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Abstract:

Upgrading of SRC-II Vacuum Flash Feed (VFF) and Light Ends Column Feed (LECF), which were
produced from the Pittsburg and Midway Coal Mining Company's SRC-II pilot plant, was performed
by catalytic hydro-treating.

Three commercial catalysts, Nalco Mo 477, Nalco NM 502, and Harshaw HT 400, were tested for their
ability to remove nitrogen and sulfur present in SRC-II liquids. Harshaw HT 400 was subjected to long
runs under two different conditions; with water addition at 475°C and without water addition at 425°C.

The liquid products obtained were analyzed both for nitrogen and sulfur. The distillation yields were
also determined.

Among three catalysts tested, Harshaw HT 400 gave the best performance to upgrade SRC-11 VFF.
Water addition to the feed (LECF). improved the performance of this catalyst. The runs with water
addition gave three times longer catalyst life on the stream, higher liquid product yields and better
distillation yields than the runs without water addition.
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"‘ABSTRACT

Upgrading of SRC-II Vacuum Flash Feed (VFF) and Light Ends Column

' Feed (LECF), which were produced from the Pittsburg and Midway Coal
" . Mining Company's SRC-II pilot plant, was performed by catalytic hydro-
'treating. . .

Three commercial catalysts, Nalco Mo 477, Nalco.NM 502, and
Harshaw HT 400, were tested for their ability to remove nitrogen
and sulfur present in SRC-II liquids. Harshaw HT 400 was subjected
to long runs under two different conditions; with water addition at

‘ 475°C and without water addition at 425°C.

. The liquid products obtained were analyzed both for nitrogen and
sulfur. The distillation ylelds were also determined.

Among three catalysts tested, Harshaw HT 400 gave the best perfor-
mance to upgrade SRC-II VFF. Water addition to the feed (LECF). im-
proved the performance of this catalyot. The runs with water addition
gave three times lomger eatalyst life on the. stream, higher 1liquid
product yields and better distillation yields than the zuns without
water addition. : .




I. INTRODUCTION

When the world oi; crisis started in the early seventiés, many
nations around the world seriously started looking for alternative
energy sources.

IOf course, there are several alternatives such as soldr energy,
nuclear energy and fossil fuels., The latter has become more attractivé
because of its abundant resources and promising process to utilize it
for conventional use. Just for an example, the United States has 780
billion tons of recoverable coél reserves (1). However coal as a solid
fuel is not a good alternative to oil because of the environmental pfob—
lems énd the nation's dependence on liquid fuels. Then, converting coal
to a liquid fuel becomes the most favorable one (2,3).

Coal liquefaction processes are being iooked into: Solvent Refined
Coal (SRC), E%xon Donon Solvent (EDS), H~Coal, and Synthoii are a fe&

examples. However each of these is merely in the development étage in

the United States. Coal processes have their own problems. .They'require

large capital investment, abundant water and have social problems (4).

Of these, SRC is our major interest.




A. Historical Background

SRC Process and Pittsburg and Midway Coal Mining Co.

The SRC project was begun in l962 when Spencer Chemical Company
was awatded a research corntract by tne Office of Coal Research (OCR
subsequently a part of DOE) to study the technical feasibility of a coal .
deashing process (now called SRC process) In 1965 the process was
successfully demonstrated with a 50 pound-per-hour continuous-flow unit.
During the term of contract, Gulf 0il Corporation acquired Spencer
Chemical Company. After reorganization, the contract was assigned to‘
the research department of Pittsburg and Midway Coal Mining Company (S).

Construction of a 50 tonener-day pilot plant at Fort Lewis,.Washing-
ton was begun in l972 and became fully operational in 1974.' This early
process is called SRC-I and produced-a solid product. Latef in'1977, the -
SRC~-1 process was modified to §RC—Il process to produce liquid'ptoducts
(5). A schematic diagram of’both processes are shown in Fig. 1 (d) and
ﬂFig.‘ 2 (7). | | | |

Of major concern to this project is the SRC-II ptocess. It is not a
single product process. The percent gas and'liquid product yields and
composition of Powhatan #5 coal are shown in Table I‘and Table I respec-
tively (8). Table III summarized the analysis of the respective SRC-II .

feed stocks, Vacuum Flash Feed (VFF) and Light Ends Column Feed (LECF), .

used in this project.
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TABLE I

SRC-II Peed Coal Analysis (Powhatan #5 Mine Coal) (8)

Ii weight %
i CAEDON oy e ity calthle "ot a i S lerstsiatoe 5w einl 102 18

1 HYAYOGgeNe s s s e ellatat e tieaeltsl aooy e I L
o NECEOTONT & o lsv o vvls 3 000 2re 0w, i s b aeln i w23

[ SULEUR Vaie bouiilonio vadosessissimessssss  BoDe
i Organic. BUlEuR s ihsate ses dvsss vobarvonse 1e69

e mm e o e e e b

[ EYEIBEC SULERY [ ialie b i sriiiia v e ns s s vie wd BB
H Sellate BUIIUE 1) Jr Vi & PR Ol ) .

Il ORYIONG o5 s'ls s 5o sila 51s lokatis S e SRl B {1 G
1 OEGANIC. OXVORIVG oi's o b st vin s 3w bobiss sasss. 559
i INOrganic ORVGes sn s d'snscsva s siiwes o D+B2

1 CRLOBING s 0% s ls s e Tl Perilie e e ks e o5 sh areiots 10 104

: Metals (by specific ash)...eeveeeee. 6.63

il Analysis of Coal (MMF Coal)

| VOlatlile MBLERY . caisonmnine i dbinewnssiuhke bl |

i Carboniseeesvsios ss e wisin ¥ aleibe sene s Ble 90 i

I NI LT OGN o & «'s ureis e s 4 o's Hwhe v Ko s dre s gun Dl :
I

I Oxygen......-..-..-.-............... 8.90 "
I BULTUL 5. % 65 3 e's o0 ST P gy 2.00 t
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TABLE II
Distillate Yields of SRC-II Process

weight % Moisture Mineral Free Coal

Cp evevnns ses s e s een Sl S e e S e DA
Cop vvevennnnnnnnnnns sasisimenvasswes. &qT0
C3 ..... A A T P sesssacss Dadl
C4 (=) voseasssnses o slodoimacieeseainss 0.29
Cy M=) eriuininnnnnnnn, T e g « 4610
Total C, to Cy ..... cesecsssss seseness 18,38
NH , (by nitrogen balance)......... 0.56
HZS (by sulfur balance)..... T e

HC1l (by Chlorine balance)......... 0,02

Total other gase@B..ccsstccstssnsssancs 4.57
Water (by oxygen balance)......s.. 9.07 :
Cg - 193°C (naphtha).............. 8.57
193 - 288°C (middle distillate)... 18.05
288 - 482°C (heavy distillate).... 27.15

Total Cg + Distillate «icceovvne seessese 53.76
482°C + Pyridine soluble...... AL B
Insoluble Organic Matter.......... 2.11

Total 482°C + Organic Matter.......... 20.77

Mineral Matter ......... ssssssssssense 15,68

========================================-.===========*
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TABLE III
Properties of SRC-II Vacuum Flash Feed and Light Ends Column
Feed
Vacuum Light Ends
Flash Feed (VFF) Column Feed (LECF)
$ Carbon 87.43 -
$ Hydrogen 7.15 -
% Nitrogen Lodd 0.88
% Sulfur 0.72 1.21
% Oxygen 3.72 -
% Ash 0.249 0.02
sp. Gravity 60/60°C 1.08 0.983

ASTM D-86 Di

IBP
5%
10%
20%
30%
40%
50%
60%
70%
80%
90%
95%
End Point

stillation, Or

408 122
2L
445 288
485 381
544 446
598 488
642 541
51
611
660
2l
795
684 956

———————— ————— f——— ——————— —— — — " —— S — —— — T S = S =t S e
1 31t 1ttt -t 1ttt 3ttt e




Montana State University

Several catalysts, either commercial or caﬁalystg‘produ&ed-at.MSU,_
have been tested to ngrade thevSRC products. |

Hass te;téd 27 commercial catélysts‘and,29 cafalys;s brbducga at
MSU. Hg first screeheé them iq batch~autoclave tests and then tested
thé promising éatélysts in continuous trickle bed reactor runs. |
Harshaw HT-400 E 1/16" (Co-Mo) and MSU STK-5-2-2-1.5 E(Ni-Co-Mo)
éatalysts gave the best denitrogenation. For desulfurizaﬁion,
Cyanamid HDS 2DA‘1[16" Trilobe (Co-Mo) and MSU STK 5-2-6-1.5 E(Ni-Co-'
Mb) were the besf (9. . |

‘He concluded -that higher M003, Ni;Mb and Co-Mo concent;ations im-
proved denitrogenation. He studied the temperature effect on denitro-
genationiand higher temperatures éavé better denitrogenatipn at the
expense of increased catalyst coking. He also found ;hat Liqui& ‘.
Hourly Space Velocity (LHSV) of 1.0 was the best for denifrogenation
). | |

Later, Yeh studied the effect of metal oxides and physical pro;
perties of catalyst bases. The catalyst baée with aﬁ optimum cémbina—
tion of proper surface area and pore dia;eter'was more significant
than MoO3 concentration on denitrogenation.. Helalso.reduced the
catalyst deactivation.by starting up .at lower temperatures and gradu--
ally incfé#sing to the desired opera;ing.temperature (10).

In his later stu&ies; Yeh féund that presencé of Ni was insignif-




2
icant for denitrogenation although Cq, Mo; W had a positive effect.
However, higher Co concentrations increased the carbénaceous material
lay down. His other important finding was that all catalyst deactiva-
tion was due to pore mouth plug up and it was‘restored after burning

off with air 11).

Specification Grades.for the Upgradéd Prodﬁct

'The product from the upgrading procesé'mﬁst meet certain require-
ments.’ If it is going to .be used as a boiler fuel, the requifemengs
would be hydrogen to carbon ﬁole ratio about 1.6,.;nd nitrogen, sulfur,
and miherai levels below 0.5 wt%Z. The sulfur level is determined from
the current EPA standards (12). If the product is to be used as a feed
stock to a conventional catalytic cracker, the nitrogen reqpireﬁént is
much more stringent. Cgtalytic cracking catalysts have acid sites
which play a déminant role in cracking of hydrocarboﬁ feeds. Nitrogen
neutralizes these acid sites and ac;s as a poison. ?he more ni£rogeﬁ
in the feed, the shorter is the 1life of the catalyst. . ThévprefErred.
nitrogeﬁ level of a catalytic cracker feed is iﬁ the range. of 100—400
ppm (13).. Sevefél hydrocragking pfoceéses can tolerate nitrogen levels
up to 0.3 wt%Z. Two of these are Standard Oil of Indiana's ultracrack-

ing process and Union 0il's uni-cracking process (14, 15).




1t

B. Research Objective.

The objective of this research was to catalytically upgrade the
SRC-II products to a feedstock suitable for conventional refineries
or a boiler fuel.

To achileve this objective it was planned to:

1. test commercially available catalysts which are réported

fo be suitable for this purpose by former Fesearchers ér‘
others. |

2. find out how to extend the'cafalyst life.

The main problem in this research was considergd to be the nitrogen
content of the SRC-II products because it is hard to remove and causes'
severe catalyst poisoning_in further refining stepé.» Sulfur is‘also
a proBlem in terms of pollution and catalyst poisoning But it is

easler to remove.
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C. Chemistry and Theory of Hydrotreating

Catalysts and Catalyst Activity

Catalysts for upgrading of coal derived liquidé should have both
hydrogenation and hydrocgacking characteristidé in order to remove ’
heteroatoms. They must be strong enough to stand up’for-;llong time
to successive regenérations.

Most of the catalysté used in heteroatom removal are metal oxide
impregnated carriers. Selection of carriers is very important
because they.should have suitable physical prbperties and also promote
acidity for hydrocracking purposes. It has been shown that acidic
carriers such as alumina-silica and activated Fuller's earth improve
the hydrocracking activity of a catalyst because of their acidic
nature (16).

In general, catalysts that promote hydrocrécking»also prémote
isomerization reactions aboye 400°C, which are likewise stroﬁgly‘
dependent upon the acidié'characteristics of a catalyst (16).

When the ‘acidity of a catalyst alone is considered,'genérally,
pure compounds are less acid than combinations. Acidity of various
compounds, starting from the least acid, afe: silica, alumina, silica-
alumina. The metals:on the support also effect the acidity. It was

found that nickel oxide reduces the overall acidity of a catalysf;

whereas molybdenum oxide increases it a7.
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The most commonly used commercia; catélyst is'a mixture of cobélt
and molybdenum oxides on a gamma—-alumina suppoft. The others~are'Ni—
3" The latter is more expenéiye. The ratio of

Mo/Co or Mo/Ni must be greater than one. Each of above is sulfided

Mo/Al 0 and Ni-W/AL.O0
2°3 2

before use'to'increase the activity. Presulfided metal oxide cafalysts
are considerabiy more importanf in the case of l\iii-Mo/Alz()k3 than with
Co—Mo/A1203 catalysts, If not presulfided before use, Ni0 may be
reduced to metéllic Ni by the reducing environment in the reactor, and
if so, some HZS addition is advised (18). It is also.suggested that
each individual catalyst may be sulfided under different conditions.
- In general degree -of sulfiding at catalyst surface is higher at higher
temperatures (375°C).‘ This is true for Bulk weight of'suifur too (19).
The structure of sulfided metal oxides is complex. They are

usually represented as MoS CogS8 and WSZ. ‘MoS2 by itself is more

29
active than‘Cogss_but a mixture of Fhe two is more active than either
alone. Hoﬁever, the mechanism of their'intéréction is still specula-
tive. Compounds formed as a result of reaction of these specieé with

alumina contribute. little catalyst acti§ity. Their role is eséentially

that of a support. The metal sulfides, MoS2 and WS2 form layered type

structures in which layers of S atoms alternate with layers of metal
atoms. At the edges of such a structure, atoms of Ni or Co might inter-

calate into the MoS, or WS structure, fbrmiﬁg the active sites (18).

2 2
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Hydrogenitrogenation and Hydrodesulfurization

- SRC-II liquids contain 1.2% to 0.8% nitrogen and 1.3% to 0.7%
sulfur, depending upon the'fraction of fhe product and source of coal
used in the process. For example, SRC~II LECF contains 0.88% ﬁitrogenl
and 1.21% sulfur; SRC-II VFF contains 1.17% nitrogen and 0.727% sulfur.
These heteroatoms have to be reduced .to éértain levels (see sec. I.A)
depending upon how the product is to be used.

Nitrogen and sulfur are present mostly ip’éoal liquids as hetero-

- cyclic riﬁg compounds., Repreéentative.nitrogen cgmpounds and their
physical properties are listed in Table IV. The basicity of these
nitrogen compounds i;m§ery-important férqurtﬁer éétaiytic reactions
such as acid catélyzed reactions of catalytic cracking, since they
will poison the catalyst. |

Less is known abouf the hydrodenittogénation of heterocyclic'ring
compounds than of the analogous reactions witﬁ heterocyclic sulfur
compounds. In general, the heterocyclié ring is first saturated, and
then.the ring is fractured at a C-N bond. Nitrogen is removed from ;he
regulting amine or aniliné as ammonia (20). The reaction of pyridine is

given as an example below (21):

| \j +3H,, +H2' ' +H,, _

H
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TABLE' IV

: 18)
‘Representative heterocyclic nitrogen compounds (

—_——‘============a
=ttt =+ttt Il
|F=================== ______ | l.t “
! Basicity Solubility i
{i Name Formula Structure “
=} in water “
:: |
* .
:: N [ ] w/n insoluble “
:iPyrrole C4H5 lNl ﬁ
i $ :,
i “
! | w/n soluble i
I Indole CgH4N . s :
[ :
il H hot H
il :
i "
I L m "
| Carbazole C,,HoN |
i |
! . “
[ 4% :
i ! g ”
I Pyridine  CgHN @i) “
Il N :
i "
i :}
i . : H.N (::Kfﬂ s 6 pts/100 I
i Quinoline CgyH, . H
i |
i |
! s slightly i
::i-Quinoline C9H7N [::Ki;k "
i ‘ |
I ;
: slightly il
I | : "
| Acridine  Cq,HgN A |
” 5 S
" . -ttt 113

# weak or net basic

** gtrong
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'Oﬁ a Ni-Mo catalyst, which accelerates hydrogenation'reaction, the
first step can proceed to a nearly equilibrium concéntration of
~piperidine under a wide range of reaction conditions of industrial
interest (22, 23). | |

The intermediate product, piperidine is.ﬁore of a cataljé;
poison than pyridine Because it has.an obstructivelyllong.aBsorbed
life on the catalyst sﬁrface (24). | |

With quinoline, analogous reactions. occur bﬁt'é greater
variety of intermediéte compounds are formed. ‘fhe-overéll reaction
network is relatively complex.. Quinoline is converted to 1,2,3,4~
tetrahydroquinoline,-5,6,7,8-tetrahydroquinoline and décahydroquin4
oline, followed by hydrqcracking to form aromatic and satqrated
c&clic amines, and then cyclic hydrocarbons (22).

Sulfur in coal ;iquiq$ is present‘és thiophenes an4_thiopheﬁe
derivatives. ’Under industrial conditions reactivity of these de-
creases in.the following order: Ehibpheﬁe, benzothiophene dibenzoth-
iophene, methyl substituted behzothiophenes. ‘Methyl éroups in tHe 2.
and 5 posi;ibn cause the greatest inhibition, presumably,by steric.
efféct. With dibenzothiophené, the presenée of methyl groups in |
the 4 or 4 and 6 positions likewise greétly decreases:the reactivity
of dibenzothiophene, but the reactivity is increased whenlthey are
in the 3 and 7 or 2 and 8 positions (25).

With benzothiophene, substituted or unsubsﬁituted, the thiophene
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ring is hydrogenated to the thiophene derivative before the sulfur
atom is removed, in contrast to the behavior of thiophene. 1In the
latter case, in the presence of basic nitrogen compounds, removal
of the sulfur atom and the donation of hydrogen to the structure

occurs simultaneously (18, 23).

H,CH
+H2 +2H2 » Riggidx + H.S
] (] =~ 2
S S

Hydrodesulfurization and hydrodenitrogenation reactions interact
with each other in a complicated manner. Under some circumstances

one inhibits the other, but under other circumstances HZS formed by

the HDS reaction enhanées the HDN reactions (23, 26).
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D. Catalyst Deactivation and Regeneration

Deactivation occurs due to carbonaceonus material laydowﬁ, nitrogen
bases and metallic ions. The latter is permanent and the catalyst
activity can not be restored. The former two can ﬁe removed by burn~
ing off wiﬁh air and activity is restored.

In poisoning by nitrogen bases, the basicity of the compound and
the molecular weight play an important role but the mol;cﬁiar weight
is the dominant one. Starting from the most effgctive poison, these
are: quinaldine, quinoline, piperidine, decylamine and aniline (27).

During upgrading of coal 1iquidé, the most serious aqd fast
deactivation is caused by carboneceous material laydown (11).
Catalyst is regenerated by air burnoff. The most impogtant faetor
in regeneration is temperature. It has to be kept under 6002C to

ensure against deactivation of the catalyst by sintering (17, 27).
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I1. EXPERIMENTAL

A. Outline of Research

Two areas were'investigated in this research. First, three comm-~
erdially available catalysts, which have large surface area, pore |
volume and pore diameter for free passage of liquified éoal molecules,
were tested. Secona, the best of these, Harshgw HT 400 E 1/32", was
tested by léng continuous runs. The effect of water on denitrogenation
was tested during these long runs by making two sets of experiments,
one with water addition to the feed and the other without water add-
ition.

Test of Comﬂercially Available Catalysts

Three different catalysts, Nalco Mo 477 E'1/16", Nalco NM 502 E

capabilities and their life on stream. ‘A total of eleven continudus runs

were made with them; five with Nalco Mo 477, threé with Nalco NM 502,

and three with Harshaw HT 400; SRC-II Vacuum Flash Feed (VFF) was

used for all of these-runs (see Table TII for its propertiés).
Operating conditions were relatively moderate (see Téblé V for

details of operating conditions).
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TABLE V

Operating Conditions for the Test of Commercial Catalysts

Nominal Reactor Temperature, ©C’ _ 425 10

¥
Feed Temperaturé : ’ c .80 £ .10
Pressure ' , psig 1000 * 50
H, Flow Rate scf/bbl of 0il = 10,000 t 500
to.1

LHSV 1.0

Durability Test of Harshaw HT 400 E 1/32"

As it was mentioned before, two sets of experiments were designed
for this purpose. SRC-II Light Ends Column Feed (LECF). were used as
feed stock for these e#periemnts (see Table III forhité properties).
Conditions of these.runs are explainé&'below.

Watef addition to the feed was proposed for the first experiment
in order to‘see the éffect of water on denitrogenation and catalyst
life.. Two 160-hour—ruﬁs were made with 1.5 volume” water added fo thé
feed. Operating condi;ions were the same as listed oﬁ-Table V except:
475°C was the nominal reactor tempefature. The system waé operatea
ld or 15 hours a day and kept un&er hydrogeﬂ pressure for the rest of

the day or for a couple of days when the system was not operating.
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The second experiment was made without any water addition to the

feed to compare with the former one. Two 160 hour-runs were made,

The operating conditions were the same as listed on Table V. For the
first run, the system was kept under hydrogen pressure or very low

hydgogeﬁ flow when the system was not operating to prevent'che forma-

tion. The second run was 160 hours non-stop.

In both experiments runs were started at 390°C and graduaily

increased to the desired operating temperature. LHSV was 50 for the
first miﬁute and then decreased to 1.0. The reason of this_treaiment
was to reduce iniﬁial deactivation.

Catalyst Regenerations

‘The catalyst was regenerated by burn;ng off with 02 -N2 mixture
between each cycle of the durability tests of Harshaw HT 400. For‘the
~95% N, mixture and for the second 12 hours, a
40% 02-60%N2 mixture was used. Burﬁoff took place in the 540-590°C

first 12 hours, a 5% 0

temperature rangé. After each burnoff, the catalyst was sulfided

"with 10% H,S and 90% H

9 mixtdre fpr 12 hours at 325-3509C.

B. Materials

.Two kinds,of SRC;II liquids, Light Ends Column Feed (LECF) and -
'Vécuum Flash Feed (VFE), were used as feed stock (see Table III fér
the;f properties). VFF was used for the test of commercial~cataiysts'

.and LECF was used for the durability tests of Harshaw HT 400.
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The catalysts used were commercially produced hydrotreating catalysts

(see Table VI for their properties). Both 1/4" and 1/8" Denstone

inert supports were obtained from Mnrton Company (28).

C. EguiEment

‘All experiments were carried out in a trickle bed reactor made

of a l-inch I.D. 40 inches long schedule 80 Inconel pipe (see Fig. 3

for details of the system). A liquid-gas separation unit is attached

to the reactor. Some specific features'of which are:

1.

2.

Condensing the product in a shell and tube heat exchéhger.

A back pressure regulator which maintains the system pressure
constant and lets the products go out at atmospheric pressure.
Two pressure gauges to indi;ate the system pressure and td
control the back pfessure regulator respectivély.‘

An emergency relief valve to the vent.

A collection pipe to collect the heavy particles by pre-

" cipitation and a valve at the end to purge thése. This valve

is used for cleaning purposes too.
A liquid-gas separator where gases go to vent and liquids are

collected in a bottle continuously.

The reactor was placed in a heating unit to maintain the reaction

temperature at a specified level. The heating unit is built by wrap-

ping a 6~inch 0.D. and 1-inch I.D. aluminum block which is 3-feet long,
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TABLE VI

Properties of Commercial Catalysts

”=========:===============================q=================7}
E! Catalyst Metal Load Surface Pore Pore EE
I ]
I MoO, Co0 NiO Area Volume | diameter |
il 2 I
! wt$ wt% wt$ m“/gm ml/gm R :
i l
:; Nalco :
i I
I
!iMO 477 14 3.8 teh 250 0.55 88 Il
i
IE 1/16"
il
I Nalco {
" :
ﬁNM 502 14 - 4 240 0.53 88 |
i
Lo i
" "
i f
Il Harshaw i
i il
g 400 15 3 - 210 0.5 95 H
i
il . il
iE:iéiZ:::L::::::=============::=========::====== __________ =:;




23

[}
>
®
>
“w & thermowell
0 &
- O _hm-
- P>
A preheat
+ section
o
5l
block :
o A
. : ® ®
Q = o
g 9 . - digital thermo-
HES M VASE . couple thermometer
- es * . “':-»: W :
Al BRIEEINS :
i no |5l catalyst section
al §8& LS NNSES "
. + tog - ). . /\
ﬂ) PSS ﬁ\\ ‘l: } o
U‘ ..!-. “’| A '\"j o
2l o [FEES- ¢ | %
s ol N S B S ) # M
Y = | c
2l salZEEERS | 8 3
— ~.
Rl e oS v | ¥]
hydrogen ot 5 L = A e e 3o
]
flowmeter 5 8 S'G
ent -l - 5
water -
B 20
) W E
condenser -

ki, | ~+water
pressure i
regulator solids collector

.
L gas-liquid separator

|
” i;l sample bottle

NaOH sé&ubber li&uid seal

to vent
4

[ﬁhydrogen cylinder

FIGURE 3. Experimental Set Up




24

with a nichrome wire heating coil encased in ceramic beads. Each of
three coils is connected to a powerstat variable transformer which is-
manually controlled for temperature. The heating unit is insulated

against heat losses. Two iron-constantan thermocouples were placed

in the thermowell. These allow the monitoring of one temperature

at the entrance of the catalfét section and another one in the
catalyst section.

The SRC-II feed was pumped into the top of.the reactor by a

‘Milton Roy Model MR-1-49 Simplex packed piston pump through a 1/8"

stainless steel pipe. The pump is equipped with a manually controiled
miéromefer adjustment for feed rate control. All oil feed lines ana_
reservoirs (not applicable when LECF.is used) were wrapped with-Cole-
Palmér flexible héatihg cords (29) to prevent the feed from freezing
4. |

Technical gradé hydrogen is fed through a pressure regulator, -

a 1/8" pipe, a micrometer valve (to adjust the flow rate), a Brooks

Thermal Mass Flowmeter (30), and a ball check valve to the top of
the reactor,.
The exit gases are first passed through water and then 107 NaOH-

water solution before venting.
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D. Procedures

Experimental Runs

The reactor was first cleaned and all inlets were checked for
plugs before each run except after burnoffs. The reactor was loaded
with inert supports and catalyst as following. first the thermowell
was placed 'in the center of the reactor‘and tightened very.well
against leaks. The top of the reactor was filled with 175 ml'of
1/4" spherical Denstone'inert support, followed by'25 ml of'l/S"L

cylindrical Denstone inert support and a mixture of 60 mllof catalyst

‘and 60 ml of 1/8" inert support; the rest of the reactor was filled

with'1/8" inert support. A few 1ayers of stainless steel screen was

placed at the bottom to.support the reactor bed. All screws were

‘sealed with Anti-sieze or Silver Goop and Teflon tape and then’

tightened to preyent leakage.

The reactor was placed in the heating unit and.connected to the
separator., All valveslwere closed before pressurizing the system with
nitrogen. All connections were checked for leaks with snoop. .In case
of anynléakage, it was fixed before turning:the heaters on; -

The reactor was left under nitrogenlpressure'until the desired
temperature was reached. Then the hydrogen inlet line was connected
to the reactor and nitrogen pressure was released.. The system was
pressurized with hydrogen and checked for leaks again. If there was

no. leak, hydrogen flow rate was adjusted. _Reservoirs were filled .
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with preheafed SRC;II (not applicable to SRC-II LECF), thé feea line
heaters were turned on.and the pump was started to f£ill the feed line
by pumping into the reservoir. Then the pump was stopped and prefilled
feed line was connected to the top of the reactor. After opening the
feed line valve af the reactor inlet, the pump was started énd.the run
Qas begun.

The feed flow fate was adjusted and measured by timing the amount
of 1liquid pumped from thé buret. For the test of commercial catalysts,
samples were taken ét 15-minute intervals, The flow rate was: checked
after each sample was taken. For the long runs, samples were taken
at 5 or 10-hour intervals and the flow rate was.checked only occasion~
ally (usualiy at one hour intervals), because SRC-II LECF was easier '
to handle. |

When the run was completed, the.pump was shut down and hydrogen
was let flow for several more hours to make sure that oil left in thé-
reactor had time to react (not applicable for the test of commercial .
' catalys;s). Reservoirs and the feed line were cleaned by pumpiﬁg ace~
tone through the reservoirs.

At the ‘end, the hydrogen inlet was closed and the systém was de~-
pressurized.  .Heaters were turned up when catalyst rggeneéation was

desired.
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Catalyst Regenerations

‘While fhe'system w&s heating up, the reactor was flu§hed with '
nitrogen to remove hydrogenlleft in it. dtherwise hydrégen cﬁuid
cause a éuddeﬂ temperature jump at the bgginning of the burnoff. 

When the reactor temperature reéche& 556°C, the 5% 02 éylinder:
was connected to the top of the reactor; The flow rate was gdjuéted
80 that.the'reactor temperature was bglowi590°C. After 12 hours of

2

When:the.burnoff waé completed, usually after another 12 hours, the

burﬁingqff, it was switched to 407 0, to complete the process faster.

oxygen line was:disconnected and the,feactb;‘was removed from the
heating unit for sulfiding.

Tﬁe'completion'of-burnoff was fested by ‘increasing the ox&geﬁ
input and/or by checking the presencé of smbke at the vent stream.
If thére was no temperature increase whén the oxygén input iﬁcreaged,
completed.burnoff‘was indicate&.- A élear_vent stream élso indicat;d
the same thing. |

To sulfide the catalyst, the reactor was placed in the heater of
‘tﬁe'éulfiding unit éa that the'cataifst.section was at éhe.center éf
the ﬁeater. ‘Tﬁe'heéter Qaé turned on and tﬁeAhydrogen éulfide_inlet o
and outlef'linés were connected to the reaétor.‘ Extremelprec;utiops
Iwé?e taken during shlfidipg because-HZS is highly poisogous. Ali con-
néctioﬂs were checked for leaks before the’gas was floweq through the'

‘fgactor. Outlet gases were scrubbed with 20% NadH-H

0 solution before .

2
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venting.

Sulfiding Qas.carried out under ve?y slow HZS flow rate and.at
325-37§°C.fpr 12 hours.. When sulfiding was over, inlet an& outlet
lines were disconnected and the reactor was removed from the éulfidiné.
unit fog a new run; .The reactor was piaéed in-thé heating unit of the
expérimental seé'up as described aboVea"Then it was flqshed with
_ nitrogen“to rgmbve.ﬁnféactedtﬁzs. »0£hérﬁise it might cause corrosion

in the moist reaction environment.

Sample Pretreatments
| .After'taking each samﬁle, the weight and volume of the product
was recorded. Water was separated from the oil by decantation an&
called residual water (not applicable to the test of commercial
éatalysté). Then the o0il was washed with excess water to.remévé water
soluble ﬂitfogén compounds. The water was separated from the oil by
freezing. - |

. 0il, résidpal wafer and wash water were énaiyzed fof their ﬁitro—.

gen content. 'Onlylbil samples were analyzed for sulfur content.

Ana}y;ical Pfocedures

Nitrogen analysis was done by the Macro-Kjeldhal method (31, 32,
33); The percent denitregenation waé calculéted with the fdllowing
equation; |

wt?% DN= wtZ N in the Feed - wtZ N in 0il
wtZ N in the Feed
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Sulfur anaiysis was dope by the.quartz tube cémbustion method
using a'Bico—Braun.Shell design sulfur apparatus (31, 34, 35). Percent
desulfurization was calculated with a similar equati;n by replacing wtZ
N with wt% S in above equation. '

The extent of cracking was determined by ASTM D-86 atmospheric
distillation (36). This technique measures the cumulative amount of
product which boils below 700°F or when decomposition begins, which

ever occurs first.
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II1. RESULTS AND DISCUSSIONS
As it was mentioned above (sec. II), three different_commercial
catalysts were tested. for their denitrogenation capability and best
of them, Haréhaw HT 490, was subjeqted gd long runs:. Two seté.of
,expérimenfs, one with water gddition and the other oﬁe‘ﬁighOQC wé£er

addition, were made with it to find the best condition.

A. Test of Commeréiaily Available Catalysts.

The three catalysts tested are di;cusséd case by case below.
For an easy comparison the best results from each catalyst are piot*
ted in Fig. 11. Although the conditions were different for different’
runs the comparison of the results are still meaningful. The réason
why conditions were'not‘the same is the difficulty in handiiﬂg the’
SRC~II VFF and the problems in fldw rate measﬁrements. SﬁC—II VFF
alﬁays caused’ pumping system plug ups and pfoblems in reading buret
divisioﬁs. Making at least three runs with each catal?st elimiqated
some.bf the.pbtential'érrors‘ Thg'detailed data of each run are 1ist;

ed in Appendix.

Denitrogenation Results

Since denitrogenation of SRC-II liquids was consideted to be the
major problem, all catalyst evaluations were based'on:tbeir'ability

to remove nitrogen present in the feed and to protect their activity
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longer. Geqerally the lopger a catalyst lasts the more economical it
. is for commercial use. A total of 11 runs were made with the previous-
1y mentioned three commercial catalysts (see Table VI for their pro-
perties).

In runs T-1A to T-5A, Nalco Mo 477 E 1/;6" was tested., All
nitrogen results are blotted in Fig. 4 as wtZ nitrogen in tﬁe product
vs. time of run. Run T-lA was made with unpresulfided catalyst to see
the difference between anresulfided and presulfided catalyst. As it
can be seen from Fig. 4 and Fig. 5, nit;ogen content .of the product
was higher, but the rate of deactivation was lower ﬁhan the presulfided
catalyst. Howéfef,;deriving a conclusion from a singlé run can be
misleading;

Run T-2A was made With presulfided catalyst but becagse of a fail-
ure in controlling the flow rate, the average LHSV was 1.§ fog this run.
As a result, the cat;lyst was deactivated within an hour.

Run T-3A was made to repeat the former one. However, some ofAthe
samples were lost during lab analysis due to defectivé bottles. At the

. same time, very fluctuating nitrogen analysis were obtained mainly |
because of non-homogeneous samples. During the pfocess,‘some water was
produced by a déokygenation‘reaction and water soluble nitrogen com-
poundé, sugh as NHB’ biperidine, ana etc., were dissolved in this water

1ayer. There was a great possibility that the.test samples were
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taken from that water layer in lab anaiyéis. The smooth distrib-
ution of the.nitrogen_content ;n the oiljthroﬁghout ghe eﬁtire.rhnning
time inter&aié, wﬁeﬁ the gamples,washed with'ﬁater and oil éeparated?
for anaiysis, prerd'ﬁhislafgument. There weré'éiso more nitrogen in
the water than in the oil (see Table XI in Appendix); The results
from the washéd_samples'are plotted in Fig. 5.

| Run T-4A was xﬁade to repeét the previous oné‘ but the micrometer
valﬁe at the hydrogen flowmeter inlet was %fdken duriﬁg the run and
plugged the hydrogen line. As a result hydrogentflow rate,sﬁeadily.
decreased to 5,000 scf/bbl of oil. Figure 5 shbws the sharp iqcréase
in nitrogen content as hydrogen flow rapé decreases. |

” Then Run T-5A was p?epared to make a run under the desired con-
ditions and it was éuccesful until a pumping failure'occﬁred 30 min-

utes before the desired completion time (5 hours). Four hours wére .

enough to see the ireﬁ& of deactivation of the catalyst. Samples were

washed again and both oil and wash water were analyzed fo; nitroéen _
content (see Fiéﬂ 4 for nitrogen céntent éf oil). Percent nitrogen
remo?al from the produét by washing as a function of running time is
plotted in Fig. 6. The removal éf nitrbéen by washing decreases as

running time Increases because production of water soluble nitrogen

compounds decreases as the catalyst deactivates. An average of 57%

‘of the nitrogen in the product was removed by washing.




35

100
90
80

E 70

(@]

= 60

)

&

8 50

3

= 40

:

3] 30

o~

<a]

[« V)

) 20

B
10

0
FIGURE 6.

RUNNING TIME (hrs)

Percent Nitrogen Removal from the Product by Washing




36
In this research, the activity of the-cataiysts was measured

by percent denitrogenation. Results of five runs are plotted in

" Fig. 5 as percent denitrogenation vs. time to determine rate of de-

activation as a run continues.
The best of these five runs was Run T-5A which was made.under

the desired conditions and gave specification grade product for four

" hours. This shows that this catalyst has an active life around four '

hours.

The second commercial catalyst tested was Nalco NM 502 El/16".
A total three runs were made with this catalyst gnd the nitrogen
content of the.product is plotted in Fig. 7.

Run T~1B was made with unpresulfided catalyst. Because of a

"problem in the flow rate measuring system, it was hard to obtain a

steady flow rate, so the LHSV fluctuated around 1.5. Samples were -
washed and analyzed for nitrogen content (seé Fig. 7). TFigure 7
shows how a high LHSV causes fast deactivation.

Run T-2B was made with presulfided catalyst but diécarded be-
cause of an.undesiréd high LHSV.

'Run T~3B was made to repeat the former fun and it was succesfu1,
It was a four-hour-run and gave spécification grade product for thfee
héurs. As a result, this catalyst was not as effective as the former
one for denitrogenation. |

The percent denitogenation vs. time for two runs are plotted in
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Figure 8 to determine the rate of deactiviation. This.catalyst de-
activated fastef than the forﬁer one. .

The iast commercial catalyst tested was Harshaw HT 400 E 1/32"
.and threevfuns were made under diffgrent operating conditions. Figure
9 .and Fig. 10 show the percent nitrogen in the oil and the perceht
denitrogenation as a function of running time for these runs.‘ All
of the samples were washed before nitrogen analysis.

The first of these three, Run T-1C, was made with ﬁresulfided
catalyst and it was a 6.5-hour-run. It gave specification grade
ﬁroduct'for 4.5 hours. . One important faqtor, presence of water in
the'feed,-was oBserved during this run. The water was. in the SRC-II
VEFF ‘itself énd estimated to be around 1%. In previous runs fﬁe SRC~
I1 VFF was heated on a heater before putting it into the feed reser-
voir to increase its fluidity. In this case it was put into thé
feed reservoir as received from the étorage drum;so the water in it
‘was p?eserved.

As it can be seen from Fig. 10 and Fig. 11 the.ra;e of deacti-~
vation of the catalyst is lower than the others. That could have
been because of presence of water in the feed.

To .see the effect of watef, Run T-2C Qas made with p;esulfided
catal&st aqd'prghegted'feed was used. The catalyst wés deactivated
Qithin three hours aﬁd.deactivation wasg faster. This was an indicatibn.

of the positive effect of water in the feed on catalyst activity.
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However, it was too early to make a conclusion.

The third run, Run T-3C, was made with 5% (vol.) water addition
to the feed. Unfortunately, at the beginning of the run, the LHSV
was highgr than that desired. Water in the feed caused fog formation
and made it hard to read the flow rate., The average LHSV was aroqnd
é,O for the first phirty minutes. That caused-some iﬁitial deactiva~
tion of #he.catalyst.bufithe result was bettef than the second. run.
This run also showed that.deactivation of the catalyst was slower
with water in the feed.

These runs &ere not sufficiént to conclude the positive effect
of water in tﬁe feed on catalyst activity. There were two reasons
for that; first, it was found that SRC-II VFF was polymerized and-
longer heating at higher temperatures caused solidification of it}
second, replication of these runs was needed.

The results of the best runs from these catalysts are plotted
in Fig. 11 as-percent denitrogenation vs. time to compare the act-
iyities éf the three catalysts. As Harshaw HT 400 (Run T-1C) showed
a lower rate of deactivation and leveling after a certain period of
time; Nalco Mo 477 and Nalco NM 502 showed higher rate of deactivation
and no ievelihg. Nalco NM 502 gave very good denitrogehation for
the first two hours and very sharp decrease in activity after that;
However, it is not possible to derive‘absolute conclusions from

these results because of unequal conditions.
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The summary of averaged resﬁlts is shown in Table VII. When the

results are compared in this table, time of run and operating condi-

tions 'have to be taken into account otherwise they can be misleading.

.. Desulfurization Results

.Although the aim of this work was to achieve the best denitrogena-.
tion, sulfur also has to be removed 'as much as possible.l That is why
some of the samples were analyzed for their sulfur content. Table VII

summarizes the averaged percent sulfur content and desulfurization for

-each run. Catalysts in general retained their activity in terms of

desulfurization for a longer time and the rate of deactivation was
lower.

Figure 12 shows percent sulfur content of oil and percent de-

 sulfurization as a function of running time for Nalco Mo 477. As

cén be seen, different conditions affected the desulfurization activity
of the catalyst similar to the denitrogenation‘activiﬁy. Run:T-5A .
gave the best desulfurization for this catalyst.

Samples ffom Run T-3B were analyzed for sulfur (see Fig. 13) and
desulfurization was better than denitfoéenation for Nalco NM 502 as it
was for the btber'catalysts. Samples from all three runs with Harshaw
HTI4OO were analyzed for sulfur content of oil (see Fig. 14) and Run
T-3C was the best for desulfurization. Desulfurization activity of
the catalyst was simiiar to denitrogenation aééivity under different

conditions. It can be said that:they are interrelated.




TABLE VII

Summary of the Averaged Results from the Test of Commercial

Catalysts
P e i S — ;
i Catalyst| Run |[Total| Average| Ave. Ave. Ave. Ave. Ave. ii
i No. |Time | LHSV N DN s DS wtg N ﬁ
{} E—hrs, (hr'l) (wtg) (wtg) (wtg) wt$) Remov. ii
| 7 N Y mesa e e
ENALCO T-1A (2.5 [1.0-0.1 | 0.18 | 84.5 0.22 |70.0 - ﬁ
iMo 477 [T-2A [2.00 |1.9%0.1 | 0.57 | 51.4 0.28 |61.2 T =1
§E 1/16" |r-3a |2.75 |1.0%0.1 | 0.04 | 96.6 0.- - - ﬂ
| v-4a [4.25 |1.0%0.1 | 0.11] 91.0 027 6936 | &g ﬁ
i T-5A [4.50 |1.0%0.1 | 0.19 | 83.9 0.19 173.4 | 57 &
% nelce, |=-is 12,95 lisc0.2° ) 0.93 | #3.2 - - i
i B 1/ 16"Ip_3p [4.25 |1.0%0.2 | 0.23 | 80.3 0.26 lea.3 | 30 I
iHarshaw |r-1c |6.50 |1.0%0.1 | 0.22 | 81.2 0.22 [69.0 | 42 ﬁ
EHT 400 |r-2Cc |4.00 |1.0%0.1 | 0.26 | 77.6 0.27  [63.0 oo
102 frosc o0 |uates 035 | 01 | o2 Jevs | 26

Sy
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Percent Sulfur Content of 0il and Desulfurization vs.
Running Time for Nalco Mo 477
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B. Durability Test of Harshaw HT 400

Two successive runs were made with water addition to the
-feed and the catalyst was regenerated‘between thg cycles. ‘"Two runs
were made without Water_addition in the same wéy.: The operating
temperature was 475°C,fof the former pair and 425°¢.f9r the latter.
SRC-IT Light Ends Column Feed (LECF) was used as feed stock for tﬁese
runs (see Table III fof‘the brbperties of_the feed).

3

Runs with Water Addition

Thg first run, Run T-4Cl, was made with presulfided catalyst
and 1.5 vol.% water added to the feed during the entire run. The run
was carried out for 10 to 15 hours a da& and kept under hydrogen
pressure for the rest of the day when the system was not operating to
avoid cokg formation. Samples were taken fo; each five hours and the
water layer at the bottom was separated from the oil. Then oil was
' washed with excess water to remove water soluble ﬁitrogen compoundé
left in oil. 0il, res}dual water (water from the process), and wash
water were anaiyzed'for their nitrogen content. Based on total nitro-
gen in the product, oil, residual water, and wasﬁlwater share 61 wtZ%,
35 wtZ, and 4 ﬁt% of the nitrogen present in the product respectively.
The percent nitrogen content of oil i; plotted in Fig..1l5 as a function
of running time. The catalyst retained its activity fpr 115 hours.
Deactivation of the catalyst was relatively slow and a linear funcfion

of time (see Fig. 16).
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Tﬁé second run, Run T-4C2, was made after burﬁihg off the same
-catalysg'used in the former run. - The catalyst was burned off with-
SZ.OZ—ﬁZ mixture for the.first }Z.hours then with 40% 02-N2:mixture
for another 12 hours at a temperature range of 540-5909@. Catalysf
was presulfied after the burnoff. The samplés were taken for each
10 hours and treated'in the same way as before. In this caée, oil. .
had 417%, residﬁai wafer had 537, and wash water had 6%, of fhe Eo;al
nitrogen present in the product. The catélyst retained ité'aqtivity
for l40_hoﬁrs (see Fig. 15). Percent denitrégenation vs. time is_
shown in Fig. 16. Deactivation was similar to the former one.

The éecon&_cycle was better than Ehe first oﬂe for denit;ogena-
tion. Averaged results are summarized in Table VIII.

Sampies.from both runs were analyzed for their sulfur content.
also. Figure 17 shows percent sulfur content and desulfurization as
a function of running time. The éecdﬁd cycle gave better desulfuri-
- zation than fhe firsf'one. The slopes of the desulfurization lines
are very small and the activity of the catalyst~for desulfurization

is écarcely effected by the duration of the catalyst on stream.

Ruﬁs‘Without Water Additionm:

The first run, T-5CL, was made with presulfided catalyst and
the catalyst retained its activity for only 40 hours. O0il
similarly was separated from the water layer, washed with excess water,

and.separatéd again. 0il, residual water, and wash water were analyzed




TABLE VIII

Summary of the Averaged Results from the Durability Test of
Harshaw HT 400

€S

Water| Time Ave. Ave. Ave. Ave. Ave.[ Yield
Added LHSV N DN S DS
volsg hrs hrol| wes wtg wt$ wt$ wts
F===========::=== _________ F=== — === - —=—1 3
-4Cl} 1.5 160 1.02 0.24 72.7 0.110 90.9 93.8
T-4C2 1.5 160 1.00 0.21 76.0 0.090 92.7 91.1
ﬂT-SCl - 160 1.01 0.37 58.0 0.104 91.4 86.6
iT=5C2 - 160 1.00 0.35 60.5 0.112 90.7 86.7 I




100

Z (0] O A A,
(o] s - o —
E U* B W 8 0] 10— g 2
N 80 *
g T=-4C2 T-4Cl
[
=
D
% 60
a
© Run T-4Cl
o0
& 6 Run T-4C2
0.3
2
&
8 0.2
T-4Cl
2 ! -
(0] @ 0
= . 5 o
0 o V—W & Io)
B el e’ & e S
= ° 5
T-4C2
0.0 N o A A 2 A A A A e A A A i
0 20 40 60 80 100 120 140 160
RUNNING TIME (hrs)
FIGURE 17. Percent Sulfur Content of 0il and Desulfurization vs. Running Time for

the Runs With 1.5% Water Addition

vs




55
for nitrogen content, and contained 68%, 312,'and 1% of total nitrogen
in the raw product. Percent nitrogeﬂ content of Ehe oil is plotteﬂi
in Fig. 18 as a function of running time. This time, it showéd a
curved pattern. .Figure 19 demonstrates percent.denitrogenation as:a
function of running time. .The figure shows th;t'deactivation was
very sharp for the first 50 hours and then leveled off slowly.

The second run, Run T-5C2 was made with the same catalyst used
in the first run after burning off and sulfidiné; The pro&uct was
treated'énd analyéed similarly, and oil, residual water, and wash
water coﬂtained 73.5%, 23.52 and 3% of the total nitrogén preseﬁt_

in- the raw product. Figure 18 and Figure 19 show percent nitrogen

content of oil and percent denitrogenation as a function of time, re-

spectiyely. Curves in both figures showed a pat;ernfsimiléf.tb the
first run. The only difference in this case is a sharp decrease

in activity after levelipg off. The catalyst gave specification:
grade product for 40 hours.

Samples from bogh runs were analyzed for sulfur content and the
results afe plotted in'Fig. 20 as percent sulfur.cbntent.of oil and
percent desulfurization vs. running fime; Sulfur content was élﬁbsf
éonstant_fpr duratiqn.of the entire run for both cases and so was
desulfurization. As a result sulfur removal is very easy under these
conditions.

All results are summarized in Table VIII for both runs and de-

tailed data are listed Tables XVI-XIX in Appéndixf




WL . PERCENT NIT ROGEN CENT ENT

® Run T-5C1
& Run T-5C2
A
0. o A A e . i " 1 L o o 1 N | .
20 40 60 80 100 120 140 160

RUNNING TIME (hrs)

FIGURE 19. Percent Denitrogenation vs. Running Time for the Runs Without Water
Addition

9s




WP . PERCENT DENIT ROGENAT ION

100

90 L

80 [

70 L

60 |-

50

40

30

© Run T-5C1
& Run T-5C2

I i l A 1 A L " A I 4 A 1 11 L

FIGURE 18.

20 40 60 80 100 120 140 160
RUNNING TIME (hrs)

Percent Nitrogen Content of 0il vs. Running Time for the Runs Without
Water Addition

LS




100
= T-5C1
5 o + 2 g

0\ N o
= v - w— = -
E 90 | ) o5 e ® ’ 8
=
e T-5C2
8
s 80 |
=
a
o o Run T-5Cl
E TO0°E
& Run T-5C2
>
=
£
O
U 0.2 = T-5c2
&
©

Py Y
[ o A & ‘ Q
- AR s & S ey z e o— ” —a—
& T-5C1 ’ * e
&

0.0 A 4 A . : A A | A 1 " 1 i ) N 1

0 20 40 60 80 100 120 140 160

RUNNING TIME (hrs)

FIGURE 20. Percent Sulfur Content of 0il and Desulfurization vs. Running Time for
the Runs Without Water Addition

8s




59
Comparison of the Two Conditions

" When these'two conditions are compared for denitrogenation
activity of the catalyst, the différence.is great. 1.5 vol.% Qater
addition to the feed 1mproves-thé activity of the catalyst and extends
the catalyst life more than three times.
| It'is'not known how water impfoves the activity of the cétalyst;
Deriving.a conclusion witﬁout any further sfudies will be speculative.
However, possible intefactions of water ﬁith the catalyst an&/or
‘reactions are; inhibition of coke formation (which is a side reaction),
increasing the adidity of the catalyst by interacfing with cétalyst
carrier or with metal sulfides, and washing out the intermediate |
nitrogen compounds from denitrogenation reactions from the catalfst

surface. The reason can be one of these or a combination of these.

- The only way to find out which pf these is the reason is to study the

case further.
It is known that in some hydrocarbon processes steam is used as
a decoking agent (37). Testing with the catalyst éarrier can answer
the.second questidn. I£ is known that low partiél pressufe of steam
increasés the acgivity of alumina-silica hydrocracﬁing catalysts (38).
 When two conditions are compared for desulfurization, there is
no appreéiable difieience. It can be concluded‘that Qater does not

have a significant effect on desulfurization activity of the catalyst
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for the first 160 houré of the rum.-

On the ether hand, wafer improved the liquid product yiel&s (see
Table VIII). While runs with water addition gave 93-91 wt% liquid.
yields, the runs.wiéhoﬁt water addition gave 86.6-86.7 wt? liquid
yields. This can ge either because of iésé coke formation or,leés
~gaseous product yield or -both.

‘_'Whén ASTM distillation results are compared, the results ob-
taiﬁed from the run; with water addition are‘betper than the others’
(see Table IX and Fig. 21). Rums with ﬁater addition gave lower
ﬁoilihg range pfdduct. This can be'eithér'beé;use of high temp-
| erature t475°C vs; 4250C) or of improviﬁg the catalyst activity with
water. A slight decrease in low boiling rangé pfoduct yield waé '
obtained in the second.cycle of both conditioné. This can be as a
result of activity (in other words ééidity) loss during the air

burnoff.
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TABLE IX

Summary of ASTM Distillation Results

=

=========== = == ==
i I
i Temperature Run No. Feed ﬁ
ﬁRange (OC) T-4Cl T-4C2 T-5C1 T-5C2| Reported Redonea
n
18P, °C 83 67 85 85 50 65 |
I IBP-193 :
INaphtha (volg) 37 37 32 32 20 23.5 1
I i
nl93- 298 1]
ﬂMiddle (vols) 41 32 29 35 33 38 :
i
. 298-482 * 1
¥ eavy  (vols) 20 21 33 23 42 e 8
T
Il Residue “
i (volg) 2 10 6 10 5% 18 #
]
1FBP, °C 352 352 357 357 512 388 |
HGasoline * “
g Yield (volg) 42(46) 41 32 32 25 26 ﬂ
i (IBP-205) H
&::::::::::: b 413 = s - 4+ J

* Estimated

** Value in parenthesis is obtained from a multi stage distillation equipment

N.B. All values listed here are produced from Fig. 21,

29
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* IV, CONCLUSIONS

‘1.“ Water addiéion to the feed at 475°C imﬁroﬁed the éénitrdgenation.act—
. ivity of Harshaw HT 400 catalyst and three times 1onger'catal§st life ~
was obtained between regegerations. | |

2. ﬁatef addition did not have any significant effect on desul—hl
fufizatibﬂ fér'160 hours'of run.

3. Liguid:product‘yield was higher withlwatér addition.

4, 'Sepération of water in the product from oil remoVéd congsider-

able amount of nitrogen from the pfoduct. .This:shﬁwed that ﬁitrbgen
compounds in tﬁe feed were reduced to lower molecular weight, wgtef .
soluble nitrogen compounds (mbstly ammonia).

5. While deactivation of the catalyst followed a linea; patterﬁ in.
runs with water addifion, it'fbllowed-aAnonlineaf pétte;n~in runs
withouf Qater addigion.

6. Activity of'the gatélyst wés almost constant for desulfuriza- -

tion in both cases.

7. Three commercial catélysts tested‘could be listed in the folft
lowing qrdef for.thei; éen;trogenation'capabilitylunder the conditions -
d15cussed-(see sec. III. A); Hérshaw ﬁT 400, Nalco Mo 477, and Nalco .
NM 502.

8. Runs with water addition gave more low boiling pfodﬁct.
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~ V., RECOMMENDATIONS

1. 1In order to be able to expiéin ﬁow water improves the de~
nitrbgenation activity éf the catalysat, fu;ther studies have to

be done. More runs Vith catalyst- support, unsulfidedtcatalyst, and
sulfided catalyst at different temperatures must be do@e.

2. The optimum amount of water to be added to the feed must bé
experimentally de;ermined. | | |

3.- éince water caﬁ;have a negative effect on catalyst struc;ure,.-
it must be tested wi;h successive regenerations.

4, .Other commercial catalysts or catalysts produced ét MSU can be

tested with water addition to see how their activities are affected.
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TABLE X

Data for Runs T-1A ancd T-2A. Catalyst was Nalco Mo 477

E 1/16".
'f==:===:r:=====:==-====='_===.-=====F==========_—-..-:========:-.=.---.-::-_-'=:-.=TI
“Time Run T-lA* Run T-2A ** :
hrs N S |DN | DS N S DN | DS E

wt$ wts [ wt% | wtg wt® | wtd [wt$ wt$ ol
0.50 |0.17| 0.23 |86 |68 0.01 99 i
10278 10,201 0.21 ['8% 171 0.13| 0.19| 89 | 74 i
$1.00:40.17] 0.38 1817179 0.87 | 0.251 26 |65
1,25 10151 0.2 8% kny .53 0.30| 55 | 59
1.50 {0.18} 0.20: |85 172 6.67| 0.33| 48 | 54 :
17950181 '0.25 L 87 164 0.71] 0.32| 39 | 56
2,00 10:211.0.19 183 .} 74 0.51| 0.30]| 66 | 59
12.25 |0.23| 0.25 |80 |65
EAve G181 0.2288 170 0.57| 0.28]| 51 | 61 ;
e T e ies Ll 1
Il =
? OPERATING CONDIT IONS |
i Temperature , °C 425 + 10 :
l 1l
ﬁ Pressure , psig 1,000 + 50 ?
H H2 flow rate , scf/bbl of oil 10,000 + 500 :
i LHSV , hr™1 Rl 0y
] |
|

* Run T-1lA was made with unpresulfided catalyst.
** Run T-2A was made with presulfided catalyst.
*** LHSV for the Run T-2A was 1.9
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TABLE XI

Data for Run T-3A. Catalyst was presulfided Nalco
Mo 477 E 1/16".

4+ + 1+ -+ + 3+ + 3+ 3+ + + 3 3+ 3 3+ &+ + 1 13 & 3 3] S+ 4+ 4+ 4+ 3+ 33+ 1
1l ]
HTime Before washing After washing H
Al
Il Il
Hhrs N S DN DS [ N in DN N in | NN re-H
H odl water| moval
I
H wtg [wtg wt% wtg | wtg wt$g wt$ wt$ H
ho.50( 0.41 64.9 :
10.75| 0.21 82.1 0.02 | 98.3 |0.02 |94.6
11.00| 0.03 97.4 0.02 | 98.3 |[0.02 |88.4
H1.25| 0.81 30.8
11.50| 0.44 62.4 0.02 | 98.3 [0.02 |84.1
11.75| 1.02 12.8
N2.00{ 0.05 95.7 0.04 | 96.6 |0.06 |79.7 |
12.25| 1.06 9.4
12.50| 1.43 - 0.08 | 93.2 [0.11 |73.4
N2.75| 0.12 89.7 05021 98.3 10.11:]| 89. 7. %
Il ]
il I
iAve.| - - 0.04 | 96.6 |0.05 [80.8 |
#===========:===== =======E=========== ======:======:E======'u
4
I |
I OPERAT ING CONDIT IONS !
Il |
- Temperature , °C 425 + 10 I
ﬁ Pressure , psig 1,000 + 50 i
H H2 flow rate , scf/bbl of oil 10,000 + 500 }
i LHSV , hr-1 1.0 + 0.1 {
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TABLE XII

Data for Runs T=-4A and T-5A. Catalyst was presulfided

Nalco Mo 477 E 1/16".

:;: ====q =====================:;=========-==================1}
}{Tlme Run T-4A Run T-5A q
I hrs N s DN |DS | N s | b DS N re-*|
i poval
ii w wtd |wts wts |wts| wte |wts | wts |wtd | wte 1
I |
1 0.50 | 0.03 97.4 0.02 98.3 93 .8
i 0.75| 0.02 98.3 0.02 98.3 80 |
§ 1.00} 0.02| 0.22)98.3 (70 | 0.02 [0.25|98.3 (65| 84 |
1 1.25| 0.02| 0.21/98.3 |72 | 0.05 |0. 95.7 76
| 1580 10,021 0.,17{98,3"| 76/ ] :0.08 .| 0,15 93,2 .79 |- 86"
890751 0.031 0.12197.4:183 1" 0:10 91.5 8003
1 2.00( 0.06/ 0.17/94.9 |77 | 0.14 | 0.12 | 88.0| 83 | 81 I
§ 2.25]10.14] 0.15/88.0 {79 | 0.15 87.2 62 |
i 2.50| 0.23| 0.23|80.3 [67 | 0.17 |0.16 | 86.0| 78 | 67 |
12,75 0.28 76.2 0.18 84.6 66 |
} 3.001:0.33]0.29]71.8 |60 [ 0,20 |0.15| 92,9} 79| BeL: g
§3.251 0:20 82.9 0.22 81.2 68 .}
! 3.50| 0.29| 0.34/75.2 |53 | 0.38 |0.16 | 67.5| 78 | 16 |
i 3.75| 0.40 65.8 0.30 74.4 44 |
§4.00] 0.59}.0:28[{49.6 |77 1:0:30 10,17 ] 74:41 76| 20
I 4,25 0.38 67.5 29 6
| 4.50 0.30 | 0.26 | 74.4 | 64 8 i
: i
::Ave. 0.11{ 0.22({91.0 |70 | 0.19 |0.19 | 83.9 | 73| 57 E
L

| il
! OPERAT ING CONDIT IONS I
| Il
y Temperature , °C 425 + 10 ¥
H Pressure , psig 1,000 + 50 i
g H, flow rate , scf/bbl of oil 10,000 + 500 i
ﬁ LHSV , hr-l 1404 051 ﬁ

* Percent nitrogen removal from the product by washing
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TABLE XIII

Data for the Runs T-1B and T-3B. Catalyt was unsulfided
and sulfided Nalco NM 502 E 1/16", respectivly.

F::::a:======================1========================il}
Il Time Run T-1B -Run T-3B :
hrs | N s DN | DS N s DN DS |
1}
wte [wts |wt® |wt % |wts |wts | wts |wts |
0.50 ]| 0.06 94.9 }
0.75 | 0510 91D
1.001 0.10 91.5 0.02 98.3
13251 004 96.6 0.02' [ 0.34°1.98:3 53
Lab05]:0.24 79.5 050205 98.3
1.78 1 0434 70.9 0.02 |0.20 | 98.3 72
2.00 1] 0.50 873 0.07 94.0
2.25.170.40 65.8
2001047 59.8 0.16 86.3
2795 014 88.0 04124110 200129795 12
3.00 0.22 8.2
BED 0.36 | 0.22 | 69.2 69
3.50 0.30 74.4
87D 0334 0247 5/05::9 67
4.00 0.40 65.8
4.25 0547 10:,33"]:59%8 54
Ave. | 0.33 1252 023 |0264].:80. 3 64
OPEPRAT ING CONDITIONS
Temperature , % 425 + 10
Pressure , psig 1,000 + 50
H2 flow rate, scf/bbl of oil 10,000 + 500 |
LHSV , hr~1 1.0 + 0:2) i

* LHSV was around 1.5 for the Run T-1B.
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TABLE XIV

Data for Runs T-1C and T-2C. Catalyst was sulfided

Harshaw HT 400 E 1/32".

k3

was nowater in it

m
i
I
]
I
]
Il
]
I
It
]
Il
I
]
]
I
I
]
I
I
I
]
Il
1]
i
Il
I
I
i
]
Il
1]
]
Il
I
Il
]
]
1]
]
1]
1]
Il
]
Il
Il
I
i
1]
]
]
]
Il
B

This run was made with preheated feed and there

** In this run 1% water was estimated in the feed.

|F===== =================$=====T:========================t

T ime Run T=1C Run T-2C

hrs N S | DN |Ds N S DN DS

wts | wt® | wts |wte wt® | wts wts | wtg

1 0.5 | 0.03| 0.23| 97.4| 69 | 0.08 93.1
i1.0 | 0.06] 0. 94.9 0.10 91.5 t
t1.5 | 0.07) 0.25| 94.0| 65 | 0.17 | 0.24 | 85.5 | 67 I
i2.0 [ 0.07 94.0 0.16 86.3
R 45 1 00910007 928 57T Y 1024000221179, 5 | 69

350 1 0.27 g5 0.27 76.9

3.5 | 0.20| 0.22| 82.9| 70 | 0.36 [0.23 | 69.2 | 68
4.0 | 0.26 77.8 0,53 10,35 154.7 | 2
4.5 | 0.30]| 0.23| 74.4| 69

DBl 0,02 781
{5.5 | 0.37] 0.26| 68.4| 64 i
16.0 | 0.38 67.5 !
1681 0,371 0% 68.4

Ave. | 0.22| 0.22| 81.2| 69 | 0.26 | 0.27 | 77.6 | 63

' OPERAT ING CONDIT IONS

Temperature , °C 425 + 10

i Pressure , psig 1,000 + 50 ¢}
ﬁ H, flow rate , scf/bbl of oil 10,000 # 500 |
: LHSV , hr-l 1.0 + 0.1
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TABLE XV

Data for Run T-3C. Catalyst was sulfided Harshaw

HT 400 E 1/32".

T:====-F=======:r=======F======:f========= ==========ﬁ
| Time N S DN DS ﬁ
:hrs wtg wtg wtd wt% ﬁ
T 1]
E0.5 0. 301" 0. 318 T4 4 56.3 g
3.0 0.25 1 0 78.6 I
§ 1o 0.29 | 0.260| 75.2 63.9 I
} 240 0.23 80.3 :
2.5 0.284F [D.2300] 76,1 81.9 I
340 0.28 16 i
53,8 Q31§ 0,175 ] 78,5 78+7 i
4.0 0.34 70.9 I
il 4.5 0.40 | 0.185| 65.8 74.3 i
5.0 0.45 61.5 i
15,5 0.52 .1 0421 55.6 70.8 I
6.0 0.44 62.4 |
6.5 0.49 | 0.225| 58.3 68.8 :
7.0 0.50 ) 0.225] 573 68.8 !

|

|

|

i

I OPERATING CONDITIONS
il
1 o

|

|
i Temperature, "C 425 + 10 J
!i Pressure, psig 1,000 + 50 1
}} H2 flow rate, scf/bbl of oil 10,000 + 500 l
ii LHSV, hr-1l 1.0 + 0.1 ﬂ
[ —— e e e e e e e e e e e e e e U]

* LHSV was 2.0 for the first 30 minutes.




77
TABLE

XVI

Data for the Run T-4Cl. Fresh presulfided catalyst

Harshaw HT 400 was used.

|====="==================:====== ======:‘.‘ -+ 3+ 1 =====
EiTimeT Nitrogen | Sulfur| $DN §DS | LHSV| Yield FYieldH
. u
I hour |  wte wtt | wt? | wts | hr-l| vol.s | wts ﬁ
L R . SRR Ty 0 U T W SN T T S
I 5| o0.18 79.6 | 79.6 | 1.00( 112.0 |101.4 I
ii 10| 0.10 88.6 1.00:F 97.3'| - 90lLS
15| 0.19 78.8 1.00| 103.7 | 95.11
g0l 0.13 85. 2 0.93| 99.6 | 92.21
L 26 |- 0¢l3 85. 2 0.98| 96.3 | 90.3]
B30 20, 32 0.05 75.0 | 95.9|1.13| 98.5 | 91.91
38 0.981 99:7 4 19X, 7]}
30 | elan 0.11 80.7 | 90.9|1.10]| 98.8 | 91.7
i 45| 0.21 76.1 1.04 | 101.9 | 94.41
201550 1..0:21 0.11 76414F 90.9 | 1.061102.8 | 95:3:8
B B8 ) 0028 73.9 Tadgiiito7 .7 Lol
i 60 0.095 92.2 | 1.00 | 105.2 | 96.7 !
- LR A 79.6 1.02| 93.8 | 87.01
70 0.105 91.3 11,01} 99.7 | 92.4 §
i 75| 0.28 68.2 0.98 | 104.7 | 97.11
N80 0.13 89.3 | 1074 102.6  |791 04
I 85| 0.26 70.5 0.99 [ 100.0 93.2ﬁ
i 90 0.14 88.4 | 0.99 | 104.8 | 97.2
¥ 95| 0027 69.3 1.06 | 96.2 | 89.4 1
I 100 0.105 91.3 | 0,96 | 105.2 | 97.4 }
i 105 | 0.26 70.5 0.98 | 96.6 | 89.91!
110 | 0,27 0.07 69.3 | 94.2|0.99 | 103.0 | 95.7 i
118 .| 0.32 63.6 1.03 | 97.7 | 92:1 }
i 120 | 0.34 0.14 61.4 | 88.4 [0.98 | 108.8 [100.9 !
2128 | 0432 0 63.6 1.00 | 95.0 | 88.6 I
130 | 0.33 0.14 62.5 | 88.4 [0.91 | 102.6 | 95.8 |
#° 135 | 0.30 65.9 1.05 1598, 7'].92, 00k
i 140 | 0.31 0.165 | 64.8 | .86.4 |0.99 | 105.4 | 96.2 i
I 150 | 0.36 59.1 1.00 | 106.8 | 99.5 |
i 160 | 0.30 65.9 0.981 99,2 | 92.95%
I =i
Nave. | 0.24 0,13 1 72.7.1.90.9 | 102 I'40i.2 | 93ial
n::::::__—__—_—--—-——""————__-"'_——-—-"'_—__—'———=============E
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TABLE XVI

(Continued)

|
Temperature, “c 475 + 10 4
Pressure, psig 1,000 + 100 j
H2 flow rate, scf/bbl of oil 10,000 + 500 %
Water addition, vol. % 1.5 d
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TABLE XVII

Data for the Run T-4C2. Catalyst Harshaw HT 400 was

was regenerated after used in the Run T-4Cl.

:r::::; =======:F======F======T:=====::=======)======== |=======I;
i Nitro- Il
I Time| gen [Sulfur| $DN [%DS LHSV | YIELD |YIELD |
i +
lhour | wts | wts | wts | wts | hrl|vol. s wt%ﬁ
Il

.31 0:29 - 67.0 - 2.05| 49.6 44.5 1
h 10 | 0.06 - 93.3 - 0.99| 97.6 86.8 |
I 20 | 0.10 |0.10 88.6 |91.7 0.98 | 104.6 95.0 |
i 30 | 0.13 - 85.2 - 0.96 | 97.2 88.6 Il
401 ouYe koL s 84.1 |(89.3 1.05| 99.4 90.5 I
h500 1 0.12 - 86.4 = 0.97 | 99.3 90.7 |
i 60 | 0.18 0.12 79.5 [90.1 1.03.1493.2 85.7 |
i 70 | 0.16 - 81.8 - 1.01 | 99.5 92.1 1
I 80 | 0.20 |0.08 77.3 |93.4 1.00 | 100.8 93.3 |
I 90 | 0.19 - 78.4 - 0.94 | 98.2 89.8 |l
i 100 | 0.22 |0.08 75.07193.4 1.00 [ 99.7 94.4 |
1110 | 0.24 - 72.1 - 0.97 | 103.6 94.8
1120 | 0.26 |0.07 70.5 [94.2 1.02 | 97.4 90.7 I
i 130 | 0.28 - 68.2 - 1.01| 99.3 92.7 I
£440 '1'0.32° 10,10 63.6 |91.7 1.02 1 99.2 92.3 |
1150 | 0.36 - 59.1 - 1,011101.8 95.2 I
i 160 | 0.37 |0.06 58.0 [95.0 1.01 | 101.0 94.2 |
H 1l
Il 4]
ROVerd H.21 ¢ 10509 76.0 |92.7 1.00 | 98.9 91.1 i
jicee ..
| -+ ¥ - 2+ 3+t b 3 5 3 & 1 =======:JL=====:1:===============::======ﬁ
! OPERATING CONDITIONS ﬁ
] |
“ Temperature , ¥c 475 ”
1 Pressure , psig 1000 ﬁ
Il

“ H2 flow rate, scf/bbl of oil 10,000 H
' Water addition , vol. $% 1.5 1
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TABLE XVIII

Data for Run T-5Cl. Fresh presulfided catalyst

Harshaw HT 400 was used.

ﬁ:_‘_—'_—==————==_'—'-=======F======i=—_———_ —==== -——===='=======1i
lTime Nitrogen | Sulfur| %DN $DS | LHSV |[vield Yieldﬁ
#ﬁ, T
lhour | wtg wtg wt$ wt$s | hr-1 [vol.% wtg |
R T 75.0 2.08| 49.6 | 44.4 |
g0, 1 0.21 76.1 1.01 1 92.1 1 8630
ek 0.25 0.095 | 71.6 [92.2 | 1.01| 83.9 | 79.41
Il 30 |o0.26 70.3 0.96| 93.4 | 88.0 |
pol ey idin a0 0.085 | 63.6 [93.5 | 1.00| 96.7 | 91.31
Il |
i 50 | 0.32 ~ 63.6 0.99| 86.7 | 81.9 i
g 804 p.23 0.115 | 62.5.{90.5 | 1.00] 85.5 | 82.3%
i 70 | 0.36 59.1 1.03| 105.5 | 99.7 1!
i 80 |0.34 0.095 | 61.4 [92.2 |1.02| 86.1 81.6E
o 8074l 0uk3 : 515 0.96 | 97.9 | 94.7
I 100 | 0.40 0.110 | 54.6 |90.9 |[1.01| 70.7 | 68.0 !
b B0 10,42 52.3 1.03 | 106.8 [102.7 1
8120 10.41 0.075 | 53.4-393.8 7 1.00'] T gS5:3 }iadss
I 130 |0.43 51.1 10T 1198, ¢ [V 8103
i 140 | 0.46 0.125 | 47.7 |89.7 |0.95| 91.8 | 88.0 I
150 | o0.44 50.0 1.08| 79.9°1 76,87%
I 160 | 0.43 0.065 | 51.1 [94.6 |1.03| 103.7 {100.0 |
1 I
1) 2 |
Il — ]
ui;Zr 0.37 0.104 | 58.0 {91.4 |1.01| 90.7 | 86.6 !

1]
::IL-======L======== —++ + 3+ + + 3+ 3+t + 3+ 1+ + 3+t ===========—=:======q’=
i I
I OPERAT ING CONDIT IONS I
Il ]
! Temperature , °C 425 l

Il
ﬁ Pressure , psig 1,000 ‘ “
' H, flow rate , scf/bbl of oil 10,000 H

il
“ Water addition , vol. % 0.0 I
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TABLE XIX

Data for the Run T-5C2. Catalyst Harshaw HT 400 was

regenerated after used in the Run T-5Cl.

ﬁ::::::r::================ ======:b======:=====F====== ======T
lTime |Nitrogen| Sulfur| DN | DS |LHSV |Yield| Yield !
] et
ﬁhour wts wts wt® | wtt |[hr-l [ vol.%| wts |

1l
I ‘
e Ly 2.47 | 58.4| 50.7 1
i 10 | 0.19 78.4 1.01| 95.8| 89.9 |
g 0200 001k 0.13 87+5 189.3 10,97 95.0..92,2 4
30 | 0.29 67.1 0.97 | 91.3| 86.3 I
i 40 | 0.33 0.105 | 62.5 |91.9 |0.99| 87.0| 81.9 |
y 50 | 0,32 63.6 0.93| 83.6| 80.71
I 60 | 0.35 0.095 | 60.2 {92.2 |1.02|105.6| 99.9 1
i 70 | 0.36 59.1 1.01| 79.8| 75.6 |
i 80 | 0.35 0.120 | 60.2 |90.1 |0.99 | 101.4| 95.9 |
90| 0.35 60.2 0.99 | 90.2| 85.91
i 100 | 0.38 0.125 | 56.8 |89.7 |1.02| 91.5| 87.0
i 110 | 0.38 56.8 0.98 | 89.3| 85.0
120 | 0.36 0.090 | 59.1 [92.6 |0.96| 86.1| 8l.21
I 130 | 0.35 60.2 1.04| 95.8| 91.1 |
i 140 | 0.38 0.120 | 56.8 [90.1 | 0.97| 88.5| 84.5!
I 150 | 0.55 37.5 1.02 | 88.4| 86.01
I 160 | 0.52 0.110 | 40.9 [90.9 | 0.95| 97.2| 92.4
Il J

I
| Aver o 35 0.112 | 60.5{90.7 | 1.00} 91.1| 86.7}
Il age i
*:::::E:::::::: E========E======,=‘============ ======£F=======:i

Il OPERATING CONDIT IONS il

ﬁ Temperature , P 425 ﬁ
EE Pressure , psig 1,000 ﬁ
}} H2 flow rate , scf/bbl of oil 10,000 H
i Water addition , vol. % 0.0 i
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