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NOTES 

The Organic Chemistry of Hydrodenitrogenation 

The importance of hydrotreatment pro- 
cesses for the removal of heteroatoms from 
fossil fuel liquids is increasing, owing to 
both economic and environment’al con- 
straints. In response to the recent increases 
in the price of crude, interest in the up- 
grading of heavy residual fractions and the 
use of petroleum alternatives such as shale 
oil or coal liquids has refocused attention 
on both hydrodenitrogenation (HDN) and 
hydrodesulfurizat,ion (HDS) processes. 

Historically, more attent,ion has been 
given to HDS. However, in the last few 
years HDN is being recognized as an im- 
portant part of heavy fuel processing. It is 
the more difficult and more demanding of 
the two hydrotreat,ing reactions, and re- 
quires more severe reaction conditions than 
does HDS (1, 2). Like sulfur, bound nitro- 
gen is generally contained as a heteroatom 
in a five- or six-membered aromat,ic ring ; 
structures related to pyrrole, indole, car- 
bazole, pyridine, quinoline, isoquinoline, 
and acridine are the most common (3). 
Most of t.he studies of the HDN reaction 
u,se one of these N-heterocycles as a model 
compound and employ a supported MO or 
W oxide wit,h or without Co0 or NiO pro- 
moters as a catalyst. 

In the most recent investigations of the 
reaction, it has been found that denitro- 
genation requires a much larger hydrogen 
consumption than desulfurization, owing 
to the obligatory complete saturation of 
carbon atoms either bound directly t’o 
nitrogen or one carbon atom removed from 
it. This high hydrogen requirement was 
noted for HDN both in the absence (4-Q) 

or presence (2, 7, 10-13) of sulfur. In con- 
trast, ring hydrogenation is not required 
for HDS (2). Furthermore, the presence of 
sulfur, either as H2S or an organic sulfur 
compound, results in an increase in the 
rate of removal of bound nitrogen (1, 2, 
l&12) and promotes the rate of reduction 
of the nitrogen-containing aromatic ring 
(1, 12). The effect is observed when sulfur 
is in excess of the amount required for 
sulfidation of t-he catalyst 

For the most part, the above-referenced 
studies comprise kinet’ic analyses of HDN 
for various model compounds. Very few of 
these reports attempt to rationalize the 
data in terms of a detailed reaction mecha- 
nism. However, the kinetic dat,a presented 
by t’hese authors can be used to support a 
generalized mechanism for HDN chemistry. 
This will be outlined in this note. 

A detailed mechanism for the chemistry 
of the HDN process must be consistent 
with the following observations : 

Complete saturat)ion of cr and p carbon 
bound to nitrogen is required before nit.ro- 
gen removal is possible. 

H& or its precursors, enhances the rate 
of nitrogen removal. 

H2S enhances the rate of reduction of 
nitrogen-containing he-terocyclic aromatic 
rings. 

Intermediate structures such as N-pentyl- 
piperidine appear during HDN of pyridine. 

The rupture of t(he carbon-nitrogen bond 
is not a facile process ; the amine function- 
ality is known to be a very poor leaving 
group for either displacement or elimina- 
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tion reactions (14). In fact, the most 
common amine removal reaction, the Hof- 
mann degradat’ion (15), usually requires 
that the leaving nitrogen be quaternized 
before the react,ion becomes feasible. The 
removal is known to occur only with 
saturated hydrocarbons. A corresponding 
process for the reductive eliminat,ion of 
nitrogen from an unsaturated carbon is not 
known. Thus, the high hydrogen requirement 
of HDN is consistent with the known reductive 
degradation chemistry of carbon-nitrogen 

bonds. This similarity therefore suggest’s 
that rmrogen is removed from heavy feed- 
stocks and coal liquids via reactions similar 
to the classical Hofmann degradation. 

In illustrating this proposed mechanism, 
quinoline will be used as the model com- 
pound. However, identical mechanisms can 
be written for t,he ot#her nit,rogen hetero- 
cycles found in heavy feeds. With quinoline 
(I) the HDN process has been found to 
follow the paths given in the following 
scheme (11, 12). 

+k;2 &3H7A tic + NH3 

A 
NH7 

I II IV 

HC + NH3 

III ; 

It should be not,ed that carbonnitrogen line (IV) can occur via an elimination or 
bond scission only occurs from the saturated displacement reaction. Both of these reac- 
carbon species, II and III. Furt’hermore, Cons are catalyzed by a base. The ring 
bot’h lib and Jc,~ are found t80 increase in the opening eliminat,ion reaction is shown in 
presence of H&3 (12). reaction (l), while the displacement process 

Ring opening of II t,o yield %propylani- is illust(rated in reaction (2). 

(3) 
ri H@ H 

VI 
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In both of these cases, the initial ring- 
opened product (either V or VI) would be 
rapidly converted to the observed inter- 
mediate, IV, under the prevailing reaction 
conditions via hydrogenation of the double 
bond (V) or hydrogenolysis of the sulfhy- 
dry1 group (VI). A similar displacement 
process can account for the appearance of 
N-pentylpiperidine (VII) during HDN of 
pyridine in the absence of HzS (8). 

Again, initial saturation of the hetero- 
cyclic ring is required. The base required 

in the elimination step can be supplied by 
a surface oxide, an amine, or H$ via the 
following dissociation : 

H,S e H+ + -HS (3) 

Removal of the -NH2 group from 2-pro- 
pylaniline (IV) is required to complete the 
HDN of quinoline via step 5 in the scheme. 
This step again requires saturation of an 
aromatic ring; the overall process is shown 
below : 

The simplest nitrogen-free product would 
be n-propylcyclohexane (VIII) obtained 
at the expense of 7 moles of Hz for removal 
of one nitrogen atom. Similar steps can be 
written for the other reaction paths from 
quinoline. 

In summary, the above-described Hof- 
mann degradation chemistry is consistent 
with the experimental observations reported 
for HDN reactions in the absence and 
presence of sulfur. It explains the observed 
high hydrogen requirement and elucidates 
the role played by H,S in the nitrogen- 
removal steps. Several important implica- 
tions can be drawn from this analysis. The 
chemical requirement of carbon saturation 
prior to nitrogen removal suggests that the 
high hydrogen consumption of HDN is un- 
avoidable for nitrogen removal under reduc- 
tive conditions. However, the rate of denitro- 
genation can be improved by increasing the 
acidity of the catalyst, in particular when 
reactions are conducted in the absence of 
sulfur. In the presence of sulfur, the nitro- 
gen removal reaction is enhanced by the 
displacement reaction as well as by facili- 

CT C3H7 

0 

+ NH3 +BH 

T 

u 

C3H7 

42 VIII 

NH3 

(4) 

tating the Hofmann degradat.ion. Sulfur 
addiCon may therefore be indicated in the 
treatment of feedstocks with low sulfur 
and high nitrogen contents. 
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