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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-II 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 47.7, 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 perfor­
mance to upgrade SRC-II VFF. Water addition to the feed (LECF). im­
proved 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.



I. INTRODUCTION
When the world oil crisis started in the early seventies, many 

nations around the world seriously started looking for alternative 

energy sources.

Of course, there are several alternatives such as solar energy, 

nuclear energy and fossil fuels. The latter has become more attractive 

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 coal reserves (I). However coal as a solid 
fuel is not a good alternative to oil because of the environmental prob­
lems and 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 looked into: Solvent Refined 

Coal (SRC), Exxon Donon Solvent (EDS), H-Coal, and Synthoil are a few 
examples. However each of these is merely in the development stage 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.
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A. Historical Background

SRC Process and Pittsburg and Midway Coal Mining Co.

The SRC project whs begun in 1962 when Spencer Chemical Company 

was awarded a research contract by the 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 Oil Corporation acquired Spencer 

Chemical Company. After reorganization, the contract was assigned to 

the research department of Pittsburg and Midway Coal Mining Company (5).

Construction of a 50 ton-per-day pilot plant at Fort Lewis, Washing­

ton was begun in 1972 and became fully operational in 1974. This early 

process is called SRC-I and produced a solid product. Later in 1977, the 

SRC-I process was modified to SRC-II process to produce liquid products 
(5). A schematic diagram of both processes are shown in Fig. I (6) and 

Fig. 2 (7).
Of major concern to this project is the SRC-II process. 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 II 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)

weight %
4

IiIiHHIi

HIiIiHHIiHIiMH
IlHit

H

HH-IlIlIlIl

IlIlIlIlIlIl
U == =

Carbon................................... 70.18
Hydrogen................................  4 . '99
Nitrogen................................  1.23
Sulfur................................... 3.52

Organic Sulfur...........................  1.69
Pyritic Sulfur............................ 1.68
Sulfate Sulfur............................ 0.15

Oxygen................................... 13.41
Organic Oxygen...........................  7.59
Inorganic Oxygen.........................  5.82

Chlorine................................  0.04
Metals (by specific ash).............  6.63

H/C ratio........................  0.85
Moisture (as received coal)......... 1.20
Volatile (as received coal).........36.50
Ash (MF coal)..........................12.40
Analysis of Coal (MMF Coal)
Volatile Matter........................  42.60
Carbon................................... 81.90
Nitrogen.................................. 5.40
Oxygen....................................  8.90
Sulfur....................................  2.00
=================================================

JJ

=4



6

if==Il

Distillate Yields of SRC-II Process
TABLE II

============ = = = = = = = = = = = = = = = = = = =
weight % Moisture Mineral Free Coal

C 1 ...................................  5.53
C2 ...................................  4.70
C 3 ...................................  5.17
C4 (I-)..................   0.29
C. (n-)............................... 2.70

Total C 1 to C4 18.38
NH
H 2S
HCl

(by nitrogen balance).......... 0.56
(by sulfur balance)............  3.08
(by Chlorine balance).......... 0,02
Total other gases........................  4.57

Water (by oxygen balance).......... 9.07
(naphtha)................ 8.57C 5 - 193°C 

193 - 288°C (middle distillate)... 18.05
288 - 482 C (heavy distillate).... 27.15

Total C 5 + Distillate ........ .........  53.76
482°C + Pyridine soluble........... 18.66
Insoluble Organic Matter........... 2.11

Total 4 82°C + Organic Matter........... 20.77
Mineral M a t t e r ............. ............  15.68

I

= = = = = = = = = ============ =============
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TABLE III

rIiIi
IlHHH

Properties of SRC-II Vacuum Flash Feed and Light Ends Column 
Feed====================================================

Vacuum
Flash Feed(VFF)

Light Ends 
Column Feed (LECF)

% Carbon 87.43 *

% Hydrogen 7.15 -

% Nitrogen 1.17 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 Distillation, °F

IBP 408 122
5% 217

10% 445 288
20% 485 381
30% 544 446
40% 598 488
50% 642 541
60% 577
70% 611
80% 660
90% 727
95% 795

End Point 684 956
======================== ========= =================:========

Il
IlHIl
8Il
:
iiIiI
iiII Il
I
II IliiiiiiiiIliiIlIlii
IliiIliiIlI!iiIlIii
W
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Montana State University

Hass tested 27 commercial catalysts and 29 catalysts produced at 
MSU. He first screened them in batch-autoclave tests and then tested 
the promising catalysts 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) 

catalysts gave the best denitrogenation. For desulfurization,

Cyanamid HDS 2DA 1/16" Trilobe (Co-Mo) and MSU STK 5-2-6-1.5 E(Ni-Co- 

Mo) were the best (9).
"  . ' I 'He concluded that higher MoO^1 Ni-Mo and Co-Mo concentrations im­

proved denitrogenation. He studied the temperature effect on denitro­

genation and higher temperatures gave better denitrogenation at the 
expense of increased catalyst coking. He also found that Liquid

Hourly Space Velocity (LHSV) of 1.0 was the best for denitrogenation 

(9).
Later, Yeh studied the effect of metal oxides and physical pro­

perties of catalyst bases. The catalyst base with an optimum combina­
tion of proper surface area and pore diameter was more significant 
than MoOg concentration on denitrogenation. He also reduced the 

catalyst deactivation by starting up.at lower temperatures and gradu­
ally increasing to the desired operating, temperature (10).

In his later studies, Yeh found that presence of Ni was lnsignif-

Several catalysts, either commercial or catalysts produced at MSU,

have been tested to upgrade the SRC products.



9
leant for denltrogenation although Co, Mo, W had a positive effect. 
However, higher Co concentrations increased the carbonaceous 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 Upgraded Product

The product from the upgrading process must meet certain require­
ments. If it is going to be used as a boiler fuel, the requirements 
would be hydrogen to carbon mole ratio about 1.6, and nitrogen, sulfur, 
and mineral levels below 0.5 wt%. 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 nitrogep requirement is 
much more stringent. Catalytic cracking catalysts have acid sites 

which play a dominant role in cracking of hydrocarbon feeds. Nitrogen 
neutralizes these acid sites and acts as a poison. The more nitrogen 

in the feed, the shorter is the life of the catalyst. . The preferred
nitrogen level of a catalytic cracker feed is in the range, of 100-400

/ppm (13). Several hydrocracking processes can tolerate nitrogen levels 
up to 0.3 wt%. Two of these are Standard Oil of Indiana’s ultracrack­
ing process and Union Oil's uni-cracking process (14, 15).



B. Research Objective

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

To achieve this objective it was planned to:

1. test commercially available catalysts which are reported 
to be suitable for this purpose by former researchers or 
others.

2. find out how to extend the catalyst life.

The main problem in this research was considered to be the nitrogen 
content of the SRC-II products because it is hard to remove and causes 

severe catalyst poisoning in further refining steps. Sulfur is also 
a problem in terms of pollution and catalyst poisoning but it is

10

easier to remove.
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G. Chemistry and Theory of Hydrotreating 
Catalysts and Catalyst Activity

Catalysts for upgrading of coal derived liquids should have both 

hydrogenation and hydrocracking characteristics in order to remove 
heteroatoms. They must be strong enough to stand up for a long time 

to successive regenerations.
Most of the catalysts used in heteroatom removal are metal oxide 

impregnated carriers. Selection of carriers is very important 
because they,should have suitable physical properties 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 hydrocracking also promote 
isomerization reactions above 400°C, which are likewise strongly 

dependent upon the acidic characteristics of a catalyst (16).

When the acidity of a catalyst alone is considered, generally, 
pure compounds are less acid than combinations. Acidity of various 
compounds, starting from the least acid, are: 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 catalyst, 

whereas molybdenum oxide increases it (17).
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The most commonly used commercial catalyst is a mixture of cobalt
and molybdenum oxides on a gamma-alumina support. The others are Ni-

Mo/Al O and Ni-W/Alo0 . The latter is more expensive. The ratio of 
2 3 2 3

Mo/Co or Mo/Ni must be greater than one. Each of above is sulfided 
before use to increase the activity. Presulfided metal oxide catalysts 
are considerably more important in the case of Ni-Mo/AlgO^ than with 
Co-Mo/AlgO^ catalysts. If not presulfided before use, NiO may be 

reduced to metallic Ni by the reducing environment in the reactor, and 

if so, some H^S 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 sulfur too (19). 

The structure of sulfided metal oxides is complex. They are

MoS2 by itself is more 

active than Co0S„ but a mixture of the two is more active than eithery 8
alone. However, the mechanism of their interaction is still specula­
tive. Compounds formed as a result of reaction of these species with 
alumina contribute little catalyst activity. Their role is essentially 

that of a support. The metal sulfides, MoS and WS0 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 MoSg or WS^ structure, forming the active sites (18).

usually represented as MoSg.Co^S^ and WS^.
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Hydrogenitrogenatlon and Hydrodesulfurization

SRC-II liquids contain 1.2% to 0.8% nitrogen and 1.3% to 0.7% 

sulfurj depending upon the fraction of the product and source of coal 
used in the process. For example, SRC-II LECF contains 0.88% nitrogen 

and 1.21% sulfur, SRC-II VFF contains 1.17% nitrogen and 0.72% sulfur. 
These heteroatoms have to be reduced to certain levels (see sec. I.A) 
depending upon how the product is to be used.

Nitrogen and sulfur are present mostly in coal liquids as hetero­
cyclic ring compounds. Representative nitrogen compounds and their 
physical properties are listed in Table IV. The basicity of these 
nitrogen compounds is very important for further catalytic reactions 

such as acid catalyzed reactions of catalytic cracking, since they 

will poison the catalyst.

Less is known about the hydrodenitrogenation of heterocyclic ring 

compounds than of the analogous reactions with heterocyclic sulfur 

compounds. In general, the heterocyclic ring is first saturated, and 

then the ring is fractured1 at. a G-N bond. Nitrogen is removed from the 
resulting amine or aniline as ammonia (20). The reaction of pyridine is 
given as an example below (21):

+ 3H2 +H 2 +H 2

H
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TABLE IV

Representative heterocyclic nitrogen compounds (16)

Name Formula Structure Basicity Solubility

in water

Pyrrole C 4 H 5N 0 w/n insoluble n

Indole CgH^N

Carbazole

w/n

w/n

soluble
hot
hot

Pyridine C 5 H 5 N O
Quinoline C 9H 7N 6 pts/100 11

i-Quinoline C 9H 7N s slightly

Acridine C 1 5 H 9N slightly
hot

•t= = ====== = = === = = = = = = = = =: = ==::====:=:=: z == ======= = === ========<1

* weak or not basic

** strong
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On a Ni-Mo catalyst, which accelerates hydrogenation reaction, the 

first step can proceed to a nearly equilibrium concentration of 
piperidine under a wide range of reaction conditions of industrial 
interest (22, 23). '

The intermediate product, piperidine is more of a catalyst 
poison than pyridine because it has an obstructively long absorbed 
life on the catalyst surface (24).

With quinoline, analogous reactions, occur but a greater 
variety of intermediate compounds are formed. The overall reaction 

network is relatively complex. Quinoline is converted to I,2,3,4- 
tetrahydroquinoline, 5,6,7,8-tetrahydroquinoline and decahydroquin- 
oline, followed by hydrocracking to form aromatic and saturated 

cyclic amines, and then cyclic hydrocarbons (22).
Sulfur in coal liquids is present as thiophenes and thiophene 

derivatives. Under industrial conditions reactivity of these de­

creases in the following order: thiophene, benzothiophene dibenzoth- 
iophene, methyl substituted benzothiophenes. Methyl groups in the 2 

and 5 position cause the greatest inhibition, presumably by steric 

effect. With dibenzothiophene, the presence of methyl groups in 
the 4 or 4 and 6 positions likewise greatly decreases the reactivity 

of dibenzothiophene, but the reactivity is increased when they are 
in the 3 and 7 or 2 and 8 positions (25).

With benzothiophene, substituted or unsubstituted, 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. In 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).

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

one inhibits the other, but under other circumstances H^S formed by 

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

Deactivation occurs due to carbonaceous material laydown, nitrogen 
bases and metallic ions. The latter is permanent and the catalyst 
activity can not be restored. The former two can be removed by burn­
ing off with 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 molecular weight 
is the dominant one. Starting from the most effective poison, these 
are: quinaldine, quinoline, piperidine, decylamine and aniline (27).

During upgrading of coal liquids, the most serious and fast 

deactivation is caused by carboneceous material laydown (11).

Catalyst is regenerated by air burnoff. The most important factor 
in regeneration is temperature. It has to be kept under 6009c to 

ensure against deactivation of the catalyst by sintering (17, 27).
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II. EXPERIMENTAL
A. Outline of Research

Two areas were investigated in this research. First, three comm­
ercially available catalysts, which have large surface area, pore 
volume and pore diameter for free passage of liquified coal molecules, 

were tested. Second, the best of these, Harshaw HT 400 E 1/32", was 

tested by long continuous runs. The effect of water on denitrogenatidn 
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 Commercially Available Catalysts

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

1/16", and Harshaw HT 400 E 1/32", were tested for their denitrogenation.

capabilities and their life on stream. A total of eleven continuous runs 
were made with them; five with Nalco Mo 477, three 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 III for its properties).
Operating conditions were relatively moderate (see Table V for 

details of operating.conditions).



TABLE V
Operating Conditions for the Test of Commercial Catalysts

'

• = s = s s s s = = = = i= = = = :s = s s s s e s a s s s s s s a 8 3 8 s e s a s :s s t i :s s s :s s s rs :s s a B a a s s = s s s :s B = s = s a s s a « s rs a s ts a = s = s = = 3 » s s a ;s 5 B a s a s s 8 s s = s

Nominal Reactor Temperature, ©c 425 + 10
Feed Temperature , 0C .80 ± 10

Pressure , psig 1000 + 50
Flow Rate scf/bbl of oil 10,000 ± 500

LHSV 1.0 + 0.1

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 experiemnts (see Table III for its properties). 
Conditions of these,runs are explained below.

Water addition to the feed was proposed for the first experiment 
in order to see the effect of water on denitrogenation and catalyst 
life.. Two 160-hour-runs were made with 1.5 volume% water added to the 

feed. Operating conditions were the same as listed on Table V except 

475®C was the nominal reactor temperature. The system was operated 
10 or 15 hours a day and kept under hydrogen 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 
hydrogen flow when the system was not operating to prevent coke forma­
tion. The second run was 160 hours non-stop.

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

increased to the desired operating temperature. LHSV was 50 for the 

first minute and then decreased to 1.0. The reason of this treatment 
was to reduce initial deactivation.

Catalyst Regenerations

The catalyst was regenerated by burning off with O^ -N^ mixture 

between each cycle of the durability tests of Harshaw HT 400. For the 

first 12 hours, a 5% Og-SSK Ng mixture and for the second 12 hours, a 
40% 0g-60%Ng mixture was used. Burnoff took place in the 540-590°C 
temperature range. After each burnoff, the catalyst was sulfided 

with 10% HgS and 90% Hg mixture for 12 hours at 325-350®C.
B. Materials

Two kinds of SRC-II liquids. Light Ends Column Feed (LECF) and 
Vacuum Flash Feed (VFF), were used as feed stock (see Table III for 

their properties). VFF was used for the test of commercial catalysts 
and LECF was used for the durability tests of Harshaw HT 400.



21

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 Norton Company (28).
C. Equipment

All experiments were carried out in a trickle bed reactor made 
of a 1-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. Condensing the product in a shell and tube heat exchanger.
2. A back pressure regulator which maintains the system pressure 

constant and lets the products go out at atmospheric pressure.
3. Two pressure gauges to indicate the system pressure and to 

control the back pressure regulator respectively.
4. An emergency relief valve to the vent.
5. A collection pipe to collect the heavy particles by pre­

cipitation and a valve at the end to purge these. This valve 

is used for cleaning purposes too.
6. 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 O.D. and I-inch I.D. aluminum block which is 3-feet long,
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TABLE VI
Properties of Commercial Catalysts

IP = = === = = = :
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thermowell

preheat
section

block
digital thermo­
couple thermometer

---catalyst sectionc <d•H CL

hydrogen
flowmeter

condenser
/=-waterback

pressure pump
solids collectorregulator

gas-liquid separator

:i sample bottle
NaOH scrubber liquid seal

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 catalyst section and another one in the 

catalyst section.
The SRC-IT 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 controlled 
micrometer adjustment for feed rate control. All oil feed lines and 

reservoirs (not applicable when LECF is used) were wrapped with Cole- 

Palmer flexible heating cords (29) to prevent the feed from freezing 

up.
Technical grade 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 10% NaOH- 

watef 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 turnoffs. 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 1/8". 
cylindrical Denstone inert support and a mixture of 60 ml of catalyst 
and 60 ml of 1/8" inert support; the rest of the reactor was filled 

with 1/8" inert support, A few layers 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 prevent leakage.

The reactor was placed in the heating unit and connected to the 

separator. . All valves were closed before pressurizing the system with 

nitrogen. All connections were checked for leaks with snoop. In case 

of any leakage, it was fixed before turning the heaters on.
The reactor was left under nitrogen pressure 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 preheated SRC-II (not applicable to SRC-II LECF), the feed line 
heaters were turned on and the pump was started to fill 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 at the reactor inlet, the pump was started and the run 
was begun.

The feed flow rate was adjusted and measured by timing the amount 
of liquid pumped from the buret. For the test of commercial catalysts, 
samples were taken at 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 (usually 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 the 
reactor had time to react (not applicable for the test of commercial. 

catalysts). Reservoirs and the feed line were cleaned by pumping ace­
tone through the reservoirs.

At the end, the hydrogen inlet was closed and the system was de­
pressurized. Heaters were turned up when catalyst regeneration was

desired.
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Catalyst Regenerations

While the system was heating up, the reactor was flushed with 

nitrogen to remove hydrogen left in it. Otherwise hydrogen could 

cause a sudden temperature jump at the beginning of the burnoff.
When the reactor temperature reached 550°C, the 5% cylinder 

was connected to the top of the reactor. The flow rate was adjusted 
so that the reactor temperature was below 590°C. After 12 hours of 
burningoff, it was switched to 40% to complete the process faster. 
When:the burnoff was completed, usually after another 12 hours, the 

oxygen line was disconnected and the ,.reactor was removed from the 
heating unit for sulfiding.

The completion of burnoff was tested by increasing the oxygen 
input and/or by checking the presence of smoke at the vent stream.
If there was no temperature increase when the oxygen input increased,

completed burnoff was indicated. A clear vent stream also indicated 
the same thing.

To sulfide the catalyst, the reactor was placed in the heater of 

the sulfiding unit so that the catalyst section was at the center of 

the heater. The heater was turned on and the hydrogen sulfide inlet 

and outlet lines were connected to the reactor. Extreme precautions 
were taken during sulfiding because HgS is highly poisonous. All con­

nections were checked for leaks before the gas was flowed through the

reactor. Outlet gases were scrubbed with 20% NaOH-H0O solution before2
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venting.
Sulfiding was carried out under very slow H^S flow rate and at 

325-375°C for 12 hours. When sulfiding was over, inlet and outlet 
lines were disconnected and the reactor was removed from the sulfiding 
unit for a new run. The reactor was placed in the heating unit of the 
experimental set up as described above< Then it was flushed with 

nitrogen to remove unreacted HgS. Otherwise it might cause corrosion 
in the moist reaction environment.

Sample Pretreatments
After taking each sample, the weight and volume of the product 

was recorded. Water was separated from the oil by decantation and. 
called residual water (not applicable to the test of commercial 

catalysts). Then the oil was washed with excess water to remove water 

soluble nitrogen compounds. The water was separated from the oil by 

freezing.
Oil, residual water and wash water were analyzed for their nitro­

gen content. Only oil samples were analyzed for sulfur content. 

Analytical Procedures

Nitrogen analysis was done by the Macro-Kjeldhal method (31, 32, 
33). The percent denitrogenation was calculated with the following 
equation:

wt% N in the Feed - wt% N in Oil 
wt% N in the Feed

wt% DN=
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Sulfur analysis was dojie by the quartz tube combustion method 

using a Bico-Braun Shell design sulfur apparatus (31, 34, 35). Percent 

desulfurization was calculated with a similar equation by replacing wt% 
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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III. RESULTS AND DISCUSSIONS
As it was mentioned above (sec. II), three different commercial 

catalysts were tested for their denitrogenation capability and best 
of. them, Harshaw HT 400, was subjected to long runs, Two sets of 
experiments, one with water addition and the other one without water 
addition, were made with it to find the best condition.

A. Test of Commercially Available Catalysts
The three catalysts tested are discussed case by case below.

For an easy comparison the best results from each catalyst are plot­

ted in Fig. 11. Although the conditions were different for different 

runs the comparison of the results are still meaningful. The reason 

why conditions were not the same is the difficulty in handling the 

SRC-II VFF and the problems in flow rate measurements. SRC-II VFF 
always caused pumping system plug ups and problems in reading buret 

divisions. Making at least three runs with each catalyst eliminated 
some of the potential errors. The detailed data of each run are list 

ed in Appendix.

Denitrogenation Results

Since denitrogenation of SRC-II liquids was considered to be the 

major problem, all catalyst evaluations were based on their ability 

to remove nitrogen present in the feed and to protect their activity
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longer. Generally the longer a catalyst lasts the more economical it 
is for commercial use. A total of 11 runs were made with the previous­

ly mentioned three commercial catalysts (see Table VI for their pro­

perties).
In runs T-IA to T-5A, Nalco Mo 477 E 1/16" was tested. All 

nitrogen results are plotted in Fig. 4 as wt% nitrogen in the product 
vs. time of run. Run T-IA was made with unpresulfided catalyst to see 
the difference between unpresulfided and presulfided catalyst. As it 
can be seen from Fig. 4 and Fig. 5, nitrogen content of the product 

was higher, but the rate of deactivation was lower than the presulfided 

catalyst. However, .deriving a conclusion from a single run can be 

misleading.
Run T-2A was made with presulfided catalyst but because of a fail­

ure in controlling the flow rate, the average LHSV was 1.9 for this run. 
As a result, the catalyst was deactivated within an hour.

Run T-3A was made to repeat the former one. However, some of the 

samples were lost during lab analysis due to defective bottles. At the 

same time, very fluctuating nitrogen analysis were obtained mainly 

because of non-homogeneous samples. During the process, some water was 

produced by a deoxygenation reaction and water soluble nitrogen com­
pounds, guch as NH , piperidine, and etc., were dissolved in this water 

layer. There was a great possibility that the. test samples were
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FIGURE 4 Percent Nitrogen Content of Oil vs. Running Time
for Nalco Mo 477
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FIGURE 5. Percent Denitrogenation vs. Running Time for
Nalco Mo 477



taken from that water layer in lab analysis. The smooth distrib­
ution of the nitrogen content in the oil throughout the entire running 
time intervals, when the samples washed with water and oil separated 

for analysis., proved this argument. There were also more nitrogen in 
the water than in the oil (see Table XI in Appendix). The results 
from, the washed samples are plotted in Fig.5.

Run T-4A was made to repeat the,previous one but the micrometer 
valve at the hydrogen flowmeter inlet was broken during the run and 

plugged the hydrogen line. As a result hydrogen flow rate steadily 
decreased to 5,000 scf/bbl of oil. Figure 5 shows the sharp increase, 
in nitrogen content as hydrogen flow rate decreases.

Then Run T-5A was prepared to make a run under the desired con­

ditions end it was succesful until a pumping failure bccured 30 min­
utes before the desired completion time (5 hours). Four hours were , 
enough to see the trend of deactivation of the catalyst. Samples were 
washed again and both oil and wash water were analyzed for nitrogen 
content (see Fig. 4 for nitrogen content of oil). Percent nitrogen 

removal from the product by washing as a function of running time is 

plotted in Fig. 6. The removal of nitrogen by washing decreases as 

running time increases because production of water soluble nitrogen 

compound^ decreases as the catalyst deactivates. Au average of 57% 
of the nitrogen in the product was removed by washing.

34
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RUNNING TIME (hrs)
FIGURE 6. Percent Nitrogen Removal from the Product by Washing
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In this research, the activity of the catalysts 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 and the nitrogen 
content of the product is plotted in Fig. 7. .

Run T-IB 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 (see Fig. 7). Figure 7 

shows how a high LHSV causes fast deactivation.

Run T-2B was made with presulfided catalyst but discarded be­

cause of an undesired high LHSV.
Run T-3B was ma.de to repeat the former run and it was succesful. 

It was a four-hour-run and gave specification grade, product for three 

hours. 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 7. Percent Nitrogen Content of Oil vs. Running Time
for Nalco NM 502
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Figure 8 to determine the rate of deactiviation. This catalyst de­
activated faster than the former one.

The last commercial catalyst tested was Harshaw HT 400 E 1/32" 
and three runs were made under different operating conditions. Figure 
9 and Fig. 10 show the percent nitrogen in the oil and the percent 
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-IC» was made with presulfided 

catalyst and it was a 6.5-hour-run. It gave specification grade 
product for 4.5 hours. . One important factor, presence of water in 

the feed, was observed during this run. The water was. in the SRC-II 

VFF itself and estimated to be around 1%. In previous runs the SRC- 
II VFF was heated on a heater before putting it into the feed reser­

voir to increase its fluidity. In this cage it was put into the 
feed reservoir as received from the storage drum so the water in it 
was preserved.

As it can be seen from Fig. 10 and Fig. 11 the rate 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 water. Run T-2C was made with presulfided 

catalyst and preheated feed was used. The catalyst was deactivated 

within three hours and deactivation was faster. This was an indication . 

of the positive effect of water in the feed on catalyst activity.
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FIGURE 8. Percent DenItrogenation vs. Running Time for
Nalco NM 502
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FIGURE 9 Percent Nitrogen Content of Oil vs. Running Time
for Harshaw HT 400
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FIGURE 10. Percent Denitrogenatlon vs. Running Time for Harshaw 
HT 400
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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 higher than that desired. Water in the feed caused fog formation 
and made it hard to read the flow rate. The average LHSV was around 
2,0 for the first thirty minutes. That caused some initial deactiva­
tion of the catalyst but the result was better than the second run. 

This run also showed that deactivation of the catalyst was slower 

with water in the feed.
These runs were not sufficient to conclude the positive effect 

of water in the 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
ivities of 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 leveling. Nalco NM 502 gave very good denitrogenation 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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in this run.

RUNNING T I M E (hrS)

FIGURE 11. Percent Denitrogenation vs. Running Time for the Best 
Runs From Each Catalyst
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The summary of averaged results 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 denitrogertai- 
tion, sulfur also has to be removed as much as possible. 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 pf running time for Nalco Mo 477. As 

can be seen, different conditions affected the desulfurization activity 

of the catalyst similar to the denitrogenation activity. Run.T-5A 

gave the best desulfurization for this catalyst.

Samples from Run T-3B were analyzed for sulfur (see Fig. 13) and 

desulfurization was better than denitrogenation for Nalco NM 502 as it 
was for the other catalysts. Samples from all three runs with Harshaw 
HT 400 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 similar to denitrogenation activity under different 
conditions. It can be said that they are interrelated.
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FIGURE 12. Percent Sulfur Content of Oil and Desulfurization vs. 
Running Time for Nalco Mo 477
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FIGURE 13. Percent Sulfur Content of Oil and Desulfurization vs.
Running Time for Nalco NM 502
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Running Time for Harshaw HT 400



49
B. Durability Test of Harshaw HT 400

Two successive runs were made with water addition to the 
feed and the catalyst was regenerated between the cycles. Two runs 
were made without w^ter addition in the same way. . The operating 

temperature was 475°C for the former pair and 425°C for the latter. 
SPvC-II Light Ends Column Feed (LECF) was used as feed stock for these 
runs (see Table III for the properties of the feed).
Runs with Water Addition

The first run, Run T-4C1, 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 day and kept under hydrogen 

pressure for the rest of the day when the system was not operating to 
avoid coke formation. Samples were taken for 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 nitrogen compounds 
left in oil. Oil, residual water (water from the process), and wash 

water were analyzed for their nitrogen content. Based on total nitro­

gen in the product, oil, residual water, and wash water share 61 wt%,

35 wt%, and 4 wt% of the nitrogen present in the product respectively. 

The percent nitrogen content of oil is plotted in Fig. 15 as a function 
of running time. The catalyst retained its activity for 115 hours. 

Deactivation of the catalyst was relatively slow and a linear function 

of time (see Fig, 16).
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The second run, Run T-4C2, was made after burning off the same 

catalyst used in the former run. The catalyst was burned off with 
5% Og-Ng mixture for the first 12 hours then with 40% Og-Ng mixture 
for another 12 hours at a temperature range of 540-590%. Catalyst 
was presulfied after the burnoff. The samples were taken for each 
10 hours and treated in the same way as before. In this case, oil 
had 41%, residual water had 53%, and wash water had 6%, of the total 
nitrogen present in the product. The catalyst retained its activity 
for 140 hours (see Fig. 15). Percent denitrogenation vs. time is 

shown in Fig. 16. Deactivation was similar to the former one.
The second cycle was better than the first one for denitrogena­

tion. Averaged results are summarized in Table VIII.

Samples 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 second cycle gave better desulfuri­
zation than the first one. The slopes of the desulfurization lines 

are very small and the activity of the catalyst for desulfurization 
is scarcely effected by the duration of the catalyst on stream.

Runs Without Water Addition

The first run, T-5C1, was made with presulfided catalyst and 

the catalyst retained its activity for only 46 hours. Oil 
similarly was separated from the water layer, washed with excess water, 

and separated again. Oil, residual water, and wash water were analyzed



TABLE VIII

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

II! Run Water

= = = = = = =

Time

========

Ave. Ave. Ave.

======:

Ave. Ave. Yield 8
Il No:

i f = = = = = =

Added
vol%======: hrs

LHSV
hr"1

========

N
W t  %=======

DN 
wt %

========

S
W t  %===== = :

DS
W t  % wt% : 

========#

{{ T-4C1 1.5 160 1.02 0.24 72.7 0.110 90.9 93.8

H  T-4C2 1.5 160 1.00 0.21 76.0 0.090 92.7 ^ T i H
IIt -sci - 160 1.01 0.37 58.0 0.104 91.4 8 6 . 6  || 

__ U

Il T-5C2 4====== 160 1.00 0.35
= = = = = = =

60.5========
0.112 90.7:====== 86.7 Il ========
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for nitrogen content, and contained 68%, 31%, and 1% of total nitrogen 
in the raw product. Percent nitrogen content of the oil is plotted 

in Fig. 18 as a function of running time. This time, it showed a 
curved pattern. Figure 19 demonstrates percent denitrogenation as a 
function of running time. The figure shows that 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 sulfiding. The product was 

treated and analyzed similarly, and oil, residual water, and wash 
water contained 73.5%, 23.5% and 3% of the total nitrogen present 

in the raw product. Figure 18 and Figure 19 show percent nitrogen 
content of oil and percent denitrogenation as a function of time, re­

spectively. Curves in both figures showed a pattern ‘similar to the 
first run. The only difference in this case is a sharp decrease 
in activity after leveling off. The catalyst gave specification 

grade product for 40 hours.

Samples from both runs were analyzed for sulfur content and the 
results are plotted in Fig. 20 as percent sulfur content of oil and 
percent desulfurization vs. running time; Sulfur content was almost 

constant for duration 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 Appendix.
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When these two conditions are compared for denitrogenation 

activity of the catalyst, the difference is great. 1.5 vol.% water 
addition to the feed improves the activity of the catalyst and extends 
the catalyst life more than three times.

It is not known how water improves the activity of the catalyst. 

Deriving a conclusion without any further studies will be speculative. 
However, possible interactions of water with the catalyst and/or 
reactions are; inhibition of coke formation (which is a side reaction), 

increasing the acidity of the catalyst by interacting with catalyst 
carrier or with metal sulfides, and washing out the intermediate 

nitrogen compounds from denitrogenation reactions from the catalyst 

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

The only way to find out which of 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 carrier can answer 

the second question. It is known that low partial pressure of steam 

increases the activity of alumina-silica hydrocracking catalysts (38).

When two conditions are compared for desulfurization, there is 

no appreciable difference. It can be concluded that water does not 
have a significant effect on desulfurization activity of the catalyst



for the first 160 hours of the run.

On the other hand, water improved the liquid product yields (see 
Table VIII). While runs with water addition gave 93-91 wt% liquid 
yields, the runs without water addition gave 86.6-86.7 wt% liquid 
yields. This can be either because of less coke formation or less 
gaseous product yield or both.

When ASTM distillation results are compared, the results ob­

tained from the runs with water addition are better than the others 
(see Table IX and Fig. 21). Runs with water addition gave lower 
boiling range product. This can be either because of high temp­

erature (475°C vs; 425°C) or of improving the catalyst activity with 
water. A slight decrease in low boiling range product yield was 
obtained in the second.cycle of both conditions. This can be as a 
result of activity (in other words acidity) loss during the air
burnoff.
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TABLE IX
Summary of ASTM Distillation Results

I F = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = * ,Il
|j Temperature Run No . Feed IlItIl[j Range ( C) T-4C1 T-4C2 T-5C1 T-5C2 Reported Redone jj

jj IBP, °C —_____ 83 67 85 85 50 --------ti
65

|| IBP-193 
j! Naphtha (vol%) 37 37 32 32 20

IlIi
23.5 jj

Il 193- 298 Il Middle (vol%) 41 32 29 35 33
H

38
I! 298-482 Il Heavy (vol%) 20 21 33 23 *42 Ii

21'5 ||
{j ResidueIl ( vol %) 2 10 6 10 5*

nit
18

jj FBP, °CH________________ _ 352 352 357 357 512 --------it
388

Il Gasoline 
!} Yield (vol%) **42 (46) 41 32 32 25

IiIl
26

[I (IBP-205) 
&=============== :==========: :=========: :=========: ========% ==========

ilH
=======11

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

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

1. Water addition to the feed at 475°C improved the denitrogenation act 

ivity of Harshaw HT 400 catalyst and three times longer catalyst life 
was obtained between regenerations.

2. Water addition did not have any significant effect on desul­
furization for 160 hours of run.
3. Liquid product yield was higher with water addition.
4. Separation of water in the product from oil removed consider­
able amount of nitrogen from the product. This showed that nitrogen 
compounds in the feed were reduced to lower molecular weight, water 
soluble nitrogen compounds (mostly ammonia).

5. While deactivation of the catalyst followed a linear pattern in. 

runs with water addition, it followed a nonlinear pattern in runs 
without water addition.

6. Activity of the catalyst was almost constant for desulfuriza­
tion in both cases.
7. Three commercial catalysts tested could be listed in the fol­
lowing order for their denitrogenation capability under the conditions 
discussed (see sec. III. A); Harshaw HT 400, Nalco^Mo 477, and Nalco 
NM 502.

8. Runs with water addition gave more low boiling product.



64

V. RECOMMENDATIONS
1. In order to be able to explain how water Improves the de- 
nltrogenation activity of the catalyst, further studies have to

be done. More runs with catalyst support, unsulfided catalyst, and 
sulfided catalyst at different temperatures must be done.
2. The optimum amount of water to be added to the feed must be 
experimentally determined.

3. Since water can have a negative effect on catalyst structure, 

it must be tested with successive regenerations.

4. Other commercial catalysts or catalysts produced at MSU can be 

tested with water addition to see how their activities are affected.
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TABLE X
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Data for Runs T-IA and T-2A. Catalyst was Nalco Mo 477
E 1/16".

If======
|jT imeU ---

= =====C = = *i=:==== = = =
Run T- IA

== === === = = = = = = = ==r=r= = === = = = = = =  = rr
Run T-2A **

iihrs N S DN DS N S DN DS
I!nIiU______ W t  % W t  % W t  % W t  % W t  % W t  % Wt % W t %

»0.50 0.17 0.23 86 68 0.01 99 -— ------#!I
»0.75 0.20 - 0.21 83 71 0.13 0.19 89 74
jjl.00 0.17 0.15 81 79 0.87 0.25 26 65
ill. 25 0.15 0.21 37 71 0.53 0.30 55 59
|jI. 50 0.18 0.20 85 72 0. 67 0.33 48 54
HI.75 0.15 0.25 87 64 0.71 0.32 39 56
»2.00 0.21 0.19 83 74 0.51 0.30 6 6 59
»2.25 
u___________

0.23 0.25 80 65 IiIl
__ IiILI i A v e . 0.18 0.22 85 70 0.57 0.28 51 61 IlIl

OPERATING CONDITIONS
Temperature , °C 
Pressure , psig

425 + 10 
1,000 + 50

itHIlIlIl
H2 flow rate , scf/bbl of oil 10,000 + 500 
LHSV , hr"1 1.0 ± 0.1 *** jj

a=====================================================it

* Run T-IA was 
** Run T-2A was 

*** LHSV for the
made with unpresulfided catalyst, 
made with presulfided catalyst. 
Run T -2A was I.9
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TABLE XI

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

=======
I! Time Before washing After washing
(Iijbrs N S DN DS N in DN N in ITVN re- Ii
IlIl oil water m o v a l HitIl
|| W t  % wt% W t  % wt% W t  % wt% W t  % W t  % ||

|| 0.50 0.41 64.9
---H-11Il

H O . 75 0.21 82.1 0.02 98.3 0.02 94.6
H I. 00 0.03 97.4 0.02 98.3 0.02 88.4
"1.25 0.81 30.8 IlII
H I. 50 0.44 62.4 0.02 98.3 0.02 84.1
111.75 1.02 12.8 Il
H 2.00 0.05 95.7 0.04 96.6 0.06 79.7 ||
H2.25 1.06 9.4 H
112.50 1.43 - 0.08 93.2 0.11 73.4
"2.75IlIf

0.12 89.7 0.02 98.3 0.11 89.7 H Il_________IL
Ii Ave. 
I

- - 0.04 96.6 0.05

:===fII
OO I • I 
O I 
CO I

___

OPERATING CONDITIONS
Temperature , 0C 4 2 5 + 1 0
Pressure , psig 1,000 + 50

Ii -  HH2 flow rate , scf/bbl of oil 10,000 + 500
II LHSV , hr-1 1.0 + 0.1
u======================================================4
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TABLE XII

Data for Runs T-4A and T-5A. Catalyst was presulfided
Nalco Mo 477 E 1/16".

IF = = = = =
I' T imeIl_ _ _ _ _ _

= = = = = = = = = = = = = = = = =
Run T -4A

I = = = = = = = = = * = =
Run T-5A

= = = = = = = = = = =  =  =  =  =  ==fl
Il

I! hrs N S DN DS N S DN DS SI re-* jjH
11_ _ _ _ _ _ n o v a  I  ||
HH!I______ w wt% wt% wt% wt% wt% W t  % Wt% wt % wt% _ ililIi 0.50 0.03 97.4 0.02 98.3 93 jj
I! 0.75 0.02 98.3 0.02 98.3 80 ||
Il 1.00 0.02 0.22 98.3 70 0.02 0.25 98.3 65 84 ||
Il 1.25 0.02 0.21 98.3 72 0.05 0. 95.7 76
Il 1.50 0.02 0.17 98.3 76 0.08 0.15 93.2 79 86
Il 1-75 0.03 0.12 97.4 83 0.10 91.5 80
Il 2.00 0.06 0.17 94.9 77 0.14 0.12 88.0 83 81
Il 2.25 0.14 0.15 88.0 79 0. 15 87.2 62
Il 2.50 0.23 0.23 80.3 67 0.17 0.16 86.0 78 67

0.28 76.2 0.18 84.6 6 6
Il 3.00 0.33 0.29 71. 8 60 0.20 0.15 82.9 79 56
Il 3.25 0.20 82.9 0.22 81.2 6 8  ||
|| 3.50 0.29 0.34 75.2 53 0.38 0.16 67.5 78 16
Il 3.75 0.40 65.8 0.30 74.4 44
|| 4.00 0.59 0.28 49.6 77 0.30 0.17 74.4 76 20 ||
|| 4.25 0.38 67.5 29 ||
'I 4.50IlIi

0.30 0.26 74.4 64 6 Il 
IlIl

Il Ave. H 0.11 0.22 91.0 70 0.19 0.19 83.9 73
H

57
________Il

IlIlHIlHIlIlIlIlIlIl
y====

OPERATING CONDITIONS
Temperature , °C 
Pressure , psig I
H 2 flow rate , scf/bbl of oil 10

425 + 10
,000 + 50 -
,000 + 500

= ========= = = = = = = =========== ======: = r====: = ±i1.0 + 0.1 jjLHSV , hr-1

Percent nitrogen removal from the product by washing
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TABLE XIII

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

R=-----Iljj T ime Run T-
I

-IB Run tP-3B B
I! hrs
Ii

N S DN DS N S DN DS jj- __ WHIi W t  % W t  % wt% W t  % wt% Wt % wt% Wt % IlIl
jj 0.50 0.06 94.9 IlIiIl 0.75 0.10 91.5 IlI! 1 . 0 0 0.10 91. 5 0.02 98.3 IlIl
ii 1-25 0.04 96.6 0.02 0.34 98.3 53 jj
jj 1.50 0.24 79.5 0.02 0. 98.3 Il
ll 1.75 0.34 70. 9 0.02 0.20 98.3 72 ||
jj 2.00 0.50 57.3 0.07 94.0 IIjjll 2.25 0.40 65.8 ll'I 2.50 0.47 59.8 0.16 86.3 llll
jj 2.75 0.14 88.0 0.24 0.20 79.5 72 jj
ll 3.00 0.22 81.2
I! 3.25 0.36 0.22 69.2 69 ||
|| 3.50 0. 30 74.4 II
jj 3.75 0.34 0.24 70.9 67 ll
ll 4.00 0.40 65.8 IIIl
|| 4.25 0.47 0.33 59.8 54 jj 

llIl
|| Ave. 
ii------ 0.33 72.2 0.23 0.26 80.3 64 jj

------- U
OPERATING CONDITIONS
Temperature , °C 4 2 5 + 1 0
Pressure , psig 1,000 + 50
II2 flow rate, scf/bbl of oil 10,000 + 500 
LHSV , hr-1 1.0 + 0.2* ||
- ------- --------------— __________________

* LHSV was around 1.5 for the Run T-IB



75
TABLE XIV

Data for Runs T-IC and T-2C. Catalyst was sulfided
Harshaw HT 400 E 1/32".

IP==== =
|j T ime
H --

======:===========*:====:
*Run T-IC

= = = = = = = 
Run

================*t||
T-2C** ||

Il hrs N S DN DS N S DN DS
wt% wt% Wt % wt % wt % wt % wt % wt%

Il 0.5 0.03 0.23 97.4 69 0.08 93.1 i
Il 1.0 0.06 0. 94.9 0. 10 91.5 IlI
Il 1.5 0.07 0.25 94.0 65 0.17 0.24 85.5 67Il 2.0 0.07 94.0 0. 16 86.3 IlIl
I! 2.5 0.09 0.17 92.3 77 0.24 0.22 79.5 69
|| 3.0 0.17 85.5 0.27 76.9
Il 3.5 0.20 0.22 82.9 70 0. 36 0.23 69.2 68
Il 4.0 0.26 77.8 0.53 0.35 54.7 52
|| 4.5 0.30 0.23 74.4 69 Il
H 5.0 0.32 72.7 IlIl
Il 5.5 0.37 0.26 68.4 64 Il(I

0. 38 67.5 HI! 6.5Ii 0.37 0. 68.4 IlIl
I Ave. 0.22 0.22 81.2 69 0.26 0.27 77.6 63 Il

OPERATING CONDITIONS
Temperature , 0C 4 25 + 10 I!

-Pressure , psig 1,000 + 50

L Hg flow rate , scf/bbl of oil 
LHSV , hr"I

10,000 + 500 M
1.0 + 0.1 'I======== ==========

* This run was made with preheated feed and there 
was nowater in it

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



76
TABLE XV

Data for Run T-3C. Catalyst was sulfided Harshaw
HT 400 E 1/32".

#=====-.Il y======== :======= ========== = = = = = = = = = = »
Il Time U______ N S DN DS

IlHIl
M
IJ h r s W t  % wt % Wt % Wt % IiIlIi IiIl Il
Il 0.5 0 . 3 0 0 . 3 1 5 74.4 56. 3 ||
Il I -o 0 . 2 5 0 78.6 Il
Il 1.5- 0 . 2 9 0 . 2 6 0 75.2 6 3 . 9 IlIl
Il 2.0 0 . 2 3 80. 3 Iljj

0 . 2 8 0 . 1 3 0 7 6 . 1 8 1 . 9 Ii
Il 3.0 0.28 7 6 . 1 IlIl
Il 3.5 0 . 3 1 0 . 1 7 5 7 3 . 5 75.7 Iljj

0.34 70.9 Il
Il 4.5 0.40 0 . 1 8 5 65.8 7 4 . 3 IlIl
Il 5.0 0 . 4 5 61. 5 Iljj
|| 5.5 0.52 0 . 2 1 55.6 7 0 . 8 Il
Il 6.0 0.44 62.4 IlIl
'I 6.5 0 . 4 9 0 . 2 2 5 5 8 . 3 68.8 Il(I
|| 7.0 0 . 5 0 0 . 2 2 5 57.3 68.8 Il
H H----------n
|| A v e . 
i>======

0 . 3 5 0 . 2 3 70. I 6 8 . 8 IiIi
OPERATING CONDITIONS

QTemperature, C 
Il Pressure, psig 
jj H2 flow rate, scf/bbl 
Il LHSV, hr-1

425 + 10—
1,000 + 50 Ilof oil 10,000 + 500

1.0 +  0.1 *  ||
I i = . ■U

* LHSV was 2.0 for the first 30 minutes
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TABLE XVI

Data for the Run T-4C1. Fresh presulfided catalyst
Harshaw HT 400 was used.

Ic=Z= = = = -Il ===== = = = = == :====== F = = = = = = =t= = = = = = =|j
it T ime H N i t r o g e n S u l f u r %D N %DS LHSV Y i e l d Y i e l d  Jj
jj h o u r
H---- -—

wt% Wt % wt % wt% h r - 1 vol. %
— -— - H
Wt% IlIlI 0.22 0.19' 75.0 8 4 . 3 1.97 8 0 . 0 71.1

5 0.18 7 9 . 6 79.6 I. 00 1 1 2 . 0 101.4 Il
10 0 . 1 0 83.6 I. 00 9 7 . 3 90.1 ||15 0.19 78.8 1.00 1 0 3 . 7 9 5 . 1 'I
20 0 . 1 3 85.2 0.93 99.6 92.2 Il

Ii :
0 . 1 3 85.2 0. 98 9 6 . 3 90.3 ,'I
0.22 0 . 0 5 75.0 9 5 . 9 1 . 13 9 8 . 5 91.9 ||

35 0.98 9 9 . 7 91.7 Ii
40 0.17 0 . 1 1 8 0 . 7 90.9 1 . 10 98.8 91.7 ||45 0 . 2 1 7 6 . 1 1.04 1 0 1 . 9 94.4 ||
50 0 . 2 1 0 . 1 1 7 6 . 1 9 0 . 9 I. 06 1 0 2 . 8 95.3 Ii
55 0 . 2 3 7 3 . 9 1.16 97.7 91.4 ||
60 0 . 0 9 5 92.2 1.00 1 0 5 . 2 96.7 ||

I! 65 0.18 7 9 . 6 I. 02 93.8 87.0 Il
70 0 . 1 0 5 91. 3 I. 01 9 9 . 7 92.4 ||
75 0.28 68.2 0.98 1 0 4 . 7 9 7 . I ||
80 0 . 1 3 8 9 . 3 1.07 1 0 2 . 6 91.0 H

!! 85 0.26 70.5 0.99 1 0 0 . 0 93.2 ||
90 0.14 8 8 . 4 0.99 104 . 8 97.2 ||
95 0 . 2 7 69.3 1.06 96.2 89.4 Ii

Il ioo 0 . 1 0 5 9 1 . 3 0.96 1 0 5 . 2 97.4 I,
105 0.26 70.5 0.98 9 6 . 6 89.9 ||

Il n o 0.27 0 . 0 7 6 9 . 3 94.2 0.99 1 0 3 . 0 95.7 M
Il 115 0.32 63.6 1.03 9 7 . 7 92.1 ||

120 0.34 0.14 61.4 8 8 . 4 0.98 1 0 8.8 1 0 0 . 9  ||
Il 125 0.32 0 6 3 . 6 1.00 9 5 . 0 88.6 N
Il 130 0 . 3 3 0.14 62.5 88.4 0.91 1 0 2 . 6 95.8 Il
M 135 0 . 3 0 6 5 . 9 1.05 9 8 . 7 92.0 ||
Il 14 0 0 . 3 1 0 . 1 6 5 64.8 86.4 0.99 1 0 5 . 4 96.2 Ii
Il 150 0.36 5 9 . 1 I. 00 1 0 6 . 8 99.5 ||
Il 160 0 . 3 0 65.9 0. 98 9 9 . 2 92.7 jj
Jj A v e .
#

0.24 0 . 1 1 72.7 9 0 . 9 I. 02 1 0 1 . 2
I"—.... 11

93.8 ||Il
U: = = = = = : = = = = = = = = = = = = = = = Il:= = ====U
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TABLE XVI

(Continued)
R====================================================,

*====================================================*

OPERATING CONDITIONS
Temperature, °C 4 7 5 + 1 0
Pressure, psig 1,000 + 100

H2 flow rate, scf/bbl of oil 10,000 + 500
Water addition, vol. % 1.5



TABLE XVII
Data for the Run T-4C2. Catalyst Harshaw HT 4 00 was 
was regenerated after used in the Run T-4C1.

IP===== ======= ======== ======== ======== [= = == = = =*!
IlIl Nitro- Il
Ii Time Il gen Sulfur %DN %DS LHSV YIELD YIELD ||
I' hour
H

wt% wt % W t  % wt% hr“ I vol. %
------- H

W t  % || 
Il

I 0.29 - 67.0 - 2.05 49.6 44.5 j
10 0.06 - 93.3 - 0.99 97.6 86.8 Il

Il 20 0.10 0.10 88.6 91.7 0.98 104.6 95.0 ||
Il 30 0.13 - 85.2 - 0.96 97.2 88.6 jj

40 0.14 0.13 84.1 89.3 1.05 99.4 90.5 Il
|| 50 0.12 - 86.4 - 0.97 99. 3 90.7 Il

60 0.18 0.12 79.5 90.1 1.03 93.2 85.7 jj
", 70 0. 16 - 81.8 - 1.01 99.5 92.1 H
|| 80 0.20 0.08 77.3 93.4 1.00 100.8 93.3 ||

90 0.19 - 78.4 - 0.94 98.2 89.8 jj
Il 100 0.22 0.08 75.0 93.4 1.00 99.7 94.4 Il
Il n o 0.24 - 72.7 - 0.97 103. 6 94.8 ||
Il 120 0.26 0.07 70.5 94.2 1,02 97.4 90.7 ||
Il 130 0.28 - 68.2 - 1.01 99.3 92.7 H
Il H O 0.32 0.10 63.6 91.7 1.02 99.2 92.3 ||

0.36 - 59.1 - 1.01 101.8 95.2 ||
Il 160Ilu______

0.37 0.06 58.0 95.0 1.01 101. 0 94.2 Ii 
IlHIj Aver- 0.21 0.09 76.0 92.7 1.00 98.9
n

91.1 IlH ageI) IlHW=====- =T= = = = = =;:= = = = = = = ======== ========= === ====dU
OPERATING CONDITIONS 

oTemperature , C 475
Pressure , psig 1000
H2 flow rate, scf/bbl of oil 10,000
Water addition , vol. %

H 1.5
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TABLE XVIII

Data for Run T -SCI. Fresh presulfided catalyst
Harshaw HT 400 was used.

d=======2Il I========= = = === ==:
I' T ime[I_______ Nitrogen Sulfur %DN %DS LHSV Yield Yield Il
Il[I hour W t  % W t  % W t  % wt% hr-1 vol. % W t %  Il

I 0.22 75.0 2.08 49.6 44.4 ,'I
10 0.21 76.1 1.01 92.1 86.3 ||
20 0.25 0.095 71.6 92.2 1.01 83.9 79.4 Il
30 0.26 70.3 0.96 93.4 88.0 Il
40 0.32 0.085 63. 6 93.5 1.00 96.7 91.3 ||
50 0.32 * 63.6 0.99 86.7 81.9 H

I! 60 0.33 0.115 62.5 90.5 1.00 85.5 82.3 ||
70 0.36 59.1 I. 03 105.5 99.7 [I
80 0.34 0.095 61.4 92.2 1.02 86.1 81.6 Il
90 0.43 51.1 0.96 97.9 94.7 ||

100 0.40 0.110 54.6 90.9 1.01 70.7 68.0 ||
Il H O 0.42 52.3 I. 03 106.8 102.7 Ii
|| 120 0.41 0.075 53.4 93.8 1.00 85.3 81.8 ||

130 0.43 51.1 1.01 95.4 91.3 ||
Il 140 0.46 0.125 47.7 89.7 0.95 91.8 88.0 Ij
|| 150 0.44 50.0 1.05 79.9 76.8 ||
|| 160 0.43 0.065 51.1 94.6 1.03 103.7 100.0 ||
Il
|| Aver- 
|| age 0.37 0.104 58.0 91.4 1.01 90.7

IlIl
86.6 [I

n======= ========= ======= === = = —=:=======11
IiOPERATING CONDITIONS

Temperature , 0C 425
Pressure , psig 1,000
H2 flow rate , scf/bbl of oil 10,000

IiIiIi
I!

Water addition , vol. %
1'1 .... J:===%======: :==================:
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TABLE XIX

Data for the Run T-5C2. Catalyst Harshaw HT 400 was
regenerated after used in the Run T-5C1.

*:=====: : = = === ===
|| Time Nitrogen Sulfur %DN %DS LHSV Yield
H hour Il W t  % W t  % w t % W t  % hr" I vol. %
Tl

I 2.47 55.4
10 0 . 1 9 78.4 1 . 0 1 95.8
20 0 . 1 1 0 . 1 3 8 7 . 5 8 9 . 3 0.97 9 5 . 0
30 0 . 2 9 6 7 . 1 0.97 91.3
40 0 . 3 3 0. 105 62. 5 9 1 . 9 0.99 8 7 . 0
50 0.32 6 3 . 6 0 . 9 3 8 3 . 6
60 0 . 3 5 0 . 0 9 5 60.2 92.2 1.02 1 0 5 . 6
70 0.36 5 9 . 1 1.01 79.8
80 0 . 3 5 0 . 1 2 0 6 0 . 2 9 0 . 1 0.99 1 0 1 . 4

|| 90 0 . 3 5 60.2 0 . 9 9 90.2
100 0.38 0 . 1 2 5 5 6 . 8 8 9 . 7 I. 02 9 1 . 5
H O 0.38 56.8 0.98 8 9 . 3
120 0.36 0 . 0 9 0 5 9 . 1 92.6 0.96 8 6 . 1
130 0 . 3 5 6 0 . 2 1.04 95.8

|| 140 0.38 0 . 1 2 0 56.8 9 0 . 1 0.97 8 8 . 5
150 0 . 5 5 37.5 1.02 88.4

Ii 160 0.52 0 . 1 1 0 4 0 . 9 9 0 . 9 0.95 97.2

n|| Aver- 0 . 3 5 0 . 1 1 2 6 0 . 5 9 0 . 7 I. 00 9 1 . 1|| age
lL===== === = = = = =T = :========= : = = = = = = :=*====== ====== ======7

Yield" I41
W t  %

50.7
89.9
92.2
86.3
81.9
80.7
99.9 
75.6 ||
95.9 [I
85.9 jj
87.0 H
85.0 ||

84.5 ||
86.0 Ii
92.4 || 

Il

86.7

OPERATING CONDITIONS
Temperature , C

=“ 1
S

Pressure , psig
H2 flow rate , scf/bbl of oil
Water addition , vol. %

Î ==================================

1,000 
10,000 

0.0
:===========:
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