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Oxide-Alumina Catalyst. 2. The Mechanism of Pyridine 
Hydrogenation and Piperidine Dehydrogenation 
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The dehydrogenation of piperidine has been studied and found to have an order of -1.5 with respect to the 
hydrogen partial pressure. By combining these results with those obtained for pyridine hydrogenation on 
the same catalyst a complete rate equation for piperidine dehydrogenation together with the stoichiometric 
number of the rate-determining step of these reactions could be derived. This number appeared to be one. 
A mechanism for pyridine hydrogenation is presented on the basis of these results and those from adsorption 
studies using the infrared spectroscopic technique. The rate-determining step is found to be the formation 
of adsorbed trihydropyridine. 

Introduction 
Hydrogenation of aromatic nitrogen containing compounds 

is the first step for their denitrogenation on metal oxide or 
sulfide catalysts, such as CoO-M003-A1203.~-~ The kinetics 
of this hydrogenation has been studied with the aid of model 
compounds such as quinoline2 and ~ y r i d i n e . ~ , ~  Only little 
information is available regarding the mechanism of this hy- 
drogenation, the active sites, and the rate-determining 
step. 

The kinetics of the hydrogenation of pyridine has been 
studied by varying the temperature, the reaction time, the 
pyridine partial pressure, and the hydrogen pressure. The 
conversion as a function of the reaction time shows a first- 
order p r o ~ e s s . ~ , ~  However, the rate constant is found to be 
inversely proportional to the initial pyridine partial pres- 
~ u r e . ~ ' ~  An explanation for these results, also observed for 
other nitrogen containing  compound^,^ can be given by con- 
sidering the rate equation5 

+ Present address: AKZO Chemie Nederland B.V., Am- 
sterdam-N, T h e  Netherlands. 

where Oi is the degree of occupation, bi the adsorption constant 
of compound i, P, the partial pressure, and k l ,  the rate con- 
stant. 

A Langmuir type of adsorption of the nitrogen bases has 
been assumed. The adsorption of hydrogen and nitrogen bases 
occur on different sites5 and experiments with the volumetric 
technique confirmed that the presence of nitrogen bases does 
not influence the rate of hydrogen chemisorption.a 

Because the adsorption constants of the nitrogen bases 
appear to be almost equal and ~ N P N ~  >> 1 (PN~ P total pres- 
sure of the nitrogen base), this equation can be simplified 
as 

The influence of hydrogen pressure has been studied by 
varying this pressure from 15 to 75 atm.5 The results obtained 
at  300 and 375 "C show the order with respect to hydrogen to 
be 1.5-1.6 (Figure 1). A discussion on details of the mechanism 
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Flgure 1. Effect of the hydrogen pressure on the pseudo rate constant 
of the pyridine hydrogenation at 300 and 375 "C (values from Table II 
in ref 5): (0) = k," at 300 " C ;  (0) k," at 375 "C.  

could not be given due to lack of data on the piperidine de- 
hydrogenation. 

The conversion of piperidine has been studied at 300 and 
325 "C. I t  was shown7 that the (hydro)cracking of piperidine 
can be described by the following equation: 

(3) 

At these temperatures the conversion into pyridine is less than 
1% of the total amount of products formed (Figure 1 in ref 7), 
so that no conclusions about the dehydrogenation reaction 
could be drawn. 

In this paper, experiments on the piperidine conversion at  
higher temperatures will be reported. The mechanism of the 
pyridine hydrogenation on the reduced (CoO)-M003-A1203 
catalyst is discussed on the basis of kinetic experiments on 
both the pyridine hydrogenation and the piperdine dehy- 
drogenation and adsorption studies of pyridine and hydro- 
gen. 

Experimental Section 
Procedures. The equipment used for the kinetic experi- 

ments has been described el~ewhere.~ More detailed infor- 
mation is given in ref 5 for the pyridine hydrogenation and in 
ref 7 for the piperidine dehydrogenation. For the piperidine 
conversion at  higher temperatures a reactor was used with an 
internal diameter of 4 mm. Measurements with a thermo- 
couple showed that the temperature drop over the catalyst bed 
was always within 2 "C. The height of the catalyst bed was 
about 2.5 cm. Separate experiments showed that the influence 
of the metal wall of the reactor and of the internal and external 
diffusion on the conversion could be neglected. The stability 

TABLE I: Conversion of Piperidine as a Function of 
Hydrogen Pressure" 

Product composition,b mol % (Pi/Ppipo) 

105Nm-2 C5 pip py NPP Loss 
PH2, 

40 3.7 59.6 6.5 5.8 18.6 
50 4.6 61.1 4.4 7.5 14.9 
60 6.1 63.5 3.9 9.3 7.9 
70 6.4 65.6 2.7 9.9 5.5 
80 7.2 64.4 2.5 11.2 3.5 
90 7.6 65.2 2.2 11.8 1.4 

a T = 375 "C; Ppipo = 0.33 X 105 N m-2; 0.27 g of COO-Moos- 
A1203; t = 0.14 X lo7 kg N s m-2 mol-'. Products observed are 
pentane and pentene (Cb), ammonia (not well analyzed), pen- 
tylamine (very small amount), piperidine (pip), pyridine (py), and 
n-pentylpiperidine (NPP). The percentage loss is based on the 
balance of pentyl groups. 

of the catalyst was good enough to ignore the decline in ac- 
tivity. 

The reaction time is defined as t = mP&-l in which m is 
the mass of the catalyst (kg), P is the total pressure (N m-2), 
and C#J~ is total moles fed to the reactor (mol s-l). 

The product distributions have been determined by gas 
chromatographic analyses9 of samples taken from the gas 
stream or samples obtained after total condensation of the 
reaction products with the aid of liquid nitrogen. 

Materials. The catalyst was 4% COO-12% M003-'yA1203 
(Ketjenfine, 235 m2 g-l) with particle diameter of 0.21-0.30 
mm. Before use, the catalyst was reduced with hydrogen a t  
450 "C for at  least 16 h. 

Piperidine was distilled under a nitrogen atmosphere on 
molecular sieves and brought into the saturator immediately 
after distillation. The pyridine content of the piperidine was 
found to be very low. 

Results 
The conversion of piperidine has been studied at 350 and 

375 "C as a function of reaction time and hydrogen pressure. 
The influence of the hydrogen pressure on the piperidine 
conversion and the product distribution is shown in Table I. 
The decreasing amount of pyridine a t  higher hydrogen pres- 
sures points to a negative ol'der with respect to hydrogen. 
Determination of the order with respect to piperidine for this 
reaction was not possible because in our measurements the 
reaction time has not been varied sufficiently. However, from 
a discussion of adsorption constants of the relevant bases it 
can be concluded that this order is unity.5 

At longer reaction times the pyridine-piperidine equilib- 
rium was established. At 375 "C we observed a constant ratio 
of about 7 between the pyridine and the piperidine partial 
pressures at  t > 0.3 X lo7 kg N s m-2 mol-1 ( P H ~  = 60 X lo5 
N m-2, Ppipo = 0.33 X lo5 N m-2). Calculation of the equilib- 
rium constant K = PpiJ'p,,-1P~,-3 from these values showed 
a somewhat higher value (3.2 X than the one calculated 
from the data of GoudriaanG (1.6 X 10-20 N-3 m6). This may 
point to the establishment of a pseudoequilibrium in our ex- 
periment.6 

Discussion 
Kinetics of Piperidine Dehydrogenation. As discussed in 

the Introduction the kinetics of pyridine hydrogenation can 
be described by eq 2 in which a = 1.5. The activation energy 
was found6 to be 66 kJ mol-I. 

In order to formulate the kinetics of the piperidine dehy- 
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drogenation one has to take into account the facts that several 
reactions occur in the whole process and that the selectivity 
of the pyridine formation is rather low. From the results 
presented in Table I, the order with respect to hydrogen for 
the dehydrogenation of piperidine can be calculated by using 
the following reaction scheme: 

pyridine 
k-1 f 

pentylamine, n-pentyl- 

pentane 

/ kg piperidine - piperidine, ammonia, 

products not analyzed 

Here the complex cracking and hydrocracking reactions7 have 
been aggregated in reaction 2. Reaction 3 is assumed to be a 
parallel reaction. 

On the bases of the kinetics found for piperidine cracking 
and because the adsorption coefficients of the nitrogen bases 
are nearly equal? we formulate the rate equation of piperidine 
conversion: 

P H ~ Y  k 3  P .  PH~'  (4) + k2 
Ppipo Ppipo 

Integration of this yields 

= k-1" + k2" + k3" ( 5 )  

From the piperidine conversion and eq 5 ,  the sum of the rate 
constants can be calculated; the ratios of the amounts of 
pyridine to cracking products (2PNpp + Pc,), and to the 
unanalyzed products formed give the individual rate constants 
k,*. 

The data obtained for k - l P H z X  (= k-1") have been plotted 
in Figure 2 as a function of hydrogen pressures. An order of 
1.44 f 0.26 (90% confidence region) with respect to hydrogen 
is found. Similar plots for k2* and k3* show an order of 0.8 
with respect to hydrogen for the (hydro)cracking of piperidine, 
which is in agreement with previous r e ~ u l t s , ~  and a rather high 
negative order with respect to hydrogen for the formation of 
heavy products not analyzed. 

Two points may have an effect on the interpretation of the 
kinetics. They are the following: 

(a) The establishment of the pyridine-piperidine equilib- 
rium. The piperidine conversion into pyridine is found to be 
about 25% from equilibrium if the equilibrium constant is 
calculated from the data reported by Goudriaan? Correction 
of the results for the reverse reaction (pyridine - piperidine) 
will increase the order with respect to hydrogen for the pi- 
peridine dehydrogenation. 

(b) Another reaction involving the formation of heavy 
products. The curved line for k3* in Figure 2 points to another 
reaction scheme, for instance, a consecutive reaction instead 
of a parallel reaction for the formation of products not ana- 
lyzed. The negative order in hydrogen for k3* as well as the 
results of the piperidine conversion at  low hydrogen pressure7 
indicate the formation of heavy products from partly dehy- 
drogenated piperidine. Incorporation of this possibility in the 
reaction scheme will result in a lower order in hydrogen for the 
piperidine dehydrogenation. 

In conclusion, therefore, we may state that the order with 
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Figure 2. The three pseudo rate constants of the piperidine conversion 
reactions as a function of the hydrogen pressure (calculated from Table 
I): (0) k-1"; (0 )  k,"; (A) k3". 

respect to hydrogen for the piperidine dehydrogenation will 
lie between -1 and -2. The rate equation for this reaction can 
be formulated as 

(6) 

The Stoichiometric Number. According to Manes, Hofer, 

P 
rdehydrogenation = k-1 J?.X PH2(-lh2)  

Ppipo  

and WellerlO and Horiutill the following relation applies: 

kllk-1 = K'IY ( 7 )  

where K is the equilibrium constant (= PPiPeq. 
Ppyr,,-1P~2eg-3), and y, the stoichiometric number of the 
rate-determining step of the reaction; i.e., the number of times 
the rate determining step of the reaction occurs, compared 
with the overall reaction. Values of y can be derived from eq 
7 by means of: (a) the kinetic expression of the forward and 
the backward reactions;12 (b) the enthalpy of the reaction in 
comparison with the difference in energy of activation of the 
forward and the backward reactions; (c) the substitution of 
the values of hl, k-l, and K.  

(a) At the equilibrium, the rate of dehydrogenation is equal 
to that of hydrogenation. Assuming the rate equations found 
also apply in the neighborhood of equilibrium, and combining 
eq 2 and 6 with a = 1.5 and P N ~  = Ppipo, we obtain: 

Combination of this result with eq 7 gives: 

From eq 9 we conclude that y must have the value of unity. 
The kinetic equation of piperidine dehydrogenation, there- 
fore, takes the form 

(10) 

(b) Substitution of the exponential temperature functions 
of kl, k-1, and K in eq 7 provides 
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surements of the piperidine conversion as a function of tem- 
perature, the value of E-1 was estimated to he 230 kJ mol-'. 
AH' has a reported6 value of -160 kJ mol-'. Substitution of 
these values in eq 11 also shows that y has a value of unity. 

Because the values of E and E-1 are practically not in- 
fluenced bv the form of the kinetic exmession for the relevant 

Figure 3. Scheme of the mechanism of pyridine hydrogenation. 

(i) PY Hado + Hzea, - PY H B ~ .  
reactions, this method may be regard2 not to depend on that 
described in section a. 

(c) From the values of kIs and k-l, we calculated an equi- 
librium constant with a value of 6 X N-3 m6, assuming 
y = 1 in eq 7. This is quite in agreement with the value of 2 X 

N-3 m6 calculated from the data given by Goudriaan.6 
This also supports that y = 1. 

For two reasons this result must be regarded as practically 
independent of the others. The calculated values of kl and k-1 
remain in about the same order of magnitude when using rate 
equations different from (2) with a = 1.5 and (lo), respec- 
tively. Moreover, the value of K differs largely from unity, so 
that from eq 7 y can he calculated accurately. From these re- 
sults it is obvious that the stoichiometric number of the 
rate-determining step of the pyridine hydrogenation into pi- . .  .. . .  
peridine is unity. 

Mechanism of Pvridine Hvdroeenation. The followine 
, I  ~I - 

elementary steps may occur in pyridine hydrogenation: 

PY Hhd. + Hads - PY H3.d. 6) 
This result, showing that after the rather slow formation 

of trihydropyridine a further hydrogenation taking place fast, 
may be surprising. However, it is understandable if the state 
of adsorption of the pyridine molecule is considered. In our 
laboratory Fransen showed by means of infrared spectroscopic 
measurements of adsorbed pyridine on a reduced molybde- 
num oxide-Al203 catalyst that a fast exchange particularly 
between the surface OD groups and the ortho H of pyridine 
occurs.13 This points to a more or less perpendicular position 
of the pyridine molecule on the catalyst surface. This fact 
suggests that two hydrogen atoms may be added rapidly to the 
adsorbed pyridine, whereafter the slow uptake of the third 
hydrogen atom takes place and as a consequence the hybrid- 
ization of the nitrogen atom is changed. The partly hydroge- 
nated molecule may now move the unhydrogenated bonds to 
the surface, which in its turn may be rapidly hydrogenated. 
This sumorts the conclusion that reaction i is rate deter- .. 

pyridine (PY) - PYads (a) mining. This process is depicted in Figure 3. In this figure the 
hydrogen at& are supposed to originate from the hydroxyl 
eroum of molvhdenum. The observation of the existence of (h' I .  

Hzad. * Hsds + Hads (c) 

(4 

separate adsorption sites for hydrogen and pyridine supports 
this mechanism. 

PY Hx,,, + Hz * PY Hlx+z)ad. (0 Q x 6 4) 

PY + H2.da * PY HIY+Z)ada ( O  y 4, (e) Acknowledgment. We express our gratitude to MI. T. 
py H,,,, + H~~~ + py (0 Q 6 5) (f) Fransen for his valuable discussions. 

pipads piperidine (9) 
The stoichiometric number of unity means that the rate- 
determining step occurs once with respect to the overall re- 
action. For the reaction steps b and c the value of y amounts 
to 3. Hence, these steps cannot he rate determining under our 
reaction conditions. 

Reaction steps a and g are not rate determining either. 
Deriving rate equations based on these suppositions and as- 
suming a low coverage of the surface with hydrogen we get the 
rate equations rhydr = kPpyPN,-' and rhydr = kPp,.PN,-'PH;?, 
respectively. These are, however, in contradiction with the 
experimental results. Steps d, e, and f of the reaction scheme 
given above remain as possible rate-determining steps. The 
order 1.5 with respect to hydrogen for the pyridine hydroge- 
nations indicates one of the following steps to be rate deter- 
mining: 

PY Hads + Hz - PY H3d. (h) 
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