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The kinetics of pyridine hydrogenation was studied at high hydrogen pressures
on a Mo-Al oxide and a Co-Mo-Al oxide catalyst. The rate equation was found
to be 7 = kPpy:Pu2"/Ppyyro, in which n is 1.5 at 300 and 375°C and 1.0 at 250°C. This
rate equation can be derived assuming strong adsorption of pyridine and its
products with identical adsorption constants.

The (hydro)eracking of piperidine appears to have a low order in hydrogen,
probably lower than 0.5.

The adsorption behavior of nitrogen bases and hydrogen on alumina and the
molybdenum-containing catalysts was investigated by the gas chromatographic
method. The adsorption of the nitrogen bases appeared to be very strong on both
catalysts, and varied in the order piperidine > pyridine > ammonia.

Hydrogen also showed a strong adsorption. Hydrogen and nitrogen bases ap-

peared to adsorb on different sites.

INTRODUCTION

In Part I (1) the preparation of a mono-
layer molybdena-alumina catalyst was
discussed. Its activity for cyclohexane de-
hydrogenation and pyridine hydrogenolysis
was compared with a cobalt-promoted
molybdena—alumina catalyst. For the pyr-
idine hydrogenolysis the product distribu-
tions were investigated as a function of
the temperature. The same activity and
selectivity pattern was found for both
catalysts. This paper deals with the first
step in the reaction scheme, namely the
hydrogenation of pyridine. The reaction
scheme can be simplified for this case into

1 k2

pyridine :_* piperidine — consecutive products.

Much work has been performed on the
hydrogenolysis of thiophene in order to
study the mechanism of the desulfuriza-
tion process. However, only a little work
has been published about the hydrogenol-

ysis of pyridine and the mechanism of the
hydrodenitrogenation process. Most hydro-
denitrogenation studies are carried out to
study either the overall kinetics of the
process or the difference in the rate of
nitrogen removal of several types of nitro-
gen bases (2-5). Some authors investigated
the hydrodenitrogenation process with the
aid of model compounds like quinoline or
pyridine (6-9). The catalysts used in these
studies are mostly molybdenum-containing
catalysts, eg, the Co0-Mo0O;-AlO;
catalyst,.

The overall order in nitrogen was found
to be unity by many authors. This was
the case for oil fractions containing differ-
ent nitrogen compounds and for model
compounds, mostly diluted with an or-
ganic solvent. The first order “rate con-
stant,” however, appears to be dependent
on the nitrogen content of the feed (8, 9).
Mellvried (8) gives an explanation {for
this phenomenon by taking into account
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the strong adsorption of the reaction prod-
ucts on the catalyst. He studied the con-
version of pyridine and piperidine on a
sulfided catalyst containing nickel, eobalt
and molybdenum on alumina. The nitro-
gen compounds were diluted with xylene
(nitrogen level: 100-4000 ppm, Py, =10
5 X 10* N/m?). Mecllvried showed that
the conversion of piperidine could be de-
seribed by an equation similar to

reaction rate
bpipppip .
1+ bxylpxyl + bpipppipo

piperidine partial pressure
at the reactor inlet

= constant X
in which P, =

bsxyy, bpip = adsorption constants for

xvlene and piperidine.

{The term 1 + by, P,y in the denominator
was represented as a constant in the equa-
tion given by Mecllvried.)

This equation can be derived by assum-
ing equally strong adsorption of piperidine
and its products on the catalyst. Mellvried
showed that the first order rate constants
obtained by other authors were also in-
versely proportional to the nitrogen con-
tent of the feed (or partial pressure in
the reactor).

The rate equation given above could
not deseribe the conversion of pyridine.
MeIlvried concluded that equally strong
adsorption of the nitrogen bases may oc-
cur on the cracking sites but not on the
hydrogenation sites. Relatively very strong
adsorption of ammonia on the hydrogena-
tion sites could explain the results for the
pyridine conversion.

The reaction order in hydrogen is not
well known. Regarding the order of the
denitrogenation reaction in respect to hy-
drogen, orders of 1 and 2 were reported
(4-5). Tt 1s not clear whether these reac-
tion orders applv for the hydrogenation
reactions or for the (hydro)cracking
reactions.

We investigated the hydrogenation of
pvridine, ring opening and dehydrogena-
tion of piperidine and the cracking and
disproportionation of different amines, to
obtain more information about the kinetics
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of the different reaction steps. The results
of the hydrogenation of pyridine are pre-
sented in this paper together with the re-
sults of the adsorption experiments.

METHODS

Kinetic Measurements

The apparatus used for kinetic measure-
ments has been described elsewhere (10).
Besides the U-type reactor we used a stain-
less steel reactor of a smaller size (I-type).
The diameter was also 6 mm. A separate
experiment showed that the walls of the
reactor did not show any important ac-
tivity for the pyridine hydrogenation. The
pyridine partial pressure at the reactor
inlet and the composition of the produects
were analyzed by means of gas chromatog-
raphy.

The reaction time ¢ is defined as: ¢ =
mP/¢: in which m = mass of catalyst
(kg); P = total pressure (N/m?); ¢: =
total moles fed to the reactor (moles/sec).

Adso-ption Measurements

Adsorption measurements were carried
out by the method of Roginskii (11). Both
the pulse method and the frontal method
were applied. For the pulse experiments a
stainless steel reactor (d; =4 mm) was
used. A thermal conductivity detector and
recorder were used for a continuous regis-
tration of the composition of the output
gas flow. For the frontal method a U-type
glass reactor (d; = 9 mm) was used. The
breakthrough curves were obtained by
taking samples at the reactor outlet and
analyzing them by gas chromatography.

In both methods the temperature of the
catalyst (1-3 g) was constant within 1°C,
both as a function of the time and the bed
length. The carrier gas used in the experi-
ments was either hydrogen or argon, de-
oxidized by a copper catalyst and dried by
molecular sieves. The gas flow rate was
1.44 or 3.6 ml/sec. A constant partial pres-
sure of pyridine in the carrier gas was
obtained with the aid of two saturators.
The second one was thermostated. Am-
monia was added to the carrier gas from
a cylinder. A constant gas flow rate of
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ammonia was obtained by maintaining a
constant pressure drop over a capillary.
The partial pressures of the adsorbates
were determined by titration of the am-
monia and by freezing out and weighing
the pyridine; the accuracy was 2-3%.

Materials

The catalysts used were: y-AlLO, (213
m?/g), 4% Co0-12% Mo0;-Al,0; (Ketjen-
fine, 235 m?*/g) and 22% MoQ;-AlLO; (195
m?/g). The y-AlO; catalyst contained 1%
810;, 0.8% 8SO0,, 0.06% Na,O and 0.02%
Fe. (The alumina (and Ketjenfine}) were
kindly supplied by Ketjen Amsterdam.
Analysis data obtained from Ketjen.) The
22% Mo0O;—Al,O;catalyst was prepared by
slow adsorption of molybdate on y-alumina
at pH 1. The Mo0o0O;-Al,O, catalyst is con-
sidered to have a very extensive MoO,
surface and a low Al,O, surface (7). In all
the experiments the catalysts were pre-
treated for more than 16 hr at 450°C in
hydrogen.

REesvLTs

Kinetics of Pyridine Hydrogenation

The reaction order in pyridine of the
hydrogenation was determined by chang-
ing the reaction time and the initial pyri-
dine partial pressure. A first order in pyri-
dine was found bv changing the reaction
time. This was clearly demonstrated at
three temperatures, viz, 270, 310 and
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350°C (12). Experiments at constant reac-
tion time and different initial partial pres-
sures of pyridine showed a serious devia-
tion of the first order behavior. An
increasing conversion of pyridine was
found at decreasing partial pressures of
pyridine (Table 1). The first order con-
stant k, of the pyridine hydrogenation ap-
pears to be inversely proportional to the
pyridine pressure at the reactor inlet
(Table 1).

Next to pyridine and piperidine, am-
monia and N-pentylpiperidine were ob-
served in the products. The last two were
formed in more or less equimolar amounts.
Pentylamine was not found. This indi-
cates that the most important consecutive
reaction is not the formation of pentyl-
amine by the opening of the piperidine
ring, but the disproportionation of two
piperidine molecules into ammonia and
N-pentylpiperidine (10). Assuming an ap-
parent first order reaction in piperidine
the reaction rate constant k, was calcu-
lated (Table 1). This “rate constant” also
increases with decreasing initial partial
pressure of pyridine.

The order in hydrogen of the pyridine
hydrogenation was determined at 250, 300
and 375°C. By multiplying the apparent
first order ‘“rate constants” k, and k., by
the initial partial pressure of pyridine, the
corrected rate constants k', and k', were
obtained. The composition of the products
and these rate constants are presented in

TABLE 1
CoNvERSION oF PYRIDINE oN THE CoO-MoO;-ALO; Carauyst as a FuNeTioN
OF THE INITIAL PYRIDINK PARTIAL PRESSURE®

Sequence of experiments: 7 2 6 5 4 3 8 1
Ppyr, (102 N/m?) 1.28 0.87 0.81 0.76 0.72 0.57 0.49 0.28
Pyridine (mole %) 64 53 49 48 40 37 33 12
Piperidine (mole %) 32 39 42 46 47 50 54 59
Consecutive products (mole %) 4 8 9 12 13 13 13 29
k1*(1078 m? moles/kg N sec) 0.73 1.05 1.16 1.4 1.5 1.6 1.8 3.5
k1P pyr, (1072 moles kg sec) 0.94 0.91 0.94 1.05 1.06 0.91 0.88 0.97
k?(1078 m? moles/kg N sec) 0.35 0.61 0.56 0.69 0.72 0.65 0.63 1.04

aT = 300°C; Pg, = 60 X 10° N/m?, { = 6.1 X 107 kg N sec/m? moles.

k1

k2

b The reaction scheme used was: pyridine = piperidine — consecutive produets.
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Table 2. The order in hydrogen of the ring
hydrogenation was caleulated by means of
the least squares method. With a 90%
confidence level the following values were
obtained: 1.06 = 0.40 at 250°C, 1.54 *
0.21 at 300°C and 1.57 = 0.15 at 375°C.
There may be a possibility of 5% that the
reaction order in hydrogen is the same at
the three temperatures. However, taking
into account the sequence of the experi-
ments at 250°C a lower order in hydrogen
for the pyridine hydrogenation at 250°C
may be concluded. Other experiments sup-
port this conclusion.

The hydrogen pressure appears to have
little effect on the rate of the piperidine
hydrogenolysis. At 300 and 375°C a more
or less consiant value for k', was obtained.
At 250°C the k', even seems to decrease
with increasing hydrogen partial pressure.
So it may be concluded that the order in
hydrogen of the opening of the piperidine
ring is about zero. However, only a rough
estimate of the reaction order was possible
due not only to the inaccuracy of the de-
termination of the partial pressures of con-
secutive products but also because the
conversion of piperidine turns out to be
rather complex. For instance, piperidine is
formed again from one of its products,
namely N-pentylpiperidine (10). More ex-
periments have to be carried out in order
to formulate in detail the kinetics for the
piperidine conversion.

Adsorption Measuremen’s

Nitrogen Bases

We were not able to determine the iso-
therms for the adsorption of the nitrogen
bases integrally due to several reasons.
Gravimetric measurements showed already
a maximvm coverage of pyridine, on for
instance the MoO;—Al,O; catalyst, at par-
tial pressures of less than 10° N/m? (7 mm
Hg). The pulse technique described by
Roginskii (11} also failed due to the strong
adsorption of the nitrogen bases, even at
temperatures of 450°C. Moreover, several
nitrogen compounds like piperidine or
pentylamine reacted above 250°C.
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With the pulse technique some qualita-
tive results were obtained. An estimate of
the heat of adsorption on the molybdena-
alumina catalyst was possible by compar-
ing the retention time for pyridine at
450°C and benzene at about 200°C. The
ratio AH,;r aqs/AH penzene.aas Was found to
be 1.5. From adsorption isotherms a value
of 14 keal/mole was calculated for the
AHyenzene.aas. Hence, the heat of adsorption
for pyridine will exceed 20 kcal/mole.
Hydrogen appeared to have little effect, if
any, on the adsorption of pyridine and am-
monia on the MoO;-AlL,O, catalyst. lden-
tical gas chromatographic curves were ob-
tained using either hydrogen or helium
as carrier gas.

With the aid of the frontal technique
(11) the number of moles of nitrogen
bases adsorbed per square meter (o) was
determined for the different catalysts. The
results are given in Table 3. The values
are characteristic for the maximum
amounts chemisorbed (except for the value
o = 1.63 at Pxg = 2.1 mm Hg). However,
only a part of the surface is covered by
the nitrogen compounds (10-¢ moles/m?* =
160 A?/molecule). The total number of
moles adsorbed per square meter appears
to be the same for ammonia and pyridine.
(Preliminary experiments carried out with
piperidine showed that its adsorption is of
the same order, viz, 2.4 X 10 mole/m? at
225°C on the 22% Mo0;-Al,O; catalyst.)
The amount adsorbed on the molybdena—
alumina catalyst is about twice as high as
for the alumina. The temperature did not
appear to be an important variable for
the amounts adsorbed. At a pyridine par-
tial presstre of 3.75 mm Hg the values
found at 350°C were only 10% less than
at 300°C for all catalysts. At 400°C we ob-
tained for the pyridine adsorption on the
Ketienfine catalyst the values 0.93 X 10-¢
moles/m? at 3.75 mm Hg and 1.15 X 10
moles/m? at 8.7 mm Hg. Hence, even at
high temperatures maximum adsorption of
the nitrogen bases takes place at low par-
tial pressures of the bases.

At the end of the adsorption experi-
ments some information about the desorp-
tion was obtained by flushing the catalyst
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TABLE 3
ADSORPTION OF PYRIDINE AND AMMONIA ON DIFFERENT CaTabysts AT 300°Ce

Pyridine NH;
a P P P
(10~% moles/m?) (mm Hg) (107% moles/m?) (mm Hg)
AlO; 1.02 3.75 4.85 4.0
0.95 8.7 0.583 6.25
CoO-Mo0;-Al,0, 1.21 3.75 — —
22¢7 MoQ;-Aly()y 1.78 3.75 1.63 2.1
1.81 8.7 1.90 4.9

« The reproducibility is 3¢7. In comparing different
tion has to be taken into account (3%).

with pure hydrogen. The amounts of pyri-
dine or ammenia still adsorbed after dif-
ferent times of desorption are given in
Table 4. The table shows that a part of
the nitrogen compounds desorbed rather
fast; a part did not desorb, even after
flushing the catalyst for 18 hr. The values
for the Ketjenfine catalyst are in between
those for alumina and the monolayer
Mo0O,~AL O, catalyst. Similar experiments,
carried out at higher temperatures, showed
a decrease of the amounts adsorbed; for
the CoO-Mo00,~AL,O, catalyst the values
0.65 and 0.3 were obtained for desorption
of pyridine at 400°C during 30 min and
18 hr, respectively. It may be stated that
a part of the pyridine is irreversibly ad-
sorbed. However, discussion about irre-
versible adsorption appears to be some-
what arbitrary because Fransen (13) in
our laboratory has observed by ir spec-
troscopy that already at low temperatures
desorption of the strongly chemisorbed

catalysts the accuracy of the surface area determina-

molecules took place when other nitrogen
compounds were present in the gas
phase (13).

With the aid of the frontal method we
also investigated the competitive adsorp-
tion of the nitrogen bases by supplying a
mixture to the catalyst and analyzing the
breakthrough curves. A typical curve is
given in Fig. 1, from which the ratio of the
mean b values of ammonia and pyridine
was calculated assuming a Langmuir type
of adsorption. The ratio of the amounts of
pyridine and piperidine adsorbed equals
boyiPpyr/byipPris. The results are given in
Table 5. Pyridine showed a stronger ad-
sorption than ammonia on both alumina
and the molybdena-alumina catalyst. This
stronger adsorption was found at 300 and
400°C indicating that the mean heats of
adsorption of both compounds only differ
slightly. Piperidine, in its turn, showed a
stronger adsorption than pyridine. The ad-
sorption was measured at lower tempera-

TABLE 4
MoLES OF PYRIDINE AND AMMONIA STILL ADSOREED AFTER DIFFERENT TIMES OF DDESORPTIONS

o pyridine (1078 moles/m?)

onE, (1076 moles/m?)

Time of desorption: 0 min 20 min® 18 hre 0 min 20 min 18 hre
Al Oy 1.0 0.6 0.3; 0.8; 0.5 0.1,
Co0-MoO;-Al,04 1.2 1.0 0.5
229, MoO;-ALO;, 1.8 1.5 1.0 1.9 1.4; 0.9,

“ pip, = 3.6 liters/hr, 7' = 300°C.

bAfter a desorption time of 20 min the rate of desorption was below the detection level (0.04 mm Hg).

¢ Analyzed by the Dumas-method.
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——e time (min)
F1G. 1. Breakthrough curves obtained by supply-
ing continuously both ammonia and pyridine t©
1 g of the 229, Mo(0;-AlLQO; catalyst (T = 300°C,

¢ar = 0.45 ml/sec); (O)pyridine, (@) ammonia.

tures to avoid the decomposition of the
piperidine.

Hydrogen Adsorption

Hydrogen chemisorption was also investi-
gated with the pulse technique, Mostly this
technique is used to determine adsorption
isotherms, e.g., by Roginskii (11); the
establishment of the adsorption equilib-
rium is one of the most essential points in
this method. We demonstrated that this
pulse method also can be used to determine
the rate of adsorption, if the adsorption is
far from equilibrium. The method is semi-
quantitative and has the advantage, in
comparison with the wusual volumetric
technique, that the effect of other com-
pounds, e.g., nitrogen bases, on the rate of
hydrogen chemisorption can easily be in-
vestigated. In a future paper we intend to
publish details of this method.
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7501

500

signal
(mVv)

250+

(inj.  ——= time (min)

F1e. 2. Breakthrough curves obtained after in-
jection of pulses of 0.76 ml hydrogen on 2.73 g
catalyst (T = 350°C; ¢4, = 1.0 ml/sec; par =
105 N/m?); (—) 4% Co0-ALO;; (---) 49 CoO-
12% 1\1003*¢&1203.

Typical curves obtained after injection
of hydrogen are given in Fig. 2. The CoO-
ALO; catalyst did not show adsorption of
the hydrogen: injection of helium gave the
same type of curve. The curve for the
Co0-Mo0O;-AlL,O, catalyst showed a lower
peak height indicating that adsorption of
hydrogen takes place. The decrease in
peak height is related to the rate of
chemisorption.

By varying the temperature, the volume
of the hydrogen pulse, and the composi-
tion of the carrier gas, the following re-
sults were obtained. Above 250°C the

TABLE 5
RELATIVE ADSORPTION CONSTANTS OF THE NITROGEN Basks
Temp (°C)

Catalyst 245 300 400
bpyridine/bNH3 A1203 4 R 7
bpyridine/bNH, 2297, MoQ;-Al0; 4.3 4.2
bpiperidine/bpyr idine 22% MOOa*A]zOs 6.1
bpiperidine/bpyridine 229, Mo0;—AlO; 6.8¢

= In this case the method was slightly different. A mixture of pyridine and piperidine was added to the
catalyst which already contained the maximum amount of piperidine adsorbed. Desorption of a part of
this piperidine took place. The temperature was 225°C.
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chemisorption of hydrogen was observed;
the rate of chemisorption increases with
increasing temperature. The hydrogen
chemisorption was found to have a low
order in hydrogen (<1). The presence of
ammonia and pyridine in the carrier gas
appears to increase the rate of hydrogen
chemisorption on the Co0O-Mo0,-AlO,
catalyst, but did not have any effect on
the MoQO.,~Al,O, catalyst. Hence, the
strongly bonded nitrogen bases do not
poison the hydrogen chemisorption. The
conclusion ean be drawn that hydrogen
and the nitrogen bases adsorb on different,
perhaps neighboring, sites.

Discussion

The Order of the Reaction in Pyridine

The results given in Table 1 indicate
that for the hydrogenation of pyridine the
same applies as described in literature for
the denitrogenation process, namely an ap-
parent first order process with a reaction
rate constant which is dependent on the
initial partial pressure of the nitrogen com-
pound. The model of the equally strong
adsorption of reactant and products can
explain  this result, as was shown by
Mellvried (8). Based on the assumptions
of a first order reaction A — B and Lang-
muir type adsorption of A and B the fol-
lowing rate equation applies:

227

_dp, kabaPy

al 14 baPa + bsPy
ba,by = adsorption constants of compounds

A and B (m?/N); P,Py = partial pres-
sures of A and B (N/m?).

1)

Integration of this equation gives
(PBO = 0)

Pa kbat — (ba — bp)(Pa, — Pa) ;

LA .(®
Inp, 1+ buPs, )

From this correlation it follows that

equally strong adsorption of A and B gives
a first order reaction with a “reaction rate
constant” depending on the initial partial
pressure of A:

Py, kbat
In== =

Pr 1+ bsPa 3)

If b,P,, > 1 the equation may be simpli-
fied to:

Pa Kt

Pa - I)An.

In Fig. 3 the data from Table 1 have
been plotted as t/In (P, /P,) as a function
of P,, in order to test whether Eq. (3) or
(4) applies for the pyridine hydrogenation.
It appears that the intereept practically
equals zero. Hence, the ring hydrogenation
of pyridine can be described by Eq. (4).
The kinetics support the supposition of the
equally strong adsorption of pyridine and

In

(4)

140
1/In PP_YRq_ 4
PYR
10.0-
(o K=
m moles

601

20]

02 " os ' o 14
R (IO°N/m)

Fig. 3. Plot to test Eq. (3) for the pyridine hydrogenation (see also Table 1); (—) line calculated by
means of the least squares method; (- - -) line calculated by means of Eq. (2) assuming bg/bs = 2; (---)
line calculated by means of Kq. (2) assuming bp/bs = 5; (A = pyridine, B = piperidine; baP4 > 1: the
reaction rate constant was calculated from the point at Py, = 1.28 X 105 N/m?),
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piperidine. Figure 3 shows that curved
lines have to be expected when the adsorp-
tion constants differ. The figure suggests
the ratio b,,/bpy+ to be smaller than two.

Mellvried showed that an equation
similar to Eq. (3) very well describes the
conversion of piperidine. A less strong ad-
sorption of the nitrogen bases on his cat-
alyst compared with our eatalyst might
be concluded.

The adsorption experiments ecan give
evidence on the application of Eq. (3) or
(4). Table 3 shows that at 300°C and a
partial pressure of pyridine or ammonia
of ~4 mm Hg (500 N/m?) at least 90%
of the maximum adsorption was obtained;
this means that byopases > 102 m?/N, if a
Langmuir type adsorption is assumed. The
kinetic experiments were carried out at a
pyridine partial pressure of >10* m?/N.
by Pyyr amounts therefore to >10? so the
adsorption data show that in our case Eq.
(4) is principally correct. The reason that
Eq. (4) failed to describe the piperidine
conversion of Mellvried is not due to a
less strong adsorption of piperidine on his
catalyst but to the presence of xylene in
the feed. The intercept for this case is
(1 + b,y P1) /kbyip. From his results we
calculated a value of 3 X 10-% for the ratio
byy1/bpip; this corresponds to a difference
in the heat of adsorption of about 7 keal/
mole. We found about the same value for
the difference in heat of adsorption of
pyridine and benzene in our experiments.

If the relation between the kinetics and
the adsorption data is studied in greater
detail a problem arises. The assumption
between Eq. (2) and (3), namely, equal
values for the adsorption constants of the
nitrogen bases, is supported by the kinetics
(Fig. 3), but is not in accordance with the
results of the adsorption measurements
(Table 5). The b value for piperidine ap-
peared to be about 6 times as high as the
value for pyridine which in its turn was
4 times as high as the b value for am-
monia. The ratio bp,./bxu, was found to

be the same at 300 and 400°C; hence the

quotients of the b values may be only
slightly dependent on the temperature.
A possible explanation for the discrep-
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ancy may be the following. Desorption
experiments reported above as well as in-
frared spectroscopic measurements of the
pyridine adsorption (738) point to a strong
heterogeneity of the catalyst surface. The
Langmuir type adsorption will therefore
certainly only be a rough approximation
of the adsorption behavior of the nitrogen
bases on the MoO,;-Al,O; catalyst. The
molybdena surface may only be partly
active in the pyridine hydrogenation.

Till now we did not discuss the results
Mellvried obtained for the pyridine hy-
drogenation. He observed a deviation of
the first order kinetics for this reaction
(Fig. 3 in Ref. (9); Py, was kept con-
stant). He concluded that there was a
very strong adsorption of ammonia on the
hydrogenation sites of his sulfided cata-
lyst, which will have separate hydrogena-
tion and cracking sites. However, we did
not find evidence for a stronger adsorp-
tion of ammonia than of pyridine. The
deviation of the first order in pyridine for
the pyridine hydrogenation can be ex-
plained by the fact that some of their
measurements were too close to the equi-
librium of pyridine, piperidine and hydro-
gen. He neglected to take into account
the reverse reaction.

The Order of the Reaction in Hydrogen

The order in hydrogen of the pyridine
hydrogenation was 1.0 at 250°C and 1.5
at 300 and 375°C. Lipsch and Schuit (14)
also observed at about the same tempera-
ture a change in the hydrogen order for
butene hydrogenation on CoO-MoQO;—
Al,O,. An explanation cannot yet be given.
It was shown that the observed activity
decline and the inaccuracy in the deter-
mination of the equilibrium constant of
the pyridine-piperidine equilibrium (12)
did not have an important effect on the
observed order in hydrogen. The effect of
diffusion limitation was also examined.
Calculations showed that the influence of
internal diffusion on the rate of hydro-
genation is very small. Moreover, this
effect will decrease the reaction order.

For the calculation of the order in hy-
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drogen we assumed that the hydrogen
pressure was an independent variable in
the rate equation. Investigations into the
chemisorption of hydrogen and of the
N-bases support this view. The ammonia
and pyridine adsorption was not affected
by hydrogen (between 0 and 1 atm). The
nitrogen bases were shown to have some
cffect on the hydrogen chemisorption. How-
ever, it has not to be expected that this
interferes with the determination of the
order in hydrogen because this effect could
only be found at very low partial pressures
of the nitrogen compounds.

Preliminary results indicate that the
hydrogen chemisorption is not rate de-
termining for the pyridine hydrogenation
at temperatures above 250°C. The relation
between the hydrogen chemisorption and
the change in the kinetics of the pyridine
hydrogenation will be subject of further
research.

Several problems arise when comparing
our results with literature data. First, the
catalysts are different. However, in our
laboratory we found that the kinetics of
pyridine hydrogenation were similar on
oxidic and sulfidic catalysts (12). Secondly,
the interference of other products may be
important; Rosenheimer and Kiovsky (5)
reported cven the presence of liquid in
their reactor.

The order in hydrogen reported by

Wilson, Voreck, and Malo (4) and by
Rosenheimer and Kiovsky (5} was ob-
tained by following the decrease of the
nitrogen content as a function of the hy-
drogen pressure. It is not clear whether the
order applies to the ring hydrogenation or
the ring opening reaction. Assuming a
reaction scheme

k_y ka

SH: + A=B—C,

ke
n, as the order in hydrogen of the first
reaction and n, as the order in hydrogen
for the second reaction, the following pos-
sibilities may be present.

The first reaction is rate determining:
order in hydrogen of the denitrogenation
reaction is n,.

The second reaction is rate determining:
the dependence of the denitrogenation rate
on the hydrogen pressure will be

KPH2(3+723)
1 + KPst
(K = equil. const. of the first step).

Therefore experimentally an order in hy-
drogen in between n, and 3 + n, may be
found depending on the value of the equi-
librium constant.

Calculation on the piperidine—pyridine
equilibrium showed that some of the ex-
periments of the investigators of the de-
nitrogenation process were performed at

TABLE 6
CoMPARISON OF REAcTION OrRDERS IN HYDROGEN, FOUND BY SEVERAL INVESTIGATORS

Order in hydrogen of

Pyridine Piperidine
Authors Denitrogenation of hydrogenation (hydro)eracking Denitrogenation
This work Pyridine 1.5 =0
Mellvried (8) Pvridine 2-3¢
Mecllvried (8) Piperidine ={p

Wilson, Voreck, and
Malo (4)

Rosenheimer and
Kiovsky (5)

Flinn, Larson, and
Beuther (2)

Cracked diesel oil

Cracked light furnace oil

Me-isoquinoline in naphtha

2-3¢

e Caleulated by us from two experiments far from the pyridine-piperidine equilibriun.
b Calculated by us from the last three lines of the upper section of Table 1 of Mellvried’s paper.
¢ Calculated by us from Fig. 3 of the paper of Flinn, Larson, and Beuther (2).



230

reaction conditions in which the hydro-
genation equilibrium might be on the side
of the aromatics. Depending on the rate
determining step an order in hydrogen of
n; or in between n, and 3 + n, has to be
expected.

In Table 6 the orders in hydrogen are
summarized. The table shows that our
conclusions are in agreement with the re-
sults of Mecllvried: the hydrogenation has
a high order in hydrogen and the ring
opening reaction has a low order in hydro-
gen. Different orders in hydrogen for the
denitrogenation process were found. The
hydrogenation of the aromatic ring as well
as the ring opening may be rate determin-
ing; in the last case the position of the
hydrogenation equilibrium may influence
the rate of denitrogenation.

CONCLUSIONS

1. The Kkinetics for the pyridine hydro-
genation are

APy _ ;. PoiPu
it P
(n = 1.0 at 250°C and 1.5 at 300-375°C).

2. The dependence of the hydrogenation
rate on the pyridine partial pressure can
be derived assuming strong adsorption of
pyridine and its products on the catalyst;
the adsorption constants (b values) have
to be equal.

3. Adsorption experiments support the
conclusion concerning the strong adsorp-
tion of the nitrogen bases, but failed to
demonstrate the equally strong adsorption
of the bases. The strength of adsorption
was found to be piperidine > pyridine >
ammonia.

SONNEMANS, VAN DEN BERG, AND MARS

4. The order in hydrogen of the ring
opening was found to be low (<0.5).
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