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Abstract

Catalytic naphthalene hydrogenation to tetralinwater/hydrocarbon emulsions with
simultaneous water gas shift as the hydrogen sonase performed in a 300 ml batch
autoclave as a model for aromatic hydrogenatiorwater/bitumen emulsions. The
catalyst utilized was an unsupported and dispetgee based on molybdenum sulfide
(MoS;). Distinguishing the fate of hydrogen from wai@s opposed to molecular
hydrogen in hydrogenation and water gas shift wasmplished by utilizing deuterium
oxide (D:O) with NMR spectroscopy. The use of@allowed determination of isotope
effects when compared with,8. Diffuse Reflectance Infrared Fourier Transform
Spectroscopy was performed to observe CO adsormtionhe Mo$ sulfide surface.
Ruthenium was tested as a potential candidatetltanee the activity of the Mo catalyst.
Iron, nickel and vanadium were utilized in combioat with molybdenum to test
promotional/inhibitive activity during naphthalehgdrogenation and water gas shift since
Ni and V are found in significant quantities in rbdumen feed. Finally, a multifactorial
experiment was performed to test the hydrogenadioth water gas shift activity of a
binary VNiMo-sulfide catalyst towards 8B partial pressure, temperature andvdrsus
CO atmospheres.

Deuterium from DO was incorporated into both saturated and aronhgticogen
positions in tetralin products. Calculation of gdrbgenation Index and Exchange Index
indicated the extent of H-exchange is greater thaitogenation. Exchange betweesOD
and organic products was enhanced with the Mia®alyst under Hor CO compared to
N.. A kinetically measured isotope effect of 1.58swia agreement with a quasi-

equilibrium thermodynamic isotope effect for O-Hsshbciations measured in the



literature. A true kinetic isotope effect may basked by transient surface concentrations
occurring under batch conditions. Two strong Miloreal bands associated with adsorbed
CO were observed over Mp@bove 160 °C. Activation of the MgSurface with CO
produces COS, suggesting an analgous mechanisretgrbduction of k5 during
reduction in H. In the presence of8, Ru displayed low catalytic activity for both wat
gas shift and naphthalene hydrogenation, attribtwechcomplete sulfidation to active
RuS. FeMo and VMo exhibited lower hydrogenation atgithan Mo, but the water gas
shift activity of VMo was high. A ternary VNiMo dplayed lower hydrogenation activity
than NiMo and Mo but was higher than VMo, implyihg could offset the inhibition
caused by V. Recycle of V and Ni rich asphaltezsdues in catalytic slurry upgrading
may therefore be feasible. An analysis of thectfté H,S pressure, temperature and type
of reduction gas (CO vs. Hconcluded that temperature had the greatestiyositfect on
rate, followed by a small interaction effect of fnature/gas type ang,&gas type. The
proximity to equilibrium conversions in WGS limitettie analysis, while equilibrium

limited the conversion of naphthalene at 380 °@ebatch reactor.
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Chapter 1. Background

1.1 Introduction

Increasing energy demands coupled with a platedisaovery of new oil reserves
has emphasized the need to further develop knowrobgrbon reserves. The Athabasca
Oil Sands deposit in northern Alberta has an eséicheeserve of 1.7 billion barrels of oil

that is second only to Saudi Arabia. Bitumen igsaoted from oil sand as,

1) Bitumen froth from Surface Mining and Hot Wakextraction

2) Bitumen emulsions extracted from in-situ methsdsh as Cyclic Steam
Simulation (CSS)

Both bitumen froth and emulsions have significanbants of entrained water. The

bitumen emulsion must be broken and dewatered é&fiother processing which can be

difficult since the emulsions can be very stablée crude bitumen is a highly viscous

product that is high in sulfur, nitrogen, metalsl @sphaltene content (Table 1.1.1).

Upgrading of the bitumen into a light, sweet pradbat is easier for conventional

refineries to process is required.



Table 1.1. 1: Properties of a Cold Lake Bitumenvitbnment Canada)

API Gravity 9.8
Sulfur (wt%) 6.9
Density at 25 °C (kg/f) 994.3
Dynamic Viscosity at 0 °C (cP) > 3 000 000
Asphaltenes (wt%) 13
Boiling Point Distribution above 550 °C 65
(Wt%0)
Iron (ppm) 15.2
Nickel (ppm) 69
Vanadium (ppm) 190

1.2 Residue Upgrading: Hydroprocessing and Hydemting

The hydroprocessing of bitumen or heavy oil actses@veral goals, including (Speight

2006):

» reduction of metals, organic sulphur and nitrogemntent
» conversion of low value, high boiling Conradsonitar Residues (CCR) to
distillate and naphtha through hydrogen addition

» increase API gravity and reduce viscosity

Sulphur removal is important as new emissions statsdfor gasoline and diesel in
Canada have been mandated at 80 ppm and 15 ppimgpéaiditional strain on
downstream hydrotreaters. An advantage of hydigaging over more conventional
carbon rejection processes such as delayed cokohfjlad coking is the higher yield of

liquid products obtained (Rana et al. 2007). Rghlvalue fractions such as naphtha and



distillate, hydrotreating reduces organosulfuramgnitrogen and aromatics with high
yields. The main disadvantage of hydroprocessnbe requirement for expensive.H
The requirement for hydrotreating of diesel is aietl by environmental rather than

economic factors.

1.3 Catalytic Slurry Phase Upgrading

Supported hydroprocessing catalysts such as Co-Mojfand Ni-Mo/ALOs in bitumen
upgrading applications have mass transfer limitetioLarge asphaltene molecules must
diffuse into the porous support structure to thievacsites for hydrogenation and cracking
to occur. Aggregation and condensation of asphadteand maltenes can cause coke
deposition. The presence of V and Ni impuritiebitumen feed deactivates the catalyst.
Catalyst deactivation occurs due to the deposaforanadium sulfides and nickel sulfides
on active molybdenum sulfide particles while deposiof metal sulfides and coke in the
pores block access to the active sites.

An alternative is the use of un-supported, disgkrsatalysts. These can be
homogeneous or slurry catalysts (Rana et al. 208/Movel slurry catalyst developed by
ExxonMobil, known as M-coke, incorporates an actiaalytic metal sulfide phase into a
hydrocarbonaceous matrix formed from feedstockBdarden 1981). Its purpose is to
control coking reactions by hydrogenating hydrooarladical species, preventing their
oligomerization to asphaltenes and increasing diquields from heavy feeds.
Conversions of 100+ vol% were achieved in pilolescgerations. Mo displayed the best

hydrodesulfurization (HDS) and CCR conversion coragato Ti, Mn, Cr, V and Fe.



Phosphomolybdic acid (PMA) was found to give anedlent compromise between
effectiveness and cost at catalyst concentratisrisva as 100 ppmw of Mo; addition of
phosphoric acid for a P:Mo atom ratio of 0.5-3.5%svf@und to enhance the activity even
more (Bearden 1981).

The similarity in size of the catalyst particlesiquared to asphaltene molecules is
believed to allow rapid diffusion of the catalysta asphaltene aggregates resulting in
better reaction rates and conversions. Effectiatalgsts may be introduced as
homogenous precursor solutions into a bitumen/heahyeed and are formed in-situ
under reaction conditions (Zhang et al. 2007). THE); technology developed by
Alberta Research Council was compared with a coromalessupported catalyst for
upgrading performance. Overall bitumen conversaow asphaltene conversion were
similar, in comparison to a supported catalyst whesphaltene conversion plateaued as
the overall bitumen conversion continued to inceeasThis indicates mass transfer
limitations for the supported catalyst whereas tinsupported catalyst shows no such
inhibition (Zhang et al. 2007).

Organic free-radicals formed at high temperatuis agglomerate to form high
molecular weight molecules and produce coke. Readumke production by preventing
free-radical condensation can maximize hydrocarbpelds from bitumen. In
hydroprocessing, this is achieved through dissimeiadf H, to form hydrogen radicals at
high hydrogen pressure which combine with orgamie fradicals to prevent their
polymeriziation. Alternatively, in the presencesolvent with high H/C ratio, thermolytic
dissocation of C-H can form hydrogen radicals whealm transfer to substrate radicals.

An interesting process developed jointly by UOPstEoWheeler and the Venezuelan



organization Intevep is titled Aquaconversion™ (Raet al. 2007). This visbreaking
process aims to reduce the viscosity of heavy bileweducing coke formation compared
to traditional delayed coking technologies. Staarmjected with the heavy oil, and an
alkali catalyst is introduced as a metal salt. Maet al. suggested the catalyst promotes
dissociation of HO to form hydrogen radicals which can add to orgdrge-radicals and
prevent polymerization to ashphaltene (Marzin etl@B6); however dissociation into'H
and HO is more likely due to a lack of evidence for radiformation. CQis also formed

in the process. The process apparently enjoys pnddsure and temperature conditions
which can be adapted to conventional visbreakints wnth little difficulty. Table 1.3.1

exhibits properties of a Pilon crude upgraded ugiggaconversion™ technology.

Table 1.3.1: Characteristics of Pilon Crude aftquaconversion™ (Marzin et al. 1986)

Improvement in API Gravity 6
Reduction in Viscosity at 50 °C (%) 99
Hydrodesulfurization Conversion (wt%) 17
Hydrodenitrogenation Conversion (wt%) 20
Conradson Carbon Conversion (wt%) 15
Cr-insoluble Asphaltene Conversion (wt%o) 10
Acidity Reduction (%) 93

Use of metal-rich residues from upgrading unitsld¢o®present an economic
alternative to the use of Mo-based catalyst althaMgand V sulfides are not as effective
catalysts. Bitumen asphaltenes contain high cdretgons of vanadium and nickel
(Table 1.3.2). Dunn et al. (Dunn et al. 2003)izgitl VV and Ni-rich carbonaceous Venturi
fines (~12 wt% total metals) and flexicoker ash(q(+&% total metals) obtained from an

ExxonMobil flexicoking unit, to upgrade a simulaté&bld Lake bitumen. Sulfidation



with H,S at 420 °C significantly increased sulfur incoggan into the solids compared to
elemental sulfur at 385 °C, but showed no bengfitsydroconversion (Dunn et al. 2003).
The highest API conversion was achieved on a dmeei#jh basis, with notable
deactivation on subsequent catalyst recycle ruestagoke deposition. Removal of coke
via thermal oxidation led to a decrease in catalgttivity caused by sintering and loss of
surface area compared to the fresh catalyst. Reteof surface area should accompany
removal of carbon deposits in order to preservalyat activity of the flexicoker solids

(Dunn et al. 2003).

Table 1.3.2: Nickel and Vanadium in Cold Lake Adree (Semple et al. 1990)

Metal Concentration (ppm) V in Porphyrin concentration
Ni V (Wt%)
820 320 12

1.4 Coupling of Water-Gas Shift, Hydrodesulfurizah (HDS) and
Hydrogenation (HYD)

The production of kifrom CO in synthesis gas (CQOJ)Ho replenish His one
route for hydroprocessing of bitumen emulsionsiisot Use of syngas for bitumen
upgrading is feasible since asphaltenes and pambvered from the upgraded product can
be gasified to produce synthesis gas (Ng 1989; H8&86). The primary goal of
substituting synthesis gas for pure hydrogen magdo@omic. However, the most
significant cost-savings can be achieved by elitimigethe operational and capital

requirements for hydrogen purification.



Ng and Tsakiri developed a novel bitumen emulsi@aking and upgrading
process using in-situ generategftbm water gas shift of syngas (Ng 1989). Use of
syngas is feasible because molybdenum sulfide lsarcatalyze the Water-Gas Shift
(WGS) reaction to produce hydrogen from CO an® KNg 1989; Hou et al. 1983). Moll
found that during upgrading of a Cold Lake bitune@nulsion that in-situ generated
hydrogen was more active than moleculaiHwater and produced a higher quality oil
product (Moll 1999). In-situ generated hydrogesulted in increased conversion of pitch
to gas oils and distillates. Water was found ¢gm#icantly inhibit hydrogenation and
hydrodesulfurization, while direct desulfurizati¢irydrogenolysis) in HDS was favoured
during model compound (Lee 2004) and bitumen hyaiddng studies (Moll 1999)
under in-situ generated hydrogen. Takemura geaformed HDS of residual oil over
sulfided-CoMo/AbO3 using CO and kD and found catalyst promoted desulfurization but
excess water and G@nhibited desulfurization (Takemura et al. 1981).

Siewe and Ng compared desulfurization of a ColdelLdilesel fraction in water
using in-situ generated and molecular(Biewe and Ng 1998). The activity of in-situ
versus molecular hydrogen was comparable, but Hifiits in the absence of water was
considerably higher (Siewe and Ng 1998).

Hook and Akgermann studied HDS of DBT using in-gjinerated hydrogen from
water gas shift and concluded in-situ hydrogen agsffective as molecular hydrogen
(Hook 1986). Their results indicated the HDS @t®BT using in-situ generated
hydrogen was higher due to nascent hydrogen ooatadyst surface.

Lee and Ng used DBT in toluene/water as a modeéésyfor diesel and found that

water inhibits HDS but blocks the hydrogenatiorhpaty more than hydrogenolysis (Lee



2006). At an optimal O:CO ratio of 1.35, in-situ generated hydrogen beatser than
molecular H in the HDS of DBT. In the HDS of DBT over unsupieal, dispersed MaS
the direct desulfurization pathway was favouredwritsitu generated hydrogen (Liu et
al. 2007).

Abusaido conducted naphthalene hydrogenation u@#4,0/H,S over
unsupported, dispersed Mp@epared from PMA (Abusaido 1999) while similasdies
over NiMo from NiSQ and PMA were performed by Zhang (Zhang 2005)sitn-
generated hydrogen was more active for Mo sulfideite over a NiMo catalyst in-situ
and molecular KHactivity was comparable (Abusaido 1999; Zhang 2005

Isotopic labeling has been utilized to determindrbgen incorporation from 0.
Incorporation of isotopic hydrogen fromy® during phenanthrene hydrogenation and
dibenzothiophene (DBT) HDS under synthesis gas zOratio from 0 to 1) was
studied by Fu et al. over sulfided NiMoA&l; (Fu et al. 1995). Fu et al. observed
deuterium incorporation in HDS products and idésdifan isotopic mixture (HD, DH,)
in the gas phase (Fu et al. 1995). Phenanthrenescsion under syngas was only slightly
lower than for H. The hydrogenation sequence of phenanthrenendetd by
evaluation of hydrogenated intermediates via GG suilar whether performed under
syngas or Bl The water-gas shift rate was faster than hydratien and HDS, so WGS
could replenish Kfor hydrogenation (Fu et al. 1995).

Liu et al. hydrogenated diesel under supercrifiz®/CO/H, at 400 °C using
ATTM as catalyst (Liu et al. 2006). The produditdbution was analyzed by deuterium
Nuclear Magnetic Resonance Spectroscopy (D-NMRetermine deuterium

incorporation from water. Deuterium was incorpedinto alkyl, benzyl and aromatic



species. Incorporation into saturated alkyls waggested to be due to HDS of
mercaptans and aromatic ring saturation. Deutem@arporation into alkyl, benzyl and
aromatic species correlated with the diesel fractie. naphtha contained significant
deuterated-alkyls while heavy arenes displayedeé littuterated-alkyls but more
deuterated-aromatics. Using supercritical wategag for upgrading diesel yielded a

higher quality product with less sulfur (Liu et 2006, 1283-1289).

1.5 Improving the activity of catalysts for simaheous water-gas shift
and hydrogenation

The difference in activity while using in-situ geated hydrogen versus molecular
hydrogen has been attributed to nascent hydrogetuped via the WGS. Study of the
relative kinetics between nascent hydride hydrotiendfrom HO) and molecularly
dissociated hydrogen (frompHmay give important insight into the surface medbias
on the catalyst. Coupling of hydrogenation to wagtes shift should result in interaction
between adsorption of different molecules. Thevatibn of catalyst under CO and
observation of surface species during water gdsrahy allow elucidation of important
mechanistic steps.

One route to improve hydrogenation would be taagimetal species with good
hydrogenation characteristics as substitutes fo&\o in conjunction with Mosas
promoters. One of the main detriments to hydrotienan emulsions is that water tends
to inhibit hydrogenation. Therefore, a metal wijttod resistance to inhibition from water
would be an ideal candidate. A high activity foG® is also desired if the metal was to

substitute for Mog Rhodium and ruthenium metal on activated catmre been shown



to have good aromatic hydrogenation activity inevamore so than other noble metals
such as Pt and Pd (Maegawa et al. 2006). Of p&timterest is Ru since ruthenium
sulfides have been shown to be very active for dgesulfurizaion and aromatic
hydrogenation (Castillo-Villalon et al. 2008). QO is active for WGS under alkaline
conditions in toluene/water emulsions and cataly¥€xS in acidic solutions (Ng 1992;
Fachinetti et al. 1996; Payne et al. 1991; Ng 199) has also been extensively studied
as a high temperature steam reforming catalygtydrogen production from a variety of
substrates including biomass (Osada et al. 200&u can significantly enhance the
hydrogenation of aromatics in the presence of water Mo$ this may compensate for
the inhibition by water.

Ru is very expensive compared to Mo and Ni andefloee any commercial
process utilizing Ru as a catalyst would requirefficient catalyst separation and recycle
process to completely recover the spent Ru. Fomoercial utilization, economics
dictates the use of a cheaper metal. Nickel sdfidith molybdenum has good
hydrogenation ability and is utilized extensivetyhydrotreating. Certain forms of
vanadium sulfides display good hydrogenation aistiigCastillo-Villalon et al. 2008;
Hubaut 2007). Both vanadium and nickel are founsubstantial amounts in bitumen. If
both vanadium and nickel could be incorporated umsupported, dispersed Mot®
provide a positive catalytic synergy this wouldued the amount of molybdenum
required for a slurry hydroprocessing processa $turry-based process, the metal-rich
upgrading residue can be sent to a gasificationwimere the coke and organic-matrix are

gasified to CO, C@and H. The resulting gasification solid would contagsidual metal
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oxides such as Mo, Ni and V which may be recyahed the upgrading process with$l
to form catalytic metal sulfides.

Iron is an extremely cheap metal and has beezedilin the CANMET upgrading
process at PetroCanada’s Montreal refinery (Zhamd 2007). The disadvantage with
iron is that activity is low compared to molybdenamd nickel and high metal dosages

are required.

1.6 Objective

Understanding the mechanism of in-situ hydrogenatiay help in developing active
catalysts. Isotopic labeling of water may yieldisect comparison between molecular H
and in-situ generated hydrogenation with C&D The use of CO to probe the catalyst
surface at reaction temperatures can be followedyWiffuse Reflectance Infrared
Fourier Transform Infrared Spectroscopy.

In order to increase the hydrogenation activitpgisn-situ generated H
promoters such as Ru will be used. The effecteodd V on unsupported, dispersed Mo
and NiMo sulfides will be studied since these neetaik found in significant
concentrations in bitumen. If Ni and V are effeetithe use of residue containing Ni, V
and spent Mo catalyst may be feasible for hydroggsing of bitumen emulsions.

The objectives of this study are to:

i) Probe catalyst characteristics under reaction testyes using DRIFTS,

kinetic and isotope studies
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i) Determine effects of Ru, Fe, V on sulfided-Mo anibl unsupported,
dispersed catalysts in water gas shift and napdteahydrogenation in
toluene/water emulsions

iii) Determine parameter effects of temperaturgs Bnd Ro versus B, on the
water gas shift and naphthalene hydrogenation treesulfided-VNiMo

unsupported, dispersed catalysts in toluene/watetstons.
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Chapter 2. Literature Review

2.1 Aromatics Hydrogenation

Organic sulfur-containing and nitrogen-containimgnpounds, and aromatics in diesel
and gasoline fractions have significant environrakimpacts. While sulfur-containing
and nitrogen-containing compounds contribute td sain and smog, aromatics can
increase the emission of particulates in exhaustliHauser 2008). In several regions
such as Europe and California, aromatics contegagoline and diesel fuels is regulated
in order to reduce the emissions of particulateendfable 2.1.1) (Hochhauser 2008).

High levels of aromatics are found in gas oils distillates (Table 2.1.2).

Table 2.1. 1: Diesel Specifications

Year 2006 (Canada) 2006 (California) 2009 (Europe)
(California Air (Hochhauser 2008)
Resources Board ,

2009)
Sulfur, max (ppm) 15 15 10
Polynuclear 1.4 11

Aromatics (wt%)

Hydrodearomatization (HDA), or removal of aromatitss accomplished via
hydrogenation of the aromatic rings. Aromatic loglmation also plays a vital role in
other processes. It is believed that in deep Wabolfurization and
hydrodenitrogenation, partial hydrogenation of éinematic rings facilitates the cleavage

of C-S and C-N bonds to liberate,$ and NH respectively (Ho 2004). Aromatics
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hydrogenation can also enhance hydrocracking throudermediate production of
saturated polycyclic hydrocarbons, which can undengg cleavage over metal and acid
catalysts (McVicker et al. 2002). Hydrogenatiorpofynuclear aromatics to mononuclear

aromatics can enhance diesel quality while redupargjculate emissions.

Table 2.1. 2: Aromatics Distribution in Distillah Fractions (Cooper 1996)

Property Heavy FCC Light Coker Light Light Cycle Heavy

Gasoline Gasoil atmospheric 0]] Atmospheric
Gasaoll Gasoil
IBP (°C) 195 259 289 291 322
Specific 0.84 0.861 0.846 0.997 0.864
Gravity, 15
°C
Aromatics
(vol %)
Mono 38.8 16.3 16.5 8.2 22.5
Di 55 16.4 7.0 69.8 8.5
Tri 0.5 8.0 0.1 4.0 0.7
Total 44.8 40.7 23.6 82.0 31.7

Sapre and Gates reported mononuclear aromaticsasunénzene and benzene
derivatives are the most difficult species to hygdnoate (Sapre and Gates 1981). The
hydrogenation rate for naphthalene conversionttalte is an order of magnitude larger

than for tetralin hydrogenation to decalins; a &amirend is observed for benzene to
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cyclohexane (Sapre and Gates1981). Ho foundhifithbgenation of tetralin was twice

as fast as hydrogenation of m-xylene over sulfiiddo/Al ;03 (Ho 1994).

2.1. 1 Reaction Mechanism

The hydrogenation of naphthalene is a multi-steytren, where tetralin is formed from
naphthalene; tetralin can subsequently be hydrdgéna cis and trans-decalin (Scheme
2.1.1.1). The initial hydrogenation to tetralirth® fastest step. The second
hydrogenation to decalins is also fast over nold¢ahtatalysts but is much slower over
molybdenum sulfides, where trans-decalin was th@empaioduct (Sapre and Gates

1981). Although naphthalene hydrogenation is dapiuim limited at higher temperatues,

k2
/ A
Knaph K trans-decalin
2H, + . B
k
-NAPH \\kg\ H
naphthalene tetralin K
-3

H
cis-decalin

Scheme 2.1.1. 1: Hydrogenation of Naphthalene
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over a CoMo/AJO; catalyst, the thermodynamic equilibrium is notctesd until
approximately 400 °C and can be coerced throughehnibh pressure (Sapre and Gates
1981).

Hydrogenation over homogeneous metal complexe$attogeneous reduced-
metal catalysts occurs via metal-hydride speciet¢@ 1988). Formation of metal
hydrides under His followed byr-adsorption of aromatics to adjacent active sites;
insertion of hydride into the aromatic species osd¢allowed by reductive elimination of
the hydrogenated product. Coordinatively unsatarattes (CUS) or vacancies are
formed by product desorption allowing the catalgtycle to continue (Cotton 1988).

When MoS$ is treated under K sulfur vacancies are formed liberating gaseous
H,S (Jacobsen et al. 1999). Coordination of heternatic and aromatic substrates to
these vacancies is believed to be essential fahyt@tactivity of MoS. Jacobsen et al.
performed TPR studies of various metal sulfidelgata presulfided in HH,S, and

suggested that the surface sulfidation/reductiactren (Jacobsen et al. 1999)

*S+H, = H,S+*

was a reversible equilibrium, where * are surfageancies. b5 inhibits
hydrodesulfurization by driving the equilibrium tavds surface sulfur and:educing
the number of vacant active sites. S-H surfacaggdave been identified at 2640 and
2500 cnm' using FT-IR after exposure of Me® H, (Ratnasamy 1970).

Fundamental studies suggest that hydrogenationatsayoccur through formation

of reactive S-H edge species. Lauritsen et aflistitriangular MogSnanoclusters on Au
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support by Surface Tunneling Microscopy (Lauriteémal. 2004). They observed the
existence of a metallic brim site near the edgeudters composed of reactive S edge
with metallic character. Treatment of the clusteith atomic H resulted in slight changes
to edge sites adjacent to the brim which was inéeol as formation of S-H edge species.
Adsorption of thiophene to the brim with subsequemrogenation of the thiophene ring
occurring via the S-H edge was inferred from STNges of H-treated MoSlusters
exposed to thiophene. The STM images also sugbsstae thiophene could be
coordinated end-on through sulfur to edge siteusmacancies. End-on coordination of
thiophene to sulfur vacancies on the edge was gexpto occur after adsorption of
thiophene on the brim site and removal of edgeusilfauritsen et al. 2004). End-on
coordination of aromatic sulfur species is consda crucial step in HDS via
hydrogenolysis.

For in-situ HDS and HYD of emulsions where watas ghift occurs, the system
becomes complex due to adsorption of CO onto sudaancies. Infrared (IR) adsorption
studies of CO at low temperatures (100 K) onto heettides reduced in $#H,S have
revealed relevant information about the vacanvadites on supported and unsupported
HDS catalysts (Mauge 1992; Muller et al. 1993; Braet al. 2001). DRIFTS
experiments of CO hydrogenation to methane andalsmn sulfided-Mo/AIO3
indicated that CO adsorption to Mo vacancies ocander reaction conditions(Koizumi
et al. 2004). Theoretical calculations performadideal molybdenum sulfide clusters in
CO hydrogenation suggest that formation of sulfazancies in the presence of CO is
energetically favourable compared te-¢hly atmospheres (Zeng et al. 2005a; Zeng et al.

2005b; Zeng et al. 2005c).
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2.1. 2 Hydrodesulfurization (HDS)

Hydrodesulfurization (HDS) is another reaction a@hpbrtance in hydroprocessing
(Scheme 2.1.2.1). In addition to a hydrogenatiathyway, in HDS a hydrogenolysis
pathway is also operative where the C-S bonds #&aved directly before any
hydrogenation of aromatic rings. In hydrogenat®S, initial hydrogenation of the

aromatic ring is a key step.

Hydrogenolysis H,S S \\ZH2 Hydrogenation
/Hz \

Biphenyl O O W TetraHydro-
S Dibenzothiophene
H,S
/HZ

Cyclohexylbenzene

Scheme 2.1.2. 1: Hydrodesulfurization of Dibenmgihene
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2.1. 3 Hydrocracking and Asphaltene reduction

A brief mention of hydrocracking is warranted altlgh this study does not specifically
address this topic. The formation of asphaltes&ue is believed to begin when thermal
cleavage of C-C bonds form free-radical specieivipolymerize into larger aggregate
asphaltenes. The formation of asphaltene aggegapevalent under low pressure, high
temperature conditions such as those found in ddlaand fluid cokers. Appreciable
portions of the heavy oil feed are lost as cokepganmed to hydrocracking processes.

Hydrocracking results in much less asphaltene ymtoh since in the presence of
catalyst under high hydrogen pressures, additiondissociated B can prevent
polymerization into asphaltenes/coke. Although rbgdacking operates at lower
temperatures, there is a trade-off since high hyeimopressures are required. The high
hydrogen pressures involved in hydrocracking caso gbromote ring opening of
hydroaromatics and lighter alkanes leading to lggh production (Vernon 1980). The
catalyst may be rapidly deactivated by the heawdrdgarbon feed is also a disadvantage.
However, a higher conversion of feed into a betpeality product is achievable with
hydrocracking than with thermal coking.

Although hydrocracking is an effective method eflucing coke yields, inhibition
of free-radical polymerization can also be achiebgdH-atom transfer from so-called
donor solvents. Donor solvents, for example lietrdave a higher H/C ratio than the
coal or heavy oil substrates. Other processes hidized gases such as methane or water

as H-atom donors/ide supra.
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2. 2 Catalysts for Aromatics Hydrogenation

Aromatics hydrogenation is exothermic and equilibrilimited at higher temperatures.
The best catalysts for aromatics hydrogenatiomabde metals such as Pt, Pd, Rh and
Ru. These are typically supported on@y or activated carbon and give excellent
hydrogenation activity when reduced. Hydrogenaisotiose to zero-order in the reactant
hydrocarbon due to strong adsorption of aromatcigs on the noble metal sites (Cooper
1996). Noble metals also show good hydrogenatabivity in water. Maegawa et al.
studied Ru/C and Rh/C for the hydrogenation of omutlear aromatics in water at low
temperatures(Maegawa et al. 2006). Greater th&ms@rogenation conversion was
achieved for various alkyl and heteromononucleamatics using Ru/C, Pt/C and Rh/C at
60 °C in water for 3 hours. Although mixed Pd/&tatysts show improved resistance to
sulfur deactivation, the main difficulty with usimgpble metal catalysts in petroleum and
fuel processing is their extreme sensitivity tovgpadisoning by sulfur compounds.

Metal sulfides also catalyze aromatic hydrogenabionare not as active as noble
metal catalysts. The kinetics are approximatest-forder in both hydrogen and reactant
hydrocarbon (Cooper 1996). Because metal sulfieigsire higher temperatures in order
to achieve satisfactory reaction rates, aromatoversion with metal sulfides will always
be lower due to the smaller equilibrium valuesighbér temperatures. This can be
overcome through use of highes pressures albeit at a cost penalty. CoMgDAls
utilized commercially for HDS, while for processesguiring high hydrogenation activity
with reasonable cost NiMe&\l,Osis utilized. Currently, the NEBULA type of
unsupported catalysts which was jointly commerzaiby ExxonMobil and Albemarle,

achieves significant improvements over earlierlgata in deep HDS for distillate and
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diesel fuels (Kerby et al. 2005; Eijsbouts et 802). Good aromatics hydrogenation
ability is thought to be partially responsible the excellent activity of NEBULA in deep
hydrodesulfurization and hydrodenitrogenation (Keebal. 2005; Eijsbouts et al. 2007).

Pecoraro and Chianelli studied various bulk tramsiimetal sulfides for
hydrodesulfurization of dibenzothiophene and fothat the Group VIII metal sulfides
(RuS and Os9 give the highest specific HDS activity (Pecora@81). Mo and W
sulfides displayed lower activity than Ru and Oswere highest among non-noble
metals (Pecoraro 1981). First-row transition ngesalch as V and Fe were found to have
low HDS activity. Lacroix et al. (Lacroix et al989) studied biphenyl hydrogenation
over several metal sulfides and reported that WRil& had the highest specific activity,
the specific activity of ¥S; was higher than that for Mg@SThey attributed this to
preparation of the sulfide from thiovanadate uraeefully controlled conditions to form
an active \¥S;, where contact with air was avoided since V islgaxidized. Certain
forms of bulk vanadium sulfides have been suggestée very active hydrogenation
catalysts (Lacroix et al. 1992; Hubaut 2007; Lacktial. 1989).

Regardless, under commercial operation with he@syaad residues present coke
and metals deposition deactivate hydroprocessitajysés. Studies on metals deposition
concluded vanadium sulfide deposits deactivateahantercial catalyst for HYD and
HDS, while deposits of nickel sulfide did not sealgraffect the hydrogenation rate (Kim
1993; Yumoto et al. 1996). In HDS, vanadium desodeactivated the hydrogenation
pathway more than than hydrogenolysis. Yumotd.etlso observed an increase in the
cracking activity with increasing vanadium conteiich was ascribed to the acidity of

vanadium sulfides (Yumoto et al. 1996). In modetges, Kim and Massoth sulfided a
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supported NiMo/AJO; catalyst with both a vanadium salt and vanadium
tetraphenylporphyrin (V-TPP), similar to the orgaramadium species found in heavy oils
(Semple et al. 1990). The V salt deactivated #talgst more than did V-TPP.

Ruthenium sulfides present the highest activitglbfransition metal sulfides for
hydrodesulfurization due to the relatively weak tond energy (Pecoraro 1981).
Although ruthenium is prohibitively expensive toumed commercially as a single-pass
slurry catalyst for bitumen upgrading, with effistecatalyst recycle it could be used as a
promoter with Mo%. Furthermore, study of Rg8ould provide fundamental insight on
surface structure interplay between water gas, $tidS and hydrogenation. Castillo-
Villalon et al. characterized supported rutheniwtiide (sulfided in HS/N; at 873 K) on
proton and alkaline-cation exchanged BEA zeoli@ssillo-Villalon et al. 2008).
Thiophene HDS activity increased with the Brondeidlity of the catalysts, as did coke
production. A remote effect on acidic sites froikaline cations was proposed to be
responsible for improved HDS behaviour. From Terapee Programmed Reduction
(TPR), the atomic ratio of S/Ru was estimated afpbssibly due to partial reduction of
Ru in the zeolite which suggests these catalysissuid hydrogenation rather than
hydrodesulfurization (Castillo-Villalon et al. 2008

Breysse et al. prepared supported RusSng ion exchange with HY, KY,
dealuminated HY (HYd) and dealuminated KHY (KHYz#olites of varying acidity
(Breysse et al. 1997). Sulfidation was performed5% HS/H, at 673 K for 4 hours.
Low temperature CO adsorption observed via IR tspgcopy and isooctane
hydrocracking were used as acidity tests. Thedyggination rate of tetralin to decalins

and toluene to methylcyclohexane was comparedtbeevarious supports at 300 °C, 4.5
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MPa of H and 2 % HS. For both hydrogenations, an increase in suuaity

increased catalytic activity in the order,

RuHYd > RuKHYd > RuHY >> RuKY ~ NiMo/AIO;

Electron microscopy revealed that well disperse&,Rarticles were in close proximity
to acidic zeolite sites.

Mitchell et al. studied sulfided-Ru/AD; and RuMo/A}O; catalysts in thiophene
HDS. Calcination of RuMo/AD; before sulfidation deactivated catalyst compaced t
individual Ru and Mo catalysts (Mitchell et al. 98 However, with no calcination
RuMo/Al,Os displayed a synergistic effect in thiophene HO8jlauted to the absence of
Ru-O-Mo bonds formed during calcination. Both ta#d and uncalcined catalysts
promoted the hydrogenation function in HDS.

Fe has been studied in coal liquefaction and wesigppgrading since it is cheap.
However, Feghas a much lower activity for HDS and HYD companeth MoS, and
therefore requires higher concentrations as catalyesmmercial applications include the
CANMET Process utilizing FeS@or visbreaking of heavy oil and residue. Itis
occasionally used when economic conditions wammaRetroCanada’s Montreal refinery
and achieves satisfactory removal of sulfur anbgén (Zhang et al. 2007).

Abusaido studied naphthalene hydrogenation on ywstgd, dispersed Me&nd
found that phosphomolybdic acid (PMA) had the laesivity for in-situ naphthalene
hydrogenation via water gas shift (Abusaido 1992hang studied the in-situ

hydrogenation of naphthalene via water gas shifigudispersed, unsupported NiMo
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sulfide which achieved the highest conversion tali@& compared to cobalt, palladium
and unpromoted Ma%Zhang 2005). The presence of organic N-containorgpounds,
but not S-containing organics, significantly inbéal the hydrogenation activity while at

lower water concentrations the hydrogenation agtimnproved substantially.

2.3 Water Gas Shift Reaction
The Water Gas Shift reaction is utilized in steafiomming, ammonia manufacture and

Fischer-Tropsch synthesis to vary the C@adio,

COGtHOy O * Mo

AH%gg = -41.2 kJ mot

The water gas shift is important since it produaesve in-situ hydrogen necessary for

hydrogenation.

2.3. 1 Water Gas Shift Mechanism

Two mechanisms have been proposed for the watestgfaseaction over supported
transition metal catalysts. The redox mechanisrolires dissociation of water to form

adsorbed oxygen and molecular or atomic H on serf#tes (*), where the metal centre
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shuttles between an oxidized and reduced statstoaate HO and form CQand H

(Chinchen and Spencer 1988; Bunluesin et al. 1998).

* 4+ CO > CO* (2.3.1-1)
*+H,0 > H,0*  (2.3.1-2)
H,O0* & OH* + H*  (2.3.1-3)
OH* > O*+ H*  (2.3.1-4)
CO* + O* > CO* (2.3.1-5)
H*+ H* > H*  (2.3.1-6)
Hp* > Hyp + * (2.3.1-7)
CO* > CO, +* (2.3.1-8)

The second mechanism proposed is the Associatioh&hesm which occurs through a
formate-type intermediate after dissociation gOHnto surface *OH and *H (Chinchen
1988; Bunluesin et al. 1998). Insertion of disatexl surface water to *OH occurs,
followed by *OH insertion into adsorbed CO followky rearrangement to HGD

cleavage of C-H releases ¢énd H.

* 4+ CO > CO* (2.3.1-1)
* 4+ H,0 > H,0%  (2.3.1-2)
H,O0* > OH* + H* (2.3.1-3)
CO* + OH* > COOH*  (2.3.1-9)
COOH* > HCOO* (2.3.1-10)
HCOO* > CO* + H* (2.3.1-11)
2H* > H*  (2.3.1-6)
Hx* > H, + * (2.3.1-7)
CO* > CO+*  (2.3.1-8)
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WGS occurs under acid, neutral and alkaline comasti Studies of the WGS
using homogeneous catalysts have elucidated prdposehanistic pathways under
alkaline, neutral and acidic conditions (Laine 1988nder neutral conditions, adsorption
of CO to a low oxidation state metal centre resumlisack-donation of electrons from
metal d-orbitals to CO anti-bonding orbitals. Tativated CO is susceptible to
nucleophilic attack byOH coordinated to the metal or stabilized by amalahe
environment. Under acidic conditions, electropesitoordinated CO can react with
water to form formic acids or formates which cacatapose to C@and H.
Decomposition of formate may occur through metarides, where either reductive
elimination of two hydride ligands or reaction gfdnide to abstract a proton from water
can produce K Laine 1988).

Due to the heterogeneity of supported metal sustaoechanistic studies over
supported catalysts are more complex. Gines stwadied kinetics of the reverse water
gas shift (RWGS) over CuO/ZnO/A); and observed evidence that a regenerative
mechanism was active whereby active sites are ssieety oxidized by kD and reduced
by Hy(Gines et al. 1997). They also found that at giial P1,/Pco> (large surface
coverage of ) CO, dissociation was rate limiting. Asi#Pco. decreased, surface
reconstruction occurred where the RWGS rate wasiyp®srder in R, and both CQ@
dissociation and water formation determined thealesaction rate (Gines et al. 1997).

This highlights the complexity of the reaction netiwover heterogeneous catalysts.
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2.3. 2 Water Gas Shift Catalysts

Two commercial types of catalysts used are higlptFature shift catalysts (HTS),
typically magnetite F£,/Cr,0O3 and CuO/ZnO low temperature shift catalysts (LTS).
HTS catalysts operate in the temperature rang@@#®0 °C and are slightly tolerant
towards sulfur compounds in the synthesis gas.p@opTS catalysts have the advantage
of high activity at lower temperatures (200 - 280 which enhances equilibrium
conversion, but are poisoned even by slight amoofrgsiifur compounds. Sulfur tolerant
water gas shift catalysts are sought after sineg tlan process CO#Htreams from
gasifiers reforming “dirty” feeds such as coal etrpleum residues. Insensitivity towards
sulfur is necessary for catalysis of WGS under biydating conditions. Removal of
sulfur compounds can be accomplished downstreaprémesses requiring low or no
sulfur.

Yu et al. gasified an Fe-impregnated Victorian Bno@oal under steam and
utilized the product char for WGS (Yu et al. 200They observed that the conversion of
char affected catalyst activity due to agglomeratibactive FgO, particles. A char
conversion of 35 wt% was found to be optimal anghggsts that gasification char
impregnated with metal can form active catalysts/fit6sS; gasification of carbonaceous
residue produces catalytically active char in addito CO and Klwhich can be utilized
in bitumen or diesel upgrading (Siewe 1998; FU.e1205; Yu et al. 2007).

MoS; and NiMo$ are known to catalyze the WGS in the presenceedd
containing sulfur compounds. The presence of sigftequired in the feed since pure

MoO; does not show any significant activity toward W& BuU et al. 1983). Exchange of
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surface sulfur with oxygen from water to form andized Mo centre is thought to initiate
the catalytic process.

From kinetic data Hou et al. suggested a redoxeciololving Md"™* and Mc*
centres for water gas shift (Scheme 2.3.1.1) apdrted that the presence otFHwas

required to maintain catalytic activity for convers of CO and HO (Hou et al. 1983).

H, H,0
o <’
st A
B A N
SN /N /N
o \\_/
o N
co co,

Scheme 2.3.1.1: Proposed Water Gas Shift Mechanism

Lund (Lund 1996) developed a qualitative microkimetodel of WGS over
sulfided Mo/ALO; catalyst and proposed its lack of quantitativeeagrent with
experimental studies (Hou et al. 1983) highlighteslinterplay between @, H,S and
surface structure on activity.

MoS,; differs from traditional WGS catalysts in that dymic exchange of surface
sulfur and oxygen is necessary to maintain actiityu et al. 1983). WGS on supported
transition-metal/oxides is believed to begin wheéh &isorbs to the transition metal active
centres. Various side or main reactions may atsaroon the oxide support. On metal
sulfides, sulfur vacancies can form through whiak ghase CO can access Mo active

sites and then possibly react with adjacent hydrsggcies, forming either carboxylic,
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formate or carbonate surface species. The keyh&tepis then formation of sulfur
vacancies in Mogsunder CO with adsorption of CO to Mo.

Heterogeneous and homogeneous ruthenium specédgzeateactions such as
water gas shift and hydrogenation of aromaticsatew(Maegawa et al. 2006; Ng 1992;
Fachinetti et al. 1996; Payne et al. 1991; Mont&exork et al. 2008). Ng and Tsakiri
studied HDS of DBT and WGS in toluene/water emulsiasing Rg(CO),, Mo(CO)
and W(COy and found ruthenium carbonyl to be 20 times motea for water gas shift
than Mo or W but with much lower HDS activity (N§92). The catalysts were not
sulfided prior to reaction. Exchange between O &mah RugO, should be facilitated if
the metal-oxygen and metal-sulfur bonds strengthsvaak enough to allow for
exchange, such as on M@} (Hou et al. 1983). Since the Ru-S bond strengiteiak
(Pecoraro 1981), whether or not R&&hibits high activity for WGS may depend upon

the relative strength of the Ru-O bond in ruthenaxysulfides.
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Chapter 3: Experimental

3.1 Experimental Setup

Experiments were conducted on an Autoclave Engind@® ml HC-276 Bolted Closure

Batch Autoclave. The experimental set-up is showigure 3.1.1. The inside diameter

Septum for Gas Sample Septum for Gas Sample

| .

11

300 ml
Gas Sample
Expansion Bomb

150 ml
Liquid Sample
Expansion Bomb .
Connection for

Clean Solvent

14 —K

Connection for

Clean Solvent 300 ml

HC-276 Batch Autoclave

3 2
PRV 18 EXE

10
> > > D P
4 5 16 15 Pl

17 @

E’i Gas-entrained
Liquid Sample

Pl
To Fumehood Vent To Vacuum Pump

BSE

6 7

° &

Liquid Sample
Collection

Figure 3.1. 1: Experimental Setup of Autoclave iBagrs 300 ml HC-276 Bolted Closure
Autoclave and Sampling System
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of the vessel is 1.5 inches. The reactor is eqdppith a rupture disc designed to burst at
4941 psig and prevent overpressure. Originallyahtclave was equipped with a gas
inlet, gas sparger tube, gas vent and a liquid Bagpube. However, due to residual
catalyst penetrating the sparger tube and thecdiffi of cleaning, the sparger tube was
removed and the inlet plugged with a SS 316 plug) gland. Reactor internals also
include a baffle, cooling coil (air coolant) angtmowell. Additional parts not installed
include a liquid sampling tube with filter; howeyédrecause catalyst sulfidation requires
formation of solids from the homogeneous precur, filter clogs regularly and was
replaced with an open-bore sampling tube. Molybdesulfide can be cleaned from the
liquid sample tube filter with the use of dilutednggen peroxide to oxidize MeS3o
molybdic acid and water. An estimate of the reaetmlume was made by filling the
reactor with water and measuring the mass collethedactual estimated working volume
is 257 ml. The autoclave is equipped with a Magedstirrer which eliminates
traditional problems with rotating seals. Howewbe Magnedrive should be periodically
disassembled and cleaned to ensure residual datalglsreactants do not deposit on the
Magnedrive bearings. Autoclave instrumentatioriudes a temperature controller with
alarms for over-temperature and over-pressure. fh@omocouples provide the furnace
and thermowell temperatures; both temperaturestl@mgressure transducer have alarm
set-points that can be programmed on the temperatntroller. The pressure transducer
is connected to the controller and the Data ActjaisiSystem (Appendix F).

The sampling system allows sample collection frbm teactor lower phase. All
valves and lines from the reactor to valve 1 anidevd2 are Hastelloy-C 276 medium

pressure Autoclave Engineers fittings. Valves,24,3% and 13, 14, 15, 16 have HC-276
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Autoclave Engineers Speedbite fittings. All figgndownstream of valve 5 on the liquid
line and valve 16 on the gas line are Swagelok 888Mpression fittings.

The volume of the liquid sampling system was edteahdrom the ideal gas law by
pressurizing the reactor and then opening the sarngiVe to allow gas to expand inside
the sample volume. The estimated volume is 156Both liquid and gas sample systems
are equipped with pressure indicators and propaaticelief valves designed to open at 85
psig. The liquid system is equipped with a presduansducer (Omega) with a range
from -14.7 to 85 psig. If necessary the gas sammpitem can be similarly fitted. The
pressure transducer is connected to the Data AtiquisSystem (DAQ) run from the
computer in DWE 1521B. A thermocouple inserted septum into the 150 ml Liquid

Sample Expansion bomb measures the sample temgeratu

3.2 Catalyst Preparation

3.2. 1 Reagents

Naphthalene (99+ %, Sigma-Aldrich), n-octane (98+ ®%lfa Aesar), toluene
(Omnisolve), Formic Acid (97% Sigma-Aldrich) andutierium oxide (99.9%, Cambridge
Isotopes) were used as received,S HPraxair), CO (2.5 Grade, Praxairy 4.5 Grade,
Praxair), 50 % CO/K(Linde, Standard) and JN4.8 Grade, Praxair) cylinders supplied
gas to the reactor through a common manifold. pthasolybdic acid (PMA) hydrate

(ACS, Sigma-Aldrich), NiSQ6H,0 (Sigma-Aldrich), VO(GHgO,). (99% Strem
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Chemicals) and FeSO(Sigma-Aldrich) were used as received. De-ionizedter

produced via ion exchange was provided by the Deeant of Chemical Engineering.

3.2. 2 Deuterium Labeling Studies

For consistency in catalyst preparation betweeriedierm oxide (DO) and HO, 3 g of
PMA hydrate was stirred in approximately 25 ml gflDor HO for 4 hours (to exchange
PMA protons with deuterium) and water subsequeatigporated overnight at 80 °C.
This procedure was repeated three times and thkdig, deuterium exchanged PMA was
dissolved in 50 ml of BD (H,O) and diluted in 100 ml volumetric flasks. Atomic
absorption (Perkin Elmer AAS 3100) was used to tjfyaMo content for both RO and
H,O catalyst solutions. Kinetic experiments consisté charging the 300 ml Autoclave
Engineers batch autoclave (HC-276) with 10 pOHr DO, 100 ml of n-octane, 5.0 wt%
(3.7 g) of naphthalene and appropriate volumesMA RBolution to make 500 ppmw Mo
with respect to total organics.

Six samples per experiment were collected usingyla pressure sampling system
which allowed separation of a gas and liquid sampfer *H quantification, collected
liquid samples were dissolved in CREP9.9% Cambridge Isotopes) as an NMR lock
solvent and analyzed Bf-NMR in n-octane and quantified B{-NMR (verified by H-

NMR). Overall liquid organic concentrations wehetn determined by GC-FID.

34



3.2. 3 Preparation of MgSrom PMA for DRIFTS

MoS; was prepared from an agueous solution of phosphytuaic acid (PMA) under
CO/H,S in a toluene/water emulsion at 340 °C. 4.09 BMA hydrate (ACS, Sigma-
Aldrich), 25 ml of de-ionized KD and 100 ml of toluene were charged to a 300 nehba
autoclave (working volume 257 ml, Autoclave Engisge 180 psi of KIS was charged
sequentially with stirring in order to absorbSHinto solution. After the final % charge,
the pressure was 104 psig. CO was then chargedtéial pressure of 600 psig. The
reactor was heated at 4.1 °C/min until the tar§&40 °C was reached and the
temperature maintained for 2 hours. After 2 hahesreaction was stopped and allowed
to cool to room temperature. The gas was colleicteda gas bag and analyzed by GC,
while the slurry of catalyst and liquid was removyeain the autoclave under,Ny
cannulation. Degassed{Neagent alcohol was then used to rinse the reactlh and
internals and cannulated into the Schlenk undgoidge. The collected slurry was then
filtered through a porous frit underldnd the solids dried in vacuo overnight. Thedlirie
black solids were transferred via Schlenk intoavgbag under Ar. Samples were loaded

into the DRIFTS cell in the glovebag and the DRIFCES sealed under Ar.

3.2. 4 Catalyst Preparation for Ru(aca@nd Ry(CO),;, experiments

500 ppm based on metal for 91 g of total organias used, either in the form of

phosphomolybdic acid, R(CO).0r Ru(GH-0O,)s. PMA was added to the reactor in an

35



aqueous solution, while both Ru precursors wereadda solids (R{YCO). is insoluble

in toluene). 100 ml of toluene was added anddhed volume of water used was 10 ml.
4.5 g of naphthalene comprising 5.0 wt% of orgamias introduced, and the batch
autoclave sealed. 15 psi of$land balance of CO up to 600 psig were used to tes
simultaneous water gas shift and naphthalene hediadgn. Because of the low activity
of the Ru precursors for water gas shift, Ru(ac@ehere acac = acetylacetonate =
CsH,0O,) was tested separately after catalyst preparatioler H/H,O to determine the

activity for hydrogenation of naphthalene.

3.2. 5 Catalyst Preparation for Me-Mo sulfides (M€&e, V, Ni)

Experimental conditions were similar to those usegrevious studies performed in a
1000 ml autoclave (Abusaido 1999; Zhang 2005).183[2.5.1. lists the conditions for
the 1000 ml and 300 ml autoclave. The conditiorthe 300 ml autoclave were chosen
such that the molar ratios of CQ®tSolvent:Naphthalene were equal between the two
reactors. A stirring speed of 1500 RPM in the B0@utoclave was chosen versus 1300
RPM for the original reactions since it was suggedsty Peter Byrne (Autoclave
Engineers) that a higher stir speed may be reqfireglood gas dispersion due to the
smaller impeller size compared to the older 3084316 and 1 L SS-316 batch
autoclave. 52 ml of toluene and 18 ml of waterevesed with 11.17 g of naphthalene (20
wt% naphthalene to approximate diesel). The pssrarused were FeMNiSO*6H,0
and VO(C5HO,), and PMA. The total amount of metal was based5f0 ppmw of Mo

for 74.20 g total liquid, or 1.16 mmoles metal (Or@moles Mo, 0.29 mmoles Ru). 15 psi
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Table 3.2.5. 1. Comparison of Experimental Coodsi between 1 L and 300 ml

Autoclaves
1-L SS Batch Autoclave 300 ml HC-276 Batch
Autoclave
Total Working Volume (ml) 995 257
Solvent Volume (ml) 200 (Toluene) 52 (Toluene)
Water Volume (ml) 70 18
Liquid Volume Fraction 0.35 0.35
(Qil:H,0)
Gas Volume (ml) 725 187
Mass of Naphthalene (g) 43.25 11.17
L/G Volume Fraction 0.37 0.37
(Liquid:Gas)
Catalyst Concentration 1500 1500
(ppmw Mo wrt Oil)
Final Temperature (°C) 340 340
Temperature Ramp during 3.0 3.0
Heating (°C / min)
Stir Speed (RPM) 1300 1500
Batch Autoclave Material SS-316 HC-276

of H,S and balance of CO up to 600 psig were used taitasltaneous water gas shift

and naphthalene hydrogenation.

3.2.6 Catalyst Preparation for Multifactorial styaf Fe, V and Ni-
doped Mo sulfides

1500 ppmw (with respect to 96.6 g organic) of Maswaed in the form of

Phosphomolybdic acid (PMA). Dopant metals (Feahd V) were added to make an

atomic ratio, Dopant:Mo of 0.6 (1.5 mmole Mo, Orafnole V, 0.91 mmole Ni). PMA

was added to the reactor in an aqueous solutioite Wwbth NiSQ+6H,0 and

VO(CsH70,) precursors were added as solids. 100 ml of tr@weas added and the total
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volume of water used was 10 ml. 10 g of naphtrealgare introduced, and the batch

autoclave sealed.

3.3 Operational Procedure

Autoclave seal rings were sprayed with Molykote ldtyricant to aid in sealing. The
autoclave was pressure tested at 1200 psig undir S0 minutes to determine proper
sealing. The reactor was then stirred at 500 R&M\&pproximately 1 minute to dissolve
any solids. The autoclave was then purged wittbtance gas (CO,br 50% CO/H)

3 times (~200 psig) under stirring (~300 RPM). ekfpurging the inlet lines through the
H.,S absorption column, 43 was then charged to the reactor and balancepgastatal
pressure of 600 psig was charged. After purging Was introduced and CO or other
balance gas was charged to a total pressure g0 Stirring to 1500 rpm was started,
and the reactor temperature ramp rate was sebpArational flowchart is shown in
Figure 3.3.1. The start of reaction was takematime the reactor thermocouple
stabilized at 340 °C. Six samples in total wedwered for kinetic analysis. Before
sampling, a purge volume was taken to accountdadad/olume in the sampling lines.
Gas and liquid samples were separated by flastedsrization in an expansion bomb.
Gas samples were transferred from the autoclava madium pressure gas-tight syringe
with valve and analyed by GC-TCD on an Agilent 38@8ppendix A). Liquid samples
were weighed and transferred to GC vials for anglyg GC-FID on a Varian CP-3800
(Appendix A). A detailed procedure for samplingnsluded in Appendix E. A sampling
flowchart is shown in Figure 3.3.2. Pressure amdperature in the reactor and sample

bombs was measured with Omega thermocouples asslypectransducers.
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*Naphthalen

*Mo, Mo + (Ru, Fe, V,
Ni)

*[Mo]; 500 ppmw, 1500
ppmw

*H,0, 10 ml (18 ml)

*Toluene, 100 ml (52 ml);
n-Octane 100 ml

NG

A~

HC-276

300 ml

Batch
Autoclave

*H,S (2.5 vol%, 5.0
vol%)

*CO, CO/H, Hy

*600 psig Total

N

Heating and Catalyst
Sulfidation

Sample Analysis during
Reaction

4

Reactor Cool-down and Final
Product Collection

Figure 3.3. 1: Reactor Operation Flowchart

39




Concentrations of gases in the sample were obtdipedlculating total number of mols

in the sample bomb via the ideal gas law and digdiy the mass of liquid collected.

3.4 Analytical Procedures

3.4. 1 Liquid Phase Analysis

Samples were collected at regular intervals durgagtion and analyzed to determine
hydrogenation and WGS rate constants. The HC-2a@&oar internals also catalyze the
WGS and hydrogenation reactions, and an estimateedflank “wall effect” is given in
Table D.2, Appendix D (Experiments #6, #12, #30he organic liquid product was
analyzed on a Varian CP-3800 GC-FID with a 30 m320nm VF-5MS column. The
analysis conditions are listed in Appendix A. Kineate constants were determined
through regression analysis of the data in Ex8allid catalyst particles were removed via

filtration or by allowing the solids to settle byagity.
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Figure 3.3. 2: Sampling and Analysis Flowchart

3.4. 2 Gas Phase Analysis

Species

Gas Phase samples were collected in a 5 mL gasstighge with valve. An Agilent

3000A MicroGC was utilized for analysis. The cdrutis are listed in Appendix A.

N2, O,, CO were analyzed on a 5A Molecular Sieve colugingiArgon as carrier gas for

enhanced detector sensitivity tg. HCO,, methane, propane, propyleneSHand COS

were fractionated on a PLOT U column running Helicarrier gas. An RGA Calibration
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mixture supplied by Agilent was used to calibrdie Agilent 3000A GC bi-weekly. 1%
and COS were calibrated using a Certified Standapglied by Praxair of 2.54 vol%,H
and 5.02 vol% COS. Kinetic rate constants wesmfregression analysis of data in

Excel (Appendix B).

3.4. 3'H-NMR and’H-NMR (D-NMR) Analysis

'H and D Nuclear Magnetic Resonance SpectroscopyR)NWere performed under the
supervision of Jan Venne in the Department of Chtgnon a Bruker AVANCE 300.
Quantification was accomplished via integratiompaiton and deuterium resonances
using Bruker X-Winnmr software. sdicetonefH) or n-octane solvent was utilized as an
internal reference. The quantification frohkNMR spectra was then compared to total
organic concentrations from GC-FID analysis to deiee the percent dH-

incorporation. SincéH and D are the only hydrogen isotopes presetitdréaction in

significant quantities, the deuterated-naphthatameentration can be calculated from,

[NAPH]cc - [NAPH]11 = [NAPH]p

3.4. 4 Procedure for Recording DRIFTS Spectrum

The DRIFTS setup is shown in Figure 3.3.3.1. Iditah to the cell (Harrick Praying
Mantis, ZrSe windows) a vacuum attachment anddidpailder to introduce vapour are

included.
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Sample (ATTM or Mog prepared ex-situ) was loaded into the DRIFT cetlar
Ar in a glovebag. The sample holder was filledisat fine powder was flush with the top
of the sample. After connecting the DRIFTS celihte gas lines, the cell was flushed

with N, for approximately 20 minutes.

Exhaust R From Gas Cylinders

N

—ter—] BN e

DRIFTS Cell

To Vacuum Pump @

Liquid Holder

Figure 3.4.4. 1: Diagram of the Diffuse Reflectamafrared Fourier Transform
Spectroscopy (DRIFTS) Set-up

For liquid vapours (formic acid and water), thd e&s loaded using vacuum
techniques. After evacuating the cell for 30 m&sutto remove moisture and air, the liquid

holder was evacuated to reduce the pressure atebhe#h hot water (~90 °C) to allow
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the liquid to partially vapourize. After waitinggeral seconds for vapour to permeate
through the gas lines, the gas inlet valve was egéa ml/min) to introduce vapour into
the cell. This was repeated several times if reaggs After introducing the vapour, the
selected reactant gas was introduced and aftdrifigshe cell for a short time the gas
flow gas flow was stopped. DRIFTS spectra wereneded with 128 scans with a
resolution of 4 cril. A background scan (usually, low at room temperature) was
subtracted from the recorded spectrum to givefargifice spectrum. Spectra were
recorded in absorbance units, therefore an upwaftirs intensity corresponds to the
appearance of a particular molecular vibrationr \lwiable temperature runs, the sample
was heated incrementally and spectra were recdrdexinutes after the thermocouple

reached the specified temperature in order to erth@rmal equilibrium of the sample.

3.5 Formulas and Calculations (for sample calcuilans see Appendix C)

3.5.1: Pseudo-First Order Rate Constant

A pseudo-first order rate constant for WGS wasrdateed for CO since pD is in
excess. An analagous rate constant for naphthalasealculated during hydrogenation.
The reactant concentrations were fitted to the egpbal equation below through

regression analysis in Excel.
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3.5. 2: Calculation for gas concentration in ligui

Pressure, temperature and mass of flashed reaatapless were recorded and used to
calculated gas concentrations [mol / g-liquid]. IMof gas were calculated from pressure

and temperature via the Ideal Gas Law.

Calculation of Molar Gas Quantities from Ideal Gasw

PV
¥ RT
where,
P = pressure (Pa)
\Y = Volume (n)
R = 8.314 (J/(mol-K)
T = Temperature (K)

The reactor sample is flashed at ambient temperéds-27 °C) and low pressure (~10
psig) to separate light gases (CQ, 80, H,S) and condensing liquids (toluene, water,

naphthalene, tetralin). A sample from each phaseliected for analysis.
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The pressure data for the sampling vessel musbineected from a raw voltage
reading. The pressure range of the transducef@0(sia, while the measured voltage

range is from 1-5 Volts. For details of the actnatrumentation set-up see Appendix F.

_ (Volts—1)(100psia—0psia)

se (5Volts—1Volts)
PSB,gauge = Psg—14.7
. _ . (101325Paatm™)
P SB~ 'sSB

(14.7 psiatm™)

o = (PasVe)
" (RT)

i1y — ngas
[Gad (molg-Lig™) =

sample

Msample = mass of collected sample liquid sample (g-Liq)
Psg = Pressure in the sampling bomb (Pa)
R = Molar Gas Constant (8.314 J-#nol™)
T = Sampling bomb temperature (K)
Vsg = Volume of the sampling bomb (157 x%.6r)
Volts = Pressure transducer voltage (Volts)
_ (P'ssVsp)
g2 (RT)

to determine the gas concentration:

(mol% - GAS x(total — moles—in — sample-bomb

[GA] = —
(mass- of —liquid —sampl¢
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mol%-H, = mol% measurement calculated by External Stan@®d D) from

Gas Chromatogram

3.5. 3: Naphthalene Conversions

Naphthalene conversion was calculated from the Ealgncentrations as analyzed by

GC-FID.
X (%) = 100><[NAP[HI\]|°A;L';'OAPHL
Where,
[NAPH]; = Initial Naphthalene Concentration (mol/g-liq)
[NAPH]; = Naphthalene Concentration at t minutes (mol/y-liq

3.5. 4: Calculation of second order rate constimthydrogenation

For hydrogenation in a stirred autoclave, the sbtylof H, in the reacting medium is
important and therefore a second-order rate constas calculated (Sections 4.4 and

6.3.5).

Muapn = Knapn[NAPH]
Muaen = Knapr' [H][NAPH]
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3.5. 5: Reversible WGS Rate Constant

If CO conversion is high in a batch reaction the 8V@ay approach equilibrium thereby
falsifying the true kinetics. To measure a trueyaso-first order rate constant under
conditions where equilibrium is limiting, the calation derived by Rintjema was used

(Rintjema 1992),

Ln(A) = Ln { [cOl,* -[COL[CO, }

([CCl; -[CAl)ICOAl,

where,

[COJo = initial concentration of CO

[COJe = equilibrium concentration of CO

[CO]: = measured concentration of CO at reaction time t

A plot of Ln A versus time should yield a straigdine with slope m, where

m= ki X|:[CO]O +[Co]ei|
[CO]O _[Co]e

In order to calculate [CQ]we needK °at 340 °C. A simple equilibrium calculation

was published by Moe (Moe 1962),

Koy =X —433+@
! T(K)
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Calculation of [CO]Je during WGS was performed dtofes. Consider an overall mole

balance on the WGS reaction:

CO(g) +H,0(g) = H,(9)+CO,(9)

As one can see, for every mole consumed one maeoduced, therefore the change in
total number of moles is 0. However; id consumed in hydrogenation. Furthermore, the
analyzed sample is flashed to separate liquid amkg at ambient temperature and
pressure (27 °C, 1 atm). Toluene, naphthalenglitetdecalins and water condense to
liquids at these conditions. Therefore, we mayagstwo conditions when analyzing the

gas sample;

i)  H20 vapour condenses out of the gas sample

i) All other gas species (3, light hydrocarbons) are present in negligiblardities

Because the water vapour content is difficult toasuge during the reaction and will
condense into the liquid phase, we can consider laasis the gas mol% on a dry basis

(CO,H,;,CO,,H,S) and calculate a theoretical equilibrium conaarsi

Calculation for Pure CO feed:

The calculation of CO equilibrium conversionggXor an initial atmosphere of CO only

occurs as follows:

[COJe

theoretical equilibrium dry mol% CO
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[COlo

normalized mol% CO at O minutes

[CO]: = normalized mol% CO at t minutes
Keq = Equilibrium constant for WGS
Ncoi= Initial mols of CO loaded into reactor (mol)
N, = mols of species |
Np2C = hydrogen consumed in hydrogenation (mol); 2 raqlired to form
tetralin, 5 mol for decalin
X = Conversion of CO
Xeq = Equilibrium conversion of CO
w = initial molar ratio of HO:CO, MH20
molCO
Xco = normalized dry mol% CO from GC analysis
At some time t,
Nco = (1-X)*Nco,0
Nho = X*Ncoo Nu2°
Nco2= X*Nco,0
Nt = (1-X)* Nco,o+ (X* Nco,o) — Nuz® + (X* Neo o)
Nt = (1-X)*Nco,0+ 2*X*N co0— N2
Nr = (1+X)*Nco,o— NHzc
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where,
N7 is the total mols of dry gas (normalized to CQ, G0,).
At this point, Neoo is known, N;2° can be calculated from the conversion of naphtieale

to tetralin and decalins and the only unknown is X,

X = (Nco,o —Nco)
NCO,O
_ NCO (1_ X)NCOO
Xco = =
Ny (1+X)Ncoo N2
where,

The calculation of K is thus:

K = NeoaNyo
! NCONHZO
_[Nco, XegllNco; Xeq ~ N
& [NCO,i (1_ xeq)][ NCO,i (W_ Xeq)]

_ [NCO,i Xeq]2 ‘[Nco,i xeqNﬁz]
eq —
[Neoi 0= X og)(W=X o)l

XeqCan be solved by trial and error or using softwsaren as GOALSEEK in Excel.

3.5. 6: Calculation of Variance
To obtain an estimate of the experimental varighithe variance was calculated,

(Xi _Y)z
n-1

2 _
Sp—

Lt
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S = variance

Xi = measurement for th8 replicate
X = mean value over all the replicated measurements
n = number of replicates

3.5. 7: Calculation of Pooled Variance

The pooled variance was calculated for sets of mxgats where more than one
experimental condition was replicated but the nundbeeplicates for each condition was

low (ie. 3 experimental conditions each with 2 regiles).

n—1(nisthe same asin 3.6.7).

=
1

variance for thé'imean

w
1

3.5. 8: Confidence Interval Calculation

The 90% Confidence Interval was calculated fortiin factor study in Section 4.4.

_ S
Cl = df%" -
n = # of measurements = 3
¢ = variance = 9.17*18
df = degrees of freedom = n-1 = 2

52



o = Confidence Level = 90 %

3.5. 9 ANOVA Calculations

An error estimate is calculated from the centreapreplicate results. 3 centre-point
replicates were performed at periodic intervalsrduthe reaction sequence to check for
experimental drift. The error is taken as theasaee of the 3 centre-point results. The
degrees of freedom (df) for the error is n-1,

n-1=3-1=2
where n is the number of replicates. For the ¢atmn of effects, the average of results at

the high (+) factor level is subtracted from therage of results at the low factor level (-).

(1+3+5+7) (2+4+6+8)
4 4

Effectof A=

For interaction factors, the level of the interanteffect is taken from the product of the

interactions, ie. for A x B interaction (experimetit)

A(*) xB(-) = (AxB)(-)

Table 3.5.3.1 displays representative main andantion levels for a full 2multifactorial

experiment.

To calculate the Sum of Squares of Effects, we use:
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SS= 2 (effec)?

where f is the number of experimental factors (&Bjn this case 3.

The Mean Squares of Effects (W& simply the SSdivided by the df of effect i,

us = (59

df

Table 3.5.3. 1: Level of Factor for ANOVA Analysis

Experiment A B C AB AC BC ABC
Number

1 + - - - - + +

2 - - - + + + -

3 + + - + - - -

4 - + - - + - +

5 + - + - + - -

6 - - + + - - +

7 + + + + + + +

8 - + + - - + -

Because each effect is measured at two levelgnd)-), df=n-1=2-1 = 1.

To test for significance, an F-test is used. Tieyzed ratio is,
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(MS) _
- I:experimental
(MS,)

where,
MS; = mean square of effect

MS. = mean square of error (variance)

F-critical is taken from F-tables, ie; .05 Where

1 is the df of effects
2 is the df of the error
0.05 =0, and l1lea = 0.95 is the confidence level

ex. 512,0,05: 18.51

Feritical represents the minimum F-value where;MSonsidered significantly different

than MS. If,

|:experimental> I:critical

then the effect can be considered significant.

3.5.10: Calculation of Hydrogenation Equilibriv@onstant

Hydrogenation is exothermic with conversions thetgmamically limited at high

temperatures. The naphthalene/tetraliréguilibrium constant (Frye 1969);
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K. = NTET
"N * (P, + 0.00033P., ,2)2
NAPH ( H2 . H2 )

X gy = 1= [1+ L]

NAPH

P,, = hydrogen pressure (atm)
_[H, mol/g]*mass,, (9)* RT
Vv

PH 2

reactor

The equilibrium conversion, g calculated was compared to the experimental ceromer

to determine if the reaction was equilibrium lindgite

3.5. 11: 'H-percentage ofH incorporation into organic products

The percentage JH isotope incorporated into the organic product ealsulated from

the'H-NMR spectrum integrations.

(mass-of —-GC-samplé .
NAPH =[NAPH X =[0.0114g/ g -lig]x
[ Inmrt =1 loc,t {mass—of—NMR—sample [ /-]

[NAPH] g ¢ = 0011363/ g -liq

(3.1968-2.49039g
(2.9198- 2.4903g

[ mol- NAPH } B
mol-n-Octane Jisig)

MWNAPH

{1_[NAPH]NMRJ _[TET]NMR,t —[C—DEC]NNIRt -[t- DEC]NMR,t —[Aceton@a,\”\/lRt

{[NAPH] NMR.t }

MWn —Octane

[NAPH]nMR t = Concentration of Naphthalene in the NMR sanpéasured
by GC-FID at reaction time t
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[TET]nmRt Concentration of Tetralin in the NMR sample swad by
GC-FID at reaction time t
Concentration of c-Decalin in the NMR sampleaswered

by GC-FID at reaction time t

[C-D EC]NI\/IR,t

[t-DEC]nmR ¢ = Concentration of t-Decalin in the NMR sampleasi@ed by
GC-FID at reaction time t

[Acetonejwrit = Concentration of in the NMR sample measure&RyFID
at reaction time t

Subscript t = Reaction time sample was colledtéahin)

NMR = Sample from NMR tube

Integration of distinct hydrogen resonances inNivR spectrum corresponds to relative
molar quantities of molecules. For instance, aersin-octane (CHCH,)sCHs) and
tetralin (GoH12, 4 aromatic protons resonate at same frequernitlgere are six methyl (-
CHg) protons in one molecule of n-octane; likewiser¢hare 4 aromatic protons for each
molecule of tetralin. Dividing the integral of theoctane —CEkiresonances by 6 gives the
relative moles of n-octane. Similarly, dividingethntegral of naphthalene aromatic

protons by 4 gives the relative moles of naphttalehhen, dividing:

Relative molesnaphthalee | | mol- NAPH(lH)
Relative molesn - octane mol - n - Octane(*H)

mols of'H naphthalene determined from NMR integration

mol-NAPH(H)
mols of'H n-octane determined from NMR integration

mol-n-Octane(H)

gives the molar ratio of naphthalene to n-octasedt only'H resonances are observed in
'H-NMR). Since deuterium incorporation into n-oasas insignificant, the percentage of

'H-incorporation into naphthalene is,
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[ mol - NAPH(lH) ]
1
) | mol-n-Octane("H) |\ apH - A
o _ =
%("H) — Incorporation n ., _ A [ mol — NAPH }
mol —n-0Octane Jigi4|

where,
[ mol -~ NAPH } = molar ratio of total naphthalend{+ °H) versus n-octane
mol-n-0Octane Jisiq)

from GC-FID analysis (n-octane is & since exchange
with D,O is negligible).

3.5. 12: Calculation of Hydrogenation Index (HhdaExchange Index (El)

The HI and EI method developed by Skowronski ettal.compare the extent of

hydrogenation and exchange in coal liquefaction ugzsl (Skowronski et al. 1984):

8moles-H) , [NAPH] + 12moles-H , [TET]} * mass,

n, =
. {moI—NAPH mol-TET
8 moles-H * mas
. _ | mol-NAPH Ronpr
an - MW
NAPH

n,, =mass, *{{ (L-[%H — NAPH - A]) + (L-[%'H — NAPH - B)} * {%}* [NAPH]

+{(1-[%'H - TET - AROM]) + (L-[%'H —~TET - SAT *2} * {_4m”;‘|3'_e$‘E ? } (TET])

HI =1
H+E
El=—°
H+E
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massn = mass of liquid in reactor (g)

Ny = total moles of hydrogen including D in all deects (NAPH
and TET)

Niy° = moles of hydrogen in starting naphthalene

Noy = total moles of deuterium in products by hydnogtion and
exchange

H = net amount of hydrogen added to form tetradin— n°

E = amount of deuterium incorporated by exchanges- H

%'H-NAPH-A = percentage dH on the naphthalene position

%'H-NAPH-B = percentage dH on the naphthalerfeposition

%'H-TET-AROM

percentage dH on the tetralin aromatic ring

9%'H-TET-SAT

percentage df on the tetralin saturated ring

(for the various hydrogen-positions in tetralin aragbhthalene refer to Scheme 4.2.1.1)
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Chapter 4: Isotope Effects and CO adsorption

4.1 Introduction

In order to compare the rates of in-situ hydroged @olecular hydrogen utilization under
CO/H,, we might distinguish between hydrogen originatfrgm water and molecular
hydrogen through isotopic labeling with@® and H. Isotopic tracing techniques utilizing
Nuclear Magnetic Resonance (NMR) of deuterium hbeen applied to analyze D
incorporation into coal liquefaction products anddal compounds (Young et al. 1984,
Schweighardt et al. 1976). Simple analysis dewitelative incorporation into aromatics,
ring saturates and alkyl groups is possible.

Isotopic labeling using D was utilized to determine deuterium incorporation
from water into hydrogenated products and compated molecular hydrogen
incorporation. Kinetics underJD were compared with kinetics undes@Hto determine
possible apparent kinetic isotope effects. Diffesdlectance Infrared Fourier Transform
Spectroscopy (DRIFTS) was performed to analyze rptiso of CO on the catalyst

surface at reaction temperature.

4.2 Isotopic Labeling of Water
4.2. 1'H-NMR Analysis of Liquid Phase Products

Deuterium incorporation into liquid products wasagtified by NMR spectroscopy. The

processedH-NMR spectra are shown in Appendix B. Protonshamically unique sites
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on naphthalene and tetralin resonate in a magfietdt at different frequencies; their
chemical shifts (ppm) are shown in Scheme 4.2.h-Dctane was used as solvent rather
than toluene since aromatic protons exchange wi® Bt reaction conditions. H
incorporation intmaphthalene and tetralin was quantified'HyNMR; these results were
then compared with quantification of total orgaspecies concentration¥{ andH (D))

by GC-FID analysis to determine th# incorporation (as'H-percentage) into
naphthalene and tetralin. Deuterium incorporati@s determined by subtracting thé-

percentage. The accuracy of this method was enallirby quantifying a control sample

7.85 ppm 7.05 ppm
HNaPH-A 7.48 ppm  Hret-Arom
HNAPH-b
g ‘ 1.80 ppm
Hrersar
Hrersat
2.77 ppm

Scheme 4.2.1. 1: Chemical Shifts of NaphthalemkTatralin Protons inH-NMR

prepared with measured quantities @falsetone and ggacetone in n-octane witfH-
NMR, ?H-NMR and GC-FID analysis. It was hoped that meaguthe deuterium
incorporation over reaction time would allow di#etiation between the in-situ and
molecular hydrogenation pathways. Scheme 4.2.is@ays the possible hydrogenation

mechanisms. Incorporation of deuterium frop©ran occur through,
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i) direct exchange between aromatic species andmseuterons from water or

i) hydrogenation and dehydrogenation.

Molecular'H, which can also exchandkl with D,O and naphthalene (Scheme 4.2.1.3).
Exchange between molecular hydrogen and watertalytia environments in part due to

reactor wall effects is well established (Rolancket2006). The reactor wall may also
catalyze WGS and hydrogenation; an estimate obldrek “wall effect” kinetics under

CO/H,/H,0 (Experiment #6) is shown in Table D.2, Appendix D

CO+H,0 ———== (in-situ-H;) =—== CO,+H,

WATER GAS SHIFT
'wes = KcolCOl

2 (in-situ-Hy)  + _—

Mivp = Kuapn[NAPH]

NAPHTHALENE TETRALIN

9@

Scheme 4.2.1. 2: Hydrogenation of Naphthalene atew

2H2 +

5
|
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D,0

HDO + HD

\ J o

HDO + H,0 + D,0 + HD + D, + H,

+

D

Scheme 4.2.1. 3: Hydrogen Exchange Pathways betme&cular-H, naphthalene and
water

Hydrogen-exchange between,@ and naphthalene was confirmed by performing an
experiment under MD,0O/H,S with PMA as the Mo precursor (Figure 4.2.1.1)heT
naphthalene’H-percentage for bottu-hydrogen andp-hydrogen decrease over the
reaction time indicating that deuterium is incogied from BRO. The lower'H-
percentage at a given reaction time delnydrogens versug-hydrogens suggests a faster
rate of H-exchange for naphthalesdydrogen sites. Under,ND,O/H,S a decrease in
'H-percentage is observable over reaction time whierate of exchange is different for
naphthalene-hydrogens versus-hydrogens.

Figure 4.2.1.2 shows tHel-percentage for naphthalene and tetralin withtieac

time under CO/BO/H,S. The initial sample (not shown) was lost befmmplete

64



100%
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& 1 NAPH-B
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70%
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1.23 72.73 110.23 143.73 180.00
Reaction Time (min)

Figure 4.2.1.1: Experiment #18-isotope percentage into naphthalene and tetilin
hydrogenation(iND,O/H,S, 600 psig, 15 psi 45, 4.0°C/min, 340 °C for 3 hrs, 10 ml
H,O, 100 ml n-octane, 28.9 mmol Naphthalene, 0.3%lanmvo, 1500 rpm impeller
speed)

analysis could be performed. Thé-percentage reaches a pseudo-steady state valye ea
in the reaction due to hydrogen-exchange and hyatgpn. The low naphthalene and
tetralin 'H-percentage is due to the high ratio of overati Bince deuterium is the only
H-isotope available for hydrogenation and the redamolar amount of BD (1.10 moles

D) compared to naphthalene (0.2312 mdlésis large (D/H = 4.76, BD/CyoHg = 20).
The D/H ratio depends upon the molar amounts ohtigbene, H and DO in the batch
system. For comparison, thE percentage in naphthalene and tetralin undemntiali
atmosphere of MD,O/H,S is shown in Figure 4.2.1.3. Hydrogenation Wit produces
'H-tetralin. HD (and B) can be produced via H-exchange betweenahd DO.

Exchange betweenjtind DO scrambles the molecular hydrogen intoadd HD
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100%

90% -

B NAPH-A
80% 2 NAPH-B
= TET-Arom

% |
70% O TET-Sat

60% -

50% -

1H—Peroentage

40%

30% -

20% -

10% ~

nul

[0} 39.3 75.3 110.3 151.3 180
Reaction Time (min)

0% -

Figure 4.2.1.2: Experiment #5RH-isotope percentage into naphthalene and tetiwlin
hydrogenation ((CO/ED/H,S, 600 psig, 15 psi #, 4.0°C/min, 340 °C for 3 hrs, 10 ml
H,O, 100 ml n-octane, 28.9 mmol Naphthalene, 0.3%l@nvo, 1500 rpm impeller
speed)

(possibly D). Fu et al. found that hydrogenation of phenasrtbr over sulfided
NiMo/Al .03 under syngas (COAD,0) resulted in a mixture of +and HD in the gas
mixture (Fu et al. 1995). Therefore, in additiandirect exchange between® and
aromatic hydrogen, deuterium can be incorporatea titralin from molecular hydrogen
(HD or Dy) through hydrogenation. In our case the relatimecentrations of & HD and
D, could not be quantified, but the information codid provided using suitable MS
technigues and may be useful to determine the psotdistribution between water,
naphthalene, tetralin and molecular hydrogen at 3@0 for various D/H ratios.

Comparison between the case with CO (Figure 4.pah@ B (Figure 4.2.1.3) indicates a
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100%
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Figure 4.2.1.3: Experiment #2R1, (1:%)-isotope percentage into naphthalene and
tetralin in hydrogenation (#D-.O/H,S, 600 psig, 15 psi 1%, 4.0°C/min, 340 °C for 3 hrs,
10 ml KO, 100 ml n-octane, 28.9 mmol Naphthalene, 0.39lanMo, 1500 rpm
impeller speed)

higher steady-statéH- percentage (naphthalene and tetralin) with H Since under
H./D,0O/H,S the overall atomic ratio of D/H is lower than end€CO/D,0O/H,S, the higher
steady-state naphthalene and tetr#firpercentage underHs not surprising.

Hydrogenation of naphthalene in n-octane under GIOMD/H,S is shown in
Figure 4.2.1.3. The D/H ratio under an initial €GD,0 lies between that for CO{D
and H/D,O. The steady-state naphthalene and tetrdfirpercentage for an initial
atmosphere of COAD,0/H,S also falls between the values for CO and(Fgures
4212,421.3and 4.2.1.4).

It is difficult to directly compare the rates ofisitu vs. molecular hydrogenation

directly since significant proton exchange occlwesMeen DO, naphthalene and,H
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Figure 4.2.1.4: Experiment #1#H-isotope percentage into naphthalene and tetilin
hydrogenation ((molar 1:1 COHMD,0O/H,S, 600 psig, 15 psi 43, 4.0°C/min, 340 °C for
3 hrs, 10 ml HO, 100 ml n-octane, 28.9 mmol Naphthalene, 0.3%larivo, 1500 rpm

impeller speed)

Therefore, without knowledge of the gas phase motdistribution, it is not possible to
kinetically distinguish between deuterogenationnfravater and hydrogenation from
molecular hydrogen in n-octane/water emulsions. dddnN,/D,O/H,S, only exchange
occurs, and a steady-staké-percentage is reached at the end of reaction€ig.2.1.4).
During reaction under MD,0/H,S, the’H-percentage for naphthalene is different der
hydrogen than for3-hydrogen. A greater percentage of deuterium pm@tion is
observed under CO and; ldompared with Bl In contrast to B under CO and ¥ the
deuterium incorporation betweerhydrogen an@-hydrogen is similar. Over dispersed,
unsupported MoSdeuterium incorporation from JO appears enhanced under reducing
(CO, H) versus inert (B) atmospheres. Under a reducing atmosphere (C(raHg)

sulfur vacancies on the MeSurface are formed. It is thought that hydrogemati
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hydrodesulfurization and hydrodenitrogenation occatr these sulfur vacancies.
Hydrogenation catalysts have been observed toad&sovater and catalyze H-exchange;
therefore sulfur vacancies on MoS$reated by reduction under CO ok Fhay also
catalyze H/D,O exchange (Garnett 1966).

Skowronski et al. studied deuterium incorporatiamiry coal liquefaction with
Ni/kieselguhr (Skowronski et al. 1984). They fotatad a Hydrogenation Index (HI) and
Exchange Index (HI) to compare the extent of dauterincorporated into coal through
hydrogenation®H,) and solvent exchange (tetralip)d The formulation of HI and El are
covered in Section 3.5.12. As defined, HI andréhalid for conditions where deuterium
is present in the hydrogenatiofH§) and exchange (solvent) source. Table 4.2.1.1
displays the values of HI and EI for naphthalengrbgenation under COMD/H,S. The
values indicate the strong extent of exchange coedptp hydrogenation occurring with
the Mo$S catalyst. Under coal liquefaction, the activatemrergy for H-exchange is less
than for hydrogenation (Skowronski et al. 1984)digsociative type mechanism has been

proposed for exchange betweesCDand aromatic molecules (Garnett 1966). The

Table 4.2.1. 1: Hydrogenation Index (HI) and ExajIndex (EI) under COAD/H,S
((CO/D,O/H,S, 600 psig, 15 psi4$, 4.0°C/min, 340 °C for 3 hrs, 10 m}®l, 100 ml n-
octane, 28.9 mmol Naphthalene, 0.39 mmole Mo, X¥pOimpeller speed)

Reaction Time 39.3 75.3 110.3 151.3 180 Average
(min) over
reaction

Hydrogenation | 0.191 0.208 0.194 0.207 0.402 0.241
Index (HI)

Exchange Index0.809 0.792 0.806 0.793 0.598 0.759
(ED

* sample at 0 minutes was lost
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dissociation of HO is implicated as a key factor in coke inhibitidor the
Aquaconversion™ process jointly developed by Inpeve&lOP and Foster-Wheeler
(Marzin et al. 1986; Rana et al. 2007). The allsalits (K, Na) used are thought to
catalyze HO dissociation to produce some form of hydrogenctvldan then add to the
thermally formed hydrocarbon free-radicals termmttheir oligomerization into coke
(Marzin et al. 1986). Moll suggested that the pree of water during upgrading of
bitumen emulsion with MoSmay reduce condensation reactions that form cokdss
(Moll 1999). The presence of unsupported MoSy enhance the dissociation of H
from water at high temperature serving to inhibdke formation similar to the

Aquaconversion™ process.

4.3 Effect of Solvent Type

4.3. 1 Effect of Solvent Type on WGS: n-octanausdduene

HDS, HDN and HYD reactions occur during hydropreieg of bitumen and
heavy oils. Inhibition of certain pathways mayr#fere exist if the substrate contains a
mix of sulfur-containing , nitrogen-containing aatbmatic hydrocarbons. The presence
of nitrogen-containing compounds is known to siigaifitly inhibit both HDS and HYD,
while for sulfur-containing compounds the preseat@romatics has been suggested to
inhibit HDS pathways (Song et al. 2006).

MoS, enhances the rate of exchange between protonsater \and aromatic
hydrocarbon species. When toluene is used asrgdivenaphthalene HYD using.D as

the hydrogen source, deuterated toluene was olusenagnificant amounts from the D-
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NMR spectrum (not shown). Since aromatic exchaage water gas shift reactions
involve dissociation of protons from water and ne@gur on similar or adjacent active
sites, these mechanistic interactions may impaetkihetics of various pathways. A
practical consideration then is whether an inhifyiteffect on water gas shift and
hydrogenation is observed in the presence of amatio solvent.

The pseudo-first order rate constants for water ghdt and naphthalene
hydrogenation were measured while keeping othearpaters constant. However, in
order to maintain the same liquid/gas ratio inlth&ch autoclave, the same volumes of n-
octane and toluene solvents were used. The catlgsentration (3.70 x 10g Mo / ml
water) was kept constant with respect t@®Hather than with total organics since it is the
WGS rate we are interested in comparing.

The CO concentrations versus time are shown inrég4.3.1.1 and 4.3.1.2 for n-
octane and toluene solvents. Reported pseudosfidetr rate constants for CO are shown
in Table 4.3.1.1. The type of solvent appeardfecathe water gas shift rate. At the start
of reaction, more CO has been consumed in thertelgelvent compared with n-octane
as can be seen from the CO concentrations (Figu8e$.1, 4.3.1.2). It is possible this is
due to phase effects; the three-phase criticalt pafivater/n-octane (267 °C) is 18 °C
lower than the three-phase critical temperaturevater/toluene (285 °C) (Roof 1970).
Segregation of water and hydrocarbon phases bdievcritical point may enhance the
water gas shift rate if catalyst particles preféedly reside in the water phase or at the
emulsion interface. A minimum in the surface fezeergy occurs for particles adsorbing
to a three-phase interface. More facile dissammatf water in toluene (influenced by H-

exchange with aromatics) versus minimal exchangle mvoctane (aliphatic solvent) may
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Figure 4.3.1.1: Experiment #7, CO,,,HCO, and Naphthalene Concentrations in n-
octane/water (CO/MD/H,S, 600 psig, 15 psi 43, 4.0°C/min, 340 °C for 3 hrs, 10 ml
H,0, 100 ml n-octane, 28.9 mmol Naphthalene, 0.3®laro, 1500 rpm impeller)
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Figure 4.3.1. 2: Experiment #25, CO,,HCO, and Naphthalene Concentrations in
toluene/water (CO/MD/H,S, 600 psig, 15 psi 4%, 4.0°C/min, 340 °C for 3 hrs, 10 ml
H,0, 100 ml toluene, 28.9 mmol Naphthalene, 0.39 tarivto, 1500 rpm impeller)
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account for the increase in isothermal pseudo-dirder rate constant, but phase effects in
the three-phase critical regime cannot be ruled At aromatic solvent (toluene) does

not inhibit WGS over Mogcompared to an aliphatic solvent (n-octane).

Table 4.3.1. 1: Pseudo-first order rate constamt¥VGS and naphthalene HYD under n-
octane and toluene (COJ/BEI/H,S, 600 psig, 15 psi$, 4.0°C/min, 340 °C for 3 hrs, 10
ml H,O, 100 ml Solvent, 28.9 mmol Naphthalene, 0.39 tervo, 1500 rpm impeller)

Solvent ko, (7 Knapt, (S7)
n-Octane (Experiment #7)  8.65*10 7.73*10°
Toluene (Experiment #25]  1.61*10 1.30*10"
4.3.2 Effect of Solvent type on Hydrogenationctane vs. toluene

For n-octane, His limiting until about 100 minutes, however theasured rate fits a
pseudo-first order rate relationship for naphthalguite well. For toluene, Hs in excess
at 40 minutes due to the fast rate of water gdsisitially. Gas concentrations were
calculated from pressure and composition measureneéithe gases flashed from a high-
pressure reactor sample. The excessgbrdsent occurs because water gas shift begins
at a lower temperature than hydrogenation. Théherigate constant of HYD in
toluene/water (1.30 x 10s") compared to n-octane/water (7.73 xX°&) may be due to
the higher concentration of hydrogen in the toldeager system. An aromatic solvent

(toluene) does not inhibit hydrogenation compacedrt aliphatic solvent (n-octane).
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4.4 Effect of Gas Atmosphere and Isotope of Waiar
Naphthalene Hydrogenation in n-octane/water

Taking the deuterium labeling experiments as asbaadditional experiments were
performed under similar conditions but substitutiraymal water for heavy water. This
was done to determine if an isotope substitutianhfadrogen in water had a significant

effect on HYD activity. Rate constants are presémh Table 4.4.1. In addition a

Table 4.4. 1: Measured pseudo-first order ratestams for Isotope and Gas Type (600
psig, 15 psi HS, 4.0°C/min, 340 °C for 3 hrs, 10 ml Water, 100nm¥dctane, 28.9 mmol
Naphthalene, 0.39 mmole Mo, 1500 rpm impeller dpee

Gas Type, Pseudo-First | Pseudo-First
Run Order | Vater Isotope P Order Order Irrev.
H20 () CO () Naphthalene | WGS Rate
D,O (+) Rate Constant, Constant,
Hz(+) knarH(10° sY) | keo(10° %)
2 D.O H, 21.0
2R1 DO H. 19.8
17 HO H, 24.3
28 HO H. 20.2
5 DO CO 8.67
5R1 DO CO 7.42 7.50
5R2 DO CO 7.33 6.83
7 H,O CO 8.55 11.30
CO/H; (mol
14 DO ratio=1:1) | 7.83 9.58
CO/H, (mol
1 D.,O ratio=1:1) | 2.02 8.50
CO/H; (mol
1R1 DO ratio=1:1) | 5.33 7.67
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comparison between in-situ generated hydrogen amdecwlar hydrogen can be
performed. From the ANOVA results only the typegak has a significant effect on the
HYD rate in n-octane/water (Table 4.4.2). Moleculyydrogen gives a significant
increase in rate over in-situ generateg udder n-octane/water at 340 °C, while the

opposite was observed in toluene/water (Zhang 2005)

Table 4.4.2: ANOVA Table for Hydrogenation pseuust order rate constantyken
(Gas Type, Hydrogen Isotope in Water) (600 pstgpis HS, 4.0°C/min, 340 °C for 3
hrs, 10 ml Water, 100 ml n-octane, 28.9 mmol Napletie, 0.39 mmole Mo, 1500 rpm
impeller speed)

Source Effect on SS DF MS Fexperimenta™
knapr (10°s (10%08?) (10%°s%)  MS;/MS

)
Main Effect
Gas Type 13.155 173.1 1 173.1 67.86
CO (-) or
Ha (+)
Isotope -1.285 1.651 1 1.651 <1
H.O (-) or
D20 (+)

Interaction
Effects
Gas x Isotope -0.545 0.297 1 0.297 <1

Error 4 2.55
Fcritical = 7.71
F14 005

4.4. 1 Hydrogenation under COJ/8/H,S and H/H,O/H,S in n-octane/water

The pseudo-first order rate constangg Rnd kapy under various gas atmospheres are

shown in Table 4.4.1.1. For CO/H,O and H/H,0O, the hydrogen concentration over
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reaction time does not change considerably (Figdréd.1-4.4.1.3). For moleculanH
dividing knapn by the hydrogen concentration yields a pseudorskooder rate constant,
K’ napH (Table 4.4.1.1). Kiapn for both the H/H,O/H,S and N/H2/H,O/H,S runs
(experiments #17 and #29) are very similar (avera@® x 16 g s* mor®) which
suggests that under moleculay tHe pseudo-second order rate constant is relew&ater

is known to inhibit HDS (Lee 2006). Generation ofsitu hydrogen consumes water,
while the water content of the emulsion under éx-Bydrogen should remain constant.

Under synthesis gas, the hydrogen initially pregestipplemented by in-situ generated

Table 4.4.1 1: Comparison of pseudo-first ordee i@nstants for water gas shift and
hydrogenation under different initial gas atmospker(600 psig, 15 psii3, 4.0°C/min,
340 °C for 3 hrs, 10 ml Water, 100 ml n-Octane 928aphthalene, 0.39 mmole Mo,
1500 rpm impeller speed)

Initial Gas Charge | kco, (10° s%) knapt, (10° s [ * Pseudo-| K" naph
steady state 4
[H2] (10* | (@ s mol”)
mol/g-Liq)

CO/H,O/H,S (mol| 8.65 8.55 pseudo-steady

COHO = 1.2 state n/a

Experiment #7

CO/Hy/H,0/H,S 11.2 9.50 15.0 0.0598

(mol CO:H:H0 =

1:1:4) Experimen

#15

N2/H2/H20/H,S 8.67 9.5 0.0955

(mol N2:H2:HO =

1:1:4) Experimen

#29

Ho/H,O/H,S  (mol 22.3 20.0 0.0922

HzinO = 12)

(Experiment #17 &

28)

* Appendix B
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hydrogen thereby increasing the hydrogen concemtratHowever, when CO is present
in syngas kiapn is considerably lower (5.98 x 0y s* mol?) in n-octane/water than

when CO is absent. This may indicate that CO coespwith B or naphthalene for

adsorption to active sites.

Competitive adsorption between CO,; &hd aromatic species on sulfur vacancies
may inhibit the various reactions. This assumes #ignificant adsorption occurs on
sulfur vacancies. Theoretical studies of ideahngular Mo$ nanoclusters indicate
removal of surface sulfur via 8 desorption in the presence of CO is energetically

favourable while
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o [CO]
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© = [NAPH]
o A
° A
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5 a. R2 =9.49E91 ©
o °
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..... .- - R*=988E-01
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0.00E+00 ‘ ‘ ‘
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Reaction Time (min)

Figure 4.4.1.1: Experiment #15, CO, £®, and Naphthalene Concentrations (( 1:1
molar CO/H)/H,0/H,S), 600 psig, 15 k5, 4.0°C/min, 340 °C for 3 hrs, 10 ml Water, 100
ml n-Octane, 28.9 mmol Naphthalene, 0.39 mmole M@0 rpm impeller speed)
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H,S adsorption is favoured without CO (Zeng et aD®2&eng et al. 2005). Production
of COS from CO and liberated surface sulfur to faulfur vacancies on the catalyst may
occur analogous to 43 formation from H and surface sulfur. Liu and Ng found that
HDS of dibenzothiophene increased as the ratio@fHg increased and the rate of HDS
was higher with in-situ generated hydrogen (Liu&00In contrast to hydrogenation, the

initial step in direct desulfurization may be aggam of thiophenic sulfur to sulfur

2.50E-03
A
4 A
A

2.00E-03 | R
) s [H2]
g
e » [NAPH]
é 1.50E-03 -
<
S
<
S 1.00E-03
o
oy
S

[NAPH] = 3.67E-04e 2550
500804 | ) R?=9.77E-01
-------- Wl e
0.00E+00 ‘ ‘ ‘ m .
0 20 40 60 80 100 120 140 160 180 200
Reaction Time (min)

Figure 4.4.1.2: Experiment #28; Fnd Naphthalene Concentrations,/ghO/H,S), 600
psig, 15 psi HS, 4.0°C/min, 340 °C for 3 hrs, 10 ml Water, 100m®ctane, 28.9 mmol
Naphthalene, 0.39 mmole Mo, 1500 rpm impeller dpee
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Figure 4.4.1.3: Experiment #29,NH, and Naphthalene Concentrations ( (1:1 molar
N2/H2)/H,O/H,S), 600 psig, 15 psi 13, 4.0°C/min, 340 °C for 3 hrs, 10 ml Water, 100 mi
n-Octane, 28.9 mmol Naphthalene, 0.39 mmole MOQIHm impeller speed)

vacancies followed by hydrogenation toSHand cleavage of C-S bonds. More facile

removal of surface sulfur by CO to generate sulacancies may enhance direct

desulfurization.

4.5 Deuterium Substitution in Water: Effect on ¢hWGS Rate in n-
octane/water

When RO is used a decrease in the WGS rate is observegbazed to HO. The
measured apparent isotope effects for water gétsasdishown in Table 4.5.1.1, while the

rate constants are displayed in Figure 4.5.1.1In apparent normal isotope effectifk/

79



kp2o) of 1.58 was observed for n-octane/water, whiofigests that the rate determining

step is not inconsistent with dissociation of adoantaining hydrogen.

Table 4.5.1. 1: Normal Kinetic Isotope Effectif§kpoo) for Pseudo-First Order WGS
Rate Constant (CO) (600 psig, 15 pigSH4.0°C/min, 340 °C for 3 hrs, 10 ml Water, 100
ml n-Octane, 28.9 mmol Naphthalene, 0.39 mmole M@0 rpm impeller speed)

Initial Gas Composition Pseudo-First | Pseudo-First | WGS Rate Based CQ
Order Irrev. Order Irrev. KIE (Kco, H2dKco,p20
WGS Rate WGS Rate
Constant, Constant,
kcomzo (10° %) | keopro(10° sY)
coO 11.3 7.17 1.58
CO/H, (1:1 molar) 11.2 8.58 1.30

A — Expt. #7; B — Expt. #5, 5R1, 5R2; C-Expt. [b;- Expt. #1, 1R1, 14

Kinetic isotope studies have been performed orouanvater gas shift catalysts including
Pt/CeQ and Rh/PtCe® Shido and Iwasawa, using combinations of isatpy labelled
formates and BD or HO found the rate of bidentate formate decompositmdepend
only on the C-H hydrogen isotope in the formateroR&/CeQ (Shido 1993). The
apparent kinetic isotope effecto(k / kc.p) was between 1.4 — 1.5. Using a Pt/geO
catalyst, Jacobs et al. compared CO conversiondegtiO and BO in a flow reactor
and found a normal apparent kinetic isotope effd#ctl.3 — 1.4, by which the rate

controlling step was observed to be decompositfdormate C-H/C-D by Diffuse
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Figure 4.5.1.1: Measured pseudo-first order ratestants for &, under HO and DO at
a 90% Confidence Interval (CO/H(ED/H,S, 600 psig, 15 psi 4%, 4.0°C/min, 340 °C for
3 hrs, 10 ml Water, 100 ml n-Octane, 28.9 mmol Naglene, 0.39 mmole Mo, 1500
rpm impeller speed)

Reflectance Infrared Fourier Transform Spectrosc{PRIFTS) (Jacobs et al. 2004).
Similar values of k/kp were found by comparing the apparent kinetic igeteffects of
deuterated formate decomposition with WGS ratequ€i®/D,0. Jacobs et al. observed
an apparent correlation between the intensity ef @H(D) bond vibration through IR
spectroscopy and WGS conversion over Pt/Ce@atalysts and concluded formate
decomposition was the rate determining step over thtalyst (Jacobs et al. 2004).
Meunier et al. utilized a custom-built DRIFTS c#iht eliminated complications due to
cell dead-volumes and residence times which thesd us quantify rates of*CO
exchange to differentiate between carbonate anddit® decomposition (Meunier et al.
2007). Analysis of their data suggested that feenfi@mation was much slower than £0
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formation and concluded that formate could not besignificant pathway over a
Au/LaCeQ WGS catalyst. Kim and Iglesia isotopically assesthe kinetics of CEOH-
H,O reforming reactions over supported Cu catalykis1(2008). Reaction rates were
measured for various deuterated mixtures. The tikinsotope effect (KIE) of
CH3;OH/CDsOH was 2.6 versus 1.5 for GHH/CH;OD. They concluded C-H bond
activation leading to methoxide decomposition wesveersible and kinetically significant
while for hydroxyl dissociation the measured ratgsresented a thermodynamic isotope
effect due to quasi-equilibrium on the surface (K¥08). Other studies noted similar
effects of 2.5 — 4.0 were measured for the metmHl @ctivation during methanol
dehydrogenation (Kim 2008). A (C-H)/(C-D) KIE of®was reported for formic acid
decomposition over Cu(110) at 460 K (Madix 1992he measured isotope effect of 1.58
over Mo$S prepared from PMA is close to the isotope effectasured by DRIFTS from
Jacobs et al. and Shido and Iwasawa (Shido 19@8p3deet al. 2004). However, these
isotope effects are very similar to the hydroxyssticiation pseudo-equilibrium effect
determined by Kim and Iglesia (Kim 2008) and maylicate that a single rate
determining step in the DRIFTS reactor studies m@tsdominant. Gines et al. suggested
for the reverse water gas shift over Cu that umliéerent ratios of B./Pco, a different

limiting step was operative (Gines et al. 1997nder batch conditions the concentration

. . . P..P :
of surface species may be transient since the ratfb"?2 changes as the reaction
H2" CO2

proceeds. Therefore, any kinetically rate limitstgps may be masked by side reactions
or a change in relevant surface mechanism.
During water gas shift in a hydrocarbon emulsionilat et al. found that an

increase in catalyst concentration and water conketh to greater C© absorption
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(compared to B in the liquid phase (Milad 1994). Increased ghsorption occurs in
liquids with dispersed solids and this could intécthat CQ is more strongly adsorbed to
the Mo$S surface than H(Milad 1994). However, C&Qs also more soluble in water than
CO. Strong adsorption of GOn the catalyst surface may also contribute tottimg the
rate of water gas shift. A detailed kinetic anécposcopic analysis could be performed

to determine if desorption or chemical reactioraie limiting.

4.6 In-situ DRIFTS of Mo$S from thermal decomposition of ATTM and
hydrothermally sulfided PMA

Adsorption of CO and Hmay result in a competitive relationship betwee6 SV
and HYD. Diffuse Reflectance Infrared Fourier T8fmmm Spectrsocopy (DRIFTS) was

performed to probe CO adsorption on unsupported-MoS

4.6. 1 Thermal Decomposition of ATTM under vacuum

(NH),M0S; (ATTM) was thermally decomposed in the DRIFTS aelder vacuum at
300 °C according to the procedure utilized by Tegdo et al. (Tsyganenko et al. 2004).
The decomposition of ATTM to MgSccurs via Mogand liberates ammonia; formation
of MoS; occurs at 573 K (300 °C) (Tsyganenko et al. 20@ring decomposition under
high vacuum NH, H,S and sulfur are evacuated from the cell as theyganerated

(Tsyganenko et al. 2004).

(NH4)2M0Ss > 2NHs + H,S + MoS > MoS, + S
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The DRIFTS spectrum of decomposed ATTM at 300 °@enrvacuum is shown
(Figure 4.6.1.1). Absorptivity changes in the pevatl sample may be reflected by broad
changes in absorbance over large wavenumber regwhe molecular absorption
features may appear better resolved with definddyrps absorbances. Two broad
absorptions between 2800 — 3000 appear in therspeaethich is within the absorption
region indicative of C-H stretching, but no carbsource should be present. S-H
absorptions occur between 2400 — 2700" drelow the range of these features. Figure

4.6.1.1 is included as a reference spectrum foattserption studies.

2920, 2850

35 °C, 0 min

5
8
5 00 °C, 60 min
g 300 °C, 25 min
300 °C, 0 min
T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Figure 4.6.1.1: DRIFTS Spectrum of ATTM thermalkycomposed under vacuum at 300
°C (300 °C at 0 minutes; 300 °C at 25 min; 300 @@ minutes; 35 °C) (background
from ATTM under N at room temperature subtracted)
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4.6. 2 CO adsorption onto Mgfrepared from thermal decomposition
of ATTM

MoS, prepared from decomposition of ATTM was heated® °C and subsequently
exposed to a 9.94% CO/He flow. After confirming thresence of CO gas (2170 and
2143 cnt) in the cell via DRIFTS, the cell was isolated.heTrecorded spectra at
increasing time are shown in Figure 4.6.2.1. Expmsto CO at 300 °C results in
adsorbed CO, with sharp vibrational absorptionsup@ty at 2070 cm and a slightly
broader less intense absorption at 2052 ¢Rigure 4.6.2.1). The observed values agree
well with literature data for bulk MgSTable 4.6.2.1). For supported catalysts the most

intensevco absorption occurs at higher wavenumbers (215%) @nd corresponds

2070 cnt —»

+— 2052cn™
a
3 2170 cnt'
8 2143 et 30 min
5 Increasing
Time
0 min

3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Figure 4.6.2.1: DRIFTS Spectra of MoBom ATTM reduced at 300 °C under CO (0
min; 15 min; 30 min) (background spectrum at 30G8Gtracted)
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to increased acidity due to support interactiossilteng in less back-donation of electrons
from metal to CO (Mauge et al. 2001). In contrdst, unsupported MoSthe most

intense absorption occurs around 2070 — 2066 @vtauge et al. 2001). Interestingly, CO
adsorption at lower wavenumbers (2050 — 2060")cappears as a shoulder in the low
temperature spectrum but is better resolved atehiggmperatures (Mauge et al. 2001;
Sarbak 2005). CO adsorption at decreasing waveersrihdicates adsorption to more

reduced coordinatively unsaturated sites (CUS)e different vibration bands of CO may

Table 4.6.2. 1: Vibrational Frequencies of CO,,Gdd COS over unsupported and
supported MoS

Conditions CO (crif) CQO, (cm)) CcoS
Gas 2170, 2143 2352 2062
1337 859
649 520
100 K 2165, 2135 2326 2038
Adsorbed on MoSrom (physisorbed) 2100 854

thiomolybdate prepared in-situ
(Tsyganenko et al. 2004, 189-

197)

100 K 2157, 2134, 2086, | 2331 (high 2032
Adsorbed on MoSrom 2070 coverage) 857
thiomolybdate prepared ex situ 2326 (low coverage
(Ha/H2S)

(Mauge et al. 2001, 271-284)

77K Sulfided-Mo/ADs, 2190, 2154, 2110,

reduced in H (473 K) 2060

(Muller et al. 1993, 9028-9033)

373 K Sulfided Mo/AD; 2174, 2105, 2072,

(Sarbak 2005, 263-270) 2051

613 K 2095, 2065, 2010

sulfided-Mo/AJO; under CO
hydrogenatior(Koizumi et al.
2004, 173-182)

Adsorbed on MoSprepared 2070, 2052 2362, 2330 2052, 833?
from Phophomolybdic acid

Mo$S prepared in DRIFTS cell | 2070, 2052
from ATTM at 300 °C
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represent coordination to Mo in various reducetesté&Scheme 4.6.2.1 illustrates possible
adsorption scenarioes to explain the observed tiiiora spectrum. MosSreduction under

CO produces similar sulfur vacancies as reductieuH as seen by the similarity of

O
o z
y4 co ©
\Mog+ /'V'°4\+ _— /Mo\4+
/ \ -COS
veo = 2070 cnt veo = 2052 cnt

Scheme 4.6.2. 1: Possible multiple adsorptionatefior CO on Mo$

the adsorbed CO vibrational bands (Mauge et all288rbak 2005). Although the band
at 2052 crit is near one of the vibrational bands of gas plB8 (2062 cil), it is likely

due to an adsorbed species since,

)] no corresponding C-S vibrational absorptioati859 crif is observed, and

i) the vibration band at high temperature is eatsharp and well-resolved
unlike gas phase molecular vibrations (cf. gas @@® at 2170 cthand
2143 cnt).

iii) although COS is present in the system ituwsat a small concentration not

justified by the intensity of the 2052 €mibrational band
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The intensity of the 2070 c¢frband is greater than that for the band at 2052 cm

After activation at 300 °C, a gas sample was ctéleg from the DRIFTS chamber
and analyzed via GC-TCD to determine the compasiticthe gas mixture. The
compositions are reported in Table 4.6.2.2. Aslmanoted, COS is present in minor
amounts with no detectable$l This suggests that a surface reaction occurs@®

analogous to that with Fifor instance,

*S+CO - COS+*

From DRIFTSpco at 340 °C under CO is similar t@o reported in literature observed
during low-temperature FT-IR of unsupported MaStivated under H(Mauge et al.
2001). Reduction of MaSunder CO produces COS and sulfur vacancies, wooh CO

adsorption studies have similar characteristicsuéfsir vacancies formed undeg.H

Table 4.6.2. 2: Gas Analysis from DRIFTS Experitse@O reduction of MoSporepared

from ATTM

Molecular Species Mol %, External Mol %, External
Standard, 240 °C Standard, 300 °C

He 77.88 77.78

H, 0 0

0O, 1.62482 2.17463

N, 13.3502 14.31849

CH, 0 0

CO 5.69671 1.96038

CO, 0 0

COS 1.43966 3.76344

H>S 0 0

Total 100 100
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Using TPR, Jacobsen et al. measured the tempeathkeevolution from
sulfided catalysts and suggested this method doeilgtilized to determine metal-sulfur
bond strength (Jacobsen et al. 1999). Activitiste§ HDS, HDN and HYD correlated
with the order of metal-sulfur bond strength praggbearlier by Pecoraro and Chianelli

(Pecoraro 1981),

RuS < ReS < M0S < NbS ~ CaSs

Sulfur-oxygen exchange involving Mo vacancies offided-Mo/Al, O3 have also
been suggested to be important in the WGS reachion et al. 1983). In the case of
WGS, the metal-oxygen bond strength in additioth& metal-sulfur bond strength may
be important; this may explain why molybdenum sldé show appreciable water gas
shift activity. Comparison of the metal-oxygen bastrength perhaps using temperature-
programmed sulfidation for the metal series abowgy ighlight which metal sulfides
would be suitable as WGS catalysts.

Under conditions of WGS, water is present as aaeiagn the catalyst surface.
Water was exposed to Mg®repared from thermal decomposition of ATTM whiehs
then exposed to (9.94 vol% CO)/He and heated froomrtemperature to 340 °C.
Adsorption of CO similar to a dry catalyst occussth some formation of COpossibly
from WGS. For WGS to occur, CO must liberate stef& and form COS to produce
sulfur vacancies allowing another CO molecule tsoad. The sulfur vacancies or
coordinatively unsaturated sites are similar relgaglof the reductant. If WGS is activity

is desired, CO can substitute for ¢turing catalyst activation to form sulfur vacarscie
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Figure 4.6.2.2: CO adsorption on Moffom ATTM exposed to KD before treatment
(240 °C, 280 °C, 340 °C)

4.6. 3 CO adsorption onto Mg8repared from sulfided-PMA under
CO/H,O/H,S

The spectrum of MoSprepared from WGS and reduced under CO displaye swtable
features (Figure 4.6.3.1). Upon heating signifiagranges are seen between 750 — 1800
cm™. The growth of bands in this region may be dueh@nges of surface species such as
carbon sulfides or carbon oxysulfides such as »xdath(-OC(S)S-) which absorb strongly

in the 1000 — 1200 cihregion (Little 1966). The catalyst prepared inrsiuring reaction
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likely contain residual adsorbed surface speci¥®S data from an earlier study of a

catalyst sample prepared under similar conditiadgcate that in addition to

2070, 2052

2170, 21|43‘ Increasing

Temperature

Reative Acsatance

T T
3500 3000 2500 2000 1500 1000

Wavenumber (cm ™)

Figure 4.6.3.1: DRIFTS Spectrum — Reduction of M§%94% CO/He) at increasing

temperature( 80-240 °CAT = 40 °C) on Mo$g prepared ex-situ from PMA; PMA

preparation conditions: 600 psig, 180 psbH4.0°C/min, 340 °C for 2 hrs, 25 ml Water,
100 ml toluene, 4.09 g hydrated PMA, 1500 rpm ingredpeed

Mo, S and O, appreciable amounts of C exist ondindace (Lee 2004). A sharp
absorption occurring at 834 ¢noccurs in the region for C-S or C-O stretchingarface
carbonate. A series of broad vibrational absonstioccurring between 1250 — 1400tm
could be due to various O-C-O vibrations on thalgat surface. The DRIFTS spectrum
for MoS, formed ex-situ from PMA may be more complex than MoS, formed from

ATTM due to residual surface contamination of C &@nftom reaction conditions.
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Upon heating above 160 °C, gas phase CO bands (@h7#0and 2143 cm)
decrease and new bands appear at 2070 and 20%2(Rigure 4.6.3.2), ascribed to
adsorbed CO on unsupported Md$lauge et al. 2001). Appearance of minor amounts
of CO, (2352, 2330 cM) may be due to strong adsorption of residuab.CThe adsorbed
CO is stable at room temperature under a sealedsatmre as seen from the IR spectrum
recorded after cooling (Figure 4.6.3.2). Upon lilag with N, to remove gas phase and
weakly adsorbed species, €352, 2330 cm), gas phase CO (2170, 2143 Hnand
adsorbed CO (2070, 2052 djndisappear. Adsorbed CO is not very stable ufider
conditions at room temperature and is markedlycedieven after 5 minutes of flushing.
The inverted C@band after 20 minutes flushing may be due to gegor of CQ initially
present and adsorbed on the M@arface. Gas phase ¢ldan be seen from the low
intensity vibrational absorption at 3020 ¢r(Figure 4.6.3.2). CO adsorption to sulfur
vacancies begins at 160 °C with adsorption relgtiggable under non-flow conditions

when cooled to room temperature.
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Figure 4.6.3.2: DRIFTS Spectrum after Ma8duction in CO/He Adsorbed CO at 22 °C
(2); flushing with N for 5 minutes (2); flushing with Nfor 20 minutes (3) on MagS
prepared ex-situ from PMA*; *(600 psig, 180 psiS;14.0°C/min, 340 °C for 2 hrs, 25 ml
Water, 100 ml toluene, 4.09 g hydrated PMA, 1500 mmpeller speed)

4.7 Comparison of Experimentally adsorbed CO toebinetical Studies

The heterogeneity of the M@, surface of Mo sulfided from PMA under reaction
conditions complicates the spectroscopic interpicetadue to residual reaction species.
Recent DFT studies have calculated theoreticalatifmal frequencies for CO
adsorbed to different MpSacancies. The vibrational bands at 2070 and 2852may
represent CO adsorption on different sites of th@Shparticles. Theoretical calculations
for vco adsorption on triangular and hexagonal Mo@noclusters were performed by

Zeng et al. (Zeng et al. 2005; Zeng et al. 2006} tkangular and hexagonal clusterge
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on Mo corner sites was 2049 and 2045'cnespectively.vco on edge sites was 2075 tm
! for triangular clusters and 2080 ¢rfor hexagonal clusters, which are quite closeuo o
observed bands at 2070 and 2052 crivioS; particles produced in-situ from PMA match
literature dimension for hexagonal clusters as omegks by HR-TEM (Liu 2008).
However, the DFT calculations were performed forge clusters of pure MgSan
unsupported catalyst that has undergone WGS sy lgghtly oxidized with surface
carbon and oxygen. Actual unsupported catalystsisb of stacked layers of Mp@s
revealed by HR-TEM (Eijsbouts et al. 2007). Congmar between theoretical
calculations and the experimental results thougl canclusive suggest oubco
experimental assignments are reasonable. If thibsational bands are indicative of CO
adsorption to corner and edge sites, this may adawugh semi-quantitative estimate of
the ratio of sulfur vacancies on edge Mo to corNkr by comparison with diffuse
reflectance signal intensities. In addition, thea of absorbance intensity of CO at 2070
compared with 2052 chappears constant, indicating an equilibrium typltionship
between these sites, which could be due to MiSster morphology. Whether Mp%
reduced under Hor CO, the wavenumber of adsorbed CO does notgehisalicating that
similar coordinatively unsaturated sites (cus) fmemed (Mauge et al. 2001; Sarbak

2005).
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Figure 4.7.1: Triangular Nano-cluster of MoReprinted with permission from Zeng et
al. (Zeng et al. 2005) . Copyright 2005 Ameri€ztremical Society.

4.8 Conclusion

Exchange of protons between aromatic species ahel vgaaccelerated in reducing (CO,
H,) atmospheres versus Mhere sites of exchange may be related to suioarcies on
Mo. Comparison of the hydrogenation and exchandees (HI and El) for CO/D/H,S
indicates that exchange reactions incorporate daoieto a greater extent than
hydrogenation. The exchange mechanism may inwtis@ciation of HO and aromatic
hydrogen; this dissociated hydrogen may help preeeke formation during bitumen
upgrading by terminating organic radicals and pnéwng condensation into solids.

The water gas shift rate was not inhibited by artorepecies (toluene) but rather
was faster compared to n-octane/water. Under arectthe highest rate of hydrogenation
occurred with H/H,O, in contrast to results reported under toluenekvéAbusaido

1999). Comparing the WGS rate i@ versus RO, the measured apparent normal
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kinetic isotope effect of 1.58 is similar to a gueguilibrium thermodynamic isotope

effect reported for hydroxyl group dissociationlEKor C-H bond activations are closer
to 2.5-4.0. This suggests under batch conditibaskinetic rate determining step may be
masked by side reactions or a change in the kadBtitimiting step due to transient

reactant concentrations. Naphthalene hydrogen&idevoured over CO hydrogenation
as observed by the significant conversion to tetnalative to the trace concentrations of
CH, detected from TCD-GC analysis during batch auteclaxperiments. Fu et al.

observed a similar occurrence during hydrogenatiophenanthrene via water gas shift
(Fu et al. 1995).

Adsorption of CO on the MgSatalyst begins at 160 °C. Whether the formation
of sulfur vacancies or the adsorption of CO is ey step may be probed using
temperature-programmed catalyst studies. CO chstitute for H as a reducing agent
by forming COS and producing sulfur vacancies wlaoh believed to be active sites for
hydrodesulfurization and hydrogenation. The stiggdn of CO for H would be
preferred to remove water from bitumen emulsionslevproducing hydrogen via the

WGS.

4.9 Recommendations

Temperature Programmed Reduction (TPR) and desardiPD) with CO could be
performed to determine surface coverage and boadgth of adsorbed CO or COS. This
may allow comparison of the bond strengths (TPRptature) between not only CO and

H, adsorption, but also between different CO adseeptiodes. Quantification of theo
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vibrational bands at 2070 ¢hrand 2052 cm during temperature programmed DRIFTS
studies may elucidate further details about theineabf each adsorption mode. The
degree of sulfidation of catalyst may also affe@ @dsorption. Comparison obO and
H,O in DRIFTS studies of WGS over Mp$nay also help identify possible surface
intermediates, but this should be performed iroa flype DRIFTS reaction cell to avoid

masking of kinetically relevant steps during bateaction conditions.
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Chapter 5. Ruthenium, lIron and Vanadium with MoS,

5.1 Introduction

One of the main goals in developing better upgmgdatalysts is to increase the
hydrogenation activity of catalysts in oil/water @sions, especially to improve their
activity in water. An alternative to this themeutobbe to improve and exploit a high
WGS activity which would rapidly decrease the wat@ncentration while increasing the
availability of hydrogen.

Ru from two precursors, ruthenium (Ill) acetylacette (Ru(GH,O,)s, where
CsH,0, = acac) and ruthenium (0) carbonyl (sRLO);,) were sulfided in-situ and tested
for their water gas shift and hydrogenation actiwith naphthalene in a toluene/water
emulsion. Additional experiments were performeddtermine the promoting ability of
Ru on Mo. In these experiments the total molarceatration (Ru + Mo) was held

constant while the Ru atomic fraction, r ,was vémdere r,

[ = Ru
Mo + RL

Fe and V with Mo and V with NiMo were tested toetatine their activity for
water gas shift and in-situ hydrogenation of naplathe using FeSand VO(acag)as
precursors in toluene/water. FeSfas chosen because it is cheap while an organic
soluble VO precursor was chosen to model chelaaeddyl porphyrins found in bitumen

(Semple et al. 1990). The results are compareektctions using only Mo from PMA.
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The concentration of Mo (1.16 mmole) remained @aes in all experiments while the
total metal concentration was varied by additiofref Ni or V precursors (0.70 mmole
each). The additive concentrations were choseordicy to the optimal Ni:Mo ratio of
0.6 determined for an unsupported, dispersed Maystt(Zhang 2005). This was done to
determine the feasibility of metals deposition fragphaltenes during bitumen upgrading

versus comparison to the base case of Mo catahjst o

5.2 Activity of Ry(CO);, and Ru(GH100,); in Water Gas Shift and
Naphthalene Hydrogenation

5.2. 1 Water Gas Shift and Conversion of CO under R

Comparison of RyCO), and phosphomolybdic acid (PMA) under CQ@HH,S
indicates conversion of CO at similar reaction snie higher for Mo than Ru (Figure
5.2.1.1). RCO)2is known to catalyze the water gas shift veryabpij therefore the
presence of sulfur might be inhibiting. The pseficki order rate constant for RCO),
(2.71 x 10° min®) is lower than for Mo8(5.58 x 10° min™, sulfided from PMA) at 340
°C. In addition, it is quite evident that the iaitCO mol% for PMA is much lower than
for Rug(CO)2, 33.5 mol% versus 76.9 mol% respectively. Foenesfice, the blank “wall
effect” rate constants are reported in Table D @pdadix D (Experiment #30). The wall
effect is considered constant and therefore arfgréifice in kinetics between Ru and Mo

would reflect differences in catalyst activity.
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Figure 5.2.1. 1. Mol% of CO under GO), (Experiment #33) and Phosphomolybdic
Acid (Experiment #32) (COAD/H,S, 600 psig, 15 psi$, 3.0°C/min, 340 °C for 3 hrs,
10 ml HO, 100 ml toluene, 35.1 mmol NAPH, 0.47 mmole M8&0Q rpm impeller
speed)

5.2. 2 Naphthalene Hydrogenation to Tetralin catagd by Ru3(C0O)12 and
Ru(acac)3 under CO/H20/H2S

Plots of naphthalene concentration versus readtioa at 340 °C are shown in Figure
5.2.2.1. Note that hydrogenation conditions for Mnd Ry(CO), are for initial
loading of CO/HO/H,S. Ru(acag) showed negligible WGS activity, therefore
naphthalene hydrogenation was tested separatelerurgH,O/H,S. PMA under
CO/H,O/H,S displays the best rate of conversion for napbtieal Ry(CO),, displays no
activity for hydrogenation, while Ru(acgaynder molecular hydrogen does have some

catalytic behaviour but still lags the activityintsitu hydrogen catalyzed by PMA (Figure
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5.2.2.1.). This is surprising since Ru sulfidedN#iH,S at 400 °C is known to have a
higher activity than Mo for hydrogenation (Geargetl. 1991). The poor hydrogenation
performance observed with the Ru unsupported csitalyepared from both the Ru
carbonyl and Rl acetylacetonate precursors (red toluene solutiomsy be due to

incomplete sulfidation of Ru at 340 °C (613 K) amlicated by the reddish hue of
collected liquid samples. The reddish colour dod disappear until after 90 minutes of
reaction time. The low }$ concentration (15 psi), low temperature (340 &By

presence of hydrogen formed during WGS may favaduction of Ru rather than

formation of active RuSphases. The absence of orange(BQ),») or red-brown
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Figure 5.2.2. 1: Naphthalene Concentration durihgdrogenation with R4CO).»
(Experiment #33), Ru(acad)Experiment #34) and PMA (Experiment #32) (60 p%5
psi S, 3.0°C/min, 340 °C for 3 hrs, 10 mj®l, 100 ml toluene, 35.1 mmol NAPH, 0.47
mmole Mo, 1500 rpm impeller speed )
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(Ru(acacy) colour in the collected end product (120 minui@s)l the presence of black
solids may indicate transformation to sulfides awysulfides by the end of reaction;
nonetheless the WGS and hydrogenation activity ofpRepared from R{CO);», and

Ru(acac) precursors is negligible compared to PMA.

5.3 Activity of Ru(GH1¢0,); with Phosphomolybdic Acid for water gas
shift and naphthalene hydrogenation in toluene/watemulsions

5.3. 1 Introduction

Following the poor ability of R{CO), and Ru(acag)o independently catalyze water
gas shift and naphthalene hydrogenation comparBd/it® (possibly due to difficulty in
forming active Ru®), it was decided to test the activity of RuMo gldf by utilizing
Ru(acac) and PMA simultaneously. An r value of 0.25 waes#n as this ratio exhibited
the highest hydrogenation activity for RuMo whelffidad in N,/H,S (Geantet et al.

1991), where r,

Ru
Mo + RL
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5.3. 2 Water Gas Shift for Ru-doped Mo sulfide lgata

Gas phase compositions for the reference experipefdarmed using PMA at 1500 ppm
Mo (1.16 mmole) are shown in Figure 5.3.2.1, wttike run with Ru promotion at r =

0.25 is shown in Figure 5.3.2.2. It can be seanhttie conversion of CO via water gas
shift is much faster in the Mo system (Figure 5B8.2han the binary RuMo system
(Figure 5.3.2.2) at 340 °C. At the beginning afaton time, the CO concentration is less
than 10 mol% for Mo while for RuMo the CO concetitra is 36 mol%. Irreversible
pseudo-first order rate constants for CO converarenshown in Table 5.3.2.1cd<for

RuMo is 1.47 x 10 s* compared to 2.05 x 10s* for Mo. Ru added to PMA does not

appear to promote WGS.
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Figure 5.3.2. 1: Gas-phase compositions for Mopéexnent #10) (CO/ED/H,S, 600
psig, 15 psi KIS, 3.0°C/min, 340 °C for 2 hrs, 18 mh®, 52 ml toluene, 87.1 mmol

NAPH, 1.16 mmole Mo, 1500 rpm impeller speed)
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Figure 5.3.2. 2: Gas-phase compositions for RuEA@ériment #36) (CO/D/H,S, 600
psig, 15 psi HS, 3.0°C/min, 340 °C for 2 hrs, 18 mh®, 52 ml toluene, 87.1 mmol
NAPH, 0.87 mmole Mo, 0.29 mmole Ru, 1500 rpm ingedpeed)

Table 5.3.2. 1: Pseudo-first order Rate ConstantsloS, and RuMo$ catalysts

Mo (1500 ppm) | °Experiment #10 | “° Experiment #36
4.486 mmol Mo Mo (1500 ppm) RuMo (r=0.25)
1.16 mmol Mo 0.87 mmol Mo
0.29 mmole Ru
kco (107 81 *3,03 2.05 (irrev.) 1.47
**2.0 4.19 (rev.)
knaph (10° s7) *8.5 11.1 5.47
**6.7

* (Abusaido 1999)
**(Zhang 2005)

A Ruthenium precursor = Ru(acac)

B(CO/H,0/H,S, 600 psig, 15 psi4$, 3.0°C/min, 340 °C for 2 hrs, 18 mp®, 52 ml
toluene, 87.1 mmol NAPH, 1500 rpm impeller speed)
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5.3. 3 Naphthalene Hydrogenation to Tetralin fordtyped Mo sulfide
catalysts

The plot of naphthalene and tetralin concentratiensus reaction time at 340 °C is shown
in Figures 5.3.3.1 and 5.3.3.2 for Mo and RuMo eesipely. Values of kapy Were

shown in Table 5.3.2.1. Clearly the unpromoteddvistem hydrogenates much faster
than when the Ru(acaq)recursor is added to PMA. The slow rate of hgdration for

the promoted RuMo system may be due to slow suiidaand reduction of the Ru(acac)
precursor. The Ru precursor dissolves in the m@solvent to give a deep red solution;
liquid samples did not shed their reddish tingel @pproximately 90 minutes of reaction
time. Geantet et al. reported that whether a gysigr effect of Ru promotion on Mo is

observed depends upon the preparation method sumdi@nation, balance gas used
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Figure 5.3.3. 1. Organic-Phase Concentrations Mar catalyst (Experiment #10)
(CO/H,0O/H,S, 600 psig, 15 psi 4%, 3.0°C/min, 340 °C for 2 hrs, 18 mh®l, 52 ml
toluene, 87.1 mmol NAPH, 1.16 mmole Mo, 1500 rpmpéller speed)
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Figure 5.3.3. 2: Organic-Phase ConcentrationsRoMo catalyst (Experiment #36)
(CO/H,0/H,S, 600 psig, 15 psi 4, 3.0°C/min, 340 °C at 2 hrs, 18 mb® 52 mi
toluene, 87.1 mmol NAPH, 0.87 mmole Mo; 0.29 mnile 1500 rpm impeller speed)

during catalyst sulfidation ()H.S versus WH,S), and sulfidation temperature (Geantet
et al. 1991). Impregnation of Mo/AD; with Ru (11l) acetate yielded poor hydrotreatment
performance compared with unpromoted Me(l when calcined, but did provide a
synergistic effect with no calcination (Mitchell ei. 1987). Geantet et al.studied
hydrogenation of biphenyl on RuMo/Ad; (Geantet et al. 1991) and found that the
highest activity occurred after sulfidation in/N,S (15% HS) at 673 K. HR-TEM
revealed Rugparticles were dispersed in close proximity witb$/particles. In contrast
to hydrogenation, the hydrodesulfurization activitf RuMo is maximum at higher
sulfidation temperatures (873 — 973 K) in/bS (15% HS), where the sulfide
crystallites were more distinctly heterogeneoussfila-Villalon et al. 2008). The

sulfidation of RuMo catalysts in #H,S did not give activities as high as those prepared
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under N/H,S. Ru sulfided at 673 K forms amorphous Rw&h Ru sites that can be
reduced and has excellent activity for naphthaleydrogenation but is not as active for
hydrodesulfurization as M@S(Castillo-Villalon et al. 2008). It was reportethat
sulfidation of Ru precursors at temperatures of 8933 K (15% HS) gave a very stable
pyrite form of ruthenium sulfide that has excell&ytirodesulfurization capabilities with
reduced hydrogenation activity (Castillo-Villalonha. 2008). Ru is an excellent example
where different forms of the metal sulfide areazftior different reactions.

MoS, may be formed rapidly since at the start of reactgubstantial WGS and
some hydrogenation has already occurred. The wedoh the recovered liquid samples
remains until approximately 90 minutes reactionetim Active Mo$ is formed at
temperatures below 340 °C as inferred by the st CO conversion at 340 °C. Since
Ru(acaq) is red in solution, if the disappearance of redidates sulfidation/reduction of
Ru(acacy and does not occur until 90 minutes at 340 °Ghanium sulfides may deposit
as crystallites, possibly covering some active Msiges. Under the studied conditions
(2.5% HS, 613 K, CO/HO), Ru is not an attractive catalyst or promoterNw due to

the expense and negligible activity of Ru alonenaronjunction with Mo.

5.4 FeMo, VMo, NiMo and VNiMo-sulfide unsupportedispersed
catalysts

The promotion effect of Ni for both HDS and hydroggon has been extensively studied
previously and gives a significant increase in lgéita activity with in-situ generated
hydrogen compared with unpromoted Mo&hang 2005). From an economic

perspective, the cost of using Fe is attractiveesiih could be used in a once-through
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process. In addition to Ni, large quantities odM present in bitumen asphaltenes (Dunn
et al. 2003; Miller 1999). If vanadium can be d&miized and sulfided into an active
form for hydrogenation and HDS, the active residaeld be recycled as catalyst. Bulk
vanadium sulfides and Mo-promoted vanadium sulfidage been shown to have good
hydrogenation activity but low hydrodesulfurizatiability (Lacroix et al. 1992; Hubaut
2007). A water gas shift catalyst such as molyhdesulfide would be required for in-
situ generation of hydrogen. As mentioned preuiguNi is an excellent promoter for
hydrogenation when used in conjunction with Mo. is\also found in substantial amounts
in Athabasca bitumen (Dunn et al. 2003). Underddams of in-situ upgrading, it may
be expected that metals deposition of Ni and V aitpersed, unsupported catalyst may
occur, similar to deposition onto supported hydogpssing catalysts (Yumoto et al.
1996). However, if sulfidation of PMA occurs sirtarieously with Ni and V sulfide
formation, this may alter the structure of the finatalyst such that it behaves closer to
promoted vanadium sulfide catalysts. Previous wiilkzing hydrogen generated in-situ
to upgrade bitumen emulsions with an unsupportéshedsed catalyst found that the
upgraded liquid had significantly reduced metal agorirations (Moll 1999). It was
suggested that the metals were deposited ontoei@ual solid fraction recovered from
the upgrading experiments. Therefore, it is imgarto determine what effect Ni and V
deposition may have on the MpS®atalyzed water gas shift and subsequent in-situ
hydrogenation of model bitumen compounds. Expanisweith Fe, Ni and V as additives
to Mo were performed and compared to the base-chpare Mo (1.16 mmol). In all

experiments the concentration of Mo was held coisthile the total metal concentration
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was varied by addition of Fe, Ni or V precursoilhis was performed in order to model

the effect of metals deposition from asphaltends tre Mo$ catalyst.

5.4. 1 Naphthalene Hydrogenation activity for sidfi Mo, FeMo, VMo,
NiMo and NiVMo Catalysts

The pseudo-first order irreversible rate constéatsiaphthalene hydrogenation and water
gas shift are listed in Table 5.4.1.1 and showirigure 5.4.1.1. Blank kinetic reactor

“wall effects” are shown in Table D.2, Appendix Bxperiment #12) for comparison.

Table 5.4.1. 1. Pseudo-first order rate consttottNAPH hydrogenation and water gas
shift over Mo and Mixed-metal Mo catalysts (CQDAMH,S, 600 psig, 15 psi 15,
3.0°C/min, 340 °C for 2 hrs, 18 ml,8, 52 ml toluene, 87.1 mmol NAPH, 1.16 mmole
Mo, 0.70 mmole each (Fe, V, Ni), 1500 rpm impedipeed)

Binary Catalyst knapn (X 10°s%) | Irrev. ko (x 10% s | Rev. keo (x 10% s%)
(Run Order) Y
Mo (#40) 188 2.05 4.02
MoFe (#37) 6.83 1.41 2.25
MoV (#38) 6.08 2.36 3.03
MoNi (#39) 21.0 1.35 1.61
MoNiV (#41) 13.7 1.73 2.19

The Mo$S catalyst prepared from PMA givesden of 18.8 x 10 s*. Both Fe and V,
each in combination with Mo, inhibit hydrogenatievhen added to PMA. The Ni
promoted catalyst, NiMo sulfide gives the highegiregenation activity of 21.0 x T0s*

as expected. Mo yields a rate constant of 18.8Xsl. The ternary VNiMo-sulfided
catalyst activity is impaired (13.7 x &™) compared to pure Mo and Ni. The presence

of vanadium in VNiMo sulfide decreases naphthaleydrogenation compared to NiMo
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Figure 5.4.1. 1. Pseudo-First Order Rate Constantslaphthalene Hydrogenation over
Mo and Mixed-metal Mo catalysts (COVH,S, 600 psig, 15 psi 4%, 3.0°C/min, 340
°C for 2 hrs, 18 ml KD, 52 ml toluene, 87.1 mmol NAPH, 1.16 mmole M@0Ommole
each (Fe, V, Ni), 1500 rpm impeller speed)

and the base-case Mo, but the activity is stilhhiglative to Fe and V. The order of the

calculated pseudo-first order irreversible hydragem rate constants isyAew:

NiMo > Mo > VNiMo > FeMo > VMo

The graph of K mol% supports the high activity of NiMo (Figure48..2). The
mol% of H, is lowest at all reaction times for NiMo which indtes consumption of
hydrogen in naphthalene hydrogenation. Table 24idts the conversion of naphthalene
as a function of isothermal reaction time at 340 T®e order for naphthalene conversion

at 120 minutes is
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NiMo > Mo > VNiMo > FeMo > VMo

Figure 5.4.1.3 shows the naphthalene conversionsvdoous doped-MoSover the
reaction time. NiMo displays the highest activity hydrogenation in agreement with
previous studies (Zhang 2005).

In the hydrogenation of toluene over alumina-sufgebcatalysts, the effect of V
was studied by depositing vanadyl octaethylporphymto Mo/AbO3; and NiMo/ALO3

(Hubaut 2007). As the percentage of V depositessed, the activity for a Mo/AD3
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Figure 5.4.1. 2: Normalized;Hinol% during reaction for various doped-Mo catadyst
(CO/H,0O/H,S, 600 psig, 15 psi 1P, 3.0°C/min, 340 °C for 2 hrs, 18 mp®l, 52 ml
toluene, 87.1 mmol NAPH, 1.16 mmole Mo, 0.70 mmedeh (Fe, V, Ni), 1500 rpm
impeller speed)
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Table 5.4.1. 2: Naphthalene Conversion at 120 res\y(CO/HO/H,S, 600 psig, 15 psi
H,S, 3.0°C/min, 340 °C for 2 hrs, 18 mb®, 52 ml toluene, 87.1 mmol NAPH, 1.16
mmole Mo, 0.70 mmole each (Fe, V, Ni), 1500 rpmetlgr speed)

Binary Catalyst Naphthalene Conversion | Normalized mol% CO at
at 120 minutes (%) 120 minutes
Mo 76.22% 1.97%
MoFe 45.80% 6.09%
MoV 40.10% 3.77%
MoNi 81.3% 5.72%
MoNiV 66.30% 2.85%
100%
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Figure 5.4.1.3: Naphthalene Conversion for FeMoMioy NiMo and VNiMo

unsupported, dispersed catalysts (CS&YHH,S, 600 psig, 15 psi$, 3.0°C/min, 340 °C
for 2 hrs, 18 ml HO, 52 ml toluene, 87.1 mmol NAPH, 1.16 mmole Md/@mmole
each (Fe, V, Ni), 1500 rpm impeller speed)

catalyst increased; the opposite trend was obsefoed/ deposited on NiMo/AlO;

(Hubaut 2007). In contrast, catalysts prepareddtipermally in-situ from sulfided-PMA
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displayed inhibited hydrogenation when vanadium warporated. Yumoto et al.
studied Ni and V deposition onto a sulfided NiMgf®{ catalyst and found that while
nickel did not affect activity, vanadium inhibitdaydrogenation of naphthalene, but
enhanced the hydrogenative desulfurization pathwalibenzothiophene HDS (Yumoto
et al. 1996). Kim and Massoth compared depositiba vanadium salt and vanadium
tetraphenylporphyrin onto a sulfided NiMoA8); catalyst and found that while vanadium
deactivated the catalyst, the vanadium salt imda@ietivity to a greater degree than the
vanadium tetraphenylporphyrin (Kim 1993). Lacreixal. (Lacroix et al. 1992) prepared
bulk vanadium and molybdenum-promoted vanadium idmdf from thermal
decomposition of ammonium thiosalt precursors aested their hydrogenation and

cracking activity with biphenyl. An atomic ratin,of 0.35 yielded the higest rate, where,

r = Mo / (Mo+V)

XPS, XRD and STEM analysis indicated thaByand Mo$ species were present, where
V5Sg acts as a support to the highly-dispersed lay®tes,-phase. The presence of
benzene and cyclohexane indicated cracking of bydhwver these catalysts. Pure
vanadium sulfide was found to be more active inrbgdnation than molybdenum sulfide
but is less active than nickel-promoted molybdersuifide (Lacroix et al. 1992); the
highest activity occurred at r = 0.35 (Table 5.3)1.The decrease in activity observed
when V is deposited on NiMo/ADs; has been ascribed to substitution of the NibypV i

promotion sites in catalytic clusters (Ledoux etl&i87).
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The ternary sulfide VNiMo prepared from VO(acadliSO, and PMA with an
atomic ratio of Ni:V:Mo of 0.6:0.6:1 o = (Mo / (Mo + V + Ni) ) = 0.45 and\r= 0.27}
gualitatively behaves similarly to vanadium-deaatdd Mo$ catalysts rather than
molybdenum-promoted vanadium sulfides since hydmagen is inhibited compared to

NiMo and Mo. However, the presence of Ni somewditsets the inhibiting effect of V.

Table 5.4.1. 3: Characteristics of Promoted-VamadSulfides (Lacroix et al. 1992)

r=Mo/ (Mo + | BET Area As A Selectivity to

V) (m*g™) glcr ®molstg §10'8 mol s* m | Cracking (%)
) )

0 26 6.2 0.24 3

0.35 17 95 0.56 43

1 7 0.3 0.04 19

5.4. 2 Water Gas Shift Reaction over FeMo, VMo, dN#vid VNiMo-sulfided
unsupported, dispersed catalysts

The other reaction of importance is the water ¢j#f$ iIeaction. The water gas shift rate is
important since it supplies hydrogen for the upgrgdeactions; a fast water gas shift rate
compared to hydrogenation/hydrodesulfurization ecessary to ensure a sufficient
hydrogen concentration for upgrading.

Figure 5.4.2.1 displays the normalized mol% of C&sus reaction time. The
calculated irreversible pseudo-first order rate stants for CO, calculated from the
derivation by Milad (Milad 1994) are shown in Taldet.1.1. Although the calculated

equilibrium values are close to 98% conversion,rtbemalized mol% of CO is very low
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(5-15 mol%) therefore the reversible pseudo-firsleo rate constants are reported.
Irreversible pseudo-first order rate constants sirewn in Figure 5.4.2.2. Substantial
conversion of CO has occurred at 0 minutes, ingigathat the rate of water gas shift
begins at a temperature lower than 340 °C (Seai6r8). The reversible rate constants

ranked in decreasing order are,

Mo > VMo > FeMo ~ VNiMo > NiMo

The role of vanadium in the water gas shift hasitstedied for a supported Fe and a

Pt/CeQ catalyst (Duarte de Farias et al. 2008; Lima Juei@l. 2005). Lima

30.00%

W Mo - Expt #40

0O FeMo - Expt #37
3™ VMo - Expt #38

£3 NiMo - Expt #39
2 VNiMo-Expt #41

Lk

in 20 min 40 min 60 min 90 min 120 min

25.00% -+

20.00% -+

15.00% -+

Normalized mol% CQO

10.00% -+

5.00% -

0.00% -

RS A LSS A LSS LSS LSS ST ST S

Reaction Time (min)

Figure 5.4.2. 1: Normalized mol% CO for FeMo, VMd¥iMo and VNiMo-sulfided
dispersed, unsupported catalysts (C&HH,S, 600 psig, 15 psi4$, 3.0°C/min, 340 °C
for 2 hrs, 18 ml HO, 52 ml toluene, 87.1 mmol NAPH, 1.16 mmole Md/@mmole
each (Fe, V, Ni), 1500 rpm impeller speed)
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Figure 5.4.2. 2: Pseudo-First Order Reversible VRag& Constant(COHD/H,S, 600
psig, 15 psi HS, 3.0°C/min, 340 °C for 2 hrs, 18 my®, 52 ml toluene, 87.1 mmol
NAPH, 1.16 mmole Mo, 0.70 mmole each (Fe, V, I§00 rpm impeller speed)

Junior et al. utilized a fixed-bed reactor to comepaanadium promoted iron high-
temperature shift (HTS) catalyst with a commerclaiomium-doped iron HTS catalyst.
They found the vanadium-promoted catalysts to beeractive than the commercial
chromium-promoted HTS catalyst. From HR-TEM, Maastr and BET studies they
attributed this to a structural effect of incorgedavanadium which prevented sintering
during the reaction as well as to a chemical effgbere vanadium was proposed to
stabilize Fe(lll) in the catalyst, enhancing théae cycle and preventing reduction to

metallic iron (Lima Junior et al. 2005). Vanadiwas suggested to have a dual role,

i.  as a structural promoter preventing sintering duregaction, and
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ii. to electronically stabilize Fe(lll) in an oxidizestate preventing reduction to

metallic iron

From their spectroscopic analysis, of a V-promoReQ catalyst, Duarte de
Farais concluded that the presence of V-O-Ce bareds responsible for the increased
activity, while V-O-V bonds with tridimensional strture decreased the activity (Duarte
de Farias et al. 2008).

The apparent higher WGS activity of VMo compared~&Mo, NiMo and VNiMo
may be due to an electronic effect of V or,M Mo in M0S. Vanadium may facilitate
oxidation of Mo atoms which has been suggested ksyastep in the proposed redox
mechanism of WGS over Mg§Hou et al. 1983). This may enhance WGS, whike th
ability of vanadium to keep Mo oxidized would adsey affect the reduced
coordinatively unsaturated state of Mo, where therdinatively unsaturated sites (CUS)
of Mo have been suggested to be an active siteeitnydrogenation and HDS reaction on

MoS,.

5.5 Conclusion

5.5. 1 Ry(CO);, and Ru(acag)compared to Phosphomolybdic Acid

PMA was more active for water gas shift and nagbttehydrogenation than §CO);»
and Ru(acag) prepared under similar conditions. The poor agtivof Ru in
hydrogenation may be due to incomplete sulfidatibthe Ru precursors. The incomplete

sulfidation may be due to too low of a tempera(@E3 K) as compared to literature (673
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K) (Castillo-Villalon et al. 2008), low concentrati of HS in the sulfiding gas mixture

and the presence of8.

5.5. 2 RuMo unsupported, dispersed catalysts

MoS, appears necessary for appreciable water gas attiftity when sulfur (HS) is
present. Comparing a system of RuMo catalyst peghbftom Ru(acag)and PMA (r =
0.25) with a catalyst from pure PMA, the highedivaty at 340 °C occurs for Mo; Ru
does not enhance catalytic activity and displagis@eased activity for hydrogenation and
water gas shift. Addition of R(CO), and Ru(acag)to PMA to generate catalyst in-situ
at 340 °C and 15 psiAS would not be beneficial since in addition to thgh cost of

ruthenium, a much lower activity for water gas shifd hydrogenation is observed.

5.5. 3 FeMo, VMo, NiMo and VNiMo sulfide unsuppaydispersed
catalysts

FeSQ and VO(acag) when added to PMA to form a mixed metal cata(§st6 mmol
Mo, 0.70 mmol each of Me), inhibit the hydrogeoatiof naphthalene via in-situ
generated hydrogen. When vanadyl acetate, niak&te and phosphomolybdic acid
were sulfided in-situ with b5, the rate of naphthalene hydrogenation comparidd w
NiMo and base-case Mo (1.16 mmol Mo) was impaired giill higher than VMo or

FeMo. The pseudo-first order naphthalene ratetaats kapy OCcur in the order,

NiMo > Mo > VNiMo > FeMo > VMo
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This suggests the enhanced activity with Ni to soiegree can offset the inhibiting effect
of V in VNiMo.

Both water gas shift and naphthalene hydrogenatrenslightly inhibited by Fe.
VMo has the highest activity for water gas shitiggon among the binary catalysts. The
ternary VNiMo system displays a similar water ghstsate to FeMo. The pseudo-first

order reversible rate constant for the water gds &io, occurs in the order,

Mo > VMo > FeMo ~ VNiMo >NiMo

The presence of V inhibits hydrogenation compar&ti WiMo but appears to enhance

the water gas shift activity.

5.6 Recommendations

XRD, XPS, HRTEM and EDX analysis of the recoverathtytic solids may reveal the
nature (decorated or isolated crystallites) andficonthe formation of mixed metal
sulfides prepared in-situ. DRIFTS using CO mayidate the nature of sulfur vacant
active sites; the relative metal-sulfur bond eresgMe-S) may be studied using TPR and
may be relevant in determining the formation eres@if coordinatively unsaturated sites.
WGS and HYD activity should be tested after con®leulfidation and
confirmation of Ru precursors to Ru&rystallites. Ru and RuMo candidates should be
sulfided in the absence of water before reactiosutiided at higher & concentrations

and temperatures to ensure complete transformetiBuS.
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Chapter 6: The Effect of Temperature, P,sand CO on VNIMo
Catalyst Activity

6.1 Introduction

Research into hydrodesulfurization and hydrogenatidth metal sulfides has shown that
not only the type of metal is significant, but atbat different forms of sulfides with the
same metal species drastically alters the catalytiehaviour regarding
hydrodesulfurization and hydrogenation (Castilldllon et al. 2008; Hubaut 2007).
Altering the preparation conditions for metal udf$ is most easily achieved by varying
several factors. Two important factors affectingivaty are the sulfidation/reduction
temperature and composition of the sulfidation/otidm gas (Jacobsen et al. 1999;
Geantet et al. 1991). Temperature affects theegegf sulfidation of the metal species in
addition to affecting hydrogenation/hydrodesulfatian rate. The type of
sulfidation/reduction atmosphere has similar afecEpecifically, the percentage of3H
can increase the degree of surface sulfidationjfluesent during reaction may reduce
the rate of hydrodesulfurization due to the equiliim between active sites and3

(Jacobsen et al. 1999).
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6.2 Experimental Design of*Factorial Experiment for VNiMo
catalysts

A three-factor two-level experiment was performadorder to determine the effect of
temperature, b6 pressure and type of reduction gags gHCO) on the hydrogenation of
naphthalene with simultaneous water gas shift usisgersed, unsupported VNiMgS

The full 2 factorial experiment includes 3 replicates perfedmat the centrepoint

conditions to estimate experimental error (Figu&1§. Centre-point replicates were

/>

30 psi BS (+) )

<=

Initial Phos
<> Ha (+)
Balance Gas
15 psi HS (- Type
PstO co ()
340 °C (-) Temperature 380 °C (+)

Figure 6.2. 1. Multifactorial Experiment with cespoint replicates for Temperature,
Balance Gas Type and Initial ;8 Pressure
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distributed evenly in the reaction sequence to @actor experimental drift such as
reactor memory effects. A plot of the error versyperiment number indicates error
appears to be randomly distributed (Figure 6.212)e experimental order was
randomized by selecting paper labels out of a deperiment #53 does not belong to the
factorial experiment but was performed at a redwedlyst concentration of 500 ppmw
Mo (0.50 mmol Mo, 0.30 mmol each Ni,V) to determthe effect of catalyst
concentration on the rate of naphthalene hydrogemand water gas shift. Rate
constants for the blank reactor “wall effect” expent are shown in Table D.2, Appendix

D (Experiment #30). Since the experimental erpgrears randomly distributed (Figure

12.00%
A & Error in HYD Rate (%)
10.00% - <& Error in Naph Conwersion (%)
8.00% - A Error in kCO (%)
6.00% -
4.00% -| %
S 2.00% - ¢
1]
0.00% \ \ \ \ 2
0 40 42 44 46 48 50 52
-2.00% .
-4.00%
A
-6.00% o A
-8.00%
Experiment Order (#)

Figure 6.2. 2: Experimental Error as a functionRdaction Sequence to check for
Experimental Drift( (1:1 molar COA¥H,O/H,S, 600 psig, 22.5 psiid3, 4.0°C/min, 360
°C for 2 hrs, 10 ml KD, 100 ml toluene, 78.0 mmol NAPH, 1.50 mmole N1
mmole each (V, Ni), 1500 rpm impeller speed)
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6.2.2), the “wall effect” can be considered constaith no cumulative increase due to
“wall memory” where the wall activity varies depémgl upon experimental conditions in

the preceding reaction.

6. 3 Analysis of Effects (ANOVA) on Naphthalene Gaarsion to
Tetralin

Table 6.3.1 shows the results of temperatureainiyS pressure and gas type on
pseudo-first order rate constant for HYD and napletie conversion. Tetralin was the
major product with trace amounts of cis and tramsatins observed. Additional products
detected with GC retention times below decalins m@yracking products, as vanadium
was reported to impart some cracking activity duég acidity (Yumoto et al. 1996). It
should be noted that due to the longer heat-up taqgeired to reach 380 °C versus 340
°C (heating temperature ramp of 4.0 °C/min) togginthalene conversion is not a suitable
variable for comparison on the factors in this gtud@herefore the isothermal naphthalene
conversion was used, defined as the conversioB@trinutes minus the conversion at O

minutes sample (reaction) time,

Xiso = Xt180— Xio

The results were analyzed using Analysis of Va@a(ANOVA) techniques to

determine significant effects at the 95% confidelese@l. Fyperimentaivalues greater than
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Feriticar are deemed significant effects. From Table 6.8B& dnly significant effect is

temperature which has an apparent negative impetttevisothermal conversion.

Table 6.3. 1. Calculated Pseudo-first order naglbtie rate constant and conversion (600
psig, 4.0°C/min, 2 hrs, 10 ml @, 100 ml toluene, 78.0 mmol NAPH, 1.50 mmole Mo;

0.91 mmole each (V, Ni), 1500 rpm impeller speed)

Pseudo-First | |sothermal
Order Naphtha_lene
Run Order Temperature Erfssure Gas Type g:fehthale”e iﬁ:ovf r;ti)on,
°C) (psi) (COorH,) | Constant,

KnaPH (mol %)

(10°sh
45 380 15 CO 13.03 33.49%
44 340 15 CO 10.1 36.93%
48 380 30 CO 12.2 46.09%
47 340 30 CO 8.93 24.23%
49 380 15 H 10.1 26.01%
52 340 15 H 8.5 37.60%
51 380 30 H 14.27 10.04%
43 340 30 H 7.5 17.14%
46 360 22.5 CO/b 6.93 32.17%
50 360 22.5 CO/H 7.1 9.68%
42 360 22.5 CO/H 7.26 33.85%
53 340 15 CO 6.43 28.55%
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Table 6.3. 2: ANOVA Analysis of Isothermal Naph#ree Conversion (600 psig,
4.0°C/min, 2 hrs, 10 ml #D, 100 ml toluene, 78.0 mmol NAPH, 1.50 mmole &1
mmole each (V, Ni), 1500 rpm impeller speed)

Source Effecton SS(10°) DF MS Fexperimental
X1180— Xio (10°)

Main Effect

Temperature -0.2334 109 1 109 68.4612

Initial H,S 1

Pressure -0.0676 9.15 9.15 5.7484

Gas Type 1

(COorH) -0.0509 5.19 5.19 3.2572

Interaction

Effects

T X Byz2s 0.0137 0.374 1 0.374 2.0711

T x Gas 0.0457 4.18 1 4.18 0.2350

Pros x Gas 0.0972 18.9 1 18.9 2.6275

T X P2s X 1

Gas -0.0406 3.30 3.30 11.8737

Error 2 1.59E-03

F critical 18.5128

6.3. 1 Effect of Temperature on Naphthalene Caver

At increased temperature an increase in reactien(farhenius) should occur, however

because hydrogenation is exothermic the equilibrarmversion will decrease. In line

with industrial practice, for NiMo/AD; catalysts deactivated with vanadium salt and

vanadium-TPP, Kim and Massoth found that in a fiked reactor at 35 atm,Hinder
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vapour phase conditions with no water, as temperatas increased from 300 °C to 400
°C naphthalene conversion to tetralin increasedcawmitantly (Kim 1993). Zhang
examined naphthalene hydrogenation using a NiMapparted, dispersed catalyst with
in-situ hydrogen and concluded that conversion naissignificantly higher at 370 °C
compared to 340 °C (Zhang 2005). A naphthalenedgghation equilibrium conversion
correlation developed by Frye and Weitkamp (Fry®9)9was used to calculate the
theoretical equilibrium conversion §f under reaction conditions. The experimental
conversions compared to the theoretical convers{@B8 minutes) are shown in Table
6.3.1.1. For the reactions at 380 °C the equilibrconversion is less than the measured
experimental conversion. Figure 6.3.1.1 displdngstypical comparison of experimental
conversion versus equilibrium conversion over reactime at 380 °C under 1 This
particular experiment should give the highest “lmste” X4 due to the apparent high
concentration of hydrogen. It can be observed ¢van at 20 minutes the experimental
conversion exceeds the theoretical value. Thisldvexplain the decrease in conversion
with respect to increasing temperature as calalllayethe ANOVA analysis. In addition,
the consumption of hydrogen will decrease the hygelnoconcentration in the batch
autoclave further decreasing theeqX Therefore, comparing conversions when
temperature is a variable is not accurate under comditions in a batch autoclave.
Considering Figure 6.3.1.2, which displays a typioeaction performed at 340 °C

indicates that equilibrium is not achieved untianthe end of reaction.
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Table 6.3.1. 1: Experimental Naphthalene Convassand Calculated Equilibrium
Conversions (600 psig, 4.0°C/min, 2 hrs, 10 OH100 ml toluene, 78.0 mmol NAPH,
1.50 mmole Mo; 0.91 mmole each (V, Ni), 1500 rpnpétter speed)

Run Naph

Order / Final Convers Equilibr

Experim Naph ion, Tet Final ium

ent Temper- Convers | Heating | Yield [H] Convers

Number | ature H,S CO/H  |ion (%) | (%) (%) (mol/g) | ion, Xeq
CL45 + - - 54.25%| 30.029 43.49% 0.00095 39.91%
CL44 - - - 55.68% 9.59% 52.76% 0.00102 75.42%
CL48 + + - 48.35%| 38.319 47.76% 0.00111 48.1Y%
cL47 - + - 55.77%| 18.169 53.35% 0.00095 73.34%
CL49 + - + 50.77%| 33.63¢ 46.96% 0.0007Y5 29.92%
CL52 - - + 53.86%| 20.019 53.47% 0.00102 76.34%
CL51 + + + 48.19%| 38.519 43.83% 0.00076 29.42%
CL43 - + + 56.56%| 19.63¢ 59.30% 0.00083 70.5%%
CL46 0 0 0 49.61% 23.60% 53.61% 0.00094 55.7Pp%
CL50 0 0 0 49.99% 17.83% 48.23% 0.00104 59.8[L%
CcL42 0 0 0 56.80% 23.31% 50.71% 0.00114 65.74%
CL53 - 37.66%| 9.11%| 42.99% 0.00114 78.7%%

* [H2] calculated from pressure, volume, temperature @@dmol% analysis of gas

flashed from liquid sample

** Equilibrium calculation from (Frye 1969)

LogK,, =

eq

6460

205124, K, =
T(

K)

N TET

Niapn * (P + 0.000333,_,22)2 ’
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Figure 6.3.1. 1: Experimental and Equilibrium N#gahene Conversions, Experiment #49
(H2/H20/H,S, 15 psig HS, 585 psig CO, 4.0°C/min, 380 °C, 2 hrs, 10 DH100 ml
toluene, 10.0 g NAPH, 1.50 mmole Mo; 0.91 mmoleS®}j 0.91 mmoles VO(acag)

1500 RPM Impeller Speed)
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Figure 6.3.1. 2: Experimental and Equilibrium Negztlene, Experiment #52
(Ho/H20/H,S, 15 psig HS, 585 psig CO, 4.0°C/min, 340 °C, 2 hrs, 10 DH100 ml
toluene, 10.0 g NAPH, 1.50 mmole Mo; 0.91 mmoleS®}j 0.91 mmoles VO(acag)
1500 RPM Impeller Speed)
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6.3. 2 ANOVA Analysis of the Pseudo-First Order idgdnation Rate,\4pH

An ANOVA analysis of the pseudo-first order napli¢in@ rate constant is shown
in Table 6.3.2.1. As can be seen, the main effdfdismperature and gas type are

significantly larger than the experimental errém.addition, the 2-factor interactions

Table 6.3.2. 1: ANOVA Table for pseudo-first ordate constant,spn (Temperature,
Initial H,S Pressure, Gas Type) (600 psig, 4.0°C/min, 2lrsnl HO, 100 ml toluene,
78.0 mmol NAPH, 1.50 mmole Mo; 0.91 mmole eachNy}, 1500 rpm impeller speed)

Source Effect on SS DF MS F experimental
KnaPH (10_10)
(10°)
Main Effect
Temperature 3.6425 2.65E-09 1 26.5 974.3799
Initial H,S 1
Pressure 0.2925 1.71E-11 0.171 6.283201
Gas Type 1
(COorH) -0.9725 1.89E-10 1.89 69.45578
Interaction
Effects
T X Byz2s 1.3775 3.8E-10 1 3.87 139.3517
T x Gas 0.5425 5.89E-11 1 0.589 21.61368
Pu2s X Gas 1.2925 3.34E-10 1 3.34 122.6847
T X Byos X 1
Gas -0.2575 1.33E-11 0.133 4.869492
Error 2 .0272
F critical 18.5128

* Method of initial rates was used to calculateddg at 380 °C due to equilibrium
conversions
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between temperature and3pressure, temperature and gas type afdpressure and

gas type are also significant.

6.3. 3 Effect of Temperature on Naphthalene Hydragen Rate,
I(NAPH

An increase in temperature increases the reactt®) from 340 °C to 380 °Cnkpn

increases by 3.64 x T&* (Table 6.3.2.1).

6.3.4 Lack of Effect of 43 Partial Pressure on Naphthalene
Hydrogenation Rate n\kpn

An increase from 15 psi to 30 psi,$ has no significant effect onyden.  The
concentration of bB is known to influence not only catalyst prepamatbut the reactivity
during operation. The mol%8 in the recovered gas phase after reaction edli&ir
various conditions (Table 6.3.4.1). Consideringl€&.3.6.1 the final mol% 4$ varies
not only with initial R,s but also with gas type (CO orH Ryssis higher under Hsince
during hydrogenation Hs consumed and total gas pressure decreases, dulting WGS
although water and CO are consumed, @Pproduced in addition toj

Insufficient BS during catalyst sulfidation may form a greatacfion of reduced
metallic sites, which may aid hydrogenation suclvitls RuS (Castillo-Villalon et al.
2008). However, b5 during reaction conditions may be detrimentdlytdrogenation
activity. Jacobsen et al. studied the metal-suwiind strengths of various metal sulfides

using TPR, and determined thai3-exists in equilibrium with surface sulfur; Bind
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Table 6.3.4. 1. Final ¥ mol% (600 psig, 4.0°C/min, 2 hrs, 10 mi3{ 100 ml toluene,
78.0 mmol NAPH, 1.50 mmole Mo; 0.91 mmole eachNy, 1500 rpm impeller speed)

Run Order /

Experiment | temperature | H,S Pressure Gas Type (CQ Final  mol%

Number (°C) (psi) or Hy) H,S
45 380 15 CcoO 0.54
44 340 15 CcoO 0.55
48 380 30 CcoO 1.38
47 340 30 CcoO 1.37
49 380 15 H 0.7
52 340 15 H 0.85
51 380 30 H 1.51
43 340 30 H 2.01
46 360 22.5 CO/H 1.11
50 360 22.5 CO/H 0.62
42 360 22.5 CO/H 1.07
53 340 15 CcoO 0.48

surface vacancies (Jacobsen et al. 1999),

S*+Hy < H, S+ *

Higher Ry2s may therefore shift equilibrium to a higher cortcation of surface sulfur
sites, lowering the number of vacant sites. Beedlusse sulfur vacancies are believed to
be active sites for hydrogenation, hydrodesulfuiore and hydrodenitrogenation, a

decrease in the number of sulfur vacancies wouddbihactivity. Under conditions where
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water is present, the situation becomes even namplex due to the occurrence of water
gas shift and exchange of surface oxygen with sulithich has been suggested as
necessary in giving MagSwvater gas shift activity (Hou et al. 1983). Indhggenation of
tetralin over NiMo/AbO;, Yasuda et al. reported that increasingsPan order of
magnitude from 0.1% to 1.0% only decreased thedygeitration rate by 20% (Yasuda et
al. 1997). Zhang studied naphthalene hydrogematimler CO/HO with a dispersed,
unsupported NiMo catalyst and found that increasinegS:Mo atomic ratio (constant Mo
concentration) from 8.1 to 24.8 resulted in a 5%rease in the pseudo-first order rate
constant (Zhang 2005). From experimental resegp®nted in this work, no significant
effect due to varying {3s was observed likely because over the studigd iRterval (15

to 30 psi, S:Mo atomic ratio from 4 to 8) any chang rate was small enough to fall

within experimental variability.

6.3. 5 Effect of CO or fbn Naphthalene Hydrogenation Ratg,gs

Water has been shown to inhibit hydrodesulfurizgtiand its consumption in the WGS
may be one factor in the higher HDS activity ofsitu generated hydrogen over
molecular hydrogen (Moll 1999; Lee 2006). The meafsvater recovered in the liquid
phase for each multifactorial experiment is disptajn Table 6.3.5.1. Water contents for
in-situ conditions are lower than those for molacuH,. Under molecular K no
consumption of water is expected; the apparenemiffce between the water recovered
and water initially charged may be due to the whist during sampling, which may also

hold true for the water gas shift runs under COIlth&ugh for in-situ runs the molar
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fraction of K (related to mol% of b) is lower than for molecular Hthe total moles of
dissolved gas in oil is higher for in-situ condit®odue to the WGS occurring (Appendix
B). This is indicated by the higher gas phasegumesof in-situ gas samples flashed from
recovered liquid samples. This results in simiarliquid concentrations for in-situ and
molecular H runs, where dividing by the pseudo-steady statedhcentration gives a

pseudo-second order rate constantak, for comparison (Table 6.3.5.2). The ANOVA

Table 6.3.5. 1: Mass of Recovered Water from Reast (600 psig, 4.0°C/min, 2 hrs, 10
ml H,O, 100 ml toluene, 78.0 mmol NAPH, 1.50 mmole M®1 mmole each (V, Ni),
1500 rpm impeller speed)

Pseudo-First
Order
Run Order/
Experiment | Temperature H2S Gas Type Mass of d Naphthalene
Number °C) Pre_ssure (CO or Hy) Recovere Rate
(psi) Water (Q) Constant,
KnapH
(107°sY
45 380 15 (6{0) 3.75 13.03
44 340 15 (6{0) 0 10.1
48 380 30 (6{0) 3.2 12.2
47 340 30 (6{0) 1.72 8.93
49 380 15 H 5.06 10.1
52 340 15 H 5.68 8.5
51 380 30 H 4.84 14.27
43 340 30 H 5.88 7.5
46 360 22.5 CO/K 4.61 6.93
50 360 22.5 CO/K 4.31 7.1
42 360 22.5 CO/H 395 7.26
53 340 15 (6{0) 318 6.43
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results (95% significance level) for this pseudoes&l order rate constant are shown in

Table 6.3.5.3. The ANOVA analysis ofdgpy indicates that using CO orldoes not

have a significant effect. Comparison of molecidaand in-situ generated hydrogen in

naphthalene hydrogenation (Zhang 2005) and digsbtesulfurization (Siewe 1998)

indicated comparable activities in hydrogenatiod anlfur removal. If water noticeably

Table 6.3.5. 2: Table for pseudo-second orderaastant, kiapn (Temperature, Initial
H.,S Pressure, Gas Type) (600 psig, 4.0°C/min, 2liorsnl HO, 100 ml toluene, 78.0
mmol NAPH, 1.50 mmole Mo; 0.91 mmole each (V, NB00 rpm impeller speed)

Pseudo-First| *Pseudo- g:iggg'
Gas Order Steady Sate Order
Run H.S Naphthalene| Dissolved
Temperature Type Rate
Order °C) Pressure (CO or Rate Hydrogen Constant
(psi) Constant, Concentration| ., '
H2) k : ( k NAPH
NAPH (mol/g-oil) -mol
5 1 (g-mol
(10 S ) S—l)
45 380 15 CO 13.03 0.00096 0.135
44 340 15 CO 10.1 0.001188 0.084
48 380 30 CO 12.2 0.001058 0.115
a7 340 30 CO 8.93 0.001050 0.085
49 380 15 H 10.1 0.000751 0.1347
52 340 15 H 8.5 0.001303 0.0654
51 380 30 H 14.27 0.000753 0.1903
43 340 30 H 7.5 0.001017 0.0735
46 360 22.5 CO/H 6.93 0.001042 0.0666
50 360 22.5 CO/H 7.1 0.001159 0.0612
42 360 22.5 CO/K 7.26 0.001302 0.0558
53(500
ppmw
Mo) 340 15 CO 6.43 0.001075 0.059
* Calculated from the average of measureg] fiver 120 minute reaction time
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Table 6.3.5. 3: ANOVA Table for Change in Pseudoesmid Order Rate Constantykpn
(Temperature, Initial H2S Pressure, Gas Type) (&9, 4.0°C/min, 2 hrs, 10 ml,B,
100 ml toluene, 78.0 mmol NAPH, 1.50 mmole Mo;l0mmole each (V, Ni), 1500 rpm
impeller speed)

Source Effect on SS (10 DF MS (10°)  Fexperimental =
KnapH” MS / MSeror
(102 g/(mol-s))

Main Effect

Temperature 6.673 89.06 1 89.06 306.06

Initial H2S 1

Pressure 1.082 2.342 2.342 8.05

Gas Type 1

(CO or h) 1.078 2.322 2.322 7.98

Interaction

Effects

T X By2s 0.662 0.888 1 0.888 3.05

T x Gas 2.628 13.81 1 13.81 47.47

Pu2s X Gas 2.105 8.863 1 8.863 30.46

T X By2s X 1

Gas -0.836 1.398 1.398 4.81

Error 2 291

F critical = 18.5128

F12 005

inhibits hydrogenation then the consumption of waddorm in-situ hydrogen via WGS
should increase hydrogenation activity unlessmasked by the presence of £O'he
effect of water on hydrogenation rate may alsobsoapparent over the measured

difference in water content recovered from the @@ l&, experiments (Table 6.3.5.1).
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The insensitivity of the pseudo-second order ratestant to either initial CO or
initial H, reinforces the dependence of hydrogenation ratbe@hydrogen concentration.
One may expect under an/H,O/H,S atmosphere to have a higher concentration of
hydrogen than under CO48/H,S. However, water gas shift and hydrogenation oiccu
the same reacting phase where the catalyst issdeatd a fast WGS rate may increase
the local hydrogen availability. The concentratadrH, (flashed from recovered liquid
samples) generated in-situ via WGS may approaeixaeed the concentration of H
under H/H,O/H,S as observed from the experimental results (T&l&.2). A higher
“liquid” H , concentration under CO#B/H,S may be due to consumption of water by
WGS and/or the production of molecular hydrogethancatalytic “liquid” phase. Under
H./H,O/H,S the batch autoclave pressure decreases @scBnsumed. The autoclave
pressure decreases much more slowly under gQH4S due to the production of;tnd
CO,. The partial pressure of G@nd its solubility in the liquid phase under these
conditions does not appear to inhibit hydrogenagictivity compared to when no G@&
present (HHH>O/H,S). While no significant effect was observed fQkdq”, the positive
effect observed for CO on the pseudo-first ordex canstant is likely due to a higher
hydrogen concentration during the water gas skécttion.

In the recovered products from experiments perfdroraer initial H, the
agueous phase takes on a milky appearance whiclingiagte some form of fine solids
species is present. The recovered aqueous phaseperiments performed under CO are
noticeably more transparent (Figure 6.3.5.1). Bmental analysis of the aqueous phase

may indicate what type of inorganic species, if,aarg present.
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Figure 6.3.5. 1: Recovered Aqueous Phase (600 4£Y%/min, 2 hrs, 10 ml 4D, 100
ml toluene, 78.0 mmol NAPH, 1.50 mmole Mo; 0.91 akereach (V, Ni), 1500 rpm
impeller speed)

6.3. 6 Interaction Effect of Temperature y§0n Naphthalene
Hydrogenation Rate Constaniky

The interaction between T xR significantly positively affects the pseudo-firstler rate
constant (lapn) but not the pseudo-second order rate constaat(R, which may
indicate the effect is dependent upon hydrogeneanation. At low temperature, low

Pu2s gives a higher rate while at high temperaturedasing B.s enhancesyapq. At
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higher temperature a highegSipartial pressure may be required to maintaivadioS

sites.

6.3.7 Interaction Effect of T x Gas on Naphthalkiydrogenation
Rate Constant,\&pH

The interaction effect of T x Gas indicates sigrfit but minor enhancement of both
knapn @and kiapy”. In a toluene/water emulsion, the use of CQpatdr temperatures will
increase the naphthalene hydrogenation activitgnv@rsely, using Hat higher
temperature will increase activity slightly. Sind&S is fast compared to hydrogenation,
higher equilibrium WGS conversions at lower temp@es may increase the H

concentration which increases the pseudo-firstraiate constant,\&pn.

6.3. 8 Interaction Effect off2sx Gas on Naphthalene Hydrogenation
Rate Constant,s&pn

The two-factor interaction between EBx Gas on naphthalene hydrogenation is minor in
comparison to the temperature main-effect but Baanit for both kapy and kapy”. At

low Py2s, the use of CO will increase the hydrogenatioivagtwhile at high Rs the use

of H, will yield higher activity. A chemical equilibrin between active sulfur vacancies
and adsorbed #$ was observed for Mg&nd other chalcogenides active for HDS and
HYD (Jacobsen et al. 1999). At low;R over-reduction of MoScan occur to metallic
Mo. These results may indicate a lower properisityCO to over-reduce MgRompared

to Hy, under these conditions.
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6. 4 Effects of Temperature, Rs and CO or H on WGS Rate

At 380 °C the water gas shift has attained equuifor as seen by the constant
concentration of CO from the gas phase concentrditioe figures (Appendix B). The
measured pseudo-first order irreversible and réversate constants for water gas shift
(kco) are shown in Table 6.4.1. Since the reactiodase to equilibrium at O minutes,
ANOVA analysis of the kinetic rate data was notfpened since kinetic analysis

performed on these results may be inaccurate.

6.5 Effect of Total Metal Concentration (Constaatomic ratio, Me:Mo
= 0.6 each of Ni and V)

Although the effect of catalyst concentrations @nbe analyzed with ANOVA,
nonetheless some preliminary conclusions can berdfaom the data. The pseudo-
second order rate constant was calculated for tdo@mparison. While maintaining the
same atomic ratio (0.6) of Ni:Mo and V:Mo, incregsthe total metal concentration from
1.10 mmoles to 3.32 mmoles increasgspk’ from 0.060 g-mof-s* to 0.072 g-mot-s™,
while keo increases from 27.7x¥0s? to 41.2x10"' s’ (Table 6.5.1). This corresponds to
an increase ofde by 0.608 &/ (mol total metal) and for an increase Qi by 5.41 g-
mol™ s* / (mol total metal). Since only two experimenpaints were measured, a rate
constant with respect to total metal content cawdtibe accurately calculated. Abusaido
studied the effect of changing Mo concentrationtlom water gas shift and naphthalene
hydrogenation rate at an,®:CO molar ratio of 3:1 (Abusaido 1999) and obseérfee the

WGS an overall pseudo-second order dependenced(fidtsr in Mo concentration) of
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Table 6.4. 1: Pseudo-first order irreversible wages shift rate constant (600 psig,
4.0°C/min, 2 hrs, 10 ml $#O, 100 ml toluene, 78.0 mmol NAPH, 1.50 mmole &1

mmole each (V, Ni), 1500 rpm impeller speed)

Pseudo- Pseudo-
First Order | First Order
Run H.S Gas Type | Irreversible | Reversible
Order Temp Pressure | (CO or WGS Rate | WGS Rate
(psi) H>) Constant, Constant,
Kco Kco
(10* sY (10* sY
45 380 15 CO 139 122
44 340 15 CO 295 2 49
48 380 30 co 0.580 0.495*
47 340 30 CO 188 3.07
46 360 22.5 CO/H 1.60
50 360 22.5 CO/H 1.58
42 360 22.5 CO/H 1.87
53 340 15 CO 1.90

*reaction may have reached equilibrium

Table 6.5. 1:

Effect of Total Metal Concentration Reaction Rates

4.0°C/min, 2 hrs, 10 ml 0, 100 ml toluene, 78.0 mmol NAPH, 1.50 mmole @1
mmole each (V, Ni), 1500 rpm impeller speed)

Mo Concentration | Pseudo-First | Pseudo- Pseudo-First | Pseudo-
(ppmw wrt total Order WGS Second Order | Order WGS | Second Order
hydrocarbon) Rate Constant,| Rate Constant,| Rate Constant| Naph Rate
kco(10°sY) | {knapH /[H2]} = | increase (8/ | Constant,
kNApH” mol total ME) kNApH” (g-mol'
(g-mor*-s? 15!/ mol total
Me)
1500 (3.32 mmole| 41.2 0.072 0.608 5.41
metal)*
500 (1.10 mmole | 27.7 0.06
metal)**

*1.5 mmole Mo, 0.91 mmole Ni, 0.91 mmole V

**0.5 mmole Mo, 0.30 mmole Ni, 0.30 mmole V
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2.0 x 10" (s-ppmw Mo). For naphthalene hydrogenation, a pseudo-secoder o
dependence of 5.0 x 1@s-ppmw Mo)* was calculated (Abusaido 1999). Since only two
metal concentrations were measured, extrapolatieyord the measured metal
concentration may not be accurate.

Although catalytic effects due to the reactor wedlre not explicitly corrected for
in the reported rate constants, future work sh@ddount for the catalytic effect of the

reactor internals in the experimental design.

8.00

7.00

6.00 | W

a kCO
5.00 1 = KNAPH

4.00 -

Rate Constant

(knapH (1072 g-mol™-s™), (keo, 10 s™)

3.00
2.00 A R

1.00

0.00 T T T T T T
0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50

Total Metal Conc (10’5 mmol/g)

Figure 6.5. 1: Effect of Total Metal Concentratimm Reaction Rates (600 psig,
4.0°C/min, 2 hrs, 10 ml $#©, 100 ml toluene, 78.0 mmol NAPH, 1.50 mmole @1
mmole each (V, Ni), 1500 rpm impeller speed)

142



6.6 Conclusion

Conversion is not an accurate measure for compatiegeffect of temperature on
naphthalene hydrogenation since nearly equilibrzonversion was attained at 380 °C
early in the reaction in a batch autoclave. HoweWwYD rate constants at higher
temperature could be measured using the methodnitélirate analysis. Higher
temperature increases the pseudo-first order nalgm& hydrogenation rate constant
(knapn). CO also had a positive effect ogukn. Two-factor interaction effects also had a

positive effect on kapy”, the magnitude of the effects in decreasing order,

Temp >> (Temp x Gas) > (R x Gas) > (Temp x Gas)

Dividing by the “liquid-phase” K concentration (mol/g-liquid) yields a pseudo-s&ton
order rate constant, ipn, Where the ANOVA analysis indicates the effectgat type
(CO or R) is not large enough to be considered significaiignificant differences are
due to the concentration of hydrogen in the regcfihase, which may differ under CO
due to in-situ hydrogen generation versus HA small two-factor interaction effect
suggests the activity is higher when CO is usddvattemperature and Hs used at high
temperature. Hydrogenation activity is slightlyhanced at low js under CO or when

using K at higher Bas
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6.7 Recommendations

Future study on the relative atomic amounts of Nl &, to determine the independent
and combined effect of each species on water ga#f, dmydrogenation and
hydrodesulfurization is recommended. Another ingpar factor would be to determine
effects due to water content, as water inhibitsrbgidsulfurization, hydrodenitrogenation
and hydrogenation. Determining interaction effebetween temperature and water
content may indicate whether,® content affects the hydrogenation rate constdnt.
addition, calculation of the rate constant with pest to the total metals or Mo
concentration would be important to elucidate tpénoum amount of catalyst required.
A plot of the catalyst concentration versus pseselmend order reaction rate would also
allow determination of the catalytic effects frometreactor wall, allowing a more
accurate rate constant determination. Charactemnizaf the solids (XRD, XPS, EDX and
HR-TEM) and elemental analysis of the aqueous pheseéd indicate what type of
inorganic species are present.

Phosphorus has been found to enhance demetal{&&orariti 2000) in addition to
CCR conversion (Bearden 1981). For actual bitufieexl, phosphoric acid addition to
PMA and HS should be tested in order to determine whethbamred demetallation

occurs which could lead to greater deposition ootiporation of Ni and V into MoS
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Chapter 7: Conclusions and Recommendations

7.1 Conclusion

H-exchange between,D and aromatics was accelerated under CO,arorhpared to p
when using Mog For CO/DO/H,S, the deuterium incorporation into naphthalene and
tetralin through exchange was greater than throbhgtrogenation as measured by
hydrogenation and exchange Indices. Dissociatedrdin H,O produced via exchange
may reduce condensation reactions that form colk@sgasphaltenes.

In n-octane/water molecular hydrogen gave the Mbglgdrogenation activity
compared to in-situ hydrogen generated from CO lsd. The activity of molecular
hydrogen was dependent upon the][id the liquid phase. In n-octane the second-orde
rate (with respect to naphthalene and hydrogengu@®/H was lower than in MH-
which may suggest competitive adsorption betweera@®H for sulfur vacancies on the
MoS; surface.

Isotopic labeling using D resulted in an apparent isotope effect of 1.58le
WGS rate, similar to a quasi-equilibrium thermodyima isotope effect reported for
hydroxyl group dissociation in G@-H.

Adsorption of CO onto MoSbegins at 160 °C and produces COS, analogous to
the reduction of MogSunder H producing HS. Interpretation of theco vibrational
absorptions suggests the character of the Mo coatidely unsaturated sites formed is
similar whether Mogis treated with Hor CO by comparison with the reported literature.
veo Was observed at 2070 €nand 2052 ci on activated, unsupported dispersed MoS
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which indicates two states of reduced active sifHsese twaco bands may relate to CO

adsorption on edge and corner sites of hexagondgh, Mtusters. Comparison with

theoretical calculations from literature indicatesasonable agreement with our
experimental data.

Ru(0) and Ru(lll) precursors did not display hiiGS and HYD activity when
sulfided in-situ under toluene/water emulsions 4@ 3C. Incomplete sulfidation due to
low temperature or §6 pressure (15 psi) may have led to the low agtiviThe low
activity of a RuMo catalyst was also attributed itmomplete sulfidation of the Ru
precursor.

FeSQ or VO(acag) sulfided with PMA inhibited naphthalene hydrogeoatin
toluene/water emulsions compared to sulfided PM4&,\tMo exhibited good activity in
WGS. V and Ni addition to Mo reduced naphthalepdrbgenation compared to NiMo
and Mo, but VNiMo still retained higher activityah FeMo or VMo, suggesting Ni may
offset the inhibition caused by V. As such, reeyef residues rich in Ni, V and Mo from
a catalytic slurry upgrading process may be feasibl

Finally, a multifactorial study including tempereguHS and gas type (CO orH
of the ternary VNiMo-sulfide unsupported catalystsxconducted. Significant effects are
shown in decreasing order for naphthalene hydrdgengseudo-second order rate

constant, KapH',

Temperature > Temperature x Gas Type;s R Gas Type
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ANOVA analysis of the WGS could not be performeutsi equilibrium conversions were
observed at the beginning of the reaction. Anedase in the total metal concentration
from 1.10 mmol to 3.32 mmol (Mo:Ni:V = 1:0.6:0.6)creased the WGS rate by 48% and

increased ¥py” by 20%.

7.2 Recommendations

In-situ DRIFTS of the WGS should be performed onSMprepared from ATTM since

the intensity of the reflected signal is greatemttior MoS prepared by sulfiding PMA.

MoS, decomposed from ATTM should present less surfapeirities as well. Integration

of the veo absorbances at 2070 ¢nand 2052 cm could be performed in conjunction
with HR-TEM studies of the solids samples to deteenwhether IR intensities correlate
with the Mo$ nano-cluster morphology. TPR of Mp8nder H and CO should be

compared to determine which is a stronger reduct®RIFTS studies of CO adsorption
could also be performed for the sulfides of RuM&jo/and VNiMo.

Although Ru is expensive for a commercial slurpgrading process, the high
intrinsic activity for HDS and HYD reported in théerature makes further studies
appealing. Characterization of the recovered sdiglXRD, elemental analysis and TEM
may indicate the type of sulfided species formdereparation of RuS(supported or
unsupported) ex-situ could be carried out undgHpE at 673 K (HYD catalyst) and 873
K(HDS catalyst). The fully sulfided catalysts couhen be tested for WGS activity and

in HYD and HDS with simultaneous WGS in oil/watendsions.
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The parametric study of VNiMo could be expandedntdude effects due to the
relative ratios of Ni:V:Mo on HYD and HDS. Addinally, star points conducted for the
23 factorial experiment would yield a Central Compegdesign (CCD) for modeling the
effects of temperature, .8 and CO/H. The effect of different water contents on
naphthalene hydrogenation, both under CO apdshbuld be addressed. Catalytic wall
effects should be accounted for when calculatingvecsions and rate constants for WGS
and hydrogenation. Characterization of the VNiMad sRuMo solids formed under
CO/HO/H,S using XRD, CO adsorption ,TPR and HR-TEM shoutddompleted to
determine the degree of sulfidation and catalydigd@ morphology.

Actual bitumen emulsion upgrading should be pentxt to determine the
incorporation of Ni/V metal into produced solidRarameters such as initiap$ CO/H
ratios, HO content and temperature could be varied. Ther&son Carbon Residue,
HDS conversion and metals incorporation into cakgialtene solids could be measured

to determine optimal conditions for operation.
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APPENDICES
Appendix A: Analytical Methods

Liquid Phase Analysis

The organic liquid product was analyzed on a Vafdh3800 GC-FID with a 30 m x

0.32 mm VF-5MS column. The temperature prograhsied below (Table Al).

Table A. 1: Temperature Ramp for Varian CP-380fuld Product Analysis

Rate (°C / min) Temperature ( °C) Time at Total Time (min)
Temperature
(min)
80
5.0 120 0 8.00
2 134 0 15.00

He Flow: 23.0 ml/min

Table A. 2: Varian CP-3800 Operating Temperatures

Rate (°C / min) Temperature ( °C) Time at Total Time (min)
Temperature
(min)
Sample Inlet Temp
(°C)

Injector 300
Temperature (°C)

Detector 134 0 15.00

Temperature (°C)

Table A. 3: Retention Times of Naphthalene andrdgdnated Products

Retention Time (min) Compound name
7.25 Trans-decalin
8.37 Cis-decalin
10.08 Tetralin
10.99 Naphthalene
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Figure A. 1: Representative GC-FID Chromatograrhiqéiid Organic products from
Naphthalene Hydrogenation

Gas Phase Analysis

Gas phase samples were collected in a 5 mL gasgygimge with valve. An Agilent
3000A MicroGC was used for analysis. The condgiane listed in Table A4. 4N,
0O,, CO were analyzed on a Mol. Sieve 5A column usirgpn for sensitivity to H CO,,
methane, propane, propylene;SHand COS were analyzed using a PLOT U column
running helium. A standard RGA calibration mixtwepplied by Agilent was used to
calibrate the MicroGC bi-weekly. 48 and COS were calibrated using a Certified

Standard supplied by Praxair of 2.54 vol%4stand 5.02 vol% COS.
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Table A. 4:  Agilent 3000A MicroGC Operating Catmhs

3000A GC Column A Column B Column C Column D
Setpoints
Sample Inlet 100 Same as A Same as A Same as A
Temp. (°C)
Injector 100 100 100 100
Temperature
C)
Column 110 100 140 90
Temperature
C)
Sampling Time 30 30 Same as B Same as B
(s)
Inject Time (ms) 200 20 20 20
Run Time (min) 120 120 120 120
Post Run Time 10 10 10 10
(min)
Pressure 20 20 20 20
Equilibration
Time (s)
Column 40.00 36.00 36.00 36.00
Pressure (psi)
Post Run 40.00 36.00 36.00 36.00
Pressure (psi)
Detector Standard Standard Standard Standard
Sensitivity
Detector Data 50 50 50 50
Rate (Hz)
Baseline Offset 0 0 0 0
(mV)
Backflush Time 11.0 6.5 8.0 n/a
(s)
Injector Type Backflush Backflush Backflush FixedlWme
Carrier Gas Argon Helium Helium Helium
Column Type Mol. Sieve 5A PLOT U Alumina OoV-1
Detector Type TCD TCD TCD TCD
Inlet Type Heated Heated Heated Heated
Column 1I0mx0.32mm 8mx0.32mm| 10mx0.32mm 10mx 0.15
Dimension x 30um x 30um X 8 um mm X 2um
Precolumn Type PLOT U PLOT Q Alumina n/a
Precolumn 3mx032mx| 1mx032mm| 1mx0.32mm| 10 mx 0.15 mm
Dimensions 30um X 10um X 3um X 2 um
Injector Volume | 1.0 backflush 1.0 backflush 0.4 backflush 1.6 backf
(ul)
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Figure A. 2: Representative GC-TCD Chromatograi@a$ Phase species |
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Appendix B: Experimental Data

Sample Data including Figures:

Table B.46. 1: Mass of Samples, Experiment #46

CO# 4.0°C/min, 360 °C, 2 hrs, 10 mbE,

Sample # Purge 1 2 2B 3 3B 4 4B 5 5B 6 6B
g
o
S
[N}
>
23
.Qm .
S Reaction 0 20.25 39.75 62.75 104.75 119.75
0 5 Time (min)
~o
5o
23
o2z
(%]
o
% m Mass  of
N M Empty 16.42 16.587 | 16.492 | 16.391 16.371 16.51 16.452 | 16.487 | 16.492 16.45 16.58 | 16.4
QT Vial (g)
m o
Q3
£P
o
S
) 3 Mass  of
* sample +| 19.015 18.739 | 17.883 | 18.701 17.454 18.8 17.564 | 18.822 | 17.967 18.694 17.49 | 18.771
S vial (9)
02
s
=209
€S
S5
£g mass  of
m o liquid 2.5946 2.1516 | 1.3911 | 2.3093 1.0833 2.2903 1.1126 | 2.3343 | 1.4746 2.2437 0.914 | 2.3707
SE sample (9)
So
0 g
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Table B.46. 2: GC Analysis, Experiment #46

Reaction Time (min) 0 20.25 39.75 62.75 104.75 139. Final
[INPT] (mol/g-lig) 0.000917 | 0.000805| 0.000759  0.0886 | 0.000626 | 0.000605]  0.00047¢
[TET] (mol/g-liq) 0.000284 | 0.000379| 0.00047§  0.0685 [ 0.000623 | 0.000644| 0.00053]
[c-DEC] (mol/g-lig) 1.69E-07 | 2.89E-07| 4.82E-077 7807 | 1.08E-06 | 121E-06| 9.89E-07
[t-DEC] (mol/g-lig) 3.13E-07 | 5.79E-07| 8.92E-07] 106 | 1.88E-06 | 2.21E-06] 3.18E-06
[NPT] = [NPTL - [TET]-[DEC] | 0.000916 | 0.00082 0.000721]  0.000635 .000575 | 0.000553| 0.000664

2.50E-03

= [NPT] (mol/g)
A [Tet] (mol/g)

2.00E-03 +
©
g
~ 1.50E-03 -
c
8
£ -3.29E-03x
§ 1 00E-03 | y—8.279E-04e
£ - - T R®=9.70E-01
O N R S

5.00E-04 - A

A
'y
0.00E+00 T T ‘ ‘ ‘ ‘
0.00 20.00 40.00 60.00 80.00 100.00 120.00 140.00
Reaction Time (min)

Figure B.46. 1: Liquid Concentrations, Experim&46
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Table B.46. 3: GC Analysis, ESTD mol%, Experimg#6

Reaction Time (min) 0 20.25 39.75 62.75 104.75 139. Final

H2 30.07429 27.84524 26.4261 25.43746 24.280p8 6892 | 50.30766
02 9.83826 9.64063 9.91633 9.96758b 10.154p1 10113% 2.42214
N2 Total 37.9341 37.05327 37.9167] 38.1214 38.797388.73345 9.758667
CH4 0.07729 0.09033 0.099634 0.109334 0.116715 88741 | 0.162667
CcOo 3.43802 2.083535 1.46754 1.184365 0.9060p 03549 13.54203
CO2 16.50438 18.61863 19.61847 20.6661 21.19443 43949 23.8155
C2H4 0 0 0 0 0

C2H6 0.15326 0.161515 0.164704% 0.17024 0.1697B 901% | 0.165677
C2H2 0 0 0 0 0

H2S 1.349165 1.42875 1.428021 1.46343 1.4734p5 336% | 0.993283
COS 0 0 0 0 0.06518
1,2-Prop= 0 0 0 0.012004 0
Water 0.40971 0 0 0 0 0

Prop 0 0 0 0 0

C3 0 0 0 0 0

n-C4 0 0 0 0 0

i-C4 0 0 0 0 0

n-C6 0 0 0 0 0

n-C8 0 0 0 0 0
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Figure B.46. 2 Normalized Gas Composition, Experit#46
Table B.46. 4: GC Analysis, Experiment #46
Reaction Time (min) 0 20.25 39.75 62.75 104.75 739.
Total calculated moles of gas in
sampling bomb (moles) 0.008718 0.008577 0.008463 0.008406 0.008421 048083
[H2] (mol/g-lig) 0.001219 0.00111 0.001039 0.000994| 0.00095 0.000938
[CQO] (mol/g-liq) 0.000139 8.31E-05 5.77E-05 4.63k-0 | 3.55E-05 3.67E-05
[CO2] (mol/g-lig) 0.000669 0.000742 0.000772 0.0008 | 0.00083 0.000832
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Figure B.46.3: Gas Concentration, Experiment #46

165



B 1. Deuterium Labeling and NMR Experiments

Experiment conditions for #2R1: ,i,0/H,S, 15 psig HS, 585 psig K 4.0°C/min, 340 °C, 3 hrs, 10 mkO, 100 ml n-octane, 3.7 g

NAPH, 0.39 mmoles Mo, 1500 RPM Impeller Speed

Table B.2.2. 1: Mass of Samples, Experiment #2R1

Reaction Time (min) 4.67 40.67 81.17 116.17 152.17 | 180

Mass of Empty Vial 16.8256 16.9281 16.7142 16.7145 | 16.7682 16.7874

Mass of sample + vial 17.9359 19.0405 18.3061 567 18.7312 18.0182

mass of liquid sample 1.1103 2.1124 1.5919 1.9621 .963L 1.2308
Table B.2.2. 2: GC Liquid Analysis, Experiment #2R

Reaction

Time (min) 4.67 40.67 81.17 116.17 152.17 180 Final

[NPT]

(mol/g-liq) 0.000461 0.000328 0.000218 0.00014 9.13E-05 5.52E-0| 0.000102

[Tet] (mol/g-

lig) 2.5E-05 0.000158 0.000268 0.000346 0.000395 0.00043| 0.000497
Table B.2.2. 3: GC Gas Analysis, ESTD mol%, Expenit #2R1

Reaction Time (min) 4.67 40.67 81.17 116.17 152.17 180

H2 30.18806 34.57954 33.09117 32.32426 31.89249 18281

02 14.61807 13.86178 14.16013 14.3369 14.43238 320.4

N2 50.66164 47.93423 49.01484 49.59892 49.90676 46362

CH4 0 0 0 0 0

CcOo 1.011228 0 0 0 0 0

CO2 0 0 0 0 0 0

C2H6 0 0.055044 0.059363 0.059042 0.062815 0.109502

C2H2

H2S 1.094662 1.289045 1.357886 1.354321 1.43379 76258

COS 0 0 0 0 0 0

n-C4 0 0.011011

i-C4 0.03166 0 0 0 0.025328

n-C6 0.006609 0.004699 0.009555 0.010036 0.010373 .011079

n-C8 2.348634 2.285669 2.307055 2.316523 2.261387| .168203
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Table B.2.2. 4: Calculated Concentrations of Dl Organics from NMR

Reaction Time (min) 0.16666§ 36.16667 76.66667 GAIAT 147.6667| 18(
mass of empty vial (g) 2.437) 2.4421 2.449 24858 4474 2.4602
m2 = mass of vial + NMR sample 2.84344 2.7188 247p9  2.8571 2.8328 2.8578
m3 = m2 + n-C8 diluent (GC sample) 3.0856 3.0497 0582 3.1316 3.112 3.1304
[NAPH] NMR sample (g/g) 0.01464 0.01878 0.0061j08 .006265 0.002624 0.001204
[NAPH] diluted-GC sample (mol/g) 7.15E-0b 8.12E-p5 2.74E-05 2.96E-09 1.19E-0p 5.57E-06
[NAPH] (mol/g) NMR sample 0.000114 0.000147 4.77{0 4.89E-05 2.05E-04 9.39E-06
[TET] NMR Sample (g/g) 0.00108 0.00945 0.00871  106¥2 0.012301 0.01129f
[TET] GC sample (mol/g) 5.14E-06 3.96E-05 3.79E{05 8.09E-05 5.39E-05 5.06E-0p
[t-DEC] NMR Sample (g/g) 0 3.61E-0% 5.22E-Q5 0.089] 0.000161 0.00023}
[c-DEC] NMR Sample (g/g) d 1.74E-0p 0.0001p1 oo 0.000152]
[d6-Acetone] GC sample (mol/g) 9.35E-05 4.07E{05 .24&-05 4.31E-05 2.69E-0b 4.03E-05
[d6-acetone] in NMR sample (g/g) 0.009565 0.004704 0.004723 0.004553 0.0029649 0.004B6
mol of total Naph/mol of n-C8 (from GC)

Total NAPH mol / mol n-C8 0.01338Y 0.017305 0.00555 0.005748 0.002381 0.001092
Total Tetralin mol / mol n-C8 0.00096p 0.008443  (T¥676 0.01572 0.01082¢# 0.009981
[NAPH] reactor sample (mol/g)

[TET] reactor sample (mol/g)

molar ratios fromH-NMR Integration

MOL | / MOL n-Octane] (calculated from n-

Octane —CHINMR resonance)

Naphthalene A 0.005522 0.00596¢9 0.001952 0.001j945 .000@85 0.000351
Naphthalene B 0.00734p 0.006745 0.001952 0.007945 .000085 0.000351
Tetralin Ar 0.000331 0.00268¢ 0.002733 0.0052pb1 0.003p89 000034
Tetralin B 0.000442 0.003164 0.003319 0.0060R9 0.00416 0.00378
% "H-Incorporation

Reaction Time (min) 0.17 36.17 76.47 11167 147,67 180.00
NAPH A mol% 41.25% 34.509 35.16% 33.83% 32.96% 3%
NAPH B mol% 54.86% 38.989 35.16% 33.83% 32.96% 331
TET Aromatic mol% 34.43% 31.82% 35.60P0 33.40% 3%08  34.25%
Tet Sat mol% 45.909 37.47% 43.230% 38.35% 38.43% 1388.
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Experimental Conditions for #5R1: CQM@IH,S, 15 psig S, 585 psig kK 4.0°C/min, 340 °C, 3 hrs, 10 mkO, 100 ml n-octane, 3.7
g NAPH, 0.39 mmoles Mo, 1500 RPM Impeller Speed

Table B.5.2. 1: Mass of Samples, Experiment #5R1

Reaction  Time
(min) 5.58 46.18 81.58 126.33 159.67 180

Mass of Empty
Vial 16.7407 16.6286 16.6202 16.6489 16.6112 16.8046

Mass of sample 4
vial 18.3233 17.9446 18.2862 19.364 17.5427 17.0859

mass of liquid
sample 1.5826 1.316 1.666 2.7151 0.9315 0.2813

Table B.5.2. 2: GC Liquid Analysis, Experiment #5R

Reaction Time

(min) 5.58 46.18 81.58 126.33 159.67 180

[NPT] (molig-liq) | 0.000452 0.000387 0.000321 0.0082 0.000222 0.000211

[Tet] (mol/g-liq) 1.17E-05 5.85E-05 0.000122 0.0821 0.000208 0.000301
Table B.5.2. 3: GC Gas Mol % Analysis, Experimg&biR1

Reaction  Time

(min) 4.3 39.3 75.3 110.3 151.3 180

ESTD mol%

H2 9.066576 10.87217 12.23117 13.19319 18.62307 43395

02 9.020861 10.20158 10.04462 9.459652 4.857653 65845

N2 31.43043 35.32372 34.79603 32.83021 17.23422 2685.

CH4 0.023439 0.047952 0.071517 0.125653 0.149419

CcOo 33.1404 24.46693 19.9542 17.96471 21.77468 3984

CO2 13.52281 15.97547 19.9941 23.45097 34.09645 71886

C2H4

C2H6 0.016677 0.020013 0.026988 0.073767 0.110603 116026

C2H2

H2S 0.829949 0.787151 0.814428 0.864189 1.214569 256804

COS 0.127044 0.074523 0.053924 0.04995 0.058616 56918

n-C4 0.010377 0.012537

i-C4 0.036874 0.016753 0.02227 0.024799 0.025427

n-C6 0.006763 0.008286 0.006895 0.007362 0.008583 .008881

n-C8 2.801617 2.246724 2.021308 2.012219 1.860733 .840982
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Table B.5.2.4: Calculated Deuterated Organic Canatons from NMR Data

Reaction Time (min) 39.3 75.3 110.3 151. 18P
mass of empty vial (g) 2.4526 2.4421] 2.4639 2.4569 2.44p8
m2 = mass of vial + NMR sample 2.8647 2.7959 2.8515 2.85 2.865
m3 = m2 + n-C8 diluent (GC sample) 3.13B2 3.0661 1237 3.1269 3.1414
[NAPH] NMR sample (g/g) 0.01867 0.018989 0.014517 0.011999 0.005775
[NAPH] diluted-GC sample (mol/g) 8.82E-0p 8.4E-05 6.61E-05 5.49E-09 2.72E-0p
[NAPH] (mol/g) NMR sample 0.00014 0.000148 0.00931 9.36E-05 4.51E-05
[TET] NMR Sample (g/g) 0.000639 0.003069 0.005903 .000476 0.00583
[TET] GC sample (mol/g) 2.92E-0p 1.32E-05 2.61E{05 4.21E-05 2.67E-04
[t-DEC] NMR Sample (g/g) 0 3.41E-05] 1.65E-0%
[c-DEC] NMR Sample (g/g) 0 1.7E-05 1.65E-0
[d6-Acetone] GC sample (mol/g) 3.84E-05 3.64E{05 .51B-05 8.24E-05 8.24E-0p
[d6-acetone] in NMR sample (g/g) 0.004057 0.004115 0.003848 0.00899 0.008731
mol of total Naph/mol of n-C8 (from GC)

Total NAPH mol / mol n-C8 0.017038 0.017376 0.01835 0.011029 0.00525:
Total Tetralin mol / mol n-C8 0.00056p 0.002723 a5P27 0.008445 0.00514p
[NAPH] reactor sample (mol/g)

[TET] reactor sample (mol/g)

molar ratios fromMH-NMR Integration

MOL |/ MOL n-Octane] (calculated from n-Octane —-CH

NMR resonance)

Naphthalene A 0.003911 0.003099 0.002237 0.001856 0.00088
Naphthalene B 0.00571 0.003745 0.002237 0.001856 0.00088
Tetralin Ar 7.82E-05 0.000402 0.000895 0.0013 0.000792
Tetralin B 0.000196 0.0005571 0.000895 0.001671 0.001p57
% 'H-Incorporation

Reaction Time (min) 39.30 75.30 110.3( 151.30 180.90
NAPH A mol% 22.95% 17.81% 16.88% 16.83%0 16.74%
NAPH B mol% 33.51% 21.55% 16.88% 16.83% 16.76%
TET Aromatic mol% 13.85% 14.78% 17.12% 15.39% 15.41%
Tet Sat mol% 34.61% 20.46% 17.12% 19.78% 20.55%
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Experimental Conditions for #14: CO/B,0/H,S, 15 psig HS, 585 psig (1:1 = COH 4.0°C/min, 340 °C, 3 hrs, 10 mbO, 100 ml
n-octane, 3.7 g NAPH, 0.39 mmoles Mo, 1500 RPM liep&peed

Table B.14. 1: Mass of Samples, Experiment #14

Reaction Time

(min) 1.25 37.08333 73.08333 108.0833 147.5833 180
Mass of Empty

Vial 16.6623 16.4647 16.8075 16.6797 16.7532 16.507
Mass of

sample + vial 17.2249 17.5961 17.7457 17.7758 17.8268 18.2836

mass of liquid
sample 0.5626 1.1314 0.9382 1.0961 1.0736 1.7766

Table B.14. 2: GC Liquid Analysis, Experiment #14

Reaction Time (min) 1.25 37.08 73.08 108.08 147.58 180

[NPT] (mol/g-liq) 0.000495 0.000435 0.000385 0.0003 0.000264 0.000198
[TET] (mol/g-liq) 5.29E-06 5.29E-05 0.000123 0.0061 0.000245 0.000275
[c-DEC] (mol/g-liq) 0 0 0 0 0 7.23E-07
[t-DEC] (mol/g-liq) 0 0 0 7.23E-07 7.23E-07 1.456-0
[NPT] = [NPT]O - [TET]-

[DEC] 0.00049 0.000447 0.00037]2 0.0003[L6 0.00025 000218
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Table B.14. 3: GC Gas Analysis, Experiment #14

Reaction Time

(min) 1.25 37.08333 73.08333 108.0833 147.5833 180 Final
Average ESTD

mol%

H2 7.84353 17.52007 17.75634 18.60356 18.7379¢ 496.9 43.16259
02 16.0348 11.33972 11.7306 11.67012 11.42967 9.687 1.925095
N2 60.5116 45.78424 44.42618 44.13592 43.31004 69282 7.53834
CH4 0.03887 0.07131 0.098665 0.132145 0.21813 105
CcO 7.14568 10.20143 7.659775 6.24928 5.22558 65147 | 16.94407
CO2 6.59588 6.581995 8.35314 9.87061 11.54707 1294 18.33649
C2H4 0

C2H6 0 0.0464 0.057215 0.063995 0.073935 0.12295 086@55
C2H2 0

H2S 0.96144 1.284615 1.26168 1.285815 1.346245 8348 1.31172
COS 0.03429 0.043315 0.032265 0.025995 0.02303% 2599 0.07747
1,2-Prop= 0 0 0 0 0 0
Water 3.6901 3.192914 3.901535 3.22995 3.82105 63.87 3.57522
Prop 0 0 0 0 0 0

C3 0 0 0 0 0 0

n-C4 0 0 0 0 0.00768 0

i-C4 0 0 0 0 0

n-C6 0 0 0 0 0.003775 0

n-C8 0.76544 1.889685 2.274685 1.939705 2.17800% 119245 0.643065
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Table B.14. 4: Calculated Deuterated Organic Comatons from NMR

Reaction Time (min) 1.25 37.08333 73.083B3 108.0]333147.5833 180
mass of empty vial (g) 2.458 2.4917 2.4844 24714 4568 2.4631
m2 = mass of vial + NMR sample 2.8625 2.9308 2.9802 2.8719 2.8138 2.8099
m3 = m2 + n-C8 diluent (GC sample) 3.2985 3.2088  20® 3.1443 3.09] 3.086p
[NAPH] NMR sample (g/g) 0.00828 0.022341 0.0203730.018185 0.024136 0.009264
[NAPH] diluted-GC sample (mol/g) 3.13E-0b 0.0001p7 9.79E-05 8.44E-05 0.000106 4.02E-05
[NAPH] (mol/g) NMR sample 6.46E-0 0.000174 0.00915 0.000142 0.00018: 7.23E-05
[TET] NMR Sample (g/g) 0.00013] 0.002869 0.006854 .010798 0.02374 0.01383p
[TET] GC sample (mol/g) 4.79E-07 1.33E-05 3.19E05 4.86E-05 0.000101 5.82E-0b
[t-DEC] NMR Sample (g/g) [0 [0 1.68E-0b 7.7E-05 9EH5
[c-DEC] NMR Sample (g/g) g [t 5.33E-05 5.39E-P5
[d6-Acetone] GC sample (mol/g) 4.2E-Q5 5.43EP5 72&-05 5.24E-05] 5.58E-0% 7.51E-(Q5
[d6-acetone] in NMR sample (g/g) 0.005549 0.0056830.006984 0.00564 0.0063418 0.0086{16
mol of total Naph/mol of n-C8 (from GC)

Total NAPH mol / mol n-C8 0.00748% 0.020542 0.01B79 0.016786 0.022744 0.008546
Total Tetralin mol / mol n-C8 0.00011p 0.0025%8  0BO31 0.009664 0.02168p 0.012347
[NAPH] reactor sample (mol/g) 0.000495 0.0004B5 00385 0.000317 0.00026¢4 0.000198
[TET] reactor sample (mol/g) 5.29E-06 5.29E-05 01%B 0.000178 0.00024p 0.0002715
molar ratios fromMH-NMR Integration

MOL I/ MOL n-Octane] (calculated from

n-Octane —CEINMR resonance)

Naphthalene A 0.004241 0.00543 0.00511 0.004507 03834 0.002233
Naphthalene B 0.004962 0.006194 0.00411 0.0041462 003834 0.002233
Tetralin Ar 0 0.000608 0.001584 0.002534 0.003566 0.003pL27
Tetralin B 0 0.000719 0.001789 0.00302 0.00p1 0.003%74
% 'H-Incorporation

Reaction Time (min) 1.25 37.08 73.08 108.p8 147,58 180.00
NAPH A mol% 56.66% 26.929 27.19% 26.85p6 16.86% Q%2
NAPH B mol% 66.29% 30.159 27.19% 26.58% 16.86% %7
TET Aromatic mol% 0.00% 23.78% 25.84% 26.12% 16.44% 25.33%
Tet Sat mol% 0.00% 28.11% 29.17Pb6 31.28% 23.51% 428.9
[1H-NAPH]-A (mol/g)

[NAPH]-[1H-NAPH]-A

[1H-NAPH] 0.000328 0.00013] 0.0001d5 8.43E-P5 4-06E] 5.2E-05
[NAPH] 0.000167 0.000304 0.00028 0.000283 0.00022 .00@ML46
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Figure B.14. 3:'H-NMR Spectrum of naphthalene and tetralin in ranet sample #3
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Experimental Conditions for #19: ,i0,0/H,S, 15 psig kS, 585 psig N 4.0°C/min, 340 °C, 3 hrs, 10 mpO, 100 ml n-octane, 3.7 g
NAPH, 0.39 mmoles Mo, 1500 RPM Impeller Speed

Table B.19. 1: Mass of Samples, Experiment #19

Reaction Time

(min) 1.23 38.23 72.73 110.23 143.73 180.00
Mass of Empty

Vial (g) 16.4928 16.4251 16.5274 16.5447 16.4664 4488
Mass of

sample + vial

(9) 17.0721 16.7305 16.986 16.9297 18.5875 18.5052

mass of liquid
sample (g) 0.5793 0.3054 0.4586 0.385 21211 2.0382

Table B.19. 2: GC Liquid Analysis, Experiment #19

Reaction Time (min) 1.23 38.23 72.73 110.23 143.73 180.00
[NPT] (mol/g-liq) 0.000405 0.000425 0.000387 0.00p4 | 0.000401 0.000403
[TET] (molig-lig) 0 0 2.27E-07 7 24E-07 1.36E-06 64E-06
[c-DEC] (mol/g-liq) 0 3.34E-08 0 0 0 0
[t-DEC] (mol/g-li) 0 1E-07 1.09E-07 9.9E-08 1.20%- 1.21E-07
[NPT] = [NPThL - [TETI]-

[DEC] 0.000405 0.000405 0.000404 0.000404 0.000403 0.000403
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Table B.19. 3: GC Gas Analysis, Experiment #19

Reaction Time (min) 1.23 38.23 72.73 110.23 143.73 | 180.00 Final
Average ESTD mol%

H2 0.00074 0.08545 0.16486 0.2171 0.22173p 0.47056 0.492143
02 11.51899 11.31558 11.23607 10.9564 12.62915 69846 1.847

N2 88.016 87.3915 87.3991 87.4266 85.956 91.8824 .663893
CH4 0 0 0 0 0 0

CcOo 0 0 0 0 0 0 0

CO2 0.04237 0.04683 0.04777 0.04955 0.05042 0.0566[ 0.08712
C2H4 0

C2H6 0 0 0.00711 0.01008 0.01072 0.01814 0.01214
C2H2 0

H2S 0.1642 0.32195 0.40812 0.48130 0.45653] 0.8363] 0.75487
COS 0 0 0 0 0 0 0
1,2-Prop= 0 0 0 0 0 0 0
Water 0.356425 0.41574 0.43306 0.48002% 0.44564 33016 0.365043
Prop 0 0 0 0 0 0 0

C3 0 0 0 0 0 0 0

n-C4 0 0 0 0.003925 0 0.003185 0

i-C4 0.02764 0.030865 0.030295 0.02697 0.014215 0
n-C6 0.004555 0.004025 0.00383 0.00371% 0.00324 040D 0

n-C8 1.25644 1.39675 1.39794 1.46176 1.367015 8490 | 0.107533
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Table B.19. 4: Calculated Deuterated Organic Cotmatons from NMR, Experiment #19

Reaction Time (min) 1.2 38.28 72.143 110.p3 14373 180.00
mass of empty vial (g) 2.4908 2.44711 2.4432 2.4667 2.4766 2.4442)
m2 = mass of vial + NMR sample 2.9198 2.88p3 2.8992 2.9014 2.912 2.9444
m3 = m2 + n-C8 diluent (GC

sample) 3.1968 3.1618 3.1794 3.17p4 3.191 3.p22
[NAPH] NMR sample (g/g) 0.01136 0.0193qQ7 0.018626 0.019805 0.029047 0.031493
[NAPH] diluted-GC sample (mol/g) 5.39E-0b 9.17E-05 9E-05 9.43E-05| 0.000138 0.00015%8
[NAPH] (mol/g) NMR sample 8.86E-01 0.000141 0.00814 0.000155 0.000221 0.000246
[TET] NMR Sample (g/g) 0 0] [0 (

[TET] GC sample (mol/g) 0 [0 ( D D
[t-DEC] NMR Sample (g/g) 0) [0 a ( D
[c-DEC] NMR Sample (g/g) 0 q ( D D
[d6-Acetone] GC sample (mol/g) 6.21E-05 5.93E05 .82E-05 5.1E-05 5.85E-0% 5.39E-05
[d6-acetone] in NMR sample (g/g) 0.006536 0.006235 0.00705 0.00535 0.00614p 0.00587
Mole Ratios of Molecules from GC

Total NAPH mol / mol n-C8 0.010308 0.0176%5 0.0403 0.018104 0.02682 0.029137
Total Tetralin mol / mol n-C8 q [0 D D
[NAPH] reactor sample (mol/g) 0.000405 0.0004p5 00388 0.000403 0.00040p 0.000405
[TET] reactor sample (mol/g)

Mole Ratios fromtH-NMR

Integration

MOL |/ MOL n-Octane] (calculated

from n-Octane —CEHINMR

resonance)

Naphthalene A 0.00804 0.008849 0.004565 0.004[189 005644 0.006804
Naphthalene B 0.008528 0.01185%7 0.007944 0.006702 .007@25 0.00796
Tetralin Ar 0 0 0 0 0 0
Tetralin B 0 0 0 0 0 0
% "H-Incorporation

NAPH A mol% 78.00% 50.129 26.80% 23.14)% 21.04% %3
NAPH B mol% 82.68% 67.169 46.63% 37.02% 26.94% 2%.3
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B 2. Kinetic Isotope Labeling Experiments

Experimental Conditions for #1: CO##®,0/H,S, 15 psig HS, 585 psig (1:1 = COHl 4.0°C/min, 340 °C, 3 hrs, 10 mpO, 100 ml

n-octane, 3.7 g NAPH, 0.39 mmoles Mo, 1500 RPM liepSpeed

Table B.1.1. 1: Sample Masses, Experiment #1

Reaction Time (min) 2.17 40.92 76.92 112.92 148.92 | 180.08
Mass of Empty Vial 16.6795 16.7661 16.7501 16.6811f 16.6294 16.8317
Mass of sample + vial 17.7095 17.921 17.5964 18967| 17.7716 17.8319
mass of liquid sample 1.03 1.1549 0.8463 1.2865 42v1 1.0002
Table B.1.1. 2: GC Liquid Analysis, Experiment #1
Reaction  Time
(min) 2.17 40.92 76.92 112.92 148.92 180.08 Final
[NPT] (mol/g-lig) | 0.000307 0.000201 0.000149 8.79&- | 5.8E-05 3.85E-05 2.68E-05
[Tet] (molig-liq) | 3.4E-06 5.7E-05 0.000159 0.000216 | 0.000255 0.000266 0.000282
Table B.1.1. 3: GC Gas Mol % Fraction Analysisp&sment #1
Reaction Time
(min) 2.17 40.92 76.92 112.92 148.92 180.08
Normalized Mol
Fraction
H2 0.236208 0.318903 0.375825 0.384299 0.396676 04656
CcO 0.463339 0.307961 0.248351 0.181194 0.161131 46641
CO2 0.236208 0.318903 0.375825 0.384299 0.396676 404856
H2S 0.064244 0.054233 0 0.050208 0.045516 0.044648
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Experimental Conditions for #1R1: CQ/B,0/H,S, 15 psig KS, 585 psig (1:1 = COH| 4.0°C/min, 340 °C, 3 hrs, 10 mLO, 100
ml n-octane, 3.7 g NAPH, 0.39 mmoles Mo, 1500 Rir\eller Speed

Table B.1.2. 1: Mass of Samples, Experiment #1R1

Reaction Time (min) 3.25 42.25 78.25 114.25 150.25 180.00
Mass of Empty Vial 16.6856 16.5874 16.6365 16.7241 | 16.6546 16.6008
Mass of sample + vial 17.4551 19.199 19.1499 1%027 | 18.842 18.478
mass of liquid sample 0.7695 2.6116 2.5134 2.3035 .1872 1.8772

Table B.1.2. 2: GC Liquid Analysis, Experiment #1R

Reaction Time

(min) 3.25 42.25 78.25 114.25 150.25 180.00 Final

[NPT] (mol/g-

lig) 0.000376 0.00035 0.000327 0.000284 0.000258| 004211 0.00023

[Tet] (mol/g-

lig) 4.92E-06 2.82E-05 7.14E-05 0.000111 0.000152| .00@167 0.000224
Table B.1.2. 3: GC Gas Analysis, ESTD mol%, Ekpent #1R1

Reaction Time

(min) 3.25 42.25 78.25 114.25 150.25 180.00 Final

H2 19.38814 31.13855 36.73953 40.36954 41.8974 9283 42.53408

02 9.514835 4.43307 2.28463 1.25915 0.76097 0.49852| 1.82926

N2 33.79096 16.02376 8.259585 4.526985 2.689904 778517 6.179627

CH4 0.07952 0.12891 0.17384 0.215335 0.19715

CcOo 20.17789 26.71712 25.88908 23.30827 20.34387 16381 21.61134

CO2 2.99182 7.79635 12.83702 16.9388 20.54243 82159 17.52267

C2H4 0.03293

C2H6 0.029865 0.04593 0.05689 0.074865 0.11491 9041 0.05805

C2H2

H2S 0.82312 1.36903 1.645095 1.727095 1.81761 12579 0.900127

COS 0.04049 0.05419 0.051435 0.0446 0.03882 0.03614 0.057863

1,2 prop=

Water 2.85213 3.126225 3.12047 3.355315 3.05686% .649T717

C3

n-C4 0.010255 0.011345

i-C4 0.01458 0.01658 0.018335 0.01811
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n-C6 0.00244 0.00327 0.003585 0.003455 0.003624 0366

Experimental Conditions for #2:,HD,0/H,S, 15 psig HS, 585 psig K 4.0°C/min, 340 °C, 3 hrs, 10 mkO, 100 ml n-octane, 3.7 g
NAPH, 0.39 mmoles Mo, 1500 RPM Impeller Speed

Table B.2.1. 1: Sample Masses, Experiment #2

Reaction Time (min) 1.88 38.08 73.58 112.58 14558 | 177.58
Mass of Empty Vial 16.8458 16.7053 16.7473 16.8522 | 16.8152 16.8717
Mass of sample + vial 17.2895 17.8966 17.9841 Ba90 17.7806 17.9773
mass of liquid sample 0.4437 1.1913 1.2368 1.0514 9652 1.1056

Table B.2.1. 2: GC Liquid Analysis, Experiment #2

Reaction Time
(min) 1.88 38.08 73.58 112.58 145.58 177.58 Final
[NPT] (mol/g-
lig) 0.000182 0.000115 6.87E-05 4.37E-05 3.25E-05] 20BE
[Tet] (mol/g-
lig) 1.44E-05 0.000107 0.00017 0.000224 0.000228 0.(028| 0.000306
[NPT] =
[NPTO] - [TET] | 0.000284 0.000191 0.000128 7.48E-05 7.08E-05| 9®RE- | -7.1E-06

Experimental Conditions for #5: COJO/H,S, 15 psig HS, 585 psig ki 4.0°C/min, 340 °C, 3 hrs, 10 mkO, 100 ml n-octane, 3.7 g
NAPH, 0.39 mmoles Mo, 1500 RPM Impeller Speed

Table B.5.1. 1: Mass of Samples, Experiment #5

Reaction Time (min) 3.5 395 75.5 111.667 147.5 180
Mass of Empty Vial 16.7074 16.5252 16.7941 16.8342 | 16.6296 16.7431
Mass of sample + vial 18.941 18.2452 18.5283 18.364 | 18.7368 18.401
mass of liquid sample 2.2336 1.72 1.7342 1.5305 0721 1.6579

Table B.5.1. 2: GC Liquid Analysis, Experiment #5

Reaction Time

(min) 35 39.5 75.5 111.667 1475 180

[NPT] (mol/g-liq) 0.000311 0.000276 0.000247 0.0082 0.000159 0.000129

[Tet] (mol/g-liq) 5.3E-06 2.93E-05 6.91E-05 0.00010 0.000149 0.00018
0.000305 0.000281 0.000241 0.000202 0.000162 031001

[NPT] = [NPT) -
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[TET]

Experimental Conditions for #5R2: (CQMYH,S, 15 psig HS, 585 psig K 4.0°C/min, 340 °C, 3 hrs, 10 mkO, 100 ml n-octane,
3.7 g NAPH, 0.39 mmoles Mo, 1500 RPM Impeller Speed

Table B.5.3. 1: Mass of Samples, Experiment #5R2

Reaction Time
(min) 5.58 46.18 81.58 126.33 159.67 180
Mass of Empty
Vial 17.0891 16.7705 16.8136 16.8494 16.8024 16914
Mass of sample
+ vial 18.2402 18.5611 18.2402 18.3443 18.2537 18.2857
mass of liquid
sample 1.1511 1.7906 1.4266 1.4949 1.4513 1.371
Table B.5.3. 2: GC Liquid Analysis, Experiment #5R
Reaction Time
(min) 5.58 46.18 81.58 126.33 159.67 180
[NPT] (mol/g-lig) 0.000243 0.000229 0.000185 0.000 0.000144
[Tet] (mol/g-liq) 1.51E-06 1.36E-05 4.34E-05 7.265- 9.56E-05 0.000133
[NPT] = [NPT) -
[TET] 0.00026 0.000248 0.000218 0.000189 0.000166 0.012
Table B.5.3. 3: GC Gas Mol % Analysis, Experimg&biR2
Reaction Time (min) 5.58 46.18 81.58 126.33 159.67 | 180
Normalized Mol%
H, 0.146636 0.150284 0.150284 0.175684 0.11345p BERU5
co 0.675384 0.619797 0.520476 0.440647 0.412599 590.3
CG, 0.17798 0.253393 0.318078 0.36729 0.456618 0.45734
H,S 0.011161 0 0.017329 0.018619 0.017744
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Experimental Conditions for #6: COJO/H,S, 15 psig KIS, 585 psig B 4.0°C/min, 340 °C, 3 hrs, 10 mbD, 100 ml n-octane, 3.7 g
NAPH, 0 mmoles Mo, 1500 RPM Impeller Speed

Table B.6. 1: Mass of Samples, Experiment #6

Reaction Time (min) 4.50 41.00 85.00 122.00 158.00 | 182
Mass of Empty Vial (g) 17.0753 16.5784 16.6568 06% 16.49 16.53
Mass of sample + vial (g) 18.5782 17.3924 18.1736 | 7.7297 17.225 17.3266
mass of liquid sample (g) 1.5029 0.814 1.5168 18178 0.735 0.7966
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Table B.6. 2: GC Liquid Analysis, Experiment #6

Time (min) |4.50E+00 [3.95E+01 @4.10E+01 [8.20E+01 [8.50E+01 [1.18E+02 |1.22E+02 |[1.58E+02 [1.80E+02 (182
IAverage

[NPT]

(mol/g) 4.10E-04 |4.39E-04 |4.28E-04 4.05E-04 [3.83E-04 [3.89E-04 [3.66E-04 [3.51E-04 [3.43E-04 [0.000326
IAverage [Tel]

(mol/g) 0.00000416 [0.00000983 |0.0000217 [0.0000277 [0.0000456 [0.0000615 |0.0000754 [0.0000963 [0.000106 [0.000117
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Table B.6. 3: GC Gas Mol % Analysis, Experiment #6

Reaction Time
(min) 4.50 39.5 41.0 82.0 85.0 118, 1220 1535 .058180.0 | 182 Final
mol%
20.69 | 24.98 | 37.57 | 32.40 | 34.93 | 36.16 | 37.57 | 38.41 | 38.90 | 38.61 | 39.68 | 41.91
H2 124 19 694 777 157 861 111 682 08 666 133 776
2.134 | 1.903 | 1.052 | 0.991 | 0.823 | 0.910 | 0.853 | 0.936 | 1.013 | 1.175 | 1.029 | 1.680
02 2 72 581 645 64 305 895 62 68 94 465 055
38.37 | 27.42 | 7.435 | 13.87 | 10.20 | 7.985 | 6.419 5.383 | 5.546 | 4.600 | 6.314
N2 341 673 521 449 522 13 365 5.746 | 515 15 505 56
0.089 | 0.032 | 0.047 | 0.064 | 0.081 0.111 | 0.122 | 0.135 | 0.112
CH4 022 645 68 96 675 0.096 | 26 295 99 18
2493 | 29.31 | 29.82 | 33.23 | 33.14 | 31.91 | 30.79 | 29.16 | 27.89 | 26.24 | 25.74 | 29.93
CO 35 783 277 359 705 019 753 239 451 699 412 84
1.293 | 2.344 | 10.86 | 5.365 | 7.136 | 8.964 | 10.45 | 12.05 | 13.44 | 1456 | 15.50 | 10.85
CcO2 835 06 117 955 575 915 868 291 543 238 671 286
0.031 | 0.025 | 0.026 | 0.025
C2H4 08 943 435 45
0.016 | 0.026 | 0.066 | 0.043 | 0.058 | 0.057 | 0.066 | 0.074 | 0.081 | 0.087 | 0.092 | 0.043
C2H6 677 42 802 925 05 515 185 29 99 57 305 13
C2H2
1.366 | 1.680 | 2.255 | 2.155 | 2.295 | 2.377 | 2.418 | 2.471 | 2511 | 2.516 | 2.524 | 1.137
H2S 12 02 486 21 495 46 22 08 78 36 02 55
0.066 | 0.081 | 0.091 | 0.101 | 0.100 | 0.096 | 0.092 | 0.088 | 0.084 | 0.079 | 0.076 | 0.099
COS 325 285 284 51 515 89 33 5 52 43 515 95
1,2 prop=
3.442 | 2,792 | 3.093 | 2.737 | 3.135 3.148 | 3.337 | 3.235 | 2.918 | 0.599
Water 42 224 625 3 15 3.102 | 67 22 775 73 772
0.010 0.008 | 0.010 | 0.012 0.014 0.015
C3 76 7 2 145 0 4 555
0.010 0.006 | 0.010 | 0.010 | 0.014 | 0.009
n-C4 84 37 9 625 145 955
0.017 | 0.014 | 0.014 | 0.017 | 0.016 | 0.016 | 0.018 | 0.021 | 0.019
i-C4 0 0 479 025 75 55 805 61 82 225 61
0.004 | 0.005 | 0.005 | 0.005 | 0.005 | 0.005 | 0.005 | 0.006 | 0.006 | 0.006 | 0.005
n-C6 98 16 917 65 475 885 86 15 155 28 995
1.990 | 2.258 | 1.704 | 1.971 | 1.788 | 1.996 | 1.895 | 1.919 | 1.939 | 1.914 | 1.798 | 0.225
n-C8 88 53 659 495 665 67 39 26 925 45 36 015
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Experimental Conditions for #7: CO/8/H,S, 15 psig HS, 585 psig ki 4.0°C/min, 340 °C, 3 hrs, 10 mkO, 100 ml n-octane, 3.7 g
NAPH, 0.39 mmoles Mo, 1500 RPM Impeller Speed

Table B.7.1: Mass of Samples, Experiment #7

Reaction Time (min) 55 37.5 76.5 109.5 142.5 180

Mass of Empty Vial 16.6681 16.6094 16.7357 16.6511| 16.8674 16.6669

Mass of sample + vial 19.2175 18.9172 18.1973 BH29 19.0684 18.4452

mass of liquid sample 2.5494 2.3078 1.4616 2.6475 | .2012 1.7783

Table B.7. 2: GC Liquid Analysis, Experiment #7
Reaction Time (min) 5.5 375 76.5 109.5 142.5 180
[NPT] (mol/g-liq) 0.000409 0.000375 0.000328 0.0882 0.000231 0.000181
[Tet] (mol/g-li) 6.43E-06 3.15E-05 7.49E-05 0.0a81 0.000186 0.000226
[NPT] = [NPTh - [TET] 0.000402 0.000377 0.000334 0.000281 0.2202 0.000183

Table B.7. 3: GC Gas Analysis, ESTD mol%, Expent#7
Reaction Time (min) 55 375 76.5 109.5 142.5 180 inalF
H2 10.23121 19.51655 27.13614 31.24715 34.01994 64381 27.04866
02 8.01412 3.43116 1.47417 0.63503 0.310291 0.1114 | 1.959717
N2 31.26973 14.2776 6.9002 3.60615 2.333234 1./654 9.431377
CH4 0.019065 0.03168 0.04543 0.059695| 0.05133
CcO 32.7435 38.68886 33.40004 27.18789 22.33758 868 31.28957
CO2 10.01717 19.35892 26.87526 33.54757 37.87991 .152Q9 32.72063
C2H4
C2H6 0.010505 0.02126 0.07457 0.07823 0.08305% 567D 0.05081
C2H2 0
H2S 0.12275 0.18369 0.212975 0.24542 0.25762 0R675| 0.101913
COS 0.02534 0.02561 0.019905 0.01515 0.01235 8041
Water 2.81466 3.029175 3.02817 3.02408 3.24378 41063
C3 0.01555 0.00809
n-C4 0.004385 0.007795 0.00847
i-C4 0.0025 0.0172 0.017975 0.019715
n-C8 2.01209 1.74105 1.761085 1.79384 1.74269 1852 0.19877
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Experimental Conditions for #17: ,#,0/H,S, 15 psig HS, 585 psig K 4.0°C/min, 340 °C, 3 hrs, 10 mb8, 100 ml n-octane, 3.7 g
NAPH, 0.39 mmoles Mo, 1500 RPM Impeller Speed

Table B.17. 1: Mass of Samples, Experiment #17

Reaction Time
(min) 1.75 39 76.75 113 146.75 180
Mass of Empty
Vial (g) 16.4928 16.4251 16.5274 16.5447 16.4664 4886
Mass of sample
+ vial (g) 17.0721 16.7305 16.986 16.9297 18.5875 18.5052
mass of liquid
sample (g) 0.5793 0.3054 0.4586 0.385 21211 2.0382
Table B.17. 2: GC Analysis, Experiment #17
Reaction Time (min) 1.75 39 76.75 113 146.75 180 naFi
[NPT] (mol/g-lig) 0.000517 0.000407 0.000231 0.0001 6.52E-05 4.75E-05 0.0004705
[TET] (mol/g-lig) 3.02E-05 0.000159 0.000305 0.0004 0.000388 0.000385 0
1.13462E-
[c-DEC] (mol/g-lig) 0 3.69E-07 1.11E-06 2.81E-06 32E-06 5.47E-06 05
1.91626E-
[t-DEC] (mol/g-lig) 0 3.69E-07 1.85E-06 4.45E-06 1ZE-06 8.97E-06 05
[NPT] = [NPT), - [TET]-
[DEC] 0.000517 0.000566 0.000539 0.000568 0.000464 047004 | 0.000501
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Table B.17. 3: Gas Analysis, ESTD mol%, Experititv

Experiment #17

Reaction Time

(min) 1.75 39 76.75 113 146.75 180
Average ESTD

mol%

H2 30.54748 30.97922 31.50314 28.92085 48.86165 77808
02 12.88293 13.64099 13.7689 14.28802 10.34075 0085
N2 50.972 51.61658 51.92845 53.90311 38.77356 8328
CH4 0 0 0 0 0

CcO 0 0 0 0 0 0

CO2 0.111335 0.07188 0.07052 0.07499 0.09133 02932
C2H4

C2H6 0.12585 0.07735 0.08402 0.08244 0.129935 6633
C2H2

H2S 0.764225 1.00744 1.05781 1.020235 1.607785 96%H4
COS 0 0 0 0 0 0
1,2-Prop= 0 0 0 0 0 0

Water 0 0 0 0 0 0

Prop 0 0 0 0 0 0

C3 0 0 0 0 0 0

n-C4 0 0 0 0 0.00234 0.00501
i-C4 0 0.003665 0.0037 0.004535 0.004705
n-C6 0 0.00237 0.003295 0.003145 0.00372 0.004275
n-C8 2.234765 2.125045 1.98877 2.06194 1.90478 118
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Table B.17. 4: Calculated Gas Concentrations, Ex@at #17

Reaction Time (min) 1.75 39 76.75 113 146.75 180
Total calculated moles of gas in

sampling bomb (moles) 0.006665 0.006333 0.006265 0.00602 0.007917 0.a0730
n H2 (mols) from gas sampling P|T

data 0.002036 0.001962 0.001974 0.001741 0.003868 003037
[H2] (mol/g-Liq) 0.003515 0.006424 0.004304 0.00252 | 0.001824 0.001819
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Experimental Conditions for #28: »#l,0/H,S, 15 psig HS, 585 psig CO, 4.0°C/min, 340 °C, 3 hrs, 10 rODH100 ml n-octane, 3.7
g NAPH, 0.39 mmoles Mo, 1500 RPM Impeller Speed

Table B.28. 1: Mass of Samples, Experiment #28

Sample
# Purge 1 2 2B 3 3B 4 4B 5 5B 6 6B

Reactio
n Time
(min) 0 36 76.5 113.5 153.4 179.8

Mass
of
Empty
Vial 16.433| 16.645| 16.418| 16.440| 16.469| 16.493| 16.948 | 16.943 | 16.541| 16.514
(9) 16.782 4 7 7 6 6 9 3 5 6 2 16.728

Mass
of
sample
+ vial 18.774 ] 18.513 18.339| 17.172| 18.414| 17.137| 18.706 18.133| 17.155| 18.344
(9) 2 8 17.377 1 8 5 8 2 17.266 5 9 5

mass
of
liquid
sampl
e(g) 1.9922| 2.0804] 0.731 1.9204 0.73R2 1.9449 0.6439579.| 0.3225| 1.5919 0.641]7 1.61¢5

Table B.28. 2: GC Analysis, Experiment #28

Reaction Time (min) 0 36 76.5 1135 153.5 179.3167|
[NPT] (mol/g-liq) 0.000403 0.000244 0.000128 7.48E- | 5.15E-05 4.69E-05
[TET] (mol/g-liq) 4.89E-05 0.000224 0.000315 0.0@83 0.00036 0.000386
[c-DEC] (mol/g-liq) 1.45E-07 5.55E-07 1.83E-06 3206 5.06E-06 6.53E-06
[t-DEC] (mol/g-li) 2.41E-07 1.08E-06 3.23E-06 5606 8.5E-06 1.09E-05
[NPT] = [NPTL - [TET]-[DEC] 0.000395 0.000218 0.000124 9.26E-05 | 7.04E-05 4.01E-05
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Table B.28. 3: GC Analysis, ESTD mol%, Experimi&n8

Reaction Time (min) 0 36 76.5 1135 153.5 179.3167|

H2 48.52133 49.01566 47.66606 50.66847 48.565871 70843

02 10.07084 9.869535 10.16225 9.566325 9.93073 01z

N2 37.9991 37.30546 38.35841 36.11552 37.48964 18638

CH4 0 0 0 0 0 0

CcO 0 0 0 0 0 0

CO2 0.122825 0.15088 0.11811 0.187145 0.124184 411

C2H4 0.09247 0 0 0 0 0

C2H6 0.44287 0.70153 0.715225 0.80451 0.710994 50562

C2H2 0 0 0 0 0 0

H2S 0.94378 1.162985 1.21971 1.37202 1.24392 072586

COS 0 0 0 0 0 0

1,2-Prop= 0 0 0 0 0 0

Water 0.46768 0.53217 0.511125 0.507465 0.59622% 432065

Prop 0 0 0 0 0 0

C3 0 0 0 0 0 0

n-C4 0 0 0 0 0 0

i-C4 0.02807 0.02748 0.02693 0.02633 0.02681 09223

n-C6 0 0 0 0.002175 0 0.00432

n-C8 1.41547 1.36672 1.312615 1.306785 1.449604 4064
Table B.28. 4: Calculated Gas Analysis, Experini@&

Reaction Time (min) 0 36 76.5 113.5 153.5 179.3167

Total calculated moles of gas

sampling bomb (moles) 0.008541 0.008293 0.008133 00806 0.008095 0.00971

[H2] (mol / g-Liq) 0.001992 0.002117 0.001994 0.892 0.00247 0.002265
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B 3 Effect of Solvent on WGS and and naphthalenedhygenation in emulsions

Experimental Conditions for #15: CQOJH,0/H,S, 15 psig S, 585 psig (1:1 = CO 4.0°C/min, 340 °C, 3 hrs, 10 mb@, 100 ml
n-octane, 3.7 g NAPH, 0.39 mmoles Mo, 1500 RPM liepe

Table B.15. 1: Mass of Samples, Experiment #15

Reaction Time
(min) 2.55 37.21667 73.55 108.05 144.05 180

Mass of Empty
Vial 16.4732 16.4952 16.6002 16.909 16.9691 16.5493

Mass of sample
+ vial 17.457 17.5397 17.561 18.1449 18.0785 18.6634

mass of liquid
sample 0.9838 1.0445 0.9608 1.2359 1.1094 21141

Table B.15. 2: GC Liquid Analysis, Experiment #15

Reaction Time

(min) 2.55 37.21667 73.55 108.05 144.05 180 Final
[NPT] (mol/g-lig) 0.000474 0.000392 0.000316 0.00D2 0.000216 0.00016 0.000471
[TET] (mol/g-lig) 1.71E-05 8.35E-05 0.000154 0.0062 0.00026 0.000287 0.000718
[c-DEC] (mol/g-lig) | O 0 0 7.23E-07 7.23E-07 1.286-0 | 4.65E-06
[t-DEC] (mol/g-lig) 0 0 0 7.23E-07 1.21E-06 1.74B-0 | 7.48E-06
[NPT] = [NPT]O -

[TET]-[DEC] 0.000456 0.00039 0.00032 0.000256 02 0.000183 -0.00026
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Table B.15. 3: GC Analysis, ESTD mol%, Experiméhb

Reaction Time

(min) 2.55 37.21667 73.55 108.05 144.05 180 Final

H2 20.91247 22.72481 26.06571 25.32719 23.6665p 26826 47.81594

02 12.26851 11.96504 10.88215 11.12995 1159396 117.6 2.938305

N2 46.5536 45.29375 41.24555 42.1874 43.88056 28388 11.05437

CH4 0.02626 0.04959 0.066125 0.074375 0.13007 063%

CcO 11.16778 8.27789 7.177445 5.606535 4.27175b 7651 14.10342

CO2 4.905645 7.798445 10.68041 12.19014 12.58895 .56Q%5 21.75184

C2H4 0

C2H6 0.068065 0.065535 0.078095 0.08364 0.082145 119665 0.09832

C2H2 0

H2S 0.64779 0.72693 0.83206 0.86192 0.81677 1.16473 0.90427

COS 0.030815 0.02415 0.02052 0.0169 0.01320% 040149 0.04956

1,2-Prop= 0 0 0 0 0 0 0

Water 2.981325 2.750725 2.75679 2.308315 3.1754 95938 3.211485

Prop 0 0 0 0 0 0 0

C3 0 0 0 0.00818 0.00766 0.01054 0

n-C4 0 0 0 0.004355 0.00409 0.00653 0

i-C4 0 0.003715 0.004305 0.00357 0.00515 0

n-C6 0.00263 0.00267 0.002475 0.002725 0.00261 40D 0

n-C8 1.15778 1.64834 1.71474 1.532615 1.802065 257% 0.66002
Table B.15. 4: GC Gas Concentrations, ExperiméBbt #

Reaction Time (min) 2.55 37.21667 73.55 108.05 az4. 180

Total calculated moles of

gas in sampling bomb

(moles) 0.006887 0.006974 0.00716 0.007075 0.007184| 0.009768

[H2] (mol/g lig) 0.001464 0.001517 0.001942 0.00145 | 0.001532 0.001629

[CO] (mol/g Tig) 0.000782 0.000553 0.000535 0.00D32 | 0.000277 0.000246

[CO2] (mol/g liq) 0.000343 0.000521 0.000796 0.0286 0.000815 0.000904
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Experimental Conditions for #25: COMVH,S, 15 psig HS, 585 psig CO, 4.0°C/min, 340 °C, 3 hrs, 10 s®OHL00 ml toluene, 3.7 g

NAPH, 0.39 mmoles Mo, 1500 RPM Impeller Speed

Table B.25. 1: Mass of Samples, Experiment #25

Sample # Purge 1 2 2B 3 3B

4B

5B

6B

Reaction
Time
(min) 1 375 725

108

1445

180

Mass of

Empty
Vial (g) 16.5378 | 16.6988 | 16.6032| 16.5188| 16.5156| 16.5835

16.626

16.5135

16.5344

16.5766

16.4163

16.5174

Mass of
sample +
vial (g) 18.5412 19.179 | 18.8047 | 18.3452| 18.2046| 18.5627

17.8922

18.7028

17.6812

18.7988

17.5367

18.7888

mass of

liquid
sample
(9) 2.0034 2.4802 2.2015 1.8264 1.689 1.9792

1.2662

2.1893

1.1468

2.2222

1.1204

2.2714
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Table B.25. 2: GC Liquid Analysis, Experiment #25

Reaction Time (min) 1 375 725 108 144.5 180

[NPT] (mol/g-liq) 0.000431 0.000368 0.00026 0.00017 | 0.000138 0.000118

[TET] (molig-liq) 2.95E-05 0.00013 0.000238 0.00029 | 0.000335 0.000356

[c-DEC] (mol/g-liq) 1.45E-07 1.69E-07 4.34E-07 aa7 1.66E-06 2.22E-06

[t-DEC] (mol/g-li) 2.89E-07 3.62E-07 6.99E-07 16666 3.42E-06 4.12E-06

[NPT] = [NPT) - [TET]-

[DEC] 0.000455 0.000355 0.000246 0.000192 0.000145( 0.000122
Table B.25. 3: GC Analysis, ESTD mol%, Expering®b

Reaction Time (min) 1 37.5 725 108 144.5 180

H2 18.83904 23.66447 23.639 23.319 23.34695 228229

02 6.4901 6.148 6.06356 5.93037 5.754895 5.794815

N2 24.87588 23.53149 23.0773 22.57958 21.91093 4333

CH4 0 0 0 0 0

CcO 26.00336 15.14023 10.33037 7.81876 6.75008 575

CO2 17.3898 28.16114 30.05821 32.99538 35.06144 13364

C2H4

C2H6 0.052405 0.08503 0.130465 0.134835 0.136855( 138805

C2H2

H2S 0.71693 0.90719 0.915495 0.913825 0.953515 6033

COS 0.091275 0.04655 0.03095 0.022765 0.02079 03018

1,2-Prop= 0 0 0 0 0 0

Water 0.51425 0.58673 0.565115 0.620775 0.55662 8185

Prop 0 0 0 0 0 0

C3 0 0 0 0 0 0

n-C4 0 0 0 0 0 0

i-C4 0.020185 0.01242 0.018575 0.012575 0.0123

n-C6 0 0 0 0 0 0

n-C8 0 0 0
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Table B.25. 4: GC Gas Concentrations, Experimgt #

Reaction Time (min) 1 375 72.5 108 1445 180

Total calculated moles of gas in

sampling bomb (moles) 0.009774 0.010281 0.01052f 010621 0.010458 0.010547
[H2] (mol/g liq) 0.001025 0.000628 0.000438 0.00933 | 0.000285 0.000249
[COJ (mol/g liq) 0.000742 0.000981 0.001003 0.00899 | 0.000984 0.000975
[CO2] (mol/g lig) 0.000685 0.001167 0.001275 0.00a4 | 0.001478 0.001537
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COMj 4.0°C/min, 340 °C, 3 hrs, 10 mb@, 100 ml
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Table B.29. 2: GC Analysis, Experiment #29

Reaction Time (min) 0.5 36.5 70 106.3 143 179.9167
[NPT] (mol/g-liq) 0.0004 0.000304 0.00024 0.000201| 0.000172 0.000155
[TET] (mol/g-liq) 3.37E-05 0.000123 0.000186 0.0882 0.000254 0.000266
[c-DEC] (mol/g-lig) 2.17E-07 1.45E-07 2.89E-07 5707 7.59E-07 9.76E-07
[t-DEC] (mol/g-li) 2.89E-07 2.89E-07 5.79E-07 1006 1.41E-06 1.88E-06
[NPT] = [NPTL - [TET]-[DEC] 0.000396 0.000307 0.000243 0.000193] 0.000174 0.000161

Table B.29. 3: GC Analysis, ESTD mol%, Experim&n®

Reaction Time

(min) 0.5 36.5 70 106.3 143 179.9167 Final
H2 24.89579 22.7451 20.65091 18.07557 18.73282 7308 0.388953
02 8.711115 8.40815 8.784355 9.552125 9.12212 81210 | 0.022468
N2 (air) — calculated

from O2 mol% 34.84446 33.6326 35.13742 38.2085 36.4884 32.841340.089873
N2 (system) 26.53447 29.11421 29.36834 27.46538 28895 32.68608 0.59238
N2 (total) -

measured by GC 61.37893 62.74681 64.50576 65.67388 65.77528 63527

CH4 0 0 0 0 0 0 0

CcOo 0 0 0 0 0 0 0

CO2 0.11581 0.11739 0.099285 0.09602 0.10034 00962 | 0.001115
C2H4 0.126105 0.05708 0 0 0 0 0
C2H6 0.4693 0.8973 0.900975 0.85895 0.894151 068186 | 0.00289
C2H2 0 0 0 0 0 0 0

H2S 0.779745 0.914835 0.85168 0.89081 0.93179 8489 | 0.007428
COS 0 0 0 0 0 0 0
1,2-Prop= 0 0 0 0 0 0 0
Water 0.44091 0.58215 0.592375 0.72193 0.70723 30.64 0.004128
Prop 0 0 0 0 0 0 0

C3 0 0 0 0 0 0 0

n-C4 0 0 0 0 0 0 0

i-C4 0.00776 0.01027 0.0198 0.00695 0.0149 0.01504| 0

n-C6 0 0 0 0 0 0 0

n-C8 1.429975 1.600115 1.56493 1.696655 1.73340p 557855 0.003106
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Table B.29. 4: GC Analysis, Experiment #29

Reaction Time (min) 0.5 36.5 70 106.3 143 179.9167

Total calculated moles of gas in

sampling bomb (moles) 0.008669 0.008618 0.00891 0.008887 0.00842] 0.00874
[H2] (mol/g-Tiq) 0.001034 0.001116 0.000913 0.00086 | 0.000815 0.000798
[N2] (mol/g-Tig) 0.001102 0.001429 0.001298 0.00830 | 0.001275 0.001255
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Table B.24. 1: Mass of Samples, Experiment #24

340 °C, 3 hrs, 10 ml #D, 100 ml toluene, 4.5 g NAPH, 0.47 mmoles Mo, 1BBM Impeller Speed

Experimental Conditions for #24: CO#IH,S, 15 psig HS, 585 psig CO, 4.0°C/min,

Sample # 1 2 2B 3 3B 4 4B 5 5B 6 6B
Reaction 1.75 39 76.75 113 146.75 180
Time (min)

Mass  of

Empty 16.5568 16.573 16.4738 16.5838 16.5821 16.5907 16.4891 16.5599 16.6097 16.5407 16.5743
Vial (g)

Mass  of

sample + 19.2505 | 17.8019 | 19.0021 | 17.9428 | 18.9716 | 18.1643 | 17.6402 | 17.6239 | 17.8998 | 17.4802 | 18.8461
vial (g)

mass of

liquid 2.6937 1.2289 2.5283 1.359 2.3895 1.5736 1.1511 1.064 1.2901 0.9395 2.2718
sample (g)
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Table B.24. 2: GC Liquid Analysis, Experiment #24

Time (min) 1.00 375 725 108 1445 180

[NPT] (mol/g-liq) 0.000465 0.000405 0.000288 0.0082 | 0.000156 0.000128

[TET] (molig-liq) 2.4E-05 0.000146 0.00025 0.000351 0.00036 0.000343

[c-DEC] (mol/g-liq) 3.62E-07 3.86E-07 7.23E-07 1066 1.45E-06 1.93E-06

[t-DEC] (mol/g-li) 6.03E-07 6.75E-07 1.01E-06 10986 3.06E-06 3.18E-06

[NPT] = [NPTL - [TET]-[DEC] 0.000507 0.000385 0.00028 0.000178| .000168 0.000184
Table B.24. 3: GC Gas Analysis, ESTD mol%, Expenti#24

Reaction

Time

(min) 1 375 72.5 108 144.5 180 Final

Average

ESTD

mol%

H2 17.42496 21.94358 22.72219 15.79708 14.46455 71866 24.83501

02 6.582735 5.788025 5.570615 9.903865 9.759925 73863 0.87273

N2 25.53505 22.42639 21.60324 37.71162 38.05975 3898. 3.795143

CH4 0 0 0 0 0

CcOo 27.34936 16.95907 11.81247 6.30105 4.83709 3080 26.02378

CO2 17.08484 26.29272 30.57282 23.63066 26.47778 .8338 40.88964

C2H4 0

C2H6 0.12805 0.18652 0.193325 0.117575 0.145235 96035 0.19122

C2H2 0

H2S 0.57216 0.77065 0.793165 0.61622 0.21827 08515 1.030533

COS 0.09774 0.05339 0.035765 0.022995 0.02055 D3EL9 0.14232

1,2-

Prop= 0 0 0 0 #DIV/0! 0 0

Water 0.43713 0.461325 0.551325 0.45408 0.58906 6300 0.39412

Prop 0.0121 0 0 0 0 0 0

C3 0 0 0 0 0 0 0

n-C4 0 0 0 0 0 0 0

i-C4 0.01542 0.020325 0.024785 0.03647 0.02535 0

n-C6 0 0.0021 0 0 0 0 0

n-C8 0.049825 0.036755 0.029825 0.0271 0.039065 2700 0.01497
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Table B.24. 4: GC Gas Concentrations, Experimant #

Reaction Time (min) 1 375 725 108 1445 180
Total calculated moles o

gas in sampling bom

(moles) 0.009486 0.010307 0.010216 0.007024 0.09706 | 0.010415
[H2] (mol/g liq) 0.000963 0.000649 0.000448 0.00016 0.000127 0.00022
[CQO] (mol/g lig) 0.000614 0.00084 0.000862 0.000412 | 0.000379 0.000801
[CO2] (mol/g lig) 0.000602 0.001006 0.001159 0.0096 0.000694 0.001385
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B4 Mixed-metal Catalysts for WGS and Naphthalenedtiggenation

Experimental Conditions for #10: COMIH,S, 15 psig HS, 585 psig CO, 4.0°C/min, 340 °C, 4 hrs, 18 pDP52 ml toluene, 11.17
g NAPH, 1.16 mmoles Mo, 1500 RPM Impeller Speed

Table B.10. 1: Mass of Samples, Experiment #10

Reaction Time
(min) 2.333333 50 98 146 194 240

Mass of Empty
Vial 16.7094 16.5821 16.8526 16.6112 16.7102 16.375

Mass of sample
+ vial 18.3507 17.6686 17.9454 17.5919 17.618 BB19

mass of liquid
sample 1.6413 1.0865 1.0928 0.9807 0.9078 0.8211

Table B.10. 2: GC Analysis, Experiment #10

Reaction
Time
(min) 2.333333 50 98 146 194 240

[NPT]
(mol/g-
lig) 0.002297 0.001658 0.000976 0.000801 0.000619| .000B6 0.000471

[TET]
(mol/g-
lig) 3.18E-05 0.000619 0.001158 0.001577 0.001681 06817 | 0.001583

[c-DEC]
(mol/g-
lig) 0 9.27E-07 2.89E-06 6.21E-06 7.65E-06 1.04E-05 B-03

[t-DEC]
(mol/g-
lig) 0 1.39E-06 4.34E-06 8.79E-06 1.34E-05 1.77E-05 B-02

[NPT] =
[NPT]o -
[TET]-

[DEC] 0.002265 0.001676 0.001132 0.000705 0.000595| 0.000506 0.000684
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Table B.10. 3: GC Gas Analysis, ESTD mol%, Expent#10

Reaction Time

(min) 2.333333 50 98 146 194 240

H2 20.51126 23.13192 21.26485 19.60065 18.10106 34976

02 8.5417 7.74653 7.333535 6.99561 7.54379 7.282195

N2 32.459 29.35316 27.81058 26.54217 28.58188 22.56

CH4 0.06065 0.084525 0.09971 0.102275 0.10974

CcO 10.81996 1.796275 0.73883 0.58182 0.47927 04br44

CO2 20.30867 30.56363 35.68412 38.5065 37.2428 136857

C2H4

C2H6 0.20065 0.248545 0.28295 0.30604 0.29274 Q65

C2H2

H2S 0.583855 0.705075 0.84204 0.908015 0.867715 1729

COS 0.024485 0 0 0 0 0

1,2-Prop=

Water

Prop

C3

n-C4 0.005805

i-C4 0 0.00745 0.008065 0.00799 0.008245

n-C6 0 0 0 0 0 0

n-C8 0.1932 0.17396 0.1349 0.52114 0.056615 0.®1213
Table B.10. 4: GC Gas Concentration, Experimeft #1

Reaction Time (min) 2.333333 50 98 146 194 240

Total calculated moles of

gas in sampling bomi

(moles) 0.00897 0.01041 0.010262 0.01015 0.010186| .009@98

[H2] (mol/g lig) 0.001121 0.002216 0.001997 0.00202 | 0.002031 0.00207

[CO] (mol/g lig) 0.000591 0.000172 6.94E-05 6.02E-0 | 5.38E-05 5.66E-05

[CO2] (mol/g liq) 0.00111 0.002928 0.003351 0.003898 0.004179 0.00462
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Experimental Conditions for #12: CO#IH,S, 15 psig S, 585 psig CO, 4.0°C/min, 340 °C, 4 hrs, 18 g®OH562 ml toluene, 11.17
g NAPH, 0 mmoles Mo, 1500 RPM Impeller Speed

Table B.12. 1: Sample of Masses, Experiment #12

Reaction Time| 2.75 47.25 95.75 142.24 189.75 240
(min)

Mass of Empty
Vial 16.4932 16.4647 16.3275 16.5898 16.4082 18479

Mass of sample
+ vial 17.955 17.515 17.3706 17.6336 17.3678 18143

mass of liquid
sample 1.4618 1.0503 1.0431 1.0438 0.9596 1.664

Table B.12. 2: GC Analysis, Experiment #12

Reaction 2.75 47.25 95.75 142.24 189.75 240 Final
Time (min)

[NPT] .001963 0.001966 0.001951 0.001864 0.001766 0.(B124| 0.000471
(mol/g-liq)

[TET] 0 4.21e-05 0.000107 0.000186 0.000283 0.000316 1888
(mol/g-liq)

[c-DEC] 0 0 0 0 0 0 0
(mol/g-liq)

[t-DEC] 0 0 0 0 0 0 0
(mol/g-liq)
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Table B.12. 3: GC Analysis, Experiment #12

Reaction Time (min) 2.75 47.25 95.75 142.25 189.75 240
Average ESTD mol%

H2 8.44547 16.42401 20.62474 22.04905 22.22162 5389
02 9.557655 8.07252 7.26574 7.08282 7.540775 4¥994
N2 36.25177 30.49896 27.49574 26.85425 28.4217 641%
CH4 0.019795 0.03847 0.05472 0.066085 0.10242
CcO 30.04017 20.72653 16.40921 12.76979 9.854625 02805
CO2 7.76776 15.7986 20.25204 23.38165 24.43037 93316
C2H4

C2H6 0.039895 0.13082 0.19608 0.247945 0.269875 6783
C2H2

H2S 0.63896 0.802855 0.837405 0.834635 0.79491 60683
COS 0.14117 0.08219 0.054935 0.039995 0.027655 70952
1,2-Prop=

Water

Prop

C3

n-C4 0.006165
i-C4 0 0 0.003985 0.004435 0.005485
n-C6 0 0 0 0 0 0

n-C8 0.08095 0.06965 0.03404 0.019445 0.012785 0
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Experimental Conditions for #30: (COMIH,S, 15 psig HS, 585 psig CO, 4.0°C/min, 340 °C, 3 hrs, 10 sgOHLO0 ml toluene, 3.7

g NAPH, 0 mmoles Mo)
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Table B.30. 2: GC Analysis, Experiment #30

Reaction Time (min) 0 38.5 72 102 133 177.75

[NPT] (mol/g-liq) 0.000556 0.000545 0.000519 0.0864 0.000441 0.00042

[TET] (mol/g-liq) 2.02E-05 3.58E-05 4.9E-05 6.66B-0 9.08E-05 0.000123

[c-DEC] (mol/g-liq) 1.45E-07 1.45E-07 4.82E-08 7608 7.23E-08 7.23E-08

[t-DEC] (mol/g-li) 2.17E-07 2.17E-07 4.82E-08 7608 7.23E-08 1.45E-07

[NPT] = [NPT) - [TET]-

[DEC] 0.000536 0.00052 0.000507 0.00049 0.000465 ooa33
Table B.30. 3: GC Analysis, Experiment #30

Reaction Time (min) 0 38.5 72 102 133 177.75

Average ESTD mol%

H2 10.56892 16.3314 19.26483 19.68537 20.19802

02 9.13483 7.84206 7.56177 7.555205 7.459035

N2 Total 34.55176 29.95559 28.70335 28.67492 Z8L.B5

CH4 0 0 0.03041 0.03849 0.048985

CcO 31.27573 25.4229 20.59983 19.00374 17.44838

CO2 9.988 15.95281 19.88774 20.99054 22.25722

C2H4 0.0422 0 0 0 0

C2H6 0.027265 0.026425 0.03364 0.03583 0.0386

C2H2 0 0 0 0 0

H2S 0.44398 0.453085 0.553505 0.542735 0.520035

COS 0.155355 0.097665 0.07054 0.062325 0.056265

1,2-Prop= 0 0 0 0 0

Water 0.484705 0.503455 0.456375 0.49758 0.517685

Prop 0 0 0 0 0

C3 0 0 0 0 0

n-C4 0 0 0 0 0

i-C4 0.018515 0.00516 0 0 0

n-C6 0 0 0 0 0

n-C8 0.03119 0.01759 0 0 0
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Experimental Conditions for #32: COMIH,S, 15 psig HS, 585 psig CO, 4.0°C/min, 340 °C, 3 hrs, 10 g®OHLO0 ml toluene, 3.7 g

NAPH, 0.47 mmoles Mo, 1500 RPM Impeller Speed
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Table B.32. 2: GC Analysis, Experiment #32

Reaction Time (min) 0 28.5 58 85.5 123 164.5
[NPT] (mol/g-liq) 0.000564 0.000527 0.000474 0.0064 0.000358 0.000277
[TET] (mol/g-liq) 2.96E-05 7.7E-05 0.000133 0.00019 0.00025 0.0003
[c-DEC] (mol/g-liq) 0 7.23E-08 1.45E-07 2.28E-01 38E-07 5.79E-07
[t-DEC] (mol/g-li) 0 1.45E-07 2.28E-07 4.82E-04 7.59E-07
[NPT] = [NPT) - [TET]-[DEC] 0.000573 0.000526 0.000469 0.000406 0.000352 0.000301
Table B.32. 3: GC Analysis, Experiment #32
Reaction Time (min) 0 28.5 58 85.5 123 164.5
H2 19.41251 22.12124 23.00018 22.59082 22.83067 98203
02 7.26638 7.20756 7.146255 7.15926 6.86144 7.11771
N2 Total 27.88216 27.62378 27.37499 27.39449 203806 27.24875
CH4 0.02422 0.04887 0.06605 0.08153 0.1013 0.105
CcOo 20.10525 15.42438 12.55929 10.58658 8.563515 529
CO2 19.21731 22.74794 25.08062 26.79698 29.15283 43889
C2H4 0 0 0 0 0 0
C2H6 0.11253 0.124715 0.15853 0.191475 0.19882 664
C2H2 0 0 0 0 0
H2S 0.44449 0.64059 0.69862 0.71526 0.69758
COS 0.073375 0.04781 0.0311 0.02542 0.023875
1,2-Prop= 0 0 0 0 0
Water 0.52152 0.470865 0.43578 0.520185 0.62613 1609
Prop 0 0 0 0 0
C3 0 0 0 0 0 0
n-C4 0 0 0 0 0
i-C4 0 0 0 0 0 0
n-C6 0 0 0 0 0
n-C8 0 0 0 0 0
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Experimental Conditions for #33: COMIH,S, 15 psig HS, 585 psig CO, 4.0°C/min, 340 °C, 3 hrs, 10 g®OHLO0 ml toluene, 3.7 g

NAPH, 0.47 mmoles Ru (R(CO,, 1500 RPM Impeller Speed
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Table B.33. 2: GC Analysis, Experiment #33

Reaction Time (min) 0 28.5 58 85.5 123 164.5

[NPT] (mol/g-liq) 0.000521 0.000558 0.000595 0.0005 | 0.000585 0.000574

[TET] (molig-lig) 8.14E-06 5.27E-06 7.89E-06 9.06B- 1.25E-05 1.5E-05

[c-DEC] (mol/g-lig) 0 0 0 0 0 0

[t-DEC] (mol/g-li) 0 0 7.23E-08 0 7.23E-08 7.23B-0

[NPT] = [NPT) - [TET-[DEC] 0.00058 0.000583 0.00058 0.000579| 00D575 0.000573
Table B.33. 3: GC Analysis, Experiment #33

Reaction Time (min) 15.25 455 80.5 125 155.5 19332

H2 5.606175 8.268888 10.71512 12.65042 14.06458 14804

02 8.97056 8.58566 8.20197 8.107045 8.03633 8.02602

N2 Total 34.57495 32.67987 31.25922 30.94626 3G:664 30.61359

CH4 0 0 0 0 0 0

CcO 39.31039 38.27881 35.64102 32.12815 30.46162 33269

CO2 4.618045 7.258685 9.638525 11.56268 12.92263 .64138

C2H4 0.396605 0.36834 0.392535 0.4066 0.384355 26.37

C2H6 0.0245 0.04436 0.04411 0.061355 0.073155 080

C2H2 0 0 0 0 0 0

H2S 0.774885 0.92256 0.99606 1.01821 1.027695 4420

COS 0.386465 0.27227 0.21474 0.170945 0.152915 70414

1,2-Prop= 0 0 0 0 0 0

Water 0 0 0 0 0.55179 0.59719

Prop 0 0 0 0 0 0

C3 0 0 0 0 0 0

n-C4 0 0 0 0 0 0

i-C4 0 0 0 0 0 0

n-C6 0 0 0 0 0 0

n-C8 0 0 0 0 0 0
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Experimental Conditions for #34: COMIH,S, 15 psig S, 585 psig CO, 4.0°C/min, 340 °C, 3 hrs, 10 sgO®HL00 ml toluene, 3.7 g

NAPH, 0.47 mmoles Ru(acagc)l500 RPM Impeller Speed
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Table B.34. 2: GC Liquid Analysis, Experiment #34

Reaction Time (min) 0 34 62.5 98 122 1515

[NPT] (mol/g-liq) 0.000575 0.000529 0.000492 0.0504 0.000443 0.000422

[TET] (mol/g-liq) 2.31E-05 5.26E-05 7.75E-05 0.0a01 0.000132 0.000163

[c-DEC] (molig-liq) 0 0 0 7.61E-08 7.23E-08 1.45E-0

[t-DEC] (mol/g-li) 0 0 7.23E-08 1.52E-07 1.69E-07 | 2.53E-07

[NPT] = [NPT) - [TET]-[DEC] 0.000552 0.000523 0.000498 0.000464( 0.000443 0.000412
Table B.34. 3: GC Analysis, ESTD mol%, Experingd4

Reaction Time (min) 0 34 62.5 98 122 151.5

H2 5.49802

02 1.406005

N2 Total 6.034055

CH4 0

CcO 81.72848

CO2 3.357705

C2H4 0.285865

C2H6 0.03851

C2H2 0

H2S 0.35542

COS 0.05303

1,2-Prop= 0

Water 0.303435

Prop 0

C3 0

n-C4 0

i-C4 0

n-C6 0

n-C8 0
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Experimental Conditions for #36: COM/H,S, 15 psig HS, 585 psig CO, 4.0°C/min, 340 °C, 4 hrs, 18 s®OH52 ml toluene, 11.17

g NAPH, 1.16 mmoles Mo; 0.7 mmole Ru(agatp00 RPM Impeller Speed
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Table B.36. 2: GC Analysis, Experiment #36

Reaction Time (min) 0.00 19.50 39.50 59.50 89.50 9.50

[NPT] (mol/g-liq) 0.002198 0.002142 0.001806 0.001 0.001379

[TET] (mol/g-liq) 7.28E-05 0.000156 0.000258 0.0082 0.000602 0.000737

[c-DEC] (mol/g-liq) 0 0 0 8.52E-08 2.23E-07 4.44E-0

[t-DEC] (mol/g-li) 0 0 4.71E-08 1.7E-07 4.02E-07 | .4TE-07

[NPT] = [NPT) - [TET-[DEC] 0.002125 0.002042 0.00194 0.001923[ .000595 0.00146
Table B.36. 3: GC Gas Analysis, ESTD mol%, Expent#36

R_eaction

Time

(min) 0.00 19.50 39.50 59.50 89.50 119.50 Final

H2 21.61203 24.60084 26.54063 27.1485 27.55704 3386 31.3899

02 5.510625 5.131565 4.856475 4.84554 4.68334 8089 1.53187

N2 Total | 21.05513 19.67583 18.63441 18.61563 1B882 18.38055 6.103523

CH4 0 0.019055 0.02589 0.032495 0.040185 0.04748 05332

CcO 25.70463 20.24663 16.58459 13.94418 11.09918 66835 23.37887

CO2 18.17618 22.31261 25.0169 26.60906 28.97455 54305 33.16078

C2H4 0.015895 0 0 0 0 0

C2H6 0.10683 0.122665 0.12756 0.13007 0.153685 48.15 0.162537

C2H2 0 0 0 0 0 0 0

H2S 0.54783 0.564395 0.56445 0.547445 0.545485 2054 0.57402

COS 0.037375 0.02907 0.023575 0.020445 0.016045 13035 0.042203

1,2-

Prop= 0 0 0 0 0 0 0

Water 0 0 0 0 0 0 0

Prop 0.01419 0 0 0 0 0

C3 0 0 0 0 0 0 0

n-C4 0 0 0 0 0 0 0

i-C4 0 0 0 0 0 0 0

n-C6 0 0 0 0 0 0 0

n-C8 0 0 0 0 0 0 0
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Fe, V and Ni-promoted Molybenum catalysts

BS.

Experimental Conditions for #37: (COMIH.S, 15 psig HS, 585 psig CO, 4.0°C/min, 340 °C, 4 hrs, 18 sOH52 ml toluene, 11.17

g NAPH, 1.16 mmole Mo; 0.47 mmoles Fe$O
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Table B.37. 2: GC Liquid Analysis, Experiment #37

Reaction Time (min) 0 195 395 59.5 89.5 119.5
[NPT] (mol/g-liq) 0.002579 0.002248 0.002306 0.0620 0.001756 0.001399
[TET] (molig-liq) 0.000122 0.000245 0.00044 0.00063 | 0.00088 0.001038
[c-DEC] (mol/g-liq) 0 7.23E-08 1.45E-07 2.8E-07 5507 1.21E-06
[t-DEC] (mol/g-li) 2.41E-08 1.45E-07 2.17E-07 3B07 9.16E-07 1.71E-06
[NPT] = [NPTL - [TETIHDEC] 0.002457 0.002334 0.002139 0.001948| 0.001698 0.001538
Table B.37. 3: GC Analysis, ESTD mol%, Expering87

Reaction Time

(min) 0 195 39.5 59.5 89.5 119.5 Final
H2 29.02572 30.16229 30.59468 29.79058 29.0453y 12289 29.99602
02 5.346095 5.007545 4.923065 4.915365 4.94040p 5314 1.470163
N2 Total 20.38092 19.00656 18.71403 18.7106 188000 18.8679 5.827253
CH4 0.018465 0.031225 0.04219 0.051505 0.06384 108y 0.04926
CcO 12.66594 8.78712 6.4612 5.347645 4.44765 4.BL874 21.31095
CO2 23.87859 27.18775 29.13855 30.59855 31.7837p .863Q@2 35.88772
C2H4 0 0 0 0 0 0 0

C2H6 0.25477 0.26117 0.26437 0.265695 0.27038% 5027 0.288753
C2H2 0 0 0 0 0 0 0

H2S 0.596015 0.618405 0.6147 0.605455 0.60967H 76851 0.635347
COS 0.019605 0.013195 0 0 0 0 0.052137|
1,2-Prop= 0 0 0 0 0 0 0
Water 0 0 0 0 0 0 0

Prop 0 0 0 0 0 0 0

C3 0 0 0 0 0 0 0

n-C4 0 0 0 0 0 0 0

i-C4 0 0 0 0 0 0 0

n-C6 0 0 0 0 0 0 0

n-C8 0 0 0 0 0 0 0
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Experimental Conditions for #38: CO/H,S, 15 psig HS, 585 psig CO, 4.0°C/min, 340 °C, 4 hrs, 18 pOH52 ml toluene, 11.17

g NAPH, 1.16 mmole Mo; 0.47 mmoles VO(acadp00 RPM Impeller Speed
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Table B.38. 2: GC Analysis, Experiment #38

Reaction Time (min) 0 19 39 58 89 119

[NPT] (mol/g-liq) 0.002313 0.002108 0.002067 0.00a8 0.001721 0.001385

[TET] (mol/g-liq) 8.34E-05 0.000167 0.000292 0.0864 | 0.000658 0.000851

[c-DEC] (mol/g-lig) 0 0 7.71E-08 1.54E-07 2.92E-07 | 6.41E-07

[t-DEC] (mol/g-li) 0 0 2.31E-07 3.08E-07 6.82E-07 | 1.11E-06

[NPT] = [NPTL - [TETIHDEC] 0.002229 0.002146 0.002021 0.001877| 0.001654 0.00146
Table B.38. 3: GC Analysis, ESTD mol%, Experimi&d8

R_eaction

Time

(min) 0 19 39 58 89 119 Final

H2 27.78295 30.83965 31.42804 31.74592 30.29152 43285 32.64154

02 5.312175 4.960765 4.95615 4.99298 4.958805 4D56 1.173777

N2 Total | 20.16909 18.80698 18.76554 18.90694 18318 18.8578 4597137

CH4 0.008035 0.011695 0.01734 0.042185 0.05152 6695 0

CcO 14.39192 8.477195 5.47497 4.22553 2.94739 25§03 20.95384

CO2 22.62186 26.667 28.96119 30.0343 32.148 3382033 | 34.46132

C2H4 0.02502 0 0 0 0 0

C2H6 0.341365 0.376575 0.424775 0.430535 0.442415| .439045 0.41761

C2H2 0 0 0 0 0 0 0

H2S 0.57288 0.605775 0.59733 0.594785 0.604835 0Q#@0 0.467357

COS 0.019075 0.011295 0 0 0 0 0.037237

1,2-

Prop= 0.027605 0.031335 0.032525 0.03293 0.033935| .03367 0.007557

Water 0 0 0 0 0 0 0

Prop 0.03532 0.014685 0 0 0 0

C3 0 0 0 0 0 0 0

n-C4 0 0 0 0 0 0 0

i-C4 0 0 0 0 0 0 0

n-C6 0 0 0 0 0 0 0

n-C8 0 0 0 0 0 0 0
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Experimental Conditions for #39: COMIH,S, 15 psig HS, 585 psig CO, 4.0°C/min, 340 °C, 4 hrs, 18 pODH52 ml toluene, 11.17

g NAPH, 1.16 mmole Mo; 0.47 mmoles NigQ500 RPM Impeller Speed

659'T

90990

G29L'T

90980

¢6E9'T

LS¥.°0

.S'T

T8€8°0

ey’

G/G8°0

eeve'l

IZ41%4

(6) ajdwres
pinby|
Jo ssew

L¥'8T

96¢'LT

799¥°'8T

GS0S°LT

820€'8T

680€°LT

90.1°8T

298¢€°LT

8T66°LT

cLoL’ LT

9686°LT

2098'8T

(6) ren
+ 9|dwes
Jo ssep

T18'9T

¥S€9'9T

6€0L°9T

677991

9€99'9T

2€99'9T

96997

187591

STGS9T

L6¥8°9T

€L¥9°9T

8.99'9T

(B) rein
Adw3
JO sse|N

S'8TT

06

9’69

S'6€

S'1¢

(unw) swng
uonoeay

a9

a9

av

g€

a¢

abind

# 9|dwes

6S# Wwawnadxg ‘sejdwes Jo ssel\ T '6£°'g 9|gel

241



Table B.39. 2: GC Analysis, Experiment #39

Reaction Time (min) 0 215 395 59.5 90 118.5

[NPT] (mol/g-liq) 0.001361 0.001113 0.000976 0.0007 | 0.000596 0.00061

[TET] (mol/g-liq) 0.000655 0.001039 0.001326 0.0064 0.00136 0.001444

[c-DEC] (mol/g-lig) 4.41E-07 1.71E-06 3.17E-06 4E706 5.85E-06 5.16E-06

[t-DEC] (mol/g-li) 5.29E-07 2.1E-06 3.99E-06 6.366 8.95E-06 1.24E-05

[NPT] = [NPT) - [TET]-[DEC] 0.001479 0.001091 0.000801 0.000717| 0.00076 0.000673
Table B.39. 3: GC Analysis, ESTD mol%, Experingé3®

R_eaction

Time

(min) 0 215 39.5 59.5 90 118.5

H2 23.21004 20.54814 19.42989 19.46511 19.74885 26866 24.26024

02 5.418475 5.48124 5.547 5.53677 5.49159 5.46603 47114

N2 Total | 20.70286 20.92147 21.15656 21.13834 223281 20.8727 5.996073

CH4 0 0 0.040925 0.046565 0.05167 0.05539 0.060333

CcO 9.98744 6.945845 5.790535 5.03428 4.14066 3.5317 | 21.2907

CO2 29.4351 33.28446 34.87877 35.86465 36.73487 91389 39.63121

C2H4 0 0 0 0 0 0 0

C2H6 0.165115 0.198885 0.204675 0.21366 0.21743 156p 0.218143

C2H2 0 0 0 0 0 0 0

H2S 0.720685 0.786685 0.78541 0.777165 0.77198 1896 0.671493

COS 0.02369 0.020145 0.017355 0.015 0.01222 0 80080

1,2-

Prop= 0 0 0 0 0 0 0

Water 0 0 0 0 0 0 0

Prop 0 0 0 0 0 0 0

C3 0 0 0 0 0 0 0

n-C4 0 0 0 0 0 0 0

i-C4 0 0 0 0 0 0 0

n-C6 0 0 0 0 0 0 0

n-C8 0 0 0 0 0 0 0
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Experimental Conditions for #40: CO#IH,S, 15 psig HS, 585 psig CO, 4.0°C/min, 340 °C, 4 hrs, 18 g®OH62 ml toluene, 11.17

g NAPH, 1.16 mmole Mo, 1500 RPM Impeller Speed
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Table B40. 2: GC Analysis, Experiment #40

Reaction Time (min) 0 20 40 60 89.5 120

[NPT] (mol/g-liq) 0.001785558| 0.00140007 0.00108812 | 0.000797044 0.000573 0.00048716

[TET] (mol/g-liq) 0.000413419( 0.0007526[L 0.00107305 | 0.001243362 0.00133 0.001445197

[c-DEC] (mol/g-lig) 2.14065E-07| 7.3475E-0Ff  1.99268& 3.50517E-06 5.54E-06 7.91652E-06

[t-DEC] (mol/g-liq) 3.85316E-07| 1.2399E-06 3.10858& 5.29776E-06 8.08E-06 1.22903E-05

[NPT] = [NPTL -

[TET]-[DEC] 0.001634362( 0.0012937Pp 0.000965226 07B215 0.000705 0.000582976
Table B40. 3: Gas Analysis, ESTD mol%, Experim&ta

Reaction

Time

(min) 0 20 40 60 89.5 120

H2 29.07346 27.14499 25.39397 24.46187 23.57037 48289 4.732082

02 517174 5.098315 5.098505 5.123725 5.211975 86210 3.599278

N2 Total | 19.58152 19.4266 19.41973 19.46664 19.8503 | 19.44866 8.495335

CH4 0.040425 0.06259 0.076225 0.083675 0.089075 9208b 8.587816

CcOo 7.04598 4.494975 3.360375 2.879365 2.178475 154 9.124555

CO2 29.75816 33.3084 35.44299 36.57465 37.37213 32931 8.587286

C2H4 0 0 0 0 0 0 6.487703

C2H6 0.120415 0.13586 0.15389 0.16344 0.173725 6027 6.986757

C2H2 0 0 0 0 0 0 7.556236

H2S 0.774895 0.827665 0.84127 0.834635 0.8369 B34 8.243167

COS 0.01406 0 0 0 0 0 8.998351

1,2-

Prop= 0 0 0 0 0 0 9.989951

Water 0 0 0 0 0 0 11.2387

Prop 0 0 0 0 0 0 12.84422

C3 0 0 0 0 0 0 14.98493

n-C4 0 0 0 0 0 0 17.98191

i-C4 0 0 0 0 0 0 22.47739

n-C6 0 0 0 0 0 0 29.96985

n-C8 0 0 0 0 0 0 4495478
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Table B.41. 2: GC Analysis, Experiment #41

Reaction Time (min) 0 20 40 60 89.5 120
[NPT] (mol/g-liq) 0.001858 0.001565 0.001211 0.0989 | 0.000765 0.000738
[TET] (mol/g-liq) 0.000416 0.00076 0.000996 0.007118 | 0.001276 0.001426
[c-DEC] (mol/g-liq) 2.84E-07 7.52E-07 1.62E-06 22706 3.92E-06 5.37E-06
[t-DEC] (mol/g-li) 2.84E-07 8.36E-07 1.84E-06 32286 5.23E-06 6.95E-06
[NPT] = [NPT) - [TET]-[DEC] 0.001774 0.001429 0.001191 0.000998| 0.000906 0.000752
Table B.41. 3: GC Analysis, ESTD mol%, Experimgft
R_eaction
Time
(min) 0 20 40 60 89.5 120
H2 29.07346 27.14499 25.39397 24.46187 23.57037 48289 4.732082
02 5.17174 5.098315 5.098505 5.123725 5.211975 86210 3.599278
N2 Total | 19.58152 19.4266 19.41973 19.46664 19.8503 | 19.44866 8.495335
CH4 0.040425 0.06259 0.076225 0.083675 0.089075 9208b 8.587816
CcO 7.04598 4.494975 3.360375 2.879365 2.178475 715 9.124555
CO2 29.75816 33.3084 35.44299 36.57465 37.37213 32881 8.587286
C2H4 0 0 0 0 0 0 6.487703
C2H6 0.120415 0.13586 0.15389 0.16344 0.173725 6027 6.986757
C2H2 0 0 0 0 0 0 7.556236
H2S 0.774895 0.827665 0.84127 0.834635 0.8369 B34 8.243167
COS 0.01406 0 0 0 0 8.998351
1,2-
Prop= 0 0 0 0 0 0 9.989951
Water 0 0 0 0 0 0 11.2387
Prop 0 0 0 0 0 0 12.84422
C3 0 0 0 0 0 0 14.98493
n-C4 0 0 0 0 0 0 17.98191
i-C4 0 0 0 0 0 0 22.47739
n-C6 0 0 0 0 0 0 29.96985
n-C8 0 0 0 0 0 0 4495478
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Table B.42. 2: GC Analysis, Experiment #42

Reaction Time

(min) 0 185 38.5 58.5 88.5 118.5 Final

[NPT] (mol/g-liq) 0.000953 0.000866 0.000745 0.08D6 0.000597 0.000537 0.000457

[TET] (mol/g-liq) 0.000285 0.000423 0.000525 0.0905 0.000633 0.00063 0.000563

[c-DEC] (molig-liq) | 1.93E-07 3.62E-07 5.79E-07 Re7 1.13E-06 1.47E-06 1.33E-06

[t-DEC] (mol/g-liq) 3.13E-07 8.92E-07 9.89E-07 2606 4.7E-06 4.34E-06 3.57E-06

[NPT] = [NPT} -

[TET]-[DEC] 0.000958 0.000819 0.000716 0.000649 0.000604 00J006 | 0.000675
Table B.42. 3: GC Analysis, ESTD mol%, Experinigf2

Reaction

Time

(min) 0 185 38.5 58.5 88.5 118.5 Final

H2 30.43808 29.50305 26.88104 26.2846 26.05975 6323 51.45206

02 9.188425 9.24453 9.47494 9.52384 9.62075 9.7696 | 2.47313

N2 Total | 35.00545 35.20906 36.07016 36.25488 36636 37.30018 9.615643

CH4 0.090965 0.108555 0.12012 0.12668 0.13357 Q987 0.1922

CcOo 4.570485 2.899675 1.932655 1.535585 1.259015 69345 13.42159

CO2 15.90597 18.4688 19.56206 20.32495 21.14963 618223 23.57899

C2H4 0 0 0 0 0 0 0

C2H6 0.28358 0.301215 0.304055 0.308225 0.343585( 318835 0.362707

C2H2 0 0 0 0 0 0 0

H2S 1.10282 1.19119 1.20702 1.20885 1.24449 1.24938 | 0.9678

COS 0.01247 0 0 0 0 0 0.038237

1,2-

Prop= 0.02766 0.0304 0.03185 0.03334 0.035115 0.035715 0

Water 0 0 0 0 0 0 0

Prop 0 0 0 0 0 0 0

C3 0 0 0 0 0 0 0

n-C4 0 0 0 0 0 0 0

i-C4 0 0 0 0 0 0 0

n-C6 0 0 0 0 0 0 0

n-C8 0 0 0 0 0 0 0
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Table B.42. 4: Gas Concentrations, Experiment #42

Reaction Time (min) 0 185 38.5 58.5 88.5 118.5
Total calculated moles of gas in

sampling bomb (moles) 0.008969 0.009051 0.008843 0.008681 0.008702 033085
[H2] (mol/g-lig) 0.001477 0.001445 0.001286 0.00323 | 0.001227 0.001144
[CO] (molig-liq) 0.000222 0.000142 9.25E-05 7.21E-0 | 5.93E-05 4.94E-05
[CO2] (mol/g-lig) 0.000772 0.000905 0.000936 0.0889 0.000996 0.000998
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Experimental Conditions for #43: ,#1,0/H,S, 30 psig kS, 570 psig K 4.0°C/min, 340 °C, 2 hrs, 10 mk@, 100 ml toluene, 10.0 g

NAPH, 1.50 mmole Mo; 0.91 mmoles Nig®.91 mmoles VO(acag)1500 RPM Impeller Speed

Table B.43. 1: Mass of Samples, Experiment #43

mass df

liquid

sample (g) [2.5538 2.0259 0.0592 2.0662 0.3125 1.6917 0.1909 1.8572 0.4094 1.8616 0.3479 1.7652
Mass of

isample +

ial (9) 19.1875 [18.3799 [16.5278 [18.6212 |16.9613 |18.2446 |16.6212 |18.3879 [17.0498 [18.4002 (16.8281 [18.1638
Mass of

Empty Via

(9) 16.6337 [16.354 16.4686  [16.555 16.6488 [16.5529 [16.4303 [16.5307 [16.6404 |16.5386 [16.4802 |16.3986
Reaction

Time (min) (0] 19.5 39.5 59.5 91.75 120.5
Sample # |Purge 1 2 2B 3 3B 4 4B 5 5B 6 6B
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Table B.43. 2: GC Analysis, Experiment #43

Reaction Time

(min) 0 195 39.5 59.5 91.75 120.5 Final

[NPT] (mol/g-liq) 0.000889 0.000652 0.000588 0.08D6 0.000509 0.000481 0.000408

[TET] (mol/g-liq) 0.000363 0.000398 0.00048 0.00059 | 0.000611 0.000656 0.000606

[c-DEC] (molig-liq) | 3.13E-07 3.86E-07 6.99E-07 1EDA6 1.52E-06 1.74E-06 2.07E-06

[t-DEC] (molig-liq) | 4.58E-07 6.27E-07 9.64E-07 1EB06 2.68E-06 2.89E-06 5.45E-06

[NPT] = [NPT} -

[TET]-[DEC] 0.000743 0.000708 0.000625 0.000507 0.000491 048004 | 0.000493
Table B.43. 3: GC Analysis, ESTD mol%, Experimi&8

Reaction Time

(min) 0 195 39.5 59.5 91.75 120.5 Final

H2 37.19586 34.96836 33.69058 32.26195 31.0085 9282 86.49076

02 12.64063 13.02541 13.42623 13.71191 13.9971 4788. 4.431887

N2 Total 47.70812 49.32101 50.83021 51.9535 534331 54.84159 15.94335

CH4 0.036715 0.044135 0.046905 0.051875 0.05461 55040 0.083483

CcO 0 0 0 0 0 0 0

CO2 0.118365 0.12135 0.104015 0.094395 0.09941 9099 0.21734

C2H4 0 0 0 0 0 0 0

C2H6 0.536905 0.550315 0.576675 0.590315 0.596585 .578695 0.68433

C2H2 0 0 0 0 0 0 0

H2S 2.514535 2.52207 2.72008 2.758405 2.79366pH 03082 1.79569

COS 0 0 0 0 0 0 0

1,2-Prop= 0 0 0 0 0 0 0

Water 0 0 0 0 0 0 0

Prop 0 0 0 0 0 0 0

C3 0 0 0 0 0 0 0

n-C4 0 0 0 0 0 0 0

i-C4 0 0 0 0 0 0 0

n-C6 0 0 0 0 0 0 0

n-C8 0 0 0 0 0 0 0
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Table B.43. 4: GC Analysis, Experiment #43

Reaction Time (min) 0 19.5 395 59.5 91.75 120.5
Total calculated moles of gas In

sampling bomb (moles) 0.006607 0.0064 0.006264 0.006173 0.006064 0.00594
[H2] (mol/g-lig) 0.001213 0.001105 0.001042 0.00898 | 0.000928 0.00083
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Experimental Conditions for #44: (COM/H,S, 15 psig HS, 585 psig CO, 4.0°C/min, 340 °C, 2 hrs, 10 g®OHLO0 ml toluene, 10.0

g NAPH, 1.50 mmole Mo; 0.91 mmoles Nig®.91 mmoles VO(acag)
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Table B.44. 2: GC Analysis, Experiment #44

Reaction Time

(min) 0 19.75 39.75 60.25 90.75 119.75 Finl

[NPT] (mol/g-liq) 0.001104 0.000987 0.000835 0.0697 0.00062 0.000541 0.00046

[TET] (molig-liq) 0.000165 0.000293 0.000421 0.0605 | 0.000597 0.000644 0.000591

[c-DEC] (mol/g-liq) | 1.45E-07 2.65E-07 4.1E-07 6.80F 9.4E-07 1.37E-06 1.9E-06

[t-DEC] (molig-liq) | 2.65E-07 2.89E-07 3.86E-07 18306 1.83E-06 3.35E-06 4.22E-06

[NPT] = [NPT} —

[TET]-[DEC] 0.001055 0.000928 0.000799 0.000669 0.000621 07005 | 0.000623
Table B.44. 3: GC Analysis, ESTD mol%, Experimgst

R_eaction

Time

(min) 0 19.75 39.75 60.25 90.75 119.75 Final

H2 24.55614 24.95199 22.97069 21.63969 20.16616 41999 26.91475

02 7.70268 7.608975 7.68682 7.95952 7.847865 73H86 1.839587

N2 Total | 29.30873 28.95363 29.24273 30.25946 22842 29.90182 7.442167

CH4 0.04017 0.0577 0.06751 0.07375 0.081245 0.08749 | 0.108013

CcO 7.6025 3.793175 2.78921 2.45836 1.935335 18739 | 22.86631

CO2 24.64168 28.21592 30.33065 31.17014 32.71652 13885 35.98512

C2H4 0 0 0 0 0 0 0

C2H6 0.342103 0.42425 0.435105 0.442725 0.44659 508456 0.38858

C2H2 0 0 0 0 0 0 0

H2S 0.61911 0.628265 0.657365 0.648205 0.65511 48.66 0.47999

COS 0.014594 0 0 0 0 0 0.06879

1,2-

Prop= 0.02559 0.02704 0.028995 0.0291 0.0304 0.031185 0

Water 0 0 0 0 0 0 0

Prop 0.00912 0 0 0 0 0 0

C3 0 0 0 0 0 0 0

n-C4 0 0 0 0 0 0 0

i-C4 0 0 0 0 0 0 0

n-C6 0 0 0 0 0 0 0

n-C8 0 0 0 0 0 0 0
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Table B.44. 4: GC Analysis, Experiment #44

Reaction Time (min)

19.75

39.75 60.25 90.75 159.7
Total calculated moles of gas iIn
sampling bomb (moles) 0.010448 0.010654 0.010652 0.01045 0.01045 0.01038
[H2] (mol/g-liq) 0.001301 0.001348 0.001241 0.00114 | 0.001069 0.001023
[CO] (mol/g-liq) 0.000403 0.000205 0.000151 0.00013 | 0.000103 7.52E-05
[CO2] (mol/g-lig) 0.001306 0.001524 0.001638 0.0826 0.001734 0.001798
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= Table B.45. 1: Mass of Samples, Experiment #45

g

>

S

E

o

o

g

3

& Sample # |Purge 1 2 2B 3 3B 4 4B 5 5B 6 6B
£

~ 2

gn

92

88

£E

Es Reaction

m W Time (min) 0 17 39.83 56.82 93.33 118.83
¥ 8

g

=8

TR

o —

9 m Mass of

) Empty Via]

%. m (9) 16.436 16.5807 16.5229 16.4238 16.5767 16.4558 16.3451 16.4682 16.5627 16.41 16.5507 16.4386
of

%]

Qo

0 o

9

G &

L w Mass of

Wm sample

C. m ial (g) 19.2375 18.764 17.8872 18.6968 17.9899 18.776 17.7162 18.7457 17.9216 18.7729 17.8683 18.6055
%5

50

w O

5§32

g m mass qf

m £ liquid

=9 sample (g) [2.8015 2.1833 1.3643 2.273 1.4132 2.3202 1.3711 2.2775 1.3589 2.3629 1.3176 2.1669
S o

(TR

ET

=

S

U o
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Table B.45. 2: GC Analysis, Experiment #45

Reaction Time (min) 0 17 39.83333 56.8333B 93.33383118.8333 Final

[NPT] (mol/g-liq) 0.000794 0.000769 0.00066 0.00p64 0.000526 0.000519 0.000504

[TET] (mol/g-liq) 0.00037 0.000483 0.000511 0.00655 0.000491 0.000493 0.000501

[c-DEC] (mol/g-liq) 1.18E-06 | 4.58E-07| 7.96E-07] 9867 | 8.92E-07 | 1.04E-06| 1.16E-06

[t-DEC] (mol/g-lig) 4.58E-07 1.64E-06 4.51E-06 3EBB6 1.76E-06 5.3E-06 3.42E-06|

[NPT] = [NPTL - [TET]-[DEC] | 0.000762 0.000649 0.000614 0.0005740.00064 0.000634 0.000624
Table B.45. 3: GC Analysis, ESTD mol%, Experimé#b

Reaction Time

(min) 0 17 39.83333 56.83333 93.33333 118.8333 Final

H2 20.97208 20.37966 19.39538 18.95201 19.00864 1788. 28.49905

02 7.77083 7.68931 7.647315 7.694315 7.66471 7.826 1.868017

N2 Total 29.56156 29.22416 29.10385 29.25007 28372 | 29.77557 7.54385

CH4 0.10595 0.11798 0.13317 0.14077 0.160265 00547 | 0.20561

CcO 4.09915 3.26741 2.672905 2.579445 2.092824 Q2575 21.75899

CO2 30.08463 32.37321 33.48159 33.8517 34.68674 60843 34.92959

C2H4 0 0 0 0 0 0

C2H6 0.43864 0.448635 0.456125 0.450355 0.45395 6489 0.419133

C2H2 0 0 0 0 0 0

H2S 0.75244 0.776745 0.784715 0.77348 0.775634 20375 0.463173

COS 0 0 0 0 0 0 0.06589

1,2-Prop= 0.026835 0.027895 0.02934 0.1641 0.03097( 0.030445 0

Water 0 0 0 0 0 0 0

Prop 0 0 0 0 0 0 0

C3 0 0 0 0 0 0

n-C4 0 0 0 0 0 0

i-C4 0 0 0 0 0 0

n-C6 0 0 0 0 0 0

n-C8 0 0 0 0 0 0
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Table B.45. 4: GC Analysis, Experiment #45

Reaction Time (min)

0

17

39.83333 56.83333 93.33333| 118.8333
Total calculated moles of gds
in sampling bomb (moles) 0.010423 0.010571 0.010581| 0.010795 0.010833 0.010855
[H2] (mol/g-liq) 0.001001 0.000987 0.00094 0.000937 | 0.000943 0.000954
[CO] (mol/g-liq) 0.000196 0.000158 0.00013 0.000128 | 0.000104 8.82E-05
[CO2] (mol/g-li) 0.001436 0.001567 0.001623 0.0M16 0.001721 0.001721
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Experimental Conditions for #46: (CO4H,O/H,S, 22.5 psig kB, 577.5 psig (1:1 = CO:# 4.0°C/min, 360 °C, 2 hrs, 10 mL@E,
100 ml toluene, 10.0 g NAPH, 1.50 mmole Mo; 0.91aten NiSQ; 0.91 mmoles VO(acag)

See Sample Data at beginning of Appendix B.
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Experimental Conditions for #47: (COMIH,S, 30 psig HS, 570 psig CO, 4.0°C/min, 340 °C, 2 hrs, 10 pOHL00 ml toluene, 10.0

g NAPH, 1.50 mmole Mo; 0.91 mmoles Nig®.91 mmoles VO(acag))

Table B.47. 1: Mass of Samples, Experiment #47

Sample # [Purge 1 2 2B 3 3B 4 4B 5 5B 6 6B
Reaction
Time (min) (o] 21 48.5 69.5 90 119.5

Mass of
Empty Via
() 16.4305 [16.5241 [16.4042 [16.412 16.3845 [16.4205  [16.456 16.4998 |16.4625 [16.4976 [16.3926  |16.3325

260

Mass of
sample ..
vial (g) 18.4762 [18.7061 [17.6564  [18.6258 |17.5985 [18.6609 [17.6899  [18.7246 [17.1568 [18.8686  [16.8323  [18.5217

mass qf
liquid
sample (g) [2.0457 2.182 1.2522 2.2138 1.214 2.2404 1.2339 2.2248 0.6943 2.371 0.4397 2.1892




Table B.47. 2: GC Analysis, Experiment #47

Reaction Time (min) 0.00 21.00 48.50 69.50 90.00 9.530 Final
[NPT] (mol/g-liq) 0.000983 | 0.000898 0.000764 0.0006 | 0.000593 | 0.000532 0.00043¢
[TET] (mol/g-lig) 0.000168 0.000316| 0.000466 0.0085 | 0.0006 0.000641| 0.000574
[c-DEC] (mol/g-liq) 7.23E-08 2.17E-07 4.82E-07] 8-0F 1.01E-06 1.28E-06 1.23E-06
[t-DEC] (mol/g-lig) 1.69E-07 4.34E-07 1.83E-06 2E406 3.35E-06 2.6E-06 4.95E-06
[NPT] = [NPTL - [TET]-[DEC] | 0.001034 | 0.000885| 0.000733 0.0006540.000597 0.000557| 0.000619

Table B.47. 3: Gas Concentrations, Experiment #47

Reaction Time (min) 0.00 21.00 48.50 69.50 90.00 9.5a0

Total calculated moles of gas in

sampling bomb (moles) 0.010548 0.010907| 0.010665 010351 0.010617 0.010682
[H2] (mol/g-liq) 0.001192 0.001186 0.001038 0.00895 | 0.000983 0.000945
[CO] (mol/g-lig) 0.000285 0.000154 8.62E-05 7.64%-0 | 7.01E-05 6.69E-05
[CO2] (mol/g-lig) 0.001262 0.001444 0.001539 0.0845 | 0.001596 0.001609
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Table B.47. 4: GC Analysis, ESTD mol%, Experimés?

Reaction Time

(min) 0.00 21.00 48.50 69.50 90.00 119.50 Final
H2 24.66112 23.72059 21.23526 19.75472 20.2061 1408 26.55071
02 7.795025 7.807085 7.98117 8.08285 7.95938 84390 | 1.15954
N2 Total 29.71538 29.74176 30.37882 30.74604 33329 | 30.61311 4.94101
CH4 0.04187 0.062705 0.07802 0.08374 0.08974 0M931 | 0.118203
CO 5.90118 3.09025 1.762865 1.579205 1.43988 108667 | 19.94448
COo2 26.0994 28.88692 31.48311 32.18875 32.8040¢ 873a7 39.11494
C2H4 0 0 0 0 0 0 0

C2H6 0.521085 0.535435 0.55446 0.586255 0.58215 7505 0.596153
C2H2 0 0 0 0 0 0 0

H2S 1.29262 1.304835 1.34617 1.3627 1.387175 1443 | 1.201787
COS 0.024165 0.0135 0 0 0 0 0.096773
1,2-Prop= 0 0 0 0 0 0.01245 0
Water 0 0 0 0 0 0 0.047603
Prop 0 0 0 0 0 0 0

C3 0 0 0 0 0 0 0

n-C4 0 0 0 0 0 0 0

i-C4 0 0 0 0 0 0

n-C6 0 0 0 0 0 0 0

n-C8 0 0 0 0 0 0 0
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Experimental Conditions for #48: COMIH,S, 30 psig HS, 570 psig CO, 4.0°C/min, 380 °C, 2 hrs, 10 pDH100 ml toluene, 10.0
g NAPH, 1.50 mmole Mo; 0.91 mmoles Nig®.91 mmoles VO(acag)1500 RPM Impeller Speed
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Table B.48. 2: GC Analysis, Experiment #48

Reaction Time (min) 0 21 40 60 92 120 Final
[NPT] (mol/g-liq) 0.000722 0.00071 0.000672 0.00862 0.000604 0.000605 0.000521
[TET] (mol/g-liq) 0.000379 0.000509 0.000553 0.0685 | 0.000555 0.000559 0.00049%
[c-DEC] (mol/g-lig) 4.1E-07 6.27E-07 7.96E-07 8.80F 1.08E-06 1.16E-06 1.25E-06
[t-DEC] (mol/g-lig) 2.19E-06 2.22E-06 2.96E-05 3D086 5.18E-06 6.15E-06 5.06E-06§
[NPT] = [NPTL — [TET]-[DEC] | 0.000789 0.000659 0.000587% 0.0006040.00061 0.000604

Table B.48. 3: Calculated Gas Concentrations, Exgat #48

Reaction Time (min) 0 21 40 60 92 120

Total calculated moles of gas in

sampling bomb (moles) 0.010754 0.010825 0.010534# 010835 0.011138 0.011262
[H2] (mol/g-liq) 0.001109 0.001069 0.000998 0.002101 | 0.001044 0.001114
[CO] (molig-liq) 0.000131 0.00011 0.000103 0.000109] 0.000102 9.72E-05
[CO2] (mol/g-lig) 0.001635 0.001767 0.001713 0.0838 0.001888 0.001929
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Table B.48. 4: Gas Analysis, ESTD mol%, Experiti&t8

Reaction Time

(min) 0 21 40 60 92 120 Final

H2 20.73639 19.84033 19.04251 18.69025 18.84384 8848. 28.63887
02 8.009215 7.653615 8.01756 7.87848 7.706834 3.502 1.312263
N2 Total 30.44117 29.09496 30.47921 29.95817 29307 | 28.56137 5.508387
CH4 0.10551 0.12953 0.1378 0.14828 0.16053 0.17189( 0.208317
CO 2.45469 2.04121 1.956625 1.99973 1.84854 1.8403| 23.13514
CcOo2 30.56909 32.81299 32.69266 33.69511 34.0665 43841 38.77527
C2H4 0 0 0 0 0 0 0

C2H6 0.457315 0.4785 0.50793 0.524275 0.52058 [0]55%9) 0.52097
C2H2 0 0 0 0 0 0 0

H2S 1.425935 1.483755 1.482595 1.537355 1.52228 5279. 1.28403
COs 0.01283 0 0 0 0 0 0.105883
1,2-Prop= 0 0.024485 0.024795 0.02635 0.026575 6682 0

Water 0 0 0 0 0 0 0.047793
Prop 0 0 0 0 0 0 0

C3 0 0 0 0 0 0 0

n-C4 0 0 0 0 0 0 0

i-C4 0 0 0 0 0 0 0

n-C6 0 0 0 0 0 0 0

n-C8 0 0 0 0 0 0 0
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Experimental Conditions for #49: ,#,0/H,S, 15 psig HS, 585 psig CO, 4.0°C/min, 380 °C, 2 hrs, 10 sOHLO0 ml toluene, 10.0

g NAPH, 1.50 mmole Mo; 0.91 mmoles Nig0.91 mmoles VO(acag)1500 RPM Impeller Speed

Table B.491: Mass of Samples, Experiment #

266

mass qf

liquid

isample (g) 2.2 2.68 2.54 2.34 0.54 2.37 0.51 2.27 0.91 2.53 1.01 1.97
Mass of

isample ..

\vial (g) 18.74 19.05 19.07 18.83 17.01 18.83 17 18.76 17.4 19.01 17.52 18.38
Mass of

Empty Via

(9) 16.54 16.37 16.53 16.49 16.47 16.46 16.49 16.49 16.49 16.48 16.51 16.41
Reaction

Time (min) 0 20 40 60 90 120
Sample # [Purge 1 2 2B 3 3B 4 4B 5 5B 6 6B




Table B.49. 2:

GC Analysis, Experiment #49

Reaction

Time (min) 0

20

40

60

90

120

Final

[NPT]
(mol/g-liq)

0.000732

0.000645

0.000631

0.000587

0033

0.000543

0.000498

[TET]
(mol/g-liq)

0.000386

0.000475

0.000538

0.000551

00326

0.000518

0.000477

[c-DEC]
(mol/g-liq)

2.65E-07

4.82E-07

6.99E-07

8.91E-07

1ED6

1.23E-06

1.13E-06

[t-DEC]
(mol/g-liq)

5.79E-07

9.16E-07

1.9E-06

4.42E-06

E65H

3.93E-06

2.5E-06

[NPT] =
[NPT]o -
[TET]-
[DEC]

0.000716

0.000625

0.000561

0.000546

0.00055

.00058

0.000622

Table B.49. 3:

Calculated Gas Concentrations, Exgat #49

Reaction Time
(min)

20

40

60

90

120

Total
calculated
moles of gas in|
sampling bomb|
(moles)

0.006383

0.006039

0.006066

0.006042

0.aD613

0.00621

[H2]
licr)

(mol/g-

0.000857

0.000737

0.000708

0.000711

0.000746

.000¥48
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Table B.49. 4: Gas Analysis, ESTD mol%, Experitistd

Reaction Time

(min) 0 20 40 60 90 120 Final
H2 35.99163 32.6944 31.28645 31.51985 32.57244 6826 96.48417
02 13.29071 13.92122 14.01625 14.02568 13.97611 1713. 4.048893
N2 Total 50.38837 52.8219 53.1115 53.18534 53.08027 53.7607 1454227
CH4 0.06947 0.08245 0.086155 0.09304 0.108155 2314 0.155253
CO 0 0 0 0 0 0 0.124333
CO2 0.14795 0.127175 0.116685 0.11782 0.118044 90581 0.254547
C2H4 0 0 0 0 0 0 0

C2H6 0.68286 0.68284 0.67209 0.67152 0.72064 05917 | 0.824923
C2H2 0 0 0 0 0 0 0

H2S 0.75418 0.7097 0.74463 0.73596 0.78988 0.784275 0.693017
COS 0 0 0 0 0 0 0
1,2-Prop= 0 0 0 0 0 0 0
Water 0 0 0 0 0 0 0.09426
Prop 0 0 0 0 0 0 0

C3 0 0 0 0 0 0 0

n-C4 0 0 0 0 0 0 0

i-C4 0 0 0 0 0 0 0

n-C6 0 0 0 0 0 0 0

n-C8 0 0 0 0 0 0 0

268




Experimental Conditions for #50: COAH,0/H,S, 22.5 psig kB, 577.5 psig (1:1 = CO#{ 4.0°C/min, 360 °C, 2 hrs, 10 mL@E,
100 ml toluene, 10.0 g NAPH, 1.50 mmole Mo; 0.91ater NiSQ; 0.91 mmoles VO(acag)1500 RPM Impeller Speed
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Table B.50. 2: GC Analysis, Experiment #50

Reaction Time (min) 0 20.25 40 60 88.5 120 Final
[NPT] (mol/g-lig) 0.000982 0.000973 0.000811 0.0886 | 0.000678 0.000598 0.00051¢
[TET] (mol/g-lig) 0.00019 0.000339 0.000409 0.00846 0.00056 0.000576 0.000531
[c-DEC] (mol/g-lig) 7.23E-08 2.17E-07 2.89E-07 3EBQ7 6.99E-07 8.44E-07 1.04E-0§
[t-DEC] (mol/g-lig) 4.1E-07 4.82E-07 1.16E-06| 1.166 2.41E-06 2.53E-06 3.81E-06)
[NPT] = [NPT)L - [TET]-[DEC] | 0.001004 0.000855 0.000784 0.0007250.000632 0.000615 0.000659
Table B.50. 3: Calculated Gas Concentrations, BExygart #50
Reaction Time (min) 0 20.25 40 60 88.5 120
Total calculated moles of gas
sampling bomb (moles) 0.009067 0.009006 0.008796 00835 0.008593 0.008671
[H2] (mol/g-lig) 0.001318 0.001258 0.001153 0.00210 | 0.001077 0.001043
[CQ] (mol/g-lig) 0.00018 8.86E-05 5.97E-05 5.38E-05| 4.95E-05 4.26E-05
[CO2] (mol/g-liq) 0.000651 0.00076 0.00077 0.000751] 0.000809 0.000819
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Table B.50. 4: Gas Analysis, ESTD mol%, ExperinsQ

Reaction Time

(min) 0 20.25 40 60 88.5 120 Final
H2 30.95419 29.74025 27.9247 27.56656 26.69074 1923% 54.03875
02 9.24615 9.29424 9.570375 9.896875 9.897494 88911 2.429957
N2 Total 35.17241 35.36696 36.42826 37.68643 36681 | 38.55033 9.624237
CH4 0.07377 0.09519 0.103455 0.10745 0.11517 09353 | 0.175787
CO 4.2326 2.0958 1.44645 1.339895 1.22803 1.04628| 0.15649
CcOo2 15.29531 17.96858 18.64791 18.71342 20.0539 11281 24.14483
C2H4 0 0 0 0 0 0 0

C2H6 0.772155 0.82781 0.82827 0.80734 0.84348 8B805 0.843727
C2H2 0 0 0 0 0 0 0

H2S 0.944675 1.00077 0.992445 0.99029 1.05757 47023 0.562327
COs 0 0 0 0 0 0 0.025947
1,2-Prop= 0.030975 0.03387 0.034375 0.03404 0.03712( 0.036415 0

Water 0 0 0 0 0 0 0

Prop 0 0 0 0 0 0 0

C3 0 0 0 0 0 0 0

n-C4 0 0 0 0 0 0 0

i-C4 0 0 0 0 0 0 0

n-C6 0 0 0 0 0 0 0

n-C8 0 0 0 0 0 0 0
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Experimental Conditions for #51: »#,0/H,S, 30 psig HS, 570 psig CO, 4.0°C/min, 380 °C, 2 hrs, 10 rOH100 ml toluene, 10.0

g NAPH, 1.50 mmole Mo; 0.91 mmoles Nig®.91 mmoles VO(acag)1500 RPM Impeller Speed

Table B.51. 1: Mass of Samples, Experiment #51

Sample #

Purge

2B

3B

4B

5B

6B

Reaction
Time (min)

20

40

60

89.5

120

Mass o
Empty Vial
(9)

f

16.51

16.49

16.48

16.39

16.47

16.47

16.5

16.59

16.45

14.69

16.5

14.71

Mass o
isample
\vial (g)

f
I

18.89

19.16

17.3

18.72

18.1

18.58

17.93

18.85

18.35

16.9

17.92

17.47

mass q
liquid
isample (g)

2.38

2.67

0.82

2.33

1.63

2.11

1.43

2.26

1.9

2.21

1.42

2.76
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Table B.51. 2: GC Analysis, Experiment #51

Reaction Time (min) 0 20 40 60 89.5 120 Final
[NPT] (mol/g-lig) 0.000687 0.000698 0.00062¢ 0.0086 | 0.000603 0.000579 0.00055%
[TET] (mol/g-liq) 0.000403 0.000491 0.000514 0.0R65 | 0.00052 0.00049 0.000464
[c-DEC] (mol/g-liq) 458E-07 | 5.55E-07| 7.72E-09] 9867 | 1.01E-06 | 9.89E-07| 1.04E-0§
[t-DEC] (mol/g-lig) 1.25E-06 2E-06 4.15E-06 3.996-0| 3.09E-06 4.24E-06 5.35E-06
[NPT] = [NPTL - [TET]-[DEC] | 0.000713 0.000624 0.0006 0.00058 000594 0.000623 0.000643
Table B.51. 3: Calculated Gas Concentrations, Ex@at #51

Reaction Time (min) 0 20 40 60 89.5 120
Total calculated moles of gas in

sampling bomb (moles) 0.006323 0.006377 0.006229 006108 0.006324 0.006275
[H2] (mol/g-liq) 0.000795 0.000726 0.000742 0.00672 | 0.000767 0.000762
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Table B.51. 4: Gas Analysis, ESTD mol%, Experimsit

Reaction Time

(min) 0 20 40 60 89.5 120 Final
H2 33.59182 30.38989 31.78611 31.71854 32.366641 40288 78.11558
02 13.46458 14.10937 14.00771 13.84023 13.76971 83587 6.251475
N2 Total 51.12759 53.51536 53.20115 52.61357 52381 | 52.5511 23.08126
CH4 0.08001 0.094425 0.10649 0.120645 0.132545 4833 0.153595
CO 0.026275 0.058215 0 0 0 0 0.071915
CO2 0.12644 0.12937 0.101935 0.108165 0.114554 0888 0.202525
C2H4 0 0 0 0 0 0 0

C2H6 0.737945 0.745405 0.73377 0.816315 0.80465 3369 0.735905
C2H2 0 0 0 0 0 0 0

H2S 2.150445 2.190295 2.17084 2.384125 2.32488 2938 1.236335
COS 0 0 0 0 0 0 0
1,2-Prop= 0 0 0 0 0 0 0

Water 0 0 0 0 0 0 0

Prop 0 0 0 0 0 0 0

C3 0 0 0 0 0 0 0

n-C5 0.0118 0.01282 0.01274 0.014985 0.01375 0 0
i-C4 0 0 0 0 0 0 0

n-C6 0 0 0 0 0 0 0

n-C8 0 0 0 0 0 0 0
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Experimental Conditions for #52: ,#H,0/H,S, 15 psig HS, 585 psig CO, 4.0°C/min, 340 °C, 2 hrs, 10 nrOHL00 ml toluene, 10.0
g NAPH, 1.50 mmole Mo; 0.91 mmoles Nig®.91 mmoles VO(acag)1500 RPM Impeller Speed
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Table B.52. 2: GC Analysis, Experiment #52

Reaction Time (min) 0 185 41.5 58.25 87.5 118.5 naFi
[NPT] (mol/g-liq) 0.000911 0.000909 0.000799 0.0007 | 0.00059 0.000525 0.000434
[TET] (mol/g-liq) 0.000169 0.000284 0.000394 0.0064 | 0.000532 0.000609 0.00055.
[c-DEC] (mol/g-liq) 7.23E-08 1.45E-07 2.89E-07 45507 6.75E-07 1.08E-06 1.21E-06
[t-DEC] (mol/g-liq) 4.82E-07 3.13E-07 5.06E-07] 887 1.64E-06 2.65E-06 4.29E-04
[NPT] = [NPTL — [TET]-[DEC] | 0.000969 0.000854 0.000744 0.0006620.000605 0.000526 0.00058
Table B.52. 3: Calculated Gas Concentrations, Exgat #52

Reaction Time (min) 0 18.5 415 58.25 87.5 118.5
Total calculated moles of gas in

sampling bomb (moles) 0.007077 0.006977 0.006706 0.006482 0.00634 068061
[H2] (mol/g-liq) 0.001526 0.001502 0.001357 0.00822 | 0.001188 0.001021
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Table B.52. 4: Gas Analysis, ESTD mol%, Experim¢s2

Reaction Time

(min) 0 185 41.5 58.25 87.5 118.5 Final
Average ESTD

mol%

H2 40.53782 40.47078 38.03331 35.54247 35.20239 1338. 95.01445
02 12.46799 12.67503 13.22419 13.71282 13.8134] 66143 4.092273
N2 Total 47.97388 47.92148 50.0705 52.0214 52.40861 55.57235 14.55314
CH4 0.02382 0.031105 0.032975 0.034995 0.037559 3885b 0.061973
CO 0 0 0 0 0 0 0

CO2 0.071655 0.07185 0.07345 0.084065 0.083244 20108 0.133767
C2H4 0 0 0 0 0 0 0

C2H6 0.431495 0.459945 0.473995 0.49671 0.50102 76634 0.544067
C2H2 0 0 0 0 0 0 0

H2S 0.86574 0.87309 0.90872 0.929235 0.91855 038229 | 0.81755
COSs 0 0 0 0 0 0 0
1,2-Prop= 0 0 0 0 0 0 0

Water 0 0 0 0 0 0 0

Prop 0 0 0 0 0 0 0

C3 0 0 0 0 0 0 0

n-C5 0.01261 0.01317 0.01265 0.01293 0.082205 GEMH6 0

i-C4 0 0 0 0 0 0 0

n-C6 0 0 0 0 0 0 0

n-C8 0 0 0 0 0 0 0
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Experimental Conditions for #53: (COfVH,S, 15 psig HS, 585 psig CO, 4.0°C/min, 340 °C, 2 hrs, 10 g®OHL00 ml toluene, 10.0

g NAPH, 0.50 mmole Mo; 0.30 mmoles Nig®.30 mmoles VO(acag)

Table B.531: Mass ¢ SamplesExperiment 53

Sample #

Purge

2B

3B

4B

5B

6B

Reaction
Time (min)

19

40

60

90

120

Mass

(9)

o/

Empty Vial

f

14.79

14.77

14.82

14.77

14.82

14.82

14.81

14.75

14.73

14.83

14.75

14.85

Mass
isample
\vial (g)

o/

f
I

17.12

16.82

16.17

17.03

16.36

17.08

16.26

17.11

16.07

17.38

16.25

17.19

mass
liquid
isample (g)

[¢

2.33

2.05

1.35

2.26

1.54

2.26

1.45

2.36

1.34

2.55

1.5

2.34
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Table B.53. 2: GC Analysis, Experiment #53

Reaction

Time (min) 0 19 40 60 90 120 Final
[NPT]

(mol/g-liq) 0.000994 0.00095 0.000909 0.000791 129263 0.000682 0.000588
[TET] (mol/g-

lig) 5.91E-05 0.000122 0.000204 0.000278 0.000408| .00@m17 0.000468
[c-DEC]

(mol/g-lig) 7.23E-08 1.45E-07 2.17E-07 3.31E-07 1ED7 6.51E-07 8.2E-07
[t-DEC]

(mol/g-liq) 1.45E-07 3.13E-07 5.3E-07 4.35E-07 9.64E-07 1.16E-0 | 1.74E-06
[NPT] =

[NPT]o -

[TET]-[DEC] | 0.001035 0.000971 0.000889 0.000815 0.000685 02006 | 0.000623
Table B.53. 3: Calculated Gas Concentrations, Exgat #53

Reaction Time (min) 0 19 40 60 90 120
Total calculated moles of gas in

sampling bomb (moles) 0.009723 0.009572 0.009672 009313 0.010272 0.010662
[H2] (mol/g-lig) 0.001089 0.001059 0.001097 0.00803 | 0.001033 0.00114
[CO] (mol/g-lig) 0.000548 0.00049 0.000316 0.000209 0.000179 0.000151
[CO2] (mol/g-lig) 0.00117 0.001045 0.00123 0.001263 0.001474 0.001575

279




Table B.53. 4: GC Gas Analysis, ESTD mol%, Experit #53

Reaction Time

(min) 0 19 40 60 90 120 Final
H2 22.95839 24.99921 25.62321 24.87843 22.7191 53869 32.80646
02 8.268335 8.051985 8.06744 8.19417 8.39063 736711 | 2.282328
N2 Total 31.40914 30.60035 30.68761 31.19481 31823 | 28.49489 9.073648
CH4 0.01928 0.03254 0.0435 0.05066 0.05559 0.06671% 0.087865
CO 11.56454 7.391855 5.026945 3.94286 3.207854 82487 15.38865
CO2 24.673 28.7361 30.32287 32.42398 33.38339 360 4459749
C2H4 0.058735 0 0 0 0 0 0
C2H6 0.92627 0.98159 0.980915 1.03945 1.008675 286y 1.138975
C2H2 0 0 0 0 0 0 0

H2S 0.752835 0.771125 0.758175 0.795085 0.75038 9707 0.459505
COS 0.02803 0.017 0 0 0 0 0.050145
1,2-Prop= 0.0303 0.036965 0.03994 0.04357 0.04222% 0.04573 0.03029
Water 0 0 0 0 0 0 0
Propylene 0.03225 0.01664 0.009975 0 0 0 0

C3 0 0 0 0 0 0 0

n-C4 0 0 0 0 0 0 0

i-C4 0 0 0 0 0 0 0

n-C6 0 0 0 0 0 0 0

n-C8 0 0 0 0 0 0 0
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Appendix C: Sample Calculations

Derivations and formulas are shown in detail int®ac3.5.

Table C. 1. Gas and Liquid Phase Compositions Baperiment #46 — Sample
Calculations

Experiment #46

Reaction Time (min) 0 20.2% 39.75 62.15 10475 739. Final
Average ESTD mol%

H2 30.07429 27.84524 26.4241 25.43746 24.28D98 6892 50.30766)
02 9.83826 9.64063 9.91633 9.967585 10.15¢451 101135 2.42214
N2 Total 37.9341 37.0532y 37.91671 38.1216 38.79[73438.73345 9.758661
CH4 0.07729 0.0903 0.099635 0.109334 0.116/15 86741 0.162667
CO 3.43802 2.083534 1.467494 1.184365 0.90609 035149 13.54203
CO2 16.50438 18.61868 19.61847 20.6667 21.19443 43949 23.8155
C2H4 0 0 0 0 0 0 g
C2H6 0.15326 0.16151% 0.164705 0.17026 0.16p73  901% 0.165677|
C2H2 0 0 0 0 0 0 g
H2S 1.349165] 1.4287% 1.428025 1.46343 1.473405 3366/ 0.993283
COS 0 0 0 0 0j q 0.0651
1,2-Prop= 0 0 0j q d 0.012005

Water 0.40971] 0 [0 q

Prop 0 0 0 0 0j q [0
C3 0 0 0 0 0 0 0
n-C4 0 0 0 0 0 0 g
i-C4 0 0 0 0 0 0 0|
n-C6 0 0 0 0 0 0 g
n-C8 0 0 0 0 0 0 g
Total calculated moles of gas ip

sampling bomb (moles) 0.008718 0.008571 0.008443 0.0084)06 0.008#21 048083

[H2] (mol/g-liq) 0.001219 0.00111 0.001039 0.000994 0.00095 0.000934

[CO] (mol/g-lig) 0.000139 8.31E-01 5.77E-05 4.63E-D 3.55E-05 3.67E-01

[CO2] (mol/g-lig) 0.000669 0.00074p 0.000772 0.00D4 0.00083 0.000832

[NPT] (mol/g-liq) 0.000917 0.00080% 0.0007%9 0.008§ 0.000626 0.00060% 0.00047
[TET] (mol/g-liq) 0.000284 0.00037 0.000418 0.0685  0.000623 0.000644 0.00053
[c-DEC] (mol/g-lig) 1.69E-07 2.89E-01 4.82E-(7 7807 1.08E-06 1.21E-04 9.89E-0
[t-DEC] (mol/g-lig) 3.13E-07 5.79E-01 8.92E-07 16506 1.88E-06 2.21E-0¢ 3.18E-0
[NPT] = [NPT} - [TET]-[DEC] 0.000916 0.00082 0.000721 0.0006B5 .000575 0.000553 0.00066
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Table C. 2: Recovered Masses and Pressures durthgfter Experimental Run #46

Experiment #46
Sample # Purge 1 2 2B 3 3B 4 4B 5 5B 6 6H
Mass of Empty
Vial (g) 16.42 16.59 16.49 16.39 16.3f 16.51 16.4516.49 16.49 16.45 16.58 16.4
Mass of sample
+ vial (g) 19.01 18.74 17.88| 18.7( 17.4b 18.80 67 18.82 17.97 18.69 17.5( 18.7y
mass of 1st
liguid sample 2.59 2.15 1.39 2.31 1.08 2.29 1.11 2.3B 1.47 2.4 910 237
Cumulative
Sample Mass
Recovered (g) 2.59 4.75 6.14 8.44 9.5B8 11.82 12|9315.27 16.74 18.99 19.90 22.27
Cumulative Mass|
Remaining in
Reactor (g) 93.70 91.55 90.14 87.86 86.76 8447 3683 81.03 79.55 77.31 76.39 74.0p
mass of Liq.
Prod. Recovered|
(9) 71.34
Final Pressure
(psig) 313
Recovered
Aqueous Phase
(9) 4.61

C. 1: Pseudo-first Order Rate Calculations

A plot of concentration (naphthalene concentrat®®, mol%) versus time was conducted
using Microsoft Excel spreadsheet software. Thmoaential function was fitted to the
data using the Regression Analysis in Excel.

C. 2: Calculation for gas concentration in liquiExperiment #46)

The mols of initial CO was estimated using the ld&as Law,
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225 psi
614.7 psia
vol% CQin [CO: H,]| =50%

P..V
Ncoo :{ C;?I- g}

_ [ (0963 x (050)x (41.8atm) x (0.147L)
€29 1 (0.08206 Atm— L/ mol - K )x(300K )

N -
coo __ 01217mol-CO 0216

Np20.0 10.0g
1802g/mol-H,O

NHZO,O : NCO,O = 46

vol% H,S = = 36%

} =0.1202n0l-CO

Estimate for moles of gas in sampling volumgs ghmpidMol-gas):

Msample = mass of collected sample liquid sample (g-liq)
Psg = Pressure in the sampling bomb (psia)
Vsg = Volume of the sampling bomb (156 x%.6r)
R = Molar Gas Constant (8.314 P&tmol-K)
T = Sampling bomb temperature (K)
Volt = Voltage reading of sample pressure transd(Melts)
_ (Volt—-1)(100psia—0psia) _
SB ~ =30
(bvolt-1volt)
I:)SB,gauge = Psg—14.7
, (101325Paatm™)

8778 147 psiatm™)

—_ (PISBVSB)
@ (RT)

_ (22-1)(100psia—0Opsia)

Pse
BV -)
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I:)SB,gauge = 30 — 14.7=15.3 psig

-1
P',=153 psigx LOL32PaaM ) _y 54640007 Pa
@4.7 psiatm™)
_ (1L0546%0° Pa) x (156x10°° ')

gas = 3 = 0.0066mol
(8.314Pa-m’/mol - K)x(300K)

gas

GasConcentraibn (mol g - Liq™) =

ample
for sample at time 0 minutes (Experiment #46, sar4g)

_ (mol% - H,)x(total - moles-in — sample-bomb
(mass-of —liquid —sampl¢
(3007mol% —H,)x (872mmole$ _

H,]= =0.00122noles-H, /
[H,] 215-g 219

[H2]

C. 3: Naphthalene Conversions (Experiment #46)
For naphthalene conversion at 120 minutes:

[NAPH], ~[NAPH], _ [0.00120-0.00060§mol/ g

9719 _ 496%
[NAPH], [0.0012Qmol/ g -liq

X (%) =

C. 4: Calculation of Pseudo-second order rate ctamg for hydrogenation
(Experiment #46):

K’ napH IS Simply approximated by dividingiken by the pseudo-steady state hydrogen
concentration.
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Muarn = K" napn [H ]I NAPH]

[H]

v - Kaen _ 693x107°s™
NPUIH,]  0.00104mols-H, /g -liq

_ [0.001219F 0.0011H 0.001039+ 0.000994+ 0.00095+ 0.00093

5 ﬁ =0.00104mols-H, /g -liq

=0.0665 —-lig/mols-H, -s

C. 5: Reversible WGS Rate Constant (Experiment)#40

K= exp{- 433+ 4577-8}

T(K)

2
Ln(A) - Ln [CO]O [Co]e[CO]t
([CQ], -[CO])ICO,
where,
[CO)y = initial concentration of CO
[CO)e = equilibrium concentration of CO
[CO) = measured concentration of CO at reaction time t

A plot of Ln A versus time should yield a straidjne with slope m, where

m=k x

[CO]O + [Co]e
[CO]O _[Co]e

Table C. 3: Normalized mol% CO from Experiment #6800 psig, CO/KD, 15 psi HS,
4.1 °C/min, 340 °C for 4 hours, 18.1 mj® 52 ml toluene, 87.1 mmol Naph, 1500 rpm
impeller speed, 1.16 mmole Mo)
Time (min) 0.00 20.00 40.00 60.00 90.00 120.0(¢
Normalized mol% CO 9.47% 4.39% 3.17% 2.19% 1.92% 97%

45778
(613K)

Km=ex%—433+ }=exd—433+146ﬁ=exd313§=2305
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Calculation for Pure CO feed:

[CO)e = theoretical equilibrium normalized mol% CO
[CO)y = normalized mol% CO at 0 minutes
[CO) = normalized mol% CO at t minutes
Keg = Equilibrium constant for WGS
Ncoi = Initial mols of CO loaded into reactor (mol)
N; = mols of species j
Ny~ = hydrogen consumed (mol); 2 mol required to foetnalin, 5 mol
for decalin
X = Conversion of CO
Xeq = Equilibrium conversion of CO
w = initial molar ratio of HO:CO, M2H20
molCO
Xco = normalized dry mol% CO from GC analysis
Xeo = Neo _ (- X)Nco,o
co ~ =
Ny (1+X)Nco,o -N§,
where,

The calculation of Ky is thus:

— NCOZNHZ

eq —
NCONHZO

_[Nco, XegllNeo; Xeq ~ N
& [NCO,i (l_ xeq)][ NCO,i (W_ Xeq)]

_ [NCO,i Xeq]2 ‘[Nco,i XeqNﬁz]
eq —
[Neoi” 0= X oq) (W= Xq)]

Sample Calculation for Experiment #40:

Initial Conditions when Loading Reactor:

Pr = 600 psig
Przs = 15 psi
V20 = 18 ml
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Violuene = 52 ml
massapH = 11.17 g
Vgas = 187 ml
Temp = 300 K

_ PV _ (0.975x418atm)(187x1073L)
T RT (0.08206atmL/ molK)(300K)
18.0g
18.02g/ mole
_100mol-H,0 _
~ 0.310mol-CO

NS, = mass,,{2[TET] +5[c - DEC] +5[t - DEC]}
NS, =39.954¢ {2* 0.001445mol- NAPH/ g) +5* 7.917*107° (mol-c- DEC/ g)
+5%1.229%10° (mol—-t — DEC/ g)}
NS, =0.1195 mol-H, consumed
[Neoi Xeql? ~[Neoi XeqNii2]
[Neoi? = Xeq)(W= X q)]

=0.310moles

NCO,O

Ny200 = =100moles

32

Keqg =2305=

eq

where the GOALSEEK function in Excel was used toesdor Xeq

Xeq =0.9877=987%
oo XN (L- 0.988 * (0.310mol - CO-initial)

“© " [+ X)Ngoo —NS,  (1+0.989* (0.310mol-CO~initial) - (0.1195mol-H , - consume}
Xco = 076 moléo

Ln(A)s, = Ln{ [COl,” ~[COLICOL }

([CAl,, ~[COI)ICO],

(A = Ln{ [947)," - [078), [317],, }
([(317),, - [078,)[ 947,
Ln(A),, = Ln{4223 = 144
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4
3.5 4
y = 2.98E-02x
3 R? = 8.77E-01
2.5 4
o
T 2 -
-
1.5 o
o =LNA=LN{[COJo2 +
14 o [COle[CQlt}/{ ([CO]t - [CQOle)
[COJo }
0.5 4
0 & T T T T T
0.00 20.00 40.00 60.00 80.00 100.00 120.00
Reaction Time (min)

Figure C. 1: Plot of Ln(A) versus Reaction Time Experiment #40 — Calculation of the
reversible WGS Rate Constant

m=k X[[cmo +[001e}
[CO], ~[COl.

0.0298min™" _ " X[ 047+ 0.76}

60s/ min 947- 076
—4
4970 _ ki = 402x10*s™
1.24
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C. 6: Calculation of Variance (Experiment #5, 5R2R2 - (Isotope
Labeling Experiments)

Table C. 4: Means and Variances for first-ordete reonstants for naphthalene
hydrogenation and water-gas shift

Experiment | Knaph K KnaPH Kco @ Kco
# (10° sY (1('}2')5'*_1) variance | (10°s%) (105sY | variance
(10 $?) (10 )

2 21.0 20.4 0.684

2R1 19.8
17 24.3 22.3 8.41
28 20.2
5 8.67 7.81 0.561 n/a n/a n/a

5R1 7.42 7.50

5R2 7.33 n/a n/a n/a
7 8.55 11.3
14 7.83 9.58 8.58 0.917
1 20.2 8.50

1R1 5.33 7.67

2 (X - X)2

% ‘2 n-1

o 2 = [(867- 78D)X10°]° +[(742- 78)x10°]* +[( 733~ 781)x10°]?
’ 2

s,” = 561X10™'s™

C. 7: Calculation of pooled variance fonkpy (Table C.4)
The pooled variance was calculated from the vaedac

0 Experiment #2 and #2R1

0 Experiment #17 and #28

o0 Experiment #5, #5R1 and #5R2

The equation for the pooled variance is shown below
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n

dvs’

, 4
naphSp — ]
2V
|
where,
Vj = degrees of freedom of mean i
S = standard deviation of mean i

o 2 = 0.684+ 840+ 2(056) |, ; 110
1+1+2

"hs,? = 255% 107

0 =

naphg 2 = MS, = 255*107

b =

C. 8: Calculation of Confidence Interval fordg (Experiment #1, 1R1 and
14)

Cl=t _ .|>
df,7 n
n = # of measurements = 3
& = variance = 9.17*18
df = degrees of freedom = n-1 = 2
o = Confidence Level = 90 %
from t-tables, 4005 = 2.92

-11
01 = 262 [%1P00" _ g1400°
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C. 9: Sample Calculation for Analysis of VariandANOVA) for ternary
VNiMo-sulfides

Table C. 5: (600 psig , 4.0°C/min, 2 hrs, 10 mOH100 ml toluene, 10 g NAPH, 1.5
mmoles Mo, 0.91 mmole Ni, 0.91 mmole V, 1500 RPM Speed)

Pseudo-First
Experiment Order
Number Temp HZS. Pressure | Gas Type (CO Naphthalene
(P) or ) Rate Constant, | Final [H2]
Knapn (10°s™) (mol/g)
45 380 15 co 13.03 0.00095
44 340 15 co 10.1 0.00102
48 380 30 co 12.2 0.00111
47 340 30 co 8.93 0.00095
49 380 15 H 10.1 0.00075
52 340 15 H 85 0.00102
51 380 30 H 14.27 0.00076
43 340 30 H 75 0.00083
46 360 225 CO/ 6.93 0.00094
50 360 22.5 CO/H 71 0.00104
42 360 225 CO/ 7.26 0.00114
53 340 15 co 6.43 0.00114

The example is for the main temperature effectgpik

Effect= {13.03+ 122+101+ 1427} 10 _{10.1+ 893+ 850+ 750

4 4
Effect= 3.6425¢07°s™
Sunof Squares= 2" % (Effec)? = 2°7(3.6425¢107°)?
Sunof Squares= 265x10™°
SS_ 265x10°

MeanSquare¢MS) = PR 265x107°

}XZI.O_5

where df = 1 (there are two levels of temperat@89(@nd 340 °C))
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MeanSquareError (MSE) = s °
where §2 is the variance of the centre-point replicates.

MS _ 265x10°°
Fexperiment = = -12
MSE 272x10
F =F 500 =1851

=97438

critical

Fexperiment > FLZ,O.OS

therefore we can consider this effect significant.

C. 10: Calculation of Hydrogenation Equilibrium Qustant

from (Frye and Weitkamp 1969, 372);

I( — NTET
"N * (P, + 0.00033P., ,2)2
NAPH ( H2 . H2 )

X oy = 1= [L+ e

NAPH

P,, = hydrogen pressure (atm)
_[H, mol/g] * mass,,(g9)* RT
Y,

Py

reactor
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Sample Calculation Experiment #52 (H/H,O/H,S, 340

p = ﬂ -124=-186
(61315K)

K, =001367

Log

P,, = hydrogenpressurgatm)
_[H, mol/g] * mass, (g) * RT
Y/

reactor

_ [0.001021mol - H, / g] * (7341g) * (0.082067L — atm/ K) * (613.15K)

FLZ

F)
" (0.257L)

K, *(P,, +0.0003%,,%)? = Nrer

NAPH

(001367 * (16.38atm+ 0.0003%(16.38atm)?)? = Ill\'i

NAPH

h =371

NAPH
szl_u+ NET -1
°(:): NAPH
X, =1-[1+ 377" = 0.788
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C. 11: Sample Calculation for Experiment #19, Salmgtl (1.23 minutes

reaction time)

_ (mass-of —GC-sample | _ .
NAPH =[NAPH =[0.0114g/ g - liq]X
[ Inmr 1 =t loc,t mass-of - NMR-sample [ “0/g-lal

[NAPH] g ¢ = 0011363/ g i

(3.1968- 24903 g
(2.9198- 2.4903g

{[NAPH] NMRt}
[ mol - NAPH } _ MWnapH
mol—n-Octane Jiyig| {1—[NAPH]NMR,,[ _[TET]NMR,t -[c- DEC]NMR,t -[t - DEC] NMR —[Ace
MWn—Octane
[0.0114g/ g -liq]

mol- NAPH _ 128179/ mol

. mol-n-0Octane Jj5i5) |1-[0.01149/g -liq] -[0g/ g -liq] -[0g/ g -lig] -[0g/ g -lig] - [0.006536
11421g/mol

mol-NAPH |  _ | {8.864x10‘5mo|— NAPH} . = 0010308

| mol-n-0Octane lio1a 1859910~ 3mol - n - Octane

mol - NAPH(LH)

1 = 0.00804
| mol-n—-Octane("H) NAPH = A

{ mol - NAPH(1H)

mol—-n —Octane(lH)]NAPH _A
NAPH-A ~ { mol - NAPH }
mol-n-0Octane J;5i4)

%(1H) - Incorporaion

000804 | _ 0.7799=78.0%
0.010308

[NAPH]nMmRt = Concentration of Naphthalene in the NMR sampéasared by
GC-FID at

reaction time t
[TET]nwrt = Concentration of Tetralin in the NMR sample meead by GC-FID
at

reaction time t
[c-DEClumrt = Concentration of c-Decalin in the NMR sample sugad by GC-
FID at

reaction time t
[t-DEC]nmr: = Concentration of t-Decalin in the NMR sample mwead by GC-
FID at

reaction time t
[Acetonefurt= Concentration of in the NMR sample measureGByFID at
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reaction time t
Subscriptt = Reaction time sample was collectéohin)
NMR = Sample from NMR tube

C. 12: Sample Calculation of Hydrogenation Indekil) and Exchange
Index (EI)

masgn= mass of liquid in reactor (Q)

Ny = total moles of hydrogen including D in all pratsi (NAPH and TET)
ny® = moles of hydrogen in starting naphthalene

Ny = total moles of deuterium in products by hydragen and exchange
H = net amount of hydrogen added to form tetradin: my°

E = amount of deuterium incorporated by exchange;-rH

n, ={8* [NAPH] +12* [TET]} * mass,,
o 8* rna‘S%APH,i
an = 0
I\/I\NNAPH
n,, =mass, *{{ L-[%'H — NAPH - A]) + 1—[%'H — NAPH — B])} * 4* [NAPH]
+{(1-[%'H -TET - AROM)]) + (L—-[%'H —TET - SAT *2} * 4* [TET]}

HI = H
H+E
El = E
H+E

Sample Calculation for HI and EI for Experiment CL5R1 (CO/D,0O/H,S) at 39.3
minutes:

[%'H — NAPH - A] = 2295%
[%'H — NAPH - B])} =3351%
[%'H —TET - AROM] =1385%
[%'H —TET - SAT] = 3461%
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n, ={8*[3.868*10™ mol- NAPH/g]+12*[585*10° mol-TET/g]} * (7054q)
1 o 8%(B7 g-NAPH
12817 g-NAPH/mol
n,, = (7054g) *{{ (1-[0.2299) + (1-[0.3351)} * 4* [3.868* 10* mol—- NAPH/ g]
+{(1-[0.1389) + (1-[0.346] *2} * 4 *[585* 10™° mol-TET/ g]}
H =0.0369
E=0.156
0.0369

~ 0.156+ 0.0369
0.156

 0.0369+0.156

=0.191

=0.808

C. 13: Overall Liquid Mass Balance (Experiment #46

Assume that naphthalene when dissolved in toluaseamegligible contribution to the
volume.

Experiment #46:

Cumulative Mass of all samples collected = 2374

Liquid Recovered at End of Reaction = 71.34 g

Total Mass of Liquid and Solids charged = 107.30¢g
Initial mass charged,,n = Mi20 + MNAPH + Moluenet Meatalyst
Mcatalyst = Mpma + Miisos + Mvo(acac)2

0.144% - Mo
m, =10.0g +10.0g +86.6g +{| 0659 — Mo/ g - PMA
+0.241g -VO(acag, + 0.240g — NiSO, * 6H ,0

m, =1073049
Theoretical mass at end of reaction = (107.30.#48 = 84.56 g
Actual mass at end of reaction = 71.34 g

Actual Massrecovered _ (7134+22.74)g

— = =87.6%
Masslnitially Charged 107.30g
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C. 14: Consumption of water calculated from CO aa@msion and CQ
yield (Experiment #46)

COg*+HOy O * Mg

Considering a mole balance over the WGS, for ewasle of CO consumed 1 mole of
water is consumed and 1 mole of O8®produced. Therefore we can calculate the
consumption of water indirectly by calculating theles of CO consumed and €O
produced.

Initial Pressure (psig) = 600 =41.8 atm
Paos (pSI) = 22.5
Volume (ml)
o Toluene = 100
o Water = 10
Mass of Naph (g) = 10
Vg,o(ml) = 257 — (100+10) = 147
Vio (ml) = 100 + 10 = 110

To calculate a normalized mol%, we must subtraeictmtribution from Nand Q which
represent air that has entered the sampling sysiote: the data in the table is
calculated from external calibration gases, omérigfinery gas (Agilent) and one for
sulfur gases (Praxair); therefore the total mol%asexactly 100%.

Total moles excluding air = 101.2328 — (2.42 + 9.75 = 89.06 mol%
Normalized mol%

o0 mol% CO=@=15.2moI% CO
89.06

o mol% CO, =%§: =26.7mol% CO

Peoo =41.8atmx 050x0.963=20.135%tm

from the Ideal Gas Law,

o= 20.135atmx0.147L — 0.120amo0l
(0.08206atm-— L/ mol- K)x(300K)
\/I final :\/toluenefinal +VH 20, final — (7134_ 46])9 + 461ImI=8167ml
' ’ 0.866g/ml
\Y/ =257m|-8167ml=1753ml

g, final
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_ 22.293tmx0.1753
gasfinal =) (0,08206 Atm— L/ mol - K)x(300K )

Neo inar = 0.152¢(0.1587mol) = 0.0241mol - CO

} =0.1587"moltotal

moles of CO converted,

Ncoconverted = (0.1202-0.024)mol-CO = 0.0961mol-CO
N =0.096Imolx18.02g/mol=173g-H,O

H 20,consumed ™

C. 15: Calculation of Water from C@measurement (Experiment #46)

N _ 22.293tmx0.1753
cozfinal =) (0,08206 Atm— L/ mol - K )x(300K )

Ncoa ina = 0.267x(0.1587mol) = 0.0424mol - CO,
NCOZ, produced =0.0424mol - C02
N =0.0424m01x18.02g/mol=0.765y - H,0O

H 20,consumed —

} =0.1587moltotal

The discrepancy between the water balance calduliaien CO and C@suggests that
significant quantities of C@are absorbed in the liquid phase or to the cdtalysace.
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Appendix D: Summary of Reaction Conditions

Table D. 1: Summary of Experimental Conditions

Experiment # Gas Molar Ratio Reactor H,S Pressure Solvent Catalyst mmoles of
Composition Temp (°C) (psi) Charge metal
1 CO:H:D,0 1:1:4.6 340 15 n-Octane Mo 0.39
1R1 CO:H:D,0O 1:1:4.6 340 15 n-Octane Mo 0.39
2 H,:D,0 1:2.3 340 15 n-Octane Mo 0.39
2R1 H:D,0 1:2.3 340 15 n-Octane Mo 0.39
5 CO:D,0O 1:2.3 340 15 n-Octane Mo 0.39
5R1 CO:BO 1:2.3 340 15 n-Octane Mo 0.39
5R2 CO:DO 1:2.3 340 15 n-Octane Mo 0.39
6 CO:H:D,0 1:1:4.6 340 15 n-Octane Mo 0
7 CO:HO 1:2.3 340 15 n-Octane Mo 0.39
10* CO:HO 1:3.24 340 15 toluene Mo 1.16
12* CO:H,0O 1:3.24 340 15 toluene Mo 0
14 CO:H:D,0 1:1:4.6 340 15 n-Octane Mo 0.39
15 CO:H:H,0 1:1:4.6 340 15 n-Octane Mo 0.39
17 H:H,O 1:2.3 340 15 n-Octane Mo 0.39
19 N>:D,O 1:2.3 340 15 n-Octane Mo 0.39
24 CO:HO 1:2.3 340 15 toluene Mo 0.47
25 CO:HO 1:2.3 340 15 toluene Mo 0.39
28 H:H,O 1:2.3 340 15 n-Octane Mo 0.39
29 No:H2:H,0O 1:1:4.6 340 15 n-Octane Mo 0.39
30 CO:HO 1:2.3 340 15 toluene none 0
32 CO:HO 1:2.3 340 15 toluene Mo 0.47
33 CO:HO 1:2.3 340 15 toluene RCO), 0.47
34 CO:HO 1:2.3 340 15 toluene Ru(acac) 0.47
(H2:H:0)
36* CO:H,O 1:3.24 340 15 toluene Mo:Ru 0.87:0.29
37* CO:H,O 1:3.24 340 15 toluene Mo:Fe 1.16 : 0.7
38* CO:H.O 1:3.24 340 15 toluene Mo:V 1.16:0.70
39* CO:H,O 1:3.24 340 15 toluene Mo:Ni 1.16:0.70
40* CO:H,0O 1:3.24 340 15 toluene Mo 1.16
41* CO:HO 1:3.24 340 15 toluene Mo:Ni:V 1.16: 0.70]
0.70
42%* CO/H,/H,0O 1:1:4.6 360 225 toluene Mo:Ni:V 1.5:0.98
0.97
43** H./H,O 1:2.3 340 30 toluene Mo:Ni:V 1.5:0.91 1
0.91
44** CO/H0 1:2.3 340 15 toluene Mo:Ni:V 15:0.91;
0.91
45%* CO/H,0 1:2.3 380 15 toluene Mo:Ni:V 1.5:0.91 1
0.91
46** CO/Hy/H,0 1:1:4.6 360 225 toluene Mo:Ni:V 15:091
0.91
47** CO/H0O 1:2.3 340 30 toluene Mo:Ni:V 15:0.91;
0.91
48** CO/H,0 1:2.3 380 30 toluene Mo:Ni:V 1.5:0.91 1
0.91
49%* H./H.O 1:2.3 380 15 toluene Mo:Ni:V 1.5:0.91 1
0.91
50** CO/H,/H,O 1:1:4.6 360 225 toluene Mo:Ni:V 1.5:0.91
0.91
51 H./H,O 1:2.3 380 30 toluene Mo:Ni:V 1.5:0.91 1
0.91
52%* H,/H,O 1:2.3 340 15 toluene Mo:Ni:V 15:0.91;
0.91
53** CO/H,O 1:2.3 340 15 toluene Mo:Ni:V 0.5:03:0

(600 psig, 340 °C for 3 hours, 10 ml water, 10Gspilzent, 5.0 wt% NAPH (organic basis), 1500 rpm
impeller speed)
*(600 psig, 340 °C for 4 hours, 18.1 mj®, 52 ml solvent, 11.17 g NAPH, 1500 rpm impefipeed)
**(600 psig, 340 °C for 2 hours, 10 mk8, 100 ml solvent, 10.0 g NAPH, 1500 rpm impelleesd)
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Table D. 2: Summary of Experimental Results

Experiment # Kapr (10° s7) kco (10° sY)
1 20.2 8.48
1R1 5.26 7.81
2 21.0
2R1 19.8
5 9.25
5R1 7.42 7.50
5R2 7.33 6.83
6 2.43 5.00
7 8.55 8.65
10 11.1 20.5
12 2.68 10.5
14 7.83 8.92
15 10.1 11.2
17 23.5
19
24 13.9 14.5
25 13.0 13.7
28 20.8
29 8.81
30 3.02 6.62
32 7.20 9.30
33 452
34 3.42
36 5.40 14.73
37 6.83 22.5
38 6.08 30.3
39 21.0 16.1
40 18.8 40.2
41 13.7 21.9
42 7.26 18.67
43 7.51
44 10.1 249V
45 13.03 12.5Y
46 6.93 16.03
47 8.93 30.7Y
48 12.2 4.95%Y
49 10.1
50 7.1 15.84
51 14.27
52 8.53
53 6.43 19.0
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Appendix E: Experimental and Operational Procedas

E. 1: HC 300 cc Liquid Sample Tube Filter Cleaning

Micron sized Mo$ particles will deposit and accumulate on the sede816 SS frit used
to prevent solids from entering the liquid samplimgs. In addition, K5 and the liquid
aqueous phase PMA precursor can enter the sinfi@rbdfore sufficient temperatures are
reached and actually sulfide the PMA precursoptmfsolid Mo$ insidethe frit.

Molybdenum sulfide deposits can be removed fromS8%Gnd HC-276 surfaces by
immersing the metal parts in a well-stirred, dilatgution of 15-30 vol% bD..

CAUTION! Hydrogen peroxide can oxidize molybdenum sulf@lproduce acids, sulfur
oxides and hydrogen sulfide; this procedure mugidsormed in a fume hood! The parts
are immersed for approximately 48 hours, then sbakevater for another 6-12 hours to
rinse and decompose any residugDH

E. 2: Liquid Sampling Procedure

Weigh and record the empty mass (to .01 g) of h@psavials with caps. This is
necessary to record an accurate mass balancea¢spethe system.

Purging the Sample Dip Tube

1. Ensure valves, 3, 4, 5, 6, 8, @4nd11 are closed.

2. Open valvé for approximately 10 s to evacuate the previouspsa from the
sampling volume.

3. Close valvés to isolate sampling volume in preparation to tidgeid sample to
purge the sampling system.

4. Ensure valve8, 4 and 5are closed.

5 Take sample from reactor by opening vdhaiickly and wait until reading on

pressure display reaches a minimum. Close Vhlyaickly. Sample should now
be isolated between valvésand 4 (Figure B1) CAUTION: Valves 1 and 4
should NEVER be opened simultaneously during reactamperation.

6. Ensure valve8 and 11are closed in preparation to depressurize sanpiheck
that sampling system pressure is at atmosphetader vacuum on the DAQ
system (< 1.6 Volts).

7. Open valvel to depressurize sample into sampling bomb. Véaiapproximately
30 — 60 s for the sampling temperature and pressigtbilize.
8. Close valvg and Open valvé. Open valvés to depressurize and vent gas from

sample. Collect the liquid sample by opening v&ad draining liquid into
properly labeled vial. Open valve Close valves and valve.
9. Weigh the sample vial and record the mass.
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10.
11.

12.
13.
14.

15.

16.
17.

18.

19.
20.

21.

22.

Taking the Gas and Liquid Sample

Ensurd, 3, 6, 9 and 1hreClosed

Evacuate sampling bomb by opening v@lvén sequence, first open val9dor 5

s then close valv@. Then Open valvél for approximately 20 — 30 seconds.
This will flush any residual i} CO, CQ, etc. from the sampling bomb. Close
valve 11 and check to ensure the pressure in the samptindplis below
atmospheric. Only Nand Q should remain in the sample bomb.

Close valve5 and 4 Ensure valve8, 11 and 9are closed also.

Repeat steps 5 — 7 to collect a sample fromet@etor.

Use the gas tight syringe with valve to collegas sample from the sampling
bomb by inserting the syringe through the rubbetisa above valvél. Flush
and purge the syringe with sample approximatelys3imes. WARNING:
Pressure in the syringe before injecting into tigdekt MicroGC must be
approximately 10 psi. If pressure in the syringgery high (syringe piston is
pushed up rapidly without human help) collect apprately 2 — 3 ml, close the
syringe valve and then pull the syringe pistonxpasd the syringe sample
thereby lowering the pressure.

Take syringe to the microGC in 1521B. Enshesseptum is installed on the GC
sampling inlet.

Enter a new sample into the microGC worklistuding all relevant details.

Insert syringe through septum into sample iimet open syringe valve, then start
the worklist to begin sample analysis.

When you hear the vacuum pumps turn on, slawégt sample into the microGC
line by depressing the piston. Depending uporsyiege pressure, a sufficient
rate will be approximately 1 ml/ 10 s (you can gausing the graduations on the
syringe). Lower pressures will require a fastgeation rate. Closely monitor the
microGC status screen on the computer to ensunegargample is introduced.
Too little sample will be accompanied by a messhgethe pump flow rate is
low. Too much sample will be indicated via a mgsgsthat the column head
pressures are high.

To ensure accurate analysis, collect anotresgaple by repeating steps 13-18.
After injecting the second gas sample intonti@oGC, collect the liquid sample.
Close valver and Open valvé. Then open valvB to vent remaining gas and
reduce the sampling bomb pressure.

Properly label a vial for the liquid sampledamllect sample into vial by opening
valve9. Allow the lines to drain for several seconddosg valves and 9 Open
valve?.

Record mass of vial and sample.
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Figure E. 1: Configuration after collection ofjhipressure reactor sample
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Appendix F: Equipment Specifications and Diagrams

The Data Acquisition System (DAQ) is composed of,

o apower supply (1.5 A, 120 VAC Input, 20 V Output)

0 2 data acquitision boards (USB-TC and USB-1208F&addrement and
Computing)

0 2 Pressure Transducers (reactor, sampling syst@mega PX209-30V85GI)

0 2 Thermocouples (Omega K-type)

o DAQ Computer that also operates the Agilent Micit©-Gerity Software

0 wiring with associated connectors

Thermocouples are connected to the USB-TC boardws turn is connected to the

DAQ computer. The pressure transducers are costhécthe USB-1208FS board and
operate on a 4-20 mA signal; a 249 ohm resistalges the terminals on the USB-1208FS
board to convert the 4-20 mA signal into a voltégen 1-5 V. The data is recorded and
stored on the computer as a voltage versus tinmalsiggmperature data is recorded
directly as a temperature-time signal. The follogvconnection diagrams are included to
aid in troubleshooting of the DAQ system if probkearise.

Purple
1
2490 ; 2
USB-
1208FS
White Green
17
\ 4 \ 4
Black (-)

“ ‘

Red (+)

Figure F. 1: Sampling Bomb Pressure DAQ Diagrams
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Grey Green
Btack—<- <+Red <+Reé 4
, > 2|5
White (+) White
USB-
Red 1208FS
S
Black (GRD) 17
Black (-)
A
Red
Red (+)
A 4
Temperature
Controller
Figure F. 2: Reactor Pressure DAQ Diagrams
Table F. 1: HC-276 300 ml Autoclave DAQ Connectian
Description Channel # Board
Sample Bomb Temperature C5 USB-TC
Reactor Temperature C6 USB-TC
Sample Bomb Pressure Co USB-1208FS
Reactor Pressure C1l USB-1208FS
Instrumentation
Reactor Pressure Transducer 0-10 000 psig Range 0 MAZoutput current
Sample Pressure Transducer -14.7 — 85 psig Rangge 20 ndA output current
Thermocouples K-type
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Appendix G: Mass Transfer Coefficients

Mass Transfer Limitations

A simple experiment to determine the effect of itlggespeed on gas absorption was
performed. This involved charging the reactor 10 6psig and then sequentially
increasing the stirring rate while measuring therease in pressure. This gives an ad-hoc

measure of the gas dispersion effectiveness dftpeller.

630

625 1
®

620 -

615 1 °

Pressure (psi)
*

610 | 8 min
/

605 - /10 m . - .

600 T \ \ \
0] 500 1000 1500 2000 2500

Impeller Speed (RPM)

4000

Figure G. 1: Reactor Pressure versus Impeller&pee

Determination of the gas/liquid mass transfer tasse was calculated according
published procedures (Fogler 1999). Detailed mloses on calculating mass transfer
coefficients for batch reactors have been publistisdwhere (Meille et al. 2004, 924-

927, Pitaut et al. 2004, 31-42).
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G = Concentration of gas (mol/g-Liq)
Ra = Overall rate (min')
kedp = gas absorption coefficient (mfi
ke, = mass transfer coefficient from liquid to partidarface
ky = coefficient of reaction and diffusion within ehtst particle (ppmw Mo
min)™
where,
E =1 +E(rr + rc)
o = resistance to gas absorption (min)
re = resistance to diffusion within catalyst partided reaction (ppmwMo-min)
re = resistance of gas transport from liquid bulkdatalyst surface (ppmw Mo-
min)
100
y=4171.3x+ 77.864 = H2
90 1 e - « CO
80 e *---""""" AR
70
e 60
g 50 -
@ In-situ H2
O 40 sulfided-
30 A
10 Jo S-S
O T T T T
(0] 0.0005 0.001 0.0015 0.002 0.0025
1/m ( Mo ppmw) -t

Figure G. 2 Estimation of Gas/Liquid Mass Transfer Coefficientder VNiMo-sulfides,
Experiment #44 and #53 (1500 RPM Impeller Speed)

308



From Figure G.2, the estimation of gas absorptesistance is much smaller than the
combined resistance of intraparticle diffusion andface reaction for both hydrogenation

and water-gas shift over unsupported, dispersedWhsulfides.
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Appendix H: Selected Examples of Pressure-TempearatProcess Data

400 5
Reactor Temp ()
350 —— Sampling Temp (T) | + 4.5
Reactor PX
Reactor Temp V)
300 4 —— Sample PX (V) 14
9 250 + 3.5 g’
g 3
>
g 200 - I
~ 150 2.5 %
Reactor Pressure Sample Pressure =
100 + 2
50 1 T+ 1.5
Sample Tem
[0} T T p p T T T 1
0.00 1.00 2.00 3.00 4.00 5.00 6.00
Time (hours)

Figure H. 1: Pressure and Time Data for Experin#&® (CO/HO/H,S, 2.5 vol% HS,
600 psig, 4.0 °C/min, 340 °C for 2 hrs, 10 mi(H 100 ml toluene, 10 g NAPH, 0.5
mmoles Mo, 0.30 mmoles Ni, 0.30 mmoles V)

400 5
——Reactor Temp (T)
350 ——Sampling Temp (T) | + 4.5
——Reactor PX (V)
300 —— Sample PX (V) 14
~ 250 A + 3.5
e
9 ()
2 200 - 13 f_g
3 >
5
2 150 + + 2.5
100 T2
50 ﬁ V' ) +15
0 T T T T T 1
10:48 12:00 13:12 14:24 15:36 16:48 18:00
Reaction Time (hh:mm)

Figure H. 2: Pressure and Time Data for Experi@iRr1 (COH/D,0O/H,S, 2.5 vol%
H,S, 600 psig, 4.0 °C/min, 340 °C for 3 hrs, 10 mOD100 ml n-octane, 3.7 g NAPH,
0.47 mmoles Mo)
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