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ABSTRACT

THERMAL CHARACTERIZATION AND KINETIC ~ ANALIYSI S OF SARA
FRACTIONS OF CRUDE OILS BY TGA AND DSC METHODS

Ge¢l , Kéeéymet Gizem
M.Sc., Department of Petroleum and Natural Gas Engineering

Supervisor: Prof . Dr. Mustaf a

September 201183 pages

In this thesisfour different crude oil samples and their saturate, aromatic and resin
fractions were analyzed by two different thermoanalytical methods
thermogravimetric analysis (TGQAnd differential scanng calorimetry (DSC). The

experiments were performed at three different heating rétes (1 0 amia) 15

under air atmosphere. Same gas flow rate and same pressure were applied to all

samples.

The aim is todeterminethe kinetic analysis anadombustion behavioof crude oils

and their fractions and also determining éffilect of hating rate on all samples.

For all samples two maireaction regions were observiedthermogravimetry{TG),
differential thermogravimetry (DTG)and DSC curves due to the oxidative
degradation of crude oil componenitswas deduced that tHeee moistureyolatile
hydrocarbonsvere evaporated from the crude qilgght hydrocarbons were burned
and fuel was formeth the first reaction region. Theecond reaction region was the

iv
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main combustion region where the fuel was burfedm the T@& curves, it was
detected thathie heavier fractio, resins, lost considerable amounts of their initial
mass, approximately 35%vhile saturates lost only approxately 3% of their initial
massin the second reaction regiodSC curves of the samples wetecaexamined

and observed thaas the sample got heavier, the heat of the reaction increased.
Saturates|ightest part of the crude oil fractiongave minimum hat of reaction As

the heating rate increased, shift of peak temperatures to high values and higher

reaction regions were observed.

The kinetic analysis of crude oils and their fractions were also perfousiag
different kinetic methods. &ivation energies (E), mean activation energiese(E
and Arrhenius constants were foulod crude oi andfractions.It was deduced that
the resins gave the highest activation enengy Arrhenius constafr both reaction
regions.Moreover, it was encounteretat heating rate has no effect on activation

energies.

Keywords: thermogravimetry, differential scanning calorimetry, combustion, SARA

fractiors, kinetic analysis



¥Z

TGAVEDSC METHOTL ARI YOLUYLA HAM PBARAOLL ERKN
FRAKSKYONLARI NI'N TERMAL KARAKTERKZASYONI

ANALKZK
Gel , Kéeéymet Gizem
Y¢ksek Lisans, Petrol ve Doj al Gaz
Tez Y%°neticisi: Prof . Dr . Must af e

Eyl ¢ | 182dayfal ,

Bu tez -alékmaseénda, dort farkl é& petrol
aromati k ve polar fraksiyonlaré iki fark
metotlar termogravimetianaliz(TGA) vet ¢ r etvasreaimal € kal ori met i
Tem gbeme - farklb, eéelstétaneld hBaeddC&kul |l ané
ger -ekleBgttegnl therneylt ereé mdyan év g alrva sa&krmexé rhd a

¢tal ékmanéegmetamdcée®rnekl| eri vV e fraksiyonl

incelenmesi, kinetik hesp | amal ar v etkisnml@lkirlemenesitie z € n € n

Termogravi metr.i (TG) , t¢revsel termograv
i ki far kl é reaksi yon aral eje g°zl eml er
numunelerini - erd§g kK $ ek nem v earbod -au ceuin , Hiafitt rug ku

hi drokarbonikanén yaenHdéipeps®e | aryalnaenjaé mén ges
anl akeT@&ekeeriikrnodemeaksi ypon aar dirajkesnd
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bakl angeé- ajéerl ekl aréneén ortal ama %3501 |
ortalama%3 ¢n¢ kaybetti PpECgéiztieméeinmi ntiefend
ajerl aktéek-a reaksi gést ersiPetnolieiink én ahafié n € n €
fraksi yomnldaoymuxl hi dr orkeaa khsoinyl car é @ s é&né naaz ¢
g%zl eml eAmt xni rését ma héezénén petroll er

sécakl ekbhgpgaénddenaromduju anl akél mékter .

Far k1l é kilnleetri k k uMoldaen €1 ar ak pemr okil eef ink
parameterel eri hesapl anméxkteéer . Begtéen nun
aktivasyon enerjisi ve Arrhenidsa t slagléeis©el enmi Kt i r . Bunun s
fraksiyonlarén en fazl a &lattiswahigwldinu ener |
g%zl eml et mai hézénén aktivasyon enerji s

ol madej é g°r ¢l megktegr .

Anaht ar stermagrgvikrletair ¢ r etarae | alorirketri, yanmaSARA
f r ak s ikmnetik dnaliz &
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CHAPTER 1

INTRODUCTION

Fossil fuels have been widely usexdt anenergy source since the Industrial
revolution. World primary energy consumption grew by 5.6% in 2010, the largest
increase (in terms of percentage) since 1M{3However, theold oil reservesare
decliningand finding the location of new resenisggetting harderTherefore, there
occurs an emphasis on recovering the remaining oil in old reserves. The enhanced oll
recovery (EOR) methods were developed to recover that untappednoipartially
depleted reservar The in situ combustignburning the fuel in its place, i.e.
reservoir,is one of the thermal enhanced oil recovery techniques that have been more
widely and successfully applig@]. In in stu combustion, the energy is generated
through a combustion front that is propagated inréservoir This process involves
important physical and chemical reactions that take place in the reservoir. During the
oil recovery process, any gas that is comtaj oxygen is injected into the reservoir.
This injected gas reacts with the fuel in the reservoir, produce heat and ignites oil in
surrounding area. This creates a combustion front and this front propagates through
the reservoir. Therefore, the unburratis recovered from the reservoir. The coke
that is formed in the reservoir is an importgatrameterfor the continuity of the

combustion fron{3].

Although extensive research has been done on the thermal and fluid dy@eamect
of the in situ combustion process, it is equally important to learn the chemical

reaction kinetics of the phenomenon of in situ combustion. However, limited data are



available on the rates and the nature of the partial oxidation reactions amghhe

temperature combustion reactions of crude oils.

The combustion kinetics necessary for the petroleum industry can be achieved by
thermal analysis techniques. Thermal analysis is the measurement of the any physical
or chemical change of a property afsample as a function of temperature or time.
The most widely used thermal analysis methods applied in petrolewstindre

thermogravimetly (TG) and differential scanning calorimetry (DSC).

Thermogravimetry is a technique in which the mass of samsplaeasured as a
function of temperature or time while the substance is subjected to a controlled
temperature program. The controlled temperature program means heating/cooling at
a constant linear rate, isothermal measurements or the combination ofgheatin
cooling and isothermal stageBhe commonly investigated processes are the mass
loss or mass gain in oxidation, dehydration, determination of volatile content,
decomposition and other compositional analy$ise most common application in
petroleum industry is heating at constant linear heating rate. TG gives general
information about the reaction kinetics.

Differential scanning calorimetry is a technique in which the amount of heat required
to change the mperature of a sample and a reference sample is measured as a
function of temperature. During the experiment, both the sample and the reference
sample are tried to keep at same temperature. These measurements provide
quantitative and qualitative informati@bout the physical and chemical changes that

involve exothemic and endothermic processes.

In this thesis four different crude oilkample from southeastern region of Turkey
and their saturate, aromatic and reBmctions were used The crude oilsamges
separated to theifractions by using column chromatography techniqliee
asphaltenefractions of these could not be obtaired at the end of column

chromatographyrocess The crude oisamplesand their fractions were subjected to



same pressure, sangas flow ratedespitedifferent heating rates (5.0 and 15

AC/ min) . The different combustion behavi
means of TG/DTG and DSC methods were studied and also the heating rate effect on

the combustion behavior was analgzeMoreover different model fitting(Arrhenius

and Coats & Redfern methodahd isoconversionglOzawai Flynn i Wall and
Kisssingeri Akkahirai Sunose methodshethods were applied to the samples to
evaluate thekinetic parameters The kinetic parameter of the samples were

discussed and also the effect of heating rate onitieti& parameters was examined.



CHAPTER 2

LITERATURE REVIEW

There have been many studies on the application of the thermal analysis techniques
to the conbustion behavior of the crude oils. These studies back to 1959, when
Tademd4] first applied the thermal analysis to the effects of combustion on mixture
of crude oils and clays. Two differenéactionregions were ideifted in all the
studied crude oil sample®ne of them occurred at low temperasuaed the other

one at high temperatures.

Bae[5] investigated the therrmoxidative behavior of the crude oils using TGA and
differential thermal aalyzer OTA) instruments. The resultevealed that the crude
oils could be grouped according to their theroxidative behavior and also the
viscosity and density of crude oils did not correlate well with this behavior. The
available oxygen at low tempéwaes changed the quantity and quality of the
available fuel. Moreover, this available fuel did nohsume at lower temperatures.
In fireflooding, the heat generated at low temperature was significant.

Vossoughi and Willhitd6] devdoped a kinetic model of the isitu combustion
process from the data that is obtained from TGA and DSC. The acquired data were
used to figureout the fuel deposition and fuel combustion rate in a combustion tube.
The gases that were released frima TGA were examined by gas chromatography

to determine the reactions taking place during TGA combustion experiments



Kok and Karacarj7] studied the pyrolysis behavior of crude oils and teaturate,
aromatic, resin, asplitene SARA) fractions using thermogravimetry and
differential scanning calorimetry. The aim of this study was to describe the complex
behavior of whole oil by less complex constituents. The experiments were performed
with 10 AC/ mi n Iogea enviorgnent. Ihisetudy shdwed thahthet
chemical nature of the fractions determines the pyrolysis mechanisms and also the
fractions in whole crude oil follow their own pathway (distillation and cracking)

independent of the existence of other fraction

Kok and Karacan8] studied the pyrolysis behavior and kinetic analysis of six
different crude oils by DSC and TG/DTA@wo main mass loss regionsere
observedduring the pyrolysis of cide oils. One of these regionssmhedistillation

region where light to medium gravity crudesoWereevaporated. The second region
was the visbreaking and cracking region during which the heavy parts of the crude
oils were evaporated and this regiorswharacterized by the relatively gigeeak in

the TG/DTG curve. For the kinetic analysis, they used the Arrhenius kinetic model.
They observed that as the asphaltene comtestincreasngor t he AAPI gr a
crude oik was decreamg (oil gets heavier), the cracking activation enewggs
increasing The DSC curvewereshowed endothermic effect both in distillation and
visbreaking and cracking region. The calorific value due to the cracking reaeson

increasing with increada asphaltene content or decre@sA AP1 gr avi t vy.

Kok and Pamir [9] studied the pyrolysis behavior and kinetics of oil shale by
TG/DTG and DSC in noiisothermal environment. All the DSC experiments were
endothermic and no exothermic effect was observed. Moreover, two reaction regions
were obsergd in TG/DTG. The first region vgadstillation and the second one sva

the visbreaking and cracking. The start of pyrolysaction for rich grade shale wa

lower than the poor grade shale. The kinetic parameters were determined by Coats
andRedfern method. The advantage of using this method is determining the reaction

order rather than assuming it arahsider the heating rate effect.



Kok and Karacafl0] studied behavior of whole oil and fractions durcagnbustion

by TGA and DSC by wusi ng iaforrwodurkish audeh e at i r
oils. The TGA and DSC experiments are used to determine the weight loss and
reaction enthalpies of individuals due to the reactions. The experimentsdsinaty

satuates los most of their mass ifow-temperature oxidatiorLTO), aromatics and

resins losin middletemperature oxidatiorMTO) and the asphaltenes 1os high

temperature oxidationHTO) regionsfor the two cude oils. Moreover, saturates

gave the highst amount of heat release in LTO, resins and aromatics in MTO and

asphaltenes in HTO.

Al-Saffar et al[11] used DISC reactor to investigate the oxidation behavior of North
Sea light crude oil and its SARA fractions in condated cores. The results
demonstraté that the light crude oilerere adequately reactive for the air combustion
at reservoir conditionsThe burned fuel concentration svaletermined from the
SARA fractions of the crude oil. The light crude oilere highly reactive at low
temperatures since theyere highly composed of saturatéraction andsaturates
were mainly contribute to the fuel deposition and oxygen consumption at low

temperatures.

Kok and Iscarj12] applied DSC to theombustion of crude oils in the presence and
absence of metal chlorides. The experimental data showed that the grain size
distribution is important in the low percentage of metallic additive. However, as the
percentage of the additive increased, the efféetdditives become more important.
Three different reaction regions were obsent&), (fuel deposition) FD and HO.

Two different kinetic nrethods (RogefMorris and Arrhenius) were used to analyze
the data obtained from DSC. The data indicated thatrii#e oils with catalyst had
lower activation energy. This is attributed to the fact that catalysts lowered the
energy need for commencing the reactions and catalysts provided additional

pathways for the reactions.



Li and Yue [13] studied the pyrolysis of oil shale samples from Fushun and
Maoming using TGA at four different heating rates. The kinetic parameters were
determined using integral method, differential method, Friedman procedure,
maximum rate method and parallel ficeder reaction model. The results obtained
from differential and integral methods are almost same. Moreover, the activation
energies obtained from maximum rate method and Friedman medredlso close.

They also observed that for oil $adhe paralleteaction model wamore reasonable

than the other reaction models based on the assumption that oil shale follows six

parallel first order reactions with different activation energies.

Kok and Pamir[14] studied the pyrolysis dhavior and the kinetics of oil shales
using DSC and TGA. Two reaction regions were obsendistillation region
between ambientemperatureand 500 K and cracking region between the-800
K. Kinetic parameters of the samples were also calculated dgifegent kinetic
method. Activation energies diffed from each other and theseere attributed to

different type of kerogen in oil shale samples.

Li et al. [15] examined the behavior of pure paraffinic components and reitoir
pure paraffinic components with crude oils by using TG/DTG thermal analysis
techniques. For the pure components, the fractions between C16 ande26
distilled significantly in low temperature region. The heavier fractions distilled in
low and hightemperature regions but distilled significantly in high temperature
oxidation region. A the molecular weight increasdtlie peak temperatures for low
and high temperature oxidation regions incredisdlixing heavier paraffins with
crude oils increaskethe heat evaluation in low temperature oxidation;réfere,
some paraffin samples cout@ used as igniter in reservoir.

Kok et al.[16] investigated the combustion behavior of the crude oils (Beykan and
Karakus) limestonenatrix mixtures by TG/DTG methods. The experiments were
performed at a heating rate of 10 AC/ mi

experiments, three different reaction regions were obdaweh as LTO, FD, HTO.

7



The kinetic parameters were determinedAsshenius kinetic model. The activation
energies for these reaction regions were distinct from each other. These individual
activation energies were attributed to the different reaction mechanisms and these
differences did not give any indication to theetall combustion reactivity of crude

oil.

Bagci and Kok[17] studiedthe combustion reaction kinetics of Turkish crude oils
(Bati Raman, Camurlu, Raman, Adiyaman, Garzan, Karakus and Beykan) in
limestone medium. fAe limestoneand the crude oil @re mixed and heated at
constant air flow rate. The molar @GO ratios determined by analyzing the
produced gas vary duringTO, FD, HTO but these values we determined at
differert heating rates. The H/C ratio svadecreasing with aincrease in the
temperature for all runs. The activation energies of Bati Raman and Camurlu crude
oils were similar for HTO and FD reactions. The activation energies of Adiyaman
and Garzan medium gravity oils for the HTO reactiware higher than the FD
reaction. The activadn energy of the LTO reaction wahe twice of HTO and FD
reaction. The activation engies and Arrhenius constantsreve@lmost independent

of the gravity of the crude oils.

Ambalae et al[18] studied thepyrolysis and combustion behavior of both crude oil
and its asphaltenes each mixed with the reservoir sand using TGA. Temperature
rated and isothermal pyrolysis experiments were performed to determine the
activation energy and the temperature at whichctilee formation was maximized.
Arrhenius method was applied for the determination of kinetic parametdre
activation energy calculated for the whole oil and the asphaltene were in close

agreement.

Mendez Kuppe et aJ19] studied the heat of combustion of three different crude oils
and their respectiv6ARA fractions. They concluded that the heatingueal of
saturates and aromatics neehigher than the heating values of the resins and



asphaltenes. The heating values ofré®@ns and asphaltenes were almost similar and

lower than saturates and aromatics.

Murugan et al[20] examined the thermal behavior of Fostern whole oil mixed with
reservoir sand and the coke derived from the whole oil by Ti@der nitrogen and

air atmospheres at 10 AC/ mactoniegoast(iT®,g r at
FD, HTO) wereobserved similar to previous studies in fisothermal combustion
experiments. Higher activation energy values were obtained at highperatures.

The coke derived from the whole oil was subjected to isothermal combustion at

di fferent temperatures from 375 to 500 A
using Arrhenius model. The experimental data and the kinetic model showed a close
relationship for different combustion temperatures. It was also observed that the

apparent order of reaction approaches unity.

Castro and Vazquef21] analyzed the four different Mexican crude oils and their

SARA fractions withdi f f er ent densities ranging fro
DSC techniques. TGA technique was used to characterize the volatilization and
decomposition temperature of crude oils and observed that the decomposition
temperaturavasincreased with the increamg average molecular mass of crude oil.

DSC experiments showed the transition regions of SARA fractions. DSC has shown

to be a good indicator for the fingerprinting of crude oils and SARA fractions.

Kok [22] examined the chacteristics of heavy and medium gravity crude oils in
limestone matrix by DSC and TGA. The crude oil limestone mixtures were subjected
to oxidizing atmosphere under constant heating rate environment. Two different
zones were observed known as LTO and HIROTGA and DSC curves. Two
different kinetic methods &re applied both to the LTO and HTO regions. It was
observed that heavy crude oils have high activation energy values both in the low

and high temperature oxidation regions.



CHAPTER 3

STATEMENT OF THE PROBLEM

This study intensdl to investigatethe combustion behavioand kinetic analysis of
crude oilsandtheir fractionsand also the effect of heating rate on all samples.

Four different crude oils anshturate, aromatic, resin constituents oséherude oils

were studied using two different thermoanalytical techniques that are
thermogravimetry (TG/DTG) and differential scanning calorimetry (DSC).
Separating the crude oil into their SARA fractions weeeformed by using column
chromatography technique; however, at the end of the column chromatography

asphaltene content could not be oledin

The experiments were performed at three different heating rates (5, 10 and 15
A C/ mundey air atmosphere. Sangas flow rate and pressure were used
throughout all the experimentshe TGA and DSC experiments continued up to 900

K.

The reaction intervals were determined using both the TG/DTG and DSC curves.
The TG/DTG curves were used to find the mass loss amwoutits reaction regions.

The heat flow to the samples in reaction regiase determined by DSC curve.
Moreover, different model fitting and isoconversional methods were applied for the
determination of kinetic parameters. The effect of heating rate combwstion

behavior and kinetic parameters wexaminel.
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CHAPTER 4

EXPERIMENTAL EQUIPMENT AND PROCEDURE

In this study, TGA Q500 and DSC Q200 instruments were used to perform the
experiments. The mechanical peopes of these instruments were given in this

section.

4.1. Experimental Equipment

4.1.1.Thermogravimetric Analyzer (TGA)

The Thermogravimetric Analyzer used with thermal analysis controller and
associated software is a thermal weigh&nge instrument. ThEhermogravimetric
Analyzer measures the rate and amount of weight change as a function of
temperature or isothermally as a function of time. Moreover, phase changes can also
be detected as a consequence of oxidation, decomposition or dehydration.

TGA conssts of six main parts which are the balance, furnace, sample platform,
cabinet, heat exchangers and mass flow controllers. The functions of them are as
follows [23];

furnacecontrols the sample temperature and atmosphere.
balance key element in TGA, measures the sample weight precisely.

sample platfornioads and unloads the sample to or through the balance.

= =4 A =

cabinethouses the system electronics and mechanics.

11



1 heat exchangedissipates heat from the furnace.
1 massflow controllerscontrols the purge gas to the furnace and balance. TGA

Q500 hagwo mass flow controllers.

Thermcouple

_—~" Tube
Sample ﬁample Furnace
Pan an g
P Furnace | ,:: ‘-:‘\,
L+~ Housing
) TOPVIEW

— i Sample pan
"\ﬁ-::- should be
A 4 centered

within furnace.

m__‘_‘
Furnace Base

Figure4.1 - The furnace assembly of TGA Instrum§2]

4.1.2.Differential Scanning Calorimeter (DSC)

Differential Scanning Calorimeter is used with thermal analysis controller and
associated software. The DSC measures the amount of heat change associated with
material transitions as a function of time or tempesat¥SC gives qualitative and
guantitative data on exothermic (heat evolution) and endothermic (heat absorption)
reactions of a material as a consequence of phase changes, oxidation and ether heat

related changes.

12



4.1.2.1.DSC Components
DSC consists of three maprarts which ar¢24],

1 the instrumenitself containing the system electronics,
1 the DSC celmeasuring the change of temperature and heat flow

o The sample material in a pan and the empty reference pan sit on the
thermoelectricdisk surrounded by the furnace in the DSC cell. As
heating usually at linear rate themperature of the cell is changed,
the heat is transferred to the sample pan and reference pan through the
thermoelectric disk. In general the DSCs measure the differ&eat
flow between the sample and the reference pan by the area of
thermocouples using the ther mal eq
this simple relationship does not take into account the extraneous heat
flow between the sensor and the sample pans €ktraneous heat
flow is taken into account in the DSC Q200.

1 the cooling accessorthe selection of which depends on the temperature
range of the experiment.

o There are two different cooling systems available with TA
Instruments that are the Finned Air dling System (FACS) and
Refrigerated Cooling System (RCS). The FACS permits the operation
from ambient up to the 725 AC, us i
RCS is used to perform DSC cooling experiments. In this study, the
FACS is used as a cooling acamyssince these experiments are run
within the temperature rangeof 26 00 AC sui tabl e for

4.1.3.Universal Analysis 2000 Program ad Computer Controller

The common section for both the TGA and DSC is the universal analysis software
and the computer comfiter. The TGA and DSC are controlled by a computer. This
computer controller provides an interface between the experimenter and the analysis

instrument. The computer stores experimedé&arunsin data analysis program and
13



enables experimenter to set thpe experiment and enter the constants. The

l nstrument s6 Uni pragram allbws axpetirhentsritosanal/fe @he
data obtained from various thermal analysis instruments. Using this software user
choose any combination of signals for plottemgd analyzing the experimental data
including first and second derivatiy25]. The data file that is obtained at the end of
the experiment is analyzed by the help of the Analyze menu in the software. The
analyzemenu allows ger to integrategeak, finding peak max, onset point and

finding the slope.

4.2.Experimental Procedure

In order to obtain accurate results, the experiments were conducted according to the
written standards in TA Instruments Manual. For the experiments, apexery
corrosive gases can be utilized with the instrument; in practice the inert gases
nitrogen, helium, argon and the reactive gases air, oxygen and hydrogen can be used.
In this study, the thermal analysis of the samples wonducted inoxidizing
atmosphereThese aidation experiments were run in air since the reactions are too

fast in oxygen

4.2.1. TGA Instrument Experimental Procedure

All the TGA experiments were run with platihum pan and sample weight
approximately 2 mg with constant heating rate 5, 10 angCAhin in a temperature
range 25600 cC. The balance purge gas and sample purge gas flow rates are adjusted

to 80and 120 mil/minrespectively.

The steps filowed whilerunning a TGA are as follow23];
1 selecting the pan type and material
1 Inall theTGA experiments, platinum pan wased since the platinum
pans are durable to temperatures as high08sC, not reactive with

most of the organic matter and easy to clean.

14



creating or choosing the test procedure and entering experiment information
through the TA instrument control software
taring of the empty sample pan
o Taring of the pan is performed toeasure the weight of the empty
pan and store it as an offset that is subtracted from the subsequent
measurement to find the weight change of the sample.
loading the sample into pan
o0 TGA has high sensitivity to weight changes; therefore, small amounts
of masses should be used during the experiments. Moreover, the
sample should cover the pan base perfectly in order to allow purge gas
to interact with sample surface evenly.
attaching and setting up external accessories as required such as purge gas
o Purge gaselection depends on the type of the experiment. Purge gas
is distributed separately to two parts of the TGA: the balance chamber
and the furnace. The balance purge maintains a positive pressure in
the balance chamber to prevent decomposition products fro
contaminating the sensitive balance mechanism. The furnace purge
permits rapid removal of decomposition products from the sample
environment. The balance purge is always an inert gas independent of
the experiment. The furnace gas can be an inert gasidative gas

depends on the experiment type.

1 starting the experiment

1 unloading the sample at the end of the experiment

1 cleaning the pan

o The pan was cleaned periodically between experiments with propane
torch. In this way, any residue that waemained sim the previous

experiment was burned and cleaned.

15



4.2.1.1.Calibration of TGA

TGA calibration consists from two steps weight and temperature calibration
performed through the instrument control softwdree calibration results of TGA

were given in Appendix A

4.2.1.1.1Weight Calibration

The mass calibration of TGA is done using the standard weights. The standard
weights are placed to the sample pan and wait until the deviations are eliminated. In
this study, 200 mg and 1 g weightsere used for the mass calibration. Tlaee
weight is measured and kept in the memory by the instrument for the appropriate
weight range. In thesexperiments, the sample weights r@eapproximately 2 mg;

therefore, after calibration 200 mg ra&ngas selected as the weight range.

4.2.1.1.2 Temperature Calibration

The temperature calibration of TGA is done by using the Curie point method. This is
done by placing a permanent magnet below the furnace close to the ferromagnetic
sample. The sample experiences the magnetic force and higher mass is rece&ded. Th
sample is heated as usual. At Curie point, the sample loses its ferromagnetic property
and is no longer attracted by the magnet, resulting in a sudden decrease in apparent
mass. In this study, nickel was used as Curie standard. The Curie temperature of
nickel is 354 oC. At Curie point, transition occurs over a relatively narrow
temperature range and produces a step in the TGA curve. The temperature is
recorded at the point of inflection or the end set of the step and compared with the
Curie temperature ahe reference material. The observed and actual temperatures

were recorded to the temperature calilmratiable.

16



4.2.2.DSC Instrument Experimental Procedure

All the DSC experiments were run with open copper pan and sample weight
approximately 2 mg with constaheating rate 5, 10 and 1&/min in a temperature
range 25600cC. The balance purge gas and sample purge gas flow rates are adjusted

to 80 and 129 ml/min, respectively

The basic steps for running a DSC experiment given in the TA Instrument Manual
arelisted as follow[24];
1 Selecting the pan type and material
o In all DSC experiments, open copper pamse used since the copper
is not reactive with the sample material and durable to temperatures as
high as 600cC. The pan typeselection depends on the temperature
and pressure range, composition, and reactivity requirements of the
experiment.
1 Preparing the sample
Creating or choosing the test procedure and entering sample and instrument
information through TA instrument contrebftware
Setting the purge gas flow rate
1 Loading the sample and closing the cell lid
o The sample pan is placed to the front platform and the reference
empty pan is placed to the back platform. The pans are centered on
the platforms.

1 Starting the experiment

4.2.2.1.Calibration of DSC

The calibration proceduref DSC depends on the instrument model and heat flow
selection. The model of the DSC instrument used during the experiments in thi
study requires only two calibratiethat are the Tzero calibration andll constant

and temperaturealibration. The calibration is needed when the cell, purge gas or

17



cooling accessory is changdde results of DSC calibration were giverAppendix
Al

4.2.2.1.1Tzero Calibration

The DSC Tzero calibration requires two experiments. fiflse experiment is done

without samples and pans (baseline); the second is performed with large
approximately 95 mg sapphire disks without pans on both the sample and reference
position. Both experiments use the same method beginning with a cell preheat
followed by an equilibration at an initial temperature, hajdisothermal for five
minutes,heatingat constant rate to a final temperature and holding isothermal for 5
minutes. The range of temperatures should be at least as broad as the desired
experimatal range. Tzero calibration should be done at relatively high heating rates
such as 20AC/min in order to obtain the

thermal capacitance and resistance vel2ék
4.2.2.1.2 Cell Constantand Temperature Calibration

The cell constant calibration is done by heating a standard metal through its melting
transition. The standanthetalwas selected as indium in this study. Cell constant is
the ratio between the theoretical and calculated melting pofntindium.
Theoretically, when a standard sample meiltsdraws more heat; as a result,
temperature difference develops between the sample and the sample thermocouple.
The onset slope is the thermal resistance between these two points. The onget slope

used for the kinetic calculations to correct the thermal resisiadte

The temperature calibration is done again by using standard metal (e.g. indium).
Indium is heated thorough its melting transition. The extrapolatesttoof the

melting point of indium is compared with the known melting point of indium (156.6

AC). This difference is [@4ped for the tem,

18



4.3. Samples Properties Used during Experiments

In the scope of thishesis,four different crude oils taken from southeastern part of
Turkey and their SARA fractions were usad sampledor the thermal analysis
experiments. The crude oils separated to their SARA fragtioy column
chromatography techniqueHowever, aftercolumn chromatography since the
asphaltene content of all the crude oil samples were low, no asphaltene were
obtained from crude oils. The properties of the crude oils were givéahle4.1.
Moreover, the SARA fractions percentageere given inTable4.2. All the sample

properties were determined at Turkish Petroleum Corpordi®AO) Research

Center.
Table4.1 - Properties of the Crude Oil samples
Measured Analysis Crude Oil 1 Crude Oil 2 Crude Qil 3 Crude Oil 4
Property Method
APIGravity  \orvpaos2 328 34.1 34.8 31.5
6/60F)
Viscosity (cst) ASTM D 445
nn c¢/ 7.62 6.75 5.83 8.92
pn c¢/ 5.77 5.18 4.73 6.83
cn c¢/ 4.65 3.90 3.82 5.45
Total Sulphur (% IP 336 0.63 1.11 0.99 0.44
Asphaltene (%) IP 143 1.96 1.58 2.27 2.24
t 2dzNJ t 2 ASTMD 97 -12 9 -15 -15

Table4.2 - Percentages of SARA fractions of crude oils

Sample Name Saturate (%) Aromatic (%) Resin (%) Asphaltene (%)

Crude Oil 1
Crude Oil 2
Crude Oil 3
Crude Oil 4

33.28
33.20
37.14
41.64

54.49
58.58
51.37
46.04

9.42
6.04
7.89
8.27

2.81
2.18
3.60
4.04
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CHAPTER 5

THERMAL ANALYSIS AND KINETICS

5.1. Thermal Analysis

Thermal analysis (TA) is a series of analytical experimental techniques to monitor
the sample behavior against time or temperature while the temperature is
programmed in a chosen gas atmosphere. The obtained results at the end of thermal
analysis techniquedepends on the operational (heating rate, atmosphere, pressure)
and sample parameters (mass, geometrical shapes, str{@@jrdhe advantages of

TA over other analytical techniques are as foll§24;

wide temperature can be used over the sample

sample can be used almost any physical form (dajuid, gel)

smal | amount ©bIOmg)aampdused ( 0. 1 Og
the atmosphere in the vicinity of the sample can be standardized

TA instruments aréairly priced

=4 =2 A A4 A

time neededor an experiment is from several minutes to several hours.

5.1.1.Thermogravimetry (TG) / Thermogravimetric Analysis (TGA)

Thermogravimetry is a thermoanalytical technique in which the mass change of a
sample as a function of temperauor as a function of time is determineda
controlled temperature program a chosen gas atmosphefiéhe results of TGA

experiments are shown in a TGA curve in mass or mass percent against time or
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temperaturg27]. Thermal banges that bring a change in the mass of the sample
such as decomposition, sublimation, reduction, desorption, absorption and
vaporization can be measured by TE5]. In TGA experiments, the temperature
program can be adjusteaccording to the information required from the sample and
the atmosphere is also important and can be reactive and inert.

5.1.1.1.Differential Thermogravimetry (DTG)

In DTG, the first derivative of #hmass signal with respect to tirftkn/dt) is plotted

agains time or temperature. This shows the rate of mass change and is a criterion for
the rate of the reaction. For an interval of constant mass changeislmédo. The

DTG curve creates peak when the rate of mass change is maximum. The DTG peak
is characteded by peak maximum temperature and the onset temperature. The peak
maximum temperature is the peak temperature in the DTG curve and the onset
temperature is the temperature that is the first mass change detected by the
thermobalance. However, the DTG caidoes not contain more information than the
TGA curve[27].

5.1.2.Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry is a thermoanalytical technique in which heat flow
rate to the sample and the reference danspmeasured as a function of temperature

or time in a specified temperature programa chosen gas atmosphd&§]. The

energy change of the sample material is analyzed and the temperature at which these
changes will occuwill be determined. However, the main property that is measured

by DSC is the heat flow rate to the sample. The specific heat or heat capgcidy (C

a material can be determined using DSC. The heat capacity can be determined by
subtracting the baselineoin the heat capacity curve. Moreover, the enthalpy, energy
required to heat the material to a specific temperature, can also be obtained by
integrating the heat flow cuni28].
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5.2.Kinetic Analysis

Thesethermoanalytical techniges can be furtheanalyzedusing kinetic analysis
methods Thereaction rate kinetic parameters can be determined by two approaches
isothermal and norsothermal (dynamic) methods. In isothermal methods, the
sample is quickly brought to the predetermined temperature and the sample response
is recorded as a function of time. In n@othermal experiments, generally the
changed at constant heating rate and the sample bel@vimnitored[27]. In the

course of this work, noeisothermal method at ffierent constant heating rates i

applied to the samples.

Generally norisothermal methods are selected for #dmalysis. The reasons can be

classifiedas[27];

these experimentsequicker,
interpretation of the results is easier,

1 the process of the reaction can be observed in a wide range of temperature
intervals,

1 several reaction steps can be observed in a single reaction

M for the data evaluation a number of methods are available.

The nonisothermal reaction process can be consideregh&sothermal reactiomn
an infinite small time intervadnd the reaction rate is expresse{8s,

Q.
— Y 51
o QY'Q (5.1)
where
dU/ dt = Reaction rate = Conversion rate

k(T) = Specific rate constant = Reaction rate constant = Rate coefficient

f(U) = Conversion function = Reaction mo

22



The starting point of the kinetic data is writing the differential rate equafibe.

reaction rate equatiotiepends on the temperature represented by rate constant, k(T)
and t he conversion degree, U [28leThe esent
conversion degree shows tbieanges progressively frome act ant s ( U=0) t
( U =[26). For example, for TGAU val ues can be calcul ated
time t, m T my, related to the overall rsa loss corresponding to the completion of

reaction g 1 ny, by &) £(mefmi Similar expressions are available for

othertechniques

The rate coefficient, k is a function of temperature and expressed by the Arrhenius
equation30];

T o ey O
Q 0Qw nV"Y (5.2
where
k = Rate coefficient (mif)
A = Preexponential factor = Arrhenius constant = Frequency factor{min
E = Activation energy (J/mol)
R = Universal gas constant (J/molK)

T = Temperature (K)

The activation energy, E and the freponential factor, A are the Arrhenius
parameters. The activation energy is the minimum amount of energy that is required
for the reactiorio start The preexpmential factor is the frequency of the occurrence

of the reaction situation that may lead to product formd&6h

For nonisothermal conditions, the temperature varies linearly with time at constant

heating rate and thisariation can be shown by;

YUY 10 (5.3)
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where

T = Temperature

To = Initial temperature

b = Heating rate (AC/ min)
t=Time

The time dependence of temperature can be expressed as by takdegwuative of

the temperature with respect to time;
I (5.9

By combining the equatia{5.1) and(5.2) the following equation is obtained;

Q] ()
i N oYY ey 5.5
a5 O Qoon.Y,,YQl (5.5)

By combining equation.4) and(5.5) the following is obtained;

Q] 0 O |
Oy T—A ] DV"YQ| (5.6)
Separating variables;
Q] 0o o . .
o T_A 2D = QY (5.7)

By taking the integral of both sides;

P Q 611\@9'0’ Y 5.8
a | ; ‘Y.,\;) (5.9)
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Theterm —Q|can be taken as d58bgcomedihen, the
Q| —Qwr] —YQ Y (5.9

The . -A@D — Q"Yterm can be taken as -A@D— Q"Ysince

~-A@D— 'Q"Y 1 Then, the equation can be writter) as

. 0 o .
Q| T—A QJDV.,YQ Y (5.10)

Use of equation(5.10) involves the evaluation of the temperaturategral

Adb— QY

The problem is simplified by introducing a variable, x. x can be také?i-qleThe

boundary conditions also change. Finathg equatior{5.10) can be written as

0 Q A @Pw
Q| Wh ) 0 QO =0 (5.12)

The integral of the exponential term, p(x) has no analytical solution but has many
linear approximationsThe kineticmethods for calculating the kinetic parameters are

relied on the exponential egral p(x).

Kinetic parameters can be calculated by different methods. The traditional
classification of methods is distinguishing differential methods from integral
methods. However, this classification is not of practical use since the data can be
trangormed from one form to other by the numerical methods of differentiation and
integration. The classification based on method of calculation of kinetic parameters

which i nvolves either di scriminati on; t
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or anondiscriminatory method30] is more practical. In other words, the two ways

to calculate the kinetic parameters from the TGA are;

- model free (independent) methods or 4uscriminatory or isoconversional
methods

- readion models or discriminatory or model fitting

Isoconversional methods can be usdtem the data from experiments at different

heating rates are available, the unknown form of conversion funciibh f( c an b e
eliminated by comparing the measurements
heating rates. Thus, these isoconversional methods can also be abbreviated as model
independent or nediscriminating techniques for calculating the kinetic paramseter

The isoconversional methods are based on the assumption the constant extent of the
reacti on, U is only a function of temper

by the general equatid@6];

- Q] .. 0 O
I I—J I 0= N

A2
Q Q (612

Y

The numerical value of activation energy can be determined by using different
methods. However, the value of Arrhenius constant can be determined with the

knowl edge of the model f (U).

The malel fitting methods are preferable in fossil fuel kinetics since their use of
simplicity. For model fitting methods, single heating rate is enough. By using single
heating rate data, the activation energy and the Arrhenius constant parameters is

obtained Bnultaneously.

26



5.2.1.TG/DTG Kinetic Analysis

The data obtained from TGA can babjected to different kinetic methofls the
determinaibn of kinetic parametersThe selectedkinetic methodsfor the TGA
experimentsverethe Ozawai Flynni Wall (OFW), Kissinge i Ahahirai Sunose
(KAS) astheisoconversional methodmd theArrhenius Coats and Redferasthe

model fitting methods
5.2.1.1.Isoconversional Methods

The twoisoconversional methodgereused in this thesis were tlkzawai Flynni

Wall and Kissingei Akahirai Sunose methods for the thermogravimetry analysis.
5.2.1.1.1 Ozawa-Flynn-Wall (OFW) Method

Ozawa(31], Flynn and Wall[32] developed an integral methdidat can determine

the activation energyasanfic t i on of U without choosing
t he Doyl eds | i f38]aar thea terpperatwd integtali pix) where
x=E/RT is valid only the range 20<x<60.

[ V® o p PBT LA (5.13

By changing the structure and taking the logarithm of both sides of the equation
(5.12);

I fo (5.14)

Finally, by insertingequation(5.13) into equation(5.14), the following formula is
obtained to determine activation energy, E at any particular value of conversion

degreeJ at di fferent heating rates, b;
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o O
11 I'Y"Q U&oppﬁuv\( (5.15

Thus, the In b versus 1/ T plot, obtained
should give a straight line whose sloped € n P8 LQ vy) gives the opportunity

to calculate activation energy 1independe

conversion (U=constant).

5.2.1.1.2Kissinger-Akahira -Sunose (KAS) Method

Kissingeri Akahirai Sunosd34] neglect the termp S 7 p a & of the

p(x) approximation

Adbn q a
: 2 — 5.16
nw 5 P TP 5 (5.16)
and the approximation becomes,
A dD®
n w g (5.17)
W
Insert the above equation into thguation(5.11) and obtain;
0 A Zbw
Q —— 5.18
v (5.18)
Insert the x relation to thebove equatign
. 0 'Yy O (5.19)
Q) 0 Ao Dy
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Finally, by changing the form and taking the logarithm of both sides agbation
(5.19), the following emation is obtained,;

O
v (5.20

~
v 0°Q Y

The activation energy is calculated from the slope ofl tﬂxe “y versusP ~yplot

for constant conversion degree obtained
5.2.1.2.Model Fitting Methods

The two model fitting modelsvere used in this thesis were the differential model
Arrhenius and the integral model Coats and Redfemthe thermogravimetry

aralysis
5.2.1.2.1 Arrhenius M ethod

The Arrheniusmethod [22] assumes that the total rate of mass loss of the total
sample is only dependent on the rate constant, the temperature and the remaining
sample mass. Moreover, the reaction graeis assumed to be unity. Thenetic

modelgets the form;

. 0
[€) 0'Mi dQ 0A Db — (5.21)

Qu
T Ny

with the assumption of the first order kinetics;

QU @)
— 0 — U 5.22
o O0APD N (5.22

by taking the logarithm of both sides the Arrhenius model equation is obtained;
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. Q4Qo . ..
T &5— 118C

® oY (5.23

Whenl 1 8” Qo O versuspX'Ygraph is plotted, the linear regions should be

selected for the analysis. From the slope of graphal to© C& T the activation

energy can be calculated. The Arrhenius constant can be calculated from the
intercept [ 10Q¢

5.2.1.2.2 Coats andRedfern Method

The Coats and Redfern meth[@b] is one of the mostrpferredmethods. It can be
used when the reaction order, n is believed to be different than unity. The p(x)
approximation is similar to the KAS metho@oatsand Redfern neglect the term

p a & in the p(x) approximatian

A @bw C a
N — 2 — 5.24
nw 5 P TP (5.24)
and the p(x) becomes;
A @ bPw C
. hl 5.2
A o = Pz (5.25)
and f(U) is assumed as;
Q P (5.26)

By substituting equation®.25) and(5.26) into the equatior5.11);
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i Tp p | i T5 Y ¢Y'Y ©O 08 it (527
Yo & ofP "o Yoy P '
I S BY Y'Y 0 S
—p =  — ’ 2
I v I IT ,Op o) v Q¢ e p (5.28)
.7 TP p | i

The slopes of; I 1 Yoo & versus p"Y for ori 1
I T I Ip |

oy versusP ~yfor n=1 curves gives'O +y from this the activation

energy can be calculated. The order of the reaction, n is the value that gives the best

linear plot.
5.2.2.DSC Kinetic Analysis

The data obtained from DSC can be subjected to different kinetic methods for the
determination of kinetic pameters. The selected kinetic methods for theCDS
experiments were Borchardt@aniels and ASTM E698.

5.2.2.1.Borchardt & Daniels Method

The Borchardt & Daniels methd@6] allows the calculation of activation energy, E,
heat ofreact o n, H @&xpahentiahfactomp ATlee principal that the method
relies on is the ratio of the partial area to the total area of the exothermic curve. The
disadvantage of the method is that it does not work in the endothpymalysis
peaks; howeer, this problem is solved by replacing the sample and the reference
pans.The method assumes reaction follows nth order kinetics and based on the

equation,

Q| . 0
—|‘ A @97,,

_ | (5.29

Yp
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The temperature dependence is indicated by the Arrhenius equ2yidaking the
logarithm ofthe Equation(5.29),

. . o ..
- ¢ 5.30
Il —. 1 b .Y,,Yellp | (5.30)

To solve the equatio(6.30),d U/ dt and U values are requi

by dividing the peak height (dH/d&t the temperature T to the total heat of reaction
P H;

Pt T (5.3

where

o H = Total peak area

The conver siisont hdee grretei, o Uor fat tempemturp A to the a | al
tot al peak area @H

| = (5.32)

5.2.2.2.ASTM E698 Method

In this method, the activation energy and the-gponential factor can be
determined. Thaterative procedure for fiding the kinetic parameters are given
below[37],

1.1 og b vqeis gotiesl. Tlis/ tHe peak maximum temperature at each
heating rate in Kelvin.

2. The slope of the graph is determined and record&:l alg C’QpT'Y'
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3. An approximate activation energy value is determined from;

O P Y ,’QI I,T & (5.33
QpT'Y
4. The E value is refined,
a. The E/RT value is calculated.
b. The D value is found from the table givenTiable5.1.
c. New value for E is calculated as follows,
o ¢comy QI C (534

(0] Qpx'Y
5. These steps are reqted until the two E values are close to each other.

6. The Arrhenius prexponential factor is calculated as follows,

0 r o Q 53
6 Ty (5.39)

whereb i s the heatingranggt e i n the middl e
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Table5.1 - x=E/RT versus D values for ASTM E6987]

X = E/(RT) D x = E/(RT) D
5 1,3429 20,5 1,0932
55 1,3152 21 1,0911
6 1,2917 21,5 1,0891
6,5 1,2715 22 1,0871
7 1,2540 22,5 1,0853
7,5 1,2386 23 1,0835
8 1,2250 23,5 1,0818
8,5 1,2129 24 1,0801
9 1,2020 24,5 1,0786
9,5 1,1922 25 1,0770
10 1,1833 25,5 1,0756
10,5 1,1752 26 1,0742
11 1,1678 26,5 1,0728
11,5 1,1610 27 1,0715
12 1,1548 27,5 1,0703
12,5 1,1490 28 1,0690
13 1,1436 28,5 1,0679
13,5 1,1386 29 1,0667
14 1,1339 29,5 1,0656
14,5 1,1296 30 1,0646
15 1,1255 30,5 1,0636
15,5 1,1217 31 1,0626
16 1,1181 31,5 1,0616
16,5 1,1147 32 1,0607
17 1,1115 32,5 1,0598
17,5 1,1084 33 1,0589
18 1,1056 33,5 1,0580
18,5 1,1028 34 1,0572
19 1,1003 34,5 1,0564
19,5 1,0978 35 1,0556
20 1,0955




CHAPTER 6

RESULTS AND DISCUSSION

Crude oils are complex mixtures of many hydrocarbons and when they are subjected
to extreme heat, they follow parallel and consecutive reactions and undergo
permanent molecular change. The extent of this change depends on the complexity of
the molecular sticture of the reaction environmg®]. Although the crude oils are
complex mixtures with different physical properties, when heated, all of them have
the same reactions. To reduce the effect of this complexity, it is meaaingful to
separate the oil into less complex, more chemically representative constituents that
are saturate, aromatic, resin and asphaltene (SARA) fractions. These fractions form

the major portion of the oil.

6.1.Results of TGDTG Experiments

In this study during the TGA combustion experiments, two different reaction regions
were observedn the first reaction region, distillation and leemperature oxidation
(LTO) reactions occurred while in the second reaction regigh temperature
oxidation (HTO) reactions or combustion of solid carbonaceous residue (coke)
occurred The TG/DTG curves of the crude oils and their SARA fraction were given

in AppendixB.l.

The TG/DTG curve of Crude OB a t 5 W& shownninFigure 6.1 as an
examplefor the determination of the reaction intervals, mass loss rates and peak

temperatures. The reaction regions were found out looking at a slope change in TG
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curve and a hump trace inTG curve. The DTG curves are very helpful for
recognizing the temperature intervals since sometimes the finding the slope change
in TG curve is not easy. After determining the reaction intervals, the mass loss
amounts in these intervals were found out. pak temperatures are the peak points

in DTG hump. The peak temperatures show the maximum rate of decomposition.
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Figure6.1 - TG/DTG curve of @udeQil 3 at 5AC/min

By examining the TG/DTG combustion curve of the Crude3hown inFigure

6.1, the reaction regions could be deterednUp to around# K, the TG curve had

a consant slope. This interval was identified as the distillation. No oxidation

reactions occurred in this step. Distillation interval was responsible from the
evaporation of volatile matter and free moisture from the safmpke LTO reaction

was between 47K and 619 K and the mass loss amount in this reaction interval was

28.8%% of the initial mass of the sample. The last reaction relggiween 61%nd

785 K was responsible fronrHTO reactions main combustion region, which
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contributes to the most of the hedtreaction and thenass loss in this region was
14.75%.

LTO reactions arghe formation of higher molecular weight and more complex
materials and combustion of light componef88]. LTO is responsible from the
formation ofthe byproducts that introduce oxygen in the formldéhydes, ketones,
alcohols, hydrogen peroxides called as oxygenated compoandsproduction of

little or no carbon oxidef38] [39]. The oxygeated compounds are believed to be
less volatile, more viscous and denser than the original oil that they are figidhed
LTO reactions are especially important in in situ combustion process since during

these reactions the fuis formed for the continuity of the in situ combustion

The combustion of the fuel deposited in the thermal decomposition process is known
as the HTO. The HTO reaction region is mainly responsible from the exothermic
heat of reaction. This process isachcterized by the oxidative degradation of
differenttypes of crude oils. During theseactions there is a continuous conversion

of the hydrocarbons to the other types of hydrocarbons that make the combustion
process more complicatddO]. HTO is also a heterogeneous reaction responsible
from the reaction of oxygen with fuel, unoxidized oil and the oxygenated compounds
to give water and carbon oxidg&9]. This region is identified from the TGA curve

with rapid mass loss and also from DTG curve with a hump trace.

For the whole crude oils, the mass loss rates, the peak temperatures and the
temperature intervals of the reaction regions were demonstratédhlile 6.1.

Al though the AAPI gravities of the crude
crude oil the lesser the amount of the initial mass was lost ifirsheeaction region

and the higher amounf @s initial mass was lost in the secorghction regionAs

the heating rate ineased the reaction, completing temperaturee also increased.
Moreover, the peak temperatures of the crude oils were shiftethe high

temperature with increasing heating rate.
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Table6.1 - TG/DTG reactionintervalsmasslosses and peakmperatires of the

Crude Oils at tiferent heating ates undecombustion

I. Region II. Region
Distillation LTO HTO

Loss Loss T, Loss T,
scix "My TO ey g0l T e
Crude 5 298467 53.65 467-631 28.57 380 631-789 13.04 738
Oil 1 10 298503 56.37 503647 22.31 397 627-820 13.73 756
15 298485 51.69 485656 31.32 408 656854 12.95 756
Crude 5 298470 54.15 470629 29.1 389 629790 8.819 737
oil 2 10 298527 58.34 527-690 20.35 400 689811 7.065 746
15 298537 64.34 537666 22.27 411 666847 9.69 757
Crude 5 298476 54.46 476619 28.84 398 619785 14.75 739
oil 3 10 298497 53.43 497-643 28.67 412 643829 15.41 756
15 298493 46.2 493657 29.17 423 657-858 13.63 763
Crude 5 298466 52.56 466585 28.1 375 585792 18.8 739
oil 4 10 298470 48.6 470604 30.32 404 604834 17.65 767

15 298493 45.24 493663 30.05 421 663863 14.45 773

It is recognized that the crude oils are composed of four main components, saturates,
aromatics, resins and asphaltenes. Among them, the asphaltenes is the most resistant
part of the crude oil and affected from oxygan relatively high temperatures.
Asphaltenes contribution is negligible hstillation and LTO. They loséhigh
amounts of their mass in HTOa@ionssince they are the heaviest part of the crude

oils. The other side of the asphaltenes is saturates. They are highly affected from
oxygen at relatively low temperatures. Theyeladmost all of their mass in
distillation and LTOreactiong41].

As an example, Crude Oil and its SARA constituents were demonstrateigure

6.2. As can clearly be seen from the figure, szt werehighly reactive and lds

most of their mass in the first reaction region since they are forming the lightest part
of the crude oils. However, it had the lowest peak in the second reaction region and
almost lost none of its mass in this regiomeTother extreme point, in this thesis,
work was resins, as again can be seen frontitpere 6.2, resin lost less amount of
theirinitial mass in thdirst reaction region; though, theyerehighly active in HTO
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andlost most of theirmass in HTO. The aromatic contribution to first reaction region

was considerable.
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Figure6.2-Cr ude Oi |l 1 and its SARA fractions

TheTable 6.2 shows the reaction intervals, peak temperatures and mass loss amounts
of the Crude Oill and its SARA fractions at three different heating rates. Frem th
table, it can be deduced thsdturates total mass loss in the first reaction region is
comparatively highand fastthan the other fractions. Its LTO and HTO starting
temperatures were aldower since they are the lightgsart in crude o8. On the

other hand, the resin was the almost the opposite of saturate. Its mass loss rate was
lower than saturate in first reaction region and higher in H@#&ationregion. The

LTO and HTO starting teperatures for resswere higher than the aromatics and

saturatesand completion temperawirof the oxidation reactions wasighest
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Moreover, the temperaturaterval extent of resin in HTO wahigher than others.

Aromatic was between these two ends.

Table 6.2 - TG/DTG reactionintervals,masslosses an@eaktemperatures of the
Crude Oil 1landits SARA fractionsat different heatingrates undecombustion

I. Region II. Region
Distillation LTO HTO
Loss Loss T, Loss Tp
scix TN ey TR o T 0y K

298467 53.65 467-631 28.57 380 631-789 13.04 738
10 298503 56.37 503647 22.31 397 627-820 13.73 756
15 298485 51.69 485656 31.32 408 656854 12.95 756

Crude
Oil 1

5 298474 68.84 474552 21.87 405 552707 2.80 669
Saturate 10 298467 55.57 467571 29.49 416 601-750 3.85 692
15 298480 61.84 480589 31.61 435 589699 3.20 699

5 198484 48.31 484628 39.72 424 628779 10.79 724
Aromatic 10 298505 50.28 505630 33.9 456 630828 10.09 758
15 298547 63.61 547-662 24.95 444 662-834 9.72 751

5 298608 31.53 608719 17.64 554 719826 37.53 771
Resin 10 298624 33.79 624742 18.84 551 742875 38.99 789
15 298631 37.49 631-750 21.97 583 750-892 36.99 799

The peakand burrout temperatures for all components were shifted to the high
temperatures with increasing heating rates. The peak temperatures for Saterate
lower whereas they were higher in resilMdoreover, as the heating rate was

increased, the reaction temperature intervals for all samples were increased.
The burrout temperature is the temperature at which the oxidation reactions are

completed22]. FromTable6.3, it is noted that the heavier fractions complete their

oxidation at high temperatures.
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Table6.3 - TG/DTG khurn-outtemperature for Crude Oil 1

Crude Oil1 631
Saturate 552
Aromatic 628

I. Region II. Region
5 10 15 5 10 15
c/ k'c/ kYc/ kYc/ kK YNc/ KYcCc/] KY
647 656 789 820 854
571 589 707 750 699
630 662 779 828 834
742 750 826 875 892

Resin 719

6.2.Results of DSC Experiments

The DSC combustion curves of the crude oils and their SARA fraction were given in

Appendix B.Il. Under an oxidizing environment, the system undergoes exothermic

reactions and as a result exothermic peaks occur in DSC curvabheveRkception of

distillation process which ianendothermigrocess

20

154

10

Heat Flow (mW)

T CriideOill_5Cmin_DSC.001
i CriideQil2_5Cmin
i CrudeQil3_5Cmin_DSC.001
i CriideQil4_5Cmin_DSC.001

DSC.001

—————T—
200 300

—T—
400

Temperature (K)

— 17—
500 600

——
700

T
800
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As shownin Figure 6.3, in air atmosphere two distinct reaction zones were
identified, LTO and HTO. The first peak corresponded to LTO reactions that are
heterogeneous reactions between liquid and gas. Thesemnsaminsume significant
amounts of oxygen since during these reactions hydrocarbons are oxygenated. In
LTO reaction region, volatile hydrocarbons are vaporized and the light hydrocarbons
are oxidized. HTO reaction regions are again heterogeneous redatoren liquid

and gas and produce carbon oxides and Vjhr
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Figure6.4 - DSC mmbustion curve of Crude Oildnd its SARA factionsat 10
AC/ mi n

In literature, it is th&known fact that the heavier oils release high amount of heat in
HTO reaction region. This high heat release in HTO is attributed to the asphaltene
content of the crude oil. Hence, the role of asphaltene in the combustion process is
sustaining the combusti. In other words, asphaltene is needed for the continuity of

the combustion. The effect of asphaltene
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As the concentration of

oils decreases. Therf or e |

t he

t he

l ow AAPI
understood by the asphaltene oxidation behdioj

asphal tene c

gravity

Table6.4 - DSC Combustion Reaction Intervals, P@aknperatures, Heat of

crud

Reaction, Peak Temperatures and Heat Flow of Crude Oil and Its SARA Fractions

Reaction Intervals

(K)

i l. I. Heat of T, (K) Heat Flow
6 c/ kK Region Region Reaction (J/g) ° (mw)
crud 466565 565739 4606 634 13.55
651? 10 508578 578759 6103 650  38.54
15 497595 595782 6694 682 46.18
5 416468 468667 1721 585 7.016
Saturate 10 445494 494660 1132 601 12.63
15 423496 496673 1567 607 19.24
5 489586 586-752 5086 666 30.03
Aromatic 10 509646 646752 2758 696 41.53
15 548645 645775 3151 693 42.45
5 492-704 704757 8398 734 75.85
Resin 10 531-737 737-802 7212 766 90.23
15 550-732 732-826 7369 778 167.1

The Figure 6.4 and Table 4.1 showed that saturates LTO stating temperatwere

low compared to the other constituents. From that point, it could be deduced that

saturates can activate the combustion process at lower temperatures. Moreover, the

stability of the combustion front in in situ combustion may be affected from the

existenceof saturates since saturates may form a secondary front at low temperatures

behind the combustion front. Saturates were followed by aromatics and resins. In this

work, the resins were responsible from the formation of the high amount of heat in

HTO reactons. The temperature interval extent of the heavier samples was higher

than the other samples.
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The peak temperature of the all the crude oils and their SARA fraction were shifted
to high temperatures with increase in heating rebe heatlows from the samples

wereincreased with an increase in the heating aatéhighest for the resins
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Figure6.5 - Area under the DSC Combustion Curve of Crude4@il 10 AC/min

Figure 6.5 was shown as an example for the calculation of heat released during
combustion reaction in DSC analysis. The
calculated by integration the area under the DSC curve. This integration was

performed by using theniversal Analysisintegration function.
6.3. Results ofKinetic Analysis

Thermoanalytical techniques are used for the determination of kinetics of reaction

during the heating of sampleNon-isothermalkinetic study of crude oils isery

complex since they followmmnumerous complexarallel and consecutiveeactions.

Many methods of kinetic analysis were developed by different assumptions. The
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determined kinetic parameters are only representative values for the complex
reactions In this work, THERA-Kinetics software [42] was used for the

determination of kinetiparameters.
6.3.1.TG/DTG Kinetic Analysis

The kinetic parameters for the crude oils and their SARA fractions were calculated
by using both the isoconversioraatd model fittingmethods. Wo reaction regions,

HTO and LTO were observed both in the crude oils and their SARA fractions. These
two reaction regions were subjected to kinetic analysis and activation energy, E, the

Arrhenius constantA were determined for all samples.
6.3.1.1.Results of Ioconversional Methods

The use of the isoconversional methods requires the data at different heating rates. At
least three heating ratererequired.All the isoconversional methods based on the
same assumption the reaction rate at constant degree ofgionvis only a function

of temperature. The activation energy d@nfound by without assuming Ghding

any particular form of reaction modpt3]. For the TG/DTG dataOzawaFlynn-

Wall (OFW) and KissingetAkahiraSunose(KAS) isoconversional methods were

selectedThe plots of isoconversional methods were given in Appendix C.
6.3.1.1.1.0FW and KAS Methods

For OFW met hod, the activation energies
versus 1/T graphbsing the datat three differen heat i ng rates (5,

at constant degree of conversidrhe activation energyaluesfor Crude Oil 4at
eachconversion degreseUwere shown iTable6.5 as an example

The mean activation energy values of each sample were calculated and the results

were tabulated iTable6.6.
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Table6.51 E (kJ/mol)of Crude Oil 4 and its SARA fractions at constant conversion
degrees by OFW method

h
01 02 03 04 05 06 07 08 09

I. Region 38 41 45 49 54 59 65 74 86

Crude Oil 4 )
Il. Region 90 94 102 108 109 108 105 101 96
I. Region 36 40 47 57 66 72 75 76 69
Saturate .
Il. Region - - - - - - - - -
. L. Region 95 86 83 83 84 85 91 91 86
Aromatic .
Il. Region 89 96 100 98 94 90 87 85 83
Resin I. Region 91 97 105 112 120 130 87 112 152

Il. Region 269 247 226 208 193 181 169 157 142

Table6.6 T Emean(kJ/mol)values for Crude Oils and their SARA fractidms OFW

method
Enean (kJ/mol) Enean (kJ/mol)
I. Region Il. Region I. Region Il. Region
Crude Oil 1 61 134 Crude Oil 3 65 119
Saturate 77 - Saturate 77 -
Aromatic 20 120 Aromatic 82 128
Resin 97 137 Resin 96 139
Crude Qil 2 61 119 Crude Oil 4 57 101
Saturate 54 - Saturate 60 -
Aromatic 67 120 Aromatic 87 91
Resin 85 144 Resin 112 199
For KAS method, the activation ene’)gies

versus 1/ T graph using the data at three
at constant degree of conversion. The activation energies values for Crude Oil 4 at
conversion degree U shoevm igTable6.7.
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Table6.7 - Activation energies of Crude Oil 4 and its SARA fractions at constant

conversion degrees by KAS method

h
01 02 03 04 05 06 07 08 09

I. Region 30 35 39 43 47 52 58 66 78

Crude Oil 4 )
Il. Region 86 88 96 102 103 101 98 93 88
I.Region 34 38 46 56 64 70 73 74 66
Saturate )
Il. Region - - - - - - - - -
. |l.Region 85 82 80 77 78 81 80 80 76
Aromatic .
Il. Region 84 91 95 94 90 88 86 80 84
Resin I. Region 88 95 101 109 117 126 81 106 148

Il. Region 270 247 225 206 190 176 164 152 136

The mean activation energy values of each sanyéze calculated and the results

were tabulated ifable6.8.

Table6.8 - Average activation energy values for Crude Oils and their SARA
fractions by KAS method

Ernean (kJ/mOI) Ernean (kJ/mOI)
I. Region Il. Region I. Region Il. Region

Crude Oil 1 57 127 Crude QOil 3 61 113
Saturate 74 - Saturate 74 -

Aromatic 87 114 Aromatic 78 122

Resin 92 131 Resin 91 134
Crude Qil 2 57 113 Crude Qil 4 50 95
Saturate 50 - Saturate 58 -
Aromatic 62 114 Aromatic 80 88

Resin 80 138 Resin 108 196

The results indicate that the activation energies were significantly changing with the
degree of conwsion as can be seen froRigure 6.6 and Figure 6.7. This is an
indication of complex reaction mechanism for crude oil combustion. caneot
apply the single rate equation to describe the kinetics of such a prbloegsver,

this does not invalidate the use of isoconversional methods since they use the certain
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degree of conversion and a narrow temperature range related to this conversion
degee[43].
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6.3.1.2.Results of Model Fitting Methods

The use of the model fittingnethods requires the datasagle heating rateSingle
activation energy is obtained for the overall react For the TG/DTG data,
Arrheniusand Coats and Redfemethod were selectedFor the determination of
kinetic parametersl0 AC/min heating rate data were used for all samgias. plots

of model fitting methods were given in Appendix D.
6.3.1.2.1 Arrhenius & Coats and RedfernMethods

The Arrhenius rathodassumes that the total rate of mass loss of the total sample is

only dependent on the rate constant, the temperature and the remaining sample mass.
The reaction order is assumed to be unity. The gra[bh'l'ofe §Qo O versusprY

was plotted andthe linear parts were selected for the analysidie activation
energies were calculated from the slope of the lineas.pHne activation energies

and Arrhenius constant parameters were gived able 6.9 for crude oils and their

fractions
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Table6.971 E (kJ/mol)and Arrhenius constanfs/min) according to Arrhenius

method
I. Region Il. Region |. Region Il. Region
E 6 84 E 6 110
%‘ri‘f‘ie A 0.20225 7.44E+04 %i‘f%e A 027141 7.78E+06
R 0.99620 0.99718 R 0.99604 0.99164
E 5 - E 11 -
Saturate A 0.37730 - Saturate A 2.19658 -
R 0.99915 - R 0.99742 -
E 20 70 E 12 120
Aromatic A 7.53128 7.65E+03 Aromatic A 0.96144 4.15E+07
R 0.99732 0.99958 R 0.99886 0.99962
E 70 159 E 28 138
Resin A 6196  6.99E+09 Resin A 10.82040 1.11E+08
R 0.99640 0.99945 R 0.99780 0.99898
E 12 73 E 5 93
Cor:fge A 0.67793 7651.58 %ri‘fie A 0.21247 4.05E+05
R 0.997712 0.99843 R 0.99815 0.99588
E 15 - E 5 -
Saturate A 4.99294 - Saturate A 0.55363 -
R 0.99929 - R 0.98388 -
E 31 116 E 25 98
Aromatic A 59.02180 8.05E+06 Aromatic A 23.44180 1.35E+06
R 0.99968 0.99872 R 0.99836 0.98440
E 87 133 E 93 125
Resin A 1.15E+05 7.47E+07 Resin A 9.21E+0¢ 1.94E+07
R 0.99452 0.99917 R 0.99589 0.99926
The graph of 1 Vel ~y VversuspXYwas plotted andthe linearparts were

selected for the analysi$he activation energies we calculated from the slope of
the linear part. Thactivation energies and Arrhenius constawere given inTable
6.10.
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Table6.10 - Activation energiesind Arrheniugonstants according oats and

Redfernmethod

I. Region Il. Region I. Region Il. Region

E 26 69 E 8 83
Cori‘f‘ie A 2.81E03 0.12046 %}f%e A 000001 0.99640
R 0.99592 0.991949 R 0.99954 0.99362

E 17 - E 19 -

Saturate A 0.00014 - Saturate A 0.00034 -

R 0.99698 . R 0.99884 -

E 36 69 E 20 98
Aromatic A 0.02001 0.14775 Aromatic A 0.00009 8.14063
R 0.99730 0.99282 R 0.99891 0.99471

E 40 104 E 30 120
Resin A 0.00201 7.32408 Resin A 0.00023 1.05E+02
R 0.998726 0.993532 R 0.99734 0.99832

E 15 65 E 28 67
%rilfdze A 7.63E05 0.08412 Cor:fie A 000557 0.08431
R 0.993191 0.995178 R 0.99502 0.99139

E 21 - E 22 -

Saturate A 0.00046 - Saturate A 0.00067 -

R 0.99980 - R 0.99943 -

E 19 71 E 26 72
Aromatic A 9.14E05 0.12510 Aromatic A 7.14E04 0.19765
R 0.99942 0.99095 R 0.99728 0.99443

E 27 90 E 28 111
Resin A 0.00031 0.89833 Resin A 0.00014 2.03E+01
R 0.997696 0.994813 R 0.99808 0.99447

In order to determine heating rate effect on activation energy arelxpomential
factor the Coats and Redfern model was applied to the Crude Oil 3 and its fraction
for demonstration purposeshe results can be seenTiable6.11. It was observed

from Table6.11 that heating rate had no effect on activation energy values.

For the Coats and Redfern method, the reaction order, n was assumed to be unity.
Although the complex reactions are followed dgrthe crude oil combustion, when

some simple generalizations are made, it seems reasonable to assume reaction order
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as unity. These were the sample size was too small, there is an excess supply of air,

the progress of the reaction is independent of theosicentration.

Table6.11- E and A values at three different heating rates for Crude Oil 3 and its

fractions
p ¢/ KYA" Mn ¢/ KY Mp ¢/ KY]
I. Region Il. Region I. Region II. Region I. Region II. Region
E 7 82 8 83 8 83
Cori‘fd; 1.29E05  1.84465 1.03E05 0.99640 9.17E06  0.82239
R 0.99682 0.98284 0.99954 0.99362 0.99978 0.99730
E 19 - 19 - 17 -
Saturate A 3.72E04 - 0.00034 - 2.63E04 -
R 0.99291 - 0.99884 - 0.99489 -
E 20 99 20 98 20 98

Aromatic A 1.54E04 14.50500 8.77E05 8.14063 1.15E04 6.83088
R 0.99109 0.99290 0.99891 0.99471 0.99382 0.98857

E 30 120 30 120 30 121
Resin A 1.85E04 884.17200 2.35E04 105.4800 2.06E04 63.52800

R 0.99262 0.98814 0.99734 0.99832 0.99802 0.99646

6.3.1.3.Comparison of the Kinetic ParameterObtained from TG/DTG

From theactivation energy results asoconversional methodst was seenthat
saturates gave al most the | ower activat:i
both OFW and KAS methodsd lower activation energies in model fitting methods
Reasonable activation energy values could not be calculated for saturates in the
second region. This behavior can be atiiglol to the fact that since saturatesentbe

lightest part of the crudelsj therefore the mass loss amounts in the second region
weresmall and so negligiblé=or this reason, the activation energies of saturates in

the second region were not evaluated. On the other hand, since resins were the
heaviest part of the fractionieir activation energies were the highest almost at

each degree of conversion in both reaction regions. The activation enengies fo

aromatics were in betweeaaturates and resinSor all samples, except saturates, the
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second reaction regions gave highues compared to the first reaction region. In
addition, the Arhenius constantgvaluated in model fitting methods, weyenerally

higher for the heavier samples.

The crude oil combustion is a complex reaction mechanism that follows parallel and
consective reactions. The isoconversional metho@FW and KAS, assume

constant activation energy from the beginning to the considered conversion degree,

U. Mor eover, single average value of act
fitting methods for the arall reaction. Thesdeficiencies in the method#o not

reveal thecomplexity in combustionThe activationenergy values of the crude oils

should be expected betwetre activation energies of saturates aromatics and resins;
however, the expectations sl not satisfied. This could be due to the experimental

errors.
6.3.2.DSC Kinetic Analysis

The kinetic parameters for the crude oils and their SARA fractions were calculated
by usingthe two different methods Borchardt & Danielsd ASTM E698methods
Second raction region wasubjected to kinetic analysis and activation energy, E,
and the Arrhenius constamt were determined for all samples.

6.3.2.1.Borchardt & Daniels Method

For the Borchardt and Daniels methoBlA Instrumentssoftware packagerA
SpecialtyLibrary was useddifferent from other methodsThe activation energy,
Arrhenius constant and heat of reaction were determined for each sample at different
heating ratesThe sample calculatiofor Crude Oil 4 wasdlemonstrated irrigure

6.8.
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Figure6.8 - Determination of kinetic parameters according to B&D for Crude Oil 4
Aromaticat 10 AC/ mi n

FromTable6.12, it was observed that the activation energies and thexpenential

factor were increased with increased heating rate. The activation energies and the
pre-exponential factors weigighest for resin fraction3.he activation energy values

of crude oils were again higher than the saturate. This could be due to the

experimental errors.
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Table6.12 - Activation energies and Arrhenius constants by B&D method

i E log A i E

6c/ (kIm (og A (Umin) 6 ¢/ (kdm '?Bn’:ir(]')c;g A (L/min)

min)  ol) (1/min)) min)  ol)
5 522 315 1.41E+03 5 497 283  6.76E+02
Cr“‘ie Ol 10 628 421 1.62E+04 Cr“ge Ol 10 556 346 2.88E+03
15 635 419 155E+04 15 59.8  3.88  7.59E+03
5 351 187 7.41E+01 5 358 201 1.02E+02
Saturate 10 44.9 299 O.77E+02 Saturate 10 40.1 254  3.47E+02
15 462 324  1.74E+03 15 445 306  1.15E+03
5 432 22  158E+02 5 42 202  1.05E+02
Aromatic 10 559  3.44 2.75E+03 Aromatic 10 431 219  155E+02
15 744 509 1.23E+05 15 534 312  132E+03
5 954 584 6.92E+05 5 1004 6.2  1.32E+06
Resin 10 1042 836 229E+08 Resin 10 1017 621  1.62E+06
15 157.1 1024 1.74E+10 15 103.3 6.54  3.47E+06
5 58 373 537E+03 5 541 316 145E+03
Cr”geo” 10 616 417 1.48E+04 Cr“je Ol 10 573 364 4.37E+03
15 686 465 4.47E+04 15  60.7  3.92  8.32E+03
5 433 271 5.13E+02 5 505 331 2.04E+03
Saturde 10 51.6 3.8 6.31E+03 Saturate 10 549  3.64  4.37E+03
15 59 432 2.09E+04 15 60.7 453  3.39E+04
5 448 221 1.62E+02 5 528 285 7.08E+02
Aromatic 10 48.7 2.65 4.47E+02 Aromatic 10 57.3 3.33 2.14E+03
15 488 2.7  5.01E+02 15 71 469  4.90E+04
5 1016 58  6.31E+05 5 934 559  3.89E+05
Resin 10 108.6 6.77 5.89E+06 Resin 10 1045 6.54 3.47E+06
15 1132 7.33  2.14E+07 15 1225 7.82  6.61E+07

6.3.2.2.ASTM E698 Method

The peak temperatures were determined for each sample at each heating rate. The
procedureexplained in Chapteb were followed and the activation energies were
calculated by the help of the softwd#]. The plotsof ASTM E698 were given in
Appendix E.
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Table6.13 - Activation energyand Arrhenius constanglues for Crude Oils and
SARA fractions by ASTM E 698 method

E (kJ/mol) A (1/min) E (kJ/mol) A (1/min)
CrudeOil 1 67 4.62E+04 Crue Qil 3 91 3.48E+06
Saturate 133 1.61E+11 Saturate 88 1.35E+07
Aromatic 97 4.59E+06  Aromatic 45 1.60E+02
Resin 102 1.89E+06 Resin 92 3.62E+05
Crude Qil 2 80 4.29E+05 Crude Oil 4 77 3.47E+05
Saturate 103 3.31E+08  Saturate 95 5.52E+07
Aromatic 44 1.36E+02  Aromatic 47 3.09E+02
Resin 84 1.20E+05 Resin 99 1.02E+06

From the Table 6.13, it was observed that althougtaturates activation energy
expected to be lowest this method, this method did not meet the expectations. This
conflict could be attributed tihe close peak teperatures of saturates at each heating
rate. Aromatics and resins behaved in a same manner; that is; the activation energies

of aromatic were lower than resins.
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CHAPTER 7

CONCLUSIONS

This research was carried ousing four differert crude oils and their saturate,
aromaticand resinfractiors. The asphaltene content of the crude oils were not
obtained after the column chromatography. TG/DTG and DSC techniques were
applied to the samples. The experiments were performed at threerditiesting

rates b , 10 an d). TheScombBtiomexperiments were performed in air

atmosphere.

In thermayravimetric analysistwo reaction regionsvereidentified in crude oil and
their SARA fractionsé n t he fir st r eactlowstemparatugi o n,
oxidation (LTO)reactions occurrednd hightemperature oxidation (HTQgactions
occurred in the second reaction regibmO reactionregion is responsible from the
formation of high molecular weight components and the combustion of light
molecules. HTO reaction region is responsible from the bgrafrthe cokeFrom

the TG/DTG curves, it was alyzed thasaturates, the lightest part of the crude oils,
were highly reactive in LTO region whereas the resinshétaiest part of the crude
oil, were not that much reactive in the LTO region. The massdosount of the
resins in HTO washe largest. Since saturates mainly composed of light molecules,
the mass loss amount of them in thelf@ regionwas low. The LTO and HTO
startingand endingemperature were higlséfor resins tha aromaticsand saturates,
respectively Moreover, the temperature interval extents of resins \wigleer than

theothers.
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The peakand burrout temperatures of the crude oils and their fractions were shifted
to highertemperatures with the increase in heating rate temperature extent of

the LTO and HTO reactions were increased with increase in heating rate.

In differential scanning calorimetry (DSC), the two reaction regions were again
identified, LTO and HTOThe resins, heavier part of the crude oils, released more
heat during combustion. Their temperature extents were larger and reaction

completing temperatures were higher.

As the heating rates increased in DSC experiments, the peak temperatures were
shiftedto high temperatureslhe heat flowfrom the samplesvasincreased for all

samples and the temperature at which the reactions compkstexreased.

For the calculation of kinetic parametesgveral model fitting and isoconversional
methods were applie According to isoconversional methods, the activation energy,

E values were changed with the degree of
the parallel and complex reaction mechanism. Mean activation enefgyv&ues

were calculated. It was obsed that E.eanvalues were getting higher as the crude oll

fraction was getting higheBy using the model fitting methods, the fEeponential

factor, A was calculated and from the results the A values likg.®ere higher for

heavier constituents of crude oilsloreover, the results showed thatwas not

affectedfrom the heating rate change.
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APPENDIX A

CALIBRATION RESULTS

A.l. TGA Calibration Results
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FigureA.l.1 7 Temperature Calibration of TGA by Curie Point Determination
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A.ll. DSC T, Calibration Results
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A.lll. DSC Cell Constant and Temperature Calibration
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APPENDIX B

RESULTS OF EXPERIMENTS

B.l. Results of TG/DTG Experiments
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FigureB.l.30- TG/DTG Curve ofCrude Oil 3 Saturatat15A C/ mi n
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FigureB.l.31- TG/DTG Curve ofCrude Oil 3 Aromati@t5A C/ mi n
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FigureB.l.32- TG/DTG Curve ofCrude Oil 3 Aromati@t10A C/ mi n
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FigureB.1.33- TG/DTG Curve ofCrude Oil 3 Aromati@t15A C/ mi n
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FigureB.l.34- TG/DTG Cune ofCrude Oil 3 Resimt5A C/ mi n
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FigureB.l.35- TG/DTG Curve ofCrude Oil 3 Resimt10A C/ mi n
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FigureB.l.36- TG/DTG Curve ofCrude Oil 3 Resimt15A C/ mi n
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FigureB.l.37- TG/DTG Curve ofCrude Oil 4at5A C/ mi n
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FigureB.1.38- TG/DTG Combustion Curve @rude Oil 4at10A C/ mi n
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FigureB.l.39- TG/DTG Curve ofCrude Oil 4at15A C/ mi n
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FigureB.l.40- TG/DTG Curve ofCrude Oil 4 Saturatat5A C/ mi n
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FigureB.l.41- TG/DTG Curve ofCrude Oil 4 Saturatat10A C/ mi n

86



120 10
1004
80 8
£
s
=
3 )
=
5 %07 3
S 2
@
2 o
40
204
0 T \ : 2
200 400 600 800

Temperature (K)

FigureB.l.42- TG/DTG Combustion Curve @rude Oil 4 Saturatet15A C/ mi n
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FigureB.l.43- TG/DTG Curve ofCrude Oil 4 Aromati@t5A C/ mi n
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FigureB.l.44- TG/DTG Curve ofCrude Oil 4 Aromati@t10A C/ mi n
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FigureB.l.45- TG/DTG Curve ofCrude Oil 4 Aromati@t15A C/ mi n
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FigureB.l.46- TG/DTG Curve ofCrude Oil 4 Resimt5A C/ mi n
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B.1l. Results of DSC Experiments
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FigureB.11.10- DSC CurveofCr u d e
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