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Abstract

The chemical building blocks that comprise petrolelasphaltenes were
determined by cracking samples under conditions tiaimized alterations to
aromatic and cycloalkyl groups. Hydrogenation ctiods that used tetralin as
hydrogen-donor solvent, with an iron-based catalgowed asphaltenes from
different geological regions to yield 50-60 wt% dittillates (<538°C fraction),
with coke yields below 10 wt%. Control experimewish phenanthrene and:5
cholestane confirmed low hydrogenation catalytiivég, and preservation of the
cycloalkyl structures. Quantitative recovery of aiag products and
characterization of the distillates, by gas chrageaphy-field ionization—time of
flight high resolution mass spectrometry, displayesnarkable similarity in
molecular composition for the different asphaltenParaffins and 1-3 ring
aromatics were the most abundant building blockse diversity of molecules
identified, and the high yield of paraffins werensstent with high heterogeneity
and complexity of molecules, built up by smallexgments attached to each other
by bridges. The sum of material remaining as vacuesidue and coke was in the
range of 35-45 wt%; this total represents the makmnamount of large clusters in
asphaltenes that could not be converted to ligtaerpounds under the evaluated
cracking conditions.

These analytical data for Cold Lake asphalteneg wansformed into probability
density functions that described the molecular Wedtstributions of the building
blocks. These distributions were input for a Mo@t&rlo approach that allowed

stochastic construction of asphaltenes and sinoulat their cracking reactions to



examine differences in the distributions of produassociated to the molecular
topology. The construction algorithm evidenced thasignificant amount of

asphaltenes would consist of 3-5 building blockée Tresults did not show

significant differences between linear and dendmitiolecular architectures, but
suggested that dendritic molecules would experistmeer reaction rates as they
required more breakages to reach a given yieldstifldtes.

Thermal cracking of asphaltenes in heavy oils aidniens can dramatically

reduce viscosity, enabling pipeline transportatioth less solvent addition. The
viscosities of the products from visbreaking reawsi of two different heavy oils

were modeled with lumped kinetics based on boipogt pseudo-components,
and with the estimation of their individual fluidgperties. The model was tuned
with experimental viscosity data, and provided mations of viscosities at

different temperatures with absolute average deviatiower than 31%.
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List of Symbols, Nomenclature and Abbreviations

(Context dependent)
References are related to Chapter 5.
Greek Letters

= positive empirical constant in Shu et"aliquid mixture viscosity

o .

equation
n = kinematic viscosity, cSt or s
V1 = dynamic viscosity, cP or Pa.s
p = density, kg/m
T = residence time, h or min

Nomenclature

a = parameter in Mehroffaviscosity correlation

= adjustable parameter for the viscosity of theuuac residue
fraction

= stoichiometric coefficient in kinetic model inthaced by Ayasse et
al.t’

8 = binary parameter in Modified Andrade equatfon

A = parameter in Andrade or de Guznfaviscosity correlation
= parameter in Vog#l viscosity correlation
= adjustable parameter in Ri#znethod
= parameter in API Procedure 6A%¥.5

b = adjustable parameter for the viscosity of theuuac residue
fraction

= stoichiometric coefficient in kinetic model inthaced by Ayasse et
a|.17

by = parameter in ASTM or Walther equatiotl



b, = parameter in ASTR or Walther equatioti

bj = binary parameter in Modified Andrade equatfon

B = parameter in Andrade or de Guzrifariscosity correlation
= parameter in Vog#l viscosity correlation
= adjustable parameter in Ri¥znethod

= parameter in AP| Procedure 6A%.5

c = stoichiometric coefficient in kinetic model inthaced by Ayasse et
a|.17

Gi = binary parameter in Modified Andrade equatfon

C = parameter in Vogélviscosity correlation

= parameter in AP| Procedure 6A%.5

D = parameter in AP| Procedure 6A%.5

d; = binary parameter in Modified Andrade equatfon
Denl = liquid density in AP Procedure 6A%5lb,/ft>
Distillates = distillates concentration, kg/m

E = parameter in AP| Procedure 6A%.5

f = mole or mass fraction

= adjustable parameter in ASTM Liquid Mixture Visity*°
Gas Oil = gas oil concentration, kg/m

k', k'y, K» = rate constants in kinetic models with stoichitnoecoefficients, H

ki-Ks = rate constants in kinetic model&, h

K123 = lumped kinetic rate constant; h

Kys = lumped kinetic rate constant: h

Kij, Ki = symmetric binary parameter in ASPEN Plus™ - Ashauid

Mixture Viscosity® correlation

Lij, L = antisymmetric binary parameter in ASPEN Plus™spén Liquid
Mixture Viscosity® correlation

M = molar mass, kg/kmol



M = average mixture molar mass, kg/kmol
MeABP = Mean average boiling point, °R
n = number of experimental measurements

= number of reactions

Naphtha = naphtha concentration, k§j/m

SG = specific gravity

S = adjustable specific gravity parameter in Rfamiethod

t = reaction residence time, h
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Th = mean boiling point or 50% boiling point, K

To = adjustable temperature parameter in Riamiethod
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w = mass fraction
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Xc = cumulative weight or volume fraction
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= mole fraction or mass fraction
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Subscripts
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A = component A

av = average

i = component i in a mixture

exp = experimental

F = feed, original heavy oil



fi = fraction or pseudo-component i

] = component j in a mixture

m = liquid mixture

pred = prediction

VR = vacuum residue
Abbreviations

1-MN = 1-methylnaphthalene
AAD = average absolute deviation
ABP = average boiling point

DHA = 9,10-dihydroanthracene
DHP = 9,10-dihydrophenanthrene
ECS = extended corresponding states method
FBP = final boiling point
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GLN = gasoline
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1 Introduction

A confluence of different factors has made the dadnsider heavy oils
and bitumen as important actors in the energy hafkese alternative oil sources
have become more attractive as the world oil demiacréases, and the depleting
conventional and lighter oil sources are tradedhim market at high prices as
valuable commodities. Massive deposits of natutahtien are present in Canada,
and of extra heavy oil in Venezuela, with remainiegerves of 26'8and 9.3
billion cubic meters (10m°), respectively.

However, as oil becomes heavier, the different afjp@ns of extraction,
processing and transportation become more chatighdile to higher viscosities
and densities, increasing heteroatom content, higihematicity (which is in
accordance with lower hydrogen content), and magtifscantly due to the
increased concentration of asphaltenes.

Asphaltenes, defined as the toluene solubleptalkane insoluble fraction
of oil, constitute the most complex material présenpetroleum. These dark
brown to black solidsare characterized by their high density, reporeslind
1,200 kg/m,> ® high content of sulphur, nitrogen, oxygen, andaisefNi and V),
low H/C ratios, and high aromaticity, with reportidctions of aromatic carbon
in the range of 0.43 to 0.69 Calemma et dl.evaluated asphaltenes from
different sources, and the elemental compositieerated contents spanning 1.9—
10.8 wt% for sulphur, 1.0-1.9 wt% for nitrogen, a@d-6.2 wt% for oxygen

(estimated by difference). Heavy oils and bitumeas exhibit a wide range of



asphaltene concentrations, and published data stiav yields of n-Cs
asphaltenes greater than 20 wt% can even be expecte

Many problems arise from the presence of asphatémenil. Some of
these issues have been summarized by Spewhd, comprise a wide range of
upstream and downstream operations. Thus, theuflaibon and or sedimentation
of asphaltenes have been found to be related tereliit types of fouling that
affect flow assurance, mainly because of the phmgnd deposition during oil
extraction and transportatiénand that also compromise refining operations
because of the formation of coke.

Speight also mentioned other issues associated with asplesl such as
the precipitation and formation of deposits durthg storage of crude oil and
products, and also during blending operations, eessalt of their destabilization
in the medium. Due to their capability to form esiahs, asphaltenes can also
contribute to water contamination of crude oil, waater-in-oil emulsions.
Furthermore, their high concentration in fuel oiésads to poor combustion
properties.

Asphaltenes have also been an important factorotsider in catalytic
processing. These large and complex molecules kantpe catalyst pores, or
form deposits of coke on the catalyst surface, dring the access of the
molecules to the active sittsand therefore can cause catalyst deactivation.
Moreover, their high heteroatom content can leadetactivation by poisoning or

metals deposit3.1°



These difficulties seem independent of the contérasphaltenes in the
oil. In production, asphaltene precipitation hasmdestrated to be more
problematic in light crude oils, with low asphakecontent, than in heavier crude
oils.** However as their concentration increases due twcessing or, as
mentioned before, by the progressing interest aviee oil sources, viscosity and
processing issues are exacerbated.

The economic implications of these production armt@ssing issues can
partly explain why asphaltenes have been a focugtehtion for many decades.
In general, the chemical composition and structietermines the properties of
the materiald? therefore, it is expected that a better knowledtfe the
composition of asphaltenes can lead to a betteerstahding of their behavior
and eventually solutions could be proposed to miéighese problems. However,
the identification as a solubility class makes themctompass a broad range of
compounds that can precipitate out from the oil inmadnot only by insolubility,
but also by coagulation of nanoaggregatesmilar to colloidal suspensions. This
heterogeneity is at the same time a source of taiogr in the determination of
their molecular composition.

The difficulties in analysis due to the high conxite of asphaltenes, high
molecular weight and aromaticity, are aggravatedtliogir high tendency to
aggregate in solutiolf. These characteristics hinder the efforts to coenpil
complete molecular description that can explaindhserved complex behavior

and that also demonstrates consistency with tha détained from their



processing® This molecular description should then include ooty the size
distribution, but also the architecture of the ncales.

Thus, the continuing debate around asphaltenesbbes the result of
dissimilar experimental observations that have ted the formulation of
contrasting conclusions regarding the predominasieaular motifs. Yen et at®
7 later supported by Mullins and coworkéf&€? have described asphaltenes as
single large polycyclic aromatic hydrocarbons (PAHgth naphthenic and
peripheral alkyl substituents. This molecular repregation was accompanied by a
hierarchical model to explain asphaltenes aggregativhere the molecular
stacking was mainly attributed ton interactions between the aromatic sheets.
However, the analytical techniques, the instrumerdalibration, and the
interpretation of the results that led to proposd aupport this “island” model
have been questionatite??

In contrast, the identification of diverse smal@olecules in the distillable
products from the cracking of asphaltenes, inclgdanomatic, naphthenic, and
heteroatomic compound$, ?* led to the *“archipelago” model. Thus, the
description of asphaltenes built up by smaller males linked by alkyl and
thioether bridge’s' 2° was able to reconcile the observations made duhiegnal
processing of asphalten®stor example, the thermal cracking approach regorte
by Karimi et al’ yielded 15-20% of analyzable material and the atterization
of this fraction confirmed the existence of arclége structures in asphaltenes.

The supramolecular assembly model proposed by &ray!® provided a

different perspective to gain a better understagdh this complex material.
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Consistent with the archipelago type of moleculles,aggregation of asphaltenes
was explained due to the individual contributionk different interactions
including the following: hydrogen bonding, acid-basnteractions, metal
coordination, hydrophobic pockets promoted by caitgl and alkyl groups, and
also due tar-n stacking. This last one had been thought to berthie factor in
the formation of asphaltene clusters, accordingéasland model.

At this point, the abundant literature around aiphas has indicated that
more definite conclusions could be drawn if a digant fraction of the
asphaltenes could be properly characterized. Howevieen it comes to such
complex systems, it is important to ensure thasthedytical methods are properly
calibrated and can yield meaningful results. Thigat a straightforward task for
asphaltenes since most of the available techniguescalibrated for lighter
fractions in the distillable range. Additionallje yield of distillable compounds
from thermal cracking of asphaltenes is limitedty high yields of coké&.?’

Thus, this research work was intended to charaetethe molecular
structures present in asphaltenes by cracking umgtpgenation conditions. The
use of tetralin as hydrogen-donor solvent and alysttwith mild hydrogenation
activity, i.e. an iron-based catalyst, in a hydrogémosphere, provided favorable
conditions to suppress the coke formation and pbiégh yields of distillates.
Control experiments with model compounds confirntieel preservation of the
ring structures under the reaction conditions. Téections performed in 15 ml
stainless steel batch microreactors allowed qusivét recovery of the cracking

products, and provided enough sample for the cleaation analysis. A
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calibrated high resolution GC-MS method was usadtlie identification and
guantification of the molecules present in theiligdle fraction of the liquid
products. Thus, this approach provided quantitating reliable results, and the
results recognized an important presence of brid¢rettures in asphaltenes.

This thesis has been organized in seven chaptadpar of them contain
individual research studies presented in paperdokmith their own bibliography.
Chapter 1 was designed to introduce the reseapitstoovered in the thesis, and
provide the reader with an overall description dadkground to understand the
scope and significance of this work.

Chapter 2 presents the experimental work carridd@weharacterize the
molecular structures present in asphaltenes bykiogcunder hydrogenation
conditions. This study constitutes the second plaisa project for bitumen
characterization sponsored by the Centre for QildSadnnovation (COSI) at the
University of Alberta, and was made in partnershith ExxonMobil Research
and Engineering Co. A version of this work has bgeaomitted for publication in
a peer-reviewed scientific journal.

Chapter 3 examines different solvents, with andheit hydrogen-
donation capacity, during the cracking of aspha&éerunder hydrogenation
conditions. These solvents are compared in ternte®ké yield with the reactions
in presence of tetralin, which was chosen as trdrdgen-donor solvent in the
study presented in Chapter 2.

According to the evidence of significant amountsatiged-structures, a

Monte Carlo simulation was developed to gain insighto the molecular
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architecture. Thus, in Chapter 4, the distributsdrproducts from the cracking of
asphaltene molecules that were constructed stocai@st with linear and
dendritic topologies are compared to the availaklgerimental data from Chapter
2. This chapter also describes the generationeptbbability density functions
(PDFs), required as input for the simulation, almel &pproach that was used to
construct and crack populations of asphalteneseartantly represented in matrix
form.

Chapter 5 moves away from the study of asphaltdngsjeals with one of
the main challenges that the oil industry facefwhie growing interest in heavy
oils: pipeline transportability. Viscosity reduatioia visbreaking is evaluated by
the development of a fluid model, based on boilpuynt pseudo-components,
which is coherent with the high complexity of heailg.

The relation between these separate studies iemed in the synthesis
presented in Chapter 6, and the conclusions andnmmeendations are
summarized in Chapter 7.

Appendix 1 illustrates the heating curves for tlaéch microreactor at
different temperature set points, which correspanthe reaction temperatures of
the experiments presented in Chapters 2, 3, adppendix 2 briefly describes
the main inconveniences that hampered the aronyagistimations of the reaction
products by NMR analysis. A third appendix sumnesithe correlations found
for different measured or estimated variables wedl in the study about
asphaltenes characterization presented in ChapfEneé2routines programmed in

MATLAB® (Version R2011b, The MathWorks, Inc., USApr the Monte Carlo
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simulation discussed in Chapter 4, are describesppendix 4, including a brief

explanation of the inputs and outputs, and theslofecode.
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2 Characterization of pendant groups obtained by
cracking of asphaltenes under favorable hydrogenatn

conditionst

2.1 Introduction

The study of asphaltenes is challenged by the ammgharacter of this
material, which is defined as the oil fraction d@&iin toluene, but insoluble in
paraffinic solvents such aspentane omn-heptane. This solubility definition of
asphaltenes encompasses a heterogeneous mateassledbby processes that
include precipitation due to solubility, throughmselective coprecipitation, and
coagulation of nanoaggregate$.One of the most remarkable characteristics of
asphaltenes is their liability to aggregate in 8ofy which hampers the molecular
analysis by mass spectrometric techniqueéke determination of molecular
weight, and other structural features. Nevertheldhe asphaltene fraction
correlates with a range of production and procgspioblems in the petroleum
industry, and this makes their study a relevanictop

The molecular architecture of asphaltenes has beeatter of discussion
for many decades, yet so far there is not a germyasensus regarding the
predominant structures. Yen and coworketsproposed a model consisting of

single alkylated cores, constituted by aromatic araphthenic rings fused

! A version of this chapter has been submitted fdilipation as: Rueda-Velasquez, R. |.; Freund, HanQK.; Olmstead,
W. N.; Gray, M. R. Characterization of Asphalteneil@ng Blocks by Cracking under Favorable Hydroggon
Conditions Energy & Fuel2012

12



together. The presence of alkyl chains would exrplae stability of asphaltenes
in oil, and then-n interactions between the aromatic sheets was takethe
driving force for the formation of aggregates. Dickand Yefi depicted
asphaltene molecules as large aromatic sheets nagtie than 100-300 carbon
atoms. This type of structure, also known as th@nds model, has also been
supported by Mullinsand coworkers (Groenzin et%l), who used fluorescence
depolarization measurements to emphasize alkyl cpolic aromatic
hydrocarbons (PAHS) as the main motif in asphatiebat they suggested much
smaller molecules in the range of 500-1000 amu. él@n, the conclusions from
this work are still controversial. Questions haeef raised on proper calibration,
instrumental limitations, and interpretation of tesults®

Several studies have indicated the presence ahgerof aromatic ring
sizes in the asphaltene fraction. Calemma étwded a variety of analytical
methods on asphaltenes from different sourcessagdested a representation of
asphaltenes as clusters of polycondensed groupprisad of 5 to 7 fused rings,
joined by alkyl and heteroatomic bridges. In aratdy, involving the use of
pyrolysis-GC/MS analysis, smaller aromatic unitsrevedentified, leading to a
new description of asphaltenes as polyaromatichgdoaromatic units with 1 to
10-20 rings, joined by aliphatic bridg&sThe thermolysis reactions conducted at
mild conditions by Strausz et #** produced alkyl-substituted mono- to penta-
cyclic aromatic structures which should be preserhe original asphaltenes as

were identified, and suggested that the aromatidensation could not be as high
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as proposed by Yen et %lSpeight* pointed out that polynuclear aromatic
systems with more than 10 rings would be unlikalp$phaltenes.
Cracking of asphaltenes yields a diverse varietynofecules, including

42 13 15 \which

aromatics, naphthenes, saturates, and heteroatoconipound
would be present as substructures in the parenpeoenmts, since these structures
cannot be formed from the cracking and rearrangéwielarge aromatic clusters
under mild thermolysis conditior§. This observation from the processing of
asphaltenes could not be reconciled with a modstdanly on large, and highly
condensed aromatic cores, substituted with sidenshat was rather more
consistent with asphaltenes representations corgsief diverse aromatic units
with aliphatic chains, attached to each other ligdas®’

Wiehe®® introduced a simple, but useful representatiortifermolecules in
petroleum residua and asphaltenes consisting &reift combinations of core
and pendant building blocks, joined by thermalllila bonds. During cracking,
the pendant building blocks could be split off, lghthe cores would remain
nonvolatile. This model provided a mechanism fokecéormation, but did not
provide any information regarding the size of th@es and pendant groups.
Wiehe suggested, as next step, the introductioa distribution of species that
could replace the core and pendant building blocks.

Cracking of asphaltenes under hydrogenation camditienhances the
yields of distillates and lowers production of cati@mpared to thermal cracking.

Savage et df observed that cracking in the presence of hydradene, without

addition of catalyst or solvent, yielded similar amts of coke and maltenes as
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those reactions performed in an Argon atmospheosveder, the introduction of
hydrogen-donor solvents into the reaction systethtte higher selectivities to
maltenes, and the further addition of a hydrotreatiatalyst could maintain this
high selectivity even at high conversions. Graglé? suggested that the capacity
of hydrogen-donor solvents to suppress coke foomds a consequence of their
ability to react with olefins, which can otherwisendergo polymerization
reactions and lead to the formation of coke.

Conventional industrial catalysts for hydrogenatiminheavy petroleum
fractions consist of Mo promoted by either Ni or, @ad supported opalumina,
zeolites, or silica. These active materials camiBa@antly change the molecular
structures present in the processing feed by destilfation, denitrogenation and
hydrogenation of moleculés. This excessive hydrogenation activity is
undesirable if we wish to use cracking to expldne tange of the original
structures present in asphaltenes. Ranganathah®&ipatented an iron-based
catalyst supported on coal that showed good alditguppress the formation of
coke, while exhibiting mild activity towards hydresllphurization and
hydrocracking.

The objective of this study was to maximize thevession of asphaltenes
by thermal cracking to their constituent ring substures. The term “pendant
groups”, introduced by Wieh®to group together any material that could be
cracked off the residue molecules is used herecimmgeably with the term
“building blocks”. They both denote cracked fragtsefiom asphaltenes, but do

not denote any particular size or structure. Bagethe known thermal chemistry
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of petroleum components, both aromatic and cycigdkilding blocks may be
obtained by breaking bridging linkages. In thisdstuwe selected an iron-based
catalyst with a modest activity for hydrogenatian suppress the formation of
coke as described by Ranganathan &t aombined with a hydrogen atmosphere
and a hydrogen-donor solvent. The objective washtain a high selectivity to
distillates at high conversion of asphaltenes, evieihsuring minimal change of
the ring structures in the cracked fragments. Tloelyct material in the distillate
range (< 538°C), which constitutes the analyzalb#etion from the reaction
products, was quantitatively recovered and analyzgdjas chromatography —
field ionization — time of flight high resolutionamss spectroscopy to identify the

building blocks and their abundance.
2.2 Materials and Methods

2.2.1 Catalyst and model compounds

The catalyst was iron sulphate (FeS®LO, > 99%, from Fisher
Scientific, Mississauga, ON) supported on Coal &akub-bituminous coal. The
proximate and ultimate analyses of this coal amwshin Table 2-1. The standard
methods used for these analyses were: ASTM D317 2 foximate Analysis,
ASTM D3173 for Moisture content, ASTM D3174 for A€ontent, and Test
Method ASTM D3175 for Volatile Matter Content.

The model compounds evaluated consisted of the atronsompound
phenanthrene (> 96%, HPLC grade from Sigma Aldri@nd the naphthenic

compound &-cholestane X 97%, GC grade from Sigma). 1,2,3,4-
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tetrahydronaphthalene (99%, ReagentPlus® from Si§ldach), also known as

tetralin, was used as a hydrogen-donor solvertearthermal cracking reactions.

Table 2-1 Proximate and ultimate analyses of sub-bitumir®oal Valley

Proximate Analysis

Moisture, wt% 6.3

Ash, wt% 10.3
Volatile Matter, wt% 34.6
Fixed Carbon, wt% 48.8

Ultimate Analysis

Carbon, wt% 61.2
Hydrogen,wt% 4.2
Nitrogen, wt% 1.3
Sulphur, wt% 0.5

2.2.2 Asphaltenes

Asphaltenes from different sources were evaluadéithbasca asphaltenes
obtained by precipitation in a pilot plant withpentane were used as received,
and are referred to hereinafter as Athabasca industCs asphaltenes. These
asphaltenes were available in large amounts and also used as sourcers;
asphaltenes. The yields 0iCs andn-C; asphaltenes from this sample were 68%
and 59%, respectively. Cold Lake-C; asphaltenes were provided by
ExxonMobil Research and Engineering, and were usedreceived. Maya,
Safaniya, Athabasca and VenezuelarC; asphaltenes were obtained by

precipitation inn-heptane from crude oil or vacuum residue samgless, the
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paraffinic solvent was mixed in a ratio of 40:1\&oit to vacuum residue from
each one of these different origins, or also to aAtsca industriah-Cs
asphaltenes. The mixture was stirred for 24 houts & magnetic stir bar, and
then the asphaltenes were filtered out under vacusimg a 0.22 um pore size
filter paper (Millipore). The asphaltenes were driat room temperature and
collected 48 hours later.

Gudao n-C; asphaltenes, obtained from a Chinese waxy crudge w
precipitated following the standard procedure dbedrby ASTM D6560 which
includes reflux with hotin-heptane to separate the waxy compounds from the
asphaltenes. The mixture 30ndheptane to Gudao vacuum residue was boiled
under reflux for one hour, and after cooling for ®hutes, the sample and the
rinsings of the flask with honh-heptane were poured through a filter paper
Whatman Grade 42, 90 mm diameter. The filter papet its contents were
placed in a reflux extractor and refluxed witkheptane for one hour. The
asphaltenes recovered on the filter paper wereal giieeoom temperature for 48

hours, and then collected.

2.2.3 Preparation of catalyst

The catalyst was made following the procedure desdrby Ranganathan

et al??

with minor modification. The coal was ground arasged through a 100
mesh screen. The <100 mesh size particles weredniixa 1:1 mass ratio with
distilled water. FeS©7H,0O was added slowly to achieve an Fe®0ncentration

of 30% by weight in the catalyst. The stirring po®d by a magnetic bar was
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maintained for two hours, and then the mixture exaporated under vacuum at
60°C to remove most of the water. The rotary movgrdaring the water removal
ensured continuous mixing, and thus a better dsépreiof the active metal on the
surface of the coal. The remaining moisture wasored by drying under
vacuum at 60°C for 80 hours in oven. The dried neltevas ground with mortar
and pestle to obtain catalyst particles < 100 ns&zdh

Catalyst, coal, and FeQ@H,O were analyzed in a thermogravimetric
analyzer (TherMax 400 Cahn from Thermo Scientifithe software programs
Thermal Analyst — Data Acquisition for TherMax Viers 3.0.0.0 TM and
Thermal Analyst — Analysis Version 1.3.2.2 by Ther@ahn Instruments were
used to collect and postprocess the TG data, regplyc Samples of
approximately 50 mg of catalyst and coal were aredyby the same method,
consisting of an initial isothermal step at 21°@ldwed by a dynamic step with a
heating rate of 50°C/min with start temperatur»fC and end temperature of
430°C, and a final isothermal step at 430°C. A tamtsair flow of 80 ml/min at

atmospheric pressure was used for this method.

2.2.4 Cracking of model compounds

Phenanthrene (G@H10) and Si-cholestane (&H.g) were thermally cracked
in the presence of tetralin {§H,2) at mild conditions, 430°C for 45 minutes, and
at more severe conditions, 450°C for 3 hours. Theaetions were made in the

presence and absence of catalyst, and at hydragesype of 4.1 MPa at ambient
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temperature. The catalytic reactions contained 2%vdight of catalyst on a total
mass basis.

The reactions were carried out in 15 ml stainléssl snicroreactors. This
batch reactor is made of nominal % in. stainleg®lstubing, connected to
Swagelok fittings. The main body is a 2 ¥2 in.ddanbe (3/4 in. OD, 1/16 in.
thickness) connected to a bored-through reducimgnu@z x ¥ in., and capped on
the other end. The reducing union has a reducer attached, ¥4 x 1/8 in., which
is connected to a bracket consisting of three parig8 in. bonnet needle valve, a
two-piece ¥z in. thick bracket made of 6061 Aluminwand a stem of appropriate
length to ensure complete immersion of the micrdgainto the sand bath,
consisting of 1/8 in. tube with ferrules attachedboth ends.

In the 15 ml microreactors, approximately 3.5 grarhtotal sample were
loaded. The individual concentrations of phenamtérand cholestane in tetralin
were approximately 1.6 wt%, and the amount of gatalin the catalytic
reactions) was 2 wt% on total mass basis. Five Bil6tainless steel balls were
introduced in the microreactor in order to imprdiie mixing provided by the
vertical agitation. Leak testing was done by cotingcthe system to a regulated
high pressure cylinder. After verifying of the abse of leaks, the apparatus was
purged three to five times with hydrogen; thus,dhénside the microreactor was
displaced by the gas used in the reaction. Thensylstem was pressurized with
hydrogen at 4.1 MPa at ambient temperature.

The microreactor was attached to the mechanicakirsfpasystem and

plunged into the preheated sand bath. The isothecmaditions during the
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reaction were provided by a fluidized sand bathcéhe model SBS-4, Cole-

Parmer).

2.2.5 Characterization of feed and products from the teec of model

compounds

The liquid sample was quantitatively recovered fithi microreactor and
the conversion of each compound was determined Gy aBalysis (Agilent
Technologies 7890A GC System, New Castle, DE), mzpd with FID detector
and an HP-PONA 50 m x 0.200 mm x 0.50 pum columnhe Dven was
programmed at 30°C for 10 minutes, followed by mpdrom 30°C to 300°C at
10°C/min, with helium as carrier gas at 1.1 ml/maith a split flow of 224.1
ml/min and pressure of 32.72 psi. The FID detedperated at 250°C with
hydrogen and air flows of 30 and 250 ml/min, resipety. The vials for the
analysis contained samples diluted to concentratafrapproximately 1.5 wt% in
methylene chloride (99.9%, stabilized HPLC graderfiFisher Scientific), and n-
octane ¥ 99.5%, puriss p.a. grade from Sigma Aldrich) wasduas internal
standard.

The liquid products from the reaction were alsolye by GC-MS
(Trace GC Ultra coupled to a DSQ Il unit from Therrkisher Scientific,
Mississauga, ON). The GC-MS had a TR-5 GC Colunm,l&ngth, 0.32 mm ID,
and 0.25 um film thickness. The software Thermahé&iisScientific Xcalibur
2.0.7, DSQ 2.0.1, and Trace GC Ultra 2.0, were umedoperation of the

instrument and analysis of the data. The oven veasas 40°C for 1 minute,
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followed by a heating rate at 10°C/min until 310%@e equipment was operated
in splittess mode with a flow of 50 ml/min, withlhen as carrier gas at 1 ml/min.
The samples were analyzed diluted in methylenerictdo(99.9%, stabilized
HPLC grade from Fisher Scientific) at concentrasiah approximately 1.5 wt%,

and they were injected manually using a microswing

2.2.6 Cracking of asphaltenes under hydrogenation cooni

The reactions took place in the presence of thedggh-donor solvent
tetralin, obtained from Sigma Aldrich as Reagerd®lu 99%. The catalyst
prepared by supporting FesOn sub-bituminous coal, as explained previously,
was also introduced in the reaction system, ainiinguppress coke formation,
while ensuring minimal change of the molecular gtites due to its low activity
for hydrogenation. Hydrogen gas was obtained froax&r with specifications of
ultra-high purity, 100.00% (Purity Grade: 5.0).

The reactions were carried out in 15 ml stainléss| $atch microreactors,
described previously and also used for the reastainmodel compounds. The
reactors were loaded with approximately 4 gramstotdl sample, including
asphaltenes, tetralin, and catalyst. Five 3/16stainless steel balls were also
loaded into the microreactor to provide better mgxiThe system was pressurized
with hydrogen at 4.1 MPa at ambient temperatureer dhe verification of the
absence of leaks, and the purge of the system thréee times with hydrogen

gas.
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After the reaction, the gases were released intb lder gas bag and
analyzed by GC-TCD (SRI 8610C GC unit from SRIdastents, Torrance, CA),
equipped with thermal conductivity detector and t@#eet silica gel columns,
and operated with the software PeakSimple Versiéf 8icensed by SRI Inc.).
The temperature program consisted of an isothesteal at 50°C for 4 minutes,
followed by a ramp of 10°C/min to reach 220°C, anfinal isothermal step at
220°C for 20 minutes.

The liquids were filtered under vacuum to remove ttoke and the
catalyst, using a 0.22 um pore size filter papeilligdre), and rinsing the
microreactor several times until constant mass miéthylene chloride. The filter
paper and contents were dried in an oven at 80°€4fdours, and then weighed.
The liquid products were recovered after the rerhofanethylene chloride by
evaporation in a rotary evaporator (Rotavapor BiR2i5).

Part of this liquid sample, approximately 1.5 g,swaixed in a ratio of
40:1 n-heptane to sample, and sonicated for one hoursangator (Aquasonic
Ultrasonic Cleaner, VWR Scientific, Model 150HTeduency 50/60 Hz). This
mixture was filtered 24 hours later under vacuumgiga 0.22 pm pore size filter
paper (Millipore), and rinsing with-heptane. These asphaltenes recovered on the
filter paper were dried in an oven at 80°C for Zuns. Likewise, the same
procedure was followed with a mixture of asphaltefezd and tetralin, with the
same ratio used in the reaction, in order to take account the effect of tetralin
on the solubility of the mixture, and thus get atireation of the conversion of

C7 insolubles.
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Another sub-sample of the liquid products, appratety 0.4 g, was
evaporated for four hours at 10 mbar, and 90-93rPGrder to get a tetralin-free
sample that could be analyzed by Simulated Disitila(SimDist). These results,
together with the analysis of the asphaltenes feydSimDist, provided an
estimation of the conversion of the vacuum residaetion.

These reactions for mass balance purposes were adiplicate or
triplicate with each one of the asphaltenes, aparsge reactions, under the same
conditions, were also made to recover the liquiddpcts with minimal loss of
light compounds to be analyzed by a high resolutB®-MS analysis. These
liquid samples were collected directly from the rareactor, removing coke by
filtration with syringe filters.

Blank reactions, where only catalyst and tetraliaravioaded into the
microreactor, were performed to estimate the apprate amount of catalyst that
is not recovered by filtration after reaction, ahe& amount oh-C; insolubles
produced from the sub-bituminous coal. These resudire taken into account in

the mass balances.

2.2.7 Characterization of the asphaltenes and products

The asphaltenes and their tetralin-free liquid potsgl were analyzed by
SimDist according to the ASTM D5307 method in a isfar450-GC Gas
Chromatograph (Bruker Ltd., Milton, ON), operateithnvan Agilent Capillary
Column WCOT Ultimetal (L (m) x ID (mm) x OD (mm): % 0.53 x 0.80) with

film thickness of 0.09 um. The temperature progiatime column oven consisted
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of an isothermal step at 35 °C for one minutepfedd by a ramp of 20 °C/min up
to 400 °C, and a final isothermal step at 400 °ifh & total process time of 45
minutes. Samples were prepared by dilution in carlsulfide (C9Q) at
approximate concentrations of 1.5 wt%. Two vialseverepared per sample, one
of them containing approximately 0.3 wt% of an ASTM307 internal standard
(SUPELCO Analytical), consisting of a mixture of digcarbons ¢-Ci7. A
volume of 0.20 puL was injected for each analyskee Tnit was operated with the
software Galaxie Chromatography Data System Verdién302.530, and the
chromatograms were processed and integrated vathdfiware SimDist — Varian
Galaxie Version 6.5.45.

The elemental compositions of the asphaltenes wetermined in an
Elementar vario MICRO CUBE unit (Elementar Americhe., Mt. Laurel, NJ),
operated with the software VarioMICRO V1.9.5 2/12/@ (Copyright © 2004 by
elementar Analysensysteme GmbH). The liquid pradfrcim the reaction were
analyzed in the Department of Chemistry of the drsity of Alberta in a Carlo
Erba CHNS-O EA1108 Elemental Analyzer.

XPS analyses of asphaltenes, and catalyst befateféer reaction, were
performed at the Alberta Centre for Surface Enginge(ACSES) at University
of Alberta, in an Axis 165 X-ray Photoelectron Spemeter from Kratos
Analytical.

Microcarbon Residue (MCR) and ash content of asphe$ and their
liquid products were approximated by TGA analysisai TherMax 400 Cahn

Thermogravimetric Analyzer (Thermo Fisher Scieaqtifvaltham, MA). Samples
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of 10-13 mg were subjected to a heating programsisting of an isothermal step

at 21.8 °C for 10 minutes, followed by a ramp &¥C3min up to 500 °C, and an
isothermal step at 500 °C for 2 hours, with Argtowing at 50 mL/min. The
TGA residue at this point was reported on ash4{fi@ss, approximating the MCR
content obtained by the method ASTM D4530. Subsatyeyas was shifted to
air with a flow of 50 mL/min, and the temperaturasakept at 500 °C for two
hours (5 hours for Cold LakeC; asphaltenes). The residual mass was reported
as the ash content.

The liquid products recovered after the reactiontheut any further
treatment other than filtration with a syringe dilt were analyzed by gas
chromatography — field ionization — time of flightigh resolution mass
spectroscopy (GC-FI-TOF HR MS) technique descriied Qian et af®
Hydrocarbon compounds with boiling points < 538°€revseparated by boiling
point, ionized, resolved, and accurately identifiptbviding a reliable speciation
of the molecules present in the distillates fractd the liquid products from the
asphaltenes reactions.

Tetralin conversion was determined by GC-FID analysf the light
fraction (< 343 °C) obtained by distillation of theuid products in a Model 800
Micro Distillation System (B/R Instrument Corpoat| Easton, MD) operated
with the software M690 PC Interface. Tetralin arapimthalene were identified
and quantified in a 7890A GC System from AgilentAmologies (New Castle,
DE), using a HP-PONA column, 50 m x 0.200 mm x QuB@. The analyses were

made in split mode, with a split ratio of 200:1dawtal flow of 224.1 mL/min.
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The column oven was programmed at 30 °C for 15 ta#udollowed by a ramp
of 10 °C/min up to 300 °C, and a hold time of 2@umes at 300 °C, for a total run
time of 62 minutes. The samples were prepared ratesurations of 1.5 wt% by
dilution in methylene chloride (Stabilized HPLC @ea Fisher Scientific, 99.9%),

and usingr-octane (Sigma Aldrich, puriss. p:a99.5%) as internal standard.
2.3 Results and Discussion

2.3.1 Catalyst composition

The TGA analyses of the coal and the catalysténatkidative atmosphere
allowed the estimation of the amount of iron sutpheupported on the coal after
the wet impregnation process. The TGA results skoare ash content of 12.5
wt% in the coal, and 37.0 wt% in the initial castlyThese results indicated a
loading of iron sulphate (FeQ0on coal of 28 wt%, which gives a loading of iron

as metal of 10.3 wt% of the initial catalyst.

2.3.2 Conversion of model compounds and characterizaifqeroducts

GC-FID analysis of the reaction mixture before after the reaction
provided a quantitative estimation of the convarsiof the model compounds,
and also allowed the estimation of the amount gbhttzalene produced by
dehydrogenation of tetralin, as reported in Tabi2. Zhe conversion for each
compound was estimated with the following equation:

(initial masy); - (final mas));
— *100%
(initial masy;

Conversiog= (2-1)
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The reactions at mild conditions (430°C and fom#iButes) showed lower
conversions than the reactions performed at thersexonditions (450°C and for
3 hours). Phenanthrene and tetralin showed sigmifig higher conversions in the
presence of catalyst than in the non-catalytictreas. By contrast, &cholestane
exhibited similar conversions in the reactions wathd without catalyst. The
amount of naphthalene produced by dehydrogenatibriealin was also
guantified, and in most of the reactions represktmageproximately 22% of the
total conversion of tetralin. Some activity of theactor surface cannot be ruled

out in these experiments.

Table 2-2.Conversions of phenanthrene andcholestane by cracking in

presence of tetralin and hydrogen, estimated fr&rRED results

Conversions (%) T =430°C,t = 45 min T =450°Cx = 3 hours
No catalyst | 2% catalyst| No catalyst| 2% catalysl

Phenanthrene 3.4 9.1 15.2 24.4

5a-cholestane 9.8 8.6 48.9 57.0

Tetralin 2.2 2.9 8.3 12.3

Tetralin conversior 05 07 11 26

to naphthalene

GC-MS results provided information about the compuisuformed from

the reactions of phenanthreneg-éholestane and tetralin. Phenanthrene
(represented as P), gave the main identified produih a mass/charge ratio
(m/z) of 180; this compound has the form of thetipy hydrogenated species
H.P, and would correspond to 9,10-dihydrophenanth(€nti:,), as observed in

previous studie*?® Three other minor products were identified; onettwm
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with m/z of 182 that can be attributed to the commb 1,2,3,4-
tetrahydrophenanthrene Ei4) which has the form of HP. The partially
hydrogenated speciess with m/z of 184 and molecular formula,B1s was
observed eluting next to the previous compound. third identified product had
also m/z of 180 and would correspond to 1,2-dihgtlemanthrene with molecular
formula G4H;2, and constitutes one of the isomers of the spddis Highly
hydrogenated species, such as octahydro- and peghghanthrene, were not
observed in the products at the reaction conditevaguated.

Figure 2-1 illustrates these results, showing teakp for phenanthrene
and each one of the compounds identified by GC-Af non-labeled peaks in

the picture are minor byproducts from the reactbtetralin.

Te+7

1. Phenanthrene (P)
O
5e+7 1 O
2 de+7-
)
3 2. P
E 3et7- -
2e+7
3. HyP
le+74 ‘
5 4. HgP !
| )
0 L—— L
12 13 14 15 16

Retention time (min)
Figure 2-1. GC-MS chromatogram obtained in splitless modeyasmglshowing
the peaks for phenanthrene and its products frencttéicking under
hydrogenation conditions, at 450°C, residence wifri@ hours, and 2 wt%

catalyst.
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Phenanthrene has been widely used as model compouhée study of
coal liquefaction. As observed by Chadha et*and Suzuki et & in their
experiments with phenanthrene and other model cangs) iron-based catalysts
demonstrated mild activity for hydrogenation. Chexdind coworkefé studied
mixtures of pyrite and pyrrhotite as catalysts tloe reactions of hydrogenation
and hydrogen shuttling in the presence of tetralimey obtained conversions of
phenanthrene of up to 19%, at reaction conditidr&00°C, B pressure of 1000
psig at ambient temperature, residence time of BQites, and concentrations of
catalyst of 12.5 wt% on total mass basis, and tedeconly 9,10-
dihydrophenanthrene and 1,2,3,4-tetrahydrophenamehin the products.

Suzuki and coworkef3 conducted experiments with different iron-based
catalysts, at 375°C, +ressure of 5 MPa, and with reaction time of 6@utes.

In the reactions of phenanthrene with ;@Be amount of catalyst used was 0.25
mmol or approximately 0.5 wt% on a total mass hasisd the reported
conversion was 14.4%, with detection of the tworbptienanthrene compounds
also identified by Chadha et %l. They observed products with higher
hydrogenation degree when more active catalyste weed, as also reported by
Nuzz® with Ni catalysts, by Benbenek et?alwhen Ni and Pd-based catalysts
were evaluated under different conditions, and kageBand coworkef$ with
bimetallic and monometallic catalysts made of Nb, ®o, W, and Zn.

Thermal cracking accounted for the conversion efcbolestane, with
products identified by GC-MS that included spedmsned by cracking of the

side chain and/or dehydrogenation of the sterang, mwithout formation of
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aromatization derivatives. Some of the main iderdifproducts are shown in

Figure 2-2.
2.5e+7
Sa-cholestane (GH,g)
2.0e+74
1.5e+74
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Figure 2-2. GC-MS chromatogram obtained in splitless modeyaisl showing
the peaks for &cholestane and some of its products from the angaknder
hydrogenation conditions, at 450°C, residence wifri@ hours, and 2 wt%

catalyst.

5a-cholestane is considered as one of the typicalesemtatives of the
naphthenic biomarkers, but little data about tteeking of this compound and its
products have been published. One of these fewestuehs made by Carlson and
coworkeré® who evaluated the reaction of this hydrocarborthi@ presence of

palladium on carbon catalyst, under vacuum at 3p@td identified by GC-MS
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products formed by isomerization, dehydrogenati@+C bond cracking,
migration and loss of the methyl groups, and othelecular rearrangements. The
main steroidal products involved the productgHzs, CosHszo, CosHza, CosHss,
Co7Hao, and G7H4o, with their respective isomers.

Kissin®® studied the cracking of o5cholestane at 300°C, obtaining
conversions of circa 50% with residence time of Xurs, and 85% with
reactions for 355 hours in the presence of kadlive main observation from his
experiments was that very small amounts of lighghtlaenic compounds, with
one or two rings, are formed from the crackinglo$ tsteroid, preserving its ring
structure, the same as observed in this study.

From the reaction of tetralin (gH;2), three main products were identified:
naphthalene (fgHs) produced by dehydrogenation, the isomer 1-meatbdgine
(Ci0H12) formed by ring contraction, and-butylbenzene (GHi14) by ring
opening. The formation of these three compoundsndguthermolysis and
hydrogenolysis reactions was also reviewed andepted by Poutsma et &l
From the GC-FID results, it was found that the @sion of tetralin to
naphthalene represented around 22% of the totalecsion of tetralin, except for
the reaction at severe conditions without catalybigre the conversion of tetralin
to naphthalene accounted for 14% of the total ciee of tetralin.

The conversions of tetralin to 1-methylindane araltylbenzene, shown
in Table 2-3, were estimated using the same respfacsor calculated for tetralin,
and it was found that the selectivity of tetralm t-methylindane was higher in

the non-catalytic reactions, accounting for 17 2B@l of the total conversion of
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tetralin in the reactions at mild conditions, wahd without catalyst respectively,
and similarly for 37 and 48% in the higher severnigactions. Likewise, the
presence of catalyst did not favor the selectivitly tetralin towardsn-
butylbenzene, as shown by the values of 10 and 1&%he low severity
reactions, with and without catalyst respectivalyd in the case of the reactions
at high severity, where the conversionrtbutylbenzene accounted for 19 and
25% of the total conversion of tetralin. The seletyt towards each productwas

estimated with the following equation:

Yield,  (mass produc +100% (2-2)

Selectivity= — =
¥ Conversion total mass of products

Table 2-3.Yields and selectivities estimated for the maindoicis from the

reaction of tetralin, formed by ring contractioehgdrogenation, and ring

opening.
vields and T =430°C,7r = 45 min T =450°Cx = 3 hours
(selectivities), (%) "N catalyst | 2% catalyst| No catalyst] 2% catalyst
1-methylindane 0.628) 0.5@7) 4.0 48 4.5 37)
Naphthalene 0.2 0.7 22 1.1 @4 2.6 21
n-butylbenzene 0.418) 0.3 10 2.1 @25 2.4 (19

The conversions and selectivities from the nonlgétareactions of
tetralin, at mild and severe conditions, are venyilar to the values reported by
de Vlieger et af? for the experiments conducted at 400 and 450°CHin

atmosphere at 10 MPa (at reaction temperature).
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2.3.3 Characterization of asphaltenes

The elemental compositions of the asphaltenes atexdun this study are
shown in Table 2-4. These results indicated simitalues for carbon and
hydrogen, and more significant differences wereeoled for nitrogen and
sulphur contents, which fluctuated in broader rangk1.6-2.3% and 6.1-8.3%,
respectively, for the set @FC; asphaltenes. The elemental composition of Cold
Lake n-C; asphaltenes is slightly different compared todtieer samples because

of its high ash content, as shown in Table 2-5.

Table 2-4.Elemental composition and aromaticity) ©f asphaltenes samples

Asphaltenes C H N S (molg{ Cr:atio) *Arorr]ljticity
Athabasca inda-Cs | 81.6 | 85| 1.4 7.7 1.25 -
Athabascan-C; 815| 7.6/ 1.6/ 8.0 1.11 0.50
Cold Laken-C; 776 | 76| 1.6/ 8.3 1.17 0.46
Gudaon-C; 816 | 84| 2.1 6.3 1.23 -
Mayan-C; 821 | 7.7 18] 7.5 1.12 0.50
Safaniyan-C; 820 | 7.7 15 7.9 1.12 0.51
Venezuelam-C; 81.8| 8.0 23| 6.1 1.17 0.43

* Aromaticity values reported by Karimi et al.

The last column in Table 2-4 gives the experimewvddlies for aromaticity
(f.) reported by Karimi et df. for the same set of asphaltenes samples, evaluated
by *C NMR analysis. The aromaticity values are in therow range of 0.43 to

0.51 for then-C; asphaltenes evaluated, but lower aromaticity walueuld be
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expected for Gudao-C; and Athabasca industriatCs asphaltenes because of
their higher hydrogen content.

The ash and pyrolysis residue contents of the dteples are given in
Table 2-5. The pyrolysis residue by TGA approximatee MCR content. These
values are similar for the various samples-@f; asphaltenes, ranging between 41
and 48%, with the exception of Gudao that exhibdesignificantly lower value
of 38.1%. Ash contents were below 1.3%, excludintgd@aken-C; asphaltenes.
These ash values were accounted for in mass balarmesidering this content as

inert material in the cracking reactions.

Table 2-5.TGA Results: MCR and ash content of asphalteneples

Asphaltenes TGA residue*, wt% | Ash content, wt%
Athabasca industrial-Cs 34.0 1.0
Athabascan-C; 46.3 0.7
Cold Laken-C; 41.3 4.8
Gudaon-C; 38.1 0.4
Mayan-C; 46.5 1.1
Safaniyan-C; 48.0 0.9
Venezuelam-C; 42.2 1.3

* TGA residue at 500°C approximates the microcarbesidue (MCR) content

determined by method ASTM D4530

The set of asphaltenes samples were also analyz¥&#$ in order to get
additional information that could indicate somengiigant differences among the
various asphaltenes. The deconvolution of the &2k jfor aliphatic and aromatic

sulphur, into their 3/2 and 1/2 components, withagema ratio of 2/1 and a relative
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position separation of 1.18 eV, provided a quatitia measure of sulphur
speciation. The relative position between the S2pp&aks for the aromatic and
aliphatic sulphur was set at 0.7 eV, as propose&ibkin et af®. For example,
the sulphur 2p peak for Cold LakeC; asphaltenes and its curve-resolution

components are shown in Figure 2-3.

250
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Figure 2-3. XPS spectrum of sulphur 2p and its curve-resatutesults for Cold
Laken-C; asphaltenes

As presented in Table 2-6, sulphur speciation tesuidicate more
significant differences among asphaltenes than ME@Rtent or elemental

composition, because aliphatic sulphur varies betwa broad range of 14 to
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35%. Safaniyan-C; asphaltenes is the sample with the lowest aliptatlphur,

and at the same time with the highest MCR content.

Table 2-6.XPS Curve-Resolution results for sulphur specmtio

mole %
Asphaltenes
Aliphatic | Aromatic

Athabasca industrial-Cs 23 77
Athabascan-C; 19 81
Cold Laken-Cy 35 65
Gudaon-C; 35 65
Mayan-C; 22 78
Safaniyan-C; 14 86
Venezuelam-C; 28 72

2.3.4 Selection of reaction variables that maximize yielddistillates with

minimal coke

A set of reactions at different conditions was perfed in order to find the
most favorable conditions for minimal coke and maadi yield of products in the
distillates range. The hydrogenation conditionspvted by a hydrogen
atmosphere, combined with a hydrogen-donor sohad,an iron-based catalyst
with mild activity for hydrogenation intended topguress the formation of coke,
while preserving the ring structures of the asgmads fragments.

The major role of the hydrogen-donor solvent in ¢batrol of the coking

reactions has been attributed to the reactionehifdroaromatic solvent with the
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olefins formed during thermal cracking (Gray et%l.Thus, the elimination of
olefins reduces the polymerization reactions teatllto the formation of coke.

The iron-based catalyst was selected for the i@abti avoid the excessive
hydrogenation that would be provided by the molybdaatalysts promoted by
either Ni or Co, supported opalumina, zeolites, silica or silica-aluminates,
which are conventionally used during hydroproceaggfurimsky et af?). In the
patent by Ranganathan ef3lthe iron sulphate catalyst, in concentration8.af
5 wt%, showed very mild activity towards hydrodgdulrization and
hydrocracking, but appeared to be extremely effedcis coke suppressor.

XPS analysis of the fresh catalyst, and of thelgsttaecovered together
with the coke after the reaction of Cold Lak&; asphaltenes, shown in Figure
2-4 and Figure 2-5, demonstrated the presence Iphae as the only sulphur
species in the fresh catalyst, with the peak of $2pn the characteristic range of
binding energies for sulphate between 168-171 eMe Presence of organic
sulphur from the coal was not observed in the fezghlyst which could be due to
the effect of the iron sulphate coating. The deotution of the results for the
sample recovered after the reaction exhibited tiesgnce of different sulphur
species, including aliphatic (sulphide), sulphitesulphate, and aromatic
(thiophenic) sulphur.

Jimenez et al° analyzed coke samples by XPS, and reported the
thiophenic sulphur as the most abundant one. Sigpgpecies were not present in
coke, and this could be due to its labile characteder thermal cracking

conditions. Therefore, the sulphide peak obseragtie sample after the reaction
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could be mainly attributed to the in-situ formatioh iron sulphide from the
reaction of iron sulphate with 8, following the equation shown below. Thus,
iron sulphide would catalyze the reactions, witliéd activity for hydrogenation

as already observed in previous studfe¥’

FESO4+H25—)FES+H2804 (2'3)
600
—— S2p
—— S2p 3/2 sulphate
5004 — — S2p 1/2 sulphate
400 -
n
o
e
2> 300
70
c
g
£
200
100 -

174 172 170 168 166 164

Binding energy (eV)
Figure 2-4. XPS spectrum of sulphur (2p) and its curve-resmutesults for

fresh catalyst
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Figure 2-5. XPS spectrum of sulphur (2p) and its curve-resmutesults for
sample of catalyst after reaction recovered togetiith the coke from the
reaction of Cold Lake-C; asphaltenes at 450°C, residence time of 3 hours,

tetralin/asphaltenes ratio of 2.5/1, and 2 wt%lgata

The reactions were made with Athabasca industri@ay asphaltenes, and

variables such as temperature, residence timeglitéasphaltenes ratio, and

concentration of catalyst were evaluated. Figu® shows the yields and the

conversion of the vacuum residue fraction for thoseditions where the yield of

distillates was above 50 wt%, with tetralin/aspéyadts ratio of 2/1 and 2%

catalyst. The reaction at 450 °C with residenceetoh3 hours provided the most
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favorable conditions, providing significant amouwfsdistillates with relatively

low yields of coke.
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Figure 2-6.Yields and conversions from reactions of Athabasdastrialn-Cs
asphaltenes with tetralin/asphaltenes ratio of 294 catalyst, and at different
temperatures and residence times that providedymgth of products in the

distillates range.

Experiments with tetralin/asphaltenes ratio of 3lld not provide
significant improvements in terms of coke reducternigher yields of distillates.
The experiments witin-C; asphaltenes were made with tetralin/asphaltertes ra
of 2.5/1, and approximate calculations using Peabgiison equation of state

suggested that 58% of the solvent mass would stdlyei liquid phase, under the
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reaction conditions of 450°C and hydrogen pressiird.1 MPa (measured at
room temperature).

Likewise, in order to evaluate the catalyst artd appropriate
concentration in the reaction system, four reastiovere executed: without
catalyst, with 2 wt% of sub-bituminous coal (castlgupport, without Fe), and
with 2 and 5 wt% of catalyst. As shown in Figur&,2the two non-catalytic
reactions had higher coke yields, and by increagiegamount of catalyst we did
not observe a significant improvement in the reiducof coke. The yields of
distillates were very similar for the four reactipmwith differences of less than
1.5%. Therefore, amounts of 2 wt% of catalyst & rdaction system were used to

get some reduction of coke yield.

10

-

Coke yield, wt% of asphaltenes

0 T T T T
No catalyst ~ Only coal (No iron) 2% catalyst 5% catalys

Figure 2-7.Coke yields from the reactions of Athabasca inist-Cs

asphaltenes, at 450°C, 3 hours, and tetralin/agtes ratio 2/1
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2.3.5 Reactions of asphaltenes from different geologicajins

The set oin-C; asphaltenes were reacted under the same congigths
temperature of 450°C, residence time of 3 houtslie/asphaltene ratio of 2.5/1,
and with 2 wt% of iron-based catalyst in the systdhass balances were all
above 97%, the yields of distillates were betwe@ndb61%, and the production

of coke was less than 10% of the initial mass phaienes, as shown in Figure

2-8.
0 [ Gases
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60 I <538 °C
" Y >538°C
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%40—
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Gudao Cold Lake Venezuela Maya Athabasca Safaniya

Figure 2-8.Yields from the reactions of asphaltenes fromedéht geological
regions, made by duplicate or triplicate, underdittons of 450°C, for 3 hours,

with tetralin/asphaltenes ratio of 2.5/1 and 2%alyest
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In a previous study by Karimi et . asphaltenes were reacted under
thermal cracking conditions in thin films that mimzed the secondary reactions
of the cracked fragments. In their experiments,\ile&s of analyzable material,
constituted by the fraction in the distillates rapgvere between 15 to 20%, and
around 50% of the initial mass of asphaltenes engeds coke. Therefore, the
hydrogenation conditions used in this study offesesignificant improvement in
the yields of material in the distillates ranged an the reduction of coke in the
cracking of asphaltenes.

SimDist analysis of the raw asphaltenes, and oflithed products after
the removal of tetralin, provided the boiling cusw@at allowed the estimation of
the conversion for the vacuum residue fraction.uf@g2-9 shows the boiling
curves for the liquid products from the reactioristtee different asphaltenes,
together with the results for Cold LakeC; asphaltenes, included for comparison.
These results show a continuous distribution ofenmatboiling in a wide range of
temperatures, and provide evidence of the formatiolighter material from the
cracking of asphaltenes. Products with boiling polrelow 210°C are not present

in these samples because they were removed aldhgheitetralin solvent.
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Figure 2-9.Boiling curves obtained by SimDist analysis of ligeid products
from the reactions of differemtC; asphaltenes, after the removal of tetralin. The
results for Cold Lake-C; asphaltenes, before reaction, are shown for

comparison.

These experiments provided a quantitative estimaifathe conversion of
the vacuum residue fraction, calculated as thepgmsarance of the 538°C
fraction. Similarly, conversions @FC; insolubles were estimated from the results
of the precipitation in presence wheptane of the samples after the reaction, and
of the mixture of asphaltenes and tetralin beftwe reaction. MCR conversion
was calculated from a balance on the amount of T&Adue, assuming coke as

100% TGA residue. These three different conversavashown in Figure 2-10.
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Figure 2-10.Conversions of vacuum residue fraction (> 538%}; insolubles,
and MCR from the reactions of differamC; asphaltenes reacted at 450°C, for 3

hours, with tetralin/asphaltenes ratio of 2.5/1 a%@ catalyst

The conversions of the vacuum residue fractionarttie n-C; insolubles
were very similar for each of the different aspbmdts evaluated, with values in
the range between 65 to 80%. MCR conversions exkila different trend than
the other two, and varied in the range of 30 to 5S#faniyan-C; asphaltenes
presented the lowest values for the three diffetentersions.

The percentage of aliphatic sulphur determined Bg>analysis showed a
high correlation with the conversion of the vacutesidue fraction, as well as
with the sum of yields of coke and > 538°C fractias shown in Figure 2-11.

Higher percentages of aliphatic sulphur led to aigtonversions of the vacuum
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residue fraction, and to lower yields of coke +38%C faction. This observation
suggests that for this set ofC; asphaltenes with comparable sulphur content,
higher amounts of sulphide bonds would allow highelease of fragments

because of its thermally labile character, resglimhigher conversions.
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Figure 2-11.Conversion of the > 538°C fraction Vs. Percentaigaliphatic

sulphur

The conversion of tetralin was estimated with #sutts from the GC-FID
analysis of the light fractions recovered from thstillations of the total liquid
products from the reactions of Athabasca and Me{a asphaltenes. The amount
of hydrogen transferred from tetralin to the aspmaEs was calculated based on

the amount of naphthalene produced, as reporte@abynani et at®. Thus, four
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atoms of hydrogen would have been transferred gbadtenes per each molecule

of naphthalene produced. These results are sunmeddrizTable 2-7.

Table 2-7.Conversion of tetralin and hydrogen transfer ectens of
asphaltenes under hydrogenation conditions, estoitag GC-FID analysis of the

boiling fraction < 343°C obtained from distillatiari the total liquid products.

Tetralin Tetralin converted H transfer
Asphaltenes conversion to naphthalene mg H/ g asphaltenes
(wt%) (Wt%)
Athabascan-C; 45.9 21.3 16.6
Mayan-C; 43.3 23.5 18.3

The main product from the reaction of tetralin wegphthalene, and the
other major products identified by GC-MS analydishe light fraction included
1-methylindan, ana-butylbenzene, with approximate yields of 10 arfsl \2t%,
respectively. The remaining mass of tetralin thatoants for approximately 10

wt% underwent addition reactions, as observedherattudies® *°

2.3.6 Characterization of the pendant groups

Analysis of the liquid products by GC-FI-TOF HR Mprovided
information about the molecular structures of thelaoules present in the
distillates fraction (< 538°C material). Figure 2-ghows the abundance of each
one of these compounds for the six different agphak evaluated in this study.
The similarity observed in the composition betwdles different asphaltenes is
remarkable. The most abundant compounds in thélatiss fraction are in the
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categories of saturate and 1-3 ring aromatic sirast which include other

subcategories of molecules, as illustrated in [E@10.3.
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Figure 2-12.GC-FI-TOF HR MS Results for the distillates fracti(< 538°C)
from the cracking of different asphaltenes sampheger hydrogenation

conditions
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Figure 2-13.Saturate and aromatic speciation of pendant grobfzsned by GC-
FI-TOF HR MS analysis of the liquid products fronetreaction of Athabasca

and Cold Laken-C; asphaltenes

The category of 1-ring aromatics includes olefitkijophenes, and
alkylbenzenes; benzothiophenes, naphthenobenzbtnes, and
alkylnaphthalenes are accounted for in the categofy2-ring aromatic
compounds, and dibenzothiophenes are comprisedhén 3ring aromatic
molecules. Figure 2-13 shows the saturate and &@wnspeciation of the
distillates for Athabasca and Cold Lak&; asphaltenes, and they provide a good
representation of the abundance of these specieshé set of asphaltenes
evaluated, since no significant differences wereseoked, as shown in the

summary of results obtained from the GC-MS analgssented in Table 2-8.
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Table 2-8.Molecular species identified by GC-FI-TOF HR MSbysis in the

distillates
Yield, Cold :
wi% of distillate Athabascd Lake Gudao| Maya Safaniya| Venezuela
Total saturates 29.9 21.9 30.Y 29.2 30.6 28.2
paraffins 20.6 14.7 21.6 19.7 21.2 19.0
1-ring naphthenes 5.3 4.9 5.1 5.2 5.0 5.1
2-ring naphthenes 1.6 1.2 1.3 1.8 1.7 1.8
3-ring naphthenes 2.2 1.G 2.5 2.3 2.4 2.0
4-ring naphthenes 0.2 0.1 0.2 0.2 0.2 0.3
fh?é?)'hler!'é‘f aromatics, | 288 | 202| 311| 30§ 281 30.6
1-ring aromatics 18.7 23.3 20.2 209 18.8 19.7
alkyl benzenes 7.9 9.3 7.8 8.3 7.5 7.8
Total 2-ring aromatics 15.3 16.5 16.5 17.7 16.p 416.
benzothiophenes 4.0 4.9 4.1 5.2 5.2 4.1
naphthenobenzothiophends 1.2 1.2 1.1 1.5 1.6 1.2
naphthalenes 5.7 5.8 6.8 6.4 5.7 6.2
Total 3-ring aromatics 115 14.7 9.6 10.8 11.1 11.7
dibenzothiophenes 2.0 2.7 1.5 19 2.0 1.6
4+ ring aromatics 6.6 9.9 4.1 3.6 5.3 6.1
N-containing molecules 0.8 1.9 1.0 0.8 0.5 1.1
Sulfides 51 4.9 4.6 5.3 5.7 4.3

These results showed a variety of molecular strastipresent in the
distillates recovered from the cracking of asphmede including homologous

series of saturate, aromatic, and heteroatomic iespeavhich exhibited a
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distribution of molecular weights below 700 Da. §hariety of molecules had
been previously identified by Strausz et'alPayzant et al? and Pelet and
coworkers'® and quantitative evidence of these bridged sirastwas provided
by Karimi et al*> The difference in this case is a higher yield afsé building
blocks from the original asphaltene fractions.

The relative abundance of molecular structurehendistillates obtained
by cracking of asphaltenes under hydrogenation itond presented higher
yields of paraffins, 1-ring aromatics, and 4+ riagpmatics, compared to the
results reported by Karimi et af.,from the analysis of distillates obtained by
thermal cracking in thin films. In contrast, othsecies such as 1,2, and 3-ring
naphthenes, and 2-ring aromatics exhibited sigmifily lower yields in the
distillates obtained in the present study. This panson suggests that
hydrogenation conditions, in addition to offeringghrer yields of analyzable
material, also favored the release of large arameltisters, such as 4+ ring
aromatics, which under thermal cracking conditiaagild more likely contribute
to the coke yield. The abundances of 1 and 2-rnognatics were subjected to
corrections by subtraction of tetralin, naphthalesned byproducts present in the
samples; thus, some degree of uncertainty is irebin those values.

An overall view of the results, summarized in Fgg@r14, shows that the
material that could not be converted to distillatesl remained in the vacuum
residue fraction (> 538°C), or ended up as cokepwated for 35 to 45 wt% of

the initial mass of asphaltenes. This material ook mainly constituted by

polyaromatic, and large naphthenic or naphthenoatienelusters that cannot be
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converted to distillates or gases under the reacanditions used in this study.
Examples of these structures are illustrated irufei2-15. As observed in the
experiments with phenanthrene andcholestane, the ring structures were highly
preserved, consistent with the results obtainedexperiments with model

compounds made by Savage and coworkKers.
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Figure 2-14.Overall yields from the cracking of different agftenes samples

under hydrogenation conditions
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O@Q | oY,

Figure 2-15.Examples of molecular structures that would sw@vwinder the

reaction conditions used in this study

2.4 Implications for the molecular composition of asphéienes

The reaction approach used in this study providgl Wields of distillates
which constitute the analyzable material for tharelterization of the building
blocks present in asphaltenes. In a previous st8dyage et df reported the
benefit of introducing hydrogen-donor solvents itthe reaction, as the yield of
maltenes was significantly favored, and longer ctaun times for coke formation
were observed. Similarly in this study, the hydrmeageon conditions resulting
from the hydrogen atmosphere, the use of tetralihyarogen-donor solvent, and
the presence of an iron-based catalyst with lowdyenation activity, provided

favorable conditions that produced minimal coke &ngh yield of distillates,
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while ensuring minimal change of the molecular ciees in the cracked
fragments.

Thus, under these hydrogenation conditions, thetimavariables were
adjusted to push the yield of distillates to its xmam, and samples of
asphaltenes from different geological basins inwleld presented comparable
yields for the different cracking products at thhighest capacity to produce
distillates. The high resolution GC-MS analysistbé distillable fraction also
revealed a remarkable similarity in the abundantethe diverse molecular
structures, including saturate, aromatic, naphthmmatic, and heteroatomic
species.

Some of the most abundant structures identifiedoluied saturate
compounds, mainly paraffins, and also aromaticctines with 1 to 3 rings.
Paraffins ranged between 9 to 13 wt% of the initi@lss of asphaltenes, and the
naphthenic species had individual abundances b&8dwvwt%. The aromatic
structures with 1 ring presented yields betweentdl48%, 2-ring compounds
between 8 to 10%, and the 3-ring units exhibitaghalances in the range between
5.5 to 9%.

Nitrogen containing molecules involved mainly altgtbazoles, and the
sulfides referred to cyclic compounds containingredtic sulphur. Other sulphur
species, such as thiophenic, benzothiophenic dnehdothiophenic compounds
were accounted for in the 1-ring, 2-ring, and 3riaromatic compounds,
respectively. The GC-MS results could not providi@imation about the sulphur

present in sulphide bridges, as the carbon-sulpbad is thermally labilé} and
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therefore, would most likely form 43 during the evolution of the cracking
reactions.

The abundant variety of molecular structures suggé#sat stochastic
combinations of the individual fragments would lelad complex and diverse
heterogeneity of asphaltene molecules, as preyiqualsented by Sheremata et
al.*? and Jaffe et af? in their efforts to obtain structural represemasi of
asphaltenes and vacuum residue molecules, resplgctiv

The results from this study cannot provide any rimfation about the
structures that remained in the fraction of uncoteeevacuum residue, or that
formed coke. Thus, this work cannot give any infation about size of the large
clusters present in asphaltenes, but suggestshinatvould account for up to 45
wt% of the initial mass of asphaltenes, since tlagenml remaining in the vacuum
residue fraction, or that ended up in coke, would formed not only for
polyaromatic or large naphthenoaromatic structthraswere originally present in
asphaltenes, and are refractive under the reaapproach used in this study, but
also could have arisen from condensation reactionsg the process.

Likewise, these results cannot provide any infeeemegarding the
molecular weight distribution of asphaltenes, ahd tumber and length of
bridges present in these molecules. However, thle Wield of 1-3 ring aromatic
molecules suggests an important presence of brigiyadtures in the asphaltenes.

The samples evaluated, originally from differengioas in the world
including the Middle East, China, Mexico, South Aioa, and Canada, exhibited

an outstanding similarity. These results sugge#itatl the data from this study
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could be extrapolated to other asphaltene samptesever, we cannot rule out
the possibility that some crude oils could contasphaltenes which present

significant differences compared to this data set.

2.5 Conclusions

1. Cracking of asphaltenes under hydrogenation camditiinvolving the use
of tetralin as hydrogen-donor solvent, an iron-dasatalyst with modest
hydrogenation activity, and hydrogen atmospherenatierate pressures,
provided favorable conditions to obtain high yields material in the
distillates range, with low production of coke, Vehiensuring minimal
change of the ring structures of the cracked fragmeas proved with the
reaction of phenanthrene an@-éholestane as model compounds.

2. Reaction variables of 450°C, residence time of Gréohydrogen pressure
of 4.1 MPa (measured at ambient temperature) lité¢asphaltenes ratio of
2.5/1, and addition of 2% of iron-based catalyst, fo yields of distillates
(< 538°C material) in the range of 50 to 60%, aoklecyields below 10%.

3. Characterization of the distillates from the crackiof asphaltenes from
different geological basins showed significant &anily in the abundance of
the cracked fragments, suggesting a low impacthef origin on the
composition of the building blocks in asphaltenes.

4. Gas chromatography — field ionization — time ogili high resolution mass
spectrometry analysis identified a large variety noblecular structures

present in asphaltenes ranging from saturatesotoatics and heteroatomic
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compounds. Higher yields of homologous series tifrate molecules, and
1 to 3-ring aromatics were obtained compared t@rofipecies. The high
yield of paraffins suggested that bridges would/@a important role in the
architecture of asphaltenes.

5. The material remaining in the vacuum residue feoetitogether with the
coke produced in the reaction, added up to 35 % dbthe initial mass of
asphaltenes. This material would account for thgimam amount of large
aromatic clusters present in asphaltenes that uhdecracking conditions

used in this study could not be converted to lighteducts.
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3 Evaluation of different solvents on coke formation
during cracking of asphaltenes under hydrogenation

conditions

3.1 Introduction

The present work employs the same catalyst and adsthalready
described in Chapter 2 on the cracking of asphedtennder hydrogenation
conditions. Different solvents with and without Ingden-donation capacity were
evaluated based on their ability to suppress cokadtion. Previous studies had
shown the positive effect of the presence of hyenmedonors during asphaltene
cracking®™® Significantly lower coke yields are obtained ire treactions carried
out in the presence of these solvents.

Carlson et af.observed that naphthenoaromatic solvents, sudh2a3,4-
tetrahydronaphthalene, also known as tetralin, weoee effective as hydrogen-
donors than purely naphthenic compounds, such @dideThey pointed out that
this hydrogen transfer takes place in absencetafysh, but the dehydrogenation
products from the solvent could be regeneratedrangcled to the process via
catalytic hydrogenation. In their study, other solis such asi-heptane, benzene,
naphthalene, and methylcyclohexane were also eealum order to include
paraffinic, aromatic and naphthenic compounds. €recking of a residuum

sample showed that only tetralin had a significamprovement as coke
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suppressor, followed by decalin. Some of the odwvents could reduce the
production of coke but just marginally.

Del Bianco and coworkefscompared dihydrophenanthrene with other
aromatic and polar solvents, including phenanthrehenethylnaphthalene,
quinoline, and 1-naphthol. The results showed ditagdrophenanthrene reduced
significantly the coke yield, and from the othelvents tested, only phenanthrene
could reduce moderately the production of coke.yTégggested that reactions
leading to coke formation were better controllegrasence of solvents with the
capability of solvating the coke precursors.

Savage et al.carried out cracking experiments under differezction
environments, involving toluene, and tetralin, hre tpresence and absence of
hydrogen. The cracking in presence of toluene amwtdgen, and the reaction
with tetralin, showed in common higher selectigtte maltenes, longer induction
times for the formation of coke, and also lowerctem rates. These results
suggested that toluene offered a good solubilitydioma for hydrogen and
asphaltenes, reducing possible mass transfer tionta present in the neat
reactions. Thus, with the contribution of the hyghko participating in the
reaction, the asphaltenes could preserve theiroggar content, slowing down its
transformation to coke.

Rahmani et af. conducted experiments with asphaltenes in presehce
different solvent mediums, including 1-methylnag@éme, naphthalene, and
tetralin. The results showed that 1-methylnaphtielen spite of its ability to

form benzylic radicals and act as radical acceptiol,not affect the pathway for
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coke formation. This study also evidenced the irtgpdrinfluence of the chemical
interactions between the asphaltenes and the dolVba hydrogen transfer was
apparently dependent not only on the concentratbrthe hydrogen-donor
solvent, but also on the hydrogen uptake capabiftyhe asphaltenes, which
seemed to have a maximum value.

From their experiments with-hexadecane and tetralin, Khorasheh ét al.
observed a rapid abstraction of hydrogen from liatfreand identified the
participation of tetralin radicals in addition réaos with a-olefins formed as
products from the cracking of the paraffin. Thusayet al’ explained the coke
suppression role of the hydrogen-donor solvents eesult of their susceptibility
to react with the olefins formed during the cragkiprocess. Consequently,
instead of taking part eliminating radicals, hydroglonors would rather
contribute in the removal of olefins which can poBrize and lead to the
formation of coke. Savage et®ihad also attributed the coke suppression ability
of these solvents to their action maintaining th@ulsility of the reacted
asphaltenes.

Tetralin and other hydrogen-donors, such as hydmophthrenes, and
1,2,3,4-tetrahydroquinoline have been also studisd solvents during coal
liquefaction'®®® Kamiya et al’' for instance, concluded that three-ring
hydroaromatics were more effective in coal liquatact than tetralin. In their
experiments, different solvents were evaluated he presence of identical
amounts of tetralin and 1-methylnaphthalene. Tthespbserved order of solvent

conversion, as well as hydrogen-donating activiaggswdihydroanthracene (DHA)
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> dihydrophenanthrene (DHP) > 1,2,3 4-tetrahydmogline (THQ) > 1,2,3,4-
tetrahydro-6-naphthol (THN) > 1,2,3,4,5,6,7,8-ogtdtoanthracene (OHA).

It has been also observed that during the procetslin not only
undergoes dehydrogenation reactions, with naphtbads the main product, but
also isomerization to produce l1-methylindane, amd-opening formingn-
butylbenzene and other alkylbenzenes, as desctiye®outsma et df The
reduction of the hydrogen-donation capacity oftlgdroaromatic solvents due to
these molecular rearrangements was discussed ma@pet af’

There is evidence that coke formation is precedephase separatioh™
% This observation suggests that solubility playsimportant role during the
cracking reactions. When asphaltenes are readted, luilding blocks can be
released, and the remaining structures become amoreatic. Additionally, these
cracking reactions take place together with conalgors and cyclization reactions
that can promote the formation of high molecularghestructures. According to
the phase diagram proposed by Withéhese molecular changes that reduce
hydrogen content and increase molecular weightlead to the formation of
coke. Wieh& also observed that the phase separation occuiterdaa induction
time during which these structures would conceaettattil the solubility limit is
exceeded. Thus, the presence of solvents in theumechn have an important
impact on the phase behavior of the reaction méxtur the case of hydrogen-
donor solvents, the observed coke suppression cindd be attributed to a
combined ability to react with olefihsand maintain the solubility of the coke

precursors.

67



After the phase separation, the coke formation iecat high reaction
rates, as presented by Wighand confirmed by Rahmani et“aThis also results
in the formation of a separate phase, called mesmhwhich exhibits the
characteristics of liquid crystat&?° This carbonaceous mesophase is an optically
anisotropic material, which can be identified undeicroscopy analysis
surrounded by an isotropic liquid phase. Accordimgdurt et al2* mesophase is
thought to be made up of approximately planar atmn@dusters with significant
spatial order to be classified as a liquid crystal.

Bagheri et at? reported the formation of liquid crystals in o#nsples
from different geological origins by inverted refte’e microscopy. These
crystalline domains, appeared in particular tenipeearanges for each sample,
and exhibited an amphotropic behavior; so, themmftdion was modified by
changes in temperature and addition of solvent&s@hresults suggested that
liquid crystal analysis can provide an alternatiwvethod to get some insight into
the complex phase behavior of petroleum samples.

The objective of this study was to compare differeolvents based on
their ability to reduce the formation of coke dgyithe cracking of Athabasca
industrial n-Cs asphaltenes, in the presence of hydrogen and ambased
catalyst. The reactions were done at 450°C and negidlence time of three hours.
The solvents that were compared included hydrogemd such as: 9,10-
dihydrophenanthrene,  9,10-dihydroanthracene,  tetral and 1,2,3,4-
tetrahydroquinoline, and other aromatic solventgshsas: toluene, quinoline,

pyridine, and 1-methylnaphthalene. Tetralin wadusereference to compare the
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results and identify which solvents would lead eavér coke yields that could
make them appropriate for studies of asphaltenecotdr structures.

This study also reports the results from the optinaroscopy analysis for
mesophase formation of different asphaltene samplas analysis was intended
to identify some possible relation between the terajures for liquid crystal
formation and the molecular composition of the a#gmes, based on the
characterization data presented in Chapter 2. Taeskyses were performed in a
novel hot-stage microreactor coupled to an invergftective microscope, as

described by Bagheri et #t.2?
3.2 Materials and Methods

3.2.1 Asphaltenes

Cracking reactions under hydrogenation conditiorsewmade with an
Athabasca industrial asphaltene sample that yiet@®8d ofn-Cs asphaltenes and
59% of n-C; asphaltenes. This sample was used as receivechamed as
Athabasca industrial-Cs asphaltenes. Cold LakeC; asphaltenes were provided
by ExxonMobil Research and Engineering, and weesd usithout any further
treatment. Colombian and VenezuelarC;, and Athabascan-C; and n-Cs
asphaltenes were obtained by precipitation usimgtia of 40:1 of solventnt
heptane om-pentane) to sample (vacuum residue or Athabaswasinal n-Cs
asphaltenes). After the addition of the solveng thixture was stirred by a

magnetic bar for 24 hours, afterwards the asphadtemere filtered out under
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vacuum using a 0.22 um filter paper (Millipore)dadried at room temperature
for 48 hours.

Elemental analysis of these asphaltenes samplemads in an Elementar
vario MICRO CUBE unit (Elementar Americas, Inc., .Mtaurel, NJ). The
method ASTM D4530 for microcarbon residue cont®CR) was approximated
by TGA analysis in a TherMax 400 Cahn ThermograwimeAnalyzer (Thermo
Fisher Scientific, Waltham, MA). With argon flowingt 50 mL/min, the
temperature profile consisted of an isothermal ste?il.8 °C for 10 minutes, then
the temperature was increased at a rate of 5 °Qimito 500 °C, and this final
temperature was maintained for 2 hours. In ordeletermine the ash content and
report MCR on ash-free basis, the temperature progwas followed by an
isothermal step at 500°C for 2 hours (5 hours i ¢hse of Cold Lake-C;
asphaltenes), with air flowing at 50 mL/min. Theideial mass after this thermal

analysis was reported as the ash content.

3.2.2 Catalyst and Solvents

An iron-based catalyst prepared by wet impregnatbriron sulphate
(FeSQ.7H,0, > 99%, from Fisher Chemical) on sub-bituminous Céalley was
used in the cracking reactions to provide a mildirbgenation activity. The
preparation of this catalyst was described in thevipus chapter, and TGA
analysis had evidenced a loading of iron as métadS wt%.

The reactions were carried out in the presenceffgrent solvents, with

and without hydrogen-donation capacity, including,3,4-tetrahydronaphthalene
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(99%, ReagentPlus® from Sigma Aldrich), also knoas tetralin, 1,2,3,4-
tetrahydroquinoline (98%, from Aldrich), 9,10-dinggphenanthrene (94%, from
Aldrich), 9,10-dihydroanthracene (97%, from Aldrjchpyridine & 99.9%,
CHROMASOLV® Plus for HPLC from Sigma-Aldrich), tatne (99.9%,
certified ACS from Fisher Chemical), quinoline (98%eagent grade from

Aldrich), and 1-methylnaphthalene (97%, from Ac@mganics).

3.2.3 Evaluation of different solvents during the crackiof asphaltenes under

hydrogenation conditions

Athabasca industrial-Cs asphaltenes were reacted in the presence of the
different solvents mentioned above, ensuring timeesavailability of hydrogen in
each case, and taking the amount of tetralin asréference case for those
solvents without hydrogen-donation capacity. Thactiens were performed in
15-mL stainless steel batch microreactors, madeoafinal ¥-inch Swagelok
fittings, already described in our previous studgd conducted at 450°C, with
residence time of 3 hours, hydrogen pressure ofMPh (measured at room
temperature), and 2 wt% of catalyst. The microantas loaded with known
amounts of asphaltenes, solvent, and catalyst, aaluitionally five 3/16-inch
stainless steel balls to provide better mixing wgithe reaction. The system was
leak tested, purged three to five times to displfeeair, and pressurized with
hydrogen.

Afterwards, the microreactor was immersed in a @atdd sand bath

(Tecam model SBS-4, Cole-Parmer) equipped with @hien@cal system for
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continuous vertical agitation, and after three Bauas removed from this heating
system. The gases were released, and the cokeevmsered by vacuum filtration
using 0.22 um pore size filter paper (Milliporejdamethylene chloride (99.9%,
Stabilized HPLC grade from Fisher Chemical) as shivent. The filter paper

with the coke was dried in oven at 80°C and weigktiours later.

3.2.4 Polarized-light hot-stage microscopy

The liquid crystal formation for different asphalés samples was
monitored in-situ in a hot-stage microreactor, adye described by Bagheri et
al'® ?2 The carbonaceous mesophase formation was repastéte temperature
at which the intermediate optically anisotropic gdawas observed. This
microreactor has a novel design that includes avweandow, allowing the
observation of small particles through an inventeflective microscope (Zeiss
Axio-Observer, Germany) equipped with crossed [m#as. The microreactor
was loaded with few milligrams of asphaltenes amghtéd to a maximum
temperature of 300°C by a heating tape, monitatiegtemperature with a type K
thermocouple. The system was purged and pressungdd nitrogen at
atmospheric pressure.

The samples analyzed included Athabas€a;, n-Cs and industriah-Cs,
Colombian, and Cold Lake-C; asphaltenes. Liquid crystal analysis was also
done on samples of Cold Lake and Athabas€a asphaltenes recovered after the
reactions under hydrogenation conditions, as desdrin our previous study, with

temperature of 450°C, residence time of 3 hourait® of iron-based catalyst,
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and tetralin/asphaltenes ratio of 2.5/1. Thus,rédfiese reactions, the coke was
filtered out, and the asphaltenes were precipitatednixing n-heptane with the
liquid products in a ratio of 40:1. This mixture sveonicated for one hour in an
Aquasonic Ultrasonic Cleaner (VWR Scientific, Mod&OHT, frequency 50/60
Hz), and vacuum filtered 24 hours later, rinsingfma-heptane and using 0.22 um
pore size filter paper (Millipore). The asphaltemesovered on the filter paper
were dried in an oven at 80°C for 24 hours, and tb@lected for the liquid

crystal analysis.

3.2.5 Polarized Optical Microscopy

A sample of coke from the cracking of Venezuelal; asphaltenes,
reacted under the hydrogenation conditions alresberibed above, in presence
of tetralin, hydrogen, and an iron-based catalysis recovered directly from the
microreactor without any further solvent rinsingliphed, and analyzed under
normal and cross-polarized light in the inverteffiective microscope, as already

described by Bagheri et .

3.3 Results and Discussion

3.3.1 Characterization of asphaltenes samples

The elemental compositions of the asphaltenes ateadun this study are
shown in Table 3-1. All the different samples shdwenilar composition, except
Colombian n-C; asphaltenes which exhibited significantly lower camts of

sulphur and hydrogen, and high carbon contentjrgad a remarkably low H/C
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molar ratio. Cold Lake&-C; asphaltenes presented low carbon content maimy du

to its high ash content, as shown in Table 3-2.

Table 3-1.Elemental composition of asphaltenes samples

Asphaltenes C H N S Hic _
(molar ratio)

Athabasca industrial-Cs | 81.6 8.5 1.4 7.7 1.25
Athabascan-Cs 81.5 7.6 1.6 7.9 1.12
Athabascan-C; 81.5 7.6 1.6 8.0 1.11
Cold Laken-C; 77.6 7.6 1.6 8.3 1.17
Colombiann-C; 87.3 6.9 1.8 3.1 0.95
Venezuelam-C; 81.8 8.0 2.3 6.1 1.17

Table 3-2.TGA residues under inert and oxidative atmosphestéismate MCR

and ash contents of asphaltenes samples

Asphaltenes TGA residue*, wt% | Ash content, wt%
Athabasca industrial-Cs 34.0 1.0
Athabascan-Cs 44 .4 1.0
Athabascan-C; 46.3 0.7
Cold Laken-C; 41.3 4.8
Colombiann-C; 63.2 -
Venezuelam-C; 42.2 1.3
Athabascan-C; after reaction** 69.4 1.6
Cold Laken-C; after reaction** 73.6 0.0

* TGA residue at 500°C approximates microcarborndies (MCR) content determined

by method ASTM D4530

** Asphaltenes after reaction were recovered frdva teactions under hydrogenation
conditions by precipitation from the mixture withratio of 40/1 n-heptane to liquid

products
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MCR contents for the different asphaltenes, appnaxed by TGA
analysis, are shown in Table 3-2 as TGA residudetdnAthabasca industriat
Cs asphaltenes presented the lowest TGA residue ripraed most of the-C;
asphaltenes showed values in the range of 43-47, wiept the Colombian
asphaltenes that exhibited higher TGA residue cantmmparable to the reacted

n-C; asphaltenes.

3.3.2 Comparison of different solvents by coke yield myrthe cracking of

asphaltenes under hydrogenation conditions

The performance of different solvents as coke sggurs was evaluated
by reacting the same amount of asphaltenes, 0.8dfthsy with equivalent
amounts of solvents, based on their hydrogen daomaibility. Thus, the amounts
of solvents were calculated to maintain the sandrdgen availability provided
by tetralin in a ratio of 2/1 to asphaltenes, asashin Table 3-3. The amounts of
the solvents without hydrogen donation capacitghsas 1-methylnaphthalene,

pyridine, quinoline, and toluene, were the samia dise reaction with tetralin.
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Table 3-3.Hydrogen donation capacity of the solvents and th&os to

asphaltenes in the reactions

H donation capacity
Solvents g solvent / g asphaltenes
(mol H/mol)
1-methylnaphthalene - 2.0
Pyridine - 2.0
Quinoline - 2.0
Toluene - 2.0
Tetralin 4 2.0
1,2,3,4-tetrahydroquinoline 4 2.0
9,10-dihydrophenanthrene 5.7
9,10-dihydroanthracene 2 5.6

The amount of solvent remaining in the liquid phaseler the reaction

conditions was estimated for each individual caséh whe Peng-Robinson

equation of state (VMGSim, Virtual Materials Group., Calgary, CA). These

estimates are presented in Table 3-4, and showtlieapercentage of solvent

remaining in the liquid phase increases with thelirgp point and critical

temperature of the solvents. Thus, pyridine andeteé would be almost entirely

in the vapor phase; while 9,10-dihydrophenanthrand, 9,10-dihydroanthracene

would be mainly in the liquid phase at the experitak conditions. The other

solvents would be more evenly distributed betwdenliquid and vapor phases.

The amount of liquid solvent is relevant since thactions in the liquid phase

determine the characteristics of the cracking mSceand as observed by

Rahmani et &, the formation of coke is significantly influencegt the chemical

interactions between the solvent and the asphaltene
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Table 3-4.Some properties of the solvents and their pergesteemaining in the

liquid phase under the reaction conditions

Solubility | Boiling Critical %Wt
Solvents parameter | point | temperature | gglventin

(MPa)Y2 (°C) (°C) liquid phase
1-methylnaphthalene 203 | 240-243 498.9 63.0
Pyridine 21.7 115.2 346.8 11.2
Quinoline 22.1 237 509.0 61.6
Toluene 18.3 110.6 318.6 8.4
Tetralin 19.4° 206-208 447.0 37.3
1,2,3,4-tetrahydroquinoling 22% 249 503.9 59.4
9,10-dihydrophenanthreneg - 307.8 568.9 94.1
9,10-dihydroanthracene - 312 535.9 91.8

The reactions were made in duplicate with moshefdolvents, except for

9,10-dihydrophenanthrene and 9,10-dihydroanthraceitie only one reaction
performed for each solvent. In the case of tetrafour replicates of the
experiment were made. The yields of coke were ctedeby the amount of
catalyst recovered together with the solid prodércts the reactions. Thus, blank
reactions were made with each solvent to estimh&ée amount of catalyst
recovered after the process. These blank reactire made under the same
conditions, but without asphaltenes, and the ansoahtatalyst recovered on the
filter paper were used to correct the amount oecok

The yields of coke are compared in Figure 3-1. thyieaphthalene and
pyridine presented the highest yields of coke,eepnting approximately 25 wt%

of the initial mass of asphaltenes. These resuéicamparable to the coke vyield
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reported by Karimi et af> for the same asphaltene sample, by thermal crgckin
in thin films. Tetralin and 1,2,3,4-tetrahydroquine showed comparable yields
of coke, around 6-7 wt%; and 9,10-dihydrophenaméreand 9,10-
dihydroanthracene provided the lowest productionaiie with values around 4.7
wt%. Quinoline and toluene exhibited intermediatdds of coke, with results of

18.6 and 14.0 wt%, respectively.
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Figure 3-1.Comparison of coke yields from the cracking urftgirogenation
conditions of Athabasca industriiC5 asphaltenes in the presence of different
solvents: 1-MN (1-methylnaphthalene), Py (Pyridjrii@ XQuinoline), Tol
(Toluene), TN (tetralin), THQ (1,2,3,4-tetrahydragpline), DHP (9,10-
dihydrophenanthrene), and DHA (9,10-dihydroanthnage
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As observed previously by Rahmani et*ahnd by Savage et 3.
hydrogen-donor solvents have a positive role a® cuppressors. The reactions
in presence of tetralin, 1,2,3,4-tetrahydroquine|ir®,10-dihydrophenanthrene,
and 9,10-dihydroanthracene presented significdother coke yields than with
the other solvents. Toluene exhibited lower cokadg than the other solvents
without hydrogen-donation capacity, suggesting thatan provide a favorable
medium for the solubility of hydrogen and asphatenAs shown in Table 3-4,
some small differences in solubility parameter ¢en observed among these
solvents, except for toluene that is significantiwer than the others. However,
when the hydrogen-donor solvents tetralin and M2@&rahydroquinoline are
compared in terms of solubility parameter, theetdhce does not seem to have
an impact on the coke yield. This could suggest thaabsence of hydrogen-
donation ability, the solvents that can provideettdy availability of hydrogen in
the reaction medium can lead to lower coke yieddssuggested by Savage et al.

The hydrogen-donor solvents with three aromatic ggin 9,10-
dihydrophenanthrene and 9,10-dihydroanthracenepnigt presented the lowest
coke yields, but also would have maintained a hidtaetion in the liquid phase
during the process. Furthermore, it can be obsehestdheir reactions were made
at higher ratios of solvent/asphaltenes to proadeequivalent availability of
hydrogen than with tetralin. In comparison, tetrakias effective as a hydrogen-
donor solvent, in terms of the significant reductio coke yield with a low ratio
to asphaltenes, and gave a lower boiling point Whaald make its removal for

further analysis of the liquid products much simple
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3.3.3 Liquid crystal analysis

The mesophase formation has been described asteméadiate phase
formed during cracking reactions, identified by afstical anisotropy. According
to the observations made with oil samples fromedéht origins by Bagheri et
al’®, liquid crystals occur in petroleum solids as anown phenomenon with
amphotropic character. The mesophase areas camscealto form larger
mesophase domains, and this can lead to their iiepoas coké? Thus, liquid
crystal analysis during the cracking reactions pesvide some insight into the

coke formation process.

Table 3-5.Temperatures for liquid crystal (LC) formation emahitrogen at

atmospheric pressure

Asphaltenes Liquid crystal formation (°C)
Athabasca industrial-Cs 50
Athabascan-Cs 75
Athabascan-C; 100
Cold Laken-C, 90
Colombiann-C; No LC formation
Athabascan-C; (after reaction)* No LC formation
Cold Laken-C; (after reaction)* No LC formation

* Asphaltenes after reaction were recovered from itbactions under hydrogenation

conditions by precipitation with-heptane using a ratio of 40/1 solvent to liquiddarcts

Table 3-5 shows the onset temperatures for thenodisen of liquid

crystal formation for different asphaltene samp@sld Lake and AthabascaC;
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asphaltenes, recovered after reaction as desdvigfede, were analyzed using the
same technique, and the formation of liquid crgstahs not observed. Likewise,
Colombiann-C; asphaltenes did not form liquid crystals during démalysis.

The temperature for the formation of liquid crystakems to increase with
the TGA residue content, and decrease with the #tld of the asphaltenes.
Similarly, the samples that did not exhibit devetgmt of crystalline domains had
in common high TGA residue content, and this caléd be expected to correlate
with high aromatic conteri. From the results of Chapter 2 with asphaltenes fro
different geological basins, we can observe thalllsamtomatic fragments with 1
to 3 aromatic rings exhibited a very good inversgalation with the amount of
material remaining in the vacuum residue fractiod géorming coke, as shown in
Figure 3-2. These results would suggest that ligoygtal formation is promoted
by the presence of small aromatic building blockther than by large aromatic
clusters’’ However, the bulk mesophase and coke would beddrby larger
aromatic molecules, which would require gettingetthgr without undergoing

significant crosslinking.
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Figure 3-2.Correlation between yield of coke plus materiahagning in the
vacuum residue fraction, and concentration of Ir§ aromatic structures in

asphaltenes

Figure 3-3 is presented, as example, to illustiia¢emesophase observed
under normal and cross-polarized light in a polisisample of coke from the
reaction of Venezuelan-C; asphaltenes. Isotropic phases are observed iR, blac
and large anisotropic mesophase domains are igkeh#i§ the white regions in the
cross-polarized image. These results show thatetfidence time of the reactions
performed in this study is long enough to give risethe formation of large

mesophase domains, as result of the arrangemémt cbke material.

82



Figure 3-3.Coke from the cracking of Venezuela€; asphaltenes observed

under normal light (left) and cross polarized (t)gh

* Bagheri et af? and Qian et &° reported the observation of mesophase domains by
SEM analysis. Smaller anisotropic domains in thek dsotropic regions were visible
under SEM, but not under optical microscopy. Tlituspuld be expected to have smaller

mesophase regions embedded in the isotropic liapailix.

3.4 Conclusions

1. Solvents with hydrogen-donation capacity showediBaantly lower coke
yields compared to other aromatic solvents durihg tracking of
Athabasca industrial-Cs asphaltenes under hydrogenation conditions. The
reactions in presence of three-ring aromatic hyelnegonors, 9-10-
dihydrophenanthrene and 9,10-dihydroanthracenesepted the lowest
coke formation. Although high solvent to asphalteraios were used with
these solvents, in order to ensure the same hydragailability in the

reaction medium as with tetralin, it could be expddhat lower ratios could
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3.5

provide similar results since asphaltenes seemate la limited hydrogen
uptake capability.

Aromatic solvents without hydrogen donation capag@toduced higher
yields of coke. However, toluene and quinoline segno provide a more
favorable medium than 1-methylnaphthalene and mgido prevent the
deposition of reacted asphaltenes as coke.

The temperature for liquid crystals formation irased with the MCR
content of the asphaltenes samples. Colomii@n asphaltenes and reacted
asphaltenes obtained from the reactions under begdiadion conditions of
Cold Lake and AthabasaaC; asphaltenes, which presented high MCR
content, did not exhibit liquid crystals.

Microscopy analysis under cross polarized lightalte recovered from the
cracking of asphaltenes showed significant largesapkase regions in the
coke structure.
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4  Monte Carlo simulation of the cracking of asphalter
molecules constructed with dendritic and linear

topologies

4.1 Introduction

Asphaltenes are the fraction of petroleum with thest complex and
heterogeneous compositibAs the boiling point and molecular weight of the
petroleum molecules increase, the number of isormedsdifferent homologous
series also increases significarftly the point that the probability of finding two
identical asphaltene molecules would approach Zssphaltenes have also been
found to be made up of an extraordinary varietynoiecular sub-structures or
building blocks involving homologous series of pganéc, naphthenic,
heteroatomic, and aromatic specis.Thus, a stochastic construction of
asphaltene molecules by Monte Carlo simulationydnydom selection of these
identified molecular sub-structures, referred tdasding blocks throughout this
study, could provide a good strategy to renderieixghe heterogeneity of these
heavy petroleum components.

Monte Carlo simulation has shown to be a usefulhottthat can be
implemented as long as the molecular attributesasiables can be explicitly
defined as probabilistic events. Thus, Monte Cartoulation has permitted the
construction of molecular representations not aflasphaltene§? but also of

coal polymerd® **and lignint*
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Neurock and coworkets' presented a hierarchical construction of
asphaltene molecules by random sampling of sometatal attributes described
by probability density functions (PDFs). The atitds included: number of unit
sheets (degree of polymerization), number of armmahd naphthenic rings,
degree of substitution, and length of the aliphatidbstituents. Thus, the
asphaltenes were built assuming that they consikt assemblies of
naphthenoaromatic cores with some aliphatic chalie information for the
construction of the PDFs was obtained from charaetiton data, generated by
'H NMR, VPO, and elemental analysis.

Sheremata et af.had reported the Monte Carlo construction of akphe
molecules by random selections of aliphatic andmatec groups, linked by
aliphatic chains and sulphide bonds. The algorithptimized the process to be
consistent with experimental data obtained by efgale analysis, NMR
spectroscopy, and molecular weight. Thus, thisyshald some special attention
to the carbon chemical species, and provided a tiatwe molecular
representation of asphaltenes. Similarly, Jaffaléf presented the method of
structure-oriented lumping (SOL), where residuaeuooles were represented by
assemblies of single core species, consisting ¢éentar class/homologous series
described by vectors. These assemblies were litgedridges with specified
length and bond strength.

For the reaction of the molecules that were stdodaly generated, the
Monte Carlo studies presented by Klein and cowafKer'™ 2 applied the

pathways and kinetics derived from the experimedééa of model compounds,

89



in order to assign a reaction probability to theeptial reaction sites. This
approach made some assumptions to extrapolatediiiatde data to the complex
residue molecules.

In these previous simulations, the constructionagiphaltene molecules
used the available experimental data, but there maodecular attributes in
asphaltenes that cannot be measured directly tergena complete set of initial
PDFs. Consequently, the simulation is under sptifand only for a limited
number of parameters could be tuned by fitting eélxperimental results. One
important characteristic is the molecular weigtstalbution; however, the nature
of this distribution is a matter of considerabldale in the study of asphaltenes.
The main difficulty in the measurement of the malac weight of asphaltenes
has been their tendency to aggregate in sol@fioff: The measurement of
molecular weight by vapor pressure osmometry (VRO)nfluenced by the
conditions of the analysis, such as: temperatuomcentration, and solvent
polarity;> 2 thus, the reported apparent values can includefisignt bias due to
aggregation, even when extrapolated to infiniteitdih. The use of an average
molecular weight would be highly misleading in tliase, because asphaltenes
consist of a diverse variety of molecules with adar range of molecular weight.
Measurement of the molecular weight of asphaltdnegluorescence emission
spectroscopy, as reported by Groenzin efauyggested low molecular weights,
with an average value of 750 Da, and a range ofcappately 500 — 1000 Da.
Strausz et &° presented a critical analysis of fluorescence tspstopy and

pointed out that this analysis cannot provide gtetnte information for complex
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mixtures, such as asphaltenes. Similarly, the ude gel permeation
chromatography (GPC) has also been repdftéibut the results suffer from the
problem of agglomeration and lack of proper catibra

Other studies have suggested that the mean maleeudgght for
asphaltenes would be in the range of 1000 to 2088" B’ For instance, Qian et
al?® published a molecular weight distribution that vedained from calibrated
field desorption ionization mass spectrometry (FBS)Mnalysis. Although field
desorption ionization can generate higher molecukight specie&’>! these FD-
MS results were validated, showing a good agreemétht ESI-MS analysig?
and therefore, represented a good reference farahstruction of populations of
asphaltenes. This distribution presented an averamecular weight of 1238 Da
for the asphaltenes, with minimum and maximum \alcieca 280 and 3500 Da,
respectively, and with the distribution mode aro800 Da.

In our previous study presented in Chapter 2, favier hydrogenation
conditions enabled high conversion of asphalteedidtillable material, with
minimum production of coke, while ensuring minimehange of the ring
structures during the reaction. Thus, building be guantitative evidence for
bridged structures in asphaltenes, provided in @mahand other studiés® the
objective of this approach was to create simplifiémhte Carlo algorithms for the
construction and cracking of asphaltene molecuilasdould explore the effect of
the molecular architecture on the distribution loé tcracking products. These
simulations made use of the data for Cold Lak&; asphaltenes obtained in our

study on cracking under hydrogenation conditionBe Tesults obtained from
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these simulations, with linear and dendritic molacutopologies, provided
distributions of cracking products that were conegarto the available

experimental data.

4.2 Model Development

In Chapter 2, a significant amount of material frahe cracking of
asphaltenes was characterized. The distillatesistomy of small building blocks,
also called pendant groups, were analyzed by gasmeliography - field
ionization — time of flight high resolution massesprometry (GC-FI-TOF HR
MS). The liquid products were also analyzed by $atma distillation (SimDist),
after the removal of tetralin, which was used adrbgen-donor solvent during
the reaction. These available data were suitablettransformed into PDFs that
could be used as input for the stochastic construadf simplified asphaltene
molecules.

One of the conclusions from Chapter 2 was thattagimum amount of
large aromatic cores (large building blocks) inredfenes would be the sum of
the coke and the material remaining in the vacuaesidue range. However, the
actual initial amount of large building blocks ramed unknown because not only
cracking reactions take place, but also reactibas lhuild larger molecules, such
as cyclization, condensation and polymerizationeréfore, the coke and the
material remaining in the vacuum residue fractionld be formed not only by
the initial large building blocks, but also couldve arisen from smaller building

blocks during the cracking reactiotfs:>
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Keeping this in mind, this work evaluated the effecthe architecture of
the linkages between the building blocks on thddgidrom cracking, but also
included the amount of large building blocks asaaiable in the construction
algorithm. The construction strategy consisted g tinbiased sampling, by
Monte Carlo simulation, of the type of building bkofrom the distributions of
either the distillates or the vacuum residue faagtiwhose probabilities were
given by the PDFs derived from the available experital data. Two molecular
architectures were considered; linear and dendfiar the specific case of the
dendritic asphaltenes, the connections betweenbthileling blocks were also
randomly assigned.

The cracking reactions were also simulated by at®@arlo method. The
information available on the constructed asphalietensisted of the molecular
weights of their constituent building blocks, artk tlinkages between their
building blocks. The cracking algorithm made randsetections of the molecule
to be cracked and the position for the breakagthout following any specific
kinetics or reaction pathway. In this simplifiedheme, all bridges between
building blocks had the same reactivity and theespnobability of breakage. The
objective was to examine the distribution of praduat the experimental yield of
distillates. This methodology allowed the comparisaf linear and dendritic
populations of asphaltenes, each with the samaalininolecular weight

distribution.
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4.2.1 Experimental data and input probability density dtions (PDFs) for the

simulation

In this study, the molecular weight distributiom the asphaltenes fraction
was used as the main constraint in generating dpelation of molecules to be
cracked, using the data of Qian ef%for the molecular weight distribution. The
maximum molecular weight in the asphaltenes distitm was 3500 Da, the
minimum was around 280 Da and the mode was rou@blyDa, as mentioned
before. The data for the asphaltene fraction waslabe as a mass fraction
distribution of the molecular weights, within theh@fe vacuum residue. These
data were normalized and converted to a molarikigton of molecular weights,
as shown in Figure 4-1, and then converted intserete cumulative distribution
for use in the Monte Carlo construction of molesuldesignated aBDFAsph

and illustrated in Figure 4-2.
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Figure 4-1. Molar distribution of MW for asphaltenes derivedrh data

published by Qian et &f.
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Figure 4-2.Discretized PDF of the cumulative molar distribatof MW for
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The mass balance from the cracking under hydrogemabnditions of
Cold Laken-C; asphaltenes, obtained from Chapter 2, provided¢ahesponding
yields for each product from the cracking reacti@as formation arises from the
cracking within the building blocks as defined imststudy, i.e. building blocks
are defined as the ring groups with their attachkgl groups. Given that our
interest was cracking reactions that generateetasiganges in molecular weight,
to give rise to the formation of distillable lig@idvacuum residue, and coke, the

mass balance was renormalized to remove gas Wdassumed that the lightest
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components, or gases, were generated uniformly ftioen other fractions of
reactants. The mass balance of the reaction of Caké n-C; asphaltenes, and

the normalized results, are listed in Table 4-1.

Table 4-1.Mass balance from the cracking under hydrogenaimalitions of
Cold Laken-C; asphaltenes (from Chapter 2), and normalized teaith gases

assigned uniformly to the other product fractions

Products Yields (wt%) Normalized yields (wt%)
Gases 4.5 0

Coke 7.5 8.1

< 538°C fraction 61.4 66.2

> 538°C fraction 23.8 25.7

Mass balance 97.2 100.0

The material converted to distillates (< 538°C) wharacterized by a high
resolution GC-MS analysis that provided the molauralance for eighteen
different molecular species. These results werd eanverted into a discrete
cumulative distribution, as shown in Figure 4-3,icthwas used as an additional
PDF, named a®DFDist, for the generation of the populations of aspnalte

molecules.
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Figure 4-3.PDF of the discrete cumulative molar distributajrthe categories of
building blocks in the distillable fraction frometcracking of Cold Laka-C;

asphaltenedPDFDist)

The same GC-MS technique also provided the molecwaight
distributions for the different categories of bunilgl blocks in the distillates. The
molar fractions in each category of distillable pwmlles were normalized, and
individual discrete cumulative distributions weralaulated. These distributions
were named aBDFDistl to PDFDist18 and are shown in Figure 4-4 to Figure

4-6.
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The fraction of liquid products with boiling poiimt the vacuum residue
range (> 538°C) could not be characterized by GC-M8wever, the liquid
sample, obtained from the reaction, was analyzedsibyulated distillation
(SimDist) after removal of tetralin, which was thgdrogen-donor solvent during
the process, as described in Chapter 2. The mémscbandicated that 34.5 wt%
of the initial mass of asphaltenes (37.2 wt% onmmadized basis without gases)
was evaporated together with tetralin. The distdla curve obtained from
SimDist analysis was interpolated with a cubic rsplimethod, and then
extrapolated linearly to an assumed end-point teatpee of 1000°C, as

illustrated in Figure 4-7.
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Figure 4-7. Simulated distillation results of the liquid praxds from the reaction
of Cold Laken-C; asphaltenes, after removal of tetralin, and fittfi the

distillation curve extrapolated to 100% mass
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Other methods available for extrapolation of destibn data, such as the
use of probability paper, were not used because tiseno evidence that these
methods can give better results. Furthermore, aathoa used would involve
uncertainty because the properties were also ettrisgul as explained below.

A set of twelve pseudo-components was generategptesent this boiling
curve, using VMGSIim process engineering softwaretel Materials Group,
Calgary AB). It was assumed that the pseudo-comperiead the same UOP (or
Watson) K value. Thus, the densities at 15.6°C weadeulated with equation
(4-1), where ABP is the average boiling point & iseudo-component in °R, and
fitted a specified bulk density at 15.6°C of 10a§/rk’. Figure 4-8 presents the

densities estimated by this method.

YABP

UOP K= S5 s 6°ciis.6°C) (4-1)
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Figure 4-8. Liquid densities estimated by the constant UOP&hnd
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The molecular weight was estimated with the HamgeS method? as
recommended by VMGSirt, which uses the average boiling point and specific
gravity of each pseudo-component. Thus, the unogytan the molecular weight
estimations is higher because they are based @efies that were estimated.

The molecular weights calculated by this methodenssmpared to the
values estimated with the correlations publishedSby and Dauberf White et
al.?” Trytten and Gray® Altgelt and Boduszynski and by Twu® using the
boiling points from Figure 4-7 and the liquid ddies from Figure 4-8. The

results are presented in Figure 4-9.
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Figure 4-9. Comparison of the results obtained with differemtrelations

available in literature for the estimation of theletular weight distribution of the

liquid products from the reaction of Cold Laké&C; asphaltenes
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The correlations proposed by White et*aland Trytten and Gradywere
not shown in Figure 4-9, but their predictions daled the same trend than the
results obtained with the correlation published $iyn and Dauber® These
results matched with the values estimated by thiurgagé* method for boiling
points below 800°C, but for higher boiling pointense differences can be
observed. The molecular weights predicted with rtfethod proposed by TW
are much higher than the values estimated witlthallother methods, especially
for boiling points above 700°C. On the contrarye testimation with the
correlation published by Altgelt and Boduszyrigkinderestimates the molecular
weights compared to all the other methods.

Based on these results, the correlation proposeSinyand Daubert was
chosen in this study for the prediction of moleculsights because showed a
good behavior with temperature and exhibited simiésults with some of the
other correlations. This correlation was then usedonstruct the PDF for the
molecular weight distribution of the large buildindocks that could not be
characterized by GC-MS. The extrapolated distdlatcurve was truncated to
remove material boiling below 538°C, the data weoemalized, and the molar
fractions were calculated to obtain the discretendative distribution of large

building blocks, named &DFCores illustrated in Figure 4-10.
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Figure 4-10.PDF of the discrete cumulative molar distributadrmolecular
weights for the large building blocks present ia tton-distillable fraction (>
538°C) of the liquid products from the cracking antlydrogenation conditions

of Cold Laken-C; asphaltenes

4.2.2 Stochastic generation of molecules by Monte Canwkation

A population of ten thousand asphaltene moleculas stochastically
generated by random selection of building blocksnfithe distributions of either
cores (large building blocks) or pendant groups afsrbuilding blocks). In
Chapter 2, the estimated maximum amount of largeibg blocks for Cold Lake
n-C; asphaltenes was 31.3 wt% on initial asphaltenesrasis (33.8 wt% on
normalized basis without gases). Neverthelessatteal initial amount of large
building blocks is still undetermined, and becameable in the construction of

the asphaltene molecules.
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Therefore, the sub-routine for the generation of thsphaltenes
populations included another PDF, identified RI3FBlock, which defined the
probability of selecting a building block from thigstributions of distillates or
from the vacuum residue fraction. This binomial Pi¥s changed in each
simulation case, assigning probabilities of 5, 45¢ 25% to the large building
blocks, in order to generate different populatioh@sphaltenes. An example of
the PDF with a 15% probability for the large builgiblocks is shown in Figure

4-11.
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Core Pendant group
(Large building block) (Small building block)

Figure 4-11.Example of PDF for the selection of the type afdng block

when the probability for the large building bloaksl 5%

The different routines were programmed in MATLAB®efsion R2011b,
The MathWorks, Inc., USA). The flowchart that déises the algorithm for the
generation of a population of “n” asphaltene molesus presented in Figure

4-12.

106



Start
GenMol

Probability of cores (frcore)
Number of molecules (n)
Molecular architecture (moltype)

PDFBIlock, PDFAsph, PDFCores, PDFDist
PDFDistl ... PDFDist 18,

Counter of molecules, mlc =0
Maximum number of building blocks in a molecule, mxblocks = 15

for p = 1: # MW intervals in PDFAsph +

Calculation of molar and
mass distributions of MW
and number of building

Calculation of number of molecules “q” to be
generated in MW interval “p”

¢ blocks (MWDist,
MWDistCum, FragDist,
mlc =mlc + 1 FragDistMgss,
Generation matrix of zeros added to Asph, Asph(15,15,mlc) CumFragDist,

MW for new molecule, MW Asph(mlc) =0 CumFragDistMass)

Counter of building blocks added to the molecule, r =0

Asph, MW Asph
MWDist, MWDistCum,
FragDist, FragDistMass,

CumFragDist,
CumFragDistMass

r=r+1
Random number “a” for selection of type of building block in PDFBlock

a < frcore
building block = core

Random selection of category of building

Random selection of building ‘ block in distillates (PDFDist)
v

block in PDFCores

Random selection of building block in
chosen category of distillates
|

v
‘ Asph(r,r,mlc) = MW of chosen building block ‘

moltype = 1
(Linear topology)

Position linkage with one of the previous building blocks
poslink = random number between 1 and r-2

(if =2 poslink =1, and if r=3 poslink can be randomly 1 or 2)
I—b‘ Asph(poslink,r,mlc) = 1 ‘

v
_IMWAsph(mlc) = MWAsph(mlc) + MW of chosen building block
g Verification of MW Asph(mlc) is in MW interval
]

poslink = r-1

Figure 4-12.Flowchart for the generation of the populatioriréfasphaltene
molecules, with a given fraction of large buildibigcks (frcores), and defined

molecular topology (linear or dendritic)
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In all the simulation cases in this study, the sikéhe populations was ten
thousand asphaltene molecules, assembled in a thmensional matrix of
dimensions 15x15x10000, namedAssph. Thus, each asphaltene molecule was
described by a matrix of dimensions 15x15, wheeehthilding blocks, randomly
selected, were placed on the main diagonal, ancdheections between them
were specified with ones situated above the didgointhe matrix. For example,
to connect the fourth building block to the secdndlding block, the matrix
would have “1” in the second row and fourth colurtiris is the position (2,4).
Each new building block was allowed to be connetbeahly one of the previous
building blocks, and the position of this linkagesvdefined by the variable
“poslink”. Therefore, at the end of the construectaf the molecule, each building
block would have at least one link to the resth® molecule, defined by the
position of the “1” situated on their own respeetigolumns above the main
diagonal. Additional links to a building block, alsdentified by “ones”, were
located on the same row to the right of the diagjona

The algorithm allowed the construction of two typésamolecules: linear
and dendritic. In the case of linear asphaltertesphes were situated right above
the main diagonal, indicating that each new bugdaock was connected to the
previous one. For the dendritic molecules, each Imewding block was randomly
connected to any of the previous building blockst toom the fourth building
block, and on, the new building block was not abo\io be connected to the right

previous building block in order to avoid linearity the molecules. The variable
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moltype was created to define the type of poputatm be generated; for linear
molecules the value should be set as 1, and fairdenshould be 2.

Thus, as shown in Figure 4-12, in the general é&lgor for the
construction of the asphaltenes population, thegmgage of large building blocks
(frcore), introduced inPDFBIlock, the type of molecules (linear or dendritic),
defined by the variable moltype, and the numbemaiecules (n) should be
specified in order to start the generation of tlepysation. The number of
molecules in each MW range was calculated with iaar distribution of
molecular weights for the asphaltenes, giverPBDy-Asph (shown in Figure 4-2).
Then, each molecule in the specific MW range wasstacted by random
selection of building blocks from the molecular ghi distributions.

The first step in the construction of each moleaués the addition of a
new matrix of zeros with dimension 15x15 to theethdimensional matriRsph.
The type of building block was randomly selectedhvthe probability given by
PDFBlock. If the type of building block chosen was a latgelding block, the
molecular weight of the building block was obtairlsdsampling the probability
density functionPDFCores On the contrary, if the type of building block
selected was small, the algorithm would make randelactions of the category
of molecule fromPDFDist, and then of the molecular weight of the building
block from the probability density function of thepecific type of molecule. The
molecular weight of the selected building block Wabthen be situated on the
main diagonal of the matrix, starting with the piosi (1,1). The same procedure

was followed to select each one of the new buildblgcks, assigning the
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connections as explained before, and verifying thatfinal MW of the molecule
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Figure 4-13.Examples of linear and dendritic molecules and thatrix

representations. The numbers inside the circlegsept the molecular weights of

the building blocks
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The verification of the molecular weight of the malle under
construction was made after every selection ofva Im&lding block although this
procedure is not shown in detail in Figure 4-12hH# resulting molecular weight
exceeded the upper limit of the molecular weighige the last selected building
block was not placed in the matrix, and a new ogdblock was randomly
selected. The algorithm also ensured that afteingdgnew building block, it was
still possible to reach the target molecular weigimge in the next selection step,
since the smallest building block in the molecw@ight distributions had a mass
of 92 Da. Thus, if the resulting molecular weightlee molecule in construction
was still below the lower value of the molecularigi® range, the difference
between the upper value and this one should beegrérean 92 Da; otherwise, the
last selected building block was not added to tlagrisn and another building
block was randomly selected.

Based on this construction algorithm, once eacHdimg block was
selected and placed on the diagonal of the mataxchemical structure was no
longer relevant, only its molecular weight. In pldawith the construction of the
molecular matrix, the final molecular weight of bamolecule was stored in the
matrix MWAsph of dimensions 1x10000. Once the population of mdks had
been generated, the algorithm calculated the mélequency distribution
(MWDist), as well as their cumulative distributioM\{vVDistCum). Figure 4-14
shows the results for the case of the simulatiosesaof dendritic and linear

molecules with 15% of large building blocks. Thgalthm was able to create
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populations of molecules that reproduced the mealad mass distributions

obtained from the data published by Qian éf al.
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Figure 4-14.Example of molar frequency distribution, and thhespective
cumulative distribution, for the population of molges generated with 15% of
large building blocks. Results are compared tadtta obtained from the MW

distribution of asphaltenes published by Qian &% al
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The distributions of the number of building bloaksre independent of the
type of molecule, linear or dendritic, but variedthwthe percentage of large
building blocks chosen for the construction of thapulations of asphaltenes.
Figure 4-15 shows these distributions for the diésdmolecules generated with
5, 15, and 25% of large building blocks. The disitions for the linear case were
identical, since the connections do not affecttfasses of the building blocks.

Molecules with three or less building blocks aneliakar, and the data of
Figure 4-15 show that the percentage of moleculéls three or less building
blocks were 28, 31, and 37%, respectively. Sinylan terms of mass, 16, 20,
and 25% of the total mass of the populations géeeraith 5, 15, and 25% of
large building blocks, respectively, was constidutey molecules with three or
less building blocks. Consequently, a significardacfion of the population
contains so few building blocks that the architeetof their connections must be

linear case.
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Figure 4-15.Molar and mass frequency distributions of the nends building
blocks for the dendritic molecules generated with® and 25% of large building

blocks
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As expected, the distributions became broader asfrction of large
building blocks was decreased. Thus, the populatith 5% of large building
blocks had fewer molecules with 1 to 5 buildingdiie than the population with
25% of these cores, but the amount of moleculels &ior more building blocks
were more abundant in the population of 5% of ldngiéding blocks compared to
the others. This result is consistent with the thet the molecules with higher
amounts of large building blocks would require fewmuiilding blocks per
molecule to match the given molecular weight disttion of the asphaltenes.

Due to the random nature of the Monte Carlo sinutatthe populations
constructed with the same architecture and aburdaini@rge building blocks can
exhibit some differences. For example, Figure 4Hiii6trates the repeatability of
the distributions of the number of building blocksr three populations of

dendritic molecules generated with 15% of largddig blocks.
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populations of dendritic molecules generated wifiolof large building blocks
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The three molar distributions were evaluated witle tKolmogorov-
Smirnov goodness-of-fit test, and demonstrated dcsimilar at a 99.99% and
higher confidence levels. Likewise, these thre¢ribistions were compared with
the molar distributions corresponding to 5 and 28Pdarge building blocks,
shown in Figure 4-15, and the null hypothesis ofilsirity got rejected even at a
confidence level of 1% in all the cases. Thesessitzd! results confirmed that the
intrinsic differences derived from the Monte Careethod are significantly
smaller than the variations due to the change efdbntent of large building
blocks in the generation of the asphaltene popariati

The mass percentage of large building blocks inrésalting populations
was calculated with a separate algorithm, calledsd@ares (see Appendix 4).
This short routine identified the building blocksthtvMW larger than 481 Da in
the population of asphaltenes and estimated thesisrfraction in the total mass of
asphaltenes. This molecular weight correspondediioiling point of 538°C, and
was calculated with the correlation given by Sind dbaubert® The results
indicated that 6, 17, and 26% of the total masthefasphaltenes generated with
5, 15, and 25% of large building blocks, respetyiveras constituted by clusters

with molecular weights higher than 481 Da.

4.2.3 Monte Carlo simulation of the cracking of the maoles generated

The cracking reaction of asphaltenes was also atedilby the Monte
Carlo method. The same cracking algorithm couldied independently of the

molecular topology of the asphaltene populatio, ignllustrated in Figure 4-17.
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v
Identification of building blocks direct and indirectly connected to the building
block chosen for the breakage, and transfer to new molecule with their linkages

Rearrangement of building blocks and their linkages in matrixes of original and
new molecules
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matrix MWAsph

Determination of new molar and mass distributions of MW (MWDistCr,
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v
Determination of distillates fraction, YieldDist ‘
]

Figure 4-17.Flowchart that describes the algorithm

for thekiag of a

population of asphaltene moleculésph)
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At each step, a molecule was randomly selectedbfeakage, and the
point of bond cleavage was also selected randomflg. cracking reactions went
on, following the same procedure, until the popatatreached 66.2 wt% of
distillates, as experimentally found in Chapter 2.

Since only molecules with more than one buildingcklcould be cracked,
the algorithm verified the number of building blsdk the selected molecule, and
only went through the cracking procedure if the bemof building blocks was
greater than one. The simulation time was redut#teirandom selection of the
molecule to be cracked was restricted to only mdésc with more than one
building block, therefore, matriAsph was reorganized by number of building
blocks in the molecules, then limiting the randoatestion to those molecules
with two or more building blocks. This reorganipatiof the three dimensional
matrix was made after every 100 cracking steps, vaasl accompanied by the
parallel rearrangement of the matiMWAsph, which stored the molecular
weight information of the respective asphalteneatalles described bAsph.

Once the molecule to be cracked was randomly sgleand its number of
building blocks had been determined (verifying ttiegre were more than one),
the algorithm selected randomly one of its buildibdpcks. During the
construction of the molecules, each new buildingcblhad been allowed to be
connected to only one of the previous building k#otocated upstream on the
main diagonal. Thus, each building block had omlg tinkage located on its own
column, identified by “1”; although more “ones” ddbe located on its own row

to identify additional linkages with building blogldownstream on the diagonal.
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This configuration of the matrix allowed the seiectof the bond to be cleaved
by identifying the position of the linkage on therocolumn of the building block
selected randomly.

The probabilistic selection of the building bloclaswestricted to the range
between the second and the last building block, @l last one had been
previously determined with the number of blockstie molecule. The first
building block was not included in the selectiomcg its connections were
situated on its own row, and were associated taéwve building blocks that had
been added to the molecule.

This building block randomly selected for the bragd, and all the other
building blocks that were directly or indirectlyrmeected to it, together with the
ones that described their connections, were tranesfeto a new matrix and
deleted from the original one. Thus, the new mdkaeuas created by adding a
15x15 matrix of zeros to the population of molesutescribed by the three
dimensional matrixAsph. All the building blocks, and their connections,
transferred to the new matrix, were situated in Haene position that they
occupied in the original matrix. Then, a separatgine was called to rearrange
the original and the new matrices, in order totfik empty positions on the main
diagonal, left behind by the building blocks traerséd to the new molecule, and
also to ensure that the building blocks in this meatrix were situated one after
another starting in the position (1,1).

Taking as example the dendritic molecule presemdegure 4-13, if the

third building block (MW = 146) was selected foretbreakage, the link to be
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cleaved is identified by finding the position of’“tn the third column, in this
case “1” is in the first row. Thus, the matrix steothat the breakage should take
place between the third and the first building kldbis last one with a molecular
weight of 226. The other building blocks connedithe third building block can
be found on its own row, so it is observed thatdhly connection, represented be
“1”, is on the fifth column; thus, only the fifthuidding block is directly connected
to it. Similarly, it was found that the seventh atehth building blocks are
connected to the fifth one, and these two do notehanore linkages.
Consequently, the third, fifth, seventh and tenthilding blocks should be
transferred to the new matrix. Figure 4-18 and Fégl+19 illustrate the molecules
obtained after the cleavage, and the matrix reptaiens of the original and new
molecules, before and after the rearrangementeabtiiding blocks.

The strategy to identify the building blocks ditgctand indirectly
connected to the building block randomly chosentha breakage consisted of
tracking back the connections for all the buildbigcks, starting with the last one
in the matrix. While the identified connection waish a building block located in
a position of the matrix below the breakage, thgo@thm would continue
tracking back the connections. If the building lldecas connected to the building
block of the cleavage, it would be transferredne hew molecule, together with
the “1” located on its own column which indicatés unique connection to the
previous building blocks. On the contrary, if thglting block was not connected
to the building block of the breakage, the algonthvould find that it was

connected to some building block located above dhat and then, it would start
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checking the previous building block on the diadof@lowing the same

procedure, and so on, up to reaching the positiaimé matrix corresponding to

the building block chosen for the breakage.
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Figure 4-18.Molecule resulting from the cracking of the detidnmolecule

presented as example in Figure 4-13, and its megpgsesentations, before and

after the rearrangement
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Figure 4-19.Molecule resulting from the cracking of the detidnmolecule

presented as example in Figure 4-13, and its magpresentations, before and

after the rearrangement
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After every cracking step, the molar and mass ibisions were
recalculated, and were identified as the matrice8/VDistCr and
MWDistMassCr, with their respective cumulative distributioVDistCumCr
and MWDistCumMassCr. The mass fraction of distillates was obtained by
interpolation from the cumulative mass distributiteking into account that any
molecule with a molecular weight below 481 Da cobé&distillable. When the
target 66.2 wt% vyield of distillates was reachdwg tlgorithm converted the
cumulative mass distribution of the resulting malac population into a
distillation curve (matrixTbDistCumMassProd), by replacing each molecular
weight in the distribution with its correspondingilng point. The conversion
between boiling point and molecular weight had bee®ed previously to
transform the available SimDist data into the pholitg density function for the
large building blocks, and was obtained from theradation published by Sim
and Daubert® This curve, previously presented in Figure 4-9s wimearly
extrapolated to obtain an estimation of the boilpggnt for the high molecular
weight material.

Figure 4-20 presents the resulting distillationvesr for the simulation
cases with 5% of large building blocks comparedhis experimental data. The
SimDist curve and its extrapolation, were normalize take into account that
37.2 wt% of the initial mass of asphaltenes, ommadized basis without gases,
had been converted to distillable material ligthtean tetralin, and had been lost
during the removal of this solvent, and also that\8t% was converted to coke.

Thus, the actual material analyzed by SimDist actsm for 54.7 wt% of the
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initial mass of asphaltenes, and its boiling paiatve is in the mid-range, with
lighter material below and non-analyzed asphalteaed coke above. The
distillation curve for the starting population cdpdaltenes, which was the same

for all the simulation cases, is also shown in figigsre for comparison.
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Figure 4-20.Distillation curve of the starting population cfdnaltenes, and the

resulting boiling point distributions after the cking reactions for the simulation

cases with 5% of large building blocks, compareththe boiling point curve for
the mid-range liquids of the liquid products frome tcracking under

hydrogenation conditions of Cold LakeC; asphaltenes
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The results obtained with the populations of ddidriasphaltene
molecules generated with 5, 15 and 25% of largklimgj blocks are compared in
Figure 4-21. The curve for the dendritic populatieith 5% of large building
blocks had been shown previously in Figure 4-20t san be used as reference to
compare the results from the other simulation cag#sthe boiling point curve
for the mid-range liquids. The molecules with 5%larfge building blocks gave
similar results to the curve derived from the ekpental data; but as the content
of these cores increases, the resulting curvesrdiffore from the data for the
mid-range liquids. We can also observe that thevesurare less smooth with

increasing amount of large building blocks, esgbcat high boiling points.
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Figure 4-21.Boiling point distributions after the cracking otians of dendritic

populations of asphaltenes generated with 5, 1 2&#6 of large building blocks
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Figure 4-22.Boiling point distributions after the cracking otians of
populations of asphaltenes generated with 15%rgélauilding blocks, with

linear and dendritic molecular architectures

Figure 4-20 and Figure 4-22 show that the results eelatively
independent of the topology of the molecules, siooly small differences are
visible between the linear and dendritic molecwdechitectures. However, the
linear molecules fit slightly better to the disdik portion of the boiling point
curve for the mid-range liquids (254-538°C), whitee dendritic molecules give
closer results to the high boiling point sectior538°C). The crossover of the
curves takes place at the imposed yield of digt#lg0.662 at 538°C), and this

point also coincides with an important change i@ tirvature of the resulting
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boiling point curves, which is especially signiintaas the fraction of large
building blocks increases.

In order to understand better the previous resuitsget more information
from the simulations, another parameter that waantjfied from the cracking
algorithm was the number of breakages, as illusdrat Figure 4-23. The results
from simulations performed with 10, 20 and 30% arfgk building blocks have
been also included in this graph, as well as thauli® from the repeated
simulations with 15% of large building blocks anehdritic topology which can
allow us to see the repeatability of the Monte @arlethod. The number of
breakages can indicate which molecules can moiky g&sd lighter compounds,
and helps to elucidate some differences based @wvadhation in topology and
percentage of large building blocks in the consiomcof the molecules. Thus,
asphaltene molecules with linear architecture dhJwwer percentages of large
building blocks can yield the same amount of datls with fewer breakages
than asphaltenes with dendritic topology or withh@r amounts of large building
blocks, respectively. This difference in the numbkcracking steps to achieve a

given yield corresponds to higher reaction rates.
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Figure 4-23.Number of breakages that the different populatumfris0,000

asphaltene molecules underwent to yield 66.2 wt#isifllates

Likewise, Figure 4-24 shows that when the percentaiglarge building
blocks increases, the molecules need to underge oracking reactions in order
to release building blocks of low molecular weitfan can compensate the larger
amount of these cores. In the simulation cases ®jtli5, and 25% of large
building blocks, and dendritic topology, the numb&molecules in the molecular
weight range between 100 to 280 Da, and 512 to Ba5is higher for the
molecules with higher amount of large building k®cHowever, in the other

molecular weight ranges, 310 to 475 Da, and ab®@&[a, almost consistently
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there are more molecules for the population wilbwmeer fraction of large building

blocks.
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Figure 4-24.Molecular weight frequency distribution after tieaction for the
populations generated with dendritic topology anti®and 25% of large

building blocks

It is also remarkable that the number of molecdesms to fluctuate,
becoming more significant with the increasing antoainlarge building blocks.
This result indicates that as the molecules witmemarge building blocks had to
undergo more breakages, they were also more exéstonverted to their
individual building blocks. Thus, if these individubuilding blocks consisted

mainly of these large cores, they would not be ablandergo more breakages,
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which then increased the amount of molecules insftecific molecular weight
ranges of the large building blocks, which is diaobserved in these
fluctuations. This means that in some ranges oemwéar weight, the molecules
were almost extinguished in order to yield the gt amount of distillates.
These observations from Figure 4-24 can then exple observed less smooth
curves and the more significant change in theivaiure at the crossover point as
the amount of large building blocks increases.

These observations are also evident in Figure 4a2b¢ch presents the
molar and mass frequency distributions of the nunabéduilding blocks for the
populations of dendritic molecules with 5, 15, &%%o0 of large building blocks
after the reaction. When the amount of large bogdblocks increases, the
number of molecules with one building block andnitass fraction also increase
significantly. After the reaction, the resultingphaltene population with 25% of
large building blocks had 83 wt% of the total maeasisting of molecules with
only one building block, while in the populationtivi5% of large cores the one-
building block molecules accounted for 60 wt%.

When the molecules had been generated, the motamass frequency
distributions of the number of building blocks wenelependent of the type of
topology. However, after the reaction, the diffeesn between the linear and
dendritic type of molecules became more significastillustrated in Figure 4-26
for the single case of the populations with 15%apfie building blocks. These
distributions rejected the Kolmogorov-Smirnov testen at a 1% confidence

level. This variation is clearly higher than thdfeliences associated to the
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stochastic nature of the simulation, which had berewiously evaluated with the
same method for the molar distributions of the nembf fragments for three

populations of dendritic molecules generated wifolof large building blocks.
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Figure 4-25.Molar and mass frequency distributions of the nendf building
blocks for the dendritic molecules with 5, 15, &%4% of large building blocks

after the reactions that yielded 66.2 wt% of dst@s
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Figure 4-26 also shows that the dendritic poputatd asphaltenes ended
up with more molecules of one building block aftee reaction, which was
expected based on the results presented in Figl& which was consistent with
the observation that that dendritic asphaltenesmweht more breakages than
linear ones, for a given yield of distillates. T$ienulation cases with 5 and 25%
of large building blocks showed similar resultdhatigh with higher amount of
large building blocks the differences came to beensgnificant.

Other results that were calculated in the crackmugine were the yields of
the fractions < 343°C and > 650°C, and these agsepted in Figure 4-27 and
Figure 4-28, respectively. The results show oncaimraghat the populations
generated with fewer large building blocks give attdr fitting with the
experimental values from the cracking of Cold Lak&; asphaltenes. Regarding
the topology, linear molecules gave better reslatsthe yield of the < 343°C
fraction, but for the > 650°C fraction no signifitadifferences are observed
between the two different molecular topologies,eptcat low content of large
building blocks. As pointed out in the observatiomem Figure 4-24, the
populations with higher amount of large buildingpdks had to undergo more
breakages in order to reach the same amount afladed, resulting in fewer
molecules with high molecular weight, and high ingjl point as well, and
releasing more light building blocks in order tarquensate the higher amount of
these large cores. This result is observed agdimese two last figures, where the

yields of the < 343°C and > 650°C fractions inceeaad decrease, respectively,
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when the amount of large building blocks becomeghér in the asphaltene
populations.

The experimental values reported in Figure 4-27 Biglire 4-28 were
obtained from the normalized mass balance, in dalerake them comparable to
the results from the simulations. The < 343°C faactncluded the low boiling
point material lost during the evaporation of titraand the value for > 650°C
fraction accounted for the high boiling point makm@nd the coke. Thus, the
values for the < 343°C and > 650°C fractions edthadrom the normalized

experimental data were 44.4 and 25.2%, respectively
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Figure 4-27.Experimental and simulated yields of < 343°C f@ttreported as

weight fraction of the mass of asphaltenes
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Figure 4-28.Experimental and simulated yields of > 650°C f@ctreported as

weight fraction of the mass of asphaltenes

4.3 Discussion

This simulation approach was highly simplified bgsaming that the
strength of all the linkages between the buildimgcks was the same, and the
probability of breakage was independent of the cbainstructure of the building
blocks. Another important simplification was to aye the mass and type of
bridges that would constitute the linkages. We daXpect some differences in
the probability of breakage depending on the lengththe bridges and the

presence of heteroatoms, such as S afidFor example, linear carbon bridges of

136



three or more CHgroups would be less reactive than bridges with ©H,
groups.

Similarly, the condensation and cyclization reatsighat would lead to
building larger molecules have not been includedthe simulation. If the
simulation had allowed intermolecular addition teats to take place, we could
expect that the molecules would tend to requireemaacking steps to yield a
given amount of distillates.

Furthermore, this simulation only explored two pbkes molecular
topologies: linear and dendritic. In the constrmctalgorithm the building blocks
were not allowed to form macrocycles. The presearidais type of configuration
would make it more difficult to yield lighter compnds, because more breakages
would be required to release the small buildingkéofrom the larger framework.

The differences observed in the distributions aftacking between linear
and dendritic molecules were larger than the inftevariability of the Monte
Carlo method. These two different molecular confagions showed that more
breakages are required in the case of moleculdsdeibdritic topology, in order
to yield a given amount of distillates. This ditece could be translated as slower
rates of cracking for the dendritic molecules.

When the results were compared to the normalizeeréaxental data for
the mid-range liquids, more important differencesevobserved when tuning the
amount of large building blocks. The results sutgpegshat asphaltenes with
lower amount of large building blocks could givdtbefitting of the data, and as

the amount of large building blocks increased, rttedecules had to pass through
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more breakages to release enough building blockis lew boiling point that

could compensate for the higher amount of largeexofFurthermore, as the
number of breakages increased, the large coresdamglenainly as individual

building blocks, resulting in less smooth curvesttdiffered more from the
reference data.

These results could suggest that the actual confdatge building blocks
in Cold Laken-C; asphaltenes could be significantly lower than 3ie3 wt%
estimated experimentally as the maximum contentdithahally, if we had
included the addition and cyclization reactions,asald expect again that a lower
fraction of large building blocks in the moleculesuld favor a better fitting with
the target results derived from the experimentata.dddowever, definite
conclusions regarding the actual content of largéding blocks in asphaltenes
cannot be made based on the results of this siionlat

It is important to point out that some source abein this work can be
attributed to the lack of molecular information the vacuum residue fraction,
which hampers the generation of the probabilitytriigtion of its molecular
weight. This distribution progresses to broademgesnof molecular structure as
molecular weight, and complexity, become higherdascribed by McKenna et
al*? In our approach, the discrete probability denditpiction was obtained
directly from the generation of pseudo-componebh&sed on the experimental
data obtained by SimDist analysis. However, theettatty in the estimation of

this distribution is high because part of the risswlere derived from extrapolated
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data, and the molecular weight of each pseudo-cosmngowas estimated using
density values already calculated assuming a kerisitly for the sample.

The extrapolation of the distillation curve, ob&ihby SimDist, used an
end-point of approximately 1000°C, as suggestechéavy or asphaltic oif§. A
higher end-point value would have led to a longdrit the curve, but would not
have a major impact on the overall distributiontbé& bulk of the material.
However, the high boiling point section of the aiig more questionable for the
distributions of the simulated cracking productsawese it accounts for a mixture
of vacuum residue and coke, and therefore, no kbtibng point data can be
available in this range.

In this work the production of light ends was nutluded, partly because
the yield of gases from the cracking of Cold Lak€; asphaltenes was quite low,
and also because the light ends represent cragkithgn the building blocks as
defined for this study. A different approach woblel required if the objective of
the simulation is to provide a complete specifmatfor all the portions of the
molecules, such as side chains and cycloalkyl rirsg®ilar to the work of
Sheremata et & Jaffe et al?? and Klein and coworkers.

This work has not attempted to provide any kinetianechanistic study
for the cracking of asphaltenes, and thereforeyiges a merely stoichiometric
calculation of the products distribution after thygstematic random cracking of

the asphaltene molecules constructed from the megslistributions of building

blocks.
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Extensions of this work could include the additiohother probability

density functions to take into account the strerggttl length of the bridges. The

bridges could also be allowed to include sulphideds, estimating the amount of

sulphur in the bridges from the combined infornatirovided by elemental

analysis, XPS for sulphur speciation, and highltggm GC-MS analysis that can

estimate the abundance of sulphide species, agilsbscin Chapter 2. A

probability density function able to describe temdency of the molecules to

undergo condensation reactions could also be iapbrto get a better

approximation to the experimental results.

4.4 Conclusions

2.

The Monte Carlo approach used in this study for ¢bastruction and
cracking of asphaltene molecules allowed to reprtediuccessfully a given
molecular weight distribution for the asphaltened t evaluate differences
in the distribution of products associated with ti@ecular topology.
Available analytical experimental data from the ckiag under
hydrogenation conditions of Cold Lake-C; asphaltenes could be
transformed into probability density functions (FI)Fwhich described the
molecular weight distributions of the building bkscthat were used as input
data for the stochastic construction of asphalieakecules.

The Monte Carlo simulation of the asphaltenes e¢rackonsisted mainly of
stoichiometric calculations to obtain the mass @nadar distributions of the

molecules after random breakages of their linke fEsults showed that the
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4.5

distributions obtained with linear and dendritic letmles were not

significantly different, but suggested that dendnholecules would exhibit

slower reaction rates, as more cracking steps vegngired to reach a target
yield of distillable material.

The resulting distributions of molecules were atlsmmpared with the

boiling point curve of the mid-range liquids, dexd/from SimDist analysis

of the liquid products from the cracking of Coldkea-C; asphaltenes. The
amount of large building blocks was used in theuation as a tuning

parameter, and better fitting was obtained when th@ecules were

constructed with lower amount of large buildingdis.
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5 Model for the prediction of the viscosity of the

products from visbreaking of heavy oils

5.1 Introduction

The potential role of visbreaking for viscosity vetion of heavy oils for
transportation has become more important as théetitap of light crudes has
made the world turn their attention to heavy andomwentional oil resourcés.
Furthermore, visbreaking has been considered atteaor its relatively low
energy consumption, simplicity, and low-cost tedbgyg that make projects more
economically feasiblé.Visbreaking can be operated at mild thermal cragki
conditions, when the primary objective is the rdourc of viscosity, but for
increasing conversion the operation can take pddagher severities, although
the fouling rates and the stability of the prodoetome a limiting factot.

Viscosity is the most important property for traogption of crude oils. In
the case of heavy oils, the viscosity can be als a1 cP (1 cP = 18 Pa.s) at
reservoir condition$.Pipeline specifications restrict the viscosityatanaximum
value, and also define certain allowable rangesdiiher properties, such as
density, vapor pressure, bottom solids and wateigng others. For instance,
Enbridge specifies a maximum viscosity of 350 cBtcSt = 1F m%s) at the
reference temperature, which is set based on thelipé temperature, and can
vary depending on the time of the yéatherefore, bitumen and heavy oils cannot
be directly transported in pipelines, unless tléscosities are adjusted to meet

the requirements. The conventional methods for sprarting such viscous
148



materials have been the addition of diluents, sagmatural gas condensate or
naphtha, or by heating and insulating the pipelfn@sother alternative was the
preparation of hydrocarbon-in-water emulsions, swach ORIMULSIONM’
which are stable and suitable for transportation.

The reduction of viscosity of two different heawjsahrough visbreaking
has been explored in the present study. In ordgurédict the viscosity of the
resulting liquid products, with limited availableperimental data, a simple but
consistent model is required to link composition vigcosity. Similarly, the
change in distillate components due to crackingireg a kinetic model.

Dente et af: ® proposed a mathematical model for the visbreagingess
and prediction of product yields and propertieghsas viscosity, specific gravity,
sulphur and asphaltene content, together with ghienation of some processing
variables such as fouling and products stabilitye Kinetic mechanism was based
on more than one hundred equivalent global reagtiamcluding the radical
elementary chain steps: initiation, propagation aecmination of about 150
statistically grouped components, such as: pasfinomatics, olefins, diolefins,
among others, with different methylation degreembar of rings, and other
molecular characteristics. The viscosity for theducts was calculated with a
semi-empirical correlation that was modified tolude the effect of asphaltene
content and average number of carbon atoms. Boztaald® added the effect of
naphthenic components that had not been consigeestibusly in the model by

Dente et af: ° Likewise, yields, compositions and physical proiesrcould be
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predicted by the model, as well as the fouling eatd stability of the visbroken
products.

The models proposed by Dente etal.and Bozzano et af. were
validated with industrial data and provided a gqwediction of the process
variables. However, their approach was based orddiseription of the feed as
groups of specified chemical classes, and on theptemh of kinetics and
correlations that are valid for the prediction abperties for small molecules.
Therefore, these models are difficult to adapth®gtudy of visbreaking of heavy
oils due the high complexity of their molecular quosition.

Some kinetic models have also been proposed fothdrenal cracking of
visbreaking feeds. The inherent complexity for ttevelopment of mechanistic
models for each single molecule in the feed has bgproached by grouping the
components based on their physicochemical progersiech as boiling points,
solubility, or number of carbon atoms. These lumpaédetic models were
summarized and categorized by Kataria et'dhto two groups: a) parallel
reaction models and b) parallel-consecutive modédis. models in the first group
did not consider competing reactions and, in génénarmal cracking follows
first order kinetics with activation energies irettange of 14 to 79 kcal/mol. The
second group of models were proposed for higheerggy where coking may
take place, and cracking and condensation reactimmpete with each other.

For example, Di Carlo and Jahisroposed a kinetic model to predict the
yield of distillates (<370°C) from the cracking aimospheric residue. First order

kinetics provided a good fitting for the pilot ptagxperimental data with three
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different feedstocks. This approach could estimdéte effect on viscosity
reduction associated to the production of distidamaterial. Nonetheless, in the
study of heavy oils, such simplified models cardléa shortfalls to encompass
the complexity of these feeds.

Other kinetic lumped models have been proposedhermal cracking
with the same scheme: feedstock and products, asiche models proposed by
Shu et af? and SingH? The latter paper pointed out that at low conversjo
temperature and residence time are interchangeaiables in the first-order
reaction model. Thus, the severity of the procdséined by these two process
variables, could be achieved in a range of conaktio

Castellanos et df. considered discrete pseudo-components based @n tru
boiling point, APl and molecular weight. These pseudo-components were
categorized according to th@umber of carbon atoms, and each carbon atom was
assumed to have two degrees of saturation: S @welegree of saturation) and O
(unsaturation). It was assumed that the unsaturatgelcules (O) did not undergo
cracking, polymerization or condensation reactitmgyield lighter diolefins or
heavier hydrocarbons. Thus, 51 saturated compoy(8§iswere necessary to
represent the feed and the products, and therataber of reactions was 1225.
The parameters in the Arrhenius equation were ddfin terms of the molecular
weight of each S compound. The model was validat#id industrial data under
different operating conditions and feedstocks. énagal, the calculated yields of
gas, gasoline and gas oil were in good agreemehtthve experimental values.

However, this reaction scheme, developed aroundrélaetions of saturated
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compounds, would be inappropriate for the studgratking reactions of heavy
oils, which comprise a huge variety of moleculauatiures and are known for
their high aromatic content.

Other kinetic models have proposed lumped schemassdbon boiling
point fractions. For instance, Xiao et'aldefined the pseudo-components based
on their boiling points: Gas, 210°C, 240°C, 2703D0°C, and 510°C. It was
assumed that the cracked products did not undexgbef reactions, and the
conversion was defined as the total disappearahcestdue to yield <510°C
components.

A five lump model with consecutive-parallel reacsowas proposed by
Kataria et af'’. Six different feeds were cracked in batch reagtand the kinetic
parameters were calculated for each one of them.aFgiven feed (vacuum
residue, 500°C +), the gas composition seemed odependent of severity, with
methane as the major component. Vacuum Gas Oil (M850-500°C) was found
to undergo further cracking reactions at higheresgy while Gas (&Cs),
Gasoline (IBP-150°C) and Light Gas Oil (LGO, 15®35) fractions seemed to
be more stable products.

A similar model was proposed by Singh et®alThey evaluated four
different feedstocks (F, vacuum residues 500°+#)atch reactors. The selected
lumps were defined based on the most value-addedupts, with the same
boiling cuts defined by Kataria et ‘d. Gas (G), Gasoline (GLN), Light Gas Oil

(LGO) and Vacuum Gas Oil (VGO). Different lumpinghemes were evaluated,
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in order to find the best it of the experimentaladavith all the lumps following
first-order kinetics.

These different lumped kinetic models, based otifgppoint fractions,
were shown to be suitable and convenient for thdysof thermal cracking of
heavy feeds. Besides, the boiling cuts can be yeas#éasured and provide
meaningful results. However, the application ofstheinetic models can be
limited to a narrow range of feelfsand could require validation with own
experimental data, because the reported kinetianpeters and the lumped
schemes are results of regression analysis ofvtigahble experimental results.

Consequently, for the kinetic study of the crackifga given feed, a
lumping scheme could be proposed and evaluatedimparing the fitting with
the experimental data. In this study, the appro@achthe development of the
model consisted of the lumping of the feed intdibgipoint pseudo-components,
whose concentrations after the reaction could benated with a lumped kinetic
model. The pseudo-components were defined basethean boiling points as
Vacuum residue (> 524°C), Gas Oil (343-524°C), ibegdes (177-343°C), and
Naphtha (< 177°C). The properties of these psewtgponents were estimated,
tuned with experimental values, and assumed inviariafter the reaction. Thus,
the viscosity of the liquid products could be c#ded from the recombination of
the individual properties of the pseudo-componerntis mixing rules available in

literature.
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5.2 Methods and correlations available for calculation of

viscosity

Different methods and correlations have been deeeldor the prediction
of viscosity of pure hydrocarbons (MehrotfZ9, petroleum fractions (Twtt; %
Beg et al?®> and Mehrotr&?), bitumen and their mixtures (Svrcek et Zal.,
Mehrotra et al?® Eastick’” Mehrotra?®), and to evaluate the effect of temperature
and pressure on viscosity (MehrotPp,

Critical reviews about the calculation methodstfoe viscosity have been
presented by Monnery et ®land Mehrotra et &f. The methods were classified
as correlative or predictive, depending on whetmexdel parameters must be
determined experimentally or not. However, manydjmteve methods require
viscosity data to determine either adjustable taraction parameters. Most of the
predictive methods can be used with confidence anlynarrow ranges of
temperature and pressure, and with a limited nunobexompounds; therefore
extrapolation must be made with caution. For thai@dar case of petroleum
fractions, crude oils and bitumens, different pcéde and correlative methods,

which can be semi-theoretical or empirical, havenbesported.

5.2.1 Semi-theoretical methods

Corresponding states: This predictive method pregoby Ely and
Hanley? is based on the principle that a dimensionlespasty of one substance
is equal to that of another substance (referevaegn both are evaluated at the

same reduced conditions. The extended corresponstiaitgs method (ECS)
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includes additionally the acentric factor and caticompressibility. This method
can be applied from dilute gases to liquid phaaed, provides good predictions
when the structures of the fluids and the referefhgiel are not significantly
different®® However, methane has been widely used as refefenddecause of
the availability of reliable physicochemical andertimodynamic data. A heavy
hydrocarbon as reference fluid has been reportgd,ssme modifications in the
calculation of shape factots.Reference fluid viscosity and density correlations
are required along with critical properties, acerfactor and molar mass.

Modified Chapman-Enskog methBdThe hard spheres method proposed
by Enskog was modified to make the effective clfisdiameter a function of
temperature and density, and then, get a betteeseptation of “real” fluids®
Some input parameters are critical temperatureime| and either acentric factor,
reduced dipole moment or the empirical associdtator, depending on whether

the fluid is non-polar, polar or hydrogen-bondindpstances, respectively.

5.2.2 Empirical methods

Some of the available empirical correlations amarsarized in Table 5-1.
The Andrade or de Guzm#requation was modified by Vog& py introducing a
new parameter. Some efforts were made to genetakzparameters A, B and C,
for instance, Beg et &F. proposed the correlations presented in equatibg) (
and (5-4).

The ASTM® or Walther equatioti is a two-parameter viscosity equation

that was simplified by Mehrotfd to obtain the single-parameter correlation
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presented in equation (5-7). This last method veasenient not only for relating
the single parameter to a measurable propertyifigofloint), but also because it
was validated with viscosity data of different ceudil fractions and reported an

average deviation of 2.5%.

Table 5-1.Summary of empirical correlations for the estimatof viscosity

Author(s) Correlation

Andrade or de Guzmah In=A+B/T (5-1)

Vogef* Inm=A+B/(T+C) (5-2)
B=exp(5.471+0.00342* ) (5-3)

Beg et af® A=-0.0339 ’(API)°-188+0.241*<%> (5-4)

Where T, is the 50% boiling point (K)

ASTM>® or Walther equatioti | log(log(n+0.7)) =b;+b,*logT (5-5)
log(log(n+0.8)) =a-3.7*logT (5-6)
log(n+0.8) =10%T 37 (5-7)
Mehrotr&*
a=5.489 + 0.148 *@@°~ (5-8)

Where T, is the mean boiling temperature (K)

Another approach that has been presented is tlesig equations of
state, which is based on the similarity betweenRRé-T and PR-T surfaces.
Mehrotra et af* pointed out the high deviations when this mettodised with
crude oils. Twé" ?* proposed another method in order to overcomeithitetd

range of applicability of many methods when expental data are not available.
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The calculation method reported average absoluatiens (AAD) of 1.37% and
2.64% for the kinematic viscosities of hydrocarb@msl petroleum fractions at
100 and 210 °F, respectively. This approach wasdas a perturbation model,

wheren-paraffins were the reference fluid.

5.2.3 Viscosity mixing rules

The properties of liquid mixtures can be calculateth mixing rules. In
the case of viscosity, the resulting value of finsperty for a liquid mixture does
not correlate linearly with the individual viscaeg and concentrations of the
components. Therefore, different correlations hdeen published, and are
summarized in Table 5-2.

The model of Shu et &f. is only valid for the simple case of two
components in a mixture. ASPEN Pills® presented different correlations for
multi-component mixtures. These correlations preserin equations (5-11),
(5-13), and (5-14) include some binary parametdwst tallow an accurate
representation of the viscosity of complex liquikiures. By default, the values
for a;, b, G, dj kj and | are set as zero. In the same way, the ASTM Liquid
Mixture Viscosity® has been reported to be useful for mixture of ausc

hydrocarbon components.
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Table 5-2.Summary of liquid mixture viscosity equations

Author(s) Correlation
Inp =XInp, + (1-X)Inpg (5-9)
O(.WA
2 X= ——m—m— 5-10
Shu et af: WA (W) (5-10)
o = positive empirical constant having an uppertliofiunity
W, = mass fraction of component A
3
* /
|nn|:z Xilnni'l +Z (k,JX,XJII’mU) +z Xi z Xj (IU Innij)l 3“ (5'11)
ASPEN i i i [EE
Plus™ - 1
Aspen Liquid| | = i -inm| (5-12)
Mixture X : Mole f 2t' fracti f
: £ 38 i = Mole fraction or mass fraction of compone
VISCOSIB} k;j = Symmetric binary parameter; (k k;)
lj = Antisymmetric binary parametey; ¢ -I;)
With i and j being components
ASPEN
PIUSTM - I * | * | * |
Viscosity Inn =Z Xilrm; +Z Xi Z Xikij (I~ +nn, ™) (5-13)
guadratic i i j
mixing rule®
|nT]|:Z filnn:’l +Z Z (k” f|fJ+m”f|2f12) (5_14)
i i
Modified b-
1
Andra_de8 kj=a;+ ?’ (5-15)
equation 4
|
mij :Cij'|‘?J (5-16)
fi, fi = mole or mass fraction of component i or
l0g(10g(1000s, +)) = > wilog(1og(1000s,+f)) (5-17)
ASTM Liquid i
Mixture w; = mass fraction of
Viscosity*® Uy = absolute viscosity of the mixture (N.$jm
Wi = viscosity of component i (N.sfn
f = an adjustable parameter, typically in the raofy@.5 to 1.0
n
Iog(um+0.7)=Z[xi(Mi/I\7I)°-5]Iog(ui+0.7) (5-18)
i=1

Mehrotra et
al2®

X; is the mole fraction of cut
M; is the molar mass of cut i, and
M is the average mixture molar mass
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5.2.4 Summary of available correlations

As observed, different prediction and correlatiogtimods are available for
the estimation of the viscosity of petroleum frao8, crude oils and bitumens.
However, only a few of them could be actually cdesed as alternative methods
for the development of the present fluid model lgeaof the limited available
data, the complexity of heavy oils, and the neede@onsistent with the pseudo-
component approach of this study.

The correlations proposed by Andrade or de Guzthwith parameters A
and B defined by Beg et &° shown in equations (5-1),(5-3), and (5-4), and the
method of Mehrotra (1995F, given by equations (5-7) and (5-8), appear as
feasible methods to approach the viscosity estondidr the fractions of heavy
oils. These correlations require only density awodiy point data, which are
available from the characterization of the heauvg.dConsequently, the present
work has examined their accuracy with the curreatds.

For the same reasons, the mixing equations thabhiavadditional
properties, such as molar mass, do not represantigal options for the present
study. Therefore, the modified Andrade equaffbshown in equation (5-14), was
adapted by setting the interaction parameters a5 s&ce not enough data is
available for their estimation. Thus, equation &-became comparable to the

equations (5-11) and (5-13) when their binary paatens are set as zero as well.
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5.3 Experimental Methods

5.3.1 Visbreaking reactions

The samples of heavy oil evaluated in this studsrewdentified as HO# 6
and HO# 12. These samples were subjected to vishgeeeactions that provided
experimental data for kinetic modelling, and thareleterizations of the feed and
products from the reactions were used as input fdatéthe development of the
fluid model. These thermal cracking experimentsewearried out in 15-mL
stainless steel batch microreactors, made up ofimard in. tube connected to
Swagelok fittings, as described in Chapters 2 andTBese microreactors are
suitable to obtain enough sample for the materédérre and for the analyses
performed after the reaction. The isothermal caoowkt were provided by
plunging the microreactor into a fluidized sandhbateheated to the reaction
temperature. After the reaction residence time, riieroreactor was removed
from the sand bath and quenched in cold water.

The temperature profiles were obtained by instglarthermocouple inside
the microreactor and collecting the data from oneuite before introducing the
microreactor into the sand bath. These temperapuodiles are shown in
Appendix 1for three different temperature set pidB80, 450 and 480 °C. It was
observed that the temperature became stable inhasdive minutes and that the
actual temperature inside the microreactor wascqomately 16°C below the set

point
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Before the reaction, the microreactor was purged @ressurized with
nitrogen at 1.38 and 0.69 MPa, respectively. Cokd Bquid products were
recovered and quantified for material balances.eCaofks filtered out using 3.0
um membrane filter papers (Millipore) angethylene chloride as solvent. The filter
paper was dried in an oven at 80°C for 24 hourd,then weighed to quantify the
amount of coke. Liquid products were quantitativedgovered after the filtration
by removal of methylene chloride in a rotary evapor. Simulated distillation
(SimDist) analyses of both the heavy oil and thguii products gave a
guantitative estimation of the conversion of > 824faction.

Reactions were made in duplicate, one of them wsnded for mass
balance, where the products were quantitativeliectdd, but the light ends were
lost during the removal of methylene chloride btarg evaporation, and the other
reaction was made to collect the products withowt farther treatment, in order
to minimize the loss of light ends. The samplesnfrithe second reaction were
filtered with syringe filters to remove the cokeydawere used for viscosity

measurements and SimDist analysis.

5.3.2 Characterization of the feed and products

Heavy oil feed and liquid products were analyzed Symulated
Distillation (SimDist). A modified ASTM D6352 metkhowas set up in a Varian
450-GC Gas Chromatogram (Bruker Ltd., Milton, Oje temperature program
for the Agilent Capillary Column WCOT Ultimetal®, m) x ID (mm) x OD

(mm): 5 x 0.53 x 0.80, with film thickness of 0.Q8n, consisted of an initial
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temperature of 40 °C ramping up to 430 °C with ating rate of 10 °C/min, for a
total heating time of 44 minutes. The initial temgiare for the injector was 100
°C, followed by a heating ramp of 15 °C/min witliimal temperature of 430 °C.
The equipment was calibrated with a hydrocarbortuméxof paraffins from €to
Ci20 (ASTM D2887 Quantitative Calibration Solution, SEIRCO Analytical,
500658, G-C44, and Polywax 655, SUPELCO Analytical, 4-8477). ubé oil
from Analytical Controls Inc. (Reference Sample liHigemp SimDis, Box Part
No. 25650.100, Sample Part No. 56.40.202, Folidrunsents) was used as
reference material. The distillation curve for theéerence material was compared
on a daily basis to the boiling points given by titem in order to evaluate the
performance of the equipment.

Samples were prepared in £O8ith a dilution factor of 100, and 1 pl was
injected into the chromatogram. Blank subtractiaswnade automatically at the
end of the run by the software Galaxie ChromatdgyaPata System Version
1.9.302.530. The integration was made using théwvaoé SimDist — Varian
Galaxie Version 6.5.45, following the procedure fioe method type IP 507-07
Type B (Residue), and selecting the calibrationtamex High Temp ASTM DIN
and IP.

The viscosities of the heavy oils and the prodtrcis their reactions were
determined in a parallel plate Reologica Viscoaredyheometer with diameter
of 15 mm, using a gap of 1.0 mm, at three diffetembperatures: 15, 25, and

38°C. The density of the heavy oils was measuretjuspycnometer.
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5.4 Experimental Results

The thermal cracking reactions covered a rangeeafperatures and
residence times in order to get sufficient datevaluate the reactivity of the
heavy oils, and the impact of the severity of thaction on the final viscosity of
the liquid products. The experiments and results tfee thermal cracking
experiments made in the batch microreactors with#HDand HO# 12 are
summarized in Table 5-3.

Reactions at mild conditions were duplicated. Iresth cases the
conversion was calculated from SimDist data assgmayligible yields to coke
and gas. Filtration and rotary evaporation stepseew®t made for the products
from these reactions because coke yields wereigmifisant.

The reaction with HO# 6 at 400 °C and with resigetime of 60 minutes
was repeated twice and was also made using tolasnsolvent during the
filtration. A good repeatability was observed afighd differences were obtained
when using toluene. Liquid products were more gdditered out with toluene
than with methylene chloride.

For the reactions at 400 °C with HO# 12, two d#f&r conversions were
reported. The data in brackets were obtained witiD&t results obtained in off-
campus facilities. Very good reproducibility wassebved between the SimDist
data obtained at the University of Alberta (UofAhdaat the off-campus

laboratories, as shown in Figure 5-1.
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Table 5-3.Thermal cracking experiments and summary of result

vy | Temperaure| RSene| Cote | Laus | “gpiic” | Mass
oil (° Q) . fraction
(min) (%) (%) (%) (%)
150 60% - - -0.2 -
350 60% - - 10.7 -
15% - - 4.1 -
30% - - 7.8 -
40 0.8 98.6 15.6 99.7
50 0.6 98.2 17.1 98.8
HO# 6 400 50 0.9 98.0 19.2 98.9
60 0.2 98.4 22.2 98.6
60 0.5 98.5 22.0 99.0
60* 0.4 99.1 25.1 99.6
90 14 96.4 38.5 97.8
15 3.6 94.3 47.3 98.0
450 30 12.0 - 63.4 -
150 60% - - 0.6 -
350 60% - - 6.4 -
15% - - 4.7 -
30t 0.4 98.2 8.8 (9.4) 98.7
HO# 12 400 40t 0.7 98.5 16.6 (13.5 99.1
50t 0.6 98.5 16.4 (17.5 99.1
60t 0.4 98.3 15.2 (17.3 98.7
450 15 1.3 95.9 32.3 97.3
30 6.9 88.3 63.8 95.1

¥ Coke and gas yields were considered negligiblé eonversion was calculated

assuming liquid yields of 100%

* Filtration with toluene instead of methylene afidie

t Liquids were completely recovered but could notweéghed because part of them went

through the stem that connected the microreacttirevalve when gases were released

t Conversions in brackets were calculated with Sghdata obtained in off-campus

facilities
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Figure 5-1. SimDist results obtained at University of Albeatad at off-campus

facilities for samples of HO# 12 and the liquid guots from the reaction at

400°C and 60 minutes of residence time, after yotaaporation

Mass balances did not include the gases produagagdihe reaction, only
accounted for the coke and the liquid products. ddrithe reaction conditions
evaluated in the test grid, the gas yields werevo&%.

From our previous work, presented in Chapter 2 &nd was observed
that microreactor experiments exhibit typical esrof £1% in the yields. Another
source of error in the reported results can becés®a to the SimDist analysis.
According to the norm ASTM D6352, SimDist data teve a maximum error of

5% in most of the ranges of boiling points.
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5.5 Fluid Model Development

A general description of the model is shown in Feg®-2. The fluid
model was developed by discretization of the fedd pseudo-components. From
SimDist information and density of the feed, Riazinetho&® provided a good
fitting and extrapolation of the distillation datadividual values of density and
viscosity at different temperatures for each psetmtoponent were obtained
following an iterative procedure to match theseuegal in the feed, using the
boiling point of the heaviest fraction as a tunjpgrameter. From experimental
data, the yields of the products could be obtaingdumped kinetics. Thus, the
viscosity of the products could be calculated frtova individual viscosities of
each pseudo-component, by validated mixing rulssyuming that the properties
of these fractions were invariable during the reactTherefore, the impact of
cracking on viscosity could be evaluated as resulhe variation of composition,
which is function of the severity of the reactioReactions with higher
temperatures and longer residence times would peoduoore light fractions,
associated with higher conversion of the heavytifsas, resulting in an important

reduction of the final viscosity of the liquid pnacts.
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INPUT DATA

Feed Process
- Viscosity at different temperatures i
vy . peratures (LLF, i) - Temperature, T
- API or density, Pf - Residence time, 1
- Distillation curve (SimDis results)
FLUID MODEL
o ) Estimation of densities and Kinetic model:
- Fitting and extrapolation viscosities for each pseudo-
of Qistilla'ltiot.l da‘ta )| component: Naphtha
- Discretization into P Ti Vacuum residue—> Distillates
pseudo-components ’
M, Ti |—> Gas Oil
Mixing rules < Products Yields, Xf
OUTPUT DATA

Viscosities of liquid products at different temperatures, [ Tj

Figure 5-2. General description of the fluid model developethis study

5.5.1 Fitting and extrapolation of distillation data

In order to calculate the properties of the indinbfractions of the feed, it
was necessary to find an expression that couldridesthe boiling points of the
whole material. RiaZ! proposed the following equation for fitting and

extrapolation of distillation data:

1 1/B

)] (5-19)

« Tp-Tg [A
T = = [—| (
To B n

1%,

Where, x is the cumulative weight or volume fraction andsthe boiling
point of the respective fraction. The final boilipgint remains unknown because
the equation becomes undefined wher ®.

Two different approaches were considered in thiglystas suggested by

Riazi/*® the parameter B was set with a value of 1.5, dsd the simultaneous
167



optimization of parameters A and B was evaluatedniaimize the sum of
squared errors (SSR).
Furthermore, the sum of squared errors (SSR) wss @dlculated with

two different equations:

n
2
SSR:Z(Tbi, pred T bi, exp) (5-20)
i=1

An alternative equation was also used:

SSR:Z (Tbi, preo(xc,i)'Tbi, exp(xc,i))2 (5-21)
i=1

The procedure started with the selection of a vdtueT, in equation
(5-19). This boiling point temperature had to bdéolethe minimum datum.
Afterwards, parameter A, or A and B, was/were estad to minimize the error
(SSR) between the experimental data and the peebiclues. It was observed
that the best fitting of the distillation curve walstained when both parameters A
and B were optimized simultaneously using equat®f0) for the estimation of
the error.

When B= 1.5, the optimization of parameter A did pvide good fitting
of the distillation curve. In the case of HO# 2, 1B5 could provide a fair
adjustment of the experimental results, but it w&®ngly dependent on the
selected value for oI Thus, the fitting and extrapolation of the dlatibn curve
was made with SSR calculated with equation (5-20J aith simultaneous
optimization of parameters A and B. The resultingng curves for HO# 6 and

HO# 12 are presented in Figure 5-3 and Figurergspectively.
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Figure 5-3.Fit and extrapolation of distillation data for H8#Parameters A, B,

and T, took values of 743.96, 2.49, and 60°C, respegtjvelequation (5-19)
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Figure 5-4.Fit and extrapolation of distillation data for HQ&. Parameters A, B,

and Tp took values of 21.63, 2.06, and 160°C, respegtjvelequation (5-19)
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5.5.2 Specific gravity for each pseudo-component

For the construction of pseudo-components fromféeel, two different
approaches were considered. The first one consigtdue calculation of boiling
points to get approximately 20 fractions, each ohe& wt%. In the second
approach the crude was divided into the fractidwepphtha (<177°C), Distillates
(177-343°C), Gas Oil (343-524°C), and Vacuum resiitb24°C).

With the value for parameter A, estimated from Itleding curve fitting,
equation (5-22) could provide an estimation of #pecific gravity for the

different boiling fractions.

SC = SG SC@ ( >] (5-22)

Riazi"® suggested the value of 3.0 for parameter B. Is thise, S@is

unknown, but Sg, must be the experimental value of density of gedf The
estimated densities for the pseudo-components breustble to satisfy equation

(5-23) or equation (5-24).

n
- z SGAXe, (5-23)
i=1
Where x is the volume fraction. Or,
ZinzlAXci
SG= ————
Go” e (5-24)
=1'SG

Equation (5-24) is the alternative expression whxgrés the mass fraction.
Then, the value of S@wvas calculated by an iterative procedure to match

the density of the heavy oil feed. This was made doth sets of pseudo-
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components (20 components and 4 components). Howew8.0 did not provide
consistent values for the densities of the frastidio overcome this, the value of
B was estimated together with §@ order to meet the density of the feed, and
verifying that the densities of the respective tiats were in acceptable ranges
(naphtha: 680 — 820, distillates: 800 - 920, g&d<00 - 980, and vacuum residue:
> 940 kg/nj).*

The estimated specific gravities for one of thes sgtpseudo-components
of HO# 6 and HO# 12 are presented in Table 5-4.petameters B and S®ok

values of 7.7 and 0.338, respectively, for HO#r] 42.9 and 0.488, for HO# 12.

Table 5-4.Specific gravity for pseudo-components of HO# @ a®O# 12

obtained from simultaneous solution of equation24pand (5-24)

HO# 6 HO# 12
Pseudo-
components Mass Specific Mass Specific

fraction gravity fraction gravity

<177°C 0.02 0.700 0.00 0.784
177 - 343 °C 0.13 0.820 0.12 0.920
343 -524°C 0.27 0.903 0.28 0.970
> 524 °C 0.57 1.083 0.59 1.059
Specific_gravity 0.978 1014
heavy oil

The specific gravities at different temperaturaseflach pseudo-component

were estimated by API Procedure 6A%3 ith equation (5-25).

Denl = A[SCG - (B x SG - C + D x MeABP)(T - E)/MeABPf (5-25)
Where:
Denl= Liquid density (Ih/ft®)
T= Temperature, in degrees Rankine
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MeABP = Mean average boiling point, in degreeskran

SG= Specific gravity
A= 62.3636

B= 1.2655

C= 0.5098

D= 8.011 x 10

E= 519.67

The reliability of this method has been reportedhwestimated errors

about 0.3 percent at 1 atmosph&re.

5.5.3 Estimation of viscosity for pseudo-components

In spite of the multiple correlations available literature, most of them
only provide good estimations in narrow ranges onditions. Moreover, for
petroleum fractions, and more particularly for heails, many of the parameters
required in many of the existing methods are umeefidue to their complex
compositior®® In this study, two empirical correlations were lexaed, taking
into account that the only available data consigibthe distillation curve and
density of the heavy oils and their pseudo-comptmen

The viscosity correlation of Andrade or de Guzriawjth parameters A
and B given by Beg et &° presented in equations (5-1),(5-3), and (5-4), ores
method evaluated in this study. The method of Mear@995Y* described by
equations (5-7) and (5-8), was also used to ewaltleg viscosity of the pseudo-

components of HO# 6 and HO# 12. It was found thatmethod of Andrade or de
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Guzman* became undefined and could not provide any estm&or heavy
fractions with low API. Therefore, the method of Metra was used for the
calculation of the viscosities. The selection a$ ttorrelation was also based on
the convenience for the calculations for the psex@oponents, since it only
depends on the boiling point.

For the estimation of the viscosities of the feedlifferent temperatures
from the individual viscosity values for each psswdmponent, a simplified
version of the modified Andrade Liquid mixture caation, presented previously

in equation (5-14), was used:

Inn'= Z filrm,”! (5-26)
i

Where f is mass fraction and the binary parameters wesenasd to be
zero.

The mean boiling point for the heavy fraction waknown because the
final boiling point had remained undefined from tltrapolation of the
distillation curve with Riazi's methotf. Consequently, the mean boiling point of
the heaviest fraction of the crude oil could bedugg a tuning parameter to fit the
viscosities of the feed. Thus, the approach for fitiemg of the viscosity data
consisted of the estimation of the boiling point the heavy fraction that
minimized the SSR between the experimental andptbédicted values for the
viscosities of the heavy oils at three differennperatures: 15, 25, and 38°C.
These calculations were made only for the pseudepoments based on the
boiling fractions, not for the 5% mass pseudo-congnds. In this latter case it

was necessary to set up a cut point and consideeritire heavy fraction as one
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pseudo-component, otherwise the individual visesitfor the pseudo-
components with high boiling points exhibited véigh values, which could not
be compensated by the viscosities of the lighttivas to fit the experimental
data. Therefore, the calculations were made oniyttfe boiling point fractions,
consisting of: naphtha, distillates, gas oil andwan residue, which was also
more meaningful for the development of the kinetmdel.

In order to account for the highly non-linear degemce of viscosity on

temperature, SSR was estimated with the next tifesgent expressions:

n
2
SSR:Z (“F,Ti pred MFTi exp) (5-27)
i=1
n 2
SSR:Z (InuF,Ti pred_ln l“lF,Ti exp) (5‘28)
i=1
2
SSRZEn: (lnMF,Ti pred_Irl HETi exp ) (5-29)
=1 In HF,Ti exp

The distribution of the error with temperature wasre uniform when
SSR was determined with equation (5-28). Thus,ctileulation of the average
boiling point of the vacuum residue fraction follesv an iterative procedure to
minimize the error. The estimated mean boiling {ifor the vacuum residue
fraction of HO# 6 and HO# 12 were 657.4 and 694, T@8pectively. As a result,
the viscosities for the individual fractions coulld calculated at 15, 25, and 38°C,
and are shown in Figure 5-5 and Figure 5-6. Thesmosities were introduced in
equation (5-26), with the respective concentratadneach fraction, and the

viscosities of the heavy oils could be calculatéidure 5-7 presents the parity
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plot that compares these estimated viscosities theérexperimental data available

for the heavy oils.

le+9
le+8
le+7 4
~ le+6
% —e— Naphtha
< 18457 —a Distilates
‘% le+4{ —=— Gas Ol
a .
S le+3 —&— Vacuum residue
> le+24 '-~A—-——_ﬁ-«_ﬁ_.a.,____M__%_a____%__A____*
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1e+0 . . —*
le-1 T ; " . .
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Temperature (°C)

Figure 5-5.Viscosities of the boiling fractions of HO# 6 eséted with the

correlation proposed by Mehrotra (1945)
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Figure 5-6.Viscosities of the boiling fractions of HO# 12igsted with the

correlation proposed by Mehrotra (1995)
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Figure 5-7. Parity plot for predicted and experimental vistiesifor HO# 6 and

HO# 12 at 15, 25 and 38°C

This methodology provided good fitting for the \wsdy at the
intermediate temperature, but underestimated thecosity at 38°C, and
overestimated it at 15°C. The average absoluteatiewi percentages (AAD%) for
HO# 6 and HO# 12 were 25.2% and 17.6%, respectively

This procedure provided the individual viscositfes each one of the
pseudo-components, at three different temperatuidgerefore, under the
assumption that the properties of each one of Heigo-components remained
invariant with reaction, the resulting viscositiesthe liquid products after the

reaction could be estimated by recombination ofwiiseosities with the mixing
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rule presented in equation (5-26), and with the neass fractions for each one of
the pseudo-components obtained by SimDist analykithe liquid products.
These estimated viscosities were compared to thergmental values in order to
evaluate if the assumption was valid.

The samples recovered after the reactions, withaoy additional
treatment, were analyzed by SimDist to get the niesgions of the pseudo-
components in the products. The distillation curfeesHO# 6, and HO# 12, and

their liquid products, are shown in Figure 5-8 &iglre 5-9, respectively.

1.0
HO# 6
— — Lig. products reaction 400°C - 30 min
—— - Lig. products reaction 400°C - 40 min
081 _ Lig. products reaction 400°C - 50 min o
Lig. products reaction 400°C - 60 min /
c
O 0.6
Q
@
[%)]
%
z 04 .
0.2 +
OO T ‘ T T T T T T
0 100 200 300 400 500 600 700 800

Temperature (°C)

Figure 5-8. Distillation curves for HO# 6 and the liquid pradsi from its

visbreaking reactions at 400°C and different resigetimes
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—— - Lig. products reaction 400°C - 40 min
081 _ Lig. products reaction 400°C - 50 min
Lig. products reaction 400°C - 60 min
c
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Figure 5-9. Distillation curves for HO# 12 and the liquid praxs from its

visbreaking reactions at 400°C and different resigetimes

Table 5-5 and Table 5-6 summarize the mass pegenfar each one of
the boiling point fractions in HO# 6, HO# 12, arkit liquid products. As the
severity of the reaction increases, with longeridessce times, the lighter
fractions, which exhibit lower viscosities, increaas well; while the vacuum
residue content decreases. The conversions in teasgons were in the range of

8 to around 23% for HO#6, and between 9 and 17%li@#12.
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Table 5-5.Mass percentages of the different boiling poiatfions for HO# 6

and the liquid products from its reactions at 40@f@ different residence times

Mass percentages, wt%
_ IBP | FBP
Fraction Liquid Products from reactions at 400°C
(°C) | (°C) | Feed : . . .
30min | 40 min | 50 min | 60 min
Naphtha - 177 2.1 2.7 2.9 2.9 2.7
Distillates 177 343 14.1 15.5 16.7] 16.9 17.8
Gas all 343 524 22.6 25.4 26.1 26.1 26.6
Vacuum residug 524 + 61.2 56.4 54.3 54.1 53.3

Table 5-6.Mass percentages of the different boiling poiatfions for HO# 12

and the liquid products from its reactions at 40@f@ different residence times

Mass percentages, wt%
_ IBP | FBP
Fraction Liquid Products from reactions at 400°C
(°C) | (°C) | Feed : . . .
30min | 40 min | 50 min | 60 min
Naphtha - 177 0.0 0.1 0.8 0.9 1.4
Distillates 177 343 12.5 12.7 13.5 14.% 15.8
Gas all 343 524 26.2 26.4 26.6 28.1 30.6
Vacuum residug 524 + 61.3 60.7 59.1 56.5 52.1

The viscosity measurements for the liquid produwetse also performed at

three different temperatures: 15, 25 and 38°C. &regerimental values were

compared to the predicted viscosities obtained ftbm recombination of the

individual properties calculated for each one & f'seudo-components. In the

case of HO# 6, this methodology provided a faiusatipent to the experimental

measurements, but it did not work well for the caseHO# 12, as shown in

Figure 5-10 and Figure 5-11.
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Figure 5-10.Parity plot of the experimental and predicted ossties for HO# 6

and the liquid products from its reactions at 40@t@ different residence times
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Figure 5-11.Parity plot of the experimental and predicted ossties for HO# 12

and the liquid products from its reactions at 40@f@ different residence times
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The experimental measurements of the viscositiethefliquid sample
obtained from the reaction of HO# 6 at 400°C andntiiutes showed some
inconsistencies. The viscosities should progressifecrease when the residence
time of the reaction increases. However, as showRigure 5-10, this sample
exhibited significantly lower viscosities when coangd to the measured data for
the other liquid products. Therefore, the fluid rabdould not provide a good
prediction for this sample. Similar inconsistenciesre observed for the viscosity
measured at 25°C for the liquid products from thaction of HO# 12 at 400°C
and 50 minutes.

Throughout this study, the properties of the vacuasidue were used as
tuning parameter to model the full heavy oil mietuFrom the previous figures,
we observed that the initial assumption about tharnable properties of each
pseudo-component after the reactions did not pepadjood estimation of the
viscosities for the liquid products. ParticularlprfHO# 12, the predicted
viscosities were considerably higher than the measwdata. The most likely
reason for such a breakdown in the model is chanmgeake viscosity of the
vacuum residue due to reaction. Thus, the contabutf the vacuum residue in
the calculation of the viscosities was modified hwithe linear expression
presented in equation (5-30) to obtain a simpleeddpnce of the viscosity on the

conversion of the vacuum residue (X).

H'VR:HVR*(a"' b*X) (5_30)
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The viscosities for the liquid products were realdted with the mixing
rule given by equation (5-26), but the viscosity tbE vacuum residue was
replaced by the value obtained with equation (5-38 parameters a and b were
estimated to minimize the sum of errors obtainenfithe differences between
the experimental and predicted viscosities. For HD#he parameters a and b
took the respective values of 1.00 and -0.23, anthis case the experimental
viscosities for the liquid products from the reantat 400°C and 50 minutes were
not included because of their inconsistency. Lilegwin the case of HO# 12, the
calculated values for a and b were 0.87 and -Or24pectively, and the
experimental viscosity at 25°C for the sample friba reaction at 400°C and 50
minutes was not accounted in the estimations.

The value of a = 0.87 for HO# 12 implies that teed residue viscosity
has been refitted to obtain a good agreement ofntbdel with the viscosity
measurements for the products. Thus, relying opeatble viscosity
measurements, a possible explanation for this gasgen is that the functionality
of the vacuum residue viscosity for HO# 12 with wension is not strictly linear.

The new predicted viscosities for HO# 6 and HO#at@ presented in
Figure 5-12 and Figure 5-13, respectively. Thesetypplots show a better
adjustment of the estimated viscosities comparedh whe experimental
measurements, which is more significant for the gas from HO# 12. This
methodology correlated the data for the liquid picid from the reactions of HO#

6 and HO# 12 with AAD of 21.7% and 21.2%, respesitiv

182



le+6

i
—e— HO#6 e
—aA— Lig. products reaction 400°C - 30 min P
—— Lig. products reaction 400°C - 40 min 7
Lig. products reaction 400°C - 60 min e
le+54
a
L
K
=
3
le+4
le+3 T T
le+3

le+5 le+6

My, (€P)

Figure 5-12.Parity plot of the experimental and predicted ossties for HO# 6
and the liquid products from its reactions at 40@f@d different residence times
Contribution of vacuum residue in the overall vsitpwas modified by equation

(5-30), with a=1.00 and b =-0.23
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Figure 5-13.Parity plot of the experimental and predicted ossties for HO# 12
and the liquid products from its reactions at 40@f@d different residence times.
Contribution of vacuum residue in the overall vsitpwas modified by equation

(5-30), witha=0.87 and b =-0.24

The next step in the development of the model vemlthe fitting of the
experimental data to a lumped kinetic model thaldpredict the concentrations
for each one of the boiling fractions after thectemn. Thus, the viscosities of the

liquid products from the reactions could be presticfrom the characterization

data of the feed, and the conditions of the reactio
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5.5.4 Kinetic model

The breakage of C-C bonds during thermal reactsaesns to take place
by free-radical mechanish,and in spite of the complexity of the steps inedly
they mainly exhibit an apparent overall first-ordeaction order.

From the experimental data, the amounts of cokegasdproduced from
reactions with conversions of vacuum residue un8@¥% were negligible.
Therefore, the lumped kinetic model could prediot tyields of the different
fractions in the liquid products, including naphtidstillates, gas oil, and the
remaining vacuum residue, which are of interesttlier viscosity estimation, and
the predictions of coke and gas could be omitted.

This lumped kinetic model assumed first order kosefor the thermal
cracking of the vacuum residue fraction. Additiopatiue to the large number of
molecules and the complexity of the petroleum fe#us kinetic model has been
developed on a mass basis, which is more convedigatto the uncertainties
around the molecular weight of the fractions, whiahuld be required to work on
molar basis. Thus, the reaction rates were exptesseterms of the mass
concentrations.

Different approaches were considered, including #ig parallel cracking
reaction of gas oil that exhibited some reactiuityhe case of HO# 6. The kinetic
parameters were estimated for the reactions mad@Q2C, taking into account
that the largest sets of experiments for HO# 6 HQ# 12 were made at this
temperature. The experimental data from the resstibad been presented

previously in Table 5-3, Table 5-5, and Table SFberefore, Table 5-7 presents
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the summary of the experimental data availableHerkinetic model, consisting
of the overall concentrations for the boiling fiaas, calculated as the product of
the liquid yield and their respective concentratiorihe liquid products obtained

from SimDist analysis.

Table 5-7.Concentrations on total mass basis of boilingtioas from the

reactions of HO# 6 and HO# 12 at 400°C

Residence Overall mass concentration, wt%

time

(min) Naphtha Distilates | GasOil | vooum
HO# 6

15 2.6 14.5 24.2 58.7

30 2.7 15.5 25.4 56.4

40 2.9 16.5 25.7 53.5

50 2.8 16.6 25.6 53.2

60* 2.7 17.0 26.3 52.6

90 3.8 20.0 25.6 47.0
HO# 12

30 0.6 12.0 26.0 59.7

40 0.9 13.2 26.2 58.2

50 0.9 14.2 27.7 55.7

60 14 15.4 30.2 51.3

* Yields for reaction of HO# 6 with residence timm& 60 minutes were averaged from

triplicate experiments

The parameters for the kinetic models were caledl&ty minimizing the

sum of squared errors obtained by difference betwhbe experimental overall
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concentrations and the predicted values. Two mppraaches were considered,
the first one assumed that the vacuum residue keasrily reactive fraction, and
the second one allowed the gas oil to undergo lparalactions to yield lighter

factions.

In the first approach, the lumped kinetic modelluded the concept of
stoichiometric coefficients introduced by Ayasseakt’. Thus, the model had
only one overall reaction rate, and the stoichisimebefficients would represent
the selectivities toward each one of the reactioodpcts. This approach is

illustrated in Figure 5-14.

—a> Naphtha

) b e
Vacuum Residue ——— »+—» Distillates

—C> Gas Oil
Figure 5-14.Representation of the kinetic model consideretthénfirst approach

This reaction scheme is represented by the nextosetlifferential

equations:

—gr —K*VR (5-31)
d(Naphha)
dt
d(Distillates

dt
d(Gas Oil
dt
Where:

=a*k*VR (5-32)

=b*k"*VR (5-33)

=c*k"*VR (5-34)
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a+b+c=1 (5-35)

After integration:

VR=VRy*e*™ (5-36)
Naphtha= Naphthga*VRy* (1-e¥™) (5-37)
Distillates= Distillateg+b*VRy* (1-eX™) (5-38)
Gas Oil= Gas Ojc*VRy* (1-eX™) (5-39)

This approach was equivalent to the reaction sch#astrated in Figure
5-15, which involves three independent rate cortstion each one of the products

from vacuum residue.

» Naphtha

Vacuum

k2
_* o Disti
Residue Distillates

3
» Gas Oil

Figure 5-15.Alternative representation of the kinetic modeahsidered in the

first approach

This reaction system would be represented by thet wdferential

equations:

% =-(ky+hko+ka) VR (5-40)
w:kﬁm (5-41)
d(Dis;i:Iates VR (5-42)
@%WR (5-43)

After integration:
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VR= VR *e ki3t (5-44)

ki*VR, s
Naphtha = Naphtt&&k—*(l-e' 1231) (5-45)
123
ko*VR .
DBmmms:DSmmm§h%?—9%ﬂeh%Q (5-46)
123
ks*VR
GasOH=Gasqw¥%—Jh(Léhﬁﬂ (5-47)
123
Where:
K123=K1+Ko+ks (5-48)

The sum of squared residuals (SSR) was calculatéd ttve equation
(5-49), where the index i represents the four bgifractions, and j the number of

reactions made with each heavy oll.

n

4
2
SSR= ((Mass factior) )exp-(Mass fractiory )pre a) (5-49)
=1 =1

The values of the parameters obtained by mininoratf the sum of
squared residuals are summarized in Table 5-8.eThasameters provided SSR
values of 0.0018 for HO# 6 and 0.0029 for HO# 1Zah be observed that the
lumped kinetic parametenk is equivalent to the rate constant k. Likewise th
ratio of the individual rate constantg ko, and k show the same selectivities than
the stoichiometric coefficients a, b, and c. Thhs, predicted mass concentrations
with both sets of equations are the same, and r@septed in Figure 5-16 and

Figure 5-17.
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Table 5-8.Values of parameters for the first kinetic modgbach

Parameter HO# 6 HO# 12 | Parameter HO# 6 HO# 12
k' (h™) 0.156 0.117 | ki(h™ 0.023 0.030
a 0.15 0.26 | ko(h™ 0.066 0.041
b 0.42 0.35 |ks(h? 0.067 0.046
c 0.43 0.39 | kgs(h™ 0.156 0.117
70
® Naphtha
A Distilates
60 B Gas Ol
2

Overall mass concentration, wt%

Vacuum residug

0.6

0.8 1.0

Residence Time (h)

1.2 1.4

1.6

Figure 5-16.First kinetic model approach: experimental andljgted overall

mass concentrations of the boiling fractions atterreaction of HO# 6 at 400°C

and different residence times. The experimental gdaints are represented by the

markers and the predictions by the continuous lines
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In the case of HO# 6, it was observed that at Iomgsidence times the
amount of gas oil decreased. Thus, in Figure 541 predicted concentration of
gas oil after 90 minutes of reaction is higher thla@ experimental value. This
suggested some reactivity of the gas oil fractiwat had not been considered in
the first approach. Therefore, the second appraliotved cracking of the gas oil

to yield naphtha and distillates, as illustratedFigure 5-18.
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Figure 5-18.Representation of the kinetic model in the seaploach

This reaction scheme is represented by the nextosetlifferential

equations:

d(VR

TR (et VR

d(Gas Qil .
T =k3*VR- (k4+k5)*GaS Oil
d(Naphtha .
T:kl*VR+k5*Gas Oil
d(Distillates _
—a =k,*VR+k 4*Gas Oil

After the integration:
VR= VRy*e k123t

Where:
Kiog=kytkotks

Then,

d(Gas Qil

at =k3*VR o*e'k123*t -k,5*Gas QOil

Where:

Kas=Kq+ks

Thus, rearranging this equation:

d(Gas Oi)+k,s*Gas Oil*dt-ks*VR g*e 123 *dt=0

(5-50)

(5-51)

(5-52)

(5-53)

(5-54)

(5-55)

(5-56)

(5-57)

(5-58)
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This first order differential equation with variabtoefficients was solved
analytically, obtaining the next expression for te@centration of Gas Oil:

ks*VR
Gas OiI:u

[ek2st-gtast | +Gas Oipre s (5-59)
Kas-Ki23

Likewise, the expressions for the concentrationeagfhtha and distillates

were obtained:

Naphtha=Naphtha % [1-g*a23t]
(5-60)
.\ ks*k3*VR o Il-e-km*t ] 1-e-'<45*t] .\ ks*Gas Oil* [1-e*s" |
Kgs-kizs | Kizs Kas Kas
Distillates=Distillateg+ k2"VRo [1-g*a2at]
123 561

k4*k3*VR0Il'e'km*t 1-e‘k45*t] ky*Gas Oil*[1-e*4" ]
+ +

Kas-K123 K123 Kas Kss

In a similar way, when the concept of the stoichetms coefficients was
used for this second approach, as illustrated guréi 5-19, equivalent results

were obtained.

2 Naphtha
. k' b ..
Vacuum Residue———»—» Distillates d

k2 |°

—c> Gas Oil
Figure 5-19.Alternative representation of the kinetic modehsidered in the

second approach
The differential equations that represent this tkcneodel are as follows:
d(VR
%z-k'l*VR (5-62)
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d(Gas QOil

= =c*k';*VR-k' ,*(Gas Oil) (5-63)

d(Naphtha

(d—F;:a*k'l*VR+d*k' ,*(Gas Oil) (5-64)

d(Distillates

% =b*k'*VR+e*k',*(Gas Oil) (5-65)
Where:

a+b+c=1 (5-66)

d+e=1 (5-67)
After integration:

VR=VR,*e 1™ (5-68)

Then,

d(Gas Qil - .

(T=c*k'1*VR ore K1k, *(Gas Oil) (5-69)
Thus, rearranging this equation:

d(Gas Oi)+k',* (Gas Oi)*dt-c*k' ;*VR y*e™ 1" *dt=0 (5-70)

The analytical solution of this first order diffetteal equation with variable
coefficients gave the next expression for the cotradon of Gas Oil:

as oS KT VR

[ek1t-ek2"t|+Gas Oipre*?" (5-71)
The concentrations for naphtha and distillates gikeen by the next

equations:

Naphtha:Napthga*\/RO* [1_e-k‘1*t]
*d*VR , . . (5-72)
+ c — 0 [k'z* (]_-e‘k 1*t)_k-1* (1_e-k Z*t)]+d*Gas Oil* [1_e-k2 t]
2™"1
Distillates=Distillateg+b*VR* [1-e¥1"]

*e*VR , . . (5-73)
+% [klz*(l_e-k l*t)-k']_* (1_e-k2 t)]+e*Gas OIJ)* [1_e-k2*t]
2R
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With these equations, the parameters were estinigtadinimizing SSR
in equation (5-49). Table 5-9 summarizes the vafoeshe rate constants in the
second approach, and the estimated mass concengrér the different fractions

from the reaction of HO# 6 are compared to the exptal data in Figure 5-20.

Table 5-9.Values of parameters for the second kinetic magplroach

Parameter HO# 6 HO# 12 | Parameter HO# 6 HO# 12
ki (h™) 0 0.030 |k's1(h™ 0.157 0.117
ko (h™) 0 0.041 |k'2(h™ 0.204 0
ka(h™) 0.157 0.046 |a 0 0.26

ks (h™) 0.151 0 b 0 0.35
ks(h™) 0.053 0 c 1 0.39
kios(h™) 0.157 0.117 |d 0.26 0.39
kas(h™) 0.204 0 e 0.74 0.61

For HO# 6, the estimated SSR decreased slightlypeoed with the first
approach, and had a value of 0.0015. Parameteend k that represent the
reaction rate of vacuum residue towards naphthalatitlates, respectively, were
set to zero by the SSR minimization process. Thepkd rate constantsl=
0.157 i and ks = 0.204 A would suggest an apparent high reactivity of tag g
oil fraction. Since it is known that naphtha andtidlates can also be produced
from vacuum residue, the restrictiofflke = ki/ks was included in the model, and
the parameters were calculated again, but the sdluek and k were in the

order of ~10.
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Figure 5-20.Second kinetic model approach: experimental aedipted overall
mass concentrations of the boiling fractions atterreaction of HO# 6 at 400°C
and different residence times. The experimenta gaints are represented by the

markers and the predictions by the continuous lines

The results for HO# 12 have not been plotted bexthessecond approach
provided exactly the same results than the firg. dfor this heavy oil, all the
parameters that indicate the reactivity of the@bbecame zero after the iterative
process for the minimization of SSR. These resuggested that for HO# 12 a
good prediction could be obtained by neglectinggharallel reactions of gas oil,

and assuming that the only reactive fraction wasvécuum residue.
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In the equivalent model with stoichiometric coe#iuts, the values of;k
and k had the same values found fasdand lgs, respectively. In the same way,
for HO# 6, a and b were set to zero, suggestingniéyahtha and distillates would
be produced only from the cracking of gas oil as ialermediate. When
restrictions were included in the model to force #lalues a and b to be different
than zero, the error increased significantly, egblgovhen the restriction k> k,

was used.

5.6 Discussion

These results showed that for HO# 6 a better dtwh the yields was
obtained when the model was allowed to includekingcof the gas oil fraction,
as previously presented in the second kinetic mapptoach. However, for HO#
12, the first approach provided a fair predictidrthee final concentration of the
boiling fractions after the reactions. When thedmtd concentrations were
replaced in the fluid model, the AAD was 27.7% #D# 6, and 31.0% for HO#
12.

Some efforts can be still done in order to reduwe daverage absolute
deviation (AAD) of the resulting predictions. Therkelations available in
literature, reported with low AAD, have been impkmed in this study without
any modification. However, the published correlasidhave been validated with
other feeds, which would allow some adjustmentheirtparameters to ensure a

better fitting for the own data.
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As mentioned before, to meet the transportatiorciBpations the crude
oils must have a kinematic viscosity lower than % at a given reference
temperature. The kinetic and fluid model could lmenbined to predict the
residence time of the reaction at 400°C, in ordereduce the viscosity to this
point. Taking 38°C as the reference temperaturéghencase of HO# 6 the target
dynamic viscosity would be 337 cP, and the modeinaged a residence time of
3.2 h, with a vacuum residue conversion of 39.5%r. IHO# 12, the reaction
residence time estimated by the model was 5.1 th, £4.8% conversion of the
vacuum residue fraction, in order to reduce theesponding dynamic viscosity
to 350 cP.

These estimations suggest that meeting the vigcdas#nsportation
requirements would demand long residence times wleaé not experimentally
evaluated in this study. Under those conditiongnificant amounts of coke
would be formed, increasing the impact on the rédnoof the viscosity of the
liquid products. Therefore, we would expect tha thrget viscosity would be
reached at shorter residence times than the peedartes, due to the removal in
the coke of some material that contributes to tigh lviscosity in the original
crude. As an alternative to increasing the time,uisbreaking reaction could be
performed at higher temperatures, but experimetdatd are required to include
this variable in the kinetic model. Finally, thesigdence time could be selected to
reach some intermediate viscosity, in such a way kss addition of diluent

would be required to meet the transportation repoents.
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5.7 Conclusions

1. A fluid model able to predict the viscosity of thquid products from the
visbreaking process of heavy oils has been devdloplis model was
based on the discretization of the feed into psexoponents, whose
concentrations after the reaction were obtainech fadumped kinetic model
also developed with the available experimental.data

2. The feed was satisfactorily discretized into fouseydo-components,
defined by their boiling point range as naphthastithhtes, gas oil and
vacuum residue. For the development of the modetienot count with
experimental data of the individual fractions; #fere, the properties of
these pseudo-components were calculated with &lailavalidated
correlations, and these individual values wereothiced into a liquid
mixing viscosity correlation to estimate the visgtpsf the initial feed. This
estimation was compared with the experimental daal, the fitting was
improved by tuning the model with the mean boilpgnt of the vacuum
residue fraction.

3. The attempt to keep constant the properties for itlovidual pseudo-
components after the reaction worked well for HQ#b@ did not provide
good agreement with the experimental data from H@#This observation
suggested some significant impact of the reactions the chemical
composition of the boiling fractions. Thus, thewmstinent of the viscosity of

the vacuum residue, taking into account the comwersf this fraction,
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5.8

resulted in a better fitting of the viscosity pradns for the liquid products
from the reactions.

The lumped kinetic models also differed for HO#@ &0O# 12. The gas oil
fraction in HO# 6 exhibited a high reactivity, réswg in improved
predictions when this fraction was allowed to uigdeparallel reactions to
yield the lighter fractions. In contrast, the expental data from the
reactions of HO# 12 adjusted a model scheme whereszdcuum residue
was the only reactive fraction. Both lumped kinetiodels provided very
good estimations of the resulting concentrationthefboiling fractions after
the reactions.

The results obtained with the developed model sHothat the viscosity
reduction for heavy oils to meet pipeline spectimas without addition of
diluents would be a challenging operation. Reactayald need to work at
severe conditions in order to obtain viscosity Isvew enough to make the

heavy oils pipelineable.
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6 Synthesis

The work presented in this thesis includes theysaidwo research topics
that involve some challenging issues in the oilistdy: the molecular structure of
asphaltenes and the viscosity reduction of heasgy oi

The study of asphaltenes was covered in Chapter3, 3nd 4, and
presented important results concerning not only dbmposition, but also the
architecture of asphaltene molecules. Chapter 2ritbesl the cracking reactions
under hydrogenation conditions that allowed asphakl to yield high amounts of
analyzable material, with low production of cokadaalso with minimal change
of the ring structures. The analysis of the dailé fraction of the liquid products
reported the identification and quantification dfetse homologous series of
molecular species, including paraffins and naphthemomatic, and heteroatomic
compounds with 1 to 4 rings. Consequently, thiglgtuerified the important
presence of bridged-structures in asphaltenesubedais not feasible that these
distillable molecules, or small building blocks,nche present separately in the
original asphaltenes at such high concentrations.

These results reported the compositions of 50 tav®® of asphaltenes
from different sources around the world, and regmeéghe largest fraction of
characterized material that has been reportedrsaltavever, there is still 35 to
45 wt% of the asphaltenes whose molecular struatirenknown because it
remained in the vacuum residue fraction or endedsupoke, and therefore could
not be characterized. The reaction approach that wgad in this study led to

suggestion that this heavy material would be caristl by the initial large
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polycyclic (aromatic and naphthenoaromatic) stmegupresent in asphaltenes,
and also by products formed from condensation i@ast

The methodology used in this experimental work,ststing of cracking
the asphaltenes and recovery of the products falysis, could provide
information about the molecular structures of theiiiding blocks, but not about
the architecture of how they are linked togethéus, Chapter 4 was intended to
evaluate two possible topological arrangements heseé building blocks, by
construction and cracking of asphaltene populatina Monte Carlo approach.
This simulation method used as inputs the proligldensity functions (PDFs)
derived from the available experimental data froha@er 2, and compared the
distributions of the cracking products with the esmental boiling curve. The
content of initial large building blocks was usesl tning parameter in the
simulation since its value could not be determieggerimentally.

Some simplifications were made in this simulatiaegarding the
description of the bridges, which were all constdeequivalent in strength with
no defined length, and the ignorance of reactigdherothan cracking. However,
the reactions performed in Chapter 2 ensured minchange of the building
block ring structures as a result of hydrogenatiod dehydrogenation reactions.
Therefore, the main simplification in terms of tieactions that asphaltenes could
undergo would be due to the absence of cyclizatmmhcondensation reactions in
the simulation.

In this simulation work, the high heterogeneity a$phaltenes was

represented by the generation of the molecules raitdom selections of building
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blocks. Thus, asphaltenes were made up of smallaagd building blocks linked
in linear or dendritic architectures. Chapter 4vited some examples of possible
representations of these molecules, and also pgeskdistributions of the number
of building blocks. These distributions showed tla&t important fraction of
asphaltene molecules would have between 3 to Slibgilblocks, and a minor
amount would have only one building block (< 1.324)t Thus, large building
blocks could be linked to other building blockst bauld also, by themselves, be
considered asphaltene molecules. This observatimmdasuggest that “island”
type of molecules could also be present in aspiedteFor instance, some studies
have suggested that porphyrins could be presemtsjaltenes as a result of
coprecipitation rather than chemical bondingHowever, the experimental data
obtained in the present study cannot confirm theuwence of these structures
because the high-boiling point material could r®tharacterized.

The results from the simulation did not indicatdstantial differences
between the distributions of products from the kirag of linear and dendritic
asphaltenes, but suggested that dendritic molewwdatd exhibit lower reactivity.
Additionally, better fitting with the experimentalata was obtained with low
contents of large building blocks. However, thesgults cannot be used for the
estimation of the initial amount of large polycyclstructures in asphaltenes
because of the simplifications and assumptionswiea¢ mentioned previously.

Chapter 3 provided some complementary experimergallts. The
evaluation of different solvents showed that hy@éregonor compounds can

significantly suppress the coke formation duringcking of asphaltenes under the
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hydrogenation conditions described in Chapter 2re@&iing hydrogen-donor

solvents led to the lowest coke yields. Howeveeg thactions in presence of
tetralin also exhibited low coke yields, and camigd it as a good hydrogen-donor
solvent for the study of asphaltene molecular stnes.

These reactions carried out under similar condstiobut varying the
solvent medium, led to significant differences ioke yields. Thus, these
observations are consistent with complex molecthllascomprise a wide range of
structures (described in Chapter 2), which can rgwelifferent reactions
depending on the solvent characteristics of thaidiqlf asphaltenes consisted
only of large polycyclic structures with side chairwe could not expect such
variations in coke yield, and most importantly, tbev coke yields observed in
presence of hydrogen-donor solvents may not beaetii

In Chapter 5, the development of a fluid model tlog estimation of the
viscosity of liquid products from visbreaking of dwheavy oils was presented.
The high complexity of these heavy materials, aglenced in the previous
chapters, required an approach that could be cengrwith measurable
properties. Thus, based on the distillation cumné density of the heavy oils, the
model created boiling point pseudo-components, estomated their individual
properties.

The two heavy oils evaluated in this work exhibitifferent kinetics.
Therefore, the distributions of the pseudo-comptaeafter reactions at 400°C
were obtained from kinetic models that were devetbfor each heavy oil. This

allowed the estimation of the viscosities of thepuid products with a viscosity
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mixing rule, and evidenced the viscosity reducta@na result of the increasing
lighter fractions and decreasing concentration lbé tvacuum residue. A

conversion-dependent factor was used to correctvibeosity of the vacuum

residue, in order to account for some changes sncamposition during the

reactions. The viscosity predictions at three tenapees (15, 25 and 38°C) were
compared to experimental data, and showed absal#ege deviations (AAD)

below 31%.

The residue fraction properties were not easy tomete due to the
uncertainty in basic properties, such as the aeebaging point. This fraction is
mainly constituted by asphaltenes, which have Ibeeognized in all the previous
chapters as highly complex and heterogeneous mlksterThus, it is not
unexpected that the modeling of the vacuum resigueperties can be
challenging.

The approach used in this model consisted of ugiagroperties of this
fraction to tune the model with the available expental data. It was evidenced
in Chapters 2 and 3 that asphaltenes undergo isigmifchemical transformations
upon processing. Consequently, the need to useagerion dependent factor to
correct the residue viscosity in the products frasbreaking is in agreement with
these observations.

Similarly, the differences observed between thevesls evaluated in
Chapter 5 could arise from dissimilarities in th@iolecular composition. On the

basis of the results presented in this work, tligerences can be understood as
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variations in the distributions of the diverse noollar species identified in
asphaltenes.

The results obtained in this work would suggest these building blocks,
present in asphaltenes, must also constitute ther @il fractions. However, it is
expected that the distributions of these compouwidsuld exhibit differences,
which would determine the properties and reactioityevery fraction. Thus, as
illustrated in Figure 6-1, maltenes would be riclerlow-molecular weight
building blocks, while asphaltenes would compriseider range of structures,
with low and high molecular weights, which can gikiee to a much more

heterogeneous and complex material.

Asphaltenes
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Ly —— ——  Vacuumresidug
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Figure 6-1.Hypothetical molecular weight distributions foetasphaltenes,

resins, and the whole vacuum residue
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The molecular weight distributions presented bynQéa al.? obtained by
FD-MS analysis, suggested that maltenes would treeveame range of molecular
weight than asphaltenes. However, based on theeptiagram proposed by
Wiehe! and the extended version presented by &gugh high molecular weight
material would not be soluble in-heptane, and therefore, would fall in the
category of asphaltenes. Some studies have revpassible generation of higher
molecular weight species by FD-M$ "which could explain the results observed

with maltenes.
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7 Conclusions and Recommendations

7.1 Molecular structures and architecture in asphaltens

7.1.1 Summary of conclusions

Hydrogenation conditions that involved tetralin &ydrogen-donor
solvent, an iron-based catalyst (iron sulphate sttpd on sub-bituminous coal),
and hydrogen atmosphere at mild pressures providedrable conditions to
suppress coke formation and reach high yields afyaable material from the
cracking of asphaltenes. Reaction conditions of@5@esidence time of 3 hours,
tetralin/asphaltene ratio of 2.5/1, 2 wt% of casélyand hydrogen pressure of 4.1
MPa (measured at room temperature) led to sigmifigeelds of distillates, in the
range of 50 to 60 wt%, and coke yields below 10 w@bntrol experiments with
model compounds, at the same reaction conditie@repdstrated the preservation
of the ring structures.

The products were quantitatively recovered from ¢hecking reactions
performed under the hydrogenation conditions desdrabove, and the distillable
fraction was characterized. The identification ofasge variety of molecules,
including saturate, aromatic and heteroatomic gseaitonfirmed an abundant
presence of bridged structures in asphaltenes. tidddlly, the origin of the
asphaltene samples showed a low influence on thkecodar composition.
Therefore, these results provided clear evidencthefpresence of archipelago-

type structures in asphaltenes.
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The sum of non-analyzed material, which includettecand material
remaining in the vacuum residue fraction, was ardnge of 35 to 45 wt%. This
material set an upper bound for the amount of lalgeters in the asphaltenes
evaluated, and would be formed by polycyclic sues originally present in the
asphaltenes, and also by products from condensagamtions. Consequently, the
initial amount of polyaromatic and large naphtheoostic species in
asphaltenes remained unknown.

Different aromatic solvents were evaluated in teohgoke suppression
ability in the cracking of asphaltenes under hyéragion conditions. The coke
yields from asphaltenes presented the followingeord-methylnaphthalene ~
pyridine > quinoline > toluene >> tetralin ~ 1,23etrahydroquinoline > 9,10-
dihydrophenanthrene ~ 9,10-dihydroanthracene. ©ke ygield spanned the range
from 4.6 to 25.0 wt% for Athabasca industriaCs asphaltenes. As expected,
hydrogen-donor solvents demonstrated a better sogpression ability, and the
three-ring compounds led to the lowest coke yieMsreover, the differences
observed among the solvents without hydrogen-donatbility was explained as
a result of their dissimilar capability to prevetite deposition of reacted
asphaltenes as coke.

The Monte Carlo simulation of the cracking of adfgre molecules,
constructed with linear and dendritic topologies, mbt show a significant impact
of the molecular architecture on the distributioh psoducts. However, the
molecules with dendritic linkages between theirlding blocks exhibited less

reactivity.
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7.1.2 Recommendations

The experimental work done on the characterizatadn asphaltene
molecular structures involved samples from sixedéht geological basins, and
they all exhibited similar composition. Howevergtexistence of significantly
different samples cannot be ruled out. The evalnatf asphaltenes from
additional sources under the same methodology wdadrequired for this
purpose. For instance, the analysis of asphaltee@s/ered after the cracking
procedure presented in this work, or asphaltena®s fnydroconverted vacuum
residue, could exhibit less diversity of buildinpdks. Similarly, evaluation of
deposits from production of light crude oils co@ddence some compositional
differences.

The use of tetralin as a hydrogen-donor solverthéncracking reactions
added some uncertainty in the quantification of tiwm species. The data was
corrected by subtracting tetralin and its proddis the identified molecules. It
could be useful to run the reactions under comparabnditions, but using a
three-ring aromatic hydrogen-donor solvent, and gam@ the results obtained
from the characterization analyses to crosscheekllindance of these species.

Additional experiments with different shaking ratefsthe microreactor
could be done to evaluate possible mass transfaiations that could affect the
reaction rates.

Further work on the Monte Carlo simulation couldlerate the presence
of macrocycles as an additional type of architextttowever, taking into account

that we are dealing with a complex mixture, popafeg with combined
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topological configurations could also be constrdct©ther additions to be

considered are the specification of the length stnehgth of the bonds, and the
probabilistic description of condensation reactiohkis additional work could

provide a closer description of the cracking readj and evaluate if these
considerations would lead to significant varianées the different molecular

architectures.

The approach used to obtain the distribution afdasuilding blocks could
be eventually improved by generation of a theoattiseries of polycyclic
structures whose distribution could match the expamtal boiling point curve.
This work would provide a consistent way to repne¢sie building blocks in both
the distillable and vacuum residue fractions, ankely give smoother

distributions in the heavy section of the boiling\wes after cracking.

7.2 Fluid model for visbreaking of heavy oils

7.2.1 Summary of conclusions

The estimation of viscosities of the liquid prodidtom visbreaking
reactions of heavy oils was approached by the dpwetnt of a fluid model based
on boiling point pseudo-components. i.e. naphtistilldtes, gas oil, and vacuum
residue. The estimation of the properties for easkeudo-component, with
validated correlations, provided a good fit withe texperimental data of the
unreacted heavy oils, using the mean boiling pointhe vacuum residue as a
tuning parameter. Similarly, the viscosity of thecuum residue was corrected

with a factor dependent on conversion, which actexlifor chemical changes
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during the reaction. The distributions of pseudoyponents after the reactions
were obtained from the kinetic models developed dach heavy oil, which
exhibited different reactivity. Thus, the viscosd#iof the liquid products from
visbreaking reactions at 400°C were predicted wwitsolute average deviations

(AAD) below 31%.

7.2.2 Recommendations

The parameters in the empirical correlation forcesty, proposed by
Mehrotrd, could be tuned with current experimental datadbieve a better fit.
Furthermore, the preliminary results revealed theedn to consider higher
conversions. Thus, experiments at higher reactiemperatures and longer
residence times are recommended to produce a ntbdelcan be valid in a

broader range of conditions.
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Appendix 1: Heat-up curves

The heat-up curves were obtained by modifying tbh#on part of the
microreactor to introduce a thermocouple connettethe port of a computing
system that allowed recording the temperature ef@uy seconds. The bottom
cap was replaced with a bored-through reducingryriioin. x % in., attached to a
bored-through reducer, 1/16 in. x % in. The Typehiérmocouple (OMEGA
KMQXL-062G-18, Cr/Ni alloy, grounded junction, andngth of 18 in.) was
installed by assembling on the sheath a 1/16 mulfe set (front ferrule/ back
ferrule) with a 1/16 in. nut, ensuring that the aipthe thermocouple reached the
middle part of the main body of the microreactor.

The modified microreactor was loaded with 3 granfistatralin, and
pressurized with hydrogen at 4.1 MPa at ambienp&ature after the leak test.
The temperature was recorded from before the n@aextor was plunged into the
preheated sand bath. After 60 minutes, the micctoeavas taken out of the sand
bath and let cool down by natural convection atnmrotemperature without
guenching. Three different temperatures were sathupe PID controller of the
sand bath: 430, 450 and 480°C, as shown in FigarelA

In the test with the set point of 430°C, the systeached an average
steady state temperature of 414.4°C in approximafel minutes after the
microreactor was immersed into the sand bath, amdok 3.2 minutes to cool
down to 350°C. At temperatures below 350°C theleracreactions do not take
place at significant rates. For the test with thiepoint of 450°C, the microreactor

reached the average steady state temperature 09°€33 approximately 7
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minutes, and it cooled down from this temperator830°C in 3.9 minutes. In the
test with the set point of 480°C, the average stestéte temperature was
462.9°C, and it was obtained in approximately 9 utes. The system cooled

down from this temperature to 350°C in 4.4 minutes.

500
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Figure Al- 1.Heat-up curves for three different temperaturepseits

A similar test was made with a set point of 400b0t pressurizing the
microreactor at 0.69 MPa with nitrogen at room teragure. In this particular
case the microreactor was quenched in cold waterdar to get the temperature
profile for the reactions made with heavy oils imetviscosity study. The

temperature profile is presented in Figure Al- 2.
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Figure Al- 2. Heat-up curve for test made with set point of 4D&nhd quenching

the reactor in cold water

In this case, the microreactor reached an averagelys state temperature
of 393.5C in 5.0 min. By immersion in cold water, the migactor was
guenched from this average temperature to °G50n 16 seconds and
approximately one minute later the temperature vedgw 100C.

These different tests did not account for the loéakaction; however, its
effect on the temperature profiles should be nédglegcompared to the effect of

heating up the microreactor which has a mass afappately 250 grams.
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Appendix 2: NMR analyses

In the first study, aromatic carbon balances cob#d/e provided a
guantitative estimation of the hydrogenation degrgtained during the reactions,
but NMR analyses of the liquid products and of tb&e were hampered by the
presence of tetralin, and catalyst, respectively.iddirect measure of hydrogen
uptake, by GC-FID analysis of the light fractiontaibed by distillation of the
liquid products, showed that approximate amount$6fi8 mg H/g asphaltenes
were transferred from tetralin to the cracked akpha fragments.

Aromaticity of the total liquid products containinigtralin could not be
evaluated experimentally because a high error wbalthtroduced if the solvent
was subtracted from the results. NMR analyses eh#avy fraction of the liquid
products (> 343°C), obtained by distillation in thMicro Distillation System
Model 800 from B/R Instrument Corporation, werefpened in ExxonMobil
Research and Engineering Co. These results showethtcity values of 63.5%
for Athabasca industriah-Cs asphaltenes, and 69.2% for Cold LakeC;
asphaltenes. These values are relatively higher ttia aromaticities of 50% and
46%, reported by Karimi et alfor the raw Athabasca and Cold LakeC;
asphaltenes, respectively.

Coke samples from different reactions of Athabagswdustrial n-Cs
asphaltenes were collected to provide enough safopleolid state'*C NMR
analysis that was performed in the Department andbtry at the University of

Alberta. Spectrum data was collected with a recgelay of 60 s and is shown in
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Figure A2- 1. The catalyst, recovered with the celample during the filtration,
had a paramagnetic behavior that affected the utsol of the spectrum. The
main peak that would correspond to the aromaticlarséturated carbons is very
broad, and the peak observed around O ppm couldeetttributed to aliphatic
carbons that usually have chemical shifts in thegeaof 0 to 50 ppm. This last

peak could be more likely considered as a sidengpgnband (ssb).

T T T T T T T T T T T T
350 300 250 200 150 100 50 0 -50 -100 -150  -200

ppm

Figure A2- 1.73C NMR spectrum of coke sample from the crackindiabasca

n-Cs asphaltenes

In order to get a better NMR spectrum for the cpkeducts, an acid
treatment with a solution 0.06 M of HCI| was useddémove the iron sulphate
(FeSQ) from the catalyst present in the sample. Howethex,removal was not
complete, as confirmed by the results from the elgal analysis for the coke

sample before and after the acid treatment.
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These unsuccessful NMR analyses of both the liguatiucts and coke
did not allow making aromatic carbon balances, #wedefore, conclusions about

the change of aromaticity could not be drawn.
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Appendix 3: Correlations between variables from the
reactions of asphaltene samples from different geadgjical
origins

In the first study, a large set of experimentaladatas obtained for
asphaltene samples from different geological saurthis data was the result of
characterization analyses of the asphaltene saraptksf their reaction products,
and from the mass balances of their cracking reastiunder hydrogenation
conditions.

A good correlation was found between the conversibrthe vacuum
residue fraction and the aliphatic sulphur (peragatof total sulphur), and also
between this last variable and the sum of the yadlctoke plus the vacuum
residue (> 538°C) fraction after reaction. Simifait was pointed out a very god
inverse correlation between the content of aromaimecules with 1 to 3
aromatic rings and the percentage of material neimgiin the vacuum residue
fraction and forming coke.

In order to evaluate the linear correlation betwelkffierent variables
measured during the analysis and reaction of tligerse n-C; asphaltene
samples, the Pearson correlation coefficient r gadsulated for all the different
combinatory options of two variables, within a totf fourteen measured

variables. The correlation coefficient was calaeditvith the following equation:
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The pairs of variables with squared correlationffacients greater than

0.75 are reported in Table A3- 1.

Table A3- 1.Pearson correlation coefficients and their squimepairs of

variables obtained from the characterization amadtien of six differenh-C;

asphaltene samples

Variable 1 Variable 2 r r
> 538°C fraction conversion| n-C; insolubles conversion 0.93 0.86
> 538°C fraction conversion ?w?% C fraction after reactior -0.99 | 0.98
> 538°C fraction conversion :w?fig C fraction after reactior 0.87 | 0.76
> 538°C fraction conversion| 1-3 ring aromatics (Wt% 0.89 | 0.79
> 538°C fraction conversion z'vﬁ@))re&due asphaltenes -0.95| 0.91
> 538°C fraction conversion z'vﬁ@))re&due liquid products -0.91 | 0.82
> 538°C fraction conversion H/C molar ratio 0.87 7@
> 538°C fraction conversion Coke yleld_ + > 538°C fraction -0.87 | 0.76

after reaction (wt%)

n-C; insolubles conversion ?Wf(f;g C fraction after reactior -0.97 | 0.94
n-C; insolubles conversion ?\;V?(;()l)nsolubles after reaction -0.95| 0.90
n-C; insolubles conversion z'vﬁ@))resmue asphaltenes -0.97 | 0.94
n-C; insolubles conversion z'vﬁ@))resmue liquid products -0.89 | 0.79
n-C; insolubles conversion H/C molar ratio 0.95 091
> 538°C fraction after n-C; insolubles after reaction 089 | 079
reaction (wt%) (Wt%) ' '
> 538°C fraction after TGA residue asphaltenes 098 | 096
reaction (wt%) (Wt%) ' '
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> 538°C fraction after TGA residue liquid products 090 | 082
reaction (wt%) (Wt%) ' '
> 538°C fraction after : il
reaction (wt%) H/C molar ratio -0.92] 0.8%
n-C; insolubles after reaction TGA residue asphaltenes
(Wi%) (Wt%) 0.88 | 0.78
n-C7 insolubles after reaction H/C molar ratio 2090 o081
(Wt%0)
< 538°C fraction after o . 0 o
reaction (wt%) 1-3 ring aromatics (wt%) 095 0.90
< 538°C fraction after TGA residue liquid products 090 | 0.81
reaction (wt%) (Wt%) ' '
< 538°C fraction after Coke yield + > 538°C fraction 1100 | 1.00
reaction (wt%) after reaction (wt%) ' '
. . Coke yield + > 538°C fraction

- 0, -
1-3 ring aromatics (wt%) after reaction (wt%) 0.93 | 0.87
TGA residue asphaltenes | TGA residue liquid products 094 | 089
(Wt%0) (Wt%) ' '
TGA residue asphaltenes | ojar ratio 0.96 091
(Wt%0)
TGA residue liquid products| Coke yield + > 538°C fraction 092 | 085
(Wt%) after reaction (wt%) ' '

- TGA residue was measured as an approximation to gfent
- Mass percent (wt%) variables were given on indgphaltene mass basis

From the mass balances, and the determinationnoé & these variables,
it was already expected a good correlation betwsmne of them, such as: >
538°C fraction conversion and > 538°C fraction rafteaction (wt%),n-C;
insolubles conversion anatC; insolubles after reaction (wt%), and between <
538°C fraction after reaction (wt%) and Coke yigld> 538°C fraction after
reaction (wt%). Some variables, such as total sulptontent (wt%), total
saturates (wt%), coke yield (wt%), and MCR conwersdid not have a good

correlation with any of the other variables consedie
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The TGA residue of the asphaltenes that approxsratar MCR content,
and the H/C molar ratio showed a good correlatiath vnost of the other
measured variables. From the compositional vargliles important to highlight
the direct relationship observed between the amofiaromatic molecules with
1-3 rings with the > 538°C fraction conversion, agb with the yield of distillate
material (< 538°C fraction after reaction). Thissetvation suggests than an
asphaltene sample with higher content of pendanigy with 1-3 aromatic rings
would more likely exhibit higher conversion, as has higher yield of distillable

material.
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Appendix 4: MATLAB routines for the simulation of t he

cracking of asphaltenes

The third study presented the simulation of theckiry of asphaltene
molecules generated with two different topologieSive routines were
programmed in MATLAB® (Version R2011b, The MathWsrKknc., USA) for
the generation of populations of asphaltene moésgutheir cracking, and to
perform other calculations required for the reagement of the matrixes and
other additional estimations.

The routine for the generation of the molecules wasgrammed as a
MATLAB function called GenMol. The user should indluce three parameters to
specify the population to be generated: the fraciwd cores, the number of
molecules in the population, and the topology. Fos last specification, the
parameters 1 and 2 were used to define the linedrtl@e dendritic topology,
respectively. Thus, for instance, if we want to gate a population of 10000
asphaltene molecules with a fraction of cores 860and dendritic topology, the

routine should be called from the Command Windothwhe next code lines:

[Asph,MWAsph,MWDist, MWDistCum,FragDist,FragDistMass ,CumFragDist,...

CumFragMassDist]=GenMol(0.05,10000,2);

The outputs from this routine are specified in Hupiare brackets, and

consist of the following matrixes described in Teab4- 1.
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Table A4- 1.Description of the outputs from the routine GenMol

=

—

Output Dimensions Description
Three-dimensional matrix that
15 x 15 x numbet contains thg generated aspha_ltene
Asph of molecules molecules, with the molecular welgrwt
of their building blocks, and the
connections between them
1 x number of This vector stores the molecular
MWAsph weight of the respective asphaltene
molecules : :
molecules defined by the matrix Asp
Molar discrete distribution of the
MWDist 61x2 molecular weight for the population of
asphaltenes generated
Molecular weight cumulative discrete
MWDistCum 61x2 distribution for the asphaltene
population
Molar distribution for the number ¢
FragDist 15x 2 building blocks of the asphaltene
molecules
FragDistMass 15 x 2 Ma}ss distribution for the number of
building blocks
, Cumulative molar distribution of the
CumFragDist 15x2 number of building blocks
CumFragDistMas$ 15 x 2 Cumulative mass distribution of the

number of building blocks

These outputs will be available in the WorkspackIATLAB, and can be

visualized in the Variable Editor window by douldkeking them. These

matrixes can also be automatically displayed inGbenmand Window, at the end

of the routine, if the semicolon is removed frore thst code line. The user can

modify the names of these outputs, but should bsistent in the next steps when

these outputs are used as inputs in the next esutin
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When the GenMol routine is executed, six figureB be displayed. Two
of these figures correspond to the molar discrétilbutions for the molecular
weight of the population of asphaltenes, given B/Dist and MWDistCum, and
are compared to the distributions obtained fromddia published by Qian et’al.
The other four figures show the molar and masgikigtons of the number of
building blocks in the population of asphaltenepecified by the matrixes
FragDist, FragDistMass, CumFragDist, and CumFratlylsss.

To determine the mass percentage of cores in ghdtireg population of
asphaltenes, the function MassCores was programhhégishort routine has only
one output called coresper that indicates the rfrastion of cores in the total
mass of asphaltenes. This function must be calletle Command Window with

the following code line:

[coresper]=MassCores(Asph)

After the generation of the population of asphaternhe molecules can be
cracked with the routine CrackMol. The next codeed should be typed in the

Command Window to call the function programmed iIATMLAB:

[AsphCr,MWAsphCr,MWDistMass,MWDistCumMass,MWDistCr, MWDistCumCr,...
MWDistMassCr,MWDistCumMassCr, ThDistCumMassProd,Frag DistCr,...
FragDistMassCr,CumFragDistCr,CumFragMassDistCr,ligh ts,heavy,iter]=...

CrackMol(Asph,MWAsph,MWDist, MWDistCum);

The function CrackMol generates the outputs deedribh Table A4- 2.
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Table A4- 2.Description of the outputs from the function Crislch

Output

Dimensions

Description

AsphCr

15 x 15 x numbe
of molecules
after cracking

Three-dimensional matrix that contains
the asphaltene molecules after cracking,
with the molecular weight of the
building blocks, and the connections
between them

=

MWASsphCr

1 x number of
molecules after
cracking

This vector stores the molecular weight
of the respective asphaltene molecules
defined by the matrix AsphCr

MWDistMass

70x 2

Mass discrete distribution of the
molecular weight for the population
asphaltenes before reaction

MWDistCumMass

70x 2

Mass cumulative distribution of the
molecular weight for the population
asphaltenes before cracking

MWDistCr

70x 2

Molar discrete distribution of the
molecular weight for the population
asphaltenes after cracking

MWDistCumCr

70x 2

Molecular weight cumulative discrete
distribution for the asphaltenes after
cracking

MWDistMassCr

70x 2

Mass discrete distribution of the
molecular weight for the population
asphaltenes after cracking

MWDistCumMassCr

70x 2

Mass cumulative distribution of the
molecular weight for the population
asphaltenes after cracking

TbhDistCumMassProd

70x 2

Mass cumulative distribution of the
boiling point for the population af
asphaltenes after cracking

FragDistCr

15x2

Molar distribution for the number of
building blocks of the asphaltenes after
cracking

FragDistMassCr

15x2

Mass distribution for the number of
building blocks of the asphaltenes after
cracking

CumFragDistCr

15x2

Cumulative molar distribution of thE
number of building blocks of th
asphaltenes after cracking

CumFragDistMassC

15x2

Cumulative mass distribution of the
number of building blocks of th
asphaltenes after cracking ’e
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Variable that indicates the < 343f
lights 1x1 boiling fraction in the population @
asphaltenes after cracking

Variable for the > 650°C boilin
heavy 1x1 fraction for the asphaltene populati
after cracking

Variable that counts the number
breakages, and likewise, the n
molecules generated. Thus, the fi
number of molecules is equal to the s
of the initial amount of molecules plt
this variable

iter 1x1

The execution of the function CrackMol also geresaten figures to
visualize the results. Two of them are the molarWBistCr) and mass
(MWDistMassCr) distributions of the molecular welghior the resulting
population of asphaltenes after the reaction, coetpaith the initial distributions
before the reaction (MWDist and MWDistMass, respety). Similarly, two
other graphs correspond to the cumulative molar MAMCumCr) and mass
(MWDistCumMassCr) distributions of the molecularigig for the molecules
after cracking compared with the respective distidns before the reaction,
given by MWDistCum and MWDistCumMass. Two additibfigures compare
the cumulative mass distributions of the molecwarght (MWDistCumMassCr)
and of the boiling point (ThDistCumMassProd) fore thesulting asphaltene
population after the reaction with the experimemésults. The last four figures
are again the mass and molar distributions of tmaber of building blocks for
the asphaltene molecules after cracking, given hwy mnatrixes FragDistCr,

FragDistMassCr, CumFragDistCr, and CumFragDistMassC
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The function CrackMol internally calls the functi®earrange that has the
objective of reorganizing the building blocks anonigections in the cracked
molecule and in the new molecule generated. Thistion eliminates the empty
spaces on the main diagonal of the matrix, andresdhat all the building blocks
are located one after the other, starting at tts#tipa (1,1) of the matrix.

The function OrgAsph was programmed to get someitiaddl
information of the resulting population of asphaéie after the cracking routine.
This function can reorganize the matrix of asplm@te after the reaction
(AsphCr), and the respective vector with their roolar weights (MWAsphCr),
by increasing ranges of molecular weight. Durinig thperation, the function is
able to calculate the number of molecules in eaotecular weight range. This
function has the three outputs described in Talfle 3 and must be called from

the Command Window with the next code line:

[Asphorg,MWAsphorg,MWmolcounter]=OrgAsph(AsphCr,MWA sphCr);

Table A4- 3.Description of the outputs from the function Orghs

Output Dimensions Description
1515 x rumber| [e2 SInension] maic Vot coriane e
Asphorg of molecules after| 2P : : 9,
: organized by increasing ranges |of
cracking :
molecular weight
1 x number of | This vector stores the molecular weight| of
MWAsphorg molecules after | the respective asphaltene molecules
cracking defined by the matrix Asphorg
MWmolcounter 70 x 2 Dlstrll_)utu_)n of number of molgculc_as after
cracking in each molecular weight interval
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The MATLAB code for the five functions programmeat the simulation work

presented in the third study is presented below.
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A4- 1 Function GenMol

%
%
% GENERATION OF MOLECU
%
%
% MATLAB File name: GenMol.m

% Asphaltenes molecules are generated using buildin
% distillates. PDFs are available for the cores, th

% categories of distillable molecules, and for the

%

%Rosa |I. Rueda-Velasquez
%University of Alberta

% 2012

%

function

[Asph,MWAsph,MWDist,MWDistCum,FragDist,FragDistMass
CumFragMassDist]=GenMol(frcore,n,moltype)

% The user defines the fraction of cores (frcore),
molecules

% to be generated (n), and the type of molecules (m

% molecules, and moltype = 2 for dendritic molecule

%PDFblock - Type of building block

%Building block can be a core or a distillable mole
% # --- Categories

% 1 --- core

% 2 --- distillable molecules

% The fraction of cores is defined by the user with

PDFBlock=[frcore 1
12];

%
%PDFAsph - Asphaltenes

%This PDF was obtained from the data published by Q
%Data was normalized and converted to a discrete cu
%
PDFAsph=[0.0162 356.25
0.0402 400

0.0682 434.375

0.1047 475

0.1447 512.5

0.1873 556.25

0.2283 593.75

0.2705 637.5

0.3132 675

0.3546 712.5

0.3956 750

0.4343 793.75

0.4708 825

0.5060 875

0.5404 912.5

0.5734 950

0.6044 993.75

0.6342 1031.25

0.6612 1068.75

g blocks of cores and
e different
asphaltenes

,CumFragDist,

the number of

oltype = 1 for linear
s)

cule.

the variable frcore

ian et al, 2007
mulative distribution
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0.6872 1106.25
0.7119 1143.75
0.7344 1193.75
0.7559 1237.5
0.7751 1268.75
0.7934 1312.5
0.8100 1356.25
0.8258 1393.75
0.8410 1431.25
0.8554 1468.75
0.8681 1512.5
0.8801 1550
0.8914 1593.75
0.9016 1631.25
0.9112 1668.75
0.9202 1709.375
0.9282 1750
0.9361 1787.5
0.9426 1825
0.9490 1868.75
0.9543 1906.25
0.9593 1946.875
0.9640 1987.5
0.9684 2037.5
0.9721 2078.125
0.9757 2115.625
0.9790 2156.25
0.9816 2193.75
0.9842 2237.5
0.9864 2275
0.9885 2312.5
0.9903 2353.125
0.9919 2390.625
0.9933 2431.25
0.9946 2471.875
0.9959 2512.5
0.9972 2550
0.9981 2593.75
0.9989 2634.375
0.9996 2668.75
0.9999 3000
1.0000 3500];
% _____________________
% _____________________
% PDFCores - Cores

% This PDF was obtained from SimDist data of materi al recovered from the

% reaction of asphaltenes under hydrogenation condi tions and after removal
% of tetralin. Data was normalized  for material with boiling point > 538C,

% and cumulative distribution was generated.

% MW was determined by the correlation of Sim and D aubert

L S

PDFCores=[0.0987 507.42
0.2309 543.38
0.3507 579.04
0.4518 617.61
0.5725 673.66
0.6591 760.24
0.7380 849.80
0.8103 942.51
0.8767 1042.28
0.9380 1147.23
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0.9949 1255.07
1.0000 1315.97];

%
%
% PDFDist - Categories of distillable molecules

% This PDF was generated from the overall mole yiel
% categories of distillable molecules. Data was nor
% cumulative distribution

%
% # --- Categories

% 1 --- alkylbenzoDBTs

% 2 --- 4+ ring aromatics

% 3 --- 2 ring naphthenes

% 4 --- alkylchrysenes

% 5 --- alkylcarbazoles

% 6 --- alkyl octahydrophenanthrenes
% 7 --- alkylpyrenes

% 8 --- alkyIDBTs

% 9 --- alkylphenanthrenes

% 10 -- sulfides

% 11 -- alkylfluorenes

% 12 -- alkylbiphenyls

% 13 -- 1 ring naphthenes

% 14 -- alkylbenzothiophenes

% 15 -- alkylnaphthalenes

% 16 -- alkyl benzenes

% 17 -- alkyl tetralins

% 18 -- paraffins

%

PDFDist = [0.0092 1
0.0192
0.0308
0.0442
0.0624
0.0866
0.1146
0.1444
0.1825
0.2255 10
0.2739 11
0.3282 12
0.3911 13
0.4545 14
0.5401 15
0.6549 16
0.7742 17
1.0000 18];

Co~NOUWN

%
% PDFs for the different categories of molecules
% Experimental data had been provided in mole%.
%
% Category # 1 --- alkylbenzoDBTs
%
PDFDist1=[0.0742 234
0.2375 248

0.4618 262

0.6479 276

0.7855 290

ds for the different
malized to get the
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0.8666
0.9094
0.9419
0.9704
0.9810
0.9857
0.9903
0.9925
0.9954
0.9976
0.9983
0.9991
1.0000

%

304
318
332
346
360
374
388
402
416
430
444
514
542];

% Category # 2 --- 4+ ring aromatics

%

PDFDist2=[0.0705 208

0.2031
0.3658
0.5232
0.6340
0.7410
0.8385
0.8991
0.9418
0.9637
0.9763
0.9846
0.9903
0.9938
0.9966
0.9980
0.9987
1.0000

222
236
250
264
278
292
306
320
334
348
362
376
390
404
418
432
446];

%

% Category # 3 --- 2 ring naphthenes

%

PDFDist3=[0.0028 152

0.0104
0.0298
0.1294
0.2754
0.4101
0.5206
0.6004
0.6679
0.7327
0.7975
0.8483
0.8978
0.9306
0.9561
0.9702
0.9823
0.9885
0.9935
0.9947
0.9964
0.9982
1.0000

180
194
208
222
236
250
264
278
292
306
320
334
348
362
376
390
404
418
432
446
460
474];
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% _____________________
% Category # 4 --- alkylchrysenes

% _____________________
PDFDist4=[0.0715 228

0.1967 242

0.4193 256

0.5839 270

0.7321 284

0.8417 298

0.9312 312

0.9649 326

0.9840 340

0.9931 354

0.9974 368

0.9995 382

1.0000 396];

% _____________________
% Category # 5 --- alkylcarbazoles

% _____________________
PDFDist5=[0.0381 167

0.1838 181

0.4119 195

0.6042 209

0.7889 223

0.8935 237

0.9531 251

0.9758 265

0.9901 279

0.9945 293

0.9960 307

0.9974 321

0.9992 335

0.9996 349

1.0000 363];

O .
% Category # 6 --- alkyl octahydrophenanthrenes
% _____________________
PDFDist6=[0.2394 186

0.4666 200

0.6432 214

0.7615 228

0.8283 242

0.8656 256

0.8949 270

0.9191 284

0.9420 298

0.9540 312

0.9637 326

0.9746 340

0.9806 354

0.9864 368

0.9904 382

0.9948 396

0.9974 410

0.9985 424

0.9994 438

0.9997 480

1.0000 494];
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%

% Category # 7 --- alkylpyrenes

%

PDFDist7=[0.0424 202

0.1305
0.2471
0.3927
0.6711
0.8002
0.8935
0.9470
0.9698
0.9824
0.9915
0.9953
0.9976
0.9986
0.9988
0.9995
0.9998
1.0000

%

216
230
244
258
272
286
300
314
328
342
356
370
384
398
412
426
440];

% Category # 8 --- alkyIDBTs

%

PDFDist8=[0.0441 184

0.1632
0.3178
0.4926
0.6456
0.7785
0.8606
0.9104
0.9406
0.9611
0.9730
0.9819
0.9876
0.9917
0.9944
0.9957
0.9966
0.9976
0.9980
0.9983
0.9988
0.9990
0.9993
0.9997
1.0000

%

198
212
226
240
254
268
282
296
310
324
338
352
366
380
394
408
422
436
450
464
478
492
506
520];

% Category # 9 --- alkylphenanthrenes

%

PDFDist9=[0.0392 178

0.1065
0.2067
0.3359
0.4827
0.6177
0.7907
0.8661

192
206
220
234
248
262
276
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0.9181
0.9491
0.9629
0.9762
0.9832
0.9879
0.9918
0.9949
0.9971
0.9976
0.9978
0.9985
0.9988
0.9998
1.0000

290
304
318
332
346
360
374
388
402
416
430
444
472
514
528];

%

% Category # 10 --- sulfides

%

PDFDist10=[0.0664 136

0.2294
0.4856
0.7006
0.8482
0.9393
0.9776
0.9904
0.9934
0.9966
0.9983
0.9989
0.9995
0.9997
1.0000

%

150
164
178
192
206
220
234
248
262
276
290
304
318
346];

% Category # 11 ---alkylfluorenes

%

PDFDist11=[0.0950 166

0.1811
0.2926
0.4277
0.5758
0.7129
0.8146
0.9057
0.9439
0.9665
0.9790
0.9849
0.9898
0.9923
0.9940
0.9952
0.9958
0.9972
0.9976
0.9978
0.9985
0.9986
0.9988
0.9994

180
194
208
222
236
250
264
278
292
306
320
334
348
362
376
390
404
418
432
446
460
474
488
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0.9997
0.9998
1.0000

502
530
544];

%

% Category # 12 --- alkylbiphenyls

%

PDFDist12=[0.0196 154

0.1361
0.3287
0.5264
0.6854
0.7928
0.8715
0.9173
0.9489
0.9669
0.9751
0.9833
0.9876
0.9918
0.9944
0.9963
0.9978
0.9988
0.9994
0.9996
0.9997
0.9999
1.0000

%

168
182
196
210
224
238
252
266
280
294
308
322
336
350
364
378
392
406
420
434
448
462];

% Category # 13 --- 1 ring naphthenes

%

PDFDist13=[0.0100 98

0.0243
0.0604
0.1303
0.2504
0.3764
0.4809
0.5725
0.6460
0.7090
0.7561
0.7939
0.8281
0.8579
0.8876
0.9139
0.9387
0.9575
0.9717
0.9805
0.9879
0.9921
0.9954
0.9973
0.9978
0.9985
0.9986
0.9992

112
126
140
154
168
182
196
210
224
238
252
266
280
294
308
322
336
350
364
378
392
406
420
434
448
462
476
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0.9995
0.9996
0.9997
1.0000

490
532
546
686];

%

% Category # 14 --- alkylbenzothiophenes

%

PDFDist14=[0.0766 134

0.1678
0.3284
0.4980
0.6356
0.7432
0.8122
0.8571
0.8836
0.9190
0.9389
0.9548
0.9661
0.9764
0.9828
0.9886
0.9917
0.9941
0.9956
0.9968
0.9977
0.9985
0.9988
0.9993
0.9998
0.9999
1.0000

148
162
176
190
204
218
232
246
260
274
288
302
316
330
344
358
372
386
400
414
428
442
456
470
512
540];

%

% Category # 15 --- alkylnaphthalenes

%

PDFDist15=[0.2070 142

0.3945
0.5842
0.7170
0.8009
0.8538
0.8893
0.9200
0.9414
0.9584
0.9703
0.9776
0.9835
0.9877
0.9912
0.9924
0.9942
0.9960
0.9969
0.9974
0.9981
0.9983
0.9987

156
170
184
198
212
226
240
254
268
282
296
310
324
338
352
366
380
394
408
422
436
450
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0.9991
0.9994
0.9995
0.9998
0.9999
1.0000

%

464
478
492
506
520
534];

% Category # 16 --- alkyl benzenes

%

PDFDist16=[0.1408 92

0.3184
0.5008
0.6650
0.7488
0.8085
0.8537
0.8876
0.9100
0.9253
0.9367
0.9475
0.9587
0.9674
0.9749
0.9820
0.9868
0.9899
0.9928
0.9952
0.9968
0.9979
0.9984
0.9991
0.9995
0.9998
1.0000

%

106
120
148
162
176
190
204
218
232
246
260
274
288
302
316
330
344
358
372
386
400
414
428
442
456
470];

% Category # 17 --- alkyl tetralins

%

PDFDist17=[0.2918 146

0.4855
0.6510
0.7564
0.8271
0.8697
0.8970
0.9159
0.9308
0.9433
0.9562
0.9670
0.9756
0.9825
0.9879
0.9917
0.9942
0.9961
0.9975
0.9985
0.9991

160
174
188
202
216
230
244
258
272
286
300
314
328
342
356
370
384
398
412
426
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0.9994
0.9995
0.9998
0.9999
1.0000

%

440
454
468
482
496];

% Category # 18 --- paraffins

%

PDFDist18=[0.0812 100

0.1683
0.2687
0.3548
0.4830
0.5778
0.6357
0.6879
0.7298
0.7649
0.7965
0.8247
0.8537
0.8824
0.9102
0.9337
0.9532
0.9685
0.9795
0.9864
0.9915
0.9946
0.9970
0.9980
0.9987
0.9994
0.9996
0.9998
0.9999
1.0000

114
128
142
156
170
184
198
212
226
240
254
268
282
296
310
324
338
352
366
380
394
408
422
436
450
464
478
506
534];

%
%

% Generation of asphaltenes molecules

% With a random number, "a" selects core or distill

% Separate routines can select a building block eit

% the distillates PDFs

% When the building block is a distillable molecule

% selects some category of molecule, and then a spe

% category

%

%

% The generation of asphaltene molecules follow the
% by PDFAsph.

%

% MWHDist is the matrix that verifies the distributi
% molecules generated
MWDist=zeros(size(PDFAsph));
MWDist(:,2)=PDFAsph(:,2);

% "n" is the number of molecules generated
% n is define by the user, n = 10000 has been used

able molecule
her in the cores or in

, the routine also
cific MW in that

on of MW of the

for the simulations
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% "mxblocks is the size of the matrix of asphaltene S
% mxblocks= 15 was found appropriate

% moltype = Type of molecule
% 1 = lineal

% 2 = dendritic

% moltype is defined by the user

% generation of matrix of asphaltenes

% "cumole" is the cumulative mole in the distributi on of asphaltenes
cumole=0;

% "mlc" is the counter of the number of asphaltenes molecules generated
mlc=0;

for p = 1:size(PDFAsph,1)
g = (n*(PDFAsph(p,1))-n*(cumole));
cumole = PDFAsph(p,1);
if p==1
MWprev=281.25;
else
MWprev=PDFAsph((p-1),2);
end
for i=1:q
mlc=mlc+1;
mxblocks=15;
Asph(:,:,mlc)=zeros(mxblocks,mxblocks);
MWAsph(mic)=0;

MWCum=0;
r=0;
while r<15
r=r+1;
if MWAsph(mic)<MWprev
% If MW of the molecules is lower than lower value in
% the range
a=rand(1);
if a<PDFBlock(1,1);
% Select a core building block
b=rand(1);
k=1;
while b > PDFCores(k,1);
k=k+1;
end
fragment = PDFCores(k,2) ;
else
% Select a distillate molecule
b=rand(1);
k=1;
while b > PDFDist(k,1);
k=k+1;
end
%Selection of specific category of distillate
if k==1
A = PDFDist1;
elseif ==2
A= PDFDist2;
elseif ==3
A= PDFDist3;
elseif k==
A= PDFDist5;
elseif ==5
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A= PDFDist5;

elseif k==6
A= PDFDist6;

elseif k==7
A= PDFDist7;

elseif ==8
A= PDFDist8;

elseif k==9
A= PDFDist9;

elseif k==10
A= PDFDist10;

elseif ==11
A= PDFDist11;

elseif k==12
A= PDFDist12;

elseif ==13
A= PDFDist13;

elseif ==14
A= PDFDist14;

elseif k==15
A= PDFDist15;

elseif k==16
A= PDFDist16;

elseif ==17
A= PDFDist17;

elseif ==18
A= PDFDist18;

end

¢ =rand(1);
m=1,;

while ¢ > A(m,1);

m=m+1;

end
fragment = A(m,2);
end
% Position of building block on matrix diagonal
MWCum=MWAsph(mic);
Asph(r,r,mlc)=fragment;

MWAsph(mic) = MWAsph(mic) + fragment;
% assignation of links to other building blocks
if moltype ==
%linear molecule
if r==1
else
poslink=r-1;
Asph(poslink,r,mic) =1;
end
else
% dendritic or branched molecule
if r==1
elseif r==
poslink=1;
Asph(poslink,r,mic) =1;
elseif r==
% Building block 3 can be connected to either
% building block 1 or building block 2
poslink=randi([1 (r -1)));
Asph(poslink,r,mic) =1;

else
% other build. blocks can be connected to any
% building block except the previous one
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% with (r-2) some linearity is avoided

poslink=randi([1 (r
Asph(poslink,r,mic)
end
end

% Verification of MW in the range
if MWAsph(mic)<=PDFAsph(p,2)
if MWAsph(mlc)>MWprev

j=mxblocks;
else

-2)]);
=1;

%MWDiff=MWprev-MWAsph(mlc);

MWDiff=PDFAsph(p,2)

if MWDiff<92
Asph(r,r,mlc)=0
if r==1
else
Asph(poslin
end
r=r-1;

MWAsph(mlc)=MWC
mxblocks=mxbloc

else
end
end
else
Asph(r,r,mlc)=0;
if r==1
else
Asph(poslink,r,
end

r=r-1;
MWAsph(mlc)=MWCum;
mxblocks=mxblocks+1

end
end
end
MWAsph(milc) = 0;
for g=1:15
MWAsph(mic)=MWAsph(mlc)+Asph(g,g,mlc);
end

% Verification MW distribution of asphaltene molecu
1=1;
while  MWAsph(mlc) > PDFAsph(l,2);
I=1+1;
end
for k=1:size(MWDist,1)
if k==
MWDist(k,1)= ((MWDist(k,1))*(mlc-1)
else
MWDist(k,1)=((MWDist(k,1))*(mlc-1))
end
end
end
end

% Cumulative distribution
MWDistCum=zeros(size(PDFAsph));
MWDistCum(:,2)=PDFAsph(:,2);

-MWAsph(mic);

k,r,mlc)=0;

um;
ks+1;

mic)=0;

les generated

+1)/mlc;

/mic;
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cum=0;

for i=1l:size(PDFAsph,1)
cum= cum + MWNDist(i,1);
MWDistCum(i,1)=cum;

end

figure

plot (PDFAsph(;,2),PDFAsph(:,1), “r'  ,MWDistCum(:,2),MWDistCum(:,1), )
legend( 'Experimental’ , 'Simulation' )

xlabel(  'MW")

ylabel( 'Cumulative mole fraction' )

% Mole fractions distribution
molefractions=zeros(size(PDFAsph,1),1);
prevfrac=0;
for i=1l:size(PDFAsph,1)
molefractions(i)=PDFAsph(i,1)-prevfrac;
prevfrac=PDFAsph(i,1);
end
MWDistsim=zeros(size(MWDist,1),1);
for i=1:size(Asph,3)
counter=1;
while  MWAsph(i)>MWDist(counter,2)
counter=counter+1;

end
MWnDistsim(counter)=MWDistsim(counter)+1/size(As ph,3);

end

figure

plot (PDFAsph(:,2),molefractions(:,1), “r' ,MWDist(:,2),MWDist(;,1),
'--b" ) %,MWDist(:,2),MWDistsim(:,1),":m’

legend( 'Experimental’ , 'MWDist' ) %'MWDistsim'

xlabel( 'MW")

ylabel(  'Mole fraction’ )

O .

% Determination of distribution of # of building bl ocks in molecules

% generated
% _____________________

FragDist=zeros(15,2);
FragDist(:,1)=[1:1:15];
FragDistMass=zeros(15,2);
FragDistMass(:,1)=[1:1:15];
for i=1:mlc
block=0;
mxblocks=15;
for j=l:mxblocks
if Asph(j,j,i)~=0
block = block+1;
end
end
FragDist(block,2)=FragDist(block,2)+(1/mlc);
FragDistMass(block,2)=FragDistMass(block,2)+MWA sph(i)/sum(MWAsph);
end
figure
plot(FragDist(:,1), FragDist(:,2))
xlabel( '# Building blocks'

ylabel(  'Fraction of molecules' )
titte(  'Building blocks Distribution’ )
figure

plot(FragDistMass(:,1), FragDistMass(:,2))
xlabel(  '# Building blocks' )
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ylabel( 'Mass Fraction’ )
titte(  'Building blocks Distribution’ )

%Cumulative distribution of building blocks
CumFragDist = zeros(size(FragDist));
CumFragDist(:,1)=FragDist(:,1);
CumFragMassDist = zeros(size(FragDistMass));
CumFragMassDist(:,1)=FragDistMass(:,1);
cumone=0;
cumtwo=0;
for i=1:size(CumFragDist,1)
cumone= cumone + FragDist(i,2);
CumFragDist(i,2)=cumone;
cumtwo=cumtwo + FragDistMass(i,2);
CumFragMassDist(i,2)=cumtwo;
end
figure
plot(CumFragDist(:,1), CumFragDist(:,2))
xlabel( '# Building blocks'

ylabel( 'Cumulative Fraction of molecules' )
title(  'Building blocks Distribution’ )
figure

plot(CumFragMassDist(;,1), CumFragMassDist(:,2))
xlabel( '# Building blocks'

ylabel( 'Cumulative Mass Fraction' )
title(  'Building blocks Distribution’ )
end
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A4- 2 Function MassCores

%
%
% MASS OF CORES
%
%
% MATLAB File name: MassCores.m

% This routine was written to determine the percent
% of asphaltenes that was made up of cores

%

%Rosa |I. Rueda-Velasquez
%University of Alberta

% 2012

%

function  [coresper]=MassCores(Asph)
mxblocks=15;
masscores=0;
masspendants=0;
for i=1:size(Asph,3)
for j=l:mxblocks
if Asph(j,j,i)>=481.3
% 481.3 is the minimum mass of the cores
masscores=masscores+Asph(j,j,i);
else
masspendants=masspendants+Asph(j,j,i);
end
end
end

totalmass=masscores+masspendants;
coresper=masscores/totalmass;
end
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A4- 3 Function CrackMol

O .

% _____________________
% CRACKING OF MOLECU LES

O .
% _____________________
% MATLAB File name: CrackMol.m

% This function cracks asphaltene molecules generat ed by GenMol.m
% _____________________
%Rosa |I. Rueda-Velasquez

%University of Alberta

% 2012

O .

function  [Asph,MWAsph,MWDistMass,MWDistCumMass,MWDistCr,MWD  istCumCr,
MWnDistMassCr,MWDistCumMassCr,TbhDistCumMassProd, FragDistCr,
FragDistMassCr,CumFragDistCr,CumFragMassDistCr, lights,heavy,iter]
=CrackMol(Asph,MWAsph,MWDist,MWDistCum)

mlc=size(Asph,3);
mxblocks=15;

% _____________________
% Any molecule with MW < 481 Da is distillable

% _____________________
% Initial mass fraction of distillates in asphalten es

% _____________________

% Mole Distribution

exone=MWDist(:,2);

exone=exone';

extwo=[100 130 160 190 220 250 280 310 330 exone];
extwo=extwo";

MWDistmod=zeros ((size(extwo,1)),2);
MWDistmod(:,2)=extwo(:,1);
for i=1:size(Asph,3)
ctm=1;
while  MWAsph(i)>MWDistmod(ctm,?2)
ctm = ctm+1;
end
MWDistmod(ctm,1)=MWDistmod(ctm,1)+1/size(Asph,3 );
end

% Mass distribution

mass=0;

for i=1:size(MWDistmod,1)
mass=mass+MWDistmod(i,1)*MWDistmod(i,2);

end

MWDistMass=zeros(size(MWDistmod));

MWDistMass(:,2)=MWDistmod(:,2);

for i=1:size(MWDistMass,1)
MWDistMass(i,1)=(MWDistmod(i,1)*MWDistmod(i,2)) /mass;

end

% Cumulative Mass Distribution
MWDistCumMass=zeros(size(MWDistMass));
MWDistCumMass(:,2)=MWDistMass(:,2);
cummass=0;

for i=1:size(MWDistCumMass,1)
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cummass= cummass + MWDistMass(i,1);
MWNDistCumMass(i,1)=cummass;

end

g=1;

while  MWDistCumMass(g,2)<481
g9=g+1;

end

asphdist=MWDistCumMass((g-1),1)+(481-MWDistCumMass(
(MWDistCumMass(g,1)-MWDistCumMass((g-1),1))
/(MWDistCumMass(g,2)-MWDistCumMass((g-1),2));

YieldDist=asphdist;

% asphdist is the initial mass fraction of distilla
%

iter=0;
itercr=0;
while YieldDist <= 0.662

% Rearrangement of asphaltenes matrix by number of
% every 100 cracked molecules
if iter==itercr
AsphCr=zeros(size(Asph));
MWAsphCr=zeros(size(MWAsph));
mlcr=0;
for i=1:size(Asph,1)
if i==2
init=mlcr+1;
end
for k=1:mic
bl=0;
for j=1:size(Asph,1)
if Asph(j,j,k)~=0
bl=bl+1;
end
end
if bl==i
micr=mlcr+1;
AsphCr(:,:,mlcr)=Asph(:,:,k);
MWAsphCr(mlcr)=MWAsph(K);
end
end
end
Asph=AsphCr;
MWAsph=MWAsphCr;
itercr=itercr+100;
end

r=randi([init mic]);
% selection of a random molecule
% This selection will only take into account molecu
% one building block

block=0;
for i=l:mxblocks
%Determination number of building blocks in asphalt
if Asph(i,i,r)~=0
block = block+1;
end
end

(9-1).2))

tes in the asphaltenes

building blocks

les with more than

ene molecule
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% Only molecules with more than one building block can be cracked

if block>1
iter=iter+1;
crpos=randi([2 block]);
crfrag=Asph(crpos,crpos,r);
bond=1;
for i=1:(crpos-1)
if Asph(bond,crpos,r)==0
bond=bond+1;
end
end
% bond indicates the bond that will be cracked
mic=mlc+1;
% a new molecule is generated
Asph(:,:,mlc)=zeros(mxblocks,mxblocks);

% Transfering building block and its links to new m olecule

Asph(crpos,crpos,mic)=crfrag;
Asph(crpos,crpos,r)=0;
Asph(bond,crpos,r)=0;

if block>2
linkfrg=block;
while linkfrg > crpos
if Asph(linkfrg,linkfrg,r)~=0

link=1;
for i=1:(linkfrg-1)
if Asph(link,linkfrg,r)==0
link=link+1;
end
end
origlink=link;

if link==crpos
Asph(linkfrg,linkfrg,mic)=Asph(linkfrg,linkfrg,r);
Asph(link,linkfrg,mic)=1;
Asph(linkfrg,linkfrg,r)=0;
Asph(link,linkfrg,r)=0;
else
while link>crpos

linktwo=1;
for i=1:(link-1)
if Asph(linktwo,link,r)==0
linktwo=linktwo +1;
end
end
link=linktwo;

end
if link==crpos
Asph(linkfrg,linkfrg,mlc)=Asph(linkfrg,linkfrg,r);
Asph(origlink,linkfrg,m lc)=1;
Asph(linkfrg,linkfrg,r) =0;
Asph(origlink,linkfrg,r )=0;
else
end
end
end
linkfrg=linkfrg-1;
end
end

% Rearrangement of building blocks in initial and n ew molecules
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A=Rearrange(Asph(:,:,r);

Asph(:,:,n)=A;
A=Rearrange(Asph(:,:,mlc));
Asph(:,:,mic)=A;

% Update MW in MWAsph
MWAsph(r)=0;

for i=1:15
MWAsph(r)=MWAsph(r)+Asph(i,i,r);
end

MWAsph(mlc)=0;
for i=1:15
MWAsph(mlc)=MWAsph(mic)+Asph(i,i,mlic);
end

% Determination of new mole fractions
MWDistCr=zeros(size(MWDistmod));
MWDistCr(:,2)=MWNDistmod(;,2);

for m=1:size(Asph,3)

countone=1;

while  MWAsph(m)>MWDistmod(countone,2)
countone = countone+1;
end

MWDistCr(countone,1)=MWNDistCr(countone,1)+1

end

% Cumulative mole distribution
MWDistCumCr=zeros(size(MWDistCr));
MWNDistCumCr(:,2)=MWDistCr(:,2);
cumcr=0;

for i=1l:size(MWDistCr,1)

cumcr= cumcr + MWDistCr(i,1);

MWDistCumCir(i,1)=cumcr;

end

%Determination of new mass fractions
MWDistMassCr=zeros(size(MWDistCr));
MWDistMassCr(:,2)=MWDistCr(:,2);
masscr=0;

for i=1l:size(MWDistCr,1)

masscr=masscr+MWDistCr(i,1)*MWDistCr(i,2);

end

% Assumes that all the molecules in each MW range h

for i=1:size(MWDistMassCr,1)

MWDistMassCr(i,1)=(MWDistCr(i,1)*MWDistCr(i

end

% Cumulative Mass Distribution
MWDistCumMassCr=zeros(size(MWDistMassCr));
MWDistCumMassCr(:,2)=MWNDistMassCr(:,2);
cummasscr=0;

for i=1:size(MWDistCumMassCr,1)

cummasscr= cummasscr + MWDistMassCr(i,1);

MWDistCumMassCr(i,1)=cummasscr;

end

% Mass fraction of distillates
g=1;
while MWDistCumMassCr(g,2)<481
g=g+1;
end

/size(Asph,3);

ave the same MW

,2))/masscr;
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asphdistcr=MWDistCumMassCr((g-1),1)+(481-MWDistCumM

(MWDistCumMassCr(g,1)-MWDistCumMassCr((g-1)
/(MWDistCumMassCr(g,2)-MWDistCumMassCr((g-1

YieldDist=asphdistcr;
ConvVR=((1-asphdist)-(1-asphdistcr))/(1-asphdis

end
end
figure
plot(MWDistMass(:,2),MWDistMass(:,1),MWDistMassCr(:
legend( ‘Initial , 'Final' )
xlabel( 'MW")
ylabel( 'Mass fraction’ )
figure

plot(MWDistCumMass(:,2),MWDistCumMass(:,1),MWDistCu

MWDistCumMassCir(:,1))

legend( ‘Initial , 'Final' )

xlabel(  'MW")

ylabel( 'Cumulative mass fraction' )

figure
plot(MWDistmod(:,2),MWDistmod(:,1), MWDistCr(:,2), MW
legend( ‘Initial , 'Final' )

xlabel(  'MW")

ylabel(  'Mole fraction’ )

figure

plot(MWDistCum(:,2),MWDistCum(:,1), MWDistCumCir(:,2)
legend( ‘Initial , 'Final' )

xlabel(  'MW")

ylabel( 'Cumulative Mole fraction' )

%
% Cumulative mass distribution of products - compar
%
% These matrixes were made as an alternative to ver
%

% Determination of mole fractions - products
MWDistProd=zeros ((size(extwo,1)),2);
MWDistProd(:,2)=extwo(:,1);

for i=1:size(Asph,3)
countm=1;
while  MWAsph(i)>MWNDistProd(countm,2)
countm = countm+1;
end
MWDistProd(countm,1)=MWDistProd(countm,1)+1
end

% Cumulative mole distribution - products
MWDistCumProd=zeros(size(MWDistProd));
MWNDistCumProd(:,2)=MWNDistProd(:,2);
countcum=0;

for i=1l:size(MWDistProd,1)
countcum= countcum + MWDistProd(i,1);
MWDistCumProd(i,1)=countcum;

end

assCr((g-1),2))*
1) ..

).2);

t);

,2),MWDistMassCr(:,1))

mMassCir(:,2),

DistCr(:,1))

,MWDistCumcCir(:,1))

Isize(Asph,3);
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%Determination mass fractions - products

masspr=0;
for i=1l:size(MWDistProd,1)
masspr=masspr+MWDistProd(i,1)*MWDistProd(i,
end

MWDistMassProd=zeros(size(MWNDistProd));

MWnDistMassProd(:,2)=MWNDistProd(:,2);
for i=1:size(MWDistMassProd,1)
MWDistMassProd(i,1)=(MWDistProd(i,1)*MWDist
end

% Cumulative Mass cumulative - products
MWNDistCumMassProd=zeros(size(MWDistMassProd));
MWDistCumMassProd(:,2)=MWNDistMassProd(:,2);
cummasspr=0;

for i=1l:size(MWDistCumMassProd,1)
cummasspr= cummasspr + MWDistMassProd(i,1);
MWDistCumMassProd(i,1)=cummasspr;

end

%
% SimDist results for liquid products after tetrali

% These results include correction for evaporation

% material during rotary evaporation

% This data was processed in VMGSim to generate pse
% calculated with Sim and Daubert's correlation

%
CLProdone=[0.3788 213.44
0.3870 225.73

0.3995 236.54

0.4137 248.71

0.4293 261.07

0.4447 273.71

0.4607 286.73

0.4810 300.01

0.5008 312.53

0.5176 326.45

0.5321 340.65

0.5458 355.16

0.5722 377.60

0.5977 408.51

0.6224 439.35

0.6471 472.77

0.6706 507.42

0.6960 543.38

0.7205 579.04

0.7426 617.61

0.7713 673.66

0.7789 701.49];
CLProdtwo=[0.7829 716.35
0.7869 731.35

0.7945 760.24

0.8182 849.80

0.8423 942.51

0.8667 1042.28

0.8916 1147.23

0.9168 1255.07

0.9191 1315.97];

figure
plot(MWDistCumMassCr(:,2),MWDistCumMassCr(:,1),

2);

Prod(i,2))/masspr;

n removal
of 31% of the light

udo-components. MW was
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CLProdone(:,2),CLProdone(:,1), r-

' ,CLProdtwo(:,2),CLProdtwo(:,1), r:!
%MWDistCumMassProd(:,2), MWDistCumMassProd(:,1),'m:"'
legend( 'Simulation 1' , 'Experimental’ )
xlabel( 'MW")
ylabel( 'Cumulative Mass Fraction’ )

% _____________________
% _____________________
% Results are also shown in % mass vs. Th

% _____________________
% _____________________
CLProdTbone=[0.3788 274

0.3870 289

0.3995 302

0.4137 316

0.4293 330

0.4447 344

0.4607 358

0.4810 372

0.5008 385

0.5176 399

0.5321 413

0.5458 427

0.5722 448

0.5977 476

0.6224 503

0.6471 531

0.6706 559

0.6960 587

0.7205 614

0.7426 642

0.7713 681

0.7789 700];

CLProdTbtwo=[0.7829 710

0.7869 720

0.7945 739

0.8182 795

0.8423 850

0.8667 906

0.8916 962

0.9168 1017

0.9191 1047];

TbhDistCumMassProd=zeros(size(MWDistCumMassCir));
TbhDistCumMassProd(;,1)=MWDistCumMassCr(:,1);

% Tb calculated from Sim and Daubert's correlation with SimDist data for
% asphaltenes before reaction and using MW ranges f or asphaltenes

TbhDistCumMassProd(:,2)=[135.5
172.1
208.8
245.4
282.0
3175
350.8
382.4
402.5
428.0
468.3
498.6
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532.8
563.0
596.7
624.7
655.8
681.9
707.0
732.1
760.0
7795
810.0
832.2
854.2
878.8
899.8
920.1
940.1
960.1
985.7
1008.0
1023.7
1045.3
1066.8
1085.3
1103.8
1122.3
1143.8
1162.3
1183.8
1202.3
1220.8
1240.8
1260.8
1279.3
1297.8
1319.3
1337.8
1357.8
1377.8
1402.4
1422.5
1440.9
1460.9
1479.4
1501.0
1519.4
1537.9
1557.9
1576.4
1596.4
1616.4
1636.4
1654.9
1676.5
1696.5
1713.4
1876.6
2122.9];

figure
plot(TbDistCumMassProd(:,2),TbDistCumMassProd(:,1),
CLProdTbone(:,2),CLProdTbone(:,1), L R
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CLProdTbtwo(:,2),CLProdTbtwo(:,1), '

)

%TbDistCumMassProd(:,2),TbDistCumMassProd(:,1),'m:'

legend( 'Simulation 1' , 'Experimental’ )
xlabel( 'Th' )

ylabel( 'Cumulative Mass Fraction' )

%

%

% Determination of <343C and >650C

%

%

% Determination of < 343C fraction

crd=1;

while TbDistCumMassProd(crd,2)<343
crd=crd+1,;

end

lights=TbDistCumMassProd((crd-1),1)+(343-TbDistCumM
(TbDistCumMassProd(crd,1)-ThDistCumMassProd((cr
/(TbDistCumMassProd(crd,2)-ThDistCumMassProd((c

% Determination of > 650C fraction

crd=1;

while TbDistCumMassProd(crd,2)<650
crd=crd+1;

end

ligvr=TbDistCumMassProd((crd-1),1)+(650-TbDistCumMa

(TbDistCumMassProd(crd,1)-ThDistCumMassProd((cr
/(TbDistCumMassProd(crd,2)-TbDistCumMassProd((c
heavy=1-ligvr;

%
% Determination of distribution of # of building bl
%

FragDistCr=zeros(15,2);
FragDistCr(:,1)=[1:1:15];
FragDistMassCr=zeros(15,2);
FragDistMassCr(:,1)=[1:1:15];
for i=1:mlc
fragcr=0;
mxblocks=15;
for j=l:mxblocks
if Asph(j,j,i)~=0
fragcr = frager+1;
end
end
FragDistCr(fragcr,2)=FragDistCr(fragcr,2)+(1/ml

FragDistMassCr(fragcr,2)=FragDistMassCr(fragcr,2)+M
end

figure

plot(FragDistCr(:,1), FragDistCr(:,2))

xlabel(  '# Building blocks' )

ylabel(  'Fraction of molecules' )

title(  'Building blocks Distribution’ )
figure

plot(FragDistMassCr(:,1), FragDistMassCr(:,2))
xlabel(  '# Building blocks' )

ylabel( 'Mass Fraction' )

assProd((crd-1),2))*
d-1),1))
rd-1),2));

ssProd((crd-1),2))*
d-1),1)) ..
rd-1),2));

c);

WASsph(i)/sum(MWAsph);
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title(  'Building blocks Distribution’ )

%Cumulative distribution of building blocks
CumFragDistCr = zeros(size(FragDistCr));
CumFragDistCr(:,1)=FragDistCr(:,1);
CumFragMassDistCr = zeros(size(FragDistMassCr));
CumFragMassDistCr(;,1)=FragDistMassCr(:,1);
cumone=0;
cumtwo=0;
for i=1l:size(CumFragDistCr,1)
cumone= cumone + FragDistCr(i,2);
CumFragDistCr(i,2)=cumone;
cumtwo=cumtwo + FragDistMassCir(i,2);
CumFragMassDistCr(i,2)=cumtwo;
end
figure
plot(CumFragDistCr(;,1), CumFragDistCr(:,2))
xlabel( '# Building blocks'
ylabel( 'Cumulative Fraction of molecules'

titte(  'Building blocks Distribution’ )
figure

plot(CumFragMassDistCr(;,1), CumFragMassDistCr(:,2)
xlabel(  '# Building blocks' )

ylabel( 'Cumulative Mass Fraction’ )

titte(  'Building blocks Distribution’ )

end
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A4- 4 Function Rearrange

Qfmmmmmmmm e mmmmmmmmmmmmmmmemmmee
Ofmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmee

% R EARRANGE

Qfmmmmmmmm e mmmmmmmmmmmmmmmemmmee
Ofmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmee

% MATLAB File name: Rearrange.m

% Rearrange function is able to reorganize the buil ding blocks and

% connections to eliminate empty spaces on the main
% cracked molecules
% Building blocks are moved to the last empty posit

diagonal of the

ion on the diagonal of

% the matrix, and all vertical and horizontal conne ctions are relocated
Ofmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmeeem e

%Rosa |I. Rueda-Velasquez
%University of Alberta
% 2012

Qfmmmm e mmmmmmmmmmmmmmmmeememeeee

function  A=Rearrange(A)
for i=1:size(A,1)
if  A(i,i)==0
newpos=i;
while  A(newpos,newpos)==0 && newpos<size(A,1)
newpos=newpos+1;
end
if  A(newpos, newpos)~=0
A(i,i)=A(newpos,newpos);
A(newpos,newpos)=0;
% Horizontal connections, same column but new row
for j=(newpos+1):size(A,1)
if A(newpos,j)==1
A(i.j)=A(newpos,j);
A(newpos,j)=0;
end
end
% Vertical connection, same row but new column
if any(A(;,newpos))==1
newlk=1;
while  A(newlk,newpos)==0
newlk=newlk+1;
end
A(newlk,i)=A(newlk,newpos);
A(newlk,newpos)=0;
end
end
else
end
end
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A4- 5 Function OrgAsph

%
%
% ORGANIZATION OF REACTED MOLECULES B
%
%
% MATLAB File name: OrgAsph.m

% ReactAsph.m was created to check the resulting mo
% cracking reaction. This routine organizes the mol

% and counts the number of molecules in each MW ran
%
%Rosa |I. Rueda-Velasquez
%University of Alberta

% 2012

%

lecules after the
ecules by MW range

ge

function  [Asphorg,MWAsphorg,MWmolcounter]=OrgAsph(Asph,MWAs ph)

MW=[100
130
160
190
220
250
280
310
330
356.25
400
434.375
475
512.5
556.25
593.75
637.5
675
712.5
750
793.75
825
875
9125
950
993.75
1031.25
1068.75
1106.25
1143.75
1193.75
1237.5
1268.75
1312.5
1356.25
1393.75
1431.25
1468.75
1512.5
1550
1593.75
1631.25
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1668.75
1709.375
1750
1787.5
1825
1868.75
1906.25
1946.875
1987.5
2037.5
2078.125
2115.625
2156.25
2193.75
2237.5
2275
2312.5
2353.125
2390.625
2431.25
2471.875
2512.5
2550
2593.75
2634.375
2668.75
3000
3500];

ranges=size(MW,1);
popl=size(Asph,3);

org=0;
MWcount=zeros(size(MW));

for i=liranges
for j=1:popl
if i==1
if MWAsph(j)<=MW(i)
MWcount(i)=MWcount(i)+1;
org=org+1;
Asphorg(:,:,org)=Asph(:,:.j);
MWAsphorg(org)=MWAsph(j);
end
else
if MWAsph(j)<=MW(i)&& MWAsph(j)>MW/(i-1)
MWcount(i)=MWcount(i)+1;
org=org+1;
Asphorg(:,:,org)=Asph(:,:,j);
MWAsphorg(org)=MWAsph(j);
end
end
end
end
MWmolcounter(:,1)=MW;
MWmolcounter(:,2)=MWcount;
end
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