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Abstract:
The destructive catalytic hydrogenation of pyrrole and pyridine has been studied. The purpose of this
study was to obtain and evaluate rate data on the destructive hydrogenation of pyrrole and pyridine.

The study was carried out on a bench-scale, continuous-flow,fixed-bed, integral reactor. The range of
operating conditions was: temperature 675 to 775°F pressure 250 psig, hydrogen flow rate 7500
SCF/bbl, space velocity 0.50 to 8.0 cc/cc/hr, initial nitrogen concentration 0.2 to 2.0 Wt.% N. The work
was done Using an extruded cobalt-molybdate catalyst.

The charge of catalyst varied from 15 to 75 grams.
All calculations here based on the overall nitrogen concentration.

With this basis it was found that the destructive hydrogenation of pyrrole in toluene was a pseudo
second order reaction and the destructive hydrogenation of pyridine in toluene a pseudo first order
reaction. The energies of activation as calculated from the Arrhenius equation were .10,200 cal/mole
for pyridine and 16,890 cal/mole for pyrrole.

It was also noted that a paraffinic diluent resulted in better conversion of pyridine than an aromatic
diluent.

Linear and quadratic models were postulated for the regression of the conversion on the process
variables, temperature, space velocity, and initial nitrogen concentration. The conversion for the
destructive hydrogenation of pyrrole was found to be a linear function of these variables and that for
pyridine a quadratic function of the same variables.
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ABSTRACT

The destructive catalytic hydrogenation.of pyrrole .and.pyridine has
been studied. The purpose of this study was to obtain and evaluate rate
.data on the destructive hydrogenation of pyrrole and pyridine.

The study.was carried .out.on a bench-scale, continuous-flow, fixed-
bed; integral reactor. -The range of operating conditions was: temperature
675 to T75°F, pressure 250 psigy hydrogen flow rate 7500 SCF/bbl, space
velocity 0.50 to 8.0 cc/ce/hr, initial nitrogen concentration 0.2 to 2.0
Wt.% N. The work was. done using an extruded cobalt-molybdate catalyst.

The charge of catalyst varied from 15 to 75 .grams.

- A11 calculations were based on the overall nitrogen concentration.
With this basis 1t was found that the destructive hydrogenation of pyrrole
in toluene was a pseudo second .order reaction and the destructive hydro-
genation of pyridine in toluene a pseudo first order reaction. :The
energles of actlivatlon-as calculated from the Arrhenius equation were
10,200 eal/mole for pyridine and 16,890 cal/mole for pyrrole.

- It was also noted that a paraffinic diluent resulted in.better con-
-version of pyridine than an aromatic diluent.

Linear -and quadratic models were postulated for the regression of the
conversion.on .the process variables, temperature,.space velocity, and
initial nitrogen concentration. The conversion for the destructive hydro-
genation of pyrrole was found to .be a linear function.of these varilables
and that for pyridine a quadratic function of the same variables.




RIS
I INTRQDUCTION

The nation's proven reserves of petroleum are increasing yearly and
at the same time the petrochemlcals industry ls expanding rapidly. -The
petrochemicals industry 1s putting a large demand on petroleum refiners.
Many new syntheses have been deyeloped because .of demands for newer and
purer chemicals, . Are the present sources. of chemicals, synthetic .and
natural, the most economical? This question can be partially answered
by research.

In 1944 the Unilted States .Congress passed the Synthetic Liquids Fuels
Act which. authorized research and development on new sources of oll. -The -
main sources of petroleum substiltutes appear to be ell-shale and liquid
and gaseous products from coal hydrogenation. -These sources not only
yield many hydrocarbons found in petroleum, but they also yield.substantial
quantities of organic compounds containing oxygen and nitrogeh (1,19).

- Much work has been done on the mining and retorting of oil-shale and
hydrogenation of coal .(8,19-23). One.of the big problems now. dppears to
be up~grading the liquids obtained from these processes. Destructive
catalytic hydrogenation seems to be a very promlsing method.

It 1s desirable to remove completelynmany of the nitrogen. compounds
from the above stocks_because_ﬁitrogen compounds cause catalyst deactiva-
tion and gum formation (15). ‘Many nitrogen compounds, howevery are in

demand in the plaétics and resins industries.
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-For these reasons 1t would seem desirable to Dbe-able to hydrogenate
selectively nitrogenous feed.stocks. Since the reactions involved are
many and.complex4,much,informatien must be obtained before such a task
is undertaken. The catalytic hydrogenation of shale oil fractions has
.been studied at Montana State College since 1954 (14,17). -The majority
of the nitrogen compounds found im shale .-oil and coal hydrogenate are
homologs of quinoline, pyridine, and pyrrole. The destructive catalytic
hydrogenation of quinoline has been studied at Montana State .College by
.Ryffel .(17). -To supplement this, it was proposed to study the catalytic
hydrogenation.of pyrrole and pyridine.

This thesls is a .report of such an investigation. - The information
is of a fundamental nature and should be'-of .value in both the general

.and selective hydrogenation .of feeds containing pyrrole and/or pyridine.
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II RESEARCH OBJECTIVES

-The~ob1eatives-of'this research were to gather and»evalﬁate.data
.fromnthexdestnuctiye hydregenation of pyrrole aﬁd.pyridine; The main
objective was -to obtain.kinetig data on the deqqmposition-of these two
_compounds. -We were interested in -determining the following:

.1. The empirical order .of reaction

2. The effect .of changing .the. following process variables:
temperature
-space vyelecity

initial concentration.-of nitregen
type of carrier.or diluent

foTN el e

3.  An equation relating the .conversion to temperature;
space Velocity;,and.ihitial-concentrapion of nitrogen
in a fixed diluent ’
The above objectives were realized insofar.as time and avallable .
equipment allowed. The research was meant to be -of a fundamental nature

but designed so that the results could.be applied to the broader problem

of . destructive hydrogenation of feeds containing pyrrole and pyridine.
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ITI  EXPERIMENTAL CONSIDERATIONS

A. Introduction

SelectiqnzggiFeedstock: In order to simulate commercial feedstocks,

it was necessary .to find hydrocarbon carriers énd nitrogen compounds
characteristic of those found in commercial stocks . but still'avoid com-
plex mixtures. The,compounds.td.be used had to be reasonably priced
.and availablg in 5-gallon lots.

The literature (l;é,l9) reports that.the nitrogen‘in.commercial
'stocks 1s present primarily as homologs of pyridine, pyrrole,.and.quino-
line, Since an extensive study‘on.quinoline,had,been.carriéd«out by
‘Ryffel (17) at Montana State College, 1t was deéided to.uée pyrrgle and
pyridine as the nitrogen compounds in this study.

Commercial fEedstgcks.contain many hydrocarbons 4 mpst-of wh;ch may
be classed as elther aromatic, naphthenicy, .or paraffinic. For this
reason 1t was decided to use.a carrief from.eaeh of the above classes.
-Those carriers chosen were toluene, methylcyclohexane, and normal heptane.
.In order to check the experimental results, cumene (iso-prbpylbenzene)

was used in several runs. Some physilcal properties (9). of the carriers

used are:

Compound M. .Wt. _ B. P., °C Density, g/ml
Toluene 92.13 110.63- 0.8669
. Methyleyclohexane 98.18 100.3 0.7864
normal Heptane 100.2 98.43 - ©0,6838

Cumene 120.19 152.40 _ 0.8618
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Process Conditlons: The process conditions for thls study .were

. chosen -after severdl exploratory runs were made and from preyvious know- '
.ledge of hydrogenation processes. Consideration was glven mainly.to
keeping the -conversion in the 10-90 per . cent range. -The limitations of
the equipment and. analytical techniques and the time reqpirement were also
considered. -The process conditions finally chosen were -as follows:
Pressure; constant at 250 psig
.. Temperature: 675 to T75°F _
Hydrogen Flow Rate; 7500 .SCF/bbl feed .
~Initlal Nitrogen Concentration: .0.20 to 2.0.Wt.% N
Space Veloclty: .0.50 to 8.0 ce/cc per hour
Catalyst: CoMe, 15 to 75 grams

. Thermodynamic Study: A thermedynamic study 6f the hydrogenation of

pyrrole and pyridine is.given in the Appendix. Thls study was done to
verify the thermofiynamic feasibllity of the over-all reactlons "of pyrldine
plus hydrogen, and_pyrrole.plus hydrogen to yleld ammqnia.and various
hydrocarbdns. ‘For example, the free energy changes and equilliprium con-

-stants at several temperatures are:

- Temp.y °K AF°, cal/mole . Keq
| Pyridine Pyrrole Pyridine “fyrrole
300 =45,120 =60,420 5.02x10%2  5,5x10%
500 -23%,160 . =52, 620 1.2x1010 7.5%1022
700 +80 44,890 1.06 8.3x1013

The temperature of neutral equilibrium for pyridine was calculated to be
690°K while that fer pyrrole was 1,860°K. - Thus, the reactlons appeared
.favorable at the temperature range investigated. -The complete study with

the .results at four temperatures and four pressures. is included in the




Appendixl
'B. Materilals

Fge&stock: The diluents used (toluene,lmethylcyclohexane;.n-heptane,
and cumene) were.all technical grade and were purchased in 5-gallon lots
from Phillips. Petroleum Company. - The pyridine and pyrrole .were commercial
grade reagents. The pyrldine was purchased frqm:Eastman Qrganic‘Chemicais,
_the pyrrole from Ansul Chemical Company.

- The. feed stock was prepared by mixing the appropriate amount of
pyrrole or pyrildine with the .desired diluent. Since the inltial concen-
tration of nitrogen was a variable in these studies, .only about one
gallon of feed was prepareﬁﬁat one time.

,Qatalyst:and.ca;alyst Supports: Previous hydrodesulfurization and

.hydrodenitrogenation.stﬁdies conducted at Montana State College in con-
Jjunction with Esso Research and Engineering Company (6,13) , the Engineer-
ing Experiment Station (14),.and the Natlonal Sclence Foundation (17)
have shoun that a cobalt-molybdenum catélyst is effective in hydrogenation
processes. ' The catalyst used here .consisted of a mixture of copalt and
molybdenum oxldes on an alumina carrier. In particular, it was Naleo-
Esse eobaltemolybdenum.l/l6<inch extruded catalyst.

The catalyst bed was supported or top .and bottom in the reactor by
1/8-in. and 1/4-in. low surface area.alumina pellets. When dilution of
the catalyst was necessary, the 1/8-in. alundum pellets were used. The

catalyst plus pellets occupied a volume .of about 100 cc in the reactor.
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A
JHydrogen Treat Gas: The hydrogen treat gas was purchdsed in high

pressure cylinders from HR Oxygen and Supply, Billingsy Montana. The
hydrogen was first passed through a "Deoxo" unilt where trace oxygen 1s
converted to water. The watér was removed by passing the hydrogen-water
mixture through a drying wnit containing "Drieprite" and an.indicator.
The purpese of the indlcatoer was to show.when the "Drierite™ was .spent.

- C. .Equipment‘

__F;QW”Diagram; A schematic flow,diagraﬁ of the experimental unit is

shown in Fig. 1. -The reactor 1s operated as a fixed-bed, contimious-fiow
_integral reactor., -Feed.stock 1is pumped frem the reservoir inte the top
of the reactor where it 1is joiﬁed byAdeoxygenated and dried hydrogen.

The feed and. hydrogen then pass down through the pre-heaty catalyst, -and
.after-heat zones together. The vapors are condensed while still under
pressure. After passing through the pressure regulator,”tﬂe gaseous .and
liquid products are passed through a cooling .coil in an ice bath. -The
liquid preduct is collected in a flask, while the gases aré acid scrubbed

and vented to the atmosphere.

Spec;ficatiqns: The reactor was made from l-=in. QD seamless,
sechedule 80, -stainless steel pipe 30 inches in length. The ‘bottom of
the reactor was silver soldered to a flanged. unien to permit ease in
assembling and eharging. Thé top of the reactor was ﬁermanently connected
to a high pressure cross with & 1500 psi rupture disc inserted as a
.safety precautlon. - The reactor was covered with a layer of asbestos tape

and then wrapped with five ceramic-beaded nichrome heating colls.
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A 1-1/2 in. layer of 85% magnesia insulation was placed over the heating
coils.

A thermowell was passed down through the center of the reactor
slightly past the flanged union. This alloyed ease of centering the
thermowell while charging the reactor. A 3/16-in.- QD stainless steel
tubey -sealed at the lower end, was used for the thermowell. Five lron-
.constantan thermocouples were pldced inside the well fqr measuring the
temperature at various positions throughout the reactof. The .diagram
indicating the positions of the thermocouples, heating coils, -and
catalyst zone is shown in Figure 2.

Additional equipment also used was as follows: 2 Lapp Pulsafeeder
pump; a Brooks armoréd high pressure rotameter with a 3/32=in. ball;

.a Grovye (Mity:mite) back pressure regulator; five 110~-volt Powersfats;
a 1000 ml .glass feed reservoir with a 50 ml graduated burettelattached
for measuring volumetric flow; a Leeds and Northrup indicating
potentiometer; four Marshalltown 2000 psi test gauges; -2 Dohor Deoxo
Purifier; a Matheson hydrogen regulator.

A1l tubing used on the unlt was type 302 stainless steel, 1/8-1in.
.0D tubing. -Various Hoke valves were also used on the unit.

.D. -Operating Procedures .

Feed Stock Preparation: Feed stock was prepared just prior o

running; the amount prepared depending upon the immediate need. -The
method. of preparation was simply to add the required amount of pyrrole

or pyridine to a glven weight of diluent.
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Reactor Preparation: Before each run the reactorﬁ,cbndenser}.and

Mity—mite.pressyre,controller were cleaned with acetone. After.cleaningy
the reactor was charged by. inverting the reactor, pouring in.catalyst
supports to.a desired levely.gdding catalyst (diluted to 100. ce .with
oatalysﬁ supports when necessary), -and. £1lling the remainder of the tube
with catalyst supports. The reactor was tapped lightly.at in%:;'er\rals duiyx-=
ing the charge to insure good,settliné,ef the filler, The charge was
held ip the .reactor. byiinserting a stainless steel screen into the hottom
.0of the reactor. -The_fgaqtor was thenap;gged,in thé<proper.position and
connected. with the rest of the system. The unit was then purged .with
hydrogen at atmospheric pressure to rgmeve the air. - It was then pres-
surized and tested for leaks. -If'ne leaks were found,.it was ready
for a run. |

.Qgeratigm: In prepafing_ﬁor-a,run¢ the reactor was pressurized
and heated overnight in a hydfogen.atmgsphefe.- The feed pump was started
when the uMnit was about 20° below the.desired operating temperatufe.
The temperature was them brought up rapidly fo.operating conditions.
The feed rate was.controlled by .adjusting thé pump to give the desired
volumetric.feed rate. -The hydrogen was metered through. a fo,tamete’r‘ and
the . flow adjusted with a neédle valye. - The -temperature was recorded
every half hour -and the Powerstats .adjusted when necessary, - The pressure
was controlled.by a Mityfmite.regulator-which.occgsionally needed
adjusting. -The processed oll was cqllecﬁed in a recelver below the

Mity-mite after passing through an ice~bath. The purpese of fthe ice-~
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bath wag to miriimize loss of yolatile preducts.

| Sampling: The unit was allowed to run:from,fhrée to ten hours after
operating conditions were reached (line-out) before a.sample was taken.
This. was doﬁe tb.allow the catalyst to‘“settle dovn". The time-period
after line-out depended upon the severity.of the operating conditions.
Low space Velocit&,énd.high temperature are consldered severe. -Three
samples were then taken, the length of sampling time depending upon the
feed ratey at one-.to two-hour iﬁterva;s. Each sample ﬁas-ana;yzed and

the. gonyersions -compared to ensure complete line-out.

"E. Apalytical Procedures

- The welght per cent ni$r9gen in the samples and feed stock was. deéter-
‘mined. hy .the standardqueldahl‘méthod,(ll), Two determinations.were run
.on each sample and the results. averaged. .The conversiaﬁ‘ﬁas then eal-
culated uging these and the feed stock concenﬁrationsm

Some.of the samples. were then analyzed with a vapor~phase ¢hromato-

graph to give a . rough idea of the products. ’The samples from the pyrrolg"
runs contained compoundé which did not resolve on the chromatograph. -One
of these was then analyzed with a recording infrared.spectrophotometer.
The-cthmatOgrgphic.analysis of the products from hydrogenated pyridine
indicated that the nitrogen present was almost excluslyely pyrldine.
- The -infrared .analysis of fthe pro@uct.from.hydrogenatgd‘pyrrqie indicated

the presence of a complex mixture of primary.and.secondary amines.
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IV, . METHODS OF DATA ANALYSIS

A, Empiﬁieal Rate Egquation

The .rate of a chemlcal reaction may.be expressed quantifatively as
the mass or moles .of a product prioducedy .or a reactant corsumed, per unit
time -(7,18). If we base the rate of reactlon on a reactant having a
concentration ¢ at any time t; we may express the raté ef reaction r.as

-dg

o=t 2l
. dt

The law .of mass aebion stateé that  the .reactlon rate r .of a‘chemical.rep
action is proportional to the products of the "active masses" of the
reactants involved. The actual activity of a substanee in a mixture 1s
often difficult to obtain. For this reason concentrations are vusyally
_used in place of agtlve masses. Thus, if we have two reactants A and B
_reacting to give products R and S, for example

A+B ~e;;Rc+ S
the rate.may be expressed as

r= “%%é = kCycR |
swhere r is the ratey CAﬂand.CB-are,the concentrations of A.and:ﬁl
respectively, and a, b, and k are constants.

The cdngtant:k in. the a@ove reaction is called the reaction rate
constant. - In general, the rate constant 1s consfant-only-at fixed tem-
perature and pressure. -The units of k depend upon the -concentration
units inyolved .and the order of.reactlon. - The order of the above reactlion

is defined to.be a plus b, -The order. of s reaction may have values friom

0 to 3 including fractions.
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The rate -equation above is derived for homogeneous systems but has
been found suitable for many heterogeneous. systems also. .This is.parti-
cularly true when one or more of the reactants is present in large excess.
In most hydrogenation reactionsy for instance, the hydrogen is present in
such an excess that the change,iﬁ boncentration of hydrogen is negligible.

For a heterogeneous reaction such as

Pyridine .+ Hydrogen —s Hydrocarbons & Ammonia

the rate may. be expressed as

r = -dCp kzd%C%
dt

where k ié the rate censtant, Cp and Cy are the concentrations of pyridine
and hydrogen respectively, .and z is a caftalyst factor. When the hydrogen
is in excess,.the rate constant k, ,the -catalyst factor z,:andvcﬂhmay,be
incorporated into a new constant k! so that the rate equation becomes

= 90 - wch
dt

_For purposes of data. analysis,. the above equation 1s more eonverilent in

_the form

B J (S
at .0

where‘CPo is the initial pyridine concentration and x is the amount of
pyridine converted. Since the analytical methods used in, this study were
for nitrogeny not pyridine, the equation should be written

r= TON = kt(oy -x)"

ds ©

where. the N denotes nitrogen. It 1s also convenlent when dealing with




-16-
only one reactant other than hydrogen to .drop the subscript.N; Thus
the equation used would be

~dC = kH(Cox)"

dt
where C denotes the concentration of nltrogen Whether dealing with
pyridine or pyrrole. -One should note that

C.= Cy=x

o)
dC = =dx
Thus replacing dC by ;dx,.sepafating.variables,~and integrating from

x =0.tox =xand t = o to £ = t we have

X t
dx = k'dt = k't
(Co—x)‘n
o

o}

where the integral on the left depends upon n. The term t represented
here is .the actual contact time with the catalyst. Since this actual
contact time is difficult to obtaiﬁ, it is convenlent to replace 1t by
.a term proportional to it. -This term 1s the space velocityy SV.. The
space velocity is defined as fhe volume or welght of reacting mass per
volume or weight of catalyst per unit time. The volume of catalyst is
not standard, e.g.. 1t is often taken as volume occupied by catalyst
before packing in a reactor or by . velume of reactor occupled by catalyst.
.In this study the.space Veiocity;was taken as volume of oil per volume
of catalyst before packing per hour. It.ls seen from this ﬁasis that
reciprocal space velocity has the units, hours.

With the .above modification the Integral rate equation becomes
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dax = K/sSV
n
0 (Co-%)
where K 1s the new constant incorporating the proportionality factor
between t and 1/SV.

B. Order of Reactlon

The order of thé above reaction 1s then n where n 1is the exponent
on the (Cy-x) term. It should be noted that under the modificatlions made
and the fact that hydrogen is in excess, the arder here 1s sald to be
"sseudo order”.

The common methed for determining n is to assume different orders
of reaction until one is found which correlates with the data. - Some com-
mon orders tried are 0, 1/2, 1, 3/2, and 2. It sometimes happens that one
or more choices of n appear to correlate with the data. In such a case
it 1s accepted to take the simplest mathematical expression. -For example;
if n = 1/2 and n = 1 both .appear to yield straight lines when applied_fo
the data,. it is convenient to use the first (n = 1) order expression, -It
i1s not too uncommon to encounter data which satisfies no common oxder,
in which case it may be necessary to use other methods of ‘analysis. such

as. multiple regression.

.C. -Energy:gg Activation

The redction rate constant is generally constant -only at constant
temperature and pressure. -The effect of ‘temperature.on the reaction.rate

constant 1s usually expressed by means. of the Arrhenius equation (7,18).
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The Arrhenius equation is

-Eg/RT
.k = se a/

where k 1s the rate constant, T 1s the absolute temperature, R is the

universal gas constant, s 1s-a .constant called the freqﬁenqy féctor, and

-Eg/RT

E, 1s the energy of activation. The factor e is the fraction of

-molecules having energy. E, .or greatér. rhe'energy.of activation or Ej

1s the excess over the average energy that reactants must have for the

reaction to take place.

From the apove equatlon 1t can be seen that a plot.of 1n k vs. 1/T

will yileld.a straight line with a slopé of PEa/R.anduan.intercept of

In s. -These plots were made where pessible and the-correqunding-energies

of activation.obtalned.

D. DMultiple-Regression
When data .does not correspond to accepted theory, it 1Is .often

necessary-and conyenient to resort to other methods.of analysis. One

_method used more and more is the. statistical approach through multiple

regression (4410;16).

,Inlusing multifle regression we assﬁme;that some qbservation Y is
expressible -as a .function -of some known or cgn$rpilable'variables X1y
Xz, -—n—-ﬁ;# Xy 3 B8y, with. residual errors e; which.are normally and
independently distributed around a mean of zero and a censtant variance
of.ciéy e.gmi;ei(~/NID(O,q43)L' For example, in this study the observed
yalue Y, the conyérsion,-was exPressed as both linear‘and.quaﬁratic |

functions of the process yarlables space~Velocity,~temperaturg.and initial
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nitrogen corncentration. Thé model under the linear assumption is
Y4 = Bo + BiX1i + BaXpy + Bs¥si + €1
" where the &i"’NID(Q4U'2)x:Yi 1s the conversion at the ith~level,:xli
the. temperature, Xoj the space -‘veloeltyy and Xs; the inltial concentration
of nitroegen at the ith'leVel.
For a.fixed Xo and Xs,.the above model could be rewrltten as
(¥4 - BoXs - BsXs) = By + BaXag + €
.er
Yigay. = Bo + Bu¥ay + ey
where,theinadj; is now seen.to be linedr with respect to Xj. This .same
analogy could be used to show linearity with respect to Xz and Xs with
X14 X5 and X175 X5.held constant respectively. -To estimate the B!s and

o2 in the above modely, we use the method of maximum likelihood .(4).

. n/2 - — > (¥3 - By = ByXyy - BaXzy - Bslsi
L=t & 2oz i1
27 o g : -

The maximm likelihood estimators of the Bfs and o 2 are those estimators

- The likelihood funection is
. )2

which. minimize L .of In L for given observed-Y's and fixed X¥s. 'These
estimators .are found by taking_the partial derivatives of 1ln L with
respect to 501 Bly,Bg,‘ng;and,orz,and_equating these partials to .zero.
- Those -values of'BQIJBl, Bzy By and c-g_which satisfy the equations are
said to.be the maximum likelihood estimators -of the .above parameters.

These estimators are written as Dbg;.bis bgi_b3,-andn6r2 respectively.
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-Performance of 'the above yields equatlons of estimation for calculating

the .estimators.

This procedure was carried out in this study for both the linear and
quadratic models and.theresfimators obtained. - The actual calculations
were done -on an IBM 650 computer.

Certain statistical hypotheses may be tested regarding the models

used. - Where possible the tests of hypotheses were made and the anﬁlysis

of. yvariance tables constricted.
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-V ,DISCUSSIQN_OF_RESULTS

A. Exploratory.Runs

._A;numbeerf exploratory runs were mdde to determine a. suitable range
of operatlng conditioﬁs. We .were interested in determining the effect
of changing operating conditions during a given'fun(.finding 2 suitable
hydrogen. flow rate, and.determinihg a satigfactory temperature range.

Run R-12, made with a hydrogen flow rate of 500 SCF/bbl, shows the
type of dapa obfeined .when,'the prqocess V,aria.bie space velocity is varied
during a given:run.- The data are .given in Table V. It appe;rs from .the
:eonversions.shown that‘the,catalyst was deactivating rapldly. For example,
. the conversion at a spaceé velocity .of 4.0 was 0.268 at the beginning of
the run and 0.118 ab the end of the run. A later.runy howevery made With
- & hydrogen fiow rate'qf‘7§QO SCF/bbl and more severe cenditions, indicated
_that .catalyst deactivat;on'was negligible. -The resultsréﬁ this runy
. R-16, are shown im Taple VI. It can be seen that the conversion here
remained reasonably constant-at 0.950. From theseAresultg it appeéared
that -elther at low hydrogen. rates the catalyst deactlvated rapldly .er
that changing spacé,velocity.duriﬁg a run."upset" the catalyst. There-
fore, it waSvdeéidedito run with & hydrogen flow rate. of 7500.SCF/bbl
and to chénge.SPace-velqcity a maximuﬁ‘qf~0nce during a run.

In,order,to,determine-whe%her 7500 SCF/bbl was substantiaily_above
some-critical flow ratey runs R-19 and R-20 were made. Run R-19 was
made -2t 7500 SCF/bbl,-run.R*ZO-at-5Q00uand.2500 SCE/bbl.' The data from

these runs are tabulated inm Taple VII. Tﬁe_résults were:
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Hydrogen Flow. Rate “Conyersion
7500 0.. 649
5000 0.649
2500 . 0.612

It can be seen from these results that 7500 SCF/bbl is well above a
critical flow rate.

The temperature range was decided upon from previous work done at
Montana State College for Esso Research and .Engineering Company (6) and
by- Ryffel (17).

Before .the temperature range of 675 to T75°F and hydrogen flow rate
of 7500 SCF/bbl had been decided upony several runs (R-1,3,5,10,12) had
been made using pyrrole in various diluents. -The data and operating
conditions for these runs are included in Tables VIII through XII for
future reference only.

During the preliminary inveétigation it was found that at tempera-
tures of T00°F and above part of the product from the destructive
hydrogenation of pyrrole was insoluble in n-heptane., In order to mini-
mize.equipment difficultiesy 1t was decided to use no more pyrrole~
.n-heptane feeds.

B. Conversion-Time Study

Run R-16 was made at severe .conditions in order to determine the
maximum time to run after line-out before sampling. -The .data are tabu-
lated in Table VI and phe»plot of conversion vs. line~out time is.shown
in Figure 3. -These data indicated a maximym-line-out time of about

twelve hours.
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C.  Test For Diffusion

Ryffel (17) and Mahugh (13). have shown diffusion not te be control-
-1ing; therefore, only one check.run was made for verificatien. Run R-16
was made at 725°F, a space velecity of Q.50 and with a charge .of 50 grams
of cdatalyst. -Run -R~17 was made at the same condltions except that the
catalyst charge was 75 grams. The results of R-17 are glven in Table
XIII. ‘The conversion from R-16 was 0.944 and that for R-17 was 0.941.
This indicated that diffuslon was not -controlling. It was also noted
from the results of runs R-19. and R-20 that varying the hydrogen flow rate
from 5000 to 7500. SCF/bbl had no effect on. the conversion. -This also

indicated that-diffusion was not controlling.

-D. Empirical Rate Equation

A series of runs using pyridine in toluene was made at varying space
velocities and temperatures in order to determine an empirical rate
equation. The data from these runs are listed in Table XIV. -These data
were plotted.in Figure 4 as 1n(Cq/Cy-x) vs. 1/5V. A plot -of -1n(Co/Co=x)
Vvs. l/SV will yield .2 straight lime if the reaction- is first order. - It
is seen that the assumption of first order fits the data very well in
,the.675 to T25°F range. The method of least squares:was used to calculate
the slopes of the straight lines. These values .are tabulated in Table XV.
. The slopes of these lines are the reaction rate constants at the respec-
tive temperabures. For .example, the reactlon rate constant for the

destructive hydrogenation of pyridine in toluene at 675°F was calculated

as 0.375 hr™ ",
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Another series of runs was made, again using a pyridine-toluene feed.
-These runs were made specifically for obtaining data for mulfiple regres-
-sion analysis, but it was found that enough data at 675°F were available
for determining the first order reaction rate constant ab vardous initlal
nitrogen. conicentrations. The data from these runs are tabulated in-Table
XVI, .and the calculated reaction rate constants are listed 1n Table XVII.
Figure 5 is a plot showing the effect of initial concentration on the
reaction rate constant for pyridine in toluene. .It can be seen that in
the range studied the reactlon rate constant increases quite rapidly as
the initial nitrogen concentration decreases.

A series of runs was also made using pyrrole-toluene feeds. -These
runs were made wlth the two-~fold purpose .of obtainirig an empirical rate
equation and of using. the data in a multiple regression analysis. The
data .from these runs are tgbulated in Tables XVIIT and XIX. -These data
were plotted assuming a first order reaction. A typical plot is shown
in Figure 6. -Since this curve had a definite downward. trendy the data
were plotted. assuming a second order reaction. A plot of l/(Covx) vs.
1/SV will yield a straight line if the reactlon 1s of second order.

‘Tais plot of 1/(Cy-x) vs. 1/SV is shown in Figure 7 with the same.data
‘a8 that used for Figure 6. It appeared that these data correlated very
well with the assumption .of a second order reaction. -The pyrrele-toluene
data were all plotted assuming a second order reactioen. - It wag found
that at space velocitles less than 1y the data no longer approximated .a

stralght line. -Therefore, only those data obtailned at space veloclities
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of 1 .or greater were used in determining the reaction rate -constants.
These data.are shown in Figures 8-13. The corresponding .second order
reaction rate constanté were calculated by the method -of least squares
and the results tabulated in Table XX. Figure 14 1s.a plet showing the
effect of initial concentration on the reactlon rate -conmstant for the
destructive hydrogenation of pyrrole in toluene. It was noted that in
the range studied, the reaction rate constant increased rapldly as the
initlal nitrogen concentration decreased. From the results plotted in
Figures 5 and 14, it can be seen that the effect of initial nitrogen
concentration on the reaction rate constant was qﬁite similar for both
pyridine and.pyrrole.

E. ;Energyugg_Activation

The energles of activation were calculated using the Arrhenius
equation. This energy. Ea,<was‘obtained.by plotting In k versus 1/T for
both the pyrrole in toluene and pyridine in toluene. -This plot should
yield a straight line with a siope of ~Eg/R and an intercept of In s.

The plots are shown in.Figures_lS and 16, The energies of actiyation
were caleulated for the six initial concentrations for pyrrole and
ayeraged. The results are tabulated in Table XXI. The calculated -energy
of actiyation for pyridine in toluene was 10,200 cal/mole and that for
pyrrole in toluene was 16,890 cal/mole. -These values are valld for the
temperature range of 675 to 725°F with the restrictlon en the space

velocity .formerly mentioned regarding pyrrole (SV = 1 and up).
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F. Effect of Diluent

As previously mentionedy the hydrogenatien product of pyrrole was
inseluble in.n-heptane,‘therefore-it»was decided not to study pyrrple—
n-heptane feeds.

A feed conbalning pyrrole in methylcyclohexane was run at varlous
space velocities. The data obtalned from these runs are tabulated in
Table XXII.  These data were plotted, for compafisonlpurgoses only,
.assuming .a second order reactioﬁd The plot is shown in Figure 17 along
with the data for pyrrole Iin toluene at 725°F. -This plot indicated
that the effect of diluent here was only slight. Since pyrrele-n-heptane
feeds were not used and the difference in .effects between pyrrole-toluene
-féeds and pyrrole-methylcyclohexane feeds was not large, 1t was declded
to make ﬁo further diluent studies involving pyrrole.

Several runs weye madevusing pyridine in.yarious diluents. The
data obtained‘from‘ﬁyridine-n-heptane feeds are listed in Table XXIIT.

' These .data are plotted in Figures 18-20, assuming a first order reactiony
for comparison with pyridine-toluene feeds. From these figures 1t was
seen that the effect.of diluent .om hydregenation. of pyridine was very
significent. The series of runs made with pyridine in methylcyclohexane
also indicated that the diluent had a significant effect. ' The data from
the pyridine-methylcyclohexane runs are listed in Table XXIV. -The -data
obtained at 675°F from the runs using pyridine-tolueney pyridine-n-heptane,
and;pyridine;methylpyclohekane are plotted in Figure 21 assuming a first

order reaction. It appeared from the results that the paraffinic diluent.
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allowed the greatest overall nitrogen conversion while the aromatic
allowed the least. 1In order to substaﬁtiate.these,results*<it was
decided to mse a diluent having both paraffinic and aromatic properties.
‘This could be checked.by,tWo‘methods;

(1) Mixing an aromatic and paraffin
(2) Selecting an aromatic with a paraffin group attached
Both methods weve checked.

. The first method (1) was checked by mlxing a feed containing 39
welght per-cent n-heptane and 61 weight per -cent toluene before adding
the pyridine. This feed was run at a constant temperature .of T25°F and
space velocitles of 2, U4, and 1/2. The results of these runs are tabu-
lated in Table XXV. For a quiek check we may look at the comyersions.at

725°F and a space velocity of Y, .They were as follows:

An n-heptane 0.553
in mixture 0.243 -
in toluene 0.176

It is readily.seen that the data checks. Another run was made, this time
using a feed containing 65 welght per cent n-heptane and 35 .welght per
_cent toluerne. This rﬁn was also.made at a temperature of T2HPF and a
space velocity:of . The conversion is listed below along with the

above results in descending order

diluent -qonvers;on
n~heptane (07) 0.553
65 Wt. % Cy 0.350
39 Wt.% 07 .0.243

toluene 0.176
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Thus 1t éppeared.that.mixtures,of.aeratics and .paraffins behaved.as'
predicted.

The second (2) method was checked. by. making several runs with cumene
(isopropylbenzene) at T25°F and various space velocities. - The results.of
these runs are given in Table XXVI. -The data from the pyridine .in toluene{
n-heptane ; ‘methylcyclohexane, -and.cumene runs at 725°F are plotted. in
Figure .22 assuming a.first order reaction. - These data indicated. that
the paraffinic diluéntrdefinitely resulted in better overall nitrogen
conversion.

The effect of.diluent shown-above 1s probably due.tovthevrelativé '
adsorptivities .of the respective diluents_qn solid materigls such as
carbon;.molybdenum:sulfide; and silica compounds. -The literature (3454
12) repoerts that gromatics are more highly adsorbed than naphthenics.and
that naphthenics in turn are more highly adsorbed‘than paraffinics.:-lf
toluene was highly adsorbed on thg catalyst, the number .of active sites
available to pyridine .would be small. By the éame}analogyJ.if heptane
is not highly adsorbed, . .the number of active sites available would. be
greater. -This appears to be a reasonable explanation of the diluent
effect shown aboye. - This also. indicates .that the surface reaction iévthe
controlling reaction in the.desfructive,hydrogenation of pyridine, assum-
. ing no intergction between pyridine and.the.dilﬁent used.,

- @, ‘Multiple Regressionlgg_CanersiQﬁ.22 Temperature, Initial Concentration%
and. Space Veloclty ' ' . : 4

The data obtained. from.the destructive hydrogenation of pyrrele and

pyridine in teluene were .used to estimate the parameters of the linear and
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-quadratic models postulated .and to test hypotheses. about these medels.
The nomenclature used -was as follows: |
- Y ~=. overall nitrogen conversion,.x/cg
X, «. temperature, °R (°F + 460)
-Xz.- initial nitrogen concentration, .G,
X5 .- -space velocity,. v/v/hr (SV)
X4 - -1/8Vy b
‘It was .assumed that the .conversion .could be expressed as both linear
-and. quadratic functions .of various grouplings of_the'above process
-yariables (X).

The linear models used were

i1

By + lel,i +:BaX21 + BzXs1 + €1

and

X3 = By + BiXai +'BaXal + BaXag + €y
ey~ NID(0,0"%)
while the corresponding quadratlc models were
¥y = By + BiXii + BaXz1 + BsXsi +- Bllxli + Bzaxai + Bssxsi +
BiaXuiXat + Bis1iXsi + BasXaiXst + o1
.and same as gboye with subseript sz replaced by 4.

- The data used. for .estimatdng the Bis In. the above expresslons.are
tabulated in Tables XIV, XVI, XVIII, and XIX. The B's were estimated
by the method. of maximum.likelihood,_the calculations belng dpne on an
IBM 650 computer. N

‘When working wlth. the éight'different equations used, the fellowing

notation was adopted:.
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Y4 (case I) -.1linear model for pyrrole in toluene
with varlables Xiy Xzy:X3

Y4 (case IT) ~ linear model for pyrrole in toluene
' wilth variables Xy, Xg, X4

quadratic model for pyrrole in toluene

Yy (case III) ]
' with variables Xiy Xzy X3

!

Y3 (case IV)

quadratic model for pyrrole in toluene
with varlables Xi, Xos X4

Y4 (case V) - linear model for pyridine in toluene
’ with varlables Xi1,:Xz, X3

- 1linear moedel for pyridine in toluene

Y4 (case VI)
' with variables X1, Xov Xg

Y; (case VII) ,- quadratic model for pyridine in toluene
wilth variables X;, Xz X3

i

quadratic medel for pyridine in toluene
with variables X,; Xz X4

Y, (case VIII)

i

. The estimates of the B's,.b's, are listed for cases I-IV in Table
XXVII and for cases. V-VIII in Table XXVIII. To illustrate .the results
obtained, one equation is written out in final form as

Y(ecase VI). = -3.7296 + 0.0035167X; - 0.21591Xz + b.30244x4
where the estimators have been .rounded .off to five significant figures.

In -order to examine further the -equation, we will calculate.thérconVersion
ét a set of operating conditions and compare this result to the actual

conversion -obtained. For example, at

Xi-= TOO°F. = 1160°R
Xz = 1.0 Wt.% N
X5 = 1/8V=1/1=1"

the predicted conversion 15.0.436 while the actual conversion. taken from

Table XIV 1s 0.548. Thereforey it appears that the linear model 1s a
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fairly good estimator. At the same conditlons mentioned -abovey the
quadratic equation, Y(case VII), ylelds a confersion of Od4f5. It can
be seen that thls 1s even closer to the actual conversion (0.548) than
the .value from the.linear,modei (0.436). |

Certain statistical hypotheses about the above models may be tested.
These hypotheses ineclude

H} 'Bl
‘B

I on
o :
N

for the linear models.

- These tests were conducted for each of the four linear .models, and
in .each case the hypothesis waserejected. The analysis of variance
tables used for the above tests are included in Tables XXIX-XXXII in the
Appendix. Had thermu;tip;e regression data been obtained from.erthogonal
deslgnsy the hypotheses |

H; By =0 fori=1y.2,0r3
could have been tested -also.
Another series of hypotheses tested were the hypotheseé for the
quadratic;models
H; Bi1i = Bzz = B3z = Bz = Biz = B2z = 0
From the results -of such .a test we can declde whether the quadratic
terms are essential in the models. N
The analysis. of varilance tables for the quadratic models and -the
tests of thé above hypotheses are included in Tables XXXIII&XXXVI. It

was decided from the results that the models for cases I, IV, VII, VIIL

were to be .used for the equations of estimation.
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-VI  SUMMARY AND CONCLUSIONS

The-destructive hydrogenatioﬁ-of pyrrole in-toluene appeérs to be-a
pseudg second order reaction. This Qbseryation.iscvalid.for a temperature
.range of 658 to T41°F and a space veloCity_range,of.i,Q to.8.0. -For space
.velocities less than 1.0, the reagtion 1s no longer Secend erder and -
appears to be of no simple order.

The energy .of actiyation,forﬂpyrrole as calculated from the Arrhénius
equation was found to be 164890.cal/mole.

- Multiple regression analysis of the destructive hydrogenation-of
pyrrole in toluene indicates that the conversion may be predicted by a
.linear function of the temperature, spacevveloeity,-and\the initlal
nitrogen éoncentratitn. It was also found that the conversion may. be
predicted by a quadratic.funqtion.of the temperature,.initlal.nitrogen
conceritration, and reciprocal space velocity

Preliminary investigations showed hydrogenation products of pyrrole
produced -at temperatures of T0O°F and.above were insoluble in.n-heptane.
Therefdre,_antextensiye diluent study was not.conducted on;pyrrole.

‘The destryuctive hydrogenation of pyridine in toluene appears to .be
a pseudo first order reaction in the témperatune range of 675 to 725°ﬁ
and a.space veloclty range of 1/2 to 4. Abeye 725°F the reaction no
longer appears. to be filrst order or any other simple order.

- The energy of activation.for pyridine .as calculated. from the

Arrhenius equation was found to. be 10,200 cal/mole.
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Multiple regression anélysis,of the déstructive-hydrogenation,of
pyridine 1n toluene indicates,thqt'the conversion;may,be predicted-by a
quadratic,function,éf the-temperature,.spaceuvglbcity,.and.the initial
nitrogen concentration. -The conversion may also be predicted by a
quadratic function of the temperature, initial nitrogen concentration,
and reciprocal space veloclty,

The type -of diluent with pyridine in destructiVe.hydrogenatién had

a marked effect 6n.the conversion. - The conversion of pyridine was great-

-.est when a paraffinic diluent was;ﬁsed and least when an aromatic was

used. It was also shown that a naphthgnic.diluent glves conyversions in

the zone between paraffins'andxaramafics. The diluents studied included

. tolueney cumene, .methylcyclohexane, -and n-heptane.

- It wds found that for.both compounds an increase in temperature -

caused an increase in conversion, and a decrease in space veloclty caused

an. increase in conversion. For the initlal concentration range. studiled

(0.2 to 2.0 Wt.%sN), the reaction rate constants were found to increase

quite rapidly-as -the initial nitrogen concentnatlon was decreased.
-The-calculaticns_leading,to the aboﬁé observatlons are baseq on
overall nitrogen concentrations. | |
- In case of further studies along the lines mentloned abofg;-l would
recommend.-a .serles of stnqiés using feeds containing botﬁ pyrrole and .
pyridine. - It would be interesting .to khow,if the compounds behave the

same 1in a mixture as. when handled.alone.-
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Thermodynamlic Study

A thermodynamic -study of the -follewing overall reactions was.per-

formed.at four pressures and four temperatures.

:; 4+ SHp —_— CH3(CH293CH3 + NH
pyridine hydrogen n-pentane ammonia

(N + e  —= CH;(CH2)o0H; + N
pyrrole hydrogen n-butane ammonisa

The data required for the calculations.are given in Table I. Some
of the data was readily available from handbooks while the rest was
estimated. -When more than one method.of estimation was used, the results
Were -averaged.

- The equatiqns used.for calculations are as follows:

AH0298 - élHE 298 (products) AHf 298 (reactants)

'S°298 = So298(products) -8 298 (reactants)

OF S = OHy® = TOSq®

il

e = OE yr/ASONE

In Koy = =OF /R

The free -energy changes and: equilibriym constants at four temperatures

are giyen in Table 11.




Yo

Other.equatlons used are glven belowt

_1lnY

'KN =

Al -

il

___’_ PTC> [:l-a6(Tc> :[
128 \(TP.

Keq. P 7%

moles of reactants - moles of products

KNH;Kcé

( X‘H) 2 Kp‘yri.din.e‘

.YNH3 (104

( XH)P (pyrrole‘




Y3

The caleulated activity coefficients, ¥ , are given in Table III -

and the, Conversions: in Table IV.

TABLE I

THERMODYNAMIC DATA

Compound - Te Fe Alp 598 5 298
(°K) (atm) _ cal/mole (eu/mole)
. Ammonia o5 111.5 -11,030 K6.03
.Hydrogen 33 : 12.8 31.21
Pyrrole 640 61,7 31,100 T 65.61
Pyridine 617 . 60..0 27,540 68.90
n-Butane U26 36.0 -29,810 74 .50
n-Pentane 470 33.0 -35,000 . 83.40
TABLE 1II

FREE ENERGY.CHANGES AND EQUILIBRIUM CONSTANTS

NF®  Keq

Temp _','(cal/mole) ' ’

(°K) . Pyrrole Pyridine . Pyrrole Pyridine
300 _60,420 .+ 45,120 5.5 x 107 5.0-x 1072
500 =52 4620 -23.,160 7.5 x 10°% 1.2 x 10™
700 ik ;890 80 8.3 x 10 1.06

1000 334230 27,870 1.7 x 100 5.8 x 107




Press
{atm)

10

50

200

Temp
(°K)

300
500
700
1000

300
200

.700-

1000

300 -

500
700
1000

300
500
700

1000

FPHBER e

et et et

e

(H

.000
.000
.000
,000

.000
.000
.000
.000 .

.003
.002
001
.000

011
.007
,005
.00k

O

T

TABLE .ITI

ACTIVITY COEFFICIENTS

¥ NHS

HO OO HOOO

HO OO

- 994
.000
.000
.000

.920
.987 -
999
.000

.656
.930
984
.000

.185
T2
.925
.000

VC5

941
.990
.999
.000

HO OO

531
.890
.968
997

.02
553
8it5
1981

OO OO

cocoo

.2x10
.093
.510
.916

OO OWw

leNoNeoNe

O\ .
ReNoNeoRe

¥¢

4

. 970
99k
. 998
.000

= O OO

135
946
.986
-999

214
.751
.929 -
.996

0.0029
0.329
0.749
0.986

h/P‘,yrf-:'L'dilrle

co oo

loReReke

HO OO

O o003

945
.99
.999
.000

.556
.891
.96k
.990

.053
.556
.830
.955

.8x107
.0952
470
831

6

KPyrrole

CO0O HOOO

O O OO

OO OW

L9841 -
-992
.998
.000

- 933
.882
.962
.991
U227
530,
.815
.950 -

4

:32x10
019
439
12




Press
(atm)

10

50

. Temp

°F

300
.500

700.

1000

300
500

700.

1000

300
500
700

1000

.1.7x10

.1.7x10

Keq.
Pyridine

Pyrrole
(1)

1 5.5x10%7

7.5%10%2

8.3x10%3

_l.7xlO7
l,7x107
T
1._.7;(107
7
l.7x107
l.7x107

1.7x107

‘ .1,7x;07

5 8x10.

(2)

5.0x10°2

1.2x10 10,

1.06

5, 81077
9

5 .8::10“9

5.8x107
5.8x10™
5.8x1077
5.8xlpf9

5.8x1077

5.8x10™7

-TABLE. .IV

THERMODYNAMIC RESULTS

Ky

(1),
1.025
lmOQl
- 1.000.
,1.000
1.268
1.059
,1.023
1.008
3.262
.1.310
(1,118

1.049

(2)
0.990

. 0.991

0.999

1.000.

0.877
0.987

1.002

.1.007

.0.516 .

0.920.

0.997

- 1.028

8.12x10

.1.68x10

(1)
5.36x10%2
7.5x1028
8.3x10"7

1. 7:;107 '

4.35x1040

7.0 9x1024
15 -

9

l.4§x1026

1.86x10

4, 06x10%©

4. 22x100 ,

. 6.61x10°

(2)
5,1x10°2
1.21x10%°

1.06

5.8x10 I

5.7x1036

1.21x10™*

.1.06x10%

5.75x10 "7

6.05X1039

8. 15x1_o‘-16

6

3,5%%10" %

% Conversion

(1)
99.9

-99.9

99.9
99.1
99.9
99.9

999~
.99.7

99.9

. 99.9
99.9
.99.8

(2)

.99.9

99.2
Ll'.8‘ 1} 2

0.1

99.9

9.7

90.5

1.2

9.9
99.9

96.8
19.9

~e-Gp-



TABLE. IV . (contimied)

- THERMODYNAMIC. RESULTS

Press Temp * Keq -.-Ka/ Ky -+ - - % Conversion
(atm) - °K Pyrrole > Pyridine : ] '

T (1) (2) (1) (2) - (1) (2) (1) (2)

200 300 :l.7le7 5.8x1077  156.5 .0.0717 1.41x10T7 1.12x10%°  99.9  99.9

500 1.7x107 . 5.8x107  3.025 0.707 99221026 2.72x10%  99.9  -99.9

700 1.7x107 5.8x10™ 1.552  0.978 2.mx10®  L73a0® 999 988

- 1000. 1,7#107 5L8xlo“9 1.200 1.078 5,610 . 8.62 99.9 6.1

-q_—g-h—
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TABLE ¥

EFFECT OF VARYING SPACE .VELOCITY DURING A GIVEN RUN. (R-13)

Sample Space Gy - X Co - X x/Cq-
‘No.," - Velocity # :
C0
1 4 -0.765 . 0,732 0..268
2 4 0.775 0.740 0.260
3 10 - 0,926 .0.883 0.117
b 10 . 0.926 0.883 . 0.117
5 7 :0.927 ©0.884 .0.116
6 7 - 0.934 0.892 -0.,108.
7 2 -0.870 . 0,832 0.168
.8 2 0.880 0.840 0,160
9 . 0.922 .0.881. 0.119
10 Yy

0.924 .0.882 C . 0.118

Uniform Operating Coenditions:
Pressure: .250 psig
Temperature: T25°F
Hydrogen Rate; 500.SCF/bbl
Initial Nitrogen: L1.047 Wt.% N from pyrrole
Diluent: .42 Wt.% n-Heptane o
58 Wt.% Toluene
Weight of Catalyst; .20 gms
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TABLE VI

CATALYST,ﬁEACTIVATION AND LINE-OUT TIME.STUDY (R-16) .

Sample Hours © Cg =X Co-- X .x/Cq
No. Line~out —
s Rffo)
1 0 .0..0238 0.0262 "0.974
2 2 0.0133 .0.0146 0.985
3 I 0.0174 0.0192 . 0.981
4 6 0.0146 0.0161 -0, 984
5 8 0.0163 -.0.0180 ~0.982
6 10 0,/0506 0.0558 0. Ul
7 12 0.0383 0.0422 . 0.958
8 _ 15 0.0513 0.056% 0. 94k
9 18 0.0636 0.0700 0.930
10 21 0.0500 - 0,0551 0.945
11 24 0.0658. 0.0725 0.927
12 27 0.0472 0.0519 © 0.948
13 29 0.0643 0.0707 .0.929

. Uniform Operating Conditions;:

’ .Pressure: .250 psig

Temperature; T725°F

Space Velgelty: -0.5 ce¢/ce per hour
.Hydrogen Rate: 7500 SCF/bbl

Initial Nitrogen: -0.909 Wt.% N.from pyrrole
Diluent; . Methylcyclohexane

Welght of Catalyst: 50 gms




. TABLE .VIL
.CRITICAL<HYDROGEN.FLDW,RATE~STUDY

: (R-‘l9 ¥ 20 )
Hydrogen .+ Cy =X Cy ~ X x/C,
Rate - = )

(SCF/bb1) Co
7500 | 0.338 0.351 L0.649
5000 0.335 +0.351 0.649
2500 0.370 0.338 . - 0.612

Uniform Operating Conditions:
Pressure: 250 psig
,Temperature: T25°F ,
.Initial Nitrogen: . (above) from pyrrole :
Diluent: Methylecyclohexane
Welght. of Catalyst: 20 gms
Space Velocity: 4.0 cg/cc per hour

JTABLE VILI
PYRROLE-n~HEPTANE,. 555°F, 185 psig
(R=L)
.Sample ' Space Co - % Co =%
Ne. Veloclty i
| Co
1 7 0710 0.727
2 -2 : 0.515 0.527
3 20 0.861. 0.882

'"Uniform Operating Conditions:
. Pressure: 185 psig
Temperature: .555°F
Hydrogen Rate:  500. SCF/bbl
Tnitial Nitrogen: :0.978 Wt.% N from Pyrrole
Diluent: .r-Heptane '
Weight -of Catalyst: 10 gms.

0.964
Q.95
. 0.954

0.273

Q.473
0.118




4G

0.528
0.338
0.738

.TABLE IX
PYRROLE-nrHEPTANE, 650°F 185 psig -

. {R-3) -

Sample Space Lo = %
No. ' Velocity )

1 T . +0.515
2 2 0.330
3 20 0.722

Uniform Operating Conditions:
Pressure: 185 psig
. Temperature: .650°F
‘Hydrogen Rate: 500 SCF/pbl

Initial Nitrggen: -0.978 Wt. % N from Pyrrole

Diluent: .n-Heptane
Weilght .of Catalyst: 10 gms

JTABLE X
PYRROLE-n~HEPTANE, 555°F, 250 psig
(R-5)
Sample Space Co - %
No. Velocity

1 7 Q.7H2

2 20 0.86%

3 2 Q.701

‘Uniform Operating. Conditions‘
: Pressure: 250 psig
Temperature: 555°F
Hydrogen Rate 500 SCF/bbl
Initial Nitrogen: 0.978 Wt.% N from
Diluent: . n-Heptane
Weight of Catalyst: .10 gms

Pyrréle

Q.242

0,117

0.282




- TABLE XI
PYRROLE IN TOLYENE.,, EXPLORATORY
(R=10]

Sample Space -Co = X .Co.~ X
Ne. Velecity *“E“"“

~o
1 4 | 0.586 .0.563
.2 .10 0,.868. 0.837
3 T 0.823 0.792

Uniform Operating Conditlens:
. Pressure: . 250 psig
Temperature: 725°F
Hydrogen Rate: 500 SCF/bbl
Initial Nitrogen: .1.04.-Wt.% N .from Pyrrole
‘Diluents - Toluene
Weight of Catalyst: .20 gns

x/Cqy

0437
- 0.163
.0.208

x/Cq

0.130.
0.087
0.079

0257
0.111

-TABLE XIT
PYRROLE. IN 50/50 TOLUENE,(METHYLCYCLOHEXANE EXPLORATORY
R-12)

Sample Space "Co - X CO--.x

No. Velocity '
1 Y 0-:909 0.870
2 10. - 0.956. 0.913.
-3 7 0.963 0.921
iy 2 0.797 0,763
5 4 0..930 .0.889

Uniform Operating Conditlons:
-Presgure: 250 psig
Temperature: T25°F :
. Hydrogen Rate: 500 SEF/bbl
.Inltial Nitrogen: .1.046 Wt.% N from Pyrrole
Diluerit: .50 Wt.% Tolueney 50 Wt.% Methyleyclohexane
welght.of Catalyst: 20 gms




JTABLE XITI

TEST FOR DIFFUSION. (R-17)

Sample 'CO - X Co - X ' x/Cy
CO

1 0.0328 0.0361 0.964

2 0.0538. Q. 0593 0.941

Uniform Operatirig Cornditions:
-Pressure: : 250 psig
Tenperature: . 725°F
Space Velocity: .0.50 cc/cc per hour
_Hydrogen Rate: 7500 SCF/bbl
Initial Nitrogen: .0.909 Wt.% N from Byrrole
Diluent: . Methylecyclohexane
Welght of Catalyst: .75 gms




TABLE XTIV

EMPIRICAL RATE DATA.FOR PYRIDINE.IN TOLUENE

Temp ~ Space Cq Co-%" Co/(Co-x) 1n Cy/(Co=x) 1/sY Wt.
°F Velocity Catalyst
725 0.5 1. 044 0.2u8 422 1.0k 2.00 75
725 2.0 L.0u3 0.710 1.472 0.386 0.50 ° .20
725 4.0 1.032 - 0.850 1.215 .0.195 .0.25 2Q
675 0.5 1.035 0.487 2,13 0.755 2.00 75
675 2.0 0.991 0,821 1.205 0.1865 0.50 .20
675 1.0 0.987 0.686 1.439 0.386% 1.00 50
750 - 2.0 0.999 0.554 1.803 0.590 .0.50. .20
750 4.0 1.004 Q. 747 1,344 .0.295 0.25 20
750 1.0 0..987 0.227 4.35 1.47. 1.00 50

.50 0.5 0.991 .0.031 .31.90 3.5 - 2,00 75
700 2.0 ~0.996 0.753 1.323 0.279 0.50 20
700 0.5 1.000. 0. 347 2.89 1.060 2.00 75
700 1.0 0.998 0.577 1,732 0.548 1.00 50
700 4.0 0.981 0.828 1.184 0.169 -0.25 20
e 1.0 0.984 0.069 14,13 2.65 1.00 50
T75 4.0 0.985 0.645 1.525 _0.422 0.25 20
775 .2.0 1.023 0.453 2.26 0.815 .0.50 . 20
T75 0.5 1.037 0.000 2.00 75

.Uniform Operating Conditions:
Pressure: 250 psig
_Hydrogen Rate: .7500.SCF/bbl
. Tnitial Nitrogen: . Approximately 1.0-Wt.% N from Pyridine
Diluent: : Toluene

26+



TABLE XV

REACTION RATE CONSTANTS FOR. PYRIDINE .IN TOLUENE
Temp Temp Rate Ink 1/°R 103
°F °R Constant
675. 1135 0.375 -0.982 0.881
700 . 1160 0.5375" -0.622 0.863
725 1185 0.726 --0.321 ©0.844
TABLE XVI

PYRIDINE .IN TOLUENE.DATA FOR MULTIPLE REGRESSION

Temp Space Co Cyx In Co x/Cq .1/8v
°F Velocity o TS
725 4.0 1.295 1,068 0.193 0.175 0.25
675 k.o 1.295 1.180 . 0..0935 .0.088. 0.25
675 - 2.0 0.515 0.384 0.294 Q..254 0.50
675 k.o - 0.518 0. 477 0.1483 ,0.1375 0.25
175, 2.0 -1.303 0.580 0.810 0.555 0.50
675 .o 1.990 1.896 0..0488 0.0u8 0.25
675 2.0 1.990 1.800 0.1015 0.095 :0.50
725 4.0 -1.990. 1.772 0.115 .0.108. 0.25
775 4.0 1.313 0.932 0.343 0.290 0.25
675 k.o 0.204 0.150 0.302 .0.261 0.25
675 2.0 " 0.204 0.099 0.717 - 0.512 0.50
700 " 2.0 0.204 -0..057 1.272 0.721 0.50
725 2.0 . 1.302 0.920 0,348 19.293 0.50

Uniform Operating Condltions:
Pressure: 250 psig
_Hydrogen Rate: 7500 . SCF/bbl
Welght of Catalyst: .20 gms
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JTABLE. XVII

REACTION RATE.CONSTANTS AT 675°F FOR PYRlDINE.IN>TOLUENE

c, X In k

0.204 1.388 0.328

0.518 .0..590: -0.528

1.000 0.375 -0.982

1.990 10.200 ~1.612
TABLE .XVIII

REACTION RATE AND MULTIPLE REGRESSION DATA FOR. PYRROLE . IN TOLUENE

c
Temp Spdce : s Com% In _ ° 1 Wt. .of
°F _Velocity , A Co% "X  Catalyst

675 2 0.998 0.486 0.717 2.058 20
675 6 0.998 0. THT 0.289 1.339 .15
725 2 0.998. ©0.237 1.440 4,219 .20
125 6 0.998 0.491 0.708. 2.037 15
675 1 .0.998 0.297 1.212 3.367 . 50

- T25 4 .0.998 0.370 0.990 2.703 20
725 2 1.470 0.523 1.033 1.912 .20
675 2.667 1.472 1.072 0.316 0.933. 20
675 6 1475 1.252 0.162 0.799 15
725 6 1.481 0.925 0.U472 1.081 15
675 .2 L7 .0.985 0.405 1.015 20
725 1 1.487 0.309 1.572 3.236 50
675 1 1.487 -0.677 0,786 1477 50
700 I 1.247 0.810 0.432 1.235 20
700 Iy 1.254 0.790 0.463% 1.266 20
700 4 1.253 0.785. 0.468 1.274% 20
700 I 1.256 0.786 0.468 1.272 20
700 4 1.248 0.767 0.488 1.304 20
700. I 1.251 0.788 0.462 1.269 20

Uniform Operating Conditionst
Pressure: 250 psig
Hydrogen Flow Rate:; 7500 SCF/bbl
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TABLE . XIX.

REACTION RATE AND MULTTPLE REGRESSION DATA FOR PYRROLE.IN TQLUENE
. :

- Temp. Spate - C, ComX. in ) X wt, of
°F Velocity ‘ : Co-x Co=x Catalyst
658 4 .1.252 1.034 0.192 0.9671 20
741 4 .1.248 0.488 0.939 2.049 20
700 0.636. 1.243 @.187 1.897 5.348 75
700 7364 1.236 0.932 0.282 . 1.073 15
700 2 1.230 .0.532 .0.837 1.880 .20
700 0.5 .1.232 0.140 2.170 7.117 75
700 uy .0.848 0.378. 0.811 2.646 20
790 2 .0.849 .0.236 1.278 4. 237 :20
700 1 0.853 0.127 1.903 7.874 50
675 1 0.853 0.203 1.435 %.926 50
675 2 0.853 0.362 0.857 2.762 20
700 b L. 6L 1. 144 .0.361 0. 874 20
675 4 1. 6HY 1.263 Q.26 0.792 20
675 2 1. 644 1.053 9.ULT 0.950. 20.
675 1 1.635 0.657 0.912 1.522 5Q
700 2 1.635 0.722 0.820 1.385, .20
700 1 1.635 0.582 1,032 . 1.718 50
675 1 2.008 1.060 .0.638 0.943 - 50
675 2 2.10 . 1.456 0.323 0..687 20
675 4 1.995 1.754 0,127 0.570 20.
675 0.5 1. 994 0. 697 1.050 1.435 75
700 2 2.005 1.142 0.562 0.876 20
700 4 2.005 1.555 0.253 0.6431 . .20

TUniform Operabing Cenditiens:
-Pressure: .250 psig
Hydrogen Flow Rate: 7500 SCF/pbl




SECOND ORDER REAGTION.RATE CONSTANTS FOR PYRROLE.IN.

- Cq

We:% N

0.85
1.00

1.25

L1.48

1.6

2.00

ENERGIES OF ACTIVATION:FQRNPYRROLE=IN‘TOLUENE

CO
Wt.% N

0.85
1.00
1.25
1.48
1.6
.2.00

Ave.

-°F

675
- 700
- 675

725
658

700
T4
L6757
- T25

o
675
700.

¢56, _

TABLE XX

i

Rate

- -Constant

TABLE. XXT

OO H.ON DO AN O N D
MU, )

\O

=3

.63

By
¢al/mole

18,4220
15,940
18,030
18, 1iko

. 16,840

13,870
16,890

TQLUENE

In k

1.29
1.88
9.837

-1.87

. ~0.403

0.752
1609

0. 264

0.932
0,372
0174 -

=0.702

~0.333
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.. TABLE XXTT

DATA FROM DILUENT EFFECT. RUNS. FOR PYRROLE.IN METHYLCYCLOHEXANE

Space C, CorX. ComX x/C, 1
Velocity *5;‘ ' fﬁ;ﬁ;‘“
0.5 0.909 0.0538 0.0593 0.941 18.6
2.0 .0.909 0.199 0.219 0.781 - 5.03
k.0 0.964 -0..388 0.403 0.597 ©.2.58

- Uniform Operating Conditions -
Pressure: .250 psig
Temperature: T725°F

Hydrogen Rate: 7500 SCF/bbl
‘Weight of Catalyst: .20-50 gms

.. TABLE XXTIII

:DATA FROM. DILUENT EFFECT RUNS FOR PYRIDINE IN n-HEPTANE

Space Temp Co CoX - Co In _CO x/Cy
Veloeity °F Cox Co =X :
2 725 0.995 0.32L 3.10 1.130 -0.677

L4 725 0.999 0.4l6 -2.24 0.807 .0.553

1 725 0.998 0..093 10.16 = 2.315 .0.902

L T75 .1.002 0.269 3.73 1.317 :0.732

2 775 0.996 0.072 13.85 2.63 0.928

y 675 0.992 0.593 1.67 .0.514 0..402

2 675 0.924 0.400 2.31 ,0.837 .0.568

-1 675 0.922 -0.289 .3.18 1.158 0.686

‘Uniform Operating .Conditions:
-Pressure: .250 psig
Hydrogen Rate: 7500 SCF/bbl
Welght of Catalyst: .20-50 gms
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. TABLE . XXIV

DATA FROM DILUENT EFFECT RUNS
-- . FOR. PYRIDINE .IN METHYLCYCLOHEXANE

Space Temp Co - Co=X Co in }CO
Velacity °F Co-x Co=x
1 675 0.993 0.452 - 2.195 0.787
2 675 .0.965 0.508 1.896 0.. 640
4 675 0.994 0.680 1.463 0.381.
0.5 - 725 0.977 0.031 31.5 3.45
2 725 0.972 0.416 2.335 0.888.
4 725 0.974 0.577 1.685 0.522
1 775 .0.993 0.166 5.97 1.786
) 775 0.962 0.229 4. .20 1.435

Uniform Operating Conditions:
 Pressure: 250 psig
Hydrogen Rate: 7500 SCF/bbl
Weight of Catalyst: 20-50 gms

TABLE XXV

. DATA FROM DILUENT EFFECT RUNS FOR
PYRIDINE IN A TOLUENE .(61 Wt.%) --n-HEPTANE (39 Wt.%)

'MIXTURE
Space Co Co=x Co In Co
Velociby Co =x Corx
0.5 .0.976 0.094 10.38 2.34
2 0.972 0.. 640 1.516 : 0.416-
n 0.979 0.740 1.322 0.279

~Uniform Operating Conditlons:
. Pressure: . 250 psig
Temperature: T25°F
Hydrogen Rate: 7500 SCF/bbl -
Weight.of Catalyst: 20-=75 gms

COOOOO.OO

x/C,

. 5l
Rt )
316
.968
572
106
.832
.762

x/Cy

0.904
0.340"

. 0.243
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JTABLE XXVI

. DATA FROM DILUENT EFFECT.RUNS FOR PYRIDINE IN.CUMENE

Space Co
Velocity

0.5 0..980

1 0.983

2 0.978

L 0.976

C,O ~X

0. 114
0.337
0.53%6
0.672

‘Uniform Operating: Conditions:

‘Pressure: :250 psig
Temperature: T25°F

_Hydrogen Rate: .7500 SCF/bbl
Weight of Catalyst: .20-75 gms

. Co

Co™*

8.59

2»;92

©1.826

1.452

—_

C
In -9

Q=X
CO

2.15
1.07
0.602
0.372

© 0.884

:0.657
.0.452

0.312
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TABLE XXVIL

ESTIMATED. COEFFICIENTS. FOR REGRESSION MODELS. ; CASES .I-IV

Case I _Case; -IL Case IIT Case IV
_4.5365332 I, 5394 6l6. =2:,3710898 =8, 6234096
_0,50487701 : 0.004lT76319 .0.0005376565? J0.01077451
~0, 24320598 =0, 24147541 014977u896 -0.348509U47
~0.0934TH257 ~0, 2247411k

-0.34823998 ' - ) 1. 0427255
0.000002497020k ~0.0000022873117 |
_Ao.106d9922 © 0.13600063

0016026603
N ~0,22563573
. 20.00089065981 ~0.00024832149
0.000022802535 | _
. =0.00026176212
1;0.0057247565

. 0.026821470




Estimator
bo

b1

-3.3133399

. 0.0035861463
-0.18165883
=0.13538590

TABLE.XXVIIT

ESTIMATED COEFFICIENTS FOR REGRESSION.:MODELSy CASES V-~VIILL

Cage V ~ -Gase VI - Case VII

. ~3.7296289 . ~5.9198173
0.0035166951 0.0046639856
-0.21590753 1.4866805
.0 41424500
030244157 _
‘ 0..000001466914
0,2001497H

0,052824176

-0,002010629%

~0.00074290811

+0.,060894199

Cage VIII

-2.7952237

.=0.00055022897

2.10078214

.=0.098392148

0.000002738 6258
0.20889891

-0.19171121

~0.0022653232

.0.0010917251

. =0.,42370350

"




~H3-

TABLE XXIX

ANALYSTS. OF VARIANCE .TABLE FOR TEST CASE I

Source

SSR
SSE

Lemannd

38T

S8 a.f.
1.54463 3
'0,16075 33
1.70538 36

B _ssr - _0.5M87 -
sse 0..00487

F . = bl

0,01 (3,33) -

‘Therefore we reject:H;.Bi

.m.s.

0.51487
0.00487

105.7

—R
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TABLE XXX

ANALYSIS OF VARIANCE -TABLE FOR.TEST CASE I

- Source SS Ad.f. M 8o
SSR 1.50385 .3 .0.50128
SSE .0.20153 33 - 0.00611
SST 1.70538 36

F =.0.50128/0.00611 = 82.1

Therefore we reject Hi . By = Bp = Bg.= 0

.TABLE .XXXT

- ANALYSIS OF VARIANCE TABLE FOR .TEST CASE V -

Source S8 d.f. m.s.
SSR 1.92984 3 0.64328
SSE. . 0.35904 27 0.01330

- 88T 2. 28888 30 -

. F = 0.64328/0.01330 = 48.38

- F = 4.60

Q.0L(3,27)

Therefore.we reject Hy By = Bz = B3 = 0




TABLE XXXTT

ANALYSIS OF VARIANCE TABLE FOR.TEST CASE VI

Soutice 33 d.f. m.s.
SSR 1.97319 3 0.65773
SSE 0.31568 27 - 0.01169
$sT 2.28887 30

F = 0.65773/0.01169 = 56.26

Therefore we reject Hj.By = Bz = By =.0 -

TABLE . XXXITI

ANATYSIS OF. VARIANCE TABLE FOR TEST OF QUADRATIC TERMS FOR CASE.ILT

-Source SS d.f. m.s.
SSR 1.65666 9 0.18407
SSE. 0.04871, 27 0.04871
iy 1.70537 36 .

(1.65666 - 1.54463)
F = - » = 0.383
6(0.04871)
Fo.05(6427) = 2-46

Therefore we accept-Hj

B.',ll'= B12 = B:LB = B22, =‘B23, — B33 = O
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- TABLE . XXXIV

ANALYSIS OF VARIANCE TABLE FOR TEST OF QUADRATIC TERMS~FCR,CASEJIV

Source

.SSR
SSE

SST

;SS .d.f. m.s.
1.66233 9 0.18470
.0.043962 27 0.00159
1.70539 36
o (1.66233 - 1.50385) _ 16 ¢
6(.00159)
Fo.01(6,27) = 290

Therefore we reject -Hj

Bi1x = Biz.= B1s = Baz = Bza = Bae = 0

. TABLE. XXXV

ANALYSIS OF VARIANCE TABLE FOR TEST.OF QUADRATIC TERMS -FOR CASE3VII

“Source

SSR
SSE

pam————

SST

ss . d.f. ms.
2.23182 9 0. 21865
0.05105 21 0.00243
2.28887 30 |

7 - (2.23782 - 1.92984) =21.1

6(0.002k43)
F

0.01(6,21) "~ 5f81

Therefore we rejeet Hj

B11-= Baz.= Bss = Biz.= Biz = Bas = 0
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TABLE XXXVI .

ANALYSIS.OF VARIANCE. TABLE FOR TEST OF QUADRATIC-TERMS FOR CASE VIIT

Source

SSR

SSE |

gt

SST

Py .01(6,21)

S8 4d.f.
2.218251 9
0.070624 21
2.288875 30

p . (2.218251 - 1.973195)

6.(0.003363) '

= 3.81

-Therefore we reject Hj;

Bii = Biz =

Bia = Bazg .= Bog =

o m.s.

0. 246472
0.003363

12.15
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50 ml Burette

Reservoir

0 kI
Feed
—PWf:)
Storage ow -
BRS

Reactor
 -P
iefoers;
*H W
“H @
-P fc
-—1
Drier
Rotameter Indicating
Drierite

Deoxo Unit

Hydrogen

Figure 1. Schematic Flow Diagram of Hydrogenation Unit



Thermowell

Rupture
Disk
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Support
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Tape
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Union
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-y Location

Figure 2. Detailed Diagram of Reactor



Conversion

%

100

85

80

Operating Conditions:

Press.: 250 psig
Temp.: 725°F
S.V. : 0.5 v/v hr

H2 Rate: 7500 SCF/bbl

CO: 0.909 we.~ N (Pyrrole)
Diluent: Methylcyclohexane
Wt. cat.: 50 gms

15 25

Hours Line-out

Figure 5. Conversion vs. Hours after Line-out to Determine
Length of Time Before Sampling

-0l-



In Z(Co-X)

Figure 4.

Plot of Ir) @Z(Co-X) vs. Reciprocal Space Velocity
for Pyridine in Toluene (Co =1).

—Ti,-
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Cco

Figure 5. Reaction Rate Constant vs. Initial
Concentration for Pyridine in Toluene



1.0 - Operating Conditions:
Temp: 725°F
Press: 250 psig
H2 Rate: 7500 SCF/bbl
Initial N: 1Wt_#
Wt. Cat.: 15-20 gms .

0.5 1.0

Vsv

Figure 6.. Plot of In C0Z(C0-X) vs Reciprocal
Space Velocity for Pyrrole in
Toluene
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Operating Conditions:

Press.: 250 psig
Temp.: 725°F

H Rate: 7500 SCP/bbl
Initial N: | Wt$
Wt. Cat.: 15-20 gms

Plot of V(Cg-X) vs. Reciprocal
Space Velocity for Pyrrole in
Toluene
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Operating Conditions:

Press.: 250 psig

H2 Rate: 7500 SCP/bbl
Initial N 1 Wt.%
ME. Cat. : 15-50 gms

Figure 8. Plot of 1/(C0-x) vs. Reciprocal
Space Velocity for Pyrrole in
Toluene
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Operating Conditions:

Press: 250 psig

H Rate: 7500 SCF/bbl
Initial N: 1.48 Wt.$
Wt. Cat.: 15-50 gms

Figure 9. Plot of 1/(CO-x) vs. Reciprocal
Space Velocity for Pyrrole in
Toluene
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Operatlng Conditions:

Press: 250 psig

H2 Rate: 7500 SCP/bbl
Initial N: 2 we,»
Wt. Cat.: 15-50 gms

1/SV

Figure 10, Plot of V~O vs Reciprocal Space
Velocity for Pyrrole in Toluene.
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Operating Conditions:

Press.: 250 pslg

H2 Rate: 7500 SCP/bbl
Initial N: 0.85 Wt.#
Wt. Cat.: 15-50 gms

Figure 11. Plot of 1/(CO-x) vs. Reciprocal
Space Velocity for Pyrrole in
Toluene
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Operating Conditions:

Press.: 250 psig

H2 Rate: 7500 SCP/bbl
Initial N: 1.64 Wt.#
wWt. Cat

Figure 12. Plot of 1/(C0-x) vs. Reciprocal
Space Velocity for Pyrrole in
Toluene
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Operating Conditions:
Press.: 250 psig
H2 Rate: 7500 SCP/bbl
Initial N: 1.25 Wt.#
Wt. Cat.: 15-50 gms

1/SV

Figure 15. Plot of 1I/(CO-x) vs. Reciprocal
Space Velocity for Pyrrole in
Toluene
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Figure 14. Reaction Rate Constant vs. Initial
Concentration for Pyrrole in Toluene
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-0.20

-0.40

-0.60

-0.80

1.2

(/T) x 103

Figure 15. Plot of In k vs. I/T for Pyridine
in Toluene
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In k 0.5

(1/T) x 103

Figure 16. Plot of In k vs. I/T for Pyrrole in Toluene
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Operatlng Conditions:
Press.: 250 pslg

H Rate: 7500 SCP/bbl
Initial N: I Wt$
Wt. Cat.: 20-50 gras
Diluent:
-G Methylcyclohexane
-G- Toluene

I/ISV

Figure 17. Plot of I/(Co0-x) vs. Reciprocal Space
Velocity for Pyrrole in Toluene and
Methylcyclohexane
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Operating Conditions:

Figure 18.

Press.: 250 psig
Temp. : 675°F

H2 Rate: 7500 SCP/bbl
Initial N | Wt~
Wt. Cat.: 20-50 gms
Diluent:

-0- n-Heptane

—-A- Toluene

0.5

1/SV

Plot OF In C0Z(Cq-X) vs. Reciprocal

Space Velocity for Pyridine

and n-Heptane

in Toluene
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Vsv

Figure 19. Plot of In C0Z(CO-X) vs. Reciprocal
Space Velocity for Pyridine in Toluene
and n-Heptane
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Operating Conditions:
Press.: 2$0 psig
Temp.: 775°F

Hg Rate: 7500 SCP/bbl

Initial N: 1 WiL%

Wt. Cat.: 20-50 gns

Diluent:

-O- n-Heptane
-0- Toluene

1/SV

Figure 20. Plot of In C0OZ(CO-X) vs. Reciprocal
Space Velocity for Pyridine in Toluene
and n-Heptane



Operating Conditions:
Press.: 250 psig
Temp. :  675°F
H Rate: 7500 SCP/bbl

Initial N: | \it.%
Mt. Cat.: 20-75 gnms
Diluent:

0- n-Heptane
-0- Methylcyclohexane
Toluene

Figure 21. Plot of In CZ(Cg-X) vs. Reciprocal Space Velocity
for Pyridine in Toluene, n-Heptane, and Methy!cyclo-
hexane



Operating Conditions:
Press.: 250 psig

Temp.: 725°F
H Rate: 7500 SCF/bbl

Initial N: | Wt#
Wt. Cat.: 20-75 gms

_68_

1/SV

Plot of In @Z(Co-X) vs. Reciprocal Space Velocity

Figure 22.
for Pyridine in Various Diluents
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