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ABSTRACT

CHARACTERIZATION AND REACTIVITY STUDIES FOR CHEMICAL
LOOP GASIFICATION OF HIGH SULFUR LIGNITES

Kanca, Arzu

Ph.D., Department of Chemical Engineering
Supervisor: Prof.Dr. Deniz Uner

October 2013130pages

The objective of this studyas to characterize and to determine the gasification
reactivity of Tuncbilek lignites. The ultimate analysis of Tuncbilekiteynevealed that

the elemental composition i87.7% C, 3.6% H, 1.6% N, and 5.4% S, while the
proximate analysis indicadet.7 £ 0.9%moisture27.9 + 0.1%volatiles and7.9 + 0.2%

ash. In this context, four different reactions during gasification nampiyrolysis,
oxidation, hydrogenation, and wet air oxidation were investigated separately. Carbon
residues of all these processes were analyzed by XRD, DRIFTSHaawad °C (CP)

NMR spectroscopyn order to associate between chemical structure andvigactA
semibatch reactor system was used for pyrolysis, oxidation, and hydrogenation
experiments, while a higpressure batch reactor was used for wet air oxidation
experiments. Pyrolysis and oxidation experiments revealed that carbon conversion of
Tuncbilek lignite is quite high in the presence of oxygen. In addition, hydrogenation
experiments displayed that the sulfur removal is the most efficient in the presence of gas
phase hydrogenOn the other hand, desulfurization yield of wet air oxidateaction at

5 bar and 15, was lower than hydrodesulfurization yields. The results of the
experiments indicatkthat high pressure and temperature are necessary to enhance the
yield.

Co andPb basegure and mixeanetal oxidesvere investigate@s oxygensourceand

sulfur trapping agents fochemical loopingsystems The oxygen transfer potential of
Co-Pb metal oxidegvas monitoredy TGA andthe maximum weight loss was recorded
when coal to metal oxide ratigs higher than 1 Additionally, XRD reveaed sulfur
capturing ability of these oxides during both pyrolysis and oxidation presess
process flow diagram is proposed to utilize the mixed metal oxides as chemical looping
agents for oxygen and sulfur transfer.

Keywords: Coal characterizatipncoal gasification, chemical looping process,
desulfurization, hydrothermal desulfurization, and high sulfur lignite.
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Y! KSEK K! K! RT K¢CEREN LKNYKTLERKN KKMYASAL ¢
GAZLAKTI RMA S! RECLERK KC¢KN SINIFLANDIRMA VE
TESTL ERK

Kanca, Arzu

Dokto r a , Ki mya M¢chendi slifji BO 1l ¢ mg
Tez Yoneticisi Prof.Dr. Deniz Uner

Ekim 2013,130sayfa

Bu - adb &unghikek linyitlerinin karakterize edilmesie bu linyitleringa z | akt €r ma
aktivitelerinin belirlenmesiamacla mé k t Edementel analizydntemj Tunghilek

linyitlerininb i | e K%3NV Q) %6H ,%1.6Nve%54S ol dujunu ortaya koyar |
proksimet analiz%4.7 £ 0.9nem %27.9 = 0.licucu maddeve %37.9 = 0.2kl

or anlgeérséreed BuKtkiarpsamda gazhdet grdma € kK [f mwekn é

tepkme ( pi r ol i z, oksidasyon, hi dr ogyernéa sayyorné elee és |
a | @ t@mReaksiyon testleri sonr@artakalan kaénumunelerin XRD, DRIFTS, v&H

ve C (CP) NMR gibi spektroskopik yéntemler kulBarak analiz edilmesilinyitin

yape sv&€reaktivitsiaragmda bir bhmnEBaaggaeankkanr halYeargget i rmi ktir
kesikli re&tor sistemi piroliz, oksidasyon ve hidrojenasydeneylerii - i n kul | anél mékt ér .
Isl ak hava oksidasyon deekamby ledktori sistemiade vy ¢ ks e k ba
y a p é I. rRieokztveoksidasyon deneylerufichilek linyitininc ar bon d°n¢ké¢ml eri nin
oksijen wakdel éolddau] unu Bunmatilavgten, hidrojgnieraek t u r .

deneyleri linyit yaps @an var olan kkirti en verimliuz akl at ér manén hidroj en

varl efj énda m¢gmkegn ol dujunu g°ster ntf€kdeedi r . ¥t e
ger-eklexktirilen ésl ak hava oksidasyon reaksiy
hi drojenasyo.ndabBu dradhak saizydcé@mrun veri mini artér mak

ves ékclaé k kKartl ar €o vgkRbrkak maealkktl e€d isrmdtal oksitlerik ar e Kk € k
kimyasal cgember gazlg@ma sisterterinde oksijen kaynp & e ayné zamanda kg¢gkert
tutucu olarak kulla@abilecegii n c e | e rCoRbumietal oksitlerinin oksijen transfer

potangyeli TGA i | e i z| enmi kK vkémiranetaldksit orarmdo nderd | ar é

kiclk oldy u durumda ktle kaylé ma&smum oldjunu ort aya Ekoymuxkt ur

ol ar ak, X R»-Pbs metaluoksitlerimpiéolizv e oksi das kit s ér asénda
tutmabecerilerni gdostermektedir.Bu malzemelerirkimyasalcember sistemindeksijen

ve kukart tranferi icin kllandabilec§inig® st er mek i -in bir akék kKemasé
Anahtar KelimelerKémir € n e f | akdmdiégranzal,a Kk t € r ma, skréecimy as al -embe

desdulfurizasyn, hidrotermal desulfirizasyore yuksek kukurtli linyit.
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CHAPTER 1

INTRODUCTION

1.1Background

Eighty percenbf energy demandf the world iscurrentlymet by fossil fuels Among

the fossilfuels, oil constitutes32%, coal constitutes27%, and natural gasconstitutes

21% as the primary energy carrier distribution of the world (IEA-
InternationalEnergyAgency., 2012, Karakosta, 2013, Fan and Jadhav, 2003) is

still the cheapest fossil fuednd itis globaly distributed which makes coal utilization
favorable. However, direct combustion of coal for energy generation is less desirable
due to the environmental concerns and low thermodynamic effiegerudi the steam
power generation cyclesCoal based power statioman cause the emission of the air
pollutants like, CQ, SQ,, NO, and also particuta matters. CO, is the main reason of
global warming and CQOemission coal based constitutes the larghare. SO, and NQ
compounds in the atmosphere cause the formation of acid Tamparticulate form of
these oxides is very dangerous for human health, leading to serious illnesses such as
asthma, heasttack,and stroke

In coalired power plams, coal is buradto generate stearnd thensuperheatedteam

in steam turbinelrives a generator during the expansidrthe highpressure steaniThe
condensed steam is returned to the boiler to be usedagaoe Electricity generated by
coal combuson as a resulis only a third of the energy petial of coal. The remaining

is discarded as he#@fFan et al., 2008) In orderto increase the efficiency of the power
generationadvanced clean coal utilization technologies dewelogd. Clean coal
technologiednclude conventional technologies with pollutiprevention and new and
emergingtechnologies.Coal washing, flue gagesulfurizationand low NQ burners are
conventional technologies with pollution preventiolew and emerging clean coal
technologiesconsist of Integrated Gasification Combined Cycles (IGCC), Pressurized
Fluidized Bed Combustion (PFBCand Integrated Gasification Fuel Cell (IGFC).
Among the rivals, presentfGCC is the most popular oneThis technology uses
synthesis gas produced loypal gasification in gas turbines with higher thermal to
electrical conversion efficienciesThe hot gases at the exit of the gas turbines are used
to produce steam to be used in the Rankine cycles. As a result, the combined cycles
have higher efficieries.

A flow chart for the coal gasification process and the post processes utilizing syngas
given byFan et al(2008)is shownschematically in Figure 1.
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Figure 11. Schematic diagram of coal gasification processes for electricity, hydrogen,
liquid fuel productior{fFan et al., 2008)

Gasification is incomplete combustion of codh this process,coal reacts with sub
stoichiometricamount ofoxygen,steam,and/or carbon dioxide in order to form syngas
a mixture of hydrogen and carbon monoxidgasification system, exhibited iRigure
1.1, serves tahemicalmanufacturingand electricitygeneration Syngas can be used as
an intermediate material to produce liquid fuels such as synthetic naturaedagaanol,
and gasoline by Fishdiropsch synthesis.As seen in Figure .1, Water Gas Shift
(WGS) reaction is an alternative way to produce fuels, mgrard chemicals. Since
this part leads to the more gf@rmation, CQ sequestration is the important part of the
IGCC plants(Fan et al., 2008) During gasificatim, sulfur in coal is convertetb
hydrogen sulfideH,S) which iseventuallyextracted as elemental sulf{8) and sulfuric
acid (H,SOy). These valuable byproducts are used in fertilizer indusiign-gasified
mineral compounds in coal leave the systeninart slag or solid products foement
and building material@Gasifipedia, 2013)

IGCCis composed adfwo cycles,gasand steam.Cod is first gasifiedand cleaned from

the compoundsuch asulfur (S), nitrogen(N,) andmercury(Hg) in the first stage The
purified gasification product,yegas, is sent to thgas turbine integrated system to
generate electricity The hot effluent ga of the gas turbine is used to generate steam,
which is used in a subsequent steam turbine to produce electricity asThab, two
combined turbines provide the higher efficiency than typical coal fired power plant
(Descamps et al., 2008 he electricity efficiency of the IGCGwith 250and 335 MWe

is betweer88-45% (Damen et al., 2006)



The first utilization & coal was recorded bylarco Polo in the 18century According

to his writings, oal was being usedh China for heating andiaking iron tools and
weapos. On the other hanaoal was just known as a black rock in Eurapthat time

In the 18" cenury, Industrial Revolution took plade Englanddue to the rich iron and
coal reserves. Coal was used to boil water for steam engines in industrial and
transportation applications.Thus, England obtagd the economic leaderighin the
world. The discoery of coal in USA was in 170lin Virginia. However, the
combustible black rockvas not usedintil Industrial Revolutionreached to the USA.
The common utilization of coal starteth the 19" century (Hinckley, 2013) Coal
became the main energy source in USA in the earlirce@tury After the Second
World War, coal lost its popularity due to the utilization of oil and natural gas in all
energy platforms.Oil and natural gas have superiority compared to:doahsportation

of them iseasy,and their power generation efficiencies are higheowever, OPEC
(Organization of the Petroleum Exporting Countrigsembargo in 1973ncreasd the
demand of coal espetliain electricity generation. Furthermore,in 2005, oil and
natural gas prices increased sharply duanotherembargo, whichis because othe
concern about the limited oil and natural gas resenfdter the new crisiscoal based
technologies are beoming populaonce again.

Coal has the nehomogenous chemical structure consisted of carbon, hydrogen and
oxygen elements. Sulfur and nitrogen are the other elements in the complex coal
structure. Coke production is the other important applicaficoal.

1.1.1Coal petrography

Coal petrography provides the information about origompositionand application of
coal. Coal originategrom the remains of plant matten the ground Biochemical and
geochemical are two stages in the formatidrcaal. In the first stage, plants decay in
the humid and warm climatbecauseof the bacterial activities. Temperature and
pressure lead to the organic decay in the geochemical stifigh pressure and
temperature are required coalification conditiodmnthracite, bituminous coalignite,
and peat are the four broad categories of cddle types of coal or rank series are
dependent upon carbon content and heating value of dded. mainproperties of the
coal type aresummarized in Table.l The organicconstituents of coal derived from
different parts of thg@lant are called as maceral€oal types and maceralwicate the
coal composition. For example, the existence of carbongfrboxyl, and methoxy
groups gives an idea for the oxygen conteintoal. Similarly, aromaticnitriles and
pyridines are the identifier for nitrogewhile mercaptanes anthiols show the sulfur
existence Coal rank is also determining parameter for the utilization of cBadce the
structure of coal is more stable the high rank coal, combustion and gasification
reactivity of coal decrease with increasing rékkkk-Othmer, 2002a) Lastly, in Table
1.2, some of thaitrogen and sulfr compoundghat can be founth coal structure are
shown.



Table 11. Mineral matter free baslumid @al composition(Kirk-Othmer, 2002a)

Types of | Moisture Volatile Heellting Elemental compositiofwt %)
coal (Wt %) Matter value
wt%) | (kJfg) | C H 0 N
Peat 7090 4575 17-22 4560 | 3.56.8| 2045 | 0.753.0
Lignite 3050 4560 28-30 6075 | 4555 | 17-35 | 0.752.1
Bituminous 1.020 11-50 29-37 7592 | 4.05.6| 3.020 | 0.752.0
Anthracite 1.53.5 3.510 36-37 9295 | 2.94.0| 2.03.0 | 0.52.0

Table 1.2.Nitrogenand sulfur compounds of co@pitz, 2004)

Nitrogen Structure Sulfur compainds Structure
compounds
x
Pyridine | Mercaptane R—=S_
N H
J\ | I
Pyrrole N Thiophene
H S
A
Aromatic nitriles ©/ Thiols N
S

1.1.2 Worldwide coal reserves

Coal is a globally distributed energy sourddSA, Russiaand China have the largest
coal reserves of the worldThe distribuion of the coal reservesy countryis shown in
Figurel.2. Turkey is placed in 20% slice of other countries with a 1% coal.



Global Coal Reserves

Figurel.2. Global distribution of coal reservéGue, 2012)

1.13 About coalin Turkey

Coal and lignite meethe demands fonearly 25% of Turkey's electricity generation.
According to Turkish Coal Enterprises (TKI), Turkey has approximat&l® billion

tons ligniteand 1.3 Bblion tons hard coal reserves. This corresponds to 1.8% of the

worl dés wuseable coal and 7. 1% Wihfthe ndwe wor |
mining (drilling) studiesTurkeyd s ¢ o0 a lestimateehave inceeased by 5.8 billion

tons in past5 yeas. The location of coal reservairare indicated in Figurel.3.

Zonguldak, in northwest of Turkey is the hard coal reservoir of Turkey. The calorific

value of this hard coal is between 6200 and 7200 callg. the other hand, lignite

reserves are spréall aroundthe county. The largest lignite reserves are Afgttbistan

lignite basin ofsoutheasterAnatolia. Soma basin is theecondargest aredollowed by

Tuncgbilek, Seyitomer, Bus a , ¢an, Muj | a, Beypazar é, Si
basins Heating value of Turkish lignite is approximately 3000 cal/g. 6% of the reserves

have calorific values more than 30€4l/g(EURACOAL, 2013)



Figurel.3 Coalresources locations in Turkef JROCOAL, European Association for
Coal and Lignite)

1.2 Motivation

Lignite is one of the major domestic energy resources in Turk@gnite reserves have

been widely spread acro#t®e country. Since it has very high amount of ash and low
heating value, lignite isalleda low quality coal. Additionally, high sulfur content in
Turkish ligniteis the other drawback of the utilizationAs a result,coal gasification
comes out as promising and environmentally effectivdeancoal technolog. Since

the physical and chemical properties of coal determine its processing fate, a detailed
characterization is very important prior to any coal carbonization, oxidation, and
gasification anfbr liquefaction. In addition,understandinglesulfurization behavior of
thelignites offersnew insightavhenprocesseare evaluatedor their feasibility

1.30bjectives

The aim of this Ph.D projeatas to develop dundamental understanding ®fincbilek
lignite gasification and desulfurization processes Pyrolysis oxidation and
hydrogenationwere studied athe main processes takingape during the gasification
Furthermore, drogenation and hydrothermaésulfurization processes were compared
for their efficiencies.In order to achieve this aim, the followingctivities were
conducted

The pyrolysis, oxidationand hydrogenatiomeactionstaking place during gasification
process wreinvestigated, separatelyThe relationship between thdrsctural changes
of Tuncbilek lignite andts reactivitywas determinedXRD, DRIFTS and solid statt
and*® C NMR were used to monitor the structural changes after each process.



Three processes, pyrolysis, hydrogenation laydrothermal treatmentvere examined
for the cesulfurizationof Tuncbilek lignite Sulfur contents of the lignite residues were
determined by elemental analysis and Eschka methods.

Co-Pb based metal oxidegereemployedas oxygen and sulfur chemical looping agents
The inagease in C@ formation rates with increasing amount of-Bb metal oxides
indicated the oxygen exchange potential of these metal oxides. In addition, XRD
patterns of the lignite residues revealed that PbS formation is inevitable.

1.4 Summary of the sudy

Chapter 2 summarigethe previous studies about the coghsification, coal
characteristicsand the relationships between the coal structure and reactivity under
different reaction environmentsuch as, B air, CO, hydrogen, andsteam
Additionally, main processes during gasificationpyrolysis, oxidation, and
hydrogenation andheir applicationsand processes utilizingatalyss are discusseth

this chapter.

Chapter 3describes the materials and method$ypes of reactors, experimental
conditions,and analytical and instrumental characterization methodsoaeredin this
part The details of coal gasification processes, i@olysis, oxidation, hydrogenation,
and wet air oxidationare described, and the&perimentalsetupsusedto monibr these
processeare presented schematicallfhe methodologies amdsogiven.

The chemical and structural characteristics of Tunchilek lignite taadelationship
between structure and reactivity presented in Chapter 4n this contextthe results of
classical and spectroscopic analyaesdiscussed

The results of theyasification and desulfurizatioreactivity of Tuncbilek ligniteare
presented irChapter5. Pyrolysis, oxidation, hydrogenation, and wet air oxidatioa
studied separdie and the results arecompared in terms of the structural changes
occurringduring the processeslhe gaseous producamaly®s during pyrolysis and air
oxidation experimentsainly focused omethane (Ch) and hydrogen (k). The XRD,
DRIFTS, and soliestate proton and carbon NMR spectroscopy results af safbon
residue are discusséat each process.

The chemical looping combustioconcept based on the studies done during this thesis
for high sulfur coal gasificationis presented in Chégr 6 The proposals based on the
gasificationand desulfurizatiomeactivity of Tuncbilek lignite in the presence 6b-Pb
based metal oxideand theiroxidation and sulfur capturing abilitgre explained in
Chapter 6.

Thediscussiongonclusionsandrecommadationsare presented in Chapter 7.






CHAPTER 2

LITERATURE SURVEY

2.1 Gasification

Gasification is a multpurpose coal conversion proceshich has been used for over a
century This old technology was applied to produce coal gasBs04 for lightening and
heating. The major aim of th gasificatiorprocess is energy generation, whilggroduction

as a type of transportation fuel and synthesis gas production as raw materials for chemicals
like ammonia, methanol and oxychemicals, atker utilization purposesf gasification
process In coal gasification process, coal reacts with-stigichiometric amount of oxygen,
steam antbr carbon dioxide to produce synthegjas, whichis the mixture of carbon
monoxide and hydrogenThe main eactions taking place dugngasification are listeth
Table 2.1(Kabe et al., 2004b) Thermal decomposition, oxidation, methanation, aader
gasshift reactions are the important reactions during the gasification protassgreatest
benefit of the gasification process is to prevent all envientai challenges caused by the
common coal utilization processéMlinchener, 2005, KirkOthmer, 2002b, Kabe et al.,
2004b) For example, gasification product of sulfur is hydrogen sulfur instead of
combustion prodct of sulfur oxide. Similarly, nitrogen in coal converts to ammonia during
the gasification process instead of nitrogeide, whichis the combustion produ¢Kabe et

al., 2004a, KirkOthmer, 2002b, Kabe et a2004b)

According to the World Gasification Database, the coal based gasification capacity of the
world is 36,315 megawatts thermal (MWof syngas outputThere are 53 plants operating

with 201 gasifiers Coal is the primary feedstock of the gasifion plants with a 51%
capacity Petroleum, gas, petcoke and biomass wastes are also used as feedstock in the
gasification plant¢§NETL, 2010)

When we look at the gasification plant capacity of the world in Figure 2.1, the
Asia/Australia region with 11 countries is in the first position among the 29 coun@ies

the other hand, North America expects 63% capacity grawti 2016 The product
distribution of syngas output gasification plants is also listed in the World Gasification
Database as chemicals (45%), liquid transportation fuels (38%), and gaseous fuels (6%)
(NETL, 2010)

Coal types and properties are the determining parameters of the technologiesased
example, high ash content is the undesired property increasing the logghramst
(Minchener, 2005, Kabe et al., 2004&)oal gasification technologies can be classified with
respect to solid and gaseous reactant flow geometry mairfiyeabed, fluidizedbed, and



entrainedbed gasificationKabe et al., 2004a, Minchener, 2003 addition, Kabe, et al.
(2004) includes the moltelmath gasifiation to this classification.

Shell entrainedbed gasification is the most common technology (~75%) worldwigsaco
(GE, EGas) also use the entrainkdd technology.The Sasol Lurgi is the main user of the
fixed-bed gasification technologyAs se@ in Figure 2.2, this design ranked second in the

world (Minchener, 2005, NETL, 2010)The detailsof thetechnologies are descedin the
following part.

Table 2.1.Exothermic and endothermic reactions during gasificgti@be et al., 2004b)

6 o P 060 QoKD ai0dO 00 Q¢ & (2.1)

6 pIcl P 80 QoEb GI0dO GO0 Q¢ § (2.2
o} o0 P 60 O Q& OMd GiddO O QL (2.3)
o 60 P ¢o0 Q& OMd aidAO O QL (2.4)
60 pfcd P 0660 QoKD Gi0dO 00 Q¢ (2.5
60 OO0 P 060 O QoOED IO 00 Q¢ (2.6)
60 c0 P 60 00 QoE IO 00 Q¢ (2.7)
0 ¢0 P 60 QoKD ai0dO 0o Q¢ (2.8

10



50000

= Planning
H Construction
40000
H Operating
30000
20000
10000 I
0 —

Asia/Australia Africa/Middle East Europe North America ~ Central & South
America/Caribbeann

Syngas (MWth)

Figure2.1. Regional distribution of operating, constructing and plannasifigation plant
capacity of the worldNETL, 2010)

40000
= Planning
H Construction
30000 -
m Operating
s
s
= 20000
%]
©
(=)
c
>
[9)
) I I I I:
0 -
Shell SasolLurgi GE ECUST E-GAS Others

Figure2.2. Technology distribution of gasificatidNETL, 2010)

11



2.2 Types of gasifiers
2.2.1 Fixedbed (or Moving-bed) gasifier

The reactant gases are fed from the bottom while coal ifdedtop of the gasifier.This

counter current flow provides the heat exchange between the fresh cold raw materials and
hot products.Thus, the exit streams of the gasifier remains moderately(caftDyk et al.,

2006) As seeronthe right hand side of the Figure 2.3, when coal is moving downwtard
starts to be heated by hot gas stredvtoisture is removed by the temperature difference,
first. Devolatilization also takes place due to thermalodgmosition reactions.After the
exothermic and endothermic reactions occurred during gasificadim,temperature is
around 408C, while gas temperaturis around 708 (van Dyk et al., 2006, Kabe et al.,
2004a)
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Figure2.3. Fixed-bed gasifie(van Dyk et al., 2006)

2.2.2 Fluidizedbed gasifier

Thefluidized-bed gasifielis shown inFigure2.4. Pulverized coal particles are fed from the
top of the reactor while the direction of the gas reactant (air,emxygnd/or steam) is
upward. Sand, coke, char, and ash can be used as bed matdualization provides the
longer residence timthan entrained bed gasifidue to the perfect interaction of the gas
solid reactantsSimilarly, mixing makes uniform teperature distribution possible along the
gasifier. Operation temperatunmust belower than the ash melting temperature €00
105CC) (Minchener, 2005, Lee, 20Q7)The continuous ash removal pattern allows the
higher carbon conversionAnother advantage of this type of gasifier is that product gases
including sulfur such as 43 and carbonyl sulfates (COS), danheld up by the sorbent bed
material (Minchener, 2005) Fluidization, gasification and sulfuremoval by limestone
addition are three processes operating at the same time in the fltbdidaghsifier. These
make the fluidizedbed application more difficult than othéiMaurstad, 2005)
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Figure2.4. Fluidized-bed gasifie(Maurstad2005)

2.2.3 Entrained-bed gasifier

In the Entrainecbed gasifier in Figure 2.5, solid particles and gas reactant (steam, oxygen,
or steam) are fed concurrently from top of the reac@wal can be dry or wet when it is fed

into the reactor. High teperature (1200C-1600°C) and pressure {2 MPa) are the
operating conditions of this type gasifiehe higher temperature operation requires the
higher oxygen consumption and it allows the higher carbon conversion and tar free syngas
formation. Howeversince molten slag formation due to high temperature can be optimized
to a certain degree, coal with low ash content is preferred in this techridagghener,

2005, Maurstad, 2005)Another challenge of thergcess is the hot syngas (~ 150Dat the

erd of the gasifier. The energy potential of the syngas can be used to generate steam and
electricity by adding a heat recovery unit to the syqfdaurstad, 2005)
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Figure2.5. Entrainedbed gasifie(Kabe et al., 2004a)
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2.2.4 Moltenbed gasifier

In this type of the gasifier, molten bath of salt or metal are u3&a. gasifier with molten
iron bath (Figure 2.6) represents the mdltesd gasifier. Pulverized coal and steam and/or
oxygen are fed into the gasifier concurrentifowever, their contact is in the molteed.
Operating temperature is in the range of PA0AL40C°C, while pressure is about 3 bar.
Slag including ash and sulfur is remowvard the bed.Molten ironfunctionsin this process
as an oxygen carrier between the coal and steam ang/dFu@thermore, it adsorbs sulfur
compound in cogKabe et al., 2004a)
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l Gasifier
top Coal
—‘l'_‘l' Gas Gas
N ' A
Steanor
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| 1
1 |
e =t
] Il I I IS N B . 1
I I I . Slag
/ Slag  Gasifie I l !
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Molteniron

Temperaturg®C)

Figure2.6. Molten-bed gasifie(Kabe et al., 2004a)

2.3 Main processes taking place during gasification

Drying, pyrolysis oxidation, and gasification are the main gasification stdige moisture
content of the coal is removed during the drying procé$e removal of the some organic
liquids and volatiles are the pyrolysis produci3uring the oxidation, carbon and hydrogen
basedsubstance®r char formed from pyrolysis are converted into,G@d HO. The
exothermic combustion reactions meet the heat requirement of endothermic gasification
reactions. Thermal equilibrium between the exothermic and endothermic reactiontteads
the high carbon conversion.

2.3.1 Coaldrying and pyrolysis

Pyrolysis is a thermalecompositiomprocess of the organic compounds in the oxygen free
atmosphere. It can be considered as the initial stage of the coal technologies like
combustion, gsification and hydrogenationThis process is a fundamental and efficient
coal conversion process, which provides the coke, tar and synthesis gas progiaction
Heek, 2000, Arenillas et al., 2003}igure 2.7 summarizes ttsructural changes of coal
together withpyrolysis productgVeras, 2002 .) In this process, volatile contents of the
feedstock are lost because of the rising temperature, and thus, relative afmoarkion
content in the remaining part increas&®latiles and solid residue are the main products of
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pyrolysis. During the pyrolysis, the first step is desorption of water and light hydrocarbons
at temperatures less than 150%Cracking of complex a structure into light hydrocarbon
fragments, C@and water are the second step of pyrolysis products occurring up to 500°C.
Solid coal char and CO, GHind H, which are the most valuable gaseous products, are
formed during the third stage of the pyrily between 500°C and 800f&renillas et al.,
2003) CO, evolution at lower temperature idue toaliphatic carboxylic acids, whereas
phenolic groups are converted to CO at high temperatutd, evolution begins
approximately at 300°C with the destruction of therieh part of the coal, and it reaches a
higher amourg due to the condensation of ardinarings at 450°C. The other important
gaseous product, GHmay form in three stepdrirst, destruction of aliphatic and aromatic
ether bonds leads to GHormation at the temperatures in between 4048Q°C. Then,
decomposition of the strong bonds rissponsible for Cld production at 500°G50°C.
Finally, at 700°C, Cllis formed due to the second stage devolatilizat@menillas et al.,
2003) The parameters affecting pyrolysggoduct yieldsare experimental conditions
(pressure antemperatureand coal properties (particle size arwhl type3. In addition,

final temperatureand pyrolysis ewironment affect the volatiles forming during pyrolysis
(Gupta, 2007) The representative thermal decomposition reaction of ether bonds are
indicated by Meyers (123 (Meyers, 1982)
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Figure 2.7.Coalmolecular structure simulatigiveras, 2002.)

2.32 Coal oxidation

Combustion or coal oxidation is tHmest known coal utilizatiortechnology Chemical
composition and physical structures are very complicated vesidbl affect the coal
combustion Wang et al. (2003) reviewed the coal oxidation literature in dedailreported
in this review, vihen coalis contaced with oxygen, oxidatiorreactionis inevitable The
occurrence of the oxidation can be followed bycGnsumption initially and then oxidation
products make thimvestigation of thg@rocess progregmssible.

Coal and oxygen interaction begins with physical adsorption. Oxygen molecule is adsorbed
on the coal surface by relatively weak bondshemisoption, distinct from the adsorptipn
occurs with strong bonds at the pore surfaceBhysical adsorption is important at
temperature lower than 2K However, chemisorptiomanage the oxidation process at
higher temperature. Oxygen consumption can bexplained by three reaction regimes
including, external mass transfer, internal diffusion, and chemical reaction. External mass
transfer isgenerallyfaster than other two regimedf there is no film on thehar particle
surface, @ygen can move easilgn to externalsurface The formation of gaseous film
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around the patrticles causes the external mass transfer resistance. In this case, reaction rate is
dependent on the mass transteefficientand particle surface.The other two regimes
depend on th&hiele Modulus, which is the ratio of reaction rate to diffusion rafbe
reaction rate control regims generally defined at losemperature andery small particle

size Since xygen can diffuse very fast into the pgresygen concentration in pois
equal to gas phase bulk concentration. Therethffelsion rate is higher than reaction rate
and Thiele modulus is lower than unitAs a result, chemical reaction controls the oxygen
consumption rate. When particle size of char increasta, mokcular flow rate of oxygen
decreases. Since diffusion dominates the oxygen consumption rate, Thiele modulus is
higher than unity.In Figure 2.8, the effect of particles size on oxygen consumption rate is
demonstrated As seen in Figure 2.8, chemiagalection control regimeis not dependent on

the particle siz§Wang, 2003, Di Blasi, 2009)

In order to eliminate diffusioreffect several particle sizes weexaminedin literature.

Kovacik, et al. (1991) eredetermined the optimum particle size as1D% micrometer at
90C°C (Kovacik et al., 1991) In another study conducted IBhin et al. (1983)diffusion

resistance was not obserwetlenparticle size increaseupto 1 mm(Chin et al., 1983)

Chemical Diffusion
A control control
Ry
>
0 um mm d

Figure 2.8. Particle size effect on the reaction redifvang, 2003)

Batcheldertal. (1953)studied on théaeterogeneousarbon oxidatiomeactiors. In order to
determinewhether the rateontrolling stegds diffusion control or chemicalreaction contrgl

they changd the gas velocityat constant temperature. Masander (external diffusion)
effects are important when the rate of reaction increases with imgyegess velocity or vice
versa. Low pressure, low temperatyi@nd sufficiently high flow rate are needed to prevent
the diffusion effects Since carbowxygen reaction is very fasthay detemined that
diffusion controlsthe rateof the carboroxygen raction at combustion and gasification
temperatures Because of the lower activation energy for diffusion step, as the temperature
increasesthe rate of the chemicatactionsteps increasesven more.Thus,the mechanism
shifts toward diffusion control. As a result, since high temperature and relatively big
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particles favodiffusion contro] a lower temperature and smaller particle size are necessary
in order to overcome the diffusion limitati¢Batchelder, 1953)

Low temperature oxidation reactioaow the formation of both gaseous and solid products.
The major gaseous products of coal combustion arg, CO, and HO. In addition,
operating temperature determines the products fate. For example, CO concentration
increasegdramatically with a smhamount of temperature increas€henolic hydroxyls-(

OH), carbonyl groups (COQ and carboxyl groups-COOH) are solid products of
oxidation reactiongWang, 2003) As mentioned in Wang et al., the formatwialiphatic

and aromatic hydroxyl groups is possible coal and air interaction at ambient condition.
Carbonyl and carboxyl group containing species can be generated by oxidatios
temperature range between @@®60T (Wang, 2003)

2.33 Catalyst utilization for coal gasification

In literature, catalyst utilizatiois found as necessary due to some important reasons. It
enhances the synthetic fuel production by decreasinditite temperature and pressure
gasification conditions.Additionally, it provides the high reaction rate and desired product
selectivity There is no need the high amount of oxygen in the presence of catalyst for the
coal conversion and gasification proceqs@snetsov, 2009)

Zhang et al. (201Qeportedthe catalytic activity of inorganic coal structuas a function of

the dispersion and their chemical formulatigdbang et al., 2010) Sincebrown coals or
lignites have the high amount of the mineral composition with oxide form, the catalytic
activity is observed during the gasification reactiorhe catalytic activity of the metal
oxide is based on the formation of oxidizing reagd¥d.isone of themostimportant metal
species having the catalytic activity in coal structuhe.order to keep Fe in active form,
reducing conditions are necessamhe sintering effect or catalyst deactivation is a possible
problem for steam gdication process in the presencé Fe (Skodras and &allaropoulos,
2002)

Alkali and alkaline earth metal species, especially potassium and calciurarsgiteferred

as catalysts for steam and £@asification of coal and carboneous materiaEspecially

CQO, gasification rate increases in the pregenot CaO. The catalytic activity of K and Na
oxideis less tharCaOdue tothe less amount of K and Na oxide in lignite struct@®eodras

and Sakellaropoulos, 2002)In the presence of JCO; catalyst, the amount of gaseous
products and KHevolution rate increase substantially by comparisonawiticatalyst. Since

the interaction between the catalyst and mineral composition in coal structure leads to
catalyst deactivation, solvent extraction method can be used in order to prevent the catalyst
recovery(Sharmaet al., 2009) Alkali metals provide the mobility for COand steam
gasification processesThe eutectic mixture of alkalis (LIGONaCQ and KCQ) was

found as more active catalyst than individual ones because of lower melting point of the
mixture andlower activation energy.The main reason for the increase of the gasification
rate was interpreted that molten phase provides the well dispersion and penetration of the
catalyst on the coal structur@he formation of the intermediates with catalytitiaty may

be another reason of high gasification performgiedoah et al., 2003, Sheth et al., 2003)
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Cakal et al.(2007) investigatedsimultaneous pyrolysis and G@ asi ycat ismoih behayv
Turkishlignites by using Thermogravimetric Analysis (TGA) in the temperature range from

750°C to 1000°CIn theirstudy, CQgasi y c at i o nwenmneaarisdwut attie fimal s

pyrolysis temperaturesThree topicsvereinvestigated(i) the correlations between amosnt

of mineral constituents of coalsespecially alkali and alkaline earth metal (AAEM)
elementsandsome transition metals (iron, nickel, etcgnd their reactivity (ii) the effect

of demineralization of coals on their reactivifyii) catalytic actwity of AAEM salts on

reactivity. They observedhat the presence of AAEM and transition metal oxides increase

the gasification reactivity of the low rank ceal However, regular behavior between
gasiycation reactivity and cal ciwasmtfoundt assi u
while gasification reactivity increased in the presence of iron at 1000%€ researchers

also identified the coal reactivityith the internal pore structure of coallhey concluded

that reactivity is temperature dependenemperature increases both the catalytic activity of

iron andleads to new pore formation, to open the closed pores, and to widen the present
pores.(Cakal et al., 2007)

Sharma et al . (2008) performed the catalyti
K,CG; as a catalyst at 6509C70C. They observed the higher gasification rate for hyper

coal (ultra clean coal) than raw coal. The important result of the ssuthat catalyst

recycle is possible in the presence of hyper coal due to the less mineral matter content of
hyper coal. In this study, it is indicated thatrith syngas can be synthesized by using the

hyper coal for both fuel cell application and fasgo liquid proces&Sharma et al., 2008)

In arother study, the catalytic performance ofd0; was testedby Wang et al(2010)in the
presence of Ca(OHRjvhich is added to coal initially. They@hed that Ca(OH)behaves as
promoter in the catalytic steam gasification of coal char and it improves the catalytic
performance of KCO; by preventing the catalyst deactivation. The addition of Ca{@H)

the char preparation part is a novel approachl iauprovides the higher gasification rate
(Wang et al., 2010b)

Yeboah et al. (1998) reported the catalytic effect of low melting point eutectic salt mixtures
on coal gasification processThey summarized the literature rdsubf the comparison
between KCO; and the eutectic mixtures of -LNa- and K-carbonates in the activation
energy. It was reported in the literature that eutectics have the lower activation energy and
melting temperature than individuat®Os. Yeboah etl. explained that the main reason of

the increase of the gasification rate is the penetrations of the coal partidles roglten
phasgYeboahet al, 1998)

2.3.5 Catalyst utilization during the substituted natural gas production

In the | ate 197006s coal was consildteermald as r
gasification processendothermicgasification takes place at J0060C. In order to

convert gasification products of CO and té methaneit is necessary to usghift reactor

and methanatiorreactoroperating at 40850(°C. Methanation reaction is exothermic and

low temperature condition favors this reactidfirsch et al., 1982) On the other hand, in

E x x 0 n 0yc caalagasHidatioriechnology gasificationand methanation reactions occur
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in the gasifier at the same operating temperature°c70the presence of catalysGteam
gasificationreactonmEx x on0s cat al y techoologyaeardicagdansTabfei c at i on
2.2. Accordingto the tabletotal reaction isalmostthermally neutral However,only a
small amount of heat is required in the gasifier to preheatatheoal andrecycled stream
of steam, CO, and H Since thermodynamic limitations lead the incomplete methane
production, CO and Hare recycled to the reactor. In Figur®,2he process details are
demonstratedNahas, 1983) The catalyzed coalas mixed with a mixture of steam and
recycled stream in the fluidized bed gasifiefhe existence of gasifier consists of solid
waste and gases. The solid part was separated in a cyclone and sent toytaeatakry
unit or returned to the gasifier to further gasification operations. The gaseous preehects
passed through the separators to remox@, HNHs, H,S and CQ. Cryogenic distillation
columnwasused to separate the remaining CQ,add CH mixture (Hirsch et al., 1982,
Nahas, 1988

Table 22. Steam gsification reactionfNahas, 1983)

6 OGP O 060 0O QQQOHA YO ¢ o Qba ¢ a & i
60 OOP 'O 80 0 &0 QIQKINQo| YO o @ Qg ¢ BD
806 dOP 80 OO D Qe O Q& §YO ¢ ¢RDIG ¢ B0
6 ¢OUOP 60 60 60Qi daa |YO ¢8Qaé B0

One of the firstatalytic substituted natural gas synthesiglies was carried out by Nahas et
al. (1983) whoreported that all alkali metalare active catalysts for steam gasification
processes and catalytic activity increases with increasing alkalinity. Due to the enough
activity and low cost, potassiumas preferred as catalygiNahas, 1983) The principal
benefits from using an alkali metal gasification catalystiaceeasingthe rate of steam
gasification, reduag agglomeration of caking coals, and ammioing gas phase
methanationreaction equilibrium.  Catalyst utilization provides that endothermic and
exothermic reactions are coruded in the same reactor at 7008nd 3.5 MPa. In Exxon
catalytic gasification process, carbon monoxide and hydrogen gisaglererecycled to the
gasificationreactor in order to increase the methane formdtitirsch et al., 1982, Nahas,
1978, Furlong, 1978, Nahas, 1983efore the recycle of the CO and ¢thseous products,
they were mixed with sttam and thermally preheated to 80(® prevent the heat loss.
Sincethe catalyst leaving the gasifier with the ash/char resighgetoo costly to discard
catalystrecoveryunit was requiredstepshown on the flow diagranfHirsch et al., 1982,
Nahas, 1978, Kalina, 1978, Furlong, 197&xxon proposed that the catalyst cost can be
reduced by potassium recovery. In thigp,slagwastaken from the bottom of the gasifier
and mixed with Ca(OH) After the mixture wasvashed solid partwasseparated from the
liquid part by using the hydroyclones(Gallagher, 1978, Nahas, 1983)
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Low temperature and high pressure make the methanation reaction favorable
thermodynamically. Sinceatalyst utilizationcausesthe low temperature conditiorthe

single stepmethanation reaction kas place in the presence of catalghktring the
gasification process. Catalytic activities of kkali and alkaline earth metal oxides and
carbonates with transition metals (Fe and iNithe steam gasificatioexperimentswere
investigatedat 500 and 70@C and at 500 and 1000 pdig Hippo and Tandon (1996). They
concluded that catalyst must be used in order to produce methane economically; catalyst
preparation methqdatalyst amountaind reaction conditions are the determining parameters
for the effectve methane production.The combination of alkali and transition metals
provides gjnificant synergistic effects.In addition to methane production, significant
amounts of hydrogen can be produced at moderate gasification condHlipmm® and
Tandon, 1996)

2.34 Coal liquefaction and/or hydrogenation

Coalliquefactionis the conversion of coal to liquid synthetic fuels like diesel, naphtha and
oil. Direct liquefaction of coal was firstly applied by German chemist Friedrich Bergius in
1913. After the direct coal liquefaction process, indirect coal to liquid technology was
developed by FischéFropsch in1920s.Germanyusedthis technologyduring the First and
SecondWorld Warsin orderto supplytheir fuel demand. With a similar approach,oal
liguefaction technology has been employed in Soufiicé due to the oil embargo, since
1950s and it meets nearly 30% of their petroleum nédask and Alekett, 2010)

A review about the conversion of coal into liquid process was published in International
Journal of Energy ResearchHook and Aleklett(2010) investigatedthe coalliquefaction
process in three ways: pyrolysis, direct coal liquefactiorCL(D and indirect coal
liquefaction (ICL). Pyrolysis, the oldest one, is the heating process up totaigperatures

(in this case 950°C).During this process, volatile matters of coal are removed while the
carbon content of coal upgradddquid producs, which are generally called tar, are the side
productof pyrolysis. Howeverthere is no direct utilization of coal tar in the transportation
sector. Industrial applications of tar can be listed as follows: manufacturing of roofing,
waterproofing, andnsulation products.It canalsobe used as a raw material for various
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dyes, drugs, and paintsThe main disadvantage of pyrolyss the low yield of liquid
product. In the DCLprocessliquid yields and quality and overall thermal efficiencaes

higher than in pyrolysis.Hydrogenis needed to crack the coal into synthetic fu&sam

and methane can be used as the hydrogen source in this préaditonally, H, can be
supplied from coal by water gas shift reactiodeatis also necessary to rahesize the

liquid fuel and it can also be obtained from coahe third technologyiCL meets the water
requirement by converting coal into the synthesis gas. In order to convert coal into syngas,
high amounts of steam and eneeagg needed for ICL peess. ICL allowthe production of

many more than DCL systems. However, their cagtsimilar(Hook and Aleklett, 2010)

Coal liguefactioncan be classified adirect and indirect coal hydrogenation processies.
direct coal hydrogenation process, directriatgion between the coal and hydrogen occurs
in solvent slurry. It is necessary to add an extra amount of hydrogen in this proCess.

has the lower H/C ratio than petroledike products. Therefore, hydrogen is the main
reactant used to increase Hi&io. During this process, Hs also used to convert oxygen,
sulfur, and nitrogerto hydrogensufide, and ammonia, respectivelin addition,the solvent
serves ashe transportation medium and it improves the mass and heat transfer elffects.
the olvent dissolves kfrom the gas phase and then carries it to the solid coal, this solvent
is called a donor solventCoal molecules are cracked at elevated temperature thermally.
High H, pressure is necessary to increase the reaction ykeldthermorehigh H, pressure
stabilizes the liquid phasmdprevents coke formationThe main disadvantage of the direct
coal hydrogenation is its requirement for additional hydrogencomparison during the
indirect coal hydrogenation process, there are tepsstthe synthesis gas formation by coal
gasification and liquid products formation bis€herTropschsynthesis. The capital cost

and energy efficiency of indirect coal utilization technology are much higher than those of
direct liquefaction technolog§Robinson, 2009, Weller and Pelipetz, 1951)

Cracking and hydrogenating of coal and removing gf%and N are the desired reactions

in coalto liquids procesgRobinson, 2009) However,asphalt is an undesired side product
during the coal hydrogenation procéggeller et al., 1950) Weller etal. (1950)studied the
optimumreaction conditions to preveasphalt formation Determination of the kinetics of
asphaltformation is necessary t@valuate the coal hydrogenation process quantitatively
This research groupsed a batclutoclave type of reactor in all their experimeniheir
variableswere temperature, pressurapdtime. They used rass spectrometer to analyze the
gaseous productsThey plotted residual asphalt conversion vs. residence time in a semi
logarithmic scale at different temperatureShe linear relationindicated the first order
relation between the asphatinversion and reaction rate. High temperature dependencies
were determined by controlling the specific rate constants. ifpsed tha there is a
chemical reaction in theatedeterminingstep. When the effect of hydrogen pressues
investigated, one temperature valuas used and the reaction rate constaasobserved to
change almost linearly with tpressurgWeller and Pelipetz, 1951, Weller et al., 1950)

Coal hydrogenatiosan bedefined as aubversive process, which takes place under high H
pressure and by heating the system by Wellat.¢1951). In this process, the complex coal
structure wasrackedinto smaller moleculesH, at high pressure reacts with unsaturated
molecules, and pgierization and coke formation can be preventethus, light oil
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production yield can be increaselh. order to increase reaction rates and selectivity, catalyst
utilization is the most common way.The types of catalysts and their effects in the
hydrogaation of coal were summarized as follows: (i) ammonium chloride alone had no
positive effects while tin addition led to improved catalytic activity, (i) synergy between
halogen acids and tin generally caused the best catalytic activity with some exaeptio
halogen acids like germanium halogen acid, (iii) ammonium chloride, hydrochloric acid,
carbon tetrachloride, and the chloro acetic acids were promoters(diditer et al., 1951)
When different chemical formations of tin compounds with ammonium chloride were tested,
it was found that their catalytic activitiasethe same.Zinc and iron were the other metallic
compounds, the catalytic activities of which were investigated at initial lgyaréssure.

Zinc showed moderate catalytic activity in the presence of ammocilonide while no
catalytic effect was observed for iron based componeatsthe other hand, high pressure
tests indicated that iron based catalysts,
the favorable effects, though high pressure redpecethoting effects of tin and zinc in the
presence of ammonium chlorid&/hen the ammonium chloride content in the presence of
tin or zinc was tested, the production of asphalt, which is an intermediate and undesired
product, decreased with the moderat®ant of ammonium chlorideTo sum up, tin and tin
sulfide was found as equally effective catalysts while ammonium chloride did not show any
catalytic activity alone. On the other hand, the synergetic effect between the tin and
ammonium chloride or tinufide and ammonium chloride led to higher liquefaction and/or
lower asphalt production. In addition, hydoiodic acid showed the unique catalytic
performance among halogen acfiéeller et al., 1951)

In anotherarticle, by the same grouphe distribution of catalysbn the reactivity was
discussed The coal and catalyst combination can be formed in two ways: the first is
impregnation of coal with catalyst from solution and the second is spraying of the coal
powders with catalyst solutionThe second one is more feasildbr big coal plants but
catalyst solubility is necessary for this proc@sller and Pelipetz, 1951)

Guin et al.(1978) reported thecatalytic effects otoal mineralson the coal hydrogenation

and hydrodesulfurizatioprocesses they demonstrated the catalytic activity of especially
iron based minerals in the presence of creosotim tlile solvent recycle proce§suin et al.,

1978) They defined theaactionratelimiting step as the transfer of hydrogen to the donor
solvent. Silica and alumina are in the coal structure and they are known as hydrocarbon
cracking catalystsOn the other hand, cobattiolybdenumalumina catalyst is a commercial
hydrodesilfurization catalyst. In their study, both cracking and hydrodesulfurization
reactions were investigated together in the presendmimvbasedcatalysts. In general,

metal sulfide catalysts are used as hydrogenation and degditturization processesf o
petroleum fractionsThe defects in crystal lattice were considered as the responsible parts of
catalytic activity. Therefore, the presence of metal sulfide active sitethénstructure
increases the process efficiencgince pyrite (FeS) is a metasulfide present in the coal
structure, they analyzed the catalytic activity of the pyrite in hydrogenation and
hydrodesulfurization process They obtained a higher reaction rate in the presence of
pyrite during hydrogenation process. Howewdeydid not observe any differences in the
desulfurization activity in the presence and in the absence of pyfitey interpreted this
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result that pyritds an ineffective desulfurization catalyst sincallbws the conversion from
FeS to HS (Guin et al., 1978)

In summary, there are four main technologies in coal industry, pyrolysis, combustion,
gasification, and liquefaicn. In order todetermine which technology is the most suitable
for the special tye of coal, it is necessary to identthye chemical and physical structure of
coal initially. Additionally, in order to predict the efficiency and environmental dyesa
during eachprocessthe composition of the solid residue and gaseous products should be
defined properly.
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CHAPTER 3

EXPERIMENTAL STUDIES

3.1. Introduction

This chapteris organized to explain thenateriab and methods used in this study
Detailed descriptions of the coal characterization techniquespagsented. This is
followed by the methods used to test the coal reactivity during pyrolysis, oxidation and
gasification.

Classical and modern characterization techniques reveal the haicgooups and
elemental composition of coalConventional analyses such as proximate analysis and
ultimate analysis, assume coal as a homogenous material and they provide only bulk
properties. Proximate analysis includes moisture, ash, volatigter,and fixed carbon

in coal. The ultimate analysis describes the elemental composition of dde. most
favorable advantage of this analysis is to estimate the maximum emission of sulfur and
nitrogen oxidesluring the combustianinorganic matter in coas expressed in the form

of ash. Aluminum, silicon, iron, calcium, magnesium, sodium and sulfur are the main
elemental mineral matter in tlashstructure. X-ray fluorescence spectroscopy makes it
possible to determine the amounts of these mineral matteray Diffraction is used to
monitor the crystalline structure.The spectroscopic methods such as, DRIFTS'Bind

3C NMR spectroscopy can provide information on the organic structure of coal.

Four maincoal conversiorprocessesnonitored in this sty are pyrolysis, oxidation,
hydrogenation and hydrothermal treatmenihe specific details desting procedureare
described angome of the techniqgues mentioned abwmere used taharacterize the
carbon residue after each process

3.2. Coal Prepaation and Characterization
3.2.1Preparation of coal sampls

The coal sample used in this study was donated from Turkish Coal Enterprises (TKI)
Tuncbilek Lignite Establishment in TurkeyTo obtain a representative sample, 25 kg
coal sample was gshed ina grinder, spread on a flat surface, and divided into four
equal parts. After two parts were discarded, the remaining parts were mixed and the
same process was repeated until 1 kg sample remaBdosequently, the final sample
was sieved to obtain partes of maximum 150 um Since the sample was left to dry
several months prior to processing, the reported results will be identified as dry basis.
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3.2.2Classical coal analysis

Three identical samples were used for the proximate and ultimate anapsethe
average results of the three measurements were repdPtedimate analysis, ultimate
analysis, and the Eschka method were used to characterize Tuncbilek lignite in two
parallelexperiments In addition to the above analyses, the heating valtleeolignite

was measured by using a bomb calorimeter (Gallenkamp Autobomb, CAB001.AB1.C).

3.2.2.1Proximate Analysis

In proximate analysis, moisture, volatile matter, and ash composition of the lignite
samples were determined according to ASTMIY3,D-3174, and EB175 standards,
respectively. This analysis is based on the gravimetric chandé® moisture content is

the weight difference after 1 gram of sample is heated téClfoFf one hour.When the
volatile matteris measured, sample in a crolel is heldat 900C for approximately 7 hr.
Since ahis the combustion residue of the coal, fegcentage of ash the decrease of

the weight after 1goal is burned at 826. The subtraction of total amount of moisture,
volatile, and ash from 100\gs the relative amount of fixed carbon of the coal sample
(Speight, 2005)

3.2.2.2Ultimate Analysis

For the ultimate analysis, a LEGCHNS-932 analyzeat METU centralaboratorywas
used to determine the carbon, hydrogen, nitrogen, and sulfur contents of the lignite.
mg sample is used for the analysis.

3.2.2.3 SulfurDetermination with Eschka Analysis

The sulfur composition was also determined with the Eschka m&&k®dM 3177)
(Speight, 2005) The analysis detailareas follows:

1 gram 100 mesh Tuncbilek lignite is mixed with 3 g Eschka (the mixture of 2 unit MgO
and 1 unit NgCGO;). The mixtureis placedin a porcelaincrucible, after the crucible
insideis coveredby ~ 3 gpureEschka Thetop surfaceof the samplés againcovered

by Eschka. The crucibleis heated up to 826 and leld at this temperature for 2hr.
After cooling,crucibleis takenin a 400 ml beaker and 100 ml water is addkdorder

to oxidize the sulfur in solution 25 ml HCl is added uatylellow color was obtainedin
addition to the HCI, 1 ml kO, was addedto oxidize iron present in the solution.
Solution was boiled and waited till all tiny bubbles disappe&olid particles a
removed by filtration. 2-3 drop methyl orange (indicator) is dropped to the remaining
solution and NH addition allows the color chang&hus, it is possible tprecipitatethe
particleswith the excepion of iron. After filtration, HCI is added to # basic solution
until color turns to orange or yellowkinal solution should be acidicThe solution is
boiled and 25 ml 10% Bagis addedwhile stirring. The solution wagept 30 min at the
same temperatur@nd left overnight at room temperatureféom BaSQ precipitates.
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BaSQ is filtered andfiltrate is washed till no chlorine i@ remained in solutionThe
presence of Cin solution can be tested by AgNOThe filter paper with precipitate is
burnedat 82%5C for at least 30 minThe weight dference ofcruciblebetween the initial
and finalgavethe BaSQ@amount.

Tot al % _WeightOofd TBa&;f’]“l’iulf,u,r "
ot a OS\R/e'i'g”h't o7 (g&c:aﬂ@ﬁéf&aﬁleee'aq')

3.2.2.4Pyritic, Sulfate and Organic Sulfur Analysis

Approximately 2 g of lignite sample is placed into a beakgml (1/3 vol:vol) ethanol
and then, 50 ml (1/3 vol) HCI are addeBeaker is covered by a watch glass and it is
boiled for 20 min. After coolingto room temperaturehe main solutionis filtered and
filtrate is washed several times until all ©ihs are removedThe precipitate part is used
to determine pyritic sulfur while the filtrate part is used fo, Sialysis.

i.  Sulfate analysis

1ml H,O, is added to the filtrate part of timeain solution b oxidize iron in the solution.
Solution is heated to boiling temperature and colored {2y dtops methyl orange.
Boiling continues until tiny bubbles disappeai.hen, 25 ml NHOH is added to solution
till precipitate forms. Solution was removedfrom heater. After waiting for 20 min,
filtration and washing processes are complefEde volume of the liquid part or filtrate
including sulfur is completed to 200 milith water. Solution is colored by -3 drops
methyl orangewhich is the best indicator die acidity This basic solution is acidified
with 2/1 HCItill pHis 1. The color change from orange to yellow indicates the final pH
values of 1.25 ml 10% BaGl solution is added and solution is boile8olution iskept
overnight so that all SO precipitate. Then solution idiltered and washed with watér
times. Filter with its content is put in the porcelarucibleand bured at 8253C. The
weight difference ofcrucible between the initial and final gives the BaS&@nount.
Sulfatepercentagés calculatecagainby Equation 1.

ii.  Pyritic sulfur analysis

The precipitate part of the main solutjas put into a beakerlt is mixed with 100 ml
25% HNQ by magnetic stirrer for 224 hr. Solution is filtered and washed with cold
water. Fe in sdution is oxidized by 2 ml 30% #D, by boiling the solution for 5 min.
This acidic solution turns to the basic with the /M addition until precipitation
occurs. The solution is filtered and the filtrate is wasl&times Filter paper is washed
with 20 ml HCI and hot waterFinal solution must bgellow. The solution is boiled and
SnCl is added tilla colorless solution is obtained-hen, solution is cooled immediately
in an icewater bed. 10 ml HgC} and Zimmer solution (the mixture of 679
MnSG,.4H,0, 500 ml water, 138 ml #0O,) are added by stirring the solutioiihe last
step is titration with 0.02N KMng Titration is completed when the color of the
solution turn to light pink. The amount of pyritic sulfur can be calculated by the
following formula.

27



Vep, Ipm() Nooj . LV@Fe @1C3, 2q.0)
h of (@ 0BN smmp e & A T

iii. Organic sulfur

Sulfur is present in coal structure in three forms namely, pyritic, sulfate, andiorga
When the amount of pyritic and sulfate sulfur is subtracted from total sulfur amount, the
remaining gives the organic sulfur amount.

Organi & toulafiuBsWwddaEADO ABBHRAD

3.2.2.5 CalorificValue Calculation (ASTM D-2015)

The heating value of the lignite was measured by using a bomb calorimeter (Gallenkamp
Autobomb, CAB001.AB1.C).The working principle of the calorimeter is based on the
energy release when 1 gram of coal is bdrim a calorimeter bomb.When coal is
burred in calorimeter bomb, all heat was taken by the 2.1 ml well insulated water
reservoir. Well-insulation prevents the heat loss from outer surface. Thus, calorific
value of coal is calculated by using the following formula.

Cal - %AI‘I I ORIAA GA®AIOE ®SA;\4T8 ()0/ &

alorifld#) Yo 4Erms aRT bd A b

3.2.3 Volatilesand ash analyses by TGA

Thermal Gravimetric Angsis (TGA) (Shimadzu DTG 60H)experiments were
conducted at aemperature between Z5and 900C with a heating rate of 10A@in
under 60 cc/min Mflow for pyrolysis and 60 cc/m air flow for oxidation processes in
order to analyze the volatile and ash compositions of the lignite samples, respectively.

3.2.4Analysis of Inorganic structure by XRF

X-ray Fluorescence (XRF) spectroscopy analyses were carried out on a Rigaku ZSX
Primus Il Xray spectrometer to analyze mineral contents of the lignite. this
technique, lignite samples mixed with wax binder in a weight ratio of 4:1 and the
mixtureis pressedinderl15 tons into pellets with a diameter of 32 mm.

3.2.5Monitor ing of inorganic structure by XRD

These analyses were obtained by usmgPhilips model PW1840 (1729) -tdy
diffractometer with Ni filtered CidK&945; radiation at a scan rate of 0%&c. XRD
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measurements were performed in the range®ab ®C (24). The diffractometer was
operated at 30kV and 24 mA.

3.2.6DRIFT spectroscopy

The bulk properties oTuncbilek lignitewere analyzed qualitatively by Perkin Elmer
Spectrum 100 FTIR spectrometry in diffuse reflectance moditer the sample was
diluted witha nonrabsorbing material (KBr), the mixture was placed in a sample holder.
16 scans were collected with 4 ¢mesolution in the range of 40@50 cnt-.

3.2.7 NMR spectroscopy

'H Magic Angle Spinning(MAS) and **C Cross Polarizatioagic Angle Spining
(CPMAS) measurements were performed using an Apollo spectrometer (Tecmag,
Houston, TX) The proton channel of the probe was tuned to 299.79 MHz while 75.39
MHz tuning was employed for the carbon channel of the prébé.mm Doy Scientific

probe (DSI1231) capable of spinning the samples up to 15 kHz were used for both
proton and carbon GFAS measurements

3.3 Coal Processedlethodology
3.3.1 Pyrolysisand Oxidation Experiments

The experimental setp usedor the pyrolysis and oxidation reactions are demonstrated
in Figure 3.1. Approximately 500 mg lignite sample was placed in a quartz reactor and
fastened by quartz wool at both endBhe reactor was placed in a home built furnace
with temperature cdrol. Mass flow controllers (Teledyne) were used for the desired
gaseous feed flow rate®yrolysis experiment was conducted under 200 cc/mifiol

in the temperature rangg 40°G800C. Pyrolysis residue of lignite sample was taken
after reactor wasooled to room temperatur@he oxidation residue of Tuncbilek lignite
was prepagd by heating the sample from 40°C to 800°C at a rateCéimb? under 200
cc/min air flow. After cooling, solidproduct,remaining in the reactor was collected as
the oxidation residue. During these reaction tests, CQO,, CH,;, and H formation rates
were monitored bya gas chromatograph (HP 4890A) connected on line to the reactor
equipped with a Porapak Q columall of the residual products were analyzedXiD,
DRIFTS, 'H and*C-NMR spectroscopy

3.3.2 Hydrogenation Experiments

Hydrogenation experiments were conducteth@same experimental agb. Asseen in
Figure 3.2, he difference is just in the gas analysis part. Since high amotitiér
formation is okerved durindiydrogenationgaseous species were not sent to thaerGC
order not to contaminate the transfer unibsstead, gaseous products passed thr@ugh
u-tube filled by glass fractures. Commercial PbO or ZnO were also mixed with glass
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fractures inorder to observe the sulfur adsorption ability of these oxi@lesaperaturén
reactorwas increased from 80 to 800C under 8C/min temperature ramgHigh purity

N, and H gases supplied from Oksavere sent to the reactor after adjusting the flow
rates bymass flow contribers (Teledyne) During hydrogenation, total flow rate was

kept at 50 cc/min. kwas blended with Nat this total flow rate in order to observe the
effect of hydrogen concentration on the sulfur removal in coal structure. Tive sul
content of the carbon residue was determined by a CHNS analyzer. Structural changes
were monitored by XRD'H and**C-NMR spectroscopgnd DRIFTS.
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3.3.3Wet Air Oxidation Experiments

In this part, oxy-desulfurization experiments were carried out in a 113 ml capacity,
stainles steehomemadeautoclave equipped withieflon liners. The schematic design of
the systemis presented in Figure 3.3Three experimental parameteame, initial
pressure, and temperaturagre examined in this sep. Approximately 5 grams of coal
and20 ml water were placed in the reactor and the system was heated upGat8b

bars final pressureSeven different experiments were conducted as lsychanging the
durationof the experimen(0 min, 15 min, 30 min, 1h, 3h, 5h, and 7h). The ihiiia
min) data point was collected immediately after the system reaché&d a&dfive bars
final pressure.

In the second part of the studhe effect ofO, partial pressure and temperature were
investigated.5 g coal and 50 ml water were put into tleaator and pressurized air at
four different total pressure values (1, 2, 5, and 6 bars) were compressed into the
autoclave. The reaction tests were conducted &C150n the other handhe effect of
temperature was examined by pressurizing the sysfigimair to five bars initially and
carrying out the reaction tests at 150, 160, 165, 170, an®#C18The system was
maintained under these conditions for 15 minutes for all experimemt®e sulfur
composition of solid residuewas determined by both Ebka analysis and ultimate
analysis. Since coal crystalline structure has also changed dabtgglesulfurization,
the elimination of pyritic sulfur in residual carbarasfollowed by the Xray diffraction
spectroscopy.In addition,-SQ,” formation in liguid residuewas determined by using
gravimetrictechnique. For this aim, 10 ml sample/as taken and their volum&as
completed ta200 ml by water. Solution is colored by -3 drops methyl orange. This
basic solutionwasacidified with 2/1 HCItill pH is 1. 25 ml 10% BaGl solutionwas
added and solutiorwas boiled. Solutionwas rested overnight so that all $O
precipitate. Then solutiowasfiltered and washed with watértimes. Filter with its
contentwasput in the porcelain crucible and bedet 823C. The weight difference of
crucible between the initial and finghvethe BaSQ amount. Total sulfur perceage
was calculated by Equation 1 on page ABalorific values of the residual carbons were
also measured as part of this study.
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CHAPTER 4

CHARACTERIZATION OF TUNCBILEK LIGNITES

4.1. Introduction

Heterogeneity of coal structure requires several characterizagthods for a thorough
analysis. Therefore, proximate, ultimate andh@drmogravimetric analysaesere used to
analyze the composition of the lignite samplén addition to these analyses, XRF
spectroscopy was used to determine the slag composiforay dff ractometer was
used tomonitorthe crystalline structure of Tuncbilek lignit&o provide the information
about the chemical structure, DRIFT asalid-stateNMR spectroscopic methods were
employed. The results were evaluated as an average of thdepémdent measurements
whenever possible.

The gasification reactivity of coal increases with decreasing coal taghkite, as a low

rank coal, is an important raw material for gasification technoldyring gasification,

a complex reaction networkrgvails. The cold solid, upon entering the reactor
undergoes pyrolysis and subsequently char gasificatidPyrolysis is a thermal
decompositiorprocesgaking place between 30C -500°C. During the pyrolysis step,

H, rich volatile and aliphatic carbomafctions are removed from coallhe remaining

part is fixed carbon (coal char) and a€oal char is more aromatic and more stéaiéan

raw sample(Molina and Mondragon, 1998, Sekine et al., 2008he decomposition
reactions of the char are dependent on the gaseous species and reaction conditions
(Molina et al. 1998). As seenin Table 2.1, endothermic dry reforming and steam
reforming reactions, and exothermic oxidation, water gas shift and hydrogenation
reactions are possible reactions taking place during char gasificaliom.exothermic
oxidation reaction meets the heat regmieat of dryreforming of methanend steam
reforming reactions Moreover, the presence of high amounts of steam allows the water
gas shift reaction, while carbon hydrogenation reaction occurs under high pressure
condition(Molina and Mondragon, 1998)

Since the physical and chemical properties of coal determine its prucdate, a
detailed characterization is very important prior to any coal carbonization, oxidation, and
gasification and/or liquefactionCurrently, utilization of a large array of characterization
techniques provides the most reliable information abbet doal reactivity(Gupta,
2007) Gupta (2007) suggests that classical coal analyses (proximtbeatal and
Eschka) do not provide sufficient information about the relation between coal structure
and reactivity due to the assumed homogenous structure of @valthe other hand,
Fourier transform infrared (FTIR) andC NMR spectroscopy prove to beefisl to
describe the organic structure of coal.
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Coal structure is shown to have organic (volatile and fixed carbon) and inorganic (ash)
fractions (Molina and Mondragon, 1998, Sekine et al., 200®uring the pyrolysis,
gasification and/or liquefaction processes, the more reactive volatile and aliphatic carbon
fractions in the struare are removed at relatively low temperaturé€se remaining part

is coal char with highly ordered structure and less reactivithe decrease in char
reactivity is generally considered to be due to the decrease in surface area and in the
number of actie sites during heatin@Kucukbayrak et al., 2001, Feng et al., 2003,
Arenillas et al., 2004, Lu et al., 2001, Lu et al., 2002)

Kucukbayrak et al. (2001) investigated combustion reactivity of Turkish lignite by
proximate and ultimate analyses and showed the change in surface area by BET
measurement.They found that during the devolatilizatiocoal pores are opened and
new pores forrad Since oxidation reaction takes place at the pore surfaocegrOenter

the pore easily and increase the reaction kisetiAs the reaction progresses, the
particles shrink, theisurface area decreases and their reactivitps Fenget al. (2003)

used high-resolutiontransmission electron microcopy (HRTEM) to monitor streedtu
ordering and Xay diffraction (XRD) in order to monitor the crystal structures of
various coals during gasification under air and,Glows. They showed that since
closed micropores open more slowly under,@Ow than air flow, the more ordered
crysal structurecould be obtained easily during the air gasificatioArenillas et al.
(2004) determined the reactivity loss during the thermal treatment by TiGGAddition,

they showed the decrease in surface area and carbon active sites bywBBalajwalla

et al. (2002) used Quantitativerdy Analysis (QXRDA) and HRTEM to determine the
coal reactivity during pyrolysis and oxidation processése QXRDA results indicated

that the average crystal size of coal chars and aromatic fraction increasg duri
oxidation, which leads to decrease in char reactivity. A more regular coal structure is
monitored under the conditions of higher pyrolysis temperature and a lower heating rate
by HRTEM (Lu et al., 2002) Since aliphatic groups amanorphous carbon are removed
during pyrolysisand oxidation processes, these parts can be defined as the reactive part
of the coalLu et al., 2002, Arenillas et al., 2004)

4.2 Results and Discussions

4.2 .1Classical Coal CharacterizationsProximate and Ultimate
Analyses

Table4.1 presents the gathered data from the proximate analysis and Eschka analysis of
lignite. Four components of coal, consisting of moisture, ash, volatile matter, and fixed
carbon were etermined by the analysislnorganic matter in coal is expressed in the
form of ash. As given in Table4.1, the volatile matter of coal sampig about 286

while ash content in coal was determined as B§%eight. The total amounts of sulfur

were detemined by Eschka method as 3.9 + %Py weight. Table 4.2 showthe sulfur
composition of Tuncbilek lignite.The heating value of lignite sampie obtainedas

3680 + 60 cal/qg.
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Table4.1 Coal composition from the proximate analysisair dried bas.

Weight %

Moisture 4.7+0.9
Ash 37.9+0.2
Volatile matter 27.9+0.1
Fixed carbon 295+0.1

Table 4.2. Sulfur composition of coal determined by Eschka analgsiair-dried basis

Weight %

Total sulfur 39+0.2
Pyritic sulfur 26x0.1
Sulfates 1.2£0.1
Organic sulfur 0.1+£0.1

The results of ultimate analysis are presented in T4Ble As seen in this table, the
relative anount of carbon is 37.7 £ 0.7 %tin coal. Hydrogen and nitrogen contents of
coalare 3.6 + 0.1 and 1.6 +wt%, respectively, while sulfur comeof coal is 5.4
0.6 wt%.

Table4.3. Coal composition from the ultimate analysisair-driedbasis

Elements Weight %
Carbon 37.7+£0.7
Hydrogen 3.6+£0.1
Nitrogen 1.6+£0.1
Sulfur 54+0.6

The resultof these analyses indicated that Tuncbilek lignite was high in ash and sulfur
contents but low in calorific value.
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4.2.2 Thermal Gravimetric Analysis TGA analysis under N, and air
flow

The TGA thermogram of lignite under, Mow is shown in Figuré.1l. 5% weight loss at
100°C corresponds to the relative amount of moisture determined by proximate analysis.
Since TGA analysis performed under the inert atmosphere represents thsipyro
process, the remaining ZBweight loss represents the volatilentamt of coal. The
derivative curve of the weight loss indicated that maximum weight loss occurred at
450°C.

105

1 T 0.00
100

95 -+ -0.02

90 7 I -0.04
85
+ -0.06
80 -

- -0.08
75
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70+ <+ -0.10
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Derivative curve of weight left (a.u.)

60 T . T . T . T . :
0 200 400 600 800 1000

Temperature ("C)

Figure4.1l. TGA and DTG curves of coal sample underfldw. Solid line represents
the TGA while dottedline represents the DTG.

The «idation in air thermogram of the same sample is presented in FdlireThe
moisture content is consistent with the results presented in F@glire The final
percentage of mass 38%) left in the pan corresponds to the ash value obtained from
proximae analysis. In addition, maximum weighloss was recorded at about 480°
during oxidation.
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Figure4.2. TGA and DTG curves of coal sample under air fidsalid line represents
the TGA while dotted line represents the DTG

4.2.3 XRF

Three major omponents of ash in Tuncbilek lignite is shown in Table &i0, is the

main component in the ash structure, and the relative amount is about 53.6 + 0.4 wt%.
Al,0O5 (24.9 £ 0.2 wt%) and K65 (13.0 £ 0.1 wt%) are the other important components

in the ashof coal. The remaining fractions of ash are listed a®f~2.2%), MgO
(~1.9%), KO (~1.2%), S@(~0.9%) and CaO (~0.8%).

Table4.4. Inorganic composition of coal determined by XRF.

inocr:g(]);r!ics (% Weight
SiO, 53.6+04
FeOs 13.0+0.1
Al 05 249+0.2
MgO 1.9+0.1
CaO 0.8+0.0
Na,O 0.1+0.0
K,0 1.2+0.0
B.Os 22+0.1
SO, 09+0.1
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4.2.4 XRD

When coal characterization was conducted by XRD, two main peaks were observed
between 20and 2P due to carbon found in codFigure 43). The peak around 20s
related to carbons derived from aliphatic chains while the peakCatefiesents the
crystalline carbon structudlaity and Mukherjee, 2006, Saikia et al., 2007a, Sekine et
al., 2006)

Q,C Tunchbilek lignite
Q:Quartz

K:Kaolinite
Ca:Calcite
P:Pyrite
C:Carbon

Intensity (a.u.)

— T r T T T 1T T T r T T T T 1
0 10 20 30 40 50 60 70 80

29

Figure 4.3. XRD pattern ofTuncbileklignite.

The major inorganiccomponents present in coahd their characteristic Bragg angle
valuesare summarized in Tabk5. XRD pattern of unprocessed coal and inorganic
coal compositions reveal that quartzaoknite, calcite, and pyrite aréhe major
crystallinecomponents XRD pattern of cubic pyrites ambserved aroungd?, 33, 37,

41° 4P, 5@, 59, 61° 64° (JCPDS CARD NO 42340) (Li et al., 2011, Kar and
Chaudhuri, 2005, Meng et al., 2003, Wan et al., 2003, Liu et al., 2005)
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Table4 5. Characteristic peak positions of coal inorganic components.

Substances 28 9( ~ References
Kaolinite ,
AlL,Si,O(OH), 13, 19, 25, 36,38 (Iglesias et al., 1998)
Quartz (SIQ) 27, 21, 50, 37, 39 (Iglesias et al., 1998)

(Li etal., 2011, Kar and Chaudhuri, 200

29, 33, 37, 41, 47, Liu et al., 2005, Meng et al., 2003, Wan

Pyrite (Fe9)

56, 59, 61, 64 al., 2003)
Calcite (CaCQ 29, 39 (Iglesias et al., 1998)
Dolomite
31, 41 Gunasekaran and Anbalagan, 2007
(CaMg(CQ),) ( 9 )

Since Tuncbilek lignite contains pyrite in high amounts, the characteristic XRD peaks of
pyrite are of special interest for this studgy monitoringof the changes ithese peaks,
it is alsopossible to follow sulfur removal process.

4.2.5 DRIFTS

Figure 4.4 represents the characteristic absorption bands of Tuncbilek lighie.
spectruncan beevaluated in four separate regions basedhe absorption bands of the
lignite sample.

In the first region (3803000 cni®), the broad absorptiohand observed around 3300
cm* originatedfrom the OHand NHstretching vibratiorof coal organic fractioSaikia

et al., 200a), while the strong absorption bands around 33800 cnT were assignetb
aluminum silicate hydroxide (kaoliniteg(lglesias et al., 1998, Saikia et al., 2007a)
These strong absorption peaks are also intexgiey Wu (1994) as superficial hydroxyl
groups within pyritgWu, 1994) The absorption bands of the unprocessed lignite in the
second region (whin 31062000 cmi') indicated thecharacteristic @4 stretching
vibration in aliphatic structure at 298850 cn' (Saikia et al., 2007a, Saikia et al.,
2007b)

An examination othe third region in the 2080300 cnT range revealed two relatively
broadbands neafl5001600 cni assigned to aromatic C©=stretching(Cetinkaya and
Yurum, 2000, 2013%nd 1400 ci attributed to GH stretching and bending of aliphatic
componentgFrancioso O., 2007) The absorption range720-1150 cni' is labeled as
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protonated carboxylic-COOH), caboxylate anion{0OG0O-), and ester carbonyl groups
(-COOR) by Peuravuori et al. (2006).

In the last region (300-400 cni), the absorption bands around 1411084 cnit indicate

the GO, G-C or GO-C stretching vibrations as defined by Francioso (2007)addition

to organic structure, some absorption bands represent the coal inorganic contents within
the same region.The absorption bands obtained within the range of 102 cnt
indicate the possible presence oiC85i, while the absorption bands abted within the
range of 11161080 cnt point at the presence of-8kC as is stated by Peuravuori et al.
(2006). The distinct absorption bands noticed at 471 and 54bam attributed to the
different types of silicate@®euravuoret al., 2006) The bands near 1030 &n635 cnt,

470 cnt, and 430 cm showed the presence of any silicate (clay and quéCetjnkaya
and Yurum, 2000) Clays are also clearly identified from the OH stretching absorption
around the 800-3400 cnif region. 3697 cmi'is the specific kaolinite band as are the 537
and 476 cii(Iglesias et al., 1998, Breen et al., 2008)

With a similar approach,ypite absorption bands at 1438, 872, T are associated
with CO;~ within pyrites(Wang et al., 2010a, Wu, 1994Wang et al. also defined the
strong absorption band of sulfate in the range of 113bamd 1080 cm. Sii O bending
vibration ionic sulfate bands aat 533471 cm' (Saikia, Boruah et al. 2007)able 4.6
sunmmarizes the characteristic absorption basfdsoal components.
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Figure 44. DRIFT spectrum of Tuncbilek lignite.
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Table 46. Absorption bands of coal compounds.

Chemical structure Frzacqr#?)ncy Sources
-OH groups gssouated with clg 38003400 (Saikia et al., 20074, Iglesias et al
minerals 1998)
. 3853, 3752,
-OH and-NH stretching 3622 and (Saikia et al., 2007a)
vibrations
3412
Aromatic C-H stretchingband 34003100 (Saikia et al., 2007a)
Aliphatic CH stretching 31002700 | (Saikia etal., 2007a, Igteas et al.,
CHgz, CH,, and CH groups 1998, Mursito et al., 2011)
C=0 carbonyl stretching 18001600 (Saikia et al., 2007a, Iglesias et al
vibration and esters 1998, Mursito et al., 2011)
Aromatic GC stretching 1600 (Cetinkaya and Yurum, 2000)
CH stretching and bending 1400 (Francioso 0., 2007)
CHs asymmetric deformation
and CH group in bridges .
Aromatic C=C 1436 (Saikia et al., 2007a)
Strongly H bonded OH
CHs symmetric deformation
T CHz andi CH, in cyclic 1372 (Saikia et al., 2007a)
structures
Aromatic ring stretching :
vibrations 1490 (Mursito et al., 2011)
C-O-R structures of ethers 1150 (Mursito et al., 2011)
Aromatic structure o .
L (Saikia et al., 2007a, Iglesias et al
Aromatic-CH _out of plane 900-700 1998, Mursito et al., 2011)
bending
Sii Of Si stretching vibration | 1200900 | (Sakiaet aI.,1290£§)87)a, lglesias et al
Sif O bending vibration 533471 (Saikia et al., 2007a)
lonic sulfates
FeS 420 (Saikia et al., 2007a)
FeOs 692 (Saikia et al., 2007a)
. , (Iglesias et al., 1998, Breen et al.
Kaolinite 537-476 2008)
Calcite and dolomite 1428, 878, (Lavat, 2011, Gunasekaran and
714 Anbalagan, 2007, Wilson, 1987)
-OH bond_ hydroxyl group in the 3200:3400 (Iglesias et al., 1998, Mursitet al.,
organic structure of coal 2011)
N-H bending 16601510
N-H stretching 35003200 (Saikia et al., 2007a)
N-O stretching 15501370
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4.2.6 Proton(*H) and Carbon (**C) NMR spectroscopy

In general, the peak positions on theMAS NMR spectrum weréentified to be non
polar alkyl (OCH) at ~2 ppr{Delarosa et al., 1992, Sutcu et al., 20@x)y-alkyl (CHO)
at ~4 ppm and aromatic protons at ~7 gjralarosa et al., 1992 et al., 2012, Sutcu et
al., 2005) The 'H NMR spectum of the unprocessed coisl presentedn Figure 4.5
The red and blue lines were obtained figing Lorertzian curve with 99.2%
verification. Figure4.5 indicates twanajor peakin coal strature at approximately @.
ppm and 1.0 ppm.The peak obtained aroundQlppmis considered to be an aliphatic
proton evaluated in the range of & %pm(Sutcu et al., 2005)The second peak atl6.
ppm is associated with aromatic protons in coal structures.

— fitted data
original data

50 40 30 20 10 0 -10 -20 -30 -40 -50
Chemical shift (ppm)

Figure4 5. Proton NMR spectrum of uncbileklignite.

The *C CRMAS NMR spectrum of the pure coal in Figudes includes two main
signals indicating the aliphatic amadomatic hydrocarbon fractiors the lignite sample.

In the aliphatic zone, the tense peak at approximately 20 ppm originates from the
methyl (CHs) groups(Simpson and Hatcher, 2004, Delarosa et al., 1992, Diaz and
Blanco, 2003, Conte et al., 2002, Li et al., 2012, Kelemen et al., .20008 largest
peaks at 125 and 130 ppm are caused by protonated afuiatonated aromatic carbon
structure, respectivelfOrem et al., 1996, Simpson and Hatcher, 2004, Cook et al., 1996,
Mao et al., 2010, Li et al., 2@, Delarosa et al., 1992, Conte et al., 2002, Kalaitzidis et
al., 2006) The shoulders between 150 to 190 ppm are due to the oxygen bonded
aromatic GO (150165ppm), carbonyland NC=0 groups (16590 ppm)(Kalaitzidis et

al., 2006, Keeler and Maciel, 2000, Azik et al., 1993, Conte et al., 2002, Delarosa et al.,
1992)
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Figure 4.6 Carbon NMR spectrum afuncbilek lignite

4.3 Conclusions

Proximate analysis and ultimate analysis and advanced chazatiteritechniques allow

a better understanding of reactivity of Tuncbilek ligni#epproximately 28% volatiles,

5% moisture, 38% ash compositions were determined through both classical proximate
analysis and TGA experiments. S$i(33.6 £ 0.4 wt%), AIO; (24.9 + 0.2 wt%) and
FeO; (13.0 = 0.1 wt%) were the major components of lignite aShlfur composition

was measured by Eschka (3.9 £%)2and CHNS analyzer (5.4 + 04). The difference
between two analysesan bedue to theamount of sample used foha analyses
Approximately 1 gram of coal sample is usedBschka analysis, while 15 mg coal
sample is used in CHNS analyzérhe heating value of Tunchilek ligniteas measured

by Bomb calorimetryas around 3700 cal/gram.This low value is the speaffi
characteristic of relatively young brown co@doth XRD and XRF dataevealed that the
main mineral construction of coal includes quartz, kaolinite, and pyrite. The results of
two tests are consistent with each other. DRIFTS results also supporttifeese
spectroscopic analyseslhe carbon structure and distribution of the functional groups
are defined by DRIFTS arféh and"*C NMR measurements.
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CHAPTER 5

GASIFICATION AND DESULFURIZATION REACTIVITY OF
TUNCBILEK LIGNITE

5.1 Introduction

In the previous chapter, the resultsXRD, DRIFTS, 'H NMR, and**C (CP) MAS
NMR characterization techniques wetgmmarized.In this chapter, these results will be
compared withthe structural changes occurred durgesification and desulfurization
processes.

5.1.1 Gasification reactivity

Gasificationis a partial oxidation procegsking place at high temperature. Maim of

this process is to produce synthesis gas, which is a mixture of CO,aftdrHl coal as

well as energy.The gasification ractivity of coal increases with decreasing coal rank.
Lignite is a low rank coal.As such,it is an important raw material for gasification
technology. Gasification, the most popular clean coal technology, includes pyrolysis and
char gasification steps Pyrolysis is a thermal decomposition process taking place
between 30%-500°C. During the pyrolysis step, Hich volatile and aliphatic carbon
fractionsareremoveal from coal. The remaining part is fixed carbon (coal char) and ash.
Coal char is moraromatic and more stab{®olina and Mondragon, 1998, Sekine et al.,
2006) Molina et al. (1998) stated that the decomposition reactions of the char are
dependent on the gaseous species and reaction conditidssseen in Table 5.1,
endothermic dry reforming and steam reforming reactions, and exothermic oxidation,
water gas shift anlydrogenation reactions are the possible reactions taking place during
char gasification.From the data presented in Table,5tXan be seethat exothermic
oxidation reaction meets the heat requirement of dry and steam reforming reactions.
Moreover,the presence of high amount of steam allows the water gas shift reaction,
while carbon hydrogenation reaction occurs at high pres8doéna and Mondragon,
1998)
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Table5.1. The reactions taking place during coal gasification and their thermochemical
data(Molina and Mondragon, 1998, Barin, 1989)

Reactions P Gxn (KI/Mol) P hkyn (KI/Mol)
# #/ O c#l +120.1 +172.5
# (| O# ( +91.4 +131.3
# / O # -394.4 -393.5
#l (/1 O # ( -28.6 -41.2
# ¢ 9 -505 -74.5

5.1.2 Desulfurization reactivity

High amount of sulfur in coal causes serious sulfur emission problems during
combustion and requires post purification steps in gasificatBuifur is present in coal
structure m inorganic form as pyritic sulfur (F@Sand sulfates and organic form as thiols
(Baruah and Khare, 20Q7) Pyritic sulfur can be removed from coal by physical
processes, such as coal washit@ation, and oil agglomeratiofCalkins, 1994)while
chemical methods are needed to decrease the organic sulfur corlteathing,
extraction, biodesulfurization and oxidesulfurization processes can be given as examples
of chemicamethodgDemirbas and Balat, 2004)

Pyrolysis process is an armediate stage of all coal carbonization, combustion and
gasification technologies. This process is alscaccepted to be an important
desulfurization step.During the pyrolysis, the major desulfurization reactfBquation
5.1)is given below(Xu and Kumagai, 2003)

0 ©é GO "0QYO'Y (5.1)
Hydrogen present in coal can lead to the pyrite reduction at temperatures higher than
60C°C. In addition to thermal decomposition of pyrite, addingtbl the environment

assists pyrite decomposition as wimoin the following reactionéEquations 5.2 and 5.3)
(Xu and Kumagai, 2003)

Oy 00 '0Q°YOY (5.2)

"0Q"YO © "'0Q '0"Y (5.3)

According to Xu and KumaggiXu and Kumagai, 2003)pyrite can be converted to
ferrous sulfide in the presence of Bt lower temperature4Q0°Q than is the case in

pyrolysis 650°Q.
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Baruah and Khar&007)reported maximum sulfur emission in the form gBHbetween
60C°C -85(°C under the pyrolysis condition. When temperature was higher th&e,850
the decrease in sulfewvolution was reportedThe authors interpreted this outcome to be
due to the combination of the coal matrix and sulfur and the transformation to the new
sulfur compound¢Baruah and Khare, 20Q7)

Oxidesulfurization is another important sulfur removal process for pyritic suSince
oxidation takes place in an sspus media, it is called as wet air oxidation and/or
hydrothermal treatment. This process was filgt conducted for the carbonization
process in a temperature range of2000°C. The coal analysis after process revealed
that the significant amount oluur was removed during processFurthermore, the
presence of alkaline facilitates the carbonization at relatively low temperétluesito

et al., 2011, Mishra et al., 1995, Yaman and Kucukbayrak, 19€@djsito et al.(2011)
studiedthe alkaline hydrothermal treatment of high sulfur and high ash lignite and they
reported that alkaline (NaOH) addition increases the ash and sulfur rendighira et

al. (1995)summarized the oxidesulfurization and/or \a&toxidation process results in
the presence and absence of alkaline in their review arfid¢iey reported the favorable
temperatug and pressure ranges as5P20T and 1.510.23 MPa, respectivelyThe
absence of alkaline leads to the sulfuric doitination, which makes the organic sulfur
removal difficult. Yaman and Kucukbayrafd997)reported that the increase in sulfate
and hematite concentrations after oxidesulfurization process indicates the pyrite and
sulfur oxidation. O, partial pressuretemperature and residence time are the main
parameters affecting the process fateor example, the high Qpartial pressure, the
temperature higher thaP00°G and the residence time longer than 30 min. cause to
decrease in heating value of cddaman and Kucukbayrak, 1997)In summary,
pyrolysis, hydrogenatioand oxidesulfurization are the common processes for the sulfur
removalfrom fossil fuels In the subsequent sections, the resultthede three mcesses

are discussed in detalil

5.2 Results and Discussion
5.2.1 Pyrolysis Experiments

5.2.1.1Gaseous poducts during the pyrolysis process

CH,, H,, CO and C@were the main products observed during tempergitogrammed
experiments under Nflow. The results were summarized in Figurd E) for CH,
formation rates and Figure 1%b) for H, formation rate. In general, total carbon
conversion was calculated nearly20%. The maximum CH formation was at
temperatures between 456(°C for all samples. As seen in Figurd), H, formation
started at 35 and reached its maximum value at around®@00

The amounts of CiHand H during pyrolysis argivenin Table 5.2 approximately 187
umol/gcoal CH and 3377 umol/gcoal Hwere synthesizedunder the pyrolysis
condition. The observedcarbon products and carbon conversiafuesin the gas phase
of pyradysis productsare shown in Table 5.3
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Table5.2. Total amount of Cland H obtained during pyrolysis.

5 .
Hydrogen containing| Amount formed /r(]’Of hy(ljlroge_n pre_sr?nrt]_lr
rolysis product (umol/gcoal) the coal leaving with this
by product
CH, 1786.8 19.8
H, 3376.7 18.7

Table5.3. Carbon products and conversion of coal during pyrolysis.

0,
Carbon containing | Amount formed % of clalrbor)presgﬂinht_he
rolysis product (umol/gcoal) coalleaving with this
by product
CH, 1786.8 5.7
CO 1901.5 6.1
CGo, 2909.9 9.2

5.2.1.2XRD for pyrolysis residue

XRD patterns of pure coal and coal pyrolysis residue were combined in Figuire 5.2
order to explairthe varationsin coal crystdine structure The removal of &olinite
peak at 183and 28 can be interpreted as due to the removal of the hydratés in
crystalline structure After the pyrolysis process, rgignificantchange is okened for
crystalline carbon pealat20° and27°. Sekine et al. (2006) suggested tbatbon atoms
located near the Si and Alorganiccompoundsare not reactive. Since thegver the
carbon surfacenass transferesistanceoneforms. The gaseous reactant cannot contact
with carbon atoms covered I5i and Al(Sekine et al., 2006)

The characteristic pyrite peaks ar@ét, 33°, 37°, 41°, 47°, 56°, 59°, 64Ad64°. When

we look at the XRD pattern of the pyrolysis residue, the removal or shifting of the strong
pyrite peaks can be observat 33°, 56°, an@7°. This is the thermal decomposition
effect on the sulfur removal Elemental analysis after pyrolysis process reveals that
sulfur contentof the coal decreaséy 25%. When sulfur removal percegeand pytie

peak removal are compatdtlis decreaseasassociated with pyritdecomposition
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Figure 52. XRD pattern ofunprocessed lignite and pgrolysis residue

5.2.1.3 DRIFTSfor pyrolysis residue

As mentioned in Chapter 4, the characteriahbsorption bands of coal components were
summarized as: 3668100 cni region is OHor NH-stretching modes, whilthe broad
band between 3468000 cmi'is the aromatic @ stretching vibration region and 2950
2850 cnit is the aliphatic €H region. As sein Figure 53, these banddefinedin the
first regiondisappearedfter the pyrolysis process.

Wu (1984)reported thathe strong absorption bands between 1480 and 1080 crm
represent sulfate ionsThe presence of absorption band around 1118 @onfirms the
presence of sulfate ions after pyrolysis process.

Another important observation for pyrolysis residue is the elimination of absorption
bands at 1438ni*, 900cm*, and700 cm'. These bands are related to carbonates within
pyrite (Wu, 1994) During the thermal decomposition process, carbonatedispiaced
from the structure
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