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A mechanis t ic  s tudy of  the cyclization of  e thylenediamine (ED) and propyleneglycol (PG) to 2- 
methylpyraz ine  is reported,  carried out by means  of the T P D - T P R - M S  technique.  The reacting 
sys t em proved to be complex,  due to the presence of  numerous  intermediates  and by-products ,  
deriving either f rom one of the two reactants ,  or from both. The optimal reaction temperature ,  
permitt ing the best selectivity to the desired product ,  was about 660 K. At least two different types  
of  surface sites are present  on the catalyst ,  and only the higher-energy ones  activated the reactants .  
The reaction probably involves a rate-determining step of the Ridea l -Eley  type, be tween adsorbed 
PG and ED coming from the gaseous  phase.  This step leads to a fully hydrogenated intermediate,  
2-methylpiperazine,  which quickly dehydrogenates  and aromatizes  to 2-methylpyrazine.  ,v~ 1991 
Academic Press, Inc. 

I N T R O D U C T I O N  

In some previous papers (1-6) we re- 
ported extensively on a catalytic two-step 
route for the preparation of 2-amidopyra- 
zine. The first step consists of the cycliza- 
tion of ethylenediamine (ED) and propyl- 
eneglycol (PG) to 2-methylpyrazine (MP), 
taking place on a Pd/Zn-Cr-O catalyst at 
623-703 K, atmospheric pressure, and in 
the presence of an excess of steam (2, 4, 5). 
The second step is the ammoxidation of MP 
to 2-cyanopyrazine, on a different catalyst 
(l, 3, 6). The mechanism of the second step 
has been studied by TPD-TPR-MS and the 
results are reported in a companion paper 
(7). We report here on a mechanistic study 
of the first step, namely the catalytic cycliza- 
tion of ED and PG, by means of the same 
experimental technique. 

E X P E R I M E N T A L  

Catalysts. The best catalyst for this reac- 
tion was found and optimized in the previ- 
ous screening investigation (2, 5, 8). It con- 

i To w h o m  cor respondence  should be addressed.  

sists of a mixture of Zn and Cr oxides, 
prepared by coprecipitation, drying, 
calcination, and impregnation with aq. Pd 
sulfate. The composition and the main phys- 
ico-chemical characteristics of our catalyst, 
here referred to as B3, are summarized in 
Table I. However, many runs, especially 
most of the preliminary ones, were carried 
out on a commercial catalyst, Harshaw Zn- 
0312T, of very similar composition, apart 
from Pd. The physico-chemical properties 
of the commercial catalyst are given in the 
same Table 1, together with some typical 
activity data, referring to identical reaction 
conditions, for comparison. 

Procedure. A detailed description of the 
experimental apparatus employed is given 
in the companion paper (7). Different proce- 
dures were followed for the collection of 
experimental data, depending on the infor- 
mation desired. Such procedures have been 
defined after proper sets of preliminary ex- 
periments, aimed at defining the correct 
range of values of the experimental parame- 
ters, within which reproducible and reliable 
data could be collected in the various cases. 
Fresh catalyst samples were charged for ev- 
ery run. 
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T A B L E  1 

P r i n c i p a l  C h a r a c t e r i s t i c s  o f  t h e  C a t a l y s t s  E m p l o y e d  

Catalyst Zn-0312T B3 

Zn/Cr (atomic ratio) 3:1 3: I + (1% Pd) 
BET surface area (m2/g) 130 52.9 
Pore volume (cm3/g) 0.2 0.4 
Bulk density (g/cm 3) 1.55 I. 12 
Particle size (mm) 0.15-0.18 0. I5-0.18 
Conversion (tool% of fed ED) 81.9 75.5 
Selectivity (tool% of converted ED) 43.9 75.2 

Note .  Reaction conditions: 663 K, atmospheric total pressure, 
ED/PG = I/l molar feeding ratio, continuous tubular reactor. 

When working with the Zn-0312T cata- 
lyst, before the run a TPD ramp (20 K/min) 
was always carried out up to the maximum 
temperature  attained in the present work 
and under a slow He flow, to avoid possible 
structural modifications of  the catalyst dur- 
ing data collection. The usual operative con- 
ditions for the experiments including a TPD 
ramp were: catalyst charge 100 mg, carrier- 
gas (He) flow rate 20 cm3/min, heating rate 
20 K/min, initial isotherm 373 K, final iso- 
therm 773 K. In a few cases a final 823 K 
isotherm was attained. Pulses (6 to 15/xl, 1 
/xl = I mm 3) either of pure ED, or pure PG, 
or of a mixture of  the two (ED/PG molar 
ratio = 0.7) were injected during the initial 
isotherm. The operative conditions for the 
experiments carried out in isothermal mode 
were: catalyst temperature 623,643,663,  or 
683 K, pulse volume 3 to 5 /zl, number of 
pulses 2 to 3. 

When working with B3 catalyst, an acti- 
vation by reduction before use was needed. 
Such a reduction was made in situ and con- 
sisted in flushing the solid with 10 vol% H 2 
in He for 30 rain at 593 K. This permitted 
avoidance of  hot spots, the reduction being 
highly exothermic.  After activation the re- 
ducing gas mixture was replaced by pure 
carrier gas and the catalyst was heated to 
the highest experimental  temperature.  The 
operative conditions with B3 catalyst were 
the same as those adopted with Zn-0312T, 
both in TPD and isothermal mode. Further- 
more, some additional experiments were 

carried out with B3 catalyst by preadsorbing 
one of  the reactants before the other.  In 
these series of tests the reactants were pre- 
adsorbed through three 5/xl pulses as usual, 
either at different times or at different tem- 
peratures,  the latter in any case exceeding 
the boiling point of the reactant,  e.g., 398 K 
for ED and 473 K for PG. The preadsorpt ion 
was followed by the usual TPR ramp up to 
823 K. Finally a series of  runs was con- 
ducted by preadsorbing one reactant,  fol- 
lowed by TPD ramp with pulse of the other  
reactant. The scheme of these transient-re- 
sponse experiments was: 

group a: (1) three 5-~1 pulses of  ED at 398 
K 
(2) 398-823 K TPD ramp with a 5- 
/xl pulse of PG 
(3) 3.75-rain isotherm at 823 K 

group b: (1) three 5-/xl pulses of PG at 473 
K 
(2) 473-823 K TPD ramp with a 5- 
/xl pulse of ED 
(3) 2.5-rain isotherm at 823 K. 

The final short isotherm at the end of  the 
ramp was needed in order to clean up the 
catalyst surface from any organic residue. 

The tests were repeated several times, in 
order to monitor all the fragments forming, 
since no more than 10 different amu values 
can be monitored simultaneously with our 
apparatus (7). 

R E S U L T S  A N D  D I S C U S S I O N  

The desired information was obtained by 
monitoring the species desorbing during the 
TPD ramp, or after the pulses injected dur- 
ing the isothermal runs, as described in de- 
tail in Ref. (7). The attribution of  the mass 
fragments to the various species has been 
done by comparison with mass-spectral data 
from the literature (9, 10). The experiments  
carried out by employing the pure reactants 
were aimed at obtaining information about 
the nature of  the by-products coming from 
each one of them separately; those made 
by employing their mixture were aimed at 
throwing light on the activity of  the catalyst 
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FIG. 1. (A) Example  of a 373-823 K TPD ramp after 
preadsorpt ion of  PG on Zn-0312T catalyst .  (B) Exam- 
ple of  the spectra  obtained with two pulses  (5 and 3 ~1, 
respectively) of  PG in isothermal  condit ions (663 K). 
Zn-0312T catalyst .  (C) Typical t rend of some species 
detected and moni tored after pulses  of  ED + PG mix- 
ture under  isothermal  condit ions (663 K). Zn-0312T 
catalyst .  Figures indicate the ainu values of  the 
spect rum.  

as well as on the mechanism of  the cycliza- 
tion reaction. 

A. Tests with Zn-O312T Catalyst 

Typical examples of the spectra moni- 
tored during a TPD experiment,  carried out 
after presaturation of the catalyst with one 
of  the pure reactants or during isothermal 
experiments with injection of a pure re- 
actant or of the mixture of  the two, are 
shown in Fig. 1 (A, B, and C, respectively). 

The runs carried out by injecting PG 
showed the formation of some by-products 
coming from the diol only. The temperature 
Tm~ ×, corresponding to the top of  the desorp- 
tion peak of the various species, is given in 
Table 2. The attribution of the signals to the 
different compounds  presents some prob- 

T A B L E  2 

Tma X of the Desorpt ion Peaks after PG Preadsorpt ion 

Species Tm.~ (K) Species Tm~,. (K) 

H. 573 and 723 Allyl alcohol 703 
C= fragments 653 and =773 Propylene glycol 713 
Water 573 Propanol 683 
Ethanol 553 and 693 Acetone 613 

Note, When two temperatures are reported, two desorption 
peaks were recorded (Zn-0312T Catalyst). 

lems because of the simultaneous presence 
of many mass fragments in the spectra of  
various substances. However ,  the presence 
of the following species is certain: PG, etha- 
nol, propanol, allyl alcohol, and acetone.  
The presence of propane and propene is less 
certain, since their characteristic mass frag- 
ments (amu = 39 and 41) are common to 
many other molecules. 

It can be noted that PG (Tma x 713 K, see 
Table 2) has a good affinity for this type of 
catalyst, while acetone desorbs with a lower 
Tm~ X. The highest Tma x was observed for 
amu = 14 and 15 (CI fragments). 

The runs carried out under isothermal 
conditions (663 K) gave peaks of the men- 
tioned species, together with a peak for 
ainu = 72, that was assigned to methyleth- 
ylketone. The latter can form from ethanol 
and propanol, which in turn derive from PG 
(vide supra). Furthermore,  a strong peak for 
acetone was observed,  confirming that this 
species is an important product  of the reac- 
tion. It can form from PG by dehydration.  
Indeed, it is well known (11-13) that dehy- 
dration is one of the most typical functions 
of Z n - C r - O  catalysts. 

The TPD ramps after preadsorption of  ED 
showed the desorption curves of ED, to- 
gether with a neat peak of pyrazine (amu = 
80 and 53). This was confirmed by the iso- 
thermal runs at 663 K. It may be concluded 
that, at this temperature and under the pres- 
ent reaction conditions, a large part of  ED 
is quickly transformed into pyrazine. The 
isothermal runs showed also peaks for 
amu = 81 and 82, indicating the presence of 
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methylpyrrole. This species was recognized 
also during a parallel mechanistic study of 
the cyclization ED + PG --~ MP (14). 

Furthermore, the experiments with ED 
alone did not show clearly the presence of 
tetrahydropyrazine (THP), a kinetic inter- 
mediate for the reaction 2 ED --~ pyrazine, 
detected in very small traces in the cited 
work (14). Nevertheless, the formation of 
variously hydrogenated pyrazinic species 
must be assumed, since the peaks for 
amu = 41 were always more intense than 
those for amu = 43, in spite of the fact that 
the amu = 43 fragment is more important 
than the 41 fragment in the mass spectrum 
of ED. By considering that 41 is a typical 
fragment of the pyrazinic species, we must 
assume the formation of pyrazinic-ring de- 
rivatives. 

The tests performed by injecting the ED 
+ PG mixture were aimed at obtaining in- 
formation about the formation of the princi- 
pal products and about the most favorable 
temperature for the main reaction. In corre- 
spondence with the pulses (see, e.g., Fig. 
1C) one can note the amu = 94 signal, the 
parent peak of the desired product MP. 
Strong peaks of acetone can also be ob- 
served, together with weaker peaks for 
amu = 80, indicating the formation of pyra- 
zine. Two subsequent pulses of the ED + 
PG mixture at 663 K, the first one of 5 ~i 
and the second of 3 p~l, showed that the 
peaks of MP, pyrazine, and acetone for the 
second pulse were greater than those for the 
first, while the peak area of ED and PG 
was in line with the relative amount of the 
injected mixture. This fact suggests a pro- 
cess in which the products forming after the 
first pulse remain in part adsorbed on the 
catalyst and are removed by the successive 
pulse. An experiment with a sequence of 
three pulses of 5, 3, and 5 p,I, respectively, 
showed that the signals relative to the vari- 
ous products increase after the second pulse 
and remain practically unchanged after the 
third one. This confirms that the MP (and 
probably the other species) formed after the 
former pulses is removed by the subsequent 
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FIc. 2. Peak area of MP, pyrazine,  and acetone 
(ainu = 94, 80, and 58, respectively) obtained with 
isothermal pulses of  ED + PG vs temperature .  Zn- 
0312T catalyst.  

ones and that the species one sees in part 
form from the newly injected reactants and 
in part are simply desorbed. 

The experiments carried out isothermally 
at different temperatures (Fig. 2) confirm 
that the highest selectivity to the desired 
product can be obtained at ca. 660 K, as 
found in our previous work (1, 5). However, 
by simply comparing peak areas, Fig. 2 data 
indicate acetone, instead of MP, as the prod- 
uct forming in larger amount. Nevertheless, 
we must remember that: (i) the apparatus 
used in the present study is very different 
from the plug-flow reactor employed in in- 
dustrial application, (ii) these experiments 
are intrinsically of unsteady type, and (iii) 
all the present runs have been carried out in 
the absence of steam. 

Finally, a further confirmation of the ten- 
dency of the products (especially MP) to 
remain adsorbed on the catalyst surface is 
given by the trend of the MP peak area vs the 
number of successive small identical pulses 
during the same run (Fig. 3). Indeed, the 
figure shows that the amount of product de- 
tected increases with the number of the in- 
jection at any temperature. 

B. Tests with B3 Catalyst 

Table 3 summarizes the series of the ex- 
periments carried out with separate and suc- 
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cessive preadsorption of ED and PG, fol- 
lowed by the TPD ramp. During the ramp 
the desorption peaks of MP, pyrazine, and 
acetone were always observed, confirming 
the activity of the catalyst. The peak area of 
the desired product (MP) is also shown in 
the table. 

The series made with the ED + PG mix- 
ture in isothermal conditions includes three 
runs, each one with three 5-/~1 pulses, car- 
ried out at 643 to 683 K. The formation of 
MP, pyrazine, and acetone has been ob- 
served in each case. The peak areas for the 
corresponding amu signals (94, 80, and 58, 
respectively) are shown in Fig. 4. 

In the cited study (14) on the mechanism 
of the present reaction, the presence of 
some intermediate species and secondary 
products has been hypothesized and a series 
of steps leading from ED + PG to MP has 

T A B L E  3 

S c h e m e  o f  t he  R u n s  o n  B3 C a t a l y s t  wi th  S e p a r a t e d  

P r e a d s o r p t i o n  o f  E D  a n d  P G  

Experiment amu 94 
peak area 

(au) 

l: ED at 463 K - - 2 :  PG at 463 K - - 3 :  ramp 
l: PG at 463 K - - 2 :  ED at 463 K - - 3 :  ramp 
1: ED at 398 K - - 2 :  PG at 473 K - - 3 :  ramp 
1: PG at 473 K - - 2 :  ED at 398 K - - 3 :  ramp 

6.63 x 10 i0 
1.29 x 10 ~ 
1.10 x 10 9 
3.18 × 10 ~ 

been proposed for the main reaction. Such 
steps include the formation of the saturated 
heterocyclic ring 2-methylpiperazine, which 
dehydrogenates and aromatizes to MP 
through a pathway including tetrahydro- 
and dihydro-2-methylpyrazine (Fig. 5). The 
present transient-response pulse tests were 
then carried out aimed at detecting such in- 
termediates before their transformation into 
the final product. 

The desorption peaks of MP, pyrazine, 
and acetone, obtained after preadsorption 
of ED + PG, followed by the TPR ramp, 
showed Tin, X = 603,593, and 643 K, respec- 
tively. However, when preadsorbing pure 
MP or acetone, followed by TPD, T,l,x val- 
ues of 533 or 423 K, respectively, were re- 
corded, i.e., considerably lower, it can be 
deduced that at least two different types of 
site are present on the catalyst surface, as 
observed also for the Sb-V-Mn-O catalyst 
for the ammoxidation of MP to 2-cyanopyra- 
zine (7). On the lower-energy sites, the spe- 
cies adsorb and desorb unaltered, while on 
the higher-energy ones the reactants adsorb 
and are activated for the transformation into 
products. 

As for the experiments with separated ad- 
sorption of the reactants, referring to Table 
3 data, one can see that the amount of MP 
forming after preadsorption of the reactant 
at two different, but lower temperatures, is 
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FIG. 5. Reaction pathway for the synthesis of MP (Ref. (14)). 

larger than that obtained with preadsorption 
at higher temperature. However, a most in- 
teresting result is that a larger amount of MP 
formed when PG was preadsorbed before 
ED, than when ED preceded PG in adsorp- 
tion. This occurred in all such runs, either 
with preadsorption of both the reactants at 
463 K, or when they were preadsorbed at 
different temperatures. This confirms the 
proposal in another previous work (15), 
namely that, at a sufficiently low concentra- 
tion of the reactants, when the competition 
for adsorption is less remarkable, the rate- 
determining step of the reaction is probably 
of the Rideal-Eley type, between adsorbed 
PG and ED coming from the gaseous phase. 

Coming to the experiments with pulses 
of the ED + PG mixture under isothermal 
conditions, the most suitable temperature 
for the desired reaction was found to be ca. 
660 K also with the B3 catalyst. However, 
it is interesting to compare the values of the 
peak area obtained with the two catalysts 
(Table 4). With respect to Zn-0312T, the 
palladiated catalyst (B3) leads to a small in- 
crease in selectivity to MP, but to a selectiv- 
ity to pyrazine more than three times higher 
and to a comparable selectivity to acetone. 
This means that, over B3 catalyst, a lower 
amount of PG transforms into acetone, so 
that a larger amount of it can react with ED 
to give MP. Indeed, the higher formation of 

pyrazine, with respect to MP, is due to the 
easy decomposition of MP to pyrazine, ow- 
ing to the absence of steam (2, 8). Thus, the 
decreasing of the 58/(80 + 94) amu peak area 
ratio (last line of Table 4) confirms that the 
selectivity to pyrazinic species improves us- 
ing the B3 catalyst, as shown by the continu- 
ous reactor experiments (Table 1). 

The experiments with a pulse of one re- 
actant during the desorption of the other 
(Table 5) proved to be useful in detecting 
the intermediates of the principal reaction. 
From the group a tests (pulse of PG during 
the desorption of ED), besides the usual 
MP, pyrazine, and acetone, the following 
species were detected: tetrahydropyrazine 
(amu = 84), dihydromethylpyrazine (96), 
and tetrahydromethylpyrazine (98), con- 
firming the general pathway shown in Fig. 5. 
Nevertheless, no trace of methylpiperazine 

TABLE 4 

Peak Area (au) of the Products Obtained with Pulses 
of the ED + PG Mixture at 663 K 

Species (amu value) Zn-0312T B3 
Acetone (58) 8.01 × 10 -9 1.11 X 10 8 
Pyrazine (80) 9.21 x 10 ~0 3.03 x 10 -9 
MP (94) 3.40 x 10 -9 3.52 x 10 -9 
58/80 ratio 8.70 3.66 
58/94 ratio 2.36 3.15 
58/(80+94) ratio 2.01 1.69 
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TABLE 5 

Area (au) of the Most Important Desorption Peaks 
Obtained with Injection of One Reactant during the 
TPD Ramp following the Preadsorption of the Other 
Reactant (a) PG after ED, (b) ED after PG 

ainu B3 c a t a l y s t  Zn-0312T ca t a lys t  

a b a b 

58 2.73 × I0 s 2 ,63×  10 ~ 

84 1.07 × l0 }o 1.36 × 10 to 

94 4.38 × 10 9 2.09 × 10 9 4.10 × 10 m 7.50 × 10 Io 

96 2.26 × 10 to 1.24 x 10 t/I 

98 6.88 × 10 II 1.21 × 10 Ill 

107 1.50 x 10 II) 5.19 × 10 IL 

108 1.78 X l0 t0 1.74 × 10 I0 7,25 × 10 It 1.72 × 10 /I) 

10 8 ~ , 

= 

10-131 I i J i 
0 600 1200 

10-8 

~n-131 t I I 
i v  

0 480 960 

t ( s )  

Fro. 6. Peaks of MP forming in correspondence with 
the pulse of (a) PG, during desorption of ED, (b) ED, 
during desorption of PG. 

(amu = 85), the first intermediate of the re- 
action, was ever  observed.  This fact con- 
firms that methylpiperazine dehydrogenates  
so quickly to the less hydrogenated species 
of the sequence,  to be hardly recognizable 
(14). In some tests we observed also a small 
peak for amu = 108, that could be assigned 
to a secondary product,  2,5-dimethylpyra- 
zine. The fragment with amu = 108 is pres- 
ent also in the mass spectrum of pyrazin- 
2-carboxy-aldehyde,  but together with an 
important fragment at amu = 107, which 
was never  detected in any of these groups 
of  tests. 

Group b experiments showed some im- 
portant differences. The shape of  the MP 
peak, obtained in correspondence with the 
pulse of the second reactant (ED) was 
smoother  (Fig. 6). This confirms that a dif- 
ferent mechanism is to be assumed for the 
two groups of runs. When ED is injected 
during the TPD of  preadsorbed PG (group 
b) the reaction can proceed quickly through 
the Rideal mechanism. When the reversed 
sequence is followed, the injected PG must 
adsorb and remove a part of  the preadsorbed 
ED, before the latter, now coming from the 
gas phase, can react with it. Furthermore,  
the partially hydrogenated pyrazinic species 
have not been detected in the group b exper- 
iments. This fact further supports the hy- 
pothesis of the Rideal mechanism, the reac- 
tion being so quick in group b runs that the 

intermediates can no longer be detected.  
Peaks for ainu = 107 and 108 have been 
observed during these tests, indicating the 
presence of pyrazin-2-carboxyaidehyde.  A 
possible pathway for the formation of the 
aldehyde was suggested elsewhere (14). 

As for the parallel tests with the industrial 
catalyst, it can be noted (Table 5) that the 
amount o f M P  (amu = 94) forming with this 
catalyst is lower than with B3, by almost 
one order of magnitude. Nevertheless ,  the 
behavior of the reacting system with the two 
catalysts appears to be similar, except  for 
the amount of some intermediates in group 
a experiments (see, e.g., Fig. 7). This is due 

5 

2- 

x 1 0 e - 1  

0 
a m u  8 4  

x 1 0 e - 1  

a m u  94  amu 96 

m a s s  

{--i~] B 3  ~ Z n - 0 3  1 2 T  

a m u  9 8  

dromethylpyrazine and tetrahydromethylpyrazine 
(ainu = 84, 94, 96, and 98, respectively) obtained in 
group a experiments with the two catalysts. 

FIG. 7. Peak area of tetrahydropyrazine, MP, dihy- 
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to the presence of Pd in the B3 catalyst, 
which favors dehydrogenation and succes- 
sive aromatization. Hence, a larger amount 
of the less dehydrogenated species (tetrahy- 
dromethylpyrazine and tetrahydropyrazine, 
ainu = 98 and 84, respectively) is noted 
with the Zn-0312T catalyst. 

CONCLUSIONS 

The principal conclusions we can draw 
from the present work can be summarized 
as follows: (i) The reacting system is much 
more complex than one can forecast from 
the very simple apparent reaction equation 
ED + PG--~ MP + 3H 2 + 2H20. This is 
due to the presence of many intermediates 
and by-products, deriving either from one 
reactant or from both. (ii) The optimal reac- 
tion temperature, leading to the highest se- 
lectivity to the desired product, is about 660 
K. (iii) The main reaction products show a 
strong tendency to remain adsorbed on the 
catalyst surface. (iv) At least two different 
types of sites are present on the latter. On 
the lower-energy sites reactants and prod- 
ucts adsorb and desorb unaltered, while 
only the higher-energy sites are able to acti- 
vate the reactants for both the main reaction 
and the reactions leading to undesired by- 
products. (v) Our B3 catalyst, in comparison 
with the industrial one, reduces the degrada- 
tion of PG to acetone, probably by enhanc- 
ing effectively the rate of cyclization to het- 
erocyclic products. (vi) At least at low 
surface coverage, the rate-determining step 
of the process is of the Rideal-Eiey type 
between adsorbed PG and gaseous ED and 
the reaction proceeds through the formation 

of an intermediate, fully hydrogenated spe- 
cies (methylpiperazine), which quickly de- 
hydrogenates and aromatizes to MP. 
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