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Abstract

Online analytical tools are needed to optimize the upgrading pro€asstechnology could
reduce environmental impacts, reduce costsl enhance quality controf heavy oil feeds
Ultraviolet and visible spectroscopy, a well establishegigxtechnjue, is one exampliat
could potentially be developed@he current challenge of this technology is heavycbémical
complexity andts dynamic compositional transformatiomsupgrading.

The current study focuses on enhancing knowleddwydifotreating reactionsf an intermediate
Heavy Vacuum Gas Oil (HVGO) featkrived from Athabasca BitumeA batch microreactor
with sulfided NiMo FAD,O3c at al y st p e Istlidgstvese uaedAl rangedofreaction
tempeatures 290-390°C and times 0.252h, were testedTo assess product qualityx-situ
observation and characterization tok hydrotreatediquid productswere completedCarbon,
hydrogen sulfur, nitrogen,density, boiling point stribution, and hydrogen mclear magnetic
resonancewere completed to characterizbe liquid products A visible spectrosope was
developed to observe and measurehyesochromiccolor change®f theliquid products.
Chemometric analysis with four modej methods were completed to calibrate the visible
adsorption spectra to the physicochemical propedidained from characterizatioMultiple
linear regression and partial least squares regression were dsoptimal modeling methods.
Depending on the data set used, sulfur, nitrogen, initial boiling point taC3MAaction, 400 to
500°C fraction, density, total aromatic hydrogen and its conversion, were found as the best
properties calibrated. The 591, and 7wt.% fractiors off from the boiling point distribution curve

using multiple linear regressionenefoundto bethe best modsloverall.
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Chapter 1: Introduction and Objectives

1.1 Introduction

The International Energy Agency (IBAepated worldwide oil product demand(including
biofuels)averagd 95.5million barrels per daymb/d)in the year 201§1-2]. Global oil product
demand isforecastedto span anywhere frorB80 to 122mb/d by 2040 contingenton energy
frameworks and policies place[2]. With such arelianceon the fossil fuel production of
unconventional petroleuns one source of global energy demands.From 20152016 this
production accounted for.8to 8.5mb/dand forecastetb reach anywhere from 11 tor0/d by
2040[2-4]. Sources of unconventional petroleumcludeextraheavy oil anccrude bitumenthis
accoungdfor 3.3mb/dof productionin 2016[2].

Crude bitumen isan extraheavydensepetroleumcomprised oflarge carbon baseanolecular
structures This complex mixture oflarge moleculesresults ina highly viscous property
(>10PmPas), causinghitumenrecoveryto be challengingwith current extractiorand production
technologiesAlberta has circd65billion barrels ofproven crude bitumen reserve$. [6f these
165 billion barrels, cude bitumen is founfllended with sand and clay on the surfacksands
(32 billion barrels)or inundegroundreservoirs, irsitu (13 billion barrels)

From20152016 productionof crude bitumenn Albertaaveraged.452.5mb/d and forecasted
to increase tob/d by2025 contingent on favorable economiosarket accesgnergy policies
limited production upseté.g. environmental disastetsansportatiorfailures shutdownsetc),
and global energy demandf?][5-6]. However, critical assessment should be used vaueh
production forecasts are reported. For exampl€008the Alberta Energy Regulator (AER)
formerly the Energy Resources Conservation Board (ER@Bgcastedproduction to reach
3.23mb/d by2017 [7].

Extractedcrude bitumertan bedilutedto reduceviscosity for transportation bgipeline or rail to
globalmarkets Alternatecrude bitumertan beupgradecand refinedn Albertato higher value
liquid productsUpgrading,a generic term that describes processing of crude bitumeeny oil

and vacuum residuadds economic value by one or a combination of the folloy@hg



IncreasingAmericanPetroleum Institute (API) gravitfor decreasinglensity)
Reducingviscosity

Increasinghydrogen tocarbon Ratio (H/C)

= =2 =2 =4

Removingundesirableatoms and contaminathemically bondeavithin thecarbon
basedmnolecular structures

An upgrader processing complalustrated inFigure 1.1 caninclude separatigrprimary, and
secondary upgradingechnologiesSeparation includedesalting,distillation, and dasghalting
(solvent refining) [89]. Primary upgradingtechnologies includéhermal cracking and thermal
catalytic (e.g. visbreaking, cokingand hydroconversign [8][10]. Secondary pgrading
technologiesinclude hydrotreating andhydracracking [8][10]. Technologies with hydrogen
addition and catalysican be classified as hydroprocessing (e.g. hydroconversion, hydrotreating
and hydrocracking); the major differences betweenhese hydroprocessing technologies are
feedstocks, operatingonditions and catalyst48]. Technologiesin separation, primaryand

secondary upgradingrealsofound inconventionatefineries.

Separation Primary Upgrading Secondary Upgrading
Crude Thermal Cracking Upgraded
Bitumen Desalting - Visbreaking Hydrotreating Qil

— Distillation - - Coking - Hydrocracking | ——

Deasphalting Thermal Catalytic
- Hydroconversion Hydroprocessing

Figure 1.1. Upgrader Processing Complex.

Refining is the processing afitermediateupgradedor conventionalcrude oil feed to lighter
(lower boiling)and highly specifiediquid products [§. Upgraded oil can be refined in Alberta or
transpoted to worldwiderefineries. Refineries produda@gher valuetransport fuels such as
aviation, diesel, gasiole, and feedsocksfor petrochemical processes.

The winconventional feeslprocessedcrude bitumen and extt@geavy oils)in upgradingcomprise

of higherboiling point molecular structuregBigheraromatic,sulfur, nitrogen oxygen andmetal



contaminantconcentrationscompared to conventionakude oils. Thesemolecularstructures,
atoms and contaminantée.g. +525C residue aromatics sulfur, nitrogen oxygen and metals)
are undesableto refineriedor severareasong11-12]:
1 Increasednaterialcorrosionin transportation, storagand refining
1 Increased maintenance of processing equipment and catalysts
1 Reduced product qualitynfpacts downstream transportation fuel stability and
efficiency)
1 Increased environmental regulations andriegins (e.g. 10ppmwsulfur in gasoline
15ppmw silfur in diesel[13-14])

Due to thee undesirable qualitiesaw unconventional feedéonupgraded)are discounted in
price compared to conventionadudeoil, specifically byAmericanrefiners[15]. In secondary
upgrading, hydrotreatingechnologyreducesconcentrations ofulfur, nitrogen,oxygen and
contaminants(halides and metalsgatalytically under hydrogen pressui@nd undestructive
temperatureto improve product qualityOlefins and aromatics areaturatedto paraffins and
naphthenes, respectiveljhe reactions to reducichconcentrations and saturate hydrocarbon
molecules aréefinedin literature [8]:

1 Hydrodesulfurization (HDS)

1 Hydrodenitrogenation (HDN)

1 Hydrodearoratization (HDA)

1 Hydrodemetallization (HDM)

1 Hydrodeoxygenation (HDO)

Catalyst performance is crucial to hydeating operation. The importance of an active and stable
catalyst througbut the duration of operation is imperative to produce consistentiprqgdality.

The size and shape of the catalyst impacts the rates G¥/¢heeactions listedFactors suchsa
reaction temperature and time impact product qudil effects of catalyst activity, catalyst size,
reaction temperature, and reaction tiore liquid product quality are knowm hydrotreating
literature. Questions regarditigeseeffects are complimentary objectiviesthe current study

To assess product qualisamplef intermediate feeds amqfoduct areanalyzedusing standard
analytical methodg¢e.g. American Society for &sting and Materials or ASTM []6to quantify

3



their physicochemicgbropertied17]. Accurate poperty data isignificantfor operatorgo assess
performanceand optimize process contr@ver significant period®f operation researchergse
property datdo enhance fundamental knowledge of the proaasderstandeactionchemistry
hypothesizeeaction mechanismanddevelopmodelng algorithms Resultsfrom thesemodels
lead tooperational improvemen&nd enhancedgrocessdesign anexampleis optimal catalyst
developmentor increasing fuel regulatiorj4 g].
Standard analytical methods can be complex, time consuming, require skilled labnaeshamcl
expensive equipment [128]. Accuracy and consistency between laboratories as wdkhbas
technicians couldyield unreliable results [3[R3]. The argument of additional environmental
impacs of standard laboratoranalysisis debated [2]L Development of effectiveanalysis
technologyto accurately measuggopertiesonline with real time feedbagProcess Analytical
Technology (PAT) [24])s desiral for extraction, upgradingnd refineryprocessimplications in
the field could

1 Reduce environmental impacts

1 Decreae the time required to quantify product propertiesearfthnceyuality control
1 Maximize process contrand optimzein real time
1

Enhance understanding of the physiacadl @hemical phenomemathe process

All theseimplicationscould improve understanding for optimization and address sustainability
challenges.In addition to addressing questions regarding catalydonpeaince and reaction
condition effectsthe current study is thaitial background research tievelopa potentialonline
analysis tool following heavy oil hydrotreating procesdesamples ofspectroscopidnline
Analytical Tools (OATE) developed byliver Mullins et al., Schlumbergeand othergor in-situ

oil characterizatioof crude oilin reservois exist[25-29]. Insight Analytical usesnlineinfrared
spectroscopy fodetermination of physicochemicptoperties of crudes and condensd&y.
Severalof the spectroscopic examples dependdata processing anadvancedchemometric
models.Accuratemodels are crucidbr OAT software.Calibration, validationand maintenance

of thesemodels aremperativefor industrialimplementation [23].



However, arrent challenge® OATsexist foroil sands extraction antfude bitumempgrading
processef23]:

1. Probe or samplingort erosiorand corrosion

2. Multiphase flowcomplexity (solids and liquids)
3. Controlled sampling and measurement
4

. Chemctal complexity ofheavy oilfeeds andheirdynamicc o mgpiot i onal transf o

1.2 Objectives

To address the fourtthallenge of OATsthe goal of this thesiss to enhanc&nowledgeof mild
hydrotreating reactiorfer aheavyacuumgasoil (HVGO) feedderived from Athabasca bitumen
The thess objective is implementeihto four parts
1) Conduct experimentdlydrotreating reactions a batch microreactor
2) To assess product quality, characterize hydrotreated liquid products by several analytical
methods to understand the cheatcomplexity:
a) Carba and Hydrogen
b) Sulfur and Nitrogen
c) Density
d) Boiling Point Distribution
e) Hydrogen Proton Nuclear Magnetic Resonance
f) Visible Absorption Spectrum
3) Evaluatethe dynamic compositional transformatidasted
a) What are the experimental control effects?
b) What isthe effect of using a catalyst on product quality?
c) What is the effect of mixing on product quality?
d) Whatis the effect of using unsulfided versus sulfided catalyst on product quality?
e) What is the effect of reaction temperature and time on product quality?
) What is the effect of catalyst size, tr

quality?



4) Investigate if visible spectraf the liquid productan becalibratedto their analytical
characterization resulttroughchemometrianalysis The followingthreequestios are
addressed

a) Can the visible spe@of the liquid products be calibrated to their physicochemical
propertiecharacterizedh objective tw@

b) Whichdata sets and modelling methqasvide thebestcalibration resultd

c) Throughselection criterionwhichcalibration modelsreoptimally favoure®



Chapter 2: Literature Review
2.1 Hydrotreating

Background understanding of hydrotreateugd the dynamic compositional transformation$
intermediateoil feedsare important prior téhe development of spectroscopginline Analytical
Tools OATS). A review of the history, oil feeds, process, catalyst, chemiahg reactiongre

reviewed in sectio2.1

2.1.1History of Hydrotreating

A commendablesummary of hydrotreating historys found in the Handbook of Petroleum
Processing(pg. 322) [1]. In 1897, Sabatier and Senderedscoveredhydrogenation of
hydrocarbons Wth a nickel catalyst. Ipatieff fnd increasindpnydrogen pressungas feasible for
hydrogenatiomeactionsn 1904 In 1910, Bergius used ferric oxide to remove sulfur from heavy
oils. Sweeting to reduce sulfur and odor from crude oils fivasimplemented in 1916 [2]n
1927, hydrogertaon of brown coal startesh Germany In the 1930s, the Standard Oil Company
of Louisianaconstructed the first hydrorefiner Baton Rougehydrogenation to remove sulfur in
1932 [2]) In 1943, cobaltmolybdenumsupported on aluminaatalysts wex used dr sulfur
removal[3]. Over the 28 century, significant advances in catalyst science and hydrotreating
technology have been developed to process higher sulfur, nifraggmetal feeds compared to
conventional crude oildn 1990, approximately 30 hydrotreating technologies were available for
licensing [2][4].By 2001, 1,600 hydrotreaters were operating worldwideAfproximately 20%

of the total energy consumptionafh upgrader/refinery is for hydrotreating [2].
2.1.2Hydrotreating Key Factors

A visual diagram highlighting the key factdhataffect hydrotreatingareshown inFigure 2.1[4-
5].



1 Density
1 Boiling Point Distribution 1 Reactor Configuration
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1 Sulfidation

M Active Metals

Figure 2.1. Key factors that affect hydrotreating [4-5].

2.1.3Hydrotreating Feeds

Typical hydrotreatingeedsderived fom Athabasca Bitumen withropertiesfound in upgrading
facilities are presented iffable 2.1[5-14]. Products from separation and primary upgrading
technologies, or untreated intezthate feedstocks, are hydrotreaptr to storage or further
refinement As each upgrader andfinery is unigie, properties reported are not absolutefatd

under different naming quropertyclassificationglepending on the operator.



Table 2.1. Typical hydrotreating feedsin upgrading facilities derived from Athabasca

Bitumen and their respectiveproperties found in upgrading facilities [5-14).

Hydrotreating Feeds

Virgin Light Heavy Fluid )
) Fluid Coker
Property Light Gas Vacuum Vacuum Coker .
_ . . Gas Oil
Oll Gas Oill Gas Oill Naphtha
Boiling Point 122- 447

255- 436 244-623 | 15.4- 29¢° 196- 655
Range (C) 136- 358

Density (kg/nr) 8801 900 935-940 967-971 | 782-799 980- 1004

Sulfur (wt.%) 1.34-1.76 | 2.34-2.67 |292-3.59] 1.44-1.68 4.01-4.27

Nitrogen (wt.%) 0.02-0.03 | 0.034-0.063] 0.14-0.19] 0.18-0.24 | 0.297- 0.40

H/C 1.72-1.77 1.67 1.53-1.56 1.76 1.44-1.48
Aromatics (wt.%) | 32.1-36.3 - 59.7-65.6 27 70.1
Saturates (wt.%) - - 28.7-31.2 72-73 20.6

Hydrotreating feedslerived from Athabasca Bitumdrave distributionsof properties that are
dependent on howeparation and primatgchnologies are operat@dupgrading facilitiesThe

datain Table 2.1highlights the chenaal complexity of the oil feedsThe virgin light gas oil is a
liquid product from atmospheric separation. The light and heavy vacuum gas oils are liquid
products from vacuum separation. The fluid coker gas ¢ylpigally a combinedlend d light

and heavy coker gas gtoducts of fluid coking technology.€. thermal cracking).

Boiling Range dassification

The properties inTable 2.1are in constant flux The operation olupgradingprocessesare
continwously dynamic (i.e. notsteadystatg. This causedeviationsin the liquid products,
resulting inthe range of concentrations specifidBoiling rangeclassificationsdepend on the
upgrader distillation technology used separation Depending on the meaement, boiling
temperaturesverlapin the ran@scited The boiling ranggresented ifable 2.1is theminimum
initial boiling point (IBP) tothe maximunfinal boiling point (FBP)eported from theeferences
specified Oi | a s s agpdtific fraceop designatiors the 510%to 90-99% boiling point
temperature rangkbecauseof distillate tailsgenerated from the analytical methdthe boiling

9



range temperatures arelependent oradditional distillationtechnologies following primary

upgrading

Light and Heavy Classification

A secondclassification is light and heavy oil feed3haracteristics ofight feeds are definday
low boiling pointrangeg<343°C final boiling point), londensity(<900kg/nt), and low viscosity
(<100mPa.y Examples includmaphthagasoline diesel, kerosene, jet fuels, and light gas oils
[15]. Theselight feedsarelow molecular weightlistributionsof well-defined chemical structures
and have higher concentrations of satudateolecules compared to aromatic molecules
Characteristics ofdaw feeds are described by higbiling pointrangeg+343C initial boiling
point), highdensity (>900kg/r#), and high viscosity (>100mPa.dIxamples includéeary gas
oils, vacuum gas oiJsandresidues (+50T initial boiling point)[15]. These heavyfeedsare
chemically complex with higér molecular weight distributions(>300g/gmol) higher

concentrations of sulfur, nitrogeand aromatics compared to light feeds.

Sulfur Concentration Classification
Regarding sulfur concentration, sour crude is defined as greater than Q.Swe@t crude is

defined adess than 0.5wt.%.

Property Relationships
Relationships eist relating physical characteristics to cheah compositionof oils. The liquid
density isrelated ® molecular composition [15]. The following is axample of alinear

correlation developed to predict daggor heavy oilandintermediate feeds found in AlbeftEd]:

pio@wy pav| pppd 2.)

WhereH is the hydrogen concentration (wt.%)is the sulfur concentration (wt.%) ahdis the
nitrogen concentration (wt.%)he linearmodel ha a coefficient of determinatiorRf) of 0.95 in
predicting heavyil densities [16]From the correlatiorthe additon of hydrogen or theemoval
of sulfur and nitrogedecreases the densias indicated by the sign of each coefficiditterefae,
asthesechemical reactionsccurin hydrotreating, te density of the liquid producd expected to

10



decreasetHowever, tlis equations limited anddoes not includethercarbon and oxygeatoms

part of the oil compositian

The hydrogen to carbon ratio (H/C) is the molecular ratio of hydrtmearbon atoms ifound in
hydrocarbormolecules For example, straigiparaffins (GHzn+2) from Csto Cioohave an average
H/C ratio of 2.1. Aromaticas inbenzendCyHn), have a H/C ratio of 1. Fromable 2.1 the H/C
range of the hydrotreatingfeeds provide insightnto the complex distribution fochemical
structures present.ower valuessuggestthe oil is comprised o&dditionalaromaticand less
paraffinic hydrocarbormolecuks. Higher values suggest the oil is compriseohoife paraffinic

and lesaromatichydrocarbormolecules

Accurate popertydatafrom Table 2.1isimperativein upgradingoperatiorio identify thephysical
or chemicaltransformationdyappeningOperators and control systeragply adjustments tthe
process condition&.g.tempeature,pressure, flow rateetc) to mitigatesignificantdeviations of
theseproperties With continuouson-streamtime, these adjustments aoempletedbecauseof
cumulativefouling, corrosioncondensation of heavier fractiqrand solid fine contaminationn
separation and primary upgradipgpcessesAs stated in the objective, the curretiidyfocuses
onHeavy Vacum Gas Oil (HVGO) feedstodas highlighted in the middle column Béble 2.1

2.1.4Hydrotreating Process

A genericBlock Flow Diagram (BFD) ofhydrotreating proesses in an upgradeomplex is
illustrated inFigure 2.2[10][12][17]. Hydrotreatirg process conditions fdeedsarepresented in
Table 2.2[3][18-19]. Hydrotreaters receive intermediate feedstocks from separation or primary
upgrading processing technologies. Distillates and cradikeetd product distillatesare the
intermediate feedstocksr hydrotreaterérom Table 2.1
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Naphtha Hydrotreater

Main Reactor
(Light >
o Fraction)
Untreated Diolefin
Naphtha Saturation
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H, (Heavy >
Fraction)
Light Gas Oil Hydrotreater
Hntr:?gtzg Main ¥ . Synthetic
gnt Reactor A~ Crude Ol
Qil
H. Aromatic Saturation Unit
Untreated Hydrotreater Hydrotreater
Coker Light—l» (IYIDS HON) »  (Aromatic >
Gas Oil ' Saturation)
Heavy Gas Oil Hydrotreater
H.
Untreated | Guard Main
Reactor o Reactor o
Heavy Gas (Metals & ™ (Three fixed >
Oil Solids beds
Current Study

Figure 2.2. Block flow diagram of hydrotreating processeq10][12][17].

Untreated intermediate feedstocks are processggplcific hydrotreating trainsaeh train consists

of mutiple reactors for specific catalytic reactiotes stabilize and remove unwantésulfur,
nitrogen, and metadlsThe feeds are heatednd blended with hydrogen prior to eguckedbed
reactor.The fixed bedconfiguration isco-currentdownflow with liquid feed trickling through a
packed bed of catalygiellets Optimal liquid feed and hydrogen gas dispersion is vital through
the catalyst bed fodealperformanceThe wetting efficiencyf theliquid feedthrough the catalyst
bedis a key factoiin the reactodesign Research on catalyst wettifgr trickle bed reactors with

compaison to other configuratiorfer future reactor desigis found elsewherg0-22).

12



Hydrotreating reactionsra exothermic and generate heat, theref@mperature conttois
importantin operation.To maintaintemperature and hydrogen partial pressooéd hydrogen is
added[15]. Excess hydrogen from a recycle aamdnakeup streamare used Multiple beds of
catalystareusedn the reactor to allow faargetechydrotreating reaction3 he top bed comprise

of catalystthat remove metalandsolid fines The bottombed typically contairs catalyst that
remove sulfur and nitrogen atoms. For heavierddeelavy gas oilgthe addition of a guard reactor
to the conifgurationprior to the main reactas commonfor metal removahlnd other entrained
matter [23] Each train consists of the reactors section followed by a separation segtivagen
sulfide and ammonigasesare separatefbllowing the reactors sectio These gases are treated
alkanolamine absorption usitAs noted inFigure 2.2 the current study is narrowed to untreated

heavy gas ojlspecifically heavy vacuum gas.oil

Table 2.2. Hydrotreating process conditions forfour feeddocks[3][18-19].

Liquid Hydrogen
Operation Hydro_gen Hourly Consumption Catalyst Catalyst
Partial (Nm3/ m® feed) B! ! Use
Feed Templerature Pressure Spaqe Life (m? feed/
(°C) (MPa) V(?Ir?lc)'ty Hydrogen Rate (Months) kg catalyst)
(Nm3/ m® feed)*®
2-10
Naphtha| 300- 370 0.7-3.2 3-8 36-48 | 175-420
40- 250
5-15
Kerosenq 330- 370 1-4.2 2-6 36-48 | 105-210
80- 250
20-40
Gas Oil | 340- 400 1-49 1.5-6 36-48 70-140
170- 340
Vacuum 50-80
Gas Ol 360- 400 3.2-13.9 0.8-3 36-48 | 20-120
170- 680
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Operation Temperature

The operatiotemperature increasas the oifeedsbecomechemically complexecausef higher
concentrations of $ur, nitrogen and aromaticshownin Table 2.2 As hydrotreating reactions
are exothermicthe temperature increasdbrough thecatalyst beccau® theinlet to beless than
outlet temperre[24]. Over the course of operation (38 months)the catalyst deactivates. To
offsetthis, theoperatorsncreassthe average temperaturetbé bedo maintainconstanproduct
properties However an optimal balance is requiréal not operate aéxcessive temperatigéo
preventthermal degradation and sinteringtbé catalys{25]. The operation temperature s+
destuctive andess than 400 t420°C. Operation greater thahese temperatures aredesiredo
prevent hydrocrackingeactions Additionally, operation below 40TC reduce the rate of coke
formation in the begl5].

Hydrogen Partial Pressure

The tydrogen partial pressurnecreases for heaviasil feeds as highlighted inTable 2.2 To
minimize thermaktracking andtoking reactionshydrogen in the presence otaalyst, saturase
theoil molecules. Increasing the pressure raisies solubility of hydrogen in the liquid phase [26].
A high solubility of hydrogen in the liquid phasnhancs the mass transfehrough the porous
catalyst thus improvingthe rate of hydrotreating reactions. Experiments to oltgarogen
solubility coefficients for the HVGO used is this studiyave been reported tange from 0.014
to 0.072 moleshydrogen/kg of HVGO/MPat80°C to 330C, respectively [26]

Liquid Hourly Space Velocity
As reported inTable 2.2 the Liquid Hourly Space Velocity (LHS\Wecreases for heavieil
feeds. The LHS\is defined as the volumetritow rate of the feed over the volume of catalyst in
a fixed bed reactor:

"0Q O ¢ U1 G Q

WE A OO Wawi o

c¥

Theratio is the inverse of residence tirtigetotaltimeliquid remaingn the packed bed of catalyst
A lower LHSV is used foheavier feedbecause of higher concentrations of sulfur, nitrogend,

aromaticcompared to lighter feeds
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Hydrogen Consumption and Hydrogen Rate

The hydrogen consumption and hydrogen rate increase with hedvieeds, as shown ihable
2.2 In operation, hydrogeconsumption isewhydrogerfeedaddedo the processrhe hydrogen
rate istheaddition of recycled hydrogen after prodgeisliquid separatiorand amine scrubbing
following the reactorThe Nn¥ is normal conditions at 2C and 1013kPa.The rateis used to
definethe gas to oil ratioln operationthe gas to oil ratias at leat four times the amount of
hydrogenconsumptiorreported[1]. The four times rule iseenfrom hydrogen consumptiona
Table 2.2 Operationand maintenance of hydrotreatimgssesd isimportantashydrogenis highly

flammable Safety precautionand leak detectiorsreimplemented prior to operation.

Catalyst Life and Catalyst Use

The catalyst fe is consistent for thieeds;howeverthe usage decreassgh heavier feedsThese
heavier feeds contain nads, solid finesand high concentrations of heteroatoms that accumulate
insidethe catalyst pores and cadasterdeactivatiorcompared tdighter feeds. Dependingnthe
propertiesof the feed, a catalyst lifeof 1 to 3 yearsis common In a shutdownthe catalyst is

replaced

Pressure Drop

Pressure drom the reactoaffects hydrotreating performandée pressure drop is the difference
in pressure between the top and bottom of the reactorprEssure drop divided by tivertical
lengh of the vessel or bed commonly reportedh literature A significantincrease in pressure
dropcouldcause aeactorshutdown. The feed flow pattebecomesestricted andauss damage
to the internal parts of the reac{d9]. One causef pressuradrop from heavieroil feedsis the
accumulation ofine mateial deposited in the reactor [28]. Coke accumulatiors anothecause

of pressure drop build Jp5].

2.1.5Hydrotreating Catalysts

Effective, activeand stable heterogenous catalystsraportantto the operation of hydrotreaters.
Development of highly active catalysts are a concern today because of increasing regulations and
restrictions for transport fuels [29]. Catalyst science in hydrotreatirfgads is a subject of its

own research field with ample literature on preparation, characterization, and performance.
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Publication literature on the topic is found in Catalysis Today, Applied Catalysis, Catalysis
Reviews, and Journal of Catalysis. Theeace of catalysis is multidisciplinary from microscopic,
to mesoscopic, and macroscopic scales [30]. Each of these scales play a role in the performance of
hydrotreating catalyst activity and future development. Key factors of hydrotreating catalysts from
Figure 2.1 are briefly discussedThe a@talyst preparatiorproceduredirectly affects the
performanceA summary of the importantegds in preparation of catalysts inclydé]:

1 Precipitation
Filtration orcentrifugation with washing and drying
Forming
Calcining
Impregnation
Size

Activation

= =2 =4 A A -2

Precipitation, Filtration, and Forming

Precipitation, filtration with washing and dryingrecompletedo create gure and drycatalyst
support Gamma alumina oxid€o-Al>0z) is usedin this studybecauseof better pore size
distribution, suface area, pore volumandhigh thermalstability [31]. Other suppds such as
silica, zeolites, titanium dioxideand mesoporous suppQr&A-15, MCM-41, and AFSBA-15,
have been testebpotential supportf29, 32-33]. Phosphorous is addéalthe supporto improve
pore structureacidity, and metal dispersioas consistently reporteoly others[34-36]. When
forming catalystsnto pellets the shape and size are im@mt mesoscopicallipr several reasons
[15]:

Hydrotreating reaction effectiveness

Crush Strength (420 psi [1])

)l

1 Pressure drop
)l

1 Cost

Pellet shapes are cylinders, hollow rings, trilobegdpilobe and pentalob¢hat are approximately
2mm in diamete}3][15]. The ratio of catalyst volume to external surface &realated to reaction

effectiveness and pressure drop. Different shapes and sizes yield different ratios. Visual diagrams
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highlightingtheseeffects are showalsewherd3][15]. Trilobe is themost common shape and is
used in this studyLess than 46m solids are formed in the current studyassess$iydrotreating

reaction effectiveness.

Drying and Calcination

Drying and calcination followheformingstep Calcination decomposes residual o reactants

to gammaaluminum oxide Al>03). The heating rate, hold temperatuaed cooling rate are
parametersin calcination that affect the porous structure of the support Higher holding
temperaturelead to less darable alumina (alpha, be¢ttha are not agffecive for hydrotreating
heavygasoil feeds[18]. Important textural properties of hydrotreating catalysts are presented in
Table 2.3

Table 2.3. Important textural properties of hydrotreating catalysts [1][18][23].

Property Distribution Range
Surface Area 100- 500 nt/g
Pore Volume 0.2-1 cnlg

Average Pore Diamete 75- 250A
Bulk Density 0.49- 1 g/lcn?
Average Pellet Length 3.2-9.5mm

Hydrotreating catalysts exhibit a distributiontexturalpropertiesas highlightedrable 2.3 These
propertiesare adjustedbased orthe procedures useth the precipitation to calcinatiostefs.
Optimization of thesproperties is currentresearch subject in tloatalyst field whemrocessing
unoonventional derived oil feed&or heavier feeds, small shapes with large pore diameters and
surface areag@desired to maximize internal diffusidhheavy oilis derived from oil sarg]l the
problem of fines (<26m) lead toplugging of catalyst pores and redutiee overall catalyst
effectivenes$27-28].

Impregnation
Metals and promoters with their concentrations in hydrotreating catalysts are shoabiar?.4

[3]. Theimpregnation stepdds metalsand promoterto the supportdigh dispersion of the metals
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in the o-aluminaporous supportsi necessary faoptimal hydrotreating performancédditional

drying and calcinatiostepsare completed after metal impregnation.

Table 2.4. Metal and promoter concentrations in hydrotreating catalysts [3].

Type Metal Concentration (wt.%)
Molybdenum (Mo) 8-16
Metal
Tungsten (W) 12-25
Cobalt (Co) 1-4
Promoter
Nickel (Ni) 1-4

The metal oncentrationsn the supporarebased on theatdyst impregnatiorprocedureThe
metals exist in cofminations withpromoterseach dispersed throughout thepport. For eaxmple,
CoMo, NiMo and NiW arecommon metal combinations on gamma alumina supports for
hydrotreating catalyst3.he addition of the promoter stabilizes the meaald increases catalytic
performanceThe choice of metalombinationss based on the application requiresditalysts with
CoMo metals areeported andised for hydrodesulfurizatiorCatalysts with NiMo metals are used
for hydrodenitrogenatigrand atalysts with NiW are usddr hydrodearomatization [3ncein
the active state therankingin catalystactivity for the combinations of metals irable 2.4are
[51[23]:

NiW > NiMo > CoMo > CoW

TheNiW combination is higher cosbmpared to CoMo and NiMeohereforenickelmolybdenum

(NiMo) is commonin industrial applicationand used in the current study

Size

Following impregnation, catalyst size is adjusted to impact the previously mentioned textural
properties inTable 2.3 As mentioned, external and internal diffusion of feadsimportant to
prevent reaction limitations. A wealth of information on catalyst diffusion and reaction
effectivenesss found elsewhere for further insight [15]F38B]. The current study examines two
different catalyst sizes, pellets and €#4b solids, for this reason. If diffusion limitatiomeist,

different catalyst sizes woulthpact the liquid product results significantly
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Activation
A visual schematic of the sulfiay reaction is presentedhiigure 2.3 Hydrotreating catalystare
activatedthrough sulfidation of impregnated metals and promotors in the support.

MoO; 3NIiO

.3. AH,S + 2H,

2-Al ,O3; Support — 2-Al ,O3; Support

Figure 2.3. Visual schematic ofthe sulfiding reaction.

Sulfidation reactions reduce the metal gmodmoter oxides tactive sulfidege.g.MoS,, NizS).
Thereaction for thesulfidation procedurand itsconditions aféct the catalysictivity and stability
[3]. Crystal structuresand phasesf molybdenum disulfide witickel sulfidécobalt sulfide is
subject to debate [381]. Stuctures are highly dependent preparation procedure asdlfiding
reaction conditns Molybdenum disulfide slabs or stacks (hexaal, triangular, pyramidalyith
nickel sulfide o cobalt sulfide edges afeundin scanning tunneling microscope and transiois

electron microscope imaggs9][41].

Activation by Sulfidation

In-situ ailfiding is eithercompleted inthe gas phase with hydrogen sulfi@d>S) or the liquid
phasewith organosulfideagens or a high sulfur ofieed Ex-situ sulfided catalysts asdsopossible

for industrial hydrotreatasr The advantage is the time saved from thifidationreactiors [42-
43]. However,with this method the metal sulfides are myphoric, therefore dndling and
transportatia of the catalyst materiak done with controls [44]. Liquid sulfiding agents
decomposedo H,S and react with metals amdomoters in the catalyst supp¢45]. Dimethyl
disulfide OMDS), an example of a liquid organosulfide age&ith the second highest sulfur
content (68wt.%)alow vapor pressuré8.8kPa at 25C), is used in the currentusty.

The catalyst performanad gas phassulfiding versudiquid phasesulfidingis subject to debate
in literature. Liquid phase sulfiding is preferred industrially because of optimal wetting distribution
of sulfur molecules throughut a catalyst bed reactp42]. The liquid phase serves as a heat sink
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because the sulfadion reation is exothernc [42][46]. Texier et al. showed liquid phase
sulfidation with DMDS resulted in a limited gain in catalyst performance compared to gas phase
sulfidation[47]; however, the activation temperature (>2ZPandthehydrogen/hydrogen sulfide
partial pressureatio (~23)are importantn the compariso48].
Marroquin et al. found that using a straight run gas oil with at least 1wt.% sulfur iartheof
DMDS was optimal for sulfiding a NiMo/Al2Os catalyst [42].Yin and Wang found sulfidation
at 330C with dimethyl sulfideresulted in optimal catalyst performance for a straight run gas oll
with a Ni-Mo-W catalyst [49]. The LHSV of -8h! was optinal for H,S formation and catyst
performance compared tdl Higher sulfiding temperatures, 3%0D compared to 29C, resulted
in higher catalyst performancéhe maximum temperature chosen for this study wa3@G50
Decomposition of DimethyDisulfide reactants and products as a function of temper&ure
presented irrigure 2.4 Decomposition of Dimethyl Disulfelproducts and temperature profile
as a function of timé shown inFigure 2.5. The decompositiomechanisnof DMDS hasbeen
studied in literature for sulfidation of hydroprocessing catalystss@reactionstepsarereported
[47-48][51]:

CHs-S-S-CHz+ H2 A 2CHs-S-H

CH3-S-'S-CHz+ 3H2A 2CHas+ 2H3S
2 CH3-S‘H A CHs-S-CHs + H2S
CHs-S-CHs + H.SA 2 CHs-S-H
2CH3-SH+2HA 2CHi+ 2 H:S
CHs-SCHs+ H:S +2 B A 2 CHy +2 H:S

WhereCHz-S-S-CHz is DMDS, CHs-S-H is methaethiol, CHz-S-CHz is dimethyl sulfidgDMS),
H>S is hydrogen sulfide and Gli$ methane
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Figure 2.4. Decomposition of Dimethyl Disulfidereactants and products as a function of
temperature [52-53].

Reprinted from H. Toulhoat and P. RaybaGdalysis by Transition Metal Sulphides: From Moleculéeory to Industrial ApplicatiorParis,

France: Technip, 2013. Pg. 286, Figure 2/@iation in molar fractions of reactant (DMDS) and products (MeSH, DMS, Bf$) [Echard M,

2001} Chapter 2.4, Section 2.4.2.2, with permission from Editions Techmigin@ work completed by Echard M (2001) Contribution a la
connai ssance des cat al ysOgur®t uddéehdyed rloat rsauiltfeunmSasous ko RHDtthe&iteUnivedsitydfs or pt i on
Caen.

M. Echard measured the molar fractions of D&Bnd the products formed from decomposition

as a function of temperature for sulfidation of a CoMaglAlcatalyst [5253]. Methanethiol
(MeSH) formed at ~8C rises in concentration to 24D. DMDS concentration falls graduaity

the decomposition reaction. The increase in DMS, hydrogen sulfidemethane concentrations

start 4 200°C. Methane precedes hydrogen sulfide detection as the sulfidation reaction happens
simultaneously. Methane and hydrogen sulfide concentrationgwafitrease significantly after
240°C and stabilize beyond 350°C. Detection of hydrogen sulfide after methane suggests the metal
and promoters are sulfided first. The formation of hydrogen sulfide and methane are dependent on

the heating rate.
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Figure 2.5. Decomposition of Dimethyl Disulfide products and temperature pfile as a
function of time [47].

Reprinted from Journal of Catalysis, vol. 223, Texier et al., Activation of alustipported hyditreating catalysts by organosulfides: comparison
with H,S and effect of different solvents, pp. 410, Figure 5, 2004, with permission from Elsevier

Texier et al. measudghe heating rate witmethane, MeSHand DMS concentration profiles a
function d time for sulfidation ofa NiMo/Al.Os catalystin Figure 2.5[47]. The online gas
chromatograph measured carbon based compounds. The DMDS was 7.6mol% in heptane with
587L/L H, gas/liquid ratio at 4MPa and a heating rate of 0.5°C/M&SH forms below 230°C.
As the temperature increases, MeSH decsasdmethane increaseSimilar toM. Echard[52-
53], the DMS concentration peaks around -2B0°C. At 330°C, methaneand the asumed
hydrogen sulfidere formed from theecomposition reactions

Water is a byproduct from the sulfidation reactiasillustrated ifrigure 2.3 Laurent and Delmon
found the catalytic performance decreased by 2/3 wherr wate presenin a sulfidedNiMo/o-
Al>Os catalyst p4]. Water partially crystallized the-alumina support into a boehmite pha&e.
structural modification of the support deactivktige nickelpromoter. The authors did not examine
sulfur or nitrogen specielthough important, wategffectswere mitigated by drying the catalyst

prior to use in the current study.
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A sulfidation reaction temperatusemmaryis highlighted inTable 2.5Both studiesFigures 2.4
and 2.5, provide evidence that hydrogen sulfide formation occurs at3RB0C from DMDS

decomposition. These findings are important for the custeioty.

Table 2.5. Sulfidation reaction temperature summary [42][45].

Step Temperature (°C)
Drying 80-120
Soaking or Catalyst Pywetting 130-160
Initial Sulfidation 210260
H>S Formation 240270
Second Sulfidation >270

Thesteps in the sulfidatioreaction occur ancreasingemperaturepresented ilTable 2.5 The
temperaturestepsare used indeveloping aprocedurefor catalystsulfidation reactios in the

current studyThesulfidedcatalyss arethenused forhydrotreating reactions.

2.2 Chemistry of Hydrotreating Feeds

The characteristicef the hydrotreating feedsighlighted inTable 2.1depend on the process
configuration.The chemistry of the hydrocarbon structures fourtti@sefeedsareclassified into
compositionalgroupsto understand their complexit$ection 2.zhighlights known structures
found specificallyin the heavy vacuum gas oil feed usEdrther informatioron heavy oil and

bitumen chemistry is found elsewhere [55]

2.2.1Carbon and Hydrogen

The paraffin, isoparaffimlefin, naphtheneand aromaticlassificationof hydrocarborstructures
for ten carbon atomareshown inTable 2.6 The information presented is an adaptation of Table

3.12 from Grayds six carbon atom [ 15].
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Table 2.6. Paraffin, isoparaffin, olefin, naphtheng and aromatic classification of

hydrocarbon structures for ten carbon atoms.

Class Cio Structure H/C | Density | Molecular | Boiling
Ratio | (kg/m® | Weight | Point
(At 25°C) (g/mol) | (°C)159

2.2 | 72808 142.3 174

Paraffin
Decane

Isoparaffin
2-Methylnonane|

Olefin 59
1-Decene /\/\/\/\/ 2 | 738 1402 | 171

2.2 | 72307 142.3 167

Naphthene

2 | 85408 140.2 201
Cyclodecane

Aromatic

56]
Naphthalene 0.8 | 102d 128.2 218

The hydrogen to carbamatio (H/C) and molecular weight increase as hydrogen is addibe € o

structuresThedensity and boiling point decrease as hydrdgexddedThe trend areevident:

Hydrogen Addition

n
»

Aromatics A NaphthenesA Olefins A Paraffins A Isoparaffins

n
>

DecreasingDensity and Boiling Point

Paraffins
Straight chain alkanes are in tharaffin group. The formula iss82n+2. Alkanesareformed from
side chain alkyl aromatias upgrading[15]. Bitumenor heavy oilsas inHVGO do not contain

paraffins.From primaryupgrading, paraffins form from cracking reactions.
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Isoparaffins
Like paraffins, isoparaffins haveimilar atom numbers buare in isomeric arrangements.
Isoparaffinsareformed from side chain alkyl aromatics. Bleérancled molecules are desired in

transport fuelgo increase octane numbers in downstream refining

Olefins
Olefins are not fouth in heavy oil or bitumen feeds, howeverupgrading, craking cancause
formation of thesemolecules. Gas phase crackifuyms a higher yield of olefins compared to

liquid phase cracking [15].

Naphthenes
Naphthenes are cycléanes. Hydrotreatingaturateg@romaticgo form naphthenes.

Aromatics
The core structuresf heavy oils and bitumens are aromatic molecules. Aromatics exist in many
isomeric arrays and distributions Monoaromatics, diaromatics, triaromatics armaypuclear

Aromatic Hydrocarbons (PAHSs) are exangié aromaticsstructurefoundin heavy ois.

Asphaltenes

Asphaltenes are largearbonbasedstructuresthat are described by their solubility malkane
solvents Asphaltenesre precipitatedout from the heavy ofl andbitumers by dilution of these
solvens. Separation of the insoluble materitirough a filter paper, iguantified as asphaltenes
The American Saiety for Testing and Materid@d$ASTM) methodgor asphaltene quéfication
are D3279 and D6560 (661]. Asphaltene struatres,composition,aggregationproperties as
well asprocessing abilityarewidely and highlydebated throughouiterature[62-65]. Although
important in theheavy oil and bitumepharacterizationasphaltene concentration of the HVGO

feed and the liquid products are not studied.

The PIONA hierarchy classification is used as an example to highlight the property changes with
hydrogen addition iTable 2.6 These structures are found in large branches, alkyl branches, or

other heteroatormoleculesn the HVGO and nadirectlyas they appear in this examgheoducts
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are expected to have less aromatics. As hydrogen is added to their structures througdatiggrot
the liquid products are expected ttidav theseproperty trend. Higher H/C lower density, boiling

point, and molecular weigbaire expected in the liquid products compared to HVGO feed.
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Figure 26. Al t gel t 6s and Boduszynski é6s distributio

petroleum as a function of boiling point[66].

Reprinted fronH. Altgelt and M. M. BoduszynskZomposition and Analysis of Heavy Petroleum Fracti@u&a Raton, Fla.: CRC Pre4$93,
Chapter 10 Composition of Heavy Petroleum Fractions, pp.398, Figure 10.1, with permission from Taylor and Francis Gragid LC B

Al tgel t s and Btodal mategularsskuctdres fodnd is petraleum as a function
of boiling point is presented iRigure 2.6 The relationship of carbon number to boiling point is
dependent on the class of paraffins, saturated rings, alkyl acspend polar polyfunctional
structuresWhen comparingonstantarbon numbershe trend is similato that ofTable 2.6with
hydrogen additionThe approximate HVGO temperature rardj®&-538C used in this studis
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displayedin Figure 2.6 Critical assessmelig importantin the extrapoléion of these structures

and carbon number It is unknownwhetherthis trend iscontinuousto higher boilingpoint
fractions.

The poperties of HYGCieed and t ed@lst distillatecut fractions arepresented ifable 2.767].

Researchers frorthe National High Magnetic Field Laboratory frdaforida State University,
Smith et al. and McKenna etl.a in collaboration with Alberta researchergonducted
characterization and exhaustive compositional analysis of the HVGO used in rtet study
[67-70]. Negative and positivelectrospray ionizatigrplus field desorptiorfouriertransform ion
cyclotron resonance ass spectrometnyith atmospheric pressure photoionizatiwere used in
thesecharacterizationl The HVGO was distilled (ASTM D116Mto eightboiling pointfractions.
Characterizationf the HVGOandits distillate cuts werecompleted

Table 2.7. Properties of HVGO and its eight distillate cut fractions [67].

. HVGO IBP-
Fraction (°C) 343375 | 375400 | 400425 | 425450 | 450475 | 475500 | 500525
Feed 343
Weight % Distilled 4.32 15.87 17.13 9.87 18.91 | 17.02 9.13 7.47

Density

965 | 922 | 945 | 958 | 966 | 971 | 976 | 979 | 994
(kg/m? at 15.6°C)

Carbon (wt.%) | 85.33 | 85.58 | 84.76 | 84.19 | 84.2 | 84.24 | 8396 | 852 | 847
Hydrogen (Wt.%) | 10.44 | 11.37 | 10.98 | 11.4 | 11.38 | 10.97 | 10.8 | 10.84 | 10.24
Sulfur wWt.%) | 3.48 | 2.34 - 331 | 343 | 348 | 345 | 3.80 | 4.27
Nitrogen wt.%) | 0.14 | 0.03 | 006 | 009 | 012 | 014 | 0.18 | 0.19 | 0.26
Oxygen Wt.%) [ 0.83 | 085 | 1.14 | 114 | 128 | 134 | 136 | 15 | 171

H/C 1.47 1.60 1.56 1.63 1.62 1.56 1.54 1.53 1.45
Molecular Weight

345 288 287 304 328 359 402 461 578
(g/mol)

Total Acid Number
(mg KOH/g oil)

4.32 1.14 2.35 3.50 4.04 4.75 5.32 5.61 5.06

Reprinted (adapted) with permission frdmble 1 D. F. Smithet al, iCharacterization of Athabasca Bitumen He&acuum Gas Oil Distillation
Cuts by Negative/Positive Electrospray lonization and Automated Liquid Injection Field Desorption lonization Fourierrireomsfoyclotron
Resonance Mass Spectromeifgnergy Fuelsyol. 22,(5), pp. 31183125, 2008Copyright 2008 American Chemical Society.

The properties of thelVGO seen inTable 2.7appearsimilar tothose reported ifable 2.1with

the additionof carbon, hydrogen, oxygen, molecular weight and total acid nunilbese
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characterizatiorresults provide a deeper insiginto the chental complexity of the HVGO.
Critical assessmerng importantfor thesequantification resultsSummation of carborydrogen
sulfur, nitrogen and oxygen weight percent are greater than.J&l0péoperties, except the H/C,
increase as the boiling fracticemperatur@angeincrease. Molecular structures increase in size

and complexity at higher boiling fractioas sggested irFigure 2.6

The number average molecular wejgitatistical average from a molecular weight distribytion
was measured with the vapor pressure osmometry (VPO) technique (ASTM D2503). The
molecular weight for thelVGO averaged 345gmol. Asshownin Figure 2.6 using themolecular
formula of paraffins, 345gfmol corresponslto an averagetraight chainstructure of G4Hso.
Assuming araromaticformulastructure, 345@fnol correspondto CosHzs. These exact structures
do not neessarily exist in the HVGO;dwever, the molecular weigltrovidesa theoretical
understandingf different molecularstructures possible within the paraffinic to aromatic range.
Thecolour contouedplotsof each distillatdraction provides adeeper insight into approximating
chemical structures found in the HVGQontoured double bond equivalent plots as a function of
carbon number for each distillation cut fraction of the HVGO is presentédyine 2.7and a
combined contoured is presentedrigure 2.8[68].
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Figure 2.7. Double bond equivalentcontoured plots as a functian of carbon number for each
distillate cut fraction in HVGO [6§].

Reprinted (adapted) with permission fréfigure 3,A. M. McKennaet al, fiHeavy Petroleum Composition. 1. Exhaustive Compositional Analysis
of Athabasca Bitumen HVGO Distillates Bpurier Transform lon Cyclotron Resonance Mass Spectrometry: A Definitive Test of the Boduszynski
Model 0 Energy Fuelsyol. 24,(5), pp. 29292938, 2010Copyright 2010American Chemical Society.
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The color contoured plots provide a distribution of teoretically constructestructures found
in each distillatdraction. The double bond equivalen@BE) is the numbeof double bondso
carbonplus the number of cyclic ring$-or example, benzenedlds) hasa DBE of 4 with a carbon
number of 6 Hexylnaphhalene (@sH20) hasa DBE of 7 with a carbon number of 16. Straight
chain paraffins have a DBE of zefide colormapped in the plots scalel to 100%, where white
is zero and red is 100rhese structures presenteith each distillatefraction are molecular
representationfor the maximum abundancgsmarked by the red dat3hesestructures may not
necessarily exist batreusedin this contexftor illustration ancunderstandingAs the distillate cut
temperaturéncreases, thebundance weigbdaverage arbon number and DBE increaséager
hydrocarbonstructures. Theepresentations ifrigure 2.7 highlight exampes of hydrogen and
carbon atom distributions

Relative Abundance (% total) Increasing Boiling Point =——p

Carbon Number

Figure 2.8. Combineddoublebond equivalentcontoured plot as a function of carbon number
in HVGO [68].

Reprinted (adapted) with permission fréiigure 9 A. M. McKennaet al fiHeavy Petroleum Composition. 1. Exhaustive Compositionalysis
of Athabasca Bitumen HVGO Distillates by Fourier Transform lon Cyclotron Resonance Mass Spectrometry: A Definitive & Bstchfdiynski
Model 0 Energy Fuelsyol. 24,(5), pp. 29292938, 2010Copyright 2010American Chemical Society.

The eight distillate cut contoured plots§om Figure 2.7 are combined to represent thehole
HVGO. The red to yelloveolor regionssuggest hig abundance of carbon ato@80%),Czs to

Cso with DBEs of 6 to 9and drk greyto white colorsare lowabundat carbon atom$<30%),
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<Cz2, and>Cs4 with DBEs < 3 and >13Similar toFigure 2.7 randomred dots in the contoured
plot areselected to illustratenolecularrepresentativéaydrocarbon structuréas the HVGO. The
combined plohighlights the abundantistribution of carbon antlydrogenstructureswithin the
complex HVGO Additional sulfur, nitrogen and oxygenatoms are not shownin these

representativélustrationsbutare known to existsm the HYGOmatrix.

2.2.2Sulfur

Distinct sulfur atom structures found in heavy oils and bitumens are presentétyume 2.9
[15][55][70][71]. FromTables 2.1and 2.7, the concentration of sulfius based on the oil type or
boiling fraction characterized@hereportedHVGO sulfur contentised in the current study sour
at 3.48wt.%.

Alkylsulfoxides Alkylsulfones

Alkylthiophenes
C O Alkylsulfonic acids
0 O O
s R R Q P
R |
. OH
, Alkylthiol N
s Alkylthiolanes /y\lo ; Alkylsulﬁdes
R SH S
R \S/ ~g

Figure 2.9. Sulfur structures found in heavy 0ils[15][55][71].

Figure 2.9shows a distribution adlkylthiophenes, alkylsulfoxides, alkylsulfoneskylsulfonic

acids alkylthiolanesalkylthiols (mercaptans)and alkylsulfidestructureghatarefound inoils.
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Alkyl or R substituentlerivativesrange from CH- (methyl) to GoH21- (decyl), orhigher[15]. In
addition,R mayrepreseharomatics (e.g. phenyl, benkyr othercycloalkyl naphthalene ring
groups. The alkylsulfides, aliphatic sulfur, and alityophenes (thiophenic sulfugre sulfur
structures reportenh literature [15][%][71]. Brons and Yu reportethat bitumen contain$2%
alkylthiophenic sulfur compared 88%alkylsulfide or aliphatic sulfu[71-72].

Of thecirca 3.9t.% of sulfur inthe HVGO, sulfur is distributed tftoughout differenstructures
presented irEigure 2.9 From thecharacterizabn and exhaustive cgoositional analysis of the
HVGO [67-70], sulfur concentration increasas distillate cut temperaturmcreasegseeTable
2.7). Color contoured plots, seen Figure 2.7 for sulfur atoms,S; and S classesfor each
distillate cut temperature of H¥O are found in the original wotty McKennaet al [68]. A
combineddouble bond equivalertontoured plot as a function of carbon numhbmr single
thiophenic sulfur (8class) in HVGO is presented figure 2.10[68].

S, Class
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Figure 2.10. Combined double bond equivalentcontoured plot as a function of carbon
number for singlethiophenic sulfur in HVGO [70].

Reprinted (adapted) with permission fréigure 9 A. M. McKennaet al, fiHeavy Petroleum Composition. 1. Exhaustive Compositional Analysis

of Athabasca Bitumen HVGO Distillates by Fourier Transform lon CyclotresoRance Mass Spectrometry: A Definitive Test of the Boduszynski
Model 0 Energy Fuelsyol. 24,(5), pp. 29292938, 2010Copyright 2010American Chemical Society.
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Thiophenic sulfur is distributed throughitthediversecarbon atom arrangemeistsown inFigure
2.10 Benzothiophene (DBE of 6) and dibenzothiophene (DBE dfa8gdstructuresare highly
abundant in the ;Slass.McKenna et alsuggestd cycloalkane ring additioto these thiophee
structuresprovide DBEs7-8 and10-11 in the green color abundance regi@®]. As the DBE
increases, the sulfur structures become laigearbon numbeand supplementamgomers are
possible In addition, alkyl or R groupareattached teulfur heteoatomstructurecombinations
to reach carbon numbers§30-40for higherabundatregionsin Figure 2.10 Aliphatic sulfurwith
rings of carbon and hydrogen atgrasylalkyl-sulfides and diarylsulfidesvere not discussedn
the contour plotsbutthese ar@robablestructurefoundin the HVGOmatrix [66].

2.2.3Nitrogen

Diversenitrogenatomstructures found in heavy oils and bitumens are presentédune 2.11
[15][55][66][73]. From Tables 2.1 and2.7, the concentration of nitroges based on the oil type
or boiling fraction characterize@otal nitrogencontentis classifiednto basic nitrogerandnon

basic nitroger15]. Total nitrogen icharacterizedh the current study

Alkylpyrroles  Alkylindoles Alkylcarbazoles
0O QL
pZ X X
N N R N R
Alkylpyridines  Alkylquinolines Alkylacridines

R R”
AR ®
R

Alkylamides Alkylarylamines

R
R_NH2

Alkylmetalloporphyrins Alkylamines
Figure 2.11. Nitrogen atom structures found in heavy oils[15][55][66][7 3].
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A distribution of alkylpyrroles, alkylindoles, alkylcarbazolealkylpyridines, alkylquinolines,
alkylacridines alkylmetalloporphyrins and alkylaminesstructuresare shown inFigure 2.11
Alkyl or R substituent derivativegange from CH- (methyl) to GoH21- (decyl), orhigher.In
addition,R mayrepresent aromatic®.g. pheryl, benzy) or other cycloalkylnaphthalene ring
groups. The M in the center of the alkylmetalloporphyrins represent matains The
alkylpyrroles, alkylindoles, alkgarbazoles, alkylmetalloporphyrinand alkylamines & non
basic These norbasic structurefiave electrons delocalized around the ring structurBse
alkylpyridines, alkylquinolinesand alkylacridines are basic nitrogéeterocyclic structures
becaue of unshared electrons on the nitrogen atOtherstructuresvith more than one nitrogen
atomhave been identified in crude qiteese structures inclu@midazole, pyrrole carboxylic acid,
isobutyramindequinolong73].

The 0.140.19wt.%nitrogenin the HVGOis distributed thoughoutthe structures presentad
Figure 2.11 From thecharacterization and exhaustive qasitional analysis of the HVG({B7-
70], nitrogenconcentation increases as tluistillate cut temperaturecreasesas seen ifable
2.7. Positive electrospray ionizatiorof select distillate cut temperatures of HVGO for basic
nitrogen heteroatomare foundin Smith et al.[67]. As the distillate cut tempature increases,
single N class abundance decreaddslltineteroatom classescrease in abundance at higher
distillate cutd67]. Positive iondouble bond equivaleigoabundance contour plots as a function
of carbon numbefor the N classin HVGO is presented iRigure 2.12[67]. Negative iordouble
bond equivalentsoabundance contour plots as a function of carbon nufobéne N classin

HVGO is presented iRigure 2.13[69].
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Figure 2.12. Positive iondouble bond equivalentisoabundance contour plots as a function of
carbon number for the N1 classin HVGO [67].

Reprinted (adapted) with permission from Figure 9, D. F. Seti#f) iCharacterization of Athabasca Bitumen Heavy Vacuum Gas QOil Distillation

Cuts by Negative/Positive Electrospray lonization and Automated Liquid Injection Field Desorption lonization Fourierririmsfoyclotron
Resonance Mass Spectromeifgnelgy Fuelsyol. 22,(5), pp. 31183125, 2008Copyright 2008American Chemical Society.

High abundance of basic nitrogen atoms are found in red to yellow color regions (>80%), C

Cso with corresponding DBEs of 6 to 10. Low abundance basic nitrogen atoms are found in dark
grey to white color regions (<30%), & and >Gs with corresponding DBEs of <5 and >14.
Quinolinelike and acridindike core structures ainiustrated inFigure 2.12 Similar toFigures
2.7and2.8, red dots in the cdoured plot are selected to illustrate molecular representative basic
nitrogen structures in the HVGO. Testructures may not necessarily exist but are used in this
context for illustration and hypothetical understanding. The combined contour plbtistidhte

cuts for basic nitrogen are presented in Smith ¢63].
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Figure 2.13. Negative iondouble bond equivalentisoabundance contour plots as a function
of carbon numberfor the Nz classin HVGO [69].

Reprinted (adapted) with permission from FigbreD. F. Smithet al fiCharacterization of Acidic Species in Athabasca Bitumen and Bitumen

Heavy Vacuum Gas Oil by Negatveon E S | FTTI CR MS with and wit hoiontoEnkrgy Fdelsyob22, Ex c hange
(4), pp. 23722378, 2008Copyright 2008American Chemical Society.

The negative ion contour plan Figure 2.13presents the distribution of ndrasic nitrogen
heteroatoms in the HVGO. The redytellow color regionsuggest high abundance of Aoasic

nitrogen atons (>80%) Czs to Css with DBEs of 12 to 13. Pyrrolic-like core structures are
common.Acid and acidfree nonbasic nitrogercontour plots argresented in Smith et dor

HVGO [69]. Alkylamines and alkylamidesion-heterocyclic nitrogenare notdiscussed inhese

contour plots, but arundin oils at low concentrationg4].

2.2.40xygenand Metals

From Table 27, oxygenis found in the HVGOHowever, due to dficultly in characterization,
oxygenconcentrations are not measuredhe current study. Additional information okygen
structures ands distribution in the HVGCQarefound elsewhere [145][55][66][69].

Metal atom structures found in heavy oils and bitumens are presefrigdiia 2.14 [15][55][66].
Metal concentrationef HYGO measured by inductively coupled plasma mass spectroruetry
presented iTable 2.§14].
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R R
Alkyl nickel porphyrin Alkyl vanadyl porphyrin

Figure 2.14. Metal structures found in heavy oil15][55].

Alkyl nickel andvanadiumporphyrinaremetal structureare foundn heavy oils anditumens.
Thesestructuresarefoundin thehigh distillate cuts>500°C, andasphaltene fractioné\lkyl or R

substituent derivatives range from &€Kmethyl) to GoH21- (decyl), orhigher.In addition,R also
represeharomatics (e.g. phenybenzy) or other cycloalkyl naphthalene ring groupslditional

information on metals in heavy oils and bitumenf®undelsewherg76].

Table 2.8. Metal concentrationsof HYGO measured by inductively couplel plasma mass

spectrometry [14].
Element | Symbol | Concentration| Element | Symbol | Concentration
(Wppm) (Wppm)
Aluminum Al 0.6 Arsenic As 0.1
Barium Ba <0.1 Boron B 1.6
Cadmium Cd <0.1 Calcium Ca 8.5
Chromium Cr 0.4 Copper Cu 0.2
Iron Fe 0.1 Lead P <0.1
Magnesium | Mg 1.2 Manganes¢ Mn 0.6
Molybdenum| Mo 1.4 Nickel Ni 1
Phosphorus P 7.6 Potassium K 0.2
Silicon Si 325 Sodium Na 21.2
Tin Sn <0.1 Titanium Ti <0.1
Vanadium V 1.2 Zinc Zn 0.3
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Nickel and vanadium metal concentratioa suggest parts per billion levels of alkyl metal
porphyrins ardoundin the HYGOfrom Table 2.8 Silicon and sodium had higher concentrations
This suggest clay and salt contamination. The current stddgsnot examine the exteof these
metds. However, these gtal porphyrin structures ifrigure 2.14are known to highlightisible

absorbance from the conjugatetionds [77]

Inductively Coupled PlasmaM assSpectrometry

Inductively coupled plasma mass spectrometry {M¥) was used to measure the elemental metal
concentrations in the HVGO shownTmable 2.8 Argon plasma ionizes the sample into gosit

ions using inductive energy. The positive ions are extracted through a quadrupole to a calibrated
mass spectromet€r8-79]. The calibration i®ased on the mass to charge ratio. The signal from
the detector is proportional to the metal concentraiibe. ICRMS analysis is used to verify the

elemenal metalconcentrations in the NWMo/o-Al.Oz catalystin the current study

2.3 Hydrotreating Chemical Reactions

Operating conditions andatalyst performance directlympact the concentration of sulfur,
nitrogen and aromatics in the liquid productdnderstanding thehemical reactionsf carbon,
hydrogen, sulfur,and nitrogenis important in addressingthe dynamic compositional

transformation®bjective Section 2.3eviews the chemicakactions of hydrotreating

2.3.1Hydrodesulfurization

Hydrodesulfurization (HDS) reactions are one of the most studied reactions in heavy oil processing
[81-82]. Increasingenvironmental regulations and restrictions of sulfur in liquid fuels is a reason
for HDS researchPreventon of SO, formationfrom combustions desired The sulfur structures

in Figure 2.9undergo HDS reactiona hydrotreatig. Understanding the sulfur removal reaction
mechanisnpathwayon a catalysprovides insight to the types of liquid products formiHte use

of model compounds found literature &l in understandig how HDS reactionsappernn heavy

oil feeds Thermodymmically, HDS reactions are exothermic and irreversiBke.previously
mentioned irsection 2.2.2alkylsulfides and alkylthiophenes are common structures found in oil

feeds. Alkylthiols (mercaptans), alkylsulfidesd akyldisulfides are favorabléor removalwith
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high relative reaction ratd&][81]. Thiophenic compounds are lessactiveand are unfavorable
for removal with lowereaction rateg the organosulfur groug@ hiophenic based compounds are
used INnHDS researct{81-83]. Sulfur removal and hydrogen addition reactiarfsselect model

compoundsn hydrotreating arehownin Figure 2.15[1].

Alkylthiols

R/\SH + H, —» R— <+ H,S

Alkylsulfides R H
1
R1\S/R2 + 2H, —>» R,—H + H»>S

Ring~S~ — Ry—H 4 oh.s

s R, + 3H, Ry—H 2
Alkylthiophenes
R4 R2

R4 R
/ \ + 4H, —> 7—< +H28
S
\ + 3H, —> ©/\+H28+R1—H
S

Figure 2.15. Sulfur removal and hydrogen addition reactionsin hydrotreating [1].

Reactiors illustratedin Figure 2.5 are withstoichiometric hydrogen requiremeiihe sulfur is
removed in a catalytic hydrogen atmosphe&esulfur-free structure with hydrogen sulfide is
formed.Detailed mechanistic pathwawsth intermediate stepsn catalytic surfaces are explored
in literature for these reactions inFigure 2.5 [83]. An HDS reaction mechanism for
dibenzothiophene is presentecHigure 2.5 [80].
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Dibenzothiophene

Phenylcyclohexane

«

+ 3H,

<:>—<:> Bicyclohexane

Figure 2.16. Sulfur removal mechanism of dibenzothiophene [§.

Houalla et al. proposed the sulfur removal mechanism for dibenzothiof@®8s3]. Each arrow

in Figure 2.3 represents a reaction step tlsamnodeled with rate equations. Reaction conditions
(temperature, pressure, catalyst etc.) concentrations of hydagghydrogen sulfide affect the
rates of reaction in each stdpvo pathways are possible with differeates ofreaction.The left

side of Figure 2.8, with hydrogenation of the aromatic refpllowed by sulfur removato
phenylcyclohexane (cyclohexylbenzen&he right side ofigure 2.3, sulfur removal tdorm
biphenyl(hydrogenolysis pathwayfpllowed by hydrogenation of the ringspbenylcyclohexane
Thebiphenylpath isfavorable when there is a sulfur vacancyasulfided metal cataly$15][84].
However, if alkyl groups areattached on the sulfur side of the dibenzothiophene, the left side
pathwayis favorablebecause ofadsorption ora catalytic surface followed by sulfur removal
Thesealkylthiophenesrelower reactivitybecause of steric hindrance limiting adsorptiontan t
catalytic surfacesThe 4,6-dimethyldibenzothiophensulfur is an example with steric hinderance
[15][85-89]. Properties of dibenzothiophene, biphenyl, phenylcyclohexne, and bicyclohexane are
presented iTable 2.959].

40



Table 2.9. Properties of dibenzothiophene, biphenyl, phenylcyclohexne, and bicyclohexane
[59].

Dibenzothiophene | Biphenyl | Phenylcyclohexane| Bicyclohexane
Thoi (°C) 333 25442 240 235410
H/C Ratio 0.67 0.83 1.33 1.83
Density (g/cn?) 1.25 1.04 0.95 0.86:0.89
MW (g/mol) 184.26 154.21 160.26 166.3

Dibenzothiophene witlits hydrotreatedierivativesillustrated inFigure 2.3 highlight identical
property trends tthat of Table 2.6 As hydrogen is addexhd sulfur is removedhe boiling point
and density of eacstructuredecreases.

Sulfided NiMo/AkOs catalysts favor hydrogenation reacti@ssllustrated in thieft side pathway
of Figure 2.16 Sulfided CoMo/AbOs catalysts favor hydrogenolysas illustrated in the right side
pathway ofFigure 2.16[3][71]. The HVGO contains higher concentrations akylthiophenes
(e.g. dibenzothiophened,6-dimethyldibenzothiophendyom the abundanceplot Figure 2.10
This is areason why NiMo/AdOs catalyst is used in the current study.

A distribution ofthemonosulfur class before and after hydrotreating of a coker gas oil is presented
in Figure 2.17 [90]. Fu et al.characterzed untreated and hydrotredtsamples of a coker gas oil
cut(483-504°C) [9D]. The feed fraction had 4.9W6 sulfur and 2.1wt.% nitrogen (untreated). The
hydrotreated product had 1.1wt.% sulfur and 1.8wt.% nitrogjee characterization of thH83
504°C distillate fraction before and after hydrotreatmemrovides insight to the molecular

transformations.
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Figure 2.17. Distribution of the monosulfur class before and after hydrotreating of a coker

gas 0il[92].

Reprinted (adapted) with permission from Figure 11, &tfay iComprehensiv€ompositional Analysis of Hydrotreated and Untreated Nitrogen
Concentrated Fractions from Syncrude Oil by Electron lonization, Field Desorption lonization, and Electrospray lonizakimiBEsolution

FT-ICR Mass SpectrometyEnergy Fuelsyol. 20,(3), pp. 12351241, 2006Copyright 2006American Chemical Society.

A shift occursin the abundant monosulfur compounds from DBE 15 of the untreated fraction to
DBE 13 ofthe hydrotreated fractiois seen irFigure 2.17 Fu etal. suggestd hydrogenation of

the polyaromatic sulfur compoun®]. Similar to the hydrogenation pathwayrefure 2.5, the
higher distillate fraction of monosulfur speciesis partially hydrogenated The direct
hydrogenolysis pathwaig restrictedfor large alkyl polyaromatic sulfur compounds in higher

distillatefractions.

2.3.2Hydrodenitrogenation

Hydrodenitrogenation (HDN) reactions are studibdcause ofincreasing environmental
regulations and resttions of nitrogen in liquid fuelsPrevention of N@ formation from
combustion is desiredPrado et alpublished anoteworthyreview fornitrogen removal from oil
[73]. The nitrogen structuresin Figure 2.11 undergo HDN reactions in hydrotreating.
Understanding the nitrogememoval reaction mechanism pathway a catalyst surfader both

basic and noibasic nitrogerprovides insight to the types of ligquproducts formedNitrogen
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removal and hydrogen addition reactia@iselect model compounds lrydrotreating arshown

in Figure 2.18[1][91].

Alkylamines
R—'NH2 + H2 —» R— + NH3
Alkylpyrroles
R R R
z/ \>+2H2—>z S+2H2—>; \ + NH;
N N
H H
Pyridine
X
Qe QMo
=
N N NH,
H

Figure 2.18. Nitrogen removal and hydrogen addition reactionsof select model compounds

in hydrotreating [1][91].

Nitrogen structures undergo aromatic saturation on a catalytic surface ddllmynitrogen
removalto form ammonia (Nk). The carbomitrogen bond breakagsunlike thehydrogenolysis
pathway Alkylamine HDN reactions are rapid compared to heterocyclic nitrog8h [he
reaction steps presentedfigure 218 arewith stoichiometic hydrogen requirement. dfailed
mechanistic agthways with intermediate stefis other heteroaglic nitrogen structureare found
elsewherdg83][91-96].
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10 T NH;

Figure 2.19. Nitrogen removal mechanism of quinoline $2-96].

An example of a reaction mechanism for quinoki2N is presented ifigure 2.19[92-96]. The
nitrogen removal mechanisia complex withseveral reaction steps. Quinolin® (s adsorbed
onto a catalytic surface wherbydrogen saturasethe inner or outer nitrogen ring to
tetrahydroquinohe; 1,2,3,4etrahydroquinoline @) or 5,6,7,8tetrahydroquinoling3). Further
hydrogen additior{3H.) on the surface leads to decahydroquinol#je The first four structures
are eqilibrium reactionsA slower stepthe GN breaks frontetrahydroquinoline?) to form 2-
propylaniline g). With hydrogenation, decahydroquinolin® @nd 2propylaniline ) forms 2
propylcyclohexylamine &). As the ring is saturatedthe C-NH> bond breks from 2
propylcyclohexylamine §) to 1,1-propylcyclohexene §), 1,3propylcyclohexene 9), and/or
propylcyclohexane 1) with ammonia. Depending cine conditions and catalytic surface; 2
propylaniline 6) underges C-NH> bond breakage to form propylbeme ) with ammonia.
Similar toFigure 2.18 quinoline undergoes aromatic saturation on a catalytic surface followed by

nitrogen removal to form ammonia (NH Larger ring systems in the HVGO, highlighted in
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Figures 2.12and 2.13 arecomplex nitrogen removal mechanisms with additional intermediate

steps angtructuresThe addition of alkyl oR groups tahesestructuregprovide steric hinderance
in removing nitrogeimn hydrotreatind97].

Bej et al. compared thHDN reactions of bothasic and no#asic nitrogerstructures for a heavy
gas oilusing a NiMo/AbOs catalyst[11]. Similar HDN reactionsusingmodel compundsas in
basic aridine and notbasic carbazoleere compeedby the same grou@®§]. Both studies found
the removal rate of basic nitrogend.alkylpyridines, alkylquinolines, aatine) was much higher
compared tanon-basic nitrogen €.g. alkylpyrroles alkylindoles, carbazolegt similar reaction
conditions Yui and Ng corroboratedheseresults[99]. Stoichiometric hydrogen requirement is
higherfor HDN compared tdHDS because othearomatic saturatiostefs. As a resulthydrogen

partial pressurén HDN reactionds important
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Figure 2.20. Distribution of mononitrogen class before and after hydrotreating of a coker

gas oil[90].

Reprinted (adapted) with permission from FigureJlFuet al, iComprehensive Compositional Analysis of Hydrotreated and Untreated Nitrogen
Concentrated Fractions from Syncrude Oil by Electron lonization, Field Desorption lonization, and Electrospray lonizatimiBksolution
FT-ICR Mass Spectromsto Energy Fuelsyol. 20,(3), pp. 12351241, 2006Copyright 2006American Chemical Society.

Distribution of the mononitrogen class before and after hydrotreating of a coker gas oil is shown
in Figure 2.20[90]. The abundant nitrogen class of the untreated coker gas oil cH5(¥88)
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had a DBE of 12.3. The hydrotreated liquid product had a lower DBE of 10. The results provide
evidence for the hydrogenation pathway of heterocyclic raggglustrated irFigure 219. The
results inFigure 2.2 arefor nonbasic nitrogen compounds.g. alkylcarbazolesBasic nitrogen
results from positie ionization did noshowa meaningful change DBE distributionin Figure 7

of [90]. The appearance of aromatic saturation of nonlaisagyenwas evidentompared tdasic
nitrogen compounds (. Comparable resultsere obtained by Zhang et alith aclassification

of HDN reactivity criteria in Figure 8f [100]. The formation of amines, -propylaniline p), 2-
propylcyclohexylamine §), and propylbenzene’) in Figure 219, are basic in nature. These
alkylamines form fronhigher DBEalkylcarbazoledlerivativesin hydrotreating Thissuggests the

conversion of basic nitrogesdifficult to determine [10].

2.3.3Hydrodearomatization

Hydrodearomatization (HDA) reactions are important in understargd the chemical
transformationsn hydrotreatingA reviewon aromatic hydrogenation cataly/by Stanislaus and
Cooperprovidesextensiveinsights [102. Depending on the catalytic pathway, HDS and HDN
reactionsare completed througHDA reactions Hydrogen saturates the aromatic cores prior to
heteroatom removalhe hydrocarbon structures presentedrigures 2.7and2.8 undergo HDA
reactionsgn hydrotreating. Understanding the reaction mechanism patbwaycatalysprovides
insight to the types of liquid prodts formed.One classification oframatic noleculesfound in
heavy oilsis clusteredinto threetypes: monoaromatic, diaromatiand polyaromaticsHigher
distillatefractionshaveincreasegbolyaromaticabundanceas highlighted irFigure 2.7 Analytical
techniques such as supercritical fluid chromatograpigh pressure liquid chromatograptand
13C nuclear magnetic resonanase known todeermine the concentratisrof theseclusters
[5][102].
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Figure 2.21. Aromatic saturation reactionsin hydrotreating [83].

Aromatic saturation reactiona hydrotreating are presented kigure 2.21[83]. TheseHDA
reactions that are exothermic andthermodynamically reversible on catalytic surfaces.
Hydrogenation and dehydrogeiwen of aromatic compoundare contingent o the reaction
conditions [6]. Monoaromatis as in benzene have stronger resonance stabilization energy
compared to diaromatics and polyaromatics like naphthalene and anthracene, respectively [15].

The following order ofotal resonane energies are compared 2.0

Benzene < Naphthalene < Anthragene

Hydrogenation of diaromatics and polyaromatics have lower bond energies distributed throughout
the rings This suggestiavorable hydrogenatiamermodynamicallgompared to monoaromatics.

As a result, andghownin Figure 2.2, the reactivity order for one ring hydrogenatiovas
determined102]:

Anthracene > Naphthalene > Benzene

Saturation of polyaromatics to monoaromates favorable on catalytic surfaces compared to
saturation of mooaromatics to naphthenes [&imilar to HDN reactionshigh or hydrogen

pressure withrad lower space velociesfavor aromaticsaturation. Monoaromatieequirehigher
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temperature and pressuceform naphthenes compared to single ring saturation of anthracene and
naphthaleneln hydrotreating, complete HDA is npibssible Adsorption and desorption of all
types ofaromatics, including heteroatomic aromatwish their intermediatesompete orthe
catalyst surface. HDS and HDN reactions of heteroatontsgine/ competitive for catalytic sites
compared to aromatic hydrocarbons [S][8o overcome this challenge, tvetage hydrogenation
units are useth industry; the first reactor for HDS and HN reactions anthe second reactor for
HDA reactionsas see in Figure 2.2 An exampleof a reaction mechanism for HDAf
naphthalenés presented ifrigure 2.2 [83][103].

+3H%
+2H,
—_—
-

\ism

Figure 2.22. Hydrogen saturation mechanism of naphthalengs3].

The hydrogenation saturab mechanism of naphthalenentaindimited stepsThe reaction rate

of naphthalen¢o tetrahydronaphtidene(tetralin) is higher compared tts saturation to cis and
trans decalin isomers 3§ 103]. Reversible reactions are possible with lower reaction rates.
Decreasing the ¥naphthalene ratio decreased the yield of decalin. fEsalts confirm
thermodynamic limitations for complete HD|83][102-103]. Reactiors after initial saturation
(e.g. tetralin to decalin), require higher temperature and pressure to favor completean@sk.
ring systems, polyaromatics in the HVGO highlgghinFigures 2.7and2.8, have complexiDA
mechanisms with intermediate steps atductures Additional mechanistic pathways with

intermediate steps for HDA reactioaefound elsewhere [83].
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Table 2.10. Properties of select aromatic structure$59].

Naphthacene Anthracene Naphthalene Benzene
Thooil (°C)| 399450* 340 2175 80
H/C Ratio 0.67 0.71 0.8 1
Density (g/cn¥) 1.35* 1.241.28 1.141.16 0.88
MW (g/mol) 228.29 178.23 128.17 78.11
Tetrahydroanthracene | Tetrahydronaphthalene | Cyclohexane
Thoil (°C) 318324* 208t3 81
H/C Ratio 1 1.2 2
Density (g/cn¥) 1.1 0.97 0.8
MW (g/mol) 182.26 132.20 84.16

*Predictedproperties from ChemDraRrime 16.08& Royal Society of Chemistr{ChemSpiderAvailable: http://www.chemspider.com/.

Properties of select aromatic structures are presenietbie 2.1(59]. Anthracee, naphthalene,
and benzeawith their correspondingaturated structurésom Figure 2.2l areidenticalproperty
trends similar tdrables 2.6and2.9. As hydrogen isdded, the boiling poinH/C, and density of

each hydrotreated compound decreases.
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Figure 2.23. Relative double bond equivalentisoabundance contour plot as a function of

carbon number for the untreated and hydrotreated coker gail cut [90].
Reprinted (adapted) with permissioam Figure 11J. Fuet al, iComprehensive Compositional Analysis of Hydrotreated and Untreated Nitrogen

Concentrated Fractions from Syncrude Oil by Electron lonization, Field Desorption lonizationeatrddpiray lonization UltrahigResolution
FT-ICR Mass SpectrometyEnergy Fuelsyol. 20,(3), pp. 12351241, 2006Copyright 2006American Chemical Society.
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Relativedouble bond equivalendoabundance contour plot as a function of carbon nufobtre
untreated and hydrotreated coker gas oil cut is preseniteglure 2.2390]. Fu et alshowedhow
thecarbon atomare distributedvith high DBEsin the coker gas qikimilar toFigure 2.8for the
HVGO. The hydrotreated product dha reduction in the DBE&Nd a wider distribution of low
abundant carbon atom$hese results suggestl HDA reactions educehighly abundant DBE
hydrocarbonshroughl-2 ring satirations The carbon number remains in the saarege, which
is expectedbecause olimited cracking or carbon remov#iatoccursin hydrotreating. HDS and
HDN reactions of heteroatomic polyaromatic compounds incrieasdative abundance for the
hydrocabon class and addo thebroadcarbonrange observed (§. Similar resultsareexpected
for hydrotreatmenof the HVGO.

2.3.4Hydrodeoxygenationand Hydrodemetallization

Hydrodeoxygenatio(HDO) and Hydrodemetallization (HDM) reactions, although less reported,
occurin hydrotreating. A wealth of information on HDO reactiagmfound elsewhere [10406].

FromFigure 2.14in section2.24, metals exist in the center of large porphyrin structures. Removal

is difficult because of the steric hindrance and simultaneous nitrogen removal. Evidence suggests
HDM proceeds through partial hydrogenation of the large porphgriaor to metal emoval [3].

The metals nickel and vanadium become sulfided from the catalyst surfades metal
concentrations are part per billion levels fréable 2.8n the HVGO, the assessment in the liquid

productsis not examined.

2.3.5Conversion and Kinetics

Literature containseveralconversion and kinetistudiesfor thereactions of model compounds,
heavy feeds, catalysts, operating conditions, and reactor sysderasiew of conversion and

kinetic studies of hydrotreating industridéseds is found i\ppendix AConversion is a ratio of

how much the reactantéanged over the initial amouRormulas of fouconversios used inthe

calibration moded of the fourth objectivare presented
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Researchersalculate conversion to determine how operating conditions, catalysts, and other

controls affect hydrotreating reactions. The +323raction is ©ilosen as a reference to what

previous studies have reported. For the current study, aromatic conversion is on a molecular

hydrogen basisbtained from nuclear magnetic resonance analysis

2.4 Analytical Techniques

Toassess product qualjigharacterization of thieydrotreated liquid products by several analytical
methodsare completed taindestand the chernal complexityand assess product qualitn
extensie review of color and chemistry as welllzsckground information tthe exsitu visible
spectroscopynalysisis coveredn this section.A brief review of the hydrogen nuclear magnetic
resonanced NMR) analysis usecdithe current study ieviewed

2.4.1Color and Chemistry

The electromagnetic spectrum is shownHigure 2.21 [107]. Electromagneticadiation (EMR)
propagates as electrical and magnetic fields of sinusoidalwhatoscillate orthogonallyL0§).
Under vacuum conditions, EMR traveiisder300,000km/s, termeiithe speed of lighd.The speed
of light is equivalent to the product of frequena@y &and wavelengthaj. The electromagnetic

spectrum is a range of radiation; energy that travels from a source through a medium or a vacuum.

Energyreported orfrequencybasisandis expressed irlectronvolts (eV)OneeV is equivalent
to 1.6010°J. Max Plank developed thelationship between the engrgf EMR and frequency
[10811Q:
0o ¢ Q° (2.7
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Where

E is the energy of quanta (eV or J).

n is the quantum number (positive
h is Planko6sl0¥Jsnstant, 6.626

3 is the frequency as determined from the EMR spectrum (HZ)or s

N =
= 5
g o
c
g 3
o
g =
Gamma-rays [ 0.1A
1018
1A
1018 0.1 nm
X-
rays — 1nm
107 400 nm
—10n
1016 |
Ultraviolet 500 nm
— A00 nm
1075
| Visible ... r 1000 nm
10t 1um 600 nm
Infra-red —10mn
107
700 nm
— 100 um
1012 |
1000 um
1000 MHz — 101 i
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7 — 10 cm
b 100
VHF —1m
7-13 10° _Radio, TV
100 MHz — FM 10m
1 VHF 107
1 28
50 MHz - - 100m
i 108 _]
— 1000 m
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Figure 2.24. Electromagnetic Spectrum[107].

number

The wavelength of visible light is quantitagly 380 to 750 nanometers (nmh dhe

electromagnetic spectrur®ther regions, ultraviolet, infrared, microwave, radio, etc. are defined

by different wavelengths or frequenceessspecified Electromagnetic radiation wave illustrations

are presented iRigure 2.25
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Figure 2.25. Electromagnetic radiation waveillustrations.

EMR travekin singular (mono) or as many (pdhyavelengths. Intensity of EMR propotional

to the amplitude of thevave.Electromagneticadiation travels as packets of energy termed quanta
or photons. Voluminous quantum (smallest unit of energy) is quanta. Through a medium, EMR
interacs with matter (atoms or molecules) several waysas highlighted inFigure 2.26
[109][111].

Incident EMR Scattered EMR

Transmitted EMR

Reflected EMR Absorbed EMR

Figure 2.26. Electromagnetic radiation interactions with matter [ 109[111].

Electromagnetic radiatiomteracts with matter throughabsaption, transmission, reflection, and
scattering Absorption is quantaransformed intaenergy (vibrational motion etctaken up by
matter Transmission is quantpassng through the medium unchangedhis happensin

transparent materi&l Reflection is quantshat mirrors off in a direction eqal to the angle of
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incidence.Scatteringis quantathat reflects off intoa different directionbecause of uneven
surfaces. Throuch transmission, quantare eitherrefraced, interfered andor diffracted
Simultaneous combinations of all the interaction phenomena desenbgubssible

As EMR undergoesa change in energy, velocity, frequency, éom one of the interactions
descibedin Figure 2.8, a spectroscopic measurement is possidl§][ Spectroscopy is th&tudy

of EMR and the interactions with matter. Measurement of reflected, transmitted and/or scattered
EMR provides insight to the atomic and molecular composition of the matter. Absorbed EMR is
the differencebetween thdrarsmittedandincident Including the reflected and scattered light
complets arigorous EMR balancdxamples of spectroscopic techniqaespresented inTable

2.1,

Table 211 Transitions, energy transfers, their

spectroscopic techniques and

electromagnetic radiation regions 110.

: Atomic or .
Electromagnetic Molecular Enerav Transfer Spectroscopic
Radiation Region orecu gy Technique

Transition
Gamma ( 2 )| Nuclear Absorption Mossbauer
(<0.01nm)
X-rays Core electrons Absorption X-ray absorption
(0.02-:10nm) Photoluminescenceg X-ray fluorescence
Ultraviolet Valence electrons | Absorption Atomic asorption
(10-380nm) Emission Atomic emission
Photoluminescence Atomic fluorescence
Chemiluminescenc({ Atomic phosphorescencsd
Visible Valence electrons | Absorption Atomic asorption
(380-750nm) Emission Atomic emission
Photoluminescence Atomic fluorescence
Chemiluminescenc({ Atomic phosphorescencsd
Infrared Molecular vibrations| Absorption Infrared
(750nm1mm) Raman
Microwaves Electron spin, Absorption Microwave
(1-1000mm) molecular rotations
Radio Nuclear spin Absorption Electron spin resonance
(>1m) Nuclear magnetic
resonance
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Atomic or molecular transitiorsre examined based on the EMR soufAdesorptionof EMR is

the energy transitiofftom a lower state to a highstate Emissionof EMR is the energy transition

from a higher state to a lower statemission of EMR happenthrough photoluminescence
(following the absorption of EMR) or chemiluminescen&MR emitted from a chemical
reaction). Depending on the strength of the EMR absorbed, from largest to smallest, the transition
of energyis eitherelectronic, vibrational or rotational, respectivdlitraviolet-visible (UV-Vis)

regions result in electronitansitiors of valence electrons. Infrared to radio waves, less energy
intensive EMR, result in vibrational, electron spin and rotational transitions. As highlighted
highlight in red ofTable 2.1, the current study focasspecifically in the visible EMR region and

the electronic transition of valence electrons. The use of absorpsidite spectroscopy is the
analytical method of the secombjective. Section 2.43 reviews hydrogen nuclear magnetic
resonance spectroscopy which examines the spin of hydrogen atoms in the radio EMR region.
Color is an attribute of visual perceptiatDB. Human eyes are sensitive to the band of visible
light in the EMR spectrunQualitatively, cobris described by terms such as Red, Orange, Yellow,
Green, Blue and Violet (ROYGBVXolor is quantitatively defined by the wavelength of visible
light. What is observed as perceived color is the reflection or transmission of specific wavelengths
of visible light. A distinction is made between black and white. The color black is the absorbance
of all visible light. The color white is the reflection of all visible light. Visible colors from the
EMR spectrum, ROYGBYV or 750 to 380nm wavelengthrsgeither eflectiors or absorptios of

the complementary color to that specific wavelengthapproximate complementary color wheel

to demonstrate thidea of absorption to transmissisnshown inFigure 227.
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Orange

600-640nm
Red Yellow
640-750nm 560-600nm
Violet Green
380-450nm 480-560nm

Blue

450-480nm

Figure 2.27. Complementary color wheel.

If an object or molecule absorbs all visible wavelengths except that of the 600 to 640nm region,
the reflected color ishe specified wavelength regioor qualitatively orangelf an object or
molecule absorbs visible wavelengths in the 450 to 480nm regimne, the complementary color

is the transmitted wavehgth, 600 to 640nm or orangesorptionof specificvisible wavelengths
causeenergytransitions of valence electrowsthin themolecules and their atecular bonds. From
equation2.7, the energy region of visible ligH380 to 750nmis calculated. Assuming the speed

of light in a vacuum, 29992,458m/sand a constant quantum number of 1:

P ¢®copm *FO cwwxwd Ty
cyYTp A

vg o pmt *I O A6

P ¢®copm *EO cwux wd Ty
X LTpTa

cdouv pmt *T OHpuv A6

The energy of one quantum of monochromatic visible light ranges fromtd 826eV.These
energies arenougtto excite electrons of the Highest Occupied Molecular Orbital (HQN@Er
energy stateto the Lowest Unoccupied Molecular Orbital (LUMO)gher energy statén the
ultraviolet to visible EMR regiorhe excitation of electroreresigmabonds((i), pi-bonds(") and
nontbonding(n) orbitals to antpi (" *) and antsigma( *) orbitals (texcited state$108[110].

Figure 228illustratestheseelectronic energyransitionsfrom EMR absorption
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Figure 2.28. Energy changesn electron excitation.

Electrons excité from nonbonding (n) to antpi-bonding (*) and pi-bonding (") to antipi-
bonding (*) require EMR energies found in the visible light reg(@30-600nm). Examples of
molecularbonds that have electronic transitions in the visible region include: C=C, C=0, C=N,
etc. Thesemolecularbonds that absoripeflect or transmit visibléght are termed chromophores.
As chromophores become conjugateith additional doubldonds in largenolecules,lie energy
difference between frbitals and anipi orbitals decreasé\s a result, lower absorption energy
is required to excite the electron®(longer wavelengths of EMRIFor example, vitamin A&nd
b-carotenéhave five and eleven C=C ihds, respectively. Vitamin A appears yellow as it absorbs
light in the 380-450nm violet region, whileb-carotene appears orange as it absorbs longer
wavelength light in thd50-480nmblue region.

To measure the absorbéght (i.e. theprobability a photo is absorbed)spectroscopis used to
quantify ths energy This is reported as function of wavelength in the absorption spectra.
Determination of how muclEMR passes through a sampé a specific wavelengthover a
controled referenceis used to determine how much EMR is absorlfidnsmittance) The
absorbancéA) is defined as:

. .. 0
o) ||% cay
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Where | is the intensity of light passing through the sartgaimple minus dark spectra)dl, is
the intengy of light passing through a reference san{pdéerence minus dark spectrahe ratio,
I/lo is the transmittancat a specificwavelength Intersity is the concept of brightness. From
Figure 2.5, a larger amplitude wave visually appears bright, setoamplitude wave appears
dark.For pure substances dissolved in a solvent or solutieabsorbancéA) is used to find the

molar absorptivity {:

Where

Uis molar absorptivit{L mol™ cm?)
cis the sample concentration (mol/L)
| is the path length (cm)

The relationship irquation2.9 is famously known as the Bekambert law. If the concentrations

of pure substancesme lowin solution a linear relationship is expected between absorbance of
light and concentratiom@Assuming a constant path length, thelar absorptivityis theslopeat a
specificwavelength of lightThe molar absorptivity idependentn the wavelength dight used.

Model compounds fronfables 2.9and2.10 ultravioletvisible absorption spectra are shown in

Figures 2.230 2.31[59][112-113]. The natural logarithm of molar absorptivity, which is constant

at any concentration or path length assunteddeerLambert law is validis used for comparison
of model compounds
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Figure 2.29. Dibenzothiophene, biphenyl and phenylcyclohexane absorption spectra
[59][112-113.
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Figure 2.30. Naphthacene, anthracene, naphthalene, and benzene absorption spectra
[59][112-113.
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Figure 231 Anthracene, naphthalene, benzene, tetrahydroanthracene,
tetrahydronaphthalene, and cyclohexane absorption spectr&][112-113.

As shown inFigures 2.2%0 2.31, trends ardisted

9 Sulfur removal and hydrogen addition cause hypsochromic and hypaichsbifts inthe
adsorptiorspectra

1 Aromatic ring removal (naphthacene to benzene) causes hypsochromic and hypochromic
shift in the adsorptionspectra This decreasethe number of conjugated C=C boratwd
increasesheenergy transition gap fromto " * causingshorter wavelengof absorption

1 Hydrogen addition of aromatics causes hypsochromic shithénadsorptionspectra
throughdeconjugation ofhe C=C bonds

Thesetrends are expected for hydrotreatmehthe HVGO because oHDS, HDN, and HDA
reactions causing deconjugatiandreductionof C=C bonds in thenulticomponenmmixture of
moleculeshighlighted insection 2.2

For multicomponent mixtureas inthe HVGO, eviations from the Bedrambert laware

expected. Asthe concentration increases the mixture becom@mplex with multi light
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interactionsThe transmitted light is a result of multiple interactinggrchromophoric molecules.
An example illustration dight transmissiorior pure and complex substances is showrigure

2.3

Pure Substance Complex Substance
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#
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Figure 2.32. Example illustration of light transmission for pure and complex substances

[114).

The pure subance(naphthalenediluted in a solvent absasltight at specific wavelengths based

on its concentration presenincreasing the concertation of the pure substaacsescoupling
interchromophoridnteractionsand deviate the BeerLambert law from linearity A complex
substance like heavy oithe right side ofFigure 2.2, has multiple interchromophoridight
interactions withseveral highly -conjugatednolecules The molecular absorptivitg no longer
constant asraarray ofmolecules at differerdoncentrationproduce multiple absorbance values
These absorbances are coupled intstidution over ébroadrange of wavelength3he current

study examines these multiple interchromophoric interactions of hydrotreated liquid products.
Although not valid, th&eerLambertlaw is testedas asimpleleast squarecalibration modefor

comparison in the fourth objective

2.4.2Color of Qils

Historically, industryused color of oil as an approximate indication of refinement. Black oils tend
to represent raw crudebitumensand asphalt material. Condensajes fuel, diesels,gasoline,
etc. transition from brown to yellowlear, respectively Thesequalifications arebased on the
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reflectedight andvisualinterpretation. Standard test methods have been developed to characterize
color based on scaeExamples include ASTMs D156, D1209, D1500, D1544, D2392, D5386,
D6045 [L115121]. Thesemethods are based on standardicsecales and recorded as a value that
could be included in a crude oil assay. Standard spectroscopic techfuljreesolet to visible
region)have also been developed to measaghthalene hydrocarbons in aviation turbine fuels
(ASTM D1840) and petreum products (ASTM D2@) [122-123]. Additional information on
thesestandard techniques, calibration, and performaofceltravioletvisible spectroscopys

found elsewhere (ASTM E169, E275, and E9224124.

Mullins et al. studied theptical desityspectraof crude oils [127]Optical density (OD) is defined

as

50 & - - (2.10)

This equation is a rearrangement of the Haerbert law.The absorbance over the optical path

length is plotted as a function for 22 crude oil§igure 2.33[128].
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Figure 2.33. Absorption spectra of22 crude oi samples 128|.

Reprinted (adapted) with permission from Fig@reY. Ruiz-Morales and O. C. MullingjPolycyclic Aromatic Hydrocarbons of Asphaltenes

Analyzed by Molecular Orbital Calculations with Optical Spectroseppyergy Fuelsyol. 21,(1), pp. 256265, 2007 Copyright 200 American
Chemical Society
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Hypsochromicshifts from asphalts to condensatissevident inFigure 2.33[128]. The authors
sugguest the polycyclic aromatiecydrocarbon (PAH) concentrations are associated with
absorbance in the visible regiofhese structuredescribed ag-10 fused ring®or asphaltenes.
The coupling interactions of these chromophoric aromatics cause expontentiadldgeadyance
with increagng wavelength As the concentration of PAHs decreases, the speotrtinuum
hypsochromically shifts to loweabsorbancevavelengthsThe authors suggest the condensates
are oils withlow concentrations oPAH-asphaltene structures because they do noibexh
absorbances in longer wavelength regiassnblack oils and asphaltlowever, his attributes

not nessesarylya reduction of PAHasphaltene structures, baromatic saturation artieteratom

removalshown inFigures 2.29%0 2.31 Other deaggregation odisentanglemenphenomeaof

chromophoric moleculeis possible Noteworthyinformation onthis subject is found elsewhere
[129].

Yoon et al. characterizdthctions ofAthabasca bitumen [130]. Athabasca bitumen was separated
into three fractions, saturates with aromatics, resins and asphaltenes. A Shima@AOQJV
spectrometer ranging from 24600 nm was used to measure absorbance of Athabasca bitumen
and ts separated fractionsntensity of absorbance spectra from largest to smallest were
asphaltenes, resins, saturates with aromatics, respeciiielye results arensilar to the trends

in Figure 2.33 A small peak at 410 nmas seen in bitumen, resj@nd asphaltene samples. The
authors attributed this peak tioe VO?* complex, similar tavhat Evdokimov et alfound[131].

The authors concluded UVis spectroscopy displayed different aromatic constitueintse three
fractions measured.

The current study does not examine the extent of asphaltenes, phorphyamsdium complexes

in hydrotreatment. The hydrotreatkguid products are expected to display similar trendbab

of the condensates shownhkigure 2.33
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Figure 2.34. Adsorption spectra ofoil distillation cuts [132].

Reprinted (adaptgdvith permission from Figure,C. T. Shouteet al iUV Raman Spectroscopy of OilsarDsrived Bitumen and Commercial
Petroleum ProducisAppl. Spectroscyol. 56,(10), pp. 13081313, 2002Copyiight 2002Sage Publishing

Ultraviolet-visible absorptionspectrawas collected foril distillation cuts inFigure 2.34 by
Shouteet al.[132]. The boiling point correlated with half the maximum atemce values in the

UV region. The authors concludla positive relationship between UV absorption spectraland
oil distillate boiling pointtemperatures
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Neat Crude Oil
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Figure 2.35. Solvent diluted andneat crude oilUV-Vis absorption spectra[133].

Reprinted (adapted) with permission from Figure 4, 1. N. Evdokimov and A. P. LiBeygestediNew Method for Determination of Dispersity
in Petroleum Systemds Based on Trivial Experiental Artifacts) Energy Fuelsyol. 22, (4), pp. 24702473, 2008Copyright 2008American

Chemical Society.

Evdokimov and Losestudied the solvent dilution effect of neat crude oil as highlight&ture
2.35[133]. The neat crude was diluted in toluene and carbon hédrase. The absorbancsignal
significantly dropgespective to the solvent usékhisis directy impacted by theolvent used in

the dilution.Toluene (238275nm) and carbon tetrachloride2GOnm) have strong absorption in

the UV region.The significant drop is termed the absorption edge [133]. The solvent diluted oll
follows the spectral trend (significantly overlaps) of the neat crude until the respective absorption
edge of the solvent. Tlauthors suggesesearchergnore solvent effects arafaim experimental
artifacts to the UWis absorption spectrumf crude oils/asphalteneghe current study does not
dilute the hydrotreated liquid products in solvent for visible adsorption measurentgs is
advantageous in development of a probe or tool in an online process whersangld and

solvent additions avoidedor avisible measurement.
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UV-Vis Development

From much ofthe researcj127-128], Mullins developed and patented a probenteasure
absorption spectra of crude oils f13The OD,equation 210, is used with a model to output a
value that is correlated to an oil classification (i.e. asphalt, blank oil, condensate). The technology
has been useful forassification of insitu formations to determine whether crude oil or mud
filtrate exist. Haberman and Overfield used ultraviolet absorption to determine aromatics
concentration in hydrocarbon oll35-136]. The authors developed correlations to predie tn

four aromatic ring core concentrations based on an integrated oscillator strength, the integral of
absorbance as function of photon energy. Standard errorsalvetg 1% for all oil samples.
Koseoglu et al. patented a crude oil characterization matbiod) a U\Vis to determine the
density andcaromaticityof the sample]37]. The mass of sample and spectra are used to determine

a UV-Vis index which characterizes the oil from a calibration set.

2.4.3Hydrogen Nuclear Magnetic Resonance

Hydrogen Nuclear Magnetic Resonanéd NMR) spectroscopy is an analytical technique that
examnes protons of atomic hydrogen nuclei based on magnetic properties. Hydidpenthe
most abundant proton isoto(99%)compared to carbon, fluorine, phosphorusd other atoms.
Hydrogen has &: spinquantum numbeftwo spin states, % or-%2) and amagnetic momentum

of circa 2.79 Spinning protons in the hydrogen atom have magnetic moments positionezhwith
axis.When a magnetic field is appliedttee hydrogenmatoms the protorspins align from random
orientation to garallelspin state (lower errgy, U or antiparallel spin state (higher energy
[108][140] Whena pulsedradio frequency is appliefidentical to theLarmor or precessional
frequency)the spinaxis tips At the rightpulsedradio frequency, the protons become in resonance,
absorbing energthat caused the axis to {ip08][140]. The energy is remitted seconds later as
the spin axis decays back (relaxes) to the parallel or antiparallel state.-@imétezl energys
detecte by a radio frequency receivar a different plane of the magnetic fielthis remission
energy depends on the electrons adjacent or surrounding each hydrogen prefect(ons from
carbon atoms this casg For example, aliphatic hydrogen (gHCH3) hasa different frequency
compared to aromatic hydrogen (double bonds in rings of carbon). Each compound has a unique
H NMR spectrum. The spectrum is a plot of intengiaio frequency applied)s a function of

chemical shif{adsorption) The chemgal shift is the ratio between the resonance frequency (signal
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minus reference) of hydrogen protons in the sample to the external magnetic field appsied.
ratio is highly dependent of the adjacent or surrounding electrons of the hydrogenGheneial
shifts are normalized by the frequency of the spectromet@mparewith other magnetic field
strengthsTetramethylsilane ian example of atandard with a peak at zero chemical shift.

A distribution of hydrogen protons attached to the cartbomsis expected to generatebeoad
spectrumfor heavy oilsas inHVGO and its liquid productsThe challenge is to determine how
hydrogen atomaregrouped or classifiedased orthemical shift regiondrevious studies tested
known concentrations of meticompounds to create standards for hydrogen afbimeschemical
shift regions were determined based on correlating hydrogen concentrations to area under each
chemical shift signalAn example ofthesechemical shift regions based on model compound
standadsis presented iffable 2.14138-139.

Table 2.12. Chemical shift regions for hydrogen nuclear magnetic resonance3g-139.

Hydrogen Type Chemical Shift Region (ppm)| Example Structure
H
Polyaromatic hydrogen 10.7-7.4
H
Monoaromatic hydrogen 7.4-6.2 ©/
Olefinic hydrogen 6.2-4.3 /\(
H
H
U-Aromatic hydrogen (Ch) 43-2.4 m
H
H
- H
U-Aromatic hydrogen (Ch) 2.4-2 W
H
H
Aliphatic hydrogen (Ch) 2-1.09 /\)<*
H
o-Aliphatic hydrogen (Ch) 1.09--0.5 /\|/H
H

The chemical shift regions for hydrogen nuclear magnetic resonance used in the current study is
presented infable 2.12[138-139]. Debate on the exact peak assigntneEgionsis foundin
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literature [141-145. Speight used several standard organic compounds to build a structural
assignment of proton resonance signalsharacterize Athabasca bitumet]]. Other studies
reported a table of the chemical shift regiaeed for their classificatigii42-145. All the studies

report single aromatic hydrogen within the 6 to 10.7 chemical shift region. Kapur et al. reported
similar assignment t@able 2.12of polyaromatic hydrogemreater than 7.4145. The total
aromaticegi on was reported as | ow as 6 by YYang et
hydrogen region of 4.5 to @42. However, olefinic hydrogen is not expedfor the HVYGO and

its liquid producs. The distribution of CkHland CH groups in aromatic and aliphatic hydrogen is
less than 4.5 by all reports. The toikdromatic hydrogen is reported in agreement between 4.5
4.3 to 1.92 chemical shiff, Speight reporteds low as 1.7 chemical shift41]. The total aliphatic
hydrogenjncluding the CH group, is less than 2 and starts at 0.5 chemical shift, Ali et al. reported
2.2for thischemical shift £144). Table 2.12iteraturereported-0.5 as thenitial chemical shift for
o-Aliphatic hydrogen.

The curent study useJable 2.12as the classification region for thel NMR results. Three
clustersof molecularhydrogen concentration are examined from the NMR spectra reBuise
clustersinclude total aromatidaromatic, andliphatic hydrogen. The chemical shift ranges are
6.2t010.7, 20 4.3, and0.5 to 2, respectively. The chemical shift region assignments agrée with
whathasbeen reported by others [1446]. The aliphatic hydrogen is corrected for chlorofedm
solvent and the tetramethylsilane reference. Conversiectjon 2.3.5is calculated from aromatic

and total aromatic (aromaticl-aromatic) molecular hydrogen concentration results.
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2.5 Chemametric Analysis

To address théurth objectiveof the studychemometricanalysisis completedo determine if
visible spectra dataf hydrotreated liquid productsan be calibrated to their analytical
characterization result€hemometricss the study of cheiwal databy applying empirical and

multivariate modeling [47]. The modeling is data driven and requires background information

the systento extract meaningfuinformation on thephysical and chemical phenomena. Further

information on the subjeds found elsewherd148149. Studies in literature use multivariate
modelsontheEMR interactionsas highlighted imable 2.1. The ability to calibratéhesespectral
measurements tihe physicochemicadroperties otheliquid productss desired.

Unlike single parameter modeisereone variablas dependent oanother variablemultivariate
models utilizea matrixof data. In the current study, that matrix of data is the visiid®rtion

spectra of the hydrotreated liquidogucts.

W O W (2.11)

WhereyunknowniS thephysicochemicabropertyvariablepredicted, X isa 1xn matrix of he visible
adsorption spectruifl samplex n absorbancevavelengths)and b is the regression coefficiént
regressor coefficients 1). Thekey factorsin equation 2.1%re the X matrix and theegression
coefficient vector bAbsorbance variablescludedandthe regressionoefficiens are determined
based on the calibration modeling method emploffedr methodsused in the current study are

reviewedfurtherin sections 2.5.102.5.4

69



2.5.1Simple Least SquareqSLS)

Simple least squaresSLS) is a linear methoccompaable to the previously discussed Beer
Lambert law[150-151]. The visible spectralata are assumedas a linear correlation of the
physicochemicaproperty The SLS model is useful when the measured adsorption spectrum is
related tothe purecomponentn amixture. As the BeeiLambert law is successful in calibration

of diluted samples to predict theamomponentconcentration oil physicochemicalpropery
calibraton may be limited due to its multicomponent natufée assumption that the visible
adsorption sperare linearly correlated to their phgschemicapropertiesstested in the current
study Duckworth has summarized advantages and disadvardatifesSLS method [15Q]

Advantages
1 Mathematical model is simple and ee

to calculate rapidly.

No specific absorbance wdeagth is
selected. The current study examir
theentirevisible spectracollected

Comparison of several absorbar
channels  provide a better
understanding of the visible spect
and how it is related to th

physicochemical property measured

Disadvantages

Complete  speciation of evel
component is required This is a
challengan a multicomponent mixtur:
like oil.

Multi-interacting molecules do ne
provide distinct absorbance peal
Visible spectra are a continuum.

An interceptis required Complete
lineaiity through an origin, as in th
BeerLambert law,is unlikely for a

multicomponent sample.
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2.5.2Multiple Linear Regression (MLR)

The multiple linear regression (MLRnethodis useful when dandful of measured absorbance
values are used to predict tpleysicochemicaproperty of interest. Unlike thBLS model where
absorbances &achwavelength are usethe MLR methodselecs wavelengthchanneldor the
calibrationmodel The modelincludesseleced wavelengthschannelsequalto or less than the
number of samples used in the calibratiBetermining the optimurmumber of wavelength
channelsis importantin building calibration modek for each propertyA stepwise selection
method is used the current study for MLR. The stepwise method is iterativempamg the
regressors of each wavelength chanRefQyressorare added or removed baseda standard test
statistic After each step, a significance test is completecaoh gariable in the model to determine
whether it should be kept or removed. For the stepwise method used in this study, the significance
tolerance (pvalue) for added and removed variables are 0.05 and 0.1, respe¢figely

Duckworth has summarized avtages and disadvantages offieR method [150]:

Advantages Disadvantages
{1 Linear relationshipto wavelength 1 Wavelength channel selection is
channels selected. difficult. Stepwise methods used in
the current studyThis may lead to
overfitting. Other selection methoc
exist [151].
1 Mathematical model is simple and ec 1 Number of wavelengthchannelsor
to calculate rapidly. variables usedn the model musbe
less than the sample siz
1 Multicomponent orcomplex samples 1 Large sample sets are required.
with multiple absorbance peaks can
modekd
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2.5.3Principal Component RegressiofPCR)

Principal Component Analysis (PCA) is a tool used to redbessize of alata sef148-149]. The
smalkerand meaningful data set highliginélevantnformation. Ths smallerdata sets comprised
of principal componentsthat areuncorrelatediatent variables.These components are linear
combinations of the visible spectilhe first component explains theghestvariability in the data
set. The second, third, fourth, etc. explain subsequent portions abiigyiin the data set.
Visually, PCA is a unique wg to look at the data set and highlight relationshipsncipal
component regression (PCR9es these princgh components of the visible spectravasiables
for multivariate calibratiorwith the physicochemical propertiekhis calibration is similar tthe
MLR, however the latent variables are uded the calibration. Toprevent overfitting and
determine th@ptimalnumber of latent variables to use in each model, a-s@gtation method
is employed[151]. The crossvalidation procedurealculates tB mean prediction error of the
responsevith each latent variable included in the calibration m§tfeB]. As the total number of
latent variables included in the model results in a minimum mean prediction ermptithamis
reached Additional variable beyond optimumover fit or underpredict th@hysicochemical
propertyresponseDuckworth has summarized advantages and disadvantagesR@Rhaethod
[150]:

Advantages

No wavelength selection.

Less visible spectral noise effect:
Highlightsbest components features
of thespectraset.

Great for multicomponent mixtures.

Disadvantages
Slow and mathematically comple
compared t&LS and MLR.
Large sample set required for -

accurate calibration.

Latent variables included in the mod¢
may not be related to physicochemit
properties of interest. Crosslidation

should help avoid this.
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2.5.4Partial Least Squares RegressiofPLSR)

The partial least squares regg®mn (PLSR)s similar to PCR except tHatent variable®btained
have a maximum covariance betweka predictors and response [1¥%l]. The predictors and
responseare the visible spectra and the physicochemical properties, respecfivedycross
validation procedure is used to determine the optimum number of latent variabldse
calibration model [151][153]Duckworth has summarized advantages and disadvantagies of
PLSR method [150]:

Advantages
No wavelength selection, all visib
spectra is used.
Eigenvectors are related to the
physicochemicaproperties of interest

Calibration models are robust witl

Disadvantages
Slow and mathematically comple
compared t&LS and MLR.
Large sample set required for &

accurate calibration.

Models are complex.

fewer components compared to PCF
1 Excellent for multicomponen

mixtures.

2.5.5Chemometric Studies

A review of chemometric studies on industrial feeds witeeEMR interactions areeviewed.

'H Nuclear Magnetic Resonance

Near infrared andH NMR spectroscopy were used in chemometric modeling of FCC feedstocks
[154). A large sample set, >30 for pregies measured, from four different FCC units were
comparedPropertiessuch asdensity, sulfur, nitrogen, viscosity, carbon residue, and simulated
distillation were modeled with PLSR. Correlation coefficients (R) were >0.88 for all properties
measured epept for the initial boiling point.

Molina et al. developed a model usifg.SR with *H NMR data to predict physicochemical

properties and distillate cut yields of Colombian crudé&s)[ Increasing the number of factors in
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each model increased the coeaffit of determination for each physicochemical property
predicted. The studied was limited to six crude samples.

Nielsen et al. usedH NMR data with multivariate data analysis to predict physicochemical
properties of 82 heavy fuel oild4%6. Propertiesassessed includechrbon aromaticity index,
density, gross and net calorific values, micro carbon residue, anfilisvateconcentrationsThe
root mean squadgprediction error was less than 1.5 for all modkdseloped.

Souza et alusedPLSRwith *H NMR data to predict the cetane number (ASTM D613)50r
diesel sampleslp7. The coefficient of determination was 0.fal the calibrated model.

Duarte et al. useBLSRwith *H NMR data to predict distillation temperatures of 74 Brazilian
crude oils 158]. The rootmeansquaredpredictionerror decreased with increasing distillation
temperatureLess than 5% errawvas achievedor the temperatures higher than 55% cumulative
mass distilled.

Infrared

NearInfrared (NIR) spectra of 81 atmospheric residianples was calibrated to American
Petroleum Institute (API) gravity or density, by Chung and Ku [159]. The data was collected in
the 1100 to 2500nmpectrakegion. Partial least squares regression was used to calibrate the API
of four spectral intervald.ow standard prediction errors were obtained for the prediction data set.
The infrared absorbance spectra in the 32000nm region of 22 crude oil fractions was calibrated

to their physiochemical properties by Satya et al. [160]. The saturate, araesticasphaltene,
carbon residue, carbon, hydrogen, sulfur, nitrogen, density, and molecular weight were calibrated
using PLSR. All models resulted in high predictive ability for crude oil samples. As the study was
limited to 22 samples, the authors camgd additional samples would improve their calibration
curves.

The total acid number (ASTM D664) was calibrated to-mfdared attenuated total reflection
spectroscopy using PRy Jingyan, Xiaoli, and Songbdi§1]. The sample set consisted of 280
cruce oil samples. The spectra ranged from 4000 to 630cFhe authors reported at 0.96
coefficient of determination for thewalibratedmodel.

Flash and cloud points of 560 diesel samples were calibrated with at7808m NIR

spectrometer by Chen et alg2. Five forms of the PLSR models were compared to determine
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which led tooptimal predictions. A recursive wavelengtblection method was fouradthe best
PLSR prediction model with the lowest ranean squaregredictionerror.

Fouriertransform infared(FTIR) spectroscopin the 4000500cm? region was used by Pinheiro

et al. to calibrate density, viscosity, TAN, aromatic, naprahdparaffinic concentration data to
lubricant oil sampleslf63. Several modeling methods including MLR, PCR, and Riege used

in the calibration. The authors found that the optimal predictive models were tailored specifically
to themeasuregroperty of interest. Density, aromatic, naphthenic, and paraffinic concentration
data resulted in the best coefficient of deteations.

Chakravarthyet al. studied the calibration of total carboxylic acid number (TCAN) and sulfur
concentrations of 64 vacuum gas oil samples with attenuated total reflectance Fourier transform
infrared (ATRFTIR) spectra [164]. Partial least squaegression models were developed. Both
PLSR models yielded optimal calibration and prediction results in the infrared regions.

Ultra -Violet and Visible (UV-Vis)

Wentzell et al. completed a multivariate calibration study of UV spectra for 114 light gasdil
diesel fuels 151]. The properties modeled were saturate, monoaromatic, diaromatic, and
polyaromatic concentrations obtath from supercritical fluid chromatography (SFC). Four
calibration methods$SLS, MLR, PCR, and PLSR, similar to those of thereat study, were
assessed. The PCR and PLSR models feetrared optimallycompared tdSLS and MLR for
predicting saturate, monoaromatic, and diaromatic concentrations. The authors cbonltite
excellent use of UV spectroscopy to reliably pretlieseconcentrations with less than 5% relative
error. The study was limited to the four properties quantified from SFC.

Ferrer et al. performed chemometdnalysisof 42 diesel and vacuum gasl samples with
ultravioletvisible spectral65. A HP8453 spectrophotometer was used to measure thé1BV
spectra.The samples were diluted in cyclohexane and platel or 2mm cuvetteRroperties
similar to the Wentzell et al. study were measuretth wigas chromatograph mass spectrometer
(GC-MS). Additional speciation of the samples into paraffins and aromatic sulfur were included
in the calibratiormodels The PLR methodwas used to calibrate the spectra tartheeasured
concentrations. All arontigs, including sulfur, and saturatevere found to correlate well (>0.9

R?) with the U\Vis spectra. Ferrer continued similar research for fluid catalytic cracker

feedstocks 166. In this study, 104 samples were used in the\d¥ calibration setPropeties
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such assulfur, density, nitrogenSARA, MCR, nickel, and vanadium awentrationswere
measuredSupplementary speciation of the aromatics was completed. Nickel, vanadium, saturates,
and resins, resulted in lower predictive ability compared to thaineng seof PLSR modes.
Corgozinho et al. created a methodology to determine the ASTM color of automotive diégels [

The color of diesel is related to qualitp. ASTM D150Q the color of petroleurs determined
visually and subjective to humaner{117] To improve this methodhe ASTM colors (0 to 6.5
scale) and visible spectra of diesels samples were medd6#@dPrincipal Component Analysis

was used to interpret the variability in the samples. From the spectral d&hSRenethod was

used to calibrate visible spectra to ASTM colors. The proposed methodology was found to
optimally predict diesel color compared to the ASTM D1500 method.

Baldrich et al. compared NIR and UMS spectra of Fluid Catalytic Cracker (FCC) feedssck
[168. The authorsused data from the Ferrer siesl[165166 for this comparison A ABB
FTLA2000-154 NIR spectrophotometer (3600 to 8000 %mwas used to collect data in the
infrared region. Partial least squares regression was used in the prediotiets. The authors
concluded, processing UVIS spectra resulted in accurate predictions of sulfur, MCR, nickel,
and vanadium contents. The NIR spectra acelygrediced nitrogen and density. Enhanced
discrimination features between the feeds were sa#nPCA in the UV-VIS compared to the

NIR spectra.

Kharrat et al. correlated asphaltene concentration of 26 samples to their visible 4j6€ktiehp

optical absorbance difference between 600 and 800nm as a function of asphaltene concentration
dilutedin toluene resulted in a coefficient of determination of 0.999. The-Bm@bert lawwas

found evident through this result. Through a one paramsiteple least square model, the
asphaltene content of the crude oils were predicted succes$tutiyauthos did not address the
solvent dilution effects as pointed out Bydokimov and Losej133].

Critical Aspects of Online Spectroscopic Tools

Chen et al. discusdephysical and instrumental aspects of online spectroscopic measurements
[162. Fluctuations are inevitable, temperature, pressure, flow, turbulence, air bubbles, impurities
cause notlinear spectral variations. As for the instrument, routine maintenamap,replacement,

and baseline calibration are important. Authors suggest using adaptive models pyovide

resiliercy in unstable process and environment conditions.
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2.5.6Model Selection Criteria

As there are four calibration methods/iewed SLS, MLR, PCR, and PLSR, model selection
criteriors are explored to determine the best overall7(}. The adjusted coefficient of
determinatior(R%.4) is an example of a model selection criteria. The cdefftdncorporates the
residual sum of squares, the sample size, and the number of regressors in the model. However,
other logbased coefficientare could be bettauitedfor model selection. The Akaike Information
Criterion (AIC) and Bayesian Informatio@riterion (BIC) are loghased methods that are
considered in the current study7fl]. AIC has two additional corrected and unbiased coefficients

of AIC. and AIG, respectively 170. Similar to the Rag, AIC and BIC depend on the residual

sum of squaresample size, and the total number of regressor parameters. From a critical value
comparison, Wu et al. found that the Al@ethod had the best tendency to predict a simplified
model, whilethe R?:qjwas the worst170]. Both AIC and BlCwere used effeately in comparing

as well as rankingprobability distribution functions for boiling point curves of petrolediy.
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Chapter 3: Equipment and Procedures

Equipment and procedurésr thestudyare found in chapter thred.iquid feed solventsgases
and catalystusedare found insection 3.1 Detaiked information onthe batch microreactos,
fluidized baths, and agitatas usedarefound insection3.2. Procedures andperatig conditions
are found in section 3.8haracterization techniquase found irsection 3.4Detdled information
on the vsible spectroscopdevelopd is found insection 3.5 Calculations forstoichiometric
sulfidation reactios, batch microreactor volumend theoretical air flow rate verificaticare
found inAppendix AThermodynamienodeling using VMGSinsoftwareis found inAppendix B
Agitation, temperature and fluidization profiles for all experimentalreactions are found in
Appendix C. Theoreti@l evaporation calculations of icthloromethang mass balance

measureents and recovery calculatiorsse found inrAppendix D

3.1Liquid Feed, Solvents, Gasesand Catalyst
3.1.1Liquid Feed

Heavy Vacuum Gas Oil (H8O) wasused asthe feed for all hydrotreatingeactions. Heavy
Vacuum Gas Oilwas a distilled fraction of Athabasca Bumen extractedfrom oil sand.
Characterization resultsf the HVGO arefound in chapter 4

3.1.2Solventsand Gases

A summary of liquid solventsstandardsgasesandpuritiesusedare showrnn Table 31. Nitrogen
and tydrogen gases wenesedfor measuring volumepurging and providinga pressurized
atmosphere tthe microreactor.ow pressure hydrogenehum,compressedir andliquid carbon
dioxide wereused br boiling point distributioranalysis Argon and aygen wereused forsulfur
and ntrogen analysisHelium and Oxygen were used for carbon, hydrog&gnpgen,and sulfur
(CHNS) analysisDichloromethanaolventwasusedto washliquid oil products and catalyst from
the microreactor aftezachreaction.Tolueneand @&etone wereaised asleaningsolventsfor the
microreactoand glass cuvette€arbon dsulfide wasused ashedilution solvent fothesimulated
distillation analysisToluenewasused as the dilution solventrfsulfur and itrogen analysisAll

solventswere used in the fume hood wearipgrsonal Protectivedaipment(PPE)
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Table 3.1. Summary of liquid solvents,standards,gases, and purities used

Solvent or Gas Supplier Purity
Nitrogen (LowPressure 3500psig) Praxair 99.998%
Hydrogen (Low Pressure) Praxair 99.999%
Hydrogen (High Pressure) Praxair 99.999%
Carbon Dioxide (Bone Dry with LiquitVithdrawa) Praxair 99.9%
Argon Praxair 99.999%
Oxygen(CHNS) Praxair 99.993%
Helium (GC & CHNS) Praxair 99.999%
Compressed Air Praxair -
Compressed Air CME Building -
Toluene (HPLC Grade, Fisher T2@0) Fisher Scientific 99.9%
Heptane (HPLC Grade, Fisher H38D Fisher Scientifi 99.5%
DichloromethandHPLC Grade, Fisher D143) Fisher Scientific, 99.9%
Acetone (ACS Grade, Fisher A1-8p Fisher Scientific 99.7%
Hydrochloric Acid (ACS Grade, Fisher A144212) Fisher Scientific 36.538%
Carbon Disulfide (ACS Grade, Sigma 6769118 SigmaAldrich | >99.9%
Dimethyl Disulfide (Lot U15C63) Alfa Aesar 99%
Thiophene (extra pure, Lot A0365452) Acros Organics| 99+%
Thiophene (Batch 09221CJ) SigmaAldrich | 99+%
Pyridine Alfa Aesar >99.5%
Polywax (Supelco 48477 LB82363V) SigmaAldrich -
C1-C44 (Supelco Lot LC06749V) SigmaAldrich -
Reference Gas Oil (Supelco Lot LB82363V) SigmaAldrich -
2,5-Bis(5-tert-butyl-benzoxazeR-yl)thiophene standard SigmaAldrich | 99%
Chloroformd with 1v/v% TMS (99.8 atom D, Lot A037266| Acros Organics| 99.75%

3.1.3Catalyst

Reportedvalues ofelemental compositigrsurface area, pore volurreverage pore diametend
bulk densityof S424 catalyst areshown inTable 32 [1-4]. Shell S424 nickemolybdenum
supported on gamma aluminumiae (Ni-Mo/2-Al20s3) catlyst was usedlhe S424 catalyst was
used in pevious studiesonductedat the University ofAlberta[5-6]. The dametersof the tri-
lobed pellets rangd from circa 1.2 to 1.6im [1][4]. Pellet sizeswere verified using a 150mm

Mastercraft®electronic caliper with digital displagccurate to two decimal places
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Table 3.2. Reported values ofelementall composition, surface area, pore volumegaverage

pore diameter, and bulk density of S424catalyst.

Elemental Composition Referenceg
Nickel (Ni) 3-3.2wt.%]| [1][2][4]
Nickel Oxide (NiO) 3.6 wt.% [3]
Molybdenum (Mo) 12.9-13.2 wt.%| [1][2][4]
Molybdenum Oxide (MoG) 18.8 wt.% [3]
Aluminum (Al) 38 wt.% [4]
Phosphorous (P 2.5 wt.% [4]
Phosphorous de (BOs) 5.7 wt.% [3]
Surface Area 155- 160 nt/g | [1][3][4]
Pore Volume 0.328-0.45 cni/g | [1][3][4]
Average Pore Diameter 9871 99A [3][4]
Bulk Density  0.75-0.83 g/cmi| [1][3][4]

A sample ofS424catalystpellets wereerushed using a ceramic pestle and mortar to granular size.
W.S. Tyler Company No. 45 38, Fisher Scientific No. 80 18, Fisher Scientific No. 170
90em and Fisherbrariel No. 325 48m sieves werstackedespectivelyto separate catalysolids

by size Solids>45¢m were discardedCatalysttrilobedpellets and <4&m solids were storedat
labtemperaturéns e par at e F inddappedyglass vialiecadtions such as PRace
mask, gloves, safety glassesida Bulwark™ ExcetFR™ lab coa} anda fume hood usevere
takenin catalyst handling

To verify the reported literatureelementalcomposition of the S424 catalystyd samplesf a
known mas®f <45 m solidsweredissolved in hydrochloricad and sent for Inductively Coupled
Plasma MasSpectrometry (ICRVS) analysis The analysis was conducted at the Canadian Centre
for Isotopic Microanalysis in the Earth and Atmospheric Sciences department at the University of
Alberta (ESB 120). The elemental compositiomith 95% confidence intervalsewe 3+0.2wnt.%
nickel, 15.71.0wt.% molybdenum, 35.21.3wt.% duminum with balance 46.1wt.% xygen
phosphorusandother trace element$he ICP-MS results agreed witheportedliterature mckel
contentsfrom Table 32. The molybdenum anduaminum contentsdiffered by 17% and 8%,

respectively.
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3.1.4Drying and Sulfiding Catalyst

Catalyst dying time with measured massat 2, 6,24 hours andpercent moisture loss are
presentedn Table 33. A Salton food dryer (DH1171) was used to dry the catalyst pellets and
< 4 5 sofids in Fisherbrand' aluminum weighing disheSwo samples ofellets adone sample

of < 4&dids were driedThe Saltorfood dryer provided air at80°C to flowover the catalyst
pellets andsolids to removephysisorptionmoisture from the pores The air temperature was
recordedusing anOmega(HH806AU) Handheld Thermoouple Thermometer with a Type K
ThermocouplédKMQXL -062U-18).

Table 3.3. Catalyst drying time, mass and percent loss

Catalyst 0 hours 2 hours 6 hours 24 hours| Moisture L 0oss(%)

Pellets (1) | 2.0y - 1.99y 1.9 2.5
Pellets (2) | 201y 196y 1.96y 1.95 2.7
Solidss ( <4| 540y 5265 526 525 2.8

The moisture losaveraged 2.7+0.2%r pellets andolidsin Table 3.3 Catalyst pellets ansblids
were transferred into separafiegl.8ml capped glass vials and stored in lab temperature
environment.Filled vials of dried catalystwere continuouslymonitored for mass changes
throughout thecourseof experimental reactiondNo significant changé<0.001g)in mass was
observed when exgsed to lab atmosphefer shortperiodsof sulbsamplinginto microreactors
Solis et al. found that thengterm exposur€6 months)of a similar NiMo/2-A>03 catalyst to
ambient conditions did not affect catalyst activity [7].

The NiMo/2-Al20s catalystrequired sulfiding toactivate ickel and molybdenummetals The
nickel and molybdenumwere assumed in oxide form prior to sulfidin@riterion Catalyst &
Technologieguidelines were used sulfide the dried catalyst pellets aswlids [8]. Dimethyl
Disulfide (DMDS)was used as the $iding agent To determine thstoichiometricamount of

DMDS required, the folloving reactions werassumedor sulfidation
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CoHeS2 + 3H2 A 2CHs +2H:S
3NiO +Hz + 2H2S A NizS, + 3H20
MoOs3 + Hy +2H,S A MoS; + 3H0

From Table 32 and the ICPMS results, lhe nickel and mlybdenumcontents wex assumed to
range from2.8-3.2wt.% and 12.916.7wt.%, respectively.The type of nickel glfide (NiS,
millerite, NizS, heazlewooditeNi7Ss, NigSg etc.) formed from nickelxade sulfidationis actively
debated for catalyst surfaces19]. More evidence supports heazt@dite formationin Ni-Mo
catalystshowever other forms of nickeldfide exist[9]. Molybdenum dsulfide crystallitesare
formedon the AbOz surfacesfrom molybdenum xide sulfidation [1811]. The moleculaweights
of nickel (58.69ggmol), nickel xide (74.69ggmol), nickel sulfide (240.21ggmol), molybdenum
(95.94/gmol), molybdenumoxide (143.94ggmol), nolybdenumdisulfide (160.08ggmol), and
DMDS (94.21/gmol) were used to determine thichianetric amount of DMDS ankydrogen
required for the sulfiding reactionshe range of DMDS and ydrogen required were calculdte
per gram of catalyst, 0.18.18g and 1@0mg, respectely. See AppendixA for detailed
calculatiors. To ensure sulfidationf the metals excesDMDS andhydrogen were loadedith
dried catalyst irthe microreactor, sesection 3.3.2To ensure complete sulfidation, a second set

of reactions withadditionalDMDS andhydrogenon initial the sulfidedcatalystwere completed

3.2Batch Microreactors, Fluidized Baths, and

Agitators

3.2.1Batch Micror eactors

A batchmicroreactd imageand detailed schematare shownn Figure 31 [12-13]. Modified
microreactor desigrare shown irrigure 32[12]. Themicroreactos, with modifieddesigrs, were
used for all sulfiding and hydrotreating reactio@e modified designincluded an internal
thermocouple and pressure gauo verifya hydrotreating reactioifhe batch microreactor design
wasused extensively in previous reseastidiesconducted at the University of Albeft&{[6][14-
19.
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- SS-200-R-4 1/8" to 1/4" Reducer

i ﬂﬂhl <« SS-3NBS4 Severe Service Union
e I Bonnet Needle Valve

- SS-T4-S-065
1/4" Tube (~20cm)

- SS-1210-6-4 1/4" to 3/4"
- Reducing Union

- SS-T12-S-083 3/4" Tube
(~10cm)
. SS-1210-C 3/4" Cap

Figure 3.1. Batch microreactor image anddetailed hematic[12-13].

The batch microreactaonsisted ofSwagelok®316 StainlessSteel (SS) fittings, tubing and a
needle valvan Figure 3.1[12-13]. The top reducer (S300-R-4) was used to attachl/80 gas
line to pressuize the reactor, seedion 3.3.3 The severe service union bonnet needle valve was
used to ope and close the systermihe valve useda nonrotatingSS ball stem to leak tight the
system aklevatedemperature and pressufde 1/6tube, approximately 20cand 0.065in. wall
thicknessallowedfor the microreactor to be submergedarthefluidized bath.Themicroreactor,

of 3/40 tube, approximately 10cm and 0.083in. wall thickneBsywad enough volume for gas,
liquid feeds, and c#alyst to bdoadedinside Reducing union and cap sealed both ends of tite 3/4
tubemicroreactor.

Design consideratiawere usedto ensure thebatchmicroreactor haguitable temperature and
pressure ratings foall experimental reactiond’he UltimateTensile Strength of 316 SBas
517MPa [2(. With a design factor of 3.75)¢ allowedstressvalue of 316 S was138MPa [20.
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The allowable working pressure of the tubimgsfactored based on the outer diameter and tube
thickness (ANSI B31.3). For the 3/tubingand 0.083inwall thickness, 0.2 or29MPa working
pressure. For th&/40tubing and 0.065inwvall thickness, 0.51 or 71.4MPa working pressure. The
needlevalve hada working pressuref 41.3MPa. The /40 fittings, reducing uniopand 3/4 cap
threads had a working pressure tieast 31.7MPa. All specifiedorking pressures weed 20C
temperatureA second design factor was applied for elevated temperatures. The temperature factor
for the needle valve was differemtt 426C the working presure was 23.8MH42]. A reported
factor of 0.79 for elevated temperatures at°@2was applied to the working pressures of the
tubing [20]. As the 3/4 tubing wasminimum working pressure&ompared tmther tubing and
fittings, 29MPa aR0°C temperatureating was used. Thmaximum allowable working pressure
for the 3/4€ SStubing wa22.9MPaat427°C. All experimental loading conditions weresilated

in VMGSim softwareto ensure the closed system dat exceed 22.9MParessurat 427C, e

section 3.3.3.

Figure 3.2. Images of nodified batch microreactor designg12].
Left side: Design |, Right side Design Il

Two modified batch microregor designin Figure 3.2were usedDesignl included aSwagelok®
pressure gaugePGL63B-OG3000LAOX) and & OmegaType K thermocouple (KMQXE
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062U-18) to measure internal pressure and temperature, respectileyneedle valve was
attached t@ 1/4 branched tee (S&0-3-4TTF)that supported the pressure gaude 1/40 tube
was circa 23cm with a 9®end (6cm width, 17cm lengtihe 1/4tube was attached tecsacond
tee (S$400-3). A 1/160 bore through reducer (SB)0R-4BT) was used to attach the
thermocoupleThe thermocoupldip wasat thebottom cap of the microreactor when closed to
ensurgemperatureneasurement of the liquid phadéne second tee was attachedhe1/40 to
3/40 reducer (SEL2106-4). Designll is the microreactor fronFigure 31, with a custom metal
plateattachment piecdeveloped by the University of Alberta mashshopThe attachment piece
usedadjustable 3/1®&hex screws to vary the diameter of timlow center (2.4cm when closed)
for secureplacement om agitation rodfor low mixing reactiors. Both modifieddesignsncluded

a 1/®plug (SS200-P) for the1/80to 1/46 reducerontheneedle valve

3.2.2Batch Microreactor Volume

An image of the batch mioreactor measured on thalance scale is shown kigure 33. A plot

of the measured pressure as a function of nitrogen mass is presehigdren 34. The total
volumeof the microreactowas meaured with a 150mm Mastercraft® electronic caliper and the
slope ofthe correlation irFigure 3.4. SeeAppendix Aor detaled calculationsFrom the internal

diameters and the length of the S®/agelok® tubing, the volume of the microreactor was
18.7cmi. There was error in the memsd volume as the needle valve aaducing union were not

included in tlis calculation.

Figure 3.3. Image of batch microreactor measured on balance scale.
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The batch microreactor wastathed to a 1@8gas line connected to law pressure nitrogen
cylinder. A ProStar gas regulator was used to adjust the outlet preskarenidroreactor was
purged approximately 10 times with nitrogen gas to ensurglete removal adxygen from the
microreactor and linesThe needle valven the microreactowas closedAs seen irFigure 33,
the microreactor as removedrom the 1/& line and measured on aP1203SMettler Toledo
analytical balance scale accurate to three decimal plalsesnicroractor was placed in a 1 liter
Erlenmeyer flasko ensureastable supporfThe first measurement wasamospheric pressure of
pure nitrogen in the microreactor. The balance scale was tared toTherqressure on the
regulator was adjusted to 300kPa(g). The reactorattashedo thenitrogenline andpurged 10
times. The reedle valve was shut and remdvieom the 1/80 line. The mass of nitrogen was
measured on the tared balance scale and recorded. The steps were repeatedOokRHI0).

The datas plotted inFigure 34.

800
y=4,433.672x - 94.999

700 R2= 0998 .0
500 - P
500 - o

100 4 .

Pressure (kPa(g))

300 - o
200 1

100 -

0

0.05 0.075 0.1 0.125 0.15 0.175 0.2
Mass of Nitrogen (g)

Figure 3.4. Measured pressure as a function of nitrogen mass.

The slope of the measurgdugepressure as a function of nitrogen mass was used to theoretically

calculate the microreactor volumén Figure 3.4 Assuming nitrogen gas behaves

thermodynamically ideal at the reported pressures (Z=0.996 at 700kPa(g) from VMGSim), the

ideal gas law equation was used.
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0w &YY (3.1)

The fitted linear modetad acoefficient of determinatiorR?) of 0.998. The intercept represented
the atmospheric pressure of pure nitrogen in the microreaatoich was tared at zero on the
balance scaleThe percent difference compared ndgrogen atmosphere pressure .@®3a
assuming 0.79 N0.21 Q air at 101.325kPawas 3.5%. FromFigure 34, the slope wa%434
kPa(g)/g N. Using the moleculaweight of ntrogen gas(28.02gmol), the ideal gas constant
(8314cnt kPa moft K1), and assuming anaximumlab temperature (298), the microreactor
volume was19.94m?. The percent difference to the measiwvelume using the digital caliper
was6.4%. The nitrogergasfilled the void spacedhe caliper nophysically measure itheneedle

valve and reducing uniopproximately20cm?® wasassumed athe volume of the microreactor

3.2.3Fluidized Baths and Agitators
Images of thefluidized bathsetupandBOSCHagitatorused areshown inFigure 35. Images of

the BOSCH agitator RPM controller andcustom Swagelok®attachment fitting areshown in
Figure 3.6. Images of the second fluidizdxhth setup and attached nifoeld batch microreactors
areshown inFigure 37. The fludized baths wereused extensively in previous research studies
conducted at the Uversity of Alberta [5][6][1419].
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A Cole ParmeiTechneSBS-4 (formerly Tecam®Jluidized bath was used. Thieath was filled
with approximately22-25cm ofaundum (F0885, 96% ADs) from the bottom Air flow was
controlled by a needle valve to fluidize thendum The air flow rate was measured using a
Gilmont (GF1460) rotameter.At circa20°C alundum temperaturthe air flow rate rangeftom
33-36NL/min (normal conditions, 20 and latm) The air flow ratewas adjustedas the
temperature ramgal up. This flow rangedfrom 15-19NL/min at reactionemperaturgo prevent
excessivdluidization ofdundum Theair flow rate (at circa @8kPa(g) air pressure) ranged 47
52L/min at 20C and22-27L/min at reaction temperaturéhe Gilmont manufacture reported a
1+5% when reading. Ségpendix Aor theoretical air flow rate verificatioffhe airflow fluidized
alundumfor a distributedheat transfer beteen heating elemenémdsolids. The temperature of
the alundunwas measured using an 8cm thermocolgatatedabove the heating elemenihe
thermocouple was attached to a OMRON E5CK temperature controller. The contradier
optimized tocontrol the power output to the bath heat&rBOSCHdemolition reciprocatingaw
(RS35)agitator was used for rigorous migif the microreactdi21l]. TheBOSCHagitatorwas
adapted andustomized to aveldedmetal frameconstructedby the Uniwersity of Alberta machine
shop. Reflector tape was attached to the agitator tip toureeiee RPM. The RPM was measured
using a 20713A NIEKO digital tachometer. An additional tachometer from the University of
Alberta technical shop was used to verify the RPM measurement of the NIEKO tachdineter.
microreactor was attached to the agitatpa custom welded 166 SSwagelokEfitting developed

by the University of Alberta machine shopFigure 3.6 The agitator speed was controlled by
threestainless steel adjustali@seclampsto ensure RPM stabilityThe agitéor speed varied
constantlyin operation.The reactoagitated avertical distanceof 2.5cm in operation The length

of the 1/40 tube (20cm) allowed the iororeactor to be submergedtime fluidizedalundum To
verify thealundumtemperaturet set poineand the outside wall temperature of the microreactor
in operation two additional temperature measurements were recoilddastercraft Digital
Temperature Reder(MDTR) and aType K Thermocoupld KMQXL -062U-18) connectedo an
Omega (HH806AU) handheld thermocouple thermometeere used toverify alundum

temperatures
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A second Cole Parmer Tech88S4 fluidized ath was useéh Figure 3.7 A Leeson electric
motor C4C17DC7J) was used to agitate thetal roda vertical distancef 2cm The modified
microreactor designs andll , were attached to a circa 40cm rod with the iettachment plate
as seen ifrigure 37. The rod diametarvas 2.5cm. Thenetal attachmerglatewas adjusted with

a 3/1® hex wrenb to securely place the piece dime rod circab-10cm from the bottomThe
placement ensured that the microreactor was submerged in the fluairethm for both
modified microreactordesigns.The agitation rate was constant whempared to the BOSCH
agitato. The agitation rate was measured using a NIEKO digital tachometer on the cttache
reflector tape. The agitatioanged from 35860RPMcompared to 80800RPM for the BOSCH
agitator An OMRON E5CK temperature contler with a TypeK thermocouple was usdd
control thefluidized dundumtemperatureThe Gilmontrotametemwas used to measure the air
flow rate. Personal protective equipmefuiven gloves, safety glassesd a Bulwark" Excel
FR™ lab coat)was worn in microreactor placement, measuremeiatsd operatiorfor both
fluidized batrs.

3.3 Procedures and Operating Conditions

The procedureplus operating conditions of experimental hydrotreating reactions at reaction
temperatures, timeand catalyst size usirthe batch microreactor amiscussedn section 3.3.

3.3.1Experimental Reactions

All experimental reactions, feedatalystsize pressure, temperature, agitatiandreactiontimes

are presented ihable 34.
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Table 3.4. Experimental reactions, feed, catalystsize pressure, temperature, agitationand

reaction times.

Pressure | Temperature | Agitation Time
# Reaction Feed Catalyst Size | (kPa(g)) (°C) (RPM) (h)
1 No Reaction HVGO - - - - -
2 Hydrotreating HVGO? - 4500 390 360 2
3 Hydrotreating HVGO? - 4500 390 708 2
4 Hydrotreating HVGO? - 4500 390 862 2
5 Hydrotreating HVGO? - 4500 390 850 2
6 Hydrotreating HVGO? - 4500 390 873 2
7 Hydrotreating HVGO® Pellets 4500 390 848 2
8 Hydrotreating HVGO® Pellets 4500 390 868 2
9 Hydrotreating HVGO" Pellets 4500 390 878 2
10 Hydrotreating HVGO Pellets 4500 390 360 2
11 Hydrotreating HVGO Pellets 4500 390 360 2
12 Hydrotreating HVGO Pellets 4500 390 360¢ 2.25
13 Hydrotreating HVGO Pellets 4500 390 884 2
14 Hydrotreating HVGO Pellets 4500 390 882 2
15 Hydrotreating HVGO Pellets 4500 390 866 2
16 | Sulfiding Catalyst| DMDS Dried Pellets 3000 20- 360 360 4.5
17 | Sulfiding Catalyst| DMDS Dried Pellets 3000 20- 360 360 4.2
18 | Sulfiding Catalyst| DMDS Dri ed <| 3300 20- 360 880 4.2
19 | Sulfiding Catalyst| DMDS Dri ed <| 3000 20- 360 863 4.2
20 Hydrotreating HVGO Sulfided Pellet 4500 390 878 2
21 Hydrotreating HVGO Sulfided Pellet 4500 390 886 2
22 Hydrotreating HVGO Sulfided Pellet 4500 390 892 2
23 Hydrotreating HVGO Sulfided Pellet 4500 390 896 15
24 Hydrotreating HVGO Sulfided Pellet 4500 390 889 1
25 Hydrotreating HVGO Sulfided Pellet 4500 390 875 1
26 Hydrotreating HVGO Sulfided Pellet 4500 370 888 1
27 Hydrotreating HVGO Sulfided Pellet 4500 350 900 1
28 Hydrotreating HVGO Sulfided Pellet 4500 330 891 1
29 Hydrotreating HVGO Sulfided Pellet 4500 310 893 1
30 Hydrotreating HVGO Sulfided Pellet 4500 290 898 1
31 Hydrotreating HVGO Sulfided Pellet 4500 390 867 0.5
32 Hydrotreating HVGO Sulfided Pellet 4500 390 859 0.5
33 Hydrotreating HVGO Sulfided Pellet 4500 390 850 0.25
34 Hydrotreating HVGO |Sul fi dedq 4500 390 888 2
35 Hydrotreating HVGO |Sul fi dedq 4500 390 874 2
36 Hydrotreating HVGO |Sul fi dedq 4500 390 879 1
37 Hydrotreating HVGO |Sul fi dedq 4500 390 870 1
38 Hydrotreating HVGO |Sul fi dedq 4500 390 870 0.5
39 Hydrotreating HVGO |Sul fi dedq 4500 390 859 0.5
40 Hydrotreating HVGO |Sul fi dedq 4500 370 894 0.5
41 Hydrotreating HVGO |Sul fi dedq 4500 390 880 0.25
42 Hydrotreating HVGO |Sul fi dedq 4500 390 890 0.25
43 Hydrotreating HVGO |Sul fi dedq 4500 370 900 0.25
44 Hydrotreating HVGO | Sul fi dedqg 4500 350 900 0.25

*Modified microreactor design I.
**Modified microreactor design Il .
~No liquid product filtration .
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The firstexperimenin Table 3.4was liquid HVGO filtration with no reaction to quantify liquid
recovery. All liquid products plus catalyst fiaction2 to 9 were not filteredReactions 2, 1@
11, and 16 to 17, used 360RRiditation withthe modified microreactor desigih. Reaction 12
used the modified microreactor desilgfor temperature angdressure verification at 360RPM
Foursulfiding reactions, reactions 16 to 19, widhied Ni-Mo/2-Al20s catalyst pellets ansolids
were completedReactions 17 and 1®erethe second sulfideon of the initial sulfided catalyst
from 16 and 18, respectivelyhe <45 m solids were sulfidd with the microreactor fronfigure
3.1. Reactions 3t0 9, 13 to 15, and 20 tovete hydrotreating reactiotisat usedhe microreactor
from Figure 31. Temperature varied from 390 to 290C for 1h with sulfided pelletgreactions
24 to 30) Reaction time varied from 2 to Ol2&t 390C with no catalystunsulfided andsulfided
pellets. Temperature varied from 390to 350C for 0.2% with <45 m sulfidedsolids (reactions
41 to 44) Reaction time varied from 2 to Ol2&t 390C with <4%m sulfidedsolids (reactiors 34
to 39 and 41 to 42)0ne reaction at 37C and 0.5 was completed with <4%n sulfidedsolids

(reaction 40).

3.3.2Reactor Loading

The batch microreactor of 3j4ube (10cm) with the bottom cap was measured clean and empty
onaXP1203SMettler Toledo analytal balancescale. The average empty mass for all reactions
in Table 34 wascirca217.#0.1g9. The balance scalwas tared to zero. For $idling reactions,
1.32g of dried Ni-Mo/2-Al 205 catalyst pelleteand 1.4g of drie&45em solids were placed in the
microreactorThe second set of sulfiding reactions loaded previously sulfided p@ll8&y) and
solids (1.24g). There werminor lossedor the <4%m solids when transferring in and out thie
microreactor For hydrotredahg reactions, circa 0.1g of salfided or sulfided, pellets 6r45em

solids were placed in the microreactor. The balance scale was tared to zero. The liquid feeds,
Dimethyl Disulfide (DMDS)or sulfidingand Heavy Vacuum Gas Oil (HVG@r hydrotreating
werepipettedinto the microreactansingFisherbran® 5.750 pipettesFromTable 34, no catayst

was loaded for experiment and reactiarte 6 From sction 3.1.4, exced3MDS, circa 0.3g for
pellets and circa 0.5g faolids, was placed in the microreactor with dried catalgstsulfiding
reactions The second seif sulfiding reactions loade@d.46y and 0.3g of DMDS for pellets and
solids, respectively.The total massof DMDS was circa Bg for both sulfidation reactions

(reactions 16 to 19Circa 0.61g of HVGO was placed in the microreadtorall hydrotreating
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reactions an@xperiment 1 The top portion, needle valv20cm 1/40 tube and relucing union,
wereattached to the botto 3/40 tube and cap. The 3i4hreads were screwed onto the reducing
union threadsA 1L Erlenmeyer flask was placed onet balance scale and tared. The loaded
microreactor was placed in the flask as sedfignre 33. The massvas measurednd recorded.
Reaction 12used atoploading balance (Denver Instrument Company TRL02) and 2L
Erlenmeyer flask fothe mass measuremenithe scale was tardd zero The microreactor was
removed, lhe 3/40 nutthread were loosened ariBlostik® NeeverSeez (AntiSeize & Lubricating
Compound, Regular Grade)as applied to the reducing uniofhe NeeveiSeezprotected the
threads frontorrosion, rustand pitting.From the thermal cycles dfeating and coolingt high
pressureNeeverSeez proteeid the reducing nion threads for additionaise The microreactor
threads were tightendsy hand to ensure no liquid feed Isakhe reducing union was attached to
a bench mountedice grip horizontallyand clamped irsecurely A 1-1/80 wrench was used to
tighten thenut 3/4 rotation as recommend by ti&wagelok®manual 2][20]. The mass of

NeeverSieze was recorded and averhgieca 0.01gor all reactions
3.3.3Reactor Pressure

A detailed schematic of thBwagelok®tubing, fittings,valvesand hydrogen cylindeused to

pressurize the batch microreacémd modified designis shown inFigure 38.
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Figure 3.8. Schematic ofSwagelok®tubing, fittings, valvesand hydrogen cylinder[12-13].

The batchmicroreactor wasttached to the 1éutin the fume hoodA 7/160 wrench was used

to tighten themicroreactor 1/dto 1/8 reduceffitting. The hydrogen cylinder valve was opened
(valve 1). Thepressure was adjusted to-18 MPa(g) for gressure test of microreactittings

using a Protar Platinumregulator(valve 2) The S$41GS2ball valve was close@valve 5) The
needlevalve after the regulator was oper{edive 3) TheSS43GS4 valve was openéealve 4)

The needle valve on the microreactor was opened to allow hydrogen pressure to enter the
microreactor(valve 6). Valve4 was closed. &lve5was opened to purge hydrogen ofithe line

The microreactor was purgegpprximately 710 times over 10 minutes to ensure a complete

hydrogen atmosphere in the lineslanicroreactor. Valve 6 on the microreact@s closedvalve
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4 was closed. Valve 5 was opened to purge hydrogen out of thelheemicroreactor was
detached fronthe 1/&fitting. The pressurizedhicroreactor was checked for hydrogen leaks using
Snoop solution and Bacharach Leakator® 10 combustible gasetector around attonnection
fittings. If a leak was detected, the hydrogenwasreleasedy opening vale 6 in the fume hood.

The microreactowasattached to théench mounted vice grig he 3/4 tube with the reducing
unionwasreadjusteand retightened. The procedure for the pressuraveesepeatedAfter 7 to

10 reactionsthe microreactodid not stisfy a pressureéest with multiple readjustments and
retightening. Thenicroreactor waseplaced with a new cap, &/tube, reducing union and 20cm
1/40 tube. After a satisfactory pressure te#ite needle valve was opened in the fumed to
release hywbgen gasnd closedapidly. Thegasatmosphere in the microreactor was assumed as
hydrogen at atmospheric pressure. The microreactor mass was measured on the tared balance scale
as a zero baseline. The pressure on the regulator was adjusted to the idéisirgdaction
pressure, 3000kPg(tpr sulfiding reactions and 4500kPa(g) for hydrotreating reactisrsgen in
Table 34. Minor adjustments orhe regulator, approximately 3025kPa(g) and 4FP28g) were

to offset tube line pressure drophe internal pressureas verifiedby the pressure gauga
reaction 12The microreactor reactor was attached to thé flitthhg and purgedpproximately?

to 10timesof the desired hydrogen pressure. The needle valve was closed and detached. The mass
of the pressurized micreactor was measured on the balance $oaes of hydrogen gas loaded)

All experimental loading conditions and operating conditions were simulated in VMGSim to
ensure the closed system did not exceed 22.9MPa pressuré@t #Bé initial labtemperatre
pressures (3000kPa(g) and 4500kPa(g)), mass of liquid, faedsnass of hydrogen gas were
simulated in VMGSim assuming the Advanced RRodpinsorthermodynami@roperty package.

The microreactor was assumed to behaveasrpleteclosed systentherdore the bulk density
wasassumed to remain constanaaytemperature. The initial presguwas high enough to ensure

a fraction ofhydrogen waslissolvedn the liquid plase forsulfiding andhydrotreatingeactions

See Appendix Bfor all reactor loading verificationYMGSim bulk massdensity plots,and
predicted pressures at reaction temperataksilations
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3.3.4Agitation, Temperature, and Fluidization Air Flow Rate

Agitation, temperatureandfluidization air flow rateprofiles for the first sulfidation reactiorof
catalystpelletsarepresented irrigure 39. Agitation,temperatureandfluidization air flow rate

profiles for a hydrotreating reaction arpresented irFigure 3.10. Agitation, internal reactor
temperature, externalundumtemperature, fluidization air flow ratand internal gauge pressure
profiles forthe verificationreaction are presentéa Figure 3.11. All agitation, temperaturand
fluidization air flow rateprofiles for all reactions ifable 34 are found inAppendix C

From Figures 3.5and 3.7, the fluidized bath temperature was set circaC28bove the desired
hydrotreating reaction temperature as specifiedTable 3.4 prior to placement of the
microreactor. The temperature was adjusteidg the ES5CK temperature controller. The air flow

rate was continuously adjusted with the needle valve to prevent excess fluidization of alundum as
the temperature of the bath increasedh®set point. The 18to 1/40 reducer on the loaded
microreacbr was removed to attach the threads of the needle valve to the customized nut on the
BOSCH agitator as seen in the right imagé&igfure 3.6 A 1/80 plug was attached to modified
microreactor designsandll as seen irrigures 3.2and 3.7. An Omega Type K thermocouple
measured the starting lab temperature. Once the fluidized bath set point temperature was reached
and stable, the loaded microreactor was submerged inttuitizéd alundum as seen figure

3.5 A 9/18 wrench was used to tighten the nut to the needle valve. The needle valve specifically
facing out to the side as seen in the right imadeamire 3.5 Once secured, the BOSCH agitator

was turned on by adjusting the hose camps as seen in the left inkagearef3.6 For the modified
microreactor designs, the metal attachment plate was placed ¢ica #om the bottom of the

agitation rod using a 3/Xhex wrench as shown Fgure 3.7
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Figure 3.9. Agitation, temperature, and fluidization air flow rate profiles for the first

sulfidation reaction of catalyst pellets

The temperature profile was adapted from Marroquin et al. for liquid phase sulfiding [22]. The
microreactor was submerged in the fluidized alundum at lab room temperature. The E5CK
temperature controller was turned on. The set point was adjusted to re&Chvddon the first

hour of reactionas plotted inFigure 3.9 The temperature was held at 2@0for 2 hoursto
decompos DMDS. At three hours, the temperature was increased t&C3460 allow for H2S

break through. Tis temper#ure was held for 1.2 hours. The microreactor was removed and cooled
after 4.5 hours for the first sulfidation reactid®) from Table 3.4
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Figure 3.10. Agitation, temperature, and fluidization air flow rate profile s for a

hydrotreating reaction.

The temperature profile remained constant for the time specifi€dbile 3.4for reaction 34 (2

hours and 39) in Figure 3.10 The MDTR was used circa 3cm from the fluidized alundum

for measurement. The Type K thermocouple was placed inside the fluidized alundurrl&ora 8

as seen in the top right imageFfure 3.7 The MDTRresulted in a lower temperature reading
because of the default emissivity setting of 0.93. For aluminum oxide, the reported emiSsivity (
ranged from 0.6®.7 at 600700K [23]. The metal hose clamps were continuously adjusted
throughout reaction after maaement of RPM to ensure stability within an @@DRPM region.

Once the reaction was complete, the agitator was shut off and the microreactor was removed. With
PPE, the hot microreactor was removed and placed on a clamp in the fume hood. A stream of high
velocity compressed air was turned on to cool the microreactor to lab temperature. Cooling times

averaged circa 280 minutes for all reactions.
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Figure 3.11 Agitation, internal reactor temperature, extenal alundum temperature,

fluidization air flow rate , and internal gauge pressure profiles fothe verification reaction.

Theverificationhydrotreating reaction profile is shownFigure 3.11 To verify temperatures and

internal pressureprofiles measurementsvere recordedor reaction 12using the modified
microreactor desigh in the top right image ofFigure 37. The Type K thermocouplesvere
connected to the Omega handh#ldrmocouple thermometevith a softwareon a laptopto
continuously record temperatgrevery secondlhe profiles for the fluidized air flow rate and
alundum temperatuneereinversely proportionain ramp up Once the microreactor was placed

into the b#h at 75 mirutes the alundum temperatudecreasecirca 1520°C. The internal reactor
temperature increased to set point withii minutes. The EGK controller was adjusted to the
reaction temperature 390. The internal pressure increased to circa 8@Qg). The alundum
temperature (MDTR) and gauge pressure were recorded every 15 minutes. Once the reaction time

was complete, the agitatand E5CK controller werirned off and the microreactor was removed.
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Fromthe profile inFigure 311, the microreactowas cooled to lab temperature with#7 Bninutes.
The alundum temperature and fluidization air flow rate profiles were inversely proponticoal
down. To prevent damage to the heating elements in the bath, fluidization air wasdweghimynt
aftera reaction.

FromAppendix Bthe internal gauge pressure was predicted to reach circa 10396k G)C.
However, 8000kPa(g) was measuesdthe internal gauge presstnan Figure 3.11 The reason
for thedifferencewas that the gas phasehe 1/4tubing at the pressure gauge wassubmerged
in the fluidized alundumTherefore, the temperature was not ¥20Heat transfer up the
microreactor to the tubing was reduced significantly fromalundum to surrounding air above
thefluidized bath.The MDTR was used on thexternall/40 tubing nearthe pressuregauge and
measured circ80 to 100C. The pedicted pressure from VMGSim from 8100 C at reaction
12 loading conditions ranged froB%00to 580kPa(g).At 8000kPa(g), the vapor inside the tubing
was predicted at approximately 2380°C. The vapor cooled in temperature througfe tube

section near the pressure gauge.

3.3.5Product Collection

Images of the fitationequipment and setusedo recovethe liquid product arehown inFigure

3.12. The evaporation mass profilef dichloromethanesolvent in the fume hoodfor a
hydrotreating reaction is shown gure 313. An imageof the spentatalystrecoveredsolids

and pelletsis shown inFigure 314. Images of the liquid HVGO feed and three hydrotreated liquid
products are shown ifrigure 3.15 A summary of feedand productmassesmneasuredwith
recovery for all reactions Table 34 is presentedn Table 35. Average valvewith standard
deviations and 95% confidence intervatd Table 35 are presented ifable 36. Theoretical
evaporation calculations of dichloromethane from a glass vial in a fume hood are found in
Appendix D Complete tables of all measured masses for each reaction specifigolen3.4are

found inAppendix D

After the microreactor was cooled, the mass of the microreactor was measured on the balance
scale. The total magdifferencebefore and after reactioon averagd -0.0090.005g for all
experimental reaains Errors wereattributed toNeeverSeezburned off or alundum grains
wedging into the microreactor fittingdsom agitation Effort was placed into ensuring the before

and after reaction masgference was low as possible tiganing off the alundum grains. If there
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was a significant difference in the m#s6.02y), a gas leak from the microreactor fittings, tubing

or valvewasevident.The microreactor was placed in the fume hddt needle valve was opened

and closed quickly to release the product gas. The mass of the microreactor was megstoeti to

the mass oproductgas. The microreactor was clamped into the benchvitgpgrip and opened

with the :1/80 wrench. The top portion and bottom microreactor nvesge measured on the
balance scale.

For sulfidationreactionsand unfiltered hydrotreating reactions (reactions 2itoTable 3.4, the

liquid product and/or catalystassesveremeasuredango ur ed out | ntrolgl&s sher b
vials and cappedA Mettler Toledo Al204 analytical balance scale was used for mass
measurement of 20ml glass vials and filter pageosall remaining reactios) the liquid product

was washed out of the microreactor ustinthloromethangDCM) solvent.Prior to filtration, a
0.2Zm membrane filter paper (GVWP02500) was dried in the oven for at least 2 hours in an
aluminum weighing dish (~10Q). The mass of theried filter paper was recorded and placed in
the metal filter holderFiltration separated the liquid product from catalyst pellets soiidis for

characterization analyses.

Figure 3.12. Images of the ifitration setup usedto recoverliquid product.
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The filtration setup used BEMD Millipore microsyringe filter holder (XX3002514) with a
Hamilton™ syringe (luer lock, 5ml, HAM81520h Figure 3.12 The top image shows the order
placemenbf gasket, metal meshnd filter papeusedinside the filter holderThe filter holder
was screwed in securely to prevent ledlee luer lock was attached to thiléer holder.The mass
ofacean and empty Fi sher br dhedilier h@demias placeddn topwa s r ¢
of the vial as seen in the left imageFadure 312. Cautiously, the microreactor liquid product was
poured into the 5ml syringe as seen in the bottom right imageyofe 312. Dichloromethane
was sprayed into the microreactor to solubittze remaining liquid product offalls and catalyst.
Thediluted liquid productvas poured carefully into thaml syringe. The syringplugwasaligned
and carefullyforced the solutiondownthrough the filter holder to remoweatalystimpurities. At
most 10-15g of DCM was used to clean thmcroreactoffor each reactionThewashingstep was
repeated untithe solution filtered was cleaf’he 20ml glass vial with liquid product and DCM

solution wadeft in the fume hood to evaporate overnight.

N
S

® Measured Mass Evaporated
—Predicted DCM Mass Evaporated

= = N
&) oo =
1 1 1

Mass of DCM+Light Ends Evaporated (g)
B
o

0 2 4 6 8 10 12 14 16 18 20 22 24
Time (h)
Figure 3.13. Evaporation massloss profile of dichloromethane (DCM) plus light ends

following product filtration .
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The evaporation mass loss of dichloromethane plus light ends piaifid&ing product filtration

is shown for the verification reaction Figure 3.13 The calculations for the predicted mass loss

of DCM are found imAppendix D The predicted mass loss agreed for the initial 9 hours of DCM
evaporation. Beyond 9 hours, the complete evaporation of DCM and light ends of the liquid
product occurred. Complete evaporation of DCM occurred between 9 to 11 hours. The liquid
product solutions were evaporated for an average-@B2dours for all expemental reactions in

the fume hood (Z@ and 0.41m/s air velocity). The mass of the liquid product remaining in the
vial the following day was measured and recorded. The liquid recovery after solvent evaporation
is presented iMable 3.5for each reaction. The remaining liquid product vial was capped and

stored in the fridge (£) until each analytical characterization was completed.

Figure 3.14. Images of spentecovered catalyst.

The spent catalyst recovered the <45 m solids (leftside) andhepellets(right side) areshown

in Figure 3.14 The filter paper was removed from the filter holder witbtaltweezers ad placed

in the aluminum weighg dish. The pellets were either removed from the syringe or microreactor
by metaltweezers and placed in the weighidish with the filter papeThecollected catalygplus
filter paper was placed in the ovaend dried overnight-100°C). The massgf the dy catalyst plus
filter paper was measurexhd recorded the following dayhis was themass of spent catalyst
recovered The microreaair was cleaned thoroughly with toluene armdtane solvents. Sand
paper was used to clean the microreactor walls. Tieads of the reducing union andt threads
were cleaned withatone, Kimwipe84, and ametaltweezer. This step allowed the microreactor
to beused multiple times and resultedsatisfactory pressure testsnsistently The top portion

of the20cmSStube plus needle valweas cleaned withcetone and dried. The clean gymass

of the entire microreactor waseasured and recorded.
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Table 3.5. Summary of feed and product massemeasuredwith percentrecovery.

Liqguid Catalyst H2Gas | Product Liquid Total Spent Liquid Liquid
Feed Loaded Loaded Gas Product Mass Catalyst Product Product
Loaded (9) (9) Released + Recovery Recovered After DCM Recovery
# (9) (9) Catalyst (%) (9) Evaporation é‘\j;ero'?;i'\gn
Recovered (9) ?% )
(9)
1 0.61 0.1 93 0.11 0.56 91
2 0.6 0.06 0.08 0.57 97 0.47 78
3 0.6 0.08 0.09 0.55 94 0.4 66
4 0.61 0.07 0.08 0.61 100 0.47 76
5 0.6 0.07 0.07 0.64 106 0.47 77
6 0.62 0.08 0.09 0.59 98 0.48 78
7 0.61 0.1 0.07 0.08 0.71 101 0.52** 85
8 0.62 0.11 0.08 0.08 0.71 100 0.57** 92
9 0.61 0.1 0.07 0.08 0.71 101 0.49** 81
10 0.62 0.1 0.07 0.08 0.67 94 0.15 0.42 67
11 0.61 0.11 0.07 0.08 0.7 98 0.13 0.48 79
12 0.62 0.1 0.08 0.09 0.69 97 0.13 0.5 80
13 0.61 0.1 0.08 0.08 0.7 99 0.11 0.45 73
14 0.61 0.11 0.08 0.08 0.71 100 0.14 0.42 70
15 0.6 0.1 0.08 0.08 0.68 97 0.11 0.41 68
16 0.34 1.32 0.05 0.25 1.46 100 1.39 - -
17 0.46 1.39 0.04 0.42 1.42 97 1.41 - -
18 0.5 14 0.05 0.4+ 1.26 85 1.24 - -
19 0.3 1.24 0.05 0.36 1.17 96 1.17 - -
20 0.61 0.1 0.06 0.08 0.65 95 0.09 0.48 79
21 0.62 0.1 0.07 0.08 0.72 102 0.09 0.54 87
22 0.61 0.1 0.08 0.08 0.71 100 0.09 0.5 81
23 0.62 0.11 0.07 0.08 0.71 99 0.11 0.52 84
24 0.61 0.1 0.07 0.08 0.68 98 0.1 0.53 86
25 0.63 0.1 0.07 0.08 0.71 99 0.11 0.54 86
26 0.63 0.1 0.07 0.08 0.7 98 0.11 0.55 88
27 0.61 0.1 0.07 0.08 0.7 99 0.09 0.52 85
28 0.62 0.1 0.07 0.08 0.7 98 0.11 0.55 89
29 0.64 0.11 0.07 0.08 0.75 101 0.12 0.59 92
30 0.63 0.11 0.07 0.08 0.74 101 0.11 0.57 90
31 0.61 0.1 0.07 0.09 0.68 98 0.11 0.5 81
32 0.61 0.1 0.07 0.08 0.67 96 0.11 0.54 88
33 0.61 0.11 0.07 0.08 0.71 101 0.12 0.51 82
34 0.61 0.1 0.07 0.09 0.69 99 0.09 0.52 85
35 0.61 0.11 0.07 0.09 0.72 103 0.08 0.56 91
36 0.6 0.11 0.07 0.08 0.69 99 0.08 0.54 90
37 0.62 0.1 0.08 0.08 0.73 102 0.09 0.53 85
38 0.62 0.11 0.07 0.08 0.68 96 0.11 0.54 87
39 0.61 0.1 0.06 0.08 0.69 100 0.09 0.53 88
40 0.62 0.1 0.07 0.09 0.71 101 0.09 0.51 82
41 0.62 0.1 0.07 0.08 0.71 101 0.1 0.54 87
42 0.61 0.1 0.07 0.08 0.7 100 0.1 0.48 80
43 0.6 0.1 0.07 0.08 0.64 93 0.09 0.56 93
44 0.61 0.1 0.07 0.08 0.66 95 0.09 0.55 90

*Sulfided catalyst

**<45e¢m catalyst was lost inthe fume hood
***_iquid product poured out into vial, catalyst pellets remained inthe microreactor
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The mass balander each reaction isummarizedn Table 3.5Experiment 1 was the HVGO feed
mixed with catalyst pellets and diluted with DCM for filtration recovery. The recovery of liquid
product was 91% suggesting either 9¢ttiends were lost from evaporation and/or absorbed into
the catalyst pellet pore$hemass was highéhan0.11g after catalyst was dried in the oven. For
reactions 7 to 9, the liquid product was poured out of the microreactor into glas$ veatatalst
pellets with liquid product remnants remained in the microreactor.

For the sulfidation reaction ()6the mass of spent catalyst pellets recovered was higher compared
to the mass loadedrhis indicated the catalyst was sulfided’he catalyst was added the
microreactor fotheaddtional sulfidation reaction (37 The mass increased furthierl.41g after
recovery. Reaction 18id not have a complete mass balance as spent cataligst were lost in

the fume hoodrom depressurizatioand transferringo the glassvial. The <45 m solids were
difficult to recoverafter the secondsulfidation reaction (19as solids were lostin the transfer
processThe pellets andolids were opaque afténesulfidation reactioa Thespent catalyst from
reactions 17 and 19 were used for the remaihytdyotreating reactions

The procedure on dilution with@M and evaporation overnight wast recommended as evident

by the last column ofable 3.5 fiLiquid Product Reovery After DCM Evaporation (%9.In
conducting additional reactions and familiariliguid recoveryimproved by implementation of
better DCM washing and mass measurement consistency of the liquid product. The liquid recovery

after DCM evaporatio averaged 77% for reactions 2 to. The liquid recovery after DCM

evaporation average36% for reactions 20 to 44.
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Images of the HVGO feed and three hydrotreated liquid products after DCM evaporation are
shown inFigure 3.15

Table 3.6. Average valuesfrom Table 3.5with standard deviations and 95% confidence

intervals.
Liquid Product
HVGO Catalyst H, GasLoaded Product Gas + Catalyst
Loaded Loaded Released
()] Recovered
(9) (9) (9)
(9)
Average 0.614 0.103 0.072 0.082 0.684
gtar.‘d"?“d 0.009 0.005 0.005 0.004 0.04
eviation
95%
Confidence 0.003 0.002 0.001 0.001 0.014
Interval
Spent Liquid Product -
Total Mass Catalyst After DCM Liquid Product Recovery
Recovery Recovered Evaporation After DCM Evaporation
(%) P (%)
(9) (9)
Average 99 0.1® 0.51 83
[S)ta’?d?“d 27 0.02 0.05 7
eviation
95%
Confidence 0.8 0.005 0.01 2
Interval

The average valves of all hydrotreating reactiongable 35 were summarized with standard
deviations and 95% confidence intervails Table 3.6 Experiment and reactions 1 to 15 plus 20
to 44, were averagedhe total mass recovery averaged®%. Errors werattributedto alundum
grains wedging into the fittings dleeverSeezurned ofthemicroreactor nut. Téaspent catalyst
recoveredncreasedecause of additional sulfidation, carbon addittmoughcoke depositiomr
incomplete removal of liquid producemnantsfrom DCM washingand filtration. The liquid
product after recovery averagedt2%. Light end Issesin solvent eaporationfrom the liquid
productwas the reason for a reduced recovetgavy fractions absorbed on the catalyst surface
accounted for a small liquid mass lo§€n averagel7% of the total liquid produatvas not
accounted for in subseent analytical characterizatioasd calculationsTheseliquid fractions
wereeitherlight ends with higher volatiles at room temperatureheavy fractions absorbed inside

the catalystMinor differenceswereexpected ifight endsand extra heavgndsabsorbed in the
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catalystwereincluded in subsequent characterizations. However, the liquid product recovery after

evaporatio ensurd minimumDCM was left in the liquid product.

3.4 Characterization Techniques

The liquid productdrom Table 3.5were characterized by the techniquesatibed in section 3.4
to address the second objective of the stddhe solid catalystafter sulfidation reactions were

analyzedor carbonsulfur, and nitrogen (CSN

3.4.1Carbon and Hydrogen

An image of the flash 2000 organic elemental analyzedfor carbon and hydrogen analysis is
shown inFigure 3.16 Comparison of the known standard freime organic elemental analyzer is
presented iTable 3.7 Carbon, lgdrogen nitrogen and silfur (CHNS) analysis was conducted on
the HVGO feed, hydrotreatediquid products and the sulfided catalysh modified version of
ASTM D5291 was usedvith the addition of sulfucharacterization

Figure 3.16. Flash 2000 organic elemental analyzer used for carbon and hydrogen analysis.
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A flash 2000 organic elemental analyzer was asesten ifrigure 3.%6. Four parts of the analyzer
included: the autosampler, reactor, analytical column, and the thermal conductivity detector
(katharometer). A small known or unknown sample was placed into a tin foil omatwnfolil

capsule. The capsule was folded into a crumpled ball with twe@4ersnass was measunedh

a Mettler Toledo (MX5) balance scalBhe capsule was placedara known slot of the Thermo
Scientific MAS 200R autosampler. The autosampigrctedcapsules into aombustion quartz

tube reactor (quartz wool, electrolytic copper, and copper oxide filling material). A carrier gas of
helium at circa 140ml/min was used. A pyrolysis gas of oxygen at circa 250ml/min for five seconds
was usedOnce the sanip was injected into the reactor (surrounded by &®@5@rnace),an
exothermicpyrolysisreaction(as high as 180€C) with oxygen occurredThe gaseous products
generated (Cg) HO, NO,, SO, etc.) entered a 3G analyticalcolumn for separatiors{eel,2m

length and 5mm ID)Following separation, the product gases entered a thermal conductivity
detector. The detector compared the thermal conductivity of the separated product gases (at
different temperatures) to the helium gasrier The change in resance(product gases frorie
referencenelium carrier)through the filaments was converted to a voltsigaealthat was sent to

the computer. The Eager Xperience software was used to plot the voltage signals. The software
calculated the mass concentrai@nwt.%) referenced t@ known standardalibration(2,5-Bis(5
tertbutyl-benzoxazoelk-yl) thiopheneor BBOT) and the area under each product signal curhe.

BBOT standardC2sH26N20-S) had a known distribution of carbon, hydrogen, nitrogen, and sulfur
atomsas shown irable 3.7 The calibration factor (K) was determined assuming the following

equationfor each CHNS element

0O PbY — (3.2

Where %T was the theoretical weight percent of each element in the BBOT standard, | was the
area under the peak signal (integral) of the standard, b was the blamkthnmea standard, and w

was the massf the BBOT standard (mg). Once the calibration factor dedermined, the CHNS
concentrations of unknow(® Unknown wt.%) samples wergetermned with the following

equation for each element

b Yt Q: £ O — (3.3
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Where K was determined from th&asdard inequation3.2, w is the mass of sample (mg), | was

the area under the peak signal of the sample, and b was the blank area with no sample.

Table 3.7. Comparison of the knownstandard from the organic elemental analyzer.

Carbon Hydrogen Nitrogen Sulfur
(wt.%) (wWt.%) (wt.%) (wt.%)
Known Standard (BBOT) 72.53 6.09 6.51 7.44
Results (BBOT) 72.53 5.94 6.49 7.48
% Difference from known
- 2.49% 0.31% 0.54%
standard

The percent difference was low for the measured results of the BBOT standeaitile 3.7 At

least three measurements were made for each liquid product. Results for nitrogen and sulfur were
nonrepeatable. Therefore, results frore Bulfur and itrogen analyzer wenesed instead. Carbon

and hydrogemesultsfrom the organic element analyzme foundn section 4.1

Carbon, Sulfur, and Nitrogen of Sulfided Catalyst
To verify if thecatalyst was sulfidedh small ample of sulfided pellets and sulfided5em solids
were analyzed with the organic elemental analyzer. The sulfided pellets were dausneasll

solids andcrumpledin the foil capsulesSimilar procedures to the liquid dpsis wereused.

3.4.2Sulfur and Nitrogen

The MultiTekK™ analyzer used for sulfur and nitrogen analysis is showigume 3.17 Sulfur and
nitrogen standard calibration curvaepresented irFigure 3.18 A MultiTek™ (Antek by Pac)
analyzer was used to determine the sudfud nitrogen concentrationstoe HVGOand itsliquid
productssimultaneously[25]. The analysis was based on slightly adapted versions of ASTM
D4294 for sulfurand ASTM D5762 for nitrogen [287].
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Figure 3.17. MultiTek ™ analyzer used for sulfur and nitrogen analysis.

Similar to the organic elemental analyzer, the Multffelin Figure 3.17 consisted offour
componentsthe sample drivglquartz sample boat in a containgals box multi-matrix), pyro-

furnace (oxidative furnace), membrane dryer system, and sulfur plus nitretgatod modules

for quantifcation The MultiTek™ system and computer were turned. The MultiTek™
software was loaded on the computereexisting temperature and flow conditions from the
software were sent tihe MultiTek™. The gas cylinders, argon and oxygen, were op€eheel.
furnace setpoint wasl05C0°C. The argon flowrate was set to 13G#min. The pyro oxygen
flowrate was set to 4%0n°/min. The ozone (oxygen) flow rate was set to 3%0rim. The oxygen

carrier flowrate was set to 25émin. The nitrogen cooling dector was set to°&. Both sulfur

and nitrogen photomultiplier tubes were set to 600V.

A 25¢L syringe (Hamilton 80200)wass ed f or all i njections. Fishe
used for all dilutions of known and unknown samples with 99.9% HPLC grade toluene solvent.
Toluene and 99.7% ACS grade acetone were used to clean the syringe multiple times prior to
injection ofdiluted samples. AMettler Toledo Al204 analytical balance scale was used for all
sample mass measuremi® in 20ml capped glass vials. A known mass of sampkerecorded,

diluted with a known mass afluene andthenhomogenized in theappedglass vial.A set of
injections was set in the software for analysis. Gtheesetpointconditions wereeached in the
MultiTek™, empty or blank boat injectioria triplicateswere completed to ensure staples
congstentsulfur and nitrogen count$he counts wer theintegral of measured sigrsaiecorded.

For thesample, a&lean micro syringe was used to withdrave L@f solution fromthe20ml glass

vial. This remainectonstant for alinjections The 1@L solution was injected into the quartz
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sample boat and the sequence was starteglinjectedsample entered a furnace wheoebustive

oxidationof sulfur and nitrogen speciescurred at 105. The reaction is shown:

R-N+RS+QA CO2+ H0 + MO +SO; + NO*

Where MQ represented otheoxides from the sample. Following the reaction, the gaseous
products were sent through a membrane dryer to remove water vapor. Tlpeo8@ed was
exposed to ultraviolet (UV) radiation aspecificwav el engt h ( hv )

S+ hAVSOD* A SO+ hw

Radiation was released @)vthrough fluorescence and detected by a photomultiplier tube
(sensitive EMR detecthr The detector converted the fluoresced enenggasuredThe energy
measurement was through dynodes and a collecting anode that caused a current and then converted
to a voltage signal. The voltaggnalwas sent to the computer and MeltiTek™ software The

integral of the signglor total countsjvas prgortional to the concentration of sulfur in the sample.

An ozone generator gpinside the MitiTek™ was used to create ozone and reacted with NO* to

form metastable nitrogen dioxide (N

NO* + O3 A NOx*+ O2A NO2+ hv+ QG

As the excited Ng¥ decayed to NQ, radiation was released through chemiluminescent emission
and deteted by the photomultiplier tub&he detector converted the measured energy to a signal
that was sent to the computeith the MultiTek™ software. Theintegral of the signalas
proportional to the concentration of nitrogen in the samfie.total countsof both sulfur and
nitrogen signals weneroportional to their concentrations. Prioimgectingunknownhydrocarbon
samples, mndard calibration curves were developed fronoghenepyridine liquid mixtures
diluted in toluene. Thiophene (84.14g/mol) and pyridine (79.1g/math 38.1wt.% sulfur and
17.1wt.% nitrogen, respectivelywere diluted with toluene atherlow concentrationsn glass

vials. The standards weiiajected into the MultiTekR! and the total counts were obtained. The
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average total count of three injections was Usedalibration The standarcconcentrations were

plotted as a function of total counts (integral of signal) as showmine 3.18
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0.0E+00 1.0E+07 2.0E+07 3.0E+07 4.0E+07 S.0E+07 6.0E+07 7.0E+07
Measured Counts
Figure 3.18. Sulfur and nitrogen standard calibration curves.

The standard calibration curves were fittedearly in Figure 3.18 The sulfur and rtrogen
standards had linear coefficients of determination of approximately 1. The following calibration
equations wereanerated from the standacdrveswere used forthe unknown HVGOand its

liquid productdor sulfur and nitrogecsharactaeation, respectively:

S (ppmw) = 2.571510° - S Counts+ 0.8549 3.9
N (ppmw) = 2.250910° - N Counts + 1.5652 3.5

Ideally, the intercept shoulthvebeenzerofor both calibration equationslowever signal mass,
and volumeameasurement errors exast Circa0.09g of HYGO was diluted in 14g of toluene. On

averagegirca0.01 t00.02g of a liquid product was diluted2rto & of toluene. Each sample was
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completed with three EL injections and repeated ondeaalifferent dilution ratio A total of six
injections for each sample was complet€dncentratios wereback calculated from the dilution

in toluene and the axageof the six injectionswerereported Resultsarefound insection 4.2

3.4.3Density
An image of the syringe on the balance scale is showigure 3.19 The density of the HVGO

and itsliquid products were measured withMettler Toledo Al204 analytical balance scale and

a 2L Hamilton syringe (80200). As the liquid products volumes were small after DCM
evaporation (<0.7mlhe mass oROeL for each liquid product was measuréithe densityvas
cdculated by measured magk20eL. The syringe was cleaned multiple timegh toluene and
acetone prior teeach liquid measurement. The syringe was dried with a mild air stream and
Kimwipes™. The emptydry mass of the syringe was tared on the balance scale. The syringe was
placed in the liquid product vial and the plunger piston was pulled up slowly to ensure no bubbles
inside. The average temperature was assuasddb conditions20 to 25C. The full syrirge at

20eL was placed on the balance scale in the exact position for each measurement and the mass
was recorded. The liquid from the syringe was placed back into the vial and the syringe was
cleaned with toluene and acetone for the next measurehenmas measement of each liquid

at el volume was repeated 3 totifnes. Theaverage density of the 3 tondeasurements was

reported for each liquid igection 4.3

Figure 3.19. Syringe on balance scale for density measurement.
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An image of the Anton Paar 4500M density meter used is simwimure 3.20 To verify the
densitymeasuremenrom the DeL syringe methodan Anton Paar 4500Mlensitymeterwas
used The Anton Paar density meter hadascillating Utube to measurthe density ofa larger
volumeof liquid. The pocedure was based on ASTM D4052 [28

Figure 3.20. Anton Paar 4500M densiy meter used for verification.

The theory othis densitymeter was based on a ma&gsing model 29]. The period of resonance
was related to the mass of the tube plus the sample iidide.injection ofa sample in the U
tube the density was calculated based on the spring constant, volume injeckeahwhenassof
the Utubemeasuredand the perid of oscillation Calibrationof the metemwas completed with
ultra-pure waterand dry air(0.99820g/crh and 0.001204g/cirat 20C, respectively to obtain
calibration constants30)]. Air density was corrected for humidity and atmospheric pres8dte [
Acetone solvenand HVGO were measuredeparatelyfor verification A 5ml plastic syringe
(S75105) was used tanject acetone andVGO in the clean density meter-lube Toluene and
acetonesolventswvere used to clean thetubeafter each HYGO measuremenhe air pump was
used to dry thenside of theJ-tube prior to each measuremehverage densityamparisongrom

the density meter, syringe method, and literatwieepresented ihable 3.8
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Table 3.8. Comparison of density meter, syringe method, and literature for acetonend the
HVGO [31-36].

Acetone Solvent HVGO
(g/cn?) (glcn?)
Density Meter 0.79623 (at 15.%) 0.97184 (at 2TC)
SyringeMethod 0.789+ 0.003 0.967+ 0.006
0.965(at 15.6C) 2
0.79603 (at 15.%C) Y 0.9673
Literature 0.79125 (at 26C) 134 0.9683 (at 15C) 134

0.790 (ACS, Fisher Scientifiq 0.969 (at 18C) I
0.9712 (at 15C) %8
Average Literature 0.791(at 20C) 0.968(at 15C)
% Difference
Density Meter 0.03% 0.40%
% Difference
Syringe Method

0.22% 0.10%

The acetone measuremeinbm the density meter had a low 0.03% difference ftbexdensity
calculatedrom literatureconstants reported DIPPR Project 804t 15.6C [31]. The HVGO had

a reported literature average of 0.968g/atcirca 18C. The density meter measured the HVGO

at 20C and differed by 0.4% from the literature average. The HVGO density measured by the

syringe method differed by 0.1% from the literature average.

3.4.4Boiling Point Distribution

An image of the Bruker 45GC used for boiling point distribution measurement is shown in
Figure 3.21 Screenshamages of measured signals as a function of retention time for the paraffin
mixture, HVGO, and a hydrotreated liquid product are showfidare 3.22 A Bruker 450GC

gas tiromatograplwith a flame ionization detectdFID) wasusedto measure the boiling point
distribution of the HVGO andts liquid products The distribution measuremenor simulated
distillationwas based oASTM D7169[37].
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Figure 3.21. Bruker 450-GC used fa boiling point distribution measurement.

The Bruker 456GC consisted of multiple parts: the autosampler, sampling syringe, injector, the
GC column, the FID, and the computer softwdaintenance of albhysicalparts wasmportant

over the coursef liquid product characterizations. Prior to injection of unknown samples,
calibraton wascompleted with a known paraffin mixtuend a reference gas oilhe known
paraffin mixture was a Supelcuantitativecalibration solution (50065&s-Cas4) with a Supelco
polywax 655 (48477, £-Cio0). A reference gas oil (5010A) was used to check the calibratidn
obtain a responsstandard. Distributions of the standards are found in the ASTM D7169 procedure
[37]. A Mettler Toledo Al204analytial balance scale and as25Hamilton syringe (80200) were
used. Th&5eL syringe was used to transfer 15 to 20mg of liquid sampleaidtdm| sample vial
Carbon disulfide (ACS grade, >99.9%) was used to dilute liquid sartples to 1wt.% with
Fisherband® 540 pipettes. Mass of sample and carbon disulfide §38ere recordedlhe masses
were entered inthe Compass CDSoftware The full vial was homogenizedgorously The
polywax standard required heating on a hot platet¢8000°C)to dissolve in carbon disulfide
prior to injection. Once the sample was homogenized, the 1.5ml glass vial was placed in the
autosamplein a known slotPuresolvent vials were placed iknown slots in theautosampler.

Prior toa liquid sample, thautosamplesyringe underwent multipl2.5 ¢ CS withdrawak and

disposalgo ensure no contaminatiom the syringeThe sequence began with a blankaad was
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repeated twice prior to any liquid sampéeensure &lean column, atable solvent pealanda
stablebaseline Following a stable baselinehd calibration mixture was injecteBollowing the
paraffin mixture, he response factor standamireference gas gilwas injected The Bruker
SimDist Reporter software parameters were adjusted withupld@tedretention timeof the
calibration (paraffin mixture)and response factqreference gas oil)The reference gas oil
standard was compared to teenperatures reported ASTM D7169 to ensure the boiling point
distribution resultsneasureavere withn the 95% confidence intervadd the average distribution
reported If an unstable solvent baseline or a large error in the reference gas oil standard was
obtained, a maintenaa cycle was completed he automatedsample syringe completed two
25 ¢ dample withdrawals and dispospitor to thethird 2.5 ¢ ibjectioninto the GCThe injector
consisted of a septum, septum support, glass insert liner, graphite ferrulestaim¢sssteelnut

that securd the column to the glass insert lindhe injector was set at 50°C and increased to
425°C (15°C/min) over 35 minutes once the sample was injethedinitial oven temperature
was -20°C. The oven temperature increhsd 15°C/minto a temperature o430°C over 45
minutesandheld at 430°C for 10 minuteds the temperature heated up, the sametedelutes

with a helium carrier gasor eluentthrough a5 meter column at a flow rate of approximately
20ml/min. As the samplke werecomplex, different fractions ahe sampleor stationary phase
flowed throughwith the eluentat different rates proportional twiling temperaturs. The GC
columnlengthallowed for separation of the complex mixturEhesecomplex fractiongxitedthe
columnas effluent at different retentiontimes. The exiting effluent enteed the FID andmixed

with a hydrogencombustion gaglus air (40ml/min and 450ml/min, respectivelgy a 435°C.
Combustiorwith hydrogen occurredt the jet inside the electradk large potential voltage was
applied between the jet and electrq@8]. lons formedfrom combustionvere impelled by the
large poential to the electrode and generated a measurable current proportional to the number of
ions at thattime. The current wasonverted to a voltage signal that was sent to the computer
software for plottingandprocessingThe signall € Wasplotted as aunction of retention time

in theCompassCDSoftwareas shown irthe screenshot imageskfjure 3.22
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Figure 3.22. Screenshotimages of measured signals asfanction of retention time for the

paraffin mixture (black top), the HVGO (blue bottom), and a hydrotreated liquid product
(red bottom).

The data inFigure 3.22wasexported to théruker SimDist Reporter software to calcul#te
boiling point distribution for ssamplereference tdhe prior solvent blank injectigralibration
mixture, and the reference gas mkponse factorThe software measured the area under the
signakto determine mas®covered from boilingff the ample
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YO (3.6)

P'Y 6 pTITT 3.7

Where RF was the responfsetor determined from the reference gas oil (RGQyecdMvas the
mass of the reference gas oil in the viagshMvas the mass of carbon disulfide solvent in the vial,
and Arcowas the area under the signal determined from the SimDist Reporter softwaR¥: The
was used for annknownoil sample to determine the mass recovery percent (%). Whevie M
was the mass of the oil sample, angiAwas the area under the signal determined from the
SimDist Reporter software. The data obtained was mass read¥€¥y) and boiling temperature
obtained from the calibrated retention tinfihle HVGO and a couple of the hydrotreated liquid
products were repeated to ensure consistent reRaissits for the HVGO and all liquid products

are found irsection 4.

3.4.5Hydrogen Nuclear Magnetic Resonance

An image of theNanalysis 60MHz benchtop nuclear magnetic spectrometer used is shown in
Figure 3.23 ProtonHydrogenNuclear Magnetic Resonang#! NMR) analysis of the HYG@nd

its liquid products were completed with 60MHz and 400MHz spectrometers.

The HVGO and six hydrotreated liquid products were submitted to the University of Alberta
Chemistry department fdH NMR analysis that used a 400MHz spegteter. The advantagef

the 400MHz spectrometer compdrto the 60MHz spectrometer wéretter signato-noise ratie

and resolutionA modified s400 Agilent Inova threehannel 400MHz spectrometeith one
dimensional analysiwas usedThe HVGO and sihiydrotreated liquid products were diluted in a
deuterated chloroform (CDg}lsolvent.Circa 0.7ml or 55mm height in the NMR tube, of the
diluted sample was usetlhe tubewas capped, homogenizdteated to 27C, and placed in the
NMR for analysis Technic parameters foall analyse: sweep width was 8000Hz, acquisition
time wasthree seconds, relaxation delay waso seconds, 0.12Hz digital resolution, 21 to
24Hz/mm, and 32 scans per sample.the magnetic field was applied across the sathpteigh
swe@ coilsto align the hydrogen protonthe sample was excited by a radio frequeramysmitter

to tip the nuclear spin alignmentas the nuclear spins hydrogenrelaxed back to parallel or
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antiparallel magnetic alignment, radio energy was releaséddetected by a radio frequency
receiver This was thefree induction decagignal The radio frequency receivesignal was
amplified, and Fourier analysisvas completed to decompose the signa@his altered the
amplification spectras a function timeota function of frequencylhe plot generated was reported

in terms ofa dimensionlesshemical shift:

1 p T (3.9

Where all frequencies were in hertz (Hz). The chemical shift was multiplied®mnti0reported

as parts per million (ppmPnce the recorded spectrum sveompleted, the capped tube was
removed, and the sample was dispogeprocessing softwarénmrJgroupedthe chemical shift
signalsinto the ranges specified rable 2.12 The software used a spline baseline correction o
the chemical shiftspectrum prior to integration. Area under each signal was proportional to the
molecular concentration of hydrogen atoms in the ranges specified &om 2. 2. Seven samples
were submitted and completading the 400MHz spectrometer: the HVGO, reactions 21, 25, 27,
29, 32, and 3%quid productdrom Tables 3.4and3.5.

Figure 3.23. Nanalysis 60MHzbenchtop nuclear magnetic spectrometer.

Several samples were analyzed usingg®idHz bench top Nanalysis spectrometer as highlighted
in Figure 3.23 Similar to the procedure for the 400MHz specteter, the HVGO and fourteen
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hydrotreated liquid products were analyz&d.average 0.18.014y of liquid oil was transferred
into 2ml Agilent Technologies glasgals (51964030)with Fisherbrand®&%¥0 pipettes The mass
was measured using a Mettler Toledo balance £¥8&05). The oil samples wedduted with
deuterated chlorofornACros OrganicsCDClz) with atetramethylsilanel{MS) referencg1v/v%)
to an average of 12t3wt.% with a ThermoFisher Scientific finnpipette (Rdith 02681-168
Fisherbrand® pipet tipsset to 0.75ml The vials werecapped anthtomogenized rigorously. The
diluted samples were transferred to Norell NMR tubeXRE55-7) with 90 Fisherbrand® pipettes
to at least the 55mm mark (0.7ml) and capped. The tubes were placeNan#igsis (STELO)
30°C tube heater prior to analysihe Nanalysiscompletel an automatic shirf themagnetfor
at least 10 minutes to ensure a unifdiomm field prior to analysisA standard reference of CDCI
was used for shimming. Following shimmirige warmsampé tube was placed in thelteslot
cautiously to start the analysis. Ttexhnicalparameters set in the Nanalysis interfémeall
analysesl2ppm spectral widtlgcquisition time was six seconds, relaxation delay was 20 seconds,
0.03Hz digitalresolution, 128 scans per sample, and 4000 data point collection per §@hple
Once theNMR analysiswas completd, the tube was removed cautiousipd disposed The
collecteddata was saved and transferred to a USB drive. The data files were trantieare
computer with a MestReNova software fgnal processingSimilar to the procedure with the
VnmrJ software, the chemical shift signals were grouped into the ranges specifauddr?. P.
The software used a Bernstewlynomial baseline correction ahechemical shift spectrum prior
to integration.The processing identified and corrected the spectrum for the :gil@d TMS
reference signals at 7.24 to 7.26 and Oppm, réispéc Results for th@ydrogen groups clasefi

in HYGO and itsliquid products are found isection 45.

3.5Visible Spectroscopy

To address thevisible characterization of the secondbjective development of a
spectrophotometer for esitu color observation is completddetails, procedures, and verification

with a lab grade spectrometer discussed in section 3.5.
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3.5.1Visible Spectrophotometer

An image of the visiblespectrophotometer developed is showirigure 3.24 An image of lhe

fixed position placement of tHBmm glass cuvettis shown inFigure 3.25 The complete visible
spectrophotometer developed iradal fourparts: a fiber optic cable, a glass cuvette, a light source,
and aAvantes USBspectrometer. The light source was @cean Optics Inc. L& tungsten
halogen lamp with a 12V DC power supphhe lamp had a switch to control the light output (5V
at1.3 amps, or 6.5W)lhe spectral range of the lamp was 360 to 2000rra.glass cuvette was

a 2mm light path length OS absorption cell from Hellma analytics-?P0). The cuvette
provided >8% transmission of light in the 320 to 2500nm spectral rediba.advantagef this
cuvettewas the detection of light througipaqueand viscous oil samples such as the HVGO.
Additionally, the 2mm cuvette volume was small whiclallowed for effective inserion and
remowal of the liquid products collectedd larger pah length did not provide an adequate
adsorption measurement of lighthis was evidentor the HVGOas no light was transmitted
through.A 500m SMA fiber optic cablefrom Thorlabswas usedThe fiber optic cable was
attached to the spectromet@rAvantes AvaSpe@048 Fiber Optic Spectrometer was usHae
spectrometer had a detection region of 200 to 1100nm with a 0.04 to 20nm resdhgicharge
coupled deviceletector arrayn the spesbmeterwas 2048 pixelsThe signal to noise ratio was
200:1 with 300 lines/mm gratings the lamp source had a spectral output of 360 to 2000nm and
the spectrometer had a detection of 200 to 1100nm, the region examined in the current study was
360 to 110nm based on the equipment usBae image of the complete setup is showRigure

3.24
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Figure 3.24. Visible spectrophotometer developed.

Several pieces of equipment wersed to assemble the visible spectrophotometéigure 3.24
Several piecewere obtained from Thorlabs [B1A black box with a black aluminum breadboard
(MB12, with 1/40 mounting hoés) base was used to housegliipmentThree 50mm lowprofile
motorized translation stages (MTSB8) were used for XYZ positioning of the light source and
fiber optic cable. Two base plates (MTS5@8) secured two stages (X and Y planes) to the
breadboard. A righingle bracket (MTS50&Z8) seured the Z stage to the Y stage for the fiber
optic cable. The stages were connected-toube DC servo motor driver controllers (TDC001)
each witha power supply, a 15 pin fype connector, and a USB connector cable. The motor
drivers were secured to legdates on the breadboard. The USB cables were connected to a PC
with a Kinesis control software. Operation of the controllers were used to adjust the initial position
of the light source and fiber optic cable to a fixed position prior to measurentehtremained

fixed for all measurements. Ritch and Yaw Tilt Platform with Thumbscrew DrivesPY001)

was mounted on the X stage to secured the light source. A steel(D@i& by 2.379),
constructed by the University of Alberta machine shop, was radummn the Z stage with four
holes to secure four threaded rdii510) with bolts The end of the four threaded rods secured a
black mounting base (BA2p2dy 30) slightly angled (wit8/80 bolts and washers) that positioned

the fiber optic cable end tip h€ fiber optic tip was lined through the center of the black mounting
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base andvassecured to an external SMireaded fiber adapter (SM1SMA). The adapter was
fixed to the mounting base. Two threaded r{dd40), attached to the breadboard, securbthek
mounting platehat provided a base for the light source tube and the 2mm glass cUkett#ack
mounting plate was an extraQube DC servo motor driver controller baseplate. Small steel plates
(26 to 28mm by 16min attached to the top two threadedsad the Z stag, were secured with
bolts @/80) to fix the position of the 2mm glass cuvette3/80 stainless steel tu&ST6-S-049

20, cut to circa8.62%) was attached to the light source with electrical tapesecured to the black
mounting platg93mm by 2.37%) with two zip ties Thehollow 3/80 tubeend provided a fixed
enclosure position that could be adjusted for any cuvette ®ieehollow tube corentrated the
emitted light to small are®(06in? or 38.9mn¥) directly in line and centered with the %00 fiber
optic cableThepositionwas adjusted for the 2mm glassvette The cuvette wasxed within the
side steel plates and backed against theatted fiber adapter. The positiallowedthe glass
cuvetteto be placed and removed freely without scratching or damaging the glasSigsElifjure
3.25

Figure 3.25. Image offixed position placementof 2mm glass cuvette

3.5.2Procedure

The spectral output of the tungsten halogen lamp source is shé&iguie 3.26 An image of the
HVGO in the 2mm glass cuvette shown inFigure 3.27 Standard methods for absorptivity of
petroleum, techniques, and measurement performance (ASTM D2008, ASTM E169, and ASTM
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E275 respectively arerecommendedor additional information [4214]. The spetrtometer was
connected to a computer via USB to provide power. The AvaSoft 8 (8.6 version) software was
opened and detected the spectrometer automatically. Directory folders were created to save
recorded data. The software plotted spectral intensity (saopéog to digital counts) as a function

of wavelength. Settings of exposure (integration time) was 2 milliseconds that averaged 100
measurements for all samples. Depending on the light source and cuvette, settings were optimized
for the 2mm cuvette. Thaark spectrum with no light source was captured and saved. A clean and
empty 2mm cuvette was placed in the fixed positidme tungsten halogen lamp was turoed

for 20 to 30 minutes por to measurement to stabilites light output from th&élament. The black

box housing waslosedand the spectral output of the tungsten halogen lamp was recorded as seen

in Figure 3.26
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Figure 3.26. Spectral output of the tung$en halogen lamp source.

The tungsten halogen lamp ha@%0 to 1100nnvisible range of light passing through the empty
cuvettein Figure 3.26 The red signal measured at the bottonmFmfure 3.26was the dark
spectrumThe black signal spectruai an empty cuvettm Figure 3.26was saved as thieference
spectrum in the software. The cuvette was removed. Prior to each placement of samples, acetone
with Kimwipes™ were used to ensure a clean glass cuvette. The H&@Qtsliquid products

were transferred from vials using Bisherbrand® pipé¢s to the @an glass cuvette (0.1 to 0.29).

A glass cap was placed on top of the cuvette to ensure a closed Satéigure 3.27
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Figure 3.27. Image of HVGO in the 2mm glass cuvette.

The filled cuvettein Figure 3.27wasplacedcautiouslyin the fixed positiorslot of Figure 3.25

and the hasing covewasclosed.The spectrunof thetransmittedight detectedrom the sample

was recorded and saved. The cuvette was removed from the slot and the sample was pipetted out.
The cuvette was washed with toluene plus acetone solvents and dried with Kiftfwipes to

the next measurement. Each sample measurementpezded at least once. The averagerded
spectrunof each sample was calculatddhe light source was turned off and the USiblewas

removed from the computer to power off the spectroméher absorbance (A) at each wavelength

was calculated with thillowing formula:

5o 1 QQ0Q1 08 @O0
Wa AR Q

)
&

Wherereferencewas the spectra of the tungsten halogen latagk was the spectra with no light
source, andamplewnas theaveragespectra oeachoil sample Results for thélVGO andits liquid

products are found isecton 4.6.
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3.5.3Ultraviolet -Visible SpectrophotometerVerification

To verify the measurement results of the visible spectrophotometer developed, a lab grade
PerkinElImer UV/VIS/NIR Spectrometer Lambda 10%#&s usedThe source and detection ranged
from 175 to 3300nmThelight source was a combination of tungsteaslogen and deuteriuniihe
identical2mm glass cuvette was used. A UV WinLab software was tosedord, plot, and save
thedata The HVGOandonehydrotreded liquid productreaction22, spectravere measurefbr

direct comparison to the results obtained from the visible spectrophotometer developed
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Chapter 4: Results

To assess produduality, avzerage esults for allanalytical characterizatigmare presentecand
summarizedn Chapter 4 Each section presents resulism the compositional transformations
tested Numerical results for all characterization techniques are fouAgpendix E Conversion
trendsfor sulfur and nitrogenconcentrationof the hydrotreated liquid productare found in
Appendix F Kinetic resultsfor sulfur and nitrogen concentrations are foundAppendix F
Chemometric modelingesultsfor six data sets amsummarized irsection4.7. Matlab codédor all

modeling techniques afeund inAppendix GAdditional chemometricmodelingresuts are found

in Appendix H

4.1 Carbon and Hydrogen

All numerical carbon and hydrogeoncentratiorresults ardound in Table Elof Appendix E

Carbon content ddulfided catalyst pellets and <e¥ solids are found ifiable E2

HVGO
The carbon and hydgen result of the HVGO averaged86.4t0.3wt.% and 11.30.1wt.%,
respectivelyAssumingl2.01g/gmofor carbon and 1.00g/gmédr hydrogenthe H/C is1.57.

Solvent Hltration of HYGO

To determine the effect of solvent filtration on the HVGO, filtereditifeed is compared to the
HVGO. The measured ressliof the collected HVGO followingdichloromethanesolvent
evaporation overnightare 86.1+0.2wt.% and 11.3+0.2wt.%, for carbon and hydrogen,
respectivelyA 0.3% difference in carbomnd no changa hydrogen compared to the HVGO.
The H/C is differenby 0.6%at 1.58.The results araot significantly different.

Non-Catalytic Reactor Mixing Effect

To deermine the effect of mixingn the liquid productvith no catalyst presenthe reactionat
360RPMis compared tohreereactionsvith agitation>700RPM The average mixing fdhe three
reactionganged from 708 to 862RPNhe carbon andyldrogen results fahe 360RPMeaction
liquid productare85.5:0.4wt.% and 120.05wnt.%, respectively. The H/C is 1.5Reactionsvith
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>700RPM agitation ranged from 85#0.2 to 85.70.2wt.% for carbon and 1QG8.6 to
10.9t0.4wt.% for hydrogen. The H/@r these liquid productsanged from 1.52 to 1.53here

areno significantdifferencesn carbon and hydrogeroncentrations

Reactor Wall Effect

A microreactor withsulfided (contaminateflinnerwalls with no catalystis used to determine the
reactor wall effectThe collected liquid productarbon and hydrogen ressilare 87.80.7wt.%
and 12.3%0.2wt.%, respectively The H/Cof the liquid products 1.66 The result isignificantly
higher compared to the HVGO

Catalytic Reactor Effect with Unfiltered Liquid P roducts

The effect of using unsulfided catalyst versus no catalyst on unfiltered liquid products is compared.
Three liquid product concentratioa ranged from 88+0.8 to 87.2+1.4wt.% for carbon and
11.6+0.3 to 11.8+0.3wt.% for hydrogesing unsulfided catalyst pelletBhe H/Cof these liquid
productsranged from 1.61 to 1.6€arbon, hydrogen, anithe H/C resuts differed significantly
compared taoncatalytic ractionsat 0.05 significance

Catalytic Reactor with Liquid Product Filtration Effect

The effect of solvent filtratioontheliquid productsarecomparedthreeunfilteredreactions848
to 878RPMagitation with threefiltered reactions 866 to 884RPMagitation The carbon and
hydrogenconcentrationresults forthe three filtered liquid productsanged from 87%0.4 to
88.31.2wt.% and 12.2+0.1 to 12.3+0.1wt.%, respectively. The bffGhese liquid products
rangedfrom 1.67 to 1.68Carbon, hydrogen, arnthe H/C resultsdiffered significantly compared
to thethree unfilteredeactionsat 0.05 significance

Catalytic Reactor Mixing Effect

To determine the effect of mixing using unsulfided catalyst pellets ondiiel Iproducts, three
reactions, 866 to 884RPM, are compared with two reactions at 36@g®alon Carbon ranged
from 86.20.3 to 87.40.6wt.%, while hydrogers 12.1+0.2wt.% for reactions at 360RPM. The
H/C ranged from 1.66 to 1.67 fB60RPMcomparedd 1.67 to 1.8 at 848 to 878RPMCarbon
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and hydrogenesultsof these liquid productare significantly different compared the higher

agitationreactions

Verification Reaction

For the temperature and pressure verification reaction at 2.BBhcatbon and hydrogen
concentratioms are 88.1+0.5n:t.% and 12.%0.2wt.%, respectivelyThe reaction temperature and
mixing are identical to the two reactions at 39Gand 360RPM for 2hThe H/Cof the liquid
productis 1.6, a 0.6 to 1.2% differenceomparedo thereactionsat 2h

Sulfided Catalyst Pellets and <48m Solids
Sulfided catalyst pellets and45em solidsare compareth Table E2of Appendix EThe carbon

concentrationresults for the sulfided pellets andd5em solids are 2.110.34wt.% and

0.4+0.01wt.%, respectivelyn comparison,ie carbon results arggnificantly different.

Catalytic Sulfidation Effect with Pellets

The effect ofunsulfidedversussulfided catalyst pelleten thehydrotreated liquid products is
assessedror three reactions using sulfided catalyst, ¢arbon and hydrogeoncentratiomesults
ranged from 8751.8 to 87.20.8wt.% andl2.1+0.4 to 12.3+0.2wt.%espectively. The KT of
these liquid productsanged from 1.66 to 1.6&arbon, hydrogen, anthe H/C resultsare not

significantlydifferentwhencomparedo unsulfidedcatalystpellet reactions

Reaction Time and Temperature Efects with Sulfided Pellets

The effect ofeaction time at 390°Gsingsulfidedcatalyst pellets ofiltered liquid productarbon
and hydrogertoncentratioais presented irrigure 4.1 The effect ofeaction temperature ah
reaction timeusing sulfided catalyst pellets ofiltered liquid productcarbon and hydrogen

concentrationss presented irfrigure 4.2
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Figure 4.1. The effect of reaction timeat 390°C using sulfided catalyst pellets on filtered

liquid product carbon and hydrogen concentrations.

The effect of reaction time at 39D increases carbon and hydrogen concentrations compared to

the HVGOat Oh reaction time irFigure 4.1 As thereaction time increased to 0.5h, carbon and

hydrogen concentrations of the liquid products increased compared to/B®.HCarbon and

hydrogen concentriain results of the 0.25kquid product is not statistically differesbmpared
to the HVGO and th@.5hliquid product At 0.5 to 2h, the carbon and hydrogen concentrations of

thefiltered liquid products are ndatignificantlydifferentfrom each other
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Figure 4.2. The effect ofreaction temperature at 1husingsulfided catalyst pellets orfiltered

liquid product carbon and hydrogenconcentrations.

Compared to thelVGO, the effect of reaction temperature atig¢ignificanty differert for the
liquid products higher than350°C and 370°C for carbon and hydrogen concentrations,
respectively As reaction temperature increased, carbon and hydrogen concentrationigjoidhe
products increased compared to the HVGiIQuid products at 290 to 330 reaction temperatures

are notsignificantlydifferentcompared to the HVGO for carbon and hydrogen concentrations.

Reaction Time and Temperature Effects with< 4 5 Sutfided Solids

The effect ofeactiontime at390°Gsi ng <45¢ m salidsdnfiltdredtquid prodwectl y s t
carbon and hydrogesoncentrationis presented ifrigure 4 3. The effectof reaction temperature

at 0.25and0.5h reaction timesi s i ng <45 ¢ m ssolidsfon fitteeed liguidaptodutty s t
carbon andhydrogenconcentratiosis presented ifrigure 4.4
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Figure 4.3. The effect ofreaction time at 390°Cusi ng <45em s uwdlidsbnded c a

filtered liquid product carbon and hydrogenconcentrations.

The effect of reaction time at 39D increases carbon and hydrogen concentratonpared to
the HVGOatOh reaction timén Figure 4.3 The carbon and hydrogeoncentratiomesults of the
liquid productsare notsignificantly differentfrom each otheafterthe 0.25h reaction timeThe
average carbononcentation of the liquid productslecrease at the 2h reaction tim&helarge
95% confidence intervalat 2hprovided no significant difference compared lmver reaction

times for carbon and hydrogen concentrations
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Figure 4.4. The effect ofreaction temperature at0.25and0.5hu s i ng <45em sul fi de

solids on filtered liquid product carbon andhydrogen concentrations.

Carbon concentrati@of the liquid products from 370 t890°C and0.25hreaction tims are
significantly different compared to the HVGCHydrogenconcentration®f the filteredliquid
productsare notsignificantly different for all reactiontemperatures at 0.25h compared to the
HVGO. The 370C and 0.5Hiquid productcarbon concentrations not significantly different
compared to the HVGO. The hydrogenncentrationfor this liquid productis significantly
different compared to the HVGO.

Catalyst Size Effectswith Sulfided Pellets and <48m Solids

The hydrogen to carbamtio (H/C) is calculated for catalyst size comparison of the hydrotreated

liquid products. The effect akaction time at 390°@sings ul f i ded catal yst pel
solids on filtered liquid productH/C resultsis shown inFigure 4.5 The effect of reaction
temperature at 0.298.5, andLh reactiontimesusilgu | f i ded cat al ysalidlsompel | et

filtered liquid producH/C results is presentenh Figure 4.6
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Figure 4.5. The effect ofreaction time at 390°Cusings ul f i ded <catal yst

solids on filtered liquid product H/C results.
The average H/C resulisf the liquid products when usingulfided catalystpelles are not

significantlydifferentafter 0.5has highlightedn Figure 4.5 The H/C results increasehen using
the<45em sulfided catalyssolids from 0.25 to 2h reactiotimes.
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Figure 4.6. The effect of reaction temperature at 0.250.5, and1h using sulfided catalyst
pel | et s aoliddon#ltéréddiquid product H/C results.

Theeffect of reactioiemperature on the H/C resuitsthe liquid productss notsignificantuntil
350°C for pellets at 1h an870°C for <45 m solids at 0.25and 0.5h. The liquid productH/C
resultsfrom 370 to 390C usingsulfided<45m solids are not significantly differerfrom each
other
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4.2 Sulfur and Nitrogen

All numerical sulfur and nitrogetoncentratiomesults are found iable E3of Appendix ESulfur

and nitrogen content of sulfideatalyst pellets and <4k solids are found ifiable E2

HVGO
The sulfur and nitrogemesuls of the HVGO average8.3:0.01wt.% and 0.1762.0016vt.%,

respectively.

Solvent Filtration of HVGO

To determine the effect of solveiitration on the HVGQfiltered liquid feed is compared to the
HVGO in experiment one The measured results of the eclied HVGO following
dichloromethane solvent evaporation overnigig 3.2%0.14wt.% and 0.1689+0.0107wt.%, for
sulfur and nitrogenrespectively.The sulfur and nitrogen diffdyy 2.8% and 4.2%, respectively

The results are not significantly differesampared to thelVGO.

Non-Catalytic Reactor Mixing Effect

To determine the effect of mixing on the liquid product with no catalyst present, the reaction at
360RPM is compared to three reactions with agitation >700RPM. The average mixing for the three
reactions ranged from 708 to 862RPM. The sulfur and nitrogaritseor the 360RPM reaction

liquid product are 2.8%0.03wt.% and 0.22@3.0071wt.%, respectivelyReactions with
>700RPM agitatiorranged from 2.580.09 to 2.820.16wt.% for sulfur and 0.19%0.0045 to
0.210%0.0054wt.% for nitrogenSulfur is not significantly different at higheragitation speeds

The nitrogenconcentratiordiffered significantly All sulfur and nitrogenconcentratiorresults

from theseaeactiondifferedsignificantly compared to the HVGO.

Reactor Wall Effect

A microreactor with sulfided (contaminated) inner walls with no catalyst is used to determine the
reactor wall effectThe sulfur and nitrogen result$ the liquid productire 0.530.03wt.% and
0.088:0.0.0109vt.%, respectively.These resultsare significatly different compared to the
HVGO.
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Catalytic Reactor Effect with Unfiltered Liquid Products

The effect of usingnsulfided catalyst versus no catalysunfilteredliquid productss compared.

Three liquid product concentrations rangeodm 0.120.01 to 0.18+0.01wt.% for sulfur and
0.0295+0.0075 to 0.0354+0.0049wt.% for nitrogsmg unsulfided catalyst pelletSompared to
the HVGO, andhe noncatalyticreactionsthesesulfur ard nitrogenconcentratiomesultsdiffered

significantlyat 0.05 signifiance

Catalytic Reactor with Liquid Product Filtration Effect

The effect of solvent filtration on the liquid produat®@compared, three unfiltered reactions, 848
to 878RPM agitation, with three filtered reactions, 866 to 884RPM agitafioa.sulfur and
nitrogen concentratiorresults forthe three filtered liquid producteanged from 0.220.04 to
0.37#0.0wt.% and 0.072+0@b5 to 0.0859+0.005wt.%, respectiveAdl sulfur and nitrogen
liquid product concentratioresultsdifferedsignificantlycomparedo three unfiltered reactioret

0.05 significance

Catalytic Reactor Mixing Effect

To determine the effect of mixing ugiunsulfided catalyst pellets on the liquid produtiisge
reactions, 866 to 884RPM, are compared with two reactions at 36@gRation Sulfur ranged
from 0.18&0.01 to 0.230.03wt.%, while nitrogen ranged from O0.0&00077 to
0.075%0.0216wt.% for reactionsat 360RPM Sulfur and nitrogen concentratioasultsof these

liquid productsare significantly different compardd the highergitationsreactions

Verification Reaction
For the temperature and pressure verification reaction at 2.25hsulh@ and nitrogen
concentratiorresults are 0£0.05wt.% and 0.068).0109vt.%, respectivelyThe concentration

resultsare notsignificantlydifferentcompared tdhe two reactions at®°C and 360RPM for 2h.

Sulfided Catalyst Pellets and <4&m Solids
Sulfided catalyst pellets and <&¥B solids are compared ifable E2of Appendix EThe sulfur

and nitrogerconcentratiomesultsfor the sulfided pelletare 6.9%1.24wt.% and 0.0H3.01wt.%,

respectively.The sulfur and nitrogeoncentrationresults for the<45em sulfided solids are
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9.71+0.01wt.% and 0.01wt.%, respectively.comparisonthe sulfur contentof the catalystare

significantly different Nitrogenis not significantly different

Catalytic Sulfidation Effect with Pellets

The effect of unsulfided versus sulfided catalyst pellets on the hydrotreated liquid products is
assessed. For three reansausing sulfided catalyst, tlsalfur and nitrogemoncentratiomesults
ranged from 0.1#0.08 to 0.2Wt.% and 0.0433+0.0256 to 0.0511+0.0M4.86, respectivelyBoth

sulfur and nitrogerconcentration resultdiffered significantly at 0.05significancecompared to

reactionausing the unsulfided catalyst

Reaction Time and Temperaure Effects with Sulfided Pellets

The effect ofeaction tine at 390°Qisingsulfided catalyst pellets diitered liquid producsulfur
and nitrogerconcentrations ipreseted inFigure 4.7 The effect ofreaction tempetare at 1h
reaction timeusing suffided catalyst pellets ofiiltered liquid productsulfur and nitrogen

concentrations ipresented irfrigure 48.
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Figure 4.7. The effect ofreaction time at 390°C usingsulfided catalyst pellets onfiltered

liquid product sulfur and nitrogen concentrations
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The effect of reaction time at 390 for all liquid productresults compared to the HVG& Oh
reaction timen for both sulfur and nitrogeconcentratiomesultsare significantly differenigure
4.7. As thereaction timeincreasedsulfur and nitrogen liquid product coentrationsdecreased
exponentially The 1.5 td2h reaction time result$or both sulfur and nitrogen concentratioase

not significantly different from one another.
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Figure 4.8. The effect ofreaction temperature at 1h usingsulfided catalyst pellets orfiltered

liquid product sulfur and nitrogen concentrations

As thereaction temperatunacreasedconcentrations of sulfur and nitrogdacreased as seen in
Figure 4.8 All sulfur concentration results at eadactiontemperature are significantly different
from one another and the HVG@itrogen concentration results at eaehctiontemperature are

significantly different from one another and the HUGTI he nitrogen concentration of the liquid

productat 310°C is not significantly different compared to the HVGO.
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Reaction Time and Temperature Effects with

The effect ofeaction time aB90°C using< 4 5 ¢ mded aatalys$olids onfiltered liquid product
sulfur and nitrogeoncentrations is highlightad Figure 49. The effect of reaction temperature
at 0.25 and 0.5h reaction times usiigd 5 € mded cataliysiolids on filteredliquid product

sulfur andnitrogenconcentrations ipresented irfrigure 410.
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Figure 4.9. The effect of reaction time at 390°Cusing < 4 5 ¢ m desl wdtafystsolids on

filtered liquid product sulfur and nitrogen concentrations

The effect of reaction time at 330 reaction temperature with <&d5m ¢ a solkdd for alltliquid
products compared to the HVG& Oh reaction timdor both sulfur and nitrogen concentration
results are significantly differerit Figure 4.9 As thereaction time increasedulfur and nitrogen
liquid product concentrationdecreased exponentiallyrhe sulfur concentration at 1 and 2h

reaction timesre notsignificantly differentfrom one another
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Figure 4.10. The effect of reaction temperature at 0.25 and O0.5hsing<45em sul fi de

catalyg solids onfiltered liquid product sulfur and nitrogen concentrations

As the reaction temperature increased, concentrations of sulfur and nitrogen decreased as
highlighted inFigure 4.10 All sulfur and nitrogen concentratioasultsare significantlydifferent
from the HVGO.Sulfur and nitrogerctoncentratiorresults at eackemperaturere significantly

differentfrom one anotheat ther respectiveeaction time

Catalyst Size Effecs with Sulfided Pellets and <4&m Solids

The effect of reaction time at 3901Gingsulfided catalyst pedlt s a n dolids dnfilered

liquid product sulfur anditrogenconcentrations is display&uFigure 4.11 The effect of reaction
temperaturete0.25 0.5, andLh reactiontimesusilgu | f i ded cat al ysalidlsompel | et
filtered liquid product sulfur and nitrogen concentrati@mysresented ifrigure 4.12
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Figure 4.11. The effect of reaction time at 390°Qusingsulfi ded catal yst pell et
solids onfiltered liquid product sulfur and nitrogen concentrations

The sulfided <48m catalystsolids enhance the sulfwoncentration reductiofrom 0.25 to 1h
reaction timesompared to sulfided pelein Figure 4.11 These sulfuresuls are significantly
different at 0.05 significance when comparAt2h, the sulfur and nitrogesoncentratiomesults
are not sigificantly different for sulfided catalyst pellets and €% solids. Exceptfor the 1h
reaction time, He nitrogenconcentrationresults are not significantly different when sulfided

catalyst pelletare comparewith <4%m solids.
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Figure 4.12. The effect ofreaction temperature at 0.25 0.5, and1h using sulfided catalyst

pel | et s aolidd onfltéréddiquid product sulfur and nitrogen concentrations

Thereactions of sulfided catalyst pellets and &4%solids cannot beccuratelycompare on a
temperature bases the reaction timemedifferent, 1h for pelletsversus 0.25nd0.5h forsolids
in Figure 4.12 All sulfur and nirogen concentration resuléd 0.25hare significantly different
compared to reactions at 0.5h using s#bsolids andat 1h using pellets. Sulfur and nitrogen
concentrations at 0.5h usirg5em solids (cyan and yellow dotsare notsignificantly different

compared toesults atLth using pellet§purplesquaresnd green dots)
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4.2.1Sulfur and Nitrogen Conversion

Comparative onversion plot$or sulfur andnitrogenare found iMAppendix FThe concentration
results for sulfur and nitrogen reported in section 4.2 are used to caltheaterespective
conversionfrom the HVGQ Conversion is calculated using formulas previously mentioned in
section 23.5. Sulfur and nitrogen conversion results are dsedhemometric modeis the fourth
objective The effects of reaction timandtemperaturevith sulfided catalyson liquid product

conversion results are highlightediigures F1 to F5n Appendix F

4.2.2Sulfur and Nitrogen Kinetics

Sulfur and nitrogen kinetic analysis completed for the mild hydrotreating reactioAseview
table on industrial feed kinetic studies is foundppendix AKinetic plots for sulfur and nitrogen
models are found idppendix F Fitted reaction orders, rate constants, actimagioergies, and

preexponential factors results are presented as well as compared for both sulfided catalyst sizes i
Appendix F

4.3 Density

All numericaldensityresults are found ifable E4of Appendix E

HVGO

The density resulbf the HVGOis 0.9620.006)/ml. Compared to literature, ifable 2.7 the
density is 0.965g/ml. The resutom Table 2.7 differs by 0.2%. However, from the ranges
specified inTable 2.1 0.967 to 0.971g/ml, the measured result obtafa#idvithin the HVGO

range from literature sources.

Solvent Filtration of HYGO
The measured density result of the HVGO follogvidichloromethane solvent evaporation
overnightis 0.9530.017g/ml The result differs by 1.46% compared to the HVG®0e results

are not significantly different.
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Non-Catalytic Reactor Mixing Effect

The densityresultfor the 360RPM reaction liquid pdoctis 0.9580.003g/ml Reactions with
>700RPM agitatiorranged from 0.9540.004to 0.955:0.008g/ml All liquid product densities
measured at thesggitationmixing speeds are not significantly different from each othhe

densityresults ofall these liquid productaresignificantlydifferentcompared to the HVGO.

Reactor Wall Effect
The collected liquid produdensity result i9.91+0.007g/ml. The reduis significantly different
compared to the HVGO.

Catalytic Reactor Effect with Unfiltered Liquid Products
Three catalytic unfiltered liquid productensity results ranged from0.8970.003 to
0.90A0.005g/ml.Compared to the HVGO, aride noncatalytic reactionsall density resultgare

significantly different

Catalytic Reactor with Liquid Product Filtration Effect
The three catalytic filtered liquid produdensity results ranged from 0.983.005 to
0.908:0.003g/ml.The density resultare notsignificantly comparedo the catalytic unfiltered

liquid products at 0.05 significance

Catalytic Reactor Mixing Effect
Thefilteredliquid productdensiy resultsrangedrrom 0.9+0.008 to 0.9050.008g/mifor reactions
at 360RPM Compared to the reactions at 866 to 884Ré&Mation theliquid product densities

are not significantly different.
Verification Reaction

Theliquid productdensity result is 0.9@Bml. The resultiis notsignificantly different compared
to the two reactions at 390 and 360RPM for 2h.
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Catalytic Sulfidation Effect with Pellets

Thefiltered liquid product densitsesults fotthe sulfided pellet reactiomanged fron0.902£0.005
to 0.9050.005¢g/m! Thedensityresultsare notsignificantlydifferentcomparedo the unsulfided
pellet reaction results at 0.05 significance

Reaction Time and Temperaure Effects with Sulfided Pellets

The effect of reaction time at 390Gingsulfided catalyst pellets diitered liquid productiensity
is highlightedin Figure 4.13 The effect of reaction temperaturelhtreaction timausingsulfided
catalyst pellets ofiltered liquid productensityis displayedn Figure 4.14

® HVGO Feed o Sulfided Pellets, 390°C 95% Confidence Interval

0.98

0.97 #
0.96 -
0.95 -

0.94 -
0.93 -

0.92 - @ % %
0.91 -
0.90 - ? %

0.89 -

0088 T T T T
0 0.5 1 1.5 2 2.5

Reaction Time (h)

Density (g/ml)

Figure 4.13. The effect of reaction time at 390°Qusing sulfided catalyst pellets orfiltered
liquid product density.

The effect of reaction time at 39C decreasesll filtered liquid productdensity results
significantlycompared to the HVG@t Oh reaction timen Figure 4.13 The 1.5 and 2h reaction
time density results are not significantlifferent Reaction time differences longer than 0.75h

result in significant differences in liquid product densities.
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Figure 4.14. The effect of reaction temperature atLh usingsulfided catalyst pellets orfiltered

liquid product density.

The effect of higher reaction temperature at 1h decreases the filtered liquid product density as
highlighted inFigure 4.14 There are no significant differences in the density results from 290 to
350°C reaction temperatures. At 370 and 390°C reaction temperatures, density results are
significantly different Thelarge 95% confidencatervals for 290 to 36°C reaction temperatures

do not provide enough evidence of significdifterencein thesdiquid product densiés

Reaction Time and Temperature Effects with <4
The effect of reaction time at 3902Sing< 4 5 ¢ mded aatialyssolidson filtered liquid product

density is presented Figure 4.15 The effect of reaction temperature at 0.25 and 0.5h reaction
timesusing<45e m s ul f isdids dnfilerad liguidyduct densitys highlighted in

Figure 4.16
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Figure 4.15. The effect of reaction time at 390°Qusing<45em sul f isdlelsdoncat al
filtered liquid product density .

The effect of reaction time at 39D decreases all filtered liquid product density results
significantly compared to the HVG@t Oh reaction time as shown Kigure 4.15 The density
results & 2h differed significantly compared to 1h reaction time. The large 95% confidence
intervals for 0.25 to 1h reaction timdo not provide enough evidenceddferentiatedifferences

significantly.
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Figure 4.16. The effect of reaction temperature at 0.25 and O0.5hising<45em sul fi de

catalyst solids of filtered liquid product density.

The effect of higher reaction temperaturéd&5 and 0.b decreases the filtered liquid product
density aglisplayedn Figure 4.16 All density resultshownaresignificantlydifferentcompared
to the HYGO.The large 95% confidence intervals did not provide enough evideddédientiate
densitydifferencesat the reaction conditions presented.

Catalyst Size Effects with Sulfided Pellets and <4%n Solids

The effect of reaction time at 390Gings ul f i ded cat al ysolidsompfitelel et s ar
liquid product density is displayed Figure 4.17 The effect of reaction temperature at 0. 2%,

andlh reaction timesisings ul f i ded cat al ysolids opfiteret leguiicsproduntd < 4 5 ¢
densityresultsis presented irfrigure 4.18
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Figure 4.17. The effect of reaction time at 390°Qusings ul f i ded catalyst pel
solids onfiltered liquid product density .

As compared togethera filtered liquid product densities of sulfided catalyst pellets and 45

solidsarenat significanty differernt at similar reaction times as observedrigure 4.17
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Figure 4.18. The effect of reaction temperature at 0.250.5, and1h using sulfided catalyst
pel | et s aolidd onfltéréddiquid product density results.

In Figure 4.18 the reactions of sulfidechtalyst pellets and <45nsolids cannot be compared as
the reaction timearedifferent, 1h for pelletsand0.25 to 0.5h fosolids. Large 95% confidence

intervals did not provide enough evidence to differentigtéd productdensity differencesntil
reaction temperatures reached 370 t0°G90

4.3.1Density Prediction

Density prediction results are foundAppendix F As discussed igection 2.1.3the densitys
predictedrom approxmate hydrogen, sulfur, and nitrogen compositions. The Gray regression [1]
is compared to an optimal linear regression equation fitted to the hydrogen, sulfur, and nitrogen
concentrations highlighted sections 4.5and4.2. Both regressions are compared in the predicted
versus measured density plotimFigure F22of Appendix F
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4.4 Boiling Point Distribution

All numericalboiling point distribution(BPD) results are found ifiable E5of Appendix E The

boiling point distributiorresuls for both the HVGO feed and all hydrotreated liquid products are
presented irFigure 419.
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Figure 4.19. The boiling point distribution results of the HVGO and all liquid products.

As shownin Figure 419, theBPD of the liquid products are shifted to lower boiling temperatures.
The boiling point distribution curves are divided into five boiling fractions to highlight
fractionalconcentratiortrendsfor comparisongetween reactions. Tlo®ncentratiorractions are

specified:
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Initial Boiling Point (IBP) to 300C
300°C to 400C

400°C to 500C

500°C to Final Boiling Point (FBP)
+343C Fraction

= =/ =4 A4 -

HVGO

The HVYGOBPD ranged from 299 to 648 that represented nearly 100wt.% of the composition.

Concentrationasults obtainetbr the HVGOare 0.%vt.%, 30wt.%,61.5wt.%, 8wt.%, and 95wt.%
for the IBR30C’C, 306400°C, 400500°C, 500C-FBP, and +343C boiling point fractions,

respectively

Solvert Filtration of HVGO

Theconcentratiomesuls of the collected HVGQ@ollowing solvent filtrationthe following dayare
1wt.%, 31wt.%, 60.5wt.%, 7.5wt.%, and 94wt.% for tH&P-300°C, 306400°C, 4006500°C,
500°C-FBP, and +343C boiling pointfractiors, repectively The resul differ by 66.7%, 3.3%,
1.6%, 6.5%, and 1.1%pmpared to the HVGQespectively,

Non-Catalytic Reactor Mixing Effect

Theconcentratiomesults fothe 360RPM reactioliquid productare6.5wt.%, 34.5wt.%52wt.%
7wt.%, and 86wt.% for théBP-300°C, 300400°C, 400500°C, 500C-FBP, and+343C boiling
pointfractiors, respectivelyThe>700RPMIiquid productconcentratiomesults ranged fror.5
4.5wt.%, 32.534.5nt.%, 55.557.5nmt.%, 5.56.5wt.%, and 88-90wt.% in respectie order.
Compared to >700RPM mixing, the liquid product at 360RPM is shifted to a BR@r

Reactor Wall Effect
The concentratiorresultsfor this liquid productare 9wt.%, 41wt.%, 46.5wt.%, 3.5wt.%, and
79wt.% for the IBR30C°C, 300400°C, 400-500°C, 500C-FBP, and +343C boiling point

fractions, respectivelyfCompared to the HVGO, this liquid product is shifted to a lower BPD.
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Catalytic Reactor Effect with Unfiltered Liquid Products

The concentrationgor three unfiltered liquid products obtained from a catalytic reactioged
from 13-14wt.% 39.541wt.% 42.543.5wt.% 3-4wt.%, and 7475wt.% for thelBP-300°C, 300
400°C, 40050C°C, 500C-FBP, and +343C boiling pointfractions, respectivelyComparedo

the three noitatalytic reactionsall concentrationsresignificantly different.

Catalytic Reactor with Liquid Product Filtration Effect

Theconcentrationgor three filtered liquid products obtained from a catalytic reaction ranged from
11.512wt%, 41.542wt.%, 42.543.5wt.%, 3.5wt.%, and #B6wt.% for the IBP30C°C, 300
400°C, 400500°C, 500C-FBP, and +343C boiling pointfractions, respectivelyCompared to

the three unfiltered catalytic reactioneetIBR300°C fractioral concentrations significantly
different

Catalytic Reactor Mixing Effect

Theconcentration®or two catalytic reactions at 360RR#ihged from 1414.5wt.%, 41.542wt.%,

40.5wt.%, 3.5wt.%, and 72.5wt.% for tHgP-300°C, 300400°C, 406500°C, 500C-FBP, ad

+343C boiling point fractions, respectivelyCompared tccatalytic reactionsat 866884RPM

agitation IBP-300°C, 406500°C, and +343C fractioral concentrationare significantly different.
The 306400°C and 500C-FBP fractioml concentrationare notsignificantly different.

Verification Reaction

The concentratiomesultsof this liquid productare 12.5wt.%, 41.5wt.%, 42.5wt.%, 3.5wt.%, and
75wt.% for thelBP-300°C, 300400°C, 406500°C, 500C-FBP, and +343 boiling point
fractions,respectivelyCompared to the two reactions at 3BP360RPM, and 2h, the IBBOC°C,
400500°C, and the +34% fractioral concentrationare significantly different.

Catalytic Sulfidation Effect with Pellets

Theconcentration$or three filtered liquid prducts using sulfided catalyst pelleasiged froni1-
12wt.%, 4142wt.%, 43.544wt.% 3wt.% and 7576wt.% for thelBP-300°C, 300400°C, 400
500°C, 500C-FBP, and +343C boiling pointfractions, respectivel\Apart fromthe 500°CFBP

156



fractional concentratn, these resultsare not significantly different compared to thesults

obtained from thensulfidedcatalyst reactions

Reaction Time and Temperature Effects with Sulfided Pellets

The effect of reaction time at 3902Singsulfided catalyst pellets diitered liquid producboiling
point fractioral concentrationss presented irFigure 4.20. The effect of reaction temperature at
1lhusingsulfided catalgt pelletson filtered liquid product boiling point fractional concentrations
is highlightedin Figure 421.
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Figure 4.20. The effect of reaction time at 390°Qusing sulfided catalyst pelletson filtered

liquid product boiling point fractional concentrations.

The effect of reaction time at 39D on the fractional boiling point concentratiorsshown in
Figure 4.2. The lighter IBP-300°C and 3068400°C fractioral concentrationsncrease with
reaction timecompared to the HVG@t Oh reaction timeThe heavier400-500°C, 500C-FBP,

and +343C boiling pointfractioral concentrationslecrease with reaction timBeaction time

differences longethan 1h cause significant differences between fractional concentrations.
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Figure 4.21. The effect of reaction temperature atLh usingsulfided catalyst pellets orfiltered

liquid product boiling point fractional concentrations.

The effect of reaction temperature atdkithe fractional boiling point concentratiorssshown in
Figure 4.21. The lighter IBP300°C and 30400°C fractional concentrations increase with
readion temperatureThe heavier 40600°C, 500C-FBP, and +343C boiling point fractional
concentrations decrease with reactemperatureApart from the IBP300°C results, all fractional
concentration results have a high linear relationship to reactigpetature (>0.90 &

Reaction Time and Temperature Effects with< 4 5 Suffided Solids

The effect of reaction time at 390tSing< 4 5 ¢ m s u | f solidsod filtereal tiqaid pyoduict
boiling point fractional concentrations is displayed Figure 422. The effect of reaction
temperature at 0.25and 0\a$ing< 4 5 ¢ m s u |l f solison filtereal tigaid pyodutct boiling
point fractional concentrations pesented ifrigure 423.

158



OIBP-300°C ©300-400°C @400-500°C @500°C-FBP 0+343°C

100
0
90
o (5]
80 1 o o
370 |
2
. ®
- 60
£ 50 - ® ¢ o
]
= 40 1 e o o 8
Z30 0
=
20 -
10 ° 6
0 I 6o 90 ° °
0 0.5 1 1.5 2 2.5

Reaction Time (h)

Figure 4.22. The effect of reaction time at 390°Qusing<45em sul f isdlelslon cat al

filtered liquid product boiling point fractional concentrations.

The effect of reaction time at 39D on the fractional boiling point concentratiorssshown in
Figure 4.2. The lighter IBP300°C and 3040C°C fractional concentrations increase with
reaction time compared to the HVG®DOh reaction time. The heavier 4800°C, 500C-FBP,

and +343C boiling point fractional concentrations decrease with reaction time. Reactia time

longer than 1h cause significant differences between fractional coauoems.
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Figure 4.23. The effect of reaction temperature at 0.25 and O0.5bising<45em sul fi de

catalyst solids on filtered liquid product boiling point fractional concentrations.

The effect of reaction temperature at 0.25 and Orbine fractional boiling point concentrations
is shown inFigure 4.23. The lighter IBP300°C and 300400°C fractional concentrations increase
with reaction temperature. Theedwier 406600°C, 500C-FBP, and +343C boiling point

fractional concentrations decrease with reaction temperdtiieee are no significant differences

in fractional concentrations between 0.25 and 0.5h using sulfidezhx4blids as seen by data

overlapsin Figure 4.3.

4.4.1+343C Conversion

Catalyst Size Effects with Sulfided Pellets and <4%n Solids

The +343C fractional concentration results reported dection 4.4are used to calculate
conversionThe effect of reaction time at 3901Gings ul f i ded cat al ysolits pel | e
on +343°C conversion of filtered liquid products is showrrigure 4.24. The effect of reaction
temperaturausings ul f i ded cat al y sotids gner34B°€ tosversiom desuksdb € m
filtered liquid products is presentedFigure 4.25.
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Figure 4.24. The effect of reaction time at 390°Qusings ul f i ded <cat al yst

solids on +343°C conversiomwf filtered liquid products.
As the reaction time increases at 390the +343C conversionncreases for both sulfided pellets

and <4%m solids inFigure 4.21. The relationship between +343conversion and reaction time

is linear for both catalystizes(>0.98 R).
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Figure 4.25. The effect of reaction temperatureusings ul f i ded catal yst

solids on +343°C conversiomwf filtered liquid products.

As the reaction temperature increases higher th@¥C3 the +343C conversion increases for both
sulfided pellets and <4&m solids in Figure 4.5. Longer reaction timesmprove +343°C
conversion trendsThe relationship between +343 conversion and reaction temperatare
linear for both catalystgreaterthan 310C (>0.95 R).

4.5 Hydrogen Nuclear Magnetic Resonance

All hydrogen nuclear magnetic resonante NMR) chemical shifresults are found iffigures
E1l to E220f Appendix EThe chemical shift results from th@@MHz spectrometer are found in

Figures E1 to EZ7The chemical shift results from the 60MHz spectrometer are foulRidumes

E8 to E22 A summay of the chemical shiffractionalconcentrations forme HVGO andiltered
liquid products are presentediiable E7 Themoleculardata fromTable E7is combined to three
hydrogen concentration regions: Aromati0(7 to 6.2ppy) U-Aromatic @.3 to 2ppr), and
Aliphatic (2 to-0.5ppn). The three molecular hydrogen concentrationgfotted as a functioof

reaction time and temperaturesection 4.5.
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Reaction Time and Temperature Effects with SulfidedPellets

The effect of reaction time at 390%ing sulfided catalyst pellets ofiltered liquid product
molecular hydrogen concentratgis displayedrigure 4.5. The effecof reaction temperature at
1h usingsulfided catalyst pellets ditered liquid product molecular hydrogen concentragitsn
presented ifrigure 4.2. Results in these figures are obtainsthgthe 400MHz spectrometer.
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Figure 4.26. The effect of reaction time at 390°Qusing sulfided catalyst pelletson filtered
liquid product molecular hydrogen concentrations (400MHz spectrometej.

As reaction time increases, aliphatic hydrogen concentration increases in the filtered liquid product
compared to the HVGGt Oh reaction time as shown iRigure 4.%5. Aromatic hydrogen
concentrations decrease compared to-atnatc HVGO.

hydrogen concentrations longer than 0.5h reaction time.
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Figure 4.27. The effect of reaction temperatureat 1h usingsulfided catalyst pelletson filtered

liquid product molecular hydrogen concentrations(400MHz spectrometej.

As reaction temperature increases, aliphatic hydrogen concentration increases in the filtered liquid
product compared to the HVGO presented irrigure 4.27. Aromatic hydrogen concentrations
decrease compared to the HVGO higher than 350°C. Insignificant changes are seen until 390°C
f o farontitic hydrogen concentrations compared to the HVGO.

The effect of eaction time at 390°C using sulfided catalyst pellets on filtered liquid product
molecular hydrogen concentrations is displayegire 4.8. The effect of reaction temperature at

1h using sulfided catalyst pellets on filtered liquid product molecular hydrogen concentrations is

presented ifrigure 429.
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Figure 4.28. The effect of reaction time at 390°C using sulfided catalyst pellets on filtered

liquid product molecular hydrogen concentrations(60MHz spectrometel).

Similar toFigure 4.8, the 60MHz spectrometer resuitsFigure 4.28areidenticalin trends for
the three molecular hydrogen concentratigissimilar reaction times asults from the 400MHz
are up to 20% different from the 60MHpectrometer for aromatic hydrogen. Except for the

HVGO,a | i p h a taiornaticshydtbgeb) are less than <4% different at similar reaction times.
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Figure 4.29. The effect of reaction temperature at 1h using sulfided catalyst pellets on filtered

liquid product mol ecular hydrogen concentrationd60MHz spectromete).

Similar toFigure 4.%7, the 60MHz spectrometer resuitsFigure 4.29areidenticalin trends for

the three molecular hydrogen concentratidnsignificantdifferencesarenotseen until 370°C for

U-aromatic hydrogen concentrations compared to the HVG@98tG the aromatic hydrogen

result from the 400MHzs 20% different from the 60MHz spectrometer The al i-phati c
aromatichydrogen concentrations are different by 1% for the same comparison.

Reaction Time and Temperature Effects with< 4 5 &Suffided Solids

The effect of reaction time at 390AC using <4°¢
molecular hydrogenancentrations is highlightegigure 4.3. The effect of reaction temperature

at 0.25h wusing <45egm sulfided <catalyst sol id
concentrations is shown figure 4.3. Results in these figures are obtainsihgthe 60MHz

spectrometer.
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Figure 430. The &ef fect of reaction time at 390AC

filtered liquid product molecular hydrogen concentrationd60MHz spectrometel).

Similar to the reactions with catalyst pellets, as reaction time increases, aliphatic hydrogen
concentration increases in the filtered liquid product compared to the HAfGiOreaction time
as shown irFigure 4.3. Aromatic a  -atbmatic hydrogen concentrations decrease compared to

the HVGO with increasing reaction time.
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Figure431.The effect of reaction temperature at 0.

on filtered liquid product molecular hydrogen concentrations(60MHz spectrometel.

Insignificant changes are seenal molecular hydrogen concentration results for increasing
reaction temperature fRigure 4.3.. Concentration results asggnificantly different compared to
the HVGO.

4.5.1Aromatic Hydrogen Conversion

Catalyst Size Effects with Sulfided Pellets and <4%n Solids

The aromatic hydrogen concentration results reportedertion 45 are used to calculate
conversionThe formula used to calculate aromatic conversion is presengegtion2.3.5. The

effect of reaction time at 390°@ingsulfided catalyst pellets ard4 5 sabids onfiltered liquid
productaromatic hydrogen conversion resuisomparedn Figure 4.32. The effect of reaction
temperature with sul fi doéddonfitareddidquig producfarenhatice t s an
hydrogen conversioresultsis compared irFigure 4.33.
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Figure 4.32. The effect of reaction time at 390°Qusings ul f i ded <cat al yst

solids onfiltered liquid product aromatic hydrogen conversion

As the reaction time increases, aromaticlecular hydrogen conversion increases as shown in

pel

Figure 4.2. Results from the two spectrometers provide agreement in the linear trend.

Insignificant differences are seen when comparing the sulfided catalyst pellet and sdlil
trends. The data point at 2h for <45 solids using the 400MHz spectrometer is comparable to the
60MHz result.
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