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Abstract

Coal bed methane (CBM) can arise from both thermogenic and biogenic activity on the
coal beds and adsorb on the paaonatrix of the coal. Therefore, investigation of pore
structure and gas capacity of the coal is essential for accurate estimations of coal bed
gas potential. Coal samples of lignite to dafuminous rank were obtained from
different depths of Soma basamd were characterized by low pressure, @dsorption
isotherms at 273 K. Micropore surface areas of the samples were calculated by-using D
R model, changed from 224.90%/mto 287.097 rfig. Micropore volume and capacity

were determined by Wbinin-Radushlevich equation to vary betweeh070 and 0.093

cntlg and between 39.06 ¥ton and 48.44diton, respectively. Pore widths of all
samples were below 1 nm; suggesting that micropore ratios of the samples are very
high. On the other hand, high pressure (ud7oMPa) adsorption isotherms suggest
that methane adsorption capacity of the as receive Sogmtes vary from 12.99

m>/ton to 18.13 riton. Effects of outgas temperature, organic carbon content on gas
adsorption capacity of the samples were determiRedults showed that microporosity

and methane adsorptiarapacityof the samples increasegth increasing micropore

ratio. Carbon isotope analyses of the coal gas desorbed from coal core samples of the
Soma lignite basin in Turkey suggedtacterial orign. In order to have aetter
understanding of secondary biogenic gas potential of the samples, biogasification

experiments have been conducted. Results have shown that methane production by



using just methanogens is very limited. When, free hydrogen gagmen the system,
methane productiohasgraduallyincrease. This proved that hydrogemas the limited

reagent for microbial methane formation. After 20 days of incubatiofftbmmethane

production was measured.
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CHAPTER 1

1. Introduction

Energy demand of the world is increasing constantly. At present, coal still keeps its
value as one of the primary sources of energy to supply this demand. However,
utilization of coal as an energy source has lots of negative impacts on the
environmet. For this reason, scientists have investigated alternative processes to
produce clean energy from coal. In order to achieve that, extraction and production
of natural gas from coal has become a more significant subject for the energy
providers. Coal bednethane (CBM) production is a large and clean energy source
with many advantages. In the USA, ¥ percent of natural gas demd has been
supplied by CBM[1]. CBM may have thermogenic or biogenic origin and the coal
gas is adsorbed in the porous coal surface. In the last two decades, production of the
secondary biogenic methane by utilization of additional microorganisms has been

studied by scietists aiming to obtain more of clean energy from coal.

Most important factors that affegthysical interaction between sarbent and the
adsorbatare dynamic radius of thedsorbatetemperature and solubility parameters
of the materials. In the literately there are many examples where carbon dioxide gas
was used for microporousaterials instead of nitrogg]. Since,dynamic radius

of the CQ is relatively smaller than that of ;NCO,: 3.3 A, Nx: 3.6 A [3, 4]), also
solubility parametepf the CQ is far greater than nitrogefiof CO, U = 6 . %°cmic a |
15 for N, U = 2 . ®cmé®p Owing to these superior properties, interaction between
coal and the C®@is better than Pcoal interaction[5, 6]. The last and the most
important parameter is the temperature, for physical adsorption of the CO
measurement temperature of the isotherm can be 268208 K which means that
we can avoid slow adsorption equilibrium, diffusion limitations at 77 K, also pore
shrinkage of the coal at low temperatures can be overcome by usindo€the
micropore characterization of the coal. Therefore,, €&n reach naow and wavy
micropore structure of thadsorbateslue to the high diffusion rate which is called
activated diffusior 7, 8]. With all these advantages, coal micropore characterization
has been determined by €@ince 1964[9, 10]. In 1984, Smith and Williams

reported a relation between high pressure methane adsorption capacity and low



pressure C@adsorption of coal by comparing the results of these experiment and
observed close results which means that low pressurea@sorptioralso gves idea
of the CBM potentia[11].

In 1982, Cohen & Gabrielle published the first report on the biological conversion of
the coal by microorganisnd.2]. Since that time, biological conversion of the coal

has been a major area of interest for scientists. Biological treatment of the coal can
be divided into two categories; firshe is the removal of the sulfur, nitrogen, metals

and other unwanted components of the coal and the second one is the conversion of
the coal like liquefaction, microbial gasifigah and microbial pretreatment

Usually, biological treatment of the coakes place under mild conditions at low
temperature and pressure unlike the classic therineonical processes. For instance,
during the thermechemical processes, formation of the gas products and liquid
hydrocarbons from the coal have been carried ouhbytliermo catalytic breakdown

of deeply buried organic matter at relatively high temperatures f€)8@n the
other hand, in the anoxic biogasification processes, microorganisms cause
degradation of the organic content (aromatic hydrocarbons) of thet@wgabduce

gas and other hydrocarbons.

In this study, our primary objectiveasto understand CBM capacity of the Soma
coal basin. For this reason, porosity of ttwal samples mudtave beemetermined
Usually, surface area and the porosity of the makean be calculated through the

N, physical sorption experiment, in this method entire relative pressure range (10
to 1) can be analyzed withousing high pressure equipmerits3]. However, for
microporous materials like carbon materials and zeolites physical sorption occurs at
very low relative presge ranges (18 to 10°) and experiments that are conducted
with N, are less reliable due to the low diffusion rate and adsorption equilibrium in
the pores between 0.5 to 1 nm at 77 K. It is also known that specifically for carbon
materials experiments thare conducted at low temperatures such asd¥ption
causes pore shrinkage that leads to the low sorption equilidrdi4ml15]. On the
other hand, gs capacity of the coal can be found by using higgsgure methane
adsorptionisotherms. For this reason, high pressure volumetric gas adsorption
experiments were condied to as received Soma lignitd&here are too many

variables which effects @s adsorption capacity of the coal such as moisture,



temperatve, type of organic content and amoufit6-18]. To understand the
parameters which effect adsorption capacity of the Soma Lignite, gravimetric
adsorption experimentsvere performed.For low rank coa, usually methane
originated from biogenic activity in the coal bed®]. Hence, laboratory incubation
experiments wereconducted by using metahogens to simulate underground
methane formation.



CHAPTER 2

2. Literature Review onCoal Bed Methane

2.1.Coal

Coal is a complexheterogeneoyssedimentaryorganic rock, originated from land
plants which have been consolidhtbetween other rock strata amdtered by the
pressure and heat over millions of yedtonsistsof mainly carbonfrace amount of
hydrogen, oxygen and nitrogen in its structi#€]. Moreover, coal contains significant
amount of inorganic material in its structure such as clay, Bitie to pressure and dite
conditions,chemical and physical changes ocdifith increasing heat and pressure
water and watervaporare stated to release from the system@ewt form then lignite
start to form while CO and CQre releases with wateapor, after that bituminos coal
formation occurs with methane and @ischarge, finally, anthracite formed due to the
H, releasesWith proper heat and pressure conditions final formation is the grafite.
Total of these steps are called coalification. Coal can be classifiedvatméin rank

according to the calorific valu¢g1];

Peat

Lignite Heating value: below 461kcalkg

Bituminous coal Heating value: between 5390 and 7'kgal/kg
Anthracite Heating value: over 7.00€cal/kg

= =/ =4 A -

Graphite

2.1.1 Coal in World

Coal has still been one of the most importamergysourcesof the world even though
it has caused negative impador the environment due to the greenhouse gamsssion

World electricity needsalmost rely on coal, in 2003 4® of the world electricity
generated from coal. For some countries, this figure is much higher stahPadand

over 94% of its electrity relies on coal, for china 77%, for Australia 76¢22).



Coal has been the fastest growing energy source of the world which is higher than gas,
oil, nuclear, hydro andenewablesIn the report ofthe international energy outlook
2011, coal consumption will increase 50% of the world from 2008 to 2&@arding

any environmental regulations Figure 21. According to the report28% of world
energy produced from coal in 2008. 60% of this energy uwsed electricity producers

and 36 percent to industrial consumis).

60 .
2008
2020
2035
40
20
0

- - - ]
Electricity Industrial* Other sectors* Total
*Share of delivered energy, excluding electricity-related losses.

Figure 2. 1: Coalshare of world energy consumption by sector, 2008, 2020 and 2035
[23].

BP dataof 2010 areeflecting a current reserws-production ratio of 118 years which

is based on proved reserves of the wanldable 21. Based on the other most used
energy surces coal has the highest reserves to production ratio which indicates that
coal will be available to meet demand well into the future since recoverable reserves are
less than total coal resources. This mean that further developments such as improving
coal mining technology and additional geologiaabessmentsf the coal resourceare

needed.



Table 2.1: World coal eserveg24]

Coal: Proved Reserves at end 2010

Million tons Total Share of Tota R/P ratio
us 237295 27.60% 241
Canada 6582 0.80% 97
Mexico 1211 0.10% 130
Total North America 245088 28.50% 231
Brazil 4559 0.50% *

Colombia 6746 0.80% 91
Venezuela 479 0.10% 120
Other S. & Cent. America 724 0.10% *

Total S. & Cent. America 12508 1.50% 148
Bulgaria 2366 0.30% 82
Czech Republic 1100 0.10% 22
Germany 40699 4.70% 223
Greece 3020 0.40% 44
Hungary 1660 0.20% 183
Kazakhstan 33600 3.90% 303
Poland 5709 0.70% 43
Romania 291 w 9
Russian Federation 157010 18.20% 495
Spain 530 0.10% 73
Turkey 2343 0.30% 27
Ukraine 33873 3.90% 462
United Kingdom 228 w 13
Other Europe & Eurasia 22175 2.60% 317
Total Europe & Eurasia 304604 35.40% 257
South Africa 30156 3.50% 119
Zimbabwe 502 0.10% 301
OtherAfrica 1034 0.10% *

Middle East 1203 0.10% *

Total Middle East & Africa 32895 3.80% 127
Australia 76400 8.90% 180
China 114500 13.30% 35
India 60600 7.00% 106
Indonesia 5529 0.60% 18
Japan 350 w 382
New Zealand 571 0.10% 107
North Korea 600 0.10% 16
Pakistan 2070 0.20% *

South Korea 126 w 60
Thailand 1239 0.10% 69
Vietnam 150 w 3
Other Asia Pacific 3707 0.40% 114
Total Asia Pacific 265843 30.90% 57
Total World 860938 10000% 118



of which: OECD 378529 44.00% 184

NonOECD 482409 56.00% 92
European Union # 56148 6.50% 105
Former Soviet Union 228034 26.50% 452

Source of reserves data: Survey of Energy Resources, World Energy Council 2010.

* More than 500 years.

Less than 0.05%.
Notes: Proved reserves of coat Generally taken to be those quantities that geological

engineering information indicates with reasonable certainty can be recovered in the futu
known deposits under existing economic and operating conditions.
Reservesto-production (R/P) ratio - If the reserves remaining at the end of the year
divided by the production in that year, the result is the length of time that those ren
reserves would last if production were to continue at that rate.

Coalresources arevidely distributedall over the world. China, USA, Inditndonesia
Australia and South Africa are the most notable coal prodatde 2.2 Most of the

top producers are also top consumer. Only around 18% percent of haid icotie

international coal market.



Table 2.2: World coal poduction[24]

Production*
Change 2010
2010 over share
Million tons oil equivalent 2007 2008 2009 2010 2009  of total
us 587.7 596.7 5409 5522 2.1% 14.8%
Canada 36.0 356 325 34.9 7.2% 0.9%
Mexico 6.0 55 5.1 45 -114%  0.1%
Total North America 6297 637.8 5785 5916 2.3% 15.9%
Brazil 2.3 25 19 2.1 8.2% 0.1%
Colombia 45.4 47.8 473 48.3 2.1% 1.3%
Venezuela 5.6 45 2.7 2.9 8.1% 0.1%
Other S. & Cent. America 0.3 0.4 0.5 0.5 -7.0% ©
Total S. & Cent. America 53.6 55.2 524 538 2.6% 1.4%
Bulgaria 4.7 4.8 4.6 4.8 5.8% 0.1%
Czech Republic 233 211 195 194 -0.7% 0.5%
France 0.2 0.1 A A i o
Germayy 515 47.7 44.4 437 -1.5% 1.2%
Greece 8.6 8.3 8.4 8.8 5.0% 0.2%
Hungary 2.0 19 19 19 1.0% 0.1%
Kazakhstan 50.0 56.8 515 56.2 9.2% 1.5%
Poland 62.3 60.5 56.4 555 -1.6% 1.5%
Romania 6.7 6.7 6.4 58 -9.2% 0.2%
Russian Federation 1480 1534 1421 1488 4.7% 4.0%
Spain 6.0 3.7 35 33 -6.3% 0.1%
Turkey 15.8 17.2 174 174 @ 0.5%
Ukraine 399 41.3 384 38.1 -0.8% 1.0%
United Kingdom 10.3 110 10.9 110 1.6% 0.3%
Other Europe & Eurasia 16.7 17.3 16.9 16.1 -4.3% 0.4%
Total Europe & Eurasia 4461 4520 4221 4309 2.1% 11.5%
Total Middle East 1.0 1.0 1.0 1.0 i Q
South Afica 1396 1424 1412 1430 1.3% 3.8%
Zimbabwe 13 1.0 11 1.1 T o
Other Africa 0.9 0.9 0.8 0.8 T o
Total Africa 1418 1442 1431 1449 1.3% 3.9%
Australia 2172 2207 2288 2354 2.9% 6.3%
China 15011 15571 16521 | 18004 9.0% 48.3%
India 1810 195.6 2108 2161 2.5% 5.8%
Indonesia 1334 147.8 157.6 1881 19.4% 5.0%
Japan 0.8 0.7 0.7 0.5 -28.4% o
New Zealand 3.0 3.0 2.8 33 16.8% 0.1%
Pakistan 1.6 1.8 1.6 15 -5.2% o
South Korea 13 1.2 11 0.9 -17.3% ©
Thailand 51 5.0 5.0 5.0 0.5% 0.1%
Vietnam 224 230 25.2 24.7 -2.0% 0.7%
Other Asia Pacific 233 24.3 29.2 334 14.5% 0.9%
Total Asia Pacific 20902 21801 23148 | 25094 8.4% 67.2%
Total World 33624 34703 35118 | 37314 6.3% 1000%
of which: OECD 10366 10393 9782 996.0 1.8% 26.7%
Non-OECD 23258 24311 25337 | 27355 8.0% 73.3%
European Union 1774 167.7 1577 1560 -1.1% 4.2%
Former Soviet Unior 2390 2529 2332 2444 4.8% 6.5%




2.1.2 Coal in Turkey

In the last report of the BP statistical Energy Survey 2011, Turkey hasxapptely
2243 milliontons of coal reserve®.3% of the worldAmong these resees, lignite has
the highesawvailability, around 1814 milliortons. For 2010, coal production in Turkey
is given 17.4 milliortons oil equivalent, 0.5% of the world.

Turkeycan be considered as medium level in lignite and low levdbitaminouscoal

production of the world. Lignite reserve ofTurkey is around 124 billion tons and

workable resenearound 3 billion tons. Most of the lignite reserves were used in
thermalpower plants due to their low calorific values. In 2008, 82% of the coal was

used inthermalpowerp | ant s, 12% was used i-Ebistareat i ng
basin has the highest ligniteserves around 46% of the tof2b]. On the other hand,
highestbituminouscoal reservesre gathered irZonguldak Basin which are around

1322 billion tones and workable reserve 519 millions [26]. In 2004, 60 percent of

lignite production belongs to thEKI (Turkish Coal Enterprisesg ;] Ak has 32 per
and ony 8% percent is produced Ipyivatesector{27]. I n 2008, TKK has ¢
the | ignite production and the othilar part
2008, coakhare i28% of the total energy consumption in Turk2)].

Research on coal mining in Turkey Haeen expandingince2005. The time between

2005 and 2008, 4.1 hitin tons new lignite reserves were found in Turk2y).

2.2. Coal Bed Methane

Large amounts of methane, light hydrocarbons, carbon dioxide and nitrogen formed
during the coalification process of coal. Methane richwligh is knownas coal bed
methane (CBM) or coal seam gas haen stored in porous structure of the cdals
trapped methane ga®leased during the coal mining proassCBM has been a well
known mine hazardsubject sincehe first reported coal mine eggions in USA and
France in 1810 and184%espectivelyj29].

However, last three decades CBids attracted attention as a potential energy source.
Because coahas a high micropore surface area which is allowed to store six or seven
times more methane into these porous structure than conventional natural gas reservoir

of the same volumeBeside Igh methane storage potential of coal, there are many



advantages of the codled methane such as most of the coal wells which stored
methane lies at the shallow depths which is easy to drill and inexpensive to complete.
Also most of the methane gas lies the coal beds therefore therens need to be
exploration cost because most of thetionalcoal resources of the countries are well
known [30]. Most of themethane produced on the coal mines has been vented on air.
Methane has 21 times more potent a greenhouse gas thap ishegefore, using these
methane gas as an energy soundk reduce the greenhouse effect according to the
ventilation of methane during the coal mining operasigB81]. The other fact is the
using CBM as an energy sourge more cleaner way than conventional carbon based
energy sources because combustion of the natural gas cause 50% Jesgi<3@n

than combustion of coand it does not produce $0x particulate$32].

Adsorption n the coal wells is a complicated proceSsicecoal is a porous material

and it has unique adsorption procedures unlike conventional gas resekdsmsption

of coalbed methane occurs in foways Firstly, gas molecules adsorbed within the
micropores Secondly, gas is trapped in mesod macropores. Then excess gas is
adsorbedn cleat and fractures of coal. In final step, gas is dissoivegtound water
within coalfractures. Gas amount decreases fatep 1 to 4Because of the four mode

of adsorbd gas in the coal, estimation of the total gas amount in lbeds and
forecasting production history have been less predictable than conventional gas
resources. It is a problematic issue for explorationeamdoitationof cod bed methane

[33].

Coalbed met hane extraction studs$i@e®&SAhlmve be
2007, CBM covers over 10% of the US domestic natural gas supply. In Australia, there
were notany CBM production until 1995, however nddustraliais the second CBM

producer in the world around 4 billion*rim 2008. Also, CBM production is a rapidly

growing irdustry in China due to the high CBM potential of the naf@4). Coal bed

methane production is aew developing subject focountries which has high coal
reservoirwhich is shown in gure 2.2 Researchefave been focused on nesafe

mining operation and utilization of methane asiaconventional energy sourf29].
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ACBM reserves and activity. Major CBM reserves (dark blue) are found in Russia, the USA (Alaska alone has an estimated 1,037 Tcf), China, Australia,
Canada, the UK, India, Ukraine and Kazakhstan. Of the 69 countries with the majority of coal reserves, 61% have recorded some form of CBM activity—
investigation, testing or production. (US DOE, reference 3, and BP Statistical Review, reference 5.)

Figure 2. 2: CBM reserves in presefi4].

Coalbed methanextraction haseen conducted in USA for three decades. Extraction

of coal bed methane is also different from extraction of gas and oil. 8ihaad gas
production is locatedabove water contact. However for CBM, water is completely
permeates coal beds and its pressure causes gas molecules to be adsorbed into coal
structure. For CBM production water must be drawn of coal reservoir first, bty

pressure in the codled started to reduce and methane wéborbsfrom the coal

structureandthen flow to the well bore ini§ure 2.3.
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Figure 2. 3. Production scheme of gas and water for a typical-bedl methane wel
[30].
On the other hand, CBM production is asavironmentallyproblematic issudecause
of disposal of the large voinesof water which ag@ produced from CBM wells. Due to
the chemical contain and characteristic of the produced water, it can be reinjected into
the subsurface or if it is not contain environmentally dangerous materials, it may be
dispersed on the surface, pump into evaporgbiomds or released directly into local

streams.

2.2.1. Thermogenic Coal Bed Methane

Coal bed methane can be originated from thermogenic or biogenic pro¢&Skes
During coalification proess,maturity ofcoal which exposedothigh temperature and
pressure at deeper groundasincreased. With increasing maturity, carbon amount of
coal hare increasd and large amount of volatile matter whicbntain high amount of
hydrogen and oxygen rekeed. Methane, carbon dioxide and wdtemed during this

coalification procesgl9].

12



U*C isotope analysis can be used for determinatioorigfn of the coal bed methane.

With increasing coal maturitydeuteriumrich mehane for med ( more p
which | eads to mor e Cpwalses,it ineamrs thhtemethaye is sot o
originatedmorefrom thermal activity than biogenic activif$9].

Methane originated from thermal activity have occur at medium volatienious and
higher rank coalswvhich is R, is greater than 0.6ln USA, Black Warrior Basin
(Wyoming) Appalachian Basin (West Virginillinois, Pennsylvania) are the example
of the thermogenic gas resems [36] and in Turkeydue to the limited high rank coal

resources, methane with thermogenic origin can only be found in Zonguldak Basin

[37].

2.2.2. Biogenic Coal Bed Methane

Biogenic gas formed in coal basins is a result of the decomposition of the complex
matrix of thecoalinto the smaller fragments afallowed byconversion to the methane
by microorganisnil]. Usually, strict anaerobic conditions,ghi organic content, also
low sulfate amount, high pH, low temperatless than 10U, andproper pore size are

required for the generation of the significant amount of @l

Two types of biogenic methameeformed; first one is thenethyl type fermentatiarin

this mechanismmethyl groups converted to methane and carboxyl groups converted to
the carbon dioxide. The other type is the carbaxide reduction by methanogens;
carbon dioxide can be formed by both early bacterialprocessesand thermal
decomposition of the organic matter of the dd&|. Primary biogenic methane occurs
after peat deposition. Howevegecondary biogenic methane occur all stage of
coalification, in this stage surface waters move through tivagadble coal besj by this

way microorganisms also move withe watersand start mdtanogenesis in the coal
bed[38], then generated methane adsorb on the internal surface on tha Eaplre

2.4.
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GROUND - WATER FLOW SYSTEMS
IMPACTED BY COAL-BED METHANE WELLS

l

Discharge from CBM welis to
holding ponds or stream channels

GROUND VMTER FLOW DIRECTION — CUNKER OR SCORIA

GROUND VWIER PRESSURE

Figure 2. 4: Generation of biogenic ethane

Biogenic methane formatiorfavorable in the low rank coals such as lignisyb
bituminouscoal. Also significant amount of biogenic methane presence can iotinel

bituminouscod [39].

2.3. Petrogaphy and Chemical Analysis of Coal

Coal is not a homogeneous substance; it contains various minerals in its structure.
Determination of these physical components, systenatdt descriptic studies are
needed[40]. In order to classify coal and determine its constituents, petrography

analysedave ben conducted

2.31. Classification and Description of Macerals

Macerals are microscop@onstituent®f the coal analogous to the minerals of inorganic
rocks Macerals can be classified three groups: vitrinite also called huminite in low rank

coals, liptnite or exinite and inertinite.
2.3.1.1. Vitrinite

Vitrinite can be considered as the stard coalification product of woody and cortical
tissuesTypes of vitrinitemacerals are shown in table2Vitrinite is the mostabundant

macerals in the coahd more homogeneous than other macerals.

14



Vitrinite reflectance is used to determination of the coal thermal maturity. It is
proportionalto the percentage of the directly incident light which eoted from
vitrinite surface[41]. Results can change according to the type of polarization. If plain
polarized light is using, reflectance value change duringrdtation of the sample
between maximum and minimum valup&l]. In standard technique, reflectance of the
100 particles are measured ax¢hmeticmean maximum (R iS given as a result. If
non-polarized light is usetb measure vitriniteaflectance, the reflection from all of the
direction on the vitrinite surface integrated to give a random reflectand@uRusually
Rmax IS usedo determine rank of the coall].

According to the coal maturitfrom lignite to anthracite,he color of the transmitted
light on vitrinite surface chage from yellav-orange, red, red brown, dark brown to
opaque On the other hanaolor of the incident light varies from dark grey, light gray
and whitedepending on the coal matur[2].
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Table 2.3: Nomenclature of vitrinite and huminite macergds].

Maceral Maceral Maceral Source
group subgroup
Vitrinite Telinite Woody tissues, leaves, bal
branches, roots, etc.
Collinite Humic gels
vitrodetrinite Degraded fragments of oth
vitrinite macerals
Huminite
humotelinite | Textinite Woody tissues
ulminite
humodetrinite| Attrinite Finely comminutechumic detritus
densinite
humocollinite | Gelinite Colloidal humic gels

corpohuminite

Condensation products of tannis

2.3.1.2. Liptinite

Macerals which have higher hydrogen content thitninite are called liptinite groups

[41]. Their origin is also related to the plants otheamt woody tissue such aporeand

pollen coats, cuticles and resins efgpe of liptinite macerals and ¢ir sources are

shown in table 2. Their reflectance values are too low compared to the othesras

with the same ranf42].
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Table 2.4: Nomenclature ofiptinite maceral[43].

Maceral group Maceral Source
liptinite sporinite Spores and pollens
cutinite cuticles
resinite Resins and waxes
alginite algae
Suberinite Bark tissues
liptodetrinite Degradation products of liptinite maceral

2.3.1.3. Inertite

The last type of macals which have less hydrogen content than vitrinites called
inertitesshown in table 5. In carbonization, they behave inert or sendrt. Inertites
are formed fromntensivedegradtion of the matrix whichinduced bymicroorganisms
[41].

Table 2.5: Nomenclatureof liptinite maceral groug43].

Maceral group Maceral Source
liptinite Fusinite Woody tissue
semifusinite Woody tissue
macrinite Uncertainoxidation of gelified plants
Micrinite Secondary Maceral
Sclerotinite Funge remains
inertodetrinite Degraded fragments of inertinite

17



2.32. Ultimate and Proximate Analysis of Coal

The proximate analysis gives the relative amounts of moisture, volatile matter or fixed
carbon. Also, calorific value and tar yield sometimes are given as & oégubximate
analysis.

Ultimate analysis is used for the determination of chemical elements in coal like C,
O,N and g41].

2.4.Gas Adsorption

There are lots of different methods to characterize porous materials such as neutron
scattering, small angle-Kay, SEM, TEM mercury porosimetrgtc. They are all used

in the different applications. Gas adsorption is the nfasbrable porous method
characterization method among them gas adsorption method wide range of pore
sizes can be deter mined e §4.iThere afeflotscoin 0. 3
options and parameters can adjust according to the experiment such as gas type,

temperature, pressure range, adsorption model.

Adsorption can belescribedas attachment of the particlea the surface. Particlesan

move through the surface by two ways. lastic scattering, atoms hit to the surface and
bounced back without any energy lossinelastic scattering, atontst the surface and
losses or gains energy In gas adsorption, gas solid interface occurs. Solid is called
adsorbenbor substrateAnd gasmolecule whichadsorbson the solid surface is called
adsorbate. Amount of adsorbed gas molecule depend on absolute temperature, the
pressure and interaction potential between gas and the subiaedo the interaction
strength of the molecules, adsaoptcan be divided into two categoriehemisorptions

and physisorptiofl4]. Differences are shown ifable 2.6.

2.41. Chemisortion

If the interaction energy between adsorbate and adsorbent exceed an absolute potential,
irreversible adsorption or chemisorptioccurs(Figure 2.5. In chemisorption, actual
chemical bonddormed between the gaw®lid interfaces which leado high heat of
adsorption. All chemical bond®rm when certain activation energy exceed, on the

surface there can be different sites which tdferent activation energies. With the help

18



of the chemisorption, active sites on

catalyst surface can be measured by the

determination of the amount of tbkemisorbed gad4].

Energy

\ 4

Chemisorption

Physisorption

¢ Atom from the gas phase
Tg

Y * Distance

from the surface

Figure 2.5: Energy of @sorption[44].

Table 2.6: Differences between chemisorptions amggsorption45].

Physical Adsorption

Chemical Adsorption

Low heat of adsor
latent heat of evaporation)

High heat of adso
latent heat of evaporatip

Non specific regarding adsorbate speci

Highly specific regarding adsorbate spec

Monolayer or Multilayer. No dissociation]
of adsorbed species. Only significant a
relatively low temperatures

Monolayer only. May involve dissociatior
Possible ovea wide range of temperatur,

Rapid, noractivated, reversible. No
electron transfer although polarization ¢
sorbate may occur.

Activate, may be slow or irreversible.
Electron transfer leading to bond formati
between sorbate and surface.

19



2.42. Physisaption

When adsorption on the gas molecules on surface happened via weak van der Waals
forces, reversibladsorption alse@alled physisorption occussnce there is no chemical

bond formed between adsorbate moales and the solid surface. # an exothenic
process anénergy of adsorption is not much larger than energy of condensation of the
adsorbate (between 8-371.84 kJ/mol). Usually at low pressure monolayer adsorption,

at higher pressure multilayer adsorptioffergorabledepend on the typef theadsobent

and the adsorba{d6).

2.42.1. Porosity

Most of the materials contain free volume in its structure. They can distributed in the
material and differ from each other by size and shape. Total dfébiyolume is called
porosity[42]. Pores in the material allow to tflaids to flow in or out of the material.
Porositystronglyaffects mechanical and chemical properties of the material. Two types
of porosity can be observed; first one is the closed pores. They arermacted to the
external surface and they are not open for adsorbent molethdgsonly affect density

and mechanical strength of the materithe secondypes of pores arealled open
pores which are connected to the external surface of the mafldiede pores are

accessible to the gas ouifll [42].

2.42.2. Pore SizeDistribution

In 1982 IUPAC are subdivided pores in the material into three classes according to the
their sizesmicropores are the pores intermatthl e s s 2nrhamchmesopores with
the internal width between 2 and 50 nm, and pores internal width higlmertha 50 nm i

called macroporefgt7].

Adsorptionbehavior in macropores different from mesopore and micropore due to
their size they behave like flat surface. However sorption behaviamidgroporesis
dominated by the interaction between adsorbent molecules and the pore walls; in fact
adsorption potentials of the opposite pore walls are overlappingadsorption on
mesopore,in addition to the adsorbent pore wall interaction, interactiogtween
adsorbent molecules get important additionally which may lead to -capillary
condensationlt meansthat gas molecules condenses to a liquid phase in pore at

pressure less than saturation pressure of bulk [

20



2.43. High Pressure Adsorption

Conventional gas adsorption experimentge usually conduad at atmospheric
pressuresOn the other hand, ost of the coabed methane measurements are conduct

at high pressureTheories and simulation on gas adsorptibased on absolute
thermodynamic variabe However experimental results generally give excess
thermodynamic variables. At low pressure, differences between absolute and excess
values are negligible but at high pressure differences became very impégant

For CBM potential investigation or ECBM procedures, gas adsorption potential which

is found by excess sorption valueyides insufficient information, drauseexcess
sorption considershe void volume that can be occupied by the gas asnstant
disregarding the volume of the gas in its sorbed phase. For this reason, using absolute
isotherms values igreferabletherefore it considerthe total amount of gas that can be
sorbed per unit mass of sampieluded gas amount in its sorbed pbpt9].

2.43.1. Excess/Absolute Isotherm

1 Excess (Gibbs) Adsotipn

Excess adsorption values che found from experimental dat@ihis does not refer to
the real adsorption values. Sindge heglectsadsorbed gas phase amount. In volumetric
gas adsorption systems, known amount of pure gas injected sgstieennin; and some

of the injected gas adsorb in the pores and some of the gas retqiniarium without
being adsorb in free gas phase cai€®s . Then adsorb gammount calculated from

equation2.1,

e~ et s 2.1

Injected amount of gas calculated from gas conditisimswn in equation 2.2 ;

R

\ _  0Yw
E.QTQ_ qu‘Y 2.2

Qs thecompressibilityfactor of the gas at injected temperature and pressure. Different
equation of states can be used for determination of Z. It is a very important fgarame
for gas adsorption experiment especially at high pressures where gas molecules diverge

from ideal gas behavior.
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Unabsorbedfree) gas amount can ieund by using equation 2.3.

Gibbs — PVvoid 23

n =
ads ZRT el

W Must be found before experiment by using helium according to the formula 2.4.

PYV
_  ZRT injection
VVOid - P, P1 2.4
ZoT Z1T

cell

State 1 refers cell condition before gasadhjen and state 2 is the equilibrium conditions

after gas injected in the cells.
1 AbsoluteAdsorption

In absolute adsorption, volume of gas adsorbed phase included. Absolute adsorption

data can be calculated from excess adsorption results. In absolutptiadsave can
talk about two gas phase; free g% and adsorbed gas phaggss . As a result of

this, total volume of the system contaig@as volume Vs solid volume \qiq, and

adsorbed phase volumegy/
Viop = Vgas + Vsolid + Vads 2.5
According to equation 2.5, void volume can be found equation 2.6;
Vooid = Vgas * Vads = Viotal  Vsolid 2.6
Quantityof the gases can be written;

Nads = Niotal Nunads 2.7

The only differences between excess and absolute adsorption is the calculation of the

€ocag Vvalue.

In excess adsorptiobg: g can be written;

‘noﬂ‘“‘v‘r _ \ y 5
& T fxan  WeoUas 2.8

In absolute adsorptiQ@ 4 g can be written;

abs —
Nads = Notal  VgasFyas 2.9
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By using equatons 2.8 and 2.9, we can find relation between excess and absolute
adsorption;

Gibbs _— ,,abs
Nads = Nads Vadspgas 2.10

Adsorbed gas volume can be written;

abs

ad 2.11

Qads

n

Vads =
If we can write equation 2.11 inside the equation 2.10, excess adsorption amount can be
expressed by twtype of gas density;

n‘%gbs = Vads(Gads ~ gas) 2.12

Lastly, by using equation 2.11 and 2.12,

nabs — nGibbs Jads 213

ads ads CJads UJgas

By using equation 2.13, we can calculate absolute adsorption amount by using excess

adsorption amount.

I Atlow pressuref,gs | Qgaz; €XCESS and absolute values very closed to the each

othern23s = ngibbs

1 At higher pressur@g; Start toincrease and after certain pressure value, it can

be very closed tor;g value. And differences between excessl absolute

adsorption becam&gnificant
2.5. Coal as a Solid Colloidal

At any rank, coapossessesertain porosity because of its solid colloidal structure.

2.5.1. Porosity of Coal

As explained before, porosity is the free volume of the materialpgedtiby the pores.
Porosity of the material can be determined by density measurements. Helium and
mercury displacement methods are generally used for density measuremeots

Other gases and vapors also can be used for the density measurementrbut thei
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penetration in the coal structure can be completely or partially, depends on the

molecular dimension and the molecular interaction with the coal.

At low pressures, helium is capable of penetrate complete pore structure of the sample
but me r ¢ ukEven if thighepressurds were applied, mercury could not penetrate
the whole pore structure of the co@his means that coal contains two pore systems:
macroporeand micropore system which mercwannotpenetratg41].

2.5.1.1. Internal Surface of coal

In the first attemptsto measure surface area thie coal heat of wetting values of
methanol are measured. In 1944, Grifféhd Hirst measured internal surface area of
wide range of coal by determining heats of wetting in methanol which changes from 10
to 200 Mg [41].

Then, low pressurgas adsorption method was been used to determine thesarea

of the coalfrom BET method Nitrogen or argon at very low temperature were used as

an adsorbent andeasured values are vary froni@o 10 ni/g. Results were very low
compared to the heat of Thagasaenrofthesesultscanx per i |
be explained by the very low diffusion rate of nitrogen in coal aeth@m®peratures and

also pore stinkage of the coal which prevents nitrogen molecules to penetrate
micropore structure of the codurface area of the coal measured by gisoigtion
experiments always gives different result at different temperature and different gases
(Figure 2.7)
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Table 2.7: Surface Areas of the coal measured by different adsorbates at different
temperaturefsQ].

Surface area (n/g)
C (%)
N2 (-196°C) | Kr (-78C) | CO, (-78C) | Xe (78C) | CO, (25C)
95.2 34 176 246 226 224
90.0 Nil 96 146 141 146
86.2 Nil 34 107 109 125
83.6 Nil 20 80 62 104
79.2 11 17 92 84 132
72.7 22 84 198 149 139

This causs controversial results of determination of coal surface. area problem was
resolved by the low temperature He adsorptioexperiments At low tempesatures,
heliumis not affected by the thermal contraction of coal. It means that pore shrinkage is
not the only effect on the low surface area valokesoal. Dimensia of the adsorbent
molecule is very important to penetration of the gases in to the microporous structure of
coal. Nitrogen and methaneotbig to penetrate these microporesvever helium is not

affected due to its small size.

After that @rbon dioxidewas used as an adsorbent to eliminate pore shrinkage at low
temperatures and its small molecuttimensionsin 1965, Marshusedcarbon dioxide
isotherms to determined coal surface area of coalditygy DubininPolanyi methods
[10].

2.6. Coal Bed Methane Capacity

Coal bed methandave been considered to Aepotentialenergy source, on the other

hand it is also a potential danger for underground coal mining. Either wayjtgudnt
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the methane in the basins must be determidéien amount of underground gas was
determined, it is very important to determine the content of the gas compdpgpise

to the free gas in the conventional rock geservoirs gas in the coabeds eist in a
condensdphase due to the physical adsorption ihi poreg51].

2.61. Direct Coal Bed Methane

In direct methane measurements, total gas content in the coal bed is dni@ed3
groups; lost gas, desorbgds and residual gas.

1 Lost gas: During sample collection and retrieval to the desorption canister,
some gas from the coal escape which is called lostAjasunt of lost gass
only related to the sampling timk.sampling time is too much, lost gas amount
is also large or vicgerse. There is no other control over lost gas forrgason
it is the least reliable part of the total g&dso it cannot directly measureitl
must be estimated frortine measured desorbed gadume data (Figure 2.6)
[52].
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Figure 2. 6: USBM direct method lost gas estimation grgb§.

1 Desobedgas:When sample collect and sealed in canigigmificant amount of
gas desqr from the coal due to pressure differences which is called loledor
gas.Determination of the desorp gas amount based on periodically megasurin
pressure differentials idesorption canister as gas is released over time, and
calculating the desorbed gas volume utilizing the ideal gas law.

1 Residual gaswhen desorfion rate ofthe gas in the canistereach very low
values, desorp gas measurement is terminated. However,igh&i trapped
methane gaat 1 atminside the pores which is callegsidual ga$53]. Crushing
of the sample in an air tight container and measuring the released gas volume as

the same as degpgas measurement methicd.

There are some method to determined total
Direct Method[55] , U.S. Bureau of Mines Direct Methaghd The NIOSH modified

direct method which provides a significant level of increased acc{isaLy
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Figure 2. 7. Examples of desorp gas measurements techn|§@gs

2.62. Indirect Coal Bed Methane

Total gas content of the coal bed can be also found by indirect gas measurements. In
this metlod high pressure gas adsorption isotherms are used. Methane is amount
determined by the pressure change and the temperature. Isotherms provide information
of maximum amount of methane sorption or maximum storage capacity of the coal
beds. However, total @thane amount calculated from the isothetata are not the
actual dataince all coal beds are not fully saturated with methane especially beds in the
shallow depths. Therefore indirect gas measurements are not the crucial factor for mine
safety but it ca be very useful for preliminary assessment tool for mine planning

purposes or targeting potential areas for commercial coal bed methane exp[&3tion

2.6.3 Factors Effecting CoalBed Adsorption Capacity

There are several factors affecting the coal bed adsorption capacity of coals
significantly. They must be carefully determined to correct estimation of the edal b

methane potential of the reservoir.
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2.6.31. Temperature

Coal bed temperature is the one of the most important parameter to change adsorb gas
amount in the coal beds. At higher temperatures, gas in the free state in the coal mines is
higher than adwbed state. Adsorption in the gas phase is an exothermic process which
means that at lower temperature, equilibrium favors to the adsorption in the coal on the
other hand desorption is the dominant process at higher tempef&6jrest elevated
temperatures gas potential of the coal bed start to decrease due to decrease of the
adsorbed gas amoujt2].

2.6.32. Moisture

Gas sorption of the coal is decreasing with the increasing moisture content of the coal. It
can be explained that wateolecules adsorb the porous structure of the coal as a result

of this; accessible micropore volume on the coal is reduced. Usually dry coal adsorbs
more gas than moist coal. Studies show that linear decreasing on the methane capacity
of coal with increaghg moisture conterjtL6]. However above certain moisture content,
adsorption amounof the coal does not change which means that water adsorbed all
possible sites which they can, the other sites available for the gas molecules.
Researchers show that 1% moisture content can reduce 25% adsorption capacity of the

coal and in another study 5htoisture causé5% decrease in the adsorbed gas amount

[57.

2.6.33. Ash Content

Adsorption capacity of the coal is increasing with decreasing ash content. Mineral
matter in the coal adsorbed negligible amount of gas in its structure and also block the
micropores in coal. Sties show that isotherms are drew against ash free based gives

significantly higher adsorb gas amount then original isoth¢tifjs

2.6.4 Enhanced Coal Bed Methane

Coal bed methane is a new and can be a considerably large energy source which takes
large amounbf interest on it. In classic ways, recovery of the coal bed methane has
been done by reducing the hydrostatic pressure of the coal beds through dewatering.
Main disadvantage of the process is the low yield aroun®020 of gas can be

recovered and highnaount of waste water produced during the pro¢46k The other
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proposed method is the G@hjection wellbores into the coal bed to recovesthane

due to the prefential adsoption of the CQ to methane which is called enhanced coal
bed methane (EBM) recovery. Another idea t® inject flue gas (C@and N) into the
seam, in this case;MNacts as a stripping agent which is called flue-gaisanced coal

bed methane recove[$9]. ECBM is a novel technology which increase methane yield
and due to the COstorage it reduce GCemission in to the atosphere. There have
been some field examples of the ECBM in the world to improve its potential and usage
[58].

To understand ECBM technology, &N, and methane adsorption in to the coal must

be determined at different pressures and temperatures. Also chemical analysis of the
coal must be studied. Lots of studies have been conducted on E€BNRbIlogiesall

of them show that C£adsorptions always more than methane adsorption atstme
pressure and temperature by a factor between 2 af@9.0Therefore, coabeds are
significant CQ sealing faces and allow to store more carbon dioxide that produced by
the combustion of the recovered methane.

There are too many benefitd ECBM except fromhigh efficiency methane recovery

and reducing carbon dioxidamission Anotherimportantbenefit of thistechnology is

that coal beds which cannot be profitably mined used due to the making available
substantial amounts of fossil fuel that could otherwise not be dsedenergy
production. And this technology gather®st of the energy sources togethkrsedto

the coal basinand reduce energy transpadita [16].

2.7.Secondary Biogenic Méane

During coalification, thermogenic and biogenic processes result in methane production.
Losses in pgmary biogenic methanenakes it impossible to be used, however,
secondary methane is produced by microbes that are transported to mature coal seams
by meteoric recharg¢60, 61]. Optimum conditions for methane biogenesis can be
summarized as: low rank, high permeability and high water cofféht Essential
comprehension of biogenesis reactions are compulsory itbealaimethane is actiyen

order to maximize the yield.
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2.7.1.Methanogenesis of the Coal Besl

Methane gas is produced lapaerobicmicroorganisms thaare called methanegs.
Unfortunately, the number of simple carbon compounds that can be converted to
methane by these microorganisms is limitegtG, and acetate are the most important
ones, as well as methanol. Methylotrophs are the methanogens that use methanol,
methybmines, and dimethyl sulfide as their carbon so(8@. There are also some
methanogens that utilixe formate, ethamoid isopropanol Conversion of coal to
methane becomes easier as the carbon chains become smaller. Therefore, fermantative
and acetenogic bacteria addition to methanogens are necessary to increase the
conversion. Complex substrates are hydrolyzed andefetled by bacteria, that results

in acetate, longer chain fatty acids, Oy, NH, + and HST,and€® mat i or
are converted to acetate bly-utilizing acetogenic bacteria. Those microorganisms can
also convert demethoxylate lemolecularweight ligneous materials and ferment some
hydroxylated aromatic compounds to ace{@®g. Aside from H utilizing acetogens,

there is also Hproducingacetogens which produce;Hcarbon dioxide, and acetate.
Those can then be convertednethane by methanogenshis collection ofdifferent
microbial species is referredo as a consortium; for methanogenic consortia,

interdependenciesuch as interspecies kHansfer are commoji62].

2.7.2.Coal Bioavailability

By inserting bacterial consortia and nutrients into the coal beds, new methane
production potential is increased in addition to enhanced reservoir permeability via the
microbial consumptiomf coal, waxes, and paraffing35]. According to biodegradation
studies, endemic bacteriperforms as well as, if not better, than any foreign
microorganisms site. Therefore, special attensbould be payed during the selection

of bacteria in the consortia. Limiting nutrients shall be included in the consortia as well,
in order to promote endemic organisms. Since it is easier to break low molecular weight
carbon chainsyhich is the commontaracter of low nak coal, low rank coal is open to

microbial degradatiofi35].
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CHAPTER 3

3. Experimental

In this chapter, coal characterization steps, characterization devices, gadi@usorp

equipments, and detailed bioprocess experiments were explained. Chapter focused on

volumetric and gravimetric high pressure gas adsorption mechanism and experiments.

3.1. Coal Preparation and Reservation

Characterization of the coal samples whigblre excavated in different depths from

Soma Basin in Turkey was performed.

Coal samples which come from Soma basin were broken and grinded into small

particles, and then passed through the sieve to reduce particle $&k toe m.

samples wererpserved at nitrogen atmosphere.

Resul ti

Six Soma Samples were used foe analyses. And two Zongulda&at samples which

have highmaturitywere used teomparedifferent types of Turkish coals.

Sample Origin
JK-1122 Soma
JK-1126 Soma
JK-1135 Soma
JK-1137 Soma
JK-1389 Soma
JK-1408 Soma
JK-1414 Zonguldak
JK-1415 Zonguldak

Table 3.1: Origin of the samples

32



3.2. Coal Characterization Experiments

3.2.1. Ultimate and Poximate Analysis

In order to understand the basic charasteriof our samples ultimate and proximate
analysis were performed in T} BKTAK Mar mar a

3.2.2. RockEval Pyrolysis

RockEval pyrolysis was conducted for determination of level of maturity and type of the
organic mattecontainedin the samplesRock Eval pyrolysis was done using thelsi
Nermag Rock Eval IplusTOC module al } BKTAK Mar mara Research

Earth and Marine Sciences Institute

3.2.3.ReflectanceAnalysis

Petrographicanalysis was performed ifh BKTAK Mar mara Research
Earth and Marine Sciences Institiye using Leitz MPV microscope that was equipped

with photomultiplier. 32X optical lens was oiled with immersion oil (refractive index
%1,518). Fort reflection analysiasapphirestandard (R= %0,592)as used.

3.2.4. FTIR Analysis

FT-IR analyses of the samples halieen conducted by using Thermo Scientific
Nicol et KS10 FTIR with KBR transmidtance

1/100 sample ratio att®n pressure.

3.3.1%C isotope Analyses

To understand origin of the coal bed g4€, isotope analyses were conducted by using
Continuous Flow Gas Chromatographisotope Ratio Mass Spectrometer (GIMS)

at T, BKTAK Mar mara Research Center ( MRC)
(EMSI).

3.4. Solubility Experiments

For the chemical solubilization experiments, sodium oxalate, sodium carbonate and
sodium phosphate were used as Lewis bases. 10 ml, 0.1 M aqueous solutions of sodium

oxalate, sodium carbonate and sodium phosphate aingapH values (412) were
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prepared. Then 50 mg of coal was added to these solutions. Mixtures were shaken at
200 rpm, for 24 hours on a rotary shaker. After that time, aliquots were centrifuged at
5000 rpm for 20 min and absorbance intensities of finaltewls were determined by

using U\tvisible spectrometer.

3.5. Low-Pressure Carbon Dioxide Adsorption Experimens

Low pressure C®micropore surface area and micro porosity experiments were conducted
at 273 K by using Quantachrome Autosorb Automated GaiSorSystem. Samples were
outgassed at 373 K for 6 h prior to measurements, this temperature was chosen due to the
fact that high temperature could cause the collapfieeabrganianatrix of the coal and also

low temperature cannot remove water molectrie® pores.

3.6. High Pressure N and Methane Adsorption Experiments

High pressure adsorption experimentere conducted by two different technigues
Gravimetric method and volumetric metholth Gravimetric method, nitrogen and
methane adsorptioaxperimentswere conducted by Intelligent Gravimetmalyzer
(IGA).

3.6.1. Intelligent Gravimetric Adsorption (IGA) Experiments

High pressure gas adsorption experiments were performed by using Hiden Isochema
Intelligent Gravimetric analyzer (IGA03) with nitrayen and methane. The IGA has a

fully automatic microbalance system that allows measuring the weight change as a
function of time, gas pressure and the sample temperature. The precision of the
measurement can be controlled by a PC. Long term stabiltyoffmo bal ance i s
with a weighting resolution Jdd Fodnittbgek g and
adsorption experiments samples were outgassed &C 185hours under 1¥nbar

vacuum, for methane experiments samples were only outgassed unden weitiout

any heat treatment. In order to understand the effect of outgas temperature to methane
adsorption capacity of the coal, only one sample was outgassed’at 3 ®0®urs. For

nitrogen experiments, linear driving force mass transfer model was usegtto
asymptotic uptake for every pressure point at 298 K up to 9 bar. For methane
experiment only 6 hours interaction time was used to get thermodynamic equilibrium at

298 K up to 9 bar without using PC control asymptotic uptake value.
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3.6.2. Volumetric Adsorption Experiments

The methane excess sorption isotherms of the coal samples were determined using the
manometric methodh Aachen Universitylnstitute of Geology and Geochemistry of
Petroleumand CoaMe asur ement s were condasceedi aedadh5
coal samples.

Experimentaket up is shown Figure 3.1.dbnsistsf reference cell and stainless steel
sample cell separated with actuativiven valves and a high precision pressure
transducer between them. The reference (void) volume terrdmed by helium
pycnometry with a calibration experiment.

Reference volumeV s
Sample cell volumeV sampie cei= Vsamplet Vvoid 31

Temperature control was provided by temperature controlled with high accuracy.
Before the experiment, sample cell volume which is not occupied by the s@uoiolle

is determined by He as an adsorbate. By théthod,volume of the sample can be
found. Gas sorption experiment can be explained in 5 steps. Iffirghestep,
experimental setup (reference cell and sample cell) was evadoaéstiablish proper
conditionsthen showff valve between reference cell and sample cell is cldsethe
second step, certain amount of gas introduodte reference cell Wome and valve 1
closed.Successively60 minutes are allowed for pressure and temperature equilibrium
(step 3). In the fourth step, valve between cells is opened and gas is admitted to the
sample cell. In this step, gas begins to adsorb on the sampieeastird pressure start

to decrease due to the decrease in the free gas amount. thighgystem cmes to
equilibrium in a certain amount of time that can be change with 1 hour to 20 hours
depending on the experiment conditipesgjuilibrium pressure is recded and valve
between two cells is closed. This procedure is repeated for every pressure level until the

maximum pressure is reachjd, 59, 63).
The excess amount (excess mass:dd) is defined as:

Mexcess Motal T OMdf | methane(T ) p) 3.2

Here mya denotes the total mass of methane transferred into the measuring cell up the

corresponding pressure steff,34 is the initial void volume of the cell (as determined
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by helium pycno madns(Ty p) of the bas phdse mssfiinttign of
pressure and temperature is calculated using the equation of state (EOS),fof CH
Setzman and Wagn@84]. Helium density is calculated using the reference equation of
state GER&004 for natural gases and other mixt& 66.

vacuum gas supply gas supply

void
; Vsample cell

Figure 3. 1. Schematic flow diagram of volumetric syst¢6o]

3.7. Biogasification Experiments

Forthe biogasification experimesgt methanobacterium formicicum was brought DSMZ
as an activATCQl nedereumANtiOf5 met hanobacte

This medium was ches due & Lewis base potential.

3.7.1. MediaPreparation

Following solutions were prepared.

Mineral Solution 1:

KoHP Ol ottt ettt et ettt et ettt ettt et ettt ettt reeee 6.0g
DISHIEO WALET ... ettt e e ee e 10L

Mineral Solution 2:
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KH2P O oot eee e et ee e ee et ee s ee e e e s eee s es et eeeneaens 6.0 g

(NHA)2SOh e et ettt et ee ettt 609
NN = L PR 1209
MOSOUTH2O et ae e 2449
CACDE.2H2O ..ttt e e e e e e e e s nnnnnea 169
DISHIEA WALET ...t 1.0L

Sodium Carbonate Solution:
N = T 80g
DISTHIEO WAL . ... ettt ettt et e et e e e e et e e e e e e e e e e e s o e 100.0 ml

And Wo | fnein@ral and vitamin solutions wepirchasedrom ATCC as a ready to

use solutions. Their composition is given below.

Wolfe's Mineral Solution:

NItFIOtrACETIC ACIA. . ... iveiiiieieiiie s e s e e e e e e e e e s smmmenens 15¢
MOSO8 TH2O oottt ettt eeeeee ettt et e e e e e e ettt eeeeeaeees 309
MNSOs.H20 .. e e e ) 05¢g
NN = T SR 10g9
FESQLTHO ... e e 0.1g
COCR.BHRO ..ttt et e mnnnere e aaae e s 0.1g
O T R 0.1g
ZNSQU.THRO e e et e 0.1g
CUSQOLOHO et e e e et e e e e e e 0.01g
AIK(SOL)2.12H0O. ottt eee et eee et et et et et et et et ee e e e e e e e e enane e e 0.01g
HIBOG vttt ee ettt et et et et et ettt e et e ettt ettt ettt ettt e ananmnnmeees 0.0lg
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NEMOOA.2HoO ... e 0.01g
DISHHIEO WATET . ... e e e 0.L....1.

Wolfe's Vitamin Solution:

BIOTIN. ettt e et e e e e e e e e e 2.0 mg
FONC ACIA. ... et e e e e 2.0 mg
Pyridoxine hydocChIOride. ..o e 10.0 mg
THIAMINE . HCL ... e 5.0 mg
RIDOTIAVIN. ... 5.0 mg
NICOTINIC ACIA. ... ettt e e e e e 5.0.mg
Calcium D(+)-pantothenate. ..........coooiiiiii e 5.0 mg
VIEAMIN BL2.... e et a e g.0.1m
(057 AN 411 aT0] 1= o Vo | (o= Tox (o 5.0 mg

LI 10 o €[> T o S 5.0 mg
DISHIlE WALET ...ttt e e e 10L

Reducing AgentReducing agent is used for the most anaerobic media to reduce redo
potential at optimumelvel. In this study, {CycteineHCI and NaS.9HO were used as

areducing agent.

For 20 ml solution, 300 mg-Cystein.HCI was added to 10 ml water and 300 mg
NaS.9H0 to 10 ml waterseparately in a sem bottlesand flow with nitrogen at least
30 minutesby using sterile 15 cm needlesd sealed with butyl rubber stppr and
aluminum crimpunder nitrogen gas. Then two solutions were autoclaved 4Ci1ad

15 minutes and allow cooling. After that, equal amount e€ystein.HCI and
Na:S.9H0 were mixed in glovebounder argon gaskinal solution was clear and used

justfor two weels. Once in eery two week fresh reducing agent was prepared.

ResazurinfOxygen Indicator, Redoxedsitive Dye):To control anaerobic condition of

the media, redox potential of the media must be observed. For this reason redox
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sensitive dye rgazurine was used since it is Aoxic to bacteria and very effective at
low concentrations. Resazurineoidginally dark bluecolor (inactive form) and it mst

be reduced tbe activatel. Therefore in first step, resuzurin reduced to refsomhich
hasa pinkcolor, which is an irreversible stepy boiling mineral media which contas
resazurin under oxygen free gas. After thetfitep,reversible second step occurs and
hydroresorufin formed which is colorlesshich indicats that oxygen free mediss
produced. Resorufin/hydroresorufin redox couple turns ettlerless below a redox
potential of about110mV and regains a pirdolor at a redox potential above1lmV.

Figure 3. 2: a) Hyrdroresorufin (completely oxygeinee media)b) resorufin reduced
form (activatefl c) Inactive resazurin
3.7.2. Anaerobic Incubation in Serum Bottle Experiments

For biogasification experiments, firstly melwdoacterium formicicum was growan the

20 ml medium in 100ml serum bottles. Bitie 20 ml medium contained,;

16.62ml double distilled waterl.0 ml Mineral solution 2,0.5 ml Mineral solution 1,
1.0 ml 8.0% NaCO; solution, 02 ml Wolfe's Minerd solution 02 ml Wolfe's Vitamin

soltion,0.4 ml Reducing agent, 08 ml Resazurinftom 0.025% resazurin solution).

First of all water and mineral solution Iineral solution 2, N&Os; solution and

Wo | f e 6 s solmiomveere anixed. Then resazurrasadded to the solution and pH
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was adjusted to 7.2 by using 1 M NaOH and HCTThen serum bottlesvere boiled
under high purity nitrogenvhich is passed through the cotton packed syringe barrel
with sterile needlesduring boiling loss watemwas compensateavith additional water
whosepH wasadjustedto 7.2 before. When the solutiaos reduced, pinkcolor forms
However,whenhigh purity nitrogens passedgcoloriess solution is not formed due to
the high amount of oxygen.

Figure 3. 3: Medium prepared by using nitrogen

For this reasorhigh purity carbondioxide which has oxygen content below 5 ppras

used as an oxygen free gdise to the higher density than air and good solubility in
water. When C@was used, medium becarmeloress after prolonged times. Therefore,
while gassing of thenedium adding 2 ml reducing agenshortensthe time, and
medium turs into colodessin around 2 hours. When the media was completely
reduced (free of oxygen), needles were removed and septum sealed with aluminum

crimp by using crimper.
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Figure 3.4 : a) Gassing of the media) Reduced media inside the serum bottles

Then, reduced medium wasttoclaved at 12C for 15 minutes and cooled under argon
atmasphere in glovebox. Glovebox waterilized by using UV lamb for 1 hour before
everyusage. Then, B.ml Wol feds vit a2mml medugng hgentvdason a n ¢
added to the medium by usisterilesyringes. Finally, 20 ml medium were inoculated
with 0.5 ml active methanobacterium formicicicum culture inside the glovebox. After
that, meda was removed from the glovebox and 80%aHd 20% CQ@gas mixed was
passedhrough the media for 5 minutes with sterile needles and cotton filled syringe
barrels. Bottles placed in a shaker at(3and agitated at 150 rpm for 3 days. After 3
days of incubtion 5ml culture medium wasansferred to the 60 ml preduced media

and 80% H and 20% CQ@gas mix was passedtirough the media again. Some of the
samples turn to pink colaturing incubatiorand they were terminated. Ordyccessful
incubations wereused. The microorganism incubation predure is summarized in
Figure3.6.

Figure 3.5: Successfuincubation €oloress), failed incubation (purple)
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16.62 mIDDI water

1.0 ml Mineral solution 2

0.5 ml Mineral solution 1

1.0 ml 8.0% NgCO; solution
0,2 ml Wolfe's Mineral solution
0,08 ml resaarin

was mixed in a serum bttt

[

pH was adjusted to 7.2 by using 1 M HCl and 1 M NaO

U

Oxygen free gas was passed through the cotton filled syringe barrel to the m
while boiling by using sterile needles

{

0.2ml Reducing agent was added

U

When the solution becaneeloress, botis were sealed with alimunium crimg

|

Autoclaved at 12°C for 15 minutes

U

Cooled under oxygen free gas inside the glovebox

(=

0.2mlWol f ebs vitamimredsianh agent were adaed dith Gterilz syringes

(—

0.5 ml active culture added with sterile syringe inside the glove

(=

Media was removed from the glovebox and 80%&ahtl 20% C@gas mixed was passes
through the media for 5 minutes with sterile needles and cotton filled syringe barrelg

(=

Bottles placed i shaker at 3T and agitated at 150 rpm for 3 days

U

After 3 days of incubatiarbml culture medium were transferred to the 60 mirpdiced
media

Figure 3. 6. Microorganism incubation procedure.
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3.7.2.1. Anaerobic Incubation with coal in Serum Bottles

2 g Somalignite (particle size less thatb0 pm) wasaddedto 20 mlmediumreduced

with high purityargon(oxygen level below 3 ppm) while gas was passing thrabgh

medium. Prior to inoculation, the sealed, pressurized bottles werglizéd in an
autoclaveat12C for 15 minutes and cooled inside
vitamin solution and 0.2 ml reducing agemhasadded to the medium by usirsteile

syringes. Afterwards, 5 ml of 60 ml methanobacterium formicicicuractive culture

which has been grown for threlayswas added on top of them with sterile syringe

inside the gloveboxFinal bottles were pressurized different gasesl placed the
incubdor at 37C and 150 rpm

Fourtypes of incubation ereprepared:

1% Set:2 g Coal in 20 ml mediur 5ml microorganism + 80% and 20% CQ
were passed through the media for 5 minutes

2" Set 2 g Coal in 20 ml medium % ml microorganism + 100% Hvas pased
through the media for 5 minutes

3 Set: 2 g Coal in 20 ml medium 3ml microorganism + 100% Argone was
passed through the media for 5 minutes

4" Set: 2 g Coal in 20 ml medium without X@O; solution + 5 ml

microorganism + 100%Argonwas passed thrgi the media for 5 minutes

3.7.3. Anaerobic Incubation in Bioreactor

For the bioreactor experiment, Sartorie@edim Biostat Aplus autoclaveable
bioreactor with 1liter working volumewas used Before the experiment, pH and
oxygen probs were calibrated Oxygen probe was calibrated by using high purity
nitrogen for zero oxygen ardty air for 100% of oxygen valu®keactor waslesigned

to working with air, oxygen, nitrogen and carbon dioxide but not hydrogkerefore

all sealing screws were reversed @d-rings were used for evergrew to seal the

reactoragainst any hydrogen leakage

1 liter anaerobic medium as prepare, for the first irreversible reduction step of

resazurin, media must be boiletHowever, reactoris not degined for the high
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tempeature processes due to the heating jacket. Therefore, 1Liter medium was boiled
on the heater. When resazunmas reduced to resoriuf, media was placed the
bioreactorandgassedvith high purity carbon dioxidehown in Figure 3.a Although,
oxygen probendicated the 0% oxygen value, mediaid not turn intocolorless.This

result indicates thathe zero set of oxygen probe is not sufficient for the process.
Therefore, it has been decided to take the electric current value reading from the probe
as a refrence instead of the zero set of the prdken the solution becanmlorless
electric current reading from the probe was 1.8shéawn in Figure 3.7. After that,

75g Somdignite whoseparticle sizeis below 150 um waadded into the solutioand

the bioreactor was sealed. Carbon dioxide flow was stoppedng thisprocedure pH

was kept at 7.dy the pHcontroller. Before autoclamg, pH controller was removed
from the systenin order to avoicany oxygen from the 1 M HCI| and NaGdélutions.
Following that, bioreactowas autoclaved at 121 for 15 minutes andooled under

CO, flow. After addition of coal inside the medium, there wascador control for
oxygen, therefore, electricurrent value was followed for the oxygen level in the
medium. When té current value reading was h8, 30 mlof 60 ml methanobacterium
formicicicum active culture which has been grown for three days was addesinigy u
sterile syringe and gas flowere changd to 80% H and 20% CQ@ Gas flow was
continued about 15 minutésengas flow wasstoppedand sealedThenbioreactor was

adjusted at 3 and 150 rpnshown in Figure 3.¢.
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Figure 3. 7. Media in bioreactora) Reduced medidy) Completely colorless oxygen

free mediac) Coatmedium durry.
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In this experiment, methane generation was$ determined Only small amount of
sample was removed after 10 days of incubatiomand investigatedunder optical

microscope.

3.7.4. Methane Determination

Culture tube headspace samples were drawn @siegtic, anaerobic techniquath a

50 eL gas sSlyo00 ngl G&$LGEseal i ngequppea with ( GS G
removable 25gauge needle Methane analysis was performed using a Shimadzu
GCMSQP2010 Plus gs chromatograpmass spectrometer, equipped with a Restek
RT-Q-Band 30x0.32 mm fused silica capillary column. The injection port was
maintained at 180 °C, the oveamperature was kept 35 °C for 2 minutes and started
to increaseup to 2560C with the ate 20C/min, ion source wasit 23°C and the
detector was operated at 25C. The retention time for methane was 1.5 min.
Calibration standards consisting of 4% or 10%tmanecompensatedith helium(from
Linde Gas) were injected at atmospheric pressure to generate the calibratidfoplot.
calibration and reameasurementsame method file was used and methane was

determinedn adaily basis.

For calibration sampling, 50 ml bulBrlenmeyerflask with stopcock control outlet

which is closed by butyl rubber stoppeannected with the Sigmaldrich freeze and

thaw glass equipmentas used. Freeze and thaw glass equipmas two outlet, one

of the outlets was sealed with butybber stoppeand the other one wasnnected the

vacuum pumpsystemand operate at least 15 minutes. Thenushoff valve was closed

and vacuum was closedAfter that, sealed outlet was opened and calibratiornges
connectedo the systemand opened at 1 atpressure adjusted byragulator. Gas

started to flow from one outléd the other about 5 minutes to clear the air from the free

space. While gawas flowing, shut off valve was opened and gas filled the vacuumed
Erlenmeyerf | ask and val ve wa of sanplenmsamovadgfam n a n d

the systemDiagram of the gas samplingsdem was described Bigure 3.8
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Figure 3. 8: Sampling of the calibration gag Vacwm proces®) Gas filing process
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