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ABSTRACT

Middle Distillate Hydrotreatment Zeolite Catalystsntaining Pt/Pd or Ni.
(December 2006)
Celia Marin-Rosas, B.S., Universidad Nacional Agtmia de Mexico, Mexico;
M.S., Instituto Politecnico Nacional, Mexico

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

A study on middle distillate hydrotreatment zemliatalysts containing Pt/Pd and/or
Ni was performed. The effect of the addition of #wresponding CoMo, CoMoPd,
CoMoPtPd and CoMoNi in PdNiPt-zeolite, Pt-zeoli;zeolite, and PdPt-zeolite was
studied. The catalysts were characterized phygicaaid chemically by methods and
techniques such as Brunauer-Emmett-Teller (BET)reBaloyner-Hallenda (BJH), and
neutron activation analysis. The structures of Mieand Pt containing zeolite were
studied by X-ray Photoelectron Spectroscopy (XPS).

An experimental apparatus was constructed to iigadst the activity of the
experimental catalystsThe catalysts activity measured in terms of conwarsof
dibenzothiophene (DBT), substituted dibenzothiogise(sDBT) and phenanthrene as
well as molar-averaged conversion was evaluatea inontinuous flow Robinson
Mahoney reactor with stationary basket in the hgdsulfurization and hydrogenation
of heavy gas oil which contains sulphur refractocgmpounds such as 4-
methyldibenzotiophene (4-MDBT) and 4,6- dimethy&hzothiophene (4,6-DMDBT).

DBT, 4-MDBT, 3-MDBT, 1-EDBT, 3-EDBT, 4,6-DMDBT, 8;DMDBT, 2,8-
DMDBT and 4-methylnaphtho[2,1-b]thiophene were ctd to calculate the molar-
averaged conversion.

The conversions of the sulfur containing compourahel phenanthrene were
determined as a function of the operating varialdpace time (W/fpgt), temperature,
H,/HC mol ratio and pressure. The Conversions of L@ 4,6-DMDBT into their



reaction products such as Biphenyl (BPH), Cyclolisxyzene (CHB), Bicyclohexyl
(BCH) and 3,4-Dimethylbiyphenyl (3,4-DMBPH) weretelenined only as a function of
space time in the interval of 4000-600Qdtgkmol.

The results of this work showed that Pt-HY and tRd¥ are good noble metals
catalysts for the hydrodesulfurization of heavy gisMoreover, this study showed that
CoMoPd/Pt-HY and CoMoNi/PdPt-HY catalysts are goaddidates for deep HDS and
hydrogenation of heavy gas oil. It was found tia conversions of sulfur compounds
were higher than the conversions provided by theventional CoMo/AIO; catalyst.
Also higher hydrogenation of phenanthrene was ekserDeactivation of the catalysts
was not observed during the operation.

Finally, the study not only contributed to defitlee technical bases for the
preparation of the noble metal catalysts for hydsndfurization of heavy gas oil at pilot
scale, but also provided technical informationdeweloping the kinetic modeling of the

hydrodesulfurization of heavy gas oil with the r@bietal catalysts.
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CHAPTER |

INTRODUCTION

Hydrodesulfurization (HDS) of petroleum fractiors eane of the most important
processes in the petroleum industry to producendieels. In particular, sulfur removal
in diesel fuels is now strongly desirable for eomimental and technical reasons. For
instance, HDS is used to prevent atmospheric potitty sulfur oxides produced during
the combustion of petroleum-based fuels, to prepergoning of sulfur-sensitive metal
catalysts used in subsequent reforming reactioms ianthe catalytic converter for
exhaust emission treatment, finally, to avoid csiwn problems in engines.

The European Union has limited the sulfur contardiesel to 0.005 wt% since 2005
(Song, 2000). In the United States the sulfur aante diesel is limited to 0.050 wt%
since 1993. For June 2006 the maximum sulfur cont@hbe 0.0015 wt%. While the
Japanese official legislation has proposed <10-gpifur content in diesel for 2007,
most Japanese refiners voluntarily began <10-pgdfarsdiesel before January 2005 and
many other countries are planning to begin implamgnultra-low sulfur diesel fuel
(ULSD) with a content of <10-ppm to supply in thean future. In view of the demands
for USLD fuels, the development of technology fdtratdeep hydrodesulfurization to
remove most of the sulfur compounds in the diesmttions will become extremely
important.

Removal of sulfur content is possible by using rfiedi operating conditions for
hydrotreaters with respect to the reaction tempesaind space time. However, higher
reaction temperature results in coke formation be tatalyst and rapid catalytic
deactivation, and higher space time results in geduhydrotreating efficiency, thus,

requiring additional reactors or larger reacgglacement. Consequently, the best way

This dissertation follows the format bifdustrial And Engineering Chemistry Resear ch.



of achieving the ultra-deep HDS without changing tiperating conditions and in a
cost-effective manner is to develop a catalyst tg\a super high HDS and a high
hydrodearomatization (HDA) activity.

A catalyst with these properties could be formwaising new active phases such as
noble metals (Pt, Pd, Rh, Ru) in combination wislsib metals such as CoMo or NiMo
supported in zeolites. However, although nobleatsethow activity for hydrogenation
at low temperatures, their use as catalysts witlobee attractive only if their sulfur

resistance can be greatly enhanced.

1.1 Motivation and Significance of Research

This work is motivated by the necessity of gettimayel sulfur-resistant noble metal
catalysts for more efficient hydrotreating of sw@wntaining middle distillates. Middle
distillates are petroleum products boiling betwtenkerosene (Cis, 126-258°C) and
the lubricating oil fraction (>, >343°C).

Properties of middle distillates depend on the meatd the original crude oil and the
refining processes by which the fuel is producedthe case of Diesel fuel, “PEMEX-
Refinacion” in Mexico has considered the refineeganfiguration integrating streams
from other processes to increase diesel fuel ptemtuevith low sulfur content. These
streams could come from visbreaking, coker, FCC, atd they have a higher amount
of sulfur and unsaturated compounds than straigitgas oil because they could come
from crude with high Maya/Istmo volume ratio (>60).

The sulfur-containing compounds in Middle Distidatsuch as Diesel, Light Cycle
Oil (LCO), and Heavy Gas oil (HGO), etc, are complaeolecules of alkyl-aromatics
and substituted alkyl aromatics which are calledactory compounds because of the
difficulty to remove the S heteroatom.

The conventional catalysts for hydrotreating of dhd distillates are basically
formulated with CoMo/AIO; and NiMo/ALOs. However, although they have high



activity for HDS, they are insufficient to guaraata diesel production with low sulfur
content (deep HDS, <50 ppm). In order to addressdemand of deep HDS a catalyst
with high activity towards the hydrogenolysis (uwet of the C-S bond) and
hydrogenation of aromatics is required. The contimnaof active elements such as
CoMo is excellent for HDS but is somewhat lessvacfor hydrogenation of aromatics.
Metals like Pt, Pd or Ni, on the other hand, argy\good for hydrogenation, but their
use in HDS catalysts will become attractive onlyhiir sulfur resistance is enhanced.
Related with this, it has been reported that theAHHotivity of Pt-Pd catalysts greatly
depends on the kind of supports (Yasuda et al.9,188imada and Yoshimura, 2003,
Song and Schmitz, 1997). On the other hand, iteen accepted that metal-zeolite
catalysts have high possibility as new hydrodesufition catalysts for petroleum
fractions (Laniecki and Zmierczak, 1991; Okamot®97; Sugioka, 1996). In this
context, noble-metal catalysts on acidic suppsush as HY zeolite, have been reported

as high sulfur-tolerant aromatic hydrogenation lyata.

1.2 Scope of Research

In this work, a study of Middle Distillate Hydroaament Zeolite Catalysts
containing Pt/Pd or Ni is proposed. The study isnlgaimed at examining the potential
of zeolite-supported Pd, Pt, Ni, Co and Mo catalylstr removing refractory sulfur
compounds such as 4,6-dimethyldibenzothiophene -M®BT) and 4-
methyldibenzothiophene (4-MDBT) of middle distikat The specific purposes of this

research are as follow:

(i) Synthesis and characterization of Pt-HY and Ni-HY raatrix of the deep
hydrodesulfurization catalysts.

(i) Synthesis and characterization of zeolite catalystgaining metal combinations
of basic metals, such as Co, Mo, Ni, and noble imesach as Pt, Pd, supported on HY,
Ni-HY and Pt-HY



(iif) Determine the activity of the prepared catdb/for the deep HDS of heavy gas
oil, under the effect of the operating conditiontemperature, space time,
hydrogen/hydrocarbon mol ratio and pressure.

(iv) Determine the conversions of DBT, 4-MDBT and 48HDBT in the HDS of
heavy gas oil over CoMoPtPd/HY, CoMoPtPd/Ni-HY, CalRtl/Pt-HY, CoMo/PdNiPt-
HY and CoMoNi/PdPt-HY catalysts.

(v) Generate the technical bases for the future dpusdat of a catalyst and process
for deep hydrodesulfurization of heavy gas oil vathifur levels according to European
International regulation of < 50 ppm (2005-20069/an <15 ppm for 2010 year.

Some aspects considered in the development ofpttuect were: zeolites have
acidity and shape-selectivity properties for these as catalysts in hydrocarbon
hydrotreating reactions. In particular, ultra stéai zeolite (USY) has homogeneous
large pores and supercages window diameters imeexted in three dimensions and
they are stable in thermal as well as hydrothewpalation.

The hydrodesulfurization of refractory 4-methyl- and 4,6-
dimethyldibenzothiophene is essential to achieeestiifur level of gas oil requested by
current regulation. Their direct hydrodesulfuripatithrough the interaction of their
sulfur atom with the catalysts surface is stencdlindered by neighboring methyl
groups. The steric hindrance can be reduced byudisin of the planar configuration
through hydrogenation. According to Isoda et @9@) the hydrogenation of one of two
phenyl rings breaks the coplanarity of the dibehmmpthene skeleton, moderating the
steric hindrance of the methyl groups. Furthermaitee hydrogenation of the
neighboring phenyl ring increases the electron itle$ the sulfur atom to enhance its
elimination through electron donation to the acsite.

4,6-DMDBT must compete for the hydrogenation actsites with other aromatic
hydrocarbons in gas oil, such as naphthalene draline which compete for hydrogen
and they competitively adsorb on the hydrogenagites, thus slowing down the desired
hydrogenation. There are two possible approachesffizient desulfurization of 4,6-
DMDBT: the selective hydrogenation of 4,6-DMDBT ithe dominant aromatic



compounds and the hydrodesulfurization (HDS) reactafter the migration of
substituted methyl groups. Basic and noble metats ss Ni and Pt favor the aromatic
hydrogenation, and zeolites are good promotersstmerization. So a combination of
noble metals and zeolite could improve the HDS @-@MDBT. Moreover, the
catalysts based on Pt-Pd alloys supported on esa@ithance the sulfur resistance of the
supported Pt catalysts. The formation of Pt-Pdyalldepends on the method of catalyst
preparation, precursors and pretreatment conditiohghe catalysts. Fast Fourier
transform infrared (FFT-IR) spectroscopy, charazieg CO adsorbed on a Pt-Pd/B8%
catalyst sample has been used by Jan et al. (1®@@&amine the formation of bimetallic
interactions. The results indicated that Pd-Ptlystea made from Pd(Il) and Pt(ll)
acetate without calcination pretreatment presemteck Pd-Pt bimetallic interaction than
catalysts made from Palladium (II) acetate wittcications at 450C in air and from
palladium amine. The bimetallic interactions weraried from the catalytic reduction of
Pt as inferred from the FFT-IR monitoring of thecdeposition of carboxylate ligands
of [Pd(OAc)]. The decrease of electron density on Pt inducedsiich bimetallic
interactions enhances the sulfur resistance ofctialysts, leading to relatively high
activities for aromatics hydrogenation.

For this reason it is considered of great intetesstudy catalysts based on PtPd
and/or Ni containing USY zeolites and its applicatiin CoMo and/or NiMo
formulations for deep HDS of middle distillates,ggesting that the rate of the
hydrogenation route could be increased by Pt orcdiitaining zeolite. Thus, these
catalysts could be good candidates for the apphicaif deep hydrodesulfurization with

good aromatics hydrogenation.



CHAPTER Il

LITERATURE REVIEW

2.1 Hydrotreating Processes

The hydrotreating processes (HDT) of oil-derivedldhe distillates have deserved
much attention during recent years because of storggent environmental regulations
that restrict heteroatoms (S, N, O, etc.) and atiencampounds content. Hydrotreating
or hydroprocessing refers to a variety of catalyiydrogenation processes that covers
desulfurization (HDS), denitrogenation (HDN), ardmos saturation (HDA),
hydrodeoxigenation (HDO), hydrocracking (HDC), antktals removal (HDM) of
different petroleum streams in a refinery. Thesecesses represent some of the most
important catalytic processes and the annual sdldg/drotreating catalysts represent
close to 10% of the total world market for catady@nderson and Boudart, 1996).

Hydrotreating also plays an essential role inrpeging streams for other refinery
processes such as catalytic reforming, fluid c#étalgracking (FCC) and is used
extensively for conversion of heavy feedstock aodimproving the quality of final

products.

2.1.1 Process Chemistry

Hydrotreating imply small changes in overall molecwtructure, but hydrocracking
reactions often occur simultaneously. The hydrdimgaprocess is conducted in the
presence of excess hydrogen over a catalyst aateldvemperature and pressure. The
consumption of hydrogen is especially high whenating heavier feeds. The
hydrotreating consists mainly of HDS and hydrogematAll reactions are exothermic,
so the control of temperature in the reactor, @afig¢he catalyst bed, is very important
in the practical operation (Kabe et al., 1999)hAiligh equilibrium constants decrease at
higher temperatures, the heteroatom removal reectere favored under practical



operating conditions: temperature of 320-440 and pressure of 10-150 atm.
Hydrogenation of aromatics, however, is limitedthgrmodynamics at high temperature
and lower hydrogen pressure. Examples of hydrotgaeactions are shown in Figure
2.1.

+ H,
HDS O | + H2S
\ + H CH2- CHz- CHs
2
HDN @ — O T

OH
HDO R@
Rl
HDM
R,
+ H QCH2-0H3
==
HDA -t
HDC R -CH,-CH,-R’ R R-CH + R -CH

Figure 2.1 Some examples of hydrotreating reactions.

Removal of contaminants involves the controlledcakineg of the molecular chain or
ring at the point where the sulfur, nitrogen, oygen atom is joined to carbon atoms.
This breaking is accomplished by the introductidnhgdrogen with production of
hydrogen sulfide, ammonia, or water, respectivélye resultant hydrocarbon reaction

product usually remains either as one or more atiphhydrocarbons or as an alkyl



group on an aromatic or naphthenic hydrocarbonsétmegdrocarbon reaction products
usually have larger liquid molecular volumes thantde parent sulfur-, nitrogen-, or
oxygen-containing reactants. Owing to the fact thdy a small amount of cracking of
carbon-to-carbon bonds occurs and that olefinssammde aromatics are hydrogenated,
yields of liquids from most hydrotreating operasaare in excess of 100 volume percent
of the charge stock. (Meyers, 1986)

The degree of hydrotreating required on petroletsmtions generally will depend
entirely on the feed and the refiner's need to nteetspecific requirements related to
final product blending and application. Typicalopess conditions for various
hydrotreating reactions are shown in Table 2.1.

Table 2.1 Typical process conditions and hydrogen consumptfon various
hydrotreating reactions (from Anderson and Boud#96)

Hydrotreating  Temperature Hydrogen LHSV! Hydrogen
process (°C) partial (h™Y consumption

pressure (atm) (Nm°m™)

Naphtha 320 10-20 3-8 2-10

Kerosene 330 20-30 2-5 5-15

Atm, GO 340 25-40 1.5-4 20-40

VGO 360 50-90 1-2 50-80

ARDS? 370-410 80-130 0.2-0.5 100-175

VGO HDC 380-410 90-140 1-2 150-300

Residue HDC 400-440 100-150 0.2-0.5 150-300

! Liquid hour space velocity (the ratio of the hgurblume flow of liquid in, say, barrels to the
catalysts volume in barrels)

2Atm residue desulfurization.

The catalyst is the key to most hydroprocessindiegipns. Basically the catalyst
combines high volumetric activity with low bulk dgty, resulting in low cost per unit of
activity to the refiner. HDS and HDN catalysts getlg consist of sulphides of Co and

Mo or Ni and Mo on a high surface area support sicaluminum oxide.



2.1.2 Sulfur Compounds in Raw Oil Materials

Sulfur compounds are among the most important batemic constituents of
petroleum. They are generally classified into orfetwo types: heterocycles or
nonheterocycles (Kabe, 1999). The latter comprigesls, sulfides and disulfides.
Heterocycles are mainly composed of thiophenes with to several rings and their
alkyl or aryl substituents. Examples of sulfur cauapds are shown in Table 2.2.

The numbering of the carbon atoms in benzothioplamkedibenzothiophene is as

follows:

4 1 9
6 2
3 7
7 S i S %

Sulfur containing polyaromatic compounds in straigim gas oil from Arabian Light
were analyzed and determined by a gas chromatogiapmic emission detector (GC-
AED) and a gas chromatography-mass spectroscopyM&(Kabe et al., 1992)). It was
found that 42 kinds of alkylbenzothiophene and Rfi& of alkyldibenzothiophene were
included in the oil. When this oil was desulfurizesing CoMo/A}O3 catalyst at 300-
410 °C, 4-methyldibenzothiophene (4-MDBT) and 4,6-dinyéibenzothiophene (4,6-
DMDBT) were most difficult to desulfurize. This rds suggested that HDS of DBT’s

substituted at the 4,6-positions is the key readiioachieve deep desulfurization.
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Table 2.2 Qulfur-containing compounds in Petroleum

Compound Structure
Thiols (Mercaptanes) RSH
Disulfides RSSR’
Sulfides RSR’

Thiophene

Benzo[b]thiophene or
Benzothiophene

S
\_//
U
|
S
Dibenzothiophene
Me

4-Methyldibenzothiophene

4,6-Dimethyldibenzothiophene

S
Benzo[b]lnaphtho[2,3-d]thiophene CO O
Benzo[b]lnaphtho[1,2-d]thiophene O

2.1.3 Compositional Features of Distillate Fuel Oil

In this work, heavy gas oil will be used to test #xperimental catalysts; however, a
summary of compositional features of distillatel fai is given in this section because
heavy gas oil has similar properties to those ilast
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The term “fuel oil” is sometimes used to refer ke tlight, amber-colored middle
distillates or gas oils that are distinguished frdhe residual fuel oil by being
characterized as distillated fuel oil (ASTM-D-396).this specification the No. 1 grade
fuel oil is a kerosene type used in vaporizing ype burners whereas the No. 2 fuel oil
is a distillate oil (gas oil) used for general-posp domestic heating. Kerosene may also
be included in this definition.

Distillate fuel oils are vaporized and condensedmdua distillation process and thus
have a definite boiling range and do not contaigh¥boiling oils or asphaltic
components. In general they correspond to lightogjgdable 2.3).

Fuel oils are made for specific uses and may Heeeitlistillates or residuals or
mixtures of the two. The terms domestic fuel diesel fuel oil, and heavy fuel oil are

more indicative of the uses of fuel oils.

Table 2.3General summary of product types and distillatemge (from Speight, 2002)
Carbon limit ~ Boiling Point,°C  Boiling Point,°F

Product

Lower Upper Lower Upper Lower Upper
Refinery gas Ci Cy -161 -1 -259 31
Ligquefied petroleum gas Cs G -42 -1 -44 31
Naphtha Cs Ci7 36 302 97 575
Gasoline Cs Cio -1 216 31 421
Kerosene/diesel fuel Cs Cis 126 258 302 575
Aviation turbine fuel Cs Cie 126 287 302 548
Fuel oil Ci2 >Cy0 216 421 >343 >649
Lubricant oil >Cyo >343 >649
Wax Ci7 >Cyo 302 >343 575 >649
Asphalt >Cyo >343 >649
Coke >Csg" >1000 >1832

' Carbon number and boiling point difficult to asseaserted for illustrative purposes only.

Domestic fuel oil is fuel oil that is used primarih the home. This category of fuel

oil includes kerosene, stove oil, and furnace &ilelThese are distillate fuel oils.
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Diesel fuel oil is also a distillate fuel oil, brgsidual oil has been successfully used
to power marine diesel engines, and mixtures dilldie fuel oil and residual fuel olil
have been used in locomotive diesel engines.

Heavy fuel oils include a variety of oils rangimgrh distillates to residual oils that
must be heated to 26Q (500°F) or more before they can be used. In generalyhiess
oils consist of residual oils blended with dist#la to suit specific needs. Included
among heavy fuel oils are called bunker oils.

Because the boiling ranges, sulfur contents, ahdrgbroperties of even the same
fraction vary from crude oil to crude oil and witie way the crude oil is processed, it is
difficult to specify which fractions are blended gooduce specific fuel oils. In general,
however, furnace fuel oil is a blend of straight-gas oil and cracked gas oil to produce
a product boiling in the 175-34& (350-650F) range.

Heavy fuel oils usually contain cracked residuajuced crude, or cracking coil
heavy product that is mixed to a specified visgosiith cracked gas oils and
fractionator bottoms. For some industrial purpaseshich flames or flue gases contact
the product (ceramics, glass, heat treating, amh-tygarth furnaces) fuel oils must be
blended to contain minimum sulfur content, and ledoev-sulfur residues are preferable
for these fuels.

Straight run-gas oil fraction is usually blendedhnhe appropriate boiling-range
material from catalytic cracking processing. Thenponents are suitably treated before
final blending, and additives may be added to nrthssist in the stabilization of the

finished product.

2.2 Hydrodesulfurization Process

Hydrotreating  for  sulfur removal Is  called hydrodkgrization.
Hydrodesulfurization is a catalytic process wherey oil fraction is flowing with
hydrogen over or through a catalyst bed at elevédetperatures (315°-425°C) and

pressures (up to 68 bar).
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In a typical catalytic hydrodesulfurization unitetfeedstock is deaerated and mixed
with hydrogen, preheated in a fired heater and tttearged under pressure through a
fixed-bed catalytic reactor. In the reactor, théfisuand nitrogen compounds in the
feedstock are converted inta$Hand NH. The reaction products leave the reactor and
after cooling to a low temperature enter a liquad/geparator. The hydrogen-rich gas
from the high-pressure separation is recycled tmbioe with the feedstock, and the
low-pressure gas stream rich ingHis sent to a gas treating unit wherg&Hhs removed.
The clean gas is then suitable as fuel for theneefi furnaces. The liquid stream is the
product from hydrotreating and is normally sentatstripping column for removal of
H,S and other undesirable components. In cases vehesen is used for stripping, the
product is sent to a vacuum drier for removal ofenaHydrodesulfurized products are
blended or used as catalytic reforming feedstodke Tlow-sheet for many HDS or

hydrotreating processes is similar to that showRigure 2.2.

REACTOR HIGH PRESSURE STRIPPER
SEPARATOR
Hydrogen
make-up Hydrogen recycle Fuel gas

> < >
> < y >

Off gas

Unstabilized
Feed \ \ L
» A 4 ‘ ‘

Desulfurized product

v

Figure 2.2 Scheme of a typical desulfurizer unit (from Sebdamatories, Inc., 1999).
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The use of a recycle gas from the top of the higdssure separator minimizes the
loss of valuable hydrogen, the consumption of whglespecially high when treating

heavier feeds.

2.2.1 Chemical Concepts

The basic chemical concept of the hydrodesulfuomaprocess is to convert the
organic sulfur in the feedstock to hydrogen sulfithydrogenation processes for the
conversion of crude oil fractions and products rbayclassified as nondestructive and
destructive (Speight, 1981). Although the defimtiof the two processes is purely
arbitrary, it is generally assumed that destruckiydrogenation (which is characterized
by the cleavage of carbon-to-carbon linkages ar@déempanied by hydrogen saturation
of the fragments to produced lower-boiling producégjuires temperatures in excess of
350°C (660°F). However nondestructive hydrogenation is moneegally used for the
purpose of improving product quality without anypegciable alteration of the boiling
range. Mild processing conditions (temperatureswe350°C or 660°F) are employed
so that only the more unstable materials are athcknd the sulfur, nitrogen, and
oxygen compounds undergo hydrogenolysis to sptihgdrogen sulfide, ammonia, and
water respectively. Table 2.4 shows the variousti@as that result in the removal of
sulfur from the organic feedstock under the usu@hmercial hydrodesulfurization
conditions (elevated temperatures and pressurgs,yidrogen-to-feedstock ratios, and
the presence of a catalyst).

Thiols and open-chain and cyclic sulfides are camgeto saturated and/or aromatic
compounds-depending, of course, on the nature efpdrticular sulfur compound
involved. Benzothiophenes are converted to alkghmaatics, while dibenzothiophenes
are usually converted to biphenyl derivatives. dotf the major reactions that occur as
part of the hydrodesulfurization process involverboa-sulfur bond rupture and
saturation of the reactive fragments (as well agradon of olefinic material) (Speight,

2000). HDS is accompanied by a certain amount dfdgenation of aromatics.
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Table 2.4Typical hydrodesulfurization reactions

1. Mercaptan: RSH + § — RH +,8

2. Sulfides (aromatic, naphthenic,r-sR" + 20 ——» RH + R'H +,8l
and alkyl):

3. Disulfides R-SS-R” + 3H2—» RH + RH + 2%

4. Thiophene: [' S U + 44, ———» CHCH,CH,CH; + H,S

5. Ben:othiophene: @j + 3H, @cwcm + HS
S
6. Dibenzothiophene + 2H, R + HS
S

It is generally recognized that the ease of desaHtion is dependent upon the type

of compounds, and the lower-boiling fractions aesudfurized more easily than the

higher-boiling fractions. The difficulty of sulfuemoval increases in the order:

paraffins < naphthenes < aromatics

The wide range of temperature and pressure emplioyeithe hydrodesulfurization

process virtually dictate that many other reactiamié proceed concurrently with the

desulfurization reaction. Thus, the isomerizatibiparaffins and naphthenes may occur

and hydrocracking will increase as the temperaaume pressure increase. Furthermore,

at the higher temperatures (but low pressures) thaphs may dehydrogenate to

aromatics and paraffins dehydrocyclize to naphtbewaile at lower temperatures (high

pressures) some of the aromatics may be hydrogenate
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These reactions do not all occur equally whichug,do some extent, to the nature of
the catalyst. The judicious choice of a catalydt ad to the elimination of sulfur (and
other heteroatoms nitrogen and oxygen) and, altmosgme hydrogenation and
hydrocracking may occur, the extent of the dengragion, deoxygenation and
hydrocracking reactions may be relatively minor.

The hydrodesulfurization process is a very com@eguence of reactions, due, no

doubt, to the complexity of the feedstock; so, thask is limited to the sulfur removal.

2.2.2 Hydrodesulfurization Network of Dibenzothiophe

A detailed network for the hydrodesulfurizationddbenzothiophene (DBT) has
been proposed by Houalla et al. (1978, 1980) (EiguB). As Vanrysselberghe and
Froment (1996, 2003) reported, dibenzothiophenetseaong two parallel path-ways:
hydrogenolysis of DBT into biphenyl (BPH) and3] and partial hydrogenation of the
aromatics ring system into tetrahydrodibenzothioghe (THDBT) and
hexahydrodibenzothiophene (HHDBT), which are rapidlconverted into
cyclohexylbenzene (CHB) and,8. Each of the hydrogenated dibenzothiophenes was
rapidly converted into the other. Biphenyl is fath hydrogenated to give
cyclohexylbenzene and then bicyclohexyl (BCH).

The hydrogenation reaction of dibenzothiophene alzsut 1000 times slower
than the hydrogenolysis reaction, but the hydrogendecame relatively fast as,$l
was added to the reactant mixture or as methylpgavere present in the 4 and/or 6
position(s) in dibenzothiophene. The experimentsevaarried out on a CoMpAl 05
catalyst. The catalyst particles were crushed sza between 149 and 1 so as to

ensure the absence of diffusional limitations.
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Dibenzouunupniene (woT)

Hydrogenation / \, Hydrogenolysis
drogenated Biphenyl
ompounds
\ g S/
Cyclohexylbenzene
+H, | Slow
Bicyclohexyl

Figure 2.3Proposed reaction network for the HDS of DBT byuklta et al. (1978).

2.2.3 Hydrodesulfurization Network of 4-Methyldibenthiophene and 4,6-Dimethyl-

dibenzothiophene

Hydrodesulfurization of refractory 4-methyl- and4limethyldibenzothiophene (4-
MDBT and 4,6-DMDBT) is essential for deep HDS. Thdirect desulfurization through
the interaction of their sulfur atom with the cgtalsurface is sterically hindered by
neighboring methyl groups (Isoda et al., 1994).ulnber of attempts have been made to
elucidate mechanisms for 4-MDBT and 4,6-DMDBT usknggtic data.

Vanrysselberghe et al., (1998) have investigated HIDS of 4-MDBT and 4,6-
DMDBT in liquid phase at 533-59% and 60-80 bar on a commercial CoMa/®4
catalyst. The networks for the HDS of 4-MeDBT an@-BMDBT are shown in Figures
2.4 and 2.5 respectively.
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4-MeDBT
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MTH-DBT MHH-DBT

+H,S
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3-CHT 3-MeCHB

Figure 2.4 Reaction scheme for the HDS of 4-MeDBT.
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4,6-DimethylDiBenzoThiophene (4,6 DMDBT)

HYDROGENATI N/ \DE§“LFLJRIZATIQN

O
) O ©
+
w 3,3'-Dimethyl Biphenyl
s TN /
Hydrogenated
Compounds ©_Q + HZS

3-Methyi-Cyclohexyl-Toluene

Figure 2.5Reaction scheme for the HDS of 4,6-DMDBT.
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Hydrodesulfurization reactivity of 4,6-DMDBT was axined in a batch autoclave
by Isoda et al. (1996) over a Y-zeolite contain@@Mo/Al,Os at 270°C under 3.0 Mpa
of H, pressure for 0-3 hr, and 0.1 wt% of 4,6-DMDBT incaee. Isomerization and
considerable transalkylation of 4,6-DMDBT into IADBT and into tri-or
tetramethyldibenzothiophenes, respectively, weponted. Such migrations moderate
the steric hindrances of methylgroups at the 4-&fepositions of the dibenzothiophene
skeleton. Figure 2.6 illustrates the reaction pathpwroposed by Isoda (1996).

This reaction network proposes a new concept of HDES refractory
alkyldibenzothiophenes. However, it is mentioneat improvement of the performance

life and optimization of the catalyst will be tharget for application in the current

refinery.

cHa
CH3 1

L QI LB (G
CHa

) C -C:*

—- h::mhucmﬂm

CH3 cHac\ CH3  CHs

CHa CH3

Figure 2.6 Reaction pathway of 4,6-DMDBT over zeolite contagiCoMo/ALOs
catalyst. a, HDS with isomerization route; b, hydexking route; c, direct
desulfurization route. (From Isoda et al., 1996).
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Thus, the new multiphase reaction network (Figuvg #r the HDS of 4,6-DMDBT
over PtPdCoMo-containing zeolite might be proposaking into consideration the

reaction networks reported by Vanrysselberghe.g(1#898) and Isoda et al. (1996).

Isomerization
CoMo/Zeolite

— OO0 G- Q

4,6-DMDBT 3,6-DMDBT C3-DBT
CoMo/Al,0; or \
Hydrogenation / NiMo/Alzo3\Hydrogenolysis

Q\?Q O\ IO 3,4-DMBiphenyl

;EQ DMBiphenyl

Hydrogenated \
ompounds

/
lHydrocrackingQ_Q — Q_Q

C1-C4 HC Methyl-cyclohexyl-Toluene Dimethyl-Dicyclohexil

Figure 2.7 Multiphase reaction network proposed for the HDS 4f6-
dimethyldibenzothiophene (proposed for studying).

2.2.4 Thermodynamics

HDS of organosulfur compounds is exothermic anermsally irreversible under the
reaction conditions employed industrially (e.g.03®25°C and 55-170 atm) and there is
no thermodynamic limitation under industrial reanticonditions (Gates et al., 1979;
Speight, 1981; Vrinat, 1983; Girgis and Gates, }9Bithe case of HDS of mercaptans,
sulfides, disulfides and thiophenic compounds theildrium constants decrease with

increase in temperature and have values more thign (Speight, 1981; Vrinat, 1983).
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Thermodynamic data for organosulfur compounds pitesehigher boiling fractions
(i,e., multiring hetorocyclics) are unavailable, cegt for recent data for
dibenzothiophene HDS (Vrinat, 1983). The later ltssindicate that dibenzothiophene
HDS to give biphenyl is also favored thermodynathycainder practical HDS
conditions and is exothermidii® = -11 kcal/mol). Extrapolation of the latter resul
suggests that the HDS of higher molecular weighgnosulfur compounds (e.g.,
benzonaphthothiophenes) is also favored.

As was shown in Figure 2.5, sulfur removal occum@ two parallel pathways,
hydrogenolysis and hydrogenation (Froment, 2004)e Ppathways involving prior
hydrogenation of the ring can be affected by thetlynamics because hydrogenation of
the sulfur-containing rings of organosulfur compdsins equilibrium-limited at practical
HDS temperatures. For example, the equilibrium tonts for hydrogenation of
thiophene to give tetrahydrothiophene is less tinaity at temperatures above 3%D
(Vrinat, 1983), indicating that sulfur-removal pattys via hydrogenated organosulfur
intermediates may be inhibited at lower pressuneshagh temperatures because of the

low equilibrium concentration of the latter species

2.2.5 Reactivities

The reactivities of heterocyclic sulfur compoundsHDS are governed basically by
the types of C-S bonds and the position of alkstituents (Kabe et al., 1999). The first
factor is related to the strength of C-S bonds, @ second is related to the steric

hindrance as well as the electron density on tHarsatom.

2.2.5.1 Reactivities Based on the Strength of C&hés

There are a large number of reports on HDS afptinene (T), benzothiophene
(BT) and dibenzothiophene (DBT) because they arengnthe simplest compounds in
model reactions for petroleum refineries. Naglet(d979) reported the reactivities of

typical thiophenic compounds as shown in Table Pt rate constants decreased in the
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order T(1) > BT (0.59 of T) > DBT (0.04 of T). DBias one order of magnitude less
reactive than BT. Benzonaphthothiophene (BNT) asdydrogenated derivative have
similar or rather higher reactivities than DBT. Buwbough a first order model for HDS
is not accurate because it globalizes hydroger®lgad hydrogenation of the sulfur-
containing compounds and ignores the adsorpticectesf the result suggests that HDS
of three-ring compounds may be a key reaction ikingadeeply desulfurized oil from
heavier fractions. Hydrogenated derivatives areremeasily desulfurized than
thiophenic compounds (Kilanowski et al., 1978; Wers and Landa, 1973,
Vanrysselberghe and Froment, 1998).

Table 2.5Reactivities of several heterocyclic sulfur compdsi (from Nag, 1979)

Reactant Structure Pseudo-First-order
rate constant
(L/s g-cat
Thiophene

1.38 x 10°

Benzothiophene
8.11 x 10'

S
|
: S
6.11 x 10°
S
Benzo [b] naphtho-
[2,3-d]thiophene | OO 1.61x 10¢
S

Dibenzothiophene

7,8,9,10-Tetrahydro-
benzo[b]naphtho-

[2,3-d]thiophene 7.78 x 10°

* Reaction conditions: batch reactor using n-hexade solvent (0.25 mol % reactant concentration),
300°C, 71 atm, CoMo/AIO; catalyst, each compounds reacted individually.
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The reactivity of sulfur-containing compounds in 80s significantly affected by
the operating conditions (Kabe et al., 1999), e/ itiolecular size and by the degree of
substitution of the thiophenic ring (Topsoe et 4896). In addition, the substitution of
these compounds by ring alkylation further affetk® reactivity. For instance,
Satterfield et al., (1980) have studied the effafcting alkylation of thiophene on the

rate of the HDS reaction and have found that thetnaty varies in the following order:

thiophene > 2-methylthiophene > 2,5-dimethylthiapde

2.2.5.2 Reactivities Based on the Steric Hindrance

Ma et al., (1994, 1995, 1996) have concluded th#tiscompounds in the diesel
fuel can be classified into four groups accordiagheir HDS reactivities: (1) most of
the alkyl BTs, (2) DBT and alkyl DBT’s with substénts at the 4- and 6- positions, (3)
alkyl DBTs with only one of the substituents aheitthe 4- or 6-position, and (4) alkyl
DBTs with two of the alkyl substituents at the #da&-positions, respectively. Since the
pseudo-first-order rate constants of HDS for thggeeips were about 0.25, 0.058, 0.020,
and 0.007 mit}, respectively, the fourth group is the most diffico desulfurize.

The effect of methyl substituents on the reactivfydibenzothiophene has been
investigated by Houalla et al., (1980). Table héves the HDS reactivities based on the
pseudo-first-order constants. 4-Methyldibenzotheph and 4,6-Dimethyldibenzothio-
phene are the most difficult to desulfurize becaoksteric hindrance caused by the
methyl groups in the 4- and 4,6-positions, respebti Steric hindrance hampers the
adsorption of the S atom onto the active siteshef ¢atalyst; as a consequence the
hydrogenolysis (rupture of C-S bond) is inhibited.
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Table 2.6Reactivities of selected methyl-substituted dibénzmphenes*

Reactant Structure Pseudo-First-order
rate constant
(L/s g-cat
Dibenzothiophene S
| P 7.38x 10°
S/
2,8-dimethyldibenzo- AN AN
thiophene | _ \S/| _ 6.72 x 10°
3,7-dimethyldibenzo- BN
thiophene AN 3.53x 10
4,6-dimethyldibenzo-
thiophene

4-methyldibenzo-

thiophene 6.64 x 1C°

n

O 4.92 x 10

S

*Reaction conditions: flow reactor, n-hexadecanearien oil, each reactant allowed to react
individually at 300°C at 102 atm in the presence of a CoMg@Alcatalyst.

Vanrysselberghe et al., (1998) have reported tlehyhsubstituted dibenzothiophes
have a higher rate of hydrogenation than dibenaptienes itself. The experiments with
the model components 4-MeDBT and 4,6-DMDBT demautstt that methyl groups
increase both the adsorption equilibrium constamttloe active sites and the rate

coefficient for the hydrogenation surface reaction.

2.3 Effect of S on Hydroprocessing Reactions

H,S in hydrotreater recycle gas is an activity degaet for hydroprocessing
reactions (Albermarle Catalysts, 2003). The presaid+S inhibits the rate of reaction

of hydrocarbon molecules with active sites on th&alyst surface. In addition, B
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reduces the hydrogen partial pressure in the reattos, in combination with higher
operating temperature requirements can lead tdstautial increase in the deactivation
rate of the catalyst.

Production of HS is the byproduct of hydrodesulfurization reactiorsulfur
containing molecules react on the active sitesyairdprocessing catalysts, cleaving S
from the molecule, releasing it to react with hygn. The byproduct # diffuses from
the catalyst pores and enters the recycle gagmstrea

H,S concentration in the recycle gas builds as tleengaves from reactor inlet to
outlet. The recycle gas loop often contains an armsitrubber to remove,H8 from the
gas stream. In cases where th&dontent is relatively low, a gas purge may beluise
place of an amine scrubber to prevenSHbuild-up in the system. 8 reduces the
activity of hydroprocessing catalysts by compegitadsorption on catalytically active
sites. This blocks the active sites available fgdrbprocessing reactions, resulting in
higher temperature requirement to obtain a congtatuct quality. As recycle gas,§l
concentration is raised the number of blocked actisites increases.
Hydrodesulfurization, hydrodenitrogenation and astimsaturation are all negatively
affected by increasing 43 concentration in the recycle gas. Figure 2.8 shihe effect
of recycle gas kB content on the temperature required to maintaiorestant product
sulfur (Albermarle Catalysts, 2003). This graph wigseloped for HDS of diesel but
similar effects would be expected for other hydrating processes.

In addition to the effect of competitive adsorption hydroprocessing reactions,
increasing HS content in the gas reduces hydrogen partial presis the reactor.
Combined with higher temperatures requirement orstant product quality, the lower
hydrogen partial pressure can cause increasegstatigactivation rates and ultimately a
reduction in cycle length. For this reason, it éeammended that 43 content in the

recycle gas stream be maintained below 2 vol%.
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Effect of Recycle GasH,S Content an Temperature

Temperature Increase Required (°F)

Recycle H,S Content (val%)

Figure 2.8 Effect of recycle gas ¥ content on the temperature (Albermarle Catalysts,
2003).

2.4 Poisons of the Hydrodesulfurization Catalyst

Sodium and Arsenic are two critical poisons welbwmn in hydrotreating units.
2.4.1 Effect of Sodium on Catalyst Performance

Sodium (Na) is a severe poison to hydrotreatinglgstt. In addition, Na can form a
crust at the top of the hydrotreating bed, resgltim build-up of the pressure drop.
Sodium naturally occurs in crude oil and dissolvewater in an emulsion with the oll.

Additional sources of Na in a refinery include:

+ caustic -- used in acid neutralization and cleaning
« seawater — from tanker and barge ballast
« chemical addition -- boiler chemicals, etc.
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Desalting is used to control Na content of the feed mitigate the effects on
catalyst and unit performance. However, poor degpltr Na from another source can
result in the contaminant being present in the teeal hydrotreater, causing short cycles
and poor performance. In this report the effecsa@fium on hydrotreating catalyst is
described below.

Sodium is a severe poison to hydrotreating catahsstan be seen in the Figure 2.9
(Albermarle catalysts, 2003). While Na affects \dtti within the cycle in which it is
deposited, it has a more severe effect during ysitakgeneration. At the elevated
temperatures of regeneration, Na sinters the dtalyrface, causing acid sites to be
destroyed, a reduction in surface area and a retuof active sites. Na also becomes
mobile at elevated temperatures so a high condemtraf Na on the outer edges of the
spent material can move inward. For these reasegeneration is not recommended for

spent catalysts containing more than 0.25 wt% Na.

100
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Activity Relative to Fresh Catalyst (%)
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MNa,O on Catalyst (wt%)

Figure 2.9 Effect of the sodium content on catalysts on tbevily relative to fresh
catalyst (from Albermarle Catalysts, 2003).



28

The majority of sodium is carried into hydrotregtianits by water in emulsion with
the feed. For this reason, Na tends to deposihenupper portion of the catalyst bed.
High concentration of Na in the feed results in fbrenation of a crust at the top of the
hydrotreater. If not controlled (through size gragior other means) the crust causes a
rapid build-up in pressure drop and eventual umittdown. Fortunately, the crust can
usually be removed by skimming. Depending upon wwa&verity and throughput,
downstream catalyst activity may not be seriouffigcied.

Prevention is the only effective means of contarl Nla poisoning. Ensure effective
desalting unit performance and careful monitorifigcbemical additions to prevent
pressure drop build-up in the current cycle. Avadenerated catalyst with Na content

greater than 0.25 wt%.

2.4.2 Effect of Arsenic on Catalyst Performance

Arsenic (As) is a very severe poison to hydrotreatcatalyst. It is naturally
occurring in crude oil, with the concentration Higdependent upon the crude source.
Arsenic poisoning is primarily observed in distddaand VGO hydrotreating but is
occasionally observed in lighter feedstocks. Duethte severe impact on catalyst
activity, it is preferred to capture as much arsexs possible in the upper portion of the
catalyst bed. The arsenic has a more damagingt effeanit performance if it spreads
out over a significant portion of the total cataliped. This work describes the effect of
arsenic on hydrotreating catalyst and a means tigating these effects.

Arsenic (As) is a very severe poison to hydrotreatiatalyst, as can be seen in
the Figure 2.10 (Albermarle catalysts, 2003). EQeh wt% As on catalyst results in
more than 30% reduction in activity as comparettdsh! Arsenic poisons by blocking
access to catalytically active sites on the poréasa. In general, it is not recommended
to regenerate or to use regenerated catalyst oamgaimore than 3000 ppm As.
However, arsenic does not deposit uniformly in talgat bed. If an entire catalyst bed is

discharged together, it is possible for the catalyshave an average arsenic content in
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excess of 3000 ppm while still retaining acceptadatvity. In this case, catalyst from
the top of the bed will have very low activity bilite bulk of the catalyst will have

reasonable activity.

o
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Figure 2.10Effect of arsenic on relative volumetric activifyom Albermarle catalysts,
2003).

To reduce the impact of arsenic on activity, durngycle, it is recommended to
minimize the depth of penetration into the catalystl. The Deposition of arsenic on
catalyst is controlled by three variables: seveftiénperature, pressure), space velocity
and metal capacity. The combination of these vigabetermines the profile of arsenic
penetration into the catalyst bed. Higher sevaeiiily increase deposition in the upper
portion of the bed. Higher space velocity will drithe arsenic more deeply into the bed.
Metal capacity refers to the ability of the catalyshold deposited arsenic, with higher
metal capacity reducing the penetration into thek be

There are some catalysts that can be used whenei@rontamination is known
to exist. For instance, KF 647, an Akzo Nobel deatheation catalyst, is one of them.
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KF 647 has been shown to remove two to three tmima® arsenic per unit volume than
traditional hydrotreating catalyst. A layer of KB®%at the top of a reactor can prevent
extensive penetration of arsenic into the catddgst and extend cycle length (Albermale
catalysts, 2003).

2.5 Catalyst Formulations

The choice of catalyst for a given application defgeon various factors, including
feed and product properties. Hydrodesulfurizatiatakysts most often contain alumina
as support, typically having a surface area ofotfaer of 200 to 300 ffig a pore volume
of about 0.5 cc/g, and an average pore diametabadit 100 A. Of the various types of
alumina availabley-Al,Os is the one generally applied because of its acidityg
porosity.

The basic compositions of current hydrotreatinglyats consists of molybdenum
sulfide promoted by cobalt of nickel with variousdifications by using additives (e.g.,
boron or phosphorus or silica), or more promoterg.( Ni-Co-Mo/AbOz) or improved
preparation methods. Eventhough the activity ankkcteity of the hydrotreating
catalysts have been improved significantly as allresf continuous research and
development in research institutions and catalystd, petroleum companies worldwide,
they generally have low hydrogenation activitytlsey are not adequate for deep HDS.

Vanrysselberghe and Froment (2003) have reportad Nirpromoted catalysts on
alumina may be attractive since these catalyst® reavmuch higher hydrogenation
activity. It is generally accepted that the hydmoafeon activity decreases in the order
NiwW > NiMo > CoMo > CoW. Furthermore, Ni-promotedtalysts are cheap and
robust. Carbon-supported catalysts may be moreeattian alumina-supported catalysts
because they seem to be more resistant to cokefiomm Noble metal catalysts such as
Pt and Pd not only have high hydrogenation actiatyt also have HDS activity, as was
shown by Topsoe et al., (1993). Figure 2.11 shdvwdHDS activities of some transition

metals as a function of the heats of formationwated on a sulfur atom basis.
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The results were adapted by Topsoe et al., (198&) Chianelli et al., (1984) who
studied the HDS of dibenzothiophene at high pressand 400C over unsupported

sulfides.

1000
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Molécules of DBT converted x 10 “*/mmole-sec
i
o

[y
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Sulfur Bond Energy (eV)

Figure 2.11HDS activities as a function of the calculatedahsulfur bond energies.

As was mentioned noble metals have high hydrogemactivity, but supported on
y-alumina they are very sensitive to sulfur poisgniihe sulfur resistance of noble
metals can be increased by the use of supportzdikktes. In addition, Pd is thought to
inhibit the BS adsorption on Pt owing to the electronic intecscbetween Pd and Pt.
Moreover, addition of Pd helps to maintain a higépdrsion of Pt, even in the presence

of sulfur components.
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The development of new HDS technologies of cataligsaiming for the production
of 10-ppm sulfur content for diesel. The genesisthed active phase of cobalt and
molybdenum is controlled in such way that the desiziation of refractory sulfur
compounds is promoted. In this context, Criterian (2003) has considered two aspects
for the catalysts manufacturing process for uleapdesulfurization: better dispersion,
and hence utilization, of the promoter metals, grehter conversion of the promoter
metal oxide sites to metal sulfides (active statefonsequence of the Criterion novel
manufacturing process used for the CENTINEL cata]ysnetal complexes, MX
physically adsorbed on the surface react directth wulfur compounds to form highly
dispersed metal sulfide species, M-$hese highly dispersed metal sulfide crystallites
are “locked in place” during the activation proce$his results in the active sulfide
phase of the catalyst, NISAs a result, all metals placed on the catalystfaity sulfided
while maintaining high dispersion and better metatdization than conventional

catalysts.

2.6 Structure of Active Phase

In order to have a firm basis for understandingopries of hydrotreating catalysts,
it is highly desirable to obtain a complete dedaip of both the structures and the sites
where the catalysis takes place, i.e. the “actiites’s Structural information on
hydrotreating catalysts has in many instances bgerpreted in terms of several models
(i.e.., the monolayer model, the intercalation mpttee contact synergy model, and the
Co-Mo-S model), which have been proposed in tleeditire.

The exact nature of active sites in Co-Mo or Ni-Ktalysts is still a subject of
debate, but the Co-Mo-S model (or Ni-Mo-S) modetusrently the one most widely
accepted Topsoe et al., (1996) and Prins (2001).

For this report, a brief description of the monelaynd intercalation models is
presented.
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2.6.1 Monolayer Model

The first detailed model of the structure of CoMb@g catalysts was the monolayer
model developed by Schuit and Gates (1973). Inrttogel the calcined Mo or W was
assumed to be bonded to the surface of the alufoinang a monolayer. Interaction of
the Mo with the alumina was believed to occur vieygen bridges resulting from
reaction with surface OH groups. Co or Ni is préserthe tetrahedral positions of the
alumina support and stabilizes the Mo or W monalayke catalysts monolayer model

is presented in Figure 2.12.

S S
A\ 4
Mo
/ AN
o S

Figure 2.12 Schematic representation of the monolayer modep@sed by Schuit and
Gates (1973)).

2.6.2 Intercalation Model

This model was initially developed by Voorhoeve &@tdiver (1971). Mo or W is
present in planes on the surface of the alumingecaeach between two sulfur layers.
The Co or Ni ions or promoters occupy octahedr@roalation positions between the
MoS, or WS planes. Later a pseudo-intercalation model wapgsed by Farragher and
Cossee (1973, 1977). In this model the promotamatare located at the edges of the
MoS, or WS planes. The intercalation and pseudo-intercalatiodels assume that the
active sites are related to three-dimensional MoSWS structures. The model is

shown in Figure 2.13.
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Mo

Co

Mo

Figure 2.13 Locations of the promoter atoms in the Ma$ructure proposed by the
intercalation and psudo-intercalation models.

2.7 Zeolites

2.7.1 Introduction

The exploration of new catalysts with improved s (e.g., a higher activity,
selectivity and stability than the CoMo/&l; catalysts) has stimulated many researchers
to search for new active phases and supports.igrctimtext, different types of zeolites
have been recently proposed as support for théitnaal sulfided phases (NiW, NiMo
or CoMo) applied in hydrocracking (Honna et al.92f hydrodesulfurization (Cid et
al., 1995; Taniguchi et al., 1999) and in hydrodfesization-hydrodenitrogenation (Cid
et al., 1999) schemes.

In all those cases, the main goal has been theessftt incorporation of the
acidic properties of zeolites to conventional folations for improving the catalyst
performance, for instance, the promotion of therbgrhcking of S-C bonds. However,
highly acidic zeolites can also increase the C-@dbscission reactions that could be
reflected in an increased proportion of productamfrthe cracking of intermediate
reactions, as reported by Landau et al., (1996)sTim an industrial application the final
consequence would be a reduction in the liquiddyl®y transformation of part of the

feedstock to lighter byproducts.
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Through careful control of acidic properties of thepport cracking could be
avoided taking advantage of the ability of thedaites of medium strength to isomerize
the methyl groups of very refractory heterocompau(as 4,6-DMDBT) to positions of
decreased steric hindrance, then facilitating sumoval (Isoda et al., 2000).

Faujasite-type Y zeolites seem to be especiallalla for this application. It has
been reported (Li et al., 1999a; Li et al., 19909bet al., 2000) that the relatively large
pores of Y zeolite, the strong surface Brgnstedligciand high dispersion of the
supported sulfided NiMo phase increases the HD®igctAnother approach is the
modification of the alumina support by the introtloi of zeolitic materials (Zanibelli et
al., 1999). In this context, an improved performeane the hydrodesulfurization of
dibenzothiophene is observed when a zeolite is caddethe conventional NiMo
supported on ADsformulation (Li et al., 1999).

A successful application of HY zeolite to CoMoP#2¢ catalysts has resulted
because of the industrial development of the C603talyst (patented by Cosmo Oill
Company). The catalyst exhibited considerably higHBS activity and stability than
the conventional sulfided CoMo/alumina catalysthe hydrotreatment of straight run
gas oil (Fujikawa et al., 1998).

A proposal for designing sulfur resistant noble ahbtdrotreating catalyst based on
the concept of use of zeolites as support and emdies of shape selectivity, hydrogen
spillover and type of sulfur resistance has begonted (Song, 1999). Although the
concept is not yet fully established, this is anping direction of research for
developing new catalysts for low-temperature hydragion and desulfurization of
distillate fuels.

On the other hand, zeolite supports can be usgdejpare bimodal distributions of
noble-metal particles. Some metals are locatednallspore openings (<5 A), whereas
others will be contained in large pore openings &6 Studies performed in the
University of Pennsylvania (Song, 1999) have shdlat “diffusion of organosulfur
compounds (as thiophenic molecules) into the spales would be inhibited by size

(shape-selective exclusion). The large pores wprdterentially allow fast diffusion and
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reaction of bulky polycyclic aromatic and sulfumgpounds. The thiophenic molecules
could enter the large pores, but not the small pdi#®wever, hydrogen molecules can
readily enter both sizes of pores, dissociativelyoab on metal contained within, and be
transported between pore systems by spillover. Wihenmetal in the large pores
becomes inactivated by adsorbed sulfur, spillowelrédgen could recover the poisoned
metal sites by eliminating of R-S-R and R-SH conmuis

2.7.2 Shape-selectivity

Zeolites have the ability to act as catalysts toemical reactions which take place
within the internal cavities. An important class dactions is that catalyzed by
hydrogen-exchanged zeolites, whose framework-bquotbns give rise to very high
acidity. This is exploited in many organic reactprncluding cracking of crude oil
fractions, isomerisation and fuel synthesis.

Behind all these types of reaction is the uniqueropiorous nature of zeolites, where
the shape and size of a particular pore systentsaesteric influence on the reaction,
controlling the access of reactants and produdisisTzeolites are often said to act as

shape-selective catalysts.

2.7.3 *Y” Zeolite (Faujasite) as Support of HDS Caly/sts

Support materials used for hydrotreatment catalgestalumina, silica-alumina, silica
and zeolites. The combination used depends on pplication and desired
activity/selectivity. Generally zeolites and/or apioous silica-alumina’s supply acidic
functions for cracking. Applying metal particles iacidic zeolites provides the
opportunity to combine the HDS and cracking funttion one catalyst when a HDN
function is present to prevent poisoning of theli@csites present. In view of the above,
an important point here is the possibility to prepeatalysts containing metal particles

inside the zeolite cavities (e.g. the supercageeofite Y).
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Although a large variety in zeolite structures V&ilable at the moment (Bekkim,
1991) only a small number have been reported dsluse hydrotreating/hydrocracking
purposes and are commercially used. Y-Type zeatdaesbe used for such purposes.

Many definitions of zeolite can be found in theldture, nevertheless the main
characteristics of a zeolite are either clearlyregped or implied as a crystalline material
of alumina-silicate featured by a three-dimensiomatroporous framework structure
built of the primary Si@and AlQ, tetrahedra, and ion-exchange capability. Partibyla
the three dimensional pore structure is formed drynecting Si and Al atoms through
Oxygen atoms. These Si and Al atoms are tetrahgdsatrounded by oxygen. The
framework of Faujasite can be described as a liakafgthese tetrahedral (Fin a
truncated octahedron in a diamond-type structureogt@k, 1992). The truncated
octahedron is referred to as the sodalite cageshwhave high density of negative
charge. Two important structural isotypes can tsirdjuished, which differ in Si/Al
ratio. The so called zeolite X has a Si/Al atonatia between 1 and 1.5. Zeolite Y has
an atomic ratio between 1.5 and 3.0 (Szostak, 1992)

In this study the Y-type zeolite was used. The aelt of the faujasite type zeolites is
cubic with a unit cell dimension of 2%, and it contains 192 silica and alumina
tetrahedra. The unit cell dimension varies withABvatio. It contains three different
cages. Each sodalite unit in the structure is cciegeto four other sodalite units by six
bridge oxygen ions connecting the hexagonal fadetsvo units, as shown in Figure
2.14. The truncated octahedral are stacked likbocaatoms in diamond. The oxygen
bridging unit is referred to as a hexagonal prismd it may be considered another
secondary unit. This structure results in a suggrgaorption cavity) surrounded by ten
sodalite units which is sufficiently large for amscribed sphere with a diameter of 12
°A. The opening into this large cavity is boundedduylalite units, resulting in a 12-
membered oxygen ring with a 7°A free diameter. Each cavity is connected to four
other cavities, which in turn are themselves coteteto three-dimensional cavities to

form a highly porous framework structure.
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This framework structure is most open of any zedind is about 51% void volume,
including the sodalite cages; the supercage volvepeesents 45% of the unit cell
volume. The main pore structure is three-dimengiand large enough to admit large
molecules, e.g. naphthalene and fluorinated hydbocss. It is within this pore structure

that the locus of catalytic activity resides fornpaeactions.

& catlon

Figure 2.14The structure of Y-type zeolite or Faujasite (USation positions are
indicated by roman rumerals.

The negatively charged framework is charge balarfmgdations (usually
Na+) in the different mentioned cages. Some spmecdition sites were defined
and indicated in figure 2.14. Cation site | is ated in the hexagonal prism,
cation I’ and II’ are situated in the sodalite cagshereas cation site Il and Il are

situated in the supercages.



39

CHAPTER IlI

SYNTHESIS AND CHARACTERIZATION OF THE CATALYSTS

The zeolite catalysts synthesized in this work lassed on the three-dimensional
ultrastable Y faujasite (USY). Studies of catalyistshydrodesulfurization of Diesel fuel
performed by Mexican Petroleum Institute are désctiby Marin et al., (2001). From
that work, one should note that the USY zeoliteB(Z00 series) are candidates for
deep hydrodesulfurization (HDS) and deep aromajardgenation (HDA). For these
reasons the USY-12 with Si@l,0; mol ratio of 12 was selected for this research.

Generally, two methods were used to embed theeactivmpounds and promoters
into zeolite. These were incipient wetness imprégnaand ion exchange. The
impregnation method is used when the amount of Imetaired is greater than the ion
exchange capacity of the zeolite. In this casestigort is impregnated with a metal
containing solution based on its pore volume. Tbe exchange method involves
contacting the zeolite with a specific concentrataj the metal solution with vigorous
stirring above 96C and under reflux conditions for several hours.

Commercial samples were used in this research tepape the final
hydrodesulfurization catalysts. The following dission deals with the origin of the

zeolite sample and raw chemicals purchased pritireé@ynthesis of the catalysts.
3.1 Raw Chemicals
3.1.1 Ultrastable Y Faujasite
The USY sample was obtained from Zeolyst Intermatio(formerly the PQ

Corporation). This sample was received in the amumnform and thus was used
directly without further chemical treatment. Thenouercial designation of the USY
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sample and its properties are listed in Table Bagawith the nomenclature used in this

work.

Table 3.1USY sample and their manufacture properties

Commercial Name given by Zeolyst Intl. CBV-712
Sample Name used in this Study USY-12
Nominal Cation form Ammonium
SiO,/Al, O3, mole ratio 12

NaO weight % 0.05

Unit Cell Size, A 24.35
Surface Area fiig 730

3.1.2 Chemicals

All chemicals used as active compounds and promaterthe preparations of
catalyst were of A.C.S reagent grade. The tradeenafinthese compounds and the purity
is listed in Table 3.2.

Table 3.2List of chemicals and their assay data

Trade name Formula Purity Brand
Tetraammineplatinum (Il) Pt(NHs),Cl,.H,O 98% ALDRICH 27,590-5
chloride hydrate
Tetraamminepaladium (l1) Pd(NH)4Cl,.H,O 98% ALDRICH 20,582-6
chloride monohydrate
Nickel (Il) carbonate 2NiCGO;-3Ni(OH)-XH,0 100 ALDRICH 33,977-6
hydroxide tetrahidrate
Nickel () acetate Ni(CH3CO,),-4H,0 98% ALDRICH 24,406-6
tetrahydrate
Cobalt (Il) acetate Co(CHCO,),-4H,0 100 ALDRICH 20,839-6
tetrahydrate
Molybdenum (VI) oxide MoQ@ 99.5+%  ALDRICH 26,785-6
Ammonium hydroxide NEOH 28-30% CEM, AX1303P-1

asNH;
Citric Acid anhydrous HOC(C)(CH,COH), 100 J.T. Baker, 0122-01

Phosphoric acid PO, 85%p CEM, PX0995-14
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3.2 Synthesis of the Catalysts

The preparation of the catalysts was divided ihte¢ groups.
3.2.1 Synthesis of catalysts containing USY-12
3.2.2 Synthesis of catalysts containing Ni-USY
3.2.3 Synthesis of catalysts containing Pt-USY

3.2.1 Synthesis of Catalysts Containing USY-12

3.2.1.1 CoMoPtPd/HY (HDS-1)

Pt and Pd were impregnated together in the ze@idem an aqueous solution
containing the specific quantity of the noble metal get a Pt+Pd loading of 0.65 wt%
and Pt:Pd mol ratio of 4:1 in the zeolite preparkire the metal precursors are
dissolved in aqueous media using a volume equahdopore volume of the zeolite,
contacted with the carrier and dried at 12D for 4 hours after drying at room
temperature overnight.

The HDS-1 (CoMoPtPd/USY-12 or CoMoPtPd/HY afterrthal treatment) catalyst
was prepared by incipient wetness impregnationizitg a CoMo solution. The
concentration of CoMo solution was calculated tarfolate a hydrodesulphurization
catalyst with loadings showed in Table 3.3. Aftez tmpregnating stage, the PtPdCoMo
containing zeolite was dried at 12Q for 4 hours after drying at room temperature
overnight. Then it was crushed to 200 mesh and ikegity ambient air for pressing into
850-1000um.
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Table 3.3Expected composition of the CoMoPtPd/HY (HDS-1)

Element and Zeolite Loading, wt%
Co 3.0

Ni --

Mo 125
Pt+Pd 0.5

P 1.6
zeolite 73.3

Finally the catalyst was calcined at 4%D for 4 h. Figures 3.1 and 3.2 depict the
route and the schematic presentation used in gapation of the HDS-1.

Zeolite (USY)

PtPd —)
A

A

PtPd/USY

CoMo —»

A 4

CoMoPtPd/USY
¥
Crushed and Sieved

to 18/25 mesh

Drying &
Calcination

CoMoPtPd/HY
HDS-1

Figure 3.1Preparation of CoMoPtPd/HY (HDS-1) catalyst. Introtion of PtPd and
CoMo into USY zeolite.
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‘ Zeolite powder ] ‘ PtPd aqueous:l
solution
HDS-1
Catalyst - \
(COMOPtPd/HY) —
G Impregnation

Calcine
450°C, 4 h

e

Dry at Room T
G overnight MoOs
G ‘ Drying ] G
r - 120°C, 4 h
Drying H,PO,/H,0
| 120°C, 4 hrs ] G (Reaction) :

Crushed to 200 ond _
mesh and pressed &= Impregnation |——— { (Reaction) 4 ]<::| Cobalt
850-1000um CoMo Acetate
solution
Dry at Room T
overnight

Figure 3.2 Schematic presentation of the preparation of CadMHY (HDS-1)
catalyst. Introduction of Pt, Pd, Co and Mo intolie.

3.2.2 Synthesis of Catalysts Containing Ni-USY

The preparation of nickel sulfide in zeolite fordngtreating reactions have been a
subject of increasing attention in the last decattece nickel ion exchanged zeolites
leads to catalysts with high activity for hydroggoa of aromatics (Moraweck et al.,
1997), and combining it with other transition mstahd noble metals such as Co, Mo, Pt
and Pd could be an excellent catalysts with godfdirstesistance for removal refractory
sulfur compounds such as 4,6-dimethyldibenzothiopheontained in gas oil fractions

for hydrodesulfurization (HDS).
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In this section, Ni containing zeolite (Ni-USY) wpeepared by ion exchange using
the ammonium-zeolite USY-12 with Sif@\l,03; mole ratio of 12 as template. The USY-
12 zeolite was modified in the laboratory. The nfigdtion involved ion exchange of
the as received zeolite in order to obtain a sampth Nickel and different acidic
properties. The ion exchange using a nickel sak parformed on the USY zeolite
sample prior to introduce Pt, Pd, Co and Mo. Thekeli salt used in the ion exchange
was Nickel (I) acetate tetrahydrate (Ni(gE0,),-4H,0), herein referred to as Nickel
acetate. The ion exchange procedure involved thdianl of the zeolite to a solution of
nickel acetate with the appropriate concentrafidre zeolite was left in contact with the
aqueous solution for 66 hr at 98 with stirring and under reflux conditions. The pH
was of 4.3. Following the ion exchange, the Ni-U@Xs dried at 126C for 4 hr and
kept in dry ambient conditions after drying at roeemperature overnight. Figure 3.3
illustrates the ion exchange procedure

Two samples of the Ni-USY were taken for charaztdion. The first sample was
calcined in air at 450C during 4 h for analysis of metals content. Theosd sample,
which was pressed and crushed into 850-10®0before calcination, was used for the

characterization of its physical properties.

3.2.2.1 Synthesis of CoMoPtPd/Ni-HY (HDS-3) Catdlys

To prepare the HDS-3 catalyst a combination of@agchange with incipient wetness
impregnation method was used.

Because the Ni-USY zeolite contained around 13.6 %wtNi (according to
calculation), PtPd were introduced by incipient mests impregnation of a quantity
(82%) of fresh USY-12 before the impregnation ofM@osolution. The solutions of
PtPd and CoMo were calculated to get the compaossimwn in Table 3.4.



45

_ Ni-HY
Zeolite:

CBV-712

Y

Nickel solution
(50-60 °C, 0.14 M)

Calcination
450 °C, 4 h,

%1
oo

Crushing and
Sieving to 200 mesh

lon Exchange
98 °C, 66 h, reflux

P

‘ Drying ' G
120 °C, 2-4h '

GDeionized water Drying overnight

Washing

{ Filtering &

Figure 3.3Schematic presentation of ion exchange proceduteami aqueous nickel
solution.

Table 3.4Expected composition of the CoMoPtPd/Ni-HY (HDSeajalyst

Element and Zeolite Loading, wt %
Co 2.3

Ni 1.7

Mo 16.5
Pt+Pd 0.5

P 1.6
zeolite 66

Figures 3.4 and 3.5 depict the route and the sctiempeesentation used in the
preparation of the HDS-3 catalyst.
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| Zeolite (Ni-USY) |

Zeo. USY

| Ptpd

CoMo
v
Crushed and Sieved

to 18/25 mesh
v
CoMoPtPd/Ni-HY
HDS-3

Figure 3.4Preparation of CoMoPtPd/Ni-HY (HDS-3) catalyst.rémtuction of PtPd and
CoMo into Ni-USY zeolite.

Ni-USY zeolite USY-12 zeolite PtPd
aqueous
solution

3
Impregnation :
MoO,

2 Mix |«— Drying Dry
H3PO,/H,0 120°C, 4 h overnight
(Reaction -

Impregnation
Drying overnight
Cobalt Drying
Acetate 120°C,4h
v
Pelletize
850-100@m
v

Calcine
& 450°C, 4 h
COMoPtPA/Ni-USY
HDS-3

Figure 3.5 Schematic presentation of the preparation of (CaiAdMNi-HY (HDS-3)
catalyst. Introduction of Pt, Pd, Co, and Mo intolite.
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3.2.3 Synthesis of Catalysts Containing Pt-USY

In this section platinum ion exchanged USY zeo{{BBV-712: SiQ/Al,O; mole
ratio=12.0) was prepared by stirring vigorously g0of zeolite with a 2.2xI6 M
platinum solution at 98C for 24 hours with reflux. The pH was of 3.5. Theetal
precursor of platinum was Tetraammineplatinum ¢Hjoride hydrate Pt(N§J,Cl..H.O.
The metal containing solution was mixed with thelite in proportions of 176 cffy
USY-12. The zeolite metal content is 0.73 wt %TPte exchanged sample from the ion
exchange was dried at 12Q for 4 h after drying overnight and kept at drybéemt
conditions.

Two samples of the Pt-USY were taken for charazdd¢ion. The first sample was
calcined in air at 450C during 4 h for analysis of metals content. Theose one,
which was pressed and crushed into 850-10®@0before calcination, was used for the
characterization of its physical properties. Fig@ré shows a schematic representation

to embed platinum into the zeolite.

) ) ) Pt-HY
Zeolite: Platinum solution G

CBV-712 (2.2x10* mol/l)
G @ Calcination
450°C, 4 h,
Deionized water
(50-60 °C) G

Crushing and ]
h

-

Sieving to 200 mes

98 °C, 24h, reflux

\

‘ Drying overnight

lon Exchange ]

Filtering & :>

Drying
120 °C, 2-4h
Washing

GDeionized water

Figure 3.6 Schematic procedure of platinum containing zeolite.



48

3.2.3.1 Synthesis of CoMoPd/Pt-HY (HDS-5) Catalyst

To prepare the HDS-5 catalyst a combination ofaechange and incipient wetness
impregnation method was also used. The catalystmade according to the route and
Schematic presentation to introduce Pd and CoMactipin Figures 3.7 and 3.8. A
guantity (35%) of fresh USY-12 zeolite was mixedthwiPd/Pt-HY before the
impregnation of CoMo solution. The metal precursir€o, Mo and Pd were calculated
to obtain the composition showed in Table 3.5.

Zeolite (Pt-USY)

Zeo. USY

Crushed and Sieved
to 18/25 mesh

v
CoMoPd/Pt-HY
HDS-5

Figure 3.7 Preparation of CoMoPd/Pt-HY (HDS-5) catalyst. Iafmotion of Pd and
CoMo into Pt-USY zeolite.

Table 3.5Expected composition of the CoMoPd/Pt-HY (HDS-ajatyst

Element and Zeolite Loading, wt %
Co 3.0

Ni --

Mo 125
Pt+Pd 0.5

p 1.6

Zeolite 73.3
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Pt-USY Pd aqueous

| solution
\ 4

Impregnation
MoO, l Drying overnight
O Drying, 120°C, 4 h
H4PO,/H,0 v
(Reaction) Mix «— USY-12 zeolite

2V

Impregnation
(Reaction) ‘

Drying overnight

A

Drying
120°C, 4 h

Cobalt
Acetate

Pelletize
850-100@um

Calcine

f 450 °C, 4 h

CoMoPd/Pt-USY
HDS-5

Figure 3.8 Schematic presentation of the preparation of CoMePdY (HDS-5)
catalyst. Introduction of Pd and CoMo into zeolite
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3.2.3.2 Synthesis of CoMo/PdNiPt-HY (HDS-8) Catdlys

Nickel was introduced into Pt-USY by ion exchange get NiPt-USY. Then
palladium was also embedded by ion exchange oeeNiRt-USY to get PdNiPt-USY.
To reach the expected concentration of Pd and $&cand batch ion exchange of the
PdNiPt-USY was carried out. Finally a CoMo solutiaas introduced by incipient
wetness impregnation of a mixture of 54% of freshivland 46% of PdNiPt-USY to get
the HDS-8 catalyst in CoMo/PdNiPt-USY formulationThe metal solutions were
calculated to get the composition shown in Tabte 3.

Figures 3.9 and 3.10 show the route and the scleprasentation for the introduction

of noble and basic metals.

Zeolite (Pt-USY)

A

Ni

Zeo. USY Y
Pd (1st. 10)

A\ 4

Pd (2nd. 10)

b

Pt (2nd. I0)

v

CoMo

l

Crushed and Siéved to 18/25 mesh

¢

CoMo/PdNiPt-HY
HDS-8

Figure 3.9Preparation of CoMo/PdNiPt-HY (HDS-8) catalystrauuction of Pd, Ni
and CoMo into Pt-USY zeolite.
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Table 3.6Expected composition of CoMo/PdNiPt-HY (HDS-8)atgst

Element and Zeolite Loading, wt %
Co 2.3

Ni 1.7

Mo 16.5

Pt+Pd 0.5

P 1.6

zeolite 66

Pt-USY Ni aqueous

_l r solution

lon exchange
98 °C, 43.5 h, reflux

PtPd aqueous

MoO, _solution Tetraammine
iy USY-l12 zeolite l Pd
H3PO,/H,0 ‘ Mix [ lon exchange
(Reaction) 98 °C, 48 h, reflux
Vs > (1)
( Impreg. Drying, 120°C, 4 h
(Reaction) ‘ |
{} Drying overnight
Cobalt Drying
Acetate 120°C,4h

(1) Washing & Drying

Pelletize overnight
850-100Qum

Calcine

L | 4s50°C an

CoMo/PdNiPt-HY
HDS-8

Figure 3.10Schematic presentation of the preparation of CoMNiPt-HY (HDS-
8) catalyst. Introduction of Ni, Pd, Pt and CoMuo zeolite.
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3.2.3.3 Synthesis of CoMoNi/PdPt-HY (HDS-10) Catstly

The Pd was introduced by ion exchange into Pt-UsYet PdPt-USY. The NiMo
were introduced by incipient wetness impregnatibma onix of 28 wt% of USY fresh
and 72 wt % of PdPt-USY. After drying at 12Q for 4 hr a CoMo solution was
introduced also by incipient wetness impregnatioa second step to obtain the HDS-10
catalyst. The concentration of both NiMo and CoMtusons were calculated to reach
the expected composition presented in Table 3.7he Toute and the schematic
presentation to introduce the basic and noble sié&althe CoMoNi/PdPt-HY (HDS-10)
catalyst are depicted in Figures 3.11 and 3.12.

Zeolite (Pt-USY)

Pd

Zeo. USY

\4

NiMo

CoMo
v

crushed and Sieved
to 18/25 mesh

CoMoNi/PdPt-HY
HDS-10

Figure 3.11Preparation of CoMoNi/PdPt-HY (HDS-10) catalystrdaluction of Pd,
NiMo and CoMo into Pt-USY zeolite.
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Table 3.7Expected composition of CoMoNi/PtPd-HY (HDS-1@jalyst

Element and Zeolite Loading, wt %
Co 2.3

Ni 1.7

Mo 16.5
Pt+Pd 0.5

P 1.6
zeolite 66

Pt-USY Pd aqueous

—l 17 solution

lon exchange
98 °C, 64h, reflux

USY-12 zeolite

MoO ! Washing & Drying
3 .
O Dl'ylng, ]_ZOOC' 4h OVErnlght
3PO4/H20 l
(Reactlon)
M%)3
Impre natlon
(ReaCtlon) == N/H|—|4%H : <J Nickel
(Reacz:tion) Carbonate
Dry 0Vern|ght
Cobalt Sl
Acetate e
v
Pelletize
850-100Qm
v
Calcine
450 °C, 4 h

CoMoNi/PdPt-HY
HDS-10

Figure 3.12Schematic presentation of the preparation of CoVRiRid-HY (HDS-
10) catalyst. Introduction of Pd, Ni and CoMo iztplite.
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3.3 Characterization of the Catalysts

Samples of the zeolite catalysts were presseddnfon/cnf and 4.5 Ton/chand
crushed into 18/25 mesh chips (850-1Q00 particles size) to define the best condition
for pressing the pellets to be tested for theiivagttest. Final treatment of these
samples involved drying to 12 for 4 hr and calcination to 45C for 4 hr in an air
stream.

In this report, the abbreviations of the catalyaimes will be used to describe the
catalyst “HDS” is the abbreviation employed to name the hydrdfleszation catalyst.
The number following an abbreviation is the numtbescribing different catalysts, and
actually is the order in preparation of catalyst.

To measure the metal contents of the catalystsrbleuéctivation Analysis was
used. To examine the textures of the pellets, sartaea, total pore volume, average
pore diameter, micropore surface area, micropohenve and pore size distribution were
analyzed using a BET machine ( ASAP 2010). Tahk shows the analytical
techniques used. The BJH calculation determinesngopore volume/area distribution
which account for both the chance in adsorbater lthjekness and the liquid condensed

in pore cores.

Table 3.8 Analytical techniques used for the chemical andspdaf characterization of
experimental catalysts

Technique Determination Units

Neutron Activation Analysis  Metal contents % wt

Brunauer-Emmett-Teller Surface Area, fig m?/g

(BET) Average pore diameter A (Angstroms)

Barret-Joyner-Hallenda Total pore volume cclg

(BJH Desorption) Pore diameter distribution, %

t-Plot Micropore area m?/g
Micropore volume cclg

(*) Vol. ads as a function of pore diameter (A)



55

The expected physical properties are based on tmes @f a commercial

CoMo/Al,O3 catalyst which are mentioned in Table 3.9.

Table 3.9Specification and typical analysis of a commer€iaMo/Al,O3 catalyst

Physical properties Specification Typical analysi$l)
Surface Area, nf/g >195 216
Total pore volume. cc/g =0.43 0.49
Average pore diameter, A -- 58
Pore diameter distribution, % --

< 50A - 28

50-100A - 61
>50 A - 10

(1) FromIMP data

A Dbrief description of the characterization techugg is described in the following

sections.

3.3.1 Analytical Techniques
3.3.1.1 Neutron Activation Analysis

The metal contents of the calcined catalysts weseerthined using Neutron
activation analysis. Neutron activation analysisaisensitive multielement analytical
method based on the detection and measurementacdathristic gamma rays emitted
from radioactive isotopes produced in the unknovam@e upon irradiation with
neutrons. The unknown samples together with stanaeaterials of known elemental
concentrations are irradiated with thermal neutron® nuclear reactor. After some
appropriate decay period, high resolution gamma spgctroscopy is performed to
measure the intensity and energies of the gamnea Bmitted. A comparison between
specific activities induced in the standards and slamples provides the basis for
computation of elemental abundances.

The process of measurement of the gamma ray sdetittraing neutron irradiation

of the catalyst samples was performed using a@gblution germanium semiconductor
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detector. This device provided sufficient resolatitm differentiate between most all
commonly occurring gamma lines. An EG&G Ortec detewas operated. The signals
produced from this detector were refined with vasi@lectronic modules to amplify and
shape the pulses prior to input to a high speedbgrta digital converter (ADC). A
gamma spectroscopy system physically housed atitickear Science Center was used.
The irradiated samples were returned to the cogréh in a matter of a few seconds.
This system was used for determination of thosenetgs which undergo neutron
activation reactions with relatively short halfdiv (from seconds to a few hours).
Spectral data of this particular system was accatadlon a personal computer version
of Canberra's Genie, the Genie2000. Files contgitiie data as well as various sample
parameter information were transferred via Ethedn@tk to the Alpha system for

analysis.

3.3.1.2 Adsorption-Desorption Isotherms of Nitrogen

The texture of the calcined catalysts were evathateing adsorption-desorption
isotherms of nitrogen. The isotherms were obtaioedan ASAP 2010 Micromeritics
unit shown in Figure 3.13. Nitrogen Adsorption-Dgdmn isotherms were measured at
liquid nitrogen temperature of -196 °C after degagshe samples below 300 mmHg at
250 °C overnight to eliminate water and volatiledbosiances. The volumetric BET
(Brunauer-Emmet-Teller) method was used to detexntine specific surface area of
each catalyst using adsorption data in the relgiressure range of 0.01 to 0.67. The
pore size distribution was obtained by analyzing #usorption data of the nitrogen
isotherm using the Barret-Joyner-Hallenda (BJH Dasan) method.
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Figure 3.13Micromeritics BET machine Model ASAP 2010.

Thomas and Thomas (1997) give in their book a sumroa the theory of BET
method. Surface area is determined when the BE®&tegquNo. 3.1, is applied by

plotting [ p/V(po-p)] against p/po.

P -1 +(C_1)£ (3.1
V(po - p) Vmc VmC pO

wherep is the pressure of gag,is the volume of gas adsorbg®,s the vapor pressure
of the adsorbate at the adsorption temperaijrds the monolayer volume, ardis a

constant defined according to equation 3.2.

c= exp%) (3.2

whereH; is the fixed heat of adsorption of the first adsal layer, andH, is the
latent heat of vaporization of the subsequent Ryerhe slop and the intercept of the

plot yield the monolayer volume capacity in theagsion and the constant, c.
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By using the ideal gas law, the number of molesodms] in the monolayer is
Vm/0.0224 when the monolayer volume is calculated at stahdamperature and
pressure (latm and €C). Finally, the specific surface area irf/gis calculated by

equation 3.3.

— Vm
?0.022¢

X6.023xL0% XA (3.3)

whereA is the area occupied by each adsorbed molecule.

3.3.1.3 X-ray Photoelectron Spectroscopy Techni¢dPS)

XPS was used for studying the distribution andestdtNi and Pt in Ni-HY and Pt-
HY catalysts. The analyses were made by Dinh Imftbe Artie Mc Ferrin Department

of Chemical Engineering of Texas A&M University.

X-ray photoelectron spectroscopy (XPS) also calidectron spectroscopy for
chemical analysis (ESCA) is an electron spectrascmethod that uses X-rays to eject

electrons from inner-shell orbitals. The electranding energies are dependent on the
chemical environment of the atom, making the teghaiuseful to identify the oxidation

state of an atom.

XPS is a surface sensitive technique because bwolset photoelectrons generated
near the surface can escape and become availaldetixrtion. Due to collisions within
the sample's atomic structure, those photoelecwagmating much more than about 20
to 100 A below the surface are unable to escape fhe surface with sufficient energy
to be detected (Penchev et al., 1973)

The X-ray photoelectron spectroscopy (XPS) analysse performed with a Kratos

AXIS Hls Instrument at room temperature shown iguiFé 3.14.
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Figure 3.14X-ray photoelectron spectroscopy machine modeldsréixisiHIs.

The XPS instrument consists of an X-ray source,eaergy analyzer for the
photoelectrons, and an electron detector. The aisaBnd detection of photoelectrons
requires that the sample be placed in a high-vaccoamber. Since the photoelectron
energy depends on X-ray energy, the excitationcgounust be monochromatic. The
energy of the photoelectrons is analyzed by an trelatic analyzer, and the
photoelectrons are detected by an electron mudtiglibe or a multi-channel detector

such as a micro-channel plate.

The samples to be analyzed were dried af@26r 4h before acquiring the spectrum
to avoid any interference during XPS analysis duéumidity of the zeolite catalysts

obtained when they are exposed at room temperature.

The X-ray gun is conditioned with a Mg anode (Mgtadiation: 1253.6eV), 12 mA
emission current and 15kV anode HT. Spectra wekentat 25C at high resolution
(pass energy 40eV). Samples were transferred uniiergen atmosphere and then

evacuated at 10Torr by a turbomolecular pump inhégh-vacuumchamber for 90 min.
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During the spectra acquisition the pressure ofaha&ysis chamber was maintained at
1x10" Torr.

Cls spectra have been used as a reference witidadpienergy value of 284.6 eV.
Atomic concentrations were determined from integplapeak areas normalized by
atomic sensitivity factors. The atomic concentnatiatio on the surface of catalysts was

calculated using equation No. 3.4.

Ma=y s, 01,8, (3.4)
nB

wheren; is the atomic number of specieg A or B). |; is the integrated intensity of
specied, and§ is the sensitivity factor determined by XPS measneat (Kerkhof and
Moulijn, 1979). The sensitivity factor not only dapls on the photoionization cross
section §; ) but also depends on exciting X-ray energy, deteeffociency, and kinetic
energy of the measured peaks.

3.4 Results and Discussion

In this section, the characterization results aisdussion of the metal contents and
textures of the calcined catalysts prepared byraéweethods are reported. Each section
is dedicated to each category of comparisons omlysat properties. First, the
comparison among the Pt-HY and Ni-HY catalysts preg by ion exchange are
presented in section 3.4.1. In section 3.4.2, tmaparison among the catalyst prepared
with USY-12 zeolite by wetness impregnation (HDSahyl the catalysts prepared from
the Ni-USY (HDS-3) and Pt-USY (HDS-5) by combinirthe incipient wetness
impregnation with ion exchange method is reviewleidhally, the comparison among
catalysts prepared with PdPt-USY (HDS-10) and PUNIBY (HDS-8) by incipient
wetness impregnation and ion exchange are discussedtion 3.4.3.
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Each group of catalysts were powdered and presgedtwo different pressure
values to define the best condition for pressirgyfkllets to be tested for their activity
test.

To measure the metal contents of the catalystsrdeuActivation Analysis was
used. To examine the textures of the catalyst&&iarea, total pore volume, micropore
surface area, micropore volume and pore size ligtan were analyzed using a BET
machine. To study the state of Ni and Pt in Ni-Hhd &t-HY, XPS was used. The used
characterization techniques and the methods ofctitalysts preparation has been

described in chapter IV and chapter Il respecyivel

3.4.1 Characterization of Ni-HY and Pt-HY
3.4.1.1 Metal Contents

The Ni and Pt concentrations of the Ni-HY and Pt-pépared by ion exchange and
used as matrix in the catalyst preparation are shiowTable 3.10. Even though the

metal content obtained differs from the expecteddbncentration is within the required

to be used for preparing the HDS catalysts.

Table 3.10Composition of the metal-HY samples used as mafrike catalyst

Loading, wt% NI- HY Pt-HY
Expected Real Expected Real
Nickel 11.3 10.2 -- --
Platinum -- -- 0.33 0.734

3.4.1.2 Textures
To examine the texture of the catalysts, the sasnpiere pressed into particle size

chips of 850-100Qm. Pressure of 3 and 4.5 Tonfcmere selected to define the best
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conditions for making the pellets of the experinaéntatalysts to be tested in the
conversion test.

Table 3.11 presents the physical properties oNikdY and Pt-HY vs the HY fresh
zeolite pressed at the same conditions (3 and @n#ciiif). The texture of the HY zeolite
is modified when Nickel or Platinum are introdudsdion exchange. The BET surface
area and total pore volume of Ni-HY are in the &g 520-540 rfflg and 0.28-0.33
cc/g, while the corresponding values of Pt-HY aretie range of 518-563 %y and
0.20-0.22 cc/g respectively.

Table 3.11Physical properties of HY, Ni-HY and Pt-HY (usesl matrix for preparing
the HDS catalysts) pressed at 3 and 4.5 Toh/cm
HY  Ni-HY Pt-HY HY Ni-HY  Pt-HY

Physical properties

3.0 Ton/cm 4.5 Ton/cr
BET Surface Area, nf/g 566 540 563 534 520 518
Micropore Area, m?/g 422 351 389 399 336 357
Micropore Volume, cc/g 0.22 0.19 0.21 0.21 0.18 0.19

Total pore Volume™, cc/g 017 033 022 016 0.28 0.20
Pore Size distributiorf”, %

<50 A 50 35 54 51 41 54
50-100 A 13 30 14 13 28 15
>100 A 37 35 32 36 31 31

(1) BJH Desorption

Although the surface area of all the catalystséhasmilar magnitude, 518-566°fy
(Table 3.11, Figure 3.15a) the catalysts presstx3nTon/cni show a little bit better
physical properties than the catalyst pressed4toTon/cni, so they were selected to

prepare a big lot for their activity test in the BBetup.
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Surface Area, nf/g
Total Pore Volume, ccl/g

3.0

45 45
Ton/cnf HY HY

Ton/cn?

Figure 3.15Texture of HY, Ni-loaded zeolite, and Pt-loadedlie pressed at 3 and 4.5
Ton/cnf. (a) Surface area (BET), (b) Total pore voluméHBDesorption).

In both cases, at 3 and 4.5 Tonfctine Ni-loaded zeolite has the highest total pore
volume as shown in Figure 3.15b. Figure 3.16 shihat the Ni-loaded zeolite presents
not only the lowest micropore area (Figure 3.1@8a)f also presents the lowest
micropore volume (Figure 3.16b). This is becausedbncentration of Ni in the zeolite
is higher than the concentration of Pt in the ze@s was presented in Table 5.2.

b.
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s Pt-HY
30 4.5
Ton/cn? . Y Tonvent

Figure 3.16 Textures of HY, Ni loaded zeolite and Pt-loadedlite pressed at 3 and 4.5
Ton/cnt. (a) Micropore area, (b) Micropore volume.
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Figure 3.17 shows the pore size distribution in thesopore size range when
catalysts were pressed into 3 and 4.5 Tof/cifihe Ni-loaded zeolite (Ni-HY) shows
highest pore size distribution in the range of 6000 A of pore size (>27 %) as was

shown in Table 5.3.

18
161 16
14/ Pressed : 3.0 Ton/cfn ' Pressed : 4.5 Ton/cfn
g’ 2144
4 (&)
; 12 812
4 (O]
£ 10 £ 10]
908 S 08,
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25 50 ] 75 i 100 125 o5 50 75 100 125
Pore Dianmeter, °£ Pore Diameter, °A
——HY ——Ni-HY —#- Pt-HY ——HY —&—N-HY % Pt-HY

Figure 3.17 Pore size distribution of HY, Ni-loaded zeoliteda®t-loaded zeolite
pressed at 3 and 4.5 Tonkm

The structure of “Y” zeolite consists of a supeagth a diameter of 12 A and it is
surrounded by 10 sodalite units of 7.4 A free di@mneSo, the pore size distribution
measured in all zeolite catalysts does not reptesen pore size distribution of the
zeolite, but represents the size distribution @& thores” between the pressed zeolite
particles. Textures of the powdered HY, Pt-HY andHY zeolites are reported in
Appendix A. The corresponding adsorption and dagorgsotherms are also included

in this Appendix.
3.4.1.3 X-ray Photoelectron Spectroscopy (XPS)

XPS analyses were made by Dinh L. in the Centerghatted Microchemical

System of Texas A & M University.
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Platinum and Nickel XPS investigations were perfedmn order to elucidate the
state of platinum and nickel sites on the surfddéYo support. Ni-loaded zeolite and Pt-
loaded zeolite were prepared by ion exchange. &hdts for the calcined Pt-HY zeolite
were not successful because the binding energy ¢f RPS spectrum was coincident
with the binding energy of Al 2p. As a result, Rt ghotoline with binding energy at
313.2+02 eV was tried for the analysis instead of Pt 2p. Howetleere was no good

resolution of the Pt 4d XPS peak due to the lonceatration of Pt in the sample (0.73
wt %) as is shown in Figure 3.18.
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Figure 3.18XPS spectrum of Pt 4d of the sample Pt-HY with GWi% of Pt.

XPS studies have been undertaken in order to etecithe chemical nature and
surface structure of Ni-containing zeolite. The2gi XPS spectrum of Ni-loaded zeolite
synthesized by ion exchange is shown in Figure,3ah#l the corresponding core level
BE values are summarized in Table 5.4. For compayithe BE values of NiO, NiAD,
spinel, and Ni metal reported by Velu et al., (20&% also included in the Table 3.12.
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Table 3.12Ni 2p XPS core level BE values of calcined Ni-H&ofite

Compound Binding energy, BE( eV

Ni 2ps3/2 satellite AE
Ni-HY 856.55 862.55 6.0
NiO* 854.5 861.3 6.8
NiAl ,0,4* 856.0 862.7 6.3
Ni metal* 852.5

D Erom Velu et al., 2005

XPS of Ni 2p in NIY

31000 - 856.55eV

29000 -

27000 -
862.55eV
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Intenisty (a.u)

21000 1_a—
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15000 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
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Figure 3.19Ni 2p core level XPS spectrum of calcined Ni-HYolze.

In the calcined sample the NigZpmain peak appears as a broad single band around

856 ev together with a satellite centering aroué@ 8V. The peak at 856 eV coincides
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with the BE of NiALO,4 (Table 12), indicating that NiAD4-like species are present at
the surface of Ni-containing zeolite. No peak apped 854 eV, so NiO-like species are
not present at the surface of Ni-HY. Moreover, nealp appears at 852 eV,
demonstrating that the Niions are present in the zeolite matrix insteadnetal Ni.
This result is really true because the samples weteeduced for this analysis. On the
other hand, It is interesting to note that the aigntensity of Ni-HY is high. This
indicates that the dispersion of Ni at the surfaagood. It is also interesting to note that,
although the Ni loading in Ni-HY is only 11.3 wt%e sample exhibits high XPS signal
intensity, because the sample was prepared byxohaege rather than impregnation.
Those observations are in agreement with thosertexpdy Velu (2005) for Ni-
containing zeolite.

Because the XPS spectral intensity is directly prbpnal to the surface
concentrations, the same has been calculated hbnpgtakto account the atomic

sensitivity factors of the elements, and the de@esammarized in Table 3.13.

Table 3.13XPS surface compositions of calcined Ni-HY zeolite

Sample Surface composition (atom %)
(calcined) Ni Si Al Ni/Si atomic rati¢
Ni/HY 30.81 29.25 39.94 1.053

As can be seen, the surface Ni concentration I8 higd very close to the surface
concentration of Si giving a Ni/Si ratio of 1.05hi$ value demonstrates that surface

exposure of Si is similar to the surface exposyrdlb

3.4.2 Characterization of CoMoPtPd/HY (HDS-1), CoMtPd/Ni-HY (HDS-3) and
CoMoPd/Pt-HY (HDS-5) Catalysts

Preparation parameters, such as: a) procedurdrtmiute metals; b) metal loading;

c) calcinations temperature; d) activation procegdand e) presence of additives, may
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strongly affect the structure, morphology and cloainstate of the resulting CoMo or
NiMo sulfided species in the HDS catalysts. Irstbontext metals content and texture
were determined for the experimental catalysts qmexp by different methods of
introducing metals. The catalysts did not contany additive and the calcination

temperature and activation procedures were the saaikeof them.

3.4.2.1 Metal Contents

It is well known that the structures and their tieka proportion in sulfided Mo and
CoMo are very dependent on the loading of bothvaatbmpounds (Mo) and promotes
(Co) to obtained active catalysts for HDS. The Ingdf the metals is consequently one
of the more important parameters in optimizing caroral hydrotreating catalysts.

The loading used in industrial applications areallgugoverned by the desire to
achieve as high an activity as possible with aslisamaount of the expensive metals as
possible. In this work a concentration of 0.5 wt#moble metals was considered. The
composition of the CoMoPtPd/HY (HDS-1), CoMoPtPdHY (HDS-3) and
CoMoPd/Pt-HY (HDS-5) is compared with the commdr€iaMo/Al,O; catalysts as is
shown in Table 3.14 As it was described in the isect3.2.1, the HDS-1
(CoMoPtPd/HY) catalyst was prepared by incipientnges impregnation of the USY-
12 zeolite. The CoMoPtPd/Ni-HY (HDS-3) and CoMoRefY (HDS-5) were prepared
combining both ion exchange and incipient wetnegseégnation methods.

The metal content of the HDS-1 catalyst was alrasstxpected having a Co+Pt/Mo
atomic ratio (0.38) similar to the Co/Mo atomicioaspecified for the commercial
CoMo/Al,O3 catalyst (0.39).
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Table 3.14 Composition of the HDS-1, HDS-3 and HDS-5 catalysbmpared to the
CoMo/Al,O3commercial catalyst

. Commercial®) HDS-1 HDS-3 HDS-5
Formulation CoMo/Al.O CoMoPtPd/HY  CoMoPtPd/Ni-HY CoMoPd/Pt-HY
23 Expectec Real Expectec Real Expectec Real

Nickel, wt% - - - 1.70 1.01 - -
Cobalt, wt% 3.0+/-0.2 3.00 2.78 2.30 2.35 3.00 2.90
Molybdenum, wt% 12.5 +/- 0.5 12.50 12.10 16.50 17.40 12.50 12.60
Phosphorous, wt% 1.6 max. 1.60 nd 1.60 nd 1.60 nd
Platinum, wt% -- 0.16 0.12 0.16 0.13 0.16 0.40
Palladium @, wt% - 0.34 0.36 0.34 0.35 0.34 0.36
Atomic ratio Co+Pt/Mo -- 0.40 0.38 -- -- 0.40 0.39
Atomic ratio Co+Ni+Pt/Mo -- -- -- 0.40 0.32 -- --
Atomic ratio Co/Mo 0.39 -- -- -- -- -- --
(1) Specifications of IMP (2) Pd:Pt= 4:1 mol ratio nd = not determined

The metal content of CoMoPtPd/Ni-HY (HDS-3) and GuMd/Pt-HY (HDS-5) is
close to the expected values, except for Ni inHIES-3 and Pt in the HDS-5. The Ni
concentration for the HDS-3 catalyst was 1.0 wt%d v6wt% estimated and the real Pt
concentration for the HDS-5 was 0.4 wt% vs 0.16 wa&timated. However, the
variation in the concentration of those metals waod affect the Co+Ni+Pt/Mo atomic
ratio since this was similar to the CoMo® commercial catalyst as showed in Table
3.13.

3.4.2.2 Textures

Table 3.15 shows the physical properties of theeerpental zeolite catalysts
compared with the fresh zeolite and a commercidl@a\l,O; catalyst. The results are
divided into two groups. The first group correspend texture of pellets pressed at 3
Ton/cnf and the second group contains texture of the spording pellets pressed at
4.5 Ton/cm.
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Table 3.15 Physical properties of HY, CoMoPtPd/HY (HDS-1), CoRtPt/Ni-HY
(HDS-3) and CoMoPd/Pt-HY (HDS-5) catalysts presaed and 4.5 Ton/chtompared
with the commercial CoMo/AD; (Com)

HY HDS-1 HDS-3 HDS-5 HY HDS-1 HDS-3 HDS-5

Physical properties com®
3 Ton/cnt 4.5 Ton/enf

BET Surface Area, nf/g 2195 566 379 332 366 534 366 309 359
Micropore Area, m“/g - 422 288 254 274 399 280 236 265
Micropore Volume, cc/g 023 015 014 015 021 015 013  0.14
Total Pore Volumé?, cc/g >043 017 010 010 011 016 009 009  0.11
Pore Size Distributior®, %

<50 A 28 50 57 51 59 50 63 50 64

50-100 A 62 13 20 26 22 13 17 25 19

>100 A 10 37 23 22 19 36 20 25 17

(1) Specifications of IMP (2) BJH Desorption

The BET surface areas, total pore volumes, mic®poeas, micropore volumes, and
pore size distribution are plotted in Figures 3P4 for the pellets pressed into 3 and
4.5 Ton/cn of fresh zeolite as well as for the experimentadlite catalysts prepared
from HY, Ni-HY and Pt-HY.

The physical properties were not considerably ##fddy the pressure given for
making the pellets. However, the physical propertethe HY zeolite are significantly
different when noble and basic metals are embeddedolite. For the CoMoPd/Pt-HY
(HDS-3) and CoMoPtPd/Ni-HY (HDS-5) catalysts PtH&HY and Ni in Ni-HY were
loaded into zeolite by ion exchange before the egpation. The BET surface area and
micropore area decreased in the order of HY > CaMdMY > CoMoPd/Pt-HY >
CoMoPtPd/Ni-HY as showed in Figures 3.20 and 312fat means that the surface area
of the calcined samples was reduced more by theexchange process than by the
impregnation process. Although the physical propertof the HY zeolite are
significantly affected byembedding metals as mentioned above, the methaab tos
integrate basic and noble metal into zeolite seeohs$o affect the total pore volume and

micropore volume plotted in Figures 3.22-3.23.
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Surface Area, nflg

Figure 3.20 Surface area of HY, CoMoPtPd/HY (HDS-1), CoMoPHNRHAY (HDS-3)
and CoMoPd/Pt-HY (HDS-5) pressed at 3 and 4.5 Toh/c
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Figure 3.21Micropore areaf HY, CoMoPtPd/HY (HDS-1), CoMoPdPt/Ni-HY (HDS-
3) and CoMoPd/Pt-HY (HDS-5) pressed at 3 and 4 &/ drf.
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Tot. Pore Volume, cc/g

Figure 3.22 Total pore volumes (BJH desorption) of HY, CoMo@tfPY (HDS-1),
CoMoPdPt/Ni-HY (HDS-3) and CoMoPd/Pt-HY (HDS-5) gsed at 3 and 4.5 Ton/ém
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Figure 3.23 Micropore volumeof HY, CoMoPtPd/HY (HDS-1), CoMoPdPt/Ni-HY
(HDS-3) and CoMoPd/Pt-HY (HDS-5) pressed at 3 agdl4n/cnf.
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It is well-known that not only the chemistry sudaof the support but also
geometrical factors, like the pore-size distribnti@re of major importance for the
preparation and performance of hydrotreating catalySince the pores influence the
“deposition” of the active metals during preparatend they are paths for reactants and
products it is important to measure the pore-sigtridution of the HDS catalysts.
Anderson and Pratt (1985) have classified poretherbasis of their diameters, d: the
smallest are micropores (d < 20 A), intermediateraesopores (20 & d < 500 A) and
larger are macropores (d >500 A). Thus Figure 3Iws the pore size distribution in
the mesopore range.

These results show that all the samples had vempwapore size distribution as
expected. Most of the pores were less than 50 Aogst in diameter, which accounted
for 50-65% of the pore area.

1.0 1.0
0.9 Pressed : 3.0 Ton/ch 0.9 Pressed : 4.5 Ton/ch
0.8
K\SB 0.74 —e—HY —o—HY
o 0.6+ O HDS-1 O HDS-1
€ o5l O HDS-3 o HDS-3
g . X HDS-5
© 0.4
S 03]
0.2
0.1] . .
8|
0.0 g ‘ T~ XX L1 ® oxox/ 0 of °
25 50 75 100 125 150 100 125 150

Pore Diameter, A Pore Diameter, A

Figure 3.24 Pore size distribution of HY, CoMoPtPd/HY (HDS-OQpMoPdPt/Ni-HY
(HDS-3) and CoMoPd/Pt-HY (HDS-5) pressed at 3 asdT4n/cnf.
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3.4.3 Characterization of CoMo/PdNiPt-HY (HDS-8) dnCoMoNi/PdPt-HY (HDS-
10) Catalysts

In the same way as CoMoPtPd/NiHY (HDS-3) and CoMER#lY (HDS-5)
catalysts the CoMoPtPd/HY (HDS-1) catalyst was usesl reference of the
CoMo/PdNiPt-HY (HDS-8) and CoMoNi/PdPt-HY (HDS-10).

3.4.3.1 Metal Contents

The composition of CoMo/PdNiPt-HY and CoMoNi/PdPY-Hompared with the
commercial CoMo/AlO; catalyst and experimental CoMoPtPd/HY is showT able
3.16. As it was described previously, the CoMoRtYd(HDS-1) catalyst was prepared
by incipient wetness impregnation of the USY-12 ltecand the CoMo/PdNiPt-HY
(HDS-8) and CoMoNi/PdPt-HY (HDS-10) were prepar@anbining ion exchange and
the incipient wetness impregnation methods.

The metal content of the HDS-8 and HDS-10 catatiffers from the HDS-1,

because this last one does not contain Ni, andmddPa+Pd concentrations are higher.

Table 3.16Composition of the HDS-1, HDS-8 and HDS-10 cataly®mpared with the
CoMo/Al,O3commercial catalyst

Commercial® HDS-1 HDS-8 HDS-10
Formulation CoMO/ALO CoMoPtPd/HY  CoMo/PdNiPt-HY CoMoNi/PdPt-HY
2¥3 Expectec Real Expectec Real Expectec Real

Nickel, wt% -- -- 1.70 2.28 1.70 1.49
Cobalt, wt% 3.0+/-0.2 3.00 2.78 2.30 2.34 2.30 2.37
Molybdenum, wt% 12.5+/-0.5 12.50 12.10 16.50 17.70 16.50 17.60
Phosphorous, wt% 1.6 max. 1.60 nd 1.60 nd 1.60 nd
Platinum, wt% -- 0.16 0.12 0.16 0.33 0.16 0.39
Palladium @, wt% - 0.34 0.36 0.34 0.31 0.34 0.24
Atomic ratio Co+Pt/Mo -- 0.40 0.38 -- -- -- --
Atomic ratio Co+Ni+Pt/Mo -- -- -- 0.40 0.43 0.40 0.37
Atomic ratio Co/Mo 0.39 --

(1) Specifications of IMP (2) Pd:Pt= 4:1 mol ratio nd = not determined
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Although the metal concentration of the CoMo/PdNit (HDS-8) and
CoMoNi/PdPt-HY (HDS-10) catalysts is higher thanM&dPtPd/HY and CoMo/AlO;
commercial catalyst, the atomic ratio, expressegramoters/active compounds ratio
(Co+Ni+Pt/Mo), is similar. This means that the HBSnd HDS-10 catalysts might be
good candidates for deep hydrodesulfurization agd hydrogenation. It is important to
remember that the Co, Ni and Pt act as promotedstaa Mo is the active component.
Moreover, the sulfides of Co, Ni and Mo are thavacphases for HDS and metal Pt is
the active phase for the aromatic hydrogenationtias. It is known that the function
of Pd in combination with Pt enhances the sulfleramce of the noble metals when

supported in zeolite due to electron transfer.

3.4.3.2 Textures

A sample of the powder of the CoMoPtPd/HY (HDSQyMo/PdNiPt-HY (HDS-8)
and CoMoNi/PdPt-HY (HDS-10) catalysts was presdegi@and 4.5 Ton/cfrto define
the best condition of the pellets to be testedHeir activity test. Table 3.17 shows the
physical properties compared with a CoMo@d commercial catalyst. The properties of
the HY fresh zeolite pressed at the same conditsnthe other catalysts are included
also.

The physical properties of the HY zeolite are digantly different when noble or
basic metals are introduced by ion exchange. FagBr25-3.29 show the comparison of
the experimental catalysts prepared by incipiertheg&s impregnation and by combining
of incipient wetness impregnation and ion exchamgeen pressed into 3 and 4.5
Ton/cnf. The HY fresh zeolite pressed at the same comditis also presented. The
CoMoNi/PdPt-HY (HDS-10) catalyst shows the lowediTBsurface area (SA), total
pore volume (TPV), micropore area (MA), and micnawuolume (MV) as is shown in
Figures 3.25, 3.26, 3.27 and 3.28 respectivelly.
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Table 3.17 Physical properties of HY, CoMoPtPd/HY (HDS-1), CoMdNiPt-HY
(HDS-8) and CoMoNi/PdPt-HY (HDS-10) catalysts pessat 3 and 4.5 Ton/@ws the
commercial CoMo/AlO; (Com) catalyst

HY HDS-1 HDS-8 HDS-10 HY HDS-1 HDS-8 HDS-10
Physical properties com®
3 Ton/cnt 4.5 Ton/enf
BET Surface Area, nf/g 2195 566 379 298 130 534 366 291 131
Micropore Area, m“/g 422 288 219 74 399 280 214 73
Micropore Volume, cc/g 023 015 012 004 021 015 011 004
Total Pore Volumé?, cc/g >043 017 010 010 008 016 009 010 008
Pore Size Distributior®, %
<50 A 28 50 57 60 41 50 63 59 43
50-100 A 61 13 20 20 17 13 17 20 17
>100 A 10 37 23 21 42 36 20 21 40
(1) Specifications of IMP (2) BJH Desorption
The physical properties of CoMoNi/PdPt-HY (HDS-11)3 Ton/crf are: SA of
129.6 nf/g, TPV of 0.08cc/g, MA of 73.2 ffy, and MV of 0.04 cc/g. and the

corresponding for CoMo/PdNiPt-HY (HDS-8) were SA298.2 ni/g, TPV of 0.1 cc/g,
MA of 218.6 nf/g and MV of 0.12 cc/g pressed at the same comitio

The texture of the CoMoPtPd/HY (HDS-1) catalystpamed by incipient wetness
impregnation in general is the closest to the H¥élfrzeolite than the CoMo/PdNiPt-HY
and CoMoNi/PdPt-HY catalysts prepared at leastibyoa exchange step (HDS-8 and

HDS-10, respectivelly)
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Figure 3.25Surface area of HY, CoMoPtPd/HY (HDS-1), CoMo/PeiNHY (HDS-8)
and CoMoNi/PdPt-HY (HDS-10) catalysts pressed an@ 4.5 Ton/ct

Tot. Pore Volume, cclg

Figure 3.26 Total pore volumes (BJH desorption) of HY, CoMo@t®PY (HDS-1),
CoMo/PdNiPt-HY (HDS-8) and CoMoNi/PdPt-HY (HDS-16atalysts pressed at 3 and
4.5 Ton/cr.
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Micropore Area, m%/g

Figure 3.27 Micropore areaf HY, CoMoPtPd/HY (HDS-1), CoMo/PdNiPt-HY (HDS-
8) and CoMoNi/PdPt-HY (HDS-10) catalysts presse8 and 4.5 Ton/cf

Micropore Volume, ccl/g

Figure 3.28 Micropore volumeof HY, CoMoPtPd/HY (HDS-1), CoMo/PdNiPt-HY
(HDS-8) and CoMoNi/PdPt-HY (HDS-10) catalysts pegbat 3 and 4.5 Ton/ém
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The pore size distribution of the catalyst shownFigure 3.29, indicates that the

majority of pores are in the mesoporous range.

1.0 1.0
0.9 Pressed : 3.0 Ton/cfh 0.91 Pressed : 4.5 Ton/cfh
0.8 |
?? 0.7 D ——HY —e—HY
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Figure 3.29 Pore distribution of HY, CoMoPtPd/HY (HDS-1), CoWraNiPt-HY
(HDS-8) and CoMoNi/PdPt-HY (HDS-10) catalysts pegbat 3 and 4.5 Ton/ém

According to Table 3.17 and Figure 3.29 the pore siistribution is affected by the
procedure of embedding metals, but not by the pressonditions used for the pellets as
expected. The pore size distribution is enhanceeihwhetals are introduced into zeolite
by combining incipient wetness impregnation and éwmhange as observed with the
CoMoNi/PdPt-HY (HDS-10) catalyst. For instance, \whihe HY fresh zeolite has a
pore size distribution of 37 % in pore size >#)0the HDS-10 catalyst shows 42%
when pressed into 3 Ton/émnd 40% when pressed into 4.5 Torflcm

The commercial CoMo/AD; catalyst has a typical pore size distribution of%40n
pore size >100 A and 89% in pore size < 100 A.

3.5 Concluding Remarks

The analysis has sought to examine physically ahdmécally, the CoMo
formulations supported in HY and Ni, Pt, PdNiPt aAdPt-containing zeolites. The

catalysts were characterized using Neutron ActivefAnalysis for determining the total
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metal loading. Based on the BET method, surface,apore volume, pore size
distribution, micropore area and micropore volualkcatalysts were also analyzed.

The CoMoNi/PdPt-HY (HDS-10) and CoMoPd/Pt-HY (HDY¥<¢atalysts prepared
from the PdPt-HY show good metal contents with @epsize distribution greater than
40% in pore size >58. The noble metal concentration (Pt+Pd) was grethtan 0.6
wt%. So, it is believed that these catalysts cdwade good performance not only in the

hydrodesulfurization reactions, but also in therbgenation reactions.
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CHAPTER IV

EXPERIMENTAL SET UP AND METHODS FOR THE ACTIVITY TE ST
OF THE CATALYSTS

4.1 Description of the Setup

The catalysts were evaluated in a one liter pdyfenixed flow reactor (CSTR).
The Robinson-Mahoney Reactor is the most widelyduB® catalyst testing in
multiple phases. Its design of perfectly mixed teatets circulate liquid reactants past
a stationary catalyst bed. Impellers (1,200 rpraydfiuid into the center of an annular
catalyst basket. Figure 4.1 shows a schematic septation of the special CSTR
reactor.

The stainless steel 316 Robinson-Mahoney statiobasket reactor was obtained
from Autoclave Company. It is housed in a cylindti@lectric furnace capable of
heating up 450C. Inside the reactor, a stainless steel of ¥ imatside diameter

thermocouple well was inserted along the axialdiiiog to control the temperature.

Figure 4.1 Schematic representation of the Robinson-Mahonlyst testing reactor.
(from the Autoclave Engineers Company).

Figure 4.2 provides a schematic of the high-presamd -temperature continuous
flow reactor assembled for this study.
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A Milton Roy minipump with a flow rate range of 48 920 ml/h and 6,000 psi
was used to pump the liquid feedstock into the towaagainst hydrogen/methane
pressure. A Denver Instrument balance series TH-8dth a weighing range of 8100
g was used to measure the liquid feed rate. A Byaukss flow controller (5850E)
calibrated for 0-2 SLPM @ 7% was used to measure and control hydrogen gas flow
Another mass flow controller (5850E) calibrated @28 SLPH @ 70F was used to
measure and control methane gas flow, which wactssl as an internal standard. A
Tescom S91W11505 backpressure regulator was usetitdain the overall system

pressure required for deep desulfurization.

NaOH

Paraffin

HC
Product

Figure 4.2 Schematic of high pressure experimental setugh®rhydrodesulfurization
of heavy gas oil.
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A gas-liquid separator shaped as cyclone was degignd fabricated to separate
the reaction products into gas and liquid phasés Jaseous reactor effluents were
analyzed and bubbled through a 20wt% sodium hydeoxiqueous solution before
venting in a hood.

A typical catalyst evaluation experiment used 8dhaf catalyst. All experimental
catalysts evaluated in the perfectly mixed flowctea had a particle size of 710-850
pum, to avoid diffusional effects. A commercial CoMb/O; catalyst (HDS-0) was
used as reference. The HDS-0 catalyst was obtaisédlobe-shaped presulfided 1/20
inch nominal diameter extrudates from the Mexicatrdteum Institute.

The commercial sample was crushed and sieved sgrngs of mesh sizes 18 and
25 to give the same particle size as the expermheratalysts (850-100Qm). y-
Alumina in the same size as the experimental cstalyas used as diluent. The weight
ratio of Al,Os/catalyst was 16.6.

The catalyst is placed inside the reactor in arukm80 ml stainless steel basket.
The basket containing the catalyst is shown in f@gu3.

Figure 4.3 Stainless steel Catalyst Basket modified by the n@t& Engineering
workshop at A&M University.
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4.2 Analysis of Product

4.2.1 Gaseous Product

The gas samples were analyzed by an on line Shimelimmatograph (GC) model
17A with a thermal conductivity detector (TCD). Ttransfer line from the gas-liquid
separator to the GC-TCD was maintained at room ¢eatpre. The Shimadzu 17A was
redesigned with a complex 10 port valve contairangample loop of 98.fl to take
samples every hour and packed columns system ildefeecthe port valve operation. A
Hayesep D column was used to separate(il,, and BS, and an OV-101 column was
used to retain heavier hydrocarbons and backflgshfter each analysis. The gaseous
sample was controlled by a micrometric valve lodaite the HDS setup. A special
timing-program for switching the 10 port’s valvedaan isothermal temperature for the
GC oven was run through the GC-TCD analysis. Tdhleshows further details of the
characteristics of the columns and the operatinglitions of the GC-TCD. The set-up
of the switching valve and columns is depicted iguFes 4.4 and 4.5. From these
Figures, it can be seen that the GC had a samplgion loop.

Table 4.1 Conditions for the gas chromatographic analysishgéirogen sulfide,
hydrogen and methane in the desorbed gas fromeaauibducts

Chromatograph: Shimadzu model 17A

Columns: « 20% OV-101 CHROM P-AW 80/100 6’ x 1/8" x
0.085" SS OV-101;
 30'x1/8"x0.085 SS Hayesep D 100/120

Column Temperature: 110 °C Isothermal

Carrier gas: 8.2% H, /Helium balance at 20 c¥min
Detector Temperature: 120 °C

Injection port Temperature: 120 °C

Switching valve Temperature: 120 °C

Current in TCD: 100 mA

Range / Polarity: 1/1

Integration: Sensitivity: 90%; Baseline: 60%

Auxiliary pressure controller: 80 kPa
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Figure 4.4 Schematic representation of the configuration oim&tzu 17A GC-TCD in
load position (loading sample and backflush).
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Figure 4.5 Schematic representation of the configuration bim&dzu 17A GC-TCD in
inject position (analysis online and manuagdtion).
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4.2.2 Liquid Product

It is well known that middle distillates containrdreds of sulfur compounds. In
some of these compounds sulfur is relatively easiimoved, while others are highly
refractory. The requirement for production of woav sulfur fuels makes it imperative
to identify these sulfur compounds individually. e8m@tion of sulfur compounds has
been a hard but rewarding task. DePauw and Fro(d@€8%) characterized light cycle
oil by GC-MS and GC-AED techniques. Buteyn and Kaan(it990) and Nishioka et al.,
(1985) reported the characterization of sulfur coomls in light gas oil (LGO) by GC-
AED and GC-MS. Kabe et al., (1992, 1993) reportedgraup of alkyl-substituted
benzothiophenes and another group of alkyl-sultetitdibenzothiophenes contained in
light gas oil and determined by GC-AED and GC-MS.

Internal standards are often used in chromatograplags spectroscopy and atomic
emission spectroscopy. In the project of HDS of tmeavy gas oil (HGO) the
identification of the sulfur compounds as for otaesmatics was made by GC-MS only
and fluorene was considered as an internal standdnd molecule is present in the
heavy gas oil feed and is not produced nor hydragehor significantly evaporated
under reaction conditions. In addition, it does ootelute with other components with
the same mass. The most important fragment oféhmmithnyz ratio of 166 was used
for the calculations.

The hydrocarbon liquid samples taken from the wrawtere collected in labeled
vials, refrigerated and analyzed by gas chromapdg(alewlett-Packard G1800A GCD
system) equipped with an Electron lonization detecfThe GC separation was
performed on a 50 m x 0.2 mm fused-silica capilleojumn coated with a 0&m film
of cross-linked 100% dimethylsiloxane (HP-PONA)elidm was used as a carrier gas
at 0.645 ml/min @ Z%&.

The injection port temperature employed was X50and the detector temperature
used was 278C. The column was temperature programmed froRC 35 min) to 80°C

(15 min) at a rate of 2.%/min and then to 208C (5min) at a rate of 2.8C/min and
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finally to 250C at a rate of 1°C/min. 2ul of the 100x diluted liquid samples in
dichloromethane were injected at a split ratio 8f16 The ions created by the Electron

lonization detector were scanned in the mass rah§8-450 m/z.

4.3GC-MS Data Processing

The identification of the hydrocarbon compoundsemyaerformed by the comparison
of the spectral data with database of referencetispealled spectral libraries (Wiley
138K mass spectral database for HP Vectra/IBM, 19%96e chromatograms were

integrated by a ChemStation integrator. Table A@vs the parameters of integration.

Table 4.2Integration parameters used in the GC-MS for thelyasis of feedstock and
the hydrocarbon liquid products coming from thectea

Integration Events Value Time
Initial Area Reject 1 Initial
Initial Peak Width 0.02 Initial
Shoulder Detection on Initial
Initial Threshold 12 Initial
Integrator off -- 0.001
Threshold 0.1 -
Integrator on -- 11.3

After GC-MS analysis is over, the retention timel eaks areas of components in a
sample is saved. A typical total ion chromatogrdrthe analysis of HGO and one of the
reaction products are presented in Figures 4.6 Aidrespectively. Two aromatic
compounds and nine sulfur compounds were seleotéalow the hydrodesulfurization
and hydrogenation reactions. As mentioned 9H-Fhwrevas chosen as an internal
standard. Figures 4.8 and 4.9 show the correspgr&liifur compounds, Figure 4.10
illustrates the corresponding aromatic compounds, fanally Figure 4.11 shows the
reaction products of DBT and 4,6-DMDBT.
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Figure 4.6 Total ion Chromatogram of heavy gas oil.
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Figure 4.7 Total ion Chromatogram of one obtained produdhe hydrodesulfurization
of heavy gas oil.



89

Compound

Structure

Boling Point
Formula MW (°C) @ 760
Torr

Dibenzothiophene

4-Methyldibenzothiophene

4-Methylnaphtho[2,1-
b]thiophene

3-Methyldibenzothiophene

1-Ethyldibenzothiophene

3-Ethyldibenzothiophene

4,6-
Dimethyldibenzothiophene

C12H8S 184.26 332.5+11.0

C13 H10S 198.28 349.0+11.0

C13H10S 198.28  355.4%11.0

C13H10S 198.28  349.0+11.0

Cl4H12S 21231  359.3+11.0

Cl4H12S 21231  359.3%#11.0

Cl4H12S 21231 364.9+11.0

Figure 4.8 Molecular structures of the sulfur compounds preseheavy gas oil.
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Boling Point
Compound Structure Formula MW (°C) @ 760
Torr
Me
Me
3,6-

Dimethyldibenzothiophene

2,8-
Dimethyldibenzothiophene

S
O O Cl4H12S 21231 364.9+11.0
S
C14H12S 21231  364.9¥11.0
Me Me

Figure 4.9Molecular structures of 2,8-dimethyldibenzothiopbi@md 3,6-dimethyl-
dibenzothiophene present in heavy gas oil.

Naphthalene

Phenanthrene

9H-Fluorene

C10 H8 128.17 220.7+7.0
OO‘ C14 H10 178.23 337.449.0
0.0 C13 H10 166.22 293.6+10.0

Figure 4.10Molecular structures of the aromatics compoundseprein heavy gas oil.



91

Boling
Compound Structure Formula MW Point (°C)
@ 760 Torr
DBT:
1,1'-Biphenyl C12H10  154.21 258.0£7.0

1,1-Bicyclohexyl C12H22 16630  239.0+0.0

Rdd

Benzene,
cyclohexyl- CI12H16  160.26 242.6+7.0
4 6-DMDBT:
L1-Biphenyl, 3,4 O O Cl4H14  182.26  284.2+415.0
dimethyl- Me
Me

Figure 4.11Molecular structures of the reactions products Bfand 4,6-DMDBT.

The identification of the sulfur components was @aith a combination of various
techniques, GC-MS, matching of the increases oHB&S products to the decreases in
the sulfur components after hydrotreatment, corspariof the retention times with
literature data and by understanding of the elutiater of the isomers.

The identification of aromatic compounds such aphttzalene and phenanthrene
was obtained directly by the library search remdrthe GC-MS. Table 4.3 shows the
retention times of the selected sulfur compounds aomatics in heavy gas oil (HGO)

and some reaction products.
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Table 4.3 Retention times of the selected sulfur compoundsphthalene and
phenanthrene. Operating conditions: Cat. HDS-1, JA#6000 kg.h/kmol, T = 310
°C, Hy/HC= 7.2 mol ratio, P= 65 bar

HGO Hydrocarbon Products
Library/ID Retention Time, min

C0206028 C0206043 C0206044 C0206045

Naphthalene 62.86 62.92 62.92 62.93

9H-Fluorene 91.68 91.71 91.68 91.74
Dibenzothiophene 101.43 101.45 101.41 101.49
Phenanthrene 103.44mi 103.44 103.38 103.49
4-Methyldibenzothiophene 108.69 108.68 108.65 108.73
4-Methylnaphtho[2,1-b]thiophene 109.88 109.89 109.85 109.92
3-Methyldibenzothiophene 110.20 110.20 110.16 110.24
1-Ethyldibenzothiophene 112.88 112.83 112.76 112.87
3-Ethyldibenzothiophene 115.46 115.45 115.42 115.49
4,6-Dimethyldibenzothiophene 116.01 116.01 115.96 116.05
3,6-Dimethyldibenzothiophene 116.97 116.94 116.89 117.00
117.10 117.07 117.12

2,8-Dimethyldibenzothiophent 118.84 118.86 118.81 118.89

Table 4.4 shows the corresponding retention tinfdbereaction products of DBT
and 4,6-DMDBT.

Table 4.4 Retention times of reaction products of DBT an@-BMDBT. Operating
conditions: Cat. HDS-1, WHgt=6000 kgsh/kmol, T = 310 °C, fHC= 7.2 mol ratio,
P= 65 bar

HGO Hydrocarbon Products
Library/ID Retention Time, mir

C0206028 C0206043 C0206044 C0206045
DBT:
1,1'-Bicyclohexil 74.58 74.64 74.62 74.64
Benzene, cyclohexyl- 74.70 74.75 74.74 74.76
1,1'-Biphenyl 78.27 78.31 78.29 78.32
4,6-DMDBT:

1,1'Biphenyl, 3,4'-dimethyl- 92.13 92.15 92.13 92.17
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Based on the peak areas, the composition of ongp@oemt can be calculated. The
general calculation procedure is a tie componenhate For this work, 9H-fluorene has
been selected as internal standard (tie) compoiéetweight fraction of a component
to that of the tie component can be expressed as:

w, | _ AT
|:Wfl } ) Ay { fy } @b

wherew is weight fraction of @ component in the sampla,the GC-MS peak area, the

subscripts represents the tie component, ghd the GC peak area weight correction
factor. For instance, for Dibenzothiophene (DBTH dluorene as tie component or

internal standard the weight fraction can be exqgéss:

WDBT - ADBT f DBT (42)
w fluorene Afluorene f fuorene

Since the GC-MS area correction factors for sutiimpounds are not available in

the literature and because they are difficult teedwrine also due to the complexity of
the samples, the conversion of the sulfur compowasscalculated relative to the sulfur
compounds present in the feedstock (heavy gas @#lculations of conversions for a
selected component from the peak areas were castiedising an Excel spreadsheet.
The general formula is expressed in Equation 4.3.

L i Prodx ﬁ HGO
S {A} L\} )

whereX is the conversion of a componenh the sampleA is the Peak-aredy is the
Peak-area of internal standard and the supersdeipdtes the corresponding values to
the product and feedstock.
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A selection of nine sulfur components in the HG@ aeaction products (DBT, 4-
MDBT, 3-MDBT, 1-EDBT, 3-EDBT, 4,6-DMDBT, 3,6-DMDBT2,8-DMDBT and 4-
Methylnaphtho[2,1-b]thiophene) was made to caleuthe molar-averaged conversion.

The molar-averaged conversion was calculated acuprtb Equation 4.4 and

represents the conversion of the sulfur compoundise heavy gas oil.

K= - > xye (4.4)

whereX; is the molar-averaged conversion of the seleaedfssulfur compounds, is

HGO

the conversion any is the mole fraction of thecomponent in the heavy gas oil.

The conversions of every selected compound intoctreesponding product were

calculated using fluorene in a similar manner dig\cs:

(4.5)

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

biphenyl can be expressed in this fashion:

Prod HGO HGO
M} X {i} - {M} (4.6)
Af ADBT ADBT

XpBT->BPH — |:

4.4 Catalysts Activation

It has long been recognized that to obtain the mam activity from CoMo or
NiMo catalyst, they must be sulfided prior to thege. Several methods are commonly
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used to sulfide hydrotreating catalysts. These gumores include in-situ gas phase
sulphiding or liquid phase sulphiding - with or gt a sulfur spiking agent and ex-situ
presulfurized catalyst which can also be activatedas or liquid phase. Moreover,
there are several classes of sulfur compoundsctratbe used for sulphiding. These
include mercaptans, sulphides, disulphides, popysdes and sulfoxides. The total
required quantity of sulfur is determined for eamdtalyst based upon its promoter
metals content. The following reactions show tleéckiometric amount of sulfur needed
for successful sulphiding:

MoO; + H + 2HS —» Mos + 3HO
3 NiO + H+ 2HS —» NS, + 3HO
9CoO0O + H + 8HS —/» Csx + 9HO

4.7)

These sulfide metals are unstable components Wiegnare exposed to air. So, It is
recommendable to avoid exposing the material tdaairextended periods. Long-term
exposure to air could cause the material to gemexalfur dioxide and heat. Moreover,
the sulfided catalysts should be stored in a ctedegpand kept dry. The material may
generate sulfur dioxide and heat if it is wettedp@&sure to air and water may also cause
discoloration and agglomeration of the materiale@commendation more is that if the
material does get wet or generate heat, the cantaimould be purged with nitrogen or
CO, and resealed. Finally, the material should beaosgul for signs of degradation just
before it is loaded into the reactor.

For this work, an in-situ sulphiding procedure gas phase was selected to
activate the catalysts. The activation procedurglied two steps, drying and reaction.
The drying step was carried out at £20for 2 hours in an atmosphere of hydrogen, and
the reaction step, where the CoMoPtPd/HY (HDS-1) @oMo/ALO; (HD-0) catalysts
were activated with 15 vol % J3/H, balance gas mixture, was performed at
temperatures of 33 and pressure of 1 bar for 3.5 h. Methane, whiah used as an
internal standard for analysis of the gas prodaotsing from the reactor, was not fed

during the activation of the catalysts.
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4.4.1Description of the Sulphiding Procedure

The pressure in the setup was decreased at 1 teartlad leaks in the set up were
corrected at 68 bar. A Hlow rate was set to 2.8 LSTP/h for approximat&hh to
eliminate N gas which was used in the leaks testing. Therdtieg step was carried
out increasing the Hlow rate to 28 LSTP/h.

The reactor temperature was increased also at &b @il 120 °C. One hour was
considered enough to dry completely the catalyidis. agitation started at 500 RPM and
the temperature of preheater, mixer, separator demdister was increased when the
reactor reached 70 and 120. When the drying step finished the reactor temipee
increased again at 25 °C/h until 330 °C. Finaltg tonditions were set for 3.5 hr after 2
hr of stabilization. Figure 4.12 represents a @giagof the activation procedure followed

by the reaction step of the activity test and sbwial

4.5 Catalysts Testing for HDS of Real Feedstock

The evaluation procedure for the commercial CoMgDAl (HDS-0) and
experimental catalysts was almost the same. Theatipg conditions for each catalyst
are mentioned in its corresponding section. Howdeerexemplifying the procedure for
the activity test the operating conditions of thgpeximental CoMoPtPd/HY (HDS-1)
catalyst were taken and shown in Table 4.5. A $dtvelve experiments were carried
out at temperature of 330 and 320, space time (Wfiggt) from 4000 to 6000
kgcah/kmol, H/HC from 7.2 to 11.2 mol reaction, and partial ptes of hydrogen of 65
and 75 bar.
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ACTIVATION ; HDS REACTION : SHUT DOWN
Drying : Sulfiding Reaction
. Steady State
i H i 1.5v of the i
. H H .- H i reactoris
' H Stab. H Sulfiding EStab' i displaced I Taking
E E : E E E Samples
: 230C 2h i 35h i15h 28.4h i 3h H
120C . 120-140 T
Next exp:

Stabilization : 1.5-2 h
Steady State: 17-26 h
according to the HGO flow rate.

60 C f

132h 18.7h 486h 51.6h 55h |
P=1b P=1b Stop H,S/H,
oo R P= 14..65bar P = 65bar P =320 bar
H =28 28L/h? H.S/H. =17 mi/min! HGO =88.1 mlh? Stop HGO Feed
50% RPM 2z H, = 779U Stop CH, Feed

CH4 =5.36 L/ht H,= 12 L/ht
(1) 298 K, 1 atm 1200 RO

Figure 4.12Diagram of the procedure carried out for activatimg experimental zeolite
containing catalysts, reaction-activity test andtstown.

Table 4.5 Operating conditions used to measure the catalgttivity for the
CoMoPtPd/HY (HDS-1) catalyst

. T Pt W /F gt H,/HGO HGO H> @ 204k, 1atm
Experiment
°c bar kgcath/kmol mol ratio ml/h L/h
E13T1 4000 88.1 77.9
E14T1 330 65 5000 7.2 70.5 62.3
E15T1 6000 58.7 51.9
E15T4 6000 58.7 51.9
E14T4 310 65 5000 7.2 70.5 62.3
E13T4 4000 88.1 77.9
E15T4 6000 7.2 58.7 51.9
E16T4 310 65 6000 9.2 58.7 66.0
E17T4 6000 11.2 58.7 80.2
E18T4 6000 7.2 58.7 51.9
E19T4 310 75 6000 9.2 58.7 66.0

E20T4 6000 11.2 58.7 80.2




98

The procedure for the activity test described dsviois given as an example and it
uses the operating conditions for the E13T1 expamim

Once the activation of catalyst was completed th8/H, flow was stopped. The
backpressure was set at 950 psig,fldw rate was set to 77.9 LSTP/h, and the HGO
flow rate was set at 88.1 ml/h. The agitation wetste 1200 rpm. The temperature of the
reactor was increased to 330°C at 25°C/h. Operatorglitions were maintained for
28.4 h for reaching steady state. Then, a setgdsband hydrocarbon product samples
were taken during 3 h for its analysis. Readinggseafperature controllers (TIC), mass
flow controllers (FIC), temperature indicators (Tpyessure gauges, were taken every 30
min. The desorbed gases from the liquid produatevanalyzed on line, while the
hydrocarbon liquid samples were labeled and andlgfiline.

Although both the commercial HDS-0 (CoMo#@®k) and HDS-1 (CoMoPtPd/HY)
catalysts were evaluated with the same procedheeattivation was a little different,

because the drying step was not given for the HRStalyst.
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CHAPTER V

CHARACTERIZATION OF FEEDSTOCK AND REACTION PRODUCTS

This chapter shows the results and discussion efctiaracterization broken down

into two groups:

5.1 Characterization of Heavy Gas Oil and Light IEy@il by GC-MS
5.2 Characterization of HDS Reaction Products

5.1 Characterization of Heavy Gas Oil and Light Gg®il by GC-MS

Light cycle oil (LCO) has been used as feedstocth@investigation of the HDS of
real feedstocks because LCO contains most sulfataging compounds of interest
(Chen et al., 2003; Froment et al., 1994). In gigect heavy gas oil was obtained from
Shell Chemical LP. So, in order to know how differ¢hese potential feedstocks are,
this section presents a comparison of the Mexic&® lwith USA HGO in terms of
composition as determined by GC-MS.

According to the initial and final boiling pointd beavy gas oil (HGO), which is
listed in Table 5.1, belongs to the range of didgel and distillate fuel oil and is a
feedstock for a hydrocracker unit. The LCO is agleum fraction typically produced in
Fluid Catalytic Cracking (FCC) with a high concextiton of total sulfur and a wide
diversity of benzothiophenes, dibenzothiophenes aaphtho benzothiophenes. The
HGO has a higher specific gravity and wider boilinterval than LCO, but with lower
concentrations of total sulfur. Because the propermf both fractions are different, it

was required to determine their composition.
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Table 5.1Typical properties of Heavy Gas oil (from Shell Gheal LP) and a Mexican
Light Cycle Oil (from Mexican Petroleum Institute)

Physical and Chemical Propertie Heavy Gas Oi Light Cycle Oil
Specific Gravity @ 60°F 0.931¢ 0.909¢
Initial Boiling Point, °F (°C) 304 (151) 360 (182)
Final Boiling Point, °F (°C) 763 (406) 750 (399)
Total Sulfur, wt % 0.453 2.94
Hydrogen 10.84 na
Carbon 88.29 na

na= not available

The characterization of both feedstocks was pemarioy using a Hewlett-Packard
G1800A GCD system gas chromatograph equipped wetpdlary column (HP PONA)
and an Electron lonization detector. The methodhefanalysis was the same as that
reported in chapter IV for the analysis of liquitbgucts. The integration parameters
defined in the Chemstation software were basidhkéy same. The identification of the
most important peaks which are shown in the chrogratn was done with the
Chemstation software. The area and area% datatelkza for every peak to obtain the
corresponding concentration. Peaks with an ideatifon quality higher than 90% of
confidence were considered as correct.

A classification in paraffins (P), naphthenes (&fpmatics (A) and sulfur-aromatics
(S-A) was selected for every compound to be inadudéhe GC-MS report was
transferred to Excel and a program was constructeddevelop the P/N/A/S-A
classification. The LCO/HGO weight ratio in ternfgatal sulfur is 6.5/1.

Heavy gas oil (HGO) contains a significant amouhiCg-Cgy hydrocarbons while
light cycle oil (LCO) is completely absent of theihe identification of DBT and BT’s
was moderately complicated in LCO. However in tHe@®this was a hard task. Using
those integration parameters (Table 4.2, ChaperwWgn reviewing data of liquid
samples analysis, around 500 peaks are successitdigrated in the light cycle oil
(LCO) analysis, and a few interesting peaks cooedmg to sulfur compounds have

been manually integrated only. The heavy gas dB@)l integration accounted for more
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than 550 integrated peaks; however, in the zoehich dibenzothiophenes are present
the manual integration was also applied. Figureshdws a typical total chromatogram
of LCO feed and Figure 5.2 shows a typical totabaimatogram of HGO.

Abundance

LCO. TIC: C0604014.D
2800000

2400000
2000000
1600000
1200000

800000

400000 W w‘w
L d le s il L

20 40 60 80 100 120 140
Time [min]

Figure 5.1 Typical total chromatogram of light cycle oil (LCQ¥ing GC-MS.

The abundance for all peaks shown in the heavyddslGO) chromatograms are
higher than those present in the light cycle o) analysis. In the interval of retention
time 20-60 minutes, the HGO has higher number eftified components and higher
concentration of them. The baseline for the HGOwstb more drifting than the
corresponding baseline for LCO. This behavior carcéused due to the high number of
components in the interval of retention time 80-I8thutes which have very close

boiling point. Moreover, their concentration vargsongly.
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Abundance
3400000 | HGO. TIC: C0206088.D

3000000 |

2600000 |

2200000

1800000

1400000

1000000

600000

200000

T T T T T T T
0 20 40 60 80 100 120 140
Time [min]

Figure 5.2 Typical total chromatogram of heavy gas oil (HGGng GC-MS.

At retention times of 120 minutes and longer theQH&hows a higher number of
components and higher abundances. Since the HG@ ader boiling point interval
than LCO, the contribution to this property is thajor presence of components such as
paraffins (G-Ci31), alkyl-naphthenes §C,0) and alkyl aromatics (Ci1) with retention
times of 20-60 minutes and longer than 120 minatesvell, as paraffins ¢&C.s),
Dimethylphenanthrenes (g}, and di-and tri-methyl carbazoles;(€C;s).

The total chromatogram of HGO and LCO is dividei itwindows” and are shown
in Figures 5.3 to 5.10. Every “window” comprises iaterval of retention time with
some of the peaks identified used for groupinge paraffins, naphthenes, aromatics
and sulfur-aromatics. The identification of all ggmunds was made by combining the
data library report of the GC-MS and data of raetentimes reported by Depauw &
Froment (1997) using a GC-AED. In this work, thealifies reported by the GC-MS
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higher than 90 % were used to identify each comgand locate it in the corresponding
group.

HGO. Tic: c0106037.D.
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Figure 5.3 Part of the total ion chromatogram of the HGO dralltCO showing part of
the peaks with retention times in the interval 26 min.
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Figure 5.10Part of the total ion chromatogram of the HGO #m LCO showing part
of the peaks with retention times in the intervial ®4-121 min.

The characterization of light cycle oil (LCO) andadvy gas oil (HGO) as feedstock

to be used in the hydrodesulfurization projectsl$et® the results given in Table 5.2.

Table 5.2 Composition of a USA heavy gas oil and a Mexicaghtlicycle oil as
determined by GC-MS

Composition , wt% Heavy Gas Oi Light Cycle Oil
Parafffin 15.c 24.2:
Aromatics 30.61 30.73
Sulfur Aromatic Compounds 1.44 3.57

(1) 28.76 wt% determined by UV and reported by SBéICo.

The only reference that was known is that the tewitfur of LCO as determined by
the neutron activation technique was 2.94 wt%, evthile corresponding value for HGO
provided by Shell was 0.453 wt%.
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5.2 Characterization of HDS Reaction Products

The identification of the reaction products frone tHDS of DBT and 4,6-DMDBT
was carried out following every single compound i GC-MS chromatogram.
Fluorene was used as an internal standard to e#dctihe conversions of the sulfur
containing compounds.

Fluorene, or 9H-Fluorene, is a tricyclic aromatygdiocarbon. It has the form of
odorless white crystals with a melting point 116 &6d boiling point 295 °C. Its
chemical formula is GHio. It is manufactured artificially, although it ogsuin the
higher boiling fractions of petroleum and coal tais usually found in vehicle exhaust
emissions, crude oil, motor oil, coal and oil corsittan products. It is insoluble in water
and soluble in benzene and ether.

Fluorene arises in fossil fuels. Its release toetronment is wide spread since it is
an ever-present product of incomplete combustibims teleased to the atmosphere in
emissions from the combustion of oil, gasoline aodl. If released to the atmosphere,
fluorene will exist primarily in the vapor phase avh it will degrade readily by photo

chemically produced hydroxyl radicals.

There are scarce reports in the literature reggrdine hydrogenation and
hydrocracking reactions for Fluorene. Lapinas gt(&4D91) investigated the reactions of
fluorene in the presence of hydrogen and NiWwAland NiMo/ zeolite Y catalysts at
335-380 °C and 153 atm in a 300tstirred batch reactor. NiW catalyst was active for
isomerization and hydrogenation, whereas NiMo/teolas active for isomerization
and hydrogenation and also for hydrocracking. Theréne hydrogenation network is
shown in Figure 5.11. The operating conditions tf@se reactions to occur are more
severe than those for the HDS of HGO. Thereforis, fiiot expected that these reactions
will occur in HDS of HGO.



112

QO

Fluorene

O =0
-~
HHF iso-HHF isomers

e b
o0 O

PHF

Figure 5.11 Fluorene hydrogenation network (From Lapinas et @991)). HHF:
hexahydrofluorene, PHF: Perhydrofluorene.

Benzene,cyclohexyl- (CHB) and 1,1-Bicyclohexil (BE were co-injected in
separate samples of liquid products to confirmrtheéentification and calculate the
conversions of DBT into 1,1'-Biphenyl, Benzene.ofexyl- and 1,1’-Bicyclohexil and
the conversions of 4,6-DMDBT into 1,1'-Biphenyl,3dimethyl-. The later compound
is a product from HDS of 4,6-DMDBT through the isemzation route reported by
Isoda et al., (1996).

The samples of reaction products were more diffituidentify and quantify. Thus,
some peaks were manually integrated when Chemstagimred these compounds or
when they were integrated together with others.

Figures 5.12 and 5.13 show two “windows” of theatabn chromatogram of a
typical HDS product compared with HGO. Every winde@amprises an interval of
retention time with the identified reaction prodsiof DBT and 4,6-DMDBT.



Abundance

HDS PRODUCT. TIC: C0806010.D
3500000 ]

3000000

Benzene, cyclohexyl-

yclohexil

2500000

1,1'-Biphenyl

2000000 74.62

o1 1,1-Bic

=

1500000 1

~
N

78.18

1000000

500000

0
T T —T T T T T T T T e T T A T T
73.5 74.0 74.5 75.0 75.5 76.0 76.5 77.0 71.5 780

Time [min]

Abundance
HGO. TIC: C0806001.D
3500000

3000000

2500000

Benzene, cyclohexyl-

2000000

1,1'-Biphenyl

1500000

1,1’-Bicyclohexil

1000000

500000 4

T
735 74.0 745 75.0 75.5 76.0 76.5 77.0 775 78.0

Time [min]

Figure 5.12Part of the total ion chromatogram of a typical $Hproduct and the HGO showing the peaks of
the reaction products of HDS of DBT. Experimentahditions: 310°C, 65 bar, 7.2 WHC mol ratio and
W/FODBT of 4000 kgalh/km0|

€Tl



Abundance

4000000
3500000
3000000
2500000
2000000
1500000
1000000
500000
0

Abundance

4000000
3500000
3000000
2500000
2000000
1500000
1000000
500000
0

HDS PRODUCT. TIC: C0806010.D

88.5

88.5

=
<
@
£
3
X
I o
2 =
=} c
& @
“
91.62 il
92.05
T — T T e T = = T
89.0 89.5 90.0 90.5 91.0 91.5 92.0 92.5 93.0 93.5 94.0
Time [min]
HGO. TIC: C0806001.D
=3
<
@
£
3
@ <
5 i
<] >
=] c
T 2
T =
@ Q
“
91.55 -
91.99
T T R B e e e e e A B A e e e T T T T
89.0 89.5 90.0 90.5 91.0 91.5 92.0 925 93.0 93.5 94.0
Time [min]

Figure 5.13 Part of the total ion chromatogram of a typical Hproduct and the HGO showing the peaks of
fluorene and reaction products of HDS of 4,6-DMDHEkperimental conditions: 31%C, 65 bar, 7.2 WHC

mol ratio and W/°n~=r of 4000 kc-~h/kmol.

Vi1



115

CHAPTER VI

TEST OF THE CATALYSTS

This part presents the results on the Hydrodesguéftion of Heavy Gas oil (HGO)
over a commercial CoMo/AD; and over CoMoNiPtPd supported on ultrastable
Faujasite (HY) catalysts. The effect of the reactamnditions: temperature (290-350
°C), space time (Wfiggt: 3000-8000 kgxh/kmol), hydrogen/hydrocarbon ratio (2.8-
11.2 mol/mol) and pressure (65-75 bar) were studldak activity of the catalysts in
terms of conversions of dibenzothiophene (DBT),hylelibenzothiophene’s (MDBT'S),
phenanthrene and molar-averaged conversion undeffiact of variables is discussed.

For discussion purposes the activity test has l@ded into six categories. The
activity test of the conventional CoMo/&); (HDS-0) catalyst constitutes the first
category. For this catalyst the effect of the sptime at molar HHC ratio of 2.8 and
the effect of space time at molar,/HC ratio of 7.2 is discussed. Moreover, the
conversions of DBT, phenanthrene and molar-averagedersion under the effect of
space time and molar hydrogen/hydrocarbon rat&8afC are also discussed.

The remaining categories include the activity te$tthe experimental zeolite
catalysts (HDS-1, HDS-8, HDS-10, HDS-3 and HDS-5).

For CoMoPtPd/HY (HDS-1) catalyst, the effect of @paime and temperature and
the effect of the molar hydrogen/hydrocarbon rati®5 bar and 75 bar is discussed. For
reasons of safety 75 bar was the upper limit ferdperating pressure.

For CoMo/PdNiPt-HY (HDS-8) and CoMoNi/PdPt-HY (HOS®) catalysts, the
effect of the space time at 33D and 310C under molar WHC ratio of 7.2, the effect
of the space time at 3fC and a molar HWHC ratio of 11.2 and the effect of the molar
hydrogen/hydrocarbon ratio at 330 at 65-75 bar are discussed.

Finally for CoMoPtPd/Ni-HY (HDS-3) and CoMoPd/Pt-HHDS-5) catalysts, the
effect of the space time at 32G under molar KHC ratio of 7.2 and the study of the

effect of the molar hydrogen/hydrocarbon ratio Hd & at 65 bar is discussed.
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The activity tests were conducted by using a Rabinglahoney stationary basket
reactor for hydrodesulfurization and hydrogenatdra heavy gas oil provided by the
Shell Company. A set of 9 sulfur compounds wascseteto express the conversion as a

molar-averaged conversion.

6.1 Sulfiding

The sulfiding reactions of metals are exothermibowever, run away of
temperatures was not observed neither with theteemtalysts nor CoMo/AD; (HDS-
0) catalyst. Figures 6.1 and 6.2 show typical tewpee profiles obtained during the
activation of the CoMoPtPd/HY (HDS-1) and convendb CoMo/ALO; catalysts,
respectively. Despite the fact that sulfiding tifoethe catalysts was 3.5 h at 3@Qthe
zeolite catalyst required a higher total activattone than the HDS-0 catalyst due to

drying and stabilization stages.
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Figure 6.1 Evolution of temperature with time obtained durithg activation of the
CoMoPtPd/HY (HDS-1) catalyst.
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Figure 6.2 Evolution of temperature with time obtained durithg activation of the
CoMo/Al,O3 (HDS-0) catalyst.

The variation of HS concentration in the produced gas during thevaotin of the
catalysts is shown in Figures 6.3 and 6.4. Momof the HS concentration in the gas
leaving the separator was followed from 169 to 330for the CoMo/A}O; (HDS-0)
and from 191 to 336C for CoMoPtPd/HY (HDS-1). In Figure 6.3 it is obged that in
the interval from 169 to 330 °C the hydrogen s@fabncentration in the gas decreased
from 15 wt% to around 8 wt%, while Figure 6.4 shdhat in the interval from 191-330
°C the hydrogen sulfide concentration in the gasreksed from 15 wt% to around 4
wt%. The 15 wt% plotted at zero time correspondthéconcentration of the sulfiding
agent (HS) in the HS/H, mixture fed.

A minimum was observed in the concentration g6kt 10h and 11.5 h during the
activation at 33%C of the CoMo/A}Os (HDS-0) (Figure 6.3) and CoMoPtPd/HY (HDS-
1) (Figure 6.4) catalysts, respectively. These fsanggest that each catalyst reached the
maximum consumption of 4 required for activation. After those points, tieserved
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H,S concentration was increasing towards the origiexal of the sulfiding mixture,

meaning that the catalysts were activated afteh3.5
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Figure 6.3 Concentration of K5 in the gas phase during the activation of the
CoMo/Al,O3; (HDS-0) catalyst. P=1 atm, T=330°C.
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Figure 6.4 Concentration of b5 in the gas phase during the activation of the
CoMoPtPd/HY (HDS-1) catalyst. P=1 atm, T=330°C.
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6.2 Activity Test of the CoMo/AD; and the Zeolite Catalysts in the HDS of Heavy
Gas Ol

6.2.1 CoMo/A}O; Catalyst (HDS-0)
Table 6.1 shows a set of nineteen experiments laiddperating conditions carried

out to evaluate the catalytic activity of HDS-0 @ndlefine the operating conditions for
the CoMoPtPd/HY (HDS-1) catalyst presented in secti.2.5 (Table 4.7).

Table 6.1 Operating conditions used to evaluate the catalgativity for the
CoMo/Al,O3 (HDS-0) catalyst.

. T Pt W/F°pet H,/HGO HGO H2 @ 204 K, 1atm
Experiment
°c bar kg..h/kmol mol ratio ml/h L/h
E1T1 3000 117.4 40.0
E2T1 330 65 4000 2.8 88.1 30.0
E3T1 5000 70.5 24.0
E3T2 5000 70.5 24.0
E2T2 350 65 4000 28 88.1 30.0
E5T2 4000 88.1 38.8
E6T2 350 65 5000 36 70.5 31.1
E6T1 5000 70.5 31.1
E5T1 330 65 4000 3.6 88.1 38.8
E4T1 3000 117.4 51.8
E10T1 4000 88.1 77.9
E11T1 330 65 5000 7.2 70.5 62.3
E12T1 6000 58.7 51.9
E12T4 6000 58.7 51.9
E11T4 310 65 5000 7.2 70.5 62.3
E10T4 4000 88.1 77.9
E10T5 4000 88.1 77.9
E11T5 290 75 5000 7.2 70.5 62.3

E12TS 6000 58.7 51.9
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The molar H/CH,4 ratio was 14.5 for all experiments. Methane wasduag an

internal standard for all on-line gas analyses©yenGC-TCD.

6.2.1.1 Effect of Space Time at Molar,#HC Ratio of 2.8

The conversions of dibenzothiophene (DBT), methpgdizothiophene’'s (MDBT)
and phenanthrene as a function of space-time P#/Fand temperature are shown in
Figure 6.5.

As expected, the conversion of DBT is higher tHaa ¢onversion of 4-MDBT and
4,6-DMDBT. These conversions increase with spagee,tiobtaining conversions of
27.7-35.8% of DBT, 25.9-32.5% of 4-MDBT and 22.043 of 4,6-DMDBT in the
interval of space time of 3000-5000.klykmol, respectively. Phenanthrene shows no
apparent change with conversion for increasing Wi providing conversions of 6.7-
5.7% in the same interval of space time. This ¢ffaaybe related with the difficult
integration of the peak observed in the GC-MS asialy

The corresponding molar-averaged conversion, whiak defined by equation 4.8
presented in the GC-MS Data Processing sectiomors in Figure 6.6. The conversion
measured at 33 shows a moderate increase with rising ¥ (29.1 to 41.6% from
3000 to 5000 kgh/kmol); while the conversion at 35 was really high (89.8 to
93.2% from 4000 to 5000). The operation at 350ed to the production of carbon and a

fast deactivation of the catalyst.
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Figure 6.5Conversions of DBT, MDBT’s and phenanthrene asnation of space time
(W/F°pg7) for the commercial CoMo/AD; (HDS-0) catalyst. Reaction conditions were
65 bar, 330C and 2.8 molar HGO ratio. Feed: Heavy Gas Oil.
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Figure 6.6 Molar-averaged conversions as a function of sgane (W/Fpgt) and
temperature for the commercial CoMof8® (HDS-0) catalyst. Reaction conditions
were 65 bar, and 2.8 molapHGO ratio. Feed: Heavy Gas Oil.
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6.2.1.2 Effect of Space Time at Molar,HHC Ratio of 7.2

Conversion of DBT, MDBT and phenanthrene as a fonadf space time (W/iggT)
for the commercial CoMo/AD; catalyst is shown in Figure 6.7. Comparing witk th
performance showed in Figure 6.5 at space timéseimange of 4000-6000 kgn/kmol,
the conversions of DBT (48.9-63.7%), 4-MDBT (44 58%) and 4,6-DMDBT (38.7-
50.7%) are higher at #HC molar ratio of 7.2 than the corresponding cosio®s
obtained at 2.8 molar ratio as expected. Sincenareasing LYHC ratio implies higher
H, partial pressure, the conversion of polyaromatidkbe enhanced by an increase in
H./HC ratio.

On the other hand, phenanthrene shows an oppd$get ¢han expected when
increasing W/fpgr. The difficulty with integrating the phenanthrepeak obtained in
the analysis and its coelution together with othemction products obtained at the
mentioned operating conditions made its resolutigpossible. However, in order to get
this resolution, it is recommendable to split thealp for confirming the ion fragment
(m/2) 178, which is typical for the phenanthrene molectihe results of the conversion
calculations for phenanthrene using the ion fragnmuld elucidate the increasing

behavior as space time.
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Figure 6.7 Conversions of DBT, MDBT’s and phenanthrene asnatfian of space time
(W/F°pg7) for the commercial CoMo/ADs (HDS-0) catalyst. Reaction conditions were
65 bar, 33¢C and 7.2 molar HGO ratio. Feed: Heavy Gas Oil.

Figure 6.8 shows the conversions for DBT and MDBats310°C. By comparing
the behavior shown in Figure 6.7 with the behapi@sented in Figure 6.8, the effect of
the reaction temperature is observed. At 31Ghe conversion for DBT and MDBT’s
are in the interval of 12-25 % whereas at 3@0those conversions were between 38-
64%. The behavior of phenanthrene at 3TOwas as expected, increasing W4 its
conversion increased as well from 7.6 to 18.3%hm interval of space time of 4000-

6000 kgt h/kmol. The results suggest selecting this tenipegao evaluate the zeolite
catalysts.
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Figure 6.8 Conversions of DBT, MDBT’s and phenanthrene asnatfian of space time
(W/F°pg7) for the commercial CoMo/ADs (HDS-0) catalyst. Reaction conditions were
65 bar, 310C and 7.2 molar HGO ratio. Feed: Heavy Gas Oil.

Conversion of DBT, MDBT’s and phenanthrene as action of the space time
(W/Fpgr) at 290°C is shown in Figure 6.9. This Figure shows simgarformance as
Figure 6.8 for 310°C. The effect of decreasing the temperature to Z90shows
conversions in the interval of 13-20 % for DBT &9 % for MDBT’s. The behavior

of phenanthrene at 29C is similar to that behavior at 320 for increasing W/fpzr.
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Figure 6.9 Conversions of DBT, MDBT’s and phenanthrene asnation of space time
(W/F°pg7) for the commercial CoMo/AD; (HDS-0) catalyst. Reaction conditions were
65 bar, 290C and 7.2 molar HGO ratio. Feed: Heavy Gas Oil.

The variation of the molar averaged-conversion hiews1 in Figure 6.10. The
interval of conversion at 298C and 310°C is narrow, 20-28%, while at 33T the
conversions are remarkable higher with an intebetiveen 64-79%. Since the test
performed at 356C and 2.8 BYHC molar ratio presented too high conversions 95
and because the deactivation was notorious, thhesmonding experiment at 7.2/HC
molar ratio and 350C was not carried out.
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Figure 6.10 Molar-averaged conversions as a function of spane (W/Fps7) and
temperature for the commercial CoMo/@®; (HDS-0) catalyst. Reaction conditions
were 65 bar, and 7.2 molapMHGO ratio. Feed: Heavy Gas Oil.

6.2.1.3 Effect of Space Time and Molar Hydrogen/Hgdarbon Ratio at 336C

Figure 6.11 shows the effect of the/HGO mol ratio only for DBT as a function of
space time. The conversion of DBT at 2.8 and 318 molar ratio was substantially
the same. In contrast at the value of 7.2 the etie¢l,/HC ratio is important. During
the operation of the setup this effect can be edl&b the quality of the liquid product,
since a light yellow color is indicative of the dmence of the reaction. Moreover a

darker color in the product or solid particles alied in the product collector suggests a
probable deactivation of the catalyst.
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Figure 6.11 Conversions of DBT as a function of space time (8#P and H/HGO

mol ratio for the commercial CoMo/AD; (HDS-0) catalyst. Reaction conditions were
65 bar, 330C. Feed: Heavy Gas Oil.

The hydrogenation of heavy gas oil in terms of @mthrene conversion is shown in
Figure 6.12. At FHC mol ratio of 2.8 and 3.6 the phenantrene caivarwas low and
almost constant for increasing W#Er. This effect can be related to the reactivity of
lighter aromatics to be hydrogenated. In this situaa deficit of H in the reactor is an
impediment of heavier aromatics to be saturatethotigh the /HC molar ratio of 7.2
is better for hydrogenation of phenanthrene, thgatiee effect of coelution or

superposed peaks was present at this conditiormadb@fore explained for Figure 6.7.
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Figure 6.12 Conversion of phenanthrene as a function of spimce (W/Fpgt) and
H,/HGO mol ratio for the commercial CoMo/Ad; (HDS-0) catalyst. Reaction
conditions were 65 bar, 33C. Feed: Heavy Gas Qil.

Figure 6.13 shows the molar averaged-conversionth@fselected set of sulfur
compoundsas a function of space time (W#gr) and H/HC molar ratio. The highest
value of 7.2 H/HC molar ratio shows the highest conversion ferMDBT’s. However,
for W/F°pet values higher than 5000 &gp/kmol the conversion is almost constant.

The results suggest studying higheg/HC mol ratios than 7.2 for the zeolite
catalysts. The zeolite catalysts will contain nofletals such as Pt and Pd which will

demand high consumptions of hydrogen for HDS of/iegas oil.
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Figure 6.13 Molar averaged-conversions as a function of spane (W/Fps7) and
molar H/HGO ratio for the commercial CoMo/AD; (HDS-0) catalyst. Reaction
conditions were 65 bar, 33C. Feed: Heavy Gas Qil.

6.2.2 CoMoPtPd/HY catalyst (HDS-1)
6.2.2.1 Effect of Space Time and Temperature

The activity test of the CoMoPtPd/HY catalyst innte of conversion of DBT,
MDBT's and phenanthrene is shown in Figure 6.1#e Tperformance shows an
increasing dependence on WHEr, giving conversions of 35.7-59.3% of DBT, 34.5-
57.5% of 4-MDBT, 31.5-53.9% of 4,6-DMDBT, and 248% of phenanthrene in the
interval of 4000-6000 kgh/kmol. The conversions measured at 400Q.fkgmol are
lower on this catalyst than the corresponding cosige on the commercial

CoMo/Al,O; for all components, as was observed in Figure &l@wever, the
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conversions of 4,6-DMDBT and phenanthrene at 609@,#k/kmol are higher than the
conventional CoMo/AlO; (53.9 and 57.0% as compared to 50.7 and 19% rexspigy.
Both catalysts provided the same conversion of 4BV[At this space time (57.5%). The

results suggest that zeolite catalysts require spgte time to reach high conversions of
the refractory sulfur compounds in heavy gas oil.
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Figure 6.14Conversion of DBT, MDBT’s and phenanthrene as &tion of space time
(W/F°g7) for the CoMoPtPd/HY (HDS-1) catalyst. Reactiomditions were 65 bar,
330°C and 7.2 molar {MHGO ratio. Feed: Heavy Gas Oil.

As seen in Figure 6.15 the conversion of DBT, MD8&hd phenanthrene at 31D
is lower than the corresponding conversion at ¥3QFigure 6.14) for the same interval
of space time. The difference in conversion forrgw//Fpet is important; for instance
at the maximum space time of 6000 &d/kmol, the conversion of DBT is 15% at 310
°C as compared to 59.7 % at 3%D. The conversion of 4-MDBT is 14.1 % at 3%D
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while at 330°C the corresponding value is 57.5%. For 4,6-DMDR& tonversion is
11.7% at 310C as compared to 53.9% at 380 and for phenanthrene the conversion is
7.8 at 310C as compared to 57.04% at 38D

In general, the catalytic performance of the CoNRa#Y evaluated at 32GQ, 65
bar and 7.2 of IHC mol ratio was inferior compared to the commar€oMo/AlLO;

presented in Figure 6.8. The results suggest tiaiaply deactivation of the zeolite
catalyst occurred at the conditions used.
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Figure 6.15 Conversions of DBT, MDBT’s and phenanthrene as rection of space
time (W/Ppgr) for the CoMoPtPd/HY (HDS-1) catalyst. Reactiomditions were 65
bar, 310°C and 7.2 molar HGO ratio. Feed: Heavy Gas Oil.

The dependence of the conversion of MDBT's for@udoPtPd/HY catalyst shown
in Figure 6.16 is similar to the commercial cat&y$igure 6.10), but the conversions of

the CoMoPtPd/HY catalyst are less than the commleczitalyst for 330 and 31%T.
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The test at 290C for the CoMoPtPd/HY catalyst was not carried betause the
conversion at 318C was so low.
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Figure 6.16 Molar-averaged conversion as a function of spasee t{W/Fpst) and
temperature for the CoMoPtPd/HY (HDS-1) catalysta&ion conditions were 65 bar
and 7.2 molar HHGO ratio. Feed: Heavy Gas Oil.

6.2.2.2 Effect of the Molar Hydrogen/Hydrocarbon Ra for the CoMoPtPd/HY
Catalyst at 65 and 75 Bar

The evolution of the conversion of DBT, MDBT's aptienanthrene for a given
W/F°pst is shown in Figure 6.17. These tests were peddrio determine the best

H./HC molar ratio to be considered in the remainimgegiments. The conversion of
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DBT and MDBT'’s at 9.2 and 11.2,HHC molar ratio are very similar. The trend for
phenanthrene is different because from 7.2 to HYBEC mol ratio its behavior is rising
and higher FHC ratio would increase the conversion. The tsssliggest that noble

metals containing zeolites would enhance the hyeltagion reactions at high,HC
ratios.
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Figure 6.17 Conversion of DBT, MDBT'’s and phenanthrene asrection of H/HGO
mol ratio for the CoMoPtPd/HY (HDS-1) catalyst. R&an conditions were 65 bar, 310
°C, 6000 kg.och/kmol. Feed: Heavy Gas Oil.

The dependence of the conversion of DBT, 4-MDBTG-BAMDBT and
phenanthrene on total pressure is shown in Fig6r@% and 6.18 (65 and 75 bar
respectively). The 4,6-DMDBT and phenanthrene jprally show the same values for
different H/HC molar ratio in both Figures. DBT and 4-MDBT shohigher
conversions at 75 bar than 65 bar.
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Figure 6.18 Conversion of DBT, MDBT’s and phenanthrene as ation of H/HGO
mol ratio for the CoMoPtPd/HY (HDS-1) catalyst. Rean conditions were 75 bar, 310
°C, 6000 kgah/kmol. Feed: Heavy Gas Oil.

The molar averaged-conversion as well as the iddali conversion of DBT, 4-
MDBT and 4,6-DMDBT shows a moderate dependencehenH/HC molar ratio.
Figure 6.19 shows this behavior. In this mannetHE& molar ratio between 7.2— 9.2

could be used to evaluate the zeolite catalyst. é¥@w the hydrogenation of aromatics
requires higher WHC ratios.
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Figure 6.19 Molar-averaged conversion as a function of the mblgHGO ratio and
pressure for the CoMoPtPd/HY (HDS-1) catalyst. Reacconditions were 316C,
6000 kg.h/kmol. Feed: Heavy Gas Oil.

As already mentioned in all experiments the desbipeses leaving the liquid-gas
separator were analyzed online by the GC-TCD. Hewew all of the programmed
experiments no 6 peak was observed, even though the liquid sampleased the
typical odor of HS when it is present. The absence g@EHh the gas samples can be
explained by the solubility of ¥ in the heavy gas oil, which means that all th® ttas
leaving from the gas-liquid separator dissolvedhia liquid product. Figure 6.20 shows
a typical chromatogram of a gaseous sample.
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Figure 6.20 Typical chromatogram of a gaseous reaction pro@Et6T4 experiment)
showing the retention time for,Hind CH. Reaction conditions were 32G, 6000 kg4
h/kmol, 65 bar, 9.2 molar#HGO ratio and CoMoPtPd/HY (HDS-1) catalyst.

For Hy, low concentration was also detected for all eixpents, meaning that almost

all H, is consumed by the hydrodesulfurization and hyenagjon reactions of HGO.

6.2.3 CoMo/PdNiPt-HY (HDS-8) Catalyst

A set of thirteen experiments was carried out s ke CoMo/PdNiPt-HY (HDS-
8) catalyst at temperatures of 330 and 3@0space time (Wfiggt) of 4000 to 8000
kgcah/kmol, H/HC of 7.2 to 11.2 mol ratio, and total pressuréydrogen of 65 and 75

bar. A summary of the operating conditions is shawhable 6.2.
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Table 6.20perating conditions used to test the catalytiovagtfor the CoMo/PdNiPt-
HY (HDS-8) catalyst

Experiment T Pt W/F st H,/HGO
°C bar kgcath/kmol mol ratio

E21T1 4000
E22T1 330 65 5000 7.2
E23T1 6000
E23T4 6000
E22T4 310 65 5000 7.2
E21T4 4000
E23T4 6000 7.2
E24T4 310 65 6000 9.2
E25T4 6000 11.2
E30T4 6000 7.2
E27T4 310 75 6000 9.2
E26T4 6000 11.2
E29T4 8000
E28T4 310 65 7000 11.2
E25T4 6000

The evaluation procedure was the same as givereunqus sections. The agitation
was set to 1200 rpm. The temperature of the reagsrincreased to 33C at 25°C/h.
Operating conditions were maintained for 17-34 hréach steady state, which
corresponds to 1.5 liters of liquid product recedefrom the reactor. Samples of gases,
hydrocarbon product and readings of temperaturetraters (TIC), mass flow
controllers (FIC), temperature indicators (TI), gréssure gauges, were taken every 30
min for 3 h once the steady state was reached. deEserbed gases from the liquid
product were analyzed on line, while the hydrocarbquid samples were labeled and

analyzed off line.

6.2.3.1 Effect of the Space Time at 380d 310°C under Molar H/HC Ratio of 7.2

Run away of temperature was not observed during dbgvation of the
CoMoPtPd/HY HDS-8 catalyst. A typical temperaturefie of the reactor for zeolite
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catalyst was presented in section 6.1. The coroessof dibenzothiophene (DBT),
methyldibenzothiophene’s (MDBT) and phenanthreneaagunction of space-time
(W/F°pgt) at 65 bar and 7.2 4#HC mol ratio and temperatures of 3¥Dand 310°C are
shown in Figures 6.21 and 6.22 respectively. Aseetgd the conversion of DBT is
higher than the conversion for 4-MDBT and 4,6-DMDBA both temperatures,
obtaining 33-55.6% of DBT vs 29.3-51.1% of 4-MDBiida26.2-47.2% of 4,6-DMDBT
at 330°C in the interval of 4000-6000 kgh/kmol . These conversions increase with
increasing space time, and decrease with decreasnmgperature (Figure 6.22).
phenanthrene shows also similar performance hasongersions of 45.5-66.5% at 330
°C in same the interval of space time. To analyeeptiobability of methyl migration for
4- and/6-positions of 4,6-DMDBT, conversion of DBahd 4,6-DMDBT into their
reaction products are shown in chapter VIII.
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Figure 6.21Conversion of DBT, MDBT’s and phenanthrene asrfion of space time
(W/F°gT) for CoMo/PdNiPt-HY (HDS-8) catalyst. Reaction ditions were 330C, 65
bar, and 7.2 molar #HGO ratio. Feed: Heavy Gas Oil.
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Figure 6.22Conversion of DBT, MDBT’s and phenanthrene asrecfion of space time
(W/F°pgt) for CoMo/PdNiPt-HY (HDS-8) catalyst. Reaction ditions were 316C, 65
bar, and 7.2 molar #HGO ratio. Feed: Heavy Gas Oil.

The corresponding molar-averaged conversion isnshm Figure 6.23. The
activity evaluated at 33%C shows higher values than 3%D for all space times studied.

As expected the molar-averaged conversion incregisesncreasing W/Ppgr.
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Figure 6.23 Molar-averaged conversion as a function of spawe (W/Fpg7) and
temperature for CoMo/PdNiPt-HY (HDS-8) catalyst.aR@on conditions were 65 bar
and 7.2 molar HHGO ratio. Feed: Heavy Gas Oil.

6.2.3.2 Effect of the Space Time at 3%D and Molar H/HC Ratio of 11.2

Figure 6.24 shows the conversion of DBT, MDBT'’s goitenanthrene as a
function of space time (W?gt) for the CoMo/PdNiPt-HY catalyst. The performande
the CoMo/PdNiPd-HY catalyst at 65 bar with mgV/HIC ratio of 11.2 and space time in
the range of 6000-8000 kgh/kmol (W/Fpgr) is higher than the performance obtained
at 7.2 and 4000-6000 kgh/kmol (W/Fpgt) shownin Figure 6.22. As consequence the
molar-averaged conversion is also higher when sp@eeand the molar #HC ratio are
higher as shown in Figure 6.25.
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Figure 6.24Conversion of DBT, MDBT’s and phenanthrene asrecfion of space time
(W/F°pgT) for CoMo/PdNiPt-HY (HDS-8) catalyst. Reaction ditions were 316C, 65
bar, and 11.2 molar #HGO ratio. Feed: Heavy Gas Oil.
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Figure 6.25 Molar-averaged conversion as a function of spaoe t{\W/Fpg7) and
H,/HGO mol ratio for CoMo/PdNiPt-HY (HDS-8) catalyfReaction conditions were
310°C, 65 bar, and 7.2 and 11.2 mola/HGO ratio. Feed: Heavy Gas Oil.
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6.2.3.3 Effect of the Molar Hydrogen/Hydrocarbon Ra at 310°C and 65-75 bar

Conversions of DBT, substituted DBT’s (sDBT) ancepanthrene as a function of
the molar H/HC ratio at 310C and pressure of 65 bar and 75 bar are showrginmds
6.26 and 6.27 respectively. The corresponding salimmpounds show small increase in
their conversions when the pressure increased @drbar to 75 bar at the same molar
H./HC ratio. However, the variation in the conversiohphenanthrene at the same
conditions is higher. For instance, at mola/HC ratio of 7.2 the conversion for DBT
increased from 23 to 24% (variation= 4.3 %) and ¢toaversion of phenanthrene
increased from 14 to 17% (variation= 21%).

The variation of the molar-averaged conversion hisws1 in Figure 6.28. The

variation of the conversion between 65 bar and af5dsmall at the same molas/HC
ratio for all the interval studied.
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Figure 6.26 Conversion of DBT, sDBT and phenanthrene as atimcof molar
H,/HGO ratio for CoMo/PdNiPt-HY (HDS-8) catalyst. R#éian conditions were 310
°C, 65 bar and 6000 kgh/kmol. Feed: Heavy Gas Oil.



143

40

35
DBT

30

4-MDBT
4,6-DMDBT
25 A
Phenanthrene
20

15 4

Conversion [%]

10 4

0 T T T T T
6 7 8 9 10 11 12
H,/HGO [mol ratio]

Figure 6.27 Conversion of DBT, sDBT and phenanthrene as a iomcof molar
H,/HGO ratio for CoMo/PdNiPt-HY (HDS-8) catalyst. R#éian conditions were 310
°C, 75 bar and 6000 kgh/kmol. Feed: Heavy Gas Oil.
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Figure 6.28 Molar-averaged conversion as a function eH&GO mol ratio and pressure
for CoMo/PdNiPt-HY (HDS-8) catalyst. Reaction caimiis were 310°C, 6000
kgcah/kmol. Feed: Heavy Gas Oil.
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6.2.4 CoMoNi/PdPt-HY (HDS-10) Catalyst

Fifteen experiments were carried out to test thel@Ni/PdPt-HY (HDS-10) catalyst
at temperatures of 330 and 31D, space time (W/pgr) of 4000 to 8000 kgh/kmol,
H./HC of 7.2 to 11.2 mol ratio, and total pressurehgfirogen of 65 and 75 bar. A

summary of the operating conditions is shown inl& &b3.

Table 6.3 Operating conditions used to evaluate the catalgttivity in the HDS of
heavy gas oil over the CoMoNi/PdPt-HY (HDS-10) bzt

) T Pt W/F°pet H,/HGO
Experiment
°C bar kgcah/kmol mol ratio

E31T1 4000
E32T1 330 65 5000 7.2
E33T1 6000
E33T4 6000
E32T4 310 65 5000 7.2
E31T4 4000
E33T4 6000 7.2
E34T4 310 65 6000 9.2
E35T4 6000 11.2
E40T4 6000 7.2
E37T4 310 75 6000 9.2
E36T4 6000 11.2
E39T4 8000
E38T4 310 65 7000 11.2
E35T4 6000

The evaluation procedure was the same as descfdrethe CoMo/PdNiPt-HY

(HDS-8) catalyst in the previous section. Operatingditions were maintained for 17-
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34 h for reaching steady state, which is considevrkdn 1.5 liters of liquid product is
recovered from the reactor.

Analysis of gas samples and hydrocarbon produce wadten every 30 min for 3 h
once the steady state was reached. The desorlsed fam the liquid product were
analyzed on line, while the hydrocarbon liquid stespvere labeled and analyzed off
line by GC-MS.

6.2.4.1 Effect of the Space Time at 3%Dand 31°C for a Molar H,/HC Ratio of 7.2

Run away of temperature was not observed duringsiiiéding stage of the
CoMoNi/PdPt-HY (HDS-10) catalyst. A typical tempena profile of the reactor for the
zeolite catalyst was presented in section 6.1. ddwmversion of dibenzothiophene
(DBT), and its derivatives such as 4-MDBT and 4)@DBT as a function of space-
time (W/Fpgr) over CoMoNi/PdPt-HY catalyst is shown in Figu6eg9 for 330°C and
6.30 for 310°C, both at 7.2 WIHC mol ratio under 65 bar. Conversion of phenamibr
at the same operating conditions is also showngar€s 6.29 and 6.30.

As expected, the conversion for the different sutlompounds increases as follows:
DBT>4-MDBT>4,6-DMDBT, giving conversions of 44.1-2% of DBT, 31.1-51.3 %
of 4-MDBT, and 37.7-48% of 4,6-DMDBT at space tineég1000-6000 kgh/kmol and
330°C. Conversions of 24.1-28.3% of DBT, 22.5-27.1%4-DBT and 20.8-25.6% of
4,6-DMDBT were obtained at 31 for the same interval of space time. To analyze
the probability of the methyl migration of 4- angi6sitions of 4,6-DMDBT, conversion
of DBT and 4,6-DMDBT into theirs reaction produete shown in chapter VIII.

The conversion of phenanthrene increased also spiite time giving values from
33.9 to 39.6% at 31 and 22.8 to 30.9% at 33C. The maximum conversion was
obtained at temperature of 320, due to the exothermic hydrogenation of aromatics

that is thermodynamically favored at a lower terapae.
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Figure 6.29Conversion of DBT, MDBT’s and phenanthrene asrfion of space time
(W/F°g1) for CoMoNi/PdPt-HY (HDS-10) catalyst. Reactionnditions were 330C ,
65 bar, and 7.2 molar#HGO ratio. Feed: Heavy Gas Oil.
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Figure 6.30Conversion of DBT, MDBT's and phenanthrene as &tion of space time
(W/F°gT) for CoMoNi/PdPt-HY (HDS-10) catalyst. Reactionnditions were 310C ,
65 bar, and 7.2 molar#HGO ratio. Feed: Heavy Gas Oil.
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The corresponding molar-averaged conversion isvshio Figure 6.31. As expected
the molar-averaged conversions increase with isanga W/FPpgr. The activity

evaluated at 338C shows higher values than 3XDin all space time studied.
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Figure 6.31 Molar-averaged conversion as a function of space t{\W/Fpg7) and
temperature for CoMoNi/PdPt-HY (HDS-10) catalyseaRtion conditions were 65 bar
and 7.2 molar HHGO ratio. Feed: Heavy Gas Oil.

6.2.4.2 Effect of the Space Time at 330 for a Molar H,/HC Ratio of 11.2

Figure 6.32 shows the conversion of DBT, MDBT's gutabnanthrene as a function
of space time (W/tpet) for CoMoNi/PdPt-HY (HDS-10) catalyst. This catstiyled to
conversions of 32.2-53.3% of DBT, 31.3-51.5 % oMBBT, 30.1-49.7% of 4,6-
DMDBT and 43.2-63.0% of phenanthrene at space 6fm&00-8000 kgih/kmol, and
mol Hy/HC ratio of 11.2. The molar-averaged conversgalso higher when space time

and molar H/HC ratio are higher, as shown in Figure 6.33.
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The performance of the catalyst at space time 60&D00 kg,h/kmol, and mol

H,/HC ratio of 11.2 was higher than that at 7.2 aB0046000 kgh/kmol (W/Fpgrt)
shownin Figure 6.30.
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Figure 6.32Conversion of DBT, MDBT’s and phenanthrene asrfion of space time
(W/F°gT) for CoMoNi/PdPt-HY (HDS-10) catalyst. Reactionnditions were 3106C,
65 bar, and 11.2 molar,HHGO ratio. Feed: Heavy Gas OiIl.
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Figure 6.33 Molar-averaged conversion, as a function of spaoe {W/Fpsr) and
H,/HGO mol ratio CoMoNi/PdPt-HY (HDS-10) catalyst. &&on conditions were 310
°C, 65 bar, and 7.2 and 11.2 molay#GO ratio. Feed: Heavy Gas QOil.

6.2.4.3 Effect of the Molar Hydrogen/Hydrocarbon Ra at 310°C and 65-75 Bar

Conversions of DBT, substituted DBT’s (sDBT) ancepanthrene as a function of
the molar H/HC ratio at 31FC and pressure of 65 bar and 75 bar are showrginds
6.34 and 6.35, respectively. The variation of tbheversions of sulfur compounds from
65 bar to 75 bar was not so significant at theruatieof the molar FHC ratio studied.
The performance of the CoMoNi/PdPt-HY catalyst tedonversions from 28.3-32.2%
of DBT, 27.1-31.3 % of 4-MDBT, and 25.6-30.1% o6-MDBT in the interval of the
molar H/HC ratio of 7.2-11.2 at space time of 600Q kdkmol under 65 bar. While the
conversions obtained at the same space time anel ldgriC ratio under 75 bar were as
follows: 32.8-41.9% of DBT, 29.7-30.1 % of 4-MDB®nd 27.7-36.59% of 4,6-



150

DMDBT. In contrast, the variation in the conversinphenanthrene from 65 to 75 bar
is higher, at the same space time antHE ratio, obtaining conversion of 39.6-43.2%
of phenanthrene at 65 bar vs 47.4-66.7% at 75Hxdh in the interval of the molar
H,/HC ratio of 7.2-11.2 at space time of 600Q.kdkmol. The variation of the molar-
averaged conversion is shown in Figure 6.36. Tdréation of the conversion between

65 bar and 75 bar is small at the same mobdr @ ratio for all the interval studied.
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Figure 6.34 Conversion of DBT, sDBT and phenanthrene as atimmcof molar
H,/HGO ratio for CoMoNi/PdPt-HY (HDS-10) catalyst. &®ion conditions were 310
°C , 65 bar and 6000 kgh/kmol. Feed: Heavy Gas Oil.
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Figure 6.35 Conversion of DBT, sDBT and phenanthrene as a immcof molar
H,/HGO ratio for CoMoNi/PdPt-HY (HDS-10) catalyst. &ion conditions were 310
°C, 75 bar and 6000 kgh/kmol. Feed: Heavy Gas Oil.
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Figure 6.36Molar-averaged conversion as a function eH&GO mol ratio and pressure
for CoMoNi/PdPt-HY (HDS-10) catalyst. Reaction cidimhs were 310°C, 6000
kgcah/kmol. Feed: Heavy Gas Oil.
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6.2.5 CoMoPt Pd/Ni-HY (HDS-3) Catalyst

Six experiments were carried out to test the CoM®&@tNi-HY (HDS-3) at
temperature of 31€C, space time (Wfpgr) of 4000 to 6000 kg: h/kmol, H/HC of 7.2
to 11.2 mol ratio, and total pressure of hydrogef9obar. A summary of the operating

conditions is shown in Table 6.4.

Table 6.4 Operating conditions used to evaluate the catabgitivity for the CoMoPt
Pd/Ni-HY (HDS-3) catalyst

Experiment T Pt W/F°pgT H./HGO
P °C bar kgcath/kmol mol ratio
E43T4 6000
E42T4 310 65 4000 7.2
E41T4 5000
E43T4 65 6000 7.2
E44T4 310 6000 9.2
EA5T4 6000 11.2

The evaluation procedure was the same as descfdrethe CoMo/PdNiPt-HY
(HDS-8) catalyst. Operating conditions were maimmadifor 17-26 h for reaching steady
state, which is considered when 1.5 liters of ligofoduct is recovered from the reactor.
Analysis of gas samples and hydrocarbon produce warried out every 30 min for 3 h
once the steady state was reached. The desorlsed fam the liquid product were
again analyzed on line, while the hydrocarbon tiggemples were labeled and analyzed
off line by GC-MS.

6.2.5.1 Effect of the Space Time at 3%D for a Molar H,/HC Ratio of 7.2
In the same way as the others catalysts, run aemwpdrature was not observed

during the sulfiding stage of the CoMoPt Pd/Ni-HNOS-3) catalyst. The conversions
of dibenzothiophene (DBT) and alkyl-substituted DBSuch as 4-MDBT and 4,6-
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DMDBT, are shown in Figure 6.37 as a function pdiee-time (W/fpgT) at 310°C, 7.2
H,/HC mol ratio and pressure of 65 b&wonversion of phenanthrene at the same
operating conditions is also shown.

As expected, the conversion for the differentisutiompounds increases as follows:
DBT>4-MDBT>4,6-DMDBT, giving conversions of 19.1-Z% of DBT, 15.5-18.7%
of 4-MDBT, and 14.7-17.7% of 4,6-DMDBT at space diraf 4000-6000 kgh/kmol
and 310°C. To analyze the probability of the methyl migoatiof 4- and/6-positions of
4,6-DMDBT, conversion of DBT and 4,6-DMDBT into ir® reaction products are
shown in chapter VIII.

The activity of phenanthrene increased also asespiawe; providing conversions
from 53.0 to 58.4% at the same temperature ancedpae.
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Figure 6.37Conversion of DBT, MDBT’s and phenanthrene asrfion of space time

(W/F°g1) for CoMoPt Pd/Ni-HY (HDS-3) catalyst. Reactionncitions were 316C ,
65 bar, and 7.2 molar#HGO ratio. Feed: Heavy Gas Oil.
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The corresponding molar-averaged conversion isvsha Figure 6.38. The molar-
averaged conversion increased with rising $$#f from 4000 to 5000 kgh/kmol (22.8
to 26.2%). However, in the interval of 5000 to 60K@..h/kmol the variation of
conversions was quite close, 26.2 to 27.6% respygti
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Figure 6.38 Molar-averaged conversion as a function of space t(W/Fpgt) for
CoMoPt Pd/Ni-HY (HDS-3) catalyst. Reaction condisowere 310C, 65 bar and 7.2
molar H/HGO ratio. Feed: Heavy Gas Oil.

6.2.5.2 Effect of the Molar Hydrogen/Hydrocarbon Ra at 310°C and 65 Bar

Conversions of DBT, substituted DBT’s (sDBT) ancepanthrene as a function of
the molar H/HC ratio at 310C under pressure of 65 bar are shown in Figure. Btz
performance of the CoMoPt Pd/Ni-HY catalyst prodlicenversions from 22.5-33% of
DBT, 18.7-28.7% of 4-MDBT, and 17.7-27.5% of 4,6-DHT in the interval of the
molar H/HC ratio of 7.2-11.2 at space time of 600Q.kgkmol under 65 bar. The
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conversion of phenanthrene increased from 27.6%5t6% as KHYHC ratio increased
from 7.2 to 11.2.

The molar-averaged conversion also increased.,4$CHratio increased from 7.2 to
9.2 mol ratio, obtaining conversions of 27.6 to485.as shown in Figure 6.40. However,

the molar-averaged conversions in the interval f@bthto 11.2 mol ratio were the same,
35.4 vs 35.7% respectively.
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Figure 6.39 Conversion of DBT, sDBT and phenanthrene as atimmcof molar
H,/HGO ratio for CoMoPt Pd/Ni-HY (HDS-3) catalyst. &#ion conditions were 310
°C , 65 bar and 6000 kgh/kmol. Feed: Heavy Gas Oil.
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Figure 6.40Molar-averaged conversion as a function efH&O mol ratio for CoMoPt
Pd/Ni-HY (HDS-3)catalyst.Reaction conditions were 32Q, 65 bar, 6000 kgh/kmol.
Feed: Heavy Gas Oil.

6.2.6 CoMoPd/Pt-HY (HDS-5) Catalyst

As the CoMoPtPd/Ni-HY (HDS-3) catalyst, six expeeimts were carried out to test
the CoMoPd/Pt-HY (HDS-5pat temperature of 31T, space time (W/pgt) of 4000 to
6000 kga: h/kmol, H/HC of 7.2 to 11.2 mol ratio, and total pressurénpdrogen of 65
bar. A summary of the operating conditions is shawhable 6.5.

Table 6.5 Operating conditions used to evaluate the catalgttivity for the CoMo
Pd/Pt-HY (HDS-5) catalyst.

] T Pt W/FODBT HZ/HGO
Experiment °c bar kgeah/kmol mol ratio
E48T4 6000
E47T4 310 65 4000 7.2
E46T4 5000
E48T4 65 6000 7.2
E49T4 310 6000 9.2

E50T4 6000 11.2




157

The evaluation procedure was the same as descfdrethe CoMo/PdNiPt-HY
(HDS-8) catalyst. Operating conditions were mamdifor 17-26 h for reaching steady
state. Analysis of gas samples and hydrocarborugtogere taken every 30 min for 3 h
once the steady state was reached. The desorbes fgam the liquid product were also
analyzed on line, while the hydrocarbon liquid stespvere labeled and analyzed off
line by GC-MS.

6.2.6.1 Effect of the Space Time at 3%0 under for a Molar H/HC Ratio of 7.2

Run away of temperature was not observed duringsiiiéding stage of the
CoMoPd/Pt-HY (HDS-5) catalyst. The conversions dfedzothiophene (DBT) and
sDBT, such as 4-MDBT and 4,6-DMDBT are shown ingufe 6.41 as a function of
space-time (W/fpet) at 310°C, 7.2 H/HC mol ratio and pressure of 65 bar.
Conversion of phenanthrene at the same operatimgjtaans is also shown.

The conversion for the different sulfur compoumndsreases as follows: DBT>4-
MDBT>4,6-DMDBT, giving conversions of 19.6-26.9% &BT, 17.8-25.6% of 4-
MDBT, and 16.1-24.3% of 4,6-DMDBT at space time4&00-6000 kgh/kmol and
310°C. To analyze the probability of the methyl migpatiof 4- and/6-positions of 4,6-
DMDBT, conversion of DBT and 4,6-DMDBT into theirsaction products are shown
in chapter VIII.

The conversion of phenanthrene increased alsoimgtieasing space time; providing
values from 39.1-47.7% at the same temperaturespack time.

The corresponding molar-averaged conversion @vshin Figure 6.42. The
molar-averaged conversion increased with rising WF from 4000 to 6000
kgcah/kmol (24.1 to 32.3%).
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Figure 6.41 Conversion of DBT, sDBT and phenanthrene as atiumof space time
(W/F°g1) for CoMoPd/Pt-HY (HDS-5) catalyst. Reaction cdiutis were 316C , 65
bar, and 7.2 molar #HGO ratio. Feed: Heavy Gas Oil.
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Figure 6.42 Molar-averaged conversion as a function of spaoee t{W/FPpgt) for
CoMoPd/Pt-HY (HDS-5) catalyst. Reaction conditionere 310°C, 65 bar and 7.2
molar H/HGO ratio. Feed: Heavy Gas Oil.
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6.2.6.2 Effect of the Molar Hydrogen/Hydrocarbon Ra at 310°C and 65 Bar

Conversions of DBT, substituted DBT'’s (sDBT) ancepanthrene as a function of
the molar H/HC ratio at 310C under pressure of 65 bar are shown in Figure. 543
performance of CoMoPd/Pt-HY catalyst provided cosiwms from 26.9-34.7% of
DBT, 25.6-33.2% of 4-MDBT, and 24.3-32% of 4,6-DMDBn the interval of the
molar H/HC ratio of 7.2-11.2 at space time of 600Q..kgkmol. The conversion of
phenanthrene increased from 47.7% to 56.5%#3Cratio increased from 7.2 to 11.2.

The molar-averaged conversion also increased.#4CHratio increased from 7.2

to 11.2 mol ratio, obtaining conversions of 32.3%1% as shown in Figure 6.44.
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Figure 6.43 Conversion of DBT, sDBT and phenanthrene as atimmcof molar
H,/HGO ratio for CoMoPd/Pt-HY (HDS-5) catalyst. Reantconditions were 318C ,
65 bar and 6000 kgh/kmol. Feed: Heavy Gas Oil.
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Figure 6.44 Molar-averaged conversion as a function of/HGO mol ratio for
CoMoPd/Pt-HY (HDS-5) catalystReaction conditions were 31%C, 65 bar, 6000
kgcah/kmol.

6.3 Concluding Remarks

From this study is concluded that the activity afsic and noble metals catalysts
supported on zeolites in HDS of heavy gas oil ghhyi affected by temperature ,HIC
ratio and space time rather than pressure. Themmemdable values to get a HDS
product of good quality are: temperature of 30) H,/HC mol ratios greater than 7.2
and space time greater than 600g.gkmol.

The alkyl-DBTs with alkyl substituents at the 4 fnd6 positions are the most
refractory sulfur species in heavy gas oil. Themfdt is necessary to pay attention to
the reactivity of such sulfur species when the Hid&ess and active catalysts are to be
designed. It is worthwhile to point out that trefractory sulfur species exist in the
lighter fraction of heavy gas oil; hence, it maydmb/antageous to separate the fraction
rich in these species from the more reactive foactd allow the desulfurization of these

low reactivity species under more optimum condgion
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CHAPTER VII

COMPARISON OF THE ACTIVITY IN TERMS OF CONVERSION O F
DBT AND REFRACTORY SULFUR SPECIES

Two groups of experiments were performed to comfgarecatalysts. The first group
shows the results of the effect of space time aamid,/HC ratio of 7.2. The second
group shows the corresponding results of the ethé¢he molar H/HC ratio at space
time (W/Ppgt) of 6000 kg.h/kmol. For each group, four sets of catalystediselow
were defined to compare their HDS and HDA actigitie heavy gas oil. Every catalyst
name contains 2 parts divided by a slash. Left phows the components loaded by
incipient wetness impregnation and the right sile tomponents loaded by ion

exchange into zeolite.

Set Catalysts

1 CoMo/Al,O3, CoMoPtPd/HY and CoMoPdi-HY.

2 CoMoPtPd/HY, CoMoPtPd/I-HY and CoMoPd/F-HY.

3 CoMca/PdNiP-HY, CoMoNi/PdP-HY, and CoMoPtPd/MHY.
4 CoMo/PdNiP-HY, CoMoNi/PdP-HY, and CoMoPd/F-HY.

7.1 Effect of Space Time at Molar #HC Ratio of 7.2

Tables from pages 162-174 and Figures from page8-1I8 show the
hydrodesulfurization conversions of sulfur compaindydrogenation conversions of
phenanthrene and the molar-averaged conversiohsany gas oil. These conversions
were obtained as a function of space time overckasil noble metals containing zeolite
as well as reference catalysts at 65 bar,’3107.2 molar HHC ratio.

7.1.1 HDS of Heavy Gas oil over Conventional CoMgf®g Catalyst, CoMoPtPd/HY
and CoMoPd/Pt-HY Catalysts

Table 7.1 shows the molar-averaged conversionsg)Xand conversions of DBT,
4-MDBT, 4,6-DMDBT and phenanthrene over a commérCieMo/Al,O; catalysts as
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well as CoMoPtPd/HY and CoMoPd/Pt-HY catalystspared in lab. CoMoPd/Pt-HY
exhibited an excellent activity for the HDS of DB#:MDBT, 4,6-DMDBT and
hydrogenation of phenanthrene among the catalyamared, giving conversions from
19.6-26.88%, 17.81-25.56%, 16.1-24.31%, and 39.654% respectively in the range of
space time (W/fpsr ) of 4000-6000 Kgh/Kmol. CoMo/ALOs and CoMoPtPd/HY
were certainly inferior to the former catalyst aheir conversions are shown in Table
7.1. Figures 7.1-7.4 illustrate the conversion lafldibenzothiophenes in heavy gas oil
as a function of space time. HDS reactivity markeditcreased in the order DBT, 4-
MDBT, and 4,6-DMDBT over all catalysts.

HDS reactivities of DBT, 4-MDBT, and 4,6-DMDBT weirtainly smaller over
the CoMoPtPd/HY catalyst. The low performance ccugdattributed to the sulfidation
degree reached for this catalyst, since the degreaetal sulfidation or reduction is
affected by the preparation procedure as reporyeHawelec et al., 1997. CoMoPd/Pt-
HY exhibited its highest activity for the HDS oflsu compounds at 6000 kgh/kmol.
The molar-averaged conversion for this catalyshigt space time was 32.7% compared
to 21.9% and 28.6 % over CoMoPtPd/HY and CoMglAlrespectively (Table 7.1 and
Figure 7.5). At the same space time phenanthresoeexthibited the highest conversion.

Table 7.1 Molar-averaged conversion and conversions of sufompounds and
phenanthrene in the HDS and HDA of heavy gas odraonventional CoMo/AD;
(HDS-0) catalyst, CoMoPtPd/HY (HDS-1) and CoMoPéeft (HDS-5) catalysts

W/F gt Conversion [%] Xavg®
Kgah/Kmol DBT 4-MDBT 4,6-DMDBT  Phenanthrene [%]
Catalyst: CoMo/AIO;
4000 16.6 14.1 12.3 7.6 24.4
5000 20.2 18.2 16.3 12.3 27.6
6000 24.9 23.0 211 18.3 28.6
Catalyst: CoMoPtPd/HY
4000 8.5 7.4 6.2 3.2 13.4
5000 119 9.7 8.0 5.0 16.4
6000 15.0 14.2 11.7 7.9 21.9
Catalyst: CoMoPd/Pt-HY
4000 19.6 17.8 16.1 39.1 24.1
5000 24.4 22.9 21.4 45.3 28.6
6000 26.9 25.6 24.3 47.7 32.3

WMolar-averaged conversion
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Figure 7.1 Hydrodesulfurization conversions of dibenzothiophéDBT) in heavy gas
oil over CoMo/ALO3, CoMoPtPd/HY, and CoMoPd/Pt-HY catalysts. (65 840°C,
7.2 molar H/HGO ratio).
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Figure 7.2 Hydrodesulfurization conversions of 4-methyldibetizophene (4-MDBT)

in heavy gas oil over CoMo/AD3, CoMoPtPd/HY, and CoMoPd/Pt-HY catalysts. (65
bar, 310°C, 7.2 molar HYHGO ratio).
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Figure 7.3Hydrodesulfurization conversions of 4,6-dimethyktzothiophene (4,6-
DMDBT) in heavy gas oil over CoMo/AD3;, CoMoPtPd/HY, and CoMoPd/Pt-HY
catalysts. (65 bar, 31T, 7.2 molar /HGO ratio).
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Figure 7.4 Hydrogenation conversions of phenanthrene in hegag oil over

CoMo/Al,Os3, CoMoPtPd/HY, and CoMoPd/Pt-HY catalysts. (65 841Q°C, 7.2 molar
H,/HGO ratio).
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Figure 7.5 Molar-averaged conversions in heavy gas oil ovesM&@AI,Os,
CoMoPtPd/HY, and CoMoPd/Pt-HY catalysts. (65 batQ 8C, 7.2 molar HHGO
ratio).

7.1.2 HDS of Heavy Gas Oil over CoMoPtPd/H&oMoPtPd/Ni-HY and CoMoPd/Pt-
HY Catalysts

Table 7.2 shows the molar-averaged conversionsg)Xand conversions of DBT,
4-MDBT, 4,6-DMDBT and phenanthrene over CoMoPtPdAYi and CoMoPd/Pt-HY
catalysts as well as CoMoPtPd/HY. CoMoPd/Pt-HYiikited the highest conversion
for the HDS of DBT, 4-MDBT, 4,6-DMDBT but did noof the hydrogenation of
phenanthrene among the catalyst examined givingrezsions from 19.6-26.88%,
17.81-25.56%, 16.1-24.31%, and 39.1-47.65% respdygtin the range of space time
(W/F°pgt ) of 4000-6000 Kgh/Kmol. CoMoPtPd/HY and CoMoPtPd/Ni-HY were
certainly inferior to the former catalyst, providithe conversions showed in Table 7.2.
However, CoMoPtPd/Ni-HY showed the highest activity the hydrogenation of

phenanthrene giving conversions from 53-58.4% énstlime range of space time.
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Figures 7.6-7.9 illustrate the conversion of &ikyenzothiophenes in heavy gas oil
as a function of space time. HDS reactivity cleatBcreased in the order DBT, 4-
MDBT, and 4,6-DMDBT over all catalysts.

HDS reactivities of DBT, 4-MDBT, and 4,6-DMDBT deased certainly in the
order of CoMoPtPd/HY < CoMoPtPd/Ni-HY < CoMoPd#®Y, while hydrogenation
reactivities of phenanthrene were CoMoPtPd/HY < G8WIPt-HY < CoMoPtPd/Ni-
HY.

CoMoPd/Pt-HY exhibited the highest molar-averagexhversions giving 24.1-
32.3% in the interval of space time studied comppawel 3.4-21.9% over CoMoPtPd/HY
and 22.7-27.6% over CoMoPtPd/Ni-HY (Table 7.2 aigufe 7.10).

Table 7.2 Molar-averaged conversions and conversions ofusutompounds and
phenanthrene in the HDS and HDA of heavy gas odra@oMoPtPd/HY (HDS-1),
CoMoPtPd/Ni-HY(HDS-3) and CoMoPd/Pt-HY (HDS-5) catalysts

W/F gt Conversion [%] Xavg®
Kgcah/Kmol DBT 4-MDBT 4,6-DMDBT Phenanthrene [%]

Catalyst: CoMoPtPd/HY

4000 8.5 7.4 6.2 3.2 13.4

5000 11.9 9.7 8.0 5.0 16.4

6000 15.0 14.2 11.7 7.9 21.9

Catalyst: CoMoPtPd/Ni-HY

4000 19.0 155 14.6 53.0 22.8

5000 20.9 17.9 16.8 57.1 26.2

6000 225 18.7 17.7 58.4 27.6
Catalyst: CoMoPd/Pt-HY

4000 19.6 17.8 16.1 39.1 24.1

5000 24.4 22.9 214 45.3 28.6

6000 26.9 25.6 24.3 47.7 32.3

“Molar-averaged conversion
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Figure 7.6 Hydrodesulfurization conversions of dibenzothiapihn€DBT) in heavy gas
oil over CoMoPtPd/HY, CoMoPtPd/Ni-HY and CoMoPdHPY- catalysts. (65 bar, 310
°C, 7.2 molar HYHGO ratio).
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Figure 7.7 Hydrodesulfurization conversions of 4-methyldibethzophene (4-MDBT)
in heavy gas oil over CoMoPtPd/HY, CoMoPtPd/Ni-HYdaCoMoPd/Pt-HY catalysts.
(65 bar, 310C, 7.2 molar YHGO ratio).
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Figure 7.8 Hydrodesulfurization conversions of 4,6-dimethgkhzothiophene (4,6-
DMDBT) in heavy gas oil over CoMoPtPd/HY, CoMoPtRdHY and CoMoPd/Pt-HY
catalysts. (65 bar, 31, 7.2 molar YHGO ratio).
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Figure 7.9 Hydrodesulfurization conversions of phenanthrenéh@avy gas oil over

CoMoPtPd/HY, CoMoPtPd/Ni-HY and CoMoPd/Pt-HY catasy (65 bar, 316C, 7.2
molar H/HGO ratio).
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Figure 7.10 Molar-averaged conversions in heavy gas oil oveiM@RtPd/HY,
CoMoPtPd/Ni-HY and CoMoPd/Pt-HY catalysts. (65 W&it0 °C, 7.2 molar HHGO
ratio).

7.1.3 HDS of Heavy Gas Oil over CoMo/PdNiPt-HY, CoMi/PdPt-HY, and
CoMoPtPd/Ni-HY Catalysts

Table 7.3 shows the molar-averaged conversionsg)Xand conversions of DBT,
4-MDBT, 4,6-DMDBT and phenanthrene over CoMo/PdNit and CoMoNi/PdPt-
HY catalysts as well as CoMoPtPd/Ni-HY. CoMoNiRReY exhibited the best
activity for the HDS of DBT, 4-MDBT, 4,6-DMDBT buid not for the hydrogenation
of phenanthrene among the catalyst examined gicmgersions from 24.1-28.3%,
22.6-27.12%, 20.8-25.6%, and 33.9-39.6% respegtivelthe range of space time
(W/F°pgt ) of 4000-6000 kgh/kmol.

CoMo/PdNiPt-HY and CoMoPtPd/Ni-HY were certainlyfenor to the former
catalyst, providing the conversions showed in Tabl2, except, CoMoPtPd/Ni-HY
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which showed the highest activity for the hydrogema of phenanthrene giving
conversions from 53-58.4% in the same range ofespate.

Figures 7.11-7.14 illustrate the conversion of Elyenzothiophenes in heavy gas
oil as a function of space time. HDS reactivityd®mntly decreased in the order DBT, 4-
MDBT, and 4,6-DMDBT over all catalysts.

HDS reactivities of DBT, 4-MDBT, and 4,6-DMDBT dease certainly in the order
of CoMo/PdNiPt-HY <CoMoPtPd/Ni-HY <CoMoNi/PdPt-HYithe interval space time
of 4000-6000 Kgh/Kmol, while hydrogenation reactivities of pherfareine were in the
order CoMo/PdNiPt-HY< CoMoNi/PdPt-HY < CoMoPtPd/Ni¥ for the same interval
of space time. CoMo/PdNiPt-HY catalyst had bettdivay for the HDS reactions than
CoMoPtPd/Ni-HY only at space time of 6000.Mg/’kmol, giving conversions of DBT,
4-MDBT, 4,6-DMDBT of 22.8, 20.4 and 18% vs 22.8,1and 17.7% correspondingly.

CoMoNi/PdPt-HY exhibited the highest molar-avehgmnversions giving 27.1-
32.5% in the interval of space time studied vs 4-8@% over CoMo/PdNiPt-HY and
22.7-27.6% over CoMoPtPd/Ni-HY (Table 7.3 and Feyidrl5).

Table 7.3 Molar-averaged conversions and conversions ofusutompounds and
phenanthrene in the HDS and HDA of heavy gas a@r @&voMo/PdNiPt-HY (HDS-8),
CoMoNi/PdPt-HY (HDS-10), and CoMoPtPd/Ni-HY (HDS-&talysts

W/F gt Conversion [%] Xavg®
Kgah/Kmol DBT 4-MDBT 4,6-DMDBT  Phenanthrene [%]

Catalyst: CoMo/PdNiPt-HY

4000 10.8 9.3 7.4 4.6 17.4

5000 17.4 15.5 13.6 104 24.5

6000 22.8 20.4 18.0 14.3 30.0
Catalyst: CoMoNi/PdPt-HY

4000 24.1 22.6 20.8 33.9 27.1

5000 25.8 24.4 23.0 36.8 30.1

6000 28.3 27.1 25.6 39.6 325
Catalyst: CoMoPtPd/Ni-HY

4000 19.0 15.5 14.6 53.0 22.8

5000 20.9 17.9 16.8 57.1 26.2

6000 22.5 18.7 17.7 58.4 27.6

WMolar-averaged conversion
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Figure 7.11Hydrodesulfurization conversions of dibenzothiopth¢DBT) in heavy gas
oil over CoMo/PdNiPt-HY, CoMoNi/PdPt-HY and CoMoFiRIi-HY catalysts. (65 bar,
310°C, 7.2 molar /HGO ratio).

(b) 4-MDBT

/‘Jﬂ\

Conversion [%]
N
o
Il

5
== CoMo/PdNiPt-HY =>¢=CoMoNi/PdPt-HY =¥¢=CoMoPtPd/Ni-HY
O T T T T T
3500 4000 4500 5000 5500 6000 6500

WIF%gr  [KQ oah/kmol]

Figure 7.12Hydrodesulfurization conversions of 4-methyldibetrophene (4-MDBT)
in heavy gas oil over CoMo/PdNiPt-HY, CoMoNi/PdPY-Hand CoMoPtPd/Ni-HY
catalysts. (65 bar, 31, 7.2 molar YHGO ratio).
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Figure 7.13 Hydrodesulfurization conversions of 4,6-dimethyktizothiophene (4,6-
DMDBT) in heavy gas oil over CoMo/PdNiPt-HY, CoMdRdPt-HY and
CoMOoPtPd/Ni-HY catalysts. (65 bar, 310, 7.2 molar YHGO ratio).
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Figure 7.14 Hydrogenation conversions of phenanthrene in hegag oil over
CoMo/PdNiPt-HY, CoMoNi/PdPt-HY and CoMoPtPd/Ni-Htalysts. (65 bar, 311,
7.2 molar H/HGO ratio).
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Figure 7.15 Molar-averaged conversions in heavy gas oil oveM@PdNiPt-HY,
CoMoNi/PdPt-HY and CoMoPtPd/Ni-HY catalysts. (65,t810°C, 7.2 molar WHGO
ratio).

7.1.4 HDS of Heavy Gas Oil over CoMo/PdNiPt-HY, CoMi/PdPt-HY, and
CoMoPd/Pt-HY Catalysts

Table 7.4 shows the molar-averaged conversionsg)Xand conversions of DBT,
4-MDBT, 4,6-DMDBT and phenanthrene over CoMo/PdNit and CoMoNi/PdPt-
HY catalysts as well as CoMoPd/Pt-HY catalyst pregain lab. CoMoNi/PdPt-HY
exhibited an excellent activity for the HDS of DBA-MDBT, 4,6-DMDBT, but did not
for the hydrogenation of phenanthrene among thedyst examined giving conversions
from 24.1-28.3%, 22.6-27.12%, 20.8-25.6%, 33.9-B9.1@spectively in the range of
space time (W/fpet ) of 4000-6000 kgh/kmol. CoMo/PdNiPt-HY and CoMoPd/Pt-

HY were certainly inferior to the former catalyptoviding the conversions showed in



174

Table 7.4. However, CoMoPd/Pt-HY shows the bestrdryeination for phenanthrene
providing conversions from 39.11-47.7% in the saamge of space time.

Figures 7.16-7.19 illustrate the conversion of kElkyenzothiophenes in heavy gas
oil as a function of space time. HDS reactivityd®mntly decreased in the order DBT, 4-
MDBT, and 4,6-DMDBT over all catalysts. HDS readias of DBT, 4-MDBT, and
4,6-DMDBT decline certainly in the order of CoMolfi@t-HY < CoMoPd/Pt-HY <
CoMoNi/PdPt-HY in the range space time of 4000-60RG..h/kmol, while
hydrogenation reactivities of phenanthrene weréhan order of CoMo/PdNiPt-HY <
CoMoNi/PdPt-HY < CoMoPd/Pt-HY for the same rangespéce time.

CoMoNi/PdPt-HY exhibited the highest molar-averagemversions (Figure 7.20)
giving 27.1-30.1% in the interval of space time4600-5000 kg,h/kmol. However, its
conversion at 6000 kgh/kmol was quite close to CoMo/PdNiPt-HY (32.5 @9@ and
similar to CoMoPd/Pt-HY catalyst (32.5 vs 32.3%).

Table 7.4 Molar-averaged conversions and conversions of sutmpounds and
phenanthrene in the HDS and HDA of heavy gas a@r dvoMo/PdNiPt-HY (HDS-8),
CoMoNi/PdPt-HY (HDS-10), and CoMoPd/Pt-HY (HDS-Btalysts

W/F gt Conversion [%] Xavg®
Kgcoth/Kmol DBT 4-MDBT 4,6-DMDBT  Phenanthrene [%6]

Catalyst: CoMo/PdNiPt-HY

4000 10.8 9.3 7.4 4.6 17.4

5000 17.4 15.5 13.6 104 24.5

6000 22.8 204 18.0 14.3 30.0
Catalyst: CoMoNi/PdPt-HY

4000 241 22.6 20.8 33.9 27.1

5000 25.8 24.4 23.0 36.8 30.1

6000 28.3 27.1 25.6 39.6 32.5
Catalyst: CoMoPd/Pt-HY

4000 19.6 17.8 16.1 39.1 24.1

5000 24.4 22.9 21.4 45.3 28.6

6000 26.9 25.6 24.3 47.7 32.3

“Molar-averaged conversion
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Figure 7.16 Hydrodesulfurization conversions of dibenzothioph€DBT) in heavy gas

oil over CoMo/PdNiPt-HY, CoMoNi/PdPt-HY and CoMoPd/HY catalysts. (65 bar,
310°C, 7.2 molar /HGO ratio).
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Figure 7.17Hydrodesulfurization conversions of 4-methyldibetrophene (4-MDBT)

in heavy gas oil over CoMo/PdNiPt-HY, CoMoNi/PdP¥-Hand CoMoPd/Pt-HY
catalysts. (65 bar, 31, 7.2 molar YHGO ratio).
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Figure 7.18 Hydrodesulfurization conversions of 4,6-dimethykhlzothiophene (4,6-
DMDBT) in heavy gas oil over CoMo/PdNiPt-HY, CoMdRdPt-HY and CoMoPd/Pt-
HY catalysts. (65 bar, 31%C, 7.2 molar YHGO ratio).
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Figure 7.19 Hydrodesulfurization conversions of phenanthrendnéavy gas oil over

CoMo/PdNiPt-HY, CoMoNi/PdPt-HY and CoMoPd/Pt-HY abfsts. (65 bar, 316C,
7.2 molar H/HGO ratio).
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Figure 7.20 Molar-averaged conversions in heavy gas oil oveM@®dNiPt-HY,
CoMoNi/PdPt-HY and CoMoPd/Pt-HY catalysts. (65 W3it0 °C, 7.2 molar HHGO
ratio).

7.2 Effect of the Molar H/HC Ratio at Space Time of 6000 kgn/kmol

This part shows the results of the effect of mélgiHC ratio on the HDS and HDA
reactions in heavy gas oil at space time (#P of 6000 kgah/kmol. The three sets of
catalyst mentioned below were defined to compagggiactivities.

Set Catalysts

1 CoMoPtPd/HY, CoMoPtPd/Ni-HY and CoMoPd/Pt-HY dpsis.
2 CoMo/PdNiPt-HY, CoMoNi/PdPt-HY, and CoMoPtPd/N¥H

3 CoMo/PdNiPt-HY, CoMoNi/PdPt-HY, and CoMoPd/Pt-HY.

Tables from pages 179-187 and Figures from page8-189 show the
hydrodesulfurization conversions of sulfur compaaintdydrogenation conversion of

phenanthrene and molar-averaged conversion in hgas/gil as a function of the,HC
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ratio over basic and noble metals containing zeotiatalysts at the experimental
conditions of 65 bar, 31%C, and space time (Wipst) of 6000 kgah/kmol.

7.2.1 HDS of Heavy Gas Oil over CoMoPtPd/HY, CoMBEINI-HY, and CoMoPd/Pt-
HY Catalysts

Table 7.5 shows the molar-averaged conversionsg)Xand conversions of DBT,
4-MDBT, 4,6-DMDBT and phenanthrene over CoMoPtPeffNi and CoMoPd/Pt-HY
catalysts as well as CoMoPtPd/HY. All catalysteveéd their best HDS and HDA
performance at molarHC ratio of 11.2.

CoMoPd/Pt-HY exhibited an excellent activity foethDS of DBT, 4-MDBT, 4,6-
DMDBT but did not for the hydrogenation of pheramene among the catalyst
examined giving conversions from 26.8-34.7%, 236%, 24.31-32%, and 47.65-
56.45% respectively in the range of the molar-ayeda conversion of 7.2-11.2.
CoMoPtPd/HY and CoMoPtPd/Ni-HY were certainly inéerto the former catalyst in
HDS, providing the conversions showed in Table A&wever, for the hydrogenation of
phenanthrene CoMoPtPd/Ni-HY showed the highesviagtigiving conversions from
58.4-66.1% in the same range of space time.

Figures 7.21-7.24 illustrate the conversion ofkykdibenzothiophenes and
phenanthrene in heavy gas oil as a function ofnleéar H/HC ratio. HDS reactivity
clearly decreased in the order DBT, 4-MDBT, and@MDBT over all catalysts.

The results of the space time study show that HEfgtivities of DBT, 4-MDBT,
and 4,6-DMDBT decrease certainly in the order ooMoPtPd/HY < CoMoPtPd/Ni-
HY < CoMoPd/Pt-HY, while hydrogenation reactivitieef phenanthrene was
CoMoPtPd/HY < CoMoPd/Pt-HY < CoMoPtPd/Ni-HY

CoMoPd/Pt-HY also exhibited the highest molar-ageth conversions giving
32.3-39.1% in the interval of #HC studied vs 21.9-25.1% over CoMoPtPd/HY and
27.6-35.7% over CoMoPtPd/Ni-HY (Table 7.5 and Feyidr25).
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Table 7.5 Molar-averaged conversion and conversions of sutfampounds and
phenanthrene in the HDS and HDA of heavy gas odra@oMoPtPd/HY (HDS-1),
CoMoPtPd/Ni-HY (HDS-3), and CoMoPd/Pt-HY (HDS-5}algsts

H,/HGO Conversion [%] Xavg®
mol ratio DBT 4-MDBT 4,6-DMDBT Phenanthrene [%]
Catalyst: CoMoPtPd/HY
7.2 15.0 14.2 11.7 7.8 21.9
9.2 16.0 14.9 13.8 10.1 24.3
11.2 16.3 15.5 14.4 11.7 25.1
Catalyst: CoMoPtPd/Ni-HY
7.2 225 18.7 17.7 58.4 27.6
9.2 28.5 23.8 23.0 62.5 35.4
11.2 33.0 28.7 275 66.1 35.7
Catalyst: CoMoPd/Pt-HY
7.2 26.9 25.6 24.3 47.7 32.3
9.2 32.9 31.0 29.31 53.4 37.1
11.2 34.7 33.2 32.0 56.5 39.1

“Molar-averaged conversion
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Figure 7.21Hydrodesulfurization conversions of dibenzothiaphn€DBT) in heavy gas
oil over CoMoPtPd/HY, CoMoPtPd/Ni-HY and CoMoPdHPY- catalysts. (65 bar, 310
°C, and space time of 6000kb/kmol).
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Figure 7.22 Hydrodesulfurization conversions of 4-methyldibetieophene (4-MDBT)
in heavy gas oil over CoMoPtPd/HY, CoMoPtPd/Ni-HNdaCoMoPd/Pt-HY catalysts.
(65 bar, 310C, and space time of 6000kf/kmol).
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Figure 7.23 Hydrodesulfurization conversions of 4,6-dimethyktizothiophene (4,6-
DMDBT) in heavy gas oil over CoMoPtPd/HY, CoMoPtRdHY and CoMoPd/Pt-HY
catalysts. (65 bar, 31T, and space time of 6000kb/kmol).
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Figure 7.24 Hydrodesulfurization conversions of phenanthrendneéavy gas oil over
CoMoPtPd/HY, CoMoPtPd/Ni-HY and CoMoPd/Pt-HY catay (65 bar, 316C, and
space time of 6000 kgh/kmol).
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Figure 7.25 Molar-averaged conversions in heavy gas oil oveiM@RtPd/HY,

CoMoPtPd/Ni-HY and CoMoPd/Pt-HY catalysts. (65 bat0 °C, and space time of
6000 kgah/kmol).
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7.2.2 HDS of Heavy Gas Oil over CoMo/PdNiPt-HY, CoMi/PdPt-HY, and
CoMoPtPd/Ni-HY Catalysts

Table 7.6 shows the molar-averaged conversionsg)Xand conversions of DBT,
4-MDBT, 4,6-DMDBT and phenanthrene over CoMo/PdNift and CoMoNi/PdPt-
HY catalysts as well as CoMoPtPd/Ni-HY. Also editalysts showed their best HDS
and HDA performance at molanMiC ratio of 11.2.

CoMoNi/PdPt-HY exhibited the best activity for th#DS of DBT, 4-MDBT, 4,6-
DMDBT but did not for the hydrogenation of pherfaene among the catalyst
examined giving conversions from 28.3-32.2%, 2B123%, 25.6-30.1%, and 39.6-
43.2% respectively in the range of,/HC of 7.2-11.2. CoMo/PdNiPt-HY and
CoMoPtPd/Ni-HY were certainly inferior to the formecatalyst, providing the
conversions showed in Table 7.6, except, CoMoPtPdNshowed the highest activity
for the hydrogenation of phenanthrene giving cosioers from 58.4-66.1% in the same
range of H/HC ratio.

Figures 7.26-7.29 illustrate the conversion ofkykibenzothiophenes and
phenanthrene in heavy gas oil as a function ofntleéar H/HC ratio. HDS reactivity
evidently decreased in the order DBT, 4-MDBT, ar@t@MDBT over all catalysts.

Even though the HDS reactivity of DBT, 4-MDBT, amtl6-DMDBT over
CoMo/PdNiPt-HY and CoMoPtPd/Ni-HY were quite closegMoNi/PdPt-HY shows
the best performance in the range space time 00-8000 kg,h/kmol. The HDA
reactivity of phenanthrene decrease certainly i@ thder of CoMo/PdNiPt-HY <
CoMoNi/PdPt-HY < CoMoPtPd/Ni-HY at the same ranfismace time.

CoMoNi/PdPt-HY exhibited the highest molar-averagmohversions giving 32.5-
43.2% in the interval of HHC studied vs 30-37.2% over CoMo/PdNiPt-HY and627.
35.7% over CoMoPtPd/Ni-HY (Table 7.6 and Figure0}.3
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Table 7.6 Molar-averaged conversion and conversions of sufampounds and
phenanthrene in the HDS and HDA of heavy gas aér &voMo/PdNiPt-HY (HDS-8),
CoMoNi/PdPt-HY (HDS-10), and CoMoPtPd/Ni-HY (HDS-&talysts

H,/HGO Conversion [%] Xavg®
mol ratio DBT 4-MDBT 4,6-DMDBT Phenanthrene [%]
Catalyst: CoMo/PdNiPt-HY
7.2 22.8 20.4 18.0 14.3 30.0
9.2 26.9 24.5 21.9 18.2 33.6
11.2 31.3 28.5 25.7 21.7 37.2
Catalyst: CoMoNi/PdPt-HY
7.2 28.3 27.1 25.6 39.6 325
9.2 29.9 29.0 275 41.6 39.5
11.2 32.2 31.3 30.1 43.2 43.2
Catalyst: CoMoPtPd/Ni-HY
7.2 225 18.7 17.7 58.4 27.6
9.2 28.5 23.8 23.0 62.5 35.4
11.2 33.0 28.7 27.5 66.1 35.7
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Figure 7.26 Hydrodesulfurization conversions of dibenzothiaph€DBT) in heavy gas
oil over CoMo/PdNiPt-HY, CoMoNi/PdPt-HY and CoMoPtii-HY catalysts. (65 bar,
310°C, and space time of 6000kb/kmol).
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Figure 7.27Hydrodesulfurization conversions of 4-methyldibetrophene (4-MDBT)
in heavy gas oil over CoMo/PdNiPt-HY, CoMoNi/PdPY-Hand CoMoPtPd/Ni-HY
catalysts. (65 bar, 31, and space time of 6000kb/kmol).
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Figure 7.28 Hydrodesulfurization conversions of 4,6-dimethikehzothiophene (4,6-
DMDBT) in heavy gas oil over CoMo/PdNiPt-HY, CoMdRdPt-HY and
CoMOoPtPd/Ni-HY catalysts. (65 bar, 310, and space time of 6000kf/kmol).
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Figure 7.29 Hydrogenation conversions of phenanthrene in hegag oil over
CoMo/PdNiPt-HY, CoMoNi/PdPt-HY and CoMoPtPd/Ni-H¥talysts. (65 bar, 31,
and space time of 6000 kgp/kmol).
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Figure 7.30 Molar-averaged conversions in heavy gas oil oveM@/PdNiPt-HY,
CoMoNi/PdPt-HY and CoMoPtPd/Ni-HY catalysts. (65,0210°C, and space time of
6000 kgah/kmol).
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7.2.3 HDS of Heavy Gas Oil over CoMo/PdNiPt-HY, CoMi/PdPt-HY, and
CoMoPd/Pt-HY Catalysts

Table 7.7 shows the molar-averaged conversionsg)Xand conversions of DBT,
4-MDBT, 4,6-DMDBT and phenanthrene over CoMo/PdNift and CoMoNi/PdPt-
HY catalysts as well as CoMoPd/Pt-HY catalyst pregan lab.

CoMoNi/PdPt-HY exhibited the best activity for th#DS of DBT, 4-MDBT, 4,6-
DMDBT at the molar HHHC ratio of 7.2 among the catalyst examined, @vin
conversions of 28.3%, 27.1%, and 25.6%, respegtiv€loMoPd/Pt-HY shows the best
activity for the same refractory sulfur compoundsthe interval of 9.2-11.2 #HC,
providing conversions from 32.9-34.7 for DBT, 313% for 4-MDBT and 29.3-32%
for 4,6-DMDBT. For the hydrogenation of phenantlmé&doMoPd/Pt-HY exhibited the
best performance providing conversions from 47.5%6in the interval of 7.2-11.2
molar H/HC ratio.

Figures 7.31-7.34 illustrate the conversion of Hlbenzothiophenes and
phenanthrene in heavy gas oil as a function ofntieéar H/HC ratio. HDS reactivity
evidently decreased in the order DBT > 4-MDBT >BJDBT over all catalysts. HDS
reactivities of DBT, 4-MDBT, and 4,6-DMDBT declineertainly in the order of
CoMo/PdNiPt-HY < CoMoNi/PdPt-HY < CoMoPd/Pt-HY ihd range 9.2-11.2 #HC
mol ratio. While for the hydrogenation reactivitie$ phenanthrene the order was
CoMo/PdNiPt-HY < CoMoPd/Pt-HY < CoMoNi/PdPt-HY from.2 to 11.2 HHHGO
mol ratio.

CoMoNi/PdPt-HY exhibited the highest molar-averagemversions giving 39.5-
43.2% in the interval of 9.2-11.2,HHC mol ratio. However, its conversion at 7.2 was
quite close to CoMo/PdNiPt-HY (32.5 vs 30%) andiEmto CoMoPd/Pt-HY catalyst
(32.5 vs 32.3%) (Table 7.7 and Figure 7.35).
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Table 7.7 Molar-averaged conversion and conversions of sufampounds and
phenanthrene in the HDS and HDA of heavy gas aér &voMo/PdNiPt-HY (HDS-8),
CoMoNi/PdPt-HY (HDS-10), and CoMoPd/Pt-HY (HDS-3talysts

H,/HGO Conversion [%] Xavg®
mol ratio DBT 4-MDBT 4,6-DMDBT Phenanthrene [%]
Catalyst: CoMo/PdNiPt-HY
7.2 22.8 20.4 18.0 14.3 30.0
9.2 26.9 24.5 21.9 18.2 33.6
11.2 31.3 28.5 25.7 21.7 37.2
Catalyst: CoMoNi/PdPt-HY
7.2 28.3 27.1 25.6 39.6 325
9.2 29.9 29.0 275 41.6 39.5
11.2 32.2 31.3 30.1 43.2 43.2
Catalyst: CoMoPd/Pt-HY
7.2 26.9 25.6 24.3 47.7 32.3
9.2 32.9 31.0 29.31 53.4 37.1
11.2 34.7 33.2 32.0 56.5 39.1
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Figure 7.31Hydrodesulfurization conversions of dibenzothioph€¢DBT) in heavy gas
oil over CoMo/PdNiPt-HY, CoMoNi/PdPt-HY and CoMoPd/HY catalysts. (65 bar,
310°C, and space time of 6000kb/kmol).



188

40

(b) 4-MDBT
35 4

30 -

/4.’?:/2(
V

25 A

20 A

15 -

Conversion [%]

10 -

—&— CoMo/PdNiPt-HY =>¢=CoMoNi/PdPt-HY —@=—CoMoPd/Pt-HY

6.0

7.0

8.0

H,/HGO

9.0

[mol ratio]

10.0

11.0

12.0

Figure 7.32Hydrodesulfurization conversions of 4-methyldibetizophene (4-MDBT)
in heavy gas oil over CoMo/PdNiPt-HY, CoMoNi/PdP¥-Hand CoMoPd/Pt-HY
catalysts. (65 bar, 31, and space time of 6000kb/kmol).
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Figure 7.33 Hydrodesulfurization conversions of 4,6-dimethykhlzothiophene (4,6-
DMDBT) in heavy gas oil over CoMo/PdNiPt-HY, CoMdRdPt-HY and CoMoPd/Pt-
HY catalysts. (65 bar, 31, and space time of 6000kb/kmol).
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Figure 7.34 Hydrodesulfurization conversions of phenanthreménéavy gas oil over
CoMo/PdNiPt-HY, CoMoNi/PdPt-HY and CoMoPd/Pt-HY abssts. (65 bar, 316C,
and space time of 6000 kgp/kmol).
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Figure 7.35 Molar-averaged conversions in heavy gas oil oveM@®dNiPt-HY,
CoMoNi/PdPt-HY and CoMoPd/Pt-HY catalysts. (65 bat0 °C, and space time of
6000 kgah/kmol).
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7.3 Concluding Remarks

In noble-metal-catalized HDS and HDA reactions mavy gas oil (HGO), the
activity of the catalysts strongly depends on thpet of support and metal. For
hydrogenation of phenanthrene in HGO at 3@ 65 bar, 7.2 WHC and 4000
kgcah/kmol, the CoMoPtPd/Ni-HY (HDS-3) catalyst is staygially more active than
CoMoPd/Pt-HY (HDS-5) and CoMoNi/PdPt-HY (HDS-10)}ea when the two latter
are used at higher HHC ratio and space time.

Trimetallic CoMoPd supported on Pt-modified USY l#eo ie., CoMoPd/Pt-HY
(HDS-5) catalyst, showed higher HDS and HDA thaa tonventional CoMo/ADs.
Because the trimetallic CoMoNi supported on PdPdified US, i.e., CoMoNi/PdPt-
HY (HDS-10) showed better HDS than trimetallic Cdhbsupported on Pt-modified
USY zeolite, it can be concluded that metal or imétal-modified USY zeolite, i.e., Pt-
HY, Ni-HY, PdNiPt-HY and PdPt-HY supporting two orore metals, such as Co, Mo,
Ni, Pt and Pd, show higher activity for HDS and HDWAan the conventional
CoMo/Al;O3
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CHAPTER VIII

COMPARISON OF ACTIVITY IN TERMS OF CONVERSION OF DB T AND
4,6-DMDBT INTO THEIR REACTION PRODUCTS

The Hydrodesulfurization (HDS) of Heavy gas oil taning 0.453 mass% was
performed at total pressure of 65 bar, temperatfir810 °C, space time (W/iggT)
varied from 4000 to 6000 kgh/kmol and molar hydrogen to hydrocarbon ratio & 7
over a commercial CoMo/AD; catalysts as well as experimental zeolite catalyst
prepared in lab, CoMoPtPd/HY (HDS-1), CoMoPd/Pt-EHDS-5), CoMoPtPd/Ni-HY
(HDS-3), CoMo/PdNiPt-HY (HDS-8), and CoMoNi/PdPt-HHDS-10) catalysts to
examine the HDS reactivities of DBT and 4,6-DMDBTigh exist in the Heavy gas oil.
Among these catalysts, HDS-10 exhibited the hight#3S reactivity. Isomerization
reaction of 4-6-DMDBT into 3,6-DMDBT, and then d#dsuzation into 3,4-DMBPH
seems to be evident over the zeolites catalysts. réaction products of the HDS of
DBT were biphenyl (BPH), cyclohexylbenzene (CHBIgyislohexyl (BCH), and bS.
Tetra-(THDBT) and hexahydrodibenzothiophene (HHDB/Eye not detected.

8.1 Effect of Space Time at 3f€ and Molar H/HC Ratio of 7.2

8.1.1 Commercial CoMo/AD; (HDS-0) Catalyst

The catalyst used here was supplied by IMP. Itaiost13.1-16.1 wt% Mo§) 3.2-
3.8 wt% CoO; total pore volume of 0.5 ¥mand BET surface area mol of 215/ Al
catalysts were crushed at 850-1Q0t avoid diffusional limitations.

8.1.1.1 Conversion of DBT in HDS of Heavy Gas Oil

Table 8.1 and Figure 8.1 show the total conversai3BT (Xpgt), conversions of
DBT into BPH (Xgpn), conversions of DBT into CHB (fs) and conversions of DBT
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into BCH (XscH). The DBT total conversion varied from 16.6 to728.with space time.
As expected, the conversionspf, Xgpn, Xcus and Xgcy increased with space time.
DBT was mainly desulfurized into BPH and3 DBT probably also hydrogenated into
THDBT and or HHDBT. However, they were not detectette they are highly reactive
intermediates that are instantaneously convertesd @HB and HS. BPH was further
hydrogenated into CHB. Partial hydrogenation of BlBEcurred at the operating
conditions which were applied, and leads to moéesatounts of BCH. The conversions
of DBT into CHB and BCH varied from 8.3 to 10.3%dainom 6.8 to 8.4% with space
time respectively.

Table 8.1 Conversions of DBT into its reaction products afurction of space time
(W/F%gr) over CoMo/AbO; catalyst

W/F°psT Conversion [%]
Kgcath/Kmol X peT XgpH Xchp XgcH
4000 16.6 11.8 8.3 6.8

5000 20.2 14.0 10.6 8.2
6000 23.7 16.0 10.3 8.4
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Figure 8.1 Conversions as a function of W#sr over CoMo/AbOs catalyst. (YgT)

total conversion of DBT, (¥wn) conversion of DBT into BPH, () conversion of
DBT into CHB, (Xscn) conversion of DBT into BCH. Experimental conditeoT= 310
°C, p: = 65 bar, HHHGO=7.2, Feed: Heavy Gas Oil.
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8.1.1.2 Conversion of 4,6-DMDBT in HDS of Heavy &&il

The 3,4-dimethylbiphenyl was followed as a finaheton product of the HDS of
4,6-DMDBT. A route of the HDS reaction of 4,6-DMDBS to isomerize 4,6-DMDBT
into 3,6-DMDBT and then desulfurize into 3,4-DMBPHKccording to Isoda et al.,
(1996) acid-catalyzed reactions take place cesptaimér CoMo/AbOs-zeolite. However,
conversions of 4,6-DMDBT into 3,4-DMBPH were tracesthce the commercial
CoMo/Al,O3 catalyst was used as reference of the zeolitdystda The 4,6-DMDBT
total conversion over CoMo/AD; catalyst varied from 12.3 to 21.1% with space time
(Table 8.2). As expected, the conversiongs-Xvost and X 4-pmepr INCreased with
space time. The desulfurization of 4,6-DMDBT bynsrization route led to very small
amounts of 3,4-DMBPH, 3.3 to 3.9% in the range pé&ce time of 4000 to 6000

kgcah/kmol. A Typical set of conversions vs space tpte is shown in Figure 8.2.

Table 8.2 Total Conversions of 4,6-DMDBT and conversions o0in8,4-
dimethylbiphenyl as a function of space tinlH°sr) over CoMo/AbO; catalyst

W/F gt Conversion [%]
Kgcath/Kmol X 4,6-DMDBT X3,4-DMBPH
4000 12.3 3.3
5000 16.3 3.5

6000 21.1 3.9
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Figure 8.2 Conversions as a function of W#st over CoMo/AbOs catalyst. (6.

ovpoeT) total conversion of 4,6-DMDBT, (%-omspy) conversion of 4,6-DMDBT into
3,4-DMBPH. Experimental condition§i= 310°C, p, = 65 bar, HHGO=7.2, Feed:
Heavy Gas Oil.

A set of five catalysts were prepared using incipetness impregnation and ion
exchange procedures, which were described in tBpapation of the catalyst section.
The experiments with the heavy gas oil were carried aiua total pressure of 65 bars,
temperature of 316C and molar hydrogen to hydrocarbon ratio of 7.Be Tatalysts
were dried at 126C for 1h and sulfided at 33X for 3.5 hr by flowing HS (8.5%) in

H, under atmospheric pressure just before its use.

8.1.2 CoMoPtPd/HY (HDS-1) Catalyst

CoMoPtPd/HY as a test catalyst was prepared bytdtampregnation procedure of
Co, Mo, Pt and Pd salt solutions into the suppdnictv consisted of Y-zeolite. The
pellets show a BET surface area of 379grand a total pore volume of 0.104 cc/g.

Others properties are summarized in the catalystsacterization section.
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8.1.2.1 Conversion of DBT in HDS of Heavy Gas Oil

Table 8.3 and Figure 8.3 illustratee reaction products of the HDS of DBT which
were biphenyl (BPH), cyclohexylbenzene (CHB), blohexyl (BCH), and HS. Tetra-
(THDBT) and hexahydrodibenzothiophene (HHDBT) weo¢ analyzed.

CoMoPtPd/HY exhibited less activity for the HDShafavy gas oil among the catalysts
examined, giving total conversion of DBT from 8015 % in the range of space time of
4000 to 6000 kgh/kmol.

As expected, the conversionggft, Xspn, Xcrs and Xgcnincreased with space time.
DBT was mainly desulfurized and hydrogenated intéBCand BCH and kB at the
operating conditions used. The conversions of Di@d CHB and BCH varied from 5.7
to 8.3% and from 7.7 to 12.1% with space time respely.

Table 8.3Conversions of DBT into their reaction productsaafinction of space time
(W/F°ysr) over CoMoPtPd/Htatalyst

W/F gt Conversion [%]
Kgcah/Kmol X BT, XgpH Xchp XecH
4000 8.5 3.6 5.7 7.7
5000 11.9 4.8 7.5 10.0

6000 15.0 5.1 8.3 12.1
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Figure 8.3 Conversions as a function of W#st over CoMoPtPd/HY catalyst. (§1)

total conversion of DBT, (¥wn) conversion of DBT into BPH, () conversion of
DBT into CHB, (XscH) conversion of DBT into BCH. Experimental conditeo T= 310
°C, p: = 65 bar, HHHGO=7.2. Feed: Heavy Gas Oil.

8.1.2.2 Conversion of 4,6-DMDBT in HDS of Hea@®as Oil

Table 8.4 and Figure 8.4 show the conversiminthe 4,6-DMDBT in the heavy gas
oil as a function of space time. As previously nmmed 3,4- dimethylbiphenyl was
followed as a final reaction product of the HDS406-DMDBT by the Isomerization
route. CoMoPtPd/HY catalysts show better activityterms of the conversion of 4,6-
DMDBT into 3,4-dimethylbiphenyl than CoMo/4D; catalyst, giving conversions from
5.23t0 8.84% vs 3.3 t0 3.9% respectively (Tabk)8

Table 8.4 Total Conversions of 4,6-DMDBT and conversions o0in83,4-
dimethylbiphenyl as a function of space tim&r’s;) over CoMoPtPd/HYtatalyst

W/F°paT Conversion [%]
Kgcath/Kmol X 4,6-DMDBT X3,4-DMBPH
4000 6.2 5.2
5000 8.0 7.3

6000 11.7 8.8
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Figure 8.4 Conversions as a function of Wggr over CoMoPtPd/HYcatalyst. (%

pvmpet) total conversion of 4,6-DMDBT, (4-omspH) conversion of 4,6-DMDBT into
3,4-DMBPH. Experimental conditiond= 310 °C, p; = 65 bar, HHHGO=7.2. Feed:
Heavy Gas Oil.

8.1.3 CoMoPd/Pt-HY (HDS-5) Catalyst

Platinum-containing zeolite (Pt-HY) was prepared oy exchange procedure.
Catalyst CoMoPd was prepared by wet impregnatiofteflY with Co, Mo, Pd salt

solutions. The pellets show a BET surface areab6fi&/g and a total pore volume of
0.114 cclg.

8.1.3.1 Conversion of DBT in HDS of Heavy Gas Oil

The reaction products of the HDS of DBT at Mover this noble metal catalyst
studied is shown in Table 8.5 and Figure 8.5. Témction products were biphenyl
(BPH), cyclohexylbenzene (CHB), bicyclohexyl (BCH)nd HS. Tetra-(THDBT) and
hexahydrodibenzothiophene (HHDBT) were not analyZedexpected, the conversions

XpeT, Xgpn, Xcus and Xgcp increased with space time. DBT was also mainly



198

desulfurized and hydrogenated into CHB and BCH ldpfél at the operating conditions
used.

Among the CoMo/AlOs;, CoMoPtPd/HY and CoMoPd/Pt-HY, the last catalyst
shows better activity for the HDS and HDA. The totanversion of DBT over
CoMoPd/Pt-HY is above of 19% in the rangewsf°ysr from 4000 to 6000 kgh/kmol
(Table 8.5), compared to 8% conversion over CoMdR{¥ (Table 8.3.) and 16%
conversion over CoMo/AD; (Table 8.1.). The conversions of DBT into CHB &fdH
over CoMoPd/Pt-HY varied from 8.1 to 11.5% and frds8 to 23.0% with space time
respectively. Over CoMo/AD; the variations of CHB and BCH were 8.3 to 10.3% an
6.8 to 8.4% (Table 8.1) correspondingly and oveM@BtPd/HY was 5.7 to 8.3% and
7.71t0 12.1 (Table 8.1) in the same order.

Table 8.5Conversions of DBT into their reaction productsaafsinction of space time
(W/F°sgr) Over CoMoPd/Pt-HY catalyst

WIFoet Conversion [%]
Kgcath/Kmol XpeT XgpH Xcug XgcH
4000 19.6 6.1 8.1 15.8
5000 24.4 8.7 11.3 20.1

6000 26.9 9.4 11.5 23.0
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Figure 8.5 Conversions as a function of Wit over CoMoPd/Pt-HYcatalyst. (%gT)

total conversion of DBT, (¥w) conversion of DBT into BPH, () conversion of
DBT into CHB, (XscH) conversion of DBT into BCH. Experimental conditeo T= 310
°C, p: = 65 bar, HHHGO=7.2. Feed: Heavy Gas Oil.

8.1.3.2 Conversion of 4,6-DMDBT in HDS of Heavy &&il

The 3,4-dimethylbiphenyl was followed as a finaheton product of the HDS of
4,6-DMDBT by the isomerization route. The convensioof 4,6-DMDBT and its
reaction product are shown in Table 8.6 and Figuée

Among the CoMo/AlO;, CoMoPtPd/HY and CoMoPd/Pt-HY, the last catalyst
shows also better activity of 4,6-DMDBT and conwemsinto its product. The total
conversion of 4,6-DMDBT over CoMoPd/Pt-HY is ab@fel6% in the range of//F°per
from 4000 to 6000 kgh/kmol, compared to 6% conversion over CoMoPtPd(Mable
8.4.) and 12% conversion over CoMo/@% (Table 8.2.).

The CoMoPtPd/HY and CoMoPd/Pt-HY catalysts exhibiéehigher activity for the
conversion of 4,6-DMDBT into 3,4-dimethylbiphenylhan the conventional
CoMo/Al,Os. The former provides a conversion above 5% (Tahk), and the

CoMoPd/Pt/HY provide a conversion of 11% (Table) 8i6 the range ofw/F°ysr from
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4000 to 6000 kgh/kmol vs a conversion of 3% provided by the coneral
CoMo/Al,O3 catalyst (Table 8.2).

The CoMoPd/Pt-HY catalyst, which was prepared caonigi the ion exchange and
incipient wetness impregnation methods exhibited extellent activity for the
conversion of 4,6-DMDBT into 3,4- dimethylbiphenyfhe conversions varied from
11.7 to 16.7% vs 5.2-8.8% of CoMoPtPd/HY preparedy doy wet impregnation
method (Table 8.4).

Table 8.6 Total conversions of 4,6-DMDBT and conversions o0int3,4-
dimethylbiphenyl as a function of space tineH;) over CoMoPd/Pt-Htatalyst
W/F°psT Conversion [%]

Kgcath/Kmol X 4,6-DMDBT X3.4-DMBPH
4000 16.1 11.7
5000 214 14.9
6000 24.3 16.7
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Figure 8.6 Conversions as a function of Wgr over CoMoPd/Pt-HYcatalyst. (%.6.
pvmpet) total conversion of 4,6-DMDBT, (4-omspH) conversion of 4,6-DMDBT into
3,4-DMBPH. Experimental conditiond= 310 °C, p; = 65 bar, HHHGO=7.2. Feed:
Heavy Gas Oil.
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8.1.4 CoMoPtPd/Ni-HY (HDS-3) Catalyst

Nickel-containing zeolite (Ni-HY) was prepared Hyetion exchange procedure.
Catalyst CoMoPtPd was prepared by incipient wetnesthod of Ni-HY using Co, Mo,
Pt and Pd salt solutions. The pellets show a BEfase area of 332 ffg and a total

pore volume of 0.096 cc/qg.

8.1.4.1 Conversion of DBT in HDS of Heavy Gas Oil

Table 8.7 and Figure 8.7 show the reaction prodottie HDS of DBT at 316C
over this noble metal catalyst. The reaction pregluevere biphenyl (BPH),
cyclohexylbenzene (CHB), bicyclohexyl (BCH), and,Sd Tetra-(THDBT) and
hexahydrodibenzothiophene (HHDBT) were not deteckedexpected, the conversions
XpeT, XepH, Xcup and Xgcp increased with space time. DBT was also desulfdriened
hydrogenated into CHB and BCH andS+at the operating conditions used.

Between the CoMoPd/Pt-HY and CoMoPtPd/Ni-HY, thenfer catalyst shows
better activity for the HDS and HDA. The total cension of DBT over CoMoPd/Pt-HY
is from 19.6 to 26.9% in the range af/F°,sr from 4000 to 6000 kgh/kmol (Table
8.5.), vs 19 to 22.5% over CoMoPtPd/Ni-HY (Tablé.8

Even though the conversions of DBT into BPH ardegsimilar for both catalysts,
the conversions of DBT into CHB and BCH was higbeer CoMoPd/Pt-HY which
varied from 8.1 to 11.5% and from 15.8 to 23.0%pace time increased from 4000 to
6000 kg.h/kmol respectively. Over CoMoPtPd/Ni-HY the vaidats of CHB and BCH
were 5.2 t0 8.6% and 15.2 to 19.7% correspondingly.
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Table 8.7 Conversions of DBT into their reaction productsaaisinction of space time
(W/F°sr) over CoMoPtPd/Ni-HYcatalyst

W/F st Conversion [%]

Kgcah/Kmol X BT, XgpH Xchp XecH
4000 19.0 7.0 5.2 15.2
5000 20.9 10.1 7.7 18.7
6000 22.5 10.8 8.6 19.7
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Figure 8.7 Conversions as a function of W#gr over CoMoPtPd/Ni-HY catalyst.
(XpeT) total conversion of DBT, (ppn) conversion of DBT into BPH, (Xis)
conversion of DBT into CHB, (¥n) conversion of DBT into BCH. Experimental
conditions:T= 310°C, p; = 65 bar, HHHGO=7.2. Feed: Heavy Gas Oil.

8.1.4.2 Conversion of 4,6-DMDBT in HDS of Heavy &8Il

Again 3,4-dimethylbiphenyl was observed as a frealction product of the HDS of
4,6-DMDBT by the isomerization route. The convemnsioof 4,6-DMDBT and its
reaction product are shown in Table 8.8 and Figu8e

Comparing the CoMoPd/Pt-HY with CoMoPtPd/Ni-HY, tlast catalyst shows

lower activity of 4,6-DMDBT and inferior conversiomto its product. The total
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conversion of 4,6-DMDBT over CoMoPd/Pt-HY as mendéd is above of 16 wt% in
the range ofw/F°s; from 4000 to 6000 kgh/kmol (Table 8.6), compared to 14%
conversion over CoMoPtPd/Ni-HY (Table 8.8.).
CoMoPtPd/Ni-HY catalyst exhibited also a lower waityi for the conversion of 4,6-
DMDBT into 3,4- dimethylbiphenyl than the CoMoPd#i?Y, giving above 7% in the
range of W/F°ssr from 4000 to 6000 kgh/kmol vs above 11% over CoMoPd/Pt-HY
catalyst.

Among the CoMoPtPd/HY, CoMoPtPd/Ni-HY and CoMoPdHX the activity of
HDS and HDA increased in that order. That means @@MoPd/Pt-HY catalyst has

shown the best activity for the hydrodesulfurizatad heavy gas oil so far.

Table 8.8 Total conversions of 4,6-DMDBT and conversions o0int3,4-
dimethylbiphenyl as a function of space timer’ys;) over CoMoPtPd/Ni-HYcatalyst
W/F°paT Conversion [%]

Kgcath/Kmol X 4,6-DMDBT X3.4-DMBPH
4000 14.6 7.4
5000 16.8 9.7
6000 17.7 11.2

40
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Figure 8.8 Conversions as a function of Wgr over CoMoPtPd/Ni-HYcatalyst. (6.
ovpoeT) total conversion of 4,6-DMDBT, (%-omspy) conversion of 4,6-DMDBT into
3,4-DMBPH. Experimental condition§= 310 °C, p; = 65 bar, HHHGO=7.2. Feed:
Heavy Gas Oil.




204

8.1.5 CoMo/PdNiPt-HY (HDS-8) Catalyst

Pd, Ni and Pt containing zeolite was prepared ugngexchange method in three
stages. PdNiPt-Zeolite supported CoMo catalyst waepared by incipient wetness
method. The pellets had the lowest BET surface traa the before catalyst presented.
CoMoPtPd/Ni-HY had 298 ffig and a total pore volume of 0.096 cc/g while
CoMoPtPd/Ni was of 332 ffg with similar total pore volume.

8.1.5.1 Conversion of DBT in HDS of Heavy Gas Oil

The reaction products of the HDS of DBT at 3Mover this noble metal catalyst
studied is shown in Table 8.9 and Figure 8.9. Témction products were biphenyl
(BPH), cyclohexylbenzene (CHB), bicyclohexyl (BCHRd HS. Tetra-(THDBT) and
hexahydrodibenzothiophene (HHDBT) were not analyZedexpected, the conversions
XpeT, XgpH, Xcus and Xgcny increased with space time. DBT was also mainly
desulfurized and hydrogenated into CHB and BCH ldpfél at the operating conditions
used.

The DBT and 4,6-DMDBT HDS activities of PdNiPt-Zagel supported CoMo
catalyst showed considerably lower activities &t &pace time (4000 kgh/kmol) than
CoMoPtPd/Ni-HY, but did not a high values (600Qgkmol) since DBT conversions
were the same. The total conversion of DBT over G6MNIiPt-HY is above of 10.8%
in the range ofw/F°ysr from 4000 to 6000 kgh/kmol, compared to 19% conversion
over CoMoPtPd/Ni-HY (Table 8.7.). The conversioh®©BT into CHB and BCH over
CoMo/PdNiPt-HY varied from 5.1 to 14.4% and fron® 70 18.9% with space time
respectively. Over CoMoPtPd/Ni-HY the variationsGHIB and BCH were 5.2 to 8.6%
and 15.2 to 19.7% correspondingly (Table 8.7).
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Table 8.9 Conversions of DBT into reaction products as a fiomcof space time
(W/F°ser) over CoMo/PdNiPt-HYcatalyst

W/F st Conversion [%]
Kgcah/Kmol X BT, XgpH Xchp XecH
4000 10.8 4.0 51 7.9

5000 17.4 8.6 10.5 14.0
6000 22.8 12.3 14.4 19.9
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Figure 8.9 Conversions as a function of Wist CoMo/PdNiPt-HY catalyst. (%%gT)

total conversion of DBT, (¥w) conversion of DBT into BPH, (¢4s) conversion of
DBT into CHB, (Xgcn) conversion of DBT into BCH. Experimental conditeoT= 310
°C, pt = 65 bar, HHHGO=7.2. Feed: Heavy Gas Oil.

%]

XDBT

Conversion

8.1.5.2 Conversion of 4,6-DMDBT in HDS of Heavy &&il

For the other catalysts, 3,4-dimethylbiphenyl wasestbed as a final reaction
product of the HDS of 4,6-DMDBT by the isomerizaticoute. The conversions of 4,6-
DMDBT and its reaction product are shown in Tablel08 and Figure 8.10.
CoMo/PdNiPt-HYshowed also considerably lower activity for the H&fS!,6-DMDBT



206

and inferior conversion into its product at 400Q.;kgkmol than CoMoPtPd/Ni-HY
catalyst.

The total conversion of 4,6-DMDBT over CoMo/PdNIRY- is above of 7% in the
range ofw/F°,r from 4000 to 6000 kgh/kmol (Table 8.10), compared to above 14%
conversion over CoMoPtPd/Ni-HY (Table 8.8). CoMaN#et-HY catalyst exhibited
also a lower activity for the conversion of 4,6-DED into 3,4- dimethylbiphenyl
(5.9%) than the CoMoPtPd/Ni-HY (7.4%) at 400Qgkmol, but not in the interval of
5000-6000 kgih/kmol where the values ranked from 12.2-16.4% v%-19.2%

respectively.

Table 8.10 Total conversions of 4,6-DMDBT and conversions o0inf,4-
dimethylbiphenyl as a function of space timer’.sz;) over CoMo/PdNiPt-HYtatalyst

W/F°paT Conversion [%]
Kgcath/Kmol X 4,6-DMDBT X3.4-DMBPH
4000 7.4 5.9
5000 13.6 12.2

6000 18.0 16.4
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Figure 8.10 Conversions as a function of Wggr over CoMo/PdNiPt-HYcatalyst.
(X46-ompeT) total conversion of 4,6-DMDBT, (%-omspH) cOnversion of 4,6-DMDBT
into 3,4-DMBPH. Experimental condition$= 310°C, p; = 65 bar, HHHGO=7.2. Feed:
Heavy Gas Oil.

8.1.6 CoMoNi/PdPt-HY (HDS-10) Catalyst

Zeolite-supported Pt, Pd, Co, Mo and Ni catalysts vpmepared combining ion
exchange and incipient wetness impregnation methbulst of all, Pd and Pt were
exchange ionally into zeolite in two stages to prepPdPt-zeolite. Then incipient
wetness impregration with NiMo and CoMo solutionstwo stages was used on PdPt-
zeolite to get the final CoMoNi/PdPt-HY catalyst.

8.1.6.1 Conversion of DBT in HDS of Heavy Gas Oil

The reaction products of the HDS of DBT at 3Mover this noble metal catalyst
studied is shown in Table 8.11 and Figure 8.11. fidetion products were biphenyl
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(BPH), cyclohexylbenzene (CHB), bicyclohexyl (BCHRhd HS. Tetra-(THDBT) and
hexahydrodibenzothiophene (HHDBT) were not analyZedexpected, the conversions
XpeT, XspH, XcHs @and Xgcnincreased with space time.

DBT was also mainly desulfurized and hydrogenattol CHB and BCH and #$ at
the operating conditions used. Even though CoMaitFHY had a BET surface area
of 129.6 nf/g and total pore volume of 0.083 cc/g was the béstl catalysts studied.
The catalyst shows an excellent activity for HDSl &DA of DBT and 4,6-DMDBT.
The high performance is attributed at its highetyindenum concentration and its final
metal composition (Co 2.37 wt%, Mo 17.6 wt%, Nid.w4wt , Pt 0.39 wt%, and Pd
0.24wt%)

CoMoNi/PdPt-HY compared with the CoMoPd/Pt-HY cgsal which had been the
best catalysts, shows better activity for the HO®e DBT total conversion over
CoMoNi/PdPt-HY varied from 24.1 to 28.3% with spdoee vs from 19.6 to 26.9%
over CoMoPd/Pt-HY is (Table 8.5.)

The conversions of DBT into BPH, CHB and BCH varfeain 3.2 to 4.7%, from
7.6 10 9.9% and from 9.7 to 13.8% with space tiegpectively.

Table 8.11Conversions of DBT into their reaction productsaasinction of space time
(W/F°ser) over CoMoNi/PdPt-HYcatalyst

W/F gt Conversion [%]
Kgcath/Kmol X peT XgpH Xchp XBcH
4000 24.1 3.2 7.6 9.7
5000 25.8 4.4 8.7 12.5

6000 28.3 4.7 9.9 13.8
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Figure 8.11 Conversions as a function of Wggr over CoMoNi/PdPt-HYcatalyst.
(Xpsr) total conversion of DBT, (gen) conversion of DBT into BPH, (4g)
conversion of DBT into CHB, (¥) conversion of DBT into BCH. Experimental
conditions:T= 310°C, p = 65 bar, /HGO=7.2. Feed: Heavy Gas Oil.

8.1.6.2Conversion of 4,6-DMDBT in HDS of Heavy Gas Oil

Like others catalysts, 3,4-dimethylbiphenyl wasestied as a final reaction product
of the HDS of 4,6-DMDBT by the isomerization routée conversions of 4,6-DMDBT
and its reaction product are shown in Table 8.1@ Rigure 8.12. CoMoNi/PdPt-HY
showed considerably higher activity for the HDS4¢8-DMDBT at 4000 kgih/kmol
than CoMoPd/Pt-HY catalyst.

The total conversion of 4,6-DMDBT over CoMoNi/PdRY- is above of 20.8% in
the range ofw/F°sr from 4000 to 6000 kgh/kmol (Table 8.12), compared to 16 %
conversion over CoMoPd/Pt-HY (Table 8.6).
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The CoMoNi/PdPt-HY catalyst exhibited an activity for the conversioh 46-
DMDBT into 3,4-dimethylbiphenyl very close to that the CoMoPd/Pt-HY catalyst.
The former catalyst provided conversions from 10.96.1% vs conversions from 11.7
to 16.7 % provided by the CoMoPd/Pt-HY catalyststlve interval of 4000-6000
kgcah/kmol (Table 8.6).

Table 8.12 Total conversions of 4,6-DMDBT and conversions 0inB,4-
dimethylbiphenyl as a function of space tireeH’ysr) over CoMoNi/PdPt-HYcatalyst

W/F st Conversion [%]

Kgcath/Kmol X 4,6-DMDBT X3,4-DMBPH
4000 20.8 10.9
5000 23.0 13.8
6000 25.6 16.7

40
35 -
30 -

X4,6-DMDBT

X3,4-DMBF’H

Conversion [%)]
N
o
|

0 1000 2000 3000 4000 5000 6000 7000
W/Fogr [Kg eqth/kmol]

Figure 8.12 Conversions as a function of Wggr over CoMoNi/PdPt-HYcatalyst.
(X46-ompeT) total conversion of 4,6-DMDBT, (%-omspy) conversion of 4,6-DMDBT
into 3,4-DMBPH. Experimental condition= 310°C, p; = 65 bar, H/HGO=7.2. Feed:
Heavy Gas Oil.
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8.2 Concluding Remarks

Among the catalysts examined, catalysts contaimetpl-zeolite exhibited the best
activity for HDS conversions of alkyldibenzothiopies in the heavy gas oll.

The trimetallic CoMoNi supported on PdPt-modified SY zeolite, i.e.,
CoMoNi/PdPt-HY (HDS-10) catalyst and trimetallic BoPd supported on Pt-modified
USY zeolite, ie., CoMoPd/Pt-HY (HDS-5) catalystosled excellent HDS and HDA
activity. These catalysts could be used in oneestagirotreating, in which deep HDS
reaction of fractions oil containing S<500 ppm aeed; however, some studies of the
performance over a long period of operating timeusth be addressed to confirm the
sulfur tolerance.

Hydrodesulfurization of 4,6-DMDBT into 3,4-dimetlogbhenyl certainly was
observed. The results suggest isomerization oDM®BT prior to HDS. This agrees
with Isoda et al., (1996), since methyl migrati@osild occur over zeolite catalysts.

More characterizations of these catalysts arerstdded to fully understand how the
chemistry of the supports is related to the agtivit

The optimization of the activation conditions colid essential to fully define the

potential of these catalysts.
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CHAPTER IX

CONCLUSIONS

Co, Mo, Ni, Pd, Pt-promoted zeolites were synthegsito enhance the removal of
sulfur containing compounds through the hydrogematoute. The synthesis of the
catalysts was carried out by two different methodamely the incipient wetness
impregnation and combining impregnation and ionhexge. Metal contents and texture
of the metal zeolite catalysts were analyzed anmuipewed. Hydrodesulfurization of
heavy gas oil is used as probe reactions to exatheactivity of the zeolite catalysts as
well as the activity of a commercial CoMopd; catalyst. From the results, the
following conclusions can be drawn.

In the dibenzothiophene family dibenzothiophene i@ the highest HDS
reactivity, whereas alkyl-DBTs exhibit very diffettereactivities, strongly depending on
the positions of the alkyl substituents. Alkyl stilogents at the 4 and/or 6 positions
appeared to have the lowest reactivity as obsdrvdiesel fuel (Ma et al., 1994).

Three routes of HDS of 4,6-DMDBT are proposed: @Gnthe hydrogenolysis route
where the sulfur atom is directly eliminated withéwdrogenation of the aromatic ring,
the other is the hydrogenation route where the dyeination of an olefinic bond or an
aromatic ring takes place prior to the hydrogenslyd the C-S bond and finally the
isomerization route where the migration of the stlted methyl groups of 4,6-
DMDBT occur prior to the hydrogenolysis of the Gy&d.

Since the conversions of sulfur containing compasugpend strongly on the
reactions conditions, such as temperaturgHB ratio and space time, and HGO
contains a lot of light and heavy aromatic compauindthe boiling range of 151-466
which are easily cracked at high temperature and I8, concentration, it is
recommended that the hydrodesulfurization of hea@as oil be carried out at
temperature of 316C, higher H/HC ratio than 7.2 and higher space time than 6000
Kgcah/kmol.
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The study has examined the use of zeolite catdigstsydrodesulfurization of heavy
gas oil. The CoMoPd/Pt-HY (HDS-5) and CoMoNi/PdPt-FHDS-10) catalysts belong
to a new class of hydrotreating catalysts withinéstproperties, such as potential to
tolerate sulphur compounds due to its palladiuntertn Those catalysts are candidates
for deep HDS (S<50 ppm) of heavy gas oil with gdogirogenation of aromatic

compounds.
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APPENDIX A

TEXTURES OF HY AND BOUND ZEOLITE

In this section, textures of the powdered fresHitee(HY), nickel containing zeolite
(Ni-HY) and platinum containing zeolite (Pt-HY) ameported.

The zeolite pores are represented by the interoedsp BET surface area, total
volume in pores and pore size distribution are yaea using a Micromeritics BET
machine with nitrogen as adsorbate at 77.3 K. Rgrasstribution is determined by
Original Density Functional Theory with the slitnppogeometry model. Table A.1 and
Figure A.1 show the physical properties of the MIY-HY and Pt-HY zeolites.

BET surface area and total area in pores of thandi Pt containing zeolite are less
than the values of HY zeolite as expected probdhky to the introduction of the metal
into zeolite by ion exchange. Ni-HY shows lowerfaoe area than Pt-HY possibly
because the nickel content into zeolite is highdr3 wt%) than platinum into zeolite
(0.73 wt %). Since total area in pores of the Ni-Eblite is lower than HY and Pt-HY
is assumed that a portion of the nickel could lmekihg the pores of zeolite due to its
high content and as consequence BET surface aredused. The porosity distribution
is also affected. Ni-HY shows the highest pore sitribution in the interval of pore
size of 8-12 A. But, a small pore distribution retmesopores region of 26-685 A is also
observed (Figure A.2). Pt-HY and HY zeolite show ttighest pore size distribution in
the interval of 10-12 A with a scarcely pore distition in the mesopores region in the
interval of 26-544 A (Figures A.3 and A.4).

Table A.1 Physical properties of the powdered HY fresh zeplPt containing zeolite
and Ni containing zeolite

Physical Properties HY Pt-HY Ni-HY
BET Surface Area, nf/g 652 638 564
Total Area in pores', m/g 491 476 422
Total Volume in Pores, cc/g 0.38 0.44 0.60

(1) By Density Functional Theory
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Surface Area, nflg
Total Volume, cc/g

Figure A.1 BET surface area and total volume in pores of thedered HY, Pt-HY and
Ni-HY zeolites.
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Figure A.2 Pore size distribution of the powdered and caltir®y as determined by
Density Functional Theory.
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Figure A.3 Pore size distribution of the powdered and caltiReHY as determined by
Density Functional Theory.

3.0

2.5

2.0+

Differential Pore Volume [cm?/g]

Pore Width [A]

Figure A.4 Pore size distribution of the powdered and cattiNeHY as determined by
Density Functional Theory.
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Figures A5, A.6 and A.7 show the correspondingogut®on and desorption
isotherms. The isotherms were determined at or treamormal boiling point of the
adsorbate. The Pt-HY and Ni-HY zeolites have larggsterisis loops due to the

mesopores size.
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Figure A.5 Data for nitrogen sorption at 77.3 K on calcined H
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Figure A.6 Data for nitrogen sorption at 77.3 K on calcinedH® .
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Figure A.7 Data for nitrogen sorption at 77.3 K on calcingeHY.
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