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The hydrogenation of pyridine (C;HsN) at 330-930 psia of hydrogen, 140-240°C, was studied
using unsupported Ru powder (<120 mesh) as catalyst in slurry reactors. Pyridine was hydrogen-
ated completely to piperidine (C;H,;;N) with no other partially hydrogenated pyridine bases under
present conditions. Kinetic studies show that there is a shift in the controlling mechanism from
chemical control in the lower temperature region (AE¥,, = 14 kcal/mol, <200°C) to mass transfer

app

control in the higher temperature region (AE},, < 6 kcal/mol, >200°C). The observed reaction rate
at 170°C can be best described by the rate equation: r = (&, KHprCHpr)/( I+ KgCy) (1 + K,Cpy +

K.C.)
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The rate- hmmno sten for the surface reaction control rﬁmnn may involve the surface

reaction between adsorbed pyridine and adsorbed hydrogen on two different active sites. The true
activation energy was estimated to be about 44 kcal/mol.

INTRODUCTION

The catalytic hydrogenation of pyridine
(CsHsN) to piperidine (CsH{N) is a system
of great interest: it is the first step for hy-
drodenitrogenation on metal oxides cata-

l\mfc (1\ and the reaction itself is of indus-

FHELO RS )

trlal sngmﬁcance since piperidine is a
versatile chemical.

The Kkinetics of catalytic hydrogenation
of gaseous pyridine has been studied using

LO—IVI()I'y Al,O3 as catalyst and the rate
equation was described by Eq. (1),

- dPpy — KK py Poy P’ 1)
dt 1+ KpyPyy + = Kprod Poroa.

where K is the equilibrium absorption con-
stant, P is the partial pressure, and £ is a
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order of hydrogen (Py?) was reported to be
about 1.0-1.6 (2, 3). The rate-limiting step
of the gas phase hydrogenation of pyridine
was proposed by Sonnemans et al. (3) to be
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the uptake of hydrogen atom by the
adsorbed dihydropyridine intermediate
(CsH;N). This conclusion is contradictory
to the general belief that the most difficult
step should involve the addition of first hy-
drogen molecule to the stable aromatic ring
(4). 1t is the aim of this study to search for a
more acceptable reaction mechanism.

On the other hand, the hydrodenitro-
genation of petroleum is usually conducted
in high-pressure trickle-bed reactors; and
the large-scale hydrogenation of pyridine to
yield piperidine can only be economically
accomplished in slurry reactors. Conse-
quently, this research was carried out in
slurry reactors to investigate the kinetics of
high-pressure pyridine hydrogenation.

m

XPERIMENTS

An 600 rpm agitated 600 ml Parr mini re-
actor (model 4563) equipped with tempera-
ture controller and modlﬁed sampling sys-
tem was used for this research (Fig. 1).
Hydrogenation was started by charging the

reactor with 160 ml of chemically pure pyri-

dine liouid and an apprnnrmfp amount of
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RuO, powder (<120 mesh). Air was flushed
out of the reactor with low-pressure hydro-
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F1G. 1. Experimental apparatus for the hydrogena-
tion of pyridine.

gen, after which the inlet valve was closed
and heating commenced. When the desig-
nated temperature was reached, hydrogen
was fed to the predetermined pressure
which was maintained throughout the reac-
tion. During a reaction, about eight sam-
ples, 2 ml of each, were withdrawn periodi-
cally for analysis of pyridine and piperidine
ratio by gas chromatograph. The GC
column used was Carbowax 20 M on Chro-
mosorb P 80-120 mesh.
A polynomial equation of the form (7)

Coy = a+ bt + ct? (2)

was fitted to the data for each set of condi-
tions. Differentiation of the best fit equation
gave directly the hydrogenation rate
r(—dC,/dt). The values of the initial rate ry
and specific rate r, at certain conversion
yield were obtained by calculating the rates
at the initial concentration (i.e., t = 0) or
the designated concentration of pyridine.

RESULTS

Porous ruthenium oxide RuQO, powder
(<120 mesh), whose surface area was mea-
sured by BET method to be approximately
13 m?%g, was used as starting catalyst (5). It
was assumed that the in situ reduced ruthe-
nium metal might provide exact geometric
configuration to adsorb pyridine (6). The
exclusion of the y-Al,0O; catalyst support
was to minimize the weak interaction be-
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Fi1G. 2. The concentration profile of pyridine vs reac-
tion time.

tween the support and the pyridine base
and to avoid a cracking reaction.

Figure 2 shows a representative concen-
tration change of pyridine as hydrogenation
proceeded. It is clear that the reaction rate
diminished gradually. The possibility of
catalytic activity decay was excluded by
the following observation: the ruthenium
catalyst, isolated by the end of one reac-
tion, preserved at least 90% initial activity
for another batch of pyridine. The only de-
tectable product was piperidine in the
present research.

The surface reaction controlled regime of
ruthenium catalyzed hydrogenation of pyri-

7 (%)

20 200 |0 1o
L 1 1 1

RuQy =0.1259/L
£, =930 psia

Leg(1, )

-1.64

-18 4

\

T T T T T T
19 20 21 22 23 24 25
LTt kS

=20

F1G. 3. Arrhenius plot of ruthenium-catalyzed pyri-
dine hydrogenation initial rates.
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FiG. 4. Hydrogen pressure effect on the initial hy-
drogenation rate.

dine was determined. An Arrhenius plot of
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Fig. 3 at constant catalyst loading of
0.125 g/l. It can be seen that there is a shift
in the controlling mechanism from chemical
control in the lower temperature region to
mass iransfer conirol in the higher iempera-
ture region. Apparent activation energies in
the two temperature regions were esti-
mated to be 14 kcal/mole (140-200°C) and
less than 6 kcal/mol (200-240°C), respec-
tively. Therefore, the following experi-
ments were carried out at 170°C to study

tha Linatic madel and tha carraenandin
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action mechanism.

The hydrogen pressure effect was ob-
served to be first order at 330-930 psia at
170°C (Fig. 4). Moreover, the initial reac-
tion rates were linearly dependent on the
catalyst loading below 0.375 g/l and then
gradually levelled off (Fig. 5).

ot

KINETIC ANALYSIS

The purpose of this research is to de-
velop an acceptable reaction mechanism of

rutheninum- r‘atalvvpd nvridine hvrh-ngpnn_
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tion. A variety of kinetic model and mecha-
nism had been tested, but only one
Langmiiir-Hinshelwood type model was
found to fit the experimental data and will
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The observation of reaction rate reduc-
tion can be rationalized by the competition

of piperidine (product) and pyridine (reac-
the same active site. It was re-
ported that the adsorption of pyridine and
hydrogen occurs on different active sites
(3). Therefore, it was assumed that there
are two active sites, one for hydrogen and
the other for pyridine and piperidine. One
of the rate expressions fitting to this model
can be expressed as Eq. (3).

A A
p= — R _ ZTp
dt dt

ks K Kpy CriCpy 3)

T U ¥ KaCp) + Koy Cpy + KpiCpi)

where K,,, K;, and Ky are the equilibrium
adsorption constants for pyridine, piperi-
dine, and hydrogen, Cp, and C are the
pyridine and piperidine concentrations, Cy
is the dissolved hydrogen concentration
which was assumed to be governed by Hen-
ry’s law (Cy = By X Py), and k; is the sur-
face reaction rate constant.

The observed first order for hydrogen

pressure implies that the K Cy term in the
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denominator of Eq. (3) may be much less
than one under the present reaction condi-
tions.

If the only product is piperidine as exper-
imentally observed, l,p, can be substituted
by (Cpyy — Cpy)- Cpy, is the initial pyridine
concentration which was calculated to be

12.44 M under STP conditions (8).

- -0~
0124 e
E008 ‘/
& VL0
9
:
)
004+
R, = 770psia
T = 170°C
0 T T T T
a 0125 0.250 0375 0500

CATALYST LOADING (9sliter)

F16. 5. The effect of ruthenium catalyst loading on
the initial hydrogenation rate.
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Equation (3) may be rearranged to give
Eq. (4),

Coy _ (1 + KuCi)(1 + KyiCyy)

r ksKHprCH

(1 + KnCu)(Kpy —
kK1 Kpy Cri

Kpi)

Coy @

which can be used to test the validity of the
proposed kinetic model by plotting (Cpy/r)
vs Cpy, under constant hydrogen pressure
which should yield a straight line. The plot
is presented in Fig. 6 which shows a linear
relationship.

The rate Eq. (3) of the proposed model
may be rewritten as Eq. (5) in terms of frac-
tion conversion X instead of concentration.
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FiG. 6. The plot of (C,y/r) vs Cyy as determined by
Eq. (4).

a-Xx

"= T+ KuPuPu)d + KpyCoyp)

(1 + KuBuPu)(Kpi — Kpy) e 5)

ks Koy KuBuPuCoy,

where Cy is expressed as BgPy. Equation
(5) can be recast as
_(1-X
"TC+ GX ©)
where C; and C, are l/ryand (1 — X)/r — 1/
ro)(1/X), respectively. C, values can there-
fore be obtained by calculating ry, r, and X
values.
The values of C; can also be expressed as
Eq. (7),

_ (1 + KuPuPy)

C 7
2 kaHPH ( )
which can be rearranged as Eq. (8)
B 1 )( 1 ) Ky
-l % @
where constant k, represents (Kpi — Kpy)/

(ksKpyKn).

Figure 7 shows the expected linear rela-
tionship between representative C, and 1/
Py for the proposed kinetic model. It is
noted that the C, parameter is dependent on

ksKPYKH BHPH

Henry’s constant By and should be affected
by the solution composition. The solution
composition is gradually changed from pure
pyridine to piperidine as the reaction pro-
ceeds.

If Eq. (4) is simplified to Eq. (9),
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Fi1G. 7. The plot of C, vs 1/Py as determined by Eq.
(8) at C,,, = 0.8 g-mol/liter.
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where k, is (BukKuPu)/(1 + BuKuPu). Re-
gressional analysis (7) yielded K, = 2.1 X
10~ min~!' atm~!, K, = 0.177 liter/g-mol,
and Kj; = 0.009 liter/g-mol at 170°C with
average deviation of 10.8%.

Other rate expressions ranging from sur-
face reaction-controlled to adsorption-con-
trolled kinetic models were also analyzed
by the above method and were all inferior
to the proposed kinetic model Eq. (3).

Nevertheless, the estimated activation
energy 14 kcal/mol of chemical reaction
control regime seems to be relatively small
for aromatic nitrogen-containing com-
pounds. This may be explained by the com-
plex kinetic form of Eq. (3) which can be
simply reduced to Eq. (10).

ro = (068)kSKHCH

by assuming 1 > KyCy and K, Gy, equals
0.177 X 12.44 = 2.20 by substituting Ky
and Cyy, values into Eq. (3) for initial rates.
The term K,iC, is negligible under initial
conditions. Equation (10) reflects the fact
that the observed apparent activation en-
ergy, derived from the ry vs 1/T plot, should
be composed of surface reaction energy (X;)
and hydrogen adsorption energy (Ky). The
hydrogen adsorption energy on noble
metals were estimated to be approximately
30 kcal/mol (10). Therefore, the true activa-
tion energy of ruthenium-catalyzed hydro-
genation of pyridine should exceed 14 kcal/
mol to reach 44 kcal/mol. This value is high
enough to open an aromatic ring compound
such as pyridine whose resonance energy
was reported to be 31.9 kcal/mol (11).

(10)

CONCLUSION

The foregoing analysis indicates that the
most plausible mechanism to fit the pro-
posed kinetic model (Eq. (3)) can be repre-
sented as follows,

Py + % = Py—%,

H; + % = Hy—%,
Py—#; + Hy—*; = PyH,~* + *;
PyH,—#, + Hy=%; = PyHs—* + %

SHIH AND YANG

PyHs;~*; + Hy—% = Pi—*| + %,
Pi—*;, == Pi +

in which two different active sites § and ¥
are required to hydrogenate pyridine. Both
pyridine and piperidine compete for the
same active site. The rate-limiting step un-
der the present reaction conditions is be-
lieved to involve the surface reaction be-
tween the adsorbed pyridine and adsorbed
hydrogen to generate an PyH, intermediate
which is subsequently hydrogenated rap-
idly to yield piperidine. Both PyH, and
PyH, intermediates should not be released
from the catalyst surface and are more eas-
ily hydrogenated than pyridine itself. This
mechanism may well represent the Ru cata-
lyzed hydrogenation of pyridine in slurry
reactors.

APPENDIX 1: NOMENCLATURE

C Concentration in solution (g-mol/liter)
C 1 1/"0

C, (1 — X)ir = Urg)(1/X)

H Hydrogen

k  Reaction rate constant

K Equilibrium adsorption constant
kx (Kpi - pr)/(kstyKH)

k, (BkKuKy)/(1 + BKuPn)

p Pressure (psi)

pi  Piperidine (CsH;;N)

py Pyridine (CsHsN)

r  Reaction rate (g-mol/liter-min)

ro Initial reaction rate

s  Surface

t  Time (min)

T Temperature (°C, °K)

X Conversion

B  Solubility constant (Henry’s law)

REFERENCES

. Mclluried, H. G., Ind. Eng. Chem. Process. Des.
Dev. 10, 125 (1971).

2. Sonnemans, J., Van Den Berg, and Mars, P., J.
Catal. 31, 220 (1973).

3. Sonnemans, J., Janus, J. M., and Mars, P, J.
Phys. Chem. 80, 2107 (1976).

4. March, J., ““Advanced Organic Chemistry: Reac-

tions, Mechanisms and Structure,’’ pp. 246-260.

McGraw-Hill, New York, 1977.

—



HYDROGENATION OF PYRIDINE

. Freifelder, M., and Stone, G. R., J. Org. Chem.
26, 3805 (1961).

. Bak, B., Hansen, L., and Rastrup-Andersen, J., J.
Chem Phys. 22, 2013 (1954).

. Zeb Hurlburt, H., Hydrocarbon Process. 107,
Aug. (1980).

. Reid, R. C., Pransnitz, J. M., and Sherwood, T.
K., *“The Properties of Gases and Liquids.”” Mc-
Graw-Hill, New York, 1977.

9.

10.

1.

137

Brahme, P. H., and Doralswarmy, L. K., Ind.
Eng. Chem. Process. Des. Dev. 1§, 130 (1976).

Tompkins, F. C., *“Chemisorption of Gases on
Metals,”” Chapt. 7. Academic Press, New York,
1978.

Acheson, R. M., ““An Introduction to the Chemis-
try of Heterocyclic Compounds.’”” Wiley-Inter-
science, New York, 1976.



