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°  ABSTRACT T | &

Heavy gas oil - a 345 to 525°C fraction'obtain;é\_
’ \

from Great Canadian 0il Sands bitumen, was catalytically /)
o

hydrot?éated in a continuous trickle bed reactor between

, |
300 to 450°C temperature and 600 to 1800 psig prgssuresp

Liquid . flow rates were varied from iiquid hourly ’'space f'
veioc;ties-of Q.S to 4.0. Effect of operating barameﬁers d;
hydrodésuifurization { HDS ),hydrodepitrogenatiop { HDNja,a
hydrégeﬁolysis and.hyarogengtipn aqtivifiesioﬁ three cqmﬁercial.
cétalysts {Co-Mo-alumina, Ni-Mo;élumﬁna and Ni-W-alumina}_%ere
investigated. o .

Ni-® C%Faly§§_removed up to 97% of 3.27% sulfur
-originally present asd also gave maximum hydrégenplysis and
hvdrogenation gétivities, where as Ni-Mo catalyst gave best
results in HDN (up to 82% of 0.57% hit;ogen.present in heavy
0il) . This catalyst also gave rise to more aromatics. Co-Mo
catalys gaée maximum'pa;affins and was also effecfive for -
both nityrogen and sulfﬁr reﬁovak.-lncrease in temperature

and pressure andéd reduction in liguid flow rates had very

favourable effect on all catalyst activities.

Data obtained fitted best in first oxder reaction
models and rate cbnstanté for HDS reactions obtained values
of 2.08, l.%4-and 3.0 hi?% where as, reactoin ratgs for HDN
were found to be 0.86, 1.1 and 0.5 hr?lfor Co-Mo, Ni-Mo and

Ni-W céﬁalysts respectively. Performance of ~trickle bed

reéqtor has also been discussed.
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NOMENCLATURE

¢

- Bodenstein numher, (v Dp/D).

Reactaqt concentration.
Concentration of element A.

Inlet and outlet concentrations.

Diffusivity based op emptv bed volume.
Bulk diffusizzéy‘//n

Effective diffusivitv.
Catalyst'pellet size.

Inside diameter of reactor tube.
Height of catalyst bed.
Hydrodesulfurization.
Hydrodenitrogenation.

Intrinsic reactiom rate constant per unit surface
area of catalvst.

First order rate constant for HDN reaction.

Adsorption co-efficient of diffusing molecule on
catalyst surface.

First order rate constant for HDN reaction.
Liguid hourly space velocity.

Order of reaction.

%t by weight of nitrogen in feed.

% by weight of niftrogen in product.

Radius of diffusin molecule.

Average pore size = 2(Vg/Sg).
Rate of reaction for component A.

Pore racius.
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% by weight of sulfur in feed.

- B.E.T. surface area of catalyst particles.

—
% by weight of sulfur in product.

"External area of pellet.

Superficial velocity of the fluid.

Pore volume of catalyst per unit mass.

Geometrical yvolume of catalyst pellet.

Catalyst pordsity.
Constant defined -as r/R.
ThisTe modulus.

Tortuosity.factor of catalyst.



1. INTRODUCTION
. . e .

One source of energy £o pecoﬁe‘important in the ﬁear_
future is recovery énd upgradiﬁg 5f heavy oil. Processes for
converting heavy crudes.and residual fractions~to clean
liquid products are becomigg ﬁore important to refiners.
Crude slates are becoming heavierj while the product siates
are becoming lighter. The production of heavy crude is reg-
uired. to partially‘fill the increasing gép betwgen the world
energy demand and avail;bility of ggﬁveﬁtiogal,crudes. The
projected constant or decreasing demand for fuel 0il, the
traditional outlet for :ésidual 0ils, will necessitate con-
version of these materials to a best end use. Generally this
means " Transportation Fuel ". |

In tﬁéfﬁpevious two decades , there was much emphasis
on/the use of commercially proven techn&logy; From this, a
rattern emerged f?; handling the heavy oil residua. Two
schemes can be identified during these yearé;és the most acc~
eptable ones. One the use of fluid catalyt{E cracker (FCC)
and delayed coking, that is, fluid catalytfz cracking of

virgin vacuum gas o0il and coker gas oil combined with delaved

coking of vacuum residue. The second was fluid catalytic

cracking and Vvisbreaking consisting of fluid catalytic

cracking of virgin gas oil combined with single pass vis-
breaking of vacuum residue. Although the economic and -
environmental protection pressures in the 1970's were much

e *
stronger than ever before, the conservative thinking of



the times was reflected .in the limited application of certain
technologies which were already *in existence and which weould

have contributed to an increased efficiency of crude residue

processing.

When residuum hyvdroprocessing was first developed
cogmerciali§/in the late 1960s, there was a growing negd,
especially in Japan for low-sulfur oil (LSFO). The—technolégy
was largely distillate hydrotreating applied to residua to
reduce suifur. Metal poisoning of the catalyst was minimized
‘bv running at low sevéritieé with feeds ofhlow metal content
( Ni plus V ). Feeds were largely atmosphéric residué from
light middle eastprn crudes. Sulfur in product was about

1% by weight.

Throughout 1970's , more and more capacity for resi-
duum desulfurization (RDS) was added in Japan and other
‘ééuntries. During 1970's, unigue RDS catalysts were-develOPed
ané applied to deeper desulfurization . Very deep desulfur-
ization ( less than 0.5 wt% sulfur } is currently practiced
in a numbér of RDS units. Some conversién of residuum ( pro-

duction of lower molecular weight products } has also been

realized through hvdroprocessing.

Also the world market of crude oil supply has been
slowly shifting towards heavier crudes. Quality of crude is

expected to decline further as the high API gravity, low



sulfur crudes are depleted. Two big contributing‘factors are
the efforts of Saudi—Arabia to shift from light to heaﬁy crude
“production and the increased production of heavy crudes from
Canada, Mexico and Venezuela. This has been putting new dem-
ands on refiners. Existing petroleum processes have to be
modified to handle the heavier cr;des. | 'Also there need

to be an added thrust towards developmeﬁt of technolegy to
further process the increased guantum of heavy oils ard

residuum which will result from heavy crude processing.

Canada has an,estimate of 250 billion bbl of heavy
crude as Tar Sands ( 1 ). In fact estimated recoverable
reserves bf 550 billion bbl in Cénada and Venezuela are
comparable in siZe to the world's total recoverable reserves
of conventional cfudes which have béen estimated at 670 billion
bbl. Itlis because of this reasoﬁ that Canada, more than anyv
other country needs to give more empha§}s on the development of
technology to tap it's vast energy source.

r

These heavy crudes not onlv give rise to increased
amount of heavy and residual oils but also these hgavy oils
and residuuﬁ?pose tougher challenge for furhter processing.

The heavy cruées contain higher levels of sulfur,nitrogen

and harmful metallic impurities ( especially V and Ni ). <

- .

During the processing,these impurities get concentrated in
the heavy fractions, thus making further processing of

these heavy fractions more complicated. Presence of traces

N

o



of elements like sulfur can impart objectionable character-

istics to finished products leading to discoloration and/or

lack of\stability dﬁring storage. Sulfur increases the coerosion
of plant and machinery. Metallic impurities in finished products
give more ash formation which can be serious danger to

machinery using that product. The presence of thefé objection-

able elements and their effects are ‘described in more details

in the next few pages.

*
-

’

SULFUR COMPQUNDS :-
| Sulfur compounds are most important of all nonhvdro- —~

carbon constituents of petroleum. During refining sequence,

a great number of the -sulfur compounds are,ﬁéncentratéd in

the residua and other heavier fractions. The nature of the.

sulfur compbun&s present is most important to understand

for developing methods to get rid of sulfur. There are many

varieties of sulfur compounds ('Table—l'), but the preQail_

ing conditions during the formation, maturation and any

in-situ alteration may dictate the only preferred tvpes

. N . N .
that exists in any particular crude oil.

Apart from the compounds listed in Table-l,’free
sulfur or dissolved hyvdrogen sulfide gas may also be présent
in some of the crudes..The elemental sulfur present gé€ts
evolved as hydrogen sulfide at about 150°C but it is the
chemically bouné sulfur that we are more concerned, as it

does- not easily get eliminated from the o0il. Several sulfur



TABLE-I

Nomenclature and types of organic sulfur'compounds

Types and examples Names
Mercaptans : '
H-S—CH3 l Methvl mercaptan
H-—S;CGH5 Phenvl mercaptan
\
\
Sulfides : - ~
E-8-H Hydrogen sulfide
CH3—S-CH3 Dimethvl sulfide
C4H9—S—C4H9 . Di-n-butvl sulfide
Disulfides
_"
CH,
N _
THz Crz Thiacyclohexane
CE 4 ( Pentamethylege‘sulflde )

V4

Alkyl sulfates

CHBQ\ /p
J

/N
3O 0

Dimethvl sulfate

CH

Sulfonic acids

CHB\S f
CH 3/ \o '

Methyl sulfonic acid
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" { Table-1 continued }

Sulfoxides .:

CH 3 | ' Dimethyl sulfoxide °

+F

Sulfones : - : T

O .
I ~
CH4-S-CH

3 _ Dimethvl sulfone

-

oN : '

<

Thiophenes
CH

Cc
| I
cC

g\\ //SH - Thiophene

S

H
|

\ _ Benzothiophene ' _?
v .

compounds present in oils have been identified. Some of those

compounds are shown in Table-2.

The presence of sulfur compounds in finished petroleum products
like gasoline will cause corrosion of engine parts, espe-
cially under winter conditions when water containing sulfur

dioxide (from intexrnal combustion ) may collect in the crankcase.
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TABLE-2

r *

Sulfur compounds identified in crude oils.

Type and examples Names -
Thiols :
3~CH,-SH ' Ethanethiol
<:::::::> Cvclohexylthiol
Sulfides
CH3-~CH2-—S-CH2—CH3 Diethyvlsulfide (3-Thiapentane)

Thiacvclochexane

O - ‘ | . *
: Thiahydrindane
. 8

-

1-Thiaindane

N
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( Table-2 continued ) ' )
Thiophenes :
H3C CHé :
CH3 2,3,3—Trimethyl thiophene
S . . -
H3C—H2C CH3. _
Hy - 2,3,Dimethyl-4-ethyl
T thiophene :
S

Benzyvl thiophene

P2

Dibenzothiophene

On the other hand, mercaptans cause corrosion c¢f copper and

brass in the §fésénce of air and also have an adverse effect

on the color stability of gasolines and other liguid fuels.
Free sulfur is also corrosive as are sulfides; and

thiophenes which are detrimental to the octane number response

to tetraethvl lead. Sulfur compounds.are also detrimental

to diesel fuels by increasing engine wear as well as.contri-

buting to the formation of engine deposits.

-



In lubiicatiné oils, a high content of sulfﬁr éompounds,
lowers rgsistance of oil té oxidation énd increases deposition
of solid material.A high content of sulfur can sometimes be
tolerated in fuel oils, but current environmental regulations
dictate that there should be little, if any, sulfur compounds
present in the majority of. fuels.. A
A tvpical distribution of sulfur originally present

in crude, in to the various fractions of petroleum in a

tvpical distillation sequence is shown in Table-3.

TABLE=-3

Sulfurtdistribution in petroleum fractions.

Sulfur Sulfur in product
content ' ( % of original sulfur in oil ) .
of crude Naphtha Kerosene Gas o0il Residuum
0il (wt$%) - (Gasoline) -
0.15 0.05 0.55 6.60 57.50
to to to to to

2.45 o 1.8 4.2 38.6 92.8

L] .-

Generally it can be seen that tﬁe portion of sulfur
gill increase with the boiling point of the crude oil fraction,
but if distillation is allowed to proceed at too high a
temperature, thermal decomposition of the high moleculer
weight sulfur compounds will ensue and, hence, the middle

fractions will contain more sulfur than the higher boiling
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-

fractions. The gas oil fractions may therefore contain even
up to 608 of total sulfur present in the crude oils. Canadian
Tar Sands bitumen is processed at higher temperatures than
usual and therefore a substantial amount of original sulfur
is present in the gas oil fractions. ‘

NITROGEN COMPOUNDS :

NitrSgen in petroleum is classified in two arbitrary
cli§ses - 'basic' ané 'nonbasic'. Basic compounds having
relatively low moleculér weight can be extracted with dilute
mine:al acids, while.equally strong bases ¢of higher molgcular
welght reméin unextracéed because of unfavourable partition
between the;oil and agueous phases. A méthod has been
developed ;n which the nitrogen compounds are clqssified
as basic or nonbasic, depending on whetﬁer they can be
t;tratéd with perchloric acid in a 50-50 solution of
glacial acetic acid and benzene. Using this method it has
been discovered that the ratio of basic to total nitrogen
is approximatel? cbnétant ( 0.30 0.5 ) irrespective of the
source of the petroleum crude oil. Indeed, the ratio of

basic to total nitrogen was found to be approximately constant

throughout the entire range of distillate and residual fractions.

b

The basic nitrogen compounds {Table-4) which are
composed of mainly -pvridine homoldgs and occur throughout

the boiling ranges, have decided tendency to exist in the

#

higher'boiling fractions and residua. The nonbasic nitrogen
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TABLE-4 ' a

Nomenclature and types of common organic nitrogen compounds

\

Pvridine
\\‘N
Quinoline
N
Iso-guinoline
/N
[ l Pyrrole
N
H

. Indole

Carbazole

N
H
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-

compounds which are usuélly of pyrrole, indole and carbazole
typeé, also occur in the higher boiling_fractions énd residua.
Basic gompounds extracted from distillates were found to-
consist of pyriéines, guinolines and isoquigblines carrving

alkyvl substituents, as well as a few pyridines in which the

substituent was cvclopentvl or cyclohexyl group. ' S

In general, the nitrogen content of peéroleums is
low and fails within the range 0.1 % to 0.9 % . Although
early work indicates that some crudeé may contain up to
2% nitrogen. quever, crude oils with no detectablei;itrogen
<%? even trace amounts aré not uncommon. But, in genéral,
the more asphaltic the oil, the higher it's nitrogen content.
There in fact, exists an approximate correlation between the
nitrogen content ané the carbon resicdue. The higher the carbon

-~

residue, the higher will be the nitrogen content.

The presence of nitrogen in petroleum is of much
greater significance in refinery operations than might be
expected from the small amounts present. Nitrogen compounds
can be responsible for poisoning of cracking catalysts, and
tMey also contribute to gum format;oﬁ in such products as
domestic fuel oil. The trend in recent vears towards cutting
deeper into the cfude to obtain stocks for catalytic crack-
ing has acceﬁtuatedﬂthe harmful effects of the nitrogen
compounds which are concentrated ‘largely in to the higher

boiling portions. Also the environmental protection regulations

t

l
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4

are tightening the laws pertaining to NOx emissions.

Porphyrins (nitrogen -'metal complexes) are also
constituents of ée;roleum and-usually occur in nonbasic portion
of the nitrogen compounds. Pyrrelé, the ¢hief constituent of
the pofphyrin molecule , is marked by high stability due to
its‘aromatic character. As a result a;omatization arising
from the conjugated bond system,pyrrole is not strongly basic
even though it is secondary amine. Pyrrole like other hetero-
cvelic molecules, diffexrs from homocyclic aromatic compounds
in that it is guite reactive at the position alpha to thé
nitrogen atom and tend to.form dimers, trimers and higher
condensation products in which the fundaméntél pyrrolé

structure is preserved to a marked degree.

The simplest of porphyvrins is porphine and consists
of four pyrrole molecules joined by methine (-CH=) bridges
as shown below

H H

HC

T

C /C———EH

iﬁ:\H ol |
7o T

c—-——-c/ T-————-CH

lr-—&nc—ca

PORPHINE
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In porphines, the methlne bridges astablish conju-
gated llnkages between the component pvrrole nuclei forming
a more extended resonance system. Although the resulting
structure retains much of the inherent character of'the‘
pvrrole compornents, the larger conjugated svstem gives
aromatic character to the porphine molecule. The reactivity
of the pvrrole nuclel in porphine is greatly reduced,
partiallwv..because the reactive alpha positions are occupied.
These porphyrins are important in this discussion because
of their complex structure which give rise to neteromolecules
and because they form meta; complexes. The most common
metal complexes—of porphvrins are those formed by replace-
ment of two "nitrogen” hydfoqgns-with a reiatively small
cation. Indeed, metal complexes of porphvrines are widespread

in petroleu? and its heavier fractions.

The presence of vafiadium and nickel in oils,especially
as metal porphyrin complexes, has focused much attentlon in
the pettoleum refining industrv on the occurrence of these
metals in feedstocks. It has been found that up to 40% of the

total metal content of a feedstock may be existing as

porphyrine complexes. —

OXYGEN COMPOUNDS -

-

Oxygen in organic compounds can occur in variety of

forms (Table-5) and it is not surprising that the more common
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of the okygen compounds occur in petroleum. The total oxygen
content of petroleum is usuallj less than 2%, although
larger amounts have been reported. But in dase where the
oxvgen cdnteg? is phenémenally high, it may be that the
0il has suffered prolonged exposure to the_atmosphere either
during or after production. Oxvgen content in various
fractions of crude oil does increase with increase in boiling
point, in the similar way as in case of sulfur .and nitrogen.
Oxvgen is present.mostly in the high molecular weight petr-
oleum structures and thus , giving rise to higher oxygen
contents ( up to 8% ) in heavy fractions. Structure of
these heavy molecules is not well understood but that of
lower molecular weight , the structures have been shown to

contain carboxvlic acids and phenols.

It has generallv been concluded that carboxylic
acids in petroleum with less than eight carbon atoms per
molecule a;e almost entirely aliphatic in nature. Monocyclic
acids begin-gt CGand predominate above Cl4' This indicates
that the structure of carbocyclic acids correspond with Fhosé
of hydrocarbons with which they are associated in the Crude
©0il. That is, in the range whére paraffins are the prevailing
type of hydrocarﬁon, the aliphatic acids may be expected to
predominate; and similarly, in the ranges where the monocy-
clic paraffins and dicyvcloparaffins prevail, one can expect

to find principally monocvclic and dicycelic acids, respectively.



e———— s o o

 TABLE-5

Nomenclature and type of common organic oxygen compounds

Alcohols : . . : .

‘CH3-0—H Methvl alcohol

CéHS—O-H Phenyl alcchel
Ethers

CI—I3—O—CH3 Dimethyl ether

C6H5—O—C6H5 Diphenyl ether

“

Cyclic ethers :

Tetrahvdropvran
(Pentamethvlene oxide)

Carboxylic acids :

CH,-C=0

3

0-H ) Acetic acid
—H- ; '~ Benzoic acid

Carboxylic acidanhvdrides

CH3—$=O
? ) * Acetic anhydride
CH,-C=0

3



( Pable-5 continued )

Carboxylic acid esters :

CHB—?=O
0 Ethyl acetate
. 4
é235
Ketones :
CH3-C-CH3 . Dimefhyl ketone
-7 !
Furans :
T ’
HC CH Furan
N
9]
Benzofuran

In additiocn Eo the carbocvclic acids and phenolic compounds,
the presence of_ketones, esteré, ethers and anhvdrides has
been claimed for a variety of petroleums. However, the precise
definition of these compounds is diffiéult as most of them
occur in the non volatile, high molecular weight residua.

They are claimed to be products of the air blowing of the
residua, and their existange in virgin petroleum is not yet

substantiated ( 6 ).
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Oxwgen compounds do not give any pollutlon problems, but
their presence in flnlshed products, generally\ aid the
deterioating effects which may be due to presence of other
objectionable elements. Oxygen compounds are also corrosive
{ especially Napﬁthénic acids ) and can promote gum formation as

part of deterioration of the finished products.

-

METALLIC CONSTITUENTS :

-

The occurrence of metallic constituents in petroleum
oils is of considerably greater interest to petroleum indus-
trv than might be expected froh the verv small amounts
present. Even very minute amounts of iron, copper and
especially nickel and vanadium in the charging stockf for
catalvtlc cracking affect the activity of the catalyst and:
result in increased gas and coke formation andereduced
vields of gasoline. In high temperature power generators,
such as-oil-fired gas turbines, the presence of metallic
constituents, particularly vanaéium in the fuel, may lead %
to ash deposits on the turbine bilades, thus reducing clear-
ances and disturbing balance and performance: More part;
icularly, damage by cérrosion and erosion may be :éry severe.
The ash resulting from the combustion of fuels containing
sodium and especially vanadium reacts with refractory
linigs to lower their fusion points, and so cause their

deterioration.

Thus, the ash residue after burning of the oil is due
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to the presence of these metallic constituents. Part of
these.metallic constituents occur as inorganic water soluble
salts ( mainly chlorides and sulfates of sodium,potassiﬁm,
magnesium ané calcium ) and these occur in the watér phase of
crude oil emulsions. These are removed in the desalting
operation , either by evaporation of water ghase and
subseguent water washiné or by breaking emulsion, thereby
causing tﬁe original mineral content of crude to be subst-
antially reduced. Other metals are present in the form of
oil-soluble organometallic compounds gither as complexes,
metallic soaps, or in the form of colloidal suspensions, .
and the totai ash from desaited crudes 1is of the ordér of

0.1 to 100 mg/litre.

TwWo g;oups of elements appear in signifiicant concen-
trations in the original crude oil, associated with wéll
defined typeslof'c0mpounds.12inc, titanium, calcium and
magnesium appear in the form of orgahomgtallic soaps with '
surface active properties, adsorbed in the water-oil inter-
faces, and act as emulsion stabilizers. However, vanadium,
copper, nickel and part of the iron found in crude oils
seem to be in a different class and are present as oil

soluble compounds. These metals are capablte of complexing

- with pyrrole pigment compounds derived from chlorophyl and

homoglobin - which'are certain to have been present in plant
animal-source materials. It is easy to surmise that the

metals in guestion are present in such form, ending in the
) [y
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ash content. Evidence for presence of several calcium

aﬁd magnesium compounds have been produced in addition

to vanadium,nickel,iron and copper { Tabie-G ) . Examination
of the analysis of a number of crudes fo; iron,nickél,
vanadium‘and copper indicates that a relatively high
concentration of vanadium occurs which usuaily exceeds that

of nickel.

Petroleum distillation concentrates the metallic

constituents in heavier fractions and residua. Further proces-—.

4

_sing o0f these heavier fraction may give rise to more concent-
rations of these metallic constituents even in the distillates,
as there is always some volatalization of the organometallic
compounds. But the majority of the vanadium,nickel,iron and
copper in.heavy fractions may be precipitated along with
asphaltenes with n—pentane.-This can redﬁCe the concentf;tion

of especially vanadium by up to 95% with substantial reduc-

tions in tﬁ? amounts of iron and nickel as well.

CHEHEMICAL STRUCTURE OF .HEAVY OIL :

Inspite of numerous investigations, the determination

" of the actual molecular structure that exist in heavy oils

‘and residua has proved to be difficult. It is no doubt, the
great complexity of these materials, which are actually

¥’
isolated by phyvsical phenomena rather than by virtue of their

chemical structures, which'has hindered the formulation of

individual molecular structures. Nevertheless, investigators
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TABLE-6
Range of principal trace elements found in petroleum.

Eiements Ran'ge in petroleum
( p.p.m.)
Cu 0.2 - 1200
_Ca ' 1.0 - 2.5
Mg 1.0 - 2.5
Ba | 0.00%1 - 0.1
Sr 0.001 - 0.1
> j\fn 0.5 - 1.0
Hg o 0.03 - 0.1
. ce N ' 0.001 - 0.6
8 - o 0.001 - 0.1
al \\\\ 0.5 - 1.0
Ga \“9\ 0.001 - 0.1
TL 0.001-- 0.4
zr 0.001 - 0.4
si 0.1 - 5.0
Sn ‘ 0.1 - 0.3
Pb | 0.001 - 0.2
v 5.0 - -1500.0
Fe 0.04. - 120.0
Co ’ 0.001 -  12.0
Ni 3.0 - 120.0
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have discovered gome significant facts about the structures
that exist in heavy éils and residua. There are indications
that the higher molecﬁlar weight cohponents ( the asphaltenes
and résins.) consist o?/éondensed aromatic nuclei which

carry %lkyl and cvecloalkvl ( naphthenic ) substituenfs; hetero-
atoms ( ile., sulfur, nitrogen and oxygen ) are scattered
throughout the hydrocarbon sysfems- In addition, it appears
that with increasing molecular weight both aromaticity and
proportion of the heteroatoms increése.‘ There is also
fragmentary evidence that, with increasing molecular weight

the heéeroatoms becomé incorporated into the more stable
heterocveclic systéms- This is especially true for sulfur

where dibenzothiophene tyvpe systems are believed to predom-
inate in the ﬁigher molecular weight asphaltics; it is pre-
sumed that similar.arrangeménté also occur in cyclic systems

or in wvarious functional groups ( 6 ).

~

If, however; the heavy 6il is produced by a process
where thermal decomposition may have been initiated , tRere
may bé traces of thiols in the mix which would , aibng'ilth,
any hvdrogen sulfide that was generated during the process,
impart an objecticnable odour to heévy 0il. The occurrence
of thiols in heavv. oils that have not been subjected to any

thermal treatment is also possible but is generally. not con-

sidered likely.
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CHEMISTRY OF HYDROPROCESSING

. | Treatment of petroleum OIr any fraction of petroleﬁm
with hydfogen at-elevated temperature, in the presence of a
catalyst 1is called hydfoprocessind'or hydrotreating. Hydro-
treating procesées for the conversion of crude oil fractions
or products may be classified as nondestruct%ﬁe and destr-

uctive . The destructive hyvdrotreatment can be imagined as J

f

one which is. characterlzed by the cleavage of carbon toO (

\

carbon linkage and 1is accompa?ied bv hydrogen saturation of\\
the fragments to produce Iowe; boiling products: This
generallf need temperature in excess of 350°C. Whereas,
non destructive hvdrotreatment is more generally used for
the purpose of improving product quality without any appre~
ciable alteration of the poiling range. Mild processing
ondltlons below 330°C are emploved so that only more
unstable materials are attacked Thus sulfur, nitrogen and
oxygen compounds liberate hydrogen sulfide, ammonia and water
respectively and unsaturated materfals are hvdrogenated to
produce the more stable hydrocarbons. Difficulties in sulfur
or nitrogen removal increase in the order
paraffins<:naphthenes<:aromaticsa
Some t;pical examplas. off various reactions that

generally take place in a typical hvdrotreating process are

shown in Table-10.
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TABLE-10 .

Tvpical hydrotreating reactions

B.

-

Hvdrodesulfurization (HDS)

l.Mercaptans:
R-SH+H2-——-RH+HS
2.Disulfid¢s:
R-SS-R' + 3H, —= RH + R'H + 2H,S
3¥sulfides(aroﬁatic,naphthenic and alkyl):

R-S-R' + 2H2 —= RH + R'H + H_S

2
4 .Thiophenes:

+ .4H2 —t CH3CH2CH2CH3 + H28

5.Benzothiophenes:

+3H2—-"— + H,S

S ' ‘ 2773
6 .Dibenzothiophenes:

+H,S

+ 2H., ———

S 4

Hydrodenitrogenation (HDN)

l.Pyrrole:

l ] . 4H2 —_— CI-IBCI-I?.C.!HZCH3 + NH3
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{ Table-10 continued ¥

2.Pyridine:

+ 5H2————h-CH3CH2CH2CH2CH3+ NHE

* \N

C. Hvdrodeoxvgenation (HDS)
~<1.Phenol:
OH '

O + Hz——-—- @ + HZO

2.Furan:
+ 4H, ——— CH,CH,CH,CHy+ H,0

D. Hydrogenation

CH,CH,CH,CH=CH, + H CH,CH,CH,CH

3CH,CH, 2 2 CH4CH,CH,CH,CH,

E. Hvdrocracking

+ H,———e C_ H

C10H22 2 gHio *C

H

6714

3

S

i
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HEAVY OIL USED IN THIS INVESTIGATION :

v Heavv oil which was used in this investigation, was
a 650°F (345°C) to 975°F (524°C) heavy gas oil fraction from
hvdrocracking of Athabasca bitumen. The bitumen contains
51.5% by weight of pitch (material boiling above 524°C)
and about 0.6% by weight of ash. Other properties of the

hitumen are shown in Table-7 ( 2 ).~

TABLE-7

Properties of bitumen of Great Canadian Tar Sands.

-

Specific gravity (60/60°F) \—/;)ﬁlo
Sulfur (wt.%;f - .73

Ash (wt.%) I 0.56
Viscosity (cst. at 210°F). 175.8
Conradson carbon residue (wt.%) 13.7
Pentane insoluble (wt.3%) 15.6
Benzene insoluble (wt.$%) 0.57
Nickel (p.p.m.) 68
Vanadium (p.p.m.) 211

Table-8 gives ﬁhe distillation analysis of the Great

Canadian Tar Sands bitumen.

The process of bitumen hydrotreating is guite complex
and exact details are not available. However, from the avai-

lable information , & is known that the bitumen is hydro-



cracked at temperatures of about 450°C with hydrogen pressure
of around 2000 psig. Liquid hourly space velocities (L.H.S.V.)
in the re%éﬁor are of the order of 1.0. Heavv fraction of the
product oils are recvcled to minimize the coke formation. Coke{
formation in the proeess reduces if ash content in the liquid
feed increases and recycle heavy o0il is used for the séme
reason. Upward flow ebulated bed tvpe reactor is used . There
is suEstantial reduction in concentration of sulfur, nitrogen
as well as the metallic impurities during the thermal hvéro-
cracking bf bitumen. The heavy gas oil dérived from.this
process constitutes about 35% of the total liquid products.
TABLE-8

Distillation analysis of bitumen.

Equivalent Fraction Cumu- Sp.CGr. Sulfur
distillation (wt.$) lative of wt. % in
range at 1 atms. ’ {(wt_%) fraction fraction

Temp. °C (°F)

IBP-200 (IBP-392) 1.4 1.4 0.816 1.52
200~-250(392-482) 2.2 3.6 0.856 1.02
250-333(482-632) 9.7 13.3 0.904 1.78
333-418(632-785) 17.7 . 3l.0 0.955 2.98
418-524(785-975) 17.5 48.5 0.989 3.80

+524(  +975) 51.5 100.0 1.073 6.39

The heavy 0il was tested for its physical properties,

elemental analysis and ASTM D-86 distillation (these tests
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\\ ‘ TABLE-9 ;

Y

- Properties of Heavy Gas Oil.

Specific gravity " (60/60°F)
API gravitwy X {°API)
Viscosity(at 25°C} - (cp)

. . (cst)

Equivalent Savbolt
Universal v;sc051tv(100°F)(sec )

Asphaltenes {(wt.$%)
Aniline- p01nt (°C)
Cetane index

Elemental analysis * :

'(wt.%)
(wt.$%)
(wt.%)
(wt. %)

n =2 o O

C/H ratio

ASTM D-86 Distillation analyvsis

Distillate wvolume
collected (wt%)

IBP
5
10
20
30
10
50
60

©0.983

12.4
240.
244

1128

1.0
47.2
26.8

85.77
10.76
0.57
3.27
0.67

Temperature
(°C)

296
327
337
349
357
361
36l
369

* -Oxygen was not traceéble.

f—
<
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N aﬁe described in details in the analytical section). The results
are tabulated in Table-9. Concentration of metallic constituents

were not found as demetallization studies were not intended

in this investigation.

~

AIM OF THIS STUDY

Ll

The following were a few of the aims of the present

investigation

(2) To catalytically hydrotreat the above mentioned

heavy gas oil.

{b) Studv the performance of.the three most commonly

used catalysts. .

{(c) Study the effect of operating parameters on
r
hvdrotreatment of heavy gas oil.
(d} And to evolve‘experihental as well as analyvtical
schemes to achieve the goals of this investiga-
tion as well as for future work on syvnthetic .

fuels.
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5 LITERATURE SURVEY

Gary ( 3 ) in his book has described the present
practices in petroleum industry. As per this, the light atm-
cspheric and vacuum gas oils are further processed in hydro-

cracker or catalytic cracker to produce gasoline, jet and

diesel fuels. The heavier vacuum gas o0il can also be used

as feed stocks for lubricating oil processing units.

Wittington et alf( 4 ) have also described the recent
Qrenés in processing schemeé using fluid catalytic'grackers,
delayved coking and visbreaking methods. Some of these have
alreadv been mentioned in the introduction. A part of the
discussion presented by Green et al. ( 3} is also_aﬂ indi-
cation of statistics and recent trends in residual oil
processing. They have al;o discussed pore size distribution
effects on residuum desulfurization activity and demetalliz-
ation activities of catalysts. These indicate that catalysts
having micropores in the 100-200°2A range would be best for
desulfurization reactions. The‘cat@lyst deactivation appears
to be due to metallic impurities (mainly vanadium and nickel).
Sosnowski et al. ( 1 ) have given a scheme of upgrading the
heavy crude oils in which hydrocfacking is proposed for both
hydrogenation and partial conversions of virgin gas oils to

get controlled product slates.

Furimsky ( 7 ) has shown that removal of sulfur,
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nitrogen and oxygen from heavy gas oil is affected by the
chemical composition of supported molvbdate catalysts.

When cobalt and nickel are added to these catalysts, thev
have a promoting effect on the'cataly§t activity. However;
the relative rates always follow the same trend; that is,
the hydrodesulfurization (HDS) is the fastést , followed

by hydroaenitrogenation (HDN) and hvdrodeoxvgenation (HDO).
He used pure alumina supports without any catalytic metallic
_impregnations and reported that pure alumina &id not show
any HDS,HDN or HDO activitv. In ﬁis work concentrations of
molvbdate on alumina are varried from 0 to 9% and some
trials have been made by addition of up to 4.4% CoQ and

up to same amounts of NiO separately. Addition of these

have shown that these metal§ act as promoters and they
improvg all-the'éétalyst properties. In his experiments,
temperature of 400°C , pressure of 2000 psig and L.E.S.V.
of 2.0 were used . It has also been reported that the select-
ivity and éctivity of catalysts can also be controlled to

some extent during the, catalvst préparation.

Similar work has been reported by Parsons and Ternan
( 8 ). They have found that low concen£rations of 2.2 to 3%
qf Moo3 on ¥-alumina have significant HDS activitv but
on the other hand , it can be seen from their work that
HDN activity of this catalyst increases with increase in
Moo3 concentration up to 18%. This catalyst gave a sharp

increase in cracking activity with concentration of MoO3 up-
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to 9% and the increase in cracking activity was lower after
this point. They also studied the promoting effécts of Ti,v,
C;,Mn,FetCo,Ni,Cu and Zn oxides on 2.2% M0030n gama-alumina
catalysts. It was found that Ni, és promoter , wés best

suited for enhancing HDN activity as well as to give better
cracking results. Ni also substantially incréésed the HDS

activity but with Co as promoter this increase was slightly
more.Next to these two was Ti as promoter. Fe and Tu showed
least promoter activity.Operéting conditions used were simi-

lar to those used"by Furimsky (i.e., 380 to 420°C temperature,

2000 psig pressure and L.H.S.V. of 2.0 ).

Similar studies were carried out by Frost etfal { 9},
Eberline et 2al.( 10 ), Mirza et al.( li ) and Ahuja et al.
( 12 ). Data from these studies show that reactiqns like
HDS, HDN; hydrogenation and hydrogenolysis can be performéd
satisfactorily , mainly with th; help of catalysts made of
metallic sulfides from gréup VIII and VIB of the periodic
“table (mainly Co, Ni, Fe, Mo and W ). Sulphides are usually
made by sulfiding the respective oxides of these metals.
Alumina , silica and aluﬁina-silita have been reported as
the suppbrt materia;s » With majority of investigators
working with alumina supports. Generally a ratio of group VIII

metal to group VIB metal in the range &f 0.25 to 0.33 is found

to be most suitable for such applications.

Hass (.13 ) tried 27 different commercial catalysts
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for catalytic hydrotreatment of Pittsburg and Midway Companv's
Solvent Refined Coal. He also used about 28 catalysts which

were locally prepared by using different alumina-silica

supports. He'%éﬁnd £hat éo—Mo on aiﬁmina catalvst, out of

all commercial catalysts, performed the best for HDS as well
as HDN . In the locally prepared catalysts he used different
concentrations of Ni,Co,Mo,W and Cr metal oxides. All the
cat%lysts were sulfided before use and a trickle bed reactor

) wégrused. Out of all the catalysts tested, catalyst contain-
ing 0.26% Ni0,1.15% CoO and 13.1% MoO, on.alumina-silica
support gave best HDN results. The catalvst having 0.2%

NiQ, 1.1% CoC and 15.5% MoO3 and alumina-silica support gave

best HDS results.

e

Some of the publications referred to earlier deal with
the fitting of kinetic eguations to describe the catalytic
a;tivities with respect to one of the elements. Some of
the data do appear to fit quite close in to the proposed
mathematical correlations. However, such equations can not
be generalized to cover other aspects of the same catalyst
Oor to cover thHe same aspect with different liquid f£&ed stocks.
Such equat;ons, therefore, can only find a very limitéd use.

3

TRICKLE BED REACTORS : ) .

Trickle bed reactors are fixed catalyst bed reactors

where liguid flows down over the catalyst particles and gas

-
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can either flow co-current or counter-current to the ligquid,

The counter current flow gives better distributién of ligquid
than co-current flow, put liquid handling rates are limited
by flboding conditions. This tvpe of reactors are in use in
modern refinery in variety of sizes and shapes. Liguid
hourly space veloc;ties ( L.E.S.V. = volume of ligquid feed/
(volume of catalyst X hours)) in the range of 0.5 to 10 are
commonly used for various purposes. Trickle bed reactors
have one big advantage over the fluidized or ebulated bed

“reactors, that their operation is very simple.

One topic that is still under discussion is the effect
of the ratios of reactér diameter to catalyst particle.size.
Pofter et.al. ( 14 ) report that in bench-scale trickle-bed
reactors, liquid: migrates to the wall and the fraction
flowing down the wall increases to a steady state value at
about -one foot down the bed. These steady state wall fractions

o

correspond to as much as 30 to 60% of total ligquid flow
rates at ratios of reactor diameter to particle diameter

of as high as.lO. in this particular investigation a ratio
of =7 was used. Also the éatalyst particles are mixed with
inert particles in ratio of 1:1. This allows more area for
gas —-liguid filmutransport sﬁ that gas could get diffused

in to the liguid phase before it actually reaches thé active

sites of catalyst particles.



35

. 3. EXPERIMENTAL

>

S

APPARATUS :

Schematic diagram of the apparatus.used in this
study is shown in Fig.l. ;ﬁ consisted of a trickle bed
reactor , reactor heater, temperature controller, mete:ing
'pump, feed resefvoir, catchpots , back pressure réegulator
and other accessories. The feactor was a stainless steel
_type 316 tube, 25.4 mm O0.D., 17.5 mm I.D. and 450 mm long
(Cat.No. SF 1000 CX) of Autoclave Engineers. 1/4" swagelok
fitting were welded to both end adapter fitﬁings. Heater .
was a 480 watts longitudinal heating elements embedded in
split cflindericai ceramic enclosures. Both halves wefé
backed up by six inches of ceramic wool insulation. These
twb halves of cylinderical insulation and heater agsembly
were hinged together at one end so that when folded , the

heater surrounded the reactor tube.

Heavy oil feed reservoir was a one litre‘size measu-
ringxéylinder with an outlet at its bottom . This was
connépted to the inlet of a mete{ing pump. The meterinyg pump
was a Mi;toh Roy company, plunger tvpe pump, model 50.396-31
and had a manual adjustment of flow from 16 to 160 C.C./Hr.

and could pump up to a maximum of 5000 psig pressure.

The outlet of the metering pump was connected to one
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side of a T-joint on the top end of the reactor tube through
a one way cﬁeck va}ve. The gas manifold was connected to the
other énd of the T-joint .Aﬁnothér one way‘check valve was
placed in the gas-line befaré the T—jsint . A 6" dial Math-

eson  company's precision-pressure gauge with all parts

b

coming in contact of gas made of stainless steel, was

- .
placed on  that gas line,to monitor the system
pressure. Hydrogen , Nitrogen and Hyédrogen sulfide cyvlin-

ders were connected to the gas manifold with their respective
pressure reducing valves. Flow-of gés was regulated with the

N

help of a microregulating valve.
o ® . -t

Another T-connection was connected to the bottom end .

of the reactor ;ube. A Thermoelectric companv's iron-cons-

tanton thetmoéguple was iﬁsefted through the T-connection

SO0 as to get the tip of the thermocouple irf the middle of

the catalyst zone of the reactor tube. This thermocouple

was connected across Honeywell‘RTBSOA temperature controller.

‘Power to the heater element of the reactor heater was cont-

rolled by this temperature .controller to keep the reactor

at the desired temperature.

The outlet from the T-connection at bottom end of
reactor was connected to two liquid catchpots.of 800 C.cC.
capacity each. The purpose of these catchpots was the
separation of the liquid from gases and to enrable sample

withdrawl without disturbing the reaction system. The
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effluent gases were cooled in a vertical condensor to remove
all low boiling components which mlght otherw15e would have
escaped. The outlet of cdndensor is connected to the Back—
pressure*regulator, model S-91XW of m/s Grove Valve and
Reguletor Compaﬁy . This regulator holds the desired pressure
insiée the svstem and allo;s the effluent gases to eséape

It needs a p}essure ﬁiénal of same pressure'as that desired
inside the system . Therefore, a separate 1/8 " tube‘was

connected with a valve, between back-pressure regulator and

the gas manifold. (Refer Appendix-B for more details)

The effluent gases coming out of back pressure reg-

& .

ulator as well as the gases escaping during the sample
collection in the sample collectior flask, were passgd through
a st_absorption flask. This was done to remove st gas

from the effluent gas stream before venting it to the atmos-

phere. The whole apparatus was installed inside a fume hood

sO as to prevent obnoxious smell of HZS from spreading out.

CATALYSTS =

Three commercial catalysts ¢f Harshaw company were
used in this study.Thev were Co-Mo on Alumina (Harshaw no:
400), Ni-Mo on Alumina (Harshow no.100) and Ni-W on alumina
(Harshow no.4303). Detailed_description of these catalysts
is given in Table-11l.

As already discussed earlier, it was decided to dilute
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TABLE=<1ll .

r——

-~ Specification of catélysts used.

Harshow Description Surface Pore Av.

No. area volume pore

w/gm  ml./gm  SiZe

400 1/8" extrusions,3%Co0, 220 0.5 91.0

lS%MoO3on alumina. _

- 100  1/8" extrusions,3.8%NiO, 190 0.54 113.6
l6.8%MoO3 on alumina.

4303 1/16" extrusions,6%NiQ, 152 0.54 142.2

19%W03'on alumina.

the catalysts with the inert material in 1:1 proportion.
Kiselguhr was used as inert material. Catalyst and Kisel-
guhr were packea in reactor tube as shown in Fig.2. A
stainless steal 30 mesh screen was placed at_éround five
centimeters from béttom end of reactor tube. On the top of
this , 1.5 cm laver of coarse kiselguhr éarticles of 5-8
mesh size were placed. It was‘followed by 33.5 cms of 1:1

mixture of catalyst and kiselguhr particles of 8-16 mesh

size. 5 cms of coarse kiselguhr particles of 5-8 mesh were

packed in the top part of the catalyst bed. This top. laver
of particles was placed to act as a preheating zone.

Each catalyst bed was sulfided before using the

-catalyst'beds for actual hvdrotreatment runs. The sulfiding

.procedure is *described in the Operating Procedures.
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ANALYSIS OF PRODUCTS :

Original heavy 0il as well as the product oil samples
were tested for their physical properties - density and
viscosity, elemental analysis - percentage by weight-.of C,H,
N and S, ASTM D-86 distillation analysis, Aniline poiht,
Cetane index and Diesel index. Gas chromatography, Infra-
red spectrésc&py and silica gel column separation were also

—a

performed on some of the samples. -

-

SpecifiE gravity bottle was used to measure the density

of saﬁples. To get accurate volume of specific gravity bottle

mercury was cleaned and weighed in that bottle. Density
values wefe converted to °API values using regular petrol-
eum tables. Viscosity of oil samples was measured with the
help of a Brookfield Syncro-electric‘viscometer model LV
with a UL adapter. For most of the samples the UL adapter
was used for better accuracies. But for some samples of
higher viscosities , like original heavy oil, UL adapter
could not be used. Therefore, the regular spindles were
used by putting the oil in a 600ml beaker. Kinematié viscos-—
ity was calculated using these viscosity and density values
and ASTM D-2161 conversion tables were used to conver£ the
kinematic viscosity values' to Sayvbolt Universal viscosity
values. ) _ .

i -

Elemental analysis was done by Perkin Elmer model 240B

R

o r——na g ————
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elemental analvzer. The eq%}pment was first calibrated for
' : v

C,H and X analysis and all samples were tested. Then the
R - .

necessary changes were made for sulfur analysis by putting

. appropriate chemical packings in the quartz tubes. Sulfur

analysis was done for all samples after the equipment was

calibrated for sulfur with sample of known sulfurfdontent.

. Aniline péint.was measured as per ASTM D-611 method.
Apparatus was fabricated locally using details given in
ASTM specifications. Aniline was dreid ovérnight by putting
sodium hydroxide pellets in aniline bottle and shaking the
contents thoroﬁgﬁly._Then aniline,wés distilled undeé'vacuum
in rotavapour equiphent.‘Fifst and last ten percent of anil-
ine was discarded. The purified aniline was sealed in a
clean and dry bottle and was kept under nitrogen &tmosPhefe
all the time. Ten ml. of aniline and ten'ml. of oil samples
were used for each test and the aniline points were noted

-

in °C.

ASTM D—-86 distillation was pefformed on each sample
including original heavy oilf Standard apparatus made by
Precision Scientific Compady,Chicago was used . The apparatus
is built as per ASTM E-133 s?ecificatidns.,all accessories
such as distillatiqn flasks, meésuring cylinders and thermo-
meters were used strictly as per .above mentioned specifica-
tions. lOO ml. of sample‘wés”ﬁsed for each test and beiling

points were noted in °C for every 10 ml. of distillate
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collected. : v

N

i/ ’ \./

‘

Cetane index was estimated using ASTM D-976' method. Mid
rangé boiling points were taken from above mentioned ASTM
distillation. Aniline point values as estimated by standard

method described earlier were used_in'this method. This.

procedure of estimation of cetane index is not recommended

for petroleum ligquids other than derived from natural petr-'
oleum base. But it was decided to use the same method for
this study as there was no other metﬁod available. Also ,the
results were intended to be.used in comparison 5f gualities
of different liquid samples rather than éuantifying the
absolﬁte values of this ?articular propertyv. |
*5 .
Ceténe index calculations were carried out with help of

following expressions :

Il

Cetane index = 0.49083 + 1.06577(x) - 0.0010552 (x) 2

where .- x = 97.833(log mid-range boiling_point,°F)2

_ +2.2088 (°API) (log mid-boiling point,°F)

. +O.Olé47I°API)2 - 423.5;(log mid-range
boiling,®F) -~ 4.7808(°API) + 419.59.

Diesel index values were calculated using °API values

and aniline point. values,using the following expression:

°API X Aniline point (°F)

Piesel index =
100
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Gas chromatographie analysis was performed usingAHewlett—
Packard hodel No.57oqi éas chromatograph. Two different col-
umns were used in gas chromatographic studies for these oil‘
samples. 5 ft. long and 1/8 inch 0.D. column, packed with
1.5% v-101 on 100-120 mesh cgromosorb-G was used for the
high boiling components. Where as‘compénents of the oil
samples having boiling points below 150°C were best resolved
by 1.5 M long and.0.33 cm 0.D. , OPN/Porasil-C column. Ther-
mal ceonductivity detector was used in both cases. Temperatﬁges
of detector, injection port and auxillary svstems was kept
at 250°C. The oﬁen temperature was programmed to stay at
80°C for first two minutes after injection, ana then reach
a maximum of 250°C at a steady rate of 4°C/minute,ifor-v—101
column which was used for high boiling components. For OPN/
Porasil-C coluﬁﬁ , oven temperature programming of 60°C for
first two minutes and then to reach a2 maximum of 130°C at _

a steady ratelof 4°C/minute and detector, injection port and,
auxillazxy temperatureg of 150°C were used. Helium flow rates
of 25 ml./hour were used for both columns and 2 microlitre

quantity of 0il sample was injected each time.

With OPN/Porasil-C column maﬁy of components showing on
the chromatogram were identified by injecting small amounts
of kqown pure chemicals with the 0il samples. About seventy
five pure chemicals,which ﬁére expected to be present, were
tried and out of them twenty compounds did correspond to the

.peaks of chromatographs obtained with oil samples.



45

i

Infra-red spectra of a fewfsamples was taken on Perkin-
Elmer model Zé7 Infra-red speétroscope. 0.5% by wt. solution
of each‘li§u§dlsaﬁple was made ig carbon tetrachloride (spe-~
ctroscopic grade). 0.2 mm thick calcium flouride cells were
used for both samples and r®ference ligquids. Pure carbon
tetrachloride was used as the reference ligquid. Spéctra

.

were taken with Infra-red wavenumbers from 4000 to 800(cm
Différenf fractions from heavy dil.and prodﬁbt'oil samples
were separated by silica-~gel column . 22 mm I.D. and 500 mm
long giass column was used. Baker grade 60—20p mesh size
-silica-gel particles were used. Silica—gel was brepared.in
a separating funnel in pentane. Glass column wds cleaned and
dried before use. A glass wool plug was placed at the bottom
end and then the column was filled with silica gel slurry.
At top end another lcm layer of glass wool was packed. Care
was taken that tﬁe whole column, thus prepared, did not have
any air bugble and wa; always kept full of ligquid. A welighed

amount of asphaltene free oil (approx. 20 ml..) was disso-

lved in toluene and was poured at top of the column.

First fraction was eluted with n-pentane. This fraction
was a Eolourless cil fraction. Excess pentane was evaporated
on a water bath and the liquid thus obtained was dried‘of
pentane in rotavapor apparatus at 66°C under vacuum. The
residue was wax tvpe and was collected aﬁd weighed. The
second fraction that came out after white oil was yello& in

color and was designated as "vellow oil". This fraction was
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also dried in rotavapor and was weighed. This fraction

was like oil. The column was then eluted with mixture of

'n-pentane and chloroform. Dark brown coloured liquid was

collected and evaporated in rotavapor . This fraction was ’
very viscous and was designated as “Dark‘oil“. Next fraction
was "Chloroform resin” which was eluted w}th chloroform. The
last one which was eluted with tetrahydrofuran was dé;ignated

as "Tetrahdrofuran resin ". All these fractions were also

evaporated in rotavapor and weighed.

\

OPERATING PROCEDURES

3

Before starting the experiment the.meteriﬁg pump
was calibrated at different.pressures td check aﬁy'flow
rate variations at different pressures. Tﬁeﬁmicro—fégulating.
valve ‘on gas line was also calibrated to achieve the gas
flow rates of between 0.5 to 6.0 scf/hr. Experimental'set

-

up was checked for any leékage with help of soap solution_;

at 2000 psig.

Each catalyst bed was sulfided before use. Mixture
of 10% H2S and 90% H2 were éassed ﬁhrough the reactor for
12 hours. The reactor temperature was kept at 350°C during
sulfiding and after that, only H, gas was alloéed to flow
through the reactor for one hour at the same temperature.

The reactor was then cocled.

]
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The followifg sequence of steps were followed while

starting and shutting the experiment and -withdrawl of samples :

-

k]

start of Experiment

Fill heavy oil in feed reservoir.
Adjust pump setting and start pumb.
Close valves C,D and _E and keep A and B _open.

- 10 minutes after sthep 2 open valve on hydrogen cyvlinder

and adjust pressure regulator for desired pressure and
adjust micro-regulating valve for desired flow.

Fold the reactor heator around'the reactor tube and
set the reguired temperature on temperature controller.
Start heating five minutes after gas starts bubbling
through the st absorption flask.

Draw all liquid collected (ref. Sample Withdrawl)

in catch pot-2 one hour after the reactor attains

set operating conditions. ’

Check liguid samples everv 15 minutes after step 6

and stop these checks after consistaht quality of
samples observed.

Let the process run for sufficient ‘time to get about
250 ml. of product oil. )
Withdraw the sample and change operating conditions
for next run and then go to step 6 or shut down

the experiment.

Shut . Down

1.

4.

Put off reactor heater and open-up the heater assembly.
Start reactor cooling by blowing compressed air.

When reactor cools to room temperature, c¢lose the
‘hydrogen supply.

- Open valve D slightly to bleed out gll-pressure inside

the reactor system.

Shut the pump when pressure inside the system comes



tc atmospheric.
Flush the whole system with N2 gas.
6. Open the top end of reactor and flush the reactor

and catch-pots with acetone till the system is clean. -

Sample Withdrawl :

Open valve E and close valves A and B.
Just slightly open valve C to let liguid flow to
collection flask at very slow rate. .

3. Close valve C when all liquid is out of catch pot-2
and open valves A and B. Close valve E.

The above mentioned procedures took care of some
of very important'precautions that were taken in course of
gxperiments. For example, liquid was never poured over dryv
hot catalyst particles. Catalyst particles were wetted with
liquid before heating. Pump was startgd before pressﬁrising

the system so as to avoid any air-lock in pump.

Operating conditions were changed in the following

sequence for all catalysts

Temperature Pressure L.H.5.V.
(°C) (psig)
Temperature variation.: 300,350, 1000 2
400,450.
Préssure variation : 450 600,1000 )
' 1400,1800.

0il feed rate
variation : 450 1000 0.5 to
4.0

w



4. RESULTS

The experimental data were obtained by means of an
isothermal trickle bed reactor at temperaturéf 300 to 450°C
and at pressures 600 to 1800 psig. Steady state was nof only
realized from the op;rating conditions but also from the
product analysis.'The effect of various wvariables, namély

temperature, pressure and liguid feed rates on conversion .,

and product distribution were investigated.

EFFECT OF TEMPERATURE :

Effect of temperature on the catalytic hydfotreat—
ment of heavy 0il was studied at 1000psig and between 300
and 450°C temperéture. The flow rate of cil was kept between
82 to 87 ml./Hr. (L.H.S5.V. of approx. 2 ) for all the three
catalvsts . Densities of product samples decreased with
increase in temperature (Fig. 3 ). While Ni-W catalyst
gave the lowest density , the decrea%e iin densities
was the least with Co-Mp catalyst.qAnother noticeable diff-
erence between the Co-Mo andéd other two catalysts was at
temperaturé greater than 400 °C. In this range densities
dropped at a much faster rate in case of Ni-W and Ni-Mo than

in case of Co-Mo.

Viscosities of product oils also showed a similar

trend. Increase in temperatures gave rise to lower viscosities
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Ni-W catalyst. "

.

(Fig; 4 ). Again Ni-W catalyst gave lowest viscosities except

. a2t low temperature of 300°C. At 300°C Co-Mo catalyst gave

better results where as at temperatures higher. than 300°C

the viscosities of product oil derived from this catalyst

were higher than with the other two catalvsts. Also the
rate of decrease in viscosities with increase in temperature
\Was much more in case of#ﬂ;—w and Ni-Mo catalysts than that

in case of Co-Mo catalyst.

Therefore hyvdrogenolysis of heteromolecules was more

pronounced at higher temperatures. Ni-W catalyst'showed the
maximum hydxggenolysis activity at all temperatures where
as Co-Mo showed the least activitv out of the threé cata-
lysts. Ni-W catalyst was most sensitive to temperature

changes and Co-Mo was least sensitive. =

The .effect of temperature on cetane index, C/H atomic

ratio and aniline point of product ligquid samples is shown
in Figures 5,6 and 7 respectively. Cetane index values
increased slightly with increase in temperature. Ni-W

catalyst gave rise to products of maximum cetane index values

(Fig.3) at all temperatures and Co-Mo catalyst gave the

least cetane index values. However , increase in cetane

index values with temperature was least pronounced in case

’

P

C/H atomic ratio (Fig.6) also decreased as the
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temperature increased in all cases. Ni-W gatalysﬁ gave the
lowest C/H ratios at all ;emperatufes. Also theAdecrease
Wasémuch"stéeper in case of Ni—w'catalyst than in caseé of
otﬁer two. C/H ratio study proves th§t Ni-w catalys;-gave

best hydrogenation activity and a signifieant improvement
rd

took place in hydrogen content in oil as the temperature

wés.increased. Aniline point (Fig. 7) qlso,leéds to an
imgortant conclusion. Aniline point values’do not show much
of a decrease with increase in £empera£ure_from 300 to.400°C
except in case Sf Co-Mo catalyst where aniline point fall

at 350°C and jincreased to the original value at 400°C. In
case of Ni-Mo and Ni-w catalysts thé.aniline point fall as

temperature was increased‘bevoﬁnd 400°C. This change,'to*

.some extent, maw be attributed to the decrease in average—

molecular weight of product oils. It malnlv indicates a
lesser paraffinicity. Combinin@/ﬁhis information with fesults
obtained from C/H ratios, it can be concluded that Ni-Mo
catalyst gave rise to more aromatics than Ni-W or Co-Mb

“

catalyst . Ni-w cataiyst enhanced the production of olefiins

L3

in this range.

Hydrodesulfurization (HDS) and hydrodenotrogenation

(HDN) were another important factors in this study. The effect

+

* of temperature on HDS.and HDN capabilities of the three cata-

lysts is shown in figure numbers 8 and 9 respectlvelv HDS

aCthltV significantly increased for all catalysts with temp-

-

erature ( from 20 to 30% at 300°C to, up to 88% at 450°C)

—
-
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wﬂile Ni-W catalyst showed best HDS activity at temperatures

more_ than 350°C. N;-Mo and Co-Mo show approximately same

performance in this range. However, at temperatures less than
350°C Co-Mo showed better sulfur removal activity. These

results indicate that sulfur was present mainly in the comp-

lex macro-molecules- in the heavy oil and for better desulfur-

ization of this heavy oil, more hyarogenolysis of macro-
molecules is: very essential.

N The improvement in HDN activity with temperature was
not as much as that for HDS activity. This result is in line

with the well known fact that nitrogen removal is compa£€}

‘tively more difficult than sulfur removal in all hydrotreat-

ment processes. The performance of Ni-Mo catalyst for the =
nitrogen removal (HDN) was beést ( 46% at. 450°C as compared

+0 38% for Ni-W and 32% for Co-MO).

PRESSURE EFFECT
. ..-/\.,

- - -

The effect of pressure on product distribution was
studied between 600 and 1800 psig. Liqﬁid fiow‘rates were'
kept ébpstant around 80 mi./hr. (L.H.S.V. of 2.0) and temp-
erature at 450°C. Due to limitationd of the apéaratus, higher
pressures could not be tried.‘Howéver, very important features

of hvdrotreating reactions with these catalysts are high-

light®d with this study.
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The effect of pressure on denéity of liguid products i
is shown in Figuré 10. A fairly good decline in density values
was ‘obtained with increasing pressures. This indicated that
liguid produéts were lighter in quality at higher pressures.

Similér treﬁd was observed in case of viscosities of produyct -

oils (Figure 11). At‘higher pressﬁfes less viscous products

are obtained with all catalysts. It can be concluded that

the pore diffusion did play an important éole in hydrogen-

olvsis reactions.

Figure 12 éhows the effect of pressure variation on
cetane index. For all thé catalysts, cetane index improved
k i.e., increased) marginally on increasing the pressure.

C/H atomic ratio (Figure 13) also indicates that‘increaﬁe
in pressure did lower C/E values further. In case of Ni-Mo
catalyst, a little leveling of C/H ratios at pressuresl
greater than 1400-psig was observed. This may be due to its
tendency of producing more aromatics in comparison‘to the
other two catalysts. This is further confirmed when we
observe aniline point (Figure 14)

"The three catalfsts gave rise to varving trends in
aniline point of products at differenﬁ‘pressures {Figure 14).
In case of Co-Mo catalyst aniline point values increased
with increase in pressure where as in case of Ni—Mo cata-
lyét there was a decrease in anil%Pe points values. Ni-W

catalyst gave fairly unifot¥m aniline point values at all

/-—
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pressures in the_operaﬁing range. This shows that in case

of Co-Mo catalyst ﬁafaffinicity_increased with increasing
pressures where as with Ni-M0O catalyst-more aromatics were
formed. In cése of Ni-W there might had been a slight

increase in paraffinicity which probably was compensated

by slight decrease in average molecular welght as is indicated

by the effect of pressure on physical properties.

HDS and HDN activities of all catalvsts showed
improvements with increase}in pressure. Figures 15 and 16
show the increase in BDS and HDN activities, respectively.
Significant difference between the increase in HDS\and
HDN activities is that only HDN activity got a substantial
boost because of increase in operating pressure. Improve- =
ment in HDS adtivity was of the order of 10% where as HDN
activities has improved by about 35%. This is reverse of
what was observéd in casé of temperature effect. It can be
concluded from the foregoing analysis that HDN was more

sensitiveé to increase in operating pressures than to the

operating temperatures.

D

EFFECT OF LIQUID FEED RATES :

- Effect of changes in feed pégg; of heavy ©il was
. /
studied at 1000 psig pressure and 450°C temperature. The

flow rates of heavy o0il were varied between 20 ml./hr. and
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160 ml./hr. (i.e., L.H.S.V. from 0.5.to 4.0). Effect of liguid
feed rates .on physical propertiés is shown in Figures 17 and
18. Density of the product oil_aecreéseq with decrease in
L.H.S.V. for all catalysts. Co-Mo gave rise to higher densities
.at all flow rates where as Ni-W ahd Ni-Mo gave rise to —
lighter oils. Values of densities obtained with Ni-W cata-

lyst and Ni-Mo catalysﬁ were compareable in most of the

range . However, at higher flow rates the increase in density

with flow rates was higher in case of Ni-W as compared to Ni-Mo.
The densities of boﬁh Ni-Mo and Co-Mo decreased faster with
decrease in flow rates below a value of L.H.S.V. of 2.0.

It can be concluded from the above that Ni-W catalyst can

not give good results at higher feed rates where as Ni-Mo

can give light products even at higher flow rates.

Figure 18 shows how viscosities change with increase

in flow rates for all the three catalysts.rDecrease in visc-

> =

osities of prodﬁzt 0ils with decreasing flow rates was

quite uniform in case of Co-Mo catalyst where as in case qf
Ni-Mo and Ni-W catalysts the decrea§e was faster with feed

ra ub to L.H.S.V. of 2.0. For feed rates below this ,
viscosities obtained With Ni-W and Ni-Mo Fatalysts did not
decrease .so fast. Since in this range lighter producﬁs were
obtained (Figure 17) , it can be said that more.rinéastructu:es
were formed instead of long chain paraffins and olefins. This
conclusion is further confirmed from the aniline pdipt ana-

lvsis.
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Changes in cetane index values of product oils are

‘shown in Flgure 19. Cetane index values did not vary much

with feed flow rates for L.H.S.V. of 1.5 or more. But below
L.H.S.V. of 1.5 cetane lnde\ values increase a little ( in
case of Ni-W and Co-Mo catalysts). and then there 'was a sudagﬁ
déérease in cetane index valpes for all £he catalvsts. For
Ni-Mo catalvst, cetane index did not show én'increésé even
below L.H.S.V. of 1.5, however, the value decreased suddenly
at lower L.H.S.VU. . Cetade index values did Hot increase in
this case because of more aromatics: and this confirms

the conclusion drawn earlier.

C/E ratio variation with feed ra#es ( Fig.20 ) indicated
a constant vélue for Ni-W catalyst below L:H.S.V of 2.0. While
Co-Mo and Ni-Mo showedla fairly cgnstant‘values at L.H.S.V
greater than 1.5,an opposit trend was observed below L.H.S.V.
of 1.5 .Combining this observation with cetane index values
and physical properties, one can conclude that Co—ﬁo catalyst'
had the least’tendencf to give rise to aromatics and r%ngj
striuctures- even at lower feed rates. This conclusion is

further confirmed by Figure 21. Anilirfe points did fall with

decrease in feed rates, though this was minimum for Co-Mo
catalyst. In case of Ni-Mo and Ni-W catalysts, the aniline

point values fall substantially when feed rates were decreased.

The reason for this decrease was the same &s mentioned

earlier.
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While Ni-W catalyst gave_besr hydrodésulfurization
(HDSf acti#ity (Pigure 22). in lower range of feéd rates the
peréormance of Co-Mo catalyst was better at higher feed rates.
Ni-Mo was found to be least active over the.-whole‘ 'range.
There was a sudden drop.in HDS performance of Ni-Mo catalyst
at very low flow.raﬁes (L.ﬁ.s.v. less than 1.0). C/H ratio
in this case also increased in this range (Figure 20).=It
appears as if , at the lowér feed rates,this catalvst wa;
unable'to break free the sulfur radicals from the ring aro-
matiés;‘On the other hand this catalyst had the best HDN
activity over the entire range (Figure 23). Thouéﬁ a marked
incréase in HDN activitf was obs&rved with decreasé .in
L.H.S.V below 5.0, Ni-W showed the least HDN activity over

the entire range except at around L H.S5.V. of 2.0 where

it performed llttle better than Co-Mo- catalvst.

ASTM DISTILLATION :

L4

ASTM D—BG.disti}létion results are shown in Figures
24, 25 and 26. Pér easé‘pf comparison ., effeét of temperature
variation for all catalysts are given°in Figure 24, while
Figure 25 shows the effect of pressure variations and Figure ?T
26 shows effect of feed rate variation. It can be seen that
percentage volume boiling.at lower temperatures increased
with increase in hydrorreatmegt temperature and pressure
and with decrease in liquid feed rates. The individual caspks

follow same explaination as discussed earlier.



15
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ASTM D-86 DISTILLATION RESULTS
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EFFLUENT GAS ANALYSIS :

Effluent gases were sampled in a gas bag and analyzed

. The composition of the gas was found to be as follow;

Gas %by wt.
. Hy - 96.8
. 7 . HZS - 2.3
CH4 - Ji;i
C2H6 - 0.2
C3H8 - 0.08

- Somehow NH, could not be traced in the above analfsigj
The gas sample wés collected'from reaction in which hvdro-
treatment was béing studied with the Co-Mo catalysﬁ and the
Operating conditions were 400°c temperature, iOOO psig pre-
ssure and L.H.S.V. of 2 . This analysis confirmed that H.

2.
gas was always 'in excess in side the reactor.

COLUMN SEPARATION STUDY :

One of thé\gamples ( with Co-Mo catalyst at 450°C,
1000 psig and L.H.S.V. of 2 ) and the original ﬁeavy’oil
were used in ligquid column éhfﬁmatOgrapHic separétion -
AspﬁalEehe was removed from both ;amples. It was found that
product oil contained no asphaltene at all. This showed
that all the asphaltene present in the original oil goE
converted to o0il and other useful éroducts on hydrotreat-

s

ment. Weight percents of various fractions separated are

givén in Table-12.

ar
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TABLE-12

Column sgparatibn results of heavy oil and product oil

'yl

N

Fraction Colour Heavy ' Product

designation oil - _oil
: (wt.%) (WT.%)

White oil Like wax 1.1~ - 2.7
Yellow oil Light vellow 84.6  90.5
CHC].3 resin Reddish brown 11.6 3.8
THF resin Ddark brown 2.0 1.5
Residue in column - Blackish 0.7 Ni%_ N

(by difference) ' ) -
Others (low boiling — Not : 1.5
components lost , ' expected

during evaporation)
(by difference)

-

It can be seen from the above Table that £he resin
originally present in heavy oil got converted t¢ oil and other

light products during hydrotreatment process.

GAS CHROMATOGRAPHIC ANALYSIS- : - . N

all  o0il samples were injected in to the gas chroma-
tograph with V-101 packed column and later with OPN/Porasil-C
column. Figure 27 showg‘the chromafograph of origiﬂ;l heaéy
il with V-101 column. The lightest oil profuced with Co-Mo-

catalyst (at L.H.S.V. of 0.5, 450°C and 1000 psig) gave the
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i

-~
¢ . S S
response which is shown in Figure 28. Chromatographs of "all

othef'samples fell between these two Ehromatographs. Area
under different peaks varried indicating different amounts

of the particular compound in all samples. The conclusions

- -

drawn from this analysis are similar to the ones already
o — ’ A
discussed. . ° ' - T

In the saﬁe way, gas chromatographic respéﬁse with
OPN/Poracil-C column can be seen from the chromatograph of
ofiginal ©il and a partieular sample indicated above (Figgrés
29 and 30); This column was used pérticulazly for resolving
low boiling céméonents. All the low boiling components in
Figure 30 were formed during the hydrotreatment as none of
these weré present originally-as indicated by.Fiéure 29.
ehromatographé for other samples with Co-Mo and other cata-

lysts were similar with variation in area under various

»
peaks.

- In case of é‘few 0il. samples derived with Ni-Mo and

Ni-W catalysts, a different behaviour was observed in vari-

ation of héights of some of thé peaks. In case of Ni-W this
peak ocurred at 24 minutes and arez under this peak inc-
reased with increase in pressufe L_ decrease'in temperature
and'increase in flow rates. The same peak} in_case of Ni-Mo
catalyst was more pronounced at high pressure and feed rates.

However, in this ¢ase at lower temperature, anothef peak at

retention time of 10 minutes appeared and was more pronounced.

I
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"TABLE—13

COMPOUNDS IﬁENTIFIED BY GAS CHROMATOGRAPHY

" Peak No. y Compounds
1 AIR
2 CARBON DISULFIDE and BUTANE
3 ISOPENTENE and 3-METEYL PENTANE,
4 PENTANE and CYCLOPENTANE ]

5 2,3-DIMETHYL PENTANE and METHYL CYCLOPENTANE
6 HEXANE and CYCLOHEXANE 4\\
"9 CYCLOHEXENE o

8 HEPTANE. - N
9 ISO-OCTANE,BENZENE dnd THIOPHENE
.
10 CYCLO~OCTANE and TOLUENE '
11 n-NONANE
12 ETHYL BENZENE
13 P-XYLENE, m-XYLENE and STYRENE
14 O~XYLENE
15 DECANE
16 PROPYL BENZENE 7]
17 MESTTYLENE
18 PYRROLE
19 PEPRIDIENE and TETRALINE
20 NAPHTHALINE




]

" Efforts were.made to identify thesé peaks , but
unfortqnateiyp even after trying about 75 pure chemicals
which were expected to be present, only twenty peaks could
be identified. The identified compounds are shown in Table-
13. The two peaks whose behaviour was different , as mentioned
above, could not be identified from the known compdunds

tested and further investigations are in progress to identify

these peéks.

INFRA-RED STUDY : -

Infra-red spectra of heavy oil and the preduct oifls.
was obtained as described in analytical part. Many samples
were tested but here only the spectra obtained with heavy
0il and one of the light oils produced with Co-Mo catal?st
will be discussed. Figures 31 and 32 sho% the spectra obtai-
ned with heavy oil and the sample respectively. Spectra
obtained with other samples was similar except changes in
?eak heigﬁts. These spectra are similar to that obtaiﬁed for
Athabasca biéumen by‘Moéchpedis et al.(l5). Changes ndticed

L)
in wvarious bands are discussed as follow : . .

1 1

(a) Band at 3490 cm

A small peak a§‘3490 cm”
appeared for the heavy oil (Figure 31Y. This peak was
passibly due to pyrrole or its derivatives. It disappeared

on hvdrotreatment when heavy oil was hvdrodenitrogenated

(Figure 32).
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(b) Band at 3000-2850 cm *: .The broad shoulder at

1

3000 e¢m - for the heavy oil (Figure 31) increased with hydro-

-

treating (Figure 32). This is due to an increase in the com- |
\ -

pounds containing C-H bonds. This band is due to C-E -
stretch (C=C-H). The other sharp peak (3000-2850 cm_l) is

also due to C—H‘stretch.

rd

{c) Broad band at 2600-2550 cm—l,: This brcocad band

- !
may be due to S-H ( Raoc (1l6)). A comparison of the baﬂds in

Figures 31 and 32 indicates that S-H band was reduCed on

hydroprocessing and that heavy oil was hyvdrodesulfurized.

(&) Band at 2350 cm *: Band appearing at 2350 in

Pigure 32 is due to HoS . This was confirmed by gas chromato-
graphy and élso;py taking the infra-red spectra of H,S in
CCl4 (0.5 wt.% in CCi4). The absence of this band.in the

- heavy oil'(Figure 31) suggests that H55 was not present

originally but was formed only during hvdrotreatment.

(e) Bané at 160q-1350~cm_l: The.presence'of aromatic
=3

ring is indicated by appearance of four bands for six

numbered rings, or three, four or five numbered rings in the

1

region (1600-1350 cm ). The increase in the intensities of

the bands in this region in Figure 32 suggests an increase
in the concentration of benzene or benzene derivatives due

to hydrotreatment of heavy oil.

e
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. -1
(£) Band .at 1200-1100 .cm ' % These are due to

heterocyeclic compounds ( Katritzky (17),Rao {(16)) present
"in heavy o0il . It is cléar fr&ﬁ comparison of Figures 31
and 32 that the intensity of this-pafticulgr band was
reduced to a good extent on hydrotreatment . Heterocvclic

compounds present originallv in the heavy ©oil were reduced

during hydrotreating on account of hydrocracking or thermal

cracking.

REMARKS :
r
‘Coke formation was observed in case of all -catalysts.
It was most’severe in case of Ni-W -catalyst. Ni-Mo and Co-Mo
catalysts gave almost similar performance as far as coking
was concerned. The ceking occurred mainly in the upper 2 to

3 cms of catalvst zone.



89 . /

5. DISCUSSIONS 5 -

This study confirms the well known fact th%§ nitrogen
is more difficult to be removed than sulfur. In Féis study
Ni-W catalvst was found to bé the best for HDS'#éﬁivity and
Ni-Mo catalyst gave best HDN results. Co-Mo caéalyst did
not fare badly for both ﬁDS.and EDN . Héweve;& these results
did not exactly follow the previously known/&rendé. Séeight

{6) indicated that Co-Mo on alumina was best for HEDS reac-—

tions and Ni-Mo best for HDN

. 3
ivity. Ni-w catalgat was

generally known to be good for hvdrogenation.

The above difference may be due to the fact tgat the
catalysts used in this study did not have the same pore sizes.

As shown in Table-11l, average pore sizes oﬁ Co-Mo, Ni-MB and

Ni-W catalysts were 91, 1l4 and 142°A respectively. Cataiyst z:
activities did increase with increage in average pore size -
as ind;cated by many reséafbhefs (e.g., G»een et al.(5),

Beuther et al(i8) and Mindev et al.(19)). This fact gets

~

further confirmation from our work’, as indicated by the pre- °

Fs

ssure eifect on various catalyst activies.

Lower average pore size of Co-Mo catalyst may be one
of the reasons for its not showing best HDS activity which
was otherwise expected, while high pore size in Ni-W was
responsible for its giving best HDS activity. Therefore,

it can be said that pore diffusion had a substantial effect
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on activities of these catalysts.

Aniline point and cetane index studies have not been
reported freguently. Mirza et al.(ll) have reported aniline
point variations with operating parameters on hydrotreatment

of Tar oil fractions with Co-Mo catalyst . Our study does

indicate a similar trend in aniline point changes but “Ehe

difference lies in the guantums of these changes. This was
- \

expected to occur because of different origins of heavy di;s
used in the two studies.
Data from both HDS and HDN. studies fitted quite

closely to a first order reaction model :

7 s k ‘
£ _ 5
In <= = TH.S.V. for HDS }
P ~—
N k
f _ n .
and in N, = TL.H.5.V. for HDN

where ks and kn are rate constants for first order
Ay . .

HDS and HDN rate equations respectively and Sf, Nf and S
Np are sulfur and nitrogen concentrations in feed and

product samples respectively.

r

Data for the three catalvsts are plotted in Figures
33 and 34. The individual k-values from the slope of lines

were evaluated and are shown in Table-14.
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ks values :

Co-Mo : 2.08 /Hr.
Ni-Mo : 1.74 /Hr.
Ni-W : 3.00 /Hr.

i | ! | P i
0,2 0.4 0.6 0.81.01.21.41.61.82.0

(1/LH.S.V.)

Co-Mo

Ni=-MOo— — —— —. —_

e (D

FIG,33 Ls SF/SP vs, 1/L.H.S.V.



L( NF/NP )

92

values
n

/ -
. '
P Co-Mo : 0.86 /Hr.
Pis Ni-Mo : 1.10 /Hr.
;. 75 Ni-Ww : 0.50 /Hr.

| ) } i ] 1 |
0.20.,40.,60.81.01.21.41.61,82.0

(1/L.H.S.V.)

Co-Mo

Ni=MQO = — e — — o

ny, o=

FIG.34 Ly NN, VS 1/LK.S. .
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TABLE-14

Z‘-—

Evaluated rate constants\for HDS and HDN activities.

Catalyst ks : kn

. e h (Br. %)
Co=Mo .. 2.08 \ 0.86
Ni-Mo 1.74 1.10

Ni-Ww 3.00 0.50

Frost et al.(9) showed the hvdrodesulfurization (HDS)

of Venezuelan residual fuels. They found that their HDS

data with commercial cobalt molvbdate on alumina catalyst,
. ’ )

fitted the best in first order rate equations and they

‘obtained rate constant value of 2.0 which is close to the

cne obtained in this study. Similar results are also reported

by Speight (6).

Experimental determination of effectiveness factors
involve use of very fine size particles, and measurements of
the reaction rates. This was.not possible in this case as
the feed oil involved was vervy viscous and wouid have presented
operational difficulties. Other alternative was to use
. .
another size of particles and use trial'and error method

to calculate the effectiveness factors. This metho@ aléo

proved to be no good for this invéﬁcf@ation since values

-
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of Thiele t&pe modulus m[ were large. Thiele tfpe modulus is

defined as

Expression for Def‘ in such cases is given by
e

Sattgrfield et. 2l.{20) as follow :

: -4.6x
Db 8 e

P

and for bulk diffusivity D, Wilke and Chang's

b
equation can be used.

From these expressions it can be seen that a direct
evaluation ofldifferent'terms ; involves a great degreetqf
simplifying assumptions because-the exact datg for the 5eavy
oil u;;é is not available. Therefore, The outcome of - such
an analysis can not be e#pected to come close to real values.
However, it is worth mentioning that the effectiveness
factor values reported in literature.(e.g. Ahmed (21)) for
EDN and HDS reactions with catalysts similar to those used
in this study, a}e of the order of 0.12 to 0.39 . Such low

effectiveness factors ‘reveal pore diffusional effects to

dominate in all HDS and HDN activities.

-



The analysis of data.obtéined with chemically react-

ing flow- systems requires the consideration of the interactions
between momentum, heat and mass transfer processes. Iso;

thermal operations reduce the complexity of the system

to a great extent and results in the simplification of

analysis. Fluid dynamic aspects to be considered in trickle

bed reactors lnclude the flow distribution, fluid hold upd f“S
and back mixing effects This particular investigation waf_// ’/L/
not des;gned to looEQ;n to the effects of fluid dynamic . \
parametefs on the performance of trickle bed reactor. Howeveﬁxr;

. ;
analysis of influence these parameters on results are
discussed in the following text? l -

-

Yr

In case of fixed bed'feactors, operating in trickle
bed flow mode ;ﬁthe gas flows more or less as a continuous
phase. This particular flow pattern can result in efficient
contacting of gas and liquid phases with negligible mass
transfer resistance across the gas ligquid interface. Tr§ns-
ition from gas continuous to pulsing flow is also possible.
In any hydretreating operation, catalyst particles are
covered with é thin .layver of ligquid and the reaction me;h—
anism involves the diffusion of hydrogen through this film
to the catelyst surface. Maximum diffusion area is avail-
able when all catalyst partﬁcles are wet and there are no
possibilities of liéuid channeling or pulsing flow (slug

flow).
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Consideration of the tube diameter (D,) to particle
diameter (Dp) ratio, liqPid flux and the gas flux ean g;ve‘
an insight to the flow distribution effects . In this study
Dt/Dpt\was between 3.5 to 6 for coarse size (5 to 8 mesh)

<
and 6 to 14.3 .for smaller size (8 to 16 mesh). Higher Dt/Dp

ratio (greater than 10) promotes better distribution (Porter
) >

et al. (14)). Soot {22) and Satchell (23) in their hydro-
treatment s;;EEés/Z:th raw anéhracene 0il in trickle bed
reactor used Dt/Dp of 3.45 and varied liguid flux fromAO.O%
to 0.83 Kg oil/m2 sec and observed no significant effects on
heteroatom removal. The liquid flux used in this study was

¥

in the range of 0.034 to 0.24 Kg 0il/m%.séc. This suggésts
éhat-the effect of flow distribution in the pregent study
was of little importance. | | |
: . ' v

The liguid flow in trickle bed reactors has been
found té be well approximated with plqg flow { Paraskos
et al. (24)). Koros {25) also found that the flow pattern
in trickle bed reactors corressponds to plug flow pattern
with high degree of radiél mixing. This further helps the
heat and mass transfer operations occurring at the catalyst
sirface. To check for-back mixing in trickle bed reactors.
Mears (26) sugges?ed the following criteria for assessing

the back mixing effects :

h  20n |
- >—— 1ln (C;/C )
Dp BO Q
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This criterion reqﬁires the calculaticn of liquid
Peclet number and the .assumpfions required in making
this calculation can be Serioﬁgly.questionable. Hoéhman and |
Effron (27) in their studies with nitrogén—methane system

in co-current gas liquid operation in a packed bed correl-

- ated the liguid Renolds number and Peclet number. Mears (269

using this correlation suggested h/Dp value of gfeater than
350 in first order hydrdtreating of gas oil, to have any
significanﬁ axial disgersions{ bask mixing)..In the‘preseﬂi
stﬁdy h/Dp of maximum 335 was used. Therefore, it can be

safely concluded that any significant back mixing was absent

in the trickle bed operation in this study and the operation

s very nearly a plug flow . The data- obtained in this study
therefore, can be simply used for reactor design in the

experession:

: ac _

L.H.S.V.

where the terms have their usual definitions.

Regarding catalyst deactivation, it was observed that
activitigs of these'catalysts did not déteriorate much during
the course of the experiméental runs. Activity was monitored by
drawing samples with same operating conditions at different
intervals (i.e., Sample Nos:1,001,101; 5,005,105; 9,009,109 and

14,014,114) and analysing them.
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6. CONCLUSIONS
\\

drawn on the-bidsis of the present work :

. eXcept that coke formation was more on this catalys

Heavy gas oil derived from Athabasca bitumen can be
successfully catalytically hvdrotreated to more use-
ful lighter products in a continuous .trickle bed

reactor.

Higher temperatures (400 to 450°C) gave rise to more
hydrogenolysis of heavy oil and'also, it improved
HDS as well as HDN activities of the three catalysts

used.

Lower feed rates produce more of low boiling products,
as also both HDS and HDN activities of thefbatalysts_
were enhanced, but higher cracking’ratesf@ave rise to

more catalyst deactivation by coking.‘l

Ni-W on alumina cétalyst gave the best performance

as far as cracking and hydrogenation activities were
*

concerned. This catalyst was also best for HDS //

/

The following are some of the few conclusions

—

s
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Ni-M¢ on alumina éatalyst gave best HDN performance
but its performance in HDS was poor. Also this cata-
lvst gave rise to more of aromatics than the otheg

two catalysts.

.
PR
-

Co-Mo on alumina catalyst gave rise to maximum amount
of paraffins in product cils. It did not prove as
effective as other two cataiysts in c¢racking and

hydrogenation but its performance in both HDS and EDN

was averadge.

&
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7. RECOMMENDATIONS

The following recommendations are made on the basis

of present study for further investigations :

{

-

%

Prepare the catquéts with different percentage

A

-

of active metals ( i.e., Mo, W, Ni and Co ) and
supports of different pore_sizes, to study the

effect Of variation of active metal concentration

B

~and pore size variation on catalyst activity.

h

To carry on the study on deactivation and coke

deposition on these catalyst.

Efforts to identify some of the un-identified
peaks on gas-chromatographs should be made
which may provide a useful information to
postulate the mechanistic models for hvdro-
desuf%urization anéd hvdrodenitrogenation

reactions.

// )
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9. APPENDIX-A

(Experimantal data)
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TABLE-15

Sample identifications and operating conditions

L d

Temp- Press- Co-Mo Ni-Mo Ni-W
erature ure catalvst catalvst catalvst
( °C ) (psig) | 'Flow | Sam-| Flow | Sam- | Flow | Sam-
rate ple rate ple rate ple
. cc/H:] No. | ck/Hr! No. cc/Hr 4 No.
\
300 1000 | 86 1 87 oor |< 85 | 101
350 1000 86 2 g8 | 002 g6 | vo2
400 1000 86 3 88 003 86 | 103
450 1000 86 4 87 004 86 104
300 1000 | 86 5 87 | 005 85 \\ 105
450 600 80 6 78 006 80 106
450 1400 | 81 <7 | 79. | 007 81 | 107
450 1800 80 8 79 008 82 108
300 1000 86 9 87 009 85 109
450 1000 |152 10 | 143 010 - —
450", 1000 120 11 | ils | 011 122 111
150 1000 50 12 54 012 54 112
450 1000 | 27 13 | 26 | 013 26 | 113
300 1000 | 86 14 87 014 85 114
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10. APPENDIX-B

{Sample calculations)
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Densitv calculations :

Sample nunber : 008
Temperature : 22°%C
Weight of empty specific gravity bottle : 8.4503 gms.

- Weight of specific gravity bottle with mercury : 35.5943 gms.

Density of mercurv at 22°C : 13.5409 gm/cc
Therefore volume of specific gravity bottle

35.5943-8.4503
= = 2.0046 cc
13.5409
Weight of specific gravity bottle with sample : 10.2245 gms .
10.2245-8.4503
Sample density = = 0.8852 gm/cc
2.0046
Savbolt Universal Viscosity :
Sample number : 008
Sample density : 0.8852 gm/cc
Sample viscosity : 3.16 cp -
Therefore, sample kinematic viscosity : 3.57 cst

From Table-1 of ASTM D-~2161 Savbolt Universal viscosity
at 100°F is read against kinematic viscosity of 3.57 cst. This
value is 37.8 SUS at 100°F. For temperature correction to
temperature of 22°C, correcfion factor is read from Table-2
which comes to be 0.9987.

Therefore Savbolt Universal Viscosity of this sample =

37.8 X 0.9987 = 37.75 Secs.



117

4

Diesel index calculation -

Sample number : 008
Sample density : 0.8852 gm/cc

This density value is converted to °API using Table B-1
of Gary (3). And the value obtained for this sample is
~ eapr : 28.2
Aniline point of sample : 37.0°C

Therefore, Diesel index can be calculated as:.

(28.2) (37.0 X 1.8+ 32)

* Diesel index = = 27.8
100
~. -
Cetane index calculation : . »
Sample number = 104
- °ADPY : 24.6
Mid range boiling point from ASTM distillation : 332°C
| ) . =629.6°F

ASTM D976 method for cetane index calculation has
already been-described earlier. Using those equations :

X = 97.83(1n629.6)2 + 2.2088(24.6) (1n629.6) +
0.01247(24.6)° - 423.51(1n629.6) -
4.7808(24.6) + 419.59

= 42.686488

Therefore cetane index 0.49083 + 1.06577(42.686488) -

0.0010552(42.686488)2

= 44.06
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Evaluation of rate constants :

]

Follwoing is a example of calculation of rate constant
for Ni-w catalyst in case of hydreodesulfurizaticon reaction :

In figure 33 In ( Sf/Sp} has been plotted égainst
1/L.H.S.V. The slope of this line is determined by reading
the co-ordinates of two points on this line and for this
line slope is :

2.85 - 1.11

Therefore, the rate constant for this catalvst is : 1.74 hrfl

LI




. : 119

. S DETAILS OF BACK PRESSURE_REGULATOR POOR COPY
: ‘ T :

The Mity-Lite for back pressure regulating service is an - I
extremely simple, angle patiern, regulator having only
one moving part. The diaphragm senses upstream pres- : ™
sure on its underside and is balanced by dome pressure
on the upper side. In addition the diaphragnt serves as STl
the valve, ciosing on a nozzle which is an integral parn TR
of the body. This regulator aets to limit upstream pres- . T L RO
sure and has no contro! ovef outlet pressure. Unlike re- _ L -
lief valves, this vnit is desighed for continuous throttling A SN B R 3
scrvice, operating between two pressure levels to main-
tain the upstream sysiem pressure.

All Mity-Mite back pressure regulators are of the ex-
ternally dome loaded type and may be used to control 4
either gases or liquids providing such fivids do not re-
act chemically on the regulator parls which contact tha
flow stream. The dome mus! be charged with a com-
pressible gas to a pressure approximating the desired
back pressure setting. Twe connections are providad in -
the dome.One is intended for the attachment of a gauge
and the other {s for dome charging purposes. An assort-
ment of double need!e valve loading assemblies are
available for this purpose.

Ll JE T S SR LY
T AT TN

The back pressure Mity-Mite operates on the principle
of balanced pressures. Since the elfective diaphragm
area exposed to upstream pressure is slightly less than
that exposed to the dome pressure, to achieve balance,
the actual back pressure setting will always be slightly
higher than the dome pressure, Therefore, the dome
must be loaded to a pressure slightly fower than the
pressure to bt maintained in the upstream line.

When the inlet line pressure tends to exceed the back
pressure setting the diaphragm is lifted off the nozzle
permitting flow thru the outlet of the valve body. In ac- ‘ ‘
tual service, the regulator will assume a throttling con- ' r] '
dition to maintain the set pressure regardless of the {low
rate within the capacity limitations of the regulator.

Pressures: Ranging to 3000 psi

Size: 14" FNPT

Materials: Body and dome: Aluminum alloy or T-316 stainless
Diaphragm: Nitrile rubber or Teflon

Temperature ratings: Model 90 series —0°F to +165°*F
Model 91 series —65°F to -+ 200°F
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