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Abstract:

The hydrodenitrogenation of a variety of nitrogen-bearing compounds considered typical of those
found in petroleum was carried out in a continuous flow system over a NiCl2-gaseous HCIl catalyst.
The extent of denitrogenation of aniline, quinoline, pyridine, pyrrole, indole, and indoline was
determined when reactor temperature was varied between 450°C and 220°C at a constant space
velocity of 1.0 and when space velocity was varied between approximately .5 and 3.0 at a constant
temperature of 370 °C all at a hydrogen pressure of 875 psig. From these runs it was apparent that
aniline was the easiest compound to remove, followed by pyridine and quinoline which were
approximately equal, then pyrrole, and finally indole and indoline.

From this it appears that the more basic nitrogen compounds are more reactive, suggesting an
interaction between the lone pair of electrons on nitrogen and the Lewis acid sites on the catalyst. In
fact, adsorption of the nitrogen compound onto the catalyst may be the rate controlling step in the
reaction; however, reactivity varies greatly with reactor temperature suggesting that the reaction
mechanism changes with changing reactor conditions so that a C-N bond cracking stop in the
hydrogenated heterocyclic ring may also influence the reaction rate.

The HCI atmosphere in the reactor, maintained by adding methylene chloride to the feed, not only
increased the acidity of the alumina catalyst, but also resulted in the nitrogen eventually leaving the
reactor as NH4Cl rather than NH3, the form usually occuring in denitrogenation systems. The
anticipated form of the active catalyst is as some NiCl12, HCI complex, possibily as the Friedel-Crafts
acid H+(NiCl3)-. After adsorption of the nitrogen onto the active catalyst sites, the reaction probably
proceeds by the normal carbonium ion mechanism.
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ABSTRACT

The hydrodenitrogenation of a variety of nitrogen-bearing compounda
:considered typical of those found ia petroleum was carried out in a cont-
inuous flew system over a NiClo-gaseous HCL catalyst. The extent of.
denitrogenation of aniline, quinoline, pyridine, pyrrole; indole, and "
JAndoline was‘determined when reactor temperature was varied between'450°C
and 220°C at a constant space velecity of 1.0 and when space velocity
was varled tetween approximately'.S and 3.0 at a constant temperature ef
‘ }70 °C all at a hydrogen pressure of 875 psig. - From these runs it was
apparent that aniline was the'easiest compound to remove, followed by
pyridine and quinoline which aere appfoximately equal, then pyrrole,-ana
finally indole and indoline.. | |

From this it appears that the mofe basic aitrogen compounds are.more )
reactive, suggesting an interaction between the lone pair of.electrons
on nltrogen and the Lewis acid sites on the catalyst In fact, adsorp-
tion of the nitrogen compound onto the catalyst may be the rate control-
ling step in the reaction;_however, reactivity varies greatly with reactor
temperature suggesting that the reaction mechanism.changes with—changing‘
reacter conditions so that a C-N bond cracking stop in the hydrogenatedv-
'-heterocyclic fing may also influence the feaction rate; .

The HC1 atmosphere in the reactor, maintained by addlng methylene
chloride to the feed not only 1ncreased the acidity of the alumina cat-

alyst, but also resulted in the nitrogen eventually leaving the reactor
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as NH4C1l rather than NHx, the form usually occuring in deniﬁrogenation
- systems. The anticipated form of the active catalyst is as some NiClp,

HC1l complex, possibily as the Friedel-Crafts acid HT(NiCls)~™. After

adsorption of the ﬁitrogen onto the active catalyst sites, the reaetion
prébably proceeds by the normal carbonium ion mechanism.




I. _INTRODUQTION

One of the common impurities found in petroleum and‘synthetid pet-
rolegm stocks 1s nitrogen. The nitrogeh atom ‘is generally inéorﬁorated
into a fivé.or>six membered ring to form a heterocyclic COmpound.witﬁ
. these compoundsiclassed as either basic or non—baéic depeﬁding onithek'
,ability of the eompoﬁnd to react withwa peréhlgric acid-écetic acid_"
‘solution.: Eiye membeyed ring compounds are usually.non—basic and eom—'
prise 25 to 35 ﬁercent of tThe nitrogen cémpounds foﬁnd in petroleuﬁ (5)
whiie six membered ring compounds are generally basic; The.concehtra—
tions of nitrogen containing compounds such és carbazole, indole, pyrrole,
pyridine, and quinoline in petroleum have been estimated 5y Saﬁer and
qoworkers (17). ‘Indoles, carbézoles, phenazines, and‘nitriles havé
been identified by Hartung and Jewell (8) in a hydrogenated, catalytically
cracked furnace-oil,‘while Drushel and Sommers (4) have identified pyf~.
idines, duinolines, indoles, carbazoles, phenolé, and hydroxy compounds
in light, catalytic cycle ,0bl: I

~Nitrogen compounds in petroleum advérsely afféct:manﬁ of thé'im—‘
portant réfiniﬂgvprocesses. They are believed to reduce the activity
of crackiﬁé or hjdrocracking catalysts because of theif polarity and -
'basicity ( 13). It is also Suspected that nitfogen compounds.are to a
| éreat extent iﬁvblved in gum formation, color formation, odor, and
poor storagé properties of fuels. While.in‘the past many of these
problems could .be avoided simply by using petroleum feedstocks with

negligible amounts of nitrogen, the decrease in known high-quality
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oil'reserves has resulted in refiners going more and ﬁore towards the
less desirable feedstocks, that is, those containiﬁg nitrogen impﬁrities.-
A further incentive for the removal of nitrogen from petroleum arises
from todays en&ironmental crisié. With. the photochemic&i'reactiam-of
sunlight on the hydrocarbons,.nitrogen oxides, and substituted aromatics
~of-combustion exhausts often.reSulting in smog, the need for clean fuels
free of all cbntaminanfs is very important.

There are a number of methods presenfly avaiiable,for removing
nitrogen from petroleum feeds. A dilute solution of strong mineral,aéid
will remove many of the‘basic nitrogen compounds;.however; with the.
basic nitrogen coﬁpounds usually comprising leéé than half of the tota}
niﬁrogen compands (@); nitrogen removal is not COmpiete. Hydrotfeating
is a more suc;eééful method of‘nitfogen removal; howéver,,with medium
and heavy gés 0ils rather extreme temperature and preséure conditions

- are required and with heavy vacuum gas oils énd residues, pressures as
high as 6000 psig may not yield satisfactory-hydrodénitrogenation ().
The destructive hydrogenation of nitrogen cémﬁoundg is the most selective
denitrogenation process available and'is usgally carfied out in conjun§~
tion with.hyArodesulfurization of the petroleum fegd. Geﬁerally thé |
catalys@ is & sulfided éobalt, a nickel molybdate, or a nickel tungsten
sulfide supported én silica alumina(l); however, these are not always’

active enough to denitrogenate some of the heavier petroleum'fractions.
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To this effect, preliminary investigations wére updertaken at
Montana State Unlversity to try-to develop a more.active denitr&gena—
tion éatalyst. McCandless found metal chlorides in general to be part-
. icularly active catalysts {n) wﬁile Whitcomb attempted to-determine fhe
optimum operating'conditions for é cobaltous.- chloridngéseous HCl.
' catélyst system (). McCandless investigated a nickeldus chloride-
éaseous HC1l catalyst system (12) with the results of several‘aspects of
this work being sufficiently unusual to warrant fdrther investigatidn.' 
Some differences noted 5etween the niokeléus chloride éatalyst s&stem .
and a\convgntional dual functional hydrotreating catalyst were:

1) The nitrégen containing product leaves the reaction zone

as aﬁmonium chloride.

2) The denitfogenation activity is higher than when either a:

nickel tunésteﬁ sulfide or cobalt molybdate catalyst is usgd.

3) Quindline is more easily rembved than indole, the Oppgsite'

" being true with the nickel tungsten sulfide oatél&sf. |

4) Hydrochloride intermediates in the nitrogen.combound to

ammonium chloride reaction are éuSpeoted under certain reaction

conditions. |
It was on this basis that a more detailed stﬁdy pf hydrodenitrogenation

using a nickelous chloride~gaseous HCl catalyst system .was undertakenﬁ-‘-




.II. RESEARCH OBJECTIVES
The over-all objective of this research work was to further inves-
tigate the nickelous chloride—gaseous HCLl catalyst system towards de~
termlnlng the nature of the hydrogenatlon'actlve sites and the "acig"
aracklng actlve 51tes of the catalyst and towards accounting for the

prev1ously mentloned dlfferences between this system and other hydro—

i o .
! i

denltrogenatlon systems Addltlonally, it was hoped that some of ths

:”intermediate components in the hydrodenltrogenatlon reactlion could be
isolated and identified'so that a mechanism for the catalyst system could -

be postulated.




III. EXPERIMENTAL PREPARATION

A. . EQUIPMENT |

Several exploratory runs ﬁsing the NiCls catalyst system were made
to begome familiar with the apparatus. Iniﬁial indiéations were that
equipmeﬁt used on earlier studies would be satisfgctdry for.this‘work;_
ﬁowever, on‘beginning seriousfinvestigations, several problems'aroée .
p which“reqdiped thé:éltering of the reactof system. With'a major, reaction
pfoduct being ammoriium chloride, below its éublima£i0n ﬁempérature of:
340°C{ it éollebtéd as a solid af the reactor outlét, As thére was al-
ready & constriction in this.zone of the réactor, tﬁe accumulation;of‘f
even a small amount of NH.C1l causéd the reactor to plug.(in previbus
stiidies, the nitrogen had Iefé the reactor as NH3‘gas so this situation‘
was not present). Temporary control of this problem was achieved by‘
putting a small heating unlt around the constriction to maintain the
temperature above 3%0°C; however, it was evéntually decided that"the
reactor should be modified to bettér accomodate the NH4C1 accumulation.
A schematic -diagram of the ovér—all reactor system is shown in FIGURE 1.

The reacﬁor itself was a 52 inch length of one inch schedule 80
stainless steel pipe with.each ehd of the pipe threaded for appropriatg
inlet and outlétlfi£tings. Tﬂe upper 31 inches of the pipe was moﬁnted
inside a 6 inch diameter aluminum block. Arouqd’this block were wrappéd .
three heating coils, each controlled by a separate.variac.' The variéés
for the upper and lower coils were controlled manually, while the vériac
for the middlé coil was controlled by a Wheelco Capacitrol on;off e

N

-
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controller using an iron-constantan thermocouple. This thermocouple
plus three others were mountéd in é stainless stéel'thermowell.fuﬁniﬁg.
axially through the patalyst'beq. The heating.section waé then encased
in a 12 inch diameter‘can_packed with Zonelite insulation. fﬁe Iower
21 inches of the pipe, which was not heated, served as,é colle&tiné |
section for the NH,.C1l. A Qetailed:diagram of thé reactor isipresenéed
' _\ in FIGURE 2: |

At the top of the reactor Weré four stainless steel liﬁeé, one for
hydrogen feed, one for’pgtroleum feed, one to a pfessufe guége, and one
to a 2000 psig emergency rupture disc; Upon }eaving the reacfor, the
_ petroleuﬁ passed through a water-cooled cogdenser after which therline
diVided,‘one going to a pressure guage, the.other through.a Grove back
pressure regulator to a sample bottle and effluent scrgbbers.' Other
major equipment used was a Lapp diéphragm pump, an Eﬁglehard ﬁéoxo
uﬁit, a molecular seive dehumidifier, a Brooks high-pressure gas rota-

meter, and a Leeds and Northrup indicating potentlometer.

B. REACTION MATERIALS_

With the intent of this research beiné to study a variéty_of nit;
rogen compounds, it was decided to fun those compoﬁnds shown in FIGURE 3
through the NiClo-~gaseous HCL dehitrogenation system, these compounds
being considered both typical of those found in petroleum and readily

available from commercial suppliers. As a carrier for the nitrogen
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FIGURE 2: Detailed Diagram of the Reactor
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NON-BASIC COMPOUNDS
’ Pyrrole Carbazole
‘ Y
\ .
N
m.w. 67.09
m.p. -24°C
bap. 13070
|
i
BASIC COMPOUNDS
Pyridine Aniline ’ Quinoline Indoline
N
m.w. 79.10 m.w. 129.16 m.w. 119.17
m.p. =42°C m.p. =6.2°C m.p. -15.9°C m.p.
b.p. 115°C b.p. 184°C b.p.  237°C b.p.. 229°C

FIGURE 3: Typical Nitrogen Compounds Found in Petroleum
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.compounds, a high purity petroleum not affeoted by thé hydrogenation
process was desired. To this effect a mineral oil,‘?Peneteck”, sup-
plied by the PennsylvanialRefining Corporation'was uséd.. Hydrogen ﬁas
. supplled by HR Oxygen Supply, Billing, Montana in 2000 p31g‘cy11nders
The HC1 atmosphere in the reactor was malntalned by addlng methylene
:‘chlorlde to thn llquld feed with thn methylene chloride breaklng

down 1nto HC1 at reactor condltlons

C. CATALYST PREPARATION

The catalyst used was NiCls impregnated on & HarshaW’alumlna cat-
élyst;pellet, the properties of the support being listed.in TABLE 3.
The agproximatg amount of NiClg'tO Ee ﬁsed in preparing the catalyst
was calculated bn %he bésis of the catalyst pellet pore volume while
the exact catalyst composmlon was determined grav1metr1cally. The
catalyst pellets as supplied by the Harshaw Chemlcal Company were drled
at 420°F for ol hours, then a solution of 60 g NiCle'6HéO/lOO:ml water
‘was prepared‘and poured over the pellets until they wefg.comﬁletely
' -immersed. . This ﬁixture was allowed fo s£and for 24 hours with periodic
agitation to insure that the maximum amount of tﬁe NiClé.solutioﬁ ﬁas
absorbed. The excess éolution was then decanted, the wet pellets
spread over a biotfer and allowed to air dry for 24 hours. After this.
drying, the pellets were stored until fhe reactor was to be charged.

Prior to charging the reactor, 100 ml of the pellets were placed in an




}l
oven at 420°F-for 24 hours to remove the water of hydration. Nickel
content of the pellets was determined to 5e 7.72% on the basis of thé
weight difference between the imprégnated oven~dried pellet; and the
uni@pregnated oven—dfied pellets. By preparing a 5000 ml'batch of:
peliets and only uéing 100 ml per run, a constant cafalyst‘composition
was maintaingd for all funs and thus éatalyst compoéition éould be

eliminated as a variable for the purpose of data evéluationl

D. .CHARGINGTHE REACTOR'

In changng the reactor, the inlet fitting énd thermowell were.first
seaied in piaée with teflon -tape and coppef anti-seize compound, the
reaétor inverted aﬁd 140 ml 6f inert dry alﬁndum catalyét'suppbrt poured
into the stainléss steel pipe. Thié was followed by 100 ml of the dry
NiCls catalyst pellet and then gnother 110 ml of thg catéiyst sﬁppprt{
the inert suppoft serving to center the catalyst péllets;relative te the
heated aluminum block. This pellet section was separated ffom the NH;Cl
cohdensatibn section by‘a plﬁg éf g;asé wooi whicﬁ was ;n tu?n:supbdrted'
by a coil of stainless steel tubing. The outlet fitting was then screw-
ed in place and the reactor lowered into the heated aluﬁinum,block.

All inlet and outlet lines were connected , again using teflon tape to
seal them, and the reactor.pressure fested at 1000 psig. .Affer.the“

reactor had reached the desired temperatur¢,~the run was.Begun.
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E. INITIAL OPERATING CONDITIONS
McCandless (I2) reported.a high percentage of nitrogen removal for:
a NiClgfgaseous HCL catalyst system with operating conditions of 800°F,
1000 psig, and a Cl/N ratio of 9.4. Since the effect of space velocity

and temperature on nitrogen removal was to be studied, 1t was decided to

opergte the reéétor at something 1ess.thaﬁithe high removal Eonditidns.
giveﬁ above, in thé.hopé that differénces in percent removal of nifrogen
would.then be more discernable. From the analyéis of the data presented
by Mcbandless, it was.decided that fhese reduced conditions would .be

700°F, 875 psig pressure, and a C1/N ratio of 8.6.

F. INITIAL EXPERIMENTAL RUNS
'Anticipating tﬁat a catalyét line-out time would be required on alli
experimentai runs, two initial runs were undertaken to determine what
‘this time should be. Using the Peneteck feedstock with .3;‘5’%" nitrogen
(byridine), #he reactor was run for 30 and 36 hours, the dperating.con-
ditions and'results péesented in FIGURE 4. One_fﬁﬁ was also made wiéh. :
thé hydrégen rate as a variable since at foo low.a'hydrogen rate, the
reaction itself would cease t6 bé theACOntrolling stép, diffusioﬁ in- -
stead controlling the.rate of réaétion. FiGﬁRE 5 shous the-resul£s of
this run. Four runs, as indicated in FIGURE 6, were also made using a
catalyst of varying Ni content to detefmine the optimum Ni content for

the catalyst support.
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Operating Conditions
Pressure: 075 psig
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FIGURE Y4: Time Requirement for Catalyst Line-out
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FIGURE 6: Optimum Ni Content on the Catalyst
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G. PURE COMPONENT RUNS

| To study the kinetics of~varioué nitrogen cdmpoundé, runs using the
-compounds shown in PIGURE 3 were attembted, to correlate nitrogen re-
moval-and liguid hougly space velocity (EHSV); A- problem arose in.pre;
paring'the.carbazolé feed in that.carbazole, a solid, was ﬁét sufficiént;
“ly~soluble in %he Peneteck, methylene chloride feed to allow pumping ..
through the reactor system. Attempﬁs.to dissolve the éarbazole'in bén~
zene, ethanoi, cérbon tetrachloride,'isopropyl-cyolohexane,‘and l-methyl
napthalene prior to miXing with the Péneteck and methyleng chloride all
proved unsuccessful so no runs were made uging carbazole as é nitrogen
compound. Thg results and operating conditions for the remainder of the
. runs, that is with aniline, quinoiine, pyridine, pyfrole; indo}e, andl
indoline are shown in FIGURE 7. A series of runs to determine thé effec£
of reactor temperature on nitrogen femoval for these same compounds_ﬁas

" also made. FIGURE 8 represents these runs.

H. PRODUQT ANALYSIS

A minimum of two Kjeldhal analyses ﬁere performed pﬁ each petrol-
eum sample'f§liowing the procedure outlined by Léke'and cbﬁorkers o).
Because of the low nitrogen'éontent of the product,'approximately two
gram samples were used in the digestionphase and ultimétely titrated'
with a..60797N standard sulfuric acid solution. fre—weighédApackages of
a Hg0-Ko504 mixture especially designed for>Kjeldhél analyées were Ob-~

tained from Matheson Scientific and proved very successful.’
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IV. RESULTS AND DISCUSSION
A, INITIAL EXPERIMENTAL RUNS |
l.‘ Line-out Time

The view that a catélyst 1ine‘out time is requiréd-wés apparentiy
.,incorrect as can be seen from FIGURE 4yV Whﬁlé.a)$1ight decrease in cat-
alyst activity may occur over the length of the two rups;.the sﬁdden.
drpp ip aétivity anticipated during the firgt_few hours éf.Opgpgtion did-.
not éccur, Regardless, a line-out time of 10 ml feed/ﬁl cétalyst was
allowed to insure thap the system was stable beforé\a'sémpie was-ﬁakeh.
" Similarly, a line-out time after changes in Opérating cohditidns Was.‘
also énticipated.' That is, whenever, fhe temperature, éressure, or.
space.velocity of the systém wés changed it was felt that.a definte line-
out time waé'required to allow the system to dome tqhequilibrium before
a meaningful sample could bhe ﬁakenf In this respect, reférence was made
to work done by Whitcomb (24) using a cobaltous chloride—gaéeoué HC1
catalyst. system operating under almost identical conditlons Where:a line~
out time of 4 ml feed/ml'catalyst was established. With this in mindg,
a 6 ml feed/ml cétalyst line-out time betﬁeen éhénges in Operating con- .

ditions was chosen.

2. Diffusion
The transport of the reacfants from the bulk fluid to the catalyst
pellet and similarly the transport of the.products from the catalyst to

the bulk fluid can, without the proper selection of conditions, be the
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rate controlling step in the catalytic reaction (18). To be sure that

the data being collected reflected the characteristics of the actual

-chemical reaction occuring and not the diffusion step mentioned above,

a fuevwas hade te eetablishla hydrogem flow rate sﬁch that diffusion: ..
ﬁould not be the rate—controlllng step in the over- all reaction. As'can_
be seen from FTGURE 5, at hydrogen rates between 3000 and 9000 scf/bbl
nltrogen remoyal'was 99% or greater while at the lower and hlgher rates,
nitroéen femovai was less effective.

Whlle the increase of nltrogen removal with 1ncre351ng hydrogen
rate was antlclpated and is due to the decrea51ng effect of film dif- .
fusion, the drop in donversien at the high hydrogen rate 1s unusual.
ft ﬁay be fhat atﬂthese high rates ( 9000 scf/bbl of feed ana above)
that channeling develops in the catal&st bed'thereby feducing the ef-

fectiveness of the system. As a result, a hydrogen rate. of 5000 scf/

~ bbl of feed was chosen for the remalnder of the runs.

5L' Nickel Content on Catalyst

To determine‘the best level of Ni on the catalyst support, fouﬁ

rune were made with different catalyst composifions for each run.

After a substantial increase of catalyst activity when the nickel con-
tent was 1ncreased'from 0 to about 2 %, see FIGURE 6, the activity tend-
ed to level off At a nitrogen removal of about 99% the Ni content of the

catalyst was approximately 7 %. To eliminate nickel content as a var-
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iable for subsequent runs, a 5000 ml batch of éatalyst,was prepared with
a 7.72% Ni content and was used for the remainder of the experimental

runs.

B.. PURE COMPONENT RUNS
1. Liquia Hoquy Space Velocity (LHSV) as a Variable
4. FEmpirtcad Rate Equation. '

Six runs were now.made using aniline, quindline, pyridine, pjrrole,
indole, and indoline as the nitrogen-bearing compouﬁds. The reactor was
operated between space velocities of approximately ;5 and 3.0, as indic~
ated in FIGURE 7, and an attempt made to determine the reaction order
and rate constants for the denitrogenation of the petroleum feed from
the data collected.

For a general reaction of the type:

A + B ewee3 products

the rate equation can be written as: o .
vy = - S - - $0B - axcicl -' 1.
where r is the reaction rate, Cp and CB’are the reactant éoncentrat;ons;
a and b are constants, énd z is a catalyst facpor to accéunt for ﬁre;
paration, composition, and physical properties of the catalyst:
Several simplifications can be made in this edugtion. Since the

catalyst composition and pfeparation is the same for all the test runs,

z, the catalyét factor is constant and can, theréfore, be combined with

’
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the rate constant to give:

__dacy dCp - -
-.I’A = e -—--------A = e = klcicg ‘ 2.

dt at
Since one of the reactants, hydrogen, isr present in a large-excess during
the-néaction, it experiences a negligible change in concentration and

—can similarly be considered constant and combined with the rate constant

to give:
r o= %A _d4CR . s : ‘
Ty 3t =To < k2 o 5.

To further facllitate calcdlations, the concentration -of nitrogen itself .
rather than the concentration of the nitrogen-containing compound was
used in defining the rate to give:

--I"N = - -zawg- = k3CN Ll-.

By letting A be the‘original amount of nitrogen present and x be

" the amount converted, the rate equation can he integrated by the separ-

ation of variable to give:

where t is the contact time. Since t is rather difficult to determine,
ifs reciprocal, space velocity, with units of milliliters of feed per

milliliter of catalyst per hour is substituted for t;.thus giving:
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where once again n is tThe order of the reaction.

b. Data Evaluation

Apblying the integral method of data evaluation requires that var-
‘ious values of n be substituted into equation 6, and a check made to see
if there is agreement between the data and the assumed rate expression.

Assuming bthen a reaction order of zero,, the rate expression. becomes.:

% ' o
dgr A0X = LS . or - 1.
Ia) (A-—X)o : Sv . )

8.

Xr-= k/(SVOCAo)
implying that the rate of conversion 1s independent of the concentra-

tion. A plot of X Versus 1/8v shpuld then be a straight line with slope

k/C if the reaction is zero order. Such a-plot is presented in
o} :

FIGURE iZ for all six nitrogen compounds tested,

Forua first order reaction, equation 6 becomes:

ﬁ Lo - or L9

o © (A-x)E A ' )

In et o Kl , ' 10.
(A-x) Sv

so a plot of 1n &/ (A-x) versus 1/Sv should yield a straight line‘of

-slope k for any data wiich follows first order kinetics. FIGURE 13

is a check for first order kinetics.

In a second order reaction, n=2, and the general rate e¥pression 1is:
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R ax ' k o
——— Co= —mms ) . 11.
of (A-X) Sv _ oo
which integrated gives:

I

I S A S S - 12,
- A-x) A Sv

80 a plot of 1/(A—x versus l/Sv FIGURE 14, would give a stralght line -
of slope k and 1nterceptlA for a denltrogenatlon reaction follow1ng
second order Klnetlcs. |

) " On the hasis of these plots, the approkimate reaction order for the
various nltrogen compounds was establlshed Aniline appears to be zero
. order w1th the scatter present when testing for flPSt and second order
being so extreme that no meanlngful curve could be drawn. The plot of
the indole data fit the first order express1on well while 1nd011ne seem~
ed to have bObh zero and flrst order tendenoles. Quinoline, pyridlne,
and pyrrole approach second order kineties Though there still was ‘a dis-
tinct curve in the plot. As is apparent from the precedlng dlscu551on,
the integral method provides only an approx1mate indication of_the
order of the reaction. The probiem is that the n value.substituted
into equation 6 need not be an integer, so fractional.orders are possible,
making this trial-and-error curve fittiné procedure very tedions. . An
alternate to this is the differential nethod of analyzing the,data;‘

Looking again at equation L.
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dCa

...Ir = e = kr—Cn or ' T4,
N ag = _
S _
1n (=' CA—) = Ink +nlnc¢C 13,

at N

The procedu;e then ;s ﬁo plot CA versus t or l/Sv, and determlne the
siOpe of tnis cnnve.oc.varlous p01ntsr A plot of: the naturaI 1ogr1tham
of this slope vcrsus in of the concentration willlgive aistraight line
of slope n with the intercept at ln k. The diffefential analysis of the
data appéafs in FIGURE 15 ﬁhrough-FIGURE 20, with the results. listed in

TABLE 1| .

PABLE l|: Differential Analysis of LHSV Data

Compound . <. :Reaction :0rder k
Aniline . O 0

Indole ' - .61
Indoline 1 22 /4 66 . 1.26
Quinoline 1.63 _ 17
Pyridine .2.43 - L

Pyrrole 2.82 .56

With fhe lafge differences apparent in the reaction orders. oflthe
nltrogen compounds, it is difficult to make any comparison of the reac—.
: t1v1ty on the ba51s of the k values. It would be safest to say only that
a simple mechanism is not going to account for these differences and a
multi—step feaction should be anticipated. Some qualitative'commcnts;

however, can be made.
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The zero order, zero k value of aniline is a result of its extreme
susceptibility to denitrogenation. Throughout the ranée of LHSV'e eest—
ed, aniline was essentiaily completely removed. This is not unexpecﬁed ‘
, _in that aniline is the only cempound tested where denitregenatioe does
ﬁoﬁ require the breaking of some type of cyclic ring. Quinoline, pyr-
~id—ine,:and pyrrole all exhibit approXimately‘the same.reeponee to.chang_
ing spaee~velocity with a slight drep in conversion aszépace velocity
increased. 1Indole and indoline are also similar in that. for both, con-
" version drqps off rather sharply then apparently levels out; “The twe

n values given for indoline represent this sddden.drop’(n=1.22) and the

subseqﬁent leveling off (n=lt.66).

2. Temperature as a Veriable
a. General Catalyst Theory
With the implications of these results being vague;. anther set
of runs ﬁas made where nitrogen removallwas determined as a‘funetion of
Ireactor temperature as presented in FIGURE 8. From the'results-of the
variable space veleeity and temperature runs, once again some qgalitative
conclusions can be drawn about the ease of. removal of the various com- -
'pounds tested. Aniline appears to be the easiest to remove folloﬁed by‘
pyridine and quinoline. Pyrrocle is the ﬁext easiest te>remove followed

by indole and indoline.
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Before further discussing these particulér results, a review bf
general catalyst theory is in order. .fhe most common theory, "The
Principle>of Sabatier" states that unstable inéermediates are formed be-
tween the catalyst gnd the reactants which %hen deaompose in_such a way

as to regenerate the catalyst (3). The formation of these unstable inter-

mediates reduces the energy. barrier which. must be surmounted in order -

for the reaction to proceed: AIt is this theory which will be followed
in disoussing the dual functional catalyst, NiCls.

A dual functional catalyst is.one which cohtaines two types of ac-
tivity (23) with the over—ali reactlon resultihglfrom a sequence of sud—
cessive reaction steps on or with the different catalytic centefs:' A
typical hydrocracking catalys£ will contain é mgtal such'as plétinum or
nickei for hydrogenation,dehydfogenation aétivity and. an'agidic component
in the form of Lewls or Bronsted acids for cracking activity. Nickel is
a'typioai base mefal that when distended -on an acidic support is‘an ef-
fective hydrocracking catalyét. Its role in hydrocracking has been .
considered to be largely that of a hydrogenation component that proteoté

acidic sites; that is, it keep the acidic sites clean and active through.

the hydrogenation of coke precursors (2). According to Voge~(22), the

mechanism for catalytic cracking is initiated with the aromatic adding
a proton directly to become a carbonium ion. The highly reactive acid
surface then causes rearrangement and dissociation of the oarbohium ion

with the release of an olefin. As'a general rule for dual functional
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catalysts, the reactions occuring on these acidic sites are rate limit-

ing (2).

b. .Inferpretation of Data

Usually theée-catalysts are poisoned by'nitrogen compounds of thé
type iﬁVestigafed iﬁ this project, with the less basic démpounds:éup~
posedly not inhibiting catalyst reactivity quite as s%rongly as'the more
basic compsunds (22). ©Since a difference in reactivity was observed for
‘the nitrogen.compoﬁnds tested over the NiCls system, a check was made to ,
see if ény correlation existed between basicity, mgasured as a pKa Valﬁe,
and feacfivity for fhis system: The pKa value, the'ﬁeasufe of the affinity

of a bése'for a“proton, is calculated from the following equation:

Ko & EHQE33' | |
-Tf—Tjggisi———— 14,

where the lower the pKa value, the more acidic the compound., Values for

‘most of the compounds tested are presented in TABLE 2 (14).

;- 'TABLE 2: pKa Values of Nitrogen Compounds

~ Compounds pKa Values

TPyridine 5.5
Quinoline 4.9
Aniline b.6
Pyrrole . 0.U
Indole - -2.3

It appears from this that basicity does play an important part in

determining the ease with which the nitrogen compounds are removed.
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.Aniline, quinoline, and pyfidiné are all removed relatively easily as
is apparent from the conversioq versus température rﬁn, ﬁIGURE 8, and
all have approximately equal pKa values. Pyrrole with a_pKé value of
0.4 is thée next ﬁost diﬁficulﬁ to remove while indole with ~the lowest‘
pKa value is -the moét difficult of the nitrogen_cogpoumdé listed'to fe—
move .- |
: The.basicify of these compounds depends upon. the extent'to which

the unshared electron paif on the ﬁitr5gen atom is available for-inter~
action with othér compounds . Forvexamplé, in pyridine the electron pair
occupies a planeltrigonal orbital, the nitroéen atom is sp2 hybridized,
s0 the pKa of pyridine (pKa:SJB) is between that of an aliphatic amine
such as triethylamine (pKa=9.7) where the unshafed electfon ﬁair occﬁpigs
a tetfahedrallorbital and that of el@méntary nitrogen dr é cyano com-
pound where the unshared electrons occupy é_pure S orbital‘(9); Iﬁ
pyrrole the two lone e}ectrons of the_r;ng niﬁrogen are incﬁrporated
into the w layer. Forming pért of the aromatic sextet, these electrons
are not reaaily aﬁailable for sait formation; therefore, a.high coﬁ— _
centration of hydrogen ions is fequired to bring about protonaéion bf
pyfrole, resuitiné in its pKé value of O.4. Similarly wifb,.indoie,'the
lone pair of electrons from the nitrogen is‘anAintegral partvof the 1Y
electron system and as éuch ié not readily avéilable forléalt formation.
| 'The significance of the basicity of thesé compounds in relation to

their reactivity lies in the nature of the activity of the cataiyst
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pellet. Ogasawara'and coworkefs (15)\suggested’tha£ the pre—treétﬁent.,
of an élumina cafalyst peilet with liquid HC1 ?esults in aﬁ increase of
.the Lewis acidity of'fhe catalﬁst. Undoubtedly then, the HC1 atmosphere .
maintained Qvef'ﬁhe NiClg cataiyst ﬁed used here would also serve té in-
creése thé Lewiszaéidity of the pellets,. Withla Lewis acid béiné_an__
"éiéctron.acceptor;'éhe intepaction between the loﬁe eleotroﬁ pai? of

tﬁe ﬁitrogen atom bf the compounds testéd and-the-Lewis acid sites on
the catalyst is é distinctypossibility.' From thé order of reactiyity‘.
.presgnted previéusiy it may evén be speculated thét this intéréction
between the electron pair on the nitrogen atomAand the Lewis acid’sites.
on.the éétélys@ méy fe the rate controlling stepjéf thg reaction..‘ln

fact, Ogaséwara (15) concluded in his study of the éynthesis of di-

phenylamine over HC1 Ereated alumina, that in the reaction:
- .. —___-M"%.’: M T 1aNg ] . . 1T
2 C6H5NH2' C6H5NHC6H5 + A Nh3

that the faée—detenmining step was the adsorption of the aniline.-
Strictly on the basis of pKa values, the.reaétivity of aniiine
should be sliéhtly less than fhat of pyridine and guinoline while in
' fact‘it appears to be slightly greater. Since complete nitrogen re-.
ﬁovalifor ﬂeterocycles must eventually involve some hydrogenation and
cracking steps, the breaking of the single C~=N bond in aniiine should
be easler that tﬂe breaking of the cyclic rings.pregent.in the other

compounds and probably accounts for its added ease of removal. This
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may then imply that ring ﬁydrogenation and cracking also has an effect
on the reaction rate. |

The simiiarityuof the indole, inddline curves 1is very puzzling.
While no pKé valug is available for indoline, it is khown to be more
basic than indolel(as an analogy, the pKa of pyrrole is 4 while that of
ité hjdrogenated counterpart pyrrolidine is-ll,j) and as such shouid be
more reactive than indole, not less. One possibility is that the basiqity
of indoline is so high that.it in fact acts as a catalyst poison to in-
hibity catalyst reactivity: Anéther'is that an equilibrium exists be-
tween indole and indoline as suggested by Adkins and Coonradt (1) from

their investigations on the selective hydrogenation of nitrogen compounds

.such that:

indole + H» qwmwwwmwuﬁ- indoline

and that ™. ..even at pressures of about 250 atm. the indole is bresent

in the equilibrium mixture in rather. considerable amounts.' Noting the

lower reactivity of pyrrble:in FIGURE 8, ﬁerhaps five membered rings in .
general are more difficult to remove though ho reason for this can be
offered.

The.most obvious conclusion from the:similarity of the indole, -
indoline curves is that for these two.compounds at least, basicity 1s
not solely réte controlling. Alse, since indole is known t0 hydrogenate

to indoline under conditions less severe than thoseAimposed here (19);
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hydrdgenation is not the rate contfolling step in the denitrogenation.
This may alsérbe inferred from looking at the resonance of tﬂe various .
compounds. One would expect that if hydrogenatibn were rate'contrblling,
the compounds withlthe highér resonance energies would be less‘reacﬁive;
however, this correlation does not éxist. - o

ir h&drégengtibn of the heterocyclic ring is not rate contfolling-
and neither is the breaking of the nitrogen-benzene ring.bond (as evid-
enced by the high'reactivity of aniline), then probably the érackiﬁg -
step of the hydrogenated heterocyclic ring controls the fate. Thompson
and coworkers (21) found the eﬁd products of the catalytic denitrogena» -
fion of - indole to be ethyl cyclohexane, bf quinoiine to be n-pr&pyi
cyclohexane, aﬁd df‘pyridine to be n-péntgne.u If this is true forjthe .
NiCls system investigated here, then the cleavage of the C-ﬁ bond in the
heferocyclic ring probébly greatly influences the'rate. This is-what.-
McCandless (12) ;peculated in-stating ”...thgt cracking of the C—N bonds

is the rate~determining step..."

in his study of the NiClg;gaseous ﬁci
catalyst system. This step though éannot account for the difference in
reactivity betweén quinoline and indole, with their mos? prominien?‘dif—
ference being ﬁka Valués, As evidenced by the peculiar shapgs of the-
curves in FIGURE 8, it may be_that both adsorption énd C-N pona cfacking:

influences the rate, with reactor conditions determining ﬁhe extent of

this influence{
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C. REACTION INTERMEDIATES
The conventlonal carbonium ion reaction mechanism, referred tQ
earlier, when applied to a hydrodenitrogenation reaction with indole

would result in a reaction as presented in FIGURE © below.

s O O
:] C @C;H;Nﬂa

3. @ Bi“:
v NMC My CaMHe

FIGURE 9 : Conventional Carbonium Ion Reaction Mechanism

where sequence 1. is the most likély to 6ccur, followed by 2. and then

3. The exact florm of the catalyst-reactant complexes occuring during the
reaction can only be speculated. From the behavior of the system with
increasing Ni content, see FIGURE 6, and from the effect of increasing
the C1/N ratio in the feed (12), it appears that some form of a NiClo
adsorbed HCl complex 1s the most probable form for the catalyst.

The reaction of HCl with NiClg by the reaction:

NiClp + HCl —eememeeeed HY(NiC1z)~

could produce a Friedel-Crafts acid which could then conbelvab{y exhibit
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both the acidity for cracking and the metal activity for hydrogenation
to result in hydrodenitrogenation (25). Tanaka and Ogasawara (20) in
their study on the adsorbed state of aniline on HCl-treated alumina felt
thap there was complex formation bétween the aniline and the HCl possibily
as a simple Lewils acid adduct while Gerrard and Mooney (7) from their
“investigation of the structure of compléxes of primary aromatic amines
with bpron trihalide proposed a structure of the hydrohalide of aryl-

amine .boron dihalide, FIGURE 1O.

;: NHz'BX3 - NH'BXZ
HX -

Lewis Acid Adduct Hydrohalide of
Arylamine Boron Dihalide.

FIGURE 10; Possible Aniline-Halide Complex Structures

Attempts at 1ldentifying intermeditates for the NiCl, system were
unsu;cessful, for while a dark viscous material could usually be isolated
.in the NH4Cl condensation section of the reactor especially during low
temperature or high space velocity runs, the separation and wet chemistry
techniques subsequently appiied to the material provided only inconclu-
sive results indicating that some type of hydrochloride was present, but
little more.

Considering the various factors previously discussed, that is, the

interaction of the HCl with the catalyst, the adsorption of the nitrogen-
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bearing compound, and the standard aromatic cracking meachanism, a plaus-

ible reaction sequence for the hydrodenitrogenation of indole is present-

ed in FIGURE LI.

e =1,
HCl +N;Cl,_ — H*(Nicly) TN

IN\ -
H™ “SoHtNic)
Hei W,

CIHS Ha CgH’s Ha L
+NiCl, + NHiCl == et @‘j
@ : i CENTARY EoNT
* S (NiClY

FIGURE 1{: Possible Indole Hydrodenitrogenation Mechanism

Further speculation on feasible mechanisms would require a more intense
study of the nature of the numerous possible intermediates and could
best be accomplished through concentratihg efforts on one or two nit-
rogen compounds (possibily a basic and a non-basic heterocycle) and

applying more sophisticated techniques of identification.




V. SUMMARY AND CONCLUSIONS

The unusually high reactivityoof the NiClg—éaseous'H01 catalyst
system apparent fof all compounds tested 1s probably due to the'HCl .
. atmosphere maintained over the'catalyst. Not only does:the HC1 enhanée
the acidity of fhe alumina catalyst resulting in an Iinteraction between
‘the cafalyst and £he‘lone pair of electrons presené on the nitrogen atom
—ofmthe compoundltested, but it also neutralizes‘the ammonia, the usual
form of nitrogen leaving a denitrogeﬁation éystem, to NHaCl, a solid:
was-cBasic compouﬁds appear to be more readily rehoved than non-basic |
compounds probably the result of the acid—basevinteraction between cat-
alyst and nitrogen compound, with this adsorption ofi the ﬁitroggn C O
pound onto the catalyst possibily being the rate contrelling step in the
reaction. ﬁowever, the changes in reactivify with changiﬁg reactor
.temperature suggests thaf the mechanism of the hjdodénitfogehation
reaction méy also be changing, perhaps so thal C-N ﬁond cleavage in the
hydrogenated heterocyclic ring confrois the reaction.

The.over-all reaction probably follows the carbonium ioﬁ approach

to cracking with the nitrogen compound adsorbed onto H+(NiCl3) active
sites. Hydrochloride intermediates are suspected in the reaction; how-

ever, no specific species were identified.




VIi. RECOMMENDATIONS FOR FUTURE WORK,

The mést profitable course for future investigations of the NiClg;
gaseous HC1l hydrodenitrogenation systém would be to coﬁfine_work to two
typical ﬁétefocyolic nitrogen compounds, one basic.and one non-basié.
Positive identification of the intermediatés should be made‘to determine

~the exacﬁ reaction sequence with gas'chromatography, I.R. spectroscopy,
mass SpeCtTOSCOpler other instrmmental techniqueé being.moré4vefsatile
than the wet chemistr& appfoach. |

The "reduced" conditions chosen for this work are toénsevere in that‘
nitrogen femoval Qas still at a;ver& high level for all-rﬁns ﬁhereby de- -
creasing the likéﬁhood of isolating intermediates in the pfoducta Some
prelimiﬁary runs a# low temperatures and pressures.with'a;nibrogeh com-
‘pound sﬁch as quinéline which showéd é high réactivity over the range
df conditions employed here should be made to find conditions where nit-

rogen removal is less complete, perhaps only 50 or 60 percent effective.




VII.
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TABLE 33 Properties of Commercial Catalyst (supplied by:manufacturer)

Catalyst Ménufactqner} The Harshaw Chemical Company
- Tdentification Symbol: Al - 1602 - T

Properties: 1/8" silicated hlgh activity alumina pellets
91% Al:0=- 6% Si0s
Surface Area: 210 - 240 mé/g
Pore Volume~ .48 co/gr
Apparent Bulk Density: 52 #/ft3
Average Pore Diameter: 91 ~ 80 &
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