Kinetic Modeling of Direct Liquefaction of Coal

by

Mehran Heydari

A thesis submitted in partial fulfillment of the requirements for the degree of

Doctor of Philosophy
in

Chemical Engineering

Department of Chemical and Matds Engineering
University of Alberta

© Mehran Heydari2016



Abstract

During the past few decades, petroleum has been the main source of liquid fuels. On one
hand petroleum reserves are declining, and on the other hand coal restrgenisst
abundant fossil fuel known in the world. Liquefaction aims to convert solid coal into liquid
fuels. Coal can be converted to liquid and gaseous fuels and chemicals by two different
processing methods, normally called direct and indirect. Direal liquefaction converts
solid coal to liquid fuels at high temperature and pressures in the presence or absence of
catalyst.

One of the advantages of direct liquefaction is that, this process can convert coal to
liquid withoutthe need foproducing syngs (H and CO) as in indirect process and also has
higher efficisncy than indirect liquefactionln order to develop commerciallypractical
processes for deriving liquid fuels from coal, a description of coal liquefaction kinetics is
essentiafor design ad scaleup of coalliquefactionexperiments.

The liquefactionof a Canadian lignite coal has been studegberimentally and
modeled mathematically5ince conventional batch agtave is not suitable for isothermal
experiments, as the time required foe tautoclave to reach the reaction temperature can be
substantial, the liquefaction runs were investigated with a rapid injection reactor designed
specificallyfor isothermal kinetic studylThe liquefaction experimentsere carried out in a
tubular bomb ractor in presence detralin attemperature rangedr om 350 t o 450 c¢
reaction time range of 15 to 120 min under nitrogen atmospRereatalyst was used in the
experiments The resultsshow that Canadian lignite coal is readily liquefied, with its

conversion exceeds 80% at 40 even without catalysDifferent kinetic models have been



proposed and examined to describe distributions of products such as alteasph
asphaltene, oil and gaRate constants for each of thpecified reaction networkave been
calculated by nonlinear regressianalysis A genetic algorithm (GA) optimization method
was applied to find the optimal setlohetic parameters.

Arrhenius activation energies were calculated for each rate constant. The high activation
energies seemed to indicate that direct coal liquefaction kirzetically controlled.The
results showed thatt high temperature and extended tiamelesirable retrograde reactions

may take place.
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Chapter 1

| NTRODUCTI ON

Coal is the world's most abundant fossil
hydrocarbon reserves and 92.3% of North America hydrdcta n r eser ves. Al b
reserves represent approxi mately 70 per cel
reserves contain more than twice the energy of all otherem@wable energy resources in
the province, including conventional oil andnpenes, natural gas, natural gas liquids and
bitumen and synthetic crude

Coal i's the fuel of more than half of the
About 20% of electripower generated in Canada arfi®®in Alberta is coal basdd]. The
amount of coal deposits is approximately ten titmgherthan other carbonaceous resources.

Coal resources are located more broadly all over the world than oil reserv@sdRappears

to hold the most promise of all the possible alternatives for 4@ort development to meet

the national requirements of energy. Coal and coal products play a major role in fulfilling the
energy demands of our society. Direct liquefaction, indirect liquefaction and gasification are
examples of existing processes for coahversion into energy produdt®. Therefore coals

are of significant industrial and economic importance, both as an energy source and as
industrial feedstock.

Recent demands fdiquid fuel (petroleum producjshave increased the significance of
coal iquefaction processes. Also the expectation that fuels will be needed from alternative
sources is imminent, particularly in the transportaapplication[4]. For clean and efficient

utilizing of coal, liquefaction seems to be a reliable option insteadafcombustion due to



todayds stringent environment al regul ations

geneation [5] The production of liquid transportation fuels by direct liquefaction of coal is
an active research areaDirect coal liquefaton has long been used to generate useful
products such as heavy, middle distillate and light oils. The yield of these products depends
on the composition of the coal used and reaction condition
In view of the need to develop commercially applicabtecesses for deriving liquid

fuels from coal, a description of comprehensive liquefaction kinetics is necessary for design
and scalaup of coal liquefaction experiment&inetics studies are very important because
they can provide expressions for thectemn pathway which can be used in calculating
reaction times, yield and economic conditioBsveralkinetic models, with varying degrees
of complexity andsophistication, have beensed in the literaturgo describe coal
liquefaction behavior. However, lecause of heterogeneous nature of coal, experimental
conditions, and different definitions and methods for measurement of coal conversion
products make it sophisticated to compare the resliits. kineticof coal liquefaction is
complicateddue to the forration of various compounds Thus the approach in coal
liquefaction kinetic studies is tsolatethesecompounds to kinetically similar compounds
throughsome separatiomethods [6].

The main purpose of this project is to develop a kinetic model fort adioat liquefaction
processinder isothermal conditiaihat incorporates time and temperature.

In thiswork, kinetic modeling of direct liquefaction of a Canadian dwed been studied
at department chemical and materials engineering of university oértalbSince
conventional batch autoclaves are not suitable for isothermal studies, as the time fequired

the autoclave to reach the reaction temperature can be substadiadlsosignificant



reactions can happen, the liquefaction experiments have ¢aeed out with a rapid
injection reactor designed specifically for isothermal kinetic stilithe. short nonisothermal
periods of heating and cooling allowed neglecting its effect on the overall process and the
reaction was considered as isothernfelliterature review ordescription of coal and its
properties,coal liquefaction concept, and types of direct coal liquid proceassdstheir
importance to industry is discussed CHAPTER 2.The characterization methodsample
preparation and lrief overviewof experimental procedurese providedCHAPTER 3.Also

the results of kinetic studgnd thermal behavior @Wvo coal samplesire given in details in
this CHAPTER Effect of initial coal particle sizen coal liquefaction conversion is studied
in CHAPTER 4. This chapter is devotetb particle size selection for subsequent kinetic
study experimentsCHAPTERY5 is dedicated to modeling of direct coal liquefaction of a
Canadian coal. The results &HAPTER 3 and CHAPTER 4 are employed for kinetic
modeling ofdirect liquefaction in thiCHAPTER Severalumpedkinetic models have been
proposed and examingad this CHAPTERto describe distributions ahain products such as
preasphaltene, asgteme, oil and gas The mathematical models were compared to kinetic
data obtained from isothermal reactdesults of mathematical modeling and product
distributionand different characterization techniques are discussed in det@t$ARTERS.
Rate constants for each of thpecified reaction networkave been calculatday nonlinear
regressioranalysis.The results ofGA) optimization methodcre considered iICHAPTERSG.

Finally, conclusions and recommendations for future works are given in CHAPTER 7,



Chapter 2

BACKGROUND

This chapter is dedicated &ucidatea general description of coal and its properties,
environmental impactgoal liquefaction concept, and types of coal liquid proceassdgheir
importance to industry is discussed. Also a brief review of pwallysis direct and indirect

liquefaction differemcesandmajorFactorsaffecting coal liquefactiors presented

2.1 Description of coal
2.1.1 Origin of coal

Coals are complex, heterogeneous solids that vary widely in their properties and hence
suitability for particular applications. Coal is an organic sedtargnrock that contains
principally organic substances, inorganic mineral matter and moisture. It can be characterized
by its chemical composition, chemical and physical properties. The properties and chemical
composition of coal vary with the geologicalatarity and different types of coal can be
distinguished [7].

Coal is found in deposits aridrmedfrom accumulatiorof plants by the chemical and

geological alternation over hundreds of millions of years.
The geochemical process that transformed plantiresnirto coal is called coalification.
Coalification refers to the progressive transformatioh peat through lignite coal,
subbituminous, bituminous to anthracitic coals [8].

The formation of coahvolvestwo stagesbiochemicaktage and the geochenlistage.

The biochemicalstagestartswith the accumulatiorof plant material settles in low, swampy



areasto form peatbeds.At this stage, bacteria begin to decompose the plant material by
eliminating oxygen and hydrogen bkeleasing watermethaneand @rbon dioxide The
biochemical stagéerminatesasmore sedimenstartsto cover the peat layer. As the peat is
furtherimmersedand the sediment layextends bacteria stopo exist The second stage of
coalification is the geochemical stage. Duringsthtage, theeatmaterials undergmnore
alternationdue to temperature and pressure froverburdenof sediment deposit Oxygen

and hydrogen areejectedas mehane, carbon dioxide, and water. There is decrease in
moisture and volatile matters as wellasincrease in carbon percentageis gives rise to a

series of coalification that ranges frdigmite to anthracite.

2.1.2 Coal Rank

The degree of maturation of coal is termed as coal rank. lignites and subbituminous are
classified as low rank, while bitunons and anthracite are referred as high rank[8al
With increasing rankaromaticityincreases and the structirecomes more polycondensed
as shown in Figre 2-2 [2]. Low rank coallike lignite coal has less aromaticity and readily
liquefied under nid operation conditionWith increasing rankH/C ratio decreases. oxygen
content decreasgemoisture content decreasasd the heat content increases sulfurand

nitrogenchange littlewith rank.
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2.1.3 Coal grade
The mineral matter that is present in the coal structure indicates grade of coal and
reflects coal qualityDuring the time of peat formatiom the swampy aremineral matter

presentin ground wate precipitatein the coal seamMineral matter is notalways inert



during liquefaction ananay affect thecoal conversion and product distributidnhas been
reported that some inherent mineral matters such as pyrite can act beneficially as a catalyst
for coalliquefaction[10, 11].

2.1.4 Coal reserves in the world

Coalreserves are more broadly distributed all over the world as shohabie2.1 [9].

The United States covers the largest coal reserves about 25% of the world total.

Table2-1 World estimated recoverable coal reserves (million t{8is)

Region Anthracite andBituminous Lignite andSubbituminous Total
United states 126804 146852 273656
Canada 3826 3425 7251
Mexico 948 387 1335
India 90826 2205 93031
China 68564 57651 126215
Russia 54110 118964 173074
Germany 25353 47399 72753
Iran 1885 - 1885
UK 1102 551 1653
Ukraine 17939 19708 37647
Mexico 948 387 1335
Australia 46903 43585 90489
Colombia 6908 420 7328
Poland 22377 2050 24427

North America has the second largest recoverable coal reserves in the Mostdof these

recoverable coal reserves are located in British Columbia, Alberta, and Saskatchewan. The



coals from Alberta and Saskatchewan are known as low sulfur coals and usgioivéar
station fuels.

2.1.5 Coali Environmental impact

The abundance and low cost of coal make it an attractive fuel, but environmental
concerns will have the greatest influence on future coal use for power generation in the
industrialized countries. Some enviroentalists agree that burning coal is the polluting
method and is causing environmental damage. The worst thing that haptiespincess is
of course the production darticulate matteffly ash) by burning coal. Therefore due to
increasing demand fo energy and stringent environmental regulatiomnovative
technologies for utilizing of coal are requiréd 15.

Today, new technology has made it possible to use energy sources. Coal
gasification/coal liquefaction will now allow us to tap the adl@ant energy stores without
compromising the standards of environmental quakty. clean and efficient utilizing of
coal, liqguefaction seems to be a reliable option for the production of low sulphur and low ash
fuels which can produce valuable produatd eeduce the environmental impafets7].

2.1.6 Advantages oflignite coals

About4 5% of t he wo rdomains of lgoitallignite is inegpensieeand
has lowsulfur content [12].Lignite coals have some advantages that make them popular as a
sour@ of energy
-Lignite coals are young coals and found in seams with less over burden so the cost of
miningis low.

- Reactivity of lignite coals is high because of high volatile matter content

-Low rank coals such as lignite have fewer impurities sucluh& and heavy metal



-Lignite coal contains several hydroxyl and carboxylic groups which have high interaction
with coal liquefaction solvent such as tetralin.
-Lignitebs structure iIs not pol ycondensed |

under mild liquefaction conditiond 3, 14.

2.2 Coalto liquid (CTL)

Coal can be converted to liquids by incre
decreasing the average molecular mébke. H/C ratio of Coal is less than 1.0 which is lower
than petrolam.
The hydrogen supply reservoir may be the gas phase or donor solvent. Hydrogen is also
consumed in reducing the concentrations of heteroatoms in the coal (sulfur, nitrogen,
oxygen).

2.2.1 History

fOne of the mainapproachesof direct conversion of coato liquid products via

hydrogenation process is tBergius processcreatedby Friedrich Bergiusin 1913 leading
to the Nobel Prize in chemistry. The process was further developed between 1910 and 1927,
culminating in the construction between 1927 and 1943 of twelve plants that generated
around 100,000 barrels per day oil from coal in Germany during World War IIThe
liquefaction processes wenaeconomical anchvolvedv er y hi gh t emper atur e
[5]. The discovery of low price petroleum in Middle East in 1950s stopped essentially all the
coal liqguefaction developments in therd except that in South Africa due to its shortage of
petroleum. With the oil crisis in 1978, the development of alternative technologies was
renewed specially using coal as feedstock to produce liquid fuels. Most of the direct

processes developed in th@80s were extension$ Bergius's original concept [1.6


http://en.wikipedia.org/wiki/Bergius_process
http://en.wikipedia.org/wiki/Friedrich_Bergius

2.2.2 Liquefaction of coal

The production of liquid fuels by liquefaction from coal involves heating pulverized coal
in a solvent with or without the presence of hydrogen under pressure and with @utwith
added catalyst. Part of the coal will decompose and dissolve in the solvent. Subsequent
processing will separate the undissolved solids (mineral matter and inert macerals) from the
liquids, and a portion of the liquids may be added to the solventeaydled. The products
obtained include light gases, distillate liquids and residue .The ultimate goal of liquefying
coal is to increase the ratio of hydrogen to carbon and to remove the heteroatoms and ash
from coal[17].

Three major types of poteaticoal liquefaction technologies atemmonly identified:
(2)-Pyrolysis (thermal decomposition of organic compounds in the absence of oxygen), (2)
Indirect coal liquefaction (initial production of synthesis gas with subsequent conversion of
the primary gaeous product to liquid fuels) and (3) direct coal liquefaction (converts directly
solid coal into liquid fuels without producing the synthesis gas as necessary intermediate;

usually direct liquefaction takes place in the presence of hydrogen) [18].

2.3 Pyrolysis

Pyrolysis or carbonization is the method for obtaining liquids from coal which employs
the approach of rejecting carbon as its method of increasing the hydosgamon ratio of
raw coal. Pyrolysis takes place as coal is treatedlevated t@perature in a closed container
in the absence of oxygen. During pyrolysis a series of reactions occurs. Thrsiesl out
under inert atmospherso that undesirable combustion reactions cannot take flaeemain
products of carbonization are coke dnar, coal tar, gases and aqueous liguidreir

proportion is determined by a number of factors like rate of heating, type of coal, reactor
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configuration [L9). Depending upon the temperature of operation, coal carbonization
processes can be classified ihi@ types:

(1) Low temperature pyrolysis: It is carried out at 5@ °C temperature. Char, coke and
semicoke are the main products of this process. Liquid yields are higher than high
temperature pyrolysis.

(2) High temperature pyrolysis: It is knows the oldest method for obtaining liquids from
coal. It is carried out at temperatures in excess of 700 °C, to around 950 °C and is mainly
employed for the production of metallurgical coke. Besides metallurgical coke, coal tar is
also produced in this press. This process results in low liquid yields and the cost of

upgrading is relatively higf0].

2.4 Indirect liguefaction (ICL)

Production of liquid fuels from coal via the indirect liquefaction approach involves a
number of steps: first gasification ofalowith steam and oxygen to produce synthesis gas
mainly composed of CO, +and to a lesser extent g@nd CH, as well as impurities. Then
this synthesis gas or MfAsyngas 0y [ICQ]ratiol Thia ned
is followed by catalyt conversion of the syn#isis gas to synthetic crude dfirough
methanol synthesis or Fish€ropsch procesg:inally thesynthetic crude oitan be refined
to produce fuels andhemicals Catalyticconversion of Hand CO into Methanol classified
into two processes: Conventional galsase process, or the recently developed process,
which is usedvhen the syngas is rich in CO, the liquid phase methanol processT2].

reactions are shown below:
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2H,+ CO YOHCH
CO,+3HY CBH+HO

CO+HO Y CO2 + H

All these reactions are highly exothermic. A mixture of copper, zinc oxide and alumina
are typically used as cataly$h the FischefTropsch synthesis carbon monoxide (CO) and
hydrogen (H) in the syngas are converted into hydrocarbons of various molecular weights.

In the FischeiTropsch synthesis carbon monoxide (CO) and hydrogenilfHhe syngas are
converted into hydrocarbons of various molecular weights according to the below equation:
@2n+1)H+ nCOY  Hensz) +NH0
Depending on the catalyst, temperature, and type of process employed, different products
ranging from methane to higher molecular paraffins, oxygenates and olefins can be obtained

[23]. The followingfigureshows schematic digam ofICL procesg24].

Oxygen/
Cuoal Steam Catalyst
) \ T A—
HA+CO Liquids FT Prod |
g PTG k Syngas -t & Wax s |
fuul_ ) hf.sﬂli.d.[ll!lf]ﬁ_ gl FI . »  Sepuration & |
Preparation Gas Cleaning Synthesis Uperading [
T ]
Water l Steam Tail Gas
ate
Sulphur, | Steam Water Liguid
Ci5, Ash |—p. Pcw.'r_r & Oxy- Fuels &
Generation genates Chemical
Feedstocks
Optional ¢
Electricity

Figure2i 2: Typical indirect coal liquefactioprocesg24]
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2.5 Direct Coal Liguefaction (DCL)

Direct coal liquefaction converts directly solid coal into liquid fuels withany
intermediate; in the presence or absence of catd3t processes are more efficient and
work at low temperature regime [4]. Other positive impacts of using liquefaction process
involve longterm environmental advantages ranging from the reclamatiocpal waste
piles and the mining of secondary coal sources, to possible ways to reduce hazardous
emissions in coal combustion addition to mitigating climate change and air pollution,
liquefaction technology may also positively influence on foreigergy sources. Coal
liquefaction increases energy efficiency by diversifying the power systems of a country and
giving rise to more meewable sources for energy].[9

2.5.1 Major Direct Coal Liquefaction Processes

Exxon Donor Solvent(Exxon, USA)

H-Coal (HRI, USA)

Solvent Refined Coal (SRCand SRCII) (Gulf Oil, USA)
NEDOL (NEDO, Japan)

Kohleoel (Ruhrkohle, Germany) [16].

= =/ =4 A

2.5.2 Exxon donor process

Researclon Exxon Donor Solvent (EDS) processmmencedn 1966.A 250 t/d pilot
plant wascreatedand operated in BaytowneXas in 1980.A scheme of the basic process is
given in Figire 2-4[4]. In this process ydverized coal is mixed with recycle solvemhich
comes from solvent hydrogenation unit and hydrogen which comes from hydrogen
manufacture unit Then the slurry intragice to reactor for coal liuefactiseaction.Vacuum
distillation is used for separation of solids or heavy bottoms (containing unreacted coal and

minerals) from the coal extract. The coal liquids are fractionated by distillation; the middle
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fraction is tydrogenated and recycled as solvent. Coalidigfractions are further hydro
treated to product®©ne majoradvantagehe EDS process is th&olatesolventtreatment and
there isno direct contact between mineral matserd catalyst thus preventing catalst

deactivation [25]

Hydrocarbon gases

Gases HzS, NH,
Coal . . L , Liquid products
—» Liquefaction Separation —— o refined coal
Coal liquids T T Ha
recycle/hydrotreated Carbon
Hydrogen |Jesidue | Bottoms
production processing
Ash

Figure2i 3: Typical direct coal liquefaction proce§4)

2.5.3 H-Coal process

This process (developed by Hydrocarbon Research, Inc.) is a doadiquefaction
process for convertingdid coal into liquid products A block diagram of the process is
given in Figire 25. Temperatures of the order af45°C) and pressures up 0 MPaare
used Thepulverized coal is mixed with recycle slurry acatalyst The coal/oil slurry along
with pat of the recycle hydrogen is preheated to initiate the coal dissolution, and then
introduced to the bottom of tlebulatedbedreactor.The ebullated bed reactor is similar to a
liquid entrained reactor, but larger gas bubbles help fluidize the sotidlgsuin afluidized

bed reactor.
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Figure2i 4. H-Coal process flow diagraf8]

The vacuum bottoms (containing thgoducts, unconverted coal) will be gasified in
gasification unitto generatenydrogen rguirements of the processaphtha obtained from

this mode can be a very good feedstock for producingditgme gasolingg].

2.5.4 Solvent Refined Coal

Solvent refined coal processes (SR@nd SRCII) were developed by Pittsburg and

Midway Coal Mining Compay. The process has two different modes of operation. a}SRC
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and b) SRC Il. The difference between SRC | and SRC Il processes is that one produces a

solid product and the other upgrades the SRC product to coal liquid.

a)SRC lis a thermal coal liqueféion in which coal, solvent and hydrogen are mixed in

the reactor to produca low ashand low sulfur solid product that is useful for boiler fuel.

Figure2-6 shows the process flow sheet for SR his process is somewhat severe than H

coal processThe solvent iscoming from the vacuum distillate. The noncatalytic condition

can reduce hydrogenation rate.

Process solvent

Dried
pulverized
coal
Slurry ¢
mixing
tank
Makeup
hydrogen

Purified hydrogen

Acid gas

Vapor-liquid
separators

Dissolver

Product
Slurry  slurry

preheater

Shift conversion
and purification

Filter

Oxygen
plant

removal

Naptha Sulfur
scrubbing
Light
e Light
tiquid "\ distillate
Wash solvent j
Preheater
~ Vacuum
tower Solvent
refined
N Product coall
solidification

Figure2i 5. SRC | .process flow diagra[8]
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b)SRC II. This process is a modification of SIRAt uses direct coal liquefaction in the
reactor at high temperature and pressure to produce liquid products instead of solid products
in SRCI. This process is using mineral matte in the coal as catdlystvacuum bottoms
includingmineralsareintroducedo gasification tgorovideprocess hydrogefhe quality of
liquid product is poor in comparison ta¢bdal procesgrigure2-7 shows tle process flow
sheet for SRaI [8].

Purified hydrogen

Cryogenic
Coal separation
Vapor-liquid
separators
Sturry Pipeline
mixing gas
Preparation tank
(crushing .
and AT e
. \ D‘ l .
drying) issolver removal
Light Sulfur
¥»| | Slurry liquid
preheater >
Makeup \ Pump Product A\ Naptha
hydrogen slurry
Gasifier N A AY
Shift conversion and purification Fractionator Fuel oil
Oxygen
plant Mineral )
Steam residue Vacuum
slurry tower
Inert slag

Figure2i 6: A schematic of the SRO procesg8]
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2.5.5 NEDOL process

The NEDOL process is a coal liquefaction process supported by the New Energy and
Industrial Technology Development Organization (NEDO). FigiB showsa schematic
flow diagram of the NEDOL process. In the NEDOL proceect conversion of coal to
oils in the presence of solvent and iron based cattliges placeThe pilot plantcomprises
of four sections a Slurry preparatiomit involves the grinding of coal and mixingwith a
recycled solvent and @on based catalysf liquefaction section including a preheater, a
distillation section with atmospheric and vacuum towers where products from the reactors are
separated into oils and recycle solvent and a solvent hydrogenation unit to iraphoset
quality. The produceail has low quality and requirdggh cost ofupgrading The reaction
occursin a reactor operating at temperature in the range4430C and pgssures in the

range 15200bar26].

P ——— » Gas 1;
‘ P *
____________ !
; - v
! Hydrogen -~ > (ol #3 i= produced Distillation Atmespheric
s - . from coal.) Section Distilation
1 o Qi
'u: - _‘_ T Coal Slurry r== . . acuurm
| Coal  '-# Preparation Liquefaction | | |' Distilkation
e ’ Section Section I |
-
| LJ
5 preer
AN hi p Residue
Hydrogenation
hydragenatad recycle oil Sactlon liquefied recycle oil

Figure2i 7. Schematic thw diagram of thé&NEDOL proces$26]
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2.5.6 Kohleoel Process

The Kohleoel Process waseatedby Ruhrkohleand VEBA in Germany This plant
operated from 1981 to 1987.In this procpssrerizedcoal wasmixed with recyclesolvent
hydrogenand ironbasedcatalyst. The process takes placehe reactor at the pressure of
300bar and at the temperature of 3800 °C. Theliquefactionproducts are cooled in two
stages. The liquid product from the second stage is introduced to an atmospheric distillation
column, yielding light oil (C5 200°C bp) and a medium oil (20825°C bp) product. The
vacuum columrbottom inwlvesof mineral matter, unreacted coal and catalyst and can be

used as a gasifier feedstock forptoduction[27].

Hydrogen Hydrogen recycle
Catalyst ] Integrated
Coal hydrogenation
1 \ ¥ Separation
Gases

Sharry Flash 4’/)
mixing separator

‘ T .
Primary
reaction Light
oil
Vacuum
digtillation Atmospheric
distillation
Recycle solvent M iddle
oil
* Vacuum
bottoms

Figure2i 8: Schematic flow diagram of the Kohleoel procgs4
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Table2-2 Comparison of major DCL technologies around the world [163@8

Process Capacity (t/d)| Temperature(°C| Pressure(atm) Catalyst
EDS 250 425450 175 -

H-Coal 200 435465 200 Co-Mo/Al203
SRC | 6 440 120 -

SRCII 50 460 130 -

NEDOL 150 435465 200 Fe-based
Kohleoel 200 470 300 Fe-based
Shenhud 6 455 190 Fe-based
Shenhuadl 3000 455 190 Fe-based

2.6 Comparison of DCL and ICL

It is believed that DCL is morefficientthan ICL,because it works at lower temperature
regime.
- Thermal efficiency of DCL is estimated aroufr®-75) and for ICL approximatelf40-50).
-DCL typically produces higtoctane and low sulfur gasoliad also has high heating value
fuel mostlydue to dominance of aromatic compounds. ICL generally pesdsitaight chain
hydrocarbon which leads to have high quality Diesel.
- DCL converts directly solid coal into liquid fuels without a@ntermediate but ICL process
requires gasification step to produce syngas in order to convert it to liquid products.
-DCL can be done in absence of catalyshile ICL requires catalyst for Fisch&ropsch

reaction.Table2.3 compares proaus from DCL and ICL processes.
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Table2-3: Typical properties of DCL and ICL fing@roducts[4]

DCL ICL
Distillable product 65% diesel, 35%naphta 80% diesel, 20%naphta
Diesel cetane number 42-47 70-75
Diesel sulphucontent <5 ppm <1 ppm
Diesel aromatics 4.8% <4%
Diesel specific gravity 0.865 0.78
Naphta octane number >100 4575
Napha sulphur <0.5 ppm -
Naphta specific gravity 0.764 0.673

2.7 Liquefaction Solvents
In the direct coal liquefaction processes, the main duty of the solvent is to stabilize the
free-radicals by donating hydrogen, improve the cracking of coal macromoleards
prevent formation of the retrograde reaction by diluting the intermediates. Furthermore, the
solvent in a DCL process can facilitate the mass and heat transfer of reactions, and it carries
hydrogen by shuttling hydrogen from the hydrogen gas phadetooal matrix 31]. It is
necessary to consider the temperature at which extractions are carri€kleuand others
defined four different types of solvents based on their effects on coatpeaific solvents,
specific solvents, degrading solverdaad reactive solvents. Specific and reactive solvents are
of interest to direct liquefactior3g).
(1) Nonspecific solvents: These solvent can extract only a small part (~ 10%) of coal at
temperatures up to 100. These solvents have low boiling range sashmethang]

ethanol, benzenend acetonand are not suitable for high temperature liquefaction.
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(2) Specific solventsSpecific solvents such as-Rethylpyrolidone (NMP) and pyridine
used at lower temperatureghey can extract abou0-40% of coal at tempenates
below 200C.

(3) Degrading solvents: Degrading solvents, such as anthraceaedghenanthridinecan
extractcoal upto 90% at temperatures up to 4G0Polymerization of coal malgappen
with these solvents which requidesge amount of hydrogen tcasilize free radicals

(4) Reactive solvents: reactive solvents such as tefigli®, 3, 4tetrahydronaphthalen@ye
important when extraction is carried out at higher temperatures. Reactive solvents are
generally good hydrogen donor3etralin will be conwerted to naphthalene after
donation of its four hydrogen atontdydrogen donor ability is important when reaction
takes place at high temperatutdgdrogen donor solvents play an important role in
suppressing the retrogressive reactions at this stage fgyingafree radicals and
preventing recombination reactions
This is the common solvent used in high temperature direct liquefaction reactions. The
solvent reacts with coal by donating hydrogen to the free radicals thatrared. For
liquefaction procesa solvent with high hydrogen donor ability is required to obtain high

extraction yields.

2.8 Chemistry of coal liquefaction

An understanding of the chemistry of coal liquefaction is essential in order to find proper
kinetic model.Coal liquefaction is the acking of macromolecule structures into smaller
hydrocarbon molecules which are distillable. During the liquefaction proaesiscan
undergoa complex sequence of physical and chemical processesisdiquefied and

hydrogenatedDuring the liquefactiorthe bridge linkages are cleaved when coal heated to
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3504 00 eC . At |l ow temperatures et her bonds
dissolution includes methyl group cleavad8][ Coal is a complex heterogeneous substance
composed of several hydrocarlsomolecules with different physical propertieSoal
dissolution is governed by the extraction of these components which is temperature
dependentChemical dissolution plays an important role liguefaction process .During
dissolution at high temperaturesv er 350eC chemi cal i nteractio
become more important. The extraction of coal with hydrogen donor solvent at elevated
temperatures is of particular importance as a technological method. At high temperatures
chemical dissolutionsidominantSome macromolecules in the coal matrixemeugh strong

to cleave physically due to its high molecular weight and can be cleaved via thermal
decomposition to produce moleeslwith lower molecular weighB84l].At this region free

radicals aredrmed due to thermal decomposition of bond linkages which can be capped by
the abstraction of hydrogen atom from the donor molecule leading to formation of products
with low molecular weight that can be dissolved in the solvent. If hydrogen is not siifficie

for capping the radical, recombination of free radicals occur which leads to form stable high

molecular weight products that are not desirable in liquefaptiocesses [120].

2.9 Free radicals in coal liguefaction

Free radicals are now believed to péaynajor role in liquefaction processes. It is widely
accepted that coal liquefaction involves free radicaldhaskey reactive intermediates.
This view is supported by general observation that free radical reactions control the pyrolysis
chemistry of orgaic substancesl'he aromatic units in the coal structure presumed to be
dominant in coal and found to be reactive toward free radiGaseral kinetic features of

coal liquefaction have also been used to support this view. However, because of the chemical
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complexity of coal, kinetic properties of these radicals cannot be directly obtained from
experiments on coal itsdB, 36].

Curran and others were first to describe the general mechanism of coal liquefaction as a
free radicalThey proposed that ¢htransfer of hydrogen to coal from a solvent follows a free
radical mechanism in which coal is thermally decomposed into free radicals subsequently
stabilized by abstraction of hydrogen. When coal heated, covalent bonds are cleaved and
additional free raidals are formed. The extent of conversion depends on how the radicals are
stabilized [38]. If hydrogen is available liquefaction yields will be high, but if there is
insufficient hydrogen, radicals will repolymerize and problems such as reactor cokvwed as
as low liquefaction yields resyB9]. Wiser concluded that the thermally induced rupture of a
covalentbond would leave an unpaired electron on the fragment on either side bafritie
two free radicals are formeince free radicals are unstableldmghly reactive they would
seekstabilization §éeeFigure 210). These free radicals are capped in one of three ways: (1)
addition of atoms (such as hydrogen) or other radical groups to the free radicals, (2)
rearrangement of atoms within the free raldiead (3) polymerization of the free radicals
[40]. The first method of capping the free radical is the desired method when performing coal
liquefaction with a hydrogen donor solvefitis allows the large coal molecules to be
thermally degraded, cappedithv hydrogen, and stabilized as smaller, more soluble and
hydrogenrich species. These species would typically have a molecular weight ranging from
300 to 1000.The second and third methods occur when there is not a hydrogen donor solvent
available. If thefree radical species contains an unstable structure such as a hydroaromatic
unit, the free radical species could cap itself. Finally, if the free radical species is stable and

in the presence of other free radical species, polymerization or retrogratiensaould
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take place. This is the basis for the formation of c@kel), and other large and insoluble
molecular weight species. Therefore, for the formation of low molegwaght carbon

product precursorshe first method is preferred [41].

recombination O
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Figure2i 9: Effect of hydrogen on the fate of thermally formed free radip&$

Thermal direct coal liquefaction igiewed to occur primarily through a freadical
mechanism of initiatiofpropagatiortermination. The initiation step is a thermal
decomposition of the coal molecule, in which the free radicals are formed.

In this case, €@ and bonds such as ether hydroxyl group are the first to rupture due to their
lower bond dissociation energies. Propagatreadions included hydrogen abstraction,
b-scission, and radical addition reactions. This implies for hydrogen shuttling, retrograde
type adduction of radicals back to the rigid phase, and thermal degradation of the solid coal
[32, 35. Termination reactionancluded radical recombination and disproportionation
reactions. Radical recombination reactions are responsible for additional retrograde reactions
through solvent such as tetralin and mobile phase molecule adduction to the unconverted coal

matrix. At this stage, free radicals are stabilized by abstraction of a hydrogen atom from the
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donor solvent. If hydrogen atoms are not enough, repolymerization of the free radical may

take place and products with high molecular weight will be obtd4#d

2.10Effect of coal propertieson DCL

In order to characterize the coal, two analysis can be carried out, the proximate and the

ultimate analysis.

2.10.1Proximate analysis

The proximate analysis gives information about moisture content, volatile matter, ash

and fixed carbonThis method is the simplest and most conventional technique to evaluate
the coal sample.

(1) Moisture: Moisture is an important property coal sampé as mosif coalsare
mined with high moisture content specially lignite collgh moisture content of the
coal can be detrimental for coal liquefaction as it can reduce thermal efficiency and
hydrogen partial pressure thus it is recommended to drycahé under vacuum
condition prior to liquefaction [43].

(2) Volatile matter: Volatile matter in coals indicatd®e components of coal except
moisture when coal is heated at high temperature arountC960the absence of
oxygen.The volatile mattey do not pie-exist in the coastructure and arormed by
thermal decomposition of some wedadnds in the coahatrix which generates some
gases such as hydrogen, carbon monoxide, mett@rbpn dioxideand light
hydrocarbong44]. Generally, coals with high voléi matters content arguitable
feedstock for coal liquefaction.

(3) Ash: Ash content of the coal is the noncombustible residue left after burning the coal.

It is produced as a result of oxidation of mineral matter present in the coal structure. It
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can also gie information about quality ofoal sample [45]Ash contentof coal
reflects the coal quality_ow ash content coal is preferred for coal liquefaction as it is
impurities in coal structure.
(4) Fixed carbon: The fixed carbon represents the carbon contthe obal which is left
after volatile matter .There is difference between fixed carbon and carbon in ultimate
analysis as some carbon is evolved to form volatile matter. Ultimate carbon is the
total cabon content of the coal includes carbon present iatN®l matter.Fixed
carbon is useful to know how much coke camptmucesn cokingprocess.
2.10.2Ultimate analysis
The ultimate analysis gives information about the elemental composition of the coal,
carbon, hydrogen, nitrogen, sulfur and oxygBEme ultimate analysis is a helpful technique to
find higher heating value of coal sample. Thegen content is traditionally determined by
subtraction of other elements from 100%ow rank coa arerich in hydrogenthat is
desirable for th®CL process
2.10.3Petrographic analysis
The progress of coal liqguefaction not only depends on coal rank but also depends on the
petrographic composition of the co@he petrographic composition refers to the components
of coalthat go into the process of making cdaven the samgype of coal can be different
dependent on its petrographical histokacerals can be divided in thrgeoups vitrinite,
liptinites (exinite) and inertinite. Each type of maceral has a different behavior during coal
liuefaction process. Generally, coaith high liptinites and low inertinites contaiis
desirable for coal liquefaction processaceral composition in coal plays anportant role

onDCL process [9, 173].
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Chapter 3

Experi mental Procedures

The main prpose of this work wago develop a kinetic model fodirect coal
liquefaction ofcoal underisothermalconditionandfind optimal conditions fothis process
Some of the results of this chapter were published as a journal phpgrarent coal used in
this work was a lignite @ supplied by Sheritt Compar#. brief description of this works

shown in Figure 3.1.

No.1 2. Sample Characterization 3. Results
1. Sample Selection — | 2.1 Proximate and ultimate 3.1 No2 had better
(Lignite coals No.1 and NO.2 analysis properties in vlatile
Mo N —>| 2.2 Thermal decomposition ™| and ash content
behavior (TGA) 3.2 EI<E2
2.3 XRD analvsis

v Sample Nolp

4. Grinding and Drying th e
sample ¢45-1000um) N Eight.diffefent
- Appropriate size rang for coal particle size

liquefaction experiments

Operation condition (Isothermal)

5. Perform kineti iment o oo o o
errorm Kinetic experiments T=350C-375 C-400 C-450°C

To obtain coal liquefaction products [——> S
(Preasphaltene, Asphaltene, Oil and G P (initial _6.0 atm ()
t= 15120 min

v Solvent=Tetralin

6. Propose different reaction networks
(Based on various reaction products)

2

7. Optimize kinetic constants with genetic

8. Sole differential equation to obtain product yields at different time-Temperature history

Figure3i 1. A brief overview ofexperimentaprocedures and techniques
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It has been long recognizéaat calculatinginetic data in a massive reactor implies the
problem of inaccurate reaction time duddog heatup and cocldown times during which
substantiateactionamay happen. In this work, this problem was overcome by using a Micro

reactorto minimizethese expementalvariations.

3.1 Coal and solvent preparation

It is estimated that approximately half of the coal resources of the world are low rank
coal, such as lignite and sbituminous coal [46]. Lignite coal is abundant in Canada and
plays an important fe in energy production. Low rank coals like lignite coal have less
aromaticity and readily liquefied under mild operation conditReactivity of these coals is
high because ohigh volatile matter content and also contains fewer impurities such as
Sulphur and heavy metalt was thus chosen as the experimental sample in the present study.

Two different types of lignite coal werehosen for characterizatioithe bulk coal
samples was crushed by means of a jaw crusher and ground in a ball mileadddbto
homogenize the coand reduce the particle site60 mesh {250 um) to characterize those
samples The representative samples were taken for proximate analysis according to the
ASTM D7582 by Macro Thermogravimetric Analyzer and ultimate analgstording to
ASTM D3176 in Elemental Vario MICRO Cube.

The results of the proximate and ultimate analysis (CHNS) as well as physical properties
of sample used are presented in Tahleand 32 Higher heating value of coal was also

calculated with Chanwiala and Parikh formulgd7].

HHV=0.3491C+1.1783H+0.10056 1034G0.0151N0.0211A(MJ kg')  (3.1)
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WhereC, H, S O, N, andA are the mass fractions of carbon, hydrogen, sulfur, oxygen,
nitrogen, and ash, respectively.

Table3-1; Characteristic of the coal s a

Proxi mate aMabkgsi Ul ti mat e anaMaysssd(a% |

Moi stur e 214 C 44 .6
Vol ati | e 3585 H 4., 6 ¢
As h 18. 28 N 0. 6¢
Fi xed ca 2447 S 0.57
o~ 49 . ¢
HHV/ M3k g 15. €

*obtained by difference

Table3-2: Characteristic of the coal sample Ro.

Proxi mate aMabgsi ‘Ul ti mat e anaMayssso(a¥% )

Moi stur e 25. 08 C 43.9
Vol atil e Mat3led7 H 3.87
As h 20. 17 N 0. 48
Fixed carbon23.28 S 0. 63
o* 51. C
HHV/ MJ kg 14.1

* obtained by difference

Solvent plays an important role in coal liquefaction procedse Mmain duty of the
solvent is donating hydrogen, improve the cracking of coal macromolecules, and prevent
formation of the retrograde reaction by diluting the intermedidtee donor ability of a
solventmainly dependson structure and functional groups present in the solRe&ctive
solventssuch as tetraliare generally good hydrogen donors

Tetralin(1, 2, 3, 4tetrahydronaphthalen&ps been extensively used in coal liquefaction
studies mking comparison wittpublished results more reliabldowever,the using of pure
solvents for industry is n&@conomical long time and energy needed to recovery of solvents)

for industry applicationdut instead coal derived solvent is used in large scéles solvent
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is broadly used in the aebliquefaction studies and believadgood hydrogen donor solvent

[2, 6, 17, 43, 4&0]. It was thus selected as the liquefaction solvent in the present study.

3.2 Effect of drying on coal conversion

Especiallyfor the lignite coals which contain high amount of moistpretreatment by
drying candevelop coal liquefaction conversiordigh moisture and oxygen content of the
low rank coals are the main drawbacks and lead to several disadvantages such as increasing
the ransportation cost, decreasing the thermal efficiency of the plant, increasing the GHG
emission,and causes some problems during milling and coal handling including storage
therefore it is considered an economic necessity to dry these coals prior tadigunef

The coal used in this experiment was a lignite amaitaining25% of moisturewas
provided by Sherritt Technologies departmertie coal was dried under vacuum, air and
nitrogen atmosphere at different drying times to study the effect of dryintheortoal
liquefaction experiments. Experiments were carried out in a 0.5 L stirred autoclave for 1 h, at
12 MPa and 415°C with a coalerived solvent under hydrogen atmosphBrging of coal
had significant effect on the coal liquefaction conversiéecuum dried and nitrogen dried
samples provided higher conversion than air dried samples. The air drying gave somewhat
lower conversion, which may be as a result of oxidation. Drying in air seems to increase
oxidation to form more oxygen functional groupkigh enhances the crebsking reactions
in the initial stages of liquefactiorBoth drying times and temperatures appear to be
important variables which affected coal liquefaction conversitve. hydretreated solvent
HT-1007 was heavy hydrocarbon prottuand was also provided by Sherritt Technologies
departmentA 0.5L autoclave reactoffigure3-2) was loaded with 50g of coal sample and

105g of solvent. The reactor was first purged with 10 bars of N2 gas for three times to
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minimize the amount of O2 gas the system. 40 bars of2Hyas is then purged into the
system. The process took about 2 hours for reaching up t¢@Xhd stay at the same
temperature for 1 hour. The system then is cooled down to 100 OC within I'hewsystem
pressure was adjustatlring the extraction process by venting the reactor to a specific
pressure prescribed in the project, outlined by Sherritt TechnoldQrese the reactor is
cooled down to 100C, the pressurized gases are then released into the fume hood.
Afterward, thereactor is cleaned using THF. All of the solution collected including THF and
liquid product is then filtrated through a 0.5 um filter paper using a vacuum pump. The solids
collected are the unconverted coal. The liquid portis then putting through rata
evaporatorsystem to recover THH.he Moisture and Ash Analyses were conducted at two
periods: beginning of the experiments and after the experiments. At the beginning of the
experiments, the moisture and ash analyses are conducted on coal samprsnioed®ry

Ash Free (DAF) coal amount that being used in each run and to determine whether the
samples are dried properly. After the experiments, the Ash Analysis is conducted on the
unconverted coal to determine its ash content to determine whethettrareent is done
properly without losing large amount of materials while ventifggure 3-3 represents the

time i temperature history of experiment.
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Figure3i 4: Coalliquefaction conversion versus different drying methods

Among three hlermal drying methods, vacuum dry had highest converslomever,
this method is not economical for industry scale and useful for lablse#hs. observed that
coal sample with lower moisture content showed higher conveiSgpeciallyfor the low
rank coals, pretreatment by drying can improve the liquid yieldee storage condition of
coal is essential as the coal after dried setedadsorb moisture quicklggardless of being
drying under different conditiondRemoval of water from the coal prior tauefaction
reduces the cost of both separating water from the coal and wastewater tretgiegtat

air has detrimentakffects on the coal conversidrecause significantlyncrease oxygen
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functionality which enhances the crdssking reactions in ta coal liquefaction experiment.
High moisture and oxygen content lead to several disadvantages such as increasing the
transportation cost, decreasing the efficiency of the plant, increasing the GHG eiii86ion

128].

3.3 Kinetic study and thermal behavior ofcoal samples
3.3.1 Thermal behavior of samples

In large scale processes of coal conversion to valuable products through thermal
treatment, determination of the kinetic parameters in the decomposition stage is one of the
key problems. Many unresolved problerasd a designer of coal combustors and gasifiers,
including the complex physical and chemical behavior of coal and the uncertainty regarding
the kinetics of the chemical reactions during thermal decomposititjn The design of
processes for pulverized da@quires that the various stages occurring during the thermal
decomposition be understood in order to provide optimum operating conditions. This greater
emphasis on more efficient utilization of coal combined with its chemical complexity raises
the needfor a better understanding of the pyrolysis process. Pyrolysis is the method for
obtaining liquid from coal by rejecting carbon and thereby increasing the hyeimgarbon
ratio of raw coal Pyrolysis takes place as coal is treated at elevated tempgsratuthe
absence of oxygen and during this pyrolysis a series of reactions occurs. This is done in the
absence of oxygen, so that undesirable combustion reactions cannot takd ipdaogain
products of pyrolysis are gas, tar and char.

Pyrolysis kineticsof coal is important because it is the initial step of main coal
conversion processes such as liquefaction, gasification and combustion in which coal

particles undergo major physical and chemical transformatibris. customary to use a
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thermogravimetri@analyzer (TGA) to investigate of thermal behavior of coal sample during
decomposition under inert atmospheFar a better understanding of pyrolysis, several
researchers investigated thermal decomposition of coal by thermogravimetric analysis
(TGA). As mal has been used as a fuel since the beginning of industrial development, it has
been among the earliest materials to be subjected to thermal anaétysms/estigate the
kinetics of the decomposition process, TGA is often used. In TGA, the weight abiathge
sample is observed as it is heated, usually at a constant heating rate under a controlled
atmosphere such as nitrogen, air or other gases.

The record of weight loss with respect to the time or temperature is termed a
thermogravimetric (TG) thermogm. When the rate of weight loss (the first derivative with
respect to time) is recorded as a function of time or temperature, it is called a differential
thermogravimetric (DTG) thermogram. The DTG has been used to study the kinetics of
thermal decomposdn reactions of a variety of solids, including coal. Much of this work is
based on the assumption that thermal decomposition is describable by an overall first order
reaction and follows the Arrhenidgpe equation. The kinetics of the thermal behavioa of
material can be determined by the application of a kinetic model to the rates of mass
degradationThe main advantages of TGA for the study of coal pyrolysis are simplicity in
implementation and utilization as well as good repeatab8i/. [

A large umber of studies have reported on thermogravimetric and differential thermal
analysis in attempts to explain kinetics of thermal decomposition of coal and to obtain
gualitative information on coal pyrolysis. Literature reviews on these subjects regarding
thermal analysis are present from Howdasd][ Lawson p4], Anthony et al. $5], and Kirov

and Stephens. Main differences in the thermobalances used for the studies of Honda (1915),
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Guichard (1926), Vallet (1932), Rigollet (1934), Dubois (1935),Longechar(i#6) and
Jouin (1947) were mentioned by Kirov and Stephé&tg. [These thermobalances recorded
mass versus temperature or time.

Van Heerdan and Huntjens studied the rates of decomposition of Dutch coals on a
thermobalance that recorded mass loss datdntiously over the temperature range-860
°C. A mathematical equation in the form of the Arrhenius equation was considered to explain
the rate of coal decomposition. They concluded that the decomposition process is first order
with regard to the fra@in of unreacted coal. They observed that initial devolatilization is fast
removal of moisture and oxides of carbon, the middle devolatilization is slow and contains of
the removal of the major volatile matter from coal, and the final devolatilizatiorslisna
process for berating the gas from residuals.

Scaccia et al. investigated the pyrolysis of d@mk Sulcis coal by thermogravimetric
techniques (TG/DTG) in the temperature range ambient to 1000°C at three different heating
rates. From thermogravirre results it was established that coal pyrolysis involved three
main stages: water evaporation; devolatilization of thermally labile and more stable volatiles;
and char formatiof57].

The knowledge of kinetic parameters is essential for modeling thetore and
optimization of the process conditions. There are various methods for evaluating kinetic
parameters from neisothermal thermogravimetric analysis (TGA)and the most common of
them can be classified into two major types: mddiehg and modeifree H7-60].

In the model fitting method, different models are fit to the experimental data and the
model giving the best statistical fit is selected as the model from which the activation energy

(Ea) and frequency factor (A) are evaluated. Historicallydekbtting methods were
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broadly used because of their ability to directly calculate the kinetic parameters from the
thermogravimetric analysis results. However, these methods have several drawbacks, the
most important being their inability to uniquely sell he appropriate reaction model [61
Furthermore, comparing the results of these models in the literature can be difficult
especially for nonsothermal data since a wide range of kinetic parameters have been
determined for the coal pyrolysis proceBiis led to the decline of these methods in favor of
isoconversional (moddtee) methods which can estimate the activation energy without
evaluating the reaction model [p1

The greatest advantages of this model are its simplicity and avoidance ofrelated
to selecting specific reaction models. Isoconversional method is called-freelehethod
because of its ability to determine the activation energy for different constant extents of
conversion without considering any particular form of the reaatoadel. These methods
require several kinetic curves to perform the analysis and thus are sosnedéitheel mult
curve methods [g2These methods can calculate the activation energy at different heating
rates on the same value of conversion.

The t erdehfsr elendo and fAi soconversional 6 are
however, not all moddiree methods are isoconversional. For example, the Kissinger method
is a modelfree method but is not isoconversional because it does not calculate activation
energyat different constant extents of conversion but instead assoorestant activation
energy [61
Isoconversional methods are helpful tools for the analysis of -swltd kinetics.
Theoretically, they include many benefits and applications. Howeverjqalictthey have

some disadvantages especially regarding reproducibility when performing a series of runs at
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different heating rates which their fluctuation may enhance experimental errors. Thus, for
non-isothermal experiments, each run must be conduateter the same experimental
conditions (sample weight, purge gas rate, sample size) so the only variable is the heating
rate. In order to obtain accurate results with high resolution curves low ranges of heating
rates can be considered for the experiments.

Numerous recent studies on the TGA pyrolysis of c62lg5] and coalbiomass blends
[66-68] are available in the literature and most of them are based on model fitting techniques.
There are a few reports relating to thermal decomposition behavior obassal on model
free techniques [97 Moreover, most of the previous studies have been performed on coal
biomass blends in order to determine the kinetics epyeolysis of coal and biomass
mixtures. To the best of our knowledge, there is very littlermédion regarding pyrolysis of
coal itself based on modé&ke methods.

The aim of this sectioms to study the pyrolysis kinetics of Canadian lignite coal by
means of thermogravimetric analysis (TGA) within the temperature range <f173¥K at
different heating rates under nitrogen atmosphere. The effect of the heating rate on
decomposition will also be studied. In this study, different model free methods such as the
Kissinger and the isoconversional methods of Ozawa, KissihigghniraSunose and
Friedmanare employed and compared in order to analyzeismthermal kinetic data and
investigate thermal behavior of a Canadian lignite coal. The kinetic parameters of the coal
decomposition process will also be determined. These results may provide helpful
information for pyrolysis researchers to predict a kinetic model of coal pyrolysis and

optimization of the process conditions.
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3.4 Experimental method

The TGA experiments were performed using a thermogravimetric analyzer] BBA
Q600 (Figure 35) at the coaflesearch center of university of Alberta. About 10 mg of fine
coal particle siz€-15C mwas placed in a small Alumina crucible for each run and heated
from 298 K to the maximum temperature of 1173 K at six different heating rates of 1, 6, 9,
12, 15 and & Kmin-1 respectively under nitrogen atmosphere with a flow rate of 200ml/min.
During the heating, variation of the weight loss and its derivative with respect to the time and
temperature was collected automatically by the instrument and determined tktiteufh
universal analysis software. The experiments were repeated under identical conditions to

check the reproducibility of the results.
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Figure3i 5: Thermogravimetric analyz¢t74]

3.5 Kinetic analysis

There are a number of approaches for modelling the complex pyrolysis process. The

simplest is the empirical model, which employs global kinetics, where the Arrhenius
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expression is used to correlate the rates of mass loss with temperature. The pyrolysss proce
of coal can be expressed by the following reaction:

Coal © Volatiles + Char (3.2

The general expression for the decomposition of a solid sample is
— QY Qw (3.3
Where, x is the degree of conversion which represents the decomposed amount of the sample
at time t and is defined in terms of the change in mass of the sample
w a a Fra a (34)
Where, mis the initial mass, ms the final mass, and;is the mass at time t of the sample

analyzed by TGA, f (x) is a function of x depending on the reaction mechanism; k(T) is the

rate constant at temperature T, which geherdleys the Arrhenius equation
QY 6A@D° - (35)
YN :

Where, A is the prexponential factor (mif), Equation is the activation energy (kJMgIR
is the universal gas constant (3 Kol "), and T is the absolute temperature (K).
Substitution of Equation (5) into Equation (@yes the general expression to calculate the

kinetic parameters.
— QwdAoDPC .- (36)
Y :

There are various possibilities to express the conversion funiiprior the solid state
reactions. Most of the previous authors usedtreversion function as follows

Qo p O (3.7)

Where, n is the reaction order here is considered first order. Combining Equation (6) and (7),

the kinetic equation of decomposition is obtained as follows;
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o (@) .
— 0A@GDY yyp ® (3.8)

Under norisothermal conditions in which samples are heated at constant heating rates, the

actual temperature under this condition can be expressed as

A

4 4 ro (39

Where, hi s t he initial tempetrf£fCmm)andTisthes t he | i
temperature at time t. Nasothermal methods are usually common in solid state Kinetics
because require less experimental data in compare to isothermal methods. The following

expression can be considered for mswthermal expements,

- —8— (3.10)

Where, dx/dT is the neisothermal reaction rate dx/dt is the isothermal reaction rate and

dT/dt is the heating raté). Substituting Eq. (8) into Eq. (10) gives.

— -A2D% o © (3.11)

Equation (11) represents the differential form of the-isothermal rate law. In this study the
data from nofisothermal experiments are considered to calculate kinetic parameters based
on model fee methods such as Kissinger and thecmoversional methods of Ozawa,
KissingerAkahiraSunose and Friedman and compared in order to analyze and to investigate

thermal behavior of a Canadian lignite coal.
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3.6 Model-free methods

The kinetic analysis based omodel free methods allows the kinetic parameters to be
evaluated for different constant extents of conversion without evaluating any particular form
of the reaction model. The temperature sensitivity of the reaction rate depends on the extent
of conversion to products. This is partly a result of the heterogeneous nature of solid state
reactions such as coal pyrolysis; It also arises somewhat because many solid state reactions
follow complex mechanisms including multiple series and parallel stages witrediff
activation energies. Model fitting methods are applied to extract a single set of Arrhenius
parameters for an overall process and are not capable to show this type of complexity in the
solid state reactions. Model free methods are able of addredsgngforementioned
drawbacks of the modditting methods. The ability of modétee methods to show this type
of reaction complexity is therefore a critical step toward the ability to explain mechanistic
conclusions from kinetic data.

3.6.1 Kissinger method

According to Kissinger, the maximum reaction rate oceutl an increase ithe
reactiontemperatur¢69]. The degree of conversion at the peak temperature of the DTG
curve is a constant at different heating raik@ssinger method is a modéte method buit
is not isaconversional method because it assumes constant activation energy with the
progress of conversioin the Kissinger's equation (eq. 12), i6 representing the peak

temperature, is expressed:

[T — 11— — (3.12)
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Therefore, kinetic parameters including activation energydid preexponential factor (A)
can be obtained from a plot bfi— versus — for a series of experiments at ditiet

heating rates.

3.6.2 Kissinger-Akahira-Sunose (KAS) method

The KissingeirAkahira’ Sunose (KAS) method wasbased on the following equation

- 11— — (3.13)

Whereg(x) is the integral conversion function (reaction model) which is reported in the

literature p8]. For constant conversion a plot of left side of the above equation againat

different heating rates, is a straight line whose slope ana@miecan evaluate the activation

energy and prexponential factor respectively.

3.6.3 The Flynni Walli Ozawa (FWO) method

The Flyni Walli Ozawa (FWO) method is based on the following equation:

|16 11— uv&oppdtuc— (3.14)

Thus, for a constant conversion a plot of natural logarithm of heatingirakés versus—
obtained from thermal curves recorded at different heating rates will be a straight line whose

slope ( p8t v €) will calculate the activation energy.
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3.6.4 Friedman method
This method is one of the first ismnversional method&Jsing Equations (2) and (4)
and taking the natural logarithm of each side, the expression proposed by Friedrban can

presented as:

11— T — (3.15)

The activation energy @Fis determined from the slopéthe plot off T— versus— at a

constant conversion value.

3.7 Results and discussion

3.7.1 Thermal decomposition process

The coal samples were received wet with high moisture content2®%rand were
dried in vacuum oven at 80 °C for &dreduce its moisture contefithe TG curves of the

two Canadian lignite coalunder nitrogen atmospheaee shown in Figre 3-6 and3-7.
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Figure 3i 7: Thermalbehavior of samplg.

The TG curves show the percentage mass loss of a coal sample over the range of
temperature from 298 K to 1173 K. The rate of mass loss is temperature dependent: the
highe the temperature, the larger the mass loss, because pyrolysis process proceeds slowly at
low temperaturesAs shown inthese Figures the devolatalization process launches at
temperature about 450 K and proceeds fast with elevating the temperature5@pkasd
then the mass loss of the sample drops slowly to the ultimate tempendieseFigures
exhibit three zones related to moisture evaporation, primary decomposition and secondary
decomposition.

The first zone represents elimination of moistureclvhbccurs below 450 K7[]. The
second region is related to main decomposition stage in the temperature ra:d3&§® 45r
low heating rate and 925 K for high heating rate. At this stage most of the volatile
components released which do not-prést in he coal structure and are formed by thermal
cleavage some covalent bond such as ether bonds and methylene group in the coal matrix

that form gases such as hydrogen, carbon monoxide and lighter hydrocadjons [
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This region is the most significant regitm examine since the major weight loss and
complicated chemical reaction, such as release of tar and gaseous products arukesemi
formation take mce in this temperature range [73,78Bhe third zone that is the second
pyrolysis stage where low decompms rates observed can be attributed to the further
gasification of the formed char due to high temperature effects. On the other hand, the coal
sample contains high ash and the phase transitions of the inorganics found in the mineral
matter, losses ofhe molecular water contents of the clay minerals and decomposition of
carbonate minerals may contribute in weight loss of this step. There is only a small drop of
mass observed at this stage.

In order to study a kinetic analysis via Isoconversional mettieexperiments can be
done at different heating rates. The result¥@fand DTG curves of the pyrolysis difjnite
coal (sample No.1under nitrogen atmosphere were obtained at six different heating rates of

1, 6,9, 12, 15, 18K mid are shown in Figre 3-8 and3-9, respectively.
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The TGA data are normalized from O to 1 before analysis. The temperature at which the
derivative of mass loss starts to increase is selected as the zero conversioangothg
temperature at which the mass derivative returned to the base line is chosen as end point. It is
known that the heating rate affects all TGA curves and the maximum decomposition rate.
When heating rate increases, the temperature of the maximumugesidon rate of the coal
shifted towardhigher temperaturdzigure 3-10 shows conversion curves versus temperature
at different heating rates. The curves showed typical sigmoid shape of kinetic curves. With
increasing the heating rate, conversion vaheeshed at higher temperatures, because at the
same temperature and time a high heating rate has a short decomposition time and the
temperature required fahe sample to reach the same conversion will be higher. The heat
transfer limitation (thermal lag)xists between furnace and sample temperdtureeans that
temperature in the particle can be a little lower than furnace temperature and gradient of
temperature may exist in the coal sample so in order to reduce the thermal lag, the coal
sample should é ground to the fine particle to increase the surface area of particle and
consequently increase the heat transfer effect between the sample surface and the crucible as

large as possible.
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3.7.2 Kinetic study results

The results of TG/DTG experimental data of coal pyrolysis obtained under non
isothermal condition under nitrogen atmosphere were used for ckiaeélysis. Different
model free methods such as Kissinger and thecaswersional methods of Ozawa,
KissingerAkahiraSunose and Friedman are employed in order to obtain parameters like the
activation energy and pexponential factor. In the Kissinger ethod the degree of
conversion at the peak temperaturg,))(T1s a constant under different heating rates. The
kinetic parameters using Kissinger method were found by linear regression line which is
shown in Figire 311. The activation energy and pegponetial factor were extracted from
the slopeand intercept are 28&Jmol* and 2.61x18 min™ respectively. The activation

energy and prexponential factor were calculated as a function of conversion by using iso
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conversional methods of KAS, FWO and Friedmmethods. The isoonversional plots of
these methods are shown in g 312 to Figure 314 respectively. Different range of
conversion from 0.08.9 is considered for calculating the kinetic parameters based -on iso
conversional method. The activationeegies from the slope and pegponential factors
from the intercept of three different isonversional methods were obtained and listed in
Table 3.3, It can be observed from Tab83 that the values of activation energies are not
similar atdifferent ®nstant extents of conversion, because most-stdie reactions are not
simple onestep mechanism and follow a complex mastep reaction. The
thermogravimetric data analysis by4sonversional technique may reveal complexity of the
solid state reactits such as coal pyrolysig4. It means that in the pyrolysis process of coal
the activation energy is a function of conversion. Figi shows the dependence of the
activation energy on extent of conversion.

The activation energy rises from about 330mol*at low conversionto approximately
350 kJ mot at 75% conversion, and it subsequently drops to about 300 KJnmat the end
of reaction.

The initial activation energy value was low due to cleavage of some weak bonds and
elimination of volatie components from the coal matrix because at the beginning of the
process all the strong bonds are not cleaved Therefore, more activation energy is required to
decompose these stable molecules. With the progress of pyrolysis process the value of
activationenergy increased up to conversion of 75% with breaking of some strong covalent
linkages. For higher conversion values above 75% the activation energy gradually decreases.
The reason arises from the fact that during the decomposition process at higtatier@pe

with high conversion when most of the stable bonds are broken, less stable molecules which
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are easier to break are present so less energy barrier is required for decomposition at this step
and the value of activation energy decreases with progresseersion.

The arithmetic means of the activation energy calculated by KAS, FWO and Friedman
method are 282, 275, 283 kJ Mptespectively, which are close to average activation energy
obtained from the Kissinger method(281.03 kJ'Molrhe resultobtained with KAS and
Friedman methods are very close and in good agreemgn{The kinetic data obtained for
pyrolysis of coal are found to agree closely with some of the literature Hiatgever, the
differences observed in the literature data carathébuted to the fact that the pyrolysis
characteristics of coal highly depend on the properties of the coal which in turn differs based
on origin of the coal12-73].

The KAS and FWO methods were originally derived with constant activation energies
so tre errors associated with kinetic measurements from methods should be dependent on the
variation of the activation energy with respect to conversion. This error does not appear in
the Friedman methodd\nother advantage that can be attributed to Friedmahadas that
the activation energies obtained by the Friedman method are independent of the range of
heating rates which can decrease the systematic error in evaluating the activation energy
values. Thus, Friedman method can be considered to be the best timdour model free

methods in order to evaluate kinetic parameters for-stditk reactions’p,77.
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Figure3i 13: FWO plots of lignite coal pyrolysist different values otonvesion
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Figure3i 14: Friedman plots of lignite coal pyrolysisditferent values of conversion
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Table3-3: kinetic parameters for ligniteoal by different soconversionainethods

Friedman KAS FWO
X
Ea (amol ) A(min ) Eagomo )  A(min ™) Ea amol ) A(min )
0.05 126.65 2.0210° 155.76 4.8610® 132.33 1.00107°
0.1 213.44 1.8510" 206.81 2.1010" 205.19 1.9510"
0.15 228.44 6.0610" 225.84 1.9210' 223.71 1.2410%
0.2 244.33 3.0610"° 237.45 4.5210'° 235.11 2.3210%
0.25 253.26 4.7010° 246.90 8.1210' 244.40 3.5410%
0.3 261.02 6.4510" 255.55 1.3910" 252.90 5.3610%
0.35 278.20 1.44107° 264.15 2.57.10" 261.32 8.97.10%
0.4 282.82 2.16107° 272.26 4.5810" 269.26 1.48107
0.45 291.70 1.0110% 279.46 7.1610" 276.32 2.1910%°
0.5 297.47 1.2310% 286.39 1.1010"® 283.13 3.2610°
0.55 309.85 1.1510% 302.26 1.9310"® 290.51 5.5610°
0.6 316.12 6.1510% 301.49 3.3610" 297.88 9.5610°
0.65 326.06 9.6210% 318.88 7.2510'® 306.72 2.07.10%
0.7 337.07 3.4710% 332.03 2.8810" 319.43 1.6410%
0.75 347.83 1.1310% 341.26 1.93107° 336.36 576107
0.8 349.20 1.3610* 359.30 1.1510% 353.79 3.67.10°
0.85 324.31 1.07.103 356.75 1.1210% 346.15 4.3010%°
0.9 307.81 8.3610%° 334.15 9.4310" 324.22 5.0410°
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Figure3i 15: The activation energy as a function of conversion

Same calculations haveeen done for sample No.2 in order to compare their kinetics results.

The freedman results for sample No.2 is also shown ur&igl6.
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Figure3i 16 Friedman plots of coal (No.2) pyrolyset different alues of conversion.

3.8 Summary andremarks

In this study, the pyrolysis kinetics of a Canadian lignite coals were carried out by means
of thermogravimetric analysis (TG) in the temperature range dafl298 K at six different
heating rates of 1,6, 9, 12, &&d 18 K mift under nitrogen atmosphere. It was found that
the main pyrolysis process occurred in the temperature rang@5@6K. In this work kinetic
study and thermal behavior of lignite coal was presented where Arrhenius parameters were
determined ath compared through four different methods of Kissinger, Ozawa, KAS and
Friedman.

The activation energy is calculated as a function of conversion by using these methods
and found to be similar. Among these methods, Friedman method was considered to be the
best in order to evaluate kinetic parameters for ssilke reactions such as coal pyrolysis.
Methods such as FWO and KAS are restricted to the use of a linear variation of the

temperature and positive heating rate. Moreover, they are generated basathematical
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approximation which can enhanggstematic errofThe advantage of the Friedman method is
that it is free of mathematical approximations and is not restricted to the use of a linear
variation of the heating rate. Experimental results showddvtiaes of kinetic parameters
were almost same and in good agreem€hé isoconversional technique gives comparably
reliable predictions of reaction rates compared to the more traditional model fitting.

The average activation energy obtained for saNpld (283 kJ mdl') was smaller than
sample No0.2(327 kJ mdl') thus sample No.1 was considered for subsequent coal
liquefaction studiesThese results can provide useful information for pyrolysis researchers in
order to predict kinetic model of coal pyysls andcomparison of results for different coals
also is helpful for sample selection to obtammeximum product conversion in coal
liquefaction experimentsThe kinetic parameters obtained in this study can be useful for
pyrolysis and liquefaction resedlwers to predict kinetic model of coal pyrolysis and

optimization of the process conditions.
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CAPTER 4

Particle size sel ec

Despite current developments in coal liquefaction, the interactions and effects of different
process variables are naimpletely understood. Initial coal particle size might be one of the
major factors which can affect coal liquefacticonversion The results of this chapter have

been published in journal paper.

4.1 Effect of initial coal particle size on coal liquefactionconversion

Many attempts have been made to determine whether or not there are particle size effects
in coal liquefaction process. Published data on particle size effects reviewed by many
researchers and showed inconsistent conclusions in the literature.

Asbury studied the extraction of coal by Benzene at temperature betwe@6®2C.
Four sizes of coal were selected in this work, 4 to 8 mesh, 16 to 20 mesh, 60 to 80 mesh, and
one micron. Extraction at this temperature range gave approximately the sddna~gr
particle size ranges between 4 to 8 mesh, 16 to 20 mesh and 60 to 80 mesh, coal yielded 15.8,
17.9 and 224 respectively but a higher yield was obtained when micron size coal was used
[78].

Giri and Sharma studied the mass transfer limitatmnsolvent extraction of coal. They
considered two range of particle size betweer2Q@nd 66120 mesh. They reported that the
extraction yields of coal were 13% and 33.6% respectively. They believed that finer particles

increase the coal surface area andsequently improving the extraction yi¢l@®].

58



Table4-1: Summary of particle size effects reported in the literature

Total
Research Group| Temperature Coal Type Particle size| Conversion Remarks
(%)
Karaca et al. 350°C- Lignite %ﬁg 7;']27 The effect of particle size
(2010) 425C 1.5mm 7979 has been neglected
Li et al 370°C- bitUminous Less than 55 The effect of particle size
(2008) 430°C 149 um has been neglected
Less than
Pradhan et al. 375°C- 841 pm The effect of particle size
(1992) 4258°C Wyodak Less than 33 has been neglected
149 ym
350°C- 106-150 o
)i‘iggg)' 450C ArgonnePCSP and 59 Thi:gi‘ge?]f rﬁ’:&g‘;’eﬂze
250-500 pum
Curran et al 350°C- . 297595 The effect of particle size
(1967) 450°C Pittsourgh and 72 has been neglected
74-149um 9
Szladowetal. 340°C - Bituminous 74-250 77 The effect of particle size
(1981) 400C pum has been neglected
Neavel et al 400°C HVCB 840-1000 80 The effect of partid size
(1976) pum has been neglected
. 425600 78.5 . :
Wh|t(e{19u8r(s)t) etal 426°C lllinois No.6 and and Sma"ggs:/z;g(?g higher
4575 pym 84.6
Woodfine et al 400°C 2000 16.8 Smaller size had higher
(1989) Cresswell and and conversion
63 um 35.5
Joseph et al. 400°C 2102370 57 Smaller size had higher
(1991) Wyodak and and conversion
44um 69
841
Ferrance 300°C - . 297 Smaller size had higher
(1996) 480°C Pittsburgh 149 45 conversion
74 pm
425841 . .
Vasquez et al. 380°C Forestburg and less 42 Smaller size had higher
(1987) conversion
than 75 um
495833
. 246-495 Themaximumconversions
Mo(rf:gsg;t) al 3400%))%_ Sulcis ,ltalian 147-246 3197 are obtained with the 147
104-147 246 micron fraction
74-104
833-1000
425833
355425 Maximum conversions are
250-355 316
Current research 400C Lignite 150212 obtaine_d with the_ 15Q12
75106 micron fraction
4553
-45

Curran et al studied the kinetics of coal liquefaction with pure hydrogen donor solvents

and reported that their runsitivtwo size fractions100200 mesh and 288 mesh, gave

59



identical results and concluded the conversion and rate of reaction are independent of particle
size[80].In various studies have shown that the initial particle size has no effect on the yields
of coal liquefaction procesg81-83]. Table 4.1 shows summary of particle size effects
reported in the literature.

Among these studies based on the effects of particle size on coal liquefaction
conversion listed in Tabld.1, seven research groups have reggbthere was no effect of
particle size, seven have reported increases in liquefaction conversion with decreasing the
particle size and onbas reported optimum conversiane obtained with 14246 micron
fraction. In this work, the most suitable partisiee was selected as 1202 pum which had
similar behavior to Moresi s work. However,
longer than our work.

Joseph studied the effect of solvent preswelling pretreatments on the conversion of the
8x70 mesh(25 um) and-325 mesh(44 um) samples. Preswelling the samples in tetrabutyl
ammonium hydroxidencreased the THF solubility of both samplesabout the same levels
(the 8x70 mesh sample conversion increased from 57% to 77% ar@RPBhenesh sample
conversionincreased from 69% to 78%34].Coal pretreatment such as swelling can break
weaker bonds and enhance the coal porosity, mobility of small molecules of the coal with
increasing concentration of solvent in the coal m48%86].

The size of coal partickecan be considered a significant variable to investigate coal
liquefaction conversionlf initial particle size significantly affects liquefaction yields one
very important condition should be considered in which the particle must remain intact under
liquefaction conditions. If the coal particle completely breaks downlissolves almost

instantaneouslyinder high temperaturim the presence of mechanical agitation and long
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reaction time, then it is obvious that initial particle size has very little oeffext on
liquefaction conversiondt was found that in the absence of mechanical agitation, particles
can remain intact for short reaction tifigg, 8§.

Whitehurst et alrevealed that the coal particles were found to completely disintegrate
under rapil stirring condition at conversion about 50% but in the absence of mechanical
agitation, coal particles remained intact even when overall conversions reached to about 80%
[87]. It seems that the coal particle remains intact for some period of time wnaefiaktion
condition. Although the coal particle may be significantly altered morphologically and
chemically during this period (i.e., swelling, breaking down to smaller fragments) the
existence of a particle for even a short period of time makes it pogsilinvestigate the
effect particle size on coal liquefaction conversion. It seems that reducing the particle size
decreases the distance the solvent molecule must diffuse to reach the center of a coal matrix
to extractthe products. For coal, the paltigs the reactant and tetralin can be considered as
diffusing component. If tetralinonsumedaster than it can diffuse into the cqalrticle, then
reaction in areamear the center of the particle will result in a higher level of recombination
of free radicals which leads to form stable high molecular weight products that are not
desirable in liquefaction proces488-91].

In general, these studies are consistent with the hypothesigatttiate size effects on
liquefaction conversionmay exist.Grinding of coal may result not only in particle size
reduction but may also in the scission of the molecular chains with the rupture of some cross
link bonds[91]. Also molecular entanglements may be inhibiting the extraction of coal
because of larger assowom in bigger particles. Grinding the coal also can increase the

surface area of coal and enhance solvent ability to more readily penetrate to the coal
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structure. Most of the previous studies in the literature used long reaction time and also
employed stred autoclave reactor for their liquefaction conditions which had some
drawbacks discussed above.

To the best of our knowledge, there is very little information regarding the effect of
initial coal particle size on liquefaction conversion at short r@adime. The aim of the
present work is to study the effect of initial coal particle size on liquefaction conversion at
short reaction time up to 5 minutes. To reduce the mechanical disintegration effect on
particles in this study, the experimental stgda# particle size have been performed in a
short contact time reactor where there is no internal stirring device, and mixing is
accomplished by shaking the reactor verticatlya fluidized sand bathScanning electron
microscope (SEMyvas employed to ftdw the changes of coal physical structure. These
results may provide helpful information for coal liquefactairshort reaction tim order to
optimize the coatonversion into energy products.

4.2 Sample preparation

The bulk coal sample was crushed byame of a jaw crusher and ground in a ball mill
and blended to homogenize the <coal aTihel r edu.
as receiveatoal sample was wet witligh moisture contentand was dried in vacuum oven
at 80 °C for 8 h until anoisture content of 9.5 % was achievdthe representative samples
were taken for proximate analysis according to the ASTM D7582 by Macro
Thermogravimetric AnalyzeiThe crushed samples were sieved with standard sieve series to
obtain eight different fraction®roximate analysis of each size fraction is given in Talile
As seen in Table.2 finer sizes contain more ash content than larger sizes since the ash

forming minerals are naturally fine in size and have high specific gravity in comparison to
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the orgaic part of the coal and can be broken easily and pass through mesh sieves during
the sieving processAlso the fuel ratio which defines as volatile/fixed carbon is also

presented in the tébwith low standard deviatian

Table4-2: Proximate analysis of coal sample at different sizes

Particle siz§um)  Moisture (o) V (%) Ash @0) F.C (%) STD Fuel
ratio

8331000 10.73 43.3 19.6 26.4 0.36 0.62
425833 9.66 41.7 19.1 29.6 0.42 0.58
355425 9.97 42.7 18.8 285 0.28 0.60
250-355 9.72 40.2 19.4 30.7 0.32 0.57
150212 9.34 44.3 20.9 25.5 0.34 0.64
75106 9.18 43.1 24.6 23.1 0.31 0.65
4553 8.82 36.2 29.0 26.1 0.38 0.58

-45 8.35 38.5 33.7 19.4 0.25 0.66

Particle size distribution of the coal particlas determined using MalveMasterSizer
3000 analyzer which operates based on the theory of laser light scattercgmparison
purposes However,in sieve analysis pin shaped particles can vertically pass through the
mesh sieves whereas in Mastersitery can be detected with their longest dimension. The
results of particle size distributioof samples are shown in Figurel4 A closer look at
Figure4-l1s hows r anges o someafinepdticlesnThicie becaase during the
sieving processame of thefine particlesattached to the larger partidezes and thus can be
detected with Mastersizer. The difference between the two measuring methods can be the
reason for the discrepancy. The Mastersizer techniques howeveuratg for comparison

purposes
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Figure4i 1: Particle size distribution of lignite coal

4.3 Experimental method

In this study eight different size fractions were considered for investigating the effect of
initial coal particle sizeon coal liquefaction conversiom this study a short contact time
batch reactor (SCTBR) of 15 mL of capacity was used to cautytle liquefaction
experiments withoutatalyst.In the typical experiment, the reactor was assembled and leak
testedunder nitrogen pressureFigure 4-2 schematically illustrates the experimental setup.
Typically, about 3 g of teain as a solvent was introduced into the reactor and pressurized to
35atm with nitrogen to keep the solvent in the liquid phase at reaction teonperBten
coatsolventslurry consisting of 1 g of coal in 4 g of tetralvasintroduced to the sample

container and pressurized to d@0n keeping thaelease valve closed. To provide high heat
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up rates, reactors were immersed inheated fluidized sand hth and mixingwas
accomplished by shaking the reactor verticdllye sand bath was preheated@bove the
reaction temperature and micro reactor was submerged in the sand bath. The solvent was
initially preheated in the reactor to a temperature SCldbove the reaction temperature.
Oncethe temperature reached to the reaction temperature, the sample released valve was
opened and the slurry was injected to the reactor for coal liquefaction regktitims

instant, zero time was definethe final solent to coal ratio in the reactor was 7:1 in all
experiments After injection of the cold slurry, the reactor temperature was dropped by
approximately 3%C however, it immediately recovered and stabilized to the reaction
temperature in about 20 s as canseen in a typical temperatudtiene profile shown in
Figure4-3. In this study, reaction time was considered 5 min for all experiments to measure
the coal liquefaction conversioifter the desired reaction time, the reactor was rapidly
cooled down by ligid nitrogen to 88C, afterwards the reactor was depressurized, washed
with tetrahydrofuran (THF) and the mixture was then taken out of the 4m@aator and

placed on the filter media to separate solid from liquid usvacuumpump
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Figure4i 2: Schematic diagram of Experimental setup

Following expression can be considered for calculating coal liquefaction conversion

based on the dry and aBke basis,

W QW0 e 4.1

Where ® Gandc  are the weight fractions of the raw coal and residue respectively.
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The experiments were repeated under identical conditions to check tbdupility of the
results. The liquefaction residues were dried overnight in trecuum oven at 8C and
submitted for visual observations with scanning electron microscope (SEM). Subsequently,
the THF in the mixture was removed from coal liquid using rotary evapgatoto gas

chromatograph (GGynalysis.
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Figure4i 3: Typical timetemperature profile fomicro reactor set up.

67



4.4 Results and Discussion

In order to investigate the effect of initial particle size on the coal liquefaction, solvent to
coal ratio is consideredonstant at 7/1, reaction time at 5 min, and reaction temperature at
400C, where the particle size is varied-d% to 1000um in the liquefaction process. The
experiments were carried out under fuatalytic and isothermal conditions. The total coal
liquefaction conversion of coal at different size fractions were calculated from eg2atioh
shown in Figure 4. As can be seen in Figured4the reduction of particle size from 833
1000 to 15€r12 um changed the total conversatrshort reaction timeslowever, theeffect
will be gradually diminishedt longer reaction timed/Vhen the particle size decreased from
8331000 to 15€er12, the total conversion changed from 16.54% 1®%. With reducing
the particle size the distance the solvent molecule parsttrate to reach the center of a coal
matrix to drag out the products will decreaSeinding of coal had synergetic effect on coal
liquefaction conversiorHowever, as the energy costs increase with the reduction in particle
size, the most suitable pate size found to be 15012 um. Reducinghe particle size from
150-212 um to -45 um, e.g. below 4%um, total conversion gradually decreased. The reason
arises from the fact that during the coal liquefaction at high temperature fine particle can
attachedeach other and produce larger particle where agglomeration of particles occur at this
stage. As can be observed in Figdsg, association of fine particles (e.g. below |28) in
small particle size ranges are dominant in comparison to large particleasges. Thus
these fine particles can increase the agglomeration process which may restrict solvent access
to the inner coal network that is undesirable in coal liquefaction procdssesder to
compare the variations in char morphology at differentiglarsize ranges, scanning electron

microscopy was employed using a JEOL 6301F device. Sewveagles were taken and
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representativemageswere selected for further investigation. In this study, among eight
particle size fractions, three particle sizeges-45, 150212 and 833.000pum were chosen

and presented for visual observation and comparison. These results are shown id-5igure

to 47. Figure4-5 shows the SEM images of largest particle size, e.g1888um and its
residueThis residue was nn@xpected to show major alteration as a result of solvent swelling
and decomposition as discussed above. Indeed, by comparing the raw coal particles with
their corresponding residue particles at the same level of magnification. Bigusbows

SEM imagesof selectedparticle size range. A closer look at Figudet shows evidence of
swelling and thermal decomposition of these particles. It can be seen that the residue
particles were smaller even at short reaction time and no evidence of agglomeration was

observed at this particle size range.

40

Conversion (%,daf)

-45 45-53 75-106 150-212 250-355 355-425 425-833833-1000

Particle size fractions (pm)

Figure4i 4: Effect of particle size onoal liquefactiorconversion
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Figure4i 5: SEM images of 833000 um size fraction at
100X magnification; (a) raw coal and (b) residue

Figure4i 6: SEM images of 15@12 um size fractions at

800X magnification; (a) raw coal and (b) residue
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Figure4i 7. SEM images 0f45 um size fraction at 600X maifjnation;
(a) raw coal and (bgsidue and (c) higher magnificatiah2000X

Figure 4-7 presents SEM images of smallest size fraction haket different
magnifications. Both char photographs (g 47(b) and 4-7(c)) show visual evidence of
agglomeration. It can be seen that some particles are highly sthalterts corresponding
raw coal. Coal particles were partialljeaved and dissolvd during the liquefaction
experiment and some others were agglomerated and generated larger size fraction than its
original raw sizeduring short reaction time. Tise effects might bemore pronounced at

longer reaction times.
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Figuredi 9: XRD patterrs of residue at three different sizes

Powder XRD patterns were obtained usindqRigaku Powder XRay diffractometer

which is equipped with a cobalt tube, graphite monochromator and scintillation detector.
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XRD analysis has been performed on samples of the raw coal and oésesidlifferent size
fractions. Three particle size ranges same defore were selected for -X

ray diffractionanalysis. Quartzand calcium siphate were the main composition of the
sample.The Gas chromatograpi{eC-MS) analysis was performed for analyzing the coal
liquid. The extract was obtained after short reactidgth tetralin as solvent at 480 and

diluted in C$to injectinto gas (GEMS).The results of gas chromatography of coal liquid at
three main particle sizare presented in Figutel0. A closer look at Figurd-10, products

from the dehydrogenation of telira such as naphthalene and dihydronaphthalene can be
identified.The first peak of the GC spectra is decalin and the highest peak represents tetralin
as hydrogen donor solverilain compounds of coal liquefaction are listedTiable 4.3.

These products veal that even at very short reaction times under inert atmosphere hydrogen
shuttling takes placét this region free radicals are formed due to thermal decomposition of
bond linkages which can be capped by the abstraction of hydrogen atom from the donor
molecule leading to formation of products with low molecular welight can be dissolved in

the solventHence, it can be seen that even at short reaction time, product upgrading occurs
which may provide the possibility for coal liquefaction at short treactime to reduce
energy consumptiort has been shown that the number of peaks as well as the intensity of
peaks in the coal liquid obtained froappropriateparticle size was partially changed and
therefore the product distribution was formed in higlegel compared to other particle size
ranges.This result is in agreement with those previous results which discussed before.
Combination of the results suggests that initial coal particle size can play an important role in

coal liquefaction conversion.
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Figure4i 10: GC of coal liquid at 400°C and 5 minutes

Table4-3: Residence time for different components in coal liqae[163,17,179

Residene Species
time(min)
15.2 decalin
15.8 2,3,4,5,6,/HexahydrelH-indene
16 Indene
16.5 1-methylindene
175 tetralin
17.8 dihydronaphthalene
185 naphthalene
225 biphenyl
19.6 1-Methylnaphthalene
23.5 fluorene
295 fluoranthene
30 pyrene

74



4.5 Summary and Remaks

In this study, coal liquefaction of a Canadian lignite coal was carriechoattulular
bomb reactor at short residence tirkgght different size fractions betwee#5 to 1000 pm
were considered for coal liquefaction experiments to show whethert dnere are particle
size effects in coal liqguefaction conversigkdvanced analyticatechniques such as SEM,
GC-MS and XRD were employedn this work and discussed in order to determine the
importance of initial coal particle size on coal liquefactionvasion.The results showed
that liquefaction of coal in the presence of hydredenor solvent (tetralinyignificantly
affectedtotal liquefaction conversioat short reaction timeNith Grinding of coal solvent
hasmoreability to penetrate to the coatructure However, as the energy costs increase with
the reduction in particle size, the most suitable particle size was selected-252350.
Reducing the particle size from 202 um to -45 pum, e.g. below 4%um, total conversion
gradually decreasedhe reason arises from the fact that during the coal liquefaction at high
temperature fine particle can attached each other and produce larger particle where
agglomeration of particles occur at this stage. Thus fine particles may promote the
agglomeratiorprocess which may restrict solvent access to the coal matrix that is undesirable
in coal liquefaction processes. These results may provide helpful information for coal
liquefaction researchers find suitablecoal particle size focoal conversion into reergy

products.
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CHAPTER 5

Ki nenoidel|l i ng of direct

This chapter is dedicated to modeling of direcudifaction ofcoal. A brief review
kinetic modeling of coal liquefactiontesults of mathematical modeling and product
distribution and different characterization techniques are discusmue of the results of

this chapter have been submitted as a journal paper.

5.1 Introduction

As mentioned beforene of themain advantagef direct liquefaction is that, this
process can convert dda liquid without the need for producing syngas (H2 and CO) as in
indirect process and also has higtiermalefficiency than indirecliquefaction One aim of
coal liquefaction kinetic models is to predict the results of coal liquefaction experiments i
order to determineoptimal processing conditions. A second goal is to identify those
processing variables which hattee most influences in the system. This can decrease the
number of experiments which needed to investigate new systems by centerirggaosth
significant variables [94].

Kinetics studies are very important because they can provide expressions for the reaction
pathway which can be used in calculating reaction times, yield and economic conditions.
Severalkinetic models, with varying degreeof complexity andsophistication, have been
used in the literatureto describe coal liquefactiobehavior. However, because of
heterogeneous nature of coal, experimental conditions, and different definitions and methods

for measurement of coal conversimmducts make it sophisticated to compare the results.
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The kinetic of coal liquefaction iscomplicateddue to the formation ofvarious
compounds Thus the approach in coal liquefaction kinetic studies isismlate these
compounds to kinetically similacompoundsthrough some separatiommethods Most
traditional and current process models have implemented complex feedstock, reaction
network and products are represented based on global lumped models. In this way similar
components are grouped into a feutscor lumps. The number of lumps of the proposed
models for the reactions has been consecutively increasing to obtain a more detailed
prediction of product distribution. Because coal has heterogeneous nature and contains
several species, a model for tleaction of a complex material such as goaht belumped
methodology, and the selection of a suitable network is very impo8&®g. The lumping
criteria are mainly based on analytical capabilities, the level of understanding of the chemical
mechanim, and degree of interest in various reaction prodifcteo complex, it becomes
difficult to isolate a particular reaction pathway and measure its rate; if too simple the rates of
a group of pathways are being measured effectively as the rate of @esstehat

information about intermediate or concurrent steps is omitted.

5.2 Overview of kinetic modeling of coal liquefaction

Global lumped models were first proposed by Weller et al to model the conversion of
coal to asphaltenes and then to oil. These dalubmodels have been made more
complicated over the years to incorporate both preasphaltenes and an asphaltenes fraction.
They studied the liquefaction of a bituminous coal in a batch autoclave in temperature range
of 400440 °C.This kinetic model allowd for the description of coal, the reactant, and its
transitions into oil and asphaltenes. Rate parameters were regressed and an excellent fit of the

model to the experimental data was foldetic parameters were calculated and an
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excellent fit of the radel to the experimental data was found. The limitation of this model is
that single reaction network is considered for liquefaction condition and other reaction
intermediates such as preasphaltenes were not deterr@fijed [

Falkum and Glenn studied the drggenation of Spitsbergen coal in the presence of
hydrogen gas and absence of solvent. They found that the coal hydrogenation involves two
distinct stages and one of them decomposed faster than the other. In this work other fraction
like preasphaltenes digas were not considered in reaction netwadd].

Pelipetz et al. studied the catalyzed and uncatalyzed liquefaction of lignite coal and
assumed that only a single thermal decomposition occurs. They also concluded that in the
presence of a catalyst, aniu of coal produces more benzesauble material than
uncatalyzed conditions. The drawbacks of this model aresthgle reaction network cannot
describe liquefaction behavior and also in this model the asphaltenes and oil pavducts
considered as onkimp since the path of formation of oils is different from asphaltenes
[107].

Hill et al examined the mechanisand kinetics of coal liquefaction in tetralin. Solubility
of the liquefied products in benzene was used as a measure of conversion. Thegdpropos
that coal liquefaction can be explained by a series of independearéiestreactions and the
unreacted residue from a reaction being the reactant for the subsequent reaction forming
liquid and gaseous producits. the first step, all the coal bulkhich is readily available in
the mixture of coal and solvent goes tpvithich is solid, L which is liquid and G which is
gas. They concluded that this reaction network is based on Dryden's model. This reaction

based on Dryden's model may describe thx¢raetion at low temperatures, but at
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temperatures above 350°C when increasing the temperature, increases the reaction rates and
the assumption of indestructible micelles is not ten&lfé] [

Curran et al examined liquefaction of bituminous coal in thedave. The reaction
network composed of a reactive fraction and an unreacted material which simultaneously
react for the formation of oils and asphalteri3d].

Struck et al employed batch autoclaves for hydrocracking a coal and proposed a kinetic
modelconsisting of two independent parallel reactions. In this model the asphaltenes and oil
products were lumped togeth&og].

Another model by Liebenberg et al discussed the transition of bituminous coal to
asphaltene to oil under hydrogenation conditifivegch reactor, tetralin, 2500 psig of H2 in
more detail, and on a molar rather than a mass basis. They postulated a parallel network
where coal can directly convert into an o#l{exane soluble) producdk kinetic model using
molar data for a coal woulde ambiguous since coal has a complex matrix consists of a
broad distribution of molecules with different molecular weights and cannot be defined as
elementary kinetic unitl0g.

Yoshida et al suggested that coal produced two different oil fractions gdurin
liquefaction.The experiments conducted in a shaking autoclave under isothermal conditions
followed by Soxhlet extractions to isolate the oils and asphaltenes, enabled estimation of the
three rate constants in the networkey assumed that the first draction (S1) occurred
directly from the coal and a second oil fraction (S2) was produced from the aspthiffiene
first hexanesoluble oil fraction was produced from short contact time liquefaction
experiments (29 min at 400°C), and the second hexavleble oil fraction was produced

from reactions with the coalerived asphaltene (4120 min at 400°C). It might speculate
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that the evolution of the mobile phase produced the S 1 oil fraction while the thermal
degradation of the coal produced the majasityhe S2 oil fractio10q.

Cronauer et al performed thermal liquefaction of a Belle Ayrsubbituminous coal in a
CSTR reactor. They considered parallel reactions for gases and asphaltenes formation. Gas
formation was the only one which was observed that model predict in a better way
compared to previous models. The addition of the preasphaltene fraction to the kinetic
network allowed more kinetic detail, but it did not allow for greater understanding of oil
formation. The activation energy were verylomaybe because of the kinetic model cannot
describe the reactions happen in an accurate viays.

Shah et al proposed different reaction network for direct coal liquefaciibay
classifiedthe product according to the boiling point range whered O; and BP are heavy
fuel oil, furnace oil, naphtha and byproduct respectively. This model is classified on the basis
of physical properties and ignored the chemical properties of the molet0&sChiba and
Sanada proposed a generalized model for tgdrogenation reactions based on batch
autoclave experiments. They suggested that coal consists of two reacting pairtsl ©)
which G was less active component and formed asphaltene awd<Cactive portion of coal
and directly formed oils produdn.this work preasphaltene and gas are not considered in the
reaction networkJ09.

Shalabi et al. postulated a further complicated network by assuming Preasphaltenes can
directly convert into asphaltenes and oils. Their work centered around liquefaicadmgh
volatile bituminous coal in a 300 cm3 batch reactor with tetralin as the solvent and under 350
psig of hydrogen gas. They incorporated the concept of a reactive fraction of coal which is

necessary to adequately model the data since the finabrpatton of unreacted coal will
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not be zero. They assumed all reactions to be first order and irreversible. They considered
three reaction models based on various presumed theoretical mechanism of coal liquefaction.
Model 1 represent a pure series reachetwork, model 2 differs from model 1 in producing

of oil and gas directly from preasphaltenes and also asphaltenes. In model 3 preasphaltenes
are formed directly from the coal and also are the precursors for the formation of asphaltenes
and oil and gad=irst Model could not provide an adequate representation for the liquefaction
process. The results for the second model was a little better than first Model since adding one
step to the pure series reaction allows two compounds to be adequeately mecelenhh

and asphaltene. Finally, Model 3 was more accurate than the other two models since adding
parameters to the model allows more variation in the data set to be accounted for by the
regression scheme. These models had some limitations. First, tempesgimes where
regressive reactions began to become important were aveededdly in these models the
gaseous and oil products are considered as one lumped since the path of formation of oils is
different from gaseous productslf.

Mohan and Sillaproposedtwo modelsin which reversible reactions of asphaltenes,
preasphaltenes and oils are presEimst model could describe liquefaction behavior at high
temperature and the second one was only valid at low temperature. In these models
production ofGas has not been considerél1]).

Gertenbach et al proposed a reversible reaction model for coal liquefaction experiment.
The fit to this model was poor and the model predicted &igbunt ofoil yield in plug flow

reactors.
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Gas fraction is not includenh this reaction network and the reversible reaction path from
preasphaltengéo coal is not right since preasaphaltene can produce coke and cannot be
distinguished from codlL12].

Abichandani et al studied a kinetic of short contact time liquefactionoad @ the
CSTR reactor. They assumed coal fragments into smaller species instantaneously which is
fuction of temperature. They showed in the reaction network the possibility of direct
formation of asphaltene and oil from an active portion of thES.

Abusleme et al. proposed a kinetic model for the catalytic liquefaction of two Chilean
subbituminous coals (Pecket and Catamutdn).this reaction network, formation of
asphaltene from oil fraction is described as a result of recombination of free &dmad
reaction time which accelerates retrogressive reaction that is undesirable in coal liquefaction
process114].

Radomyski et al.studied mathematical analysis of three kinetic models of coal
liquefaction in the absence of catalyst and found thegraesparallel model was the most
appropriate among the models based on eitherserigs or onlyparallel reaction[115.

Ozawa et al. studied catalytic direct coal liquefaction in the absence of donor solvent.
The results showed that the catalyst gaght effect on the conversion of preasphaltenes to
asphaltenes but little effect to accelerate gasification and oil formation readtiéhs [

Gollakota et aldeveloped garallel thermal and catalytic kinetit@ coal liquefactionThis
model containedour thermal rate constants, two catalytic, and a stoichiometric parameter.
The reaction of coal to preasphaltenes and gas were mainly thermal in nature and the last

reaction was thermal as well as catalytic in nature. They also recommended for effective
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conversion of large preasphaltene molecules, catalysts with large pores must be utilized
[117).

Nagaishi et al developed a kinetic model for evaluation of coal reactivity for liquefaction
experiment. The model assumes that coal consists of three differapbrentdy (inert),

Ci(less reactive), and (Qreactive), all of which can be quantified experimentally. In this
kinetic model the gaseous and oil products are considered as one lumped while the path of
formation of oils is different from gaseous produdi$q. Another kinetic model based on a

set of irreversible pseudast-order reactions proposed by Giralt et al. The experiment
performed under isothermal condition with two different solvent, tetralin and anthracene oll
Oil and gascomponents were lumped tobet in this reaction network and reactive part of

coal was considered to this netwoil §.

Angelova et al studied kinetics of Bulgarian brown coal in the tubing micro reactor
under isothermal conditions. This model assumed that gas is formed direstlyhie brown
coal. The initial stage was found to be strictly temperature sensitive. Products of the initial
thermal reactions were mainly preasphaltenes and asphaltenes. Lighter materials are usually
formed through hydrocracking of these heavy produ@§] [

Salvado et al carried out catalytic hydroliquefaction of lignite coal under various reactive
atmospheres. The use of commercial hydrodesulphurization catalyst did not increase the
conversion of coal into liquid but it could improve the productiohyafrogen sulphide and
methane. Oil and gas fractions were grouped as a lump in this reaction ndtijrk [

Pradharet al studied a kinetic model based on both series and parallel conversion of coal into
oils. It is similar to one employed by Radomyski whbond that a seriegarallel model was

more accurate than the models based on only series epandlfel pathwaysThe products
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of coal liquefaction were unreacted coal, asphaltenes, oils, and gases. Unreacted coal
included char and was defined as m&thg chloride insolubles. All reactions in this Model
were irreversible with a first order reaction rate constant. The formation of asphaltenes from
coal was found to be based on thermal effects not catalytic gfjt

Ferrance developed a general mode coal liquefaction which differs from previous
models. Two things included in the kinetics of this model which were not considered in
previous works, concenrrarion of reactants and hydrogen pressure. The only drawback of this
model was considering odnd gas fractions as a lump into the reaction netwb2l§[ A
kinetic analysis of coal liquefaction in flow reactors was reported by Ikeda et al. Coal was
concluded to consist of two different solid components with different reactivities and
different reaction pathsThey assumed firgtrder reversible successive reactions in three
continuous stirred tank reactors. According to this scheme, retrogressive reactions were not
negligible during the coal liquefaction process. Oil and gas fractions grouelliap into
the reaction network while formation of oil is as a result of hydrocracking of heavy materials
and gas fraction is formed because of thermal decomposing of light hydrocarbon in the coal
matrix [124].

Kidoguchi et al developed a kinetic model the initial stage of reaction in the direct
coal liquefaction of subbituminous coal. The model assumed that coal consists of three
components where CA, CB and C1 are larger rate of decomposition, smaller rate of
decomposition and negligible rate of degmosition respectively. In this reaction network
preasphaltene and asphaltene are grouped as a lump and no reaction path was considered for

decomposition of heavy materials like preasphaltene and asphdl&she [
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Li et al investigated kinetics of coal ligfaction in a 500 ml autoclave during heatipy
and isothermal stages. Temperature range ofismithermal stage in this work was from
370°C to 430 °C and the isothermal stage temperature was 430 °C. This Model differs from
the other previous studies altdumped category. In this study coal was divided into three
parts, easy reactive part, hard reactive part and unreactive part. This type of reactivity classes
of coal generates more accurate Model. They considered some assumptions for their kinetic
schene which may not be advantage for studying of coal liquefaction process. For example
in their kinetic study asphaltene and preasphaltene and also oil and gas yield were considered
as one for simplifying calculation procedis may increase experimentalrizion when
various components with different sbllity are assumed as one lurfi26]. A summary of

recognizé coalliquefaction kinetic models can be found in Table,

Table5-1: Summary ofdirect Coal iquefactionkinetic models

NO Researchgroup Kinetic Sheme Coal Type Solvent T (°C) and P(MPa)
Weller et al.
C—»p—> : -
1 1951 AT O Pittsburgh None T1:400-440
P:41
C1 N
2 Falkum et al. A+0O . T:400
1952 cz/' Spitsbergen None P'NA
3 Pelipetz et al. C—>A+0 Wvomin None T:400
1955 yoming P:3.427.6
4 Hilletal. C—A+0 , T:440
1966 Utah Tetralin P34.5
5  Curranetal. I bittsburah Tetralin T:324-441
1967 _wA+O 9 P:NA
Cc2
6  Strucketal. I . T:371-427
1969 _#A+0O Pittsburgh None P:10.3424.13
c2
. /VA
7 Liebenberg et al. C Bituminous Tetralin T:380-440
1973 =0 P:16-20
8 Yoshidaetal. c Ao Japanese Anthracene oil T:400
1976 N P P:19.621.6
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9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Cronouer et al.
1978

Shahet al.
1978

Chiba et al.
1978

Shalabi et al.
1979

Mohan and silla
1981

Gertenbach et al.
1982

Abichandani etal.
1982

Radomyski et al.

1984

Ozawa et al.

1984

Gollakota et al.
1985

Nagaishi et al.
1988

Giralt et al.
1988

Angelova et al.
1989

Salvadé et al.
1990

Pradhan et al.
1992

Ferrance et al.

1996

Ikeda et al.
2000

P_{L\: o Belle Ayr

BP «—C—>0,—>0;
SubBituminous

cGw O
Cl1 —>A—*>0 Yubari
c2 —0 bituminous
C
#l '\ Kentucky No. 9
A b .
f ituminous
XA
C—» E.A\/
lllinois No. 6
Q—:ﬁ
O Kentucky No. 9
—A bituminous
G
A <—E E—»P
C; o Pittsburgh
C—A —0
NA
O
GeC 4. p Yubari
~a bituminous
KO?
¢+ pP—>A—>0 Elkhorn No. 3
C—»G P—A—»0O
CFP—»A—>0+G Akabira
_>z
O+Ge—A Catalan
P
P4 RN
C—o» A—>» O .
Bulgarian coal
c—P

Bergued lignite

Y

Wyodak
Ge+—C—> A—> ?
—»p lignite
o2}

C PFTAGEZO+G Tanito-Harum
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Hydrogenated
phenanthrene

Hydrogenated
Anthracene oil

Tetralin

Tetralin

Tetralin

Recycle oil

Recycle
solvent

Tetralin

None

Anthracene oil

Tetralin

Tetralin

Tetralin

Anthracene oil

methylene
chloride

Tetralin

Recycle
solvent

T:400-470
P:13.79

T:413
P:24.13

T:375-440
P:NA

T:350-400
P:13.79

T:330-450
P:7.1

T:360-440
P:13.89

T:350-450
P:13.8

T:400-460
P:29.4

T:400
P:7.9

T:425
P:8.6

T:450
P:10.1

T:350-400
P:NA

T:350-400

P:NA

T:400-450
P:5
T:375-425
P:6.9

T:350-400
P:15.2

T:450-465
P:16.8



P+A+O
0 g

26 Kidoguchi et al. ‘ C Cs Ca _1 . Recycle T:200-450
2001 G Tanitoharum solvent P:10.1
C1l
c2 ™ P+A—» O+G
27 Lietal } l T:370-430
. C3 . . =
2008 Shenhua cycle oil P

In summary, there are drawbacks to these models in reference dnsierts to
liquefaction. First,someof thesemodels(1-8), employed simple reaction neiwk which
information about intermediate or concurrent steps is omitted. Second, some of these models,
the gas fraction has not been consideref,{1-14,18,21) and in some other cases, gaseous
and oil products are not considered as a separate lumpedtimnipath of formation of oils is
different from gaseous products (20,22,2£82% Reversiblereactionis alsonot considered
in most ofkinetic networks except those prested in the table (13, 14, 298). Finally, most
of these models have been perfednunder nofisothermal condition. This condition may
lead to experimental variations due to the time required to reach the desired temperature
where significant reactions occurred in advance. To the best of our knowledge, there is little
information regadting kinetic modeling of direct coal liquefaction undeothermal
condition.

The aim of the present work is to develop a kinetic model for direct coal liquefaction
process under isothermal condition. Since conventional batch autoclave is not appiapriate
isothermal runs, as conventional autoclaves require longuipeahd cocbdown times to
reach the desired temperature, during which significant reaction may happen. Thus the
liquefaction experiments were conducted with a tubing bomb reactor desigsagpiess
secondary reactiorend havemore reliable kinetidata. Consequentlyhe reproducibility of

conversions obtained is far superior to those taken in conventional massive reactors.
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5.3 Experimental method

Many investigators considered massive reactof various capacities for their
experiments.t has been long recognizdtiat calculating kinetic data in a large reactor
indicates the problem of inaccurate reaction time duertg heatup and coecddown times
during which significant reactions cdmappen [37, 80, 92, 93. The approaches used to
minimize these nonisothermal hegt times have been considered to use Micro reactors.
This problem was overcome by heating solvent to desire temperature and injecting slurry
consist of coal and solvent into theactor. The liquefaction runs were investigated with a
rapid injection reactor designespecifically for isothermal kinetic studyFigure 5-1
schematically illustrates the experimental setlipe micro ractor was 15 ml stainless steel

(10 cm height ash 1.4 mm diameter)manufactured at university of Alberta. Connection
included &3/4- sample injection linel/4-gasinjection lineto introduce gas to the system and

stainless steel wire type thermocouple for reading the retetgperature. The raw coal
samplewasreceived from Sherritt Companyhe coal sample was crushed, sieved to particle
sizefraction (150212 um) as obtained ichapter4 and dried under vacuum conditiontil
amoisture content adbout9.5 % was achieved he representative sanepivas stored under
vacuum conditiomprior to liquefactionln a typical run, 3 g of solvent (tetralin) was placed in
into the reactarThe set upwas purgedthree timeswith nitrogen to remove the air present
insidethe reactor and leak tested with nitrogend vented. Then reacfamessurized to 35atm

with nitrogen to keep the solvent in the liquid phase at reaction temperaheeslurry
consisting of 1 g of coal in 4 g of tetralin was introduced to the sample container and
pressurized to 70 atm keepirige release valve closedo provide high heatip rates,

reactors were immersed in a heated fluidized sand bath and mixing was accomplished by
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shaking the reactor vertically. The sand bath was preheat®d aBove the reaction
temperature and micro reactaas submerged in the sand bafihe solvent was initially
preheated in the reactor to a temperature of 10°C above the reaction temperature. Once the
temperature reaeld to the reaction temperatuthe sample released valve was opened and
the slurry wasnjected to the reactor for coal liquefaction reaction. At this instant, zero time
was definedThe short nonisothermal periods of heating and cooling allowed neglecting its
effect on the overall process and the reaction was considered as isotfiderfadal solvent

to coal ratio in the reactor was 7:1 in all experiments. After injection of the cold slurry, the
reactor temperature was dropped by approximatelyC3(Recovery to the desired
temperature required about 28 After the desired reaction tim#ée reactor was rapidly
cooled down by liquid nitrogen tabout80°C within 30 sec, feerwards the reactor was
depressurizednder the hood and amount of gas released was calculated from reactor weight

before and after experiment.

| 1. Heated Sand Bath
’,/ » T—___ 2. Isothermal Reactor
-]3. Thermocouple
‘ | 4. Temperature
’ Recorder
7 5. Gas Cylinder (N;)
] 6. Gas Inlet valve
7. Gas Relief Valve
8. Sample Container
9. Sample Release
Valve
10. 4- way pipe
connector
11. Pressure Gauge

/—\\1 2. Fume Hood
\Je)

1

Figure5i 1. Diagram of Experimental setup
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The reactor then washeudth tetrahydrofuran (THF) and theontentswerethen taken
out of thereactor. The residue was separated from liquid by filtration the slurry with a
vacuun pump.Unconverted coal samples or liquefaction residues were dried overnight in the
vacuum oven at 8C and submitted for visual observations with scanning electron
microscope (SEM) and TGA analysis for further characterizaBobsequently, the THF in
the mixture was removed from coal liquid using rotary evaporgoor to gas
chromatograph (GC)analysis The experiments were carried out fdur isothermal
temperatures from 59 to 450°C Temperatures below 88C are ineffective for coal
liquefaction rsulting in low conversionsand temperaturesigher than 450°C lead to
excessive coke formatio®7,129-131]. Reaction times oi5, 30, 60 and 120 minutes vere
selected for all the expenients.No catalyst was used in the experimefitse results showed

tha at high temperature and extended time undesirable retrograde reactions may take place.

Solvent Coal

\

Hydrogenation
Reaction

Feactor Cleanout

f
Refluze with Residue
THF

Sohds
W

Filteation & Wacuum Dry

Ltqmd\.r

THF Bemoval
with Eotovap

Extract
Processed 4

with
differemt
salvents

Vacum
Distillanon

Figure5i 2: Direct Liquefaction Block Flow Diagram
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Solvent extraction is a method for separation of mdsené different chemical types and
solubilities by selective solvent action. It utilizes the fact that some materials are more
soluble than others in certain solvents, resulting in preferential extraktiooal liquefaction
studies, coal conversiois otten described in terms of solubility of products in various
solvents.The experimental procedure that is followed by most of the authors, during the
liquefaction process, is shownkigure5-2.

A Buchi Rotevapor R210 was used to separate (THF) fromettteacts. The waterbath
was set t@0 °C and the vacuum to 260 mbar. The separgti@mtess took approximateBy
hours.After THF removabwith rotary evaporator{gure 5-3) coal liquids are processed with
different solvents to obtain weight fraction @fol lumpsuchas asphaltenes, preasphaltenes
and oils Preasphaltenesaterialcan be precipitatedith benzener toluene
The extract was firsprocessedvith 100ml tolueneto obtain (toluene solublg material
present in thecoal liquid. The residue tpluene insoluble) was left at room temperature
overnight toeliminateremaining toluenéo measure the weight percerithe toluene soluble
was distilled in a rotary evaporatorfrom the mixture at 60°C and 76 mm Hg remove
toluene Then the liquid sampl without toluenewas treated with 4#Heptene causimg

precipitationof asphaltenes

ri__fif’vﬁLl,’lE’J ﬂﬂ%%—f?i ¢ Rotating flask
Condenser —» = |

~{ad iy ¥
e ,-IHK ~J ?ET N Extract

. B | { +—water bath
ecovere ; 7
.
| @0

Figure5i 3: Rotary Evaporator for the Recovery SolvEii5]
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Figure 54 shows sequence of direct coal liquefacti@pezgiments which are proposed
by most of the authors. The kinetics models can be proposed based on the data obtained from
the mass balance and different tieenperature historyDifferent kinetic models have been
proposed and examined to describe distrdms of products such as preasjane,
asphaltene, oil and gaRate constants for each of the specified reaction network have been

calculated by nonlinear regression analysis.

SAMPLE
Heptane Toluene T;-rp
oILS oILS THF-
ASPHALTENES, ASPHALTENES INSOLUBLES
PREASPHALTENES PREASPHALTENES
THF-INSOLUBLES
oILS PREASPHALTENES
ASPHALTENES THF-INSOLUBLES

Figure5i 4: Direct Coal Liqiefaction Sequendé&07]

Preasphaltenes:

This fraction is consigtd of complex polyaromatic compounds containiagcertain
amountof nitrogen andpolar functional groups such as Qgenerally having molecular
weights between 40Gand 2000Preasphaltene isne of the heavy products of direaoal

liquefactionwhich can be generated as a result of thewrtedvageof coal network.This
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product includes the highest heteroatoms and the lowest hydrogen to carbon ratio among all
other coal products. Preasphaéeriractions are called poleompoundsince they comprise
polar functional group such as hydroxyl group in their structdies.formationthis product

can reducehe efficiency ofcoal liquefaction proceqd438].

Asphaltenes:

The term refers to a cheaaily complex fractiondescribedmainly by its solubility in an
aromatic solvent such as benzene or toluene but insoluble in sobrett as pentane or
heptane.
This componenis obtained as a result of hydrocracking of larger mdéecsize such as
preaphaltenes. This fraction has higher hydrogen to carbonaatdessaveragamnolecular
weightaround 500n comparison to preasphaltenes [13H).
Qils:
Oils are defined as those componemntsich are soluble irsolvens such asheptaneor
pentanewith higher hydrogen to carbon ratio among other coal liquid products. Oil
generally produced as a result of hydrogenation of higher molecular weight components and
contain lessheteroatonwhich make them more readily suitable as a clean fuel for industry
applications B2].

5.3.1 Proximate and ultimate analysis

The as received coal sample contained high moisture content and was dried in vacuum
oven at 80 °C for 8 h until a moisture content @65 % was achieved. The representative
samples were taken for proximasmalysis according to the ASTM D7582 by Macro
Thermogravimetric Analyzesindultimate analysis according to ASTM D3176 in Elemental
Vario MICRO Cube.
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Three crucibles wadilled with approximately one gram coal and placed iMacro
Thermogravimetric Analyar. All calculations for obtaining proximate analysis have been
done by this equipment.

Density of lignite coal also measured by addifigg dry coalto 40.0 ml deionized water.
The density of coal sample waalculatedby subtractingpf volumeof coal pls water from
volume of water. The density df35 g/cm3 was obtainedfor lignite sample.Theseresults

are presented ihable5.2

Table5-2: Characteristic of the lignite coal sample

Proximate analysis Mass(%) Ultimate analysis Masg% daf)
Moisture 9.46 C 44.63
Volatile Matter 43.12 H 4.68
Ash 21.15 N 0.66
Fixed carbon 26.27 S 0.57
Density/gcnt 1.35 O* 49.46

daf =Dry and ash free basiDbtained by difference

5.4 Factors affecting coal liquefaction

Despite current developments in cdiguefaction, the interactions and effects of different
process variables are not completely enstbod. In order to optimize coal liquefaction
process, some major process factors should be balanced. The optimal product yield can be
achieved by managing the temperattinee, pressure, solvent to coal ratiBomeof these

variables are studied here.
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5.4.1 Temperature-time

Generally, the direct coal liquefaction process includes decomposition of the
macromolecular structure of coal into free radicals at high temperature and stabilization and
hydrogenation of those freadicals to prevent retrogressiveactions in order to have low
molecular weight products.
At low temperatures usually below 350 ¥0nversion is low and very little chemical reaction
takes place and small molecules are dragged out of the coal matrix due to interactions
between the hydrogedonor solvent and the coal molecules. The elin&sg is provided by
relatively weak bonds such as methylene, sulfide, disulfide, or ether linkages, and it is the
thermal rupture of these labile bonds at temperatures around 350 °C that is respmrisible f
initial stage of coal dissolution. With increasing the temperature, thermal decomposition of
these bonds results in the formation of large -fexbical species Effect of temperature is
remarkable at the early stage of liquefactidie free radical react by abstracting a
hydrogen atom from a solvent molecule or froyarogen atmosphere or by repolymerizing.
If the free radical isuccessfully capped by hydrogen, products in lower molecular weight
and richer in hydrogen than the original coal wélformed ,but if the free radical species is
stable and in the presence of other free radical species, polymerization or retrograde reactions
could take place. This is the basis for fleemation of coke, char, and other large and
insoluble molecular wely species[13]1]. These processes take place at very high
temperature and time when the ratedeCompositions lower than recombination of free
radical.
Huang et al. performed kinetics of coal liquefaction at low reaction times and high

temperature. Thepelieved that thdiquefaction process does not normally occur at a low
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temperature and hydrogenation of coal does not produce valuable products, while at a high
temperature around 420 °C undesirable retrograde reactions could be dominant.
Understandinghis onset of retrograde reactions is of great importance for improvement of
the direct coal liquefaction process. The Temperature not only affectomiversion, but

also the degree and quantity of retrograde reactions, and the quality of liquid p{a@dcts
Flatman et al. showed that an increased reaction temperature from 380 to 400 °C improved
product yields by promatg the secondary decompositioractions, while when the
temperature increased to 450 °C retrograde reactions took dlate Rodrigwez et al
demonstrated that with increasing the temperature, the formation of free radicals increased
and the optimal temperature fthis process, based on quality of the products and reaction
conversion took place at 425 {€33]. Studying the reaction meperatures in these studies
helps us to find appropriate temperature range and subsequently optimal temperature which
maximum extraction yield takes place

Thermal decompositiodepends on temperature only. The free radical formation is also due
to thermal effects (Temperature dependence) during dissolution process. Temperature
influences on reaction rates, ultimate conversion, hydrogen availability from the coal and
solvent, finding the optimal temperature is very significant to have high quality liquid
products. Most of studies have been dander noAsothermal conditiorand kinetic model

is not consideredn complete time temperature histaag the time required for thmassive
autoclave to reach the reaction temperature can be substantial

Effect of time is also remarkable at early stage of liquefaction when maesingbonent can

be extracted at this stagdt has beerreportedthat coal conversions are nobnsiderable

improved at longer residence timeger 2 hoursalthoughsomechangesmay occur inthe
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product distributionMoreover, the gas pduction is excessive at lonmgactiontimes in the
reactor [134]. Temperaturdime is thusthe most important factothat alters quality of
product and reaction rate.

5.4.2 Pressure

In direct coal liquefaction picess, high pressure is desirable as it keeps the solvent in
liquid phase in order to prevent solvent evaporationamids the retrograde reactions.

The hydrogen can come from different sources: the solvent, gaseousfidém the coal
itself. The most #icient source of hydrogen for quenching the free radicals is the
hydroaromatics in the solvent. However, when their concentration is low, molecular
hydrogen can take part in quenching the free radiddls][

Tang et al investigated the effect of inittaydrogen pressure on liquefaction process
with tetralin as a solvent and concluded that the conversion of coal and yield of oil increased
when the initial pressure of hydrogen changed from 6MPa to 8MPa, the change is 3.48% and
5.3%. The trend was littlevhen changing from 9MPa to 10MPa.The results showed the
effect of pressure on conversion was prominent at lower pressures rather than higher
pressuresl4?.

In contrast several researchers believe that pressure has no considerable effect on coal
liquefadion and conversion.

In study by Abichandani et al about short contact time coal liquefaction, they reported
that the hydrogen pressure had no significant effect on the conversion and production
distributions 113.

Okumaalso showed thato pressure feects were found between 14.7 and 18.6 MPa

[143. Cai et alstudied rapid injection of lignite coal by using a tubukesactor andound
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total conversion marginally increased from 25.4% to 26.1% when pressure was increased
from 10 to 15 MPal44].

Miura et al examined the effect of the pressure on the product yields and concluded that
no appreciable difference was found in the extraction yield at 10 aiMP2a0of pressure
[145.
In some literatures the experiments have been done at low residence dirthee aauthors
investigated the effect of pressure at short reaction fiilmis. arises from the fact that the
initial stage of reaction where free radicals formed from thermal reactions seek stabilization
by abstracting hydrogen from solvemther tharhydrogen gas atmospheia the presence
of a good donor solvent, coal liquefactioan proceedvenat lower pressureand under
nitrogen atmosphergl45]. It was found that when using a good dorswlvent for
liquefaction high conversion cdre achievedinder inert atmosphefé46].

In this study nitrogen is considered as gas atmosphere since excess good hydrogen donor
solvent was available for all experiments athére was no need to use hydrogen gas

atmosphere focoal conversion

5.4.3 Solvent to Coal ratio

The solvent to coal ratio might be expected to haviaffuenceon the coal liquefaction
process. Investigators in the past have used ratios in the range of 1 to 18.
Hill et al performed a series of solubility experiments to find the optimum rasoleént to
coal. They investigated the effect of solvent to coal ratio on coal liquefaction in tetralin at

constant temperature and time. They found ragresiterthan 8:1 the coal dissolved did not
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increaseThey usedatio of 10 for their kinetic studetomake surghat exess solvent was
always availabl¢102].

Rudnicket al showed that the coal conversions are not significantly improved for solvent
to coal ratios greater than 7 [135]. Longanbach et al also concluded that changes in coal
conversios at 425440°C are relatively small for solvent to coal ratios between 2 a®&§5[
Abichandani et al studied Kinetics of Short Contact Time Coal Liquefaction at temperature
and pressure ranges of 57323 K and 10.3.3.8 MPa. They reported the solvéotcoal ratio
has no significant effect on the individual yields of pentane and toluene solubles, but for the
THF solubles with an increase in the solvemtoal ratio the yields of products are
significantly increased1fl3]. Shalabi et al considered a saltgo coal ratio of 10: 1 to
remove solvent starvation effects and to assure that a sufficient supply of hydrogen donor
species was available in the reaction condition to obviate the need for hydooghe
experiment$11Q.

In the study by Vimal Kumar et al who investigated the solvent extraction of two
different types of coal with solvent to coal ratio between 6:1 t018:1 and it was found that
with increasing the solvent to coal ratio from 6:1,9:1,12:1,15:1 and 18:1 the extraction yields
increased from45.9% and 46.6% to 55% for both type of coals and then with further
increasing it dropped to 48% and 49%.They found that the maximum extraction yield was
obtained for 12:1 solvent to coal ratib3[/]. Retrogadereactionsvhich aredominant ahigh
temperatures and long reaction times depend on hydrogen availadmidycan occur at
temperéaures as low as 40Q if very low solvent to coal ratios are used [13Bfe solvent to

coal ratio required foiquefactionshould beoptimum
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In this work b find the optimum solvento-coal ratiofour experimentsverecarried out
at constant temperaturdQC’C) and time It was found that with increasing the solvent to
coal ratio from 3:1, 5:1, 7:1 and 9:1 the extraction yields increased 260, 29.8%,
31.8% ard 31.8% respectivelyLower limit for this experimentvas kept3:1 so that fluidity
of thecoal liguidcanbe maintained during tH&uefaction experimentJpper limit waskept
9:1 and abovéhat was notestedbecauseecovery of solvenivould consume ore energy
and no significant effect was observed even at higher limit. Thus, the apprephegstto-

coal ratioof 7 waskept for all experiments tensure that excess solvent was always ptesen

5.5 Result and discussion
5.5.1 Coal liquefaction conversion

Coal liquefaction conversiomwas calculatedbased ordry and asHree by Equation (4
1) as discussed ichapter 4.The experiments were repeated under identical conditions to
check the remducibility of the resultsin this experimentisothermaltemperature as
changed from 80°C to 460°C and thereactiontime was changed frorh5 to 120 min.The
changes in total conversions are shown in FigubeThe results show that the temperature
had a strong positive effect diotal conversionThis effectwasmost promuncedat the early
stage of liquefaction as can be observed that slope of curves were sharper at initial stage
where most of volatile matters are trying to evolve at this stHgerefore initial stage of
coal liquefaction ishighly temperature sensitiv®n the other hand, the effect of timas
also importantat initial stage and this effect was lost fextended times ahigher
temperatures. This indicates that most of the liquid products abexady extracteat the

early stage of liquefaction.
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Figure5i 5: DCL conversion at different tim@mperature

5.5.2 Mathematical Modeling

In order to obtain a betteinderstanding of coal liquefaction process, a number of kinetic
models have been undddm. Several reaction networks have been proposed by various
scientists in catalytic and naratalytic condition as discussed fhis chapter Although
almost all researchers have suggested first orulegversible reactiorfor their kinetic
network,revesible reaction is also considered in the current study. Analysis of the reaction
network needs estimation of parameters such as reaction rate constants, determination of the
accuracy of parameter estimates and evaluation cuiteility of fit theoreti@l mechanism
to the experimental data. The solidification of systematic methods for specification of
parameters in nehnear models, and for selecting between alternative models is essential
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and has been discussed a lot in the literature- Niogar estmation of several parameters

from data for these types of reaction systems is sometimes challenging. The data obtained in
this work were correlated usirgix different kinetic models includseries and paralleind

were assumetased on various presumee@adhnetical mechanisms of direct coal liquefaction

to preasphlene, asphaltene, Oil and g&ne of thamain goalf this studyis to find which

of these models cdrestdescribe coal liquefactiomehavior Based on thereferredmodel, a

set ofdifferential equations can be written todicatethe rate of formation of the products.
Different six lumped kinetic modslare consideredo predict theproduct distributionThe

assumptions made in the development egékinetic modes are briefly summarized hmwv:

1. The reaction is considered as isothermal.

2. The reactions are first order witbspect to the reacting species and the rate constants.
This assumption is supported from previous research reported in the literature [99
126].

3. Reversible reaction is alsmmsidered in the reaction networkhe results showed
thatat high temperature and extended tumelesirable retrograde reactiangy take
place. Thus incorporation of reversible reactions in needed to predict residual
concentration at high temperature.

4. Products of coal liquefaction includesphaltenes, preasphaltenes, oil and gas.

5. Mass transfer effect is negligible in this wo€koal disintegratesnto smaller species
almost instantaneodg and particle does not remain intact under liquefaction
condition. Moreover, the high activation energies suggested by previous scientists
indicate that direct coal liquefaction was kinetically controltather than mass

transfercontrolled.
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6. Hydrogen donordavent is assumed to be present in ex@essdl runs andherewas
no need to use hydrogen gas atmospherexjperiments.
Based on these assumptions the rate of formatiaiepletionof various species can

beexplainedas follows:

dXi
W:aki)(i (5.1)

Where Xi represents weight fraction value of speciesand ki represents the specific rate

constants.
Model 1

This model represents coal decomposition asreesand parallefeaction schemivolving

the following steps

J I
o] J Kz

C > P > A

Q

Where: C, reactive fraction of parent coal; P, preasphaltenes; A, asphaltenes; D, oils and G,

gases.

The following differential equations display the rate of depletion and formation of reactants

and products.
dC _
dt ~ (kl k’g)C (5.2)
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OCIII,: = le kZ P (5.3)

%ﬁ:@p-@p (5.4)
C(cht) =k, A (5.5)
Cél? = k5C (5.6)

The nitial conditionsrepresented byeightfractions are:

t=0,C=a, PA=0=G=0.
= =1-a+C0
WhereC' = unreacted codal; = reactive fraction of coal at time t.
1 - a= unreactive fraction of coal amslfound experimentally at loegtreaction time.
a = reactivdraction of coal at time t = 0.
Incorporation of tk concept of ternfl - a) is necessary since not @llwill react atinfinite
time
Theseequations ardirst orderdifferential equations andan be solved by thaboveinitial

conditions.First order differential equation is defined as:

dy
E+ yP(t) =(9) (5.7)
tt) = e PO (5.8)
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=o€
YO mt) (5.9)

Where nft) is integrating factoand y(t) is weight fraction of components at specific time.

Theanalyticalsolutions of the differential equations are given by

[Ci]=1 -a aékAt . kamk (5.10)

[p] :i(e_ Kat _e'th)

ko kg , (5.11)

_ Akl g AL 1Y (e*2t 'Y

[A] k.6 " (5.12)
27 Kag K3 Ka 3 K

[o]=aklkzksg e ¥ e_kAt) : (‘*4%t ek2t> 0k, (5.13)
rkagkska ks T gk kg KT H ]

(6]= 25 -« At (5.14)
KA
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Model 2

This model is similar to model 1 but somewhat modifiedhla model oils can be generated

directly frompreasphaltene3he reaction network of this model is given here:

Ks G

/I; K, K;

¢c— P —> A — 0

| !

Ky

The following differential equations display the rate of depletion and formation of reactants

and products.

W= KC 519
WP =kC (K+k)F 5.16)
%?:@P-QA (5.17)
%? = k3A +k4 P (5.18)
C(ij(t; =k.C (5.19)

Thesolutionsof the differential equations are given: by

106



k =
cil=1 - At A 5.20
[Cl=1-a ae A _kl " (5.20)
kg =k,
alq -Kat Kp t
Pl= (e A" -e BY
[P] kg- Ka (5.21)
(4= 12 de At 613 (o7Bt o' (5.22)
kB=kag '3 Ka 5 kg
e -Kpt Kat o
o= ke ge BT e A,
kg-Ka§ ks ka &
u (5.23)
olgl 1 @St gMAL 1 oSt GMBt By
Kgrkaghs ka8 Ka ‘é 4‘B 5 B Uk
[6]=2 (1 & At (5.24)

Model 3

This model is very similar to model 1 with a minor change in the reaction network. In this

model oils can be generated directly from cétais similar to one employed by Radomyski
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who found hat a serieparallel model was more accurate than the models based on only

series or onhyparallel pathways

Ks G

A' K, K

C » P A —* 0O

Ka

The following differential equations represent the rate of disappearance and formation of

species.

%‘f: k k+k)C (5.29

o(ljl;’ = le kZ P (5.26)
C(Ij'tb‘:kzP -k, A (5.27)
O(Ij? =k, A #,C (5.28)
Cé? = k5C (5.29)

The solutions of thebove differential equationdbased on the mentioned methais
given by
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[Cil=1-a ac K

ka=h A ke (5.30)

_ ak - Kat Tkt
[P] A (5.31)

_akk, & kat. '8y (gfet ot

A , 5.32

W he b Tk k 632

Ol]=1.0C' P A+G) (5.33)

[O]

] :%(1 & Kt (5.34)
K

Model 4

This model is combination of model 2 and 3 and all reactions are considered irreversible. In
this model oils can be produced directly from cqakasphaltereand asphaltenesThe

reaction network is given by:
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The following differential equations represent the rate of disappearance and formation of

species.

W= 4k krk)C (5.35)
%E’ =k C {k,+k)F (5.36)
Céf‘:kzP -I%A (5.37)
A2 =kA #,P kC (539
C(Ij? = k5C (5.39)

The solutions of thabovedifferential equation®ased on the mentioned methauale given

by:
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Kat

[Ci[=1-a ae ™" k,=k # k & ky=k, +, (5.40)
_ A okat kgt
[P] - kB_ kA(e € ) (5.41)
& -kat -k k

PELLE CUTRLNOLI RS 54
B kag ks Ka 5 kg

[O]=1.0C' P A+G) (5.43)

[6]="50 ¢ ¥t (5.44)
Ka

Model 5

This model is combination of previous models and includes all possible irreversible
reactions. In this model coal can be converted directly to all liquid products. The number of
kinetic constants in this model makes it more difficdol analysis in comparison with other

previous models. The reaction scheme of this model is given here:

K

Es ‘ Ey Ea |

=
|

T

[y
L 3
»
L
R
v
=

K4

The following differential equations represent the rate of disappearance and formation of

species.
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0=tk keek k) C
Gt =KC (ot k) F
QA=IP kA K C

do_
€P=kA K,P K C

dG _
at K€

(5.45)

(5.46)

(5.47)

(5.48)

(5.49)

The analyticalsolutions of theabovedifferential equation®ased on the mentioned methods

are given by

[Ci=1 -a ag XA

[Pl= ¢ At e e
B "A

- 'kAt _ 'k3t _ 'kBt 'kst
[A]=g(e e =) -ke e
[O]=1.0-C' P A+G)

[e]=25 0 < Aty
A

Wherek, =k ¢ K ki kg =k, &,

q:ak7(kB_ kA) 4'8.‘1& and b= ak1k2

(kg- Ka)(kg -Kn) (kg- ka)(ks -kg)
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Model 6

This model is the preferred model in this study which assumes reversible reaction from oils
to asphalteneat higher temperatures. This model contains all possible reactions from coal to

products.The reaction scheme of this model is given here:

e
s ‘ E; E; E- l
G « C » P — A 4 0

The following differential equations represent the rate of disappearance and formation of

species.

o= (i krk; k) C (559)

%E’:klc (k,+k)F (5.56)
dA_
E‘kzp -I%A k=7C I§+C (5.57)
dO _
E‘kgA +k4P I%C |§-c (5.58)
Cél?:ksc (5.59)

The analyticalsolutions of he abovedifferential equationdased on the mentioned methods
are given by
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[P]= alg (e'kAt _ekBt)

[A=ce e gy gkt 1y gee'et
[O]=1.0C' P A+G)

[G] :ik:a e A

c =~k %G k3
1 o+

c =gt kkok Kkl Kkl kk Kk kk
2 "~ k(kZ {k K k) k2 (k+ Bk,

o _a8 ok - Kok Kk
° ek - k(K Ak k) k)

WherekA:k_LHgS k6 k:},kB=k2 +k4

In general, the fit of these models to the experimental datart@scprogressively better
with an increase in the number of allowable transitions between the different hehapseés.
It might be argued that there is an optimum complexity of a reaction model can usefully be
applied to coal conversion: If too complexbé@comes difficult to isolate a particular reaction
pathway and measure its rate; if too simple the rates of a group of pathways are being

measured effectively as the rate of one step, so that information about intermediate or
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concurrent steps is omittedCoal liquefaction reactions follow complex mechanisms
including multiple series and parallel stages with different activation ener8iegle
reaction networkare not capable to show this type of complexityorder to havea more
accurate kinetic modeh multiple reaction networlshouldbe consideredvhich can state

explicitly the behavior of liquefaction process

5.5.3 Product distribution

The comparison between model6 prediction and experimental product distributions at
four different temperatures of 38D, 375C, 400°C and 450C are presenteth Figure 56
to 59. The initial stage of process was found to be highly temperature sensitive. Products of
initial reactions were largelyreasphienes andasphétenes with high dependency to
reaction temperaturés could be seen from datareasphlienes veredominant during the
first 30 min of the reaction timé’reasphaltenes have the highest average molecular weight
in comparison with other coal products and was expected to be produced with high
concentratiorat the beginning of the reaction as thermal cracking reactions are dominant at
this stageAsphdtenes, oils and gases akso formed at the beginning of the reaction with
lower vyields than pasphlenes. Thepositive slope of concentration versus tirfor
asphaltenes at the beginning of the reaction indicates that asphaltetsstie primary
product which is formed directly from coal and parallel to the preasphaltenes. This behavior
was seen at all temperatures and can be properly described byethamsm of coal
liquefaction. Asphaltenes yield improvettamaticallyto a value of 24% and leveled off
around26% during the reaction a00 °C, however this component at lowest temperature

kept increasing almost linear. This behavior can be also erglamathematically with
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respect to exponential factor of this component in the specific differequaltion. As can

be seen at lowesemperatures, the behavior of preasphaltenes, asphaltenes and oils are
similar and follow almost linear trentVith the pogress of time, the yield of oils and gases
continued to increasat higher temperaturewhereas yield of preasphaltenes gradually
declined Preasphaltenes yield at 375 afD °C increased to the maximum amount of 27%

and 18 % then decreasedlith the pogress of thermal cleavage and hydrogenation of heavy
products, lighter liquid products such as oils were formed. The highest oil concentration in
the liquid product was obtained4@0°C after 120 min of the reaction. This temperature can

be considere@dptimum for producing oil as the most important component of liquefaction.
Lower temperature regimekd not give considerable yield #se maximum oil yield about

20 % was observed after 2 hr. Figure Sshows the product distributions at highest
temperatre. A good agreement has been found between experimental and predicted values
by the model at this temperature. As discussed in the previous chapters, reversible reaction is
considered in this model which occurred betweasphaltenes and oils productsl@tger
reaction time. Incorporation of retrograde reaction which is undesirable in coal liquefaction
process allowed us to predict the residual high molecular weight concentrations at the end of
reaction.Retrograde reactioranconvert desirable small gduct molecules intandesirable

larger macromolecules and can influence lmuefaction behavior observed at longer
reaction times As can be seen in the figure, the amount of oils leveled off and slightly
decreased at this temperature in comparison lwitker temperatures especially 420 °C.
Understanding onset temperature of retrograde reactiosisbstantialfor development of

DCL process This behavior was also observed in-®IS analysis which will be discussed

later in this chapteThese predictios are not predicted by previous works.
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Figure5i 7: Compariso of experimental and predictedlues ofproductyield at375°C.
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Figure5i 9: Compariso of experimental and predictedlues ofproductyield at450°C.
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The other five models were used also to fit the experimental data using the same
procedure described earlier. Thesedels are compared to their experimental dateD&tC.

Model 1 exhibited the poorest fit to the data. This is because this model consegsieftial
formationof products which the parallel reaction is not considered for other species except
for one $ep. This result indicates that coal liquefaction cannot be explained in such simple
models especially at high temperature. Model 2 was created by adding another possible
reaction between pasphaltenes and oils. The error of this model was lower in csuopar

with previous model. Model 3 has different step which was not included in model 1 and 2. In
this model oils can be formed directly from coélis obvious thatseriesparallel modeis

more accurate than the models based on only series ompardiel pathways This is
because of the complex nature of coal liquefaction. Model 4 gave reasonably good fit
especially at400°C. This model is combination of model 2 and 3 and all reactions are
considered irreversiblédodel 5 is combination of previous mdsl@nd includes all possible
irreversible reactions. This model gave the best fit to experimental data in comparison with
other previous model except fd60°C where reversible reactions become dominant at this
temperatureModel 6 gave the best fits atl demperatures as discussed earlier and was
considered the best model to describe the direct coal liquefaction behavior.

The accuracyof the six models under study wasstedby calculatingsum of square
residualsbetween experimental data and predictetles. The model discrimination has
beenalso evaluated bBayesian information criterion (BIC) developed by Schwaé7].

These deviationare shown inTable 53. It can be observedhat the selectednodel gave

minimum deviation among the six models whindicates the superior fit to the data.
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BIC = nin 58>° By (5-65)
c n =

Table5-3: Model discrimination
Model NO RSS BIC

Model 1 0.0938  -283.93
Model 2 0.0684 -295.22
Model 3 0.0347 -327.79
Model 4 0.0141 -367.15
Model 5 0.0095 -382.23
Model 6 0.0064  -397.31

1.0
Coal
0.8 1 —— Preasphaltenes
- - - Asphaltenes
------ Qil
g 0.6 - N —— Gas
§ -
-9 [ ] . -
> 04 = ' o

Time(min)

Figure5i 10: Compariso of experimental and predictgdluesof model 1 ad00°C
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5.5.4 Scanningelectron microscope (SEM)

In order to compare the variations in char morphology at different tempetiater,e
scanning electron microscopy was employed to follow the changes of coal physical structure
using a JEOL 6301F device. Seal images were taken and representative images were
selected for further investigation. These pictures reveal the degree of decomposition as a
function of temperature at relatively high magnification. The SEM images also exhibit
porous structure of théguefaction char. These results are shown in FigeBdo 58. From
these figures, it can be seen that temperature plays an important role in the decomposition
process. In this study, four different tirmmperature regimes were chosen and presented for
visual observation and comparison. Figbfé shows the SEM images of the raw coal (A) at
two different magnifications and liquefaction residue obtained at 350(B),375(C), 400(D) and

450°C for 2 hours reaction time(E).

Figure5-6: SEM images of raw coal at different magnifications; (a) 100X and (b)600X
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Figure5-8: SEM images ofesidues(e) 400°Cand §) 450°C

Figure 5-7 represents the liquefaction residue at lowest temperature regime. This residue
was not expected to show major alteration as a result of swelling and thermal decomposition.
Indeed, the temperature was not enough for complete thermal decomposition and
disintegrates the coal particles.closer look at Figure-Z (d) shows evidence of swelling

and thermal decomposition of these particles and no evidence of agglomeration was observed
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at this temperatureange. This initial decomposition stage is highlgnperature sensitive,
with the rate improving quickly as the temperature elevates from 375 to 400 "C.

The decomposition of the coal was drastic at this temperature and coal particles were
disintegrated into shapeless structure which is in consistent avithef works pointed on
structural disintegration during devolatalization process [42,102,129374]7 At this stage
porous structures were created and volatile matters were liberated from the coal network.

At this temperature substantial disintegratiors haken place and almost no original coal
particles seem to remain intact. Therefore, the effect of initial coal particle size may not be
important at elevated temperatures and longer reaction times implying that intraparticle
diffusion is not a rate limimg parameter. At this stage size of cavities in particles developed.
This morphological changing indicates that most acute reaction occurred over #H6S€E.
results indicate that the disintegration reaction takes place with rather high activation energy
as indicated by the strong changes occurring with the relatively small changes in the
temperatures. This high activation energy appears to imply that the coal liquefaction is more
closely related to kinetically controlled, rather than a purely mass eracwftrolled.

Figure 5-8(f) presents SEM images of coal particles at highest temperature. This char
photograph shows visual evidence of agglomeration at very high temperatures where rate of
decomposition is higher than rate of hydrogenation, thus polgatem, i.e., retrograde
reactions could take place. This is the basis for the formation of other large and insoluble
molecular weight species. At very high temperatures abofiC466al some particles were
cleaved and dissolved during the liquefactioncpss and the others were agglomerated and
generated larger size fraction than its original raw size during liquefaction. These effects are

more pronounced at longer reaction timédaderstanding onset temperature of retrograde
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reactions is considerable fdevelopment of DCL process. One of the main improvements in
this model was the inclusion of reversible reactions in the kinetic network as a result of

retrograde reaction.

5.5.5 X-RAY diffraction analysis (XRD)

Powder XRD patterns were obtained usindqRigaku Powder XRay diffractometer
which is equipped with a cobalt tube, graphite monochromator and scintillation detector.
XRD analysiswas performed on samples of the raw coal @odl liquefactionresidues at

different temperatures

Figure 59 showsXRD specta of raw coal and residuest four different temperatures
Quartz calcium siphate and pyrite werehe main composition of the samphich are
detected in the coal samp®odium, titaniumand manganesaere not found in the sample
maybebecause low carentrations of theselementsexistin the coal. Generallymost ofthe
calcium inlignite coals is in the form of salts of hunacids During thecoalliquefactionthe
Ca humates in the coal decompdeeform calcium carbonate solids as shown in XRD
pattens and deposite on the reactor wall which bara significant operational probleman
commerciaplant [158, 159

It has been reported that some inherent mineral matters such as pyrite can act
beneficially as aatalyst for coal liquefaction [160, 1pIThe major mineral transformations
in the coal liquefaction seem to be reduction of pyrite to pyrrhotite and disappeared in the
residueThe contribution of catalysis from mineraktters can beonsideredlue tohighash
contentof the raw coalvhich can promotehydrocracking reactian of large fragments into
smaller ones and hydrogenation of those molecules to stabilize Thenpeak intensity in
residuesare dramatically stronger than that of the raw aglaich means that the residues
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contain more nmeral matters than raw coal. The residues obtained at higher temperatures
have lower reactivity than those from less sever condition because most of volatile matters
are evolved at higher temperatures and the orgdnicture of theoal which remains ithe

residueis morerigid and inflexible than those from less severe conditions

* CaSO,H,0), ©CaSO, # CaAl,Si,0,
+ FeS, ¢ SiO, ¢ ALSiO(OH),
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Figure5-9: XRD spectra at different reaction temperatures

5.5.6 GC-MS analysis

A Varian CP3800 gas chromatograph with flame ionization detect®) @itd Saturn

2200 GC/MS ion trap spectrometer (Vadiavere employedor analyzing the coal liquidA
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Helium carrier gaglow rate of 2 ml/min was used for GC columA30mx0.25mmid fused
silica was usedor the GCGMS work. The injector temperaturgvas 3@ °C .After removing
THF from coal liquid, the extract was introduced (6C-MS) for further analysisThe
extract was obtainedfter reactionat four different temperatureand diluted in Cgto inject
into gas (GEGMS).The results of gas chromatography of coal liquitbat temperatureare
presented ifrigure510to 513.

Identification was based on the retention time and the mass spectral fragmentation
patern It is believed that as a result of dehygieoation of tetralin productsgphthalene and
dihydronaphthalene can bbétained [17,38,442141,162163171]. The first peak of the GC
spectra is decalin and the highest peak represents tetralin as hydovgersolventMain
compounds of coal liquefaction are listedliable4.3. Theseresultsshowedthat everat low
temperature andhert atmosphere hydrogen shuttliogn takes placeAt this region free
radicals are formed due to thermal decompositionoofd linkages which can be capped by
the abstraction of hydrogen atom from the donor molecule leading to formation of products

with low molecular weighthat can be dissolved in the solvent
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Figure5-11: Gas chromatography of coal liquid&t5°C

129




Figure5i 15: Gas chromatography of coal liquid4a0°C

Figure5-13 Gas chromatography of coal liquid460°C
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