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ABSTRACT

Kinetic Modeling of the Hydrotreatment of Light GgdOil/Diesel.
(December 2006)
Luis Carlos Castaneda-Lopez, B.S., Instituto Teagicb de Chihuahua, Mexico;
M.S. Instituto Tecnologico de Ciudad Madero, Mexico

Co-Chairs of Advisory Committee: Dr. Gilbert F. Rrent
Dr. Rayford G. Anthony

A rigorous kinetic model of hydrodesulfurization8) of complex mixtures such
as light cycle oil (LCO) or diesel has been devethpAn experimental setup was
constructed to investigate the hydrotreatment ofmmex mixtures. The
hydrodesulfurization of LCO on a commercial CoMoe@d (IMP) catalyst was
investigated in a Robinson Mahoney perfectly mied stationary basket reactor. An
experimental investigation of the HDS of the dibethiophene (DBT) and substituted
dibenzothiophenes in the LCO was carried out aptatures between 290 and 330°C,
space time for dibenzothiophene (&) between 1000 and 6500 kgh/kmol, and
H./HC molar ratio constant of 2.8. To avoid havingdeal with a huge number of
parameters in the model, a methodology based antstal contributions was applied.
DENs; and DEN are the denominators of the Hougen-Watson rateesgpns for
hydrodesulfurization  of  dibenzothiophene (DBT) andmethyl-substituted

dibenzothiophenes contained in the LCO. Both denators comprise the concentration



of all adsorbing species of the LCO multiplied hgit adsorption equilibrium constants.
The estimation of the denominators DENMNd DEN was performed using the
Levenberg-Marquardt algorithm and the results irm#e of conversion for DBT,
biphenyl and cyclohexylbenzene obtained in the dgedsulfurization of the LCO. The
evolution of DEN and DEN values with the composition was calculated fohelaCO
experiment.

Structural contributions were taken from Vanryseddihe and Froment for
hydrogenolysis and hydrogenation of methyl-subsdudibenzothiophenes with a
significant reduction in the number of parameterdé estimated in the HDS of the
LCO.

The multiplication factors,shst, Which are products of structural contributions fo
hydrogenolysis and hydrogenation of the mono- antethyl-dibenzothiophenes were
also taken from Vanrysselberghe and Froment. Tireggplication factors are based on
experimental results with model components sucbB§, 4-Methyl dibenzothiophene
and 4,6-Dimethyl dibenzothiophene.

The results obtained in the modeling are in googemgent with the experimental
data because the model reproduces very well thenodd total conversions of DBT,
conversions of DBT into biphenyl and conversion®&T into cyclohexylbenzene as a

function of temperature.
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CHAPTER |

INTRODUCTION

1.1 Motivation

Sulfur has to be removed from oil fractions forhteical and environmental reasons.
The increasing petroleum demand from the transpontasector has focused the
attention of refiners and environmental authoribesemoval of sulfur compounds from
fuels. Figure 1.1 shows the estimated demand byusadn USA. Middle distillates
fuels similar to diesel are being strictly reguthtedDiesel exhaust is a hazardous
substance that has been linked to cancer and agspidisease, especially after repeated
exposure (EPA, 2005). Trucks and buses consisesd than 2 percent of highway
vehicles and cover less than 6 percent of the ndkdégen each year, but they are
responsible for one-quarter of the smog-causingupoh from highway vehicles. The
European Union has limited the sulfur content iesdi to 0.005 wt% since 2005 year
(National Petroleum Refiners Association, 1998)hia United States the Environmental
Protection Agency (EPA) has limited the sulfur @ntin diesel to 500 parts per million
by weight (wppm) since 1993. For the year 2006 tistent should be decreased to 15

wppm (EPA, 2001).

This dissertation follows the style and formatloflustrial & Engineering Chemistry
Researchournal.
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Figure 1.1 Estimated petroleum demand by end-use sector,. ZD@E 2003.

1.2 Background

Petroleum-derived Light Cycle Oil (LCO) typicallya® high sulfur and nitrogen
content (Depauw and Froment, 1997; Tsonopoulot,e1386). LCO and diesel contain
various methyl-substituted benzothiophenes, dihyeinaothiophenes,
dibenzothiophenes, dihydrodibenzothiophenes andhthathiophenes which are
relatively refractory to sulfur removal or hydrod#arization (HDS).

Until now the HDS of oil fractions has been studiadterms of lumps of sulfur
components which were converted according to @irder or second-order kinetics.

Deep HDS requires more accurate kinetic modelindpichv includes individual



components and rate equations of the Hougen-Wagpenaccounting for the adsorption
of the various species. If the kinetic modelindgp&sed upon individual components, the
number of rate parameters becomes awesome. Adliffapproach is required to reduce
this number. A methodology based upon structuratrdmutions has been proposed by
Froment et al. (1994). In this concept the ratesubistituted S components are related to
one of the unsubstituted head of family or pareotecule. The methodology can be
applied for the HDS of oil fractions such as LCCafiysselberghe and Froment, 1998b
and Froment, 2004). In the present developmentrttethodology was applied to the

family of dibenzothiophenes, considering DBT aspghgent molecule.

1.3 Research Objectives

A pioneer research program on catalytic hydrotreatmhas started at the
Department of Chemical Engineering-Texas A&M wikie taim of gaining more basic
understanding of the chemistry, catalysis and ldsedf the hydrotreatment (HDT). The
basic philosophy of this program is to study ndiyomportant model sulfur-containing
compounds but more complex systems such as petdi@ations. The present work is
an extension of Froment's studies. The emphasisnisapplying a methodology of
structural contributions to describe the kinetidshgdrodesulfurization in terms of

individual sulfur components rather than classiealping.



The main objectives of this project can be fornmedads follows:

. Build an experimental setup to investigate the bydatment of complex
feedstocks such as Light Cycle Oil (LCO) or gasoil.

. Study the HDS of LCO/Diesel on a commercial CoMefl catalyst in a
perfectly mixed reactor (Robinson-Mahoney).

. Develop a rigorous kinetic model for predicting fdes of concentration of
sulfur compounds and of sulfur removal in the HD$e LCO.

. Apply structural contributions methodology in order restrict the number of

independent parameters.



CHAPTER Il

LITERATURE REVIEW

2.1 Hydrotreatment Process

Hydrotreatment has been part of refinery processinge the 1930’s (Topsoe et
al., 1996). Typical hydrotreatment reactions retethe catalytic hydrodesulfurization
(HDS), hydrodenitrogenation  (HDN), hydrodeoxygeoati (HDO), and
hydrodearomatization (HDA) in presence of hydrog€hese reactions are typically
carried out over a sulfided CoMo or NiMo cataly$t380-450°C and 35-250 atm of
hydrogen partial pressure. A summary of the hydading process conditions for

different feedstocks are shown in Table 2.1.

Table 2.1 Typical Hydrotreating Process Conditionsfor Different Feedstocks.
(Adapted from Topsoe et al., 1996)

Feedstock Temperature Hydrogen partial pressure LHSV

(°C) (atm) (h)
Naphtha 320 10-20 3-8
Kerosene 330 20-30 2-5
Atmospheric gas oil 340 25-40 15-4
Vacuum gas oll 360 50-90 1-2
Atmospheric residue 370-410 80 -130 0.2-05
Vacuum heavy gas oll 380-410 90 — 140 1-2

Vacuum residue 400-440 100 - 150 0.2-0.5




In the last two decades petroleum refining techgwlioas significantly changed and

the reactions of hydrotreatment, in particular, haisen to a level of economic

importance (Gates et al., 1979; Ma et al.,, 1994)drbtreaters now have a central

position in modern refineries as shown in Figutde 2.

REFORMING

B
NAFTA GASOLINE
ATMOSPHERIC N
DISTILLATION
HDT
B
CRUDE MEDIUM _ DIESEL X
oL DISTILLATES
HDT
~—
GASOLINE GASOLINE |
VACUUM LCO

GASOIL

VACUUM
DISTILLATION ~——

FCC

HDT

RESIDUAL

FUEL OIL

Figure 2.1 Schematic of typical hydrotreatment (HDT). (Adapteom Castaneda et al.,

1999).

2.2 Hydrodesulfurization

2.2.1 Thermodynamics

The HDS of sulfur compounds is exothermic and funelatally irreversible under

the reaction conditions employed industrially (Gage al., 1979; Speight, 1981; Vrinat,



1983). Actually, there is very little thermodynamidata available for sulfur compounds
present in high boiling fractions. Vrinat (1983)osIs data for dibenzothiophene HDS.
According to these results the conversion of dib&maphene into biphenyl is favored
at temperatures of industrial practice and is exwtiic AH° = -11 kcal/mol). Those
results also suggest that the HDS of higher mosecwkeight sulfur compounds (e.g.,
benzonaphthothiophenes) are also favored.

As will be discussed later, sulfur removal occulsng two parallel pathways,
hydrogenolysis and hydrogenation (Froment, 200dceshydrogenation of the rings of
sulfur compounds is equilibrium-limited at induatrHDS temperatures, the pathways
concerning previous hydrogenation of the ring can dffected by thermodynamics
(Girgis and Gates, 1991). Vrinat (1983) found thlaé equilibrium constant for
hydrogenation of thiophene into tetrahydrothiophenéess than unity at temperatures
above 350°C. Thus, sulfur-removal pathways via bgdnated sulfur intermediates may
be inhibited at low pressures and high temperatbezsause of the low equilibrium

concentrations of the latter species.

2.2.2 First-order Kinetics

The most important hydroprocessing application in r&finery is
hydrodesulfurization (HDS), which comprises reawsideading to removal of sulfur
from petroleum fractions by their conversion intgdiocarbon products and hydrogen

sulfide (HS). The literature on hydrodesulfurization of otladtions and sulfur-



containing model compounds has been reviewed bgdGatal. (1979), Vrinat (1983),
Vanrysselberghe and Froment (2003) and Froment 4(200he kinetics for the
decomposition of substituted benzothiophenes ariendiothiophenes in complex
mixtures has been published by Kabe et al. (1992he study of hydrodesulfurization
of a light oil on a CoMo/AlO; catalyst, and Ma et al. (1994) in the study on
hydrodesulfurization in a diesel fuel, a gas aid @ vacuum gas oil, on CoMo/8ls.

The numbering of the carbon atoms in benzothioplaemkedibenzothiophene is as

follows:

6 2
3 7
7 S a S %

First-order Kkinetics for the removal of substitutdeenzothiophenes and
dibenzothiophenes in complex mixtures prevail ine thiterature. Studies of
hydrodesulfurization of a light oil (245-374°C) @ CoMo/ALO; catalyst found that
benzothiophenes with substituents in positions, 2n8/or 7 were less reactive than BT
(Kabe et al., 1992). The most refractive methylstulied-BT was 2,3,7-trimethyl-BT
(2,3,7-TriMeBT). Dibenzothiophenes with substitigemt positions 4 and/or 6 were less
reactive than other substituted dibenzothiopheSeasilar results were obtained by Ma
et al. (1994, 1995a, 1996) in the HDS of substitldd’s and dibenzothiophenes in oil
fractions such as diesel fuel, gasoil, and vacuuasod, on CoMo/AlO; and

NiMo/Al ;03 catalysts. In addition, methyl substituents inipmss 2, 3, and/or 7 reduce



the hydrodesulfurization rate (Kilanowski et al9,78). The reactivities of a set of sulfur
compounds, reported as the pseudo-first-orderaatstants at 300°C and 71 atm, are

shown in Table 2.2.

Table 2.2 Reactivities of Several Sulfur Compounds(Adapted from Nag et al.,

1979)

Reactant Structure Pseudo-first-order rate constant

L/ (Qcat S)
Thiophene (T) Q 1.38 x 10°
Benzothiophene (BT) @j 8.11 x 10
S

Dibenzothiophene (DBT) 6.11 x 10°
Benzo[b]naphtho-[2,3-d] 1.61 x 10*
thiophene

7,8,9,10-Tetrahydro-

benzo[b]naphtho-[2,3-d] @ @‘ 7.78 x 10

thiophene

(a) Experimental conditions: batch reactor, gs€blvent, 300°C, 71 atm, CoMo/Alumina catalyst.

The operating conditions of data presented in T&bk can be considered as
representative of industrial conditions. From thable it can be inferred that DBT is one

of the most representative sulfur compounds coragriis higher boiling fractions of oil.
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Because DBT is readily available commercially,astbeen used as model compound or
parent molecule for investigating the HDS of orgasulfur compounds.

The hydrogenation rate of 2-methyl-, 3-methyl-, &)8-dimethylbenzothiophene
was less than benzothiophene (Geneste et al. (1888)Levache” et al. (1981)).

Hydrogenolysis reactions were not considered byehesearchers.

Vanrysselberghe & Froment (1998b) obtained simiasults in a study of
hydrodesulfurization of Light Cycle Oil (LCO). Besthiophenes with substituents in
positions 2, 3, and/or 7 were less reactive tharzthiophene. Dibenzothiophenes with
substituents in positions 4 and/or 6 were even tesstive. Methyl groups in other
positions led to hydrodesulfurization rates higtlitean that of dibenzothiophene.
Opposite to this, Kabe et al. (1992, 1997) and Mal.e(1994, 1995a, 1996) found that
methyl groups in positions 1, 2, and/or 3 had rfluémce on the hydrodesulfurization
rate. Houalla et al. (1980) established that tret-brder rate coefficient for the HDS of
DBT is almost identical with that of 2,8-DiMeDBT i(dethyldibenzothiophene) and is
about 2 times larger than that of 3,7-DiMeDBT. THBS of the reactants shown in

Table 2.3 is described by pseudo-first order kasetis determined by this investigator.
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Table 2.3 Hydrogenolysis Rate Coefficients of Seked Methyl-Substituted

Dibenzothiophenes?. (Adapted from Houalla, 1980)

Reactant Structure Pseudo-first-order rate constant
m?/ (KQcat S)

Dibenzothiophene (DBT) 6.11 x 10°
2,8-dimethyldibenzothiophene 6.72 x 10°
(2,8-DMDBT)

S
S
S
S

Q ©

3,7-dimethyl-dibenzothiophene 3.53x 10°
(3,7-DMDBT)

4-methyl-dibenzothiophene @ 6.64x10°
(4-MDBT)

4,6-dimethyl-dibenzothiophene @ 4.92x10°
(4,6-DMDBT) .

(a) Experimental conditions: batch reactor, gr€blvent, 300°C, 102 atm, CoMo/Alumina catalyst.

©)

O ©

2.2.3 Structural Contribution Approach

First-order rate coefficients for the HDS of sulfwomponents such as
benzothiophenes and dibenzothiophenes in oil trastreported in the previous section
contain the hydrogen concentration and the adswrggroup on both types of active

siteso andt. Therefore, it is necessary recognize that thasdficients vary with the
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feedstock composition and that an extensive experiah program is required for every
new feedstock. Also, to come to invariant paransetiéis necessary in the first place to
distinguish between hydrogenolysis and hydrogenateactions. Deep HDS requires
more accurate kinetic modeling considering rateagqos of the Hougen—-Watson type
accounting for the adsorption of the various speciethe kinetic modeling is based
upon individual components the number of rate patars becomes awesome.
Therefore, Froment et al. (1994) developed a metogy based upon structural
contributions for the kinetic modeling of hydroddstization of oil fractions. This

methodology considers the Hougen-Watson conceptsaccounting for the adsorption
of the reacting species and individual componenstead of lumping for the sulfur

components. Moreover, structural contributions aatdor the electronic effects and the
steric hindrance of the substituents on the rateffictents and the adsorption
equilibrium constants (Vanrysselberghe & Fromer&98b)). In the project developed
here the structural contributions methodology wapliad to determine the kinetic

modeling of the HDS of the LCO. This methodology fisther described in the

formulation of the kinetic model.
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CHAPTER Il

EXPERIMENTAL APPARATUS AND METHODS

The experimental setup used in these catalytic digglting experiments was
constructed starting from the one described by y&s®lberghe and Froment (1996).
Some modifications were done in the new equipmeaoh sis the volume of the reactor,
which in this project was 1.0 liter. A demister waaced after the cyclone separator as a
second step of gas-liquid separation to avoid tlageid entrainment to the gas

chromatograph.

3.1 Materials

The feedstock was a Mexican Light Cycle Oil (LC@ntaining 2.94 wt% of total
sulfur, determined by neutron activation analydiadkarni, 1984). The LCO was
supplied by the Instituto Mexicano del Petroleo PIM The activating agent for the
catalyst was a mixture of 15 vol% of hydrogen sdfi(HS) in H acquired from
Praxair. Hydrogen and methane used were from Brazaley Welding Supply
Company. The physical properties of the LCQSHCH, and H are listed in Tables 3.1
and 3.2 respectively.

Carrier gas used in the GC-TCD was a special nexair8.5 vol% Hin Helium

according to Vanrysselberghe and Froment (1996) Afligelt and Gouw (1979).
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Helium ultra pure grade was used as carrier ingdgechromatograph coupled to a mass

spectrometer (GC-MS). Both carrier gases were froaxair.

The catalyst used in all experiments was CoMgDAlhere identified as HDS-1 also

supplied by IMP. It contains 13.1-16.1 wt% M9(B.2-3.8 wt % CoO. A physical

analysis of this catalyst shows a pore volume 6fddi/g and BET surface area of 215

m%g. The catalyst was crushed to the required parsize (750-820u) to avoid

diffusional limitations. (Vanrysselberghe and From@ 996)).

Table 3.1 Typical Properties of Light Cycle Oil (LGO).

Molecular Weight 188.5
Specific Gravity 0.9096
Initial Boiling Point, °C 182
Final Boiling Point, °C 399
Total Sulfur, wt % 2.94
Table 3.2 Typical Purity of Gases.
Hydrogen Sulfide  Hydrogen Methane
mixture
Purity (From Manufacturer) 15 % >99.95% >99.995%
Balance H (85%) - -
Molecular Weight 6.83 2.016 16.04
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3.2 Experimental Setup

A flow diagram of the experimental equipment is whoin Figure 3.1 and a
photograph of this setup is found in Appendix AeTdetup was built according to the
design of the equipment constructed and used byygaelberghe and Froment (1996).
In fact, this setup was built by the author of ttiissertation in combination with Marin
(2006) who used the setup in testing of catalyBte experiments were performed in a
1.0 L Robinson-Mahoney stationary catalyst bas&attor with complete mixing of the
gas and the liquid phases, and it was provided éwado. The fixed annular catalyst
basket has baffles inside and outside to contrdexes. The rotating shaft is equipped
with two impellers that lead fluid into the centdrthe annulus at the top and bottom and
through the catalyst bed. Appendix A compriseasstiations of the basket and shaft.
The reactor is made of stainless steel and caratgpat pressures up to 140 bars and
temperatures up to 450°C. Pictures of this reaater shown in Appendix A. The
temperature was measured by using thermocouplescantiolled by temperature
controllers. All the controllers in this setup wenstalled on onganel. The pressure
was controlled by a back pressure regulator. THeesit of the reactor consisting of gas
and liquid phases at high pressure and high teryeravas separated under the same
conditions by means of a cyclone coupled with aidem This separator was designed
according to Perry and Green (1995), Castanedadj2@0d Gonzalez et al. (1986) and
it was constructed in the workshop of the DepartnoéiChemical Engineering. The gas
phase was analyzed on-line by means of a gas ctwgraph (GC) with a TCD detector.

The remaining phase was cooled, for condensingyhiagtions and then was scrubbed
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by means of a 20 wt% sodium hydroxide solution émaove hydrogen sulfide. The
liquid product was cooled and flashed under ambmoriditions. The light gases,
dissolved in the liquid phase, were desorbed atidated in a glass burette. The GC-
TCD was used to analyze and quantify light gaseb 1 H, H,S, and methane. The
liquid product was measured and analyzed off-lipenteans of a GC-MS. A picture of

this analyzer is shown in Appendix A.

NaOH

Vent

Vent

Paraffin

Vent —» GC-MsS
HC Product

Figure 3.1 Schematic of high pressure experimental setupnydrotreatment studies of
LCO. Robinson-Mahoney reactor (R_M).
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3.3 Characterization of Reaction Products

3.3.1 Gas Product

The gas samples were analyzed on line by a Shimadedel 17A gas
chromatograph equipped with a Hayesep D columeparate B CH,;, and HS, and an
OV-101 column to retain heavier hydrocarbons aratkflushing after each analysis.

The features of the GC and the operating condittwashown in Table 3.3.

Table 3.3 Gas Chromatograph Conditions for the Anajsis of Hydrogen Sulfide,
Hydrogen and Methane in the Desorbed Gas from Reaon Products.
Chromatograph: Shimadzu model 17A

Columns

20% OV-101 CHROM P-AW 80/100 6’ x 1/8”
x 0.085” SS OV-101;
30’ x 1/8” x 0.085 SS Hayesep D 100/120

Column Temperature 110 °C Isothermal

Carrier gas 8.5% FHHelium balance at 20 ml/min
Detector Temperature 120 °C

Injection port Temperature 120 °C

Switching valve Temperature 120 °C

Currentin TCD 100 mA

Range / Polarity 1/1

Integration Sensitivity: 90%; Baseline: 60%
Auxiliary pressure controller 78 kPa

The GC columns were conditioned prior to the in@cttof gas samples to test the

resolution of these columns. Samples were injebtedsing a 10-port switching valve
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with a 98.5ul sample loop. The switching valve is remote a@datrom a personal
computer connected to a PeakSimple Chromatograple Bystem.

The configuration of GC packed columns, 10-portgdwng valve and sample loop
is shown in Figure 3.2. In this configuration tharreer gas is split in three different
lines. In the first line, labeled on the GC as &aawy, the flow rate is controlled by using
a pressure regulator allowing the carrier to flavectly to the TCD. The carrier in the
analysis line is controlled by a mass flow con&olio flow through the injection port,
switching valve, packed columns and finally to #@D. A pressure regulator controls
the carrier in the third line to flow through theighing valve and the OV-101 column.
The latter column is backflushed after each ansalysi

In the Load position of the switching valve the deaving the experimental setup
flows through the sample loop of 9816 The OV-101 column is back flushed with the
same carrier gas whereas the Hayesep D columniismgvéor the sample. When the
valve is switched to Inject position, the carriekés the sample from the loop, then
flows through OV-101 and Hayesep D columns and getee TCD. After the analysis

is complete the valve switches back closing thdecyc
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CARRIER —H PRESSURE CONTROLLER AUX }— >
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POSITION
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Figure 3.2 Schematic of switching valve and loop sampling vadtckflush of an OV-
101 column in H, CH,;, and HS gas analysis.
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Figure 3.3Schematic of GC-TCD measuring the flow rate gasitepthe HDS setup.

Figure 3.3 shows a diagram of the online configaratised to measure the flow rate
of the gas product of the experimental setup. Irm@ab operation, the gas leaving the
setup goes through the 3 way valve (3W-V1) and gogke GC-TCD to be analyzed.
Once the analysis is completed the gas is verftedhbod. The carrier gas leaving the
GC-TCD (VENT) goes through the 3W-V2 valve to théoble meter and finally is sent
to the hood. The auxiliary line between the GC 8wd-V2 is closed by means of a
clamp. On the other hand, if the gas product froengetup needs to be measured, both 3
way valves (3W-V1 and 3W-V2) are switched to theagite direction and the clamp is

released from the auxiliary line sending the veas$ ¢o the hood. Since the risk of
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handling HS is high and because this section is out of tlwel hspecial care should be
taken in the right position of the 3W-V valves ahe clamp as well. This will avoid

eventual blocking of lines and consequently gakdea

3.3.2 Liquid Product

The liquid samples were analyzed by a Hewlett-Pack&l1800A GCD gas
chromatograph equipped with a B thickness x 0.2 mm I.D. x 50 m long capillary
column (HP PONA) and an Electron lonization dete{®dD). The operating conditions
are shown in Table 3.4.

In the HP-GCD, the compounds in the sample arerastgzh in the HP-PONA
column, before reaching the detector. Once the comgs exit the column, they are
bombarded with a stream of electrons, which causgoducible fragmentation of the
molecules also called electron impact ionizationc®the fragmentation has occurred,
the mixture of ions created can be detected in ¢diginct modes Scan and SIM
(Selected lon Monitoring).

For all analysis a mode Scan was selected. Imtlide the EID scans from high to
low across a set range of atomic mass units (ammass-to charge ratios (m/z). When
one scan is complete, the system resets and imtaldscans the range again. This
process is repeated continuously during the rueeeixfor during the Solvent Delay
time at the start of the run when the detectofffls weally the system should take 5-10
scans across each compound (peak) that elutestfidm@olumn to fully define the peak

shape, especially for quantitative analysis. Atehd of the run, the data is recorded in a
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file as scan numbers and abundances of indivicired detected at each scan. The full
scan range on the GCD was 10-425 amu. This ramggiipes standard mass spectra that
can be searched in spectral libraries and is reamed to be used for unknown
samples (Hsu and Drinkwater, 2001). The GC paraseied report options edited are
shown in Table 3.4.

Manual injection was selected because of the lddnauto sampler. Furthermore,
the HP injection technique described in Appendixv@s applied since it produces

reliable results when executed carefully and repedaly for each injection.

Figure 3.4 shows a typical total chromatogram ofOLfeed and Figure 3.5 shows a
total chromatogram of reaction products analyzettetsame LCO conditions. From the
figures it can be easily observed how the compmsiis displaced from the heavy

components in the feed to lighter components irptieeuct due to HDS.
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Figure 3.4 Typical total chromatogram of LCO using a GC-MS.
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Figure 3.5 Total chromatogram of reaction products for the3H&f LCO using a GC-
MS. Experimental conditions: T=330°C, Pt=65.5 WHfFosr= 3672 Kgeat h/kmol
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Table 3.4 Operating Conditions Used in the GCD forAnalysis of the LCO and
Liquid Reaction Products of the Hydrodesulfurization Reaction.

Chromatograph

Column

Inlet

Detector
Injection

Oven information

Column max temperature

Initial temperature

Initial time
Level 1
Level 2
Level 3
Total time

Injection parameters
Injection mode
Sample volume

Constant flow

Gas

Program Flow

Pressure at oven temp°85

Pressure at oven temp 2680

Detector Parameters
Solvent Delay
Mass Range

Specific reports

Hewlett-Packard model G1800A GCD

50 m x 0.2 mm fused-silica capillary colurooated
with a 0.5 um
dimethylsiloxane (HP-PONA).

film of cross-linked 100%
250°C
270°C
Splitless

325
35
5
Rate, °C/min Fingl°C Time, min
2.5 80 15
2.0 200 5
1.0 025 5
158 min

Manual
2 ul; 50 times diluted

Helium
0.643 ml/min (pulseless constant flow)
20 psi
39.9 psi

10.0 min
10-450 m/z
Area percent, Quantification

The GCD software was used to review data acquirelda following ways:

» Display total ion chromatograms

» Customize integrating parameters
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* View and interpret spectral data
» Compare data acquired at different times

* Reviewing integration results.

To identify components, spectral data of the samplere compared to databases of
reference called spectral libraries (Wiley 138K mapectral database). To reintegrate
chromatograms a ChemStation integrator was usdule TR5 shows the parameters of

integration.

Table 3.5 Parameters of Integration Used in the GCDor Analysis of the LCO and
Liquid Reaction Products of the Hydrodesulfurization Reaction.

Integration Events Value Time
Initial Area Reject 1 Initial
Initial Peak Width 0.02 Initial
Shoulder Detection On Initial
Initial Threshold 14.0 Initial
Integrator OFF -- 0.001
Threshold 0.1 -
Integrator ON -- 11.3

Using these integration events when reviewing dstdiquid samples analysis,
around 600 peaks are successfully integrated, de@ nteresting peaks corresponding

to sulfur compounds have been manually integrated.
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3.4 Reaction Test

3.4.1 Loading of Catalyst and Start Up

A homogeneous solid mixture was prepared using @f/crushed catalyst (10 ml)
diluted with 72.6 g of alpha alumina (71 ml) toldie total volume of 81 ml. The latter
is the corresponding volume in the annular bastietife catalyst. The particle size of
the catalyst and the alumina was between 710 a@qu®5(-20, +25 mesh). The diluted
catalyst mixture was carefully loaded into the leigken the basket was placed in the
reactor. The reactor was safety closed accordingh# torque specified by the
manufacturer (60-90 ft-Ib). The reactor was pregsdrup to 76 bar (1100 psi) withp, N
and leaks were checked and corrected. The nitrogére was closed and then the
reactor and process lines were flushed with hydrdge 2 hours at 28 liters @ STP/h
(Maximum flow rate on the Hmass flow meter) before the activation step. Sieshd

conditions (STP) in this work are 25°C and 1 atm.

3.4.2 Catalyst Activation

The presulfided HDS-1 catalyst was activated wihvbl % HS/H, balance gas
mixture. The activation was carried out at 1 bad 830°C and no methane was fed

during this stage. The procedure is shown in Figueand in Appendix B.
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ACTIVATION : REACTION SHUT DOWN
¢ Flushing ; Sulfiding
35h @
s
experiments with 25 T/
stabilization
between each one
: 30 C |
T 2h
P =50 psig
P =1bar P =1bar LCO =35ml/h Stop LCO Feed
T=28C T =100C H, = 10.8LSTP/h H,
H,=2.8LSTP/h  H,S/H,=17 mi/min CH, =169 LSTP/h Stop CH, Feed
500 RPM P = 950 psig P = 950 psig
Stop H,S/H,

1200 RPM

Figure 3.6 Procedure carried out for activating the CoMel catalyst, reaction test

and shut down.

The pressure in the setup was decreased to 1 Hatafiow rate was set to 2.8

LSTP/h. The temperature of reactor was increasirgheC/h until 330°C was reached.

The agitation started at 500 RPM and the temperaitipreheater, mixer, separator and

demister was increased in steps of 50°C/h whendaetor reached 50, 100, 150, 200,

250 300 and 330°C, respectively. When the reaetmperature was 50°C gas samples

were analyzed in the GC-TCD to verify ibMas still present in the gas. After two hours

of hydrogen flushing through the reactor ftbw was stopped and the flow rate of the

sulfiding gas mixture (kB/H;) was set to 17 ml/min. This flow rate was mainéain
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constant for all the sulfidation. The amount ofSHrequired for sulfidation was
calculated according to the catalyst metal condéeat its reaction stoichiometry. When
the reactor reached every increment of 50°C, gagpkes were analyzed in the GC-

TCD.

3.4.3 HDS Reaction

Once the activation ahe catalyst was completed theSfH, flow was stopped.
The backpressure was set at 65.5 barfldiv rate was set to 10.8 LSTP/h, the methane
flow rate was 1.69 LSTP/h and the LCO flow raten®h. The agitation for the reacting
mixture was set to 1200 rpm. The temperature ofrélaetor was increased to 330°C at
25°C/h. Operating conditions were maintained fo293 for stabilizing and 8 h for the
conversion test. Readings were taken every 30 rhiteraperature controllers (TIC),
mass flow controllers (FIC), temperature indicatfFy, pressure gauges and balance.
Gases leaving the separator were analyzed ondikei GC-TCD and liquid samples
were recovered and analyzed off line in the GC-MS.

Additional experiments varying Wigsr (kgeatkmol/h) and temperature were
performed to determine if the steady state is reddietween 1 and 5 reactor volumes of
liquid leaving the reactor.

The complete set of experiments performed at vgryiiFper (kgeafkmol/h) and

temperature are shown in Table 3.6.
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Table 3.6 Set of Experiments Carried Out in the Hydodesulfurization of the LCO.

LCO W/F%gT, 330°C 310°C 290°C
flow rate, Kgcat T1 T2 T3
mi/h h/kmol
35 6228 (WIRTL @w-> W/ F)-T2 @3> (WIF)-T3 &
45 4848 (WIRTL <6 (W/ F)-T2 T (W/F)-T3
62 3556 (WIRT1 [ (W/ F)z-T2 6} (W/F)s-T3
77 2881 (W/FyT1 l (W/Fy-T2 <@ (WIF),-T3
62 3550 (W/RT1 (W/F)-T2 (W/Fy-T3 {10}
81 2700 (W/RT1 (W/F)-T2 (W/F)-T3
119 1850 (WRT1 (W/F)s-T2 (W/F)s-T3
219 1000 (W/R)T1 (W/F)-T2 {9} (W/F),-T3

(*) Arrows point out the sequence and directiort thaeriments were conducted.

The molar hydrogen to hydrocarbon (LCO) ratio wa8, 2nd the hydrogen to
methane molar ratio was 6.4 for all experiments. nfentioned before gas samples were
analyzed online in the GC-TCD. Methane was usedmamternal standard for the on-
line analysis. A ten-port switching valve was useéth a sample loop of 98 4l to take
samples every hour. The valve is electronicallyaietd from a personal computer. The
carrier gas was 8.5 %,HHelium balance at 20 ml/min. Conditions of the-&GCD were
shown in Table 3.3.

Liquid product samples were collected in labelealssiand refrigerated until they
were analyzed off-line in the GC-MS (GCD). Becadsect samples of LCO cannot be
well resolved in the GC-MS, every liquid sample wdsuted 50 times with
dichloromethane, then 2l of each diluted sample was injected using gulLl8yringe.

Conditions of the GC-MS were shown in Table 3.4.
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3.4.4 Functionality Test

The most essential information for kinetic analysiserms of conversion is in the
range far away from the asymptotic behavior; treesfexperiments in the range of low
conversions of DBT at the same/HC ratio required increasing the flow rate of LCO
and H. Because the mass flow controller (FIG}griginally installed in the setup was
limited the H/HC molar ratio was varied from 2.8 to 2.4. At thegperating conditions,
coking occurred, leading to operating problems sagtblocking of valves, filters and
lines. The mass flow meters of FInd CH were showing big variations in their displays
while an increasing delay in opening the valve atetd for the liquid controller
confirmed this problem. Evidence of the presenceas is illustrated in Appendix A.
This problem was overcome by replacing the rhiass flow meter and running the
experiments in the interval of Wgr 1000- 2800 kg.ch/kmol corresponding to #HC

molar ratio greater than 2.4.

3.5 Data Treatment

3.5.1 Sulfiding Step

Because no methane was used in the activation #tepnternal Normalization
method was applied to quantify,$l The internal normalization method via peak areas

does not require knowing the exact amount of sampjected for quantification
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(Schomburg, 1990). In this procedure, the sum & #mounts of each sample
component is determined via the area of all peBksm the ratios of the amounts of
each individual component to the total amount béaimple components, the percentage
composition of the sample is obtained.

The method of internal normalization requires tle&tmination of the areas of all
the peaks in a chromatogram. The determinatiomefpeak area can be performed by
integration using the PeakSimple integrator soféwarhe corrected peak areas of

individual peaks are related to the total peak afédhe chromatogram as follows:

_ RRFOA

. —W (3.1)

whereA is the peak-area of componérandRRF, the corresponding relative response

factor. Table 3.7 shows the relative retentiondatdr H,S, H, and methane.

Table 3.7 Relative Retention Factors for Gases imé¢ GC-TCD.

Component RRF;
H,S 2.486
H, 0.111

CHa 1.000
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3.5.2 HDS Reaction
3.5.2.1 Gases

The guantification of b5, H, and CH from the reaction products was carried out
using the internal standard method via peak arBais. method is important to obtain
data of high precision and accuracy for the indieidcomponents even in complex
mixtures (Dzidic et al., 1992; Wadsworth and Vdlali, 1992). The internal standard
methane was added to the original sample througheiperimental setup at known
concentrations determined by a mass flow meter.

The procedure can be followed for the determinatbthe weight Gapplied to

the componentsaccording to the equation

A ORRF

= 3.2
=G p e (32

The sum of all Gmust be equal to § hence, the Gdata are converted into
concentration data with the equation:

C =100 (3.3)
GP
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3.5.2.2 Liquids

Calculations of conversions for LCO from the pea&as were carried out using
Excel. The mixture composition was expressed imseof a molar-averaged conversion

defined as follows:

_ 1 8 LCO
X = 2 XY (3.4)

with X; the conversions of a set of the identified sufamponents in LCO and
reaction products DBT, 4-MeDBT, 3-MeDBT, 3-ethylDB4,6-DMDBT, 3,6-DMDBT,
2,8-DMDBT, 4,9 DMeNaphtho[2,3-b]thiophene, ang®§ the corresponding mole
fractions ofi in the LCO. Peak areas from chromatograms werairsdd from a
ChemStation and total conversions for every sefectampound were calculated using

Fluorene as internal standard as follows:

) A Prod Af :|LCO
=1 — X| —
SR
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whereA is the peak-area of compondnand A; the peak-area of fluorene. This

molecule is present in the LCO feed and is not pced nor hydrogenated or
significantly evaporated under reaction conditigiepauw and Froment 1997). In
addition, it does not co-elute with other composewith the same mass. The most
important fragment of fluorene with m/z ratio of6l&as used for the calculations.

The conversions of every selected compound intactheesponding product were

calculated using fluorene in a similar manner #is\s:

(3.6)

X
!
h||
1
2>
e — |
3
g
X
1
|2
— =
O
O
|—||
—>|>

where A is the peak-area of compondntind A, the peak-area of its corresponding

product. A; is the peak-area of fluorene. For instance, thevexsion of DBT into

biphenyl &psT_8rH) Can be expressed in this fashion:

_ AapH Prodx i}l_co_{m}l_co
XpBT . BPH |: A :| |:ADBT A (3.7)
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3.6 Experimental Results and Discussion

3.6.1 Catalyst Activation

The variation of hydrogen sulfide concentrationtive produced gas during the
activation of the catalyst is shown in Figure 3anitoring of the HS concentration in
the gas leaving the separator was followed from &b330°C. In this interval the
concentration in the gas decreased from 15 mol%réaind 6.4 mol%. Prior to the
sulfiding temperature reachir8g0°C the HS concentration observed in the gas was the
minimum value in this step. This concentration wemilar to the value obtained during
3.5 hours that sulfiding conditions were maintaineffter this point the gas
concentration increased again so that the catamgst considered to be activated and
ready for the HDS experiments.

It is assumed that the,H concentration observed at the beginning of tifedswg
results from the oxysulfides present in the cataljscompose to form 43, which

converts the metal oxides into metal sulfides.
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Figure 3.7 Sulfidation of the HDS-1 catalyst. ConcentratiorH8 in the gas phase as a
function of time. Pressure: P= 1 bar

3.6.2 Gas Analysis Using CH as Internal Standard

A typical chromatogram obtained for hydrogen, meéhand hydrogen sulfide is
shown in Figure 3.8. Retention times fos, LH; and HS were 6.28, 8.40 and 26.77
min respectively. Flow rate of carrier gas was 2bmm, temperature of TCD was

120°C and the remaining conditions for the analysse shown in Table 3.3.
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Figure 3.8 Typical chromatogram of gas from reaction prod#iS, H, and CH on the
GC-TCD.

For all the investigated space times (W4F) the variation in concentration of,8
in the gas product as a function of time and teatpee is between 10 and 15 mol%, as

is shown in Figures 3.9 and 3.10.
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Figure 3.9 Concentration of b5 during the conversion tega) W/Fpgr= 6262 kga
h/kmol (b) W/F°per= 4815 kga h/kmol. Conditions: P= 65.5 bars)(T=330°C; @ )

T=310°C; (*) T=290°C.
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Figure 3.10 Concentration of b during the conversion tegt) W/F’ogr= 3538 kga:
h/kmol. (b) W/Fber= 2857 kga h/kmol. Conditions: P= 65.5 bars)(T=330°C; @ )

T=310°C; (*) T=290°C.

The variation in concentration of,H in the product gas as a function of W4t

is shown in Figure 3.11.
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Figure 3.11 Concentration of b5 as a function of Wfsgr. Experimental conditions:
P = 65.5 bar, IHC=2.8. (a) T=330°C, (b) T=310°C, (c) T=290°C.

The plots show that at all temperatures th& ldoncentration in the gas product
increases with space time (from 1000 to 650Q:kdgmol). In this interval the variation
of H,S concentration was 40, 60 and 23% for 330, 31028203C respectively. These

values confirm that the rate of reaction increagi#ls temperature.
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3.6.3 Liquid Analysis

The peaks of a LCO were previously identified bypBew & Froment (1997)
using a GC-AED. Other researchers have taken aagantf this information in their
investigations with LCO (Chen et al., 2003; Turagal Song, 2000). As in previous
reports the identification of sulfur compounds wasried out here following every
single compound on the GC-MS chromatogram. Cherostdabgether with a Wiley
Library of chemical compounds were used to iderg#lected compounds. In Table 3.8
methyl substituted benzothiophenes are shown aitk TR9 shows methyl substituted
dibenzothiophenes. Fluorene was used as an intgiaradard. Some compounds such as
cyclohexylbenzene (CHB) and bicyclohexyl (BCH) weceinjected in separate samples
of liquid products to confirm their identificatioBecause of the disappearance of sulfur
compounds in the HDS, the samples of reaction mtsdwere more difficult to identify
and quantify. Thus, some peaks were manually iategrwhen Chemstation ignored

these compounds or when they were integrated tegetith others.
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Table 3.8 Retention Times in Gas Chromatographic Aalysis of Identified Methyl
Substituted Benzothiophenes (BT’s) for the Hydrodasfurization of LCO .

LCO feed Reaction Products

Peak Compound Retention Time, Retention Time,
No. min min
1 Benzothiophene 63.62 63.58
2 2-methyl-benzothiophene 71.89 71.97
3 5-methyl-benzothiophene 73.22 73.24
4 6-methyl-benzothiophene 73.22 73.24
5 3-methyl-benzothiophene 73.63 73.41
6 4-methyl-benzothiophene 73.63 73.41
7 3,6-dimethyl-benzothiophene 79.31 79.42
8 2,5-dimethyl-benzothiophene 80.47
9 2,7-dimethyl-benzothiophene 81.01 81.21
10 2,3,7-trimethyl-benzothiophene 86.71

[l Carrier gas flow rate was 0.643 ml/min. Compleperating conditions for the GC-MS and the HP-
PONA column were shown in Table 3.4.

Table 3.9 Retention Times in Gas Chromatographic Aalysis of Identified Methyl
Substituted Dibenzothiophenes (DBT'’s) for the Hydrdesulfurization of LCO®.

LCO feed Reaction Products

Peak Compound Retention Time,  Retention Time,
No. min min

1 Dibenzothiophene 102.02+10218 101.83

2 4-methyldibenzothiophene 109.20 108.89

3 3-methyldibenzothiophene 110.54 110.15

4 3-ethyldibenzothiophene 115.69 115.47

5 4,6-dimethyldibenzothiophene 115.26+116147 116.24

6 3,6-dimethyldibenzothiophene 117.58 117.31

7 2,8-dimethyldibenzothiophene 118.05 117.80

8 4,9-dimethylnaphtho[2,3-b]thiophene 119.25 119.04

9 3,4-dimethyldibenzothiophene 120.30 120.10

10  9H-Fluoren@ 92.28 92.04

I Carrier gas flow rate was 0.643 ml/min.
™l nternal Standard.
I The area peaks at these two retention times wetedad
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The desulfurization of the six:€BT isomers results in the fives®enzenes shown
in Table 3.10 and in Appendix B. The most refraet@-BT and G-BT isomers in the

HDS and the corresponding desulfurization prodastsshown in Table 3.11.

Table 3.10 The G-BT Isomers and Their Corresponding G-BT Desulfurization
Products

C,-BT isomer HDS reaction products of the HDS of
C,-BT isomers
2-methyl-benzothiophene (2-MeBT) n-Propyl-Benzene
3-methyl-benzothiophene (3-MeBT) iso-Propyl-Benzene
4-methyl-benzothiophene (4-MeBT) [-Et-2-Me-Benzene
5-methyl-benzothiophene (5-MeBT) 1-Et-3-Me-Benzene
7-methyl-benzothiophene (7-MeBT) 1-Et-3-Me-Benzene
6-methyl-benzothiophene (6-MeBT) 1-Et-4-Me-Benzene

Table 3.11 The G-BT and C3-BT Isomers and Their Corresponding G-BT and Cs-
BT Desulfurization Products

reaction products of the HDS of

C,-BT and G-BT isomer C,-BT and G-BT isomers
2,3-dimethyl-benzothiophene (2,3-DiMeBT) 1-methybpyl-Benzene
2,5-dimethyl-benzothiophene (2,5-DiMeBT) 1-methyRBopyl-Benzene
2,7-dimethyl-benzothiophene (2,7-DiMeBT) I-PropyM&e-Benzene
3,6-dimethyl-benzothiophene (3,6-DiMeBT) I-methybPyl-4-Me-Benzene

2,3,7-trimethyl-benzothiophene (2,3,7-TriMeBT)  |4tm@-Propyl-3-Me-Benzene
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Figure 3.12 Part of the total iohromatogram of the LCO showing part of the peaks

corresponding to the BT and;-BT desulfurization products. a) before and b) rafte
hydrodesulfurization.
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Abundance

240000
220000
200000
180000
160000
140000
120000
100000
80000
60000
40000
20000

Benzene, 1-ethyl-3methyl-

Benzene,1-ethyl-4-methyl-
Benzene,1-ethyl-2-methyl-

Benzene, propyl-

360 365 370 375 380 385 390 395 400 405 | 41.0 ' 415 042.425
Time, min

TIC 2b: PDT0405010.D

Abundance

Benzene, 1-ethyl-3methyl-

Benzene,l-ethyl-4-methyl-

2000000
1800000
1600000
1400000
1200000
1000000
800000
600000
400000
200000

0 360 37.0 38.0 39.0 400 41.0 '42.0 430 440

Benzene,1-ethyl-2-methyl-

Benzene, propyl-

Time, min
Figure 3.13Part of the single ion chromatogram of the LCOvghg part of the peaks
corresponding to the BT desulfurization products. a) before and b) rafte
hydrodesulfurization.
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Figure 3.14 Part of the single ion chromatogram of the LCOvghg part of the peaks
corresponding to the naphthalene aneBC desulfurization products. a) before and b)
after hydrodesulfurization.



46

a) LCO0605013.D

Abundance e

2300000 |
2100000
1900000 |

3-Methylbenzo[b]thiophene

1700000
1500000
1300000
1100000
900000
700000
500000
300000
100000

0 72.0 73.0 74.0 75.0 76.0 '77.0 780 79.0

Benzol[b]thiophene,5-methyl + 6-methyl

1,1’-Biphenyl

Time, min

b) PDT0405010.D

Abundance
8000000
7000000
6000000
5000000

4000000

1,1’-Bicyclohexyl

3000000

1,1’-Biphenyl

2000000

Benzo[b]thiophene,5-methyl + 6-methyl

3-Methylbenzo[b]thiophene

1000000

o e o e B N L e B L
720 725 730 735 740 745 750 755 760 765 770 7750 78/8.5
Time, min
Figure 3.15Part of the single ion chromatogram of the LCOvghg part of the peaks

corresponding to the C1-BT desulfurization producty before and b) after
hydrodesulfurization.
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Part of a total iothromatogram of the LCO with the peaks correspantbrthe G-
BT desulfurizatiorproducts of the mentioned sulfur compounds befoi ater HDS
on a CoMo/A}O; catalyst in a completely mixed flow reactor at 33065.5 bar and a
space time of 3550 kg-h/kmol DBT are shown from Figure 3.12 to Figur&53.The
C,-BT isomers were completely converted under theselitions.

The Figure 3.15 also shows the peak of biphenylciwhis the product of
hydrogenolysis of DBT and the peak of bicyclohewylich is the fully hydrogenated
component in the hydrodesulfurization of DBT. Igiies 3.16 to Figure 3.20 part of a
total chromatogram of the LCO with the peaks cqoesling to the @DBT
desulfurization products of the referenced sulfompounds before and after HDS are
illustrated.

Figure 3.16 shows the peak of 1,1-biphenyl,3-methiich is the product of
hydrogenolysis of 4-MeDBT. Figure 3.17 shows thakpef 1,1-biphenyl,3,3’-dimethyl
which is the product of hydrogenolysis of 4,6-DiM&D and the peak of fluorene the

internal standard in the GC-MS analysis.
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In Figure 3.18 is shown a pair of peaks correspumndo DBT. The Chemstation
software integrated the DBT as two separated pbakause inflections in the upper
level of the peak, however, both peaks were codfitras DBT with the database of the
GC-MS. The peak of phenanthrene is identified is figure as well. Figure 3.19 shows
the peaks of 4-Me-DBT and 3-MeDBT while the Fig3t20 shows the other(DBT,
C,-DBT presented in Table 3.10.

Some parts of these chromatograms show poor resoltdr the identified and
selected sulfur compounds. This is because of dheptexity of the samples for a MS
detector. More than 500 compounds are separatezl/eny analysis. Moreovethe
important peaks corresponding to those sulfur camgs are in the level of low
abundances.

Even if the identification and quantification is erhausting assignment, the sets
of representative sulfur compounds shown in TaBl&and Table 3.10 are in good
agreement with the expected behavior that is shbywivanrysselberghe & Froment

(1996), for calculating conversions of BT, DBT hetHDS of the LCO.
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Figure 3.16 Part of the total ionchromatogram of the LCO showing the peaks
corresponding to the €DBT desulfurization products. a) before and b)emaft
hydrodesulfurization.
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corresponding to the €DBT desulfurization products and Fluorene the rimaé
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Figure 3.18Part of the single ion chromatogram of the LCOvghg part of the peaks
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3.6.4 Conversions

3.6.4.1 Steady State Test

In order to assure the steady state was reachexkp@miment was run to determine
the required volume of reacting mixture that havélaw through the reactor before the
conversion becomes constant. The plot of total emion of DBT as a function of the
operation time is shown in Figure 3.21. In thig tese volume of reacting mixture is
leaving the reactor after 19 hours while 5 voluroéghe same reacting mixture are
displaced after 81 hours. These times are relgtioelg because the reactor volume in

this setup is 1.0 liter,

1 volume (19h) 5 volume (81 h)

100
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60
50 <
404
30 A
20 A
101

Conversion of DBT [%)]

T T T T T T T T T T T T T
20 21 22 23 24 25 26 2 82 83 84 85 86 87 88 89 90
Operating time, h

Figure 3.21 Total conversion of DBT as a function of operating tinkeperimental
conditions. P=65.5 bar, T=330°C, V#&r=3550 kgarh/kmol, H/HC=2.8 mol ratio.



55

The conversion of DBT after one volume displacedessentially the same
compared with the conversion of DBT after one anabltimes. This test was important
in order to define when the steady state is reaaneldconsequently a reduction in time
of every run was obtained. Because the converdiddBd obtained after 1 volume is
enough to determine the steady state, 1.5 volum&® chosen to run the set of

experiments.

3.6.4.2 Total Conversion of DBT in the HDS of the LCO

Figure 3.22 shows the total conversion of DBT ascfwn of space time
(W/F%s7) measured at 290°C, 310°C and 330°C respectiiélg.results shown in this
and further figures correspond to the experimeatssiclering steady state as defined in
the latter section (3.6.4.1). The conversion of DBi€reased with space-time and
temperature. The maximum conversion (62%) is oleserat 6110 kg: h/kmol and

330°C.
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Figure 3.22 Total conversion of DBT as a function of WHgr. Experimental
conditions. P=65.5 bar,JAHHC=2.8 mol ratio. Symbols: experimental. Curvasual fit.

3.6.4.3 Conversions of DBT into BPH and CHB in the HDS oflie LCO

The results on the total conversion of DBT, conwerf DBT into BPH and the
conversion of DBT into cyclohexylbenzene (CHB) afumaction of W/Fpgr are shown

in figures 3.23, 3.24 and 3.25 for temperature33a°, 310° and 290°C respectively.
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Figure 3.23 Conversions as a function of space time, S84F and T=330°C. (g7)=
total conversion of DBT, @pn)= conversion of DBT into biphenyl, €4s)= conversion
of DBT into cyclohexylbenzene. Experimental coratis: P= 65.5 bar, #HC= 2.8 mol
ratio. Symbols: experimental. Curves: visual fit.
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Figure 3.24 Conversions as a function of space time, \¢f and T=310°C. (xg7)=
total conversion of DBT, @pr)= conversion of DBT into biphenyl, {ks)= conversion
of DBT into CHB. Experimental conditions: P= 65.%rp H/HC= 2.8 mol ratio.
Symbols: experimental. Curves: visual fit.
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Figure 3.25Conversions as a function of space time, S84F and T=290°C. (xg7)=
total conversion of DBT, @pn)= conversion of DBT into biphenyl, £4s)= conversion
of DBT into CHB. Experimental conditions: P= 65.arp H/HC= 2.8 mol ratio.
Symbols: experimental. Curves: visual fit.
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CHAPTER IV

FORMULATION OF THE KINETIC MODEL

4.1 Previous Work

The development of kinetic modeling for the hydeatment of oil fractions has been
extensively explored; however, most of the reseaxcihave studied the HDS of oil
fractions in terms of lumps of sulfur components\arted according to first-order or
second-order kinetics (Diaz et al., 1993; Kumarakt 2001; Lecrenay et al., 1997;
Marroquin and Ancheyta, 2001).

Very few of these studies dealt with sulfur remoiralterms of individual sulfur
components (Chen et al., 2003; Kabe et al., 199%/gMal., 1994).

Extensive studies of the kinetic modeling and satiah of the hydrotreatment
reactions have been made by Van Parys and Frorh@86), Van Parys et al. (1986),
Froment et al. (1994, and 1997) and VanrysselbeagiteFroment (1996, and 1998b).
Rigorous kinetics models have been introducedHerHDS of oil fractions (Froment et
al. 1994). Rate equations for all reactions in mtieéwork for the HDS of DBT were
developed on a commercial CoMo@®% catalyst under operating conditions significant
to industrial applications (Vanrysselberghe andnient 1996). Rate equations of the
Hougen-Watson type were developed for the HDS ®fedDBT and 4,6-DiMeDBT on

the same catalyst and operating conditions (Vaetlgesghe et al. 1998a).
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4.2 Reaction Network and Kinetic Modeling at the Molecuar Level

Figure 4.1 shows a reaction scheme for the decotipo®f dibenzothiophene. In
this scheme the dibenzothiophene (DBT) like othdfus-containing compounds are
converted along two parallel routes. The first clise eliminates the S-atom by
hydrogenolysis, which is a scission of the C-S bhofithie second begins with
hydrogenation whose products undergo a C-S scissidgdrogenolysis and
hydrogenation steps occur on different sitesites for the first and sites for the last
(Delmon, 1979; Gates et al., 1979; Vrinat, 1983;n\arys and Froment, 1986;

Edvinson and Irandoust, 1993; Froment 2004).
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Figure 4.1 Reaction network for the HDS of dibenzothiophent® iniphenyl (BPH),
cyclohexylbenzene (CHB) and bicyclohexyl (BCH). (lafla et al. 1978,
Vanrysselberghe et al. 1996)
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4.2.1 Rate Equations

The net production ratesy for biphenyl, cyclohexylbenzene and bicyclohexyl

derived from the reaction scheme of DBT shown guFe 4.1 are defined as

RBPH = Toero ™ MePHr (4-1)
Reve = Togrr + Teprr ~ M cher (4.2)
Rech = Techr (4.3)

The total rate of disappearance of DBT represettgdthe summation of the

consumption of DBT by hydrogenolysis and hydrogemais given by

Roer = l'oer.o ¥ loerr (4.4)

Several possible reaction mechanisms and correspgpndougen-Watson rate

equations were derived by Vanrysselberghe and Frbi{d®96). The various reaction

mechanisms only differ by the way of adsorptionhgtirogen. Table 4.1 shows the
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different ways that hydrogen can be adsorbed.dsé ways were considered by those

researchers.

Table 4.1 Ways of Hydrogen Can be Adsorbed on thechive Sites of Catalyst.

Key Way of adsorption

(A) Atomic

(M) Molecularly

(o¢) competitively in hydrogenolysis

(to); and hydrogenation

(One Tno); Noncompetitively on a third type of active sites

(ov) Noncompetitively on the active sites for hydrogerat
(T0) or hydrogenolysis

The addition of the first H atom, the addition ¢fetsecond H atom, and the
simultaneous addition of two hydrogen atoms weresittered for the adsorption of
atomic hydrogen (A). Reaction with ;Hdirectly from the liquid phase was also
considered.

The sulfur atom removed from DBT, THDBT, or HHDB@&mnains on the catalyst
surface after reaction. Its removal occurs by medmsaction with H directly from the
liquid phase or via a mechanism corresponding withmechanism of hydrogenolysis

on theo sites.
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The discrimination between 174 rival models andapuaater estimation led
Vanrysselberghe and Froment (1996) to the followimgaction mechanism
(A)(0)(Te)(So):

a). Hydrogenolysis of DBT into BPH and,H on theo sites. The rate-determining

step (rds) was the surface reaction between tharlaels species.

b). Hydrogenation of DBT into THDBT and HHDBT on thesites followed by

hydrogenolysis into CHB and,8 on theo sites. The rds was the surface reaction

between the adsorbed species DBT and hydrogen.

¢). Hydrogenation of BPH into CHB on thesites. The rds was the surface reaction

between the adsorbed species BPH and hydrogen.

d). Hydrogenation of CHB into BCH on thesites. The rds was the surface reaction

between the adsorbed species CHB and hydrogen.

The corresponding rate equations for dibenzothiopH{®BT) into biphenyl (BPH),

which is further converted into bicyclohexylbenzeoan be written.

kDBT,U KDBT,J K H,JCDBTCI-& (4.5)

3
(1"' Kosr oCosr + KH,JCI-b * Kapro Coprit Klj EY CI:‘l ;

rDBT,a' =

r _ kDBT,r KDBT,T KH,TCDBTCFE

DBT,r — 3 (4.6)
(1+ Kosr :Cogr *ty KH,TCH2 + KBPH,TCBPH)
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_ kBPH,rKBPH,rKH,rCBPHCI-b (4.7)

3
1+ Kogr  Cosr +/ K Ch, + Kepp, Copn
i

r.BPh,r

rCHB,Z' -

Kerg,r Kenar Ky CCHBCI-E (4.8)

3
(1+ I<DBT,1'C:DBT + A/ I<H,1'CH2 + I<BPH,1' hBPH)

The rate expressions for the HDS of the methyl tswibsd dibenzothiophenes are of
the same functional form.

In the classical approach there are 215 rate emsator hydrogenolysis and 282 rate
equations for the hydrogenations in the reactiowosks of DBT and mono-, di-, and
trisubstituted DBT. As shown in Table 4.2, theste raquations contain 497 kinetic

coefficients and 635 adsorption equilibrium contstafFroment et al. 1994)
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Table 4.2 Total Number of Parameters for the Hydro@sulfurization of DBT and
Methyl-Substituted Dibenzothiophene in the Classidaviolecular Approach: 1132.

o-Sites

Adsorption (s)-DBT Kper.o(M;n;p) 45
Hydrogenolysis (s)-DBT K peT.0(M;N;p) 45
Adsorption (s)-BPH K gprg(M;n;p) 30
Adsorption (s)-THDBT K 1ot o(M;N;P) 85
Hydrogenolysis (s)-THDBT K trpeT.o(M;N;p) 85
Adsorption (s)-HHDBT K HhpeT.o(M;N;p) 85
Hydrogenolysis (s)-HHDBT K ot o(M;N;p) 85
Adsorption (s)-CHB K crso(M;n;p) 56
Adsorption H K heo 1

Adsorption HS K H2sio 1

T-Sites

Adsorption (s)-DBT Kper«(m;n;p) 45
Hydrogenation (s)-DBT K pgr<(M;n;p) 85
Adsorption (s)-THDBT K tHosT(M;N;p) 85
Hydrogenation (s)-THDBT K trosT«(M;N;P) 85
Adsorption (s)-HHDBT K tmpeT(M;n;p) 85
Adsorption (s)-BPH K gprz(M;n;p) 30
Hydrogenation (s)-BPH K gprc(M;n;p) 56
Adsorption (s)-CHB K ch:(M;n;p) 56
Hydrogenation (s)-CHB K che(m;n;p) 56
Adsorption (s)-BCH K scrd(M;n;p) 30
Adsorption H K has 1
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A kinetic model containing such a number of pararsets evidently not only
impractical but it would be impossible to determiheir value. Consequently a different
modeling approach is required to reduce this numimethis development the kinetic

modeling is based on structural contributions (Feotret al., 1994).

4.3 Kinetic Modeling Based Upon Structural Contributions

For reactions involving substituted sulfur compdsethe rates are related to those
of a nonsubstituted reference component in terntheklectronic effects and the steric
hindrance of the substituents on the adsorptionliequm constants and the rate
coefficients. (Froment et al., 1994)

Vanrysselberghe and Froment, (1998b) reported tti@tintroduction of a methyl
group in positions 1, 2, and/or 3 does not infleetiee rate of hydrogenolysis. These
substituents are distant from the sulfur atom aachot cause steric hindrance on the
vertical adsorption through the sulfur atom or be surface reaction on thee sites.
Methyl groups in positions 4 and/or 6 cause a @Gmman the rate of hydrogenolysis
compared to that of dibenzothiophene. This is dube steric hindrance of these methyl

substituents.
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4.3.1 Hydrogenolysis Reactions

The methodology of structural contributions comgsiseveral assumptions which
permit the reduction of the number of parametergie hydrogenolysis steps as shown

in Table 4.3.

Table 4.3 Assumptions Comprised in the Hydrogenolys Step of Structural
Contributions.

Assumption Statement
1 In the adsorption electronic and steric effects @rebe considered
separately.
2 Methyl groups at a distance from the sulfur atoryobel thea-position

only exert electronic effects on the adsorption.

Only methyl groups on the aromatic ring exert atebnic influence.

4 Methyl groups in the 4- and 6-positions also s#dlycobstruct the
adsorption.
5 Once a molecule is adsorbed, only the electrorfecef of the methyl

groups are of importance.

The adsorption equilibrium constants for the vasisubstituted dibenzothiophenes
are related to that of DBT through five multiplyirfgctors. Instead of 45 different
parameters in the molecular approach, only 6 paemheppear in the approach based
upon structural contributions: one adsorption eluim constant iKgr, and 5

structural contributions.
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Kosr.o, Kel"2'(M;0;0), Ke 2T (m;n;0), Ke*®T(m;n;ip), Ksr-°'(4;0;0), and K1°°"(4;0;6)

The rate coefficient for the hydrogenolysis of (stitoted) DBT into (substituted)
biphenyl ((s)-BPH) depends only on the number othylegroups. There are four rate

coefficients:

Kpget,s (0;0;0) For DBT
kpeT,0(M;0;0) = koeT,0(0;0;0) ke °T(m;0;0) For mono-Me-DBT
koeT.o(M;N;0) = keT,0(0;0;0) ke °°T(M;n;0) For di-Me-DBT
koeT,o(M;N;p) = loeT,0(0;0;0) ke ”®T(M;n;p) For tri-Me-DBT

The adsorption equilibrium constant for the prodiscibstituted) biphenyl on the

sites is assumed to depend only on the total nuwitaethyl groups:

Keprs (0;0;0) For biphenyl
Kepno(M;0;0) = Kapr,o(0;0;0) Kerst™ (M;0;0) For mono-Me-biphenyl
Kepro(M;N;0) = Kapr,o(0;0;0) KeLsst ' (M;n;0) For di-Me-biphenyl
Kepo(M:N:p) = Keprio(0:0:0) KevssPPH(m:n:p) For tri-Me-biphenyl

For the hydrogenolysis of substituted tetrahydred#mthiophene (s-THDBT),
which contains a benzene ring and one thiopheng; the approach reduces the number
of adsorption equilibrium constants from 85 to Geadsorption equilibrium constant

KrupeT,s @and 5 structural contributions.
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Kripero, KL 001 (M;0;0), Ke'"P%T(m;n;0), Ker''°°7(4;0;0), Kst' °°7(0;0;6), and

KSTTHDBT(4;O;6)

For the rate coefficient for the hydrogenolysis ofsubstituted)
tetrahydrodibenzothiophene into (substituted) dyekylbenzene ((s)-CHB), only the

number of methyl groups on the aromatic ring haseteconsidered:

krhpeT o(0;0;0), krpeT.o(M;0;0)= knpeT o(0;0;0)keL B T(m;0;0)

krhpeT o(M;N;0)= kHpeT,6(0;0;0)k. "7 (m;n;0)

The same has to be done for the hydrogenolysis sfibstituted)
hexahydrodibenzothiophene ((s)-HHDBT), which hadyoone benzene ring. Only
methyl substituents on this ring are considereltee an electronic influence. Instead of
85 parameters, only the following 6 parameters hHaviee determined: one adsorption

equilibrium constant Kypst,, and 5 structural contributions.

Knrpete, Ker "P2T(m;0;0), K "HPBT(m;n;0), Ksr HMPBT(4;0;0), Kst "PBT(0;0;6), and

KSTHHDBT(4;O;6)

The rate coefficient  for the hydrogenolysis of (stitited)
hexahydrodibenzothiophene into (substituted) cyetgtbenzene depends only on the

number of methyl groups on the aromatic ring:
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KrroeT,0(0;0;0),
KrnpeT:o(M;0;0) = kinpeT,0(0;0;0) ke "HPBT(m;0;0), and

KripeT,o(M;N;0) = KinpeT,0(0;0;0) ke ""P2T(m;n;0).

The adsorption constant for (substituted) cyclolisxyzene on the-sites, Keyg,o
depends on the number of methyl groups on the plardythe cyclohexyl structures. In
total there are 215 hydrogenolysis rate equatioitis 42 parameters which need to be

determined from experimental data.

4.3.2 Effects of Methyl Substituents on the Rate of Hydrgenations

Hydrogenation reactions involve flat adsorptiortted molecules on thesites of the

catalyst. This leads to the following assumption:

Assumption & Only the number of substituents and not theiritpos relative to the
sulfur atom has to be taken into account for treogation on thea-sites
and for the reaction between adsorbed species.

In total there are 282 hydrogenation rate equatcammgaining 51 parameters which
need to be determined from experimental data. Hewewhen the structural

contribution approach is applied, the total numbérparameters for the complete
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network can be reduced to 93. According to the eapgations derived for the HDS of
DBT (Vanrysselberghe and Froment 1996) and assuthiaigthe rate expressions for
the HDS of the methyl substituted DBT’s are of dantical form, this number can be
further reduced to 34 (Froment 2004). Table 4.4xshthe number of parameters based

on structural contribution.

Table 4.4 Total Number of Parameters for the HDS oDBT and MeDBTs Based on
the Structural Contributions.

Reaction Structural contributions Adsorption and rate
sDBT coefficient

o-sites

Adsorption of sDBT 5 1

Hydrogenolysis of sDBT 5 1

Adsorption of sBPH 3 1

Adsorption of H - 1

Adsorption of HS - 1

T sites

Adsorption of sDBT
Hydrogenation of sDBT
Adsorption of sBPH
Hydrogenation of sBPH
Adsorption of B - 1
Total 24 10

N W ow W
N
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4.4 Application of the Structural Contributions Approach to HDS of Complex

Mixtures

In the HDS of complex mixtures it is also necess#rydistinguish between
hydrogenolysis and hydrogenation reactions. Furtitee Hougen-Watson concept
accounts for the adsorption of the reacting speédis®, it is logical to assume that the
structure of the rate equations for substitute@idothiophenes is identical with that of

the head of the family or parent molecule.

4.4.1 Hydrodesulfurization of Light Cycle Oil (LCO)

In agreement with the reaction network from Figdr&, the Hougen-Watson rate

equation for the sulfur removal of DBT in the LC@ndoe written as

_ kDBT,a KDBT,a K H,o kDBT,r K DBTr K Hr
foer = CoarCh, DEN + DEN, (4.9)

where the first term relates to hydrogenolysis tredsecond to hydrogenation. The

denominators DENand DEN are written more explicitly as
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DEN, :(1+Z KoG+{K ,a%] (4.9.a)

DEN, =(1+Z K.G+ mqj (4.9.0)

The functional forms represented by DEMd DEN are identical to those
determined in the study on the HDS of the model mmments DBT (Vanrysselberghe
and Froment, 1996), 4-MeDBT, and 4,6-DiMeDBT (Vaswgiberghe et al., 1998a).

In the HDS of LCO the denominators DEANnd DEN contain the concentrations of
all adsorbing species of the LCO, multiplied byithrespective adsorption equilibrium
constant. Since not all adsorbing species and tdoeresponding adsorption equilibrium
constants are identified, the denominators PBENd DEN are not directly accessible.
The denominators DENand DEN depend on the mixture composition and the
temperature in the completely mixed reactor. A malseraged conversion has been
used to express the variation of the liquid compmsiand both DEBand DEN
denominators. Vanrysselberghe and Froment (199&fineti that molar-averaged

conversion as follows:

_ 1
X=5—2 XY (4.10)
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with x the conversions of a set of selected componenits BT, naphtho[2,1-
b]thiophene, 4-MeDBT, 4,6-DiMeDBT, naphthalene, apldenanthrene) and; yhe
corresponding mole fractions in the LCO feed.

According to Vanrysselberghe and Froment (1996) fandhe model of HDS of
LCO the net production rate® for biphenyl, cyclohexylbenzene and bicyclohexyl
derived from the reaction scheme of DBT shown iguFeé 4.1 were defined in section

4.2.1 as

Repn = Togro = Mepir (4.1)
Revs = 'oerr T Meprr ~Fener (4.2)
Rach = Tac.r (4.3)

The total rate of disappearance of DBT represettgdthe summation of the

consumption of DBT by hydrogenolysis and hydrogemais given by

Rogr = I'oer,0 t oeT,r (4.4)
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In the HDS of the LCO experimental values fBf were obtained from the

experimental conversionsat different W/Bpgr in the perfectly mixed reactor:

R =

For the disappearance of reactants, i.e. DBT, ¢tineentration can be calculated as

CDBT = CgBT (1_ XDBT) (4.12)

If on assumes constant liquid density, for the tieagproducts, BPH and CHB, the

corresponding calculation is as follows
— O
CBPH - CDBT XgpH (4.13)
_ 0
CCHB - CDBT XcHs (4_14)

The concentration of hydrogen in the liquid phasg; was obtained from
calculations based on correlations proposed forofgtm fractions (Riazi and Vera,
2005; Korsten and Hoffmann, 1998hese calculationsere applied for equations 4.15

to 4.17.
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The expressions for the conversion of DBT, the eosion of DBT into biphenyl
and the conversion of DBT into cyclohexylbenzen& ibCO in the completely mixed

reactor become:

X zﬂc kDBT,UKDBT,JKH,U + kDBT,TKDBT,rKH,r
DBT 0 DBT“H, DEN DEN (4_15)
DBT o r
X - W kDBT,UKDBT,JKH,JCDBT _ kBPH,rKBPH,rKH,rC:BPH
R DEN_ DEN, (4.16)

Xerg = V(Y C, kDBT,rKDBT,rKH,rCDBT + kBPH,T KBPHT K HTCBPH_ kCHB K CHB K " Ceu (4.17)
2 DENT DENT DENT

DBT
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CHAPTER V

PARAMETER ESTIMATION

5.1 Determination of the Denominators DEN and DEN;

In the LCO, as in all complex mixtures, the termsthe denominators DENand
DEN, comprised in equations 4.12, 4.13 and 4.14 aredmettly accessible, since not
all adsorbing species and their corresponding @tisor equilibrium constants are
known. Relating the rates of substituted dibenzgthénes in the LCO to those of the
unsubstituted parent molecule (DBT), requires thevkedge of both denominators
DENs; and DEN for each LCO experiment. These values differ fache LCO
experiment, because of the evolution in the conijposof the reacting mixture.

The denominators appearing in equations 4.12, 411131 can be calculated when
kinetic equations are available for model compasdat which the productk; K; Ky
and k Ki Ky, appearing in the numerators, are known. In cehtta DEN, and
DEN; these products do not vary with the mixture comjpmsi

Since in this work, for various reasons, no expenta with model compounds were
performed, the required produdtsKi; Ky andk KKy or the individual parameters
in the HDS of DBT, 4-MDBT and 4,6-DMDBT were not alable. The products
kpetoKpeTeKHs Were determined by Vanrysselberghe and Frome®i6(12098b) for the
hydrogenolysis of dibenzothiophene angskKpst:Ky: were determined for the

hydrogenation of DBT at the same temperature rdinge290-330°C in this work) on a
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similar CoMo/ALO; catalyst. The properties of this catalyst anddéalyst used in the
experiments with the LCO at Texas A&M Universityeahown in Table 5.1. It can be
observed in this table that compositions of botfalgats are very close. Since the above
products of parameters are not depending on thdéureixxcomposition, only on the

catalyst and because the similarity on both catsilyee parameterskrsKpstsKne and

kpeT:KpeT:KH: previously determined for DBT pure, were accejtetthis work.

Table 5.1 Properties of the Catalysts Used in thebfS of LCO.

Component Units AKZO Ketjenfine 742% HDS-1®)
MoOs wt % 5-30 13.1-16.1
CoO wt % 1-10 3.2-3.8
SiO, wt % 0-6 NA
P.Os wt % 0-10 NA
Surface area foud Oeat 264 215
Pore volume Citgcat 0.52 0.50
Support Al,O3 Al,O3

(a) Catalyst used by Vanrysselberghe and Froment (1996)
(b) Catalyst used in this work
NA= not available

In Table 5.2 are shown the expressions from Vaetgesghe and Froment (1996)
for the parameters in the numerator of equatiori 40 4.14 as a function of
temperature. These parameters were considerethdoedtimation of DENand DEN

for each LCO experiment
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Table 5.2 Rate — and Adsorption Parameters for DBTUtilized in the Modeling of
the HDS of the LCO (Taken from Vanrysselberghe andrroment (1996)).

Parameter Units
-
koo, =2.44336 10 exp 122 1TX 10 kmol/kgeach
’ RgasT
-
p 3
K, =3.3631x10" expii323%10 m%¥kmol
' RgasT
3
1 m-/kmol
Kosr , = 7.5686% 10
3
o =2.8675K10 exp L0019 10 kmol/kgearh
Y RgasT
3
Kepr,, =3.4112 10’ ex%w] kmol/kgearh
’ RgasT
_ 3] 3
K, =1.4025510° exprre-09% 10 m/kmol
' Ryas T
) -
p 3
Koy, =2.50305 10 exp 2:84% 10 mé/kmol
' Rijas T
_ [ 2| 3
Koo, =4.96685 10 expol 09X 10 m*/kmol
' Rjas T
P 3
Kenss Kenss (573K) = 3.3863% 10 mM*/Kgeach
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5.2 The Objective Function

The parameters DENand DEN at temperature of 330, 310 and 290°C were
obtained by minimization of the difference betweabe experimental and calculated

conversions of DBT in the LCO as follows:

2

( X~ A>.§) O P 95 = min (5.1)

w

©

S=

nex

[uey

=1 i=

in whichx; is the observed ang, the predicted value of the dependent variable, i.e

the total conversion of DBT {%r), conversion of DBT into BPH g¢y) and conversion
of DBT into cyclohexylbenzene ¢xg). The number of experimentse) was 7 for each

temperature.

5.3 Levenberg-Marquardt Algorithm

The Levenberg-Marquardt (LM) algorithm is an iterattechnique that locates the
minimum of a multivariate function that is expre$ses the sum of squares of non-linear
real-valued functions (Lourakis 2005, Marquardt 3Q6lt has become a standard
technique for non-linear least-squares problems tt@hihann 2004). LM is a
combination of steepest descent and the Gauss-Newtthod. When the current set of

parameters is far from the correct one, the algoribehaves like a steepest descent
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method: slow, but the convergence is guaranteecriitie current set of parameters is
close to the optimal set of estimates it becom@suass-Newton method. The parameters
DENy; and DEN have been estimated by means of this technique.

In this section a main program in FORTRAN to perfdhe estimation of DENand
DEN; was written. The TWMARM and TWINVE subroutines weneorporated into
the program to solve the non linear equations gegedrfrom the reaction network. The
IMSL subroutines DNEQNF and FCN were applied ingbiition of the equations 4.12
to 4.14 that represent the model of the HDS of LAOGe experimental data set
corresponding to 3 responsesdx Xepn an Xng), 7 experiments (Whggr) and 2
parameters to be estimated (DE&hd DEN) was considered in the minimization of the

objective function.

5.4 Parameter Estimates and Comparison of Experimentaland Calculated

Conversions

The analysis of variance in Table 5.3 shows th@uwuof the estimation of DEN
and DENat 330°C The parameters DENand DEN their corresponding 95%
confidence intervals and the calculated t-value83t, 310 and 290°C are shown in
Tables 5.4, 5.5 and 5.6 respectively. These reshltsv that DEN and DENare

reliably estimated.
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Table 5.3 Analysis of Variance on DENand DEN; at 330°C.

Source DF Mean square F
Total sum of squares 2.769 21 0.1319

Sum of squares due to regression 2.706 2 1.3529 2211
Residual sum of squares 0.021 19 0.0011

Standard deviation 0.033

Correlation coefficient 0.977

Table 5.4 Parameter estimates, 95% Confidence Inteals and t-values at 330°C.

Parameter estimate lower limit upper limit t-value
DENg 386.7 360.9 412.4 31.4
DEN; 11.0 9.0 13.0 115

Table 5.5 Parameter estimates, 95% Confidence Inteals and t-values at 310°C.

Parameter estimate lower limit upper limit t-value
DENg 610.8 577.3 644.2 38.2
DEN; 7.6 6.8 8.3 21.1

Table 5.6 Parameter estimates, 95% Confidence Inteals and t-values at 290°C.
Parameterstimate lower limit upper limit t-value

DENg 782.6 710.3 854.9 22.7
DEN; 7.7 5.5 9.9 7.4
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The complete output of the estimation of DEAhd DEN for all W/Fpgr at 330°C

is described in the Appendix F.

5.5 DENgand DEN; as a Function of theMolar-Averaged Conversion

The values of the unknowns DENand DEN were estimated for each LCO
experiment. The variation of DENaind DEN with the mixture composition at 330°C in
the completely mixed reactor is shown in Figurdsand 5.2. The corresponding results
for 310°C are shown in Figures 5.3 and 5.4 and288°C are illustrated in Figures 5.5
and 5.6. The mixture composition is expressedrimseof a molar-averaged conversion
of the selected components in the HDS of the LC@nnidentical manner as it was

defined in section 3.5.2.2 (Vanrysselberghe andnérd, 1998b).

8
X = 1 z X ){LCO (3.4)
=)

28: yiLCO i

i=1

with x; the conversions of a set of the identified sufomponents in the LCO and
reaction products DBT, 4-MeDBT, 3-MeDBT, 3-ethylDB®,6-DiMeDBT, 3,6-
DiMeDBT, 2,8-DMeDBT, 4,9 DiMeNaphtho[2,3-b]thiophen and y°° the
corresponding mole fractions in the LCO. The valoieBEN,; and DEN show that for a

given temperature, the coverage of thsites decreases and that of th&tes increases
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with the molar-averaged conversion. Vanrysselbergheé Froment (1998b) reported
different intervals of molar-averaged conversiont bevertheless the results in figure
5.1 show a trend fairly similar to those reportgudtiiem. On the other hand, the DEN
calculated by those researchers was in the intdreah 4 to 6 for molar-averaged
conversions between 24 and 36 %. Figure 5.2 she@msalose values of DENor the
same interval considered in the preceding studpseguently the trend can also be
accepted for the extended interval of molar-avetagmversions(>36%).

Figures 5.3 to 5.6 which illustrate the correspagdplots of DEN and DEN for
310 and 290°C cannot be compared because therecaneported data at these

temperatures. Therefore it is assumed the trerairaat at these temperatures is correct.

420

410 - °

390 -

380

20 30 40 50 60 70 80

Molar-averaged conversion [ %)

Figure 5.1 DEN,; at 330°C as a function of the molar-averaged cive of LCO.
Line: Correlation obtained by least square fittirgn the calculated DEN
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Figure 5.2 DEN; at 330°C as a function of the molar-averaged cmiwe of LCO.
Line: Correlation obtained by least square fittirgm the calculated DEN
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Figure 5.3 DEN, at 310°C as a function of the molar-averaged came of LCO.
Line: Correlation obtained by least square fittirgm the calculated DEN
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Figure 5.4 DEN; at 310°C as a function of the molar-averaged cmiwe of LCO.
Line: Correlation obtained by least square fittirgm the calculated DEN
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Figure 5.5 DEN, at 290°C as a function of the molar-averaged caive of LCO.
Line: Correlation obtained by least square fittirgm the calculated DEN
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Figure 5.6 DEN; at 290°C as a function of the molar-averaged cmiwe of LCO.
Line: Correlation obtained by least square fittirgm the calculated DEN

Figures 5.7, 5.8 and 5.9 show how the calculatetvesions based upon the rate
equations 4.15 to 4.17 for the conversion of DBIE, tonversion of DBT into biphenyl
and the conversion of DBT into cyclohexylbenzenthwie DEN values given above fit
the experimental data with DENand DEN estimated in this work at 330, 310 and
290°C respectively. The observed and the calculamuversions are plotted as a
function of W/Ppgr. The latter values were also acquired at P= 65t5Hy#HC= 2.8
mol ratio. Calculated data were obtained usingeslior the products in the numerator

ki o KioKno andk; KKy taken from Vanrysselberghe and Froment (1996).
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Figure 5.7 Comparison of experimental and calculated coneassias a function of
W/Fper at 330°C.@ ) Total conversion of DBE( ) @ension of DBT into biphenyl.
(A) Conversion of DBT into CHB. Full curves: calated. Symbols: experimental.
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Figure 5.8 Comparison of experimental and calculated convessias a function of
W/Foer at 310°C.@ ) Total conversion of DBT( ) @ension of DBT into biphenyl.
(A) Conversion of DBT into CHB. Full curves: calated. Symbols: experimental.
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Figure 5.9 Comparison of experimental and calculated convessias a function of
W/Fogr at 290°C. @ ) Total conversion of DBE( ) @ension of DBT into bipheny.
(A) Conversion of DBT into CHB. Full curves: calated. Symbols: experimental.

5.6 Structural Contributions and Multiplication Factors for Substituted

Dibenzothiophenes

The Hougen-Watson rate equation for hydrodesublition of a methyl substituted

dibenzothiophene is related to that for non sultstit DBT through structural

contributions in the following way

_ fooeroKosro K osro K o . FeosrK e K oer K i 5.2
I'soer =C oaiC H DENO_ + DENT (5.2)

3

DENO’ = 1+Z Ki,aq +\/ K"ﬂq‘zj
3

DEN, =1+ K;,C + ,/KHICHZJ
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fspeTo represents the product of the structural contigmst of electronic and steric
hindrance effects of the substituents on the raitésydrogenolysis taking place on tbe
sites.

For substituted dibenzothiophenes the relation eetwipsr, and the structural

contributions is given by:

MeDBT

a)NoMein4or6

fspeTo=KeLo o (M0;0)KeL,6™ " ' (M;0;0) (5.3)
b) 4-MeDBT
fspaTo= KeLoo o (M;0;0)KeL,o 2 (M;0;0)ksT,6°"° T (4;0;0KsT,6 0 '(4;0;0) (5.4)
DiMeDBT

a)NoMein4or6

fspaTo=KeLo o (MN;0)KeL6 " (M;n;0) (5.5)

b) 1 Mein4or6

fspaTo=KeLo o (MN;0)KeL,o*22 (MiN;0)ksT,o™ 0 ' (4;0;0KsT,6°° (4;0;0) (5.6)

c) 4,6-DiMeDBT

fspaTo=KeLo o (MN;0)KeL, ™22 (Min;0)ksT,o™ 0 (4;6;0KsT,0°" " (4;6;0) (5.7)
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TriMeDBT

a)NoMein4or6

fspeTo=KeL,o™ = (M;N;P)KeL,™ " (M;N;p) (5.8)
b) 1 Mein4or6
fspaTo=KeLo oo (MN;P)KeL ™" (Min;p)ksTo™ 0 ' (4;0;0KsT,0°° (4;0;0) (5.9)

c)1Mein4and1Mein6

fsoTo=KeLo 0 (MN;PKELG S (M P)keLo™ 1 (4;6;0KEL6™ 0 ' (4;6;0) (5.10)

and fspgr: the product of structural contributions of eleoimand steric hindrance

effects of the substituents on the rates of hydragien taking place on thesites

Me-DBT fsopTr=KeLesT™ 0 (M0;0)KeLesT ™ (M;0;0) (5.11)
Di-MeDBT fspaTr=KeLrsTe 0 (MN;0)KeL+sT, o0 (M;N;0) (5.12)
Tri-MeDBT fsppTr=KeLrst s (MN;PKeLrsTo 0 (MN;P) (5.13)

The values of the productsds KpetoKne and ket KpsrKn: appearing in the
numerators of equation 5.2 and other equationg®¢f012, 4.13 and 4.14) are shown in

Tables 5.7, 5.8 and 5.9.
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Table 5.7 Value of the Products KKicKne and kiKiKy: at 330°C.
(Vanrysselberghe and Froment (1996)).

Component Reaction Numerator Group Value
DBT Hydrogenolysis kpeT oKpeT oKH,o 9.28
DBT Hydrogenation Kot 1KpeT1KH 1 0.0078
BPH Hydrogenation KeprKepriKH 1 0.0742
CHB Hydrogenation KcneKcersKh 1 0.0011

Table 5.8 Value of the Products kKicKne and kiKiKy: at 310°C.
(Vanrysselberghe and Froment (1996)).

Component Reaction Numerator Group value
DBT Hydrogenolysis kpeT oKpeT,6KH.0 8.70
DBT Hydrogenation kpeT (KpeT1KH 1 0.0098
BPH Hydrogenation Kepr:KepHiKH 1 0.0444
CHB Hydrogenation KchsKensKh 1 0.0029

Table 5.9 Value of the Products KisKne and kiKiKyr at 290°C.
(Vanrysselberghe and Froment (1996)).

Component Reaction Numerator Group value
DBT Hydrogenolysis kpeT oKpeT oKH,o 8.11
DBT Hydrogenation Kot 1KpeT1KH 1 0.0125
BPH Hydrogenation KepnKepriKH 1 0.0256

CHB Hydrogenation Kene K e iKH 1 0.0082
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Vanrysselberghe and Froment (1998b) derived stralctaontributions for the
hydrogenolysis reaction on theo-sites of the wvarious mono and

dimethyldibenzothiophenes as follows:

KeLo 2T (M;0;0)=KeL,o"" 2 (m;n;0)=ker,o° 2 '(M;0;0)=keL,o"2 (M;n;0) = 1 (5.14)

for allm and n

In the present work the lack of experimental data model sulfur-containing
compounds such as DBT, 4-MDBT and 4,6 DMDBT le@¢oeptance of the preceding
values, obtained by Vanrysselberghe and Fromeri6)18nd Vanrysselberghe et al.,
(1998a) on a very similar CoMo/AD; catalyst to the HDS-1, and were used herein for
the structural contributions for these substitutkenzothiophenes. Accepting these
values for the present work makes sense, eveneifctialyst used is not the same.
Indeed, what enter into the structural contribwti@re ratios of rate —and adsorption
contributions and it is unlikely that these depem the catalyst. Nevertheless, a
confrontation with the experimental results is rsseey, in particular with regard to
accepting the values of the productskKperoKnoe and kst KpetKu1, Which is a

bolder policy.

sDBT

Ksro (4:0;0) = Revevnro _ ¢ 35

DBT,o

(5.15)
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s K4 6-0i
KS_Er)’IZT(4;6;O) — _4,6-DiMeDBT o _ 0.238¢ (5-16)
DBT,o
s K
T (4,0:0) = cveoers - 5.3822ex%_10550} 547)
DBT,o RgaST
s Ky 601
ks-?’i-r (4, 6, 0) — _4.6-DiMeDBT o _ 2638e XPLGSZ}I-?:I (518)
DBT,o as

At 603K (330°C), e.g. &,o°°2"(4;0;0) = 0.6566 and g¢,°"%"(4;6;0) = 0.0715. The
structural contributions  ,,°°°7(4;0;0) and Kr,°%'(4;6;,0) are temperature-
independent since the adsorption equilibrium const&ogrs, Ka-mepsro, and K e
DiMeDBT,c are weak function of temperature (VanrysselbeagieeFroment 1996).

Because of the flat adsorption on theites, only the number of methyl groups and
not their position relative to the sulfur atom hasen taken into account for the
adsorption and the reaction between the adsorbetespon tha sites. On these sites
the following structural contributions for hydroggion of the mono and dimethyl
DBT'’s can be obtained from the ratios of the adgonpequilibrium constant of each
pure monomethyl or dimethyl substituted dibenzgithene over the adsorption

equilibrium constant of the pure DBT.



The values for calculating these ratios are

K ymeosr. 7 =6.0369%K 10 ex%83802} n/kmol
s | -186.196 10
K pgr, =2.8675% 10 ex%'—] m*/kmol

RgasT

Therefore the structural contribution for this oas

s K -
Kiyaor, 7 (M;0;0) = ~4MO5TT = 5 41098 10 ex{p&eﬂ

DBT, I as

The adsorption equilibrium constant for 4,6-DMDBT

K4,6»DMDBT,T =1.5873% ]_(_)8 ex%90485}

as

in combination with the Kgr: lead to the following structural contribution

Ker.sr (Min;0) = —ZBMeLETE = 6,339% 10

DBT,T as

DB K . 13645}
ex
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(5.19)

(5.20)

(5.21)

(5.22)

(5.23)
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In a similar manner the rate coefficient of eachssiiuted dibenzothiophene can be
related to the corresponding rate coefficient ofTDB obtain the following structural

contributions

1 2
: K +k
KT (m0;0) = ~e-tever T Ke-vevetl _ 1 4816510 exp-Sr0l0 (5.24)
kDBTI asT
; Koo
Kevosrz (M 110) =“LLDBTT =1.2840410 exEr”ZSSZ} (5.25)
DBT, I as

Vanrysselberghe and Froment (1998b) also definedstructural contributions for
the hydrogenolysis reaction of the trimethyldibethrmphenes:

SDBT(

min;p)=keL,o> 0 (M;n;p)= 1 (5.26)

KeLo

for all m and n

The fpsrsc and fpsrr can now be calculated by substituting the strattur
contributions in the corresponding equations fdvssituted dibenzothiophenes (5.3 to

5.13) and further bothdsrs and tpsr; should be substituted in the equation 5.2.

— fSDBT,UkDBT,O'K DBTo K Ho f sDBTrk DBT K DBT K H
r.sDBT =C sDBTC 5 DENO_ + DENI_ (52)
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The products kst cKpsT,0KH,e and ket KpsrKn  taken from Vanrysselberghe and
Froment (1998b) in combination with the DEMNnd DEN estimated from the
experimental data of the HDS of the LCO, (Tabl&st6.5.6) should also be substituted
into equation 5.2. Finally, the rate of reactionHdugen-Watson type (Equation 5.2)
which represents the kinetic model based upon tstralccontributions approach of the
Deep HDS of the LCO is completed.

Tables 5.10, 5.11 and 5.12 show thggfs and fpgr; for the substituted
dibenzothiophenes calculated from the structuralrdautions at 330, 310 and 290°C

respectively.

Table 5.10 The Multiplication Factors fpsre and fspgrr for the Substituted
Dibenzothiophenes Calculated from the Structural Catributions at 330°C.

stBT,o fSDBT,‘[
MeDBT 13.63
a)NoMein4or6 1
b) 4-MeDBT 0.2036
DiMeDBT
a) NoMein4or6 1 20.85
b) 1 Mein4or6 0.2036
c) 4,6-DiMeDBT 0.0170
TriMeDBT (&)
a) NoMein4or6 1
b) 1 Mein4or6 0.2036
c)1Meind4and 1 Mein6 0.0170

(&)Additional experiments with a trimethyl-DBT arequired to obtain the structural contributions tfoe
hydrogenation reaction (Vanrysselberghe and Fronig898b)).
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Table 5.11 The Multiplication Factors fpsre and fspgrr for the Substituted
Dibenzothiophenes Calculated from the Structural Catributions at 310°C.

stBT,o stBT,‘r
MeDBT 8.21
a) NoMein4or6 1
b) 4-MeDBT 0.1894
DiMeDBT
a)NoMein4or6 1 10.58
b) 1 Mein4or6 0.1894
c) 4,6-DiMeDBT 0.0191
TriMeDBT (&)
a)NoMein4or6 1
b) 1 Mein4 or6 0.1894
c)1Mein4and 1 Mein6 0.0191

(&)Additional experiments with a trimethyl-DBT arequired to obtain the structural contributions tfoe
hydrogenation reaction (Vanrysselberghe and Fronf&898b)).

Table 5.12 The Multiplication Factors fpsre and fspgrr for the Substituted
Dibenzothiophenes Calculated from the Structural Catributions at 290°C.

stBT,o stBT,t
MeDBT 4.77
a)NoMein4or6 1
b) 4-MeDBT 0.1753
DiMeDBT
a) NoMein4or6 1 5.12
b) 1 Mein4or6 0.1753
c) 4,6-DiMeDBT 0.0215
TriMeDBT (&)
a) NoMein4or6 1
b)1 Mein4or6 0.1753
c)1Meind4and 1 Mein6 0.0215

(&)Additional experiments with a trimethyl-DBT arequired to obtain the structural contributions tfoe
hydrogenation reaction (Vanrysselberghe and Fron(&898)).

Figure 5.10 shows the comparison between the arpatal R and the calculated

values of Rfor a number of methyl- and dimethyl-dibenzothiepés (s-DBT) in LCO.
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Figure 5.10Comparison of experimental and calculatechfRa function of W/sgr for
various s-DBT at 330°C. P = 65.5 bar/HIC= 2.8 mol ratio. @ ) 4-MeDBT.ll ) 3-
MeDBT. (A ) 4,6-DMDBT.¢ ) 3,6-DMDBT.@ ) 2,8MDBT. Full curves: calculated.
Symbols: experimental.

The model reproduces very well the observed tataVersions of DBT, conversions
of DBT into BPH and conversions of DBT into CHBa#unction of temperature.

Considering that the productspdtKperoKne and kstKperKn: and the
structural contributions were taken from Vanrysedlihe and Froment (1998b) the
agreement is remarkable. It illustrates the valighe structural contribution approach
for the kinetic modeling of the hydrotreatment aétrpleum fractions and of its
application to various feedstocks and even cawlgstviding, they belong to the same

family.
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CHAPTER VI

CONCLUSIONS AND RECOMENDATIONS FOR FUTURE WORK

In the present work an experimental setup was Bailtthe investigation of the
hydrotreatment of petroleum fractions. This equipmehe central part of which is a
perfectly mixed flow reactor can be used for thedrbgesulfurization (HDS) of
petroleum fractions such as Light Cycle Oil (LCQ)gasoil. Moreover, this equipment
can be used to test not only industrial operatimgddions of the HDS but also different
catalysts and determine kinetic modeling as well.

In this development, a rigorous kinetic model warsriulated to investigate the HDS
of the LCO in the presence of a CoMo/,@4 catalyst. A structural contribution
methodology was applied to predict Hougen-Watsometics for HDS of methyl-
substituted benzothiophenes and dibenzothiopharesomplex feedstock such as LCO
or diesel. The model was formulated with a sigaific reduction in the number of
parameters to be estimated from 1132 to 34 for @B Pparent molecule in the HDS of
the LCO.

The multiplication factors,shst, Which are products of structural contributions fo
hydrogenolysis and hydrogenation of the mono- amthethyl-dibenzothiophenes
obtained from studies with pure DBT, 4-MeDBT ané-BMDBT on a CoMo/A}O3
catalyst (Vanrysselberghe and Froment, (1996))bsansed in the kinetic modeling of

HDS of LCO or any other complex mixture upon a amCoMo/AlLO; catalyst.
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The model reproduces very well the observed tataVersions of DBT, conversions
of DBT into biphenyl and conversions of DBT intoctyhexylbenzene as a function of
temperature.

Since DEN and DEN in the Hougen-Watson expressions contain all ts®iing
species on the surface catalyst, the structuratribotion approach can be used to
formulate the corresponding kinetic model when expental data for other model
sulfur-containing compounds are available.

GC-MS was a good technique to identify the sulfompounds in the feed and the
reaction products; however, the exhausting taskrbads to be followed recommends
considering the inclusion of a more sensitive detresuch as atomic emission detector

(AED) or photometric flame detector (PFD).
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NOMENCLATURE

peak-area of componentietermined by Gas Chromatography
peak-area of fluorine determined by Gas Chromajatuy
Brunauer-Emmett-Teller method

liquid concentration of componentkmol/m 3

activation energy, KJ/kmol

molar feed flow rate of dibenzothiophene, kmol/h

products of the contributions of electronic andristdindrance
effects of the substituents on the rates of hydrolysis taking
place on the sites

products of the contributions of electronic andristdindrance
effects of the substituents on the rates of hydrolysis taking

place on tha sites

rate coefficient for the reaction of componenton o sites,
kmol/(kgcat h)

rate coefficient for the reaction of componenton T sites,
kmol/(kgcat h)

electronic effect of one methyl group on the ratefficient for the
hydrogenolysis of a MeDBT on tleesites

electronic effect two methyl groups on the ratefficent for the
hydrogenolysis of a MeDBT on tleesites

electronic effect of three methyl groups on the refficient for
the hydrogenolysis of a MeDBT on tbesites

electronic and steric effect of one methyl group the rate
coefficient for the hydrogenation reaction of a MEDon thet



KeLestoo0 |(M;n;0)

KeLrsTo o0 (M;N;p)

kst "27(4;0;0)

ksto "0 (4:6;0)

KilU

KeLo™22T(m;0;0),

KeLo™®'(m;n;0),

KeLo ' (m;n;p)
KeLrsteoo0 (M;0;0),

KeLrsteo0 (m;n;0),

Kerestoo 2 (m;n;p)

Ksto°"®'(4;0;0)

Ksto P '(4;6;0)
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sites

electronic and steric effect of two methyl groups the rate
coefficient for the hydrogenation reaction of a MEDon thet
sites

electronic and steric effect of three methyl growps the rate

coefficient for the hydrogenation reaction of a MEDon thet
sites

steric effect of a methyl group in positions 4 o the rate
coefficient for the hydrogenolysis reaction of dikethiophenes
on theo sites

steric effect of two methyl groups in positionsrtlaé on the rate
coefficient for the hydrogenolysis reaction of dikethiophenes
on theo sites

adsorption coefficient of componenon o sites, m*/kmol

electronic effect of one methyl group on the adsorpof a
MeDBT on theo sites

electronic effect of two methyl groups on the agson of a
MeDBT on theo sites

electronic effect of three methyl groups on theoapison of a
MeDBT on theo sites

electronic and steric effect of one methyl grouptios adsorption
of a MeDBT, DiMeDBT, and, TriMeDBT on thesites

electronic and steric effect of two methyl groupstiee adsorption
of a MeDBT, DiMeDBT, and, TriMeDBT on thesites

electronic and steric effect of three methyl groums the
adsorption of a MeDBT, DiMeDBT, and, TriMeDBT oneth
sites

steric effect of a methyl group in position 4 oo the adsorption
of dibenzothiophenes on tlwesites

steric effect of two methyl groups in positions Ada6 on the
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4-MeDBT

BT
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adsorption of dibenzothiophenes on thsites
number of experiments

gas constant, kJ /kmol-K

total rate of disappearance of comporiekmol/(kga: h)
net production rate of componankmol/(kga¢ h)
objective function

temperature, K

reactor volume, th

total catalyst mass, kg

conversion of component A

initial conversion of component A

conversion of component

calculated conversion of componént

mole fraction of componemtn LCO feed

with respect to the hydrogenolysis function

with respect to the hydrogenation function

4,6-dimethyldibenzothiophene
4-methyldibenzothiophene

benzothiophene



BPH
CHB
DBT
THDBT

HHDBT

H>

s-DBT

biphenyl

cyclohexylbenzene
dibenzothiophene
tetrahydrodibenzothiophene
hexahydrodibenzothiophene
atomic hydrogen

molecular hydrogen

methyl-substituted dibenzothiophene

104
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APPENDIX A

GALLERY OF EXPERIMENTAL WORK IN THE HDS OF THE LCO

Figure A.1 Experimental setup in the service of the HDS ofoL.®Room 608, Jack E.
Brown Building. Artie McFerrin Department of Cherai&Engineering.

Figure A.2 An experimental Robinson-Mahoney Stationary Bastedctor used in the
HDS of LCO. Front view
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Figure A.3 Robinson-Mahoney reactor assembly. Motor in thedefl Agitator on the
top.

Figure A.4 Interior of Robinson-Mahoney reactor. Top view.
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Figure A.5 Control Panel and GC-TCD. Operating variables ie getup were
controlled with instruments on this board.

Figure A.6 GCD 1800 Gas chromatograph Mass spectrometer (GL-E§uiipment
used to analyze liquid samples in the HDS of th©LC
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Figure A.7 Coke formed in the HDS of LCO at #HC molar ratio 2.4 or lower
(insufficiency of H).

Figure A.8 Shaft assembly and stationary annular basket
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APPENDIX B

FUNDAMENTALS OF THE SULFIDING PROCESS

B.1 Reactions

In the ex-situ presulfurizing process, the catalytietal oxides are converted to a
range of complex metal oxysulfides. In additionprgximately one-third of the metals
are completely converted to metal sulfides. Wheatdwe with hydrogen during the
activation, the oxysulfides break down to form rhetafides directly, or to form 8,
which converts the metal oxides to metal sulfiddg reactions (1) and (2) are examples

during the catalyst activation:

MoO,S,

H,S

(1)

MoO,

y

MoS,

These reactions generate heat and water and corfsganegen. Therefore, it is
important to have the reactions take place in drobed manner over several hours. The
total required quantity of sulphur is determineddach catalyst based upon its promoter
metals content. The following reactions show thaickiometric amount of sulphur

needed for successful sulphiding:
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MoO; + H+ 2HS —» Mo + 3HO
3NIO + H+ 2HS —» NS, + 3HO (2)
9Co0 + H+ 8HS —» Ce + 9HO

These sulfided metals are unstable components ey are exposed to air, then
recommendations to store, handling, and loadindNtieHDS presulfided catalyst in an

industrial unit should be considered.

B.2 Storage, Handling, and Loading the Presulfide€atalyst in an Industrial Unit

1. The presulfided catalysts are classified as alssfing substance and must be
transported and stored in Department of TranspontatDOT) or International
Maritime Dangerous Goods (IMDG) approved containers

2. Avoid exposing the material to air for extendedigas. Long-term exposure to air
could cause the material to generate sulfur dioxide heat. Keep the container
sealed. During loading, open containers only asiege

3. Material should be stored in a cool place and kiept The material may generate
sulfur dioxide and heat if it is wetted. Exposuoeair and water may also cause
discoloration and agglomeration of the materialthé material does get wet or

generate heat, the container should be purgednititbgen or dry ice and resealed.
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The material should be inspected for signs of diggran just before it is loaded
into the reactor.
Note Do not load oxidic (unsulfurized) CoMo or NiMo tedyst below the
presulfurized catalyst in a reactor as it may besisee to early activation and
subsequent exotherms ag3Hs generated during activation.
Presulfurized catalyst can be loaded into the ogant either an air or inert
environment. If loading in air, monitor S@nd reactor bed thermocouples. If the

material begins to react, purge the reactor wittogen immediately.

Appropriate measures should be taken to protectopeel when a reactor is being

purged or has been purged with nitrogen.

5.

Personal protective equipment should be worn whenmaterial is loaded. The

sulfur and hydrocarbon dust from the material canrhtating to the eyes, skin,

and respiratory system.

If the catalyst loading is interrupted, monitor S&hd reactor bed thermocouples
closely for signs of reaction. If the loading wile interrupted for an extended
period of time (more than 12 hours), purge thetragith nitrogen.

Once the catalyst is loaded, blanket the reacttr mitrogen and seal the reactor.
Avoid having air flow through the catalyst bedthe catalyst bed begins to self-

heat, purge the reactor with nitrogen immediately.
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APPENDIX C
HP MANUAL INJECTION TECHNIQUE FOR THE GC-MS ANALYSI S OF

LCO SAMPLES

. Flush out a clean 10 microliter syringe in the saukvent used for your sample.
Pulling the solvent into the syringe, and then asileg it into a waste container.
Repeat this process several times.

. Draw air slowly into the syringe so that the tiptbé& plunger is at the 1.0 microliter
mark.

. With the needle in the sample solution, draw updésired volume (1-2 microliters
splitless), then remove the syringe.

. Pull 2 more microliters of air into the syringe.efsample aliquot is now sandwiched
between two air gaps.

. Remove any excess sample from the needle by wipmgutside of the needle with
a tissue.

. Hold the plunger in place while you align the sgenover the injector. Inject the
sample by inserting the syringe needle into thectgr until the barrel of the syringe
rests on the injector. Depress the plunger allxthg into the syringe.

. Press Start on the GCD front panel

. Wait several seconds to allow all traces of samgplenter the system, and then

remove the syringe from the injector.
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APPENDIX D

REACTIONS OF SUBSTITUTED BENZO AND DIBENZO-THIOPHEN ES

D.1 Reactions of Methyl Substituted Benzothiophenes

ol
|
<

2-MeBT propylbenzene

)
2

3-MeBT Isopropylbenzene

o
|
Q

4-MeBT 1-ethyl-2-methylbenzene

g
|
g

5-MeBT 1-ethyl-3-methylbenzene

g
|
]

6-MeBT 1-ethyl-4-methylbenzene

a
l
Q

7-MeBT 1-ethyl-3-methylbenzene



D.2 Reactions of di-, and tri-methyl Substituted Bezothiophenes.

)
Q.

2,3-DiMeBT 1-methyl -propyl -benzene

‘?
:

2,5-DiMeBT 1-propyl -3-methyl -benzene

i
%%

2,7-DiMeBT 1-propyl -3-methylbenzene

i
o

3,6-DiMeBT 1-methyl -propyl -4-methyl -
benzene

i
Q.

2,3,7-DiMeBT 1-methyl -propyl -3-methyl -
benzene

120
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APPENDIX E

SEPARATOR OF REACTION PRODUCT (CYCLONE)

E.1 The cyclone was designed using the proposed maeith@bnzalez V. M., and Perry.

The Figure E1 presents the corresponding calcutiitednsions.

E.2 Required Parameters
a) Inlet flow
b) Gas Density
c) Liquid Density
d) Gas Viscosity

e)Pressure Drop

f)fq, o, f3 (supposed based in literature)

E.3 Procedure
An iterative method is used to calculate the cyeldrameter (Dc), estimate saltation
velocity of particles (Vs) and compare this valughvinlet velocity (Vi). The (Vs/Vi)
ratio is the control parameter to reach maximumnicieficy. When the control
condition is obtained, then with Dc found, the reammay dimensions are calculated

according to the Stairmand proposed relations.
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Inlet height, ft

a
B Outlet diameter, ft
| b Inlet width, ft

a < Dc Cyclone diameter., ft
: : De Overflow outlet diameter, ft
R h Dg Gas density, lbm/ft®
‘ Dc - DP Cyclone pressure drop, in H,O
" Ds Liquid-particles density, Ibm/ft®

Inlet height, width and outlet dia,
fly f2, f3 factors, respectively.

Gc Gravitational constant, ft/s’
h Cylinder height, ft
H Overall height, ft
¥ Q Volumetric gas flow rate, ft*/s
S Overflow outlet length, ft
—| B |+— u Gas viscosity, Ib/ft-s
Vi Inlet velocity, ft/s
Vs Saltation velocity, ft/s
w Equivalent velocity, ft/s

Figure E.1 Dimensions of the separator

The actual dimensions for the separator used iexperimental setup are as follows:

Dimension ft

a 0.019
B 0.024
b 0.019
Dc 0.062
De 0.019
h 0.144

H 0.271
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E.4 Algorithm

Ql pg; ps; AP! “-l gc;
fll f2’ f3

A

A 4

1

274
De = 1.0?5+ 0322 PQ
f3 (f1f2) APgC

|

a=f,Dc; b=fLDc;

|

De=f;Dc;

|

Vi = Q/(ab) = Q/ff,Dc?

|

W = [4gu(ps-Pg)/3pq”

|

Vs = 2.055w[(b/Dc)/((1-b)/DEf* b*67vi??

]1/3

MOdIfy fl, fz, f3

|

S=0.65Dc; H=4Dc; h=1.5Dc;
B=0.375 Dc; S/Dc=0.65
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APPENDIX F

TYPICAL OUTPUT GENERATED IN THE ESTIMATION OF PARAM ETERS
DENg AND DEN; USING TWMARM AND TWINVE SUBROUTINES
(MARQUARDT).

F.1 Output of the estimation. Experimental conditons: T=330°C, P=65.5 bar and
W/F%pg7r= 1850 kgar-h/kmol

USER SUPPLIED GUESS FOR ERROR COVARIANCE MATRIX

1.000D+00 0.000D+00 0.000D+00
0.000D+00 1.000D+00 0.000D+00
0.000D+00 0.000D+00 1.000D+00

INVERSE OF GUESS OF ERROR COVARIANCE MATRIX

1.000D+00 0.000D+00 0.000D+00
0.000D+00 1.000D+00 0.000D+00
0.000D+00 0.000D+00 1.000D+00

INITIAL SUM OF SQUARES  8.60803D-02
PRELIMINARY PARAMETER ESTIMATES
2.00000D+02 4.00000D+00

PRELIMINARY X-MATRICES

RESPONSE VERGELIIKING NR. 1
-1.120D-03 -2.261D-03
-1.200D-03 -2.422D-03
RESPONSE VERGELIIKING NR. 2
-9.346D-04 1.435D-02
-8.825D-04 2.772D-02
RESPONSE VERGELIJKING NR. 3
-1.825D-04 -1.640D-02
-3.095D-04 -2.943D-02
*kkkkkkkkk

2.692D-06 5.436D-06
5.436D-06 1.098D-05
kkkkkkkkkk

1.652D-06 -3.788D-05
-3.788D-05 9.744D-04
kkkkkkkkkk

1.291D-07 1.210D-05

1.210D-05 1.135D-03
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MATRIX SSSIIXITXJ
4.474D-06 -2.034D-05
-2.034D-05 2.120D-03

SCALING FACTORS E(I)
2.115D-03 4.605D-02

END OF MINIMISATION. RELATIVE CHANGE IN SUM OF SQUWRES LESS THAN 1.0000D-06
6 ITERATIONS HAVE BEEN PERFORMED

FINAL PARAMETER ESTIMATES
4.20763395864D+02  3.25689744814D+00

FINAL MATRIX SSSIIXITXJ

6.225D-07 -1.077D-06
-1.077D-06 1.979D-03

DERIVATIVES OF THE SUM OF SQUARES FUNCTION WITH FIPECT TO THE PARAMETERS
-1.71092D-08 -2.99423D-08

OLAMBDA= 1.562D-02 SUM OF SQUARES AER REGRESSION= 6.3924532D-04
STEP=1.00000D+00

INDEPENDENT VARIABLE NR. 1
1.000D+03 1.850D+03

OBSERVED VALUES OF RESPONSE VARIABLE NR. 1
2.093D-01 3.642D-01

OBSERVED VALUES OF RESPONSE VARIABLE NR. 2
1.548D-01 2.212D-01

OBSERVED VALUES OF RESPONSE VARIABLE NR. 3
6.540D-02 1.440D-01

CALCULATED VALUES OF RESPONSE VARIABLE NR. 1
2.281D-01 3.535D-01

CALCULATED VALUES OF RESPONSE VARIABLE NR. 2
1.619D-01 2.118D-01

CALCULATED VALUES OF RESPONSE VARIABLE NR. 3
6.544D-02 1.384D-01
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RELIABILITY ANLYSIS

0 ANALYSIS OF VARIANCE TABLE

SOURCE D.F. MEAN SQUARE F
TOTAL SUM OF SQUARES 0.27435376 6 8¥25627E-01
SUM OF SQRS DUE TO REGRESSION 0.27150268 2 13%75134E+00  0.8494E+03
RESIDUAL SUM OF SQUARES 0.63924532E-03 4 0.15981133E-03
OSTANDARD DEVIATION= 0.12641651E-01
CORRELATION COEFFICIENT = 0.98960800E+00

UPDATED ESTIMATE OF ERROR COVARIANCE MATRIX

3.520D-04 1.750D-04 4.577D-05
1.750D-04 1.035D-04 3.999D-05
4.577D-05 3.999D-05 2.391D-05

ESTIMATED ERROR CORRELATION MATRIX
0.100D+01  0.917D+00  0.499D+00
0.917D+00 0.100D+01  0.804D+00
0.499D+00 0.804D+00  0.100D+01

INVERSE OF ESTIMATE OF ERROR COVARIANCE MATRIX

1.206D+19 -3.239D+19 3.109D+19
-3.239D+19 8.701D+19 -8.353D+19
3.109D+19 -8.353D+19 8.019D+19

COVARIANCE MATRIX OF PARAMETER ESTIMATES

2.095D-12 2.037D-15
2.037D-15 4.876D-18

BINARY CORRELATION COEFFICIENTS BETWEEN PARAMETEEBSTIMATES
0.100D+01  0.637D+00
0.637D+00  0.100D+01

PAR ESTIMATE STANDARD  95%-C@ENDENCE LIMITS T-VALUE

NR DEVIATION LOWER UPPER

1 4.2076339586355994D+02 1.44736D-06 620+02 4.20763D+02  2.90710D+08
2 3.2568974481364035D+00 2.20815D-09 @&@PB®+00  3.25690D+00 1.47494D+09
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