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FREFACE

Experimental equipment was constructed for hydrodenitrogeﬁation of
anthracene oil, an aromatic hydrocarbon liquid obtained from coal,
over a cobalt-molybdenum on alumina catalyst. The total nitrogen
concentration of the reactor product oil was measured as a function of:
(1) reactor temperature in the range of 600 to 800°F, (2) pressures
of 500, 1000, and 1500 psig, (3) average catalyst particle sizes of
LY and 9 mesh (particle diameters of about .01l3 and .078 inches,
respectively), (4) hydrogen gas rates of about 1500 and 20,000 standard
cubic feet per barrel of oil fed, (5) liquid hourly space times of
0.375, 0.75, and 1.5 hours. Three catalysts with identical metals
content and most frequent pore diameters of 50, 50, and 66 angstroms
were used to test for the effect of pore size on the rate of hydro-
denitrogenation.

I am deeply indebted to my thesis adviser, Dr. B. L. Crynes, for
his patient guidance.

Financial support was gratefully received from the Q0ffice of
Coal Research, Pittsburg and Midway Coal Mining Company, and the

School of Chemical Engineering.
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CHAPTER I
INTRODUCTION

This work is part of an effort by the Office of Coal Research to
develop a solvent process to convert coal to a low sulfur and ash oil.
The process consists of the following steps:

1. Coal is crushed in hammer mills.

2. The pulverized coal is mixed with a solvent which is

recycled dissolver effluent (See Figure 1.).

3. The oil-coal slurry is mixed with hydrogen at about 1000
psig, heated, and fed to the dissolver.

4. The dissolver effluent is filtered to remove the ash
(mostly mineral matter in the coal feed).

5. The deashed dissolver effluent can either be separated into
an oil and deashed coal by vacuum distillation or hydro-
treated to produce an oil with low nitrogen and sulfur
content.

A block flow diagram of the process is presented on Figure 1. Details
of the process are given in a progress report (1) from the Pittsburg
and Midway Coal Mining Company to the Office of Coal Research.

The deashed coal and oil products will find immediate use as
substitutes for cocal and residual fuel oil in electric power generation.

If the coal feed is high in sulfur content, the deashed.dissolvér



COAL HAMMER ASH
MILL &% —® DISSOLVER —»  FILTER
HYDROGEN — DEASHED DISSOLVER
» EFFLUENT
: DEASHED OIL
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l DEASHED COAL
HYDROTREATED OIL
' —>
Figure 1. Block Flow Diagram of Solvent Liquefaction Process



effluent can be hydrotreated to decrease the sulfur content to an
acceptable level. In the future, the hydrotreated oil could be used
as an alternative ,feedstock for petroleum refineries. The presence

of organonitrogen compounds reduces the activity of catalytic crack-
ing (2), reforming (3), and isomerization (4) catalysts. The suscepti-
bility of these refining catalysts to poisoning by organonitrogen
species makes the degree of nitrogen removal in the hydrotreating

step an important factor affecting the desirability of the hydro-
treated o0il as a refinery feedstock.

Hydrodenitrogenation in a hydrotreater reactor is accomplished by
hydrogenolysis of organonitrogen compounds to ammonia and the corre-
sponding hydrocarbon. The reaction can be represented by Equation
(1.1).

C AN+ e I e NH, + CH,

(1.1)

Organonitrogen Specie” Hydrogen Ammonia  Hydrocarbon

Where, C, H, and N represent carbon, hydrogen, and nitrogen atoms,
respectively; w, X, ¥, and z are unspecified integers. Since hydro-
genation usually accompanies denitrogenation, z is typically greater
than x.

Hydrotreating of petroleum oils is typically carried out in the.
temperature range of 600 to 800°F, with pressures of 300 to 4000 psig,
and hydrogen flows rates from 300 to 15,000 standard cubic feet per
barrel. The hydrogen and oil are usually contacted in a fixed

catalyst bed in a down flow reactor. The typical catalyst consists



of cobalt and molybdenum oxides supported on alumina. Figure 2 is ' a
diagram of a typical hydrotreater unit.
The specific goals of this work are the following:
1. Construct and test a laboratory reactor for catalyst
studies of hydrotreasting cosl derived and petroleum liquids.
2. Determine the effect of reactant mass flux on the rate of
denitrogenation.
3. Determining tﬁe rate controlling step for hydrodenitrogenation.
4. Determine the’effect of alternative operating conditions on
the rate of denitrogenation.
5. Determine the effect of mean pore diameter on the rate of
hydrodenitrogenastion.
Pertinent literature will be reviewed, in the next chapter, to serve

as a basis for this work.
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Figure 2. Typical Hydrotreater Unit



CHAPTER II

LITERATURE REVIEW

The hydrotreating literature is both vast and plagued by many
apparent contradictions. One reason for so many anomalies is that
both the feed and the catalyst are often defined only in. the most
general terms. Obscure propertles of the catalyst and feed, such as
the heavy metals content of the feed, can have a significant effect
on the rate of reaction. Therefore, the emphasis will be placed on
trends exhibited by the data in the literature rather than on absolute
rates of reaction.

The areas of interest fall under two general categories. The
first deals with hydrotreater reactor design. This information is
useful in the design of experimental apparatus and interpreting the
data. The second area of interest consists of studies that share.

one or more objectives with this study.

Reactor Engineering

There are three basic reactor types for commercial hydrotreating
of high boiling hydrocarbons:

1. trickle flow reactor

2. up flow reactor

3. ebullient bed reactor



In the trickle flow reactor, the hydrogen and oil are fed at the
top of the reactor and allowed to pass through a fixed catalyst bed.
This is by far the most common contacting scheme in commercial plants.
Universal 0il Products (5), Gulf Research Co. (6), and Institut
Francais de Petrole (7) have processes using trickle flow reactors.

By comparison, in the up flow reactor, the hydrogen and oil are
fed to the bottom of the reactor and pass up through a fixed catalyst
bed. The up flow reactor also differs from the trickle flow reactor
in the manner in which the reactants pass through the void volume of
the catalyst bed. In the up flow reactor, hydrogen bubbles through
an oil pool. In the trickle flow reactor, oil drips through hydrogen.
Thus, one would expect greater contact between the catalyst and oil
in an up flow reactor than in a trickle flow reactor. The liquid is
thought (8) to wash polymer precursors and ash from the catalyst.
Therefore, one might expect that the up flow reactor would have less
tendency to plug (due to coke formation or deposition of ash) than a
trickle flow reactor. However, a study (9), using a coal derived
liquid feedstock, found that the trickle flow and up flow reactor
types showed roughly equal tendency to plug.

In ebullient bed reactor, like the up flow, the reactants are
fed from the bottom. However, unlike the up flow reactor, the feed
is introduced at a sufficient rate to cause an expansion of the. cata~
lyst bed. The licenser (10) claims the following advantages for the
ebullient bed reactor:

1. Less susceptible to plugging.

2. Operation is much closer to isothermal.



3. Smaller catalyst particles can be used without excessive

pressure drop across the catalyst bed.

The trickle flow reactor was selected for this study primarily
because it has been widely used in the petroleum industry in similar
services. In addition, the trickle flow reactor is probably easier to
operate than either the up flow or the ebullient bed reactor.

Factors affecting the performance of a trickle flow reactor can
be divided into the following categbries:

1. 1liquid hydrodynamics

2. diffusion resistances

3. denitrogenation kinetics
Each of these topics will be considered in detail in the following

discussion.

Liguid Hydrodynamics

Maldistribution of the liquid portion of the oil over the catalyst
bed can adversely affect the performance of a trickle flow reactor
(11). Concurrent down flow of the hydrogen and oil has been shown
(12) to improve the liquid distribution. ILiquid fluxes in the range
of 150-500 gallons per hour per square foot and vapor velocities of
.1l to .15 feet per second are recommended (13) to insure good liquid
distribution of the reactants. Occasionally, a disproportionate
amount of liquid will flow near the reactor wall. If the ratio of
the diameter of the reactor to the diameter of the catalyst particle
is greater than 25 to 1 (14), then this effect is probably negligible.
Mears (15) offers a method for predicting the adverse effects of

axial dispersion (backmixing) on a trickle flow reactor's performence.



However, one study (16) suggests that the above criteria are

not sufficient to insure that the liquid is well distributed over

the catalyst. Identical feed, catalyst, and operating conditions were
run in a pilot plant and a commercial reactor. Tracer studies indi-
cated that the dispersion was more severe in the pilot plant reactor
than the commercial reactor. Thus, based on backmixing effects, one
would predict that the performance of the commercial reactor should.
be superior to the pilot unit. The reactor to pellet diameter.ratio
was 12 to 1 for the pilot reactor and 42 to 1 for the commercial .
reactor. Therefore, bypassing of reactants around the catalyst bed
should be more severe in the pilot unit than in the commercial
reactor. This effect should adversely affect the performance of the
pilot unit relative to the commercial reactor. 0il fluxes were Uil

and 210 gallons per foot sgquared per hour for the pilot unit and the
commercial reactor, respectively. The oil flux in the pilot unit was
below the previously cited recommended minimum to insure good liquid
distribution. In contrast, the oil flux in the commercial reactor is
in the proper range. Since the catalyst and operating conditions were
identical in both reactors, pore diffusion resistances and the
intrinsic kinetics should have been identical. Based on this data

and all of the above criteria for liquid distribution, one would
predict that the commercial reactor should achieve a higher conversion
than the pilot unit at a fixed set of operating conditions. However,
the observed conversion in the pilot unit was much greater than the
commercial reactor. A possible explanation for the anomaly is that
the commerical reactor is thought to be more sensitive to an initial

maldistribution of the liquid than a narrow pilot unit (17). The
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study did not specify a liquid distributor for either reactor. There-
fore, the literature indicates that the effect of liquid maldistribu~-
tion on the performance of a trickle flow reactor can be substantial

and uJunpredictable.

Diffusion Resistances

Diffusion resistances to reaction in a trickle flow reactor can
be divided into two areas:

1. resistances encountered in the liquid film surrounding the

catalyst pellet

2. pore diffusion resistances
Satterfield (18) showed that the liquid film around catalyst particles
has an average thickness in the range of .0l to .1 millimeter under
typical hydrotreating conditions. This is much less than the radius
of typical catalyst particles used in trickle flow reactors. Since
the catalyst pores are liquid filled under nermal- hydrotreating con-
ditions (19), the diffusivity of a specie in the catalyst pore should
be roughly equal to that specie's diffusivity in the liquid film
around the catalyst particle. Therefore, diffusion resistances
encountered in the film around the catalyst particle are typically
much less than pore diffusion resistances in a typical trickle flow
reactor.

Pore diffusion resistances cause a decrease in reactant concen-
tration.ffom the catalyst particle outer boundary to the center,
which results in a decrease in the rate of reaction. Since the
relative magnitude of pore diffusion resistances to the total resis-

tance to reaction is of primary. importance, the role of pore diffusion
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will be discussed in terms of an effectiveness factor. The effective-
ness factor is usually defined (2) as the ratio fo the actual reaction
rate to that which would occur if all of the surface throughout the
inside of the catalyst were exposed to the catalyst outer boundary.
reactant concentration and temperature. The catalyst activity
(the rate of heterogeneous reaction at a specified set of operating
conditions) without pore diffusion resistances can be determined
experimentally by extrapolating a plot of catalyst activity as a
function of catalyst particle diameter to zero diameter. Then the
effectiveness factor is the ratio of the catalyst activity at .any
diameter of interest to the extrapolated activity. This method is
limited in trickle flow reactors by the large pressure drop across
the catalyst bed encountered when very small catalyst particles are
used. However, the effectiveness factor can be estimated using the
catalyst activity at-.a given set of operating conditions and two
catalyst particle diameters (21).

Van Zoonen and Douwes (22) hydrotreated a straight-run gas oil
at about 500 psig and TOTOF over a cobalt-molybdenum on alumina
catalyst with dimensions of 3 x 3 millimeters and 25-50 mesh (range
of particle diameters from about .707 to .297 millimeters). The
greater than four fold reduction in the catalyst particle size did
not result in an increase in the conversion of organonitrogen species.
This indicates that the effectiveness factor was near one (pore
diffusion resistances were negligible) for the system studied. Since
film diffusion resistances are typically much less than pore diffusion

resistances in a trickle flow reactor (18), an effectiveness factor
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of one implies that resistances to reaction encountered at the
catalyst_surface control the rate of denitrogenation.

In a hydrotreating study (23) of a coal derived liquid at TTOOF
and 3000 psié over a nickel-cobalt-molybdenum on alumina catalyst,
a three fold reduction in the catalyst particle diameter resulted in
almost a four fold reduction in the percent of organonitrogen species
remaining in the product. Thus, the rate of reaction was roughly
proportional to the catalyst outer surface area, which implies that
film diffusion controlled the rate of denitrogenation of the coal

derived liquid and the effectiveness factor was near zero.

Denitrogenation Kinetics

McIlvried (24) studied the denitrogenation of piperidine and
pyridine over a nickel~cobalt on alumina catalyst  at 600°F. The

author offered the following scheme for denitrogenation of pyridine:

3H H H

AN 2 2 2
— ——e —Pp C_H + NE
I - g CSH13N 5712 3
N . N
Pyridine. . Piperidine  N-Pentylamine N-Pentane Ammonisa

The author concluded that the rupture of the piperidine ring was the
rate controlling step in the denitrogenation of pyridine at these
conditions. The Lengmuir-Hinshelwood form (25) adequately accounted
for the decrease in the first order rate constant with increasing
feed nitrogeﬁ content.

Doelman (25) studied the denitrogenation of quinoline using a
cobalt-molybdenum on slumina catalyst. The following scheme for

denitrogenation of quinoline was. presented:
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oH H, H
S 2 2 _
—2 LN T = + NH,
N/’ \ N - NH :
2
H

Quinoline 1,2,3,4, Tetra~ Propyl- Propyl-- Ammonia
hydroquinoline aniline benezene

In the first step, the hydrogen . containing ring is saturated. Then
the ring is opened to form anilines or amines, which undergo hydro-
genolysis to form ammonia and hydrocarbon. Doelman found that the
rate of both aromatic ring saturation and saturated ring opening
steps have a significant effect on the rate. of denitrogenation of
quinoline. |

Various pure component studies (24, 26, 27) have established
that denitrogenation is first order with respect to the concentration
of nitrogen species. The rate of denitrogenation of gquinoline was
found to be practically proportional to the hydrogen partial pressure
(25).

A discussion of the kinetics of denitrogenation becomes much more
complicated when one considers industrially important feeds like
petroleum stocks, shale oil, and coal derived liquids. These feed~-
stocks typically contain a large number of unspecified organonitrogen
species. Flinn et al (27) showed that even species in the same boil-
ing range can have radically different kinetics of denitrogenation.
The same study found that the ease of denitrogenation tends to decrease
with increasing boiling point of a petroleum feed. To handle a system
such as this with any degree of riger is a very formidable task..
Rather than try to cope with the complexity of the intrinsic kinetics

of the system, a qualitative :discussion of the effect of reactor
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operating conditions on the rate of denitrogeﬁation of coal derived

liquids will follow.
Effect of Reactor Operating Conditions

A hydrotreating study (23) by ARCO (Atlantic Richfield Company)
on a coal derived liquid from the COED Process (1) is the only study,
in the open literature, using a coal-derived oil feed. A hydrotreat-
ing study (28) by Wan, using the same feedstock as this work, is
also of interest. These two works will serve as a basis for the
folilowing discussion of the effect of space time, temperature, pressure,

and hydrogen rate on the rate of denitrogenation.

Space Time

ARCO. (23) tested for the effect of space time on denitrogenation
of COED oil derived from Illinois 6 Seam (Crown) Coal at 3,000 psig
and 725°F over a nickel-cobalt-molybdenum on alumina catalyst.

Figure 3 is a plot of the logarithm of the percent of the organonitro-
gen species fed to the reactor that remained in the product as a
function of 1.0/WHSV (reciprocal of the weight hourly space velocity).
WHSV was defined as the mass of oil charged per hour per mass of
catalyst bed. For any given feed and catalyst, 1.0/WHSV is proportional
to the space time. If the rate of denitrogenation could be described
by a first order rate expression with respect to organonitrogen con-
tent, then a plot of the logarithm of the percent total nitrogen.
remaining as a function of 1.0/WHSV, or space time, should yield a

straight line. Thus, the data in Figure 3 show that a first order
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rate expression is not an unreasonable representation of the kinetics
of denitrogenation of the COED oil over the range of operating con-
ditions studied.

Figure 4 is a plot of the logarithm of the percent of organo~
nitrogen in the feed reamining in the product as a functioﬁ of space
time with parameters of pressure at BOOOF, the most complete isotherm,
from the study by Wan (28). The plot indlcates that the percent
nitrogen remaining is a very weak function of space time beyond 0.4

hours for the system under study.

Temperature

ARCO (23) found that the activation energy for denitrogenation,
assuming first order kinetics with respect to organonitrogen species'
content, was 48,500 BTU/1b. mole beldw 752°F and 16,400 BTU/1b. mole
above 752OF. The authors rationalized the result by noting that Flinn,
Larson, and Beuther (27) have postullated that saturation of resonance-
stabilized structures is the rate controlling step for hydrodenitro-
genation. In addition, another study (29) of hydrogenation equilibria
of aromatic species shows a shift toward dehydrogenation between
750 and BOOOF. Thus, the reduction in activation for hydrodenitro-

genation could be the result to competing dehydrogenation reactions.
Pressure

In the original work (23), the effect of pressure on the rate of
denitrogenation of .a COED coal derived liquid was represented by a

plot of the percent nitrogen removed as & function of the reactor
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pressure. The following derivation will be used to obtain a slightly
more mechanistic representation of the same data. Figure 3 suggests
that a first order rate expression (Equation 2.l)xwith.respect to

organonitrogen content is reasonable for a COED oil.

To k1 ¥ (2.1)

Where, N is the mass percent atomic nitrogen in:the oil and éw is
the weight hourly space time (gm catalyst per .gm of oil per hour);
k2.l is the rate constant. The subscript oﬁ the rate constant specifies
the equation number that the constant was first introduced. The effect

of the reactor total pressure on the hydrodenitrogenation rate con-

stant, k2 1° will be represented by Equation 2.2.

- a
k2.1 k2.2 P (2.2)
Where, P is the absolute reactor pressure, psia, and & -is a constant

to be determined by least square analysis. Substitution of Equation

2.2 into 2.1 yields Equation 2.3.

o=k, , PN (2.3)

Integrating Equation 2.3 yields Equation 2.k,

1n (Nf/NP) =k, , P 0, (2.4)

Where, N and.Np are the mass percent atomic nitrogen in the reactor

f
feed and product, respectively. Rearranging Equation 2.4 and taking
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the;loggrithm of the result gives Equation 2.5.

in (ln(Nf/Np) / ew);= Ink, ,+&alnP (2.5)

Figure 5 is a log-log plot of‘ln(Nf/Np)/G)w as é function of reactor
total pressure. The slope of such a plot should be equal to the value
of a. A least squares regression (30) of the-@ata in Figure 5 yielded
a value of 1.1 for a. Several pure component studies (24) found that
the rate of hydrodenitrogenation was proportional to the hydrogen
partial pressure. The large hydrogen rates (18,200 SCF H, / bbl)

used in the COED hydrotreating study made the hydrogen partial pressure
nearly proportional to the total pressure. Therefore, hydrodenitro-
genation of this COED coal derived liquid appears to be first order
with respect to hydrogen partial pressure under normal reactor operat-

ing conditions.

Effect of Hydrogen Rate

Wan (28) found that increasing the hydrogen rate from 3980 to
39,800 SCF/bbl‘resulted in an increase of the percent conversion of
total nitrogen from 61.2 to only 69.7%. Several pure component studies
(25, 26) also found that the rate of denitrogenation was a weak

function of the hydrogen circulation rate.

Effect of Pore Diameter

Van Zoonen and Douwes (22) studied the effect of volume average
pore diameter in the range of 66 to 464 angstroms with a cobalt-

molybdenum on alumina catalyst on the rate of denitrogenation of a
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Middle East gas oil at 707OF and about 500 psig. The study indicated
that the volume average pore diameter had a negligible effect on the

rate of denitrogenation over the entire range studied.
Summary

The following generalities can be made based on the preceding
discussion. Maldistribution of the liquid portion of the oil feed
over the catalyst bed can have a large and rather unpredictable effect
on the rate of denitrogenation. The rate of denitrogenation has been
usually found to be first order with respect to the organonitrogen level.
However, side reactions can apparently have a significant effect on
the kinetics. The rate of hydrodenitrogenation is probably controlled
by the rate of surface reaction. The rate of denitrogenation appears
to be proportional to the total pressure at normal commercial reactor

operating conditions.



«- < CHAPTER III-
EXPERIMENTAL APPARATUS

A trickle flow reactor system was designed and constructed to
fulfill the following requirements:
l. The reactor should be capable of nearly isothermal. operation
with operating temperatures up to 800°F.
2. The maximum operating pressure was set at 1500 psig.
3. Continuous operation must be possible.
L. A change of catalyst bed height at constant operating
conditions must be possible.
5. The flow rates of oil and hydrogen must be measured and
controlled accurately.
6. The reactor operating pressure must be controlled
and a method of estimating the pressure drop across the
catalyst bed must be provided.
Figufe 6 is a diagram of the system used in this study. Hydrogen
and oll entered the reactor at the top and flowed concurrently
through the catalyst bed. The liquid and. vapar portions of the
reactor product were separated in the semple bombs. The unit
pressure was controlled by a pressure controller on the hydrogen
feed to the reactor. The hydrogen rate was controlled using a

microvalve on the sample bomb off gas. The oil rate to the reactor

22
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was contrglléd by & positive displacement pump. A detailed descrip-

tion of each section of the equipment follows.
Reactor

The reactor was constructed from a 33 inch long, 1/2 inch 0.D.
stainless steel tube. Figure 7 is a drawing of the reactor. The
connections at the top and bottom were 1/2 inch swagelock cross and.
straight union, respectively. As canvbe seen from Figure 7, a 1/8
inch stainless steel tube was usged as‘a‘thermowell,down'the center
of the reactor. The thermowell was welded shut on the bottom and
secured at the top of the reactor by another swagelock fitting. The
1/4% to 1/8 inch reducer through which the thermowell passed was
drilled out to allow the thermowell to pass. A 36 inch thermocouple
was moved along the length of the well to teke temperature profiles
along the length of the.reactor. Fifty mesh stainless steel screens

were used to hold the catalyst bed in the reactor.
Reactor Heaters

Aluminum blocks wrapped with electrical resistance heaters pro-
vided heat to the reactor. Pigure 8 gives the dimensions of the
aluminum heating bloecks. The blocks were split in the middle and
hinged on one side to facilitate mounting and removal. Control of
the heaters was maintained using a Hewlett-~Packard Model 240 tempera-
ture controller or & variac. Control thermocouples were placed in
small holes drilled into the aluminum heating blocks adjacent to the
resistance heaters. Control with the variacs was maintained by

balancing heat input with the heat loss by trial and error. The
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final placement of the controllers, variacs, and aiuminum blocks

from the inlet of the reactor are summarized in Table I.

TABLE - I

REACTOR  HEATER CONFIGURATION

Block Number Aluminum Block Control Type Maximum
from Reactor Height, Inches Heater
Inlet . o , Wattage
1 b Hewlett-Packard. 2hh
2. 5 Veriac 305
3 10 " Hewlett-Packard. 611
L 5 Hewlett-~Packard . 305
5 I Variac 24)

Reactor Insulation

The aluminum blocks were first wrapped with a one inch layer of
felt insulation. Next, a two inch layer of fiberglass insulation was
wrapped around the reactor. The insulation was held in place using

asbestos tape.
Sampling System

The sampling system was designed to provide continuous operation

of the reactor. The bottom of the reactor was attached te Sample.
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Bomb 1 using & 1/2 inch stainless steel tube. The sample bomb was
constructed from & one liter stainless steel bomb rated at 1800 psig
at ambient temperature. Figuré 9 is a drawing of the sample bomb
design. The 1/4 inch stainless steel tube passes tﬁrough a reamed
1/2 to 1/4 inch swagelock reducer. The seal on the tube was made by
a swagelock fitting on the 1/4 inch tube. Vapor and liquid dis-
engagement was affected in the sample bomb and the liquid was allowed
to collect at the bottom of ﬁhe ﬁomb before removal. The liquid flow
scheme and sampling techniques will be described in the experimental

procedure section.
Pressure and Flow Control

The inlet pressure tqﬁthe reactor waé;controiied using a Mitey-
Mite pressure controller,..An internali& loddedeitey—Mite pressure
regulator was used in this study. Howevérf?a Mitey-Mite with an
externally loaded dome is recommended for futgre.work. - Pressure up
stream from the Mitey-Mite pressure controller was maintained with
Matheson Model 8 regulators. The system pressure was monitored using
a 0-5000 psig Heise guage. A Whitey needle valve was used to control
the off gas rate from the sample bombs. The off gas flow rate was
measured with either a 25 ml. bubble meter or a Precision Scientific

wet test meter.
0il and Hydrogen Feed System

The oil feed system consisted of a Ruska Model 2236 metering
pump and a 2250 ml stainless steel storage tank. One disadvantage of

this system was that the oil feed to the reactor had to be momentarily
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stopped to refill the pump syringe. This problem could be alleviated
by using s Ruska pump equipped with two syringes. This arrangement
would allow one syringe to be filled while the other fed oil to the
reactor.

The hydrogen was fed directly to the reactor from storage bottles.
A manifold was constructed to allow switching hydrogen bottles
without disrupting the operation of the redctor. The only other
special provision in the hydrogen feed system was an excess flow
valve which would stop the hydrogen feed if a sudden pressure drop

in the system occurred.
Temperature Measurement

The reactor temperature was monitored as a function of position
in the reactor by moving a Conax J-SS4-G-T3 iron-constantan thermo-
couple along the reactor thermowell. The thermocouple voltage was
converted to a digital temperature reading using é Leeds and Northrup
900 Series numatron. The digital readout was linearized according
to the procedure given in Leeds and Northrup booklet 177626 Issue 2.
The thermocouples were calibrated using a platinum resistance thermo-

meter or platinum-platinum+lO%rhodium:thermocouple secén&ary standard.
Materials

The identification numbers on Figure 6 correspond to the equipment
numbers given in Table IT. Table II is a list of equipment used to

construct the experimental apparatus.
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TABLE II

LIST OF EXPERIMENTAL EQUIPMENT

Tubing: 1/4 inch 0.D. stainless steel

l.

2.

10.

1l.

12.

13.

1k,

15.

16.

17.

Gas regulator - Air Products number E11-7-CL8SF

Gas regulator - Matheson number 26263-10

Gas regulator - Air Products Ell1-F-N1156

Valve - 1/4 inch brass Whitey bar stock ball valve

Vee tip valve - Autdclave.number 10V-L4OT1

Check valve - Autoclave number 10-6904-316~CW.

Pressure reducing regulator - Grove Mitey-Mit& model 94
Pressure guage - Heise bourdon tube gauge, 3000 psig maximum.
pressﬁre

Vee tip valve - Autoclave number 10V-40OT1

Valve - Whitey 3TSh

Temperature Display - Leeds and Northrup 900 Series numatron with .
a Conax J-SSU-G-T3 thermocouple

Hewlett-Packard Model 240 Temperature Programmer with Marsh
resistance heater:

Powerstat - Curtin type 316 with Marsh resistance heater:
Hewlett Packard Model 240 Temperature Programmer with Marsh
resistance heater

Hewlett Packard Model 240 Temperature Programmer with Marsh
resistance heater

Powerstat -~ Curtin type 316 with Marsh resistance heater
Reactor - 1/2 inch 316 stainless steel tube (see Figure T)

with aluminum block heaters (see Figure 8 insulated with McMaster



TABLE II (Continued)

Carr fiberglas insulation
18, Valve - Whitey 1VSsh
19. Valve - Autoclave 10V-LOT1
20. Sample bomb - Hoke DOT3A18000
21. Valve - Autoclave 10V-LOTL
22. Valve - Autoclave 10V-L0T1
23. Valve - Whitey 3TSL
24, Sample bomb - Hoke DOT3A1800
25. Pressure guage - 0-3000 psig, Autoclave number P-L80
26. Valve - Whitey 1Vsk
27, Valve - Whitey 1VSi
28. Valve - Whitey 1VSk
29. Valve - Whitey 21RSk
30. Valve - Autoclave 10V-LOT1.
31. Valve - Autoclave 10V-40T1
32, Valve - Whitey 1VSk
33. Valve - Autoclave 10V-40T71
34. Valve - Whitey 21RSL
35. Metering pump - Ruska 2236 metering pump
36. Pressure guage - Autoclave P-U480
37. Valve - Autoclave 10V-4OT71
38. 0il Storage - Hoke 8HD2250
39, Valve - Autoclave 10V-L0T1l
40. Rupture disk - 3000 psig, Autoclave

41. MSA Hydrogen Detector Medel I-501
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TABLE III

'LIST OF CHEMICALS USED

Hydrogen - prepurified, 99.95%, 3500 psig «Matheson Company.

R

Nitrogen - purity 99.997%, 2200 psig,—'Métﬁ;gzzfééméany

10% Hydrogen Sulfide in Hydrogen. .- Matheson Company .

Inert Reactor Packing - Maurice A semiporcelain berl saddles
Concentrated Sulfuric Acid - Baker reagent grade

Sodium Hydroxide - Baker reagent grade

Boric Acid - Bakeriréagent grade

Bromocresol Green - Allied Chemical .

Methy Red - Allied Chemical

Hydrochloric Acid - Fisher Certified

Catalyst Preparation and Loading

The catalyst was crushed from 1/8 inch extrudates, as received
from Nalco Chemical Company, to 8-10 mesh particles. The catalyst
particle size was reduced to discourage bypassing of the reactants
around the catalyst bed. A catalyst bed depth of 20 inches was chosen
to allow velume hourly space times of 1.5, 0.75, and 0.375 hours
for oil flow rates of 25, 50, and 100 cc/hr. respectively. The
twenty inch catalyst bed was placed in the middle of the reactor to
minimize end effects. The following procedure was used to pack the

catalyst into the reactor:
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1. Pour six inches of inert packing, 8-10 mesh, tapping the

reactor to pack the inerts.

2. Pqur twenty inches of catalyst, 8-10 mesh.

3. Pour six inches of inert packing, 8-10 mesh.

L., Place a small fifty mesh screen on the bottom of inerts.

5. Put a straight union on the reactor tube and screen.

The ﬁéﬁkéd*réactorNHEE_thenvsecured in the system by the two feed

lines at the top and the product line at the bottom. Immediately

after connecting the reactor to the rest of the system, the system

was pressure tested at room temperature using 2000 psig nitrogen. Then
each fitting in the entire system was checked for leaks using a soap
solution. Once the system was found tb be free of leaks, the heating
blocks were put in position and the insulatien was installed. Next,
the temperature controllers were connected to the heating blocks and
the thermocouple was placed in the thermowell.

The catalyst was then heated to 450°F for 12 hours with a low
flow rate of prepurified nitrogen passing over the catalyst bed. The
heating‘in ﬁﬂ:ngaérogen atmosphere was done to remove water from the
catalyst.

The last step in .the catalyst preparation was sulfiding. - Before
sulfiding, the Mitey-Mite regulator and Heise guage were isolated
from the system. Then, a five mole percent HZS in hydrogen-gas
mixture was allowed to flow over the catalyst bed at a rate of a
half cc/sec for 1.5 hours. The catalyst bed temperature was main-

tained at hSOOF throughout the sulfiding operation. The pressure

was essentially atmospheric. Gases from the sulfiding step were
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scrubbed with a caustic solution. After the sulfiding operation, the-
system was flushed with nitrogen before reconnecting the Mitey-Mite

and Heise guage.
Normal Operation

First, the system pressure was raised to the planned.operating
pressure. Next, the temperature controllers were set at the prepesed
reactor operating temperature and the system was allowed to reach.
steady state. Temperature profiles were recorded every 15 minutes.
The system was initially run for 48 hours on 0il to obtain a stable-
catalyst activity. Table IV gives the valve positions for "normal.
operation." The identification numbers in Table IV correépond to the

equipment identification numbers on Figure 6.

TABLE IV

VALVE POSITION SUMMARY FOR "NORMAL OPERATION"

Valve Valve Valve

l open 22 open 31 closed

5 closed 23 open 32 opén

9 open 26 closed 33 open
10 open 27 closed 34 open
18 closed 28 closed 37 closed
19 closed 29 open 39 open

21 open 30 closed




Sampling Procedure

Liquid samples were taken about an hour after the reactor had

stabilized at the desired operating conditions. Pifty milliliter oil

samples were taken., The following procedure was used to obtain a

sample of the liquid portion of the reactor product starting from

"normal operation."

-~ O W

10.

Simultaneously open Valve 19 and.close Valves 21 and 22.
Open Valve 30.

Open Valves 26 and 27 and allow nitrogen to bubble through
Sample Bomb 2.

Close Valves 27.and 36.

Open Valve 28 to remove oil.

Close Valve 28 when all the 0il has been removed.

Close Valves 9 and 19 to isolate the reacﬁor.

Open Valve 31 to repressurize Sample Bomb 2.

Close Valve 31 when Sample Bomb 2 has reached the reactor
operating pressure.

Open Valves 9, 21; and 22 to return to normal operation.

Reactor Shutdown Procedure

The shutdown procedure was initiated from the "normal operation"

by cloéing Valve 4. Then, the temperature controllers and pump were

" turned off. The pressure was allowed to bleed down to 200 psig.

When the reactor temperature reached smbient, the system pressure was

further reduced to atmospheric pressure.

36
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Temperature Measurement

The reactor temperature was measured using a thermocouple in a
thermowell running the length of the reactor (see Figure 7). The
temperature was taken at one inch intervals along the length of
the catalyst bed. Figure 10 is a typical plot of reactor tempera-
ture as a function of distance from the top of the catalyst bed. The
position the heater blocks are also shown.

The radial temperature gradient in the catalyst bed was estimated
by measuring the temperature of the outside of the reactor wall and
the temperature in the thermowell at the same location in the ;eactor
using the same thermowell. These tests indicate that the tempefature
in the thermowell was typically about 3OF higher than the temperature
of the outside of the reactor wall at the same distance from the top
of the catalyst bed.

In this chapter, the design and operation of the experimental
apparatus was described. In the next chapter, methods used to analyze
the reactor feed and product and characterize the catalyst will be

described.



TEMPERATURE, °F

746

752

750}

748}

T 4 Ll Ll ] 1 i I

l¢ BLOCK 2 -plg¢— BLOCK 3 —plg———— BLOCK 4

SPACE TIME: 1.5 HOURS
PRESSURE: 1000 PSIG

CATALYST LOADING NUMBER 9
CATALYST: NALCOMO 474

CATALYST SIZE: 8-10 MESH

| 1 1 |

lHYDROGLEN RAT|E1 .ISOOJSCF/ BB}.

4 6 8 10 12 14 16 I8
DISTANCE FROM TOP OF CATALYST BED, INCHES

Figure 10. Typical Temperature Profile -

20

g€



CHAPTER IV

FEEDSTOCK AND- CATALYST CHARACTERIZATION

In the previous chapter, the design and operating procedure for
the hydrotreating reactor was described. This chapter will -consider
the techniques used to characterize the reactor feedstock and product .
0il and the hydrotreating catalyst. An estimate of both the precisioen

and accuracy of the analysis will be given.

Nitrogen Analysis

The total organonitregen concentratien in the reactor feed and
product was used to evaluate the reactor performence. The nitrogen
analysis procedure used in this work was developed by Kjeldahl (31).
The method consists of four steps: digestion, neutralization,

distillation, and titration.

Digestion

The following procedure was used in the digestion step of the

analysisg:

1. Thirty milliliters of cencentrated sulfuric acid (Baker
reagent grade) was poured into a standard two hundred
milliliter Kjeldahl flask.

2. A known mass, about one gram, of the oil was then mixed

with the sulfuric acid.
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3. Next, ten Hegar selenium crystals were added to the oil-
sulfuric acid‘mixture.

4. The oil~sulfuric acid mixture was heated using a heating
mentle (Glas-Col, Series -0, 100 watts) with a powerstat
(Curtin Number 232-801) set at 75 volts in a hood.

5. After 12 hours of heating at T5 volts, the voltage was
increased to 100 volts.

6. The oil-sulfuric acid mixture was cooled after 36 hours of
digestion at 100 volts. This completed the digestion phase
of the nitrogen analysis.

Neutralization-

T. After the oil-sulfuric acid mixture had cooled to essentially
room tempersature, one hundred milliliters of distilled
water was added to the mixture.

8. Theh, sixty milliliters of a solution'of.fifty percent sodium
hydroxide (Baker Reagent Grade) and distilled water was poured
into the Kjeldahl flask.

Digtillation
9. The indicator solution was prepared according to the following

procedure:

a. Heat 340 grams of boric acid (Baker Reagent Grade) in
three liters of distilled water.

b. Mix 65 milliliters of ethanol, .0625 grams of bromocresol
green (Allied Chemical), and..0625 grams of methyl red

(Allied Chemical).
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¢c. Mix the above solution with 8160 milliliters of distilled

water.

10. The arrangement of the distillation epparatus is presented
in Figure 11.

11. After the sample solution started to boil, hQ milliliters
of a fifty percent sodium hydroxide solution were slowly
added to the boiling mixture.

12. The sample was boiled until one hundred milliliters were
distilled into the indicator solution.

Tritration

13. The indicator solution was titrated using .0l normal hydro-
chloric acid (Fisher Certified). The titration was considered
complete when any pink color was observed.

14. The weight percent nitrogen was calculated using Equation 4.1.

Weight Percent _ 1.h VHCl (4.1)
Nitrogen 0il Mass :
Where, VHCl is the volume, milliliters, of .0l normal hydro-

cloric acid solution titrated with the sample under analysis
less the volume titrated when the aboveé procedure was per-
formed without an oil sample. The oil mass is the mass,

grams, of oll sample used in Step 2.

Distillation

Since the ease of denitrogenation has been shown (6) to be a

function of boiling point, the bolling range of the hydrocarbon
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feedstock is an important characterization parameter. The boiling

point range of the feedstock used in this work was.estimated using the
ASTM D1160 procedure (32). This is a standard procedure and will not be
discussed in detail here. The reactor feed and product were fractionated
into boiling ranges by stopping the ASTM D1160 distillation at prede-
termined temperatures, repressurizing the system to atmospheric pressure,
removing the distillate, evacuating the still, and continuing the dis-
tillation. These samples were analyzed to obtain the total nitrogen

content as a function of boiling range in the reactor feed and product.
Accuracy and Precision of Nitrogen Analysis

The first step in establishing the accuracy and precision of the
organonitrogen analysis is to consider the analysis of known mixtures.
Since the reactor feedstock used in this work was highly aromatic,
pyridine (Baker Analyzed), aniline (Fisher Certified), indole (Fisher
Certified), and quinoline (Fisher réagent) were selected as model com—
pounds. Toluene (Fisher reagent) and cyclohexane (Baker Analyzed)
were used as solvents. A1l known samples were mixed to have a nitrogen
content of about one percent total nitrogen, the organonitrogen content
of the feedstock used in this study.

Figure 12 is a plot of the logarithm of the weight percent nitro-
gen remaining unahalyzed in the known solutions of model compounds in
cyclohexane as a function of total digestion time. One can conclude
from Figure 2 that (1) a first order rate expression is a reasonable
description of the kinetics of the digestion step of the nitrogen
analysis, (2) the amine group in analine is much easier to analyze

than nitrogen in an aromatic ring as in the case of pyridine, quinoline,
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and indole, (3) the two aromatic ring structures, indole and quinoline,
with the nitrogen in the aromatic ring are easier to digest than the
single ring structure, pyridine. These data also indicate that nitro-
gen analysis with the nitrogen atom in the aromatic ring requires a
very long digestion time.

Table V is a comparison of the known and measured nitrogen levels.
The data in Table V indicate that the nitrogen analysis method used
in this work is capable of analyzing the model compounds. However,
the ability to analyze the organonitrogen level in the reactor feed

and product is of primary interest in this study.

TABLE V

DENITROGENATION OF MODEL COMPOUNDS

Compound Digestion Time 99% of Known Nitrogen
Required for Organonitrogen Level
99% Conversion, Level, Analyzed,
Hours Wt.% Nitrogen Wt.% Nitrogen
Pyridine 109 .88 .87
Quinoline 75 .9l .ol
Indole Y4 1.06 1.04

The first step in establishing the ability to analyze the reactor

feedstock and product oil will be to consider the ease of digestion as
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a function of boiling point -of the: 0il.  Figure 13.is & plet of the
percent nitrogen remaining as a. function of digestien time with para-~
meters of boiling point .range of the feed materialJM<T50,is,the boil~
ing point -of the material at fifty millimeter . merewnry.-total -pressure.
The results for the medel. compounds;(previously .presented in Figure
12) afe given for comparison. Although, eight.beiling ranges were
studied, the kinetic data tended to group into.three:boiling ranges
(<429°F, 1429-506°F, and >506°F at fifty millimeters mercury. total
pressure). These boiling ranges roughly-corfesponduto-species con-
taining two conjugated aromatic rings, three conjugated aromatic
rings, and greater than three conjugated aromatic rings, respectively.
Apparently, the larger the organonitrogen specie,.the.easier it is to
digest. The results of the model compounds tend .to support thié‘con—
clusion. Figure 13 also shows that thé anélysis_of.the model organo=--
nitrogen species was much more difficult than the.analysis .of any of
the boiling ranges of the feedstock used in this work. .. Therfore, it
seems reasonable to assume that -if one could analyze.the model com-
pounds, then that person could also analyze the feedstock used in this:
work.

The next step will be to determine the digestion.time required
to analyze-the feed material. Since the reactor.feedstock. is highly
aromatic and the reactor product is an aromatic-naphthenie oil, one
weuld like to know if this .difference in oil solvent type affects the
ease,ofbdigestion. In order to test for this effect, pyridine was
analyzed using cyclohexane and toluene as solvents. .Figure 1l is a
plot of the weight percent nitrogen remaining as a.function of the

digestion time for pyridine with parameters of solvent type. These
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results indicate that the solvent effect is small. .Therefore, a single
digestion time can be established for both the reactor feed and product.
All that remains to be done is to determine the .digestion time required
to analyze the feedstock used in this work.

Figure 15 is a plot of the weight percent nitrogen analyzed as
a function of digestion time. -The-plot shows that for digestion.times
"of 48 hours or more, the organonitrogen level measured is approximately
constant. The digestion time for the o0il used in .this work was set
at 48 hours. The next step of the analysis will be .to estimate the

accuracy and precision of the nitrogen analysis.

Nitrogen Analysis Precision

S8ix samples of the reactor feedstock were analyzed to determine -
the organonitrogen content of the o0il and estimate the precision of
the analysis. The average value of the organonitrogen level analyzed
was .984 weight percenf nitrogen. A standard deviation of .003L5
weight percent nitrogen was calculated from these data. Since most
of the imprecision in the analysis is thought to be.in obtaining repro-
ducible end point, the imprecision of the analysis should be approxi-

mately independent of the organonitrogen level.

Accuracy of Nitrogen Analysis

The accuracy of the nitrogen analysis is primarily a function of
the digestion time and the accuracy of the hydrochloric acid solution
used in the titration. The inaccuracy introduced by not having an
infinite digestion time can be estimated from Figure 13 and the analysis

of the feedstock as a function of bdiling point. These calculations
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indicate that the analysis of the feed should be about -.005 weight
percent nitrogen (about .5 percent error) low. In.addition, some
nitrogen is probably lost to the atmosphere in.the.digestion .step of
the analysis.  This effect would also have the.effect.of making the
analyzed nitrogen level less than the actual content....The .error
introduced by the standarization of the hydrochloric. scid: seolution is
thought to be small compared to the above sources of error. Therefore,
the analysis of the organonitrogen level is probably between .5 and

1l percent low.
Feedstock Characterization

Table VI is a summary of the characteristics of the feedstock

used in this work.

TABLE VI (28)

FEEDSTOCK PROPERTIES

Carbon, wth 90.65

Hydrogen, wt} 5.76

Sulfur, wth 186
Nitrogen, wth . 984
Ash Nil

API at 60°F -7



TABLE VI (28) ( Continued)

52

True Boiling Cruve¥
10 vol%

30

50

T0

90

380°F
450
450
650
700

815

¥Estimated from an ASTM D 1160 at 50 mm Hg.

However, this study is primarily interested in the organonitrogen

level and distribution in the feedstock.

Table VII gives the organo-

nitrogen level as a function of boiling point at 50 mm Hg. The boiling

ranges were set such that approximately equal volumes of material were

in each boiling range. The maximum still temperature was set at 5500F

to prevent excessive cracking.

TABLE VII

ORGANONITROGEN CONTENT DISTRIBUTION

Weight Percent

Boiling Range

Nitrogen Endpoing, °F
at 50 mm Hg.

.60 328

1.07 39k

Percent of Feed
Mass in Boiling
Range

10.5

10.6
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TABLE .VII (Continued)

Weight Percent Boiling Range . Percent of Feed
Nitrogen Endpoint, °p Mass in Boiling
at 50 mm Hg. Range

.93 k29 11.0

.81 L2 11.2

.96 485 11.0

.99 507 12.7

1.03 548 12.7

1.21 - - 21.0

Catalyst Characterization

The catalysts used in thls work were obtained from.the. Nalco
Chemicdl Company. The details of the catalyst preparation are not-
available. However, Nalco attempted to vary the pore.size distribution
while leaving the intrinsic activity unchanged. Tabel VIII is a summary
of the properties of the catalysts used in this work.

In the preceding two chapters, the design and.operating procedure
for the reactor and product analysis equipment were presented. In
the next chapter, the results of all the experimental runs will be

presented.



TABLE VIII

CATALYST PROPERTIES

5k

Chemical Analysis Nalcomo Nalco Nalco
Wt%, Dry Basis: L7k T2-4T10A T2-L710B
% MoO, 12.5 12.5 12.5
% Co0 3.5 3.5 3.5
#Na,0 0.08 0.08 0.08
% Fe 0.03 0.03 0.03
% 810, 1.5 1.5 1.5
% AL 0., 82.39 82.39 82.39
Physical Nalcomo Nalco Nalco
Ll T72-4T710A 72-4T710B
Pore Volume, cc/gm L h63 Lubd . 556
Surface Area, m2/gm 240, 208. 303.
Apparent Bulk
Density, gm/cc .73 .79 .73
Particle Size, Mesh 8-10 8-10 8-10




CHAPTER V
RESULTS

After several preliminary runs, to establish the operability
of the experimental apparatus, 328 experimental runs were made to
determine the total nitrogen concentration of the reactor product oil
as a function of: (1) reactor temperature in the range of 600 to
800°F, (2) pressures of 500, 1000, and 1500 psig, (3) catalyst particle
sizes of 4k and 9 mesh (particle diameters of about .013 and .0T78
inches), (4) hydrogen gas rates of about 1500 and 20,000 standard
cubic feet per barrel of oil fed, (5) liquid volume hourly space times
of 0.375, 0.75, and 1.5 hours, (6) catalyst bed depths of 10 and 20
inches. Most of the runs were made using Nalcomo 474 catalyst. Proper-
ties of this catalyst are given on Table VIII. Two other catalysts
obtained from the Nalco Chemical Company with identical metals content
to Nalcomo U4Th but with slightly different pore size distributions were
studied to determine the effect of catalyst pore size distribution.

The data from all the runs are tabulated in Appendix A.
Inert Runs

Runs 1-27 were made with the reactor loaded with crushed ceramic
beryl saddles to estimate the conversion of organonitrogen species
due to noncatalyzed reactions. All runs were made with a total

reactor pressure of 1000 psig and a hydrogen rate of 1500 standard
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cubic feet per petroleum barrel. Volume hourly space times of 0.375,
0.75, and 1.5 hours and reactor temperatures of 700, 750, and. 800°F
were studied. Figure 16 is a plot of the weight percent atomic
nitrogen present in the reactor product as a function of volume hourly
space time.

The conversion at a space time of 0.375 hours.was. nearly inde-
pendent of the reactor operating temperature in the range of 700 to
800°F. A possible explanation for thig observation is that the feed
contained some organonitrogen species that were very easily hydro-
denitrogenated at TOOOF even without catalyst. This.hypothesis sug-
gests that the oil could contain organonitrogen species with a wide
range of reactivities with respect to hydrodenitrogehation.

The reactivity of organonitrogen specieées with respect to
denitrogenation as a function of boiling point was.then estimated by
analyzing the total nitrogen content of oil in fixed.boiling ranges
from an ASTM D1160 (32) of the reactor feedstock and. product. Figure
17 is a plot of the logarithm of the weight percent elemental nitrogen
content as a function of the arithmetic mean of the.boiling point of
each cut at a pressure of 50 mm Hg. of the feedstock and reactor

product from Run 3.
Reference Runs

A set of reference runs was taken to establish.a basis for the
balance of the study. Specifically, Runs 27-70 were.made. to determine:
1. Number of hours of continuous operating required to obtain

reasonably stable catalyst activity.
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2. Practical reactor operating temperature range for the

remainder of this study.

3. The effect of increasing the hydrogen flow rate from 1500

to 20,000 standard cubic feet per petroleum barrel.

The reactor was operated for U2 hours at TOOOF, 1000 psig,
hydrogen rate of 1500 standard cubic feet per barrel, a space time of
1.5 hours, and using Nalcomo 4Tk catalyst. Figure 18 is a plot
of the weight percent nitrogen in the reactor effluent as a function
of the number of hours of continuous operation at the specified con-
ditions. Figure 18 indicates that after 35 hours of continuous
operation, the measured product nitrogen level remained within .01
weight percent of .39 weight percent total nitrogen.

The stability of the catalyst at any temperature was estimated
by comparing the 1.5 hour space time results at the beginning and the
end of a series of isothermal and isobaric runs. Typically, the
catalyst deactivation was measured over about a 20-hour interval.
Figure 19 is a plot of the difference between the weight percent
nitrogen obtained at the beginning and the end of the series of iso-
thermal and isobaric runs as a function of reactor operating tempera-
ture. Thus, a negative value indicates catalyst deactivation; a
negligible difference indicates stable catalyst activity. At tempera-
tures less than BOOOF, no catalyst deactivation was'detected. The
data indicate that catalyst deactivation may become significant at
800°F.

During the series of runs, the reactor product organosulfur

content for a companion desulfurization study (33) was too low to
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analyze with reactor operating conditions more severe.than 7000, 1000
psig, and a space time of .75 hours. In order to gain kinetic. informa-
tion for desulfurization, 600 and 650°F isotherms.were run.. Figure

20 is a plot of the weight percent nitrogen in the. reactor. product as

a function of space time with parameters of reactor operating tempera-
ture.

The effect of increasing the hydrogen rate from 1500 to 20,000
standard cubic feet per barrel was determined by comparing consecutive .
runs at the two hydrogen rates. Table IX summarizes the results. The
data presented in Table IX indicate that increasing the hydrogen
rate from 1500 to 20,000 standard cubic feet per barrel had & negli-

gible effect on the conversion of total nitrogen in the product oil.

TABLE IX

EFFECT OF HYDROGEN RATE

Reactor Reactor Volume - Hydrogen Weight Run
Tempera- Pressure Hourly Rate, Percent. . = Number
ture, F psig Space SCF/Bbl. Nitrogen
Time :
700 1000 . 1.5 1500 «53 51
700 1000 1.5 1500 .53 52
T00 1000 1.5 20000 .5k 53
700 1000 1.5 20000 .53 5h
650 1000 1.5 1500 .6k 61
650 1000 1.5 1500 .65 - 62
650 1000 1.5 20000 .68 63
650 1000 1.5 20000 .68 an




WEIGHT PERCENT NITROGEN

08

‘0.6

04

0.2

o.l

]

Figure 20. Denitrogenation Kinetics
from Catalyst Loading 2

TEMPERATURE, °F

600 O

650 O

700 A

750 V

800 O
PRESSURE : 1000 PSIG
CATALYST SIZE: 8-10 MESH
CATALYST: NALCOMO 474
CATALYST BED DEPTH: 20 INCHES
CATALYST LOADING NUMBER 2
HYDROGEN RATE: 1500 SCF/BBL

1 1 H t 1

00 375 75 1.5
SPACE TIME, HOURS

63



&..\>~>

6l

Reproducibility Check

Experimental reproducibility was checked by reloading the reactor
with fresh Nalcomo UTU catalyst and using the same. pretreatment proce-
dure as in the previous catalyst loading. Figure 21.is a.plot of the
weight percent nitrogen in the reactor product as a function of .the
number of hours of continuous operation at these conditions. The
general negative slope of the plot indicates that the catalyst is
becoming more active with time. The catalyst activity stabilization
plot for Catalyst Loading 2 (Figure 18) indicated that the catalyst
activity was decreasing with time. After thirty-five hours of con-
tinuous operation, the weight percent nitrogen in the product was
within 0.01 of 0.L0 for Catalyst Loading Number 3. After thirfy—fiVe
hours of continuous operation, the product weight percent nitrogen was
within 0.01 of 0.39 in Catalyst Loading Number 2.. Therefore, the
two separate catalyst loadings results reproduced within the precision
of -the individual runs.

The reproducibility of the weight percent nitrogen in the reactor
product oil was also tested by attempting to reproduce the 700°F iso-
therm. These data are presented in Figure 22. The weight percent
in the product oil lie in a 0.03 weight percent nitrogen range for .

both catalyst loadings.
Pressure Effect Runs

After completing the reproducibility runs, Catalyst.Loading 3
was continued to determine the effect of reactor operating pressure

on the weight percent nitrogen level 'in the reactor product oil.
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Figures 23, 24, and 25 are plots of the logarithm,éf weight. percent
nitrogen in the product oil as a function of space time with para-
meters of reactor operating temperature at 500, 1000, and 1500 psig,
respectively.

Figure 26 is a plot of the difference between the weight percent
nitrogen in.the product o0il obtained at the beginning .and the end of a
series of isothermal and isobaric runs as a function of reactor operating
temperature. The general negative slope of this plet indicates that
catalyst deactivation becomes more severe with increasing temperature.
Figure 27 is a plot of the difference between the weight percent
nitrogen obtained at the beginning of the isotherm and the end as a
function of reactor operating pressure. If the catalyst stability is
a function of reactor operating pressure at these conditions, the
effect is the same order of magnitude as the scatter in the data pre-

sented in Figure 27.
Effect of Catalyst Particle Size

The reactor was reloaded with 40-48 mesh Nalcomo L4TL4 catalyst,
as compared to the 8-10 mesh size used in the reference runs. A
reactor start-up procedure identical to Catalyst Loading 2 and 3 was
used. Figure 28 is a plot of the weight percent nitrogen in the
reactor product oil as a function of the number of hours. on continuous
operation at the same conditions as used in Catalyst Loadings 2 and 3.
The 0.42 weight percent nitrogen obtained at the end of the catalyst
conditioning run is greater than the .39 and .40 weight percent
nitrogen obtained in Catalyst Loadings 2 and 3, respectively. One

would normally expect that the reduction of the catalyst particle
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size would decrease the product nitrogen content by decreasing the
catalyst intraparticle diffusion resistances.

Figure 29 is a plot of the logarithm of the weight percent nitro-
gen in the reactor oil product as a function of space time with para-
meters of reactor operating temperature. A comparison of of Figures
20 and 29 shows that at 750°F, the smaller catalyst size resulted
in greater conversion of organonitrogen species. In fact, the TSOOF
conversion of Catalyst Loading 4 was higher than the BOOOF conversion
of Catalyst Loading 2.

Figure 30 is a plot of the difference between the weight percent
nitrogen measured et the beginning and end of an isotherm as a function
of reactor operating temperature. The data indicate that catalyst
deactivation tends to be more important at the higher reactor operating

temperatures for the 40-48 mesh Nalcomo 474 catalyst.

Effect of Reactant Flux at

Constant Space Time

The reactor was reloaded with 10 inch catalyst bed depth, rather
than 20 inch deep catalyst bed as in previous catalyst loadings, to
test the effect of reactant flux at constant space time. The remainder
of the reactor was filled with -inert packing, crushed beryl saddles.

Figure 31 is a plot of weight percent nitrogen in the reactor
product as a function of hours of continuous operating at 6500F, 1000
psia, 0.75 space time, and a hydrogen rate of 1500 SCF/bbl. The
results of earlier catalyst conditioning runs, Figure 18 and 21, indi-

cated that about thirty hours on oil were required to obtain a
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relatively stable catalyst activity. However, Figure 31 indicates
that the measured weight percent nitrogen in the reactor product oil
at fifteen hours on oil was equal to the nitrogen.level.at. 48 hours
on oil. This mey indicate that the reduction of.reactor operating
temperature from TOOOF to 6500F and space time from.l.5 to-0.75 hours
resulted in obtaining a relatively stable catalyst activity more
rapidly.

Figure 32 is a plot of the logarithm of the .weight percent nitrogen
in the reactor product oil as a function of space time with parameters
of temperature. The effect of catalyst bed depth can be estimated by
comparing Figures 20 and 24 with Figure 32. Inspection of these data
indicates that decreasing the bed height by a factor of two resulted
in a modest decrease in the apparent catalyst activity.

Figure 33 is a plot of the difference between the weight percent
nitrogen obtained at the beginning and end of an.isotherm as a function
of reactor operating temperature. These data are consistent with the
earlier observation that higher reactor operating temperatures tend

to favor catalyst deactivation.

Catalyst Actlvity -as a Function.of

Pore Diameter Distribution

Three catalysts were obtained from the Nalco Chemical Company,
Nalcomo U4TL, Nalco 72-4T10A, and T2-4710B. The metals content and
support material were identical (see Table VIII). Nalco attempted to

vary the pore diameter distribution without changing the intrinsic
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activity of the catalyst. First, the pore radius distribution will be
characterized and then the activity of the three catalyst will be
evaluated.

The cumulative pore volume as & function of pore.radius was
determined using mercury posimetry (20) by the American Instrument
Company. The measured mercury intrusion per gfam of catalyst as a
function of the applied pressure for all three catalysts is presented
in Appendix A. The relative frequency of pore diameters can be esti-
mated (20) by plotting AV / Aln r. Where V is the volume of mercury
that has penetrated the catalyst pellet and r is the pore radius.
Figures 34, 35, and 36 are plots of the relative frequency.of pore
radius as a function the logarithm of pore radius for Nalcomo L7k,
Nalco 72-LT10A, and Nalco T2-4T710B, respectively. Figures 37, 38, and
39 are plots of the weight percent nitrogen in the reactor product as
a function of hours of continuous operation for Nalco. 474, Nalco
T72-4T710A, and Nalco T2-4T10B, respectively. Figures 40, L1, and 42
are plots of the logarithm of the nitrogen content in the reactor
product oil as a function of space time with parameters of reactor
operating temperature for Nalcomo U474, Nalco 72-4710A, and Nalco
72-4T10B, respectively. Figures 43, 4L, and 45 are plots of the
difference between the weight percent nitrogen at the beginning and
end of an isotherm as a function of reactor operating. temperature for
Nalcomo 4Tk, Nalco 72-4T10A, and Nalco 72-4T710B. Figures L6, LT,
and 48 are plots of the logarithm of the weight percent nitrogen as
a . function of boiling point at fifty millimeters of mercury for Nalcomo
Y74, Nalco 72-4710A, and Nalco T2-4T10B. A full discussion of the

data.presented'in this chapter will be given in the following chapter.
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CHAPTER VI

DISCUSSION

The results, presented in the previous chapter, will be analyzed
in detail in this chapter. .First, semi-quantative arguments will be
used to develop a basis for a kinetic model for denitrogenation. Then,
the data .will be analyzed in terms of the kinetic model. The following
topics will be considered:

1. First Estimate of Precision of the Data

2. Factors Affecting Data Precision

3. Effect of Catalyst Particle Size

4. Kinetic Model Development

5. Effect of Reactor Operating Temperature

6. Effect of Reactor Operating Pressure

T. Catalyst Activity as a Function of Pore Size

8. Denitrogenation Selectivity as a Function of Pore Size

First Estimate of Precision of the Data

A discussion of the precision of only the analytical methods
used in this work was presented in Chapter IV. In this section,
a first estimate of the data's precision will be made to serve as a
basis for the kinetic model development. Later, a detailed error

analysis will be made in terms of the kinetic model. Most of the
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conclusions of this work will be based on comparisons.of reactor
performance from separate catalyst loadings. As a result, at least an
estimate of the effect of errors in

1. loading of catalyst,

2. catalyst-activation,

3. catalyst conditioning to obtain a stable activity,

4. and reactor operation
on the observed reactor performance is reguired.

The precision of the reactor start-up and operation was tested by
loading Nalcomo 474 catalyst from the same catalyst batch, using the
activation procedure presented in Chapter III and conditioning thé
catalyst at TOOOF, 1000 psia, a hydrogen rate of 1500 SCF/bbl, and
a volumetric space time of 1.5 hours for 48 hours of continuous
operation. Figure 49 is a plot of the weight percent nitrogen in the
reactor product oil as a function of the number of hours of continuous
operation for Catalyst Loadlings 2 and 3. The plot shows that the
activity of the catalyst in Catalyst Loading Number 3 increased for
the first 28 hours on oil. - Then, the product nitrogen level stabilized
at 0.4 (+.01) weight percent nitrogen. The results for catalyst
Loading Number 2 show that the catalyst activity tended to decrease
with time. However, the catalyst activity seems to have stabilized
at the same level, 0.4 (+0.01) weight percent nitrogen, for both
catalyst loadings. The difference in the initial catalyst activity
is probably due to slight differences in the manner in which the
catalysts were activated. Figure 49 indicates that the effect of
initial activity can be minimized by allowing the catalyst to operate

continuously for 38 hours at the operating conditions studied.
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Figure 50 is a plot of the weight percent nitrogen in. the.reactor
product oil as a.function of space time for Catalyst.Loadings Number
2 and 3. The plot shows that the product nitrogen.levels lie in a
0.03 range of weight percent nitrogen for all space times and both

catalyst loadings.

Factors Affeeting Data Precision

In this section, factors affecting the precision.of the data not
amenable to an error analysis will be considered. These factors fall
into two general areas:

1. Effect of reactant mass flux at constant . space time

2. Effect of operational history on catalyst activity
The effect of errors in the reactor operating temperature, pressure,
space time, and hydrogen rate on the precision of the data will be
estimated using a formal error analysis.

Liquid hourly space time, the total catalyst bed volume divided
by the o0il reactant volumetric flow rate, is usually used to design
hydrotreating reactors. A weight hourly space time.can also be used.
The space time concept is based on the assumption that the conversion
from a hydrotreating reactor is independent of catalyst bed depth at
constant space time. Theoretically, if both the oil reactant volumetric
flow rate and the catalyst bed depth were halved at.constant reactor
cross sectional area, the conversion should be unchanged.

Figure 51 is a plot of the weight percent nitrogen in the reactor
product oil as a function of space time with a 10 .inch deep catalyst
bed. The bars are the range of conversions obtained from Catalyst:

Loadings 2 and 3 at the same reactor operating conditions but using a
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20 inch deep catalyst bed. . The weight percent nitrogen.in the product
from the 10 inch bed tended to be higher (lower conversion of.organo-
nitrogen species) than the range of values for the.20.inch catalyst
bed. These results indicate that the conversion.of .organo-nitrogen
species is a function of bed height at the operating conditions studied.
The general approach used in this work will be to develop a kinetic
model assuming that the effect of catalyst bed height is negligible,
and then interpret the results in light of the uncertainty introduced
by reactant flux through the reactor.

The effect of catalyst history on the catalyst activity was very
difficult to analyze when a large number of operating eonditions
were investigated in each catalyst loading. Typically, the activity
of - the catalyst decreases with increasing number of. hours of.continuous
operation. Therefore, the activity  of the catalyst.at any time is
a function of the hours on oil and the previous operating conditions. -
Therefore, the catalyst. deactivation can be divided.into two types:

— 1. Deactivation as a result of continuous operation at a
given set of operating conditions.

2. Deactivation due to a change in operating conditions.
Since reactor performance is typically most sensitive to changes in
the reactor operating temperature, the deactivation of the catalyst
will be analyzed in terms of the reactor temperature and changes in
the reactor temperature.

The effect of catalyst deactivation at all temperature levels
was evaluated by comparing a 1.5 space time run made at the beginning
of a series of isothermal and isobaric runs with the.results of the

1.5 space time run at the end. Since, approximately 24 hours were
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required to complete each. isotherm, catalyst deactivation was measured
over about a day of continuous operation. Figure 52.1s a. plot of the
average difference between the reactor product oil weight percent
nitrogen level at the beginning and end of a series. of isothermal.runs
for all the isotherms in this study. If this quantity is negative,
then deactivation was observed; a positive value indicates the catalyst
activity increased. The plot shows that deactivation.tends to increase
with temperature. The effect is very small at temperature of TOOOF and
below, possibly too small to be measured with the precision of the
experimental technique used in this work. At BOOOF, the catalyst
deactivation was severe, As a result of the poor catalyst stability
observed at BOOOF, TSOOF was the maximum temperature used in subsequent
runs. At reactor operating temperatures of TBOOF and below, the effect
of catalyst deactivation was too small to evaluate with.reasonable
precision using the technigues of this work. Therefore, there will be
no attempt to adjust the data to account for the effect of catalyst
deactivation. The approach used in this work will.be to develop a
kinetic model assuming the effect of catalyst deactivation.during an
isothermal run is negligible. Then, the resulting kinetic model
will be interpreted in light of the uncertainty introduced by catalyst
deactivation. Next, the effect of thermal history on the catalyst
activity will be comsidered.

The general approach for evaluating thermal history on.catalyst
activity will be to compare the catalyst activity when the reactor
was previously operated at a higher or lower temperature with runs in
which the catalyst. was operated at only one temperature throughout

its history. Filgure 53 is a plot of the weight percent nitrogen in the
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product oil as a function of space time with parameters. of maximum
previous operating temperature in the catalyst loading.. The data in
Figure 53 are for the reactor cperating at 600°F, 1000 psig, and a
hydrogen rate of 1500 SCF/tbl. ThéSé résults indicate that the higher
the meximum previous reactor operating temperature, the lower the
catalyst activity at 600°F. The decréase in activity at 600°F
associated with higher previous reactor was the result of deactivation
both during the isothermal runs and deactivation resulting from the
change in reactor operating temperature. Previous analysis suggested
that the deactivation associated with isothermal operation was much
less than the loss of activity shown in Pigure 53. Therefore, the
deactivation associated with a change in reactor operating tempera-
ture was probably greater than the deactivation associated with
isothermal operation at these conditions.

However, Figure 53 does not glve any clues to whether the
deactivation cccurred when the reactor temperature. was.increased or
decreased. In order to clarify the situation, the effect of an
increase in the reactor operating temperature on the catalyst activity
will be estimated. Figure 54 is a plot of the weight percent nitro-
gen as a function of space time with parameters of minimum previous
reactor operating temperature. Since only deactivation resulting from
isothermal operation and an increase in reactor operating temperature
were involved, the effect of an increase in reactor operating tempera-
ture can be estimated. Figure 54 shows that previous miminum
reactor operating temperature had a very small effect.on.the activity

of the catalyst at TOOOF and 1000 psig. These results imply that the
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catalyst deactivation associated with a reduction in reactor operating
temperature was much greater than the deactivation resulting from
isothermal operation or increase in reactor operating temperature.

This study will make no attempt to adjust the data to account for
the effect of catalyst deactivation. The general approach was to
operate the reactor such that the effect of catalyst deactivation was
minimized, and then interpret the results in light of the uncertainty
introduced by catalyst deactivation. All runs made after a reduction
in reactor operating temperature from a temperature greater than TOOOF
will be discarded. Only runs with the same previous temperature
sequencing will be used for comparisons among the catalyst loadings.
Since the catalyst activity was not stable at 8OOOF, the maximum

reactor operating temperature was set at YBOOF.
Effect of Catalyst Particle Size

. Diffusion resistances to reaction in a trickle flow reactor can
be divided into two types:

1. Resistances encountered.in the liquid film surrounding the

catalyst pellet

2, Résistances eﬁcountered in the pores of the. catalyst
Pore diffusion resistances cauée a decrease in the reactant concentra-
tion from the catélyst particle outer boundary to the center of the
catalyst, which in turn decreases the rate of reaction in the interior
of the catalyst pellet. Since the effect'of diffusion resistances
on the rate of reaction is of primary importance, the role of pore

diffusion will be discussed in terms of the effectiveness factor.
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The effectiveness factor is defined’ as the ratio of the actual
measured reaction rate to that which would be observed if all the sur-
face throughout the inside of the catalyst pellet were exposed to the
catalyst outer boundary reactant concentration and temperature.
Normally, the effectiveness factor is estimated by comparing the
catalyst performance for two or more catalyst particle sizes. A rate
expression for the reaction under investigation is required for an
estimate of the effectiveness factor from catalyst performance of
two particle sizes. However, the two limiting cases can be evaluated
without knowledge of the rate expression. If the effectiveness factor
* is one, then the rate is independent of the particle diameter. If the
effectiveness factor is zero, then the rate of reaction is proportional
to the catalyst external surface area, which is also proportional to
the catalyst particle diameter. A qualitative estimate of the effec-
tiveness factor will be made by comparing the results of this work
with the results that would be expected if the effectiveness factor
were zero or one. After the kinetic model development, a quantitative
estimate of the effectiveness factor will be made.

Figure 55 is a plot of the logarithm of the weight percent nitro-
gen for the L40-48 mesh particle size as a function of the logarithm
of the nitrogen content for the 8-10 mesh particle size at the same
reactor operating conditions. The line for an effectiveness factor of
one was located by drawing a line through the feed nitrogen level with
a slope of -1. The line for an effectiveness factor of zero was
locate@ by drawing a line through the feed nitrogen concentration

with a slope equal to the ratio of the catalyst particle diameters.
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The data indicate that the effectiveness factor is much closer to one
than zero. This result implies that the rate of overall reaction is
predominately controlled by the rate of surface reaction. Subsequent
model development will assume that the surface reaction was the rate
controlling step. After the kinetic model has been .developed, the
effectiveness factor will be estimated using the data in Figure 55

and the kinetic model.

Kinetic Model Development

The development of a kinetic model will begin.by-.reviewing the
basis for the kinetic model presented in previous sections of this
chapter.

1. Catalyst bed height at constant space time will. be. assumed

to have a negligible effect on kinetics.of denitrogenation.

2. Catalyst deactivation during a series of isothermal runs will

be assumed to be negligible.

3. Only runs with essentially the same thermal history will be

compared.

4, The overall rate of reaction will be assumed to be controlled

by the rate of surface reaction.

Development of Model 1

A simple "power law" rate express, Equation 6.1, will be used

in the initial model development.

av _ b
%= k6.l N (6.1)
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Where, b is an arbitrary constant to be evaluated by regression of
the data.

The value of b will be evaluated by choosing integer values of
b, integrating Equation 6.1, and then fitting ﬁhe»integrated form of
Equation 6.1 to the data of this work. Figure 56 is.a plot.of the sum
of squares of the error, the sum of .the square of .the.difference
between the weight percent nitrogen observed and.obtained by regression
of Equation 6.1, as a.function of the reaction order, the value of b.
This plot indicates that a third order reaction gives.the best fit of
the data. This is much higher than the first order kinetics reported
in some pure component studies (24, 26, 27).

One explanation of a high apparent reaction order is that the
various organonitrogen species in the mixture have.a.wide range of
reactivities. Denitrogenation of the more reactive.species. tends to
occur at relatively low space times, resulting in-a high apparent
initial rate constant. At high space times, relatively small quanti-
ties of the very reactive organonitrogen species remain. As a result
the apparent rate constant is smaller than at lower space times. The
only way a rate expression such as Equation 6.1 can compensate for this
effect is to have a large reaction order. The model.development will
continue by assuming that the feedstock studied contained .organonitrogen
species with a wide range of reactivities. Then, the reactivity

distribution will be estimated and incorporated into the model.

Development of Model 2

Flinn and Beuther (27) showed that the reactivity. of organonitro-

gen species from petroleum feedstocks was. a function of boiling point.
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The reactivity of the organonitrogen species in.the. feed:used.in this
study was estimated by analyzing boiling point ranges. of the feed
and product oils for organonitrogen level. Figure.57.is a plot of
the logarithm of the welght percent nitrogen in the. feed -and product
as a function of the average boliling point measured.at.fifty millimeters
of mercury. In order to make the reactivity as.a.function. of -boiling
poiqg more apparent, the data in Figure 57 were repletted. in .Figure
58. Figure 58 is a plot of the weight percent.nitrogen.remaining as
a function of boiling point at fifty millimeters.of.mercury. The
percent. nitrogen remaining is defined as the weight. percent. nitrogen
in a boiling range of reactor product divided by. that. of the feed
all multiplied by a hundred. If denitrogenation were.first order. with
respect to organonitrogen level and the first order.rate constant
was independent of the boiling point, then the plot on Figure 58
should form horizontal line. If the first order rate. constant tended
to decrease, as a previous work (27) indicated, then the percent nitro-
gen remaining would tend to increase with increasing boiling point.
In general, the weight percent nitrogen remaining,.shown in. Figure 58,
did tend to increase with increasing boiling point. However, the
percent remaining in the lowest boiling range was much.greater than
one would expect based on the results for the other boiling ranges.
One is tempted to dismiss the low conversion for.the. lowest boil-
ing range material .as an experimental blunder. The weight.percent
nitrogen of the feed as a function of boiling point.was.determined a
second time with essentially the same . result. The conversion of

organonitrogen species in the lowest boiling range for all . three
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catalysts studied was much. less than one would: have.expeeted based
on the results from the other ranges. Therefore,.the.low conversion
obtained in the lowest boiling range was not an.experimental-blunder.

One implicit assumption of comparing weight. percent..nitrogen
as a function of boiling point in Figure 58 is. that.all species remain
in the same boiling range in the reactor product.as.it.occupied .in the
feed oil. However, a substantial amount of cracking, .reduetion of .
the molecular weight and boiling point of the oil,.was.observed (See
Table XXI). Therefore, the results in Figure 58 in fact couple the
effect of denitrogenation reactivity and hydrocracking.

The low conversion in the lowest boiling range.can be rationalized
in terms of the effect of hydrocracking. The weight percent nitrogen
in the second lowest boiling range (328 to 394°F at 50 mm Hg), 1.07,
is much higher than in the lowest boiling range (less than.3289F at
50 mm Hg), 0.60. The low conversion of organonitrogen species in the
lowest boiling range could have been the result of cracking of
organonitrogen species into the lowest boiling range before denitro-
genation occured.

If hydrocracking reactions can effectively mask the apparent
conversion of organonitrogen species, as the above analysis suggests,
then one would like & method of uncoupling the effect of reactivity
of organonitrogen species and hydrocracking reactions. before attempting
to estimate the reactivity of organonitrogen molecules as a function
of boiling point from the data in Figure 58.

Flinn (27) found that the assumed first order denitrogenation

rate constant was approximately a linear function of the boiling point -
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with & petroleum feedstock. Figure 59 is-a plot of.the.pseude first
order rate .constant caléulated using the datea presented in Figure 57

and Equation 6.2.

1n (N../N_.) _
g, = fipi’ (6.2)

i- ¢)
v

The variable ki is the pseudo first order rate constant:for beiling
range number i (the boiling ranges are numbered fromﬁtpenlowest
average boiling point to the highest). Nfi and Npitare the. weight .
percent nitrpgen in the feed and product in boiling;rangesi;.,ev is™
the hourly volumetric space time. Figure 59.shows that the. pseudo
first order rate constant is roughly a linear functien:of.boliling
.-point if the lowest boiling range is excluded. ......

This work will assume that the pseudo rate.congtanty:any.order,
is actually a linear function“of'the'boiling_poiﬁt;mxwhenﬂthe:value
of the rate constant as a function- of boiling pointuwidl:-be+estimated
by curve fitting the data in‘Figgre\SY assuming.the. rate.coastant
is a linear function of boiling point-excluding .the.results. from.the
lowest boiling range. Equatien 6.2 will be used to determine the

pseudo first order rate constants and Equation 6.3 will be used

th .
for n order rate constants where n is greater than.one.

1 1 n-1 1 n-1 1
k; = =5 [Q‘T—) - (—N _ ] = (6.3)
b fi v

Equation 6.3 was obtained by.integrating a simple '"power law" rate
expression of order n. Where, n is not equal.to one.
The ratio of the‘ki's will be assumed to be independent of the

reactor operating temperature and pressure. This assumption will be
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checked later in the model development. The activity ratio will be

defined by Equation 6.k,

r, =k / kg " - (6.4)

Since the rate constant for the eighth, and highest.boiling range,
has the lowest rate conétant, the activity ratio for all cuts has
a value equal to or greater than one.

The next step will be to put Equations 6.2, 6.3, and 6.4 in a
form that can easily be curve fitted. Solving .for the reactor outlet
weight percént nitrogen level in BEquations 6.2 and 6.3 yields Equations
6.5 and 6.6.

_ k.9 - (6.5)
Npi = Nfi [/ ativ ) |

N: _— l-Q .
pi = . g '
[ki (n-1)-ev + (1.0/Nf

yn-1-.1.0/(n~1) (6.6)
Diaed

Equation 6.5 is used when the assumed reaction order is one and
Equation 6.6 is used for all other reaction orders. The weight percent

nitrogen of the individual boiling point ranges were related to the

overall nitrogen level by Equation 6.7.
N =Zw, N_ (6.7)

Where Np, Npi’ and wi are the weight percent nitrogen in the feactor
product, the weight percent nitrogen in boiling range i in the product,
~and the mass fraction of material in boiling range i. The model will

-assume that denitrogenation occurs before hydrocracking.
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The next step will be to combine Equations 6.5, 6.6, and 6.7 to

give Equations 6.8 and 6.9.

_ -k.0
NP = i LA Nfi e iv . (6.8)
w.
Ny =2 p n-1,1/(n-1) (6.9)
Py [k, (n-1) o+ (1.0/N)""")

Equation 6.8 is used when n equaled one and Equation 6.9 was used
for other values of n. Combining Equations 6.4, 6.8, and 6.9 give

Equations 6.10 and 6.11.

v (6.10)

(6.11)
[y 7, (n-1)o_+(1/n,, )" 212/ (5T)

Equations 6.10 and 6.11 are the working equations for fitting Model
2 to the isothermal data of this work using a first order and n order
rate expressions, respectively. The next step will be to determine
the reaection order that yields the best fit to the data using Eqﬁations
6.10 and 6.11.

Table X gives the values of Vi Nfi’ and E; (the average boiling
point at 50 mm Hg of boiling range i). The next step will be to
estimate the values of r in Equations 6.10 and 6.1l using the data

presented in Figure 57 and Equations 6.2, 6.3, and 6.k,
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TABLE X

FEED CHARACTERIZATION

Boiling Point A Nee oo T£,°F

Renge Number
1 105 .59 289
2 .106 1.07 361
3 .110 .93 b11
4 112 .81 450
> .120 .90 478
6 .110 .99 496
7 127 1.03 527
8 .210 1.21 61k

The first step in estimating the activity ratios, s is to assume
a reaction order. Then, the ki's can be estimated by . fitting Equation
6.2, for a first order reaction, or Equation 6.3, for a 2 order
reactiony to the data presented in Figure 57 assuming that ki is a
linear function of boiling point and excluding . the results from the
lowest boiling range. The activity ratios are calculated using
Equation 6.4. Table XI presents activity ratios for several assumed

reaction orders.
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TABLE XI

ACTIVITY RATIOS (ri)

Boiling Point Reaction.Qrder ,
Range Number 1 2 3
1 3.86 11.66 12.34
2 3.22 9.30 9.82
3 2.78 T.66 8.08
L 2.4L 6.38 6.72
5 2.20 5.46 5.75
6 2.0k h.87 5.12
T 1.76 3.85 L. ok
8 1.00 1.00 1.00

The reaction order that yields the best fit of the model to the
hydrodenitrogenation data in Appendix A was determined using the
following procedure:

1. Assume a reaction order.

2. Determine the activity ratios using Equation 6.L.

3. Fit all the hydrodenitrogenation data in Appendix A.isotherm
by isotherm to Equation 6.10 or 6.11 using kg as the only
adjustable parameter.

4., The reaction order will be selected based on the minimization

of the sum of squares of the error.
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Figure 60 is a plot of the sum of squares of error as a function of
the reaction order. The sums of squares of error for the second and
third order reaction are nearly equal. The second order reaction
was chosen over the third order for the following reasons:

1l. The second order rate expression described.the data taken
with a reactor temperature greater thanATOOOF better than
the third order rate expression. A commercial reactor would
probably operate at a temperature greater.than TOOOF°

2. The second order rate expression is more reasonable on
physical grounds.

The next step will be to compare the performance of Model 1 and

-

Model 2.

Comparison of Models 1 and 2

The primary measure of the performance of either kinetic model
is the sum of squares of the error. TFigure 61 is a plot of the sum
of squares of the error as a function of the assumed.reaction order
for kinetic Model 1 and 2. The minimum sum of squares of the error
for Model 1 is about six times that of Model 2. Since both models
have only one freely adjustible parameter, the rate "constant," a
direct comparison of the sum of squares of error is a reasonable
measure of the model's performance; however, it is not the only measure
of the performance of the model.

Later, the effect of reactor operating conditions, temperature,
pressure, and space time, will be described in terms of the model.

Therefore, it is important that the model accurately represent the



0.5

04

0.3+

0.2

¥

0.l

SUM OF SQUARES OF ERROR-X(N-Np)2
1

0.0

i ! 1 1

Figure 60.

2 3 4 5
" REACTION ORDER

Reaction Ofder Selection
for Model 2

126



24 T T T T T T Y
20} \ o
\ /
v \ /
E \ /
W 1sf \ /
& \ /
e \
5 \ /
w \ /
O 2 \ /
9 /
@ \ /p
<
3 h
] /
:,:oe— N /
S Ny
z A%
w
P
o4 % /
\\ //
\ /
v /" MODEL NUMBER I
---0 MODEL NUMBER 2
0.0 4 ] 1 i i 1 1

| 2 3 4 5 6 7
REACTION ORDER

Figure 61. Comparison of the Sum of
Squares of the Error

for Model 1 and Model
2

127



128

effect of reactor operating temperature, pressure, . and.space time.
Figure 62 is a plot of the average deviation (the:sumuofvthe experi-
mentally determined weight percent nitrogen in .the reactor. product
less the weight percent nitrogen by regression, the .quantity divided
by the number of data points) as a function of .the reactor operating
temperature. If the model showed no bias with .respect:to.the reactor
temperature, then the plot would be a horizontal line.with a zero
average deviation. Figure 62 shows that Model 2 describes the effect
of reactor operating temperature on the weight percent.nitrogen in the
reactor product oil with much less bias than Model 1. Figure 63

is a plot of the average deviation of weight percent nitrogen in the
reactor product oil as a.function of reactor operating pressure. The R
plot shows that Model 1 shows less bias with respect to reactor
operating pressure than Model 2.

Figure 64 is a plot of the average deviation of weight. percent
nitrogen in the reactor product oil as a function of. space time. The
plot shows that Model 1 shows less bias with respect to changes in
space time than Model 2.

In summary, Model 2 1s superior to Model 1 since the minimum
sum of squares of the error Model 1 is about six.times. the. correspond-
ing quantity for Model 2.‘ However, the bias with respect to reactor
operating pressure and space time for Model 2 was greater than for
Mddel 1. Model 2 only showed less blas than Model 1 with respect
to reactor operating temperature.

One would like to improve the performaﬁce of Model 2 with respect

to prediction of the weight percent nitrogen in the reactor effluent
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as a function of space time. Flinn (27) also showed that the rate of
denitrogenation was a function of specie type as well.as boiling point.
In general, amines were found to be the most reactive .class. . Organo-
nitrogen species with the nitrogen in the aromatic .ring tend. to be the
least reactive class. This suggests that the model.should account

for the rate constant as & function of specie.type.and.-beiling. point.
However, this approach would require the analysis. of.the.feedstock
with respect to the organonitrogen specie type...This .is:a very
difficult task and is beyond the scope of this work.. Therefore, Model
2, defined by Equation 6.14 with n set at a value.of 2, will be used
in the subsequent analysis of the data.

Figures 65-73 are plots of the logarithm of the.weight percent
nitrogen in reactor product oil as a function of space time. The
lines on these plots are the results of fitting Equation. 6.14% to the
data in Appendix A isotherm by isotherm. The Figures.are presented |
to give a graphical display of how well Model 2 fits the experimental

data.

Effect of Reactor Operating Temperature

The effect of reactor operating temperature on the.rate. constant

is usually expressed in terms of the Arrhenius equation, Equation 6.12.

k = A exp(-E/RT) (6.12)

Where, k, A, E, R, and T are the rete constant, frequency factor,
activetion energy, universal. gas constant, and the.absolute temperature.
Teking the logarithm of both sides of Equation 6.12 yields Equation

6.13.
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loge k = loge A - E/RT. (6.13)

Equation 6.13_indicates that a plot of the logarithm of the experi-
mental rate éonstant as a function of the reciprocal of the absolute
reactor operating temperature should yield a straight line with slope
of -E/R and an intercept of loge A. Figure T4 is such a plot of the
experimentally determined rate constant, k8, as a function of.the
reciprocal of the absolute temperature. The line is a least squares
best fit to the data. This line yields a value of 31,00Q BTU/1b. mole
for the activation energy, E, and.a value of 2.1 x_lO5 hours_l
(weight percent nitrogen)_l for the. frequency factor. DNote that these
values apply only for 1000 psia data.and Nalcomo U4Th catalyst.

One would like to know if the values for the frequency factor
and activation energy are a function of the reactor operating tempera-
ture. Figure 75 is a plot of the logarithm of the experimentally
determined rate constant, k8’ gs a function of the reciprocal absolute
temperature with parameters of reactor operating pressure. Unfortu-
nately, experimental values for the rate constant were available only
at 650 and 7OOOF at all three pressures. If the activation energy were
independent of the reactor operating pressure, then all the lines
on Figure 75 would be parallel. Table XII presents the activation
energy as a function of the.reactor operating pressure calculated from
the data in Figure 75. Table XII shows that although there is con-
siderable variation in the activation with changes in the reactor
operating pressure, these variations do not seem to follow any simple
trend. This indicates that the variation in the activation energy

shown in Table XII is probably the result of error in the correlation
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method and the data. Therefore, the activation energy is crudely
independent of the reactor operating pressure. The effect of pressure

on the frequency factor will be considered later in the analysis,

TABLE XII

ACTIVATION ENERGY AS A
FUNCTION OF PRESSURE

Pressure, Psig Activation Energy, Frequency Factor,
BTU/1b. mole Hours=l (Percent
Nitrogen)—i

500 30,800 8.9 x 1oh
1000 36,300 1.85 x 106
1500 34,000 8.6 x 1oh

In summary, the Arrhenius Equation, Equation 6.13, gives s
reasonable description of the effect of temperature on the rate con-
stant obtained from Model 2. Regression of the data using Nalcomo 4Tk
catalyst at 1000 psig and over the temperature range of 600 to 7500F
indicates that the activation energy is in the region of 31,000 BTU/1b.
mole. The value of the activation energy is roughly independent of

the reactor operating pressure.
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Effect of Reactor Operating Pressure

The effect of reactor operation pressure on the rate constant,

k8’ is often expressed by an equation of the following form:
k a PP (6.1k4)

Where, P is the absolute reactor operating pressure and b is an
arbitrary. constant to be determined by regression of the data in
Appendix A. Taking the logarithm of both sides of Equation 6.1k yields

Equation 6.15.
log k - b log P + constant (6.15)

Equation 6115 indicates that if the logarithm of the rate constant,
k8, were plotted as a function of the logarithm of the rgactor
operating pressure, the data should form a straight line with slépé,of
b. Figure 76 is such a plot at reactor operating temperatures of

650 and TOO°F. These data yield values of .76 and .84 for reactor

operating temperatures of 650 and TOOF.
Error Analysis
Combining Equations 6.11, 6.12, and 6.14 yields Equation 6.16.

Vi Nes
N =7 ' (6.16)
P o 830. r, pOr8 ¢~31,000/R T N, + 1.0

Np is the total weight percent nitrogen in the reactor product. Nfi

is the weight percent nitrogen in the reactor feed in the boiling
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range i. The values of Nfi and v, for the feedétoek used in this

work are tabulated in Table X. v, is the weight fraction of

material boiling in boiling range .i. Rec;:zll,‘che':m‘c-r:.L is the activity
ratio for boiling range i. The values of r:.L are presented in Table
XI. P is the reactor operating pressure, psia. The exponent of .8

is the arithmetic average of the values obtained by regression -of

the data in Figure 76. R is the universal gas constant. T is the
absolute reactor operating teﬁperature. © is the space time, hours.
The maximum expected error_in the weight percent nitrogen in the
reactor product due to errors in the measurement of the reactor tempera-
ture and pressure, space time, and nitrogen analysis will be estimated

using Equation 6.17.

p ’aN aN aN I alN l
= | =R A7+ |2 + |[—E + [ AN+ AN .
Np o7 5 AP =5 A® ¥, s N, (6.17)

Ng is the total maximum expected error in the reactor product, weight
percent nitrogen. The bars indicate that the absolute values of the
partial derivatives are to be used. AT, AP, AG, ANf,,and ANp are the
estimated errors in the reactor temperature, pressure, space time,
feed analysis, and product analysis. The estimated errors in the
reactor operating conditions are given in Table XIII. The partials
in Equation 6.17 were evaluated numerically using Equation 6.16.

This procedure is, of course, based on the assumption that the model
given by Equation 6.16 does indeed represent the time, temperature,
and pressure relationships for N, the weight percent nitrogen in the

reactor oil product. The error .in the feed composition is assumed to

be uniformly distributed among the boiling point ranges. Since all the
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errors in the operating conditions are positive in Equation 6.16 the
equation assumes that all the errors are additive. In addition, all

the errors are assumed to be uncorrelated.

TABLE XIII

ESTIMATED ERRORS IN THE REACTOR.
OPERATING CONDITIONS

Temperature + 2F

Pressure + 10 psisa

Space Time + 1.5%

Nf + .005 Weight Percent Nitrogen
Np + .005 Weight Percent Nitrogen

Since the experimental check of the overall reproducibility was
made at a temperature of YOOOF and a pressure of 1000 psig, the results
of the error analysis for these operating conditions will be given in
detail. Table XIV presents the maximum expected error in the reactor
product nitrogen level due to errors in temperature, pressure, space
time, feed analysis, and product analysis. The results in Table XIV
indicate that errors in the product analysis and reactor operating
temperature make the largest contribution to the total error in the

weight percent nitrogen in the reactor product. The results
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for the other reactor operating conditions used in this study

show the same trend. The results in Table XIV indicate that

the weight percent nitrogen from a reactor operating at YOOOF, 1000
psig, and a space time of 1.5 hours should not differ by more than
.031h percent nitrogen (one value could be .0172 weight percent
nitrogen above the correct value and the other .01l72 below). Figure

49 shows that after 35 hours on oil, the difference between the product
nitrogen level between Catalyst Loadings 2 and 3 was not greater

than .02 weight percent nitrogen. Figure 50 shows that the product
nitrogen level for YOOOF and 1000 psig lie in a range of 0.03 weight
percent nitrogen for Catalyst Loadings Number 2 and 3 at space times of
0,375, 0.75, and 1.5 hours. This observed error is less than the
maximum expected error presented in Table XIV. Therefore, the observed
error seems to be less than the maximum. expected error predicted by

Equations 6.16 and 6.17.

TABLE XIV

ESTIMATE OF ERROR FOR 7OOOF AND 1000 PSIG OPERATION

Error Source . Product. Error, Weight Percent Nitrogen
: Space Time, Hours

372 15 1.2
Reactor Temperature . 0045 .0048 .00LL
Reactor Pressure .0015 .0016 . 0015
Space Time . 0029 .0031 . 0029
Feed Analysis . 0033 .0026 .0019
Produet Analysis . 0050 .0050 .0050

Total L0172 L0171 . 0157
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The next step in the analysis will be to estimate the uncertainty

of the value of the rate constant as a function of the reactor operat-

ing conditions. The following procedure will be used:

1. Deterﬁine the best value of k8using Equation 6.11 by a least

squares regression of the data in the Appendix isotherm by

isotherm.

2. Determine maximum expected error at each space time
Equations 6.16 and 6.17.

3. \Calculate the minimum expected value of k8 by doing

squares regression of the sum of the weight percent

~determined in Step 1 .and the maximum expected .error”

product nitrogen level, calculated in Step 2, using
6.11.
4. Calculate the maximum expected value of k8 by doing
squares regression of the sum of the weight percent
vvdetermined in Step 1 and the miaximum expected error
product nitrogen level, calculsated in Step 2,

using Equation 6.11.

using

a least
nitrogen
in the

Equation

a least
nitrogen

in the

Figure 77 is a plot of thd<logarithm of the rate constant, k8’ as

a function of the reciprocal of the absolute temperature. The bars

on the plot indicate the range of the maximum expected error

in the

rate constant. Equation 6.13 predicts that a plot of the logarithm

of the rate constant, k8, as a function of the reciprocal. of

the.

absolute temperature should yield a straight line. Figure 77 shows

that the Arrhenius Equation, Equation 6.13, describes the effect of

temperature on the rate constant within the maximum. expected

error.
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Figure 78 is a plot of the logarithm of the rate constant, k8’ as
a function of the logarithm of the absolute reactor pressure. Equation
6.15 predicts that such a plot should yield a straight line. Figure
78 shows that, in general, Equation 6.18 describes the effect of pres-
sure on the rate constant within the maximum expected error. The
results from the 7OOOF and 1000 psig operation are suspect; after
reloading the catalyst, the‘TOOOF and 1000 psig operation was rerun.
The second run yielded a value for the rate constant, .26 hours_'l
(weight percent nitrogen)_l, which is within the maximum.expected error
of the line on Figure 78. Therefore, Equation 6.14 is a reasonable
representation of the effect of pressure on the rate constant.

Considerable space and effort have been given to the development
of a model to represent the data obtained in this.study. The kinetic
model allows a more quantitative error analysis and comparison of
catalyst performance. No claims are made to the mechanistic or non-

mechanistic basis of the model by Equation 6.11.

Catalyst Activity as a Function

of Pore Size Distribution

The primary goal of this work is to tailor the pore size and pore
size distribution to maximize the apparent activity of the catalyst.
The basic approach will be to compare the performance of the three
catalysts with identical metals content, but different pore size
distribution, at space times of 0.375, 0.75, and 1.5 hours, reactor

operating temperatures of 600, 650, 700, YBOOF, and a reactor operating
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pressure of 1000 psig. Then, differences in the reactor performance
will be discussed.in terms of the pore size and pore size distribution.
Figure T9 is a plot of the relative . frequency, dV/dln.r, of the
pore radius as a functlion of the pore radius. V 1s mercury intrusion,
ce/gm, and r is the pore radius, angstroms. The raw data are presented
in the Appendix. A standard method (20) was used to obtain the rela-
tive frequency distributions in Figure T9. This figure shows that the
pore size distribution for the three catalysts are similar. However,
the data show the following trends:
1. The most frequent pore radius for Nalco T72-4LT10A and 72-4710B,
25 angstroms, occurs at a smaller pore radius -than Nalcomo
LTL, 33 angstroms.
2. The standard deviations of the pore size distributions for
Nalcomo 474 and Nalco 72-LT10B are greater than that of
Nalco T72-L10A.
The next step of the analysis will be to compare the performance of
the three catalysts in terms of Model 2.
Figure 80 is a plot of kg defined by Equation 6.11 with n set
at a value of 2, as a function of the reciprocal of the absolute
reactor operating temperature. The bars indicate the maximum expected
error . in the rate constant. These results indicate that the rate
constants for Nalco T2-4710A and Nalcomo 474 are within the maximum
expected error for all reactor operating temperatures. The rate
constant for Nalco 72—&7103 is consistantly less than the correspond-
ing value of either Nalco T2-4710A or Nalcomo 474, In addition, the
difference between the rate constant for Nalco 72-4710B and Nalco

72-4T10A or Nalcomo UTh is greater than the meximum expected error
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at reactor operating temperatures of 700 and 750°F. The activation

energy for Nalco T72-4710B, 28,000 BTU/lb. mole, is less than either

Nalco 72-4710A, 32,700 BTU/lb. mole, or Nalcomo 47k, 31,000 BTU/lb.

mole. Possible rationalizations for the observed differences in the
catalyst activity will be considered in the following discussion.

If the total amount of wsurface area of one catalyst were con~-
siderably different from the other catalysts, then a difference in
the observed rate constant could result. Nalco 72-4710A, Nalco
T72~-4710B, and Nalcomo LT4 have surface areas, measured by nitrogen
adsorption (40), of 298, 303, and 240 meters® / gram of catalyst,
respectively. These data indicate that if the surface area were a
crucial variable, then Nalco 72-4710A and Nalco T2-4710B should have
similar activity and Nalco 474 have a different activity, probably
less. However, the observed activity of Nalco 72-471l0B is less than-
either Naleco. T2-4T10A or Nalcomo U4T4. Therefore, differences in catalyst
internal surface area is not an acceptable rationalization for the
observed difference in activity.

If the catalyst bulk density of one catalyst were considerably
different from the other catalyst, then a difference in the apparent
activity could result from a difference in the total mass of the
bed at fixed bed volume. The effect of the catalyst bulk density
can be eliminated by redefining space time. The weight hourly space
time, OW,'is'defined as the mass of the catalyst divided by the oil
hourly mass rate. Equation 6.19 is Equation 6.11 rewritten on a
weight hourly basis rather than a Qolume hourly basis.

w.
N =L = (6.19)
k8 OW T, + 1.0/ Nfi
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1
Where, k8 is the rate constant, grams of oil / (grams of catalyst)

(hours) (weight percent nitrogen). Figure 81 is a plot of the rate
constant using a mass basis, ké, as a function of the reciprocal of
the absolute reactor operating temperature, OR. The bars on the graph
indicate the maximum expected error in the rate constant. The values
for the rate constant for Nalcomo 4Th differ from the corresponding
value for Nalco T2-4T710A by less than the maximum expected error at all
temperature levels studied. However, the values for the rate constant
for Nalco 72-LT10B differ from both Nalcomo 474 and Nalco 72-LT7104

by more than the maximum expected error at reactor operating temperar
tures of 700 and YSOOF. Therefore, the results of the catalyst
comparison on a weight basis are identical to those obtained on a
volume basis. Therefore, the effect of catalyst bulk density does not
account for the poor performance of Nalco 72-U4710B relative to Nalcomo
LTk and Nalco T72-4T10A.

One might expect that the pore size distribution would affect the
apparent activity of the catalyst by changing the diffusion resistance
to reaction. However, the pore diffusion resistances have been shown
to be negligible for Nalcomo 4Th catalyst at 650 and 700°F and at a
reactor operating pressure of 1000 psig. These are the reactor operat-
ing conditions under which Nalco 72-4710B's activity was observed to
be less than the other two catalysts. If diffusion resistances were
insignificant in the Nalcomo 4TL catalyst, it seems unlikely that
diffusion resistances are significant in the Nalco 72-4710B catalyst.
Thus, the difference in the apparent activity probably results from

a difference in the intrinsic activity of the catalyst.
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Denitrogenation Selectivity as a Function -

of Pore Size Distribution

One might expect that the weight percent nitrogen remaining in
the product as a function of boiling point might be different for
various pore distributions. It is difficult to draw any firm con-
clusions from this type of data because the denitrogenation of any
given cut is the sum of denitrogenation due to hydrocracking of organo-
nitrogen species to a lower boiling range and hydrogenolysis of organo-
nitrogen species less the cracking of organonitrogen species from higher
boiling ranges into the boiling range of interest. In order to gain
a more complete understanding of denitrogenation selectivity as a
function of pore size distribution, the data will be analyzed from
the following viewpoints:

1. Weight percent nitrogen content as a function of product

0il boiling point.

2. The total nitrogen content of the reactor product oil as

a function of boiling point.
The former basis is essentially the concentration of organonitrogen
species as a function of boiling point. This basis neglects the
changes in the amount of material in each boiling range as a result
of hydrocracking. The later basis is the summation of the product
of the weight percent nitrogen in each boiling range and the mass
fraction of the product oil that boils in the same range. This basis
considers both changes in the nitrogen content and the oil boiling

range distribution.
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Figure 82 is a plot of the weight percent nitrogen in the reactor
product oil as a function of the boiling point at 50 mm Hg. This
plot indicates that no ranking of the catalysts can be made based
on the results from boiling ranges less than MBOOF. However, the
following catalyst activity ranking can be made based on the

results from boiling ranges greater than 450°F.
Nalco 72-4710A > Nalcomo LTk > Nalco T2-4T710B

These data indicate that the catalyst with the smallest pore size,
Nalco 72-4710A, was the most active catalyst with respect to denitro-
genation of organonitrogen species boiling above hSOOF at 50 mm Hg,
Therefore, pore size distribution probably had a negligible effect on.
the rate of denitrogenation.

Table XV is a tabulation of the summation of the product of the
weight percent nitrogen in each boiling range and the welght fraction
of material in the same range. These data indicate the catalyst per-
formance differ most in the higher boiling ranges., In addition, Nalco
T2=-4T10A was more active than the other two catalyst with respect to
denitrogenation of the higher boiling fractions despite its smaller

mean size.

Comparison of the Results of this

Work with Previous Studies

The comparison of the results of this work with some selected
previous studies will be made in the following areas:
l. Liquid Maldistribution

2. The role of diffusion in denitrogenation
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The effect

The effect

The effect

AN = = W

« The effect

16k

of temperature on the rate of reaction
of pressure on the rate of reaction
of hydrogen rate on the rate of denitrogenation

of pore rddius on the rate of reaction

A full literature review was given in Chapter 1I and only certain

published works, directly comparable with this study, are presented

here.

TABLE XV

TOTAL NITROGEN DISTRIBUTION

I w. N .
1 pi
Cut Temperature Nalcomo Nalco Nalco
L7k T2-LT7104 T2-L710B
328 .0k68 .0510 . 0458
394 .0996 , .101 . 0931
Log .139 .1k9 .139
72 .18L .190 L1871
485 22 .258 .252
507 .273 27T 285
548 .319 .31k .33k

.Loo .386 418
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Liquid Maldistribution

The general approach to the study of maldistribution of the
liquid oil in a trickle flow reactor in this study was to monitor
the reactor performance as a function of the liquid flux at constant
space time. The inferior reactor performance associated with a decrease
in liquid flux at constant space time is usually attributed to poor
liquid distribution.

The effect of liquid flux on hydrotreating a COED oil, a coal
derived liquid, was studied (23) over the range of 3.8 to 15.3 gallons
per hour per square foot at a reactor temperature of 7200F and pressure
of 3000 psig. The effect of liquid flux on the reactor performance
was found to be small.

This study considered the effect of reactant mass flux over the
range of 4.84 to 9.69 gallons per square foot per hour oﬁ the rate
of denitrogenation. Doubling the oil mass flux resulted in an eight
percent increase in the observed denitrogenation rate constant.

Experience with petroleum hydrqtreating (13) indicates that the
liquid flux should be in thevrange of 150-500 gallons per hour per
square foot. Since the range of liquid fluxes used in the above tests
were much less than those encountered in a commercial reactor, it is
risky to assume that the difference in the oil flux between a commercial
reactor and these bench scale reactors will have a negligible effect

on the rate of denitrogenation.

Role of Diffusion in Denitrogenation

The results of this work indicate that at a reactor operating

temperature of 6500F and 1000 psig, the effectiveness factor is
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essentially one. At a reactor operating temperature of 700°F and 1000
psig, the effectiveness factor is approximately 0.95. Since film
diffusion resistances encountered in the transport of reactents and
products between the catalyst outer surface and the bulk gas phase
are typically much less than pore diffusion resistances to reaction
(18), these results indicate that the rate of denitrogenation of the
0il used in this study was controlled by the rate of surface reaction.
The kinetics of hydrodenitrogenation of COED coal derived liquids
were studied}(23) as a function of the particle size at 77OOF and
3000 psig over Nalco MN-502 hydrotreating catalyst. A three fold
reduction in the catalyst particle diameter resulted in almost a four
fold reduction in the percent nitrogen remaining in the product. Thus,
the rate of reaction was roughly proportional to the catalyst outer
surface area, which implies that film diffusion controlled the rate
of denitrogenation of the coal derived liquid and the effectiveness
factor was near zero.
Van Zoonan and Douwes (22) hydrotreated a straight run gas oil,
a petroleum fraction with approximately the same boiling range as the
0il used in this study, at about 500 psig and 7070F over two sizes of
cobalt-molybdenum—alumina catalyst with dimensions of 3 x 3 millimeters
and 25-30 mesh. This greater than four fold reduction in particle
gsize did not result in an increase in nitrogen removal. This indicates
that the effectiveness factor was near one for this work and that the

rate of denitrogenation was controlled by the rate of surface reaction.
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Temperature Effect

White et al. (29) studied hydrotreating of COED oil derived from
Utah coal using HDS-3A catalyst, a nickel-molybdate. catalyst manu-
factured by the American Cyanamid Company. A first order rate
expression was used to calculate an activation energy. At temperatures
below YSQOF, an activation energy of 48,500 BTU/lb. mole was observed.
At temperatures above TSOOF, an activation energy of 16,400 was obser-
ved. No explanation for the break in the activation energy was
offered.

In a batch autoclave study, Quader and Hill (34) studied hydro-
treating of low temperature coal tar at 1500 psig over the temperature
range of 752 to 932OF over a . cobalt-molybdate catalyst. An activation
energy of 15,900 BTU/1lb. mole was observed.

This study found that the activation energy of 28,000, 31,000,
and 32,700 BTU/1b. mole for Nalco 72-4710B, Nalcomo 474, and Nalco
T2-LT10A catalyst, respectively, on the temperature range of 600 to
TSOOF. An activation energy of . 12,300 BTU/1b. mole was observed on
the temperature range of T50 to 800°F using Nalco 4TL catalyst.

The work of White (29), Quader and Hill (34), and this work
indicate that there 1s an abrupt decrease in the apparent activation
energy at about TSOOF. The activation energies calculated in this
work are lower than the other studies at temperature both above and
below T500F. The fact that different feeds and catalysts were used
in each study could account for the difference in the activation

energies. In addition, the fact that all the other studies cited above
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used a first order rate expression while this work used a second order
rate expression could account for some of the difference in the

activation energy.

Pressure Effect

The effect of reactor operating pressure on the kinetics of
hydrodenitrogenation of COED oil from Utah coal ﬁas studied (23) over
the pressure range of 2000 to 3100 psig at 723OF. These data indicate
that the assumed first order rate constant is proportional to the
absolute reactor pressure to the 1.1 power.

This work studied the effect of reactor operating pressure over
the pressure range of 500 to 1500 psig at 650 and 7OOOF using Nalcomo
47h catalyst. The results of this work indicate that the rate con-
stant is proportional to the absolute pressure to the .76 and .84 at

650 and TOO'F, respectively.

Hydrogen Rate Effect

Wan (28) found that increasing the hydrogen rate from 3980 to
39,800 SCF/bbl resulted in an increase of the percent nitrogen con-
version from 61.2 to 69.2. The reactor was operated at SOOOF, 1000
psig, and a space time of .90l horus using Nalcomo 4TL4 catalyst.

This work tested the effect of hydrogen flow rate over the range
of 1500 to 20,000 SCF/bbl using the same feedstock and catalyst as
Wan (28). The reactor was operated at 7OOOF, 1000 psig, and.a space
time of 1.5 hours. The conversion obtained was found to be essen-

tially independent of the hydrogen rate. .
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Effect gi.Pore Size

Vaﬁ Zoonen and Douwes (22) studied the effect of the volume
average pore diameter in the range of 66 to L6L angstorms with a
copalt-molybdenum of alumina catalyst on the rate of denitrogenation
of a Middle East gas oil at TOTOF and about 500 psig. The study found
that the volume average diameter had a negligible effect on the rate
of denitrogenation over the entire range studied.

This study found that Nalco 72-L4T710B's performance was.slightly
inferior to Nalco T2-4T10A and Nalcomo LTL. However, there is little
Justification for attributing the difference in activity to the differ-
ence in pore diameter distribution.

In this chapter, all the data of this work were analyzed in
detail. In the negt chapter, the conclusions from this analysis are

summarized.



CHAPTER VII
CONCLUSIONS AND RECOMMENDATIONS
Conclusions

The activity of Nalco T2-UT10B was less than either Nalcomo
474 or Nalco 72-4T10A. The difference in the apparent
activity probably results from a difference in the intrinsic
activity of the catalysts.

The effectiveness factor for denitrogenation over Nalcomo

47h catalyst was found to be nearly one with reactor operating
temperatures of 650 and TOO°F and 1000 psig.

The data were satisfactorily correlated using a second order
rate constant and allowing the rate constant to be a linear
function of boiling point.

The activation energies were found to be 28,000, 31,000 and
33,000 BTU/1b. mole (+3,000 BTU/lb. mole) for Nalco T2-4710B,
Nalcomo 474, and Nalco T2-LT1l0A catalysts over the temperature
range from 600 to T50°F,

The activation energy for denitrogenation over Nalcomo 474
catalyst between 750 and 800°F was 12,000 (+9300) BTU/lb.
mole.

The rate of denitrogenation was. found to be proportional

to the total reactor pressure to .76 (+.16) power at 650°F

170 |
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and .84 (+.15) at TOO°F over the pressure range of 500 to
1500 psig.

Catalyst activity stablized after about 35 hours of continuous
operation.

Halving the reactor bed height at constant reactor operating
conditions yielded a small reduction in the rate of nitro-
genation, about eight percent.

The high pressure separator gas rates over the range of 1500
to 20,000 SCF/bbl had little effect on the rate of denitro-

genation.
Recommendations

Test pore size and pore size distribution over a much broader
range.

Test real coal process derived liquids where ash content
could be a problem.

Detailed activity tests of long duration should be made.
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APPENDIX
DATA

The following tables contain all the data of this work that were
analyzed in previous chapters. The data will be presented in the same
order as 1t was introduced in the body of this work.

Tablies XVI and XVII are tabulations of the data used as a basis
for the discussion, in Chapter IV, of the relative ease of analysis of
the model organconitrogen species and boiling point ranges of the
anthracene oil feedstock. This data was obtained using the procedure
presented in Chapter IV with the following exceptions:

1. The applied voltage on the heating mantle was 100 volts

throughout the digestion step.

2. Several digestion times were rurn on each sample.

Table XVIII is a summary  of the catalyst type, pellet size, bed
depth, catalyst bed volume and mass, and the range of run numbers for
each catalyst loading. Table XIX is a summary of the nominal reactor
temperature, measured pressure, volume hourly space time, weight per-
cent nitrogen in the reactor product, and the number of continuous hours

of oil.
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TABLE XVI

EASE OF NITROGEN ANALYSIS OF MODEL ORGANONITROGEN SPECIES

Percent Nitrogen

Digestion Weight Percent in Sample that
Compound Time, Hours Nitrogen Analyzed . Remained Unanalyzed Solvent
Pyridine - 2L 5Tk 39.6 Cyclohexane
48 .T61 20.0
T2 .851 10.5
\ 4
Quinoline 2L .T22 23.8
! 36 .846 10.7
Indole 2k .837 19.0
37 .9Ls5 8.52
\ 4
Aniline 2 .980 T7.20
v \ 4
Pyridine 2L .619 37.5 Toluene
48 .831 16.1

72 .919 7.17 . v
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TABLE XVII

EAST OF NITROGEN ANALYSIS OF THE FEEDSTOCK AS
A FUNCTION OF BOILING RANGE

Cut Digestion Weight % % Nitrogen
Number Time, Hours Nitrogen Remaining
1 5 .39 3540
1 7 .43 28.3
1 11 46 23.4
1 1k .50 16.6
1 30 .57 5.0
2 5 .67 37.4
2 10 .79 26.2
2 17 .93 13.2
2 25 1.00 6.5
3 4 .56 39.9
3 8 .78 26.8
3 2L .86 7.5
Y 8 .58 28.4
L 12 LT 8.6
4 16 L7 k.9
5 4 .65 27.5
5 8 73 18.3
5 2L .88 2.2
6 4 .70 29.0
6 8 .75 20.0
7 4 .8k 18.4
8 2 .94 22,2
8 4 1.05 13.5
Feedstock L8 .98L4 -

.990 -
.985 -
.980 -
.985
.980




SUMMARY OF CATALYST LOADINGS

TABLE XVIIT

Catalyst Pellet Bed Bed Bed

Loading Nalco “Size, Depth, Volume, Mass, Run

Number Catalyst . Mesh inches cm. grams. Numbers
1 Inerts 8-10 20 37 - 1-26
2 gl 8-10 20 37 - 27-T0
3 L7k 8-10 20 37 - 71-13k
b gl 40-48 20 37 31.0 135-17h
5 L7k 8-10 10 18. 14.8 175-211
6 T2-4710B 8-10 .20 37 29.2 212-239
T T2-hT7104A 8-10 20 37 31.2 2ho-275
8 Inerts 8-10 20 37 - 276-287
9 Iy on 8-10 20 37 29.9 288-328

AalT



TABLE XIX

RESULTS OF HYDROTREATING RUNS

179

Run Catalyst Temper- Pres- Space Hydrogen Wt% Hours
Number Loading ature, sure, Time, to 0il Nitrogen on
Number oF psig Hours Ratio in 0i1
SCF/bbl . Product
1 1 T00 1000 1.5 1500 .89
2 ] .90 -
3 .91 -
I .90 -
5 ' .91 -
6 20,000 .91 -
T 20,000 .90 -
8 750 1500 .86 -
9 .85 -
10 800 ° .80 -
11 v .79 -
12 .T5 .88 -
13 .87 -
b l, .91 -
15 +375 v .91 -
16 1.5 20,000 .83 -
17 1500 .91 -
18 lv, .92 -
19 .75 - .91 -
20 .375 .91
21 v v .91 -
22 T50 v 1.5 .85
23 1015 ) .90 -
2k v .89 -
25 <375 .91 -
26 v v v v \ 4 .90 -
2T 2 T00 1010 1.5 1500 .36 31"
28 .39 33
29 - .39 35
30 Lo 37
31 .39 39
32 .39 L1
33 v .75 .56 49
34 1008 .75 .55 50
35 1012 375 .67 57
36 v <375 .68 58
37 750 1.5 .32 70
38 v 1.5 .31 T2
39 1020 .75 b2 79
40 # v 1020 .75 ‘ el 81
L1 1010 375 ST 89



TABLE XIX (Continued)
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Run Catalyst Temper-  Pres- Space: Hydrogen Wt% Hours
'Number Loading ature, sure, Time to 0il Nitrogen on
Number °F psig Hours Ratio in 0ii
SCF/bbl Product

42 2 750 1010 .375 1500 .57 90
43 1020 1.5 .32 95
i 800 ¢ 1.5 .28 103
45 1.5 .29 105
46 1025 .75 .39 115
b 1030 .75 .39 119
48 .375 .53 122
L9 375 .51 123
50 v 990 1.5 .33 138
51 700 995 ‘ .53 146
52 995 v .53 150
53 995 1.5 20,000 .Sk 155
Sk 995 20,000 .53 157
55 650 1004 l 1500 .65 170
56 1004 .65 172
57 1005 .75 .72 178
58 1000 .75 72 179
59 375 .80 182
60 .375 .80 183
61 1.5 N 187
62 v .65 189
63 20,000 .68 192
6k \ 4 20,000 .68 194
65 600 v 1500 81 198
66 1005 .81 200
67 <T5 .84 205
68 - .75 8L 206
69 , ‘ .375 .89 209
70 d \ 4 v 375 .90 210
71 3 700 1010 1.5 s 12
72 1010 .43 16
73 1010 Ll 20
T4 1015 Lo !
75 1015 .bo 28
76 101k Lo 32
7 1012 L4 36
78 1015 .39 40
79 1015 ¢ .39 Ll
80 1015 Lo 48
81 1021 .75 .55 55
82 1020 75 .5k 58
83 v 375 .65 61
8L v .375 v 67 62



TABLE XIX (Continued)
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Run Catalyst Temper- Pres- Space Hydrogen Wt% Hours
Number Loading ature, sure, Time to 0il Nitrogen on
Number °F psig Hours Ratio in 0il
SCF/vbl Product

85 3 700 1020 1.5 1500 Lul 66
86 1020 1.5 / .39 68
87 1015 .375 .68 Th
88 1005 .375 .68 75
89 1480 . 1.5 37 83
90 ] 1.5 .36 85
9l ) .51 91
92 .75 .51 92
93 375 .62 98
9k 375 .63 100
95 1.5 .36 105
96 v .35 107
97 505 .60 115
98 508 .59 116
99 507 15 .66 120
100 507 .T5 .67 121
10l 507 .375 .73 125
102 v 507 .375 .Th 126
103 650 995 1.5 .58 135
104 995 1.5 .59 138
105 997 .75 .68 12
106 997 .75 .68 143
107 996 .375 ST 146
108 996 .375 ST 147
109 995 1.5 .59 151
110 995 1.5 ST 153
111 1505 1.5 .53 161
112 1505 1.5 .5k 162
113 1510 .75 .62 167
11k 1510 .75 .63 168
115 1510 .375 .72 173
116 1510 .375 72 17h
117 1510 1.5 .55 178
118 1510 1.5 .54 180
119 479 1.5 71 192
120 526 1.5 .71 194
121 520 .75 75 196
122 520 .75 ST 197
123 520 .375 .81 200
124 520 .375 .82 201
125 520 1.5 .70 213
126 v 520 1.5 el 215
127 \ 4 600 1005 1.5 A 4 .71 222




TABLE XIX (Continued)
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Run Catalyst Temper- Pres- Space Hydrogen  Wt% Hours :
Number Loading ature, sure, Time to 0il Nitrogen on
- Number o psig Hours Ratio in 0il
SCF/bbl Product
1128 3 600 1000 1.5 1500 T2 224
129 1010 .75 ] 1T 208
130 1010 .75 .78 229
131 1000 .375 .85 236
132 1000 .375 .83 238
133 1000 1.5 CT1 243
13k v v 1000 1.5 JTL 2bs
135 L 700 1015 .43 24
136 1010 i 32
137 1010 A3 36
138 1010 Lo 4o
139 1010 L3 Ll
140 1010 L2 48
141 1010 .75 .5k 5k
1k2 1010 .75 .55 55
143 1010 .375 .67 61
1k 1010 .375 .66 63
145 1016 1.5 L2 71
146 v 1016 L2 73
1h7 750 1010 .26 88
148 1010 .25 89
1h9 1017 .75 43 96
150 1017 .75 .39 97
151 1015 .375 .50 103
152 1015 .375 .50 106
153 1010 1.5 .28 111
154 1010 .29 113
155 650 1014 l .55 122
156 , 1010 .57 124
157 1010 .75 67 129
158 .375 .67 130
159 .375 .76 135
160 1.5 7T 136
161 1.5 .55 139
162 v 1.5 .56 141
163 600 1.5 .66 150
164 1.5 67 152
165 .75 .72 158
166 \ 4 .75 LTh 159
167 1012 .375 .81 163
168 1012 .375 .80 164
169 1012 1.5 67 169
170 ¥y v 1010 1.5 v .66 172



TABLE XIX (Continued)

183

Run Catalyst Temper- Pres- Space Hydrogen Wt% Hours
Number Loading ature, sure, Time to 0il Nitrogen on
Number °F psig Hours Ratio in 0il
SCF/bbl  Product
171 N 700 1010 1.5 1500 R 176
172 1.5 4o 179
173 375 67 186
174 v v .375 .68 187
175 5 650 990 o5 .69 15
176 995 .69 19
77 993 Tl 25
178 995 Tl 33
179 995 .70 38
180 995 .70 Lo
181 996 .69 L6
182 995 1.5 +59 55
183 995 1.5 <59 58
184 995 N .68 63
185 995 .75 .69 65
.186 995 375 .76 69
187 995 375 T 70
188 995 1.5 .58 79
189 4 995 l 57 81
190 700 995 Ll 91
191 999 , 43 95
192 998 .75 55 100
193 998 .75 57 102
194 998 375 .70 106
195 995 375 .69 107
196 995 1.5 43 111
197 997 1.5 43 119
198 650 Q97 .75 .70 121
199 \ 4 650 995 .T5 72 123
200 6 600 1000 1.5 T3 11
201 W71 15
202 .73 20
203 VT 2k
20k Tl 28
205 W73 32
206 T3 36
207 73 Lo
209 1005 .70 L8
210 1005 .75 .76 50
21l 1010 75 7 58
2Le 1010 . 375 . 8L 55
213 k 4 v 1010 .375 Yy .85 57



TABLE XIX (Continued)
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Run Catalyst Temper-  Pres- Space Hydrogen Wt% Hours
Number Loading ature, sure, Time to 0il Nitrogen on
Number oF psig Hours Ratio in 0il

SCF/bbl Product

214 6 600 1005 1.5 1500 .72 59
215 a 1005 1.5 .69 61
216 650 1008 1.5 .58 Th
217 1008 1.5 .57 T6
218 1020 NG .68 80
219 1020 .75 .67 81
220 998 375 .81 85
221 998 375 .80 86
222 995 1.5 .61 90
223 A4 995 1.5 .59 92
22k T00 1002 1.5 .45 101
225 1002 1.5 43 103
226 1002 .75 .55 106
227 1004 .75 .56 107
228 1005 .375 .69 112
229 1000 .375 .68 113
230 1000 1.5 43 117
231 v 1000 ik 120
232 750 1000 l .29 130
233 1000 .28 132
234 1000 .75 L6 138
235 1000 .75 Lt 139
236 1006 .375 .67 143
237 1006 .375 .68 145
238 ) 1005 1.5 .29 150
239 v v 1005 .29 151
240 7 600 1000 LTl L
241 1000 .72 8
242 1000 .71 12
243 995 .71 16
2kl 995 LT1 20
25 995 .70 27
246 997 .1 30
a7 997 .70 3k
248 997 .70 38
249 995 .71 Lo
250 996 v 71 L6
251 1007 .T5 .76 50
252 1007 .75 .76 51
253 1010 375 - .82 56
254 375 .80 57
255 1.5 67 61
256 v \ 4 v L Z .67 63




TABLE XIX (Continued)

185

Run Catalyst Temper~ Pres- Space Hydrogen Wt% Hours
Number Loading ature, sure, Time to 0il Nitrogen on
Number °F psig Hours Ratio in 0il

SCF/bbl. Product

257 T 650 1010 1.5 1500 .57 69
258 .55 71
259 .75 .61 Th
260 .5 .67 75
261 .375 .75 79
262 375 ST 80
263 1.5 .56 8L
26l 1.5 55 86
265 700 1.5 .37 92
266 1015 1.5 .39 99
267 .75 .51 102
268 .75 .50 103
269 375 N 107
270 375 N 108
271 1015 1.5 37 117
272 1019 1.5 .38 119
273 750 1019 1.5 .26 124
27k 1015 1.5 .25 126
275 1010 .75 A3 130
276 8 600 1005 1.5 .93 I
277 1.5 .9k 8
278 .75 .96 11
297 .75 .96 12
280 .375 97 15
281 .375 .96 16
282 650 1.5 .92 22
283 1.5 .93 2k
284 .75 .96 26
285 .75 .96 27
286 .375 97 30
287 375 .96 31
288 9 600 1002 1.5 67 T
289 1001 .67 12
290 1000 .67 16
291 1003 .68 20
292 1003 .68 2l
293 1002 .66 28
294 1002 .68 32
295 1002 .67 36
296 1000 .66 4o
297 1006 .66 LY
298 1005 .66 48
299 1005 .75 .T6 50



TABLE XIX (Continued)
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Run Catalyst Temper- Pres- Space Hydrogen Wt% Hours
Number Loading ature, sure, Time to 0il Nitrogen on
Number °F psig Hours Ratio in 0il
SCF/pbl  Product

300 9 600 1005 .75 1500 .75 52
301 1007 375 .80 56
302 1007 .375 .82 57
303 1005 1.5 .67 60
30k \ 4 1006 1.5 .65 62
305 650 101k 1.5 .5h 68
306 1012 1.5 .55 70
307 1010 .75 .69 76
308 ) .63 T
309 .375 76 80
310 <375 .T6 81
311 1.5 .55 85
312 + 1.5 .56 87
313 T00 1.5 .39 92
31k 1.5 .38 96
315 .15 .52 100
316 .75 .5k 101
317 375 .63 104
318 4 375 .65 105
319 L 1005 1.5 4o 109
320 1005 1.5 .ho 111
321 750 1006 1.5 .25 118
322 1006 1.5 .26 120
323 1005 .75 L2 125
324 .75 b1 128
325 375 .52 128
326 .375 .52 129
327 1.5 .29 134
328 v 1.5 \ 4 .30 136
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Table XX is a tabulation of the mercury penetration data used to
calculate the pore radius distribution presented on Figure T79. Both the
data acquisition and reduction methods were standard (20).

Table XXI presents the nitrogen content of the reactor product oil
as a function of the boiling point. Recall, that W is the mass frac-
tion of the oil in cut i and Npi is the weight percent nitrogen in

cut i.
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TABLE XX

PORE SIZE DISTRIBUTION BY MERCURY. PENETRATION

Nalcomo L4T7h Nalco T2-L4T710A Nalco 72-4710B
Absolute Intru~ Absolute Intrue Absolute Intru-
Pressure, sion, Pressure, sion, Pressure, sion
psia cc/gm psia ce/gm psia cc/gnm

1.8 0.000 1.8 0.000 1.8 0.000

9.9 0.000 9.9 0.005 9.9 0.013

L9.9 0.00k 49.9 0.009 Lo.o 0.020

250 0.011 159.9 0.019 100.0 0.026
500 0.019 500 0.028 300 0.030
1,200 0.022 2,500 0.033 1,000 0.033
2,500 0.030 5,000 0.038 2,500 0.049
5,000 0.0k49 10,000 0.038 5,000 0.072
10,000 0.060 15,000 0.0L47 10,000 0.092
15,000 0.078 25,000 0.052 15,000 0.105
20,000 0.105 30,000 0.075 20,000 0.122
23,000 0.161 32,000 0.1h1 23,000 0.168
25,000 0.213 34,000 0.216 26,000 0.210
27,000 0.272 36,000 0.291 30,000 0.270
30,000 0.3k47 38,000 0.343 33,000 0.3L4k2
35,000 0.418 40,000 0.375 35,000 0.391
40,000 0.448 45,000 0.418 38,000 0. k454
50,000 0.463 50,000 0.432 40,000 0.483
60,000 0.463 60,000 0.4h1 50,000 0.552

60,000 0.566
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TABLE XXT

NITROGEN LEVEL AS A FUNCTION.OF BOILING POINT

Boiling
Range o
Endpoint, Run Run
at 50 mm Feed Run 3 Run 31 265 225
Wy .105 .10k 167 176 .158
328 N~ .60 .61 .28 .29 .29
pl
394 Wy .106 132 176 .162 .163
N 1.07 .91 .30 .31 .29
P2
L9 s .110 121 .136 .168 .153
N .93 LT .29 .29 .30
p3
L72 W), 2112 .09k .135 .120 .132
N .81 .73 .33 .33 .36
pL
485 v .120 .158 .129 .1k0 .133
N .96 .84 A5 2 )
p5
507 Ve .110 .095 .063 .061 . 063
N .99 .98 .50 AT .53
6
548 et 227 .130 . 085 .072 .086
N 1.03 99 .5k 51 57
pT
- Vg .210 .166 .109 ,101 112
Np8 1.21 1.22 et .72 LT5
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