Lo h T o _ ~ . ( .
. CANADIAN THESES ON MICROFICHE - " . |
T AR | .S.B.N
. THESES CANADIENNES SUR MICROF|CHE .. - T
v " : " “. - | o . T | . ZK A- - ‘~. N A N ‘.‘. ,: N
¢ ‘ “a / i LT R ’ Do . > ‘I _ {'“ ‘
L v . »}‘\ * : - ‘ N » K -
- B . ‘ . . - ) \’:i“ ’
.* Natnonal L|brary of Canada "Blbhotheque natlonale du Canada o ' e
Collections Development Branch - Direction du développement des collections
' r‘an,adian Theses on - \ ‘ ' Service des théses banadiennes e
Microfichg Sesvice sur microfiche ™ - . . .

. Ottawa; Ganada B
- K1A ON4 t

NOTICE .«

The quality of this microfiche is heavily debendent

upon the quality of the+original thesis smeltted for

_microfilming. Every effort has been made ‘to” ensure .
- the hlghest quality, of reproductlon possnble

if pages are mlssmg, conta.ct the umversuty ‘which

, granted the degree ’ ;

N K -0 .
7 n.-

" Some - pages may have |n¢i|stmct print especually

if the original pages were typed -with a poor ‘typewriter -

rlbbgn or |f the umversny sent usa qoor photocopy

Prewously copynghted materlals (journal artlcles

\p\bhshed tests, etc.) are not ﬂlmed

.,
\ :

Reproductlon in full or in part of this film is gov
erned by the Canadian:Copyright Act, R.S.C. 1970,
c. C-30. Please read the authorization forms which
‘accompany this thesis.

3

~~

*

 THIS DISSERTATION
"HAS BEEN MICROFILMED
" EXACTLY AS RECEIVED

! . £

NL-339 (r. 82/08)

i

B AVIS -

La qualité de cette mlcroflche dépend grandement de
la qualité de la thése soumise au microfilmage. Nous
“avons tout. fait pour assurer une qualité supérieure
de reproductuon \ ..

»

S’|l manque des pages veuillez communiquer’
avec l'université qui a confere le grade. © ‘
‘B\qualité ~d’im ression de certaines pages peut
laisser & désirer, surt@ut si les pages om’“glnales ont été
dactylograph|ees a l'aide. d’un ruban usé ou si |'univer-
“sité nous a. fait. parvenir une photocopue de. mauvaise

quahte . _ ) ‘ |

‘Les documents qui.font déja I'objet d'un droit
~.d’auteur (articles de revue, examens publles etc.) ne
sont pas microfilmés.

—

La reproductlon méme partielle; de ce microfilm
est soumiise a la Loi canadienne sur le droit d’auteur,
SRC 1970, c. C-30s Veuillez prendre connaussance des
formules d autorisation qui accompagnent cette thése.

LA THESE A ETE
MICROFILMEE TELLE QUE
- NOUS L'AVONS RECUE

Canad"'



.* National Libraryf C Eibliothéque natrenale R
- - of Canada du Canada - ' : I

Canadian Theses Divrsuon Dwusnon des théses canadlepnes o - o,g /é ~ yé 0 5 G .. 7 .

) o -/u
: Ottawa, Canada . » , . e/
L KIAONe | 53939 B
) N »“‘ '4 . — " . o .. . ) , ‘/’
PERMISSION TO_MIGROFILM“-— AUTORISATION DE MICROFILMER . , //
e Please print or type — Ecrire en lettres moulées ou dactylograbhier . N T, o/
. . ‘ S , . . . " /
Full Name of Author — Nom complet de I'auteur A , , .
- A)_, ’ . , . ) i\"“ ) ' .1' . i Lo "l’r .
GresoRy Mpan - 5 )
" Date of Birth - Date de naissance ' b o Country of Blrth - Lieu de narssance /
y [
Feb 4. /9¢3 | *7@N6 7@/\/ x
Permanent Address — Résidence fixe \‘W L ‘ \ ey
9320. - 87 J'?rce/r o TN
Fort S7. Tsha K.
. N r ‘/
Vg Gk -
Title of Thesis — Titre de la thése // L -
HYDROCRACK NG O HEAUY &AS ol zn A
L CONTIMNU Oy STrRRED  TANK KEACTOR
: .
Umversrty — Université P
. N e
/M/Vf{/c%‘f/ry OF /flwfﬁm . S -
' Degree for which thesis was presented — Grade pour lequel cette'thése fut presentée ' : S -
Mo S - LA o |
Year this degree conferred — Année d'obtention de ce grade Name of Supervisor — Nom du directeur de thése
. ‘ : ‘
" . ) : ; o ) !
198/ | __F D _o7ro |
= . . . l i ‘ . . ‘a/ ‘
Co . A ’ . /
Permission is hereby granted to the NATIONAL LIBRARY OF . L'autorisation est, ‘par la présente, accordée a la BIBLIOTH!
CANADA to microfilm this thesrs and to lend or sell copies. of QUE NATIONALE DU CANADA de microfifmer cette‘these et¢
the film. . . ' preter ou de vendre des exemiplaires du film.
The author teserves other publication rlghts and neither the L auteur‘se réserve les autres droits de’publication; ni la thés
~ .thesis nor extensuve extracts from it may be printed or other- " ni de flongs extraits de celle-ci ne doivent &tre‘imprimés, ¢
_wise_ reproduced without the author's wrltten permission. © - autrement reproduits sans Fautorisation écrite de l'auteur. -
ﬁ’zg%r (7, /%07 SR E 0N,
: Date : . Syig'nature’/ I —

7 NL-91 (4/77)



[
i

v . Y

THE UNIVERSITY OF ALBERTA . !
HYDROPROCESSING OF HEAVY GAS OIL IN A CONTINUOUS STIRRED
o ‘TANK REACTOR |
\ |
\ ’ @ | /? |
- ' ' . '
j L — ¢ . ”5. -
N Y N \ :
c R |
P S §

A THESIS

v

SUBMITTED TO THE FACULTY OF GRADUATE STUDIES AND RESEARCH
IN PARTIAL FULFILMENT OF THE REQUIREMENTS FOR THE DEGREE
OF MASTER OF SCIENCE . B

IN ‘. . - B r

CHEMICAL ENGINEERING

EDMONTON, ALBERTA

FALE, 1981 . C



THE UNIVERSITY DF ALBERTA . - -
e e ‘ , , .
RELEASE FORM

NAME OF AUTHOR GREGORY P. MAN-_

TITLE-OF THESIS  HYDROPROCESSING OF HEAVY GAS OIL IN A

CONTINﬁOUS.STIRRED TANK RE%;TORU

]

' DEGREE FOR WHICH THESIS WAS PRESENTED -, MASTER OF SCIENCE .

3

‘YEAR @HIS DEGREE GRANTED FALL 1981 .
Permlss1on is hereby granted to THE UNIVERSITY OF |

ALBERTA LIBRARY to reproduce single coples of thlS

“wg—

thesis amnd to lend or sell such copaes for prlvate,

‘,scholarly or sc1ent1f1c research purposes only

The author reserves other publlcat1on rlghts, and

9

neither the thesis nor extensive extracts from 1t may.

a
P

be printed or o;herwiee rep;dduced withopﬁ fhe:author's
%tﬁeﬁ‘permission. ‘ “ M
“ a ;i(SiGNED)  ;.: LAl iern
| o liPERMANENT ADDRESS:: -
I ?’f......awme.f....;-
L ff....r.,..zf..c.....-
ca V’l\f ‘ €¥ X5

t : --.-o . e’e 8 0o 0 0 s 0 00 800 00

DATED..;,Jg%€?24t:;7;5;.193/ “

‘



THE UNIVERSITY OE ALBERTA

FACULTY OF GRADUATE STUDIES AND RESEARCH
) %

t '\\.

The cndersigned certifyfthat they aave read'-and .
?ecommend to the Faculty of Graduate Studles and Research
for acceptance, a the51s entltled HYDROPROCESSING OF HEAVY
.GAS OoIL IN A CONTINUOUS STIRRED TANK REACTOR subm1tted‘h1~‘
GREGORY P. MANMAR® partlal fulfllment of the requirements for

the degree-of MASTER OF SCiIENCE in CHEMICAL ENGINEERING.

,ooo.oooo o....c..oooo.o.

Dtﬂe?@/,w QQ%@%M%



sto oil ratio range of 200 té 600 m*API/m®. Two levels of -

~hou ly-space velocity range'of 1.0 to 5.0 h™' and a hydrogen‘ g

©

”ABSTRACT

A conventlonal 0.3 L high pressure autoclave wasq
converted into a small scale continuous flow stlrred tank
reactor (CSTR) system. The reactor sysﬁim was used‘to ftudy
the‘hydroprocéssing of heayy gas oil.derived from thermally

hydrbcracked Athabasca bitumen. Advanced analytical

techniques, 1nclud1ng gas chromatography for 51mulat1on of
Kl

,b01 1ng po/nt.dlstrlbut1on ana1y51s and x ra fluorescence
y

N for determlnatlon of sulfur content were empiyed to -

analyze the hydrocarbon products.

"The study of thermal hydroproce551ng dovered a 11qu1d

wpressure’(13.8 and 17.2 MPa) and onejtemperature (450°C)

L .t . - - —_— ‘ b
were examlned . © : ‘ . :

- &

A reasonable f1t of experlmental data was obta1ned by

1

. assum1ng first order and second order rate expre551ons,

2

‘ hydrodesulfur1zat1on of heavy gas oil. . - S

iy

respectively, for the thermal hydrocracklng and thermal
I
It was also observed that at constant témperature and
pressure, the:extent of thermal~hydrocracking and ' Ve
hydrodesulfur\fatlon togethel with the'hYdrogen, '1
consumptlon, 1ncreased as the llquld hourly space velocity ., * .

«

decreased In addition at the 'same temperature, the
’ #

) hydrogen consumptlon 1ncreased and the hydrocarbon gas make

’ decreased, w1th-1ncreaszng reactlon pressure.

<
N . 3 .
~ .. 'r‘ . iv v
. .



N
This study has demonstrated that a small scale stirre ‘

tank reactor systém offers a v1able alternatrve to a’ tubular

¥

reactor for the study of thermal hydroproce551ng of

hydrocarbon feedStocks. ‘It should be partlcularly useful in

eme

obtalnlng kinetic data that are free of 1nterference from

‘mass transport effect and mixing ‘pattern. /////// o
L . . . - . . B v

e
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3 I 1. INTROBUCTION \ N

/ “ALBoth thermal and catalytic\hydroproce§$i6§ have i
important roles to play in tﬁé effiéieﬁt.upggading-of
unconvehfional.hjdrocarbon energy :eséﬁrces, Thi's ‘is
part%cdlavly‘true'in the upgraaing_of bitumen'andﬁheaﬁf(oils
M where hydrogen-additien (hfgpocrackingf,.potehtially; offers
a highsf liqqid yield and redqces—tbe coke QQspos§lkpr?blem

"associated Wwith the carbon—remoVéi (coking) process.

-

Si%qf the early 1960'5 tha Caﬁadian Centre for Mineral

= .

and Enemgy Technology‘(CANMET) has carried out.extensive
research. work on developing an economical process (Thermal

Hydrocracking) for upgrading bitumen and heavy oils. Their

¢ e

work was conducted using conventional tubular reactors. The -
application'of tubular reactor togobtainvinﬁﬁinsic kinétic
data suffers fFQW the uncertainties regafding the internal
\fléw patterhs‘and whether mass transport,éignificantly

affects the obsérved‘reactioﬁ rate. It was felt. that such
/ ; . ‘ . ) N .
disadvantages could be minimized by*thg:use of a continuous = .-

flow stirred tank reactor..

L : ’ . T . . . . ‘-\\A
In 1977, a research program was initilated in the
Department ofaChemical Engineeringfof the University of (7}

VAlberta, to complement CANMET's research work'in the aféaAofﬁﬁ/
‘hydrocracking. Thisorebort describes a part 0f.this’research‘
progr;m.‘, o

- The;main'bbjecfivé of this work is to demégst:éte.the

usefulness of a small scale continuous flow stirred tank
. \ . ) ,9 .

L



\

. reactor- system for the k1net1c study of qydroproce551ng of”
hydrocarbon feedstock The 1ntr1n51c rate data and product
dlstrlbutlon obtalned can be used for reactor 51z1ng

) REY
purposes. The secondary ob)ectxve 1s to exam1ne the thermal

- ,onh

ST~ .
hydroc&acklng of heavy gés oil derlved from thermayly e

V

hydrocracked Athabasca b1tumen. ‘The f1nal .but not the leas@.'

1mportant object;ve is to establlsh the necessary
analytlcal technlques and fac111t1es that are pertlnent to

the successful application of thlS type of smallvscale
reactor. - o TS \
s B . /' .

S N
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o " I1. LITERATURE SURVEY . ©

Hydroproce551ng plays a 51gn1f1cant role in the

3

upgradlng bf’hydrocarbon resaurces llke .coal, bitumen, crude
.011 and shale 011 by‘;pcrea51qg the hydrogen to carbon ratio

in such fuels. It is Used to,produce lighter and cleaner
' ' ~ e . .. B ) .
liquid products from these Heavier feedstocks and is. -
: L C ‘ L ) e TN
considered to be the most- versatile:process in the petroleum

7

vfsefihiné inaustry. y
v It inpludesiﬁrocesses such as hydrocggck{ng (HC), -~
. hydrodesﬁlfurization kHDS), hydrohehitrogenetion rHDﬁ),\
.hydrodeoxgéenation:(HDO) anﬁ:hydrodemetallization (HDM) .
- Based on the?sevefity of the reaction, hydfoprqcessing
‘can be divided into two ‘main categorieSr‘

T

HYdrégenolysis—and Hydrotracking

ThlS group of hydroproce551ng reactlons generally occur
- at high pressure (10 3-17.2 MPaﬁ'and hlgh temperature'

(370-480°C).-When the reaction 1nvolyes bond cleavage, it is .

PRI

called hYdrogenolysis. When ﬁherhydrogenolysis reaction-

entails complete cleavage of carbon-catbon bonds, it is™
- - . ; . . .

" described as hydrocracking. o

-. F] . ’ . N e . :
Hydrotreating i o

Hydrotreating reactions tend‘torpccur at comparatively

lpwe;‘preSSUre (3.4-6.9 MPa), and.lower temperature

(260-370°C). They include reactions such as HDS, HDN and HDO



ver

-
’

.

which 1ﬁbolve the break1ng of carbon sulqu, carbon n1trogen¢L

-and- carbonLoxygen bonds, and hydrogenat1on\where hydrogen is -

|
added to unsaturated compounds. .

It is 1mportant to recognlze that when hydrd@bn is
allowed to react w1th petrdleum products, all the above

mentioned reactions will occur to a certain degree. The

extent 'of each reactien will depend on its relative reaction

rate. - : S
Numerous commercial catalysts have been developed over

the years which are used to enhance certa1n de51rable

hydjoproce551ng reactions gpd suppress others. 'They may be

selective. For example,-cobalt molybdate on alumina is
/ T N
commonly used for HDS reactlons, wh11e nlckel molybdate on
alumlna is recommended for HDN reactions. Current empha51s
in this area is on developing hYdrooracking catalysts that
are more selective and less. prone to deactivation.

~Since the literature information on»hydroprocessing

reactions is extensive, the following survey will be-

confined to:r (1) hydroorecking‘snd hydrodesulfurizatfon‘in

— 3

relationshiplto the processing of petroleum feedstocks and,
(2) the development of‘fundamental 1nformat10n requ1red for
the de51gn of operat1ons used for the hydroprocess1ng of’

petroleum,feedstocks..

.
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A. Hydrocrack)ng oo / | CLo Y

Hydrocrécklng has qalned widespread acceptance in the

last 20 years. Recent interest in hydrodracklng, however,
11es predomlnantly 1n convertlng re51dqe and other

unconventlonal sources of hydrocarbon (such as coal, shale

011 and bltumen) 1nto llghter and cleaner fuels. Bas1cally,

hydrocracklng can " be carrled out in two: ways' thermally or
/

»catalyt1 ally.//

Thermal Hydraéracking -

. The Energy Research Laboratories of CANMET' have‘
'expendedrconelderable effort in developing a thermal
hydrocracklng'process tor produc;ng light liquid product
"from heevy residue like Athabasca bitumen. Thermal
hydrocracking is seldom consideredﬂ nnder normal refinery
conditrons{'because/to hydrocrack deeply into the residue
’fraction, abnormally.high pressure and temperature are
_required and hence, high capital investment. in addition,
there hee been a phenomenal growth in the nnderEtanding of
the function of hydrocracking catalyets and their

demonstrated ability to produce products that are in high

demand like gasoline from petroleum feedstocks with low

. metal content and less tendency to form coke. The main

1ncent1ve for applylng thermal hydrocracklng to bitumen is

‘the el1m1natlon of opera¥ing problems associated with
' =

'catalyst»fouling due to coking and metal contamination.

—————— b e - ——— o ——

Canada Centre for Mineral and Energy Technology,
Department of Energy, Mines and Resources; Ottawa.



/ ' v
|

- : . .
rdrgcarbon resources, which explains

why there is little

S '
/S frqﬁ Athabasca bitumen. .
// // Since 1960, researchers in the Energy Research

/Laboratorles of CANMET have studied dxfferent aspects of

/
// thermal hydrocracking of Athabasca bltymen.ﬂff:ir
ol t'ub

experiments were conducted in conventronals' ular reactors
with internal diameters rangineg from 2.5 to 3.8‘cm,‘end
lengths ranéing fron 0.3 to 4.0 m. Both the bitumen and
hydrogen were fed into the reactor from the bottom. Reactor~

effluents entered a hot receiver where vapor product was

%i::rapsd from liquid product. The liquid product was .
_/ \

sferred to a heavy‘oil_tank which was maintained at
i
li
atmospheric pressure and the vapor product was condensed and
/

'/ collected 1n a cold receiver. The condensed IIQULd was

/ allowed ;oyenter a low pressure light oil tank, while tﬂe

/

/

uncondensed vapor was recycled batk to the reactor afte#
. being eil-scrubbed. | : %" \
In 1969, Cameron and co-workers (3) compared thermal
wjrh catalytic~hydrocracking‘of Athanasca bitumen. They
showed that-at nigh pressure, thermal hYdrpcracking resuited‘

in lower liquid yield .than catalytic hydrocracking.
° ' J ;
Furthermore, thermal hydrocracking was found to be capable
. . A ' : R
of removing 25 to 26% of the suMur in the feed, as compared

7

with 73% -to 75% by catalytic hydrocracking.

s

¢



In 1973 Merrill and co-workers (15) reported their work
on thermal hydrocracking of Athabasca bitumen}‘They found
that the sulfur removal and the" ‘pitch (524°C + fractlon)
conversion 1ncreased with increasing pressure. ‘On the other
hand, hydrogen consumption 1noreased and hydrocarbon off gas
decreased with increasing pressure._In’addition, they
demonstrated that at the same pressure, an increase in
temperature resulted in an increase of sulfur removal, pitch
conversion, hydrogen consumption and hydrocarbon gas make.

.Khu}be/aod co-workers (12) reported their operational.
‘experience of aﬁthermal hydrocracking pilot piant, when
heavy 01l was recycled. They found that heavy’ 011 recycl1ng
had the follow1ng effects : . . | ”

1. Smoother operatlon

2. Reduced coke formation in the reactor

v

3. Increased hydrogen consumption -
4. Decreased pitch conversion

5. Decreased total ligquid product _

A
. LT ’
6. Increased nitrégen removal

Catalytic Hydrocracking

Literature ihfo?mation on catalytic'hydrocracking is
extensive and covers a wide range of feedstocks (n—hexanég?o
heavy bitumen). The reactor used in the study of catalytic
hyﬁrocracklng is predomlnantly a trickle bed type of
reactor. In the analy51s of data obtained from trickle bed
reactors, it is necessary to segregate the hygrodynamlc

e

effects (such as holdup, incomplete catalyst wetting and



.

backmixing) and the various mass transfer resistances, in
order to obta{n the intrinsic reaction rate.

In 1969, Qader and Hill (18) reported their work on )
hydrocracking/bf gas oil. They hydrocrackéd a gas oil with a
boiling range of 300-400#C in a continuous fixed bed gubular
reactor over a dual-function catalyst (nickel*tdngstén
sulfides on silica-alumina support). The reacto; had an
internal diameter of 1.91 cm and\was 1.02 m long. Thg
results suggested that thevhydroéracking‘of q;s'oil involves
both simultaneous and Eonsecutive bond-break;ng reactions 
which are fqllowed by isomerization and;hyérogenation. In
additfén, By treatfng the gas'oil,.sulfurlahd nitrogen
¢ompounds‘%s single compeonents, they found the ove ll.~
 reaction rates of HC, HDS and HDN to be each fifsh raer.
The.rate cqnstahté obtained by assuming the reactdt used was

-

a plug flow type of reactor were

P

C o 21100,
o k = 1 107 exp {(— - : 2.1).
h e x 10 egp - RTU) o (2.1)
C A . 16800 |
kK = 0. 14 x -¥03 (- : B 2.2
DS , 68 X exp '( - ) ( )
_ - L 17400 o
k . = 0.8253 103 - ' 2.3
. DN , 8 \ X e%p ( ) ( )

RT

rate constants for hydrocracking, |
HDN hydrodesulfurization and hydro-
denitrogenation respectively, h™"

‘where k__, k., k
HC ' HDS

Y
N

gas constant -

-3
"

reaction temperature, K
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Paraskos aq? co-workers (17) studied the effects of
liquid holdup, incomplete-catélyst wetting and backmixing on
kinetic'ﬁata obtainea from a bench scale. trickle bed
reactor. The reactor was 2.54 cm in diameter and 1.12 m
long. The feedstock they used included a 53% reduced Kuwait
-crude, a 50-50 blend by volume of Kuwait and California
furnace oils, a Kuwait vacuUm‘gas 0oil and a Kuwait 113&5¢g§§°‘4’w
oil. Using the "effecrive catalyst wetting" model proposed

‘by,Mears (14) and the holdup model propo;ed by Henry and

Gilbert (9), they showed HDSf HDN and HDM teo be of first

’ order.

Aitken, Merrill and Pleet (1). studied th Eydfég;nation
:of a coker distillate over a fixed bed of cgpa} molybdatel
on alumina catalyst (3.81' ¢m outside diameter and 76.2 cm
long). The coker distiliate was derived £fom Athabasca
bitumen.

They related the effect of reaction pfe%gure and
running time to tﬁe product speéific gravity,'at'480°c and
65 hourly spaée velocity of 2.0, by thevfolloQing empirical

.expression:

ASG 1.24 x 10°¢

S 4 o (2.9)
- At p3~ 1 4 ‘
where ASG = change in product specific gravity

At

increment of running time, h

P

.7 .
reaction pressure, psi
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They also found that the product weight yield increased
with increasing pressure, due to the suppression of gas oil
cracking to form gase@uz/Lydrocarbons. In addition, the
removal of sulfur and nitrogen was found to be enhanced by
increased press . At constant pressure and temperature, a

decrease of space velocity resulted in an increase in the

extent of hydrocracking, and of sulfur and nitrogen removal.

B. Hydrodesulfurization

\T€Zre is a recent surge in interest on the subject of
hydrodesulfurization. This is motivated by an increasing
demand for low sulfur fuel 6315 and more stringent pollution
control standards. The literature on the chemistry and
téchnology of HDS has been reviewed by McKinley (13),
Schuman and Shalit (21), and more recently by Schuit and
Gates (20). ‘:

In 1950, Hoog (11) stué?ed the effect of molecular 9
weight of petroleum fractions on the rate of |
hydrodesu;furization. The feedstock used was g Middle East .
gas oil with a boiling range of 260 to '350°C, aﬁd two narrow
boilj é point fraction derived from this gas oil (290 to
300PC, and 330 to 340°C). The catalyst\émpléyed was cobalt\
molybdate on alumina support. His results shbwed that the
rate of HDS for the lighter fraction was faster than that
for'thg heavier fraction. He attributed this to the sterie‘
.effect of the diffefén; kirnds of sulfur compounds in each

‘ﬁraction.71n addition, he showed that the HDS of the narrow
& s Hel ,

[
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fraetions'waS'affirst orderfreaction. -
1n (___?__s 0) = —kHDS ’ ’ ) (2.5)‘
i e p' -
s,i

partial pressure of sulfur compounds

‘where P'. .
S at the 1n1et of the reactor bed

5,1

o
"

partlal pressure'of sulfur compounds
at the outlet «of the reactor bed
&
rate constant at a given hydrogen -
partial pressure and temperature,

-
g

- T =§ppparentvcontaCt time -
- R ; _ : . /
P L ) S - N s .
o 5.0 = ratlo of final and initial sulfur o
S P'-S.i ‘concentratlon in the 011 ~
. . Y . ) i £l
c '
= 540
c .
5,1

_ Beuther and Schmid.(2) did an’extensive study on the
:catalytlc ‘HDS of hlgh sul fur Mlddle East reduced crudes. The
'1oatalyst used was not- SpeC1f1ed The study covered a w1de
‘range of operatlng condltlons' a temperature range of 365 to
'450 C ‘a 11qu1d hourly space veloc1ty range of O 5 to 5 h'
’fand a pressure range of 1 7 to: 20 7 MPa.,They found that the‘
~ rate of HDS couldvbe represented by aV51mp1e;se¢ond order

equation

,zwnere rHDS,? rate of HDS h'*
, e

-

jreactlon rate constant, h:'(

Cs.

‘weight % of sulfur: -

«n
At 4
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The\activatidn,energy for the second order reaction’ﬁas~'

. depetmineq to be 59 kJ/mole. Furthermc:e, theyAshowed tbat
‘the effect cf pressure -on the reaccion cate constant wae
substantzal between 1.7 to 13.8 MPa. At higher pressure, che

| effect became less 51gn1f1cant

Frye and Mosby (6) examined the HDS of individual =

sulfur compounds in llght c}cle 0115. The 01ls conta1ned O 4

to‘2.0_welght peccentage of sulfur, The cata}yst used was

cobaic-mciybdate on:alumina;‘Detailed sulfur acalyses of

‘gliquid sampies were car:{ed oct by meane of gas

chromatogréphy‘using a detector ghat was sehsi;ive to sulfur

| compounds cnly. Threé;of‘the sulfur compounds identified, |
cwcein'ghe t;ihethYlbenzothiophene boiling range and the
third in thé:ﬁibenéothiophehe range, were stcdied in detail.

They iqpnd'thathHDS—of‘individual'eulfur compounds could be

represented by a first order equatien

T k

wos = ¥wps®'s®w o 0 . (27
“where fHﬁS‘= rate of HDS of‘a'single-sulfcr‘compound-

=. rate constant

R
]

2
]

P'S,Pl{"— parfiai,pressures of the sulfur' compound
and hydrogen respectively

Partial pressure of the sulfur compound, P',, was - .

4 . S,. .
determined by assuming Raoult's law to be applicable =~ .

s
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Prg = X VPg . n(2.8),

vapor pressure and part1a1 pressure
-of a single sulfur compound

where'VPS? P'S :

.om

X = mole fraction of “the sulfur compound

Their results ajso confirmed that the 1ower‘boiling‘su1fur‘
compounds were easier to desulfurize than the higher boiling -
3 ) : . B . .

¥ .
sulfut  compounds. . : o .

" }In'e 1973 meview, Schuit and‘Gates (20)'suggested'that
_the sulfur compounds in. the feed could be considered to be
made up of two hypothet1ca1 sulfur- conta1n1ng components,

one reactlve ‘and the other 1ess‘reectlve. The-

desulfurization of each component was assumed to be a first

o . - ,.“ P . < . \\'
order reaction - ‘ : o P ~

Co + k

5.5 Cg.* kg ag Cg) (2.9)

| | 1”1 2 2 | ;
'wheme‘rHDS = reaction’ rate of HDS =

- Typs = - (K

ag d= fraction of sulfur compound that 1is
1 reactive
ag ;= fraction of sulfur compound that is
T2 . less reactive, 1 - ag ’ : i
T 1 -
Cg - = weight % of sulfur'compound =

At pract1ca1 HDS condltlons, the more- reactlve fractaon of
sulfur compound, S CS , rapidly depleted to Zero so that the
171 :
second term, k C., became controlllng'
S2 S2 S
" They also proposed the follow1ng equatlon for h1gh

7

conversion HDS equatlon

’
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- . 1 ¥8,%,
. THpS

CcP!'
S HZS

(2.10)
pP' :
2

1+ Ky Py * Ky sPus -

Hy Hy s Mg

adsorpt1on equ111br1um constants
for hydrogen and hydrogen sulfide
respectlvely

where KHZ, KHZS

P'Hz, P;Héé =.part1al pressures for hydrogen and
. hydrogen sulfide reSpectlvely.

<‘In 1973, Soutar andﬂco-workers (22) investigated‘the,
hydrodesulfurlzatlon of three gas o1ls derived from
Athabasca bltumen One of the gas oils was obtalned
' *tommerc1ally, using delayed coklng and had a b0111ng range
of 260 to 450°C The other two were obtalned from pilot
plants using thermal and.catalytle hydroctagklng
hespectively. o | ’

The reactor used was a fixed bed (3.18 cm in diameter)
»'of“comhercial e;halt molybdate on alumina Cataiyet. An
upflow system was employed,kyhere both the liquid feedsteck
‘and the hyd:ogeh,percolated up through the‘reactor; This wae
different from the more ektensively*used downflow trickle
'bed reactor. The studyveavefed a_tehberature range of 320 to
4205C; and a‘liguid houriy space Yelodity range of 1 to
3 h ', The hydrogen flow rate used was 890 m?/m?.

They;found the reaction chlaracteristics of the three

-’

»

gas oils were ve:y similar., An increase of reaction !
temperature resulted in-a decrease in sulfur content and in
specific gravity of the liguid product. .No kinetic data were

presented in the study.
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In a study of hydrodesulfurization of residqgﬂ fuel
-oils, Ozaki ettal. (16) showed tﬁat‘the apparent reaction
order of @fﬁdlf&rizatiqqlvaried,with temperature.,A packéd
bed of‘ﬂi§kel, cobalt and mol&bdenum,oxides supported'on
alumina was used. The reactor was 25 mm in diameter and
.1.20 m in length. Th; ope:atfng_conditidné examined covered
{fa temperature fange of}320 to 440°C, and a‘ltiid hourly
space Qeloéity of 0.5 to 3.O.h2' at a pressure of 11.8 MPa;v‘

They demonstrated that the hyd;odesulfurization‘of

A residual fuel ofl followgd a n-th order reaction,

n

Tups = “kp Zg - S o , (2.11)
where Typg = rate ef‘hydrbdesulfurization,fh"
ko 2§readtioh rate constant at,tempéfatufe
T(°C), h™' .
o = éppargnf reactibn order
XS = fractional conversion of sulfur

weight % of sulfut‘inKproduct

= 1-

weight % of sulfur in feed

7 H
. . The apparent reaction rate constant, er and the apparent
reaction order, n, were related to the reaction temperature,

T, by, o e o '

2.349 - 0.04341 exp (2447/T) (2.12)

'_J- .
O
(Vo)
-
w3
"

o)
]

2388 exp (-0:01067 T) . (2.13)
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In‘edditEOn,_they also attempted to fit the.result with .

g : , - | :
a first order reaction by expressing the apparent rate

constant, kg, as a function of the residence timeL\t,

~kp= M [1 - B(exp(D/t)] | > (2.14)
where - t = residence time, h
‘M,B,D =

correlation constants -

Hisamitsu and co—werkers (10);studied‘the,
hyd;édesulfufization of two heav% &ﬁstillates.,The neavf
dis;illa;es were ‘vacuum gas oils obtained frpm different
seurces and had pronounced differences'in physiéal
properties. They used a conventional downflow tubular

reactor. The reactor was 25 mm in dlameter and 1 200 m long

e_One hundred mllllllters of commercially available catalyst

(cobalt. and molybdenum oxides en alumina sugport) was used.
Like Ozaki et al., .these investigators demonstrated °
_—that the epbafent réEEtienio:def of_hydrodesdlfu;ization.of
vacuum gas oil,veriea with tenperatu:e. Inffact, it
decreased with an increase ;n-reactien temperature (2.1 et(
,340 c, and 1 6 at 380°C). Furthermore, the resnlts showed
that the reactlon rate order had éﬁéreater dependence on thel

" boiling range of the ;1qu1d feed,than,on the other .

properties.

[

In 1976, Ranganathan and co-workers (19) compared the
various competing reactions which occur simultaneously under

severe hydroproceséing conditions. The feedstock they used



\\‘ SO 7

N

‘was a coker kéfosepe'distiliate‘(193 to 219°C) derived from

Athabasca bitumen. They demonstrated that the

\

desulfurizgtdon‘ﬁollowed a second order reaction, while the

LN

denitrogenation followed a first-order reaction. The results
from the hydrogenation of aromatics,‘bowevéﬁ;iuefé-found to

\\\—/fit neither first nor second order rate expressions.

P

e

— In a 1977 s;udy of the hyd}odesulfurizatiou‘ofigas;oil
with a narrow boiling range (20°C), Yitzhaki;and<AharOnif

(23) treated the overall desulfurization reaction as'a sum .

%

of parallel and independent Teactions. In addition, each

b A

individual reaction was assumed to be first order. The

kinetics of the overall reactions were expressed by

-

. C =1IC; exp(-kjt) | | (2.15)
where . C = Qéight,% of sulfur in ﬁkoduct
o C; = weight % of individual sulfur
o compound, i, in feed
. ki = rate constant of sulfur compound i,
Bt : ‘ ' v1n feed, h™!
t = reaction time, h

‘Furlmsky (i) 1nvest1gated the relat1ve rate of 1%
catalytlc removal of sulfur, n1trogen and oxygen from a
heavy gas 0il obtained from_thermally hydrocracked Athabésca
bitumen. The heavy gas oil_had a boiling range of 345 to
'525°C ?nd'was gydrotreéted inia,bench scale upflow fixed bed
reactor with a volume of 155 cm® and a (?ngthfto diameter -

““ratio of 12. The catalysts used were mainly supported

-



concluded thdt the rate,bf HDS was the hlghest follo ed by
HDN ‘and then C. In addltlon, he yound that the dlff rence
between the promoting effects of nickel or cobalt in HDN and .
HDO of the hea‘y gas 0il used was insignificant.ﬂ

The liter ture survey shows that there is a general
lack of 1nformat1on on the thermal hydroproce551ng of llght
feedstocks der1ved from unconventlonal hydrocarbon resources

whlch/have high metal .content and low hydrogen to carbon

.ratio. In addition, the predominant reactor used in the

kinetic¢ study of hydroprocessing is tubular reactor that
suffers from the uncertainties regardihg mixing pAttern and
mass transport effect. This work is an initial attempt to

£i1l this gap by using a constant stirred tank reactor to

study the hydroprocessing of a heavy gas oil derived from
o ) e @

" Athabasca bitumen. - ) - . ¢

;



III. REACTOR SYSTEM

A. Equipment. Qf

The~hydroprocessihg pilot unit constructed for this
study conSists.of three basic'sections:'féed section;
reaction section and.sepq;atioh section. Schematic diagrams

~

of the unit are presented as Figures 1 and 2.

fhe main component of the unit is, a higﬁ pfessure
autoclave., It has been modified and converted frém a batch
feactog to a continuéus flow reactor. |

The piiot ﬁnit is highlyfaufomatedvvlt is designed to
fulfil the anticipated need for extehded'runs of extended
duratfop;'kltoaether five conf;oliloops have been
implemented, so as to minimiie the supervision required.<in
addition,;all the controllers ére electronic and can be
intérfaced with a computer for data logging burpoées, if
required. Detailed‘descriézzohs of the cont}ol loops canqbe

f ound in Table 1.

Feed Section

The hydrggen gas used-ig'thé experiments-éas supplied
by Linde Division of Union Carbide in 41.4 MPa commércial
cylinaersi Hydrogen pressﬁré is feducea to
690 KPa above reactor pressure by a Matheson Mo%sl 3062B
high pressure r;gulator, PRV-101. o =

| The flow»rateiof the hydgggen,féed to the réactor is
controiled by measuring the pressure drop across a.laminar
. : : : : :
-
19
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Skmbols for Figure 1

1 Hydrogen Cylinder

1A'M Hydrogen Cylinder *
éz - Feed Tank Shutoff\ValVe
"3 Burette Shutoff Valve
4 Sﬁutoff Valve of Liquid Féed to Reactor
5 Cylinder Shutoff Valve
5A Cylinder Shutoff Valve

6 *\three-way Valve

P-1 Liquid Feed Pump
s J
R-1 - Reactor
T-1 Liquid Feed Pump
T-2 - Burette . o \
g
-1 Scale

o=

21



22

.U0130375 uotjededas :z aunbi4

e é@é

@ v_%” ,

@l \
@ .@ &.l HII...qu_cﬂ UMOPMO|g O
L ®@ T ® .
e @ Q |

b@®--




Symbols for

23

Figure 2

o

; .
Sample Valve h .
Drainage Valye
Three-Way Valve

Three-Way Valve

Dry Gas fé;t Meter

Uppér High-Pressure. Separator

Lower High-Pressure Separator

Product T;nk

Auxiliary Product Tank ' : \

Séale
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flow element w1th -a Beckman Model 861 dlfferentlal pressure
vcell FT—-101 The lam1nar flow element is baswall?a 'v
section of 1,59 mm stalnless steel caplllary tub1ng, with an
1nternal d1amemer of 0.254 mm. The pressure drop is used as
jthe 1nput s1gnal to. the hydrogen flow control loop 101 whrch d‘
'controls the flow rate of hydrogen._In addltlon, a hlgh
pressure rotameter has been 1nsta11ed 1n llne 3 so that thel
hydrogen’flow rate can be v1sually mon1tored.‘.. h ¥ ES
Temperature of the hydrogen feed is measured by a‘

0. 10 m Thermo Electrlc SS316 Sheathed Type J Ceramo

:‘thermocouple, with 1mmers1on length of elther 0 10 m, 0.13 m

®

. or 0 20 m. j'wg ‘
The 11qu1d feed is stored in a cubic tank made of
stalnless steel sheet metal The feed tank is placed on a
lToledo Scale Company scalgqbso that the we1ght of the tank
and its contents can be- contlnuously monltpf/d.'
| L1qu1d feed is transferred fromf%he feed tanh to- the
'reactor by a Mllton Roy-Instrument Duplex Mini Pump, P-1.
.The Mini Pump is a p051t1ve dlsplacement pump capable of
, accurately dellverlng 11qu1d at hlgh pressure. The rated
m1n1mum and maxlmum capac1t1es of the pump . are 145 mL/h and
290 mL/h respectlvely It is ca11brated by measuring the.
‘leQUId feed rate at the 1nlet of the pump A 100 mL burette
is connected 1nto the feed 11ne and is: used for d1rect
:measurement of the volumetrlc flow rate of the l1qu1d feed

-
@



26

Reaction Section

The'reactor used is a Magne Drive Packless Autoclave,

R-1, manufactured by Autoclave Engineers‘Inc. A detailed

'diagram'of the autoclave can be. found in the manufacturer's

operatlng manual

:t

The reactor con51sts of a- bolted closure autoclave and

‘%SJ“

an agltator. The autoclave has a volume of 0.3 L and a
max1mum wovklng pressure of 37.3 MPa at 3a3kc. M1x1ng of the
‘:l1qu1d andlehe gaseous\reactants in the autoclave is
prov1ded-by a spec1ally des1gned-Magne Drlve Agltator ‘The
rag1tator Zs belt-driven by a Impak v-§S varlable drlve.
Rotatlon speed of the ag1tator is measured by an Autoclave

tachometer.
»

Reactor pressure is measured by, both a Weiss pressure
gauée,_Pi—403 and a Beckman Model 864 pressure transm1tter7

PT~- 405 The pressure of the reactor is ma1nta1ned by back

o pressure control loop 401

The autOclave is heated by an‘Autoclave high
;temperature furnace wh1ch has a capac1ty of 4.3 MJ/h The

-furnace temperature is. controlled by a Th

ctr;c
Selectrol Series 800 controller, whi has a time based

) proportiOnalvWith:automatic reset mode. Reactor‘temperature
T‘1s measured by a 0. 20 m Therm -Electrlc Ceramo thermocouple
The llQUld feed enters the reactor from the top of the

reacto cover via line 1, hereas the ydrogen stream is

'~sp11t i to twos - 11ne 3 enters from the reactor top, and line

' 4, through the-shaft_of the Magne Drive Agitator.



The autoClaverdontains a.safety.head assembly,.PSE—40l,

,which,is threadeddinto‘the hody of the_autoclave.'The safety‘

head assembly consists of -a safety head body, a gasket, a

rupture.disc, a hold-down ring and a hold-down nut. It is

connected to'a blowdown tank 0. 64 cm stainless steel”

: tublng The Inconel rupture d1 c used has a rated rupture

pressure of 39 5 MPa at 22° (o

A high.reactor pressure‘safety'aetion isvsupplied by a

Murphy Switchgage, PSH 401, which' wlll cut off the power to -

the llqu1d feed. pump and the autoclave furnace when a f
-pre- a551gned reactor pressure 1s reached, generally 6.89 MPa

~above normal reactor pressure.

Separation Section

The mlxture of l1qu1d and gaseous products leave the

reactor yla llne 7. L;ne 7 is a 0.32 cm sta1n1ess steel

'tubing that extends 1nto the reactor and ends 2.5 cm above .

the 1mpeller of the agltator. ThlS ensures a constant 11qu1d
holdup L1ne 7 1s not 1nsulated so that the products leav1ng
.the reactor are cooled down to amblenf«temperature before

" entering the lowerAhigh presst?E separ%tor, s-2.

$-2 is a 0.15 m Ferguson liquid'level sight glass. The

sight>glass which has a small holdup volume, minimizes the
retentlon t1me of the products.‘It also permk;s a v1sual |
v1nspect1on of the l1qu1d 1evel whlch is controlled by»llqu1d

~ level control loop 502

Lo

!

Gas 1eav1ng S 2 enters the upper high pressure

separator, S-l. S-1 prov;des an addltlonal.d;sengagrngi



‘
W

volumi’for gas lquId separation. A detalled dlagram of s-1

can be found in Appendix A. The pressure in S-1 and hence,
‘5-2, is maintained‘bywback pressure control loop 501. The;
temperature in S-1 is measured by a 0.13 m Thermo.Electric
Ceramo thermocouple. | | |

Liquid in-S-2 is transferred to the low pregsure
separation System”yia line 10. A sample. valve, SV%1, is
located on‘line 10?'sohthat»quuid'samplelcanvbe withdrawn
from the bottom of §-2 for‘analysis. The %ow/pressure
separation'system~consists'of a product tank, $-3, and an
‘,auuiliary'produtt tank, S-4. Liquid from S-2 can be |
transferred’to either  $-3 or S-4 hy‘means ef-a by—pass
valv1ng system. S - - | #ﬁfh 2

The cyllndr1cal product ‘collection tank, §-3;‘is made;
of acryllc and has a holdlng volume'of 1.34 L (See Figure

-

A-2 in Appendlx A). It is placed%on a. Epledo Scale Company

NG

' scale so that its welght can be monltored contlnuously

Tank S-4 is a. QVF glass connector w1th stainless steel‘
; flanges on elther end (See Figure A-3 in Appendlx A) 1t has
a smaller holdlng volume than S-3. Liquid content in S—4 can
be w1thdrawn from the bottom flange The pressure 1n S 4 1s
a1nta1ned at 6 89 KPa above_atmospherlc pressure,,by back
pressure control 1oop 601, Temperatures of“S~3-and S-4 are
measured w1th 0. 13 m thermo Electric Ceramo thermocou
‘The‘exlt_gas_from S-3, or S-4, comblnes w1th that from
' S-]‘to form a“singie stream (line 16). The flow rate of‘the

exit gas stream is measured ‘with an American dry gas test
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meter\ahd its composition is determined by means of gas
chromatography. |
A1l the outputs of the thermocouples in the unit are
visually dispiayedvand recorded on Recorder 1,‘which is a
neywell Electronlk 16 recorder. Input signals to all the
controllers 1n the ‘unit are recorded on Recorder 2 which is

a'aneywell Electronik 15 recorder.

B. Equ1pment Modification for Catalytic Hydroprocess1ng
7 .

o Stud1es

./

L4

b}
The reactor of the pilot unit is modlfled so that it

.can be used 1n.stud1es of catalytlc hydroprocess;ng'of heavy
gas 0il. The modification involves the removal of the

. ) ’ ’.f"v; » . . ’ .
- cooling coil and the addition of = stationary catalyst

~J:basket Theydesign of'the/catalyst basket 1is limited hy the
capac1ty and 1nterna1 geometry of the autoclave, The basket
is made of two concentric cyllndr1ca1$%§%ls, and completed
w1thvtop and bottom cover plateg (See F1gure.3). It has a
capac1ty of 4.77 mL. The inner cyllndrlcal wall is made from
1.59 cm stalnless steel-tublng, whlle the outer wall is
formed of 0.13 cm thick stalnless steel plate perforated

‘with 0.15 cm holes. Both walls are 1.10 cm hlgh The "‘top and

the bottom cover-plates are made of the same‘materialyas the
. ) ) ' ; 4
outer cylindrical wall. They are held together by a pair of

0.15 cm studs and bolts. The interior of the catalyst basket . y
'is l1ned with a layer of stalnless steel wire mesh ‘The .,ﬁ/

o

basket is suspended from the: reactor cover by a 0 32 cm

— o
4 g ' . /f
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stainless steel tubing and is located between the impelier
and the inlet_éf'the liquid product line. This is to ensure

that .the catalyig/baskegdwiil be completed immersed in the

T

PR—

reactor contents. .,

§ ' -

o



&

IV. OPERATION

The experiments .involved reacting heavy gas oil with
hydrogen under high preesure'and high‘temperature.

*The major'operating variables to be monltoreddwere
reactor’pressure, reactor‘temperature; liquid feed rate;
Liquldrproduct rate hydrogen feed rate, product gas flow
-rate and agltator speed
A. pThermal ” - . -

Prior to the start of a. thermal hydroproce651ng run,

0.12 L of heavy gas 01lnwa5'placed in the autoclave reactor.

This ensured that the inlet of* the product Plne leaving the

reactor was 1mmersed in gas oil, After the autoclave was

assembled, it was pressurized with hydrogen and checked for
leaks. The reactor was considered to be leak-free when thelpfa
drop in pressure‘in the isolated reactor_was less than 70

KPa in half an hour. When the reactor system was found to be

LS . S
-leak-free, hydrogen and heavy gas '0il were introduced. Flow

— .
rates of hydrogen and heavy gas oil were adjusted until the

desired values were reached. The agitator, which'provided
the mixirng of hydrogen and‘heayy gas oil inside the reactor,
was’then started and set at 800 rpm. The égitator speed of V*ﬁﬁ

<
3

800 rpmqwas_used because- a Residence Time Distributiqn’Stud}

of the reactor system showedlthis'speed was sufficiently

“high to provide perfect mixing. Minor adjuStments were made

to-the sett1ngs of preSsure controllers so that the de51red

reactor ‘and separator pressures were malntalned The /%f“

- Q@



temperature of the reactor was then. raised gradually at
200°C ,per hour until the desired value was reached. Liquigd
and gaseous products,.leaving the reactor, w:re-
depressurized in tuo stages. They were first cooled down to
near, ambient temperature, and then- aIlowed to flash in high
pressure separators that were ma1nta1ned at 2 5 MPa The
llquld Ieav1ng the high pressure separators, was further_
depressurlzed to 13.8 KPa, in a low pressure product tank.
The gaseous product streams leav1ng the high pressure
- separators and the low-pressure product tank were combined
into one stream and transferred-to a gas chromatograph for
analysis. o | ’

| ~Sampling of the liquid and the gasebus products began
after the system had”heen running at steady;state for over
.two hburs. One milliliter llqu1d product samples were
w1thdrawn perlodlcally from the. bottom of the loWer hlgh
pressure separator. These samples were stored in capped
v1als. To. minimize 1eakage of i}ght hydrocarbons, the sample
~vials-were stored in a refrigerator until analyses could be
carrled\%ut. A larger sample of the liquid product (10 mL)

4 & C '

\ c - : . , ' .
was collected"at the end of each run for density and sulfur
content measurement.’The‘gaseous product stream was analyzed
. - - t . : - -,

as frequently as désglired during the run by means of an’

ograph. /

.

on-line gas- chro
| Cumulatlve ss flows of the’ 11gu1d feed and the liquid
product were measured by scales. Volumetrlc flow rates of

hydrogen feed and product gas were measured w1th the
. v . | .
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Ameriean,dry-gas test:meter; the fotmer was taken prior to
start of run,kwhile the‘latter, du;ing the run. Liquid
holdup in the reactatawas obtained by isolating the reactor
before the complete shutdown of the'SYStem, and then
‘measuring thelliquid content inside the reactor when it had
been cooléd.dOwnvto ambient temperature. |

Detaile? opefatingnprocedures, inclgding startap and
~shutdown, can be found tn Appendix B.
\ | ‘ (

B. Catalytic ‘ '

Prior te the start of a catalytic run, the basket was
filled‘with a known weight of catalyst. Then the top i
epverjplaté waa repiaced and the hold-down nuts were<&
tightened up. Finally the whole agitator ‘assembly, together
w1th the catalyst basket, was placed into the reactor, which
contalned 60 mL of heavy gas o0il (HGO). After thenreactof
system was found to be leak-free, the catalyst was teady;to
be/gonditioned according to manufacturer's recommendations.
6ne‘day before the commencement of a cataiytie/run, the
catalyst was conditioned via three stages:

1. Reductlon under hydrogen atmosphere at 430°C and
.e 10.3 MPa for two hours
2. Presulfiding with HGO cohtaining 2% by voltme of
carbon disulfide at 430°C and 17.2 MPa for two hours
3; Aginngith HGO at 4305C and 17.2 Mga/for two hours.

Detailed description of the procedures for catalyst

: conditibnin% is provided in Appendix.B.B. -
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In gqural, ihe conditioned catalyst Qas allowed to
cool under hydrogen atmosphere ovérnight and the start of a
‘TCatalytié run would begin the next day, following the same
procedure as those developed for thermal hydrbcracking.
Sampling of liquid productlbeéan after the reactor system
had been running at the desired operating condition for over

two hours.

C. Residence Time"Distrigufioﬁ
P A basic éssﬁmptioh used in this study is that the
«\eactor systém behaves like a continuous stifred tank

(CSTR). To verify the validity of'Ehis assumption, a

residence time distribution (RTD) study was carried out on

the reactor system, using a step change in tracer input. .

'

The liqu{é feedstock used was Hegﬁy‘Atmospheric Gas 0Oil
(HAGO) supplied by the Imperial Oil Strathcoﬁa‘Refinery;ZIt
_was chosen”because of its narrow béiling range and
“stability. Physical properties of HAGO are listed in Table
2. ‘
Thé prima;;\tracer used in the RTﬁ study was n-hepténe
— and the secondary, n-heptadecane. Theyf;;re added%to a batch +#
of HAGO. The coqisptfation of n-heptane in/HAGB, determined
by means of Simulated Distillation Analysis (SDA), wasathe

variable to be monitored. The concentratidﬁ'of the secondary-

tracer, n-heptadecéné: was also determined but was~neglected

e

because of its poor response to SDA."
. . : . P " %,



Boiling'Range, °C
Specific Grabigy at 15°C
‘Sulphur, wt.%
Fractions, vol.%
Naphtha (C7-177°C)
Distillate k177-343°C)7

Fuel 0il (343°¢+)

- TBP (by SDa)

'Volume %

© 1BP
5
10
30
50 | .
'70 o
%0
95

EP

Table 2: Physical Pﬁoperties of HAGO

e

254‘415

0.846
<0.02
g ‘v

53.0
NS
47.0

°C

254
278
298
"324
339
357
378
384

215

36
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Tﬁe reec;or system was started up according to the
normal startup procedures. The only deviation was that the
HAGO was fed to the reactor ‘from a burette instead of from
- the liquid feed tan#. This was to minimize mixing at the
interface during the period wvhen HAGO‘conEaining the tfacers
was introduced. “

The reactor systemwbas opereted at the following
conditions: | o

Temperaﬁure‘: 295°C

Pressure : 13.8 MPa
LHSV : 0.696 h~° | - .
Hz/oil - : 879 m*API/m?

The above operating conditions were selected because based
on previoge experienee with the same liquid feedstock, these
were tpe'upper limits applicable without hydrocracking{ To
ensure hydrocraeking was actualiy not 6ccurring, the product
gas stream was analyzed continueusly After the reactor
system had stabilized at the above cond1t1on for two hours,
th HAGO in the feed burette was allowed to decrease to a
"level as low as visually 90551ble. Then, a spec1al #lend of
HAGO containing the tfecers, prepared prfef/to the %tart~of
run, was added to the burette. Extreme care was- exeLc1sed to
'ensure minimum dlsturbance of the 1nterface between the HAGO’
remaining in the burette and the HAGO contalnlng the
tracers. L1qu1d samplee were then collected from the bottom
gf the lower high pres§urelsepa;ator at 10-minute /intervals.
The samples vere storéd in cappedﬁsemple vials. T ey were

i
. .
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analyzed later on for their boiling point distribution. The.
reactor system was shut down after 32 samples, an equivalent

‘of a run time of 5 hours, had been collected.



Ky S . ..V. ANALYTICAL

The ablllty to 1nterpret results from the operatlon of
‘a hydroprocess1ng p1lot plant was hlghly dependent on the
">ana1yt1cal fac111ty avaxlable. The llqu1d feed and product
bwere normally analyzed for the1r b0111ng p01nt dlstrlbutlon,'
den51ty, sulfur content and nltrogen content. _ v
;Convent1onally, thzs 1nformatlon would be obta1ned by v”
dlst1llat10n (ASTM D86 lASTM D1160) hydrometer (ASTM-= D287)

5combustlon (ASTM—D1551) and dlgestlon/tltratlon methods.

7However, these methods vere® unsatlsfactory be¢ause of e1ther

3 e P

'the large sample size or long ana tical tfme requ1red

To replace the conventlon_ methods, advanced-'

analytlcalﬂﬁechnlques and equ1pment were 1ntroduced Tﬁ:y

‘1ncluded gas: chromatography for b01l1ng p01nt d1str1butlon,

X- ray florescence for sulfur content and the use of a .
den51ometer for denslty measurement A compar1son of the'

'kconventlonaL and the advanced analyt1ca1 methods used’ln

P YTY

th1s study can be found 1n Table 3

. !
« 4

i Furthermore,_the gaseous product stream was analyzed by

.,means of -gas chromatography.
¥

Follow1ng is a descrrpt1on of the analytlcal methods’,-

“'used “in thts‘study, AUNREERNS “'i -

X ‘A



' CONVENTIONAL METHOD PRESENT METHOD
SAMPLE ~ ANALYTICAL  SAMPLE ANALYTICAL

j’
. j'
1. DISMLLATION

SIZE  TIME.  SIZE'  TIME @

D-86 . 100mL 73 U
‘D-1160  100mL * - 6N == ==
TBP. . 1toSL  "24h  SpL o 3he

2. DENSITY - 100mL  0.2h . 10mL  0.5h

3. SULFUR CONTENT imL © sh 10mL " 0.2h

o ) T Q

PR

- Table 3: Comparison.of Conventional and, Present Methods

of Characterizing Petroleum Products

\
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o PR U T

“A. Boiling Point Distribution (Simulated Distillation
 Analysis, SDA) . ‘ S

s The b01l1ng p01nt dlstrlbutlon of 11qu1d samples was  _

| P
obtalned wlth/a temperature programmed Hewlett-— Packard Model

5830A gas chromatograph A dlfferentlal thérmal conduct;v1tyl/
detectorfwas employed. Bothrthe‘analytlcal and the-reference
- gas chromatographic columhs used were 0.45 m of Dexsili I .
300\GC on 80/100 mesh Chromsorb'W,aA detailed descriptionvof
:,theup?iﬁciples involved and the operating‘procedure can . be
found in Appendlx C. This. ana1y51s is referred to as
Slmulated Distillation Analy51s (SDA) |
‘ “The gas chromatograph was callbrated w1th a standard
mlxture of,nfparaffrns supplled/byvgoly Science Corporation,
-ranging'from'CQ to C40. A;typical gas chromatogramhofhthe-
cal1brat10n m1xture is shown 1n Flgure ‘4. The calibration
was requ1red to relate the b0111 p01nts of hydrocarbons‘ t“;
elut1ng from the gas chromatographlc column to their"
correspond1ng retenflon t1me.’ | /
Two chromatographlc runs were needed :to obtain
suff1c1ent data on one 11qu1d Sample. ‘a blank. run and a 'h .

&
‘sample run. Both runs were carr1ed out at the same

P

chromatographlc cond1t1on. The blank run was a run when

noth1ng was 1njected 1nto the chromatographlc column It was
\) ’ o
, requlred to compensate for the basel1ne arift due to the

o

d}fference between the reference and the analytlcal columns.

‘ The true chromatographlc areas for ‘the lqu1d sample were

[ -&

'obtalned by subtractlng the chromatograph1c area of the

e /o
TN
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,Dlg1tal Prec151on Den51ty Meter Model DMA 02C. The'

43

blank run from that of the .Sample run. By assuming all the.
hydrocarbons in the lquId sample had the ‘'same response

factor, the true cumulative chromatograEB}e area was

¥

direotly proportional to the cUmulati@e volume .of the sample

eluted from the chromatographlc column. A typical gas
, oty /
chromatogram of a lfhu1d sample is shown in Flgure 5.

R EWS1, a FORTRAN IV program was wrltten to process the
raw gas chromatographic data. A listihg of this computer'
program can be found in Appendix D. A typical computer

output 1s shown in Table 4, RT is the retention time, A is

-the chromatographlc area of the sample run, L is the‘

]

chromatographlc area of the -blank run, AL is the dlfference

between A and L,vwhereas B,P.”ls the b0111ng p01nt in °F.

i'l h ’ 1 . 'Q N
- L o v,
"\ : ’ .

B. Den51ty ,_u, e .

The density of llgmld sample was- measured w1th a

P

) — v

_ @en51meter worked ‘on the pr1nc1p1e of;yarlatlon in the -
tnatural frequency of a hollow oscillator when filied with

"alfferent llqu1ds. After callbratlng w1th air and water, a

3
llqu1d sample was 1ntroduced into the den51meter. The .

’aresultlng change in the natural frequency of the hollow

o6scillator was used to calculatevthe‘dehsity of the liquid
- ) ] ot °

sample.

—
£
%

o+

P

&
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HP RUN # 346 GCT-B3-79 TIME 15:19:24
1D:9752 : ' -
AREA
CRT : " AREA HREH %
.51 » 8978 9 339
1.51 3812 . ¢« - 3.831
z2.51 3191 3.210 ;
2.51 2212 2,225 R
4.51. 3485 -3.425
5.51 . 2343 2,357
6 51° © 3499 . Z2.518
.51 Z88s 3.186 .
9.51 235¢ 3.376
9,51 2117 2.135
18.51 2352 2,372
11.51 3zes 2.327
1' 51 3586 3.687
.51 - 3498 3.51@
14.51 ‘ 3721, 3.743 —
- 15.51 552 3.673
16.51 - 37318 3.752
17.51 . E716 3.738
18.51 2987 3.936
19.51 N £l Z.98d
zB.51 - 857 z.8:28
z21.51 =715 3.737
22.51 3558 . 3.572 B -
23.51 Z281 3.398°
24.51 388z 2.828 '
25%.51 . Z2BET z2.582
26.51 2185 2.117
TE27.51 1598 1.687
28.51 - 11es5 1.192 .
29.51 . B4g - B.353
3d.51 ‘ 55 , 8.556
31.51 348 @.342
3z2.51 ‘ 191  B.192 . g
I3.51 ‘ 49 d.a432 _
Z4.51 S = g.813 | , =
¢ 35-51 ' 5 B.885 L
a..'l.-...ll ’ ’ 11 B-Bll - -
48.51 i g.818 -

"DIL FACTOR: 1.P808 E+ @ | ?

|

'Fibgu're/f..('Cor;t'd) : Typicvé] Gas Chromatogram of»Liquid Product

—



' SAMPLE RUN NUMBER = 9752

SAMPLE NAME

DATE
BASELINE HP5730A RUN NUMBER
OIL HP5730A RUN NUMBER
HP5730A CALIBRATION STANDARD
AREA OF REVECTION

VONCADBN -,

3

-A

8978.

3013.

3191.
2212.
3405.
2343.
3490.
3088.
. 3356.
' 3117.
3352.

3308

3584. .

3490

3721
35652.
3730.
3716.
' 3907. -
- 3877.

3857.
siis.
3558.

3281.
3002.
2567.
2105.

o

10.

. 50
-5. 00

20.
30.
40.

' 34

VOL. PERCENT

832,
897,

SAMPLE # 9034-3
~-10 - =79 .

- 345
6
9748

AL
8940.
2960.
3094.
2068.
3231.
2117.

708.
749,30

voL
9. 550 —
7 3.162
'~ 3.305
2.209
3.451
2.261 .
3.439
3.b20
3.314
3.011 .
3. 269
3. 284
3.536
3.452
3.702 -
3. 631
3.725
~3.700
" 3.945
3.95%
3.979
- 3.809
" 3.616
- 3.326
3. 067
2.617
2. 166
1,598
1.147

508

. 279

. 115

.012
0. 000
0. 000
0. 000
0. 000
0. 000
0. 000

a¥cC.
9.
12,

VoL

550

712

- 815,

- 979.

1019.

B.P.

222, 16
242, 61
243. 07
283. 53
303. 99
324. 44
344, 90
365. 36
385. 81
406. 27
426.73
447,19
467. 64
488. 10
. 56
529. 01
549. 47
569. 93
'590. 38
610.
- 631.
651.
672.
692,
713.
733.
754.
774.
794.

30
76
21
&7
13
's8
(47
50
b
41
87
33
78
24
70
16
61
07
53
98

835.
856.
876.
897.
?17.
938.
958.

999

Table 4 : Typical Simulated Distillation Result

84 .
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C:'Sulftg Content v

o The sulfur content of liquid samples‘was determined by’

X-ray fluorescence; using a Panalyzer 4000 manufactured by ,’/?/

Panametrics, Ihc. The radioactive source used in this |

: j1nstrument was Fe 55 isotope with a nominal act1v1ty of

N 20mCi. The instrument was consisted of two major components:
a prope end aq;electronlc console. The prdbe contained the
radioactive source which emitted X-ray only ih the direction
of the sample; Radiatioh impinged on the sample caused it to

- emit X-rays which were characteristics of'the emittlno |
atoms. These X-rays wereldetected and convertedlto agltage‘
i;puls%s by ‘a detector located behind the samp;eu The
voltage impulses were transmltted to the electronic console
Which converted them into a dlgltal display.

Ten mllllllters of the l1q01d sample were placed in a
sample holder L;ned w1th Mylar. f1lm. It was essentlal that
the holder was fllled to a mlnlmum depth. of 5 mm. The sample
holder was then placed on the probe and was subjected to
X-ray Jmplngement as soon as it was safely 1nsulated. The

| - -

~number of voltage impulses 'in a pre-set measurement time

were compared with those for calibrated standards to obtain
‘the sulfur content in the sample.. i
~ : ) :
\5’ L]
4
-.D. Bromine Number

An'apparetus had be s¢gmbled for the~determinat§on,

of the "Bromine Nu €T of Petroleum Distillates and
Commercial Aliphatic Olefins by Electrometric Titration" ---
N . . '~ e . . N .
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ASTM-D1159. A detailed description of the analytical me thod
and the eduipment required cah,he found in the 1977 Annual
Book of ASTM Standards for Petroleum Products and o~

Lubricants. The bromine number provides)an indication of the

-

. percentage of unsaturated constituents in.the liquid sample.

For example, n-hexane has a bromine—nmumber of 0 and 1-hexene
: : 7 :
has a bromine number of 181.

-

E. Spinning.Band Distillation

A Nester/Faust spinning band distTllation column was
used to obtain the true boiling point dlstribution'(TBP) of
liquid samples. Because of the large number of theoretical
plates available, the sp1nn1ng band d1st111at10n closely
,approxgmates a true b0111ng poxnt dlst1llat1on. It was used

" to demonstrate that SDA prov1ded a reasonable approx1matlon

¥

of. TBP, Occa51onally, 't was employed in obtaining the

.specific gravity distribution of the various b0111ng

e T

fractions,

~

‘The distillation apparatus consisted of a sample pot,

an annular column, a rofating spiral band, a heating mantle

I

and a vacuum system The original teflon sp1ra1 band was
replaced by a stalnless steel one so that it could stand up

to the high temperature encountered.,

After 1ntroduc1ng 100 mL of llqu1d sample 1ntgvthe
sample pot, the distillation column was placed under a

vacuum of less than- 1.3 KPa. The temperature of the sample
pot was 1ncreased graduallgfby means of the heating mantle.

"



49

Overhead samples of the distillation’were collected and
removed at regular 1ntervals for further ana1y51s,'wh1le the
correspondlng overhead temperatures were recorded. When the
gravity distribution of the liquid sample was desired, the

density of the overhead samples were determined by

——

-

densiometer.

F. Nitrogen Content
The nitrogen content of liquid samples was determined

by a digestion distdllation method, using a Kjeldahl system

manufactured by Tecator éoﬁoany. Thevsystem was comprised of

N

two separatesdnits: B
1. Digestion Unit -- DigeStion System 6
2, Distillatdon Unit -- Kjeltec System 1002
- ‘Distilling Unit | ‘

A weighed quantity of liquid sample was‘placed in a_
digestion tube in the‘Tecator Digestiod~5yetem;and‘ |
concentrated sulfuric acid,‘hydrogen peroxide and a
salt/catalyat\mixture, whdch’;as supplied by TecatofJQompany
as Kjeltab,‘were'added. The digestion tube was electrically
"heated and maiﬁtained‘between_Bﬂo to 400°C got/an,hour,
Duting'digestion, organic compounds were converted to“mainiy
ammonium sdlphate,‘carbon dioxide and\watef, ]

After digestion, the sample solut1on was transferred to
the‘distilling unit. In the dlStllllng unit, ammonia was .

‘lestplled from the sample solutlon after the addition of

sodium Bydroxlde which converted ammonlum sulphate to



ammonia and steam. The ammonia liberated during distillation .
was collected in poric acid solution. Tbe boric acid

solution was titrated withrconcentfated hydrochloric acid,

to determine the amount of ammonia present. The nitrogen
content of the liquid sample coﬁld then be calculated from

. iR P

the quantity of ammonia collected:.

G. Refinery Gas Analysis (RGA) | ‘ L

Gas samples were analyzed with an automated gas
chromatoqﬁaphic system installed in an Hewlett-Packard (HP) -
‘Model 5840A gas chromatdgraph. The system was capable[of
provid&ﬁ@fan analysis"of the'composition'of fixed‘gases apd
light hjdr0carbon in a-refinery type of gas,‘whiCh v@s_
referred to?as Ref{nery Gas Analysis (RGA). ' T

The following items were added to the HP 584OA gas
chromatograph in order to make up the automated system-

-1, Two 6-port and one 1O—po;t’sw1tch1ng valves;‘s

2. Two Nupro needle valves;

— 3. Three analytical and one reference gas
. _ 4

,ehfomatogtaphic columns s
;,a‘ Ca. Analyt1Ca1 columns: . 5/} '
If 7 .32 m of 16% bis-2- meﬁhoxyethyl adxspate on
| $ 80/100 P-AW and 1.52 m of 30% DC 200 |
51L;cone_g11 on 80/100 Chromsorb P-AW

2) 1.83-p of Porapak Q, 80/100 mesh

3) 3.04m molecular sfeve 53, 60/80 mesh C?
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L
¢

‘b. Reference columns: ,
1) 0.51 m of 10% UCW-892 silicone lon 80/100
‘ C@Fomsorb W-HP .
Figure 6 shows a schematic diagram of the gas
‘chromatbgraphic system, and Figure 7 shows the sequence of

valve switching required.

The carrier gas used was a mixture of hydrogen and -
‘helium, \containing 8.5 volume percent ¢f hydrogen, supplﬁed L

by Consumer Gas. This spec1al blend ‘of carrier gas was
requ1red to eliminate the dual peak phénomenon of hydrogen.
When pure helium was used as carrier gas, the hydrogen |
appeared as two adjacent peaks on the gas chromatogram}

. (J
which resulted in significant error when the areas under the -

?

two peaks were being integraeed. However, when the special-

i o

bleopnd of hydrogen and hellumfwas ‘used, this source of error

a:Yel1m1nated because the hydrogen would then appear as a

single peak. - - - “
The gas ‘chromatographic__ system was calibrated w1th a

@
standard gas mixture supplled by Matheson Gas. The standard

gas mixture was used to obta;n the response factor of
individual hydrocarbon present in the mlxture.ths
composition is listed in, Table 5.

Typical gas chromatograms of the standard gas mixture 5 