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Some Zn—-Cr-O-based catalysts for the synthesis of methylpyrazine from ethylenediamine and
propylene glycol were prepared through the sol—gel technique, from aqueous nitrates and
polyacrylic acid. The oxide mixtures so obtained were analysed by several techniques, includ-
ing scanning electron microscopy, electron probe microanalysis, X-ray diffraction, electron spin
resonance (ESR), sorption—desorption of nitrogen, etc. The catalytic activity was tested by the
pulse-reactor technique and with a temperature-programmed desorption—reaction apparatus.
All the data were compared with those previously collected on similar catalysts prepared either
by the wet-mixing procedure or by coprecipitation. It was found that the structure of the solid
depends strongly on the method of preparation, besides the chemical composition. The selec-
tivity to the desired product peaked for Zn/Cr = 3 and the smaller the crystal size of the pow-
der, the better the catalyst was found to perform. The ESR signal generated by the Cr** ions
may constitute a useful tool for monitoring both the intimate structure and the catalytic beha-

viour of the material.

1. Introduction

In previous papers [1-3] it was reported that a mix-
ture of ZnO and Zn chromite is an effective and
selective catalyst for the synthesis of methylpyrazine
(MP) from ethylenediamine (ED) and propylene gly-
col (PQG), especially when the overall atomic ratio
Zn/Cr approaches 3/1. Furthermore, it was observed
that the selectivity of the catalyst is affected by the
method of preparation, the coprecipitation under con-
trolled conditions being preferred with respect to the
wet-mixing procedure [2]. Another interesting obser-
vation was the dependence of the electron spin reson-
ance (ESR) signal generated by the solid on catalyst
composition [1]. A mechanistic study of the reaction
has been reported in further papers, showing also in
detail the polyfunctionality of the catalyst [4, 5].

In the present paper we report on the structural
analysis of three Zn—Cr-O catalysts, having a Zn/Cr
ratio around 3/1, but prepared by the sol—gel tech-
nique. Furthermore, a detailed analysis of the catalytic
behaviour of the present samples is also reported,
together with a comparison of their most interesting
physico-chemical characteristics with those measured
on the previous catalysts of the same composition.

2. Experimental procedure

2.1. Materials

All the reagents employed for the preparation of
catalysts and as reactants for the activity tests were
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“pro analysi” pure commercial products from Merck,
C. Erba, Fluka or Aldrich and were employed as
supplied. The carrier gas for the temperature-pro-
grammed desorption—reaction (TPD-TPR) experi-
ments was SIAD UP grade He, > 99.99995 vol %
pure. It was further purified by passing through a
high-temperature Supelco High Capacity gas purifier,
followed by a Supelco OMI-1 indicating purifier.
The total concentration of water + oxygen in the gas
coming from the purification system was found to be
lower than 0.05 p.p.m.

2.2. Catalysts

The three Zn—Cr-O mixtures, referred to as A, B and
C, were prepared by mixing aqueous solutions of the
nitrates in the desired proportions, nominally 2.5/1,
3.0/1 and 3.5/1 as Zn/Cr atomic ratio. The resulting
solution was added slowly and under vigorous stirring
to a 30 wt % aqueous solution of polyacrylic acid
(MW ca. 4000) in ample excess (ca. 3 mol of poly-
acrylic acid per 1 mol of Zn + Cr). The pH of the
resulting highly viscous solutions was ca. 1.5. The
mixture was then heated cautiously on electric plate
for 0.5 h, with formation of a violet polymeric gel. The
gel was calcined in air at 440 °C for 3 h with formation
of a grey-greenish powder and simultaneous disap-
pearance of any trace of polyacrylic acid. The samples
were finally reduced in a slowly flowing 10% H, in He
gas mixture for 0.5 h at 320°C.
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All the samples were analysed by X-ray diffraction
(XRD) by means of a Siemens D-500 powder diffrac-
tometer, employing CuK, radiation, Ni-filtered. The
morphology and the composition of the catalysts were
analysed by scanning electron microscope—electron
probe microanalyser (SEM-EPMA) on a Cambridge
Stereoscan 150 apparatus. ESR spectra were recorded
by means of a Varian E-line Century Series apparatus.
BET surface area and porosity were determined by N,
sorption—desorption on a C. Erba Sorptomatic 1800
instrument.

2.3. Apparatus

Comparison tests were carried out by the pulse
reactor technique by means of a temperature-
programmed desorption—reaction—mass  spectro-
metric (TPD-TPR-MS) apparatus described in detail
elsewhere [6].

2.4. Procedure
Different procedures were followed for the collection
of TPD-TPR experimental data, depending on the
information desired. Such procedures have been deter-
mined in previous work and are described in detail
elsewhere [4]. Briefly, in each run a fresh catalyst
sample (ca. 90 mg) was charged and activated in situ,
prior to the run, by reduction in a slowly flowing
H,/He = 1/9 gas mixture at 320 °C for 0.5 h. Isother-
mal runs were always carried out at 390 °C, the opti-
mal reaction temperature determined in previous
work [1, 2]. The TPD ramps were carried out in every
case at 20°C min~! from the initial 100 °C isotherm,
held for 15 min, up to the final one (500 °C), held for
5 min. The carrier gas flow rate was 20 cm® min ™1,

The sorptive—desorptive behaviour of the catalyst
towards the two reactants was analysed by preadsor-
bing ED or PG through some pulses during the initial
isotherm, followed by the TPD ramp. The competi-
tion in adsorption between the two reactants was
analysed similarly, through preadsorption of one of
them before the other, followed by the TPD ramp. The
reactivity of the two reactants was tested under either
isothermal (390 °C) or non-isothermal conditions: in
the first case, by injecting 5 mm? pulses of each re-
actant or an equimolar mixture of both; in the second
case, by injecting pulses of one of the reactants during
the TPD ramp following the preadsorption of the
other.

Continuous monitoring of the composition of the
gas leaving the reactor was made through the quad-

rupolar mass spectrometer (MS) of the apparatus.
Unfortunately, the simultaneous presence of mass
fragments of the same a.m.u. value was noticed in the
individual spectra of many of our species [4, 5, 7, 81.
Hence a rather lengthy search, based on the contem-
porary monitoring of several fragments, was needed to
characterize correctly at least one typical fragment for
each species, not perturbed by the same fragment
originating from the other species. This is the reason
why in the following every species is monitored
through only one typical fragment, usually not corres-
ponding to the most abundant one for that species.

3. Results and discussion

3.1. Surface area and porosity

The BET surface area and the porosity of the present
three catalyst samples are shown in Table 1.

3.2. SEM-EPMA and XRD analysis

Several attempts were made to dissolve the catalysts
by the usual alkaline fusion technique, in order to
carry out chemical analysis by the UV-visible spectro-
photometric procedure followed previously [1]. Un-
fortunately, only poorly reproducible results were ob-
tained in the present case, due to the quite difficult
disaggregability of the solid. Better results were ob-
tained by determining the Zn/Cr ratio by EPMA [9].
Four standards were prepared by finely and thoroughly
grinding in an agate mortar a mixture of pure ZnO and
Cr,0; powders in 1/1, 2/1, 3/1 and 4/1 Zn/Cr
atomic ratios. Every catalyst sample was then ana-
lysed by EPMA. The analysis was performed by integ-
rating the counts for a preset lifetime and for a large
number of different positions over the sample at vari-
ous magnifications, to reduce errors due to possible
inhomogeneity of the sample. The Zn/Cr ratios ob-
tained from these measurements were averaged for
each sample and compared with calibration graphs
obtained similarly with the standards. The measure-
ments were repeated after carefully and finely grinding
each sample in the mortar. No difference was noticed
between the Zn/Cr values so determined on unground
and ground samples, showing a good homogeneity of
the samples and the absence on any segregation be-
tween bulk and surface. The micrographs taken by
SEM in several points at either 200 or 2000 x magni-
fication showed in any case rather small crystals
arrayed in high disorder, with no remarkable differ-
ence between any samples, either as prepared or re-
duced. XRD analysis of the reduced samples (Fig. 1)

TABLE I Principal physico-chemical characteristic of the catalysts employed

Catalyst Zn/Cr BET surface area Total pore volume Average
atomic ratio (m*g™ Y (em3g™ Y pore radius (nm)
A 2.7 571.5 0.5 45
B 3.0 60.8 1.0 35
C 34 63.3 2.6 3.5 and 15.0°

214 and 86% of total pore volume, respectively.
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Figure 1 X-Ray diffractogram obtained with the reduced catalyst.
JCPDS file No. [10]: (¥) ZnO, zincite 5-0664; (O) ZnCr,0Oy,
22-1107. (a), (b} and (c) are for reduced A, B and C samples,
respectively.

also failed to reveal any noteworthy difference with
respect to unreduced ones. Only ZnO and ZnCr,Oy
phases [10] were ever detected, with absence of any
further diffraction line.

A comparison was made between the present results
for surface area, porosity, XRD and SEM analysis and
those given [1] by finished catalysts of similar com-
position (Zn/Cr = 3), but prepared by coprecipitation
or through the wet-mixing procedure. It should be
noticed that, since the optimal reaction temperature
for the catalytic synthesis of MP was found to be
about 400 °C [2], all the catalysts were calcined up to
440 °C, in order to confer thermal stability to the solid
under the reaction conditions. The comparison show-
ed that coprecipitation leads to less crystalline solids,
possessing also the highest surface area (ca. 75 m? g %)
and porosity. The wet-mixing procedure leads to the
highest crystallinity, accompanied by the lowest sur-
face area (less than 20m? g~ !) and porosity. The
sol-gel technique leads to a catalyst of high surface
area (Table 1), only slightly lower than that shown by
the coprecipitated samples. However, the solid also
possesses a rather high degree of crystallinity, similar
to that provided by the wet-mixing technique. These
findings were confirmed by SEM analysis, showing
microcrystals 0.5 to 1 pm in size for samples prepared
either by the wet-mixing or by the sol-gel technique,
and microcrystals even one order of magnitude smal-
ler for the samples prepared by coprecipitation.

3.3. TPD-TPR tests

3.3.1. Preadsorption of PG followed by TPD
ramp

This series of runs showed the nature of the bypro-

ducts coming from the diol only, at relatively low

temperatures. A typical example of mass spectra moni-
tored during the TPD ramp is shown in Fig. 2. The
formation of ethanol, propanol, acetone and methyl-
ethyl ketone (MEK) was confirmed, together with the
high affinity of PG for the catalyst [4]. Indeed, the
shape of the a.m.u. = 46 spectrum in Fig. 2 shows that
very probably this reactant adsorbs on to several types
of site. From lower-energy sites it desorbs unaltered at
low temperature (ca. 280 °C); on the other sites it can
be activated for the reaction, so that only a part of it
can be desorbed unaltered (higher-temperature
desorption peaks), the remaining part being converted
into the various products.

3.3.2. Pulses of pure PG under isothermal
conditions
This series of 390 °C runs confirmed the high reactivity
of PG. The formation of water, carbon dioxide, acet-
one, acrolein, MEK, propene, ethanol and propanol
(a.m.u. characteristic values = 18, 44, 58, 56, 72, 42, 46
and 57, respectively) [4, 5] was observed in respect of
every pulse of PG. A typical example of some of the
spectra monitored during these runs is given in Fig. 3.

3.3.3. Preadsorption of ED followed by TPD
ramp and pulses of pure ED under
isothermal conditions

The TPD ramps carried out after preadsorption of ED

(Fig. 4), besides desorption of ED, showed neat peaks

of pyrazine but no traces of the a.m.u. = 84 fragment
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Figure 2 Typical example of some of the mass spectra monitored
during the TPD ramp (20 K min~!) following preadsorption of PG
at 100°C on catalyst A: desorption of acetone (a.m.u = 58), MEK
(72) and PG (46).
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Figure 3 Typical example of mass spectra monitored during an
isothermal run (390 °C) with three pulses of pure PG. (catalyst A).
A.m.u. values: 18, water; 44, CO,; 58, acetone; 56, acrolein; 72,
MEK.
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Figure 4 Typical example of mass spectra monitored during the
TPD ramp (20 K min~?) following preadsorption of ED at 100°C
(catalyst A). Am.u. values: 41, hydrogenated pyrazinic species; 43,
ED; 80, pyrazine.

typical of tetrahydropyrazine (THP), a kinetic inter-
mediate detected in previous work [4, 5]. Neverthe-
less, the formation of some hydrogenated pyrazines
must be admitted, since the signal for am.u. =41, a
typical fragment of these species, was always more
intense than that for a.m.u. = 43, in spite of the fact
that the latter is more intense in the fragmentation
spectrum of pure ED. A low-intensity 41 fragment is
also present in the pattern of pyrazine. However, the
trend of 41, unparallel to the a.m.u. = 80 fragment (see
Fig. 4), clearly indicates a different source with respect
to the fragmentation of pyrazine. All these findings
were confirmed by the runs carried out by injecting
pulses of pure ED under isothermal conditions
(390°C).

3.3.4. Isothermal runs with pulses of ED + PG
mixture
The pulse injections of ED + PG mixture under isoth-
ermal conditions (Fig. 5) showed in any case the
formation of the main reaction product MP, together
with pyrazine, acetone and lower amounts of MEK
and propionitrile. The optimal reaction conditions in
these pulse-reactor experiments were determined by
plotting the area under the peak characteristic of the
main product (MP) as a function of the ED/PG
feeding ratio at constant temperature (390 °C) or as a
function of reaction temperature at constant ED/PG
molar ratio (1/1), the remaining reaction parameters
being rigorously constant. Fig. 6 shows that such
values are ED/PG = 1.5 and 7 = 390 °C, respectively.
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Figure 5 Typical example of mass spectra monitored during an
isothermal run (390 °C), with only one pulse of ED + PG mixture
(catalyst A). ED/PG feeding molar ratio = 1. A.m.u. values: 58,
acetone; 80, pyrazine; 94, MP.
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Figure 6 Trend of MP peak area as a function of (a) ED/PG feeding
molar ratio (reaction temperature 390 °C) and (b) reaction temper-
ature (ED/PG = 1/1). All other reaction parameters kept constant.

The latter confirms the value found for both coprecipi-
tated and wet-mixed catalyst [2, 4].

3.3.5. TPD runs after preadsorption of
ED + PG

After preadsorption of ED + PG through the injec-
tion of an equimolar mixture of the two reactants
during the initial 100 °C isotherm, the following TPD
ramp (Fig. 7) showed the desorption of unconverted
reactants, of the desired product (MP) and of the main
byproducts (acetone and pyrazine). It may be noted
(see Fig. 7) that all the products, especially pyrazine,
desorb at lower temperatures with respect to the
reactants, which show a much higher affinity for the
catalyst. Some runs carried out after separated pre-
adsorption of ED before PG or of PG before ED
showed that a larger amount of MP forms when PG is
preadsorbed before ED, than vice versa (peak area
= 7.75 of 4.95, respectively, as measured in the same
arbitrary units).

3.3.6. Pulses of one reactant during the
desorption of the other
This series of runs aimed at detecting the reaction
intermediates helpful for the determination of the
reaction mechanism. It was noticed that pulses of PG,
injected during the TPD ramp following the pre-
adsorption of such a reactant, gave the formation of
tiny peaks of dihydromethylpyrazine (DHMP, a.m.u.
= 96), tetrahydro-methylpyrazine (THMP, 98) and
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Figure 7 Typical example of mass spectra monitored during the
TPD ramp (20 K min ™) following preadsorption of an equimolar
mixture of ED + PG (catalyst A). A.m.u. values: 41, ED; 45, PG; 58,
acetone; 80, Pyrazine; 94, MP.



methylpiperazine (MPIP, 100 and 85). On the other
hand, no trace of such intermediates was ever noticed
by injecting pulses of ED during the desorption of PG.
These findings, coupled with the larger amount of MP
forming under the latter conditions, confirm not only
the reaction path proposed [4, 5] for the coprecipita-
ted catalyst, namely initial formation of the fully
hydrogenated MPIP followed by progressive and ra-
pid dehydrogenation down to MP, but also that in the
latter case the reaction proceeds more rapidly than in
the former, so that the reaction intermediates can no
more be detected [4].

By plotting the selectivity to the desired product, as
measured from the area of the desorption peak of MP
under identical conditions (Fig 8), it may be seen that
the maximum is attained for catalyst B, ie. for the
catalyst in which the Zn/Cr atomic ratio is 3/1. This
confirms the dependence of selectivity on Zn/Cr ratio
shown by the catalysts prepared both by coprecipit-
ation and by the wet-mixing procedure [1, 2, 4], so
showing the importance of the Zn/Cr ratio as a funda-
mental parameter for governing the behaviour of the
catalyst.

3.4, EPR analysis

All the samples gave an EPR pattern (Fig. 9) com-
posed of a strong symmetric Lorentzian-shaped line
centred at g = 1.98 and of a much weaker line centred
at ca. g = 4. The latter is due to AM, = 2 “forbidden”
transition and it is characteristic of triplet state forma-
tion in powder samples [11]. The former is character-
istic [12-14] of Cr®* ions so closely clustered together
that the strong spin—spin exchange partially “washes
out” the line-broadening effect due to the spin—spin
dipolar interaction, yielding a Lorentzian-shaped nar-
rowed line (bulk-, or B-Cr3*). Fig. 10 shows an
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Figure 8 Dependence on the Zn/Cr ratio of selectivity to the desired
product (MP), as calculated from a.m.u. = 94 peak area in pulse-
reactor runs at 390 °C under identical experimental conditions.

DPPH

Figure 9 EPR pattern recorded with catalyst A at room temper-
ature. The weak line at ca. g = 4 (left-hand side of spectrum) is
typically due to a AM, = 2 “forbidden” transition, characteristic of
triplet state formation in oxide powders.

example of best fitting [15] of the Lorentzian-shaped
model (full line) to the more intense line of an experi-
mental spectrum. The line-width was also strongly
temperature-dependent, as reported in the literature
for similar compounds [ 12—14], in agreement with the
theory of Huber [16] and Maleev [17] for antiferro-
magnetic systems above their Néel temperature. How-
ever, the range of this variation is typical of each
species. The B-Cr** EPR line-width is reported to
vary from about 2000 to 800 G with chromia—alumina
reduced in hydrogen at 773 K [12], while with antifer--
romagnetic ZnCr,0,, having a normal spinel struc-
ture, at the same temperature it was found to be less
than 300 G broad. With ZnO-ZnCr,0, solid mix-
tures to which a small amount of Pd (0.73 wt %) was
added, we found it to range from 360 to 250 G [14].
The present case appears as intermediate among the
above-mentioned ones, the EPR line-width ranging
between 650 and 390 G (Fig. 11).

In any case a great influence on the EPR spectral
shape is always exerted by even small variations in the
geometry of the compound. Indeed, the two com-
petitive effects of spin—spin dipolar broadening and
spin—spin exchange narrowing are acting at the same
time on the paramagnetic systems, with different de-
pendence on metal-metal distance, the former acting
at longer distances than the latter. When the spin—spin
exchange is strong enough, a nearly Lorentzian-
shaped EPR line results, the width of which is given by

[18]
SHocH2/H,

where H? is the mean square magnetic field produced
by the dipolar interaction between the electron spin
and H, is the field produced by exchange interaction
between them. For instance, it has been reported [19]
that it suffices to substitute S with Se in AgCrS, to
have a completely different (ferromagnetic) behaviour,
and small additions of Pd as well as variations of
Zn/Cr ratio strongly affect the EPR line-width of
coprecipitated ZnO-ZnCr,0, solid mixtures [14].
The last effect is also observed in the present case, as
shown in Fig. 11: a slightly larger EPR line-width is
noticed at any temperature when Zn/Cr = 3 (catalyst
B). Both for lower (2.6) and higher (3.4) Zn/Cr ratio
(catalysts A and C, respectively) a slightly narrower
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Figure 10 Example of best fitting of the Lorentzian-shaped model (full line) to the strong line of an experimental spectrum.
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Figure 11 Dependence on temperature of the width of the Loren-
tzian-shaped line of the EPR spectra of catalysts (H) A, (®) B and
(A) C (see Table I).

EPR line is detected. An analogous behaviour was
reported [14] for coprecipitated ZnO-ZnCr,0O,, pro-
moted with 1 wt % Pd, for which the EPR line-width
broadened for Zn/Cr =~3. This was interpreted as
being due to the fact that the exchange line-narrowing
acts at shorter distances than dipolar line-broadening.
Indeed, it is known [20-22] that an increase in the
Zn/Cr ratio is accompanied by an increase in the
crystal lattice parameters of the spinel phase
(ZnCr,0,) present in this solid, from 0.836 nm (Zn/Cr
= 0.5) up to 0.841 nm (Zn/Cr = 3), followed by a
decrease down to 0.839 nm with a further increase in
the ratio to Zn/Cr = 5.7. A maximum of the lattice
parameters and consequently of the average
metal-metal distance is thus attained for Zn/Cr = 3,
resulting in a less effective spin—spin exchange narrow-
ing effect with respect to that generated by shorter
metal-metal distance. Hence, a broader EPR line is
generated.
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4. Conclusions
The conclusions one may draw from the present study
can be summarized as follows.

1. The structure of the oxide mixture depends
rather strongly on the method of preparation.

2. The wet-mixing procedure leads to the highest
degree of crystallinity, characterized by the lowest
surface area and porosity, while coprecipitation gives
opposite results. The sol-gel technique leads to a
mixture of intermediate characteristics, with the sur-
face area and porosity only slightly lower, but the
crystal size considerably larger than for
coprecipitation.

3. The catalytic behaviour of the solid obtained
depends strongly not only on the Zn/Cr ratio, but also
on the method of preparation, the highest selectivity
corresponding to Zn/Cr = 3 and to lower crystal size,
leading to the highest surface area and porosity.

4. The resulting line-width of the EPR signal, gen-
erated by the Cr®”* ions of the solid and due to the
opposite effects of two counteracting phenomena, may
constitute a useful probe for monitoring both the
intimate structure and catalytic behaviour of the ma-
terial.
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