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Abstract. The cyclo-dehydrogenation of ethylene diamine and propylene glycol to 2-methylpyrazine
was performed under the atmospheric conditions at 380°C. The Cr-promoted Cu-Zn/Al,O; catalysts
were prepared by impregnation method and characterized by ICP-AES, N, adsorption/desorption, XRD,
XPS, N,O chemisorption, TPR and NH;-TPD techniques. The amorphous chromium species existing in
Cu-Zn-Cr/Al,O; catalyst enhanced the dispersion of active component Cu, promoted the reduction of
catalyst. Furthermore, the catalytic performance was significantly improved. The acidity of the catalyst
played an important role in increasing the 2-MP selectivity. To optimize the reaction parameters, influ-
ences of different chromium content, reaction temperature, liquid hourly space velocity (LHSV), reac-
tants molar ratio and time on stream on the product pattern were studied. The results demonstrated that
addition of chromium promoter revealed satisfying catalytic activity, stability and selectivity of

2-methylpyrazine.
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1. Introduction

Pyrazine and its derivatives are valuable compounds
because of their application in the synthesis of per-
fumery, pharmaceutical and agricultural chemical
industries."> As an example, 2-methylpyrazine
(2-MP), an important lower alkyl-substituted
pyrazine, is widely used as a key intermediate for
pyrazineamide, an effective anti-tubercular drug.*’
Currently, 2-methylpyrazine is prepared by dehydra-
tion-cyclization and/or partial dehydrogenation of
ethylene diamine (ED) and propylene glycol (PG).°
Forni and Pollesel” studied the mechanism of the
cyclization of ethylene diamine and propylene gly-
col to 2-methylpyrazine by means of the TPD-TPR-
MS technique. They pointed out that the reaction in-
volves a Rideal-Eley mechanism leading to a fully
hydrogenated intermediate 2-methylpiperazine be-
tween adsorbed propylene glycol and gaseous ethyl-
ene diamine. The mechanism is shown in scheme 1.
Catalytic systems based on zinc,® zinc-chromium,’

*For correspondence

2-Methylprazine; copper-based catalyst; chromium-promoter; ethylene diamine; propylene

copper-chromium'® and Ag'' were patented. Other
catalysts such as ZnO-MoOs, ZnO-V,0s, Zn-WO;,"
ZnO-MnSO4—H3PO4,13 Ag-La-Zn/Aleg, Ag-Pt/Ale;,
and Ag-Mg/AL,0;,"* Pd-promoted ZnO/Zn-Cr-O
catalysts,””  zinc-modified  ferrierite  (FER),'
H-ZSM-5, zinc-modified zeolite catalysts (including
ZSM-5 and Beta)'’ were also used for synthesis of
2-methylpyrazine.

The catalysts containing chromium were exten-
sively used for dehydrogenation of piperazine to
pyrazine,'®"” which indicated that catalysts contain-
ing chromium promoted effectively on the dehydro-
genation reaction. Park er al**' reported that metal
(copper, nickel, cobalt) oxide-modified ZnO/Si0O,
for cyclo-dehydrogenation of ethylene diamine with
propylene glycol to 2-methylpyrazine, demonstrated
that the metallic copper and zinc oxide were
assigned to dehydrogenation and dehydration,
respectively. Since the catalytic synthesis of 2-
methylpyrazine is related with cyclization (dehydra-
tion) and dehydrogenation of piperazine intermedi-
ate, the catalysts which should possess dual
functional active sites, they have been designed,
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Scheme 1.
ene diamine and propylene glycol.

prepared and measured for 2-methylpyrazine syn-
thesis.

In this work, a novel type bifunctional Cr-
promoted Cu-Zn/Al,05 oxide catalyst was proposed,
characterized using inductively coupled plasma-
atomic emission spectrometry (ICP-AES), X-ray dif-
fraction (XRD), X-ray photoelectron spectra (XPS),
N,O chemisorption, etc. methods, to understand the
chemical composition, the structure, the chemical
state of elements and Cu surface area and dispersion
of the catalyst and correlated these physicochemical
properties with its performance.

2. Experimental

2.1 Catalyst preparation

The Cu-Zn-Cr,/Al,O; catalysts were prepared by a
3-step-impregnation method. Appropriate amount of
Cu (NO;)Z '3H20, /n (NO;)26H20 and Cr (NO';)';
9H,0 were dissolved in 9 mL deionized water as
impregnating solution. The one third solution was
uniformly added drop-wise on 3 g alumina support
(40-60 mesh, pre-treated at 450°C for 4 h), for
10 min, and then dried at 110°C for 20 min. Repeat-
ing above operations 2 more times, then it was dried
at 110°C for 4 h and calcined at 450°C for 5 h. For
the comparison, the Cu/ALO; and Cu-Zn/AlQO;
catalysts were prepared in the same way.

2.2 Catalyst characterization

The ICP-AES IRIS Advantage (TJA Solution, USA)
was employed to determine the chemical composi-
tions of the different catalyst samples by inductively
coupled plasma atomic emission spectroscopy tech-
nique.

The surface area, total pore volume and average
pore diameter were measured by the N, adsorp-
tion/desorption, using a Quantachrome Nova 1000e
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Reaction pathway for the synthesis of 2-methylpyrazine from ethyl-

apparatus at liquid nitrogen temperature. Samples
were degassed at 300°C for 3 h prior to analysis.

X-ray diffraction (XRD) tests were performed on
DX-100 diffractometer with CuKo radiation, scan-
ning 26 angles in the range of 20-80°.

X-ray photoelectron spectra (XPS) were recorded
with XSAMS8O00 spectrometer with an AlKa
(1486-6 ¢V) radiation.

Temperature-programmed reduction (TPR) meas-
urements were carried out at atmospheric pressure in
a fixed-bed. 50 mg sample was loaded in a quartz
reactor in N, flow at 50°C for 30 min. Then the
nitrogen was replaced by the reductive gas (5%
H,/N,) at a flow rate of 30 mL/min. The temperature
of the reactor was increased linearly from 100 to
550°C at a rate of 10°C/min by a temperature-
programmed controller. The effluent stream was
analysed by a thermal conductivity detector (TCD).

Cu surface area, particles size and the metal dis-
persion were measured by N,O passivation method
including a two-step analysis: N,O oxidization sur-
face Cu to Cu,0 and H, temperature-programmed
reduction of the formed Cu,O surface species.”>> A
fresh 50 mg catalyst was pre-reduced at 350°C (ris-
ing the temperature at a rate of 10°C/min) for 1 h in
H,/N, mixture gas flow (5 vol.% at 30 mL/min). The
temperature was in situ cooled to the adsorption
temperature 60°C in pure N, flow (40 mL/min) and
then the reduced-catalyst was exposed to the pure
N,O (30 mL/min) for 1 h to oxidize the metallic Cu
to Cu,O. After N,O passivation, the catalyst was
purged with N; (40 mL/min) to remove the residual
oxidant and subsequently the second TPR was per-
formed to reduce Cu,O to Cu. The H, consumption
in the two procedures was monitored by TCD and
calculated quantitatively from the TPR peak area,
calibrated with standard CuO samples.

The acidity of the calcined catalyst was character-
ized by temperature-programmed desorption of am-
monia (NH;-TPD) techniques. 50 mg catalyst
sample, loading in the middle of quartz tube, was
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Figure 1.

used for NH;—TPD. Prior to analysis the sample was
pre-treated in situ in an Ar flow (30 mL/min) at
380°C for 2 h, then cooled to the NH; adsorption
temperature 100°C. NH; was absorbed by a pulsed
injection in an Ar flow until saturation which was
determined by the TCD signal. The TPD profiles
were monitored by a thermal conductivity detector
and recorded from 100 to 700°C at a heating rate of
10°C/min.

2.3 Catalytic performance in synthesis of
2-methylpyrazine

The catalytic activity measurements of the calcined
catalysts were performed at atmospheric pressure in
a continuous fixed-bed reactor (stainless steel, 8 mm
i.d., 300 mm length). The reaction apparatus was
showed in figure 1. The catalyst was loaded at the
middle of the reaction tube with a packing height of
60 mm, reduced under the H, and N, gas mixture
flow (H/N, =1, molar ratio) at 380°C for 2 h and
then reacted at the same temperature. The aqueous
liquid reactants were prepared by mixing ethylene
diamine and propylene glycol in the mole ratio of
1:1, and diluted with deionized water (50 wt.%).
Dilution with water was helpful for reducing the
viscosity and smooth feeding of the reactants. The
liquid reactants were injected into the top-side of
reactor by a pump at 3 mL/h and the pure nitrogen
(25 mL/min) was introduced as dilute gas. The
liquid products were collected in an ice-water con-
denser and analysed by gas chromatography (GC-

623

1
— - uB

Reaction tube

Heater — || Temperature
Controller

) [

g "
TE Loop ice
() water
b (== :
& ¢—Gé
1 /7 c=——= Tail gas adsorbed

=" lce bath
b i M

The reaction apparatus for synthesis of 2-methylpyrazine.

112A) using a capillary column (cross-linked SE-30
gum, 0-33 mm x 30 m) and flame ionization detector
(FID). The identification of the liquid products was
done by GC-MS (Agligent Technol. 6890N/Agligent
Technol. 5973Network Mass Selective Detector).

3. Results and discussion
3.1 Chemical composition and the texture property

The chemical compositions and BET data of
Cu/Al,0;, Cu—Zn/Al,0; and Cu-Zn—Crs/Al, 05 cata-
lysts were listed in table 1. From ICP-AES results,
the copper content was 11-2 wt.% for Cu/Al,O; and
Cu-Zn/Al, 03, 12-4 wt.% for Cu—Zn—Crs/Al,0; sam-
ple. The zinc content in Cu-Zn/AL,O; catalyst was
16-5 wt.%, and for Cu—Zn—Crs/Al,0; was 16-2 wt.%.
The chromium content in Cu—Zn—Crs/AlL,O; catalyst
was 2:74 wt.%. The results of metal contents were
close to those of initially calculated ones. The BET
surface areas of Cu/Al,0;, Cu-Zn/Al,0; and
Cu-Zn—Cr;/ALLO; catalysts were 187-8, 126-6 and
1247 m*/g, respectively. A large amounts of doped
Zn in Cu/Al,O; resulted in the surface area decrease
significantly, while only slight decrease in surface
areca could be found as few chromium were intro-
duced into Cu-Zn/Al,0O5 catalyst. The decrease in
surface area, total pore volume and pore size indi-
cated that not only the metallic oxide particulates
were dispersed on the alumina support surface but
also they could be accreted to inner wall of the pore
channel.
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Table 1. Compositions and textural properties of Cu/Al,O;, Cu-Zn/Al,O; and Cu-Zn-
Cr/ALLO; catalysts.
Composition/wt. %"
Catalyst Cu Zn Cr Al Sggrm’g’  V/eccg' D/mm
Cu/ALO; 11:2 - - 47.0 187-8 0-3558 7-576
Cu-Zn/Al,O4 112 165 - 34.7 126-6 0-2312 7-416
Cu—Zn—Crs/AlL,O5" 12-4 16:2 2:74 319 124.7 0-1984 6:269
“Chromium initial calculated content is 3 wt.%. "calculated from ICP-AES
a highly characteristic reflection of ZnO and CuO.
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Figure 2. a, XRD patterns of fresh Cu-Zn/Al,O; and

Cu-Zn-Cr;/Al,O5 catalysts. b, XRD patterns of used Cu—
Zn/Al,0O; and Cu-Zn—-Cr3/Al,O; catalysts.

3.2 Phase composition of the catalyst

XRD analysis was employed to investigate the crys-
tal of the elements of the catalyst samples, and the
XRD patterns of the fresh catalysts and used cata-
lysts were obtained (see figures 2a and b). Both
patterns of two fresh catalyst samples revealed

While the chromium species, generally existing as
spinel in Cr rich Cu-Zn-Cr catalytic system,***° had
very weak intensity, which probably could explain
that the amorphous chromium species existed in the
catalyst with low chromium content.

Figure 2b showed XRD patterns of used
Cu-Zn/Al,O; and Cu-Zn-Cri/ALO; catalysts. For
Cu-Zn/Al,O; catalyst, the diffraction peaks of
metallic copper phase were observed as the effect of
pre-reduction with H, and ZnO could not be
reduced. As to be expected, there was no obvious
diffraction peak of chromium species because of its
possible amorphous state in Cu—-Zn—Cr;/Al, 05 cata-
lyst, which may be enhanced by H, pre-treatment.

3.3 Chemical state of the surface elements by XPS

The surface analysis of the catalysts and the chemi-
cal state of the elements were evaluated by XPS
technique, the catalyst samples were pre-treated by
using hydrogen gas at 380°C for 2 h prior to analy-
sis. The XPS spectra of the Cu2p;, of Cu-Zn/AlL0O;
and Cu-Zn—Cri/AL,O; catalysts were shown in fig-
ure 3. The copper oxide displayed strong shake-up
peak near 935-0 ¢V, which is the characteristic of
Cu’" species. Another means of identifying Cu®"
cation was the satellite peak, about 8 ¢V on the high
binding energy side, due to the shake-up transition
by ligand — metal 3d charge transfer, which cannot
occur in Cu" and Cu’ because of their fully filled 3d
shell.””*° The peaks around 932-4 eV were assigned
to the cuprous cations and/or metallic copper.” In
the XPS spectrum of Cu-Zn-Cri/Al,O; catalyst, the
Cu” species with considerable peak intensity were
detected, because the reduced sample was exposed
to air before XPS examination, the detected amounts
of copper species in the sample did not characterize
the surface composition of the catalyst under the
reaction conditions. Instead, these data illustrated
partial reoxidation of the catalyst when the sample
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conditioned in reaction environment was exposed to
air at room temperature.’’ This low-temperature
reoxidation apparently affected only a thin surface
layer, because XRD analysis did not detect copper
oxides in the reduced sample. The XPS analysis
results suggested that the metallic copper content
increased significantly on the catalyst surface and
the introduction of chromium enhanced the reduc-
tion compared to the catalyst without chromium.

3.4 The reducibility for the catalyst

The TPR profiles of Cu/AlL,O;, Cu-Zn/Al,0; and
Cu-Zn—Cr;/ALLO; catalysts were presented in figure
4. It was shown that the Cu/AL,O; catalyst had two
reduction peaks detected at 251 and 297°C, which
could be assigned to Cu** — Cu” and Cu” — Cu’.*
Two similar TPR patterns, different from that of
Cu/ALO; catalyst, were observed in Cu-Zn/ALO;
and Cu-Zn-Cr;/Al, 05 catalysts with only one reduc-
tion peak assigned the reduction of Cu®" direct to
Cu’ under different reduction temperatures.

The reduction peak area was in proportion to the
reducible copper content for the copper-based cata-
lyst. The variation of reduction peak area indicated
that the catalyst reducibility was modified by the
addition of promoter. From the results of the quanti-
tative calculation, the Cu-Zn-Cri;/Al,O; catalyst
sample displayed the higher peak area than that of
Cu-Zn/Al,O; catalyst, corresponding to larger
amounts of hydrogen consumption, which suggested
that more copper oxides were enriched on the cata-
lyst surface. The reduction temperature shifted to
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Figure 3. XPS spectra of Cu-Zn/Al,O; and Cu-Zn-
Cr3/Al,O; catalysts.
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lower temperature side also indicated that the Cu**
species were easily reduced to lower valency spe-
cies by promotion of chromium.”>® As a result, lar-
ger number of metallic Cu could be reduced,
corresponding to larger peak intensity and peak area
proportion of metallic Cu in XPS spectra.

3.5 Cu surface area, dispersion and Cu/CuQO
crystallite size

Cu surface area and dispersion, are important
parameters for Cu-based catalyst, are generally
obtained by N,O chemisorption.’”*® Copper disper-
sion (D), defined as the ratio of Cu exposed at the
surface to total, was calculated from the amount of
H, consumed in the TPR process of Cu,0O — Cu.
Starting from the D¢, value, Cu metal surface areca
(MSA) was calculated.”

MOIHZ SFNA
10*.Cp- W

Cu

MSA (m%ggh) =

where Moly,, SF, N, Cy and We, are moles of
hydrogen experimentally consumed per unit mass of
catalyst (,umoleg’lcat), stoichiometric factor (2),
Avogadro’s number (6-022 x 10%° mol "), number of
surface Cu atoms per unit surface area (1-47 x 10"
atoms m ), and Cu content (wt.%), respectively.
The O/Cu ratio is assumed to be 1/2 (SF =2) on the
basis of UPS results,” which proved that after oxi-
dation with N,O at temperatures up to 100-120°C,
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Figure 4. TPR profiles of Cu/Al,O;, Cu-Zn/Al,O; and
Cu-Zn—-Cr;/Al,0O5 catalysts. The chromium initial calcu-
lated content was 3 wt.% in Cu—Zn—Crs/Al,O; catalyst.
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Table 2. Surface characteristics of dispersed copper catalysts.
TPR-N,O passivation method
Catalyst Surface Cu content (xmol/g..;) Moly, (umol/g..;) MSA (mz/ gcw) Dcu (%)
Cu-Zn/Al,O; 8-0 4-0 183-1 284
Cu-Zn—Cr3/AlLO; 12:2 219 358-8 55.7
Table 3. Crystallite size variation via Hg treatment for tion peaks by means Of the Scherrer equation

Cu-Zn/Al,O; and Cu-Zn—-Crs/Al,O3 samples.

Catalyst CuO (202) [nm] Cu (200) [nm]
Cu—Zn/A1303 31-0 -
Cu—Zn—Cr3/A1303 31-2 -
Cu-Zn/Al,O5 used - 28.8
Cu—Zn-Crs/Al,O5 used - 27-0
-Zn-Cr /Al
Cu-Zn-Cr JALO, P

215°C

Cu-Zﬂfﬁ.les

195 °C|

400 500 €00

300
Temperature ("C)

200

100

Figure 5. NH;-TPD curves for Cu-Zn/Al,O; and
Cu-Zn—-Cr;/Al,0O5 samples. The TPD curves were decon-
volved using a Gaussian shaped function. The solid lines
are the TPD curves and the dashed lines are the fitting
curves.

the surface copper is primarily in the Cu’ oxidation
state. The results from N,O chemisorption were
summarized in table 2. It was shown that the
Cr-promoted Cu-Zn/AL,O; displayed larger value of
surface Cu content, corresponding to larger amount
of H, consumption and Cu surface area (MSA)
which increased by almost 1 time. So did the Cu
dispersion.

The crystallite size of CuO and Cu may be esti-
mated from the values of the full-width at half-
maximum (FWHM) of the (202) and (200) diffrac-

L =0-8010(0)cosO, where L is the crystallite size, 1
is the wavelength of the radiation used, € is the
Bragg diffraction angle, and B(6) is the FWHM.*
The results are given in table 3. For the fresh sam-
ples, the crystallite size value of CuO of Cu-Zn-
Cr3/ALO; catalyst was slightly bigger than that of
Cu-Zn/Al, 035 catalyst, which may be responsible for
the decrease to a small extent in surface area as de-
scribed in table 1. The CuO phases were reduced to
metallic Cu in H, gas flow under the reaction condi-
tions, the crystallite size values decreased by 7-10%
and 13-46% for Cu-Zn/Al,0z-used and Cu-Zn-
Crs/ALOs-used samples, respectively. It was sug-
gested that the reducibility of Cu—Zn/AlLO; catalyst
was improved significantly by adding chromium
promoter, the smaller Cu particles generated larger
metallic Cu surface area and dispersion, resulting in
the Cu particles enriched on the catalyst surface but
no sintering.”'

3.6 The amount of acid sites and acid strength
distribution of the catalyst

NH;-TPD analysis was carried out in order to inves-
tigate the amount of acid sites and acid strength dis-
tribution, the TPD curves were depicted in figure 5
and the details were reported in table 4. In the both
TPD curves, four desorption regions of 100-300°C,
300-400°C, 400-590°C and 590-700°C, were
observed. The desorption peak below 300°C was not
ascribed to the ammonia directly adsorbed on the
acid sites but for possible ammonia molecules inter-
action with the terminal OH groups on the catalyst
surface, which were desorbed easily on the TPD test
(this process was denoted as P, in figure 5).*""* The
high-temperature peaks (400-590°C) were assigned
to desorption of NH; from the strong acid sites.”
The difference between the TPD curves for
Cu-Zn/Al,0; and Cu-Zn-Cri;/Al,0O; catalysts was
found, it was single peak for that of Cu-Zn/Al,0;
while it was double peaks for that of Cu-Zn-
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Table 4. Acid strength distribution for Cu—Zn/Al,O; and Cu-Zn—Cr3/Al,O; catalysts and their catalytic
performances for 2-MP synthesis.
Acidity (NH; uptake, mmol/g)
Catalyst 100-300 300—400 400-590 590-700°C Total acidity 2-MP selectivity (%)
Cu—Zn/Al,O4 0-78 0-21 2-37 0-48 3-84 68-0
Cu—Zn—Cr3/Al,O3 1-08 0-12 241 0-42 4.03 84-8
Table 5. Effect of chromium content on synthesis of 2-methylpyrazine.
Selectivity (%)
Catalyst ED conv. PGconv. Lb Py 2-MP  2-MPIP  Alkyl pyrazines Others
Cw/ALOs 767 80-2 11-0 1479 53.35 5-02 1401 1-83
Cu—Zn/Al,O4 88-1 90-5 2-82 2147 68-02 4.26 2-06 1-38
Cu-Zn-Cr,/AlL,O; 936 96-1 3-65 10-58 81:46 2:23 0-82 1.25
Cu—Zn—Cry/AlL,O; 979 100 343 699 84.75 2-42 1.01 1-40
Cu—Zn-Crs/Al,O; 957 98-7 332 659 84-64 3-04 1-04 1.37
Cu—Zn—-Cr/AlL,O; 954 98-2 3.08 817 82:62 2-86 1.37 1-90
ED = ethylene diamine, PG = propylene glycol, Lb = lower boiling point components, Py = pyrazine,
2-MP = 2-methylpyrazine, 2-MPIP = 2-methylpiperazine. Reaction conditions: atmosphere, tempera-
ture = 380°C, time on stream =2 h, LHSV=1h", ED:PG=1:1 (mol) in 50 wt.% aq. solution
Cr3/ALO; catalyst. The overlapped peaks indicated catalysts containing chromium produced less

that there might be stronger acid sites (denoted as
P,) in Cu-Zn-Cr;/Al,0; sample, the deconvolution
indeed showed that there were two different strength
acid sites with different desorption temperature. The
each TPD curve displayed a broadening shoulder
peak (denoted as P;) around 600°C, corresponding to
the formation of strongly Lewis acid sites generated
by Zn*', which was identified that the low-tempe-
rature peak (100-300°C) was widened and shifted to
high-temperature side.'”*** Cu-Zn-Cr;/Al,05 showed
an increase of NH; desorption from 0-78 to
1-08 mmol/g compared to Cu-Zn/Al,O; (table 4).
The total acidity also increased by 4-9%. It was
shown that the increased acidity displayed a consid-
erable effect on the catalytic performance, the selec-
tivity of 2-MP increased by 24-7%.

3.7 Catalytic synthesis of 2-methylpyrazine from
ED and PG

3.7a Effect of chromium content on catalytic per-
formance: The effects of Cu-Zn/Al,O; catalyst
promoted by chromium of different concentration on
the conversions of reactants and the products selec-
tivities were studied and the results were summa-
rized in table 5. It is clear from the table that the

amount of pyrazine, alkyl pyrazine and intermediate
product, 2-methylpiperazine as compared with those
of the catalysts without chromium. The selectivity of
2-methylpyrazine increased to 84-75% over Cu—Zn—
Cri/AlL,O; catalyst compared to 68-02% on Cu-
Zn/Al,0; catalyst. Keeping the copper and zinc con-
centration constant, 15 wt.% and 20 wt.% respec-
tively, the effects of different chromium concentration
were studied at the same conditions, and the results
showed that the optimum concentration of chro-
mium was 3 wt.%. The results of BET revealed that
chromium promoted the dispersion of active copper
species and acted as a fence to separate active
species from congregating, addition of chromium
promoter was helpful for dehydration-cyclization
and dehydrogenation of ethylene diamine and
propylene glycol to 2-methylpyrazine. Further stud-
ies were carried out over Cu—Zn—Crs/AL,O; catalyst,
as it showed good conversion of ethylene diamine
and propylene glycol and selectivity of 2-methyl-
pyrazine.

3.7b Influence of reaction temperature: Figure 6
showed that the effect of reaction temperature on
reactants conversions and products distribution, the
reaction was preformed over Cu—Zn—Cr;/AL,O; cata-
lyst for 2 h time on stream at a LHSV of 1 h™'. The
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cthylene diamine conversion increased with the
reaction temperature from 87-5% at 340°C to 98-1%
at 420°C. The selectivity of 2-methylpyrazine was
up to maximum 83-12% at 380°C. Only a small
amount of lower boiling point components was
detected in products, whose concentration was
higher at lower reaction temperature (340°C) com-
pared with higher reaction temperature. At higher
reaction temperature, the lower boiling point com-
ponents like methanol and acetaldehyde were read-
ily reacting with piperazine and pyrazine, giving
alkyl pyrazine, which resulted in decreasing slightly
in concentration of lower boiling point components
rather than higher to be expected. Besides, the
piperazine ring structure could be easily cracked at
higher reaction temperature with the concurrent
formation of side reaction products and ammonia,'®
which also reacted with pyrazine and 2-methyl-
pyrazine to alkyl pyrazine. As a result, the selecti-
vities of pyrazine, 2-methylpyrazine and 2-methyl-
piperazine decreased, in contrast to increased of
alkyl pyrazine.

3.7c  Product distribution versus molar ratio of
reactants: A series of experiments were performed
to determine the optimum feed ratio at 380°C with
different mole ratio of ethylene diamine and propyl-
ene glycol over Cu-Zn—Crs/Al,O5 catalyst and the
results were presented in table 6. It could be found
from the table that the ethylene diamine conversion
decreased when the mole ratio of ethylene diamine
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Figure 6. Influence of temperature on synthesis of 2-
methylpyrazine over Cu—Zn—Crs/Al,Oj5 catalyst. Reaction
conditions: atmospheric, time on stream =2 h, LHSV =
1 h', ED: PG=1:1 (mol) in 50 wt.% aq. solution.
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increased. The concentration of pyrazine increased
from 6-69 to 13-6% with the mole ratio from 1 to
1-5, which was probably contributed to the self-
cyclocondensation of ethylene diamine. The selec-
tivity of 2-methylpyrazine decreased as ethylene
diamine concentration increasing in the feed.
It could also be noted that the formation of
2-methylpiperazine, which was the primary inter-
mediate product, which had the same trend with
2-methylpyrazine.

3.7d Role of LHSV in synthesis of 2-methyl-
pyrazine: It was demonstrated that the effect of
liquid hourly space velocity (LHSV) on the forma-
tion of 2-methylpyrazine in figure 7. It is clear that
the conversions of the reactants as well as selectivity
for 2-methylpyrazine decreases with increase in
LHSV. However, the increase in selectivity of
2-methylpiperazine, the main intermediate product,
indicated that dehydrogenation had not been well
performed due to the less contact time. At low
LHSV, 2-methylpyrazine and pyrazine were the
major products. As LHSV increased from 1 h' to
2:44h7', the selectivity of 2-methylpyrazine de-
creased from 83-1 to 65-0%, that of alkyl pyrazines
increased resulting from dehydrogenation of pyrazine,
piperazine and their methyl derivative and alkylation
of that with the lower boiling point components like
acetone, lower alcohols and acetaldehyde, which
were easily formed at a high LHSV value.
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Figure 7. Influence of LHSV on synthesis of 2-

methylpyrazine over Cu—Zn—Crs/Al,Oj5 catalyst. Reaction
conditions: atmosphere, temperature = 380°C, time on
stream=2h, ED:PG=1:1 (mol) in 50 wt.% aq. solu-
tion.
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Table 6. Effect of molar ratio of ethylene diamine and propylene glycol on synthesis of 2-methylpyrazine over Cu—

Zn—Crs/Al,Oj5 catalyst.

Selectivity (%)

Molar ratio ED : PG ED conv. PG conv. Lb Py 2-MP 2-MPIP  Alkyl pyrazines Others
1:1.5 100-0 95:2 5-27 2-54 85-88 2-81 1-76 1-76
1:12 985 98-8 2-96 521 86-26 2-73 1-66 1-20
1:1 97-9 100-0 3-47 6-87 85-09 2-18 1-89 0-49
1-2:1 924 97-5 3-59 8-19 82:24 2-26 3-09 0-64
1-5:1 79-8 97-1 3-99 13-64 7571 1-84 4-05 0-78

ED = ethylene diamine, PG = propylene glycol, Lb =lower boiling point components, Py = pyrazine, 2-MP =
2-methylpyrazine, 2-MPIP = 2-methylpiperazine. Reaction conditions: atmosphere, temperature = 380°C, time on

stream=2 h, LHSV = 1 h™', water = 50 wt.% in the reactants.

100

a0 -
~ 80 E E“‘:j
o L
< ol —=—ED Con.
> L ——PG Conv. L
-'§ -1 —— Lower boiling point components| 1
b= —— Pyrazine
8 —— 2-Methylpyrazine
o 15k —=— 2-Methylpiperazine
w —— Alkyl pyrazine
E —— Others
Re]
wn 10 |
e
o —_— " v
>
c
O 5t
o "_____A____‘_____,-"."___‘_‘—'—-—-_.__._-—-G—-—__:?—‘

1 1 " 1 1 Il
2 4 6 8 10
Time (h)

Figure 8. Influence of time on synthesis of 2-methyl-

pyrazine over Cu—Zn—Cr3/Al,O; catalyst. Reaction condi-
tions: atmosphere, temperature = 380°C, LHSV =1 h',
ED:PG=1:1 (mol) in 50 wt.% aq. solution.

3.7¢ Relationship between catalytic activity and
time on stream: The stability was investigated over
Cu-Zn—Cr3;/ALLO; catalyst for 10 h (see figure 8).
Initially, the deactivation was faster, the conversion
of ethylene diamine dropped sharply from 97-9 to
90% in 4 h and kept constant till the end (10 h). The
selectivity of 2-methylpyrazine decreased from 86-2
to 80-3%, that of 2-methylpyrazine and pyrazine was
over 90%. At the end of the period of this run, the
selectivity of 2-methylpiperazine increased to a little
extent, which indicated that dehydrogenation was
weakened. The results showed the high activity of
composite catalyst in conversion of ethylene
diamine and high selectivity and stability of 2-
methylpyrazine.

Conclusions

The novel Cr-modified Cu-Zn/Al,O; catalysts were
prepared by a 3-step impregnation method. The N,
adsorption/desorption tests showed that the addition
of chromium had little effect on the surface area and
pore diameter, only evident changes were observed
in pore volume. Considering the influences of chro-
mium on the catalytic performance, the better cata-
lytic activity (selectivity of 2-MP > 80%) and reaction
stability could be obtained compared with those of
the samples without chromium. It suggested that
chromium acted the role of structure promoter. XRD
results suggested that chromium species might exist
in catalyst as amorphous state. The dispersion of ac-
tive site Cu increased by almost 1 time and the total
acidity was significantly improved by 4-7% after of
addition chromium promoter; furthermore, catalytic
activity was improved. The chromium promoted cata-
lyst displayed better reducibility compared to the
catalyst without chromium according to the results
of XPS, N,O chemisorption and TPR measurements.

The catalytic activity for 2-methylpyrazine syn-
thesis by cyclo-dehydrogenation of ethylene diamine
and propylene glycol was carried out at 380°C over
the chromium-promoted Cu-Zn/Al,0; catalysts. The
Cu-Zn—Cr;/ALLO; catalyst has shown good conver-
sions of reactants, high selectivity and excellent
stability of 2-methylpyrazine after reacting for 10 h.
The optimum chromium content was 3 wt.%.
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