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Hydrogenation of Pyridine over Ni-W/AI,O; Catalyst
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The vapor-phase hydrogenation of pyridine was investigated in an integral flow reactor over Ni—
W/ Al O, catalyst. The effects of various parameters, viz., temperature, initial partial pressures of
the reactants, and reciprocal of space velocity, were studied. The kinetics of the hydrogenation of
pyridine to form piperidine have been investigated. A rate equation for pyridine hydrogenation was
derived. The activation energy was found to be 13.69 kcal/mole. A plausible mechanism has been

discussed.

1. INTRODUCTION

Hydrogenation and hydrorefining are es-
sential steps in upgrading crude oil. Nitro-
gen-and-sulfur-containing compounds are
known for their basic nature, and their
presence in the feed stock could neutralize
the acidic sites in the hydrocracking cata-
lyst. Most of the nitrogen is in the form of
heterocyclic compounds such as indoles,
quioline, and pyridine which are most re-
sistant to hydrodenitrification (HDN). Cox
(/) studied the hydrogenation of pyridine
and some of its derivatives and found that
the reaction was first order in pyridine and
that the reaction order increased with nitro-
gen concentration in the feed. The kinetics
of pyridine hydrogenation in paraffin oil
have been recently investigated by Aboul-
Gheit et al. (2), who reported that the
reaction occurred in the following se-
quence:

pyridine — piperidine — amylamine
— n-pentane + ammonia

and the rate was favored in increasing pres-
sures.

In the present study we observed the
formation of n-pentyl piperidine as an inter-
mediate product. Sonnemans et al. (3, 4)
also observed n-pentyl piperidine formation
in the pyridine hydrogenolysis on molybde-
num-containing catalysts. Goudriaan (5)
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observed substantial concentration of n-
pentyl piperidine in the products during
hydrodenitrogenation of pyridine.

Mcllvried (6) studied HDN of pyridine
over Ni-Co-Mo/AlL,O; catalyst. He ob-
served that the apparent rate constant de-
creases with increasing nitrogen content
and suggested that nitrogen compounds are
strongly adsorbed on the catalyst. He also
suggested a Langmuir-Hinshelwood type
kinetic model from the data obtained during
denitrification of piperidine. Satterfield et
al. (7) studied the interaction between hy-
drodesulfurization (HDS) of thiophene and
the HDN of pyridine. At lower tempera-
tures, thiophene inhibited the HDN reac-
tion. A two-site mechanism was proposed
to explain this behavior (7). Sonnemans et
al. (3, 8) studied the hydrogenation of pyri-
dine over Mo/ Al,O; and Co-Mo/Al,O; cat-
alyst and observed the reaction to be first
order with respect to pyridine. Recently
Gupta et al. (9) studied the HDN of pyri-
dine over Co-Mo/Al,O; catalyst and re-
ported that the overall HDN reaction pro-
ceeds through three main reactions:
saturation of double bonds resulting in stoi-
chiometric conversion of pyridine to piperi-
dine, ring rupture to give pentylamine, and
disproportionation to give n-pentane and
ammonia.

Nickel-tungsten—alumina (7, 10, 11) cat-
alyst is widely used in hydrodesulfurization
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hydrocracking and hydrodenitrification
processes. In the present paper the Kinetics
of the hydrogenation of pyridine over a Ni-
W-alumina catalyst using an isothermal
integral flow reactor are reported, including
the effect of various parameters, viz., tem-
perature, initial partial pressures of reac-
tants, and reciprocal of space velocity, on
this reaction.

2. CATALYST AND REACTANTS

The catalyst used in the present study
was obtained from Harshaw Chemical
Company. The catalyst (Ni-4303) had been
prepared by impregnating Ni and W onto a
vy-Al, O3 support (6 wt% of Ni and 19 wt%
of W). The surface area was about 200 m?/g
and spectrographic analysis showed that it
contained traces of Co, Ti, and Cu as
impurities. The -in. extrudate catalyst was
crushed and only 20 to 60-mesh size was
used. The catalyst was activated by heating
it in the reactor for 48 hr at 450°C in 60
cm®/min of hydrogen. Thereafter, it was
conditioned for 4-5 days with pyridine and
hydrogen at 150°C. At the start of the
conditioning period, there was a sharp drop
in the activity, which stabilized after 4-5
days. Thereafter, no change in the activity
was observed for about 10 weeks of contin-
uous use.

Fisher certified grade pyridine (sulfate
less than 3 ppm, ammonia less than 10 ppm)
was used. Hydrogen and helium rated at
99.95% minimum purity were used. n-Pen-
tyl piperidine was prepared in our labora-
tory from piperidine and pentylbromide as
described by Magnusson and Schierz (/2).
The product was 98% pure.

3. EQUIPMENT AND ANALYSIS
3.1 Equipment

The equipment and experimental proce-
dure were essentially the same as described
by Gupta et al. (9).

3.2. Analysis

The products were analyzed by Gow-
Mac W-2X hot wire, 333 mount, made of
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rhenium and tungsten in a temperature-
regulated 4-element macrocell (Model TR-
III-AWX). The detector temperature was
controlled by a Fenwell Thermo switch. dc
current was supplied by Gow-Mac (Model
405-C) solid-state dc power supply. Two
columns (5 m long, 4 mm i.d.) arranged in
parallel were packed with Chromasorb W
(60-80 mesh), acid washed, and coated
with 1% NaOH and 10% Carbowax 1000.
The flow rate of the carrier gas (He) was 80
cm®/min, and the column temperature was
programmed from 40 to 120°C at the rate of
20°C/min. While at lower temperature n-
pentane and ammonia were separated, the
higher temperature facilitated the elution of
the heavier compounds, i.e., pyridine, pi-
peridine, dipentylamine, and n-pentyl pi-
peridine.

4. RESULTS AND DISCUSSION

Experimental data were obtained by us-
ing an isothermal integral flow reactor. The
steady state was not only realized from the
operating conditions, but also from the
product analysis. The effects of various
variables, namely, initial partial pressures
of pyridine (p,,,°), reaction temperature (7),
and the reciprocal of space velocity (W/F),
on the conversion of pyridine (X) have been
studied. The conversion has been defined
as the ratio of moles of pyridine reacted per
hour to the moles of pyridine fed per hour
into the reactor. No reaction occurred be-
tween pyridine and hydrogen in the ab-
sence of the catalyst up to 450°C.

4.1 Effect of Temperature

The hydrogenation of pyridine was
achieved by studying the effect of tempera-
ture in the range 120-380°C. The amounts
of various products formed at various tem-
peratures for a W/F = 3.64 g.cat-
hr/g.mole, a pressure of 2.928 x 10° N/m?,
and initial partial pressures of pyridine 9.76
x 104, 7.14 x 104, 4.8 x 10%, and 3.61 x 10*
N/m? have been studied. Figure 1 shows
the product distribution of pyridine hydro-
genation at an initial partial pressure of 9.76
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FiG. 1. Effect of temperature on product distribution
at [p,,°] = 9.76 x 10*N/m?, W/F = 3.64 g.cat-hr/g.
mole, and a total pressure of 410 psig. O, pyridine; A,
piperidine; O, n-pentyl piperidine; V, ammonia; B,
pentane.

x 10* N/m?. As the temperature increased,
intermediate product rn-pentyl piperidine
was formed. While the concentration of n-
pentyl piperidine decreased with the in-
crease of temperature, the concentration of
ammonia and n-pentane increased. At
lower values of R, other products such as n-
pentylamine, dipentylamine, and decane
formed in traces. From Fig. 1 it seems that
the pyridine hydrogenation takes place in
three separate reaction steps:

(i) Saturation of the double bonds to

piperidine:
(D ()
+ > ——
7 N (1)
H

N
(pyridine) {piperidine)

Step (1) is irreversible under experimental
conditions (3, 8). Calculations showed that
pyridine—piperidine equilibrium was not es-
tablished in the present study under experi-
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mental conditions. Several investigators
(3, 5, 7) have proved that equilibrium shifts
to the formation of piperidine at higher
pressures and temperatures.

(i) Above 200°C the n-pentyl piperidine
is formed as follows:

O +Hy —= CgHyyNH,

\ 2
H
{piperidine)

CsHyNH, + O

(pentylamine)
CaHyy

N
i
H

(n-pentyl piperidine) (ammonia)

3)

I-2Z

(iii) n-Pentane formed from the 1-pentyl
piperidine in the following way:

+H2_> O
N
|
H

Reaction (2) is irreversible because the
pentylamine formed immediately reacts
with another molecule of piperidine giving
n-pentyl piperidine and ammonia. Gupta et
al. (9) observed a measurable amount of
pentylamine between 120 and 180°C on Co-
Mo/ Al,O; catalyst. In the present study we
did not get pentylamine under experimental
conditions.

CsHyy

+ CgHyp (4)
"

H {n- pentane)

4.2. Effect of W/F Ratios on the
Conversion of Pyridine

The effect of the reciprocal of space
velocity (W/F) on the conversion of pyri-
dine was investigated in the range of W/F
= 2.09 to 9.45 g.cat-hr/g.mole at a tempera-
ture range 145 to 280°C. Figure 2 shows the
effect of W/F on conversion at various
values of initial partial pressures of pyridine
at 145°C. The conversion increased linearly
with the increase of W/F.
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F1G. 2. Effect of W/F on conversion of pyridine at 145°C for various [p,,°]: O, 7.14 X 10%; A, 5.74 X

104, 0, 4.8 x 10%; V, 3.2 X 10* N/m?.

4.3. Effect of Molar Ratio of Reactants

(R)

The effect of R at different temperatures
on the conversion of pyridine was studied.
Figure 3 shows the effect of R on the
conversion at a temperature range 140-
220°C and a W/F ratio of 3.64 g.cat-
hr/g.mole. From Fig. 3 it seems that con-

version increased linearly with the increase
of R.

4.4. Kinetic Analysis of Data and Rate
Equation

The rate-controlling steps of a vapor-
phase solid-catalyzed reaction may be the

mass transfer of the reactant or products,
adsorption of reactants, desorption of reac-
tion products, or the reaction between the
adsorbed molecules on the catalyst surface.
In this study, the internal and external
diffusional effects were kept as low as pos-
sible by using high gas velocities and small-
partial-size catalyst. The internal diffusion
was determined by varying the particle size
of the catalyst from 20-40 to 60-80 mesh
keeping the temperature, residence time,
and partial pressures of reactants constant.
The temperature and partial pressure gradi-
ents between the flowing fluid and the exte-
rior of the catalyst surface were evaluated
by the method of Yoshida er al. (13).
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F1G. 3. Effect of molar ratio of reactant, R, on conversion at various temperatures.
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The maximum temperature difference
across the film (on the catalyst surface) thus
calculated was 0.1°C and the maximum
partial pressure gradient was 0.001 atm,
which showed that the heat and mass trans-
fer effect were negligible.

In order to derive a rate equation for the
hydrogenation of pyridine, the chemical
reaction was assumed to take place as
follows:

pyridine —f;l) piperidine — products.

The rate equations were subsequently
tested by curve fitting. Rate equations de-
rived by Mcllvried (6), Sonnemans et al.
(3, 8), and Cox (/) were tested with the
present data, but the present data did not
satisfy those rate equations. The following
rate equation provides the best fit for the
present study:

d
r= - '—['s?L] = kov[ppy][pﬂz]- (5))
Substituting
[ppy] = [prO](l - x)
and
[sz] = [ppyo](R - 3.X'),
the equation will be
d
r = [py'l d_f
= kou[ppsPP(1 = )R — 3x). (6)
By rearranging Eq. (6) we have
dx . 0
(1 _ x)(R _ 3X) - kov[ppy ]dt (7)

By integrating Eq. (7) we have

R-—3x] _ B
In {m} = koy[pps" YR — 3t

= kov[ppyo](R - 3)(W/F) (8)

A plot of In {(R — 3x)/R(1 — x)} against
W/F should give a straight line. Figure 4
represents In {(R — 3x)/R(1 — x)} vs W/F
for temperature 280°C. The slope of these
lines give the value kg [p,,°J(R — 3). The
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FiG. 4. Test of the rate equation (8). In((R —

3X)/R(1 — X)) vs W/F. [p,,"]: O, 7.14 x 10%; A, 5.74
x 10%; 0, 4.8 x 10*; V, 3.2 x 10* N/m?.

rate constants were calculated from these
slopes at different molar ratios.

It was observed that the k,, calculated
was dependent on the initial partial pres-
sure of pyridine and could be represented
as follows:

kov = ks/[ppyo] + ki‘ (9)

k, and k, are functions of temperature and
obtained by plotting &, against 1/[p,,°] at
temperatures 145, 195, 245, and 280°C (Fig.
5). Values of k and k; are given in Table 1.

The overall rate constant k,, was as-
sumed to be constant at a constant initial
partial pressure of pyridine. The plot of
In k,, vs 1/T gave a straight line satisfying
the Arrhenius equation (Fig. 6). The aver-
age activation energy was found to be 13.69
kcal/mole. The final rate equation for the
hydrogenation of pyridine can be written as
follows:

d

_ dlpy]
dt

_ (Ek_] + 1) (P)pw).  (10)

r =

5. CONCLUSIONS
The hydrogenation of pyridine over Ni-
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FiG. 5. Effect of [p,,°] on overall constant, k..
[Ppy?]: O, 7.14 x 10% A, 5.74 x 104 0, 4.8 x 10%; V,
3.2 x 10* N/m?2.

W/AlLO, catalyst proceeds through the fol-
lowing main reactions:

(i) Saturation of the double bonds of
pyridine and formation of piperidine.

(ii) Disproportionation of piperidine to
form ammonia and n-pentyl piperidine.

(i) Formation of n-pentane from n-pen-
tyl piperidine.

The effect of feed composition upon the
initial rate of reaction showed that adsorp-
tion of hydrogen is the rate-controlling
step. The apparent rate constant was found
inversely proportional to the initial pres-
sure of pyridine.

The average activation energy was found
to be 13.69 kcal/mole. The rate equation

TABLE 1

Summary of Constants in The Rate Constant
Expression k,, = k;/Wp,,°] + k,

Temperature ks x 10% k; x 108
() moles/g.cat-hr moles/g.cat-hr

N/m?)

145 1.6179 0.0337

195 7.6035 0.9576

245 22.4762 4.7484

280 74.7421 6.4522
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for the hydrogenation of pyridine can be
written as follows:

¥y =

dp) _ (k.
L) — (Es k) (o)
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APPENDIX: NOMENCLATURE

F  Flow rate of feed, moles/hr

k;  Reaction rate constant in a plot of k,,

vs 1/[p,,°], mole/g.cat-hr (N/m?)

Observed rate constant for hydrogena-

tion of pyridine, mole/g.cat-hr (N/m?)

k; Reaction rate constant slope in a plot
of k.. vs 1/[p,,°], mole/g.cat-hr

p; Partial pressure of a component,

N/m?,

Pyridine

Reaction rate, mole/g.cat-hr (N/m?)

Mole ratio of the feed (hydro-

gen/pyridine)

W/F, time (g cat-hr/g mole)

Temperature

HN

SLOPE =-6914.6

2 3
(1/7) 1073, k™!
Fig. 6. Effect of temperature on rate constant at

[Pl = O, 7.14 X 10% A, 5.74 x 104, 7, 4.8 x 10%; V,
3.2 x 10* N/m?.
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W  Weight of catalyst, g
X  Conversion of pyridine

0

Superscript, in the feed
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