C in the case of SOy The first slight peak at 100 °C in SOy
formation profiles was more likely to be related to the water vapor emissions. In the
general case, the emission of CO, H,O, SOx and COS gases in this oxygen
concentration was slightly higher in oxy-fuel conditions with respect to normal air
combustion as |(dm/dt),max| increased from 3.01 %/min to 3.28 %/min. During the
test conditions, no considerable emissions were detected in temperatures above 700
°C as CH, and HCI concentrations were too low to be traced in this oxygen mole

fraction.
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Fig. 5.8 Formation profiles of evolved gases during combustion tests in air and in 21 %
O, in CO, ambient

Table 5.2 Characteristic parameters of evolved gases during combustion tests in 21 %

0.
Flue 21 % O,-79 % N, 21 % 0O,-79 % CO,
Gases
TrG-max Max. Absorbance TrG-max Max. Absorbance
(®) (Arbitrary Unit) (®) (Arbitrary Unit)

CO 356 1.10E-2 349 1.37E-2
H,O 324 1.72E-2 329 2.21E-2
SOx 316 1.27E-2 315 1.41E-2
COs 321 9.18E-3 329 1.13E-2

Tomax ((C) =332 |[AM/d)omaxd@/Min) =3.01  Tomae (C) =319 |(AM/dt)ormal(%/min) = 3.28
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Formation profiles of gases during combustion tests in elevated oxygen mole
fraction in N, and in CO, ambient conditions (30 % O,) are illustrated in Fig. 5.9 and
the results are listed in Table 5.3. In these elevated oxygen tests, the CO peak and
Trc-max Were higher in O,/CO,. On the contrary, the evolution profiles of H,0, SO
and COS experienced sharper peaks with higher maximum absorbance and lower
corresponding temperatures in N, rather than CO, ambient conditions. Therefore, a
good agreement was seen with T,max and |(dm/dt),max| Where the maximum reaction
rate due to the devolatalization was remarkably higher (6.72 %/min ) and Tmax Was
lower (293 °C) in O,/N, with respect to O,/CO, which was 4.25 %/min and 304 °C
respectively. In the general case, a delay was reported for Trgmax Which was higher
for Tomax In the case of all the evolved gases in 30 % O, in both N, and CO,

ambient conditions.
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Fig. 5.9 Formation profiles of evolved gases during combustion tests in 30 % O, in N,
and 30 % O, in CO, ambient conditions
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The evolutions of CH4 and HCI were also examined. HCI formation during

combustion tests is mainly contributed to the Cl content and one possibility is that

the water vapor decomposes into H* and OH" ions, with OH™ substituting for the CI”

in the inorganic compounds, and the substituted CI~ combines with H* to produce

HCI [39]. During these experiments, the higher maximum absorbance at the higher

corresponding temperatures was observed for both CH, and HCI in oxy-fuel

conditions. However, weak peaks were observed for CH,4 for which the main reason

might be lower aliphatic chains to produce light hydrocarbons.

Table 5.3. Characteristic parameters of evolved gases during combustion tests in 30 %

0O,

Flue
Gases

CO
H,O
SOx
COS
CH,
HCI

30 % O,-70 % N,

30 % O,-70 % CO,

TFG-max

(O

309
307
307
306
313
311

Tamax ("C) =293

Max. Absorbance
(Arbitrary Unit)

1.24E-2
2.47E-2
2.04E-2
1.34E-2
1.06E-3
1.25E-3

|(AM/At)2mael(%6/min) = 6.72

TFG-max

Q)

334
319
315
317
322
319

Tamax (°C) = 304

Max. Absorbance
(Arbitrary Unit)

1.39E-2
2.22E-2
1.63E-2
1.16E-2
1.84E-3
1.65E-3

[(dm/dt)smax|(%e/min) = 4.25
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5.2.3 Effects of Different Oxygen Mole Fractions (TGA/DTG Results)

DTG and TGA curves indicated in Figs. 5.10- 5.13 are derived to explore the
effects of oxygen mole fractions of 21 %, 25 %, 30 % and 35% on the combustion
characteristics of Kangal lignite in both N, and CO, ambient conditions and the
results are also listed in Tables 5.4 and 5.5. Comparison of DTG curves in Figs. 5.10
and 5.12 indicated that the effect of oxygen concentration was more significant than
that of the diluting gas (N, or CO,) on the combustion profiles. While combustion in
0O,/N, and O,/CO, mixtures with identical oxygen concentrations resulted in only
slight differences in combustion characteristics of lignite, elevated oxygen levels in
combustion ambient shifted the weight loss curves to lower temperature zone
accompanied with much higher reaction rates. In some studies, it was demonstrated
that the force of the fusion layer around solid particles is reduced by the presence of
oxygen [55, 74]. This situation also results in the faster release of volatiles depending
on the nature of solid particles and experimental conditions. High volatile matter
content of lignite and the ease with which it is released, result in the formation of a
sharper preliminary peak previously observed in low rank coals [75]. As illustrated in
Figs. 5.10 and 5.12, similar trends in the early stage of the process (up to 250 °C) in
both ambient conditions revealed that the initiation of the combustion process is not
affected by oxygen concentration level. But at higher temperatures and in the second
region (200 -520 °C), more significant differences were displayed in DTG curves and
these profiles were clearly different in this region of combustion. Furthermore, it was
observed that when the oxygen concentration increased, the process of combustion of
samples varied from a single stage to double stages in this temperature interval. No
difference was observed in the third region of combustion at the elevated oxygen
concentration. Total weight loss of the lignite samples was found to be almost the
same in all combustion cases. Effects of oxygen concentration on characteristic
temperatures are very clear. Tiq decreased from 287 °C to 262 °C and from 276 °C to
257 °C as the oxygen concentration was increased from 21 % to 35 % in O,/N, and
0,/CO, respectively. Furthermore, T,max dropped considerably from 332 °C to 280

°C and from 319 °C to 273 °C and the maximum reaction rates increased
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significantly from 3.01 %/min to 11.34 %/min and from 3.28 %/min to 10.84 %/min
as the oxygen concentration was increased from 21 % to 35 % in O,/N, and O,/CO;
ambient conditions respectively. Therefore, the reactivity of the sample increased by
increasing the oxygen mole fraction from 21 % to 35 % and complete combustion
was achieved at lower temperatures and shorter times. T, did not change

considerably during these tests.

Table 5.4 Characteristic parameters of Kangal lignite combustion in N, ambient

21% 0,-79% N, 25%O0,—75% N, 30% O,—70% N, 35 % O,—65 % N,

T CC) 243 242 239 237
Tiy CC) 287 272 270 262
Tomax CC) 332 304 293 280
Ty (C) 751 752 752 753
|(dM/dt)mad (Y6/min)  3.01 3.72 6.72 11.34
Tamax (°C) 608 610 612 614
|(dM/dt)smad (Y6/min)  1.35 1.47 152 151

Table 5.5 Characteristic parameters of Kangal lignite combustion in CO, ambient

21 % O,~79 % 25%0,-75% 30%0,~70% 35 % O,—65 %

co, Cco, CO, co,
Tin CC) 234 235 239 233
Tiy (C) 276 271 273 257
Tomax (CC) 319 301 304 273
Ty (C) 639 642 641 639
|(dm/dt) maxl (Y6/min) 3.28 3.54 4.25 10.84
Tamax (C) 611 613 617 615
|(dm/dt)gmaxl (Y6/min) 1.49 1.55 1.60 1.65
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5.2.4 Effects of Different Oxygen Mole Fractions (FTIR Results in N;
ambient)

The evolution of CO, as a main combustion emission during combustion tests
under various oxygen mole fractions in N, ambient is illustrated in Fig. 5.14. Low
rank coals have high content of oxygen-containing functional groups such as
carboxyl, hydroxyl, ether and carbonyl groups leading to higher peaks of CO, and
CO in comparison with high rank coals [31]. Three main peaks were observed for
CO,, the most remarkable at the second region and two other at 610 °C and 730 °C.
The first peak was due to the oxidation and removal of volatile matter which shifted
to lower temperatures and higher absorbance as oxygen concentration increased to 35
%. At 35 % O; in N, ambient, CO, profile had a shoulder at 370 °C which was due to
the fact that the process of combustion in this region varied from a single stage to
double stages as oxygen concentration increased. As illustrated in Figs. 5.10 and
5.14, these three CO, peaks were greatly consistent with the peaks of reaction rates
in DTG curves.
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Fig. 5.14 Formation profiles of CO, during combustion tests of Kangal lignite in N,
ambient
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Fig. 5.15 Formation profiles of evolved gases during combustion tests of Kangal lignite
in N, ambient

Fig. 5.15 demonstrates the evolution profiles of CO, H,0, SO, and COS under
various oxygen mole fractions in N, ambient. A large fraction of these emissions
mainly occurred during the temperature interval of 200-500 ‘C due to volatile
combustion and sharper peaks were observed as we switched to higher oxygen
concentrations. It was reported that SO absorbance also experienced distinct peaks
within the temperature range of 400-450 °C which suggested that SOy originates

from different sources. Shoulders at 370 °C were more obvious during tests in 35 %
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O, in N, for CO and COS profiles.

In order to clearly investigate the effects of oxygen mole fraction and correlations
between the maximum rate of weight loss in DTG curves (|(dm/dt).max|) and the peak
absorbance of the emissions and also between Tomax and Tre-max, these results are
plotted in Fig. 5.16.

These comparisons (Fig. 5.16 (a)) indicated that the decreasing trend was
observed in both Trg.max @nd Tomax @S the oxygen mole fraction had increasing trend
from 21 % to 35 %. Trg-max for CO, and CO was 366 °C and 356 °C in 21 % O, and
354 °C and 343 °C in 25 % O, respectively which was much higher in comparison
with Tomax in 21 % and 25 % O, (332 °C and 304 °C respectively). Trg-max fOr water
vaper and sulphur containing species, SOy and COS, decreased with lower slope
with respect to Tomax and a great agreement was observed in Trg.max Of the evolved

gases in 30 % and 35 % oxygen concentrations.

As illustrated in Fig. 5.16 (b), the maximum reaction rate increased as we
switched to higher oxygen concentrations. Maximum absorbance of the evolved
gases also had this increasing trend during the tests performed in elevated oxygen
concentrations. However, these results indicated that switching to higher oxygen
concentrations was more effective in increasing sulphur contaning species, especially
SOy, for which the maximum absorbance grew more than twice in 35 % O, with
respect to 21 % O..
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It is well known that ammonia (NHs), hydrogen cyanide (HCN) and isocyanic
acid (HNCO) are the precursors of nitrogen oxides (NOy and N,O) [41]. In this
study, formation profiles of NOy related species such as NO and NO, are not
reported due to overlapping of their absorption bands with the characteristic
absorption bands of water. No appreciable amounts of HCN and N,O were detectable
by the FTIR method. The effect of oxygen mole fraction in N, ambient was also
examined for NHj (Fig. 5.17). Two peaks were observed within the temperature
ranges of 300-400 °C and 600-700 °C for which the former was due to volatile matter
combustion and the latter due to char oxidation. Furthermore, while the evolution of
NH; was observed to be slightly higher in the second region, it had lower absorbance

in the third region. No considerable emissions were detected above 700 °C.

0.002 -

25% 02 - 75% N2
3 35% 02 - 65% N2
=
S
o
£’ o.001
R
=
=]
=
-
0.000 ; ; ; ; )
200 300 400 500 600 700
Temperature ("C)
0.003 -
NO 25% 02 -75% N2
------ 35% 02 - 65% N2
= 0.002 -
=
-
o
=1
B
=
£ 0.001 -
-
0.000 = . . o . |
0 100 200 300 400 500 600 700

Temperature ("C)

Fig. 5.17 Formation profiles of NH; and NO during combustion tests of Kangal lignite in
N, ambient
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5.2.5 Effects of Different Oxygen Mole Fractions (FTIR Results in CO;
Ambient)

Fig. 5.18 demonstrates the evolution profiles of CO, H,0, SO and COS under
various oxygen mole fractions in CO, ambient and Trs.max and the maximum
absorbance of the evolved gases are reported in Fig. 5.19. As illustrated in Fig. 5.19
(@), Tre-max Was reduced from 349 °C to 299 °C, 315 °C to 296 °C and 328 °C to 294
°C in the cases of CO, SOy and COS respectively as Tomax decreased from 319 °C to
273 °C while oxygen mole fraction increased from 21 % to 35 %. Therefore, Trg-max
occurred with a considerable delay with respect to Toma Which was more
considerable in CO emissions. A part of this delay might be due to the required time
for the transportation of combustion gases from the Thermogravimetric Analyzer to
the gas cell of FTIR spectrometer.

Fig. 5.19 (b) indicates that the maximum rate of weight loss (|(dm/dt)amax|)
increased moderately as we switched from 21 % to 30 % O, and it continued to
increase drastically up to 35 % O,. This considerable increase was also observed in
SO4 and COS. Lower CO concentration in 25 % O, ambient led to the lower

formation of COS in this oxygen mole fraction.

Formation profiles of CH, and HCI were also examined in 25 % and 35 % O, in
CO, ambient conditions (Fig. 5.18). The evolutions of CH, and HCI were higher and
TrG-max Was lower in 35 % O,. CH, emission peaked at 322 °C and 303 °C and HCI
emission peaked at 318 °C and 304 °C in 25 % O, in CO, and 35 % O, in CO,
ambient conditions respectively. No considerable emissions were detected for CH,
and HCI above 400 °C.

98



0.016

0.014

0.012

0.010

Arbitrary Unit

0.030

0.025

0.020

0.015

0.010

Arbitrary Unit

0.005

0.005

0.004

0.003

0.002

Arbitrary Unit

0.001

0.000

CcoO

—21% 02-79% CO2

25% 02 -75% €02
-+~ 30%02-70%C02
----- 35% 02 - 65% CO2

300 400 500 600 700

Temperature ("'C)

—21% 02-79%C0O2

25% 02 -75% €02
== 30% 02 - 70%C02
------ 35% 02 - 65% CO2

300 400 500 600 700

Temperature ("C)

25% 02-75% CO2

see0e0 35% 02 - 65% CO2

Lt Fragasess

150 200 250 300 350 400
Temperature ("C)

Arbitrary Unit Arbitrary Unit

Arbitrary Unit

0.040

0.035

0.030

0.025

0.020

0.015

0.010

0.005

0.000

0.018
0.016
0.014
0.012
0.010
0.008
0.006
0.004
0.002
0.000

0.004

0.003

0.002

0.001

0.000

- —— 21% 02 - 79% CO2
| 25% 02 -75% C02
- - 30% 02-70%CO2
...... 35% 02 - 65% CO2
T T T 1
0 300 400 500 600
Temperature ("C)
] ——21% 02 - 79% CO2
] 3 25% 02 -75% C02
. - .- 30% 02 - 70% CO2
1 D e 35% 02- 65% CO2
4 ¢ A
4 “'-'{‘n-w.niacpﬂ"'.:""‘:"':.‘:
T T T ! !
0 300 400 500 600 700
Temperature ("C)
25% 02 -75% €02
i +aeies 35% 02 - 65% CO2
T T T ! !
0 150 200 250 300 350 400

Temperature ("C)

Fig. 5.18 Formation profiles of evolved gases during combustion tests of Kangal lignite
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5.2.6 Effects of Catalysts on Combustion Tests of Kangal Lignite in O,/N;
Ambient (TGA/DTG Results)

In order to investigate the effects of catalysts in O,/N, ambient, the combustion
tests were performed in air and elevated oxygen concentrations in N, with the raw,
Fe-form and K-form lignite samples. The TGA and DTG profiles of catalytic
combustion tests in air are illustrated in Figs. 5.20 and 5.21 and the results are listed
in Table 5.6. The profiles of catalytic combustion tests under 30 % O, in N, ambient
are also demonstrated in Figs. 5.22 and 5.23. Moreover, one can see the effects of
catalysts on combustion tests under 25 % O, in N, and 35 % O, in N, ambient

conditions in Appendix D.

During combustion tests in air and in the case of K-based sample, it was
illustrated that although the Tj, was almost the same as in original lignite combustion
in air, the Tig and Tomax dropped by 13 °C and 24 °C from 287 °C and 332 °C in Raw-
form tests respectively. Furthermore, considerable peaks were observed at 490 °C in
both 21 % and 30 % O, which were not observed in Raw- and Fe-form samples.
These peaks regarding char combustion in the third region indicated that char
reactivity was much higher in the case of K-based catalyst and this peak was
improved in oxygen enriched experiments. In 30 % O, tests, |[(dm/dt),max| Was
observed to be much higher in the case of all the samples and occurred in lower
corresponding temperatures. Fe-based lignite sample did not show any considerable
catalytic effect in air combustion. However, an improved reactivity of Fe-form
sample in the second region was confirmed by higher maximum reaction rate with

respect to Raw-form combustion in 30 % O,.

The effects of catalysts on maximum reaction rates during combustion processes
in the second and third regions under various O, mole fractions in N, ambient were
investigated and the results are indicated in Fig. 5.24. As illustrated in Fig. 5.24,
|(dm/dt),max| Was almost the same for the Raw-form and both impregnated samples in
air combustion case. However, the maximum reaction rate profiles of these samples
had different trends as we switched to higher oxygen mole fractions. In the case of

K-form lignite sample, |(dm/dt),max| increased as the O, concentration raised to 30 %
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and then continued to drop considerably as the oxygen mole fraction was switched to
35 %. In the case of Fe-based catalyst, |(dm/dt),ma| increased considerably with
increasing oxygen concentrations and experienced considerable increases in
comparison with Raw-form combustion in all elevated oxygen mole fractions (6.25
%/min, 8.01 %/min and 13.23 %/min versus 3.72 %/min, 6.72 %/min and 11.34

%/min for original lignite combustion in 25 %, 30 % and 35 % O, respectively).

As demonstrated in Fig. 5.24, the K-based catalyst had the best catalytic
reactivity in char oxidation and combustion due to its much higher reaction rates in
the third region in comparison with Raw- and Fe-form samples. |(dm/dt)smax| Was
found to be 5 %/min, 6.62 %/min, 9.36 %/min and 9.02 %/min during the
combustion tests in 21 %, 25 %, 30 % and 35 % O, respectively. It should be noted
that a shoulder was observed in the maximum reaction rates under 30 % O, which
would suggest that probably there is an optimum oxygen concentration for volatile
and char reactivity in K-form sample under O,/N, ambient conditions. The straight
profiles observed in Fig. 5.24 revealed that the elevated oxygen mole fractions did
not influence the reaction rates regarding char combustion in the case of Raw- and

Fe-form lignite samples.

Table 5.6 Effects of catalysts in air combustion tests of Kangal lignite

Air Raw-form Fe-form  K-form
Tin (C) 243 246 245

Tiy CC) 287 288 274
Tomax CC) 332 328 308

T, (C) 751 750 751
[(dm/dt)ymax] (Y6/min) 3.01 3.09 2.88
Tamax (CC) 608 611 489
[(dmM/dt)3max] (Y6/min) 1.35 1.49 5

Total weight loss up to 53.1 50.8 49.9
980 °C (%)
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Fig. 5.21 TGA profiles of catalytic combustion tests of Kangal lignite in air
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5.2.7 Effects of Catalysts on Combustion Tests of Kangal Lignite in N;
Ambient (FTIR Results)

In order to investigate the effects of catalysts on evolution of combustion gases in
N, ambient, the FTIR results of combustion tests in air (21 % O, in N;) and oxygen-
enriched air ambient (30 % O, in N,) with raw and impregnated lignite samples are
discussed in this section. Furthermore, the evolution of combustion gases in 25 % O,

in N2 and 35 % O, in N, ambient conditions are referred to Appendix D.

Formation profiles of CO;as a dominant product during catalytic combustion tests
in air is illustrated in Fig. 5.25. Three main peaks were observed for all the samples.
Although K-based catalyst reduced the evolution of CO, during devolatalization, it
considerably increased the CO, emission during char oxidation and combustion. On
the other hand, the Fe-based catalyst increased the formation of CO; in both second
and third regions. As illustrated in Figs. 5.20 and 5.25, a great agreement was
observed between the peaks in CO, evolution profiles and reaction rates in DTG
curves.
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Fig. 5.25 Formation profiles of CO, during catalytic combustion tests of Kangal lignite
in air
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Comparisons of evolution curves of CO, H,O, SO4 and COS in Fig. 5.26
indicated that the K-based catalyst was effective in reducing CO, SO, and COS

emissions in volatile matter combustion and the peaks occurred in lower

temperatures. However, during char combustion in the third region, the evolution

profiles of the gases in the case of K-based catalysts had extra peaks at 500 “C which

was in accordance with maximum rate of weight loss in the third region. So it can be

concluded that char decomposition is the main source for emission release peaks at

higher temperatures. Fe-based catalysts did not show any considerable effects with

respect to Raw-form combustion in air.
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Formation profiles of CO, and other evolved gases in 30 % O, are illustrated in
Figs. 5.27 and 5.28 respectively. The evolution profiles experienced almost similar
trends as in air combustion. However, sharper peaks with higher absorbance in FTIR
spectra were observed in evolution profiles of the evolved gases.
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Fig. 5.27 Formation profiles of CO, during catalytic combustion tests of Kangal lignite
in 30 % O, in N, ambient
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Furthermore, the evolutions of CH,4, HCI and nitrogen containing species, NH; (a
so-called NO precursor) and NO, were also explored during the combustion tests
under 30 % O, in N, ambient which were not considered in air combustion due to too
low concentration levels in combustion ambient. The K-form sample increased the
emission of NHj; in the temperature range regarding char oxidation region as
illustrated in Fig. 5.29. On the other hand, the evolution of NO was decreased
considerably in the case of K-based catalyst and occurred at 500 ‘C which was
considerably lower in comparison with Raw-form tests (620 “C). The absorbance
peaks at 100 °C and 300 °C were due to water vapor caused by overlapping of the

NO absorption bands with the characteristic absorption bands of water.
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Fig. 5.29 Formation profiles of nitrogen containing species during catalytic combustion
tests of Kangal lignite in 30 % O, in N, ambient
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5.2.8 Effects of Catalysts on Combustion Tests of Kangal Lignite in CO;
Ambient (TGA/DTG Results)
5.2.8.1 Kangal Lignite Combustion in 21 % O, in CO, Ambient

It has been demonstrated that the catalysts effects mainly manifest in two
aspects: firstly, the catalysts promoted the coal decomposition reaction, resulted in
the oxidative and transformed reaction of the matter which is difficult to oxidize and
transform, accelerate the tar and the crude benzene to be decomposed easily, and
increased the release of the coal volatile matter. Secondly, the catalysts to the
combustion of lignite may be a carrier of oxygen that impromotes the oxygen
transfer to the char, which attributed to the char combustion [54]. The TGA and DTG
profiles of Kangal lignite combustion in 21 % O, in CO, for the raw and impregnated
samples are illustrated in Figs. 5.30 and 5.31 and also listed in Table 5.7. Analyzing
the effects of these catalysts on characteristic temperatures and reaction rates in both
second and third regions of combustion was desired. It is illustrated that T,max Which
is relevant to the first considerable peak after the initial weight loss in DTG curves,
was reduced considerably by using all the three catalysts. Tomax Was 319 °C and 297
°C in the combustion tests of Raw-form and K-form lignite samples respectively. The
maximum reaction rate of volatile release dropped slightly in the cases of all the
catalysts and was around 3 %/min in all the tests. As can be observed in DTG
profiles, the reactivity of the catalysts, specially K,CO3, was more visible in the
temperature range above 450 °C where the K-form lignite had a peak at 488 °C with
|(dm/dt)smax| corresponded 4.73 %/min. While the K-based catalyst did not improve
the volatilization, it could prepare char with higher activity. Therefore, among all the
catalysts, potassium had the best catalytic reactivity in char combustion due to the
formation and dispersion of a liquid—solid interface between K and the carbon
surface [45]. High char reactivity is vitally important for achieving high gasification
efficiency. Catalytic gasification, particularly using alkali metal (AM) catalysts, has
been considered as an important approach to realize high char reactivity [76, 78]. Ty
and Tiy were 580 °C and 265 °C in the case of K-form sample and were reduced by

9.16 % and 3.6 % with respect to the original lignite. The Ca-based catalyst also had
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a higher reaction rate due to the char combustion in the third region. Fe-form lignite

did not show any considerable effects in comparison with the original lignite in tests

derived in 21 % O,. Results obtained from combustion profiles of the raw and

impregnated Kangal lignite under various oxygen concentrations in CO, ambient are

listed in Table 5.8.

Table 5.7 Characteristic parameters of Kangal lignite combustion tests in 21 % O, in CO,

ambient

21 % 0O,-79 % CO, Raw-form Fe-form Ca-form K-form
Tin CO) 234 237 236 241

Tig CC) 276 275 271 265
Tomax CC) 319 303 302 297

Ty, (CC) 639 642 641 580
[(dm/dt)max|(%6/min) 3.28 3 2.96 2.94
Tamax CC) 611 614 609 488
[(dm/dt)3max|(%6/min) 1.49 1.52 2.19 4.73
Total weight loss up to 54.21 51.69 51.41 50.96

980 °C (%)
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Table 5.8 Combustion characteristics of raw and impregnated Kangal lignite samples in different O,/ CO, mixtures

Temperature 21 % O,-79 % CO, 25 9% O,-75% CO, 30 % O,-70 % CO, 35 % O,-65 % CO,

( C) Tin Tig TZmax T3max Tb Tin Tig TZmax T3max Tb Tin Tig TZmax T3max Tb Tin Tig TZmax T3max Tb

Raw-form 234 276 319 611 639 235 271 301 613 642 239 273 304 617 641 233 257 273 615 639

Fe-form 237 275 303 614 642 240 280 310 616 644 238 270 281 617 642 236 266 278 620 645
Ca-form 236 271 302 609 641 232 275 307 613 641 234 276 299 613 642 231 266 281 614 642
K-form 241 265 297 488 580 238 270 295 489 575 238 271 291 488 574 239 268 288 494 573

vt



5.2.8.2 Kangal Lignite Combustion in 25 % O, in CO, Ambient

Results obtained from combustion profiles in 25 % O, are illustrated in Figs. 5.32
and 5.33 and listed in Table 5.9. As the combustion ambient was switched to 25 %
03, Tomax increased by around 10 °C and 7 °C to 310 °C and 307 °C in the case of Fe-
form and Ca-form respectively with respect to Raw-form in 25 % O,. In this oxygen
concentration, the relative active sequence of catalysts to the reactivity of char can be
described as follows: K> Ca> Fe. Although the same trends as in 21 % O, were
observed in characteristic temperatures and reaction rates, the elevated oxygen levels
shifted the weight loss curves to lower temperature zone which was an expected

result.

Table 5.9 Characteristic parameters of Kangal lignite combustion tests in 25 % O, in

CO, ambient

25 % 0O,-75 % CO, Raw-form Fe-form Ca-form K-form
Tin CC) 235 240 232 238

Tiy CC) 271 280 275 270
Tomax CC) 301 310 307 295

Ty, CC) 642 644 641 575
[(dmM/dt)smax|(¥6/min) 3.54 3.35 3.25 3.07
Tzmax CC) 613 616 613 489
[(dmM/dt)3max|(¥6/min) 1.55 1.59 2.11 5.14
Total weight loss up to 54.13 51.27 52.28 49.93

980 °C (%)
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5.2.8.3 Kangal Lignite Combustion in 30 % O, in CO, Ambient

The results of combustion tests performed in 30 % O; are illustrated in Figs. 5.34
and 5.35 and listed in Table 5.10. The most significant result derived from the DTG
curves of combustion tests in 30 % O, in CO, ambient was the improved reactivity of
Fe-form, Ca-form and K-form in the temperature interval related to volatile matter
release and light hydrocarbon combustion. As summarized in Table 5.8 and
illustrated in Fig. 5.34, Tomax reduced in the order of 281 °C, 299 °C and 291 °C in
Fe-form, Ca-form and K-form combustion tests respectively in comparison with 304
°C in Raw-form test in 30 % O,. The maximum reaction rates in this region increased
significantly to 8.45 %/min, 4.90 %/min and 5.17 %/min in the cases of Fe- Ca- and
K-form samples with respect to 4.25 %/min in Raw-form combustion. Therefore, the
relative active sequence of catalysts to the reaction rate in volatile and light
hydrocarbon combustion can be described as follows: Fe,03 > K,CO3; > Ca(OH)s.
These results are thought to be an outcome of temperature dependency in catalytic
reactivity of the inorganic catalysts which was more significant in the case of Fe-

form and K-form lignite samples.

Table 5.10 Characteristic parameters of Kangal lignite combustion tests in 30 % O; in

CO, ambient

30 % 0O,-70 % CO, Raw-form Fe-form Ca-form K-form
Tin CC) 239 238 234 238

Tig CC) 273 270 276 271
Tomax CC) 304 281 299 291

T CO) 641 642 642 574
[(dM/dt) pmaxl (¥6/min) 4.25 8.45 4.90 5.17
Tamax CC) 617 617 613 488
[(dm/dt)3maxl (¥6/min) 1.60 1.75 2.17 7.87
Total weight loss up to 53.85 51.28 51.89 50.82

980 °C (%)
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Fig. 5.35 TGA profiles of combustion tests of Kangal lignite in 30 % O, in CO, ambient
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5.2.8.4 Kangal Lignite Combustion in 35 % O, in CO, Ambient

During combustion tests performed in 35 % O, in CO, ambient (Figs. 5.36- 5.38
and Table 5.11), the results demonstrated that Tig and Toma Were slightly higher than
that in original lignite in all the catalytic cases. Since elevated oxygen levels in
combustion ambient of Raw-form lignite shifted the weight loss curves to lower
temperature zone dramatically. However, it was observed that the maximum reaction
rates were higher in the case of Fe-form and Ca-form samples. Among the entire
catalysts, Ca-based sample had the most significant effects as we switched to 35 %
O,. In the case of K-form lignite, the char reactivity was improved with increasing
oxygen concentration. However, the rate of this increase would suggest that probably

there was an optimum oxygen concentration for char reactivity in K-form sample.

Table 5.11 Characteristic parameters of Kangal lignite combustion tests in 35 % O, in

CO, ambient

35 % 0,-65 % CO, Raw-form Fe-form Ca-form K-form
Tin CC) 233 236 231 239

Tig CC) 257 266 266 268
Tomax CC) 273 278 281 288

T (°C) 639 645 642 573
|(dm/dt) omaxl(%6/min) 10.84 12.52 12.35 6.93
Tamax (°C) 615 620 614 494
[(dM/dt)3max](Y6/min) 1.65 1.61 2.26 9.12
Total weight loss up to 53.93 51.72 51.89 49.91

980 °C (%)
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Fig. 5.38 TGA profiles of catalytic combustion tests of Kangal lignite in 35 % O, in CO,
ambient

5.2.9 Effects of Catalysts on Reaction Rates of Kangal Lignite Combustion

The effects of catalysts on maximum reaction rates during combustion processes
in the second and third regions under different O, mole fractions in CO, ambient
were investigated and the results are illustrated in Figs. 5.39.

5.2.9.1 Effects of Catalysts in the Devolatalization Region

As illustrated in Fig. 5.39 and listed in Table 5.8, elevated oxygen levels shifted
the weight loss curves to lower temperature zone (lower T;ma) accompanied with
much higher reaction rates (J(dm/dt)max|) in both Raw-form and impregnated lignite
samples. However, these increasing |(dm/dt).max| profiles had different trends as we
switched to higher oxygen mole fractions. In all the samples, |(dm/dt),max| increased

slightly as the O, concentration increased to 25 %. However, beyond this oxygen
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mole fraction, Fe-based catalyst had significant increase and the maximum reaction
rate reached 8.45 %/min and 12.52 %/min in 30 % and 35 % O, respectively. A
considerable rise during combustion tests of the Raw- and Ca-form samples,
however, was observed after 30 % O, and the maximum reaction rates for these two
samples reached 10.84 %/min and 12.35 %/min in 35 % O, respectively. Although
the catalysts did not show considerable effects in lower oxygen conditions (up to 25
% O,), they seemed to be very effective in oxygen concentrations beyond 25 %. As
the relative active sequence of catalysts to the reaction rate in the volatile and light
hydrocarbon combustion in 30 % and in 35 % O, can be described as Fe>> K> Ca>

Raw-form and Fe> Ca> Raw-form>> K respectively.

5.2.9.2 Effects of Catalysts in the Char Combustion Region

As demonstrated in Fig. 5.39, the K-based catalyst had the best catalytic reactivity
in char oxidation and combustion due to its much higher reaction rates in the third
region. |(dm/dt)smax|was 4.73 %/min, 5.14 %/min, 7.87 %/min and 9.12 %/min during
the combustion tests in 21 %, 25 %, 30 % and 35 % O, respectively. The straight
profiles observed in Fig. 5.39 (third region) revealed that the elevated oxygen mole
fractions did not influence the reaction rates regarding char combustion in the case of
Raw- Ca- and Fe-form lignite samples. However, the Char combustion maximum
rates were higher in the case of Ca-based catalyst in comparison with Raw- and Fe-

form samples in all the oxygen mole fractions.
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5.2.10 Effects of Catalysts on Combustion Tests of Kangal Lignite in CO;
Ambient (FTIR Results)

The effects of catalysts on evolution of combustion gases in CO, ambient were
investigated and the FTIR results of combustion tests in 21 % O, in CO, and 30 %

0O, in CO, ambient conditions with raw and impregnated lignite samples are indicated

in Figs. 5.40- 5.43. Furthermore, the emission characteristics of the evolved gases in
25 % O,in CO, and 35 % O, in CO, ambient conditions are referred to Appendix D.
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The evolution of evolved gases was influenced by the use of Fe, Ca and K
catalysts as indicated in Figs. 5.40 and 5.41. While Fe-based catalyst increased the
evolution of SO, and COS in 30 % O,, K-based catalyst reduced the formation of
CO, H,0, SO, and COS in both 21 % and 30 % O, in the temperature interval below
400 °C. It is well known that the sulphur containing specieS increase a risk of
corrosion throughout the plant and transport pipelines [79]. Adding absorbents such
as limestone or dolomite to the combustion process is a familiar way to reduce SOy
emissions [8, 42]. During these experiments Ca-based catalyst had the best catalytic
activity in reducing sulphur containing species through formation of mainly CaSO,4
to result in sulphur retention as solid compounds in the ash. The related mechanisms
can be found elsewhere [8]. In the Ca(OH), catalytic run under 30 % O, the Trg.max
values of CO, H,0, SO, and COS shifted to lower temperatures which was more
considerable in CO emission. This result was in agreement with Wang et al. [40].
Combustion tests performed with K-form lignite sample experienced extra peaks in
accordance with the maximum rate of weight loss due to char oxidation and
combustion in DTG curve (temperature interval 450-550 °C) which was generally
related to the secondary cracking of the char, residue of the primary combustion

process.
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The evolution of CH, and HCI was also explored during combustion tests in 30 %
O, in CO, ambient and the results are illustrated in Fig. 5.41 for the second region. In
this region, Fe and Ca catalysts increased CH4 emission as was confirmed by Zhu et
al. [38]. The evolution profile of CH, during the combustion test performed with K-
form lignite experienced another peak at 500 °C (Fig. 5.42) which was due to the
char combustion in this temperature interval. During combustion tests, most of the
organic chlorine is converted into HCI and a little chlorine is converted into Cl,
directly that both will cause high temperature corrosion in furnace surface and heat
transfer surface during the combustion process [41]. CaO is reported to be very
effective in deacidification by Wang et al. [40] which was not confirmed by using
Ca(OH); in this study. Although Fe catalyst increased the HCI emission in 30 % O,
in CO, ambient, the high content of potassium in K-form lignite was likely to
contribute in reduction of HCI emission (K,O + 2HCI — 2KCI + H,0).
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Fig. 5.42 Formation profiles of CH,4 during K-form sample combustion test in 30 % O; in
CO, ambient
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Exploring the effects of catalysts on NH; and NO emissions (Fig. 5.43) indicated
that K catalyst considerably increased the emission of NHj in the temperature region
regarding char oxidation. However, in the second region, the highest absorbance was
attributed to the Fe-form lignite sample. Moreover, a considerable reduction was
observed in NO formation in the case K-based catalyst in comparison with Fe- and
Ca-based catalysts. The absorbance peaks at around 100 °C and 300 °C were due to
water vapor caused by overlapping of the NO absorption bands with the

characteristic absorption bands of water.
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Fig. 5.43 Formation profiles of NH; and NO during catalytic combustion tests in 30 %
O, in CO, ambient
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The correlations between the maximum rate of weight loss in DTG curves
(J(dm/dt).max|) and the peak absorbance of the emissions and also between T,max and
Tre.max for different catalysts in O,/CO, ambient are plotted in Fig. 5.44. A
considerable delay observed in Tgg.max With respect to Tomax Was more evident in CO
emission during Raw- and Fe-form combustion tests. However, almost the same
trend was observed in Tomax and Trg-max profiles of different emissions for raw and
impregnated lignite samples (Fig. 5.44 (a)). Furthermore, as illustrated in Fig. 5.44
(b), the maximum absorbance of the evolved gases was nearly consistent with the
maximum rate of weight loss due to volatile matter combustion for raw and
impregnated lignite samples. This correlation was better observed in the sulphur

containing species, SO and COS.
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5.2.11 Effects of Ambient on Catalytic Reactivity in Kangal Lignite

Combustion Tests

In this part of the study a special attention is focused on the effects of ambient (N,
and CO, which are the main diluting gases in normal air and oxy-fuel combustion)

on catalytic reactivity of Fe-based and K-based catalysts.

5.2.11.1 Fe-based Catalyst

A comparison was made between the combustion processes of impregnated
Kangal lignite under the same oxygen concentration but different ambient conditions
and the results are indicated in Figs. 5.45- 5.47 and the detailed data is referred to
Appendix D. During the combustion tests performed in 21 % O,, no considerable
influence of ambient on the reactivity of Fe-based catalyst was observed. In 25 % O,
in N, ambient, the combustion process was improved as the DTG curve was pushed

toward the lower temperature zone corresponded with much higher reaction rate.
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Fig. 5.45 DTG profiles of Fe-form Kangal lignite combustion in 25 % O,
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Fig. 5.46 DTG profiles of Fe-form Kangal lignite combustion in 30 % O,

On the contrary to 25 % O, during the tests in 30 % O, it was observed that the
Fe catalyst was slightly more reactive in CO, than in N, ambient conditions. This
result can be confirmed by the fact that in N, ambient, Tig and Tma Were slightly
higher and the maximum reaction rate was lower with respect to Fe-form sample
combustion in CO,.
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Fig. 5.47 DTG profiles of Fe-form Kangal lignite combustion in 35 % O,

In the case of 35 % O, and Fe-based catalyst, it was illustrated that the N, and CO,

ambient conditions have almost the same influence in catalyst reactivity.

5.2.11.2 K-based Catalyst

According to the DTG profiles in Figs. 5.48- 5.50, the effects of ambient
conditions (N, and CO,) on the reactivity of K-based catalyst are investigated and the
detailed data is referred to Appendix D. In 25 % O,, it was observed that the
influence of different ambient conditions was observed in the 440-580 °C
temperature interval which coincided with the considerable peak observed in
combustion tests of K-based catalyst. However, the peak in N, ambient was more
considerable than in CO, in this temperature range which can be an indication of

higher char reactivity in N, while performing tests with K-based catalyst.
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In 30 % O,, the better reactivity of Fe-form sample was confirmed by higher
reaction rates in both second and third regions.
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Fig. 5.50 DTG profiles of K-form Kangal lignite combustion in 35 % O,

In exploring the effects of ambient conditions on catalytic activities of K catalyst
in 35 % O,, the only difference was observed in temperature interval related to the
volatile release and combustion. In this region, the better reactivity of K-based
catalyst was observed in CO, ambient.

5.3 Combustion Tests of Tungbilek Sub-Bituminous Coal Sample

5.3.1 Effects of N, and CO, Ambient Conditions (TGA/DTG Results)

The TGA/DTG curves illustrated in Fig. 5.51 are profiles to investigate the effects

of different ambient conditions on combustion characteristics of Tuncbilek sub-
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bituminous coal in 30 % O,. As is obvious from the DTG profiles, no considerable
difference was observed in combustion characteristics of this coal sample in the low
temperature region (< 550 °C). However, slight differences were observed at 600 °C
due to the remaining char oxidation.
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Fig. 5.51 TGA and DTG profiles of Tuncbilek coal combustion during 30 % O, in N,
and 30 % O, in CO, ambient conditions

5.3.2 Effects of N, and CO, Ambient Conditions (FTIR Results)

The evolution profiles of CO, H,O and sulphur containing species, SO, and COS,
were monitored in 30 % O, for both N, and CO, ambient conditions and the results
are indicated in Fig. 5.52. According to these results, in both ambient conditions a
main peak and a shoulder were detected at 460 °C and 330 °C respectively in CO
evolution profiles. H,O emission profiles had two peaks at 100 °C and 325 °C in both
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ambient conditions for which the first one was due to the primary moisture release.
SO, and COS profiles peaked at 430 °C and 450 °C respectively. However, a
shoulder was observed at 330 °C in COS emission profiles. The first peaks at 100 °C
and 325 °C in SOy formation profiles were more likely to be related to the water
vapor emissions. Furthermore, the emission of SOy was slightly higher in N, with

respect to CO, ambient while in the case of COS emissions, the inverse behavior was

observed.
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Fig. 5.52 Formation profiles of evolved gases during combustion tests under 30 % O, in
N, and 30 % O, in CO, ambient conditions
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5.3.3 Effects of Different Oxygen Mole Fractions (TGA/DTG Results)

The effects of different oxygen mole fractions on combustion characteristics of
Tuncbilek coal sample were analyzed through TGA and DTG profiles (Fig. 5.53) of
combustion tests under 21 % and 30 % O, in N, ambient conditions. As illustrated in
Fig. 5.53, the TGA and DTG profiles were pushed to lower temperature zone as the
oxygen concentration was switched to 30 %. However, the maximum rate of weight

loss was not improved in the case of higher oxygen concentration which was not an
expected result.
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Fig. 5.53 Combustion profiles of Tuncbilek sample under 21 % O, in N, and 30 % O; in

N, ambient conditions

5.3.4 Effects of Different Oxygen Mole Fractions (FTIR Results)

The FTIR results of Tungbilek combustion tests are indicated in Figs. 5.54 and

5.55. As illustrated in these figures, the evolution profiles of the gases were pushed
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slightly to the lower temperature zone. However, no considerable effect was
observed in these profiles.
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Fig. 5.54 Formation profiles of CO, during Tungbilek combustion tests in N, ambient
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Fig. 5.55 Formation profiles of evolved gases during Tuncbilek combustion tests in N,

ambient

5.3.5 Effects of Catalysts on Combustion Tests of Tungbilek Sub-Bituminous
Coal Sample in N, Ambient (TGA/DTG Results)

The TGA and DTG profiles of Tungbilek combustion in 30 % O, in N, for the

raw and impregnated samples with Fe catalyst is illustrated in Fig. 5.56. Analyzing

the effects of Fe-based catalyst on combustion characteristics demonstrated that

addition of Fe improved the reactivity of the Tungbilek sample. This was confirmed

by much higher reaction rates in the temperature interval of 350- 450 °C and lower
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Tig and Tmax. Furthermore, it was observed that during the combustion tests carried
out with Fe-form coal sample, the process of combustion varied from a single stage

to double stages in this temperature interval.
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Fig. 5.56 Combustion profiles of catalytic Tun¢bilek combustion tests in 30 % O, in N,
ambient

5.3.6 Effects of Catalysts on Combustion Tests of Tungbilek Sub-Bituminous
Coal Sample in N, Ambient (FTIR Results)

Comparisons of evolution profiles of CO, H,O, SO4 and COS in Fig. 5.57
indicated that the evolution of these gases experienced sharper peaks corresponded
with lower Teg.max iN the case Fe-based catalyst in comparison with the Raw-form
combustion. These sharp peaks occurred in correlation with the peak observed at

around 400 °C in DTG curves due to volatile matter release and combustion.
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Fig. 5.57 Formation profiles of evolved gases during catalytic Tunchilek combustion

tests in 30 % O, in N, ambient

5.3.7 Effects of Catalysts on Combustion Tests of Tungbilek Sub-Bituminous

Coal Sample in CO, Ambient (TGA/DTG Results)

The catalytic combustion characteristics of Tungbilek sample under 30 % O, in

CO, ambient are indicated in Figs. 5.58 and 5.59. The most significant effects of

catalysts were observed in the temperature region of 250-550 °C which was more

significant in the case of K-based catalyst. During the catalytic combustion tests, it

was observed that the process of combustion varied from a single stage to double

stages within the temperature interval of 350-500 °C which was clear in K-form
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combustion case. The maximum rate of weight loss was lower in Ca- and Fe-form
tests with respect to original coal combustion while the K-form showed the highest.
Furthermore, a slight peak was observed at 280 °C in K-form combustion which was

thought to be due to the further moisture release as was confirmed by FTIR tests.

100 5
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Fe-form (dotted line)
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Fig. 5.58 TGA profiles of catalytic Tungbilek combustion tests in 30 % O, in CO,
ambient
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Fig. 5.59 DTG profiles of Tuncbilek catalytic combustion tests in 30 % O, in CO,
ambient

5.3.8 Effects of Catalysts on Combustion Tests of Tungbilek Sub-Bituminous
Coal Sample in CO, Ambient (FTIR Results)

The evolution of evolved gases was influenced by the use of catalysts as
illustrated in Fig. 5.60. While the Fe-based catalyst did not show any considerable
effects on evolution of sulphur containing species (SO4 and COS), Ca- and K-based
catalysts had remarkable effects in reduction of these emissions. The main peaks of
SOy and COS were considerably lower in the case of these catalysts. Moreover, CO
emissions were reduced in combustion tests carried out with Ca- and K-based

catalysts.
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Fig. 5.60 Formation profiles of evolved gases during catalytic Tungbilek combustion
tests in 30 % O, in CO, ambient

5.4 Co-processing Combustion Tests of Lignite and the Ash Contents of

Turkish Biomass Fuels

In this section, the possible way of using Turkish biomass fuels as a potential

source of inexpensive catalysts in the co-processing of lignite and biomass ash in

0,/N; and O,/CO, (oxy-fuel conditions) ambient conditions was investigated using

TGA-FTIR method. Throughout this part of the study, various types of biomass
including walnut shell (WSh), hazelnut shell (HSh), wheat straw (WS), Limba wood

saw dust (SD) and cattle manure (CM) from the domestic sources were used. The
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biomass ash contents were applied as the precursors of catalysts to form WSh-form,
HSh-form, WS-form, CM-form and SD-form lignite samples and the results
compared with the results obtained from the utilization of potassium (K) and calcium
(Ca) inorganic catalysts. The same impregnation method and procedure was used as
described in Chapter 3. The biomass ash addition to the raw lignite by impregnation
corresponded 15 % in terms of mass ratio of biomass ash to coal (dry basis). Kangal
lignite (< 106 um) was used in these experiments. Characteristic temperatures and

parameters defined in Chapter 3.2.1.3 were used to analyze and compare the results.

5.4.1 Biomass Ash Analyses

The XRF method was used to analyze the ash contents of the biomass fuels and
the results are listed in Table 5.12. Moreover, the major contributions of alkali and
alkaline earth metals in the ash contents of the evolved biomass are illustrated in Fig.
5.61.
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Table 5.12 Ash analyses of the Turkish biomass fuels

Element-based Oxides

(% By weight) Si Al Ca Mg K Na Fe Ti P S
Walnut shell 5.287 2.099 29.04 5.854 35.52 <0.11 0.7726 0.0421  2.565 0.9244
Hazelnut shell 10.29 5.349 24.89 6.049 33.82 <0.11 0.7089 0.0568  3.140 2.071
Wheat straw 77.01 0.717 4.520 2.464 11.58 <0.11 0.6049 0.0371  2.749 2.723
Cattle manure 66.46 0.752 4.373 4.140 6.771 10,77 0.6151 0.0342  6.272 1.492
Saw dust 1.965 0.1846 65.02 8.419 16.276  <0.11 1.012 0.601 2.192 1.740
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Fig. 5.61 Major contributions of alkali and alkaline earth metals in the ash contents of Turkish biomass fuels



As listed in Table 5.12 and indicated in Fig. 5.61, a considerably high amount of
Si-based oxides were observed in the ash contents of indigenous wheat straw and
cattle manure which correspond 77 % and 66 % respectively. However, the amount
of Ca-based oxides were observed to be the lowest (~ 4 %) in wheat straw and cattle
manure while the XRF results indicated that this contribution was significantly high
(~ 65 %) in the ash content of Limba wood saw dust. Furthermore, The XRF results
revealed that K-based oxides were the major contributors of the ash in walnut and
hazelnut shell biomass fuels for which these contributions corresponded 35.52 % and
33.82 % respectively. The amount of Na-based oxides traced in the ash contents was
considerably higher in the case of cattle manure (10.77 %) in comparison with other
biomass fuels evolved in this study. No considerable contribution of Fe-based oxides

was observed in the ash contents of the evolved biomass fuels.

5.4.2 Combustion Test Results

Combustion tests carried out in air, 30 % O, in N,, 21 % O, in CO; and 30 % O,
in CO, ambient conditions. However, analyses in this part of the study will cover the

combustion tests in air and in 30 % O, in CO, ambient.

5.4.2.1 Combustion Tests Carried Out in Air

The combustion test results of the impregnated lignite samples in air are listed in
Table 5.13. Comparisons are made between the combustion processes of original
Kangal lignite and the impregnated lignite samples with biomass ash contents using
DTG curves (Fig. 5.62).
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Table 5.13 Characteristic temperatures and parameters of original and impregnated Kangal lignite combustion tests in air

Air (_)riginal Kangal Fe-form K-form HSh-form WSh-form  WS-form CM-form  SD-form
Tin CC) 222 = 246 245 248 248 250 247 252

Tig CC) 287 288 274 286 281 283 283 280
Tomax CC) 332 328 308 319 318 302 306 312

T, (CC) 751 750 751 750 766 740 731 770
[(dm/dt)zmax| 3.01 3.09 2.88 2.57 2.33 6.20 4.15 291
(%/min)

Tamax CC) 608 611 489 495 496 606 602 590
[(dm/dt)3max| 1.35 1.49 5 3.92 3.16 1.78 1.76 1.92

(%/min)
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Fig. 5.62 DTG combustion curves of original and impregnated Kangal lignite with
biomass ash contents in air
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During air combustion tests and in the case of HSh-form sample (Fig. 5.62 (a)), it
was illustrated that T,max was reduced by 13 °C and |(dm/dt),ma| Was also decreased
from 3.01 %/min to 2.57 %/min. Furthermore, a considerable peak was observed at
495 °C (3.92 %/min) which was not seen in the tests carried out with Raw-form
samples. WSh (Fig. 5.62 (b)) decreased T,max and the reaction rates were lower in the
second region. However, a considerable peak in the third region was observed for
WSh-form sample in comparison with Raw-form combustion which corresponded
3.16 %/min. These peaks regarding char combustion in the third region during the
tests carried out with HSh and WSh lignite samples indicated that char reactivity was
much higher due to high concentration of potassium in the ash contents of the
impregnated samples (with the HSh and WSh) with respect to Raw-form sample. The
catalytic activity of WS and CM ash contents (Fig. 5.62 (c and d)), was confirmed by
higher maximum reaction rates which occurred in considerably lower temperatures
in the second region of combustion regarding volatile matter release and combustion.
Tomax and |(dm/dt)omax| Were 302 °C and 306 °C and 6.20 %/min and 4.15 %/min in
the cases of WS and CM respectively. These results might be due to the high
concentrations of alkali and alkaline earth metals existed in the impregnated lignite
samples and especially Na-based oxides in the CM-form. No significant difference
was observed in the combustion tests of impregnated lignite sample with SD ash
(Fig. 5.62 (e)). However, the maximum reaction rate in the second region occurred in
the lower temperature zone and the char combustion was improved slightly.

The combustion tests carried out in air revealed that the HSh-form lignite sample
showed the best catalytic reactivity in the third region regarding char combustion.
Furthermore, it was indicated that the best catalytic reactivity in the second region
was related with WS-form lignite sample. The DTG curve comparisons of Raw- Fe-

and K-form samples are illustrated in Fig. 5.62 (f).

The catalytic effects of HSh and WSh ash, containing considerably high amounts
of K-based oxides, were compared with catalytic reactivity of potassium applied
using K,CO3 precursor in air (Fig. 5.63). As listed in Table 5.14, the original Kangal
lignite was impregnated with 5 % (by weight) of K,CO3; precursor while the

impregnation with biomass ash contents corresponded 15 % (by weight). However,
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almost the same concentrations of K-based oxides (~ 8.5 %) were traced in the ash
contents of impregnated lignite samples. As indicated in Fig. 5.63, although the
reactivity of lignite char in the third region was higher in the case of K-form sample
with respect to HSh- and WSh-form lignite samples, these results revealed that the
ash contents of walnut and hazelnut shell biomass fuels can be used as a potential

source of inexpensive K-based catalysts in the co-processing of coal and biomass
ash.

Derivative Weight (%/min) (DTG)

l {/[ WSh-form (dotted line)

7l |
5 5 K-form (dashed line)
Original Kangal lignite (solid line)
-6 T T T v T )
200 300 400 S00 600 700 800

Temperature (°C)

Fig. 5.63 DTG profile comparisons of K-form lignite and the catalytic effects of HSh and
WSh ash contents in air
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Table 5.14 Concentrations of K-based oxides in the ash contents of impregnated Kangal

lignite

Impregnated Impregnation  Concentration of K- Concentration of K-
Kangal lignite (% by weight)  based oxides in ash (XRF based oxides in ash
sample test) (%) (calculated) (%)
K-form (K,CO;

5% 8.574 -
precursor)
WSh-form 15 % - 8.734
HSh-form 15 % - 8.358

5.4.2.2 Combustion Tests Carried Out in 30 % O, in CO, Ambient

The effects of biomass ash as the precursors of inorganic catalysts were also
explored under 30 % O, in CO, ambient. These results are listed in Table 5.15 and
also indicated in Fig. 5.64. The combustion tests carried out with WSh- and HSh-
form lignite samples (Fig. 5.64 (a and b)) demonstrated that the char oxidation
reactivity was improved considerably in the third region while devolatalization
reactivity was dropped in comparison with Raw-form lignite combustion tests. T,
decreased significantly in tests carried out with WSh- and HSh-form samples with
respect to Raw-form combustion. These results are thought to be caused by high
concentration of K-based oxides in the ash content of the impregnated samples as
was observed in the K-form combustion experiments. Furthermore, the char
combustion process in the third region and in the case of WSh-form sample was
observed to be a two-stage process, since two peaks were observed in the
temperature interval of 400-600 °C. The volatile matter release and combustion was
improved in the combustion tests carried out by WS- and CM-form samples due to
high concentrations of inorganic matters. However, this improvement was more
considerable in the case of CM-form sample due to its significantly high |(dm/dt);max|
of 13.09 %/min. A possible reason for this behavior can be the high concentration of

Na-based oxides (10.77 %) in the ash content of this biomass. Finally, in the case of
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SD-form combustion test with considerably high concentration of Ca-based oxides in
the ash, it was observed that the impregnated lignite sample was more reactive in the
second region and |(dm/dt)omax] Was 9.03 %/min. Furthermore, T, was reduced in

comparison with Kangal lignite combustion.
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Table 5.15 Characteristic temperatures and parameters of original and impregnated Kangal lignite combustion tests in 30 % O, in CO,

ambient

30% 0,-70%  Original Kangal Fe-form Ca-form K-form HSh-form WSh-form WS-form CM-form SD-form
CO, lignite

Tin CC) 239 238 234 238 239 239 243 240 243

Tig CC) 273 270 276 271 272 272 278 265 277
Tomax CC) 304 281 299 291 302 308 303 278 290

T, CO) 641 642 642 574 560 583 632 631 615
|(dm/qt)2max| 4.25 8.45 490 5.17 3.30 2.78 5.88 13.09 9.03
(%/min)

Tamax CC) 617.05 617 613 488 490 490 614 608 596
|(dm/dt)3max| 1.60 1.75 2.17 7.87 6.96 3.86 2.02 1.89 213

(Y%/min)
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Fig. 5.64 DTG combustion curves of original and impregnated Kangal lignite with
biomass ash contents in 30 % O, in CO, ambient
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The catalytic effects of HSh and WSh were compared with the catalytic reactivity
of potassium applied using K,CO3 precursor in 30 % O, in CO, ambient and the
results are illustrated in Fig. 5.65. The concentration of K-based oxides in the ash
content of the K-form and the samples impregnated with biomass ash contents are
listed in Table 5.14.

As illustrated in Fig. 5.65, the reactivity of K-form sample was higher in the
second region in comparison with WSh- and HSh-form lignite samples. However,
the reactivity of all these three impregnated samples was considerably higher in the
third region regarding char combustion with respect to Raw-form combustion. These
results confirm similarities in combustion behavior of K-form sample and the lignite

samples impregnated with the ash contents of WSh and HSh biomass fuels.
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Fig. 5.65 DTG profile comparisons of K-form lignite and the catalytic effects of HSh and
WSh ash contents in 30 % O, in CO, ambient
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The combustion behavior of Ca-form sample and the impregnated lignite with
Limba wood saw dust ash as a Ca catalyst precursor was compared (Fig. 5.66). The
concentration of Ca-based oxides in the ash content of the impregnated samples was
analyzed experimentally for Ca-form sample and was calculated for SD-form sample
(Table 5.16). This concentration corresponded 30.71 % and 33.39 % for Ca-form and
SD-form samples respectively. As indicated in 5.66, |(dm/dt),max| Was considerably
higher and Tzmax Was lower in the case of SD-form with respect to Ca-form lignite
sample. The higher reactivity of SD-form sample in comparison with Raw-form
lignite in the second region and with considering the behavior of Ca-form sample in
this region (higher |(dm/dt),max| With respect to Raw-form), might be due to the high
concentration of Ca-based oxides in the ash content of SD-form sample.
Furthermore, the higher reactivity of SD-form with respect to Ca-form in the second
region can be caused by considerably high amounts of Mg- and K-based oxides in
the ash content of SD-form sample in comparison with Ca-form sample. These
concentrations corresponded 8.42 % and 16.28 % for Mg- and K-based oxides in the
ash content of SD-form sample with respect to 3.86 % and 0.99 % for Mg- and K-
based oxides in the case of Ca-form sample respectively.
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Fig. 5.66 DTG profile comparisons of Ca-form lignite and the catalytic effect of SD ash
content in 30 % O, in CO, ambient

Table 5.16 Concentrations of Ca-based oxides in the ash contents of impregnated Kangal

lignite

Impregnated Impregnation  Concentration of Ca- Concentration of Ca-
Kangal lignite (% by weight)  based oxides in ash (XRF based oxides in ash
sample test) (%) (calculated) (%)
Ca-form (Ca(OH

(CaOH): 54, 30.71 .
precursor)
SD-form 15 % - 33.391
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CHAPTER 6

CONCLUSIONS

In this study an attempt was done to profoundly explore the pyrolysis and
combustion behaviors and emission characteristics of Turkish coal samples in O,/N,
and O,/CO, (oxy-fuel conditions) ambient conditions. In this study, an especial focus
was allocated to the effects of three inorganic materials, potassium (K), calcium (Ca)
and iron (Fe) on combustion characteristics of Turkish lignite using non-isothermal
Thermogravimetric Analysis (TGA) technique combined with Fourier Transform
Infrared (FTIR) spectroscopy and the effects of ambient gases and various oxygen
mole fractions were considered. Furthermore, the effects of these catalysts on
calorimetric tests of Turkish coal samples were also investigated. Eventually, the co-
processing combustion tests of lignite and the ash contents of Turkish biomass fuels
were investigated and the possible way of using Turkish biomass as a potential
source of inexpensive catalysts in combustion processes were discussed. The

following conclusions can be summarized:

6.1 Calorimetric Tests

Calorimetric tests indicated that the influences of the evolved catalysts might be

described as follows:

e Although there were some slight differences in the calorific values of the
impregnated samples, these fluctuations can be the result of the
experimental and sample impregnation errors. Therefore, within the

experimental uncertainty, calorific values were same and no significant
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catalytic effects were observed in the calorimetric tests. However, further
studies using more accurate calorimetric methods are required to have

clear idea about the effects of catalysts on calorimetric values.

6.2 TGA-FTIR Tests

6.2.1 Pyrolysis Tests of Kangal Lignite

Pyrolysis behavior of Kangal lignite sample in N, and CO, ambient
conditions was observed to be very similar until 720 °C. In the temperature
range beyond 720 °C, the major difference was observed with the separation
of TGA profiles and a sharp peak in 100 % CO, DTG curve. These results
can be attributed to the char-CO, gasification reaction which may increase
the reactivity of char in O,/CO, ambient due to the high concentrations of
CO..

K,COj3 found to be the most effective catalyst in char gasification of Kangal
lignite during CO, pyrolysis tests. Since it increased the maximum rate of
weight loss by almost 14 % in comparison with the tests carried out with the

Raw-form sample in this region.

FTIR results of Kangal lignite pyrolysis tests in 100 % CO, revealed that
significant amount of CO was evolved in high temperature zone from char—
CO, gasification reaction. Furthermore, evolution of SOy occurred in high
temperature zone, as the emission started at 900 °C. In the case of pyrolysis
tests in 100 % N,, SOy evolution occurred between 250 °C and 600 °C. COS
formation increased significantly with the initiation of gasification reaction in
100 % CO..

The FTIR results of Kangal lignite pyrolysis tests revealed that the evolution
of CO and COS decreased in the cases of all the three catalysts and the main

peaks were at 800 °C.
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6.2.2 Combustion Tests

TGA and DTG profiles of combustion tests performed with Kangal lignite
and Tuncbilek sub-bituminous samples in air and in 30 % O, in CO, ambient
revealed that oxidation and removal of volatile matters occurred in
considerably lower temperature zone in the case of lignite in comparison
with sub-bituminous sample. Furthermore, during Tungbilek sub-bituminous
combustion, devolatilization and char burning steps were not discretely

separated.

Combustion tests of Kangal lignite derived in air and in 21 % O, in CO;
ambient revealed that the reactivity of the lignite sample in 21 % O, in CO;
was higher than that in air. Accordingly, the higher reactivity of the sample
in 30 % O, in N, ambient was confirmed in comparison with CO, ambient by
the lower Tigand Tomax in addition with higher |(dm/dt),may|. However, these
results did not agree with the expected delay in oxy-fuel combustion in most
of the oxygen concentrations. One possible reason might be due to the fact
that in TGA technigue, combustion temperature of the sample is controlled
by electrical heating and sample temperature is not affected by the
combustion ambient completely. Furthermore, during Kangal lignite
combustion tests derived in O,/CO, and O,/N, ambient conditions, T, was
independent from oxygen concentration and was considerably lower in
0,/CO, ambient.

Comparisons of DTG curves of Kangal lignite combustion tests indicated
that the effect of oxygen concentration was more significant than that of the
diluting gases (N, or CO;) on the combustion profiles. The effects of elevated
oxygen levels in both N, and CO, ambient conditions were observed in the
second region of combustion and shifted the weight loss curves to the lower
temperature zone accompanied with much higher reaction rates (|(dm/dt)2max|)
in the second region of combustion. Ti, and Ti, also decreased when we

switched to higher oxygen mole fractions.
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During catalytic Kangal lignite combustion tests derived in N, ambient, the
relative active sequence of catalysts to the reaction rate in the second and
third regions in air and elevated oxygen mole fractions can be described as

Fe> Raw-form > K and K >> Raw-form ~ Fe respectively.

Investigating the effects of catalysts in the second region during Kangal
lignite combustion tests in CO, ambient revealed that in 30 % O, and 35 %
0,, the relative active sequence of catalysts to the reaction rate in the volatile
and light hydrocarbon combustion can be described as Fe>> K> Ca> Raw-
form and Fe> Ca> Raw-form>> K respectively. No significant effect was
observed in the cases of 21 % O, and 25 % O, in this region rather than a

considerable reduction in Tomex by using all the three catalysts in 21 % O..

In the third region of combustion, K-based catalyst had the best catalytic
reactivity in char oxidation and combustion of the Kangal lignite due to its
much higher reaction rates in all the oxygen concentrations. Furthermore, T,
also had a significant drop in the case of K-based catalyst in comparison with
the Raw- Ca- and Fe-form lignite samples. Therefore, the relative active
sequence of catalysts to the reactivity of char can be described as follows: K
>> Ca > Fe ~ Raw-form. However, the rate of increase in the reaction rate of
K-based catalyst with increasing oxygen mole fraction would suggest that
probably there is an optimum oxygen concentration for char reactivity in K-

form sample.

In combustion tests performed with the raw and impregnated Kangal lignite
samples, it was observed that the main emission of combustion gases
occurred in the second region of combustion due to the volatile matter release
and light hydrocarbon combustion with an exception of combustion tests
derived with K-based catalyst. During K-form tests, it was illustrated that a

main part of CO, and CO emissions was attributed to the char combustion
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region.

During the combustion tests carried out with raw Kangal lignite sample, three
main peaks were detected in CO, and two in CO and H,O formation profiles
for which the most remarkable peak was observed in the second region.
However, the information profiles of sulphur containing species, SO and
COS, had only a main peak in the second region.

The evolution profiles of CO, H,0, SO, and COS gases during Kangal lignite
combustion tests in 21 % O, revealed that the formation of these gases was
slightly higher in O,/CO, ambient with respect to normal air combustion as
|(dm/dt),max| also had an increasing trend. On the contrary, the evolution
profiles of H,O, SO, and COS experienced sharper peaks with higher
maximum absorbance and in lower corresponding temperatures in N, in
comparison with CO, ambient in 30 % O,. The CO formation still showed

higher amounts in CO, ambient.

Comparisons of the flue gas emission curves indicated that the effects of
oxygen mole fractions on Kangal lignite combustion tests were more evident
in the second region during which the peaks shifted to lower temperatures
and higher absorbance as oxygen concentration increased from 21 % to 35
%. Moreover, a good correlation was observed between the maximum rate of
weight loss in DTG curves (|(dm/dt),ma|) and the peak absorbance of the
emissions and also between Tomax @nd Teg-max iN both N, and CO, ambient

conditions while increasing oxygen concentrations were tested.

K,CO3 was the most effective catalyst in char gasification and combustion of
Kangal lignite during the tests in both O,/N, and O,/CO, ambient conditions.
Furthermore, burnout temperature (Tp) also experienced a significant drop in
the case of K-based catalyst in comparison with the Raw- Ca- and Fe-form

lignite samples.
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During catalytic Kangal lignite combustion tests derived in air, it was
observed that Fe catalyst increased the CO, formation in both second and
third regions. Moreover, the K-based catalyst was effective in reducing CO,
SO, and COS emissions during devolatalization. However, during char
combustion in the third region, the evolution profiles of the evolved gases in
the case of K-based catalysts had extra peaks at 500 °C which was in

accordance with the maximum rate of weight loss in the third region.

Investigating the effects of catalysts on combustion characteristics of Kangal
lignite in O,/CO, ambient revealed that the Ca-based catalyst had the best
catalytic activity in reducing sulphur containing species, SOx and COS.
Although K-based catalyst reduced the formation of CO, H,0, SOy and COS
in the second region of combustion, however, extra peaks were observed in
450-550 °C temperature interval which was in accordance with the maximum
rate of weight loss due to char oxidation and combustion in DTG curve.
While Fe and Ca catalysts increased CH,4 emission in the second region, K-
form sample profile had another peak at 500 °C. Furthermore, the maximum
absorbance of the evolved gases in O,/CO, ambient was nearly consistent
with the maximum rate of weight loss due to volatile matter combustion for

raw and impregnated lignite samples.

The TGA and DTG profiles of raw and impregnated Tungbilek combustion
tests revealed that the addition of Fe improved the reactivity of the Tungbilek
sample confirmed by much higher reaction rates in 30 % O, in N, ambient. In
30 % O; in CO, ambient, the most significant effects of catalysts were
observed in the case of K-based catalyst during which the process of
combustion varied from a single stage to double stages in 350-500 °C
temperature interval. Furthermore, Fe-based catalyst increased the emissions
of CO and SO while Ca- and K-based catalysts showed considerable effects

in reducing the sulphur based emissions.
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Co-processing combustion tests of lignite and biomass ash contents indicated
that the hazelnut shell and walnut shell ash contents were significantly
effective in increasing the char reactivity of Kangal lignite due to high
concentration of potassium-based oxides during combustion tests carried out
in both air and 30 % O, in CO, ambient conditions. Furthermore, the
catalytic reactivity of wheat straw and cattle manure ash contents were
observed in the second region of combustion regarding volatile matter release
and combustion in both air and 30 % O, in CO, ambient conditions. These
results are thought to be due to high concentrations of alkali and alkaline
earth metals existed in the impregnated lignite samples with WS and CM ash
contents and especially Na-based oxides in the CM-form. Finally, in the case
of lignite sample impregnated with saw dust ash content, it was observed that
the impregnated lignite was significantly more reactive in devolatalization
process in 30 % O, in CO, ambient. This result might be due to the high
concentrations of Ca- Mg and K-based oxides in the ash content of SD-form
sample in comparison with Raw-form lignite. In conclusion, these results
revealed that the ash contents of walnut and hazelnut shell biomass fuels can
be used as a potential source of inexpensive K-based catalysts in the co-
processing of coal and biomass ash. Furthermore, high concentrations of
alkali and alkaline earth metals existed in the ash contents of biomass fuels
like wheat straw, cattle manure and saw dust can make them suitable sources
of inexpensive catalysts and develop a step forward in economic aspects of

catalytic coal combustion.

6.3 Future Work

According to the conclusions obtained throughout this study and the wide
literature survey carried out to cover the general view point of the topic, further
research needs are realized. Therefore, the effects of catalysts on pyrolysis,
combustion and gasification characteristics of coal, biomass and non-biomass fuels

and their co-processing effects, can be further investigated through these research
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topics suggested by the author:

e Investigating the effects of catalyst loading in TGA-FTIR experiments
e Using fast heating rates in TGA-FTIR experiments

e Steam gasification of Turkish lignite, biomass fuels and their blends in TGA-
FTIR

e Co-processing of coal and non-biomass wastes like MSW and waste tire

e Exploring the effects of biomass fuels on pyrolysis and combustion
characteristics of Turkish lignite both as fuel blends and as catalysts in

Fluidized Bed Combustion systems
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APPENDIX A

SAMPLES AND EXPERIMENTAL METHODS

Table A.10riginal humidity content analyses of Kangal and Seyitémer lignite samples

(as received) (%)

Temperature= 107+ 4 °C

Time interval Kangal Seyitomer
(min) Petri plate* + | Sample Petri plate + | Sample
sample weight | weight sample weight
(9) 9 weight (9)
(9)
30 68.479 6.103 71.496 7.805
45 68.345 5.969 71.455 7.764
60 68.309 5.933 71.451 7.76
75 68.296 5.920 71.440 7.749
90 68.292 5.916 71.441 7.75
105 68.291 5.915 71.436 7.745
120 - - 71.436 7.745
Sample weight (g) 10 10
at 0 min
Petri plate weight 62.376 63.691
(9)
Original Humidity 40.85 22.55
(as received) (%)

*Glass container
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Table A.2 Original humidity content analyses of Tuncbilek and Zonguldak coal samples

(as received) (%)

Temperature= 107+ 4 °C

Time interval Tungbilek Zonguldak

(min) Petri plate* + | Sample Petri plate + Sample
sample weight | weight sample weight | weight
(9) (9) (9) (9)

30 71.580 9.243 72.502 8.857

45 71.574 9.237 72.492 8.847

60 71.582 9.245 72.491 8.846

75 71.570 9.233 - -

90 71571 9.234 - -

105 - - - -

Sample weight (g) at | 10 10

0 min

Petri plate weight (g) | 62.337 63.645

Original Humidity 7.67 11.54

(as received) (%)

*Glass container
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Table A.3 Humidity content analyses of Kangal and Seyitémer lignite samples as used in
the tests (after milling) (%)

Temperature= 107+ 4 °C

Time interval Kangal Seyitdmer

(min) Petri plate* + Sample Petri plate + Sample
sample weight weight sample weight | weight
(9) (9) (9) (9)

15 56.660 2.216 40.900 2.56

30 56.637 2.193 40.878 2.538

45 56.625 2.181 40.872 2.532

60 56.625 2.181 40.860 2.52

75 56.618 2.174 40.862 2.522

90 56.616 2.172 40.858 2.518

105 56.615 2.171 40.860 2.52

Sample weight (g) at | 3 3

0 min

Petri plate weight 54.444 38.340

(9)

Humidity as tested 27.63 16.00

(after milling) (%)

*Glass container
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Table A.4 Humidity content analyses of Tuncbilek and Zonguldak coal samples as used
in the tests (after milling) (%)

Temperature= 107+ 4 °C

Time interval Tuncbilek Zonguldak

(min) Petri plate* + Sample Petri plate + Sample
sample weight weight sample weight | weight
(9) (9) (9) (9)

15 41.666 2.889 48.560 2.93

30 41.663 2.886 48.556 2.926

45 41.654 2.877 48.558 2.928

60 41.652 2.875 48.549 2.919

75 41.650 2.873 48.555 2.925

90 41.646 2.869 48.553 2.923

105 41.648 2.871 - -

Sample weight (g) at | 3 2.997

0 min

Petri plate weight (g) | 38.777 45.630

Humidity as tested 4.37 2.60

(after milling) (%)

*Glass container

Table A.5 Humidity content analyses of the impregnated coal samples

Time (min) S+5%K,COz* | T+10% Ca(OH),* | T +10 % K,CO3*
Sample weight | Sample weight Sample weight
(@) 9) 9

45 4.740 6.347 6.235

60 4,737 6.356 6.241

Sample weight (g) at 5.065 6.707 6.530

0 time

Humidity 6.48 5.37 4,52

(after impregnation) (%)

*Random sample selection for humidity content tests after impregnation
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Biomass Energy Potential in Turkey

Table A.6 Production of crop residues in Turkey [80]

Actual production (tons/year)

Available residue manure (tons/year)

Crop/animal Residue Theoretical production (tons/year)
Crop residues
Wheat Straw 29,270,775
Barley Straw 9,986,879
Rye Straw 420,214
Dats Straw 421,658
Maize Stalk 5,924 860
Cob 598,574
Rice Straw 584,545
Husk 88,530
Tobacco Stalk 384,762
Cotton Stalk 6,320,186
Ginning 484,586
Sunflower Stalk 2,354,687
Groundnut Shell 28213
Soybean Straw 62,468
Fruit and fruit tree residues
Apricots Shell
Tree pruning 1,336,646
Olive Cake 674,686
Tree pruning
Walnut Shell 174,634
Hazelnut Shell 698,246
Tree pruning
Tree pruning 234742
Orange Tree pruning 3,420,460
Mandarin Tree pruning 978,970
Animal wastes, available dry manure and biogas
Cow Waste 15,864,056
Sheep Waste 5,865,784
Poultry Waste 1,875,543

23,439,910
8,954,014
365,08
322,238
4,964,254
1,908,324
209,544
78.064
362,643
2,534,286
42443
2,260,321
28,424
21,896

156,687

§7.212
638,926
424,464
76.864
562,642
2,065,462
86,642
236,489
996,876

10,024,123
736,465
1,864,768

3,520,384
1,342,460
56,712
48,216
2,984,164
1,146,394
126,716
62,214
248,685
1,543 .24
435,686
1,356,643
23,687
13,225

70,242
596,876
226,432

61,246
453,224

1,642,245

69,664
189,984

82,364

10,024,172
736,465
1,864,768




Table A.7 Specifications of the Perkin Elmer Pyris STA 6000 TGA

Sensor Pure platinum pan holder and reference ring Comosion-resistant, making the instrument
suitable for 2 wide variety of samples and
applications

Furnace design Vertical (ptimized for performance, user exchangeable
SalurmA sensor. Ensures even purge gas flow.

Balance design Top Ioading, single beam Easy loading and unloading in manual and
automated mode

Balance resolution ~~ 0.1ug

Balance measurement

range Up o 1500 mg

Temperafurerange 15Tt 1000°C Start experiments below room femperature to
capture complete moisture and solvent
evaporation

Heating rate Ambient to 1000 T 0.1 10 100 C/min

Cooling rates From 1000 Co30°C Under 10 minutes Forced air and chiller to achieve fastest cool
down for higher productivity

Temperature Metal standards such as Indium and Silver

callbration

Temperature accraey < =057T

Temperature <05

reproducibility

Calorimetric data Accuracy/precision +2% based on metal standards

Thermacouples PT-PT/Rh {Type R)

sample pans Alumina 180 i

Dimensions (W) Small foofprint allows for the best use of your

17/3 /41 cm laborafory space
6.7/15/16.5in

Weight 12-16 kg

Instrument confral ~ Pyris software Benchmark software in Thermal Analysis

Accessories Mass flow confrol and switch Included Integrated mass flow gas control and swiiching for
accurate environmental control and high precision
analysis

Autnsampler (ptional, 45-posifion For unattended operation 247
Transparent cover Included in autosampler confiqurations | Best protection for your samples
(ptional for standard configurations

Hyphenated techniques  Combing with MS or IR analyzers MS or IR conneciivity capabilities

allow the analysis of evolved gases

Certificates/Compliance/ Developed under 150 3001, Designed and fested

Quality Assurance

to be in compliance with the legal requirements
for laboratory analyfical insfruments
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Fig. A.1 Typical FTIR spectra of important species for being used in identification and
calibration [62]
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Table A.8 Specifications of the Perkin Elmer Spectrum 1 FTIR spectrometer

Optical performance

FR-DTGS Detector
Wavelength range 7,800 - 350 cm-1 with
KBr beamsplitter
Resolution 0.5 cm-! to 64 cm-1

Wavelength accuracy 0.1 cm-1 at 1,600 cm-1

Signal to noise ratio-  30,000/1 rms, 6,000/1 p-p for

for KBr optics a 5 second measurement and
100,000/1 rms, 20,000/1 p-p
for a 1 minute measurement

Available OPD 0.1,0.2,0.5, 1 and 2 cms-
velocities
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LiTa0, Detector

7,800 - 350 cm-1 with KBr beamsplitter
7,800 - 225 cm-! with CsI beamsplitter

0.5 cm-1to 64 cm-!
0.1 cm-! at 1,600 cm-!

7,500/1 rms, 1,500/1 p-p for
a 5 second measurement and
26,000/1 rms, 5,000/1 p-p

for a 1 minute measurement

0.1,0.2,0.5, 1 and 2 cms-1



Cole-Parmer EW-03229-03 variable area flow meter

Correlated flow meters with high-resolution valves - Cole-Parmer 150-mm
correlated flow meter; 316 SS with 316 SS float; for liquids and gases with high-

resolution valve:

e Longer 150-mm scale makes these flow meters perfect for applications
demanding high resolution

e Clear polycarbonate front shield magnifies scale 16 %

e Hairline accuracy in reading float position is ensured by a vertical tangential
locator line.

e Each flow meter consists of a heavy-walled glass flow tube mounted in an
anodized aluminum frame with white acrylic back plate (1/8 " thick).

e To determine the minimum flow value, take one tenth of the maximum flow
value.

e Select a flow meter with a high-precision valve for superior flow rate control;
ideal for low-flow applications or for any application where you need precise
flow control

e The 16-turn high-precision valve features a nonrising stem to more

accurately hit your desired set point

All flow meters come with correlation data sheets for water and air at standard

temperature and pressure (STP).
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Table A.9 Specifications of Cole-Parmer EW-03229-03 variable area flow meter

Specifications

Product Type Correlated Flowmeter

Description Variable Area, Correlated Flowmeter
Flow rate {CO3) 87 mL/min

Flow rate (02) 65 mL/min

Flow rate (Nz) 79 (mL/min)

Flow rate (Ar) 59 mL/min

Flow rate (Hz) 160 (mL/min)

Accuracy 2% full-scale

Material (fitting)

316 Stainless Steel

Material (Valve)

316 Stainless Steel

Viton®

Material (Flow Tube)

Borosilicate Glass

(

(
Matenial (o-ring)

(

(

Material (Housing)

316 Stainless Steel

Material (float)

316 Stainless Steel

Max operating temperature (2 F) 250

Max operating temperature (2 C) 121

Max pressure 200 psi
Process connection 1/8" NPT(F)
Repeatability +0.25%
Brand Cole-Parmer

Manufacturer number

P21/1-N0D42-155T
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Fig. A.2 EW-03229-03 Cole-Parmer variable area flow meter drawing sketch
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Table A.10 Flow meter calibration data for different gases

Scale Reading Std. ml/ Std. ml/ Std. ml/ Std. ml/

(mm) min min min min
150 62.5 72 54.2 60.6
145 59.4 68.7 51.45 57.55
140 56.3 65.4 48.7 54.5
135 53.65 62.5 46.4 51.95
130 51 59.6 44.1 49.4
125 47.85 56.15 41.35 46.35
120 44.7 52.7 38.6 43.3
115 42 49.7 36.3 40.7
110 39.3 46.7 34 38.1
105 37.45 44.6 32.35 36.3
100 35.6 42.5 30.7 34.5
95 33.6 40.2 28.95 32.55
90 31.6 37.9 27.2 30.6
85 29.1 35.05 25.05 28.2
80 26.6 32.2 22.9 25.8
75 24.65 29.9 21.2 23.85
70 22.7 27.6 19.5 21.9
65 21.35 26 18.35 20.65
60 20 24.4 17.2 194
55 18.3 22.35 15.7 17.7
50 16.6 20.3 14.2 16

45 14.95 18.3 12.8 14.45
40 13.3 16.3 11.4 12.9
35 11.95 14.65 10.245 11.55
30 10.6 13 9.09 10.2
25 9.485 11.65 8.145 9.15
20 8.37 10.3 7.2 8.1
15 7.2 8.85 6.2 6.97
10 6.03 7.4 5.2 5.84
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XRF results

Table A.11 XRF ash analyses of Kangal lignite and impregnated lignite samples

Sample Name Kangal Tignite Dilution Material M - HWC
Description Sample Mass ({g) &,2500

Method press Dilution Mmass (g) 1,4000

Job Number Collective Job Dilution Factor 00,8170

Sample State Pressed tablet, 40 mm Sample rotation Yes
Sample Type Pellet_40 Date of Receipt 12/15/2011

Sample Status AMNY Date of Evaluation 12,45 /2011
Results

The error is the statistical error with 1 sigma confidence interwva’
i symbol Element Concentration Abs. Error
11 Nazo Sodiumoxide < 0,11 % (0,07 %
12 Mgo Magnesiumoxide 4,107 % 0,035 %
13 AT203 Aluminumoxide 15,86 3 0,02 3
14 5i02 Siliconoxide 34,00 % 0,03 %
15 P205 Phosphorusoxide 0,1361 % 0,003 %
is S03 sulfurtrioxide 14,84 % 0,01 %
17 C1 Chlorine 0,03487 % 0,00055 %
19 K20 Potassiumoxide 1,120 % 0,011 %
20 Cao calciumoxide 24,40 % 0,03 %
22 Tio2 Titaniumdioxide 0,6774 % 00,0060 %
23 V205 Vanadiumoxide 0,042 % 0o,0014 %
24 Crz203 Chromiumoxide 0,1459 % 0,0058 %
25 Mo Manganeseoxide < 0,00066% (0,07 %
26 Fez03 Ironoxide 6,037 % 0,011 %
27 Cod Cobaltoxide < 0,00038 (0,00 %
28 NiD Nickeloxide 0,0542 % 00,0011 %
29 Cud Copperoxide 0,0191 % 0,0013 %
30 Zno Zincoxide 0,0589 % 00,0036 %
31 Ga Gallium < 0,00010 % (0,00 %
32 Ge Germanium < 0,00010 (0,00 %
33 As203 Arsenicoxide 0,01769 % 0,00042 %
34 se selenium 0,00183 % 0,00016 %
35 Er Bromine 0,00311 % 0,00021 %
37 Rb20 Rubidiumoxide 0,00794 % 0,00022 %
Ef: Sro Strontiumoxide 0,1154 % 0,0005 %
39 hi ¥YTtrium 0,00350 % 0,00021 %
40 Zroz Zirconiumoxide < 0,068 % {0,018 %=
41 Nb205 Niobiumoxide 0,00248 % 0,00015 %
4z Mo Molybdenum 0,00316 % 0,00005 %
47 Ag silwver 0,00045 % 0,00025 %
48 cd Cadmium < 0,00051 % (0,0) %
49 In Indium < 0,00051 % (0,0] %
5o Sno2 Tinoxide 00,0042 % 00,0035 %
51 sh20s Antimonyoxide 0,00094 % 0,00021 %
52 Te Tellurium 0,0148 % 0o,0024 %
53 I Iodine 0,00075 % 0,00075 %
= Cs Cesium 0,00436 % 0,00033 %
56 Ba Barium 0,137 % 0,012 %
57 La Lanthanum < 00,0010 (0,00 %
! Ce Cerium < 00,0012 % {0,070 %
72 HT Hafrium < 0,00020 % (0,0) %
73 Taz20s Tantalumoxide 00,0681 % 0,0029 %
T4 Wo3 Tungstenoxide 0,00283 % 0,00035 %
80 Hg Mer cury < 0,00020 % (0,07 %
Bl T1 ThalTlium 0,00398 % 0,00036 %
g8z Pbo Leadoxide < 0,00022 #{0,00 %
83 Bi Bismuth < 0,00020 #(0,01 %
90 Th Thorium 0,00589 % 0,00036 %
92 U Uranium 0,00629 % 0,00036 %
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Sample Name Kangal Tignite +&5 %Fe203(silica) Dilution Material

Description Sample Mass {g) &,2500

Method press Dilution Mmass (g) 1,4000

Job Wumber Collective Job Dilution Factor 0,8170

Ssample State Pressed tablet, 40 mm Ssample rotation Yes
Sample Type Pellet_40 Date of Receipt 12/15,/2011

Sample Status Aax Date of Evaluation 12,45 /2011
Results

The error is the statistical error with 1 sigma confidence interwval
i Ssymbol Element Concentration Abs. Error
11 Nazo Sodiumoxide < 0,11 % (0,00 3
1z Mgo Magnesiumoxide 3,707 % 0,035 %
13 Al1203 Aluminumoxide 14,03 % 0,02 %
14 sioz Siliconoxide 25,84 % 0,02 %
15 P205 Phosphorusoxide 0,1145 % 0,0031 %
1&6 S03 sulfurtrioxide 13,49 % 0,01 %
i7 C1 Chlorine 0,044680 % 0,00054 %
19 K20 Potassiumoxide < 00,0012 %({0,00 %
20 Cad Calciumoxide 21,58 3 0,03 3
22 Tioz2 Titaniumdioxide 0,44868 % 00,0056 %
23 V205 vanadiumoxide 0,0262 % 00,0014 %
24 Cr2o3 Chromiumoxide 0,1703 % 0,0057 %
25 Mo Manganeseoxide < 0,00066 (0,00 %
26 Fe203 Ironoxide 16,70 % 0,02 %
27 Cad Cobaltoxide < 0,00038 (0,00 %
28 NiD Nickeloxide 00,0616 % 00,0017 %
25 Cud Copperoxide 0,0125 % 0,0015 &
30 Zn0 Zincoxide 0,0573 % 00,0032 %
31 Ga Gallium < 0,00010 % (0,0) %
3z Ge Germanium < 0,00010 #{0,00 %
33 AS203 Arsenicoxide 0,00880 % 0,00052 %
34 58 selenium 0,00074 % 0,00019 %
EL Er BEromine 0,00359 % 0,00023 %
37 Rb20 Rubidiumoxide 0,00477 % 0,00026 %
E: Sro Strontiumoxide 0,1040 & 0,0005 &
39 hi YTtrium 0,00330 % 0,00020 %
40 Zro2 Zirconiumoxide < 0,068 % (0,015 %
41 Nb205 Niobiumoxide 0,00192 % 0,00014 %
4z Mo Maolybdenum 0,00272 % 0,00005 %
47 Ag Silver 0,00032 % 0,00023 %
48 cd Cadmium < 0,00051 % (0,0) %
49 In Indium < 0,00051 % (0,0] %
50 SnD2 Tinoxide 0,00181 % 0,00007 %
51 Sh205 Antimonyoxide < 0,00051 (0,00 %
52 Te Tellurium 00,0028 % 00,0017 %
53 I Iodine 0,00019 % 0,00019 %
LG Cs Cesjum 00,0017 % 00,0013 %
= Ea Barium 0,1160 % 00,0031 %
57 La Lanthanum < 00,0010 (0,00 %
58 Ce Cerjum < 00,0012 % {0,070 %
72 HT Hafnium < 0,00020 (0,00 %
73 Tazos Tantalumoxide 0,1020 % 0,0042 %
74 W03 Tungstenoxide 0,0229 % 0,0020 %
80 Hg Mercury < 0,00020 % {0,070 %
81 T1 Thallium < 0,00020 #(0,00 %
g2 PbO Leadoxide 0,00677 % 0,00042 %
83 Bi Bismuth < 0,00020 % (0,0) %
a0 Th Thorium < 0,00020 % (0,0] %
92 u Uranium 0,008B25 % 0,00039 %
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Sample Name
Description
Method press

Kangal Tignite+S%CafOH)2 Dilution Material
Sample Mass (g) &,2500
Dilution mass (g)

Collective Job Dilution Factor 0,8170

Pressed tablet,
Pellet_40

AACOK  Date of Evaluation

40 mm

1, 4000

sample rotation Yes
Date of Receipt 10/22/2011

10,/22,/2011

M- HWC

The error is the statistical error with 1 sigma confidence interwal
Concentration

Job Number
Ssample State
Sample Type
Sample Status
Results

z Symbol
11 Naz2o
1z Mgd
13 Al1203
14 sio2
1t P205
i& 503
i7 |

19 K20
20 Cab
22 Tioz2
23 w205
24 Cra2o3
25 Mnd
26 Fe2d3
27 Cod
28 NiD
29 Cud
30 Znd
31 Ga

32 Ge

33 AS203
34 58

E1 Br

37 Rb20
3B SrQ
39 hi

40 Zro2
41 Nb205
42 Mo

47 Ag

48 Cd

49 In

50 Sn02
51 Sb205
52 Te

53 I

LG Cs

L& Ba

57 La

5B Ce

72 HT

73 Tazos
74 WwWo3
80 Hg

81 T1

g2 Pho
B3 Bi

90 Th

92 u

E1ement
Sodiumoxide
Magnesiumoxide
Aluminumoxide
Ssiliconoxide
Phosphorusoxide
sulfurtrioxide
Chlorine
Potassiumoxide
Calciumoxide
Titaniumdioxide
vanadiumoxide
Chromiumoxide
Manganeseoxide
Ironoxide
Cobaltoxide
Nickeloxide
Copperoxide
Zincoxide
Gallium
Germanium
Arsenicoxide
selenium
Bromine
Rubidiumoxide
Strontiumoxide
YTLtrium
Zirconiumoxide
Niobiumoxide
Molvbdenum
Silver

Cadmium

Indium
Tinoxide
Antimomyoxide
Tellurium
Iodine

Cesjum

Barium
Lanthanum
Cerjum

Hafnium
Tantalumoxide
Tungstenoxide
Mer Cury
ThalTlium
Leadoxide
Bismuth
Thorium
Uranium
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< 0,11
3,564
14,73
31,64
0,03955
13,88
0,04923
0,986
30,71
0,5784
0,0388

o L o S S o o

0,01333
0, 00160
0, 00495
0,007 27
0,1068
0,00306
< 0,068
0,00233
0,002 64
0, 00027

< 0,00051

< 0,00051
0,0031
0, 00157
0,0145
0, 00021
0, 00449
0,124
o, 00092

< 0,0012

< 0,00020

< 0, 00020
0,00209 %
0,00492 %

Abs.
(o,0)
0,034
0,02
0,03
o0,0031
0,01

0, 0005 4
0,011
0,03

0, 0060
0,0014
0, 0065
%(0,0)
0,011
%(0,0)
o0,0011
0,00096
0,0033
(o,0)
%{0,0)
0, 00044
0, 00016
0,00022
0,00022
0, 0005
0, 00015
{0,018)
0,00015
0, 00004
0,00026
(o,0)
i(0,0)
0,00321
0, 00030
o0,0023
0,00021
0, 00047
0,015
0,00051
(0,0)
(0,0)
0, 0030
%(0,0)

0, 00028
0, 00031

Error

o o S o i S e S S S o i G



Sample Name
Description
Method press

Kangal Tignite+5%K2C03

Collective Job Dilution Factor 0,8170

Pressed tablet,
Pellet_40

AACOK  Date of Evaluation

40 mm

Dilution Material
Sample Mass (g) &,2500
Dilution mass (g)

1, 4000

sample rotation Yes
Date of Receipt 12/15/2011

12/15,/2011

M- HWC

The error is the statistical error with 1 sigma confidence interwvall
Concentration

Job Number
Ssample State
Sample Type
Sample Status
Results

z Symbol
11 Naz2o
1z Mgd
13 Al1203
14 sio2
1t P205
i& 503
i7 |

19 K20
20 Cab
22 Tioz2
23 w205
24 Cra2o3
25 Mnd
26 Fe2d3
27 Cod
28 NiD
29 Cud
30 Znd
31 Ga

32 Ge

33 AS203
34 58

E1 Br

37 Rb20
3B SrQ
39 hi

40 Zro2
41 Nb205
42 Mo

47 Ag

48 Cd

49 In

50 Sn02
51 Sb205
52 Te

53 I

LG Cs

L& Ba

57 La

5B Ce

72 HT

73 Tazos
74 WwWo3
80 Hg

81 T1

g2 Pho
B3 Bi

90 Th

92 u

E1ement
Sodiumoxide
Magnesiumoxide
Aluminumoxide
Ssiliconoxide
Phosphorusoxide
sulfurtrioxide
Chlorine
Potassiumoxide
Calciumoxide
Titaniumdioxide
vanadiumoxide
Chromiumoxide
Manganeseoxide
Ironoxide
Cobaltoxide
Nickeloxide
Copperoxide
Zincoxide
Gallium
Germanium
Arsenicoxide
selenium
Bromine
Rubidiumoxide
Strontiumoxide
YTLtrium
Zirconiumoxide
Niobiumoxide
Molvbdenum
Silver

Cadmium

Indium
Tinoxide
Antimomyoxide
Tellurium
Iodine

Cesjum

Barium
Lanthanum
Cerjum

Hafnium
Tantalumoxide
Tungstenoxide
Mer Cury
ThalTlium
Leadoxide
Bismuth
Thorium
Uranium

192

< 0,11
3,155
12,85
30,60
0,139z
15,06
o,03230
8,574
23,53
0,6116
0,0424
0,1189
< 0,0006&
5,775
< 0,00038
0,0451 %
0,00583 %
0,0510 %

< 0,00010 %
< 0,00010
o,01261
0, 00022
0,00362
0,007 14
0,1087
0, 00262
0,017
0, 00165
0,00239
0, 00043

< 0,00051

< 0,00051
0, 00495
0, 00095
0,0285

< 0,00071
0,00659

0,134

< 0,0010

< 0,0012 %
< 0,00020 %
0,0378 %

< 0,00025

< 0,00020 %
< 0,00020
0,00122 %

< 0,00020 %
< 0,00020 %
0,00400 %

o L o S S o o

o o S i o S o o T G o o o

Abs.
(o,0)
0,034
0,02
0,02
0,0032
0,01

0, 00055
0,020
0,03

0, 0065
0, 0015
0,0062
%(0,0)
0,011
%(0,0)
o0,0011
0,00078
o0,0029
(o,0)
%{0,0)
0, 00046
0, 00017
0,00023
0,00023
0, 0005
0, 00017
0,017
0,00013
0, 00005
0,00027
(o,0)
i(o,0)
0,00017
0, 00011
0,0034
(o,0)
0, 00096
0,028
%(0,0)
(o,0)
(0,0)
0,0032
%(0,0)
(0,0
%(0,0)
0, 00006
(o,0)
i(o,0)
0,00029

Error

o o S o i S e S S S o i G



Sample WName Kangal Tignite+S%FeCl3 Dilution Material M—HwC

Description Sample Mass ({g) &,2500

Method press Dilution Mass (g) 1, 4000

Job Number Collective Job Dilution Factor 0,8170

Sample State Pressed tablet, 40 mm Sample rotation Yes
Sample Type Pellet_40 Date of Receipt 12/15,/2041

Sample Status AAX  Date of Evaluation 12/15,/2011
Results

The error is the statistical error with 1 sigma confidence interwal
z Symbol Element Concentration Abs. Error
11 Nazo Sodiumoxide < 0,11 % {0,0) %
12 Mgo Magnesiumoxide 3,413 % 0,035 %
13 AT1203 Aluminumoxide 13,10 % 0,02 %
14 5i02 Siliconoxide 29,18 % 0,02 %
15 P205 Phosphorusoxide < 0,00069 ®%(0,0) %
16 503 Sulfurtrioxide 12,34 % 0,01 %
i7 C1 Chlorine 1,055 * 0,001 *
19 K20 Potassiumoxide 0,905 % 0,011 %
20 cao Ccalciumoxide 21,12 % 0,03 %
22 TiD2 Titaniumdioxide 0,5042 % 00,0059 %
23 w205 vanadiumoxide 0,021z % 0,0017 %
24 Crz203 Chromiumoxide 00,1565 % 0,005% %
25 Mno Manganeseoxide 00,0037 % 00,0037 %
26 Fe203 Ironoxide 11,55 % 0,02 %
27 Co0 Cobaltoxide «< 0,00035 ®(0,0) %
28 NiD Nickeloxide 00,0591 % 0,0014 %
29 Cuo Copperoxide 0,0260 % 0,0017 %
30 Zni0 Zincoxide 0,0508 % 0,0026 %
31 Ga Gallium < 0,00010 % (0,00
32 Ge Germanium < 0,00010 ®(0,0) %
a3 AS203 Arsenicoxide 0,01102 % 0,00048 %
34 Se selenium 0,00079 % 0,00017 %
35 Br Eromine 0,00189 % 0,00021 %
37 Rb20 Rubidiumoxide 0,00555 % 0,00024 %
38 Sro Strontiumoxide 00,1073 % 0,0005 %
39 ¥ YLLrium 0,00290 % 0,00013 %
40 Zro2 Zirconiumoxide < 0,068 % {0,017 %=
41 Nb205 Niobiumoxide 0,00207 % 0,00014 %
4z Mo MoTybdenum 0,00275 % 0,00004 %
47 Ag silver 0,00030 % 0,00026 %
48 Cd Cadmium < 0,00051 % (0,0) %
49 In Indium < 0,00051 % (0,0 %
Lo ang2 Tinoxide 0,0040 0,0040
51 sb20s Antimonyoxide 0,00053 % 0,00053 %
£z Te Tellurium 0,014 % 0,014 %
53 I Iodine < 0,00071 % (0,0) %
EE cs Cesjum 0,0034 % o,0012 %
SE Ed Earium 0,1138 % 0,0048 %
57 La Lanthanum 00,0070 %% 00,0020 %
L8 Ce Cerium < 00,0012 % (0,00 %
72 HT Hafnium < 0,00020 % (0,0) %
73 Taz0s Tantalumoxide 00,0796 % 0,0035 %
74 Wo3 Tungstenoxide 0,0102 0,0011
80 Hg Mercury < 0,00020 % {0,0) %
81 T1 Thallium < 0,00020 (0,00 %
82 PbO Leadoxide 0,00530 % 0,00027 %
83 Bi Bismuth < 0,00020 % (0,0) %
30 Th Thorium < 0,00020 % (0,0 %
92 u Uranium 0,00710 % 0,00035 %
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Table A.12 XRF ash analysis of hazelnut shell (HSh) biomass

Sample Name
Description

Method

press

Job Number
Sample State
sample Type
Ssample Status

Results

Hazelnut shell Ash Dilution Material
Sample Mass {g) &,2500

Dilution Mass (g) 1,4000

0 Dilution Factor 00,8170

Pressed tablet, 40 mm Sample rotation Yes

Pellet_40 Date of Receipt 06/12/2012

AMOO Date of Evaluation 06,/12/2012

M =HWC

The error is the statistical error with 1 sigma confidence interwval

z

11
1z
13
14
15
16
17
19
20
22
23
24
25
26
27
28
29
30
31
32
EE]
34
35
37
38
39
40
41
42
47
45
49
0
51
L2
53
LG
1
57
LE
72
73
74
50
Bl
B2
53
30
92

Symbol
Nazo

Mgo
alzo03
sioz
P205
s03
c1
K20
Cao
Tioz
V205
Cr2o3
Mo
Fezo3
oo
NiD
cud
Zno
Ga

Ge
AS203
se

BF
Rb20
sro

¥
Zroz
Nb20o5
Mo

Ag

cd

In
snoz
sbzos
Te

I

Cs

Ea

La
Ce

HT
Tazos
WOz
HQ

T1
PO
Bi

Th

u

Element Concentration Abs. Error
Sodiumoxide < 0,11 % (0,00 %
Magnesiumoxide 6,049 % 0,026 %
Aluminumoxide L,349 % 0,013 %
Siliconoxide 10,29 % 0,01 %
Phosphorusoxide 3,140 % 0,004 %
Sulfurtrioxide 2,071 . 0,002 .
Chlorine 00,1995 % 0,0004 %
Potassiumoxide 33,82 % 0,04 %
Calciumoxide z4,83 % 0,04 %
Titaniumdioxide 00,0568 % 0,0036 %
vanadiumoxide 0,004 % 0,0014 %
Chromiumoxide 0,0076 % 0,0054 %
Manganeseoxide 0,3518 % 0,0059 %
Ironoxide 0,708 % 0,0047 %
Cobaltoxide < 0,00038 ®(0,0) %
Nickeloxide 0,01079 % 0,00055 %
Copperoxide 0,1241 % 0,002 %
Zincoxide 0,060 % 0,014 %
Gallium 0,00004 % 0,00004 %
Germanium < 0,00010 %(0,0) %
Arsenicoxide < 0,00013 %(0,0) %
Selenium < 0,00010 ¥({0,0)
Bromine 0,00104 % 0,00021 %
Rubidiumoxide 0,04193 % 0,00027 %
Strontiumoxide 0,1467 % 0,00068 %
YLtrium < 0,00071 % (0,00 %
Zirconiumoxide < 0,068 % {0,070 %
Niobiumoxide < 0, 0014% {0,0) %
MoTlybdenum < 0,0010% [fo, 000420 %
Silver 0,00035 % 0,00025 %
Cadmium < 0,00051 % {0,0) %
Indium < 0,00051 % (0,00 %
Tinoxide 0,00358 % 0,00096 %
Antimonyoxide < 0,00051 %(0,0) %
Tellurium 00,0117 % 00,0020 %
Iodine 00,0170 % 0,00268 %
Cesjum < 0,00081 % {0,070 %
Barium 0,071z % 0,0027 %
Lanthanum < 00,0010 ®(0,0) %
Cerium < 00,0012 ®%({0,0) %
Hafrnium < 0,00020 % (0,00 %
Tantalumoxide 0,0687 % 0,0035 %
Tungstenoxide < 0,00025 %({0,0) %
Mercury < 0,00020 %(0,0) %
Thallium < 0,00020 #(0,00 %
Leadoxide < 0,00022 ¥({0,0)
Bismuth < 0,00020 #(0,00 %
Thorium 0,00032 % 0,00020 %
Ur anium < 0,00030 % (0,00 %
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CALORIMETRIC TEST RESULTS
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Table B.1 Calorimetric test results of Tungbilek sub- bituminous samples

Sample Definition Sample Sample Modified Amb. Lower Higher | (GCV)or Ave. Difference | Ash (g) Wire
Number | Weight (g) Weight Temp. | Temp. Temp. (HHV) (Kcal/ (%) Length
(Theoretical) (°C) (T,°C) (T,°C) (Kcal/ Kg) (cm)
(9 Kg)
T (Amb. Temp. =17 °C) | 1st 1.447 1.447 =17 30.62 32.685 | 3440.38 3433.84 | - 0.644 5.3
" 2nd 1.497 1.497 " 30.32 32.45 3427.30 " - 0.668 3.3
T + 2 % Ca(OH), 1st 1.518 1.4863 =17 28.52 30.62 3402.59 3397.59 | -1.06 0.584 29
" 2nd 1.474 1.4432 " 28.845 30.873 | 3392.60 " " 0.632 8.5
T +5 % Ca(OH), 1st 1.532 1.4519 =17 30.935 32.88 3230.04 3276.71 | -4.58 0.702 5.9
" 2nd 1.567 1.4851 29.10 31.15 3323.38 " " 0.718 25
T+ 10 % Ca(OH), 1st 1.502 1.3449 =17 28.30 30.145 | 3312.68 3303.66 | -3.79 0.682 9
" 2nd 1.503 1.3458 " 28.24 30.08 3294.65 " " 0.693 5
T+2%K,CO4 1st 1.460 1.4295 =17 30.585 32525 | 3272.20 3303.61 | -3.79 0.680 5.9
" 2nd 1.499 1.4677 " 29.39 31.42 3335.03 " " 0.698 5.8
T+5%K,CO3 1st 1.494 1.4159 =17 29.51 31.38 3178.83 3205.20 | -6.66 0.690 2.6
" 2nd 1.462 1.3856 " 29.60 31.46 3231.57 " " 0.687 3
T+ 10 % K,CO4 1st 1.400 1.2536 =17 29.66 31.32 3191.34 3206.02 | -6.63 0.681 5.7
" 2nd 1.435 1.2849 " 28.74 30.46 3220.69 " " 0.700 2.5
T+2 % FeCl, 1st 1.439 1.4089 18-19 | 28.22 30.27 3507.20 3512.66 | 2.30 0.642 5
" 2nd 1.489 1.4579 " 27.955 30.085 | 3518.12 " " 0.667(T) | 2.6
T+5 % FeCls 1st 1.546 1.4652 19-20 | 27.615 29.735 | 3483.94 3456.79 | 0.67 0.698 25
" 2nd 1.448 1.3723 " 27.437 29.39 3429.63 " " 0.654 4.8
T + 10 % FeCl; 1st 1.436 1.2858 17 28.245 30.11 3491.79 3487.62 | 1.57 0.645 3
" 2nd 1.461 1.3082 " 27.955 29.845 | 3483.44 " " 0.652 6
T+2 % Fe,03 1st 1.475 1.4442 20 29.14 31.14 3334.17 3311.26 | -3.57 0.682 2.7
" 2nd 1.531 1.4990 " 29.565 31.61 3288.34 " " 0.725 5
T+5%Fe,0; 1st 1.497 1.4187 20-21 | 28.863 30.73 3172.96 3201.13 | -6.78 0.731 6
" 2nd 1.510 1.4311 " 28.79 30.71 3229.31 " " 0.749 2.5
T+ 10 % Fe,03 1st 1.467 1.3136 19-20 | 30.015 31.79 3262.87 3307.95 | -3.67 0.725 9
" 2nd 1.503 1.3458 " 29.61 31.485 | 3353.04 " " 0.739 2.4
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Table B.2 Calorimetric test results of Seyitdmer lignite samples

Sample Definition | Sample Sample Modified Amb. Lower Higher (GCV) or Ave. Difference | Ash (g) Wire

Number | Weight (g) Weight Temp. Temp. Temp. (HHV) (Kcal/ (%) Length
(Theoretical) (°C) (T1°C) (T,°C) (Kcal/ Kg) Kg) (cm)
()]

S 1st 1.453 1.453 18-19 | 27.875 29.20 2190.98 2192.48 - 0.816 2.3

" 2nd 1.554 1.554 " 27.605 29.02 2193.98 " - 0.876 6

S + 2 % Ca(OH), 1st 1.529 1.4926 =17 28.19 29.59 2259.64 2243.03 2.31 0.824 5.8

" 2nd 1.562 1.5251 " 27.91 29.32 2226.42 " " - 5.2

S +5 % Ca(OH), 1st 1.516 1.4258 =17 29.60 30.89 2179.44 2115.21 -3.52 0.828 6

" 2nd 1.011 0.9508 28.295 29.13 2102.88 " " 0.564 2.2
3rd 1.486 1.3976 27.575 28.77 2063.30 0.832 8.5

S +10 %Ca(OH), 1st 1.438 1.2668 =17 30.23 31.34 2113.87 2161.83 -1.40 0.783 8.3

" 2nd 1.484 1.3073 " 29.29 30.49 2209.78 " " 0.813 5.5

S +2%K,CO3 1st 1.426 1.3920 =17 28.665 29.96 2240.21 2261.56 3.15 0.783 5.5

" 2nd 1.423 1.3891 27.895 29.215 2282.90 " " 0.800 2.2

S +5 % K,CO3 st - - - - - - - - - -

" 2nd - - - - - - - - - -

S +10 % K,CO; 1st 1.524 1.3556 =17 28.155 29.39 2194.11 2197.24 0.22 0.898 5.9(Av)

" 2nd 1.471 1.2959 " 29.94 31.125 2200.37 " " 0.871 5

S +2 % FeCls st 1.470 1.4350 19 30.763 31.99 2060.04 2074.21 -5.39 0.836 6.4

" 2nd 1.534 1.4975 " 29.825 31.12 2088.37 " " 0.877 9.4

S +5 9% FeCl; 1st 1.552 1.4596 19-20 | 27.627 28.89 2088.21 2082.34 -5.02 0.886 8.5

" 2nd 1.517 1.4267 " 28.24 29.47 2076.46 " " 0.871 6

S + 10 % FeCl, 1st 1.488 1.3109 19 29.315 30.547 2263.57 2229.69 1.70 0.817 6

" 2nd 1.514 1.3338 " 29.747 30.96 2195.81 " " 0.829 9.2

S +2 % Fe,04 1st 1.562 1.5248 20 27.745 28.96 1918.80 1936.11 -11.69 0.963 5.8

" 2nd 1.486 1.4506 " 27.275 28.455 1953.42 " " 0.917 2.5

S+ 5 % Fe,0; 1st 1.564 1.4709 20-21 | 28.927 30.11 1940.61 1930.13 -11.97 0.969 8.4

" 2nd 1.512 1.4220 " 29.33 30.465 1919.65 " " 0.992 4.6

S+ 10 % Fe,04 st 1.492 1.3144 19-20 | 28.525 29.53 1840.64 1874.36 -14.51 0.956 6.2

" 2nd 1.453 1.2800 " 27.915 28.93 1908.09 " " 0.945 5.7
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Table B. 3 Calorimetric test results of Kangal lignite samples

Sample Definition | Sample Sample modified Amb. Lower Higher (GCV) or Ave. Difference | Ash (g) Wire
Number | Weight (g) weight Temp. Temp. Temp. (HHV) (Kcal/ (%) Length
(Theoretical) (°C) (T1°C) (T,°C) (Kcal/ Kg) Kg) (cm)
(9

K (Temp.=17 °C) | 1st 1.498 1.498 17-18 | 28.18 29.643 2358.17 2374.80 - 0.665 9.1

" 2nd 1.540 1.540 " 27.705 29.23 2391.42 " - - 9.3
K+2%Ca(OH), | 1st 1.556 1.5130 =17 30.775 32.215 2295.78 2264.20 -4.66 0.699 7.6

" 2nd 1.309 1.2728 " 28.255 29.435 2232.62 " " 0.585 6
K+5% Ca(OH), | 1st 1.512 1.4075 17-18 | 27.965 29.215 2144.83 2166.28 -8.78 0.658 9.5

" 2nd 1.550 1.4429 " 28.955 30.265 2187.73 " " 6.4(Av)
K +10 % Ca(OH), | 1st 1.515 1.3057 =17 27.045 28.27 2258.40 2229.92 -6.10 0.716 5.3

" 2nd 1.438 1.2393 27.40 28.53 2201.44 " " 0.667 9.2

K +2 % K,CO3 1st 1.376 1.3380 =17 31.835 33.08 2239.13 2325.78 -2.06 0.620 4.8

" 2nd 1.503 1.4615 " 29.34 30.80 2412.42 " " - 9.3

K +5 % K,CO, st 1.314 1.2232 18-19 | 27.68 28.795 2199.84 2195.11 -7.57 0.631 8.7

" 2nd 1.340 1.2474 " 30.21 31.345 2190.37 " " 0.642 5.7
K+ 10 % K,CO4 1st 1.594 1.3737 18-19 | 29.40 30.785 2426.83 2431.57 2.39 0.768 4.6

" 2nd 1.508 1.2996 " 27.59 28.905 2436.31 " " 0.740 5.3

K + 2 % FeCl, 1st 1.560 1.5169 18-19 | 31.34 32.885 2458.33 2471.53 4.07 0.692 8.4

" 2nd 1.513 1.4712 " 28.285 29.805 2484.73 " " 0.669 2.7

K +5 % FeCl; st 1.578 1.4690 18-19 | 28.145 29.69 2533.48 2489.62 4.83 0.707 5.2

" 2nd 1.486 1.3833 " 30.85 32.255 2445.75 " " 0.669 5.1

K + 10 % FeCl; 1st 1.566 1.3496 18-19 | 28.98 30.435 2598.38 2602.40 9.58 0.703 6.3

" 2nd 1.471 1.2677 " 28.973 30.345 2606.43 " " 0.664 5.4

K +2 % Fe,04 st 1.493 1.4517 19-20 | 27.22 28.62 2322.83 2351.34 -0.99 0.664 5.5

" 2nd 1.414 1.3749 " 27.145 28.50 2379.86 " " 0.629 9.3

K+ 5 % Fe,0;4 1st 1.524 1.4187 20-21 | 27.793 29.175 2346.69 2371.52 -0.14 0.720 5.8

" 2nd 1.411 1.3135 " 28.51 29.817 2396.34 " " 0.670 5.6

K + 10 % Fe,0; 1st 1.567 1.3505 19-20 | 29.627 30.94 2336.48 2334.03 -1.72 0.772 2.7

" 2nd 1.543 1.3298 " 28.79 30.08 2331.58 " " 0.748 3
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Table B. 4 Calorimetric test results of Zonguldak bituminous samples

Sample Definition | Sample Sample modified Amb. Lower Higher (GCV) or Ave. Difference | Ash (g) Wire
Number | Weight (g) weight Temp. Temp. Temp. (HHV) (Kcal/ (%) Length
(Theoretical) (°C) (T,°C) (T,°C) (Kcal/ Kg) (cm)
()] Kg)
Z (45min drying) | 1st 1.448 1.448 17-18 30.235 32.77 4218.23 - 0.587 2.8
" 2" 1.406 1.406 " 27.785 30.28 4275.18 - 0.568 2.6
Z + 2 % Ca(OH), 1st 1.442 1.4124 17-18 28.23 30.69 4200.17 4169.87 | -1.34 0.592 5.2
" 2nd 1.505 1.4741 " 28.48 31.01 4139.56 " " 0.604 5.5
Z +5 % Ca(OH), 1st 1.492 1.4154 17-18 27.675 30.125 4170.95 4182.65 | -1.03 0.648 3.2(Av)
" 2nd 1.547 1.4676 " 28.785 31.34 4194.35 " " 0.666 2.5
Z +10 % Ca(OH), | 1st 1.448 1.2993 17-18 27.275 29.66 4422.43 4353.34 | 3.00 0.616 3
" 2nd 1.541 1.3828 " 27.985 30.445 4284.26 " " 0.661 1.7
Z+2%K,CO; 1st 1.445 1.4153 17-18 28.655 31.12 4195.71 4239.39 | 0.31 0.596 2.5
" 2nd 1.506 1.4751 " 28.265 30.885 4283.07 " " 0.619 4.8
Z+5 % K,CO3 1st 1.492 1.4154 17-18 28.65 31.085 4144.37 411459 | -2.65 0.645 2.6
" 2nd 1.554 1.4742 17 26.89 29.39 4084.81 " " 0.653 2.1
Z +10 % K,CO4 1st 1.478 1.3263 17-18 28.89 31.175 4149.89 4183.14 | -1.02 0.646 2.8
" 2nd 1.429 1.2823 " 28.06 30.305 4216.38 " " - 2.5
Z +2 % FeCl; 1st 1.489 1.4584 17 27.735 30.205 4080.79 4186.84 | -0.94 0.634(T) | 3
" 2nd 1.510 1.4790 " 27.545 30.155 4252.02 " " 0.643 2.6
Z+5 % FeCl; 1st 1.464 1.3889 19-20 29.35 31.785 4223.44 4182.20 | -1.05 0.622 2.6
" 2nd 1.527 1.4486 " 29.09 31.58 4140.96 " " 0.651 2.5
Z + 10 % FeCl; 1st 1.498 1.3442 19-20 29.985 32.445 4408.31 4420.15 | 4.58 0.621 2.3
" 2nd 1.559 1.3989 " 28.50 31.07 4432.00 " " 0.680 6
Z+2%Fe,04 1st 1.441 1.4114 20 28.167 30.565 4092.62 4122.02 | -2.47 0.667 2.5
" 2nd 1.584 1.5515 " 28.437 31.11 4151.43 " " 0.694 2.6
Z+5 % Fe,04 1st 1.443 1.3689 20-21 27.395 29.79 4219.76 4220.86 | -0.13 0.646 5.7
" 2nd 1.474 1.3983 " 28.07 30.52 4221.96 " " 0.664 3.2(Av)
Z +10 % Fe,03 1st 1.464 1.3137 20 27.453 29.78 4272.01 4248.60 | 0.53 0.687 5.7
" 2nd 1.459 1.3092 " 28.313 30.61 4225.18 " " 0.679 2.2




Table B.5 Sample weight definition (Tuncbilek sub-bituminous)

Sample Definition Sample | Sample | Catalyst Catalyst Modified
Number | Weight in Raw after Drying sample
(9) Sample (with regard mass
(%) to Humidity (9)
Error
Factor)
(%)

T (Amb.Temp. =27 °C) 1st 1.518 - - 1.518
" 2nd 1.494 - - 1.494
T (Amb.Temp. = 17 °C) 1st 1.447 - - 1.447
" 2nd 1.497 - - 1.497
T+ 2 % Ca(OH), 1st 1.518 2 2.091 1.4863
" 2nd 1.474 2 2.091 1.4432
T +5 % Ca(OH), 1st 1.532 5 5.228 1.4519
" 2nd 1.567 5 5.228 1.4851
T + 10 % Ca(OH), 1st 1.502 10 10.457 1.3449
" 2nd 1.503 10 10.457 1.3458
T+2%K,CO, 1st 1.460 2 2.091 1.4295
" 2nd 1.499 2 2.091 1.4677
T+5 % K,CO, 1st 1.494 5 5.228 1.4159
" 2nd 1.462 5 5.228 1.3856
T+ 10 % K,CO; 1st 1.400 10 10.457 1.2536
" 2nd 1.435 10 10.457 1.2849
T+2% FeCly 1st 1.439 2 2.091 1.4089
" 2nd 1.489 2 2.091 1.4579
T+5 % FeCly 1st 1.546 5 5.228 1.4652
" 2nd 1.448 5 5.228 1.3723
T+ 10 % FeCls 1st 1.436 10 10.457 1.2858
" 2nd 1.461 10 10.457 1.3082
T+ 2 % Fe,0, 1st 1.475 2 2.091 1.4442
" 2nd 1.531 2 2.091 1.4990
T+5 % Fe,0, 1st 1.497 5 5.228 1.4187
" 2nd 1.510 5 5.228 1.4311
T+10 % Fe,O; 1st 1.467 10 10.457 1.3136
" 2nd 1.503 10 10.457 1.3458
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Table B.6 Sample weight definition (Kangal lignite)

Sample Definition Sample | Sample | Catalyst Catalyst Modified
Number | Weight in Raw after Drying sample
(9 Sample (with regard mass
(%) to Humidity (9)
Error
Factor)
(%)

K (Amb.Temp. = 27 °C) 1st 1.505 - - 1.505
" 2nd 1.521 - - 1.521
K (Amb.Temp. = 17 °C) 1st 1.498 - - 1.498
" 2nd 1.540 - - 1.540
K + 2 % Ca(OH), 1st 1.556 2 2.764 1.5130
" 2nd 1.309 2 2.764 1.2728
K +5 % Ca(OH), 1st 1.512 5 6.909 1.4075
" 2nd 1.550 5 6.909 1.4429
K + 10 % Ca(OH), 1st 1.515 10 13.818 1.3057
" 2nd 1.438 10 13.818 1.2393
K+2 % K,CO3 1st 1.376 2 2.764 1.3380
" 2nd 1.503 2 2.764 1.4615
K+5 % K,CO3 1st 1.314 5 6.909 1.2232
" 2nd 1.340 5 6.909 1.2474
K+ 10 % K,CO3 1st 1.594 10 13.818 1.3737
" 2nd 1.508 10 13.818 1.2996
K +2 % FeCl; 1st 1.560 2 2.764 1.5169
" 2nd 1.513 2 2.764 1.4712
K +5 % FeCl; 1st 1.578 5 6.909 1.4690
" 2nd 1.486 5 6.909 1.3833
K + 10 % FeCls 1st 1.566 10 13.818 1.3496
" 2nd 1.471 10 13.818 1.2677
K +2 % Fe,03 1st 1.493 2 2.764 1.4517
" 2nd 1.414 2 2.764 1.3749
K+ 5 % Fe,0, 1st 1.524 5 6.909 1.4187
" 2nd 1.411 5 6.909 1.3135
K+ 10 % Fe,03 1st 1.567 10 13.818 1.3505
" 2nd 1.543 10 13.818 1.3298
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Table B.7 Sample weight definition (Seyitdmer lignite)

Sample Definition Sample | Sample | Catalyst Catalyst Modified
Number | Weight in Raw after Drying sample
(9) Sample (with regard mass
(%) to Humidity (9)
Error
Factor)
(%)

S (Amb.Temp.*27°C) 1st 1.534 - - 1.534
" 2nd 1.513 - - 1.513
S (Amb.Temp.=17°C) 1st 1.453 - - 1.453
" 2nd 1.554 - - 1.554
S +2 % Ca(OH), 1st 1.529 2 2.381 1.4926
" 2nd 1.562 2 2.381 1.5251
S +5 % Ca(OH), 1st 1.516 5 5.952 1.4258
" 2nd 1.011 5 5.952 0.9508
" 3rd 1.486 5 5.952 1.3976
S + 10 % Ca(OH), 1st 1.438 10 11.905 1.2668
" 2nd 1.484 10 11.905 1.3073
S +2 % K,CO3 1st 1.426 2 2.381 1.3920
" 2nd 1.423 2 2.381 1.3891
S +5 % K,CO3 1st - 5 5.952 -
" 2nd - 5 5.952 -
S+ 10 % K,COs 1st 1.524 10 11.905 1.3556
" 2nd 1.471 10 11.905 1.2959
S+ 2% FeCl; st 1.470 2 2.381 1.4350
" 2nd 1.534 2 2.381 1.4975
S +5 % FeCl; st 1.552 5 5.952 1.4596
" 2nd 1.517 5 5.952 1.4267
S + 10 % FeCl; st 1.488 10 11.905 1.3109
" 2nd 1.514 10 11.905 1.3338
S +2 % Fe,O3 st 1.562 2 2.381 1.5248
" 2nd 1.486 2 2.381 1.4506
S +5 % Fe,O3 st 1.564 5 5.952 1.4709
" 2nd 1.512 5 5.952 1.4220
S +10 % Fe,03 st 1.492 10 11.905 1.3144
" 2nd 1.453 10 11.905 1.2800
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Table B.8 Sample weight definition (Zonguldak bituminous)

Sample Definition Sample | Sample | Catalyst Catalyst Modified
Number | Weight in Raw after Drying sample
(9) Sample (with regard mass
(%) to Humidity (9)
Error
Factor)
(%)

Z (Amb.Temp.x27°C) 1st 1.507 - 1.507
" 2nd 1.518 - 1.518
Z (60min drying) 1st 1.524 - 1.524
" 2nd 1.461 - 1.461
Z (45min drying) 1st 1.448 - 1.448
" 2nd 1.406 - - 1.406
Z + 2 % Ca(OH), 1st 1.442 2 2.053 1.4124
" 2nd 1.505 2 2.053 1.4741
Z +5 % Ca(OH), 1st 1.492 5 5.133 1.4154
" 2nd 1.547 5 5.133 1.4676
Z + 10 % Ca(OH), 1st 1.448 10 10.267 1.2993
" 2nd 1.541 10 10.267 1.3828
Z+2 % K,CO4 1st 1.445 2 2.053 1.4153
" 2nd 1.506 2 2.053 1.4751
Z+5 % K,CO4 1st 1.492 5 5.133 1.4154
" 2nd 1.554 5 5.133 1.4742
Z + 10 % K,CO3 st 1.478 10 10.267 1.3263
" 2nd 1.429 10 10.267 1.2823
Z+2 % FeCls st 1.489 2 2.053 1.4584
" 2nd 1.510 2 2.053 1.4790
" 3rd 1.411 2 2.053 1.3820
Z+5 % FeCls st 1.464 5 5.133 1.3889
" 2nd 1.527 5 5.133 1.4486
Z + 10 % FeClj st 1.498 10 10.267 1.3442
" 2nd 1.559 10 10.267 1.3989
Z +2 % Fe,04 1st 1.441 2 2.053 1.4114
" 2nd 1.584 2 2.053 1.5515
Z+5 % Fe,04 1st 1.443 5 5.133 1.3689
" 2nd 1.474 5 5.133 1.3983
Z + 10 % Fe,O3 1st 1.464 10 10.267 1.3137
" 2nd 1.459 10 10.267 1.3092
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Table B.9 Repeatability in calorific value tests of impregnated Kangal lignite with K,CO; catalyst

Sample Definition | Sample Sample modified Amb. Lower Higher | (GCV)or Ave. Difference | Wire
Number | Weight (g) weight Temp. Temp. Temp. (HHV) (Kcal/ (%) Length
(Theoretical) (9] (T:°C) | (T2°C) | (Kcal/ Kg) Kg) (cm)
(@)

K(Temp.=17°C) | 1st 1.498 1.498 17-18 28.18 29.643 | 2358.17 2374.80 | - 9.1

" 2nd 1.540 1.540 " 27.705 29.23 2391.42 " - 9.3

K+2 % K,CO; 1st 1.502 1.4605 19-20 28.21 29.665 | 2400.60 2402.83 | 1.18 6

" 2nd 1.497 1.4556 " 26.967 28.42 2405.05 " " 5.8

K+5 % K,CO; 1st 1.508 1.4038 28.06 29.48 2436.18 2426.20 | 2.16 5.3

" 2nd 1.501 1.3973 27.083 28.485 | 2416.23 " " 5.2

K+10 % K,CO3 1st 1.444 1.2445 29.02 30.31 2498.79 2491.74 | 4.92 7

" 2nd 1.552 1.3375 27.085 28.465 | 2484.69 " " 5.3




G0¢

Table B.10 Repeatability in calorific value tests of Tuncbilek sub-bituminous samples impregnated with 5 % catalysts

Sample Definition | Sample Sample modified Amb. Lower | Higher | (GCV) or Ave. Difference | Ash(g) | Wire
Number | Weight (g) weight Temp. | Temp. | Temp. (HHV) (Kcal/ (%) Length
(Theoretical) | (°C) (T:°C) | (T,°C) | (Kcal/ Kg) Kg) (cm)
(@)

T (Temp.= 17 °C) | 1st 1.447 1.447 =17 30.62 32.685 | 3440.38 3433.84 | - 0.644 5.3

" 2nd 1.497 1.497 N 30.32 32.45 3427.30 " - 0.668 3.3

T+5 % Ca(OH), 1st 1.497 1.4187 19 28.395 | 30.23 3124.95 3138.79 | -8.59 0.717 2.2

" 2nd 1.504 1.4254 18 27.595 29.455 | 3152.63 " " 0.717 6.1

T 45 % K,CO4 1st 1.535 1.4548 19 28.90 30.84 3221.78 3150.15 | -8.26 0.747 2.5

" 2nd 1.416 1.3420 18 27.29 29.0 3078.51 " " 0.695 5.1

T +5 % FeCl, 1st 1.577 1.4946 19 28.605 | 30.60 3224.89 3227.35 | -6.01 0.731 3.6

" 2nd 1.405 1.3315 18 28.20 29.98 3229.80 " " 0.647 2.2




APPENDIX C

TGA-FTIR (EXPERIMENTAL)

Table C.1 Flow fluctuations during TGA-FTIR combustion tests

At 300 °C and System Purge Gas of 30 ml,/min 30

Sample Environment O, flow (mm) N, flow (mm) CO;, flow (mm)
Kangal lignite 21 % O,/N, 51 140-144 -
Kangal lignite 25 % O,/N, 68 139-142 -
Kangal lignite 30 % O,/N, 83 142-143 -
Kangal lignite 35 % O,/N, 97-99 139-140
Kangal lignite 21% 0O,/ CO, | 55-56 - 133-134
Kangal+5 %Fe,03 21 % O,/ CO, 57 - 135
Kangal+5 %Ca(OH), 21 % O,/ CO, 57 - 135
Kangal+5 %K,CO; 21 % O,/ CO, 57-58 - 135
Kangal lignite 25 % O,/ CO, 72-73 - 134-135
Kangal+5 % Fe,0; 25 % 0,/ CO, 75 - 134-135
Kangal+5 % Ca(OH), 25 % O,/ CO, 75 - 135
Kangal+5 % K,CO4 25 % O,/ CO, 74-75 - 134-135
Kangal lignite 30 % O,/ CO, 88-89 - 135
Kangal+5 % Fe,0; 30 % O,/ CO, 88-89 - 135
Kangal+5 % Ca(OH), 30 % O,/ CO, 88-89 - 135
Kangal+5 % K,CO, 30 % O,/ CO, 88-89 - 135
Kangal lignite 35 % O,/ CO, 104 - 130

" 35 % O,/ CO, 104 - 129
Kangal+5 % Fe,0; 35 % O,/ CO, 104 - 130
Kangal+5 % Ca(OH), 35 % 0,/ CO, 104 - 129
Kangal+5 % K,CO, 35 % 0,/ CO, 103-104 - 129-130
Tunchilek sub- bituminous 30 % O,/ CO, 88-89 - 135
Tunchilek +5 % Fe,O3 30 % O,/ CO, 89 - 135-136
Tungbilek +5 % Ca(OH), 30 % O,/ CO, 89-90 - 135
Tuncbilek +5 % K,CO4 30 % O,/ CO, 90 - 135
Tuncbilek sub- bituminous 21 % O,/N, 52-53 139 -
Kangal+5 % Fe,04 21 % O,/ CO, 52-53 140 -
Kangal+5 % K,CO, 21 % O,/ CO, 53 140 -
Kangal+5 % Fe,04 30 % O,/N, 83 140-141 -
Kangal+5 % K,CO, 30 % O,/N, 82-83 140 -
Tungbilek sub- bituminous 30 % O,/N, 82-83 139-140 -
TUnQbilek +5 % Fe,03 30 % 02/N2 82-83 140-141 -
Kangal+5 % Fe,04 25 % O,/N, 65-66 142-143 -
Kangal+5 % K,CO4 25 % O,/N, - - -
Kangal+5 % Fe,0; 35 % O,/N, 97-98 136-137 -
Kangal+5 % K,CO, 35 % O,/N, 97-98 137 -
Kangal lignite 25 % O,/ CO, 71-72 - 130-131
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Table C.2 Flow fluctuations during TGA-FTIR pyrolysis tests

At 300 °C and System Purge Gas 40 ml,/min

Sample Environment N, flow CO, flow
(mm) (mm)
Kangal lignite CO, 2*150
Kangal+5 % Fe,05 CoO, 2*150
Kangal+5 % Ca(OH), CO; 2*150
Kangal+5 % K,COj4 CO; 2*150
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Table D.1 Characteristic temperatures and parameters of Fe-form Kangal lignite
combustion in O,/N, ambient

21% O,-79% N, 25% O,—75% N, 30% O,—70% N, 35% O,—65% N,

O,/N,
Fe-form Fe-form Fe-form Fe-form

Tin CC) 246 242 243 241

Tig CC) 288 272 275 265
Tomax CC) 328 292 293 278

T, CC) 750 746 750 750
Am/dtzmesl 5 g 6.25 8.01 13.23
(%/min) ' ' : :

Table D.2 Characteristic temperatures and parameters of Fe-form Kangal lignite
combustion in O,/CO, ambient

21% O,~79% CO, 25% 0,—75% CO, 30% O,-70% CO, 35% 0,—65% CO,

0,/CO,

Fe-form Fe-form Fe-form Fe-form
Tin CO) 237 240 238 236
Tig CC) 275 280 270 266
Tomax CC) 303 310 281 278
T, CC) 642 644 642 645
|(dm/dt)2max|
(6/min)  ° 335 8.45 12,52
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Table D.3 Characteristic temperatures and parameters of K-form Kangal lignite
combustion in O,/N, ambient

0,/N, 219% O,—79% N, 25% O,—75% N, 30% O,—~70% N, 35% O,—65% N,
K-form K-form K-form K-form

Tin CO) 245 244 242 241

Tig CC) 274 273 271 270
Tomax CC) 308 301 291 295

T, CC) 751 749 750 752
|(dm/dt)2max|

(%/min) 2.88 3.22 6.17 431
Tamax CC) 489 491 486 491

I(d m/dt)3max|

(%6/min) 6.62 9.36 9.02

Table D.4 Characteristic temperatures and parameters of K-form Kangal lignite
combustion in O,/CO, ambient

0,/CO, 21% 0,-79% CO, 25% O,-75% CO, 30% O,-70% CO, 35% 0,—65% CO,
K-form K-form K-form K-form

Tin CO) 241 238 238 239

Tig CC) 265 270 271 268
Tomax (CC) 297 295 291 288

T, CC) 580 575 574 573
|(dm/dt)2max|

(%/min) 2.94 3.07 5.17 6.93
TSmax (OC) 488 489 488 494
[(dm/dt)zmax|

(%/min) 4.73 5.14 7.87 9.12
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