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A study on the alkali metal-promoted magnesium
oxide system used as a catalyst for acrylonitrile
synthesis from methanol and acetonitrile
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Abstract

Alkali metal-promoted MgO catalysts such as Li/MgO, Na/MgO, K/MgO, and Cs/MgO were studied for the acrylonitrile
synthesis from methanol and acetonitrile in the range 300>60the doping of alkali metal with larger cationic radius than that
of Mg?* increased the basic strength of MgO and facilitated the formation of acetonitrile carbanion, a reaction intermediate for
acrylonitrile synthesis. Thermodynamic analysis showed that oxidative conditions were necessary to suppress the production
of propionitrile, the main product under non-oxidative conditions. The doping of alkali metal also decreased the Lewis acid
strength of MgO and consequently inhibited complete oxidation of anionic intermediates to CO arkth€Catalytic activity
for acrylonitrile production under oxidative conditions was in the order gfi§O > Na/MgO > Cs/MgO > Li/MgO.
© 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction This process is a solid base-catalyzed reaction, where
a methyl group activated by inductive electron with-
Acrylonitrile is one of very important chemi- drawal of the unsaturated substituent, cyano, is con-
cals in the chemical industries, especially in poly- verted into vinyl group by the reaction with methanol.
mer industries. Generally, it has been synthesized The catalysts so far reported for acrylonitrile synthesis
by the ammoxidation of propylene [1,2]. However, from methanol and acetonitrile are alkali metals sup-
an alternative synthetic method based on the uti- ported on silica gel [3], alkali or alkali earth metal sup-
lizations of methanol, a £chemical, and acetoni- ported on silica [4,5], and transition metal-promoted
trile instead of propylene is possible and promising MgO [6-9].

[3-9]. In this paper, we studied the performance of al-
kali metal-promoted MgO such as Li/MgO, Na/MgO,
CH30H + CH3CN — CH,=CHCN + H, + H,0 K/MgO, and Cs/MgO in the acrylonitrile synthesis

from methanol and acetonitrile at reaction tempera-
1) tures in the range 300-500 and characterized alkali

metal-promoting effects on MgO in relation to the re-

action. Recent efforts have focused on the syntheses

* Corresponding author. Tek:82-2-880-7072; of valuable organic materials via solid—base catalysis
fax: +82-2-888-7295. [10-12] and this study was carried out as the exten-
E-mail addresshilee@snu.ac.kr (H.-l. Lee). sion of them.

0920-5861/00/$ — see front matter © 2000 Elsevier Science B.V. All rights reserved.
Pll: S0920-5861(00)00459-4



190
2. Experimental
2.1. Preparation and characterization of the catalysts

The alkali metal-promoted catalysts used in this
study were prepared by mixing Mg(O#ith the cor-
responding aqueous solution of alkali hydroxide. The
mixture was dried at 1T@ for 12 h. The resultant
paste was ground and calcined in He flow at €DO
for 90 min at the reactor and then in situ applied to the
catalytic test to prevent catalyst deactivation by,CO
and water. The nominal loading of alkali hydroxide
was 15 mol%.

FT-IR (MIDAC, Prospect IR) analyses of the cata-
lysts and methanol temperature-programmed desorp-
tion (TPD) experiments were performed to charac-
terize acid—base properties of each catalyst. For the
FT-IR experiments, the spent catalysts after the cat-
alytic tests were placed in He flow at 1@ for 1 h
to remove physisorbed material and then collected
for the analyses. All the IR spectra were normalized
based on the weight of pellet to allow comparisons.
For TPD measurements, samples were calcined at
600°C for 90 min in He flow and in situ exposed to
methanol vapor for 1h at room temperature, after
which physisorbed methanol was removed in He flow
for 30 min. TPD experiments were run at a heating
rate of 20C/min. Desorbed gases were analyzed by
a quadrupole mass spectrometer (QMS; ESS, Quartz
300D) and peak intensities were normalized to that
of He which was constantly introduced into the sys-
tem as an internal standard. BET surface area of the
catalyst was measured by, Mdsorption using a Mi-
cromeritics Pulse Chemisorption Unit (ASAP 2000).
Differential thermal analysis (DTA) was performed in
He flow to detect the dehydration temperature of the
hydroxide precursor of corresponding catalyst during
the calcination process.

2.2. Catalytic test

Catalytic test was carried out in a continuous flow
system equipped with a quartz reactor (10mm i.d.)
and a tubular furnace at atmospheric pressure. The
reactant mixture of methanol and acetonitrile was
introduced into the feed line by a syringe pump and
vaporized in a preheating part before being co-fed
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reaction conditions were as follows: partial pres-
sures of methanol 16.4kPa, acetonitrile 1.82kPa,
with(=oxidative condition)/withoutEnon-oxidative
condition) @ 24.5kPa; the balance He; space ve-
locity, 61.1 cn? g~ min—1; catalyst loading, 200 mg;
reaction temperatures from 300 to 5@Dat a heat-
ing rate of 5C/min. Catalytic activity was analyzed
by using a gas chromatograph (HP 5890, TCD) with
packed columns, Chromosorb 102 (3.64 m) and Pora-
pak Q (3.64m), and calculated by the conversion of
acetonitrile and the selectivity for each product.

3. Results and discussion
3.1. Catalytic activity under non-oxidative condition

Figs. 1 and 2 show the catalytic activities as a
function of temperature over various catalysts under
non-oxidative condition. Promotion of MgO with al-
kali hydroxide except LIOH imparted high catalytic
activity to MgO. However, acrylonitrile, the target
material, was the minor product and propionitrile,
the hydrogenated form of acrylonitrile, was the main
product from the alkali metal-promoted catalysts. We
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Fig. 1. Acrylonitrile yield versus reaction temperature over MgO

and alkali metal-promoted catalysts under non-oxidative condi-

into the reactor. He was used as a carrier gas. Thetjons.
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Fig. 2. Propionitrile yield versus reaction temperature over MgO
and alkali metal-promoted catalysts under non-oxidative condi-
tions.

will discuss later the reason for this phenomenon.
In terms of propionitrile yield, the following activ-
ity sequence for the alkali metal-promoted catalysts
was observed at 50C of reaction temperature:
Na/MgO > K/MgO > Cs/MgO > Li/MgO.

As suggested by Kurokawa et al. [9], acrylonitrile
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Fig. 3. FT-IR spectra of used catalysts for the identification of
acetonitrile carbanion. (The samples were collected after reaction
under non-oxidative conditions.)

with a radius far larger than that of Mg was added,

its effect weakened because the cation could not effec-
tively incorporate into the lattice. That concept may
also be applied to the alkali metal-promoted catalysts.
As shown in Table 1, the ionic radius ofLis similar

to that of M¢?* and the ionic radii of K and Cs are

far larger than that of M. So, the basic strengths of

synthesis from methanol and acetonitrile may proceed the alkali metal-promoted catalysts were considered to
via acetonitrile carbanion intermediate. This suggests be in the order of NAMgO > K/MgO > Cs/MgO >

that basic sites strong enough to rupture a C—H bond Li/MgO. Such a trend was in agreement with that
and to form an acetonitrile carbanion should be present of catalytic activity at 500C of reaction temperature
on the catalyst surface in order to be an active catalyst (Figs. 1 and 2).

in this reaction. From the FT-IR analyses of used cat-
alysts shown in Fig. 3;(C=N) peak attributed to the
formation of acetonitrile carbanion was observed only
on Na/MgO, K/MgO, and Cs/MgO. Consequently, the
lower activities of MgO and Li/MgO could be ex-
plained in this sense.

The variation of the basic strength of MgO by alkali
metal doping could be explained in viewpoint of the
ionic radius of doped alkali metal cation. Kurokawa
et al. [9] reported that the basic strength of MgO in-

In Table 1, the BET surface areas of the catalysts and
the dehydration temperatures of the hydroxide precur-
sors to form the corresponding oxide structures during
the calcination process are also included. Alkali metal
doping on MgO caused a decrease of BET surface area
suggesting that acid—base properties are much more
important than surface area in this catalytic reaction.

The DTA results confirmed that the radius of doped
alkali cation has a significant effect on the basic
strength of MgO. Li/MgO showed a single strong

creased when a transition metal ion with a radius larger dehydration peak at ca. 32D which is similar to

than that of Mg+ was incorporated into the MgO lat-
tice because it caused the localization of electron on
an oxygen atom. However, when a transition metal ion

that of MgO (ca. 350C). So, it could be inferred that

MgO and Li/MgO have similar properties. On the
other hand, Na/MgO had a single strong dehydration
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Table 1
Properties of MgO and alkali metal-promoted catalysts
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Catalyst BET surface area {ig) DTA peak maximum 9C)? lonic radius of doped alkali cation (A)
MgO 170.7 348 s 0.66 (Md)

Li'MgO 30.3 319 s 0.68

Na/MgO 15.3 128 s 0.97

K/MgO 42.7 216 m, 281 w 1.33

Cs/MgO 25.3 244 m, 279 w 1.67

aDehydration of metal hydroxide precursor to the corresponding metal oxide. s: strong; m: medium; w: weak.

peak at 128C which is much lower than that of MgO
suggesting that Nfa drastically changed the proper-
ties of MgO matrix and facilitated the formation of

more negative and even acetonitrile methylation by
CH, is thermodynamically favorable as shown in
Fig. 5(a) and (b). Propionitrile production is also sup-

metal oxide whose basic strength is stronger than that pressed because dehydration of propionitrile occurs

of metal hydroxide. K/MgO and Cs/MgO showed

two separated dehydration peaks, respectively, prov-

ing again that a metal ion with a far larger ionic
radius than that of Mg could not effectively incor-
porate into the MgO lattice. CO and GQ@esulting
from complete oxidation of reactants and products
were not appreciably produced even at high reaction
temperature (50@C) under non-oxidative condition.

3.2. Themodynamic analysis

Calculation of AG; to elucidate a thermodynami-
cally favorable reaction route for acrylonitrile synthe-
sis from acetonitrile was performed, and the results un-
der non-oxidative and oxidative conditions are shown
in Figs. 4 and 5, respectivelxG¢’s at various temper-
atures were calculated by using the equattofis =
A + BT+ CT2. The correlation constant#(B, and
C) are found in Ref. [13].

CH30H, HCHO, and CH have been considered
as a methylating agent for acrylonitrile synthesis
from acetonitrile. However, it was proved that ace-
tonitrile methylation by CH is thermodynamically
unfavorable under non-oxidative conditions as shown
in Fig. 4(c). When CHOH or HCHO is used as a
methylating agent, acrylonitrile can be produced be-
causeAG; is negative in the range 250-5%D as
shown in Fig. 4(a) and (b). However, acrylonitrile
will be readily transformed into propionitrile under
non-oxidative conditions as inferred from Fig. 4(d),
and this could explain why propionitrile is the main
product under non-oxidative conditions.

When the acrylonitrile synthesis reaction is per-
formed under oxidative conditionsAG, becomes

readily under oxidative condition as inferred from
Fig. 5(c). So, high yield of acrylonitrile production
can be expected under oxidative conditions.

3.3. Catalytic activity under oxidative condition

Figs. 6-8 show the catalytic activities under ox-
idative conditions. In agreement with thermodynamic
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Fig. 4. AG; at various temperatures under non-oxidative con-
ditions: (a) CHOH + CH3CN <« CH;=CHCN + H; + H>0;

(b)) HCHO + CH3CN <« CH;=CHCN + H0; (c)
CHg + CH3CN <« CH;=CHCN+ 2Hy; (d) CH;=CHCN+Hy <
CH3CH,CN.
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Fig. 5. AG, at various temperatures under oxidative conditions:
(a) CHsOH + CH3CN + %Oz <> CH=CHCN + H; + 2H,0;

(b) CHs + CHsCN + %02 < CHy=CHCN + Hz + HxO; (c)
CH3CH2CN + %Oz <> CH,=CHCN + H,0.

Fig. 7. Propionitrile yield versus reaction temperature over MgO
and alkali metal-promoted catalysts under oxidative conditions.

was obtained over K/MgO at 40C. However, the

complete oxidation of reactants and products to CO
and CQ increased in accordance with the reac-
tion temperature resulting in a bell-shaped trend of

predictions, the acrylonitrile yields were higher than
the propionitrile ones over Na/MgO, K/MgO, and
Cs/MgO, and the highest acrylonitrile yield of 28.3%
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Fig. 6. Acrylonitrile yield versus reaction temperature over MgO  MgO and alkali metal-promoted catalysts under oxidative condi-
and alkali metal-promoted catalysts under oxidative conditions.  tjons.
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acrylonitrile yield in the range 300-500. As
shown in Table 1, the BET surface area of Na/MgO
(15.3nf/g) is much lower than that of K/MgO
(42.7 nt/g) and its basic strength is higher than that
of K/IMgO as discussed previously. Consequently, the
deactivation and sintering of Na/MgO by exposure
to CO; under oxidative conditions might be more

m/e =31

Cs/MgO

QMS signal (Arb. unit)

severe than those of K/MgO. As a result, in terms of K/MgO
acrylonitrile yield, the catalytic activity was in the or- N
der of K/MgO > Na/MgO > Cs/MgO as shown in /\ Na/MgO
Fig. 6.

MgO and Li/MgO did not show any catalytic activ- Li/MgO
ity for acrylonitrile synthesis, which may be attributed J‘\—_\\
to the fact that the basic strengths of MgO and Li/MgO

MgO

are not strong enough to form acetonitrile carbanion
as discussed previously. Therefore, CQ = 1o0r2
productions over MgO and Li/MgO were considered
as a result of reactant’s complete oxidation. Mn/MgO
reported as an effective catalyst for this reaction under
non-oxidative conditions also caused complete oxida-
tion of reactants at the reaction temperatures above
400°C.

As mentioned previously, the formation of ace-
tonitrile carbanion on a catalyst is important to the
acrylonitrile synthesis from methanol and acetoni-
trile. In order to stabilize the acetonitrile carbanion,
cationic adsorption sites (Lewis acid sites) are nec-
essary. So, Lewis acidity of a catalyst might also
play an important role in the acrylonitrile synthesis.
To elucidate Lewis acidity variation of MgO by al-
kali metal doping, the methanol-TPD was performed.
Methoxide can be formed by dissociative chemisorp-
tion of methanol on a Lewis acid site [14]. The
methoxide may adsorb more strongly as the Lewis 4. Conclusions
acid strength of the catalysts increases. Fig. 9 shows

200 300 400 500

Temperature (C)

Fig. 9. Methanol-TPD profiles from MgO and alkali metal-
promoted catalysts.

sulting in a better chance of forming products. This
may explain why Cs/MgO and K/MgO have higher
catalytic activity than Na/MgO below 40Q of un-
der non-oxidative conditions (Figs. 1 and 2). How-
ever, under oxidative conditions, the strong adsorp-
tion may cause acetonitrile carbanion’s complete oxi-
dation to CQ, and explains why the catalytic activity
in terms of CQ yield was in the order of G&1gO >
K/MgO > Na/MgO (Fig. 8).

that the peak temperature of methanol-TPD was in
the order of NgMgO < K/MgO < Cs/MgO <
Li/MgO < MgO. Accordingly, it was deduced that

The doping of alkali metal with larger cationic ra-
dius than that of M§" imparted high catalytic activity
to MgO. However, propionitrile was the main prod-

the order of Lewis acidity might be the same. These uct produced over these catalysts under non-oxidative
results confirmed again that the basic strengths of conditions. It was found that oxidative conditions are
alkali metal-doped MgO catalysts are in the order necessary to suppress the production of propionitrile.
of Na/MgO > K/MgO > Cs/MgO > Li/MgO Alkali metal doping facilitated the formation of ace-
because the strength of Lewis acid site will de- tonitrile carbanion, a reaction intermediate for acry-
crease as the strength of nearby base site in-lonitrile synthesis and also restrained complete oxida-
creases. tion of the anionic intermediate. The catalytic activ-

Once the acetonitrile carbanion is formed on the sur- ity for acrylonitrile production under oxidative con-
face of catalyst, more strongly adsorbed species will ditions was in the order of KMgO > Na/MgO >
have higher possibility to interact with methanol, re- Cs/MgO > Li/MgO.
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