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Abstract:

The effects of pressure> temperature, and space velocity on the hydrodenitrogenation of certain
aliphatic amines were studied. The feed concentration and hydrogen rate were held constant for all
runs. The compounds studied were n-butyl amine, octyl amine, iso-butyl amine, sec-butyl amine, and
tert-butyl amine. An increase of temperature caused a corresponding increase in the conversion of the
nitrogen compound. An increase in pressure also caused an increase in the nitrogen conversion.

By comparing n-butyl amine to octyl amine, it was evident that the lower molecular weight amine
denitrogenated more readily. Similarly, the isomers of butyl amine denitrogenated in the order n-butyl
amine, iso-butyl amine, sec-butyl amine and tert-butyl amine, with the ease-of denitrogenation
increasing respectively. The product formed from n-butyl amine is a mixture of iso-butane and
n-butane. Sec-butyl amine forms essentially n-butane, while iso- and tert-butyl amine form essentially
1so-butane at high conversions.
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ABSTRACT

- The effects of pressure, temperature, and space velocity on the
hydrodenitrogenation of certain aliphatic amines were studied. The feed
.concentration and hydrogen rate were held constant for all runs. The.com~
-pounds studied were n-butyl amine, octyl amine, . iso-butyl amine; sec-
.butyl-:-amine, and. tert-butyl amine. 1

An increase of temperature caused a.corresponding increase in the
conversion of the nitrogen compound. An increase in pressure also caused -
an increase in the nitrogen conversion. '

By comparing n-butyl amine to octyl amine, it was evident that the
lower molecular weight amine denitrogenated more readily. Similarly,.the
isomers of butyl amine denitrogenated in the order n-butyl -amine, iso-
butyl .amine, .sec~butyl amine and tert-butyl amine, with the ease.of deni-
.trogenation increasing respectively. The product formed from n-butyl
amine is a mixture of iso-~butane and n-butane. -Sec-butyl amine forms
essentially n~butane, -while 1so- and tert-butyl amine form essentially
i1so~butane at high conversions.
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I INTRODUC;TION.

. When .a natlon's industrial picture is chenging rapidly; new. proc-
esses and produ¢ts.must_be,introduced'at-a corresponding rate. But
with each néwlﬁr improved'processb more demands- are placed.on each idnfter-
mediaﬁegstépp;u@hesegdemands may.be quite.divefsified@ but one of the
largest demands‘falls-onlthe~specifications,and requirements~of an’inter~
mediépe.used. This rapidly .changing induétrial picture gpplies directly
to.most chemical and petroleum industries.

With anyAindustriai-ohanges-orxnew growﬁhjﬂnew;markets are creafed.

To‘supplyuﬁhese,markéts larger:and .different sources or raw materials.
and intermediates are needed, -Often new sources.of these materials

must be used,.which may require the use of inferior grades. This limme~

.diately. presents the~problem.6f upgrading-the.materials to meet the

required specifications. Demands to.improve -any product present: new

problems that must.be met.and handled. If the information needed .to’

"obtain a .complete kngwledge.of the problem is not avallable, then it

may be necessary,to.conduct studies fo oﬁtain this information,

In recent years one problem has arisen that exemplifiies this
demand. This problem.concerns itself with the efficient remoyal of
nitrogen-containing compounds from the petroleun. distillates.of which
theycarea.part.

Since 1953 the Esso Research and Engineering Company haslsponsored

a,feéearch project at Montana State College. .Not only was this study
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.cdnducted here, .but also in their.own research laboratories. The
purpose--of the project was to stgdj_the removal of sulfﬁr by hydro-
desulfurizgtion which also-included.in-cycle.oapalyst.deactivation
studies (6,.9é.11,.16); RgcéntlyL however;,the.étudy has been
carried to-the level where it is norlonger~desiréble-to_continue.
this type Qf,wqu-at-the,present time. Since 1959fandAthe.coﬁf
pletion of Mahugh's thesis, attention has been focused.on hydrode-.
nitrogenation. Beééuse‘of~previous experiencefwith'desulfurizationw
and the similaritles between this -and denitrogenation, this néw
. 8tudy. was condqcted in much the -same -way. as desulfurization.

In an effort.tdjunderstaﬂd.bgﬁter a.smadl portion of the.over-.
-all-problem@.this.étudy.was conducted on only, one type;of‘nitrogen
-compound. The -type.of nitrogen compound,ﬁsed,in this study was
limited.to aliphatic amines.. Howevef,.this-type-of:compoqnd,makes
up, a.part -of the total nitrogen cbﬁtent of‘maﬁy commerclal. petro-
-leum feedstocks.'-Zhe'eﬂﬂé@ﬁéuéon ﬁydrogenation,of sachuvériables
as pressuré},temperat@re¥,spaceAvelocityy,and-structure_of'the.

amines. were studled, and théir-oorrelations to hydfogeﬂatibn were
-examined.

The feedstock used in this -study was blengded.to resemble -some
of . the .characteristics of a éommercial_feed. However,. only, one
‘type.-of nitrogen compouﬁdaof known coﬁoentrgtion was Introduced

- into.the feed. This made it possible to understand better the
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behavior of this compound to hydrogenation.

Commercial feeds may contain several types of nitrogen coim-

pounds .. Some of the more common compounds encountered are as
follows:
H
I. R-C- NH2 Amlnes
H

Quinoline

Isoqulnollne

Pyridine
Pyrrole
H
6. Figurations undetermined Porphyrins

A feedstock may contain many more types of nitrogen com-
pounds than these. Also, each type of compound may have more than
one possible arrangement of atoms In its structure. As an example,
quinoline differs from isoquinoline In only the placement of the
nitrogen atom in the heterocyclic ring. Since many compounds are
present in most feedstocks, numerous reactions may occur simul-
taneously. Some of the problems encountered in hydrogenation are

as Ffollows:



= W

T
Does the presence of different nitrogen compounds cause
gﬂ interggfion that would affiect the hydrogenation?
Does the presence of compounds other than nitrogen-con-~
tainihg,compounds gffect hydrogenation?
What affect. does the carrier haye on.hydpogenation?
What part of the reactlon is rate controlling?
Whag,ph&sicallépnditions and limits are present?
How do variables like,préssure.and.tempeqafure affect the

hydrogenation?

In most cases before a study like this is_cpnductédk there

must first. be sufficient interest to merit such an investigation.

Reasons leading up to the. desire to remove nitrogen compounds are

numerous and diversified, -Some of the more.obvious reasons are as

follows:

1.

When nitrogen-containing compounds come into contact with
sensitive catalysts, the catalysts are easily poisoned
and quickly lose their efficiency. Some processes in -

which this may occur are catalytic cracking, hydrogen

platforming, and alkylation (1, 10).

.. Nitrogen compounds are partially responsible for exténsive

gum formation, Thls formation 1s caused by their ability
to accelerate thé~oxidation of numerous umsaturated

compounds (15) .
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Removal .of nitrogen compounds to produce a product that

'is compgtitive with those from .other sources., The re-

moval of nitrogen compounds from. shale oil to upgrade its
quality would be an example., The catalytic hydrogenation
of crude shalefQil has beeﬁ studied by the Chemical
Engineering Department at Montana State-College since
1954 (2, 5, 7).

Nitrogen compounds are.often the source of objectionable
odors (15).

Nitrogen impuritles can hinder various chemical processes.

The purpose and reasons for this study have been previously

stated,

The information obtained from this study is of funda-

mental nature and should be of value in solying the broader

problem of upgrading commercial feedstocks.
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II EXPERIMENTAL CONSIDERATIONS
A, Introduction .

Carrier: In order to prepare a feedstock that contalned the
desired. amount of nitrogen as amines, 1t was necessary %o use a
hydrocarbon -carrier that simulated commerciél feedstock charac-
teristics. It was necessary to choose a carrier that in barrel
lots was reaéonably=priced#.tha$ would blend readlly with varlous
low molecular weight amiuves, and not affect the hydrogenation
process itself.

The hydrocarbon carrier .chosen was normal heptane, which has
a boilling point of 98.5°C and a density of 0,6838 gm/cc (4). The
‘normal heptane was purchased in barrel lots from the Phillips
Petroleum Company.

Process Conditions: The operating conditions chosen for this

study were orginally selected with the assistance of the Esso
. Research and Engineering Company. After a few exploratory runs
were conducted, the conditions were modified to prevent total
nitrogen conversion and also to be more compatible with the limi-
tations of the equipment involved and the analytical techniques
used. The following conditions were finally selected: .

Pressure =~ 100 — 500 psig.

Temperature - 625°F ~ 725°F,

Hydrogen flow rate - 500 SCF/bbl.

Nitrogen concentration ~ 1.0% N by wt.
Space velocity = 10 -~ 100 gm/gm per hour.
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Catalyst ~ CoMo; 10 - 100 grams.
Amines wsed: n-~putyl amine
tert-butyl amine
sec=-butyl amine
iso=butyl amine
n=octyl amine
B. Materials
‘Feedstock: The various amines used in thils study were com—
merclal grade reagents purchased from Eastman Organic Chemicals.
The desired amine was blended with n-heptane to produce spproxi-~
mately 1% by weight nitrogen. Since each run comsisted. of four
space velocities (loj-204—40, 100), it was .necessary to blend about
15 liters of feed per ryn. This quantity of feed was sufficlent to
run the unit until the niltrogen conversion reached a constant level

and samples obtained.

Catalyst and .catalyst support: Hydrodesulfurization york .con=

ducted previously at Montana State College in. -conjunction with. the
Esso Research and Engineerdng Company (9, 11) used a cobalt-
,molybdenum,cataiystm From previous experience of hydrodenitro-
genation and friom the similar characterdstics between desulfuri-
-zation .and denitrogenation, the Nalco=Esso cobalt-molybdenum 1/16-
inch extruded catalyst was used. This catalyst is a mixture of
cobalt and molybdenum oxides on an alumina.support.

The catalyst bed was supported in the reactor on the top and

bottom by 1/8~inch alundum pellets which were obtained frem the

Norton Company. The alundum pellets were also used to dilute the
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catalyst and thereby preduce a larger catalyst zone. The catalyst
was dilubted 9 parts pellebs to 1 part catalyst by volume. The cata-
lyst dilution made it possible to use a larger portion of the re-
actor which alded in the control ef reactor conditions.

Hydrogen Treat Gags: The hydrogen treat gas was supplied in.

high pressure cylinders by HR Oxygen and Supply, Billings, Montana,
The hydrogen was first passed through a "Deoxo" to remove trace
quantities of oxygen. A_palladium‘cataiyst in the "Deoxo" unit
catalytically cembined the oxygen with hydrogén to form water. The
water was then removed by passing the hydrogen bhrough a drying
unit which was packed with '"Drierite™.

C. Equipment

Flow Diagram: A schematic flow.diagram of the catalytic

hydrogenation unit is shown in Figure 1. The feed is pumped to
the top of the reactor where it enters along .with the purified
hydrogen. Together the feed and hydrogen pass down through the
preheater, catalyst; and after-heat zone. The vyapors are.con-
densed first in a counter current water condenser while still
under reactor pressure. After passing through the reactor pres-
sure regulatof, the gas and liquid products are then passed
through a cooling c¢oil .contained in an ice bath. The liguid pro-
duct is collected in a flask while the gaseous product is vented

to the atmosphere.
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Equipment Specifications: The reactor was made from l-inch OD,
seamlessy schedule 80, stainless steel pipe,.and was 30 inches in
length. The bottom -of the react@r was silver welded to a flanged
union to permit easy access to the inside.of the reactor. The top
.of the reactor was permanently commected to a high pressure cross.
A thermowell enfers the reactor through the top of the cross. -The
feed and hydrogen enter the reactor. through orne side of the cross
while the. other is used as a. safety device to vent the reactor to
the atmosphere. A 1500 psi rupture disk .was used for this purpose.

The reactor .was wrapped wlth five ceramlc-beaded nichrome
heating coils. The heating coils were covered with approximately
~ 1-1/2 inches.of magnesis insulation.

A thermowell extended .down through the center of the reactor
te the flanged ymion at the bottom. A i/léﬂinch OD stainless-
steel tubey sealed at the lowef~end%,was used.for-fhe thermowell.
Inside the thermowell were placed five'ironuconstantan\thermo*
.céuples which measired the témperature at various levels through
the reactor. A diagram of the lecation.of heatiné coils, thermo-
couples y and catalysf-zone are shown in Filgure.2.

Accesgsory equipment was also utilized in‘the,hydfogenation
unit as follows: .A Hills-McCanna high pressure proportioning
pump with a 1/8-inch piston;.a Brooks armored high pressure roto-

neter with 1/32~inch ball; a Greve back pressure regulator) five
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110 volt ?bwerstats;ia 1000 ml glass feed reserypir‘with a 50 ml
graduated. burette attached through a side arm, a Leeds and
Northrupxindigaﬁing potentiometer; four Marshalltown 2000 psi test
gavges; a Dohor Deoxp‘Purifierg.a Matheson hydrogen regulator:
The tubing used.on the ,up_it; was bype 304 stainless ét‘eel}, 1/8-inch
0D tubing.

Variousltypes of walves used on the mnit are.as follows:
Hoke on=-off valve; Hoke turn-to-open negdle,valye;,ﬂoke micro.
adjusting needle valve used for hydrogen metefing.

D.. Operating Procedures

Reéctp: Prepépgtion; ~ane the reactar’is,dismantled from the
system 1t 1s cleanedwand dried before recharging. The reactor is
inverted to expose the annular space between thg reactor wall and
-the thermowellf The alundum pellets wepre first éharged_into the
reactor to a selected depth. This forms the~feedjppeheat section
.of the reactor, The,caﬁalyst that had been diluted with pellets
was then charged. into the'reactqr~aﬁd.packed.by tapping. The
length .of the.catalyst,zone was kept,aé,uniform,as‘possible for
each run. The'reactér was then filied to .about one inch below
the flange with more .catalyst support. A.étéinléss steel coil
was then secﬁred_onvthefbottom of the reéctor to hold the catalyst
and catalyst support in plaée when it‘was turned up into ité.npr—

mal position. The reactor was then coupled into its position in

\
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the system.

The feed and gas line, the thermocouple leads, ana-the Power-
'stat'cords were then connected to the reacter. Once the reactor
was pressurized, the unit was checked for leaks,

After the reactor was brought to a temperature of 288°C, a
gas mixture of 5% hydrogen sulfide and‘95%,hydrggen was passed
over the.catalyst for a perlod of 24 hours at a reacter pressure
of 250 psig. This procedure was used for cabalyst hydrodenitro-
.genatlon run starts.

Reactor Operation: Before the actual run‘was.startedz the

reactor was changed from the break-in temperature to th¢ desired
temperature for that particular run. Once the pump was started
it was necessary to adjust the pumping rate to the .desired rate.
This was done by & mlcro-adjustor on the pump that changed the
stroke length of the piston. The space velocity was set to the
desired value by measuring thé volumetric oil feed rate. As the
feed and hydrogen entered the reactof'it was necessary to adjust
the preheét Powerstat to heat the incoming feed to reactor btem-
perature. The temperatures through the reactor were reéordedi
and the Powerstats were continually adjusted to maintain the
desired constant temperatire. The product passed out of the
reac¢tor and the liquid wag collected in a flask untll a product

sample was taken.




=15~

Samp}iqg; Before-a,produet sample was taken, it was necessary
to wait for the,reactor\to line out and thereby produce a reasonably
constant cqnvefsiqn, Ryﬁfe; (lB).féund,in.his,investigation of
quinoline that from 6 to 8 heurs of line~out time was sufficient to
insure a constant cenversion, After sufficient line -out time, a
sample of about 50 cc was taken in 2 500 ml flask. This sample
was féliowed by another sample at approximately 1 hour later. In
most cases both samples were apalyzed and. the average of the two
conversions was used. Since the various amlnes are. in vapor phaéé
while in the reactor, it was necessary to be sure that all gf the
amines that had not been conmertedvtb ammonia were .condensed and.
collected in the product sample. To insure thisgnthe-iiquid pro-
duct and the gas product were passed. through an additional con-
denser after passing fthroigh the Grove regulator. This condeﬁser
was a.stainless sfeel coil that was meintained in an ice bath.

At the beginning of the study, the Qdditional condenser was
not usedi In Figure 3, two ;uns.of identicgl.conditioﬁs are
plotted, except during one of the runs, the additional condenser
was eﬁplqyedq It ¢an be .seen that the.ice-bath had‘cpnéiderable'
effect on fully recoyering the unreacted amines from the gas
prodﬁct stream. Additional procedures were employed in an
effort foldetermine if there was an appreciable loss of amines

from the product due to carry over but this could not be fully

Vs
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determined.
E. Analytiqal Procedures

The nitrogen content of each product sample was determined by
the standard Kjeldahl method (8). For each run it was necessary to
determine the nitrogen content of the feed, as well as the nitrogen
content of thé various samples. Each determination was run in
duplicate to insure accuracy, and the average of the two trialé was
used.

Samples from the runs which studied the effect of hydrogena-
tion of the isomers of n-butyl amine were further analyzed with a
vaporphase chromatography uwnit. The use of this unit made it
possible to examine the various intermediates and products formed
upon hydrogenation. This work was aecomplished with an Aerograph
Model A-110-C gas chromatpgraph i conjunction with a Brown-

Honeywell Model 143 x 57 1 my recorder.
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IIT DISCUSSION OF METHODS OF DATA ANALYSIS

The rate of a chemical reaction 1s expressed quantitatively
as the mass or moles of a product produced, or reactant consumed y
per unit time (14). The rate of reaction can also be termed the
velocity or speed of a specific reaetion. Since the mass or
moles of a product or reaétant are usuvally expressed as a eoncen-
.tration%‘the rate of reaction is.dependeht upon the ehange of
éoncentration wlth time. |

If the rate is based on the .change of concentration (C) of
the reactant with time (f); the rate of reaction (r) can be exm.-..

pressed as:

_ _ _de
T=-—3%

since the concentration of the reactant is decreasing.

"The law of magss action states that the rate of a chemi-
cal reaction is proportional to the product of the tactive
masses.! of the reactants involved. Since the activity of
a substance in a mixture is frequently difficult to obtailn,
concentrations are usually used to replace the active mass
terms. For example, in the reaction

A+B-—3»R+8

we can express the rate as

r=-_§%&_§kcigg

where r is the rate, C, and C, are the ¢oncentration of the

respective reactants A and B End a, b, and k are constants.

The constant k in the above equation is termed the !'specific
_ reaction rate constant!, or simply the 'rate constantl. 1In
. .ng&neral, its units depend upon those employed for the con-
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centration and upon the order of reaction. The order of
reaction 1s defined as the sum of the exponents a and b.
Reactlons orders may have values of O, 1y 2, 3y or some
fractional value. This derivatien of the rate equation
based upon the law of mass action is theoretically vyalid
only for homogeneous systems. However, it has been found
that data from heterogeneous systems can alse be correlated
quite -well in many cases. This is particularly true when
one of the reactants is present in large excess,

In a heterogeneous catalytic reactlion, a factor must
also be included in the rate equation to account for the
preparation, composition, and physical properties of the
catalyst. Thus for the overall reaction of

Quinoline + Hydrogen —s Hydrocarbons + Ammonia

the rate could be expressed as:

~

dcg n
r= - 71",13“@" = k18030%

where k 1s the rate constanty z i5 the catalyst factor, and
C. and C.. -are the concentrations of quinoline and hydrogen;
rgspecti§ely. This isy of course, assuming constant tem~
perature and pressure."(13)

The abowye equation for this particular studyiwould be replaced

by the reaction: )
Amines + Hydrogen —» Hydrocarbons + Ammonia

if a large concentratien of hydregen 1s usedy the change in con-
centration .of hydrogen is negidigible and therefore the concentration
ié assumed to be constant. For any one given catalyst} theuﬁaQtor
z 1s a constaﬁt and .can be combined ﬁith tﬁe rate .constant Ry to
form ainewAepnstant Ro. Since the produc¢t from the reaction is
analyzed;for nitrogen, and the nitrogen concentration of the feed

v

is aiso.known# it is advisable to base-the change of concenjtration
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In the reaction. on. the coneentratien of the nitriegen rather than
the-particular-nitfogen-cgmpound, This .changes. the above rate
equation to the new form: |
7= ~s—§%ﬂ~ = k(1)

Since the amount -of nitrogen femaininglih the .sample. 15
analyzed the»difference between the.initiai.concentrgtion () and
the amount GQRVGEtéd,(X); is determined. This quality,(Aéx) can
then bensub$tituted:£or CN'in,equation (1).. Alsgﬁ the symbol (@) is
‘used.to represént time by.eommon eonventionw‘ Equatien (1) becomes:

r = %—g— = Ko(h-x)" (2)

Since the actual_contqct time is virtwally impossible to.
determine, some proporti@nal,meésure-of contact time must be used.
The term .space Yeloclty 1s used and 1t is Dbased, upon the yolume or
welght of reacting mass per unit volume or weight Qf_hatalystlper
unit time. Siﬁpe~both the feed and:ca$alyét_ape”measu?ed in‘the

' saﬁe. units y space vele¢lity has the un:Lt of preeciprocal time. By
using the reéipreeal.of.spaQe #elogipy; this qygntity,can_be subf-i
stituted for the actual contact time iﬁlppe-aboVe~equationﬁ For
this study the space velocity wgsldétegmined by the wéight of feed .
in grams to the.weight of tﬁe catalyst in grams per hour.

If equation (2) is rearranged -and integrated_froﬁuxﬁé,o to

x=x3and ¢ =0 to 6 = @ the following is true:
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vhere 0 1s also replaced by 1/8..

The order of the reagtion, 1s then eig;fuai: to. the expénent (n) in
equation. (3). In.arriving.at this equation, it.was.assumed thé ,
hydrogen c@neen:tra,t,io,n, was a c.ons,tah_l’ﬁ{;‘ th‘er'ef}o,r,e , the erder ef, the
reaction is termed, "’_pSe.ﬁdo ‘order®.

ﬁor é};perimenta,l methods of :de—termmjﬂg order of reactiony the
different orders are us.ual{],;y assumed. ¥ntil one is found which agrees
wi_th\ the experimental -data. . The -agreement between the o,f.der of
feacﬁcigﬁ tested and the data is usually tésted. visually uf.ltil the
.data looks ag though it fits quite well. rIi‘ additional asslura;;ce,
is needed._‘,i statj._s_.tiéal ,methods can. be used £o further verify fhe
exactness of the resulbs. Under any conditiony however, the .data
peints should net show.a .definite upward or dowynward trend (3).

In. this. study the f@li,owing, oxrders were -assumed -and testeds

n =1y 3/2y 2. For the.case of n =1

ﬁfx _dx  Kg
A-x" T 8y

which integrates to give In(A/A-x) = Ke/ Sy~ A plob. of In(A/A=x) ¥

1/8y would then. yield. a.straight line with a slepe of K, and an’
intercept of zero., .

To study Areadti-.o_n-. orders of 3/2 and 2, ‘the following _sh@ﬁlg‘[.
be plotted .and the results examined to de‘i;e:nﬁne if the .data yields
a straight 1ine;

n = 3/2 Plot 2/ (A—xﬁ/ 2\[_5 1/ 8y Intercept = A2/A'l/ &
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n=2  Plot. 1/(B%) vs ‘1/S, Intercept ~ 1/A

This. discussion. is based. on the-assumption that the reaetion 1s.
Amines + Hydrogen —s Hydrocarbens -+ Ammonig,_. From the -analysis
obtained from the. chromategraph it was.evident that neo . intermedi~
ates that. coentailred nitrogen were formed. .It is reasonable to
aséu.me that the .nitfogen compounds were.entirely convérted to
ammonia or else remained in the .sample.as the origipal nitrogen

compound.
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IV DISCUSSION OF RESULTS

The -data from .this study were first examined in the manner out-
lined previously. Two hydrogenation -runs Wefe selected for the
study of possible reaction rates. The two runs chosen for this
analysis were selected on the bagis that they best represented the
characteristies of all the.data, and because these runs were con-
ducted with some ef the operatingAcénditibns similaf to each of the
other runs.

The operating eonditions aiong~with'the initial feed concentra-
tion changed with each run. Since this information is only used in
analyzing the data, it is nof generally referred to in this repert.
These data.are given in Table II. Also,.the data contained in
Tables IIT,.1V, V,.and VI, are the da$a_us¢d.fér.constructing
.Figures 4 through 10.

Figure 4 is a plot of 1n A/(A-X) vs reciprocal space ?elocity.
Since the -data do not even resemble a straight line through the
ordgin for either run, it 1ls assumed éhe_reaction.rate between
n-butyl.amine and hydrogen under the given conditions is not first
order. .Similarly,.Figures 5 and 6 are.plots to determine if the
reaction is second order, or 3/2 order, respectively. In Figure 5,
1/(A-x) 1s plotbed vs reciprocal space veloclty with the intercept
equal to 1/A. In this figure,.the run conducted at 250 psig

reactor pressure comes closer to fitting. a straight line, but is
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5till not accupate enough to assume a second order reaction. FRFigure
6 indicatef clearly that the reaction rate is not of the order 3/2.

From the basis of this analysis, it is assumed that the .reaction
rate is not of common order. This does not . eliminate the possi~
bility of an empirical equation that eould express the reaction rate
for hydrogenation of n-butyl-amine. It is possible that the reactien
is controlled by some particular step which must first occur before
the -actual hydrogenation reaction is completed. .For exampley, if it
is first.necessary to form a carbonium ion from the amine before-
the reaction can occur, then this rearrangement would conceivably be
the controlling step in the reaction. -The .possibilities of actwally
forming carbonimm ions. in such a reaction are -discussed later.

Since more extensive studies were neot conducted into pessible reac-
tion controlling steps, an overall reactlon rate expression cannot
be determined.

In an effort to compare the results of these runsy.a common
basis was choagn.for the -analysis of all the -data. The method
‘choseniwas to'handle the data in a .manner similar to that for a first
order . reagtion. This method was choesen for two reasons. Since this
work was carried on in copnjunction with the Esso Research .and Engi-
neering Company,.the data were analyzed in the form of a first order
reaction so that both groups used the .same method .of data analysis.

Secondly, it has been shown that the rate of reaction for the




P
hydrogenation of guinoline under somewhat similar operating .condi-

tions .was of first order (13).

A, Effgeﬁ gﬁvpempgrature: The .effect of temperature.on
hydrodenitrogenation between the temperatures of 625 .to 725°F is
shown in Figure 7. -For a.plet of ln A/(A-x),vs rec;p;ocal.space
velocity,. the .curves. should have aﬁ intercept.of zere. This condi-
tion is true both from integrating the reactlon rate equation and
from the .fact that at an infinite space velocity,. the conversion
Qould‘bewzero.

At high space velocitles, it became increasingly more. diffi-
-cult to.maintain constant,temperature,through.the.catalyst zZone. .
At a space veloclty, of 100, .the upper part of the .catalyst - zone
was net maintained at the -desired temperature. This happened
because it became impossible for the.preheat zone to supply suffi-
clent heat o bring such.a large volume of feed up to reactor‘
temperature. For this reason the .data obtained at a space velocity
of 100 -were .not included in this femperature study. The -data for
space velocities of 4o or less were obtained at constant tempera-
ture conditions.’

.From Figure T, it 1s evident that an increase in temperature
of 50°F through the reactor was sufficient to inerease the conver-
sion considerably. As.an example, the data obtained at a space

velocity of 20.can be used to compare the amount of nitrogen
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removed for each temperature. At.this.space velocity the.catalyst
zone could be maintained.at constant temperatmre, but yet the.con-
.versien was net high enough to.create . possible inacceuracies in the
nitrogen content detelrmj_nation. At this.space veloclty. the .percent
of nitrogen removed.at.the temperatures of 625, 675@vand T25°F
respectively were 66.8%, 73.2%, and 80.0%. This indicates. that
over. this temperature range-an increase.éf 50°F.created. a.corres~
ponding inchase;of approximately 6.6%.in the total.amount.of
nitrogen removed.

B. Effeet of pressure: The.effect of pressure. on hydrede~

nitrogenation for n-butyl amine betiween .the.pressures of 100 and
500'psig3is,showﬁ.injFigure 8. Figure 8.is a plot.of 1n A/(R-x)
vs. reciprocal space veloeity.

As the.pressure increased,.the eonversion increaéed,rapidly.
For a pressure .of 100 .psig, & space velocity of 10 gave & .conver-
sion of approximately 65%. At a pressure.of 500 psig, .the .space
veloclty. was inereased to 100 and.still.-gave.a conversion hlgher
than at a space velo¢lty of 10 for-a.réaqur.presgu@e of 100 psig.
The .conversion at a.pressure of 500.psig.and a space velocity,of
100 was 65.8%, while.a space vele¢ity of 100 at 100 -psig had-a
conyersion .of §5ﬂ8%, |

Three runs were compared in Figure 8. All runs were .made

with.a“nrbutyl.amine.feed, The .pressures were 100, 250, and 500
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psig. Again a. space veloclity of 20 was chosen for a comparison
between conversions. The converslons for pressures of 100,250,
and 500 psig.were 51.7%, 80.0%, and 9%.2% respectively. At a
space veloeity of 10 and.a pressure.of 500 psig,.there was essen;
tially, complete.conversion.

C. _Effect,g£ m@lecularyweightz As a comparison faor molecu~

-lar weight both n~butyl amine and n-octyl -amine were_studied,‘
Normal octyl amine was hydrogenated at pressures of 100 and 500
psig.and .a temperature of T25°F. The ?esults of these runs are
plotted in Figure 9. Also, in Figure 9.similar runs with n-butyl
-amine -are.plofted for a compariscn. At pressures of botl 500-and
100 .psigy the conversion 1s Higher for n~putyl amine than for
_n-octyl amine. As the .molecular welight increases, this trend
toward: more stable compounds would probably continue for other
gaturated alpphatie'aminesg

The product from the n-octyl amine -study was examined for
ppssible infermediate gompounds. By use‘of the .chromatograph 1t
was pesslble to dgtermime that the n~octyl amine was not eracked
to form lower molecular welght hydroearbons. AlSOJ‘it}was evi~
dent that the carrier,.n-heptane, underwgnf very. little.cracking
or change of composition.

D. Effect of stru@tufe on .the hydrogenation of butyl amines :

Figure 10 shows the effect of hydrogenation on the yvarilous isomers
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.of butyl . amine. .From the Figure it is evident that the ease of
denitrogenating the isomers decreases from tert-butyl amine, sec-
© butyl -amine, iso-butyl amine, to .n-butyl amine in that order. As
a.comparison between the conversions,.a.space velocity of 100 for
tert-butyl amine gave much higher convéréions than‘did a space
velocity of 10 for n-butyl amine. }

In an effort to justify this océurrence&.vafious possible reac-
tion mechanisms were studied. The possible intermediates were
examined by use of a_véppr_phase chromatograph. .It was proposed
that the reaction occurred .after the-amine first went through a .
rearrangement te form a carbonlum ion. A carbonium lon 1s a .group
of carbon atoms such that the carbonium len carbon has only.six
electrons in 1ts valence shell (12). As an example of a carbonium
lony -iso~putyl -amine can form the ion:

H5C
. b
CHs ~IC+
HsC
.This ionHean then react with a hydrogen ion from the catalyst to
form.the hydrocarbon isobutane.

The 1ldentification of the reaction products and intermediates
was accomplished by using the method. of vapor-phase chromatography.
A vapor-phase chromatograph works essentially as a highly efficient

distillation column. .However, if-allows the analysis of very small

samples in 4 matter of minutes. -The sample under investigation is
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injected inte the unit and 1s carried by a stream of helium into the
packed column where it is selectively absorbed on .the substrakte.
-The agbsorption properties of each compound determiné thelir
respective retention times in the column. The stream of gas
emerging, from .the column passes through a .sensing element which
measures 1ts thermal conductiwity and compares it to-a .standard
(heliym). This change in thermal cenductivity is shown -on a
continuous chart recorder.as a serles of peaks, one for.each com~
pourid .as it emerges from the column. .Thus by identifying each

)
peak by.comparing it to peaks created from known compoundsy it 1is
possible te determine the various intermediates or products formed
in a reaction (13).

Samples studied by this method were:

n-butyl .amine under high cenversion.
ise=butyl .amine under hlgh conversion.
sec=butyl . amine under high cenyersion.
tert-butyl amine under high conversion.
n=butyl emine under.low, conversien.
iso~butyl .amine under low conversion.
sec~butyl .amine under low conversion.
tert-butyl.amine under .low conversion.

iso-pubyl amine with acid wash.
_tert-butyl .amine with acid wash.

»

.

t;\olﬂd~lg\\ﬂ-F}mewk‘

The chromatograms of the above studies'are included in Figures
11 and 12. In these figuresy the various products formed .are also
identified.

The proposed mechanism for hydrodenitrogenation of the lsomers

_of butyl .amine 1s essentially that of a carbonium ion rearrangement.
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Both n-butyl amine -and iso-butyl amine form the‘carbonium ion before
reacting.. The .sec~hutyl amine. reacts directly without rearrange-
ment while tert—butyl:amineCreacts és.a carbonium ion since it is
already in that form (12). |
Samples from these.runq which had.very high conversions.seemed

to uphoeld this‘theoryl This assﬁmﬁtion 1s based,on the fact‘that
the canbonium,ign.musyrfinst be.fépmed_before_the.reacti@m~é§n
occur. Because of this, some.of the hydrocarbons:prgdpqed.must

.appear;in,the.ﬁroduct\as iso%utape.‘.Eigure,ll shews the_re§u;ts
of this inygstigaﬁiénf ’
The;difference,between the isobutane oqrvefagd,the,ﬁ—bu@ane
curye is.;apeleQ (B) . on Figure.1ll. By qq?pgringuthese,curve§;to
the,qurvesrpro@ugederom-the pr@ductnsamp;e$¢_it is_posgib;e,to
.digtinguishlthe;various_hydrocarbons»whicn wefé~fo;ﬁed. Part (B)
of Figure li”sh@ws,the effect of the.n»bu@yl,amine gample. 'By
comparisen it is. evident that sgﬁe isobutane'ié formed_from.p»bﬁtyl_
amine. Also,. Part (Cj,shows that‘iéo-butyigamine broduces eésén—
tially isobutane-at high .conversions. Baf@ (D),indiqates that sec~
butylxamihe"QOes not prQQch;épy,iﬁobutape;Jthereﬁorgé5the_carboniﬁm
ion was.probably not_formedubefgre denitrogenation-occurned. Finally,
Part (E) indicates that, tert-butyl amine .produced i$obutané,upon
-reaction.. Thissanalysis.at‘high convergions tends to.uphold_fhe

carbonium. lon rearrangement -as .a. possible intermediate.step.in the
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reaction.

As -a further check$-samples from the .same studies.at low ch$,
versions. were.examined. Part (1) Qf.Figure 12 indicates pha%_gﬁ
-lower,cgnyersiqnsq,npbutﬁlIamine,stil;.prqduces.sgmeAisobutaneuand
.Part‘(B) indigates.fha$ seéﬂgutyl.amine g#ill forms,oﬁly_n»bgtane,
However,, iﬁopbuiyl‘amine.aqdltert—buryl:qmihe indicate phat.there
is.§ome_other ihtermediatg_fo;med,in addition.to.the ;sebutane,
'This is shown.as Part (C).and (P) in Figure 12. The.pbssibility
that these two.compounds form an intgrmeqia@e,gf n—bupape_isvdiffir
cult.tg:pnderstaﬁd,or explainm In an effort to-determine the.
nature of this inteymediate,c@mpound®“theusamples.wgre'acig;washed.
before being,éxaminedwop:bhe chromatograph. Thé;sgmples.after
acld wash afe,Part (E) and (F) of Flgure 12, iso-butyl .amine and
tert»butyl.aminépreépectiyely. Howeve:g;fromﬁthé,Eigurelit is
eVidenf that thelacid;wash did.not remové:t@e intermediates. JIf
these interme@iates,hag been ﬁgsaturated.offperhaps:spﬁe”amine,
the.aciduwash:should,hayé_remoyed,theseﬁeomﬁounds. ,S;nce,the
cérrier,has been shown to.not be-affected by. the hydrogenafion, 1t
is diffieult tp»detgnmine fu;ly'theunapure,éf,these,inyepmediaxes.
- The truengchapism.for,these.;Qgctions cannqt benfglly~detefmine@
Awithopt_further\inygstigation,

The feed. samples feor eéch:compqund were also examined for

impuritie§¢ but sinee no impuripies.were found, this analysis 1is
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not reported.in the -appendix,

'The_poggibiiity thébmth%se comp oxnds mustiﬁprmﬂygpiggg}integf
mediates before. reacting may :be part.of the -réason','that.the_rea;;,..‘
tion rate could not be.equesQed'as.some,simple,order.

By assuming;such,a,mechapism.foy thg;hydrogégaﬁion?,iﬁ\wguld.
then_beupossibie,tQ'explainiﬁhe,orderwin1wpich,these;cgmp@qnds
.denitrogeqa@edg Using;the éanbonium ion”mgchanismué§ an e;gmple@
the féllowigg.m@y,oocqp. ~If fpe terpﬁbutyl_amine:did;notfrearrange
-and. was already.in a. form which-eausedmdiregt_reactipg&,then_it
Would,yieldfthe—highest eonversions. If the secondary Qbmpounq
also dfad not'géanﬁaﬁgeguhpb'was not in-the‘sgme.acpiye_state;as
tert-butyl amine, then iﬁ-would,yiela,high,conversions_but.not‘as
highﬂas_tert-butyl gmine.

'The.iﬁoﬁbgtyl-amine,woulqaundergo seme;rearrangementjlbuz
,not,a§ mueh_asnwguldwnébutyl.am%ne. This would .cause. the iso~
butyl'amine.to.react_faster-than the n»butyl_a@ine. This, then, .
Means tha;.the-amings,regcted:in.the,order with this rearrangement
mechanism. :Frem.Figure_lO, it can be seen .that these compounds

-41d .deniftregenate in this, particular erder.
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¥ ‘CONCLUSIONS

The daha;ffom the hydrodenitrogenation study were first examined
for possible pseudo reaction.rate order. It was determined that
the reaction-rate was not of common order. From the .chromatograph
analysis, .1t was evident thét n-butyl amine.fo;medfinterme@iate
compounds upon hydrpgenatioﬁ. The formation of intermediates could
be .rate eontrolling, caqsing the .order of reactlon rate to be of
uncommon order,

The effect of . temperature whs.studied on .n-butyl amine. It
was shown that an increase in temperature increased the total
-nitrogen conversion. At a‘spgce,velocity of .20, an increase in
temperature .of 5OQF.increased.the_total.cénversion by 6+%.

An increase in pressure increased. the total nitreogen coenyer-
sion considerably. At a space velocity of 100, the conversion
was 65.8% at 500 psig.as compaped to a conversion .of 35l8%—at 100
pgls.

By comparing n~butyl amine to n~octyl a@ine, it was.evident
that the lower molecular/weigh% compound reacted”to give higher
conversions. This condition,ﬂqld for pressures of 100 and 5QQ psig.

The conversions for the isomers of bﬁtyi amine decreased in
the order of tertiary, secondary, 1so, and normal_butyl:amine.
ThLSaorder,may.be.ageounted,for\by the_variqusxmechénisms.needed

for each compound to denltrogenate.
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e TABLE 1

EFFECT OF ICE BATH ON SAMPLING

Sample Conversion Space Ice Sample .Cényersion Space lcice
A-x YVelocity Bath ' A=x Velocity  Bath
- Sy , L , Sy
N=12. ..060 10 No.  N=24-2 .108 10 Yes
N-26 L1262 .20 No  N-2lq-l .202 20 Yes
‘ o %
N-10 ' 357 1o No. N-24-6 387 4o Yes

Uniform Operating .Conditions: -

Feed: 1% n-butyl amine
Temperature: 725°F
.Pressure: 250 psig

.Weight .of Catalyst: 10 g.
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TABLE IT

OPERATING CONDITIONS. AND INITIAL FEED CONCENTRATIONS

_Run Feed Feed Temp.;F Press. Space Velocities
: Cong. , Psig.

it 5 |
N-14 n~but§l~amine 0,984 675 250 10, 20
N-16 ‘n-butyl amine 0.97§ 625 250 -10,20
N-17 octyl amine 1,050 725 500 +10, 20, .40, 100
N-18: n-butyl amine 1,014 725 506 .10, 20, 40,.100
N~19 sec~butyl amine 1.027 725 280 10,.20, .40, 100
N-20 iso-butyl amine '1.022 725 250 .10, 20, 40,.100
No2l  tert-butyl amine .990 725 250  .10,.20, 40, 100
N-22 octyl .amine 1.040 725 100 10, 20, 40, 100
N-23 n~butyl amine.  .1.045 725 . . 100 10, 20, 40, 100
N-24 nebutyl -amine 1.008 725 250 10, 20, 40
N-24 n-butyl amine 1.008 625 250 4o

Uniform Operating Conditions :

.Pressure: - 250 ps%g
Weight .of Catalyst: 10 g.
Hydregen -Rate: 500 SCF of Ha/bbl.og Feed
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TABLE .ITI

DATA FOR.TEST OF REACTION ORDER

Sample Space Velecity " Press. A-x
Sy 1/Sy Psig L
N~-23-2 ; 20 .05 o100 .505
N-23-L 10 .10 100 .365.
N-23-6 4o  .025 100 ;605
N-2%-8 100 .01 100 L671
N-24-2 10 .10 250 .108
N2k 20 '.05_ 250 .202
N-24~6 4o .025 250 387
samie L 2 1
‘ Aox A% e
N-23-2 1.8 2.814° 957
N-23-4 C 2. T '3.31 "o
N-23~6 1,65' 2.57 .
N-23-8 1.49 2. a
N-24-2 9.27 6.1b .996
N2l 4,95 . Iy ",

N-24-6 2f59 ’ -3.22 M

JUniform Operating  Conditions

Feed: 1% n~butyl amine
Temperatures, T25°F.

.Weight of Catalyst: .10 g.

Hydregen Rater 500 SCF of Hp/bbl .of Feed




Sample

N-24-2
N-24-4
. N-24-6
N~14-L
N-14-6
N-16-2
N-16-4
N-24-8
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TABLE . IV

DATA FOR EFFECT OF TEMPERATURE ,ON HYDROGENATION

Space .Velocity Temp . °F A-x
LA —
.10 725 .108
20 7250 - .202
4o 725 387
20 675 .265
10 675 12
20 625 325
.10 625 .222 |
40 625. 526

Uniform Operating. Conditions:

Feed:

.Pressure:

Weight of Catalyst:

Hydrogen Rate:

1% n-butyl amine
250 psig

10 g.

500. 8CF of Hs/bbl

A A
A-X A-x
9.24 2.23
4,99 1.61
2.61 .96
3.71 1.31
6.93 i-93
3.01 1,10
boh 1.48
1.92 652
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TABLE .V

DATA FOR.EFFECT OF PRESSURE .ON HYDRGGENATTON

Feed

" Uniform Operating .Conditions:

Feed:

.Temperature:
Weight of Catalysts
.Bydrogen Rate:

:1% n-butyl .amine

1% n-o¢tyl amine

T25°F
10 g.

500 SCE of Hz/bbl of Feed

Sample Space Press. A-x A In A

Velocity Psig . . Ak A-x

vy
N-23-2 - .20 100 .505 22007 .728  n-butyl amine
N-23-U4 10 . 100 .365 2.87 1.054 i
N-23%-6 4o .100 .605 1.73 . 548 "
N~-23-8 100 100 671 .1.56 RV .
N-2kl-2 10 250 .108 9.34 2.23 A
N-24-14 20 250 .202 4.99 1.61 .
N-24-6 4o 250 .387 2.61 .96 A
N~18-2 .20 500 .069 4.7 2.70 M
N-18.-L 10 500 complete conversion - 3
N-18-6 4o 500 169 6..00 1.79 "
N-18-8 100 500 34T 2.93 1.075 "
N-22-2 20 100 .633 1.643 497 n-octyl amine
N-22-U 10 .100 . 520 2.00 . 60l L
N-22-6 o) 100 CTRT 1.375 :319 "
N-22-8 100 100 .802 1.296 .259 g
N-~17-2 20 500 .0956 11.0 2.40 W
N-17-4 10. 500 ‘conversion top high "
N-17-6 4o 500 277 3.80 . 1.334 "
N-17-8 100 500 412 2.55 .936 "
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TABLE .VI

.EFFECT .OF STRUCTURE QN HYDROGENATION OF BUTYL AMINE .

Sample Feed .Space‘ A-x. _é; in Eé_
] I Ve;qcipy ) A-x A-x.
N2l =2 n-butyl amine ,io' .108 9.34 2.23
N-2U -4 " 20 .202 4.99 1.61
N-24-6 M 4o o 387 2.61 .96
N-21-§  tert-butyl amine 100 0388  25.5 3.24.
N-20-2 - iso~butyl .amine 20 0739 13.85 2.63
N-20-6 " | 4o .319 3.21 1,167
N~20-8 " “ 100 531 11.927 657
N-19-8 ' sec~-butyl amine .100 , 1480 6. 94 ' 1.94

Yniform Operating.Conditions:

. Temperature: T25°F

Pressure; 250 .pglg

Weight of Catalyst: 10 g.

_Hydrogen. Rate: 500 SCF of Hp/bbl
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Figure 1. Schematic Flow Diagram of Hydrogenation Unit
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of n-octyl Amine, and Effect of
Molecular Weight on Hydrogenation
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0 — n-butyl Amine
A -lIso-butyl Amine
Q -sec-butyl Amine

V - tert-butyl Amine

1/Sy Reciprocal Space Velocity

Figure 10. Effect of Structure on Hydrogenation
of Butyl Amine
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