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Liquid-Phase Hydration of Acrylonitrile to Acrylamide
over the Manganese Dioxide Catalyst
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The liquid-phase hydration of acrylonitrile to acrylamide was examined over a manganese dioxide catalyst
at 65°C. When the catalysts were treated at 110—500 °C, both the acidity and the reaction activity of the catalysts
decreased at temperatures above 110 °C. The reduction of the solid acidity of heat-treated samples decreased the
catalytic activity of the catalysts. It was confirmed that the solid acidity of manganese dioxide was derived from
acidic hydroxyl groups on the catalyst surface through their dispersion in water. A good relationship between
the number of surface hydroxyl groups and the catalytic activity of the manganese dioxide was observed; its
hydration ability was depressed by the addition of an aqueous base as a NaOH solution. These results show that
the acidic surface hydroxyl group of a manganese dioxide catalyst is the active site of acrylonitrile hydration.
The kinetic behavior of both acrylonitrile and water was examined and the reaction rate showed both first and
zero orders with respect to the acrylonitrile and water concentration, respectively. The hydration mechanism of
acrylonitrile on the manganese dioxide catalyst is discussed.

In our previous papers,’»? it was reported that the
heterogeneous hydration of acrylonitrile (AN) pro-
ceeded on various metal oxide catalysts in the liquid-
phase. The hydration selectivity to the reaction prod-
ucts (acrylamide (AA), ethylene cyanohydrin and bis-
(2-cyanoethyl) ether) was governed by the solid acid-
base properties in the liquid phase. The acidic metal
oxide catalysts selectively hydrated the C=N triple
bond of an AN molecule and only AA formed, while
the basic metal oxide catalysts hydrated the C=C dou-
ble bond rather than C=N. AA is an especially useful
material among those three products owing to such
industrial uses as paper-strengthening agents, floccu-
lants and crude-oil recovery agents. For AA produc-
tion, manganese dioxide (MnO,) was the most effective
catalyst among the metal oxides since it exhibits a
selectivity to AA.

The high catalytic ability of MnOs, is well-known. A
few examples include the oxidation of CO,%* hydro-
carbons®® and the decomposition of H,0,.-® Fur-
thermore, since MnQO, prepared by an electrolytic oxida-
tion method has been used as a depolarizer of drycells,
the surface properties of MnQ, also have been studied
by many investigators.®"1? Regarding the catalytic
abilities of MnO, on the liquid-phase hydration of
AN to AA, they have been scarcely clarified. This
study, therefore, aims to clarify the properties at the
active sites of a MnO; catalyst as well as the hydration
mechanism.

Experimental

Catalyst Preparation. A MnO; catalyst produced from
the electrolytic oxidation of manganeous sulfate was sup-
plied by Toyo Soda Manuf. Co. It was preheated at 110—
500°C for 1 h in air and then used for the hydration. MnO,
catalysts having a differential surface coverage of Zn?* ions
were also prepared by an ion exchange of Zn?* and the
hydroxyl group on the MnO, samples preheated at 110 °C.
The surface area was determined by the BET method. The
crystal structure was identified by using the X-ray diffraction

method.

Activity Measurement. The liquid-phase hydration of
AN was carried out in a batch reactor system. Ordinary
experimental conditions were as follows: reaction tempera-
ture of 65°C, 6-h reaction time, 2.5-g catalyst, purified AN
8.5 and 100 ml of H,O. A detailed description of the
procedure was described in a previous paper.? The inhibi-
tion effects of the additives were examined by the addition of
HNO3;, NaOH, AA, or acrylic acid in the reaction system
suspended with a MnO, sample. After the reaction tempera-
ture reached 65 °C, AA was added.

Surface Hydroxyl Group. The amount of hydroxyl
groups on the MnO, surface was determined in accordance
with the manner described by Kozawa;% 1314 this method can
be described as follows: a preheated MnO, sample (1.0 g) was
placed into an Erlenmeyer flask with glass stopper, into
which 25 ml of the zinc solution was poured. The zinc
solution was prepared as follows: two moles of NH,Cl and
0.1 mol of ZnO were dissolved in one liter of water and then
adjusted to a pH of 7.0 by the addition of aqueous ammonia.
The resulting suspension was shaken with the use of a vibra-
tor for 12 h; it was then allowed to stand for 1 h. A portion of
the supernatant solution was titrated by the EDTA method.
The difference between the amount of Zn?* adsorbed in this
procedure and that consumed by the original solution cor-
responds to the number of Zn?* ions. Another portion of the
supernatant solution was titrated with a standard solution of
HCI (0.01 moldm™3) using Methyl Orange as an indicator
for determining the amount of released H*. The difference
between the amount of HCI consumed in this titration and
that consumed by the original solution corresponds to the
number of hydrogen ions released by the ion-exchange
reaction.

Amount of AN Adsorbed. A preheated MnO, sample (2.5
g) was placed into an Erlenmeyer flask with a glass stopper;
then, 100 ml of 2.5 wt% AN aqueous solution was poured
into the flask. After stirring for 6 h, the sample was allowed
to stand for 40 h at room temperature and was then kept at
40°C for 4 h. The amount of adsorbed AN was determined
from the difference of the concentration of AN before and
after adsorption. The concentration of AN was measured by
gas chromatography.

Acidic Properties. The surface acidity of MnO, samples
was determined by an indicator titration method using
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Table 1.
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Properties of the Manganese Dioxide Catalysts after

Heat Treatment at Various Temperatures

Sample Calcination  Surface Nitrile Acid amount at Equi-acid-base  X-ray diffraction
No. temp(°C) area (m2g-1) conv (%)® pK.=+4.8 (mmolg-!) point/pH analysis
1 110 33.2 13.3 0.078 3.6 ¥-MnOg2 (amorphous)
2 200 28.5 10.9 0.051 4.1 Y-MnOq
3 300 16.3 7.3 0.019 4.4 v-MnO,
4 400 13.3 54 0.029 5.2 v¥-MnO.
5 500 129 1.7 0.015 5.9 ¥-MnOgz (+ trace Mn2Os)

a) Reaction conditions: Reaction temperature; 65°C: Reaction time; 6h: Acrylonitrile 8.5ml, pure water 100 ml:

Catalyst weight; 2.510.1 g.

Table 2. Amount of Adsorbed Zn?*+ and Released H* Ion by the Ion-Exchange
Reaction on the Manganese Dioxide Samples

Sample  Calcination  Amount of adsorbed Amount of released H+/Zn%* Amount of Surface
No. temp(°C) Zn2* (mmol g7) H* (mmolg™?) ratio OH groups (mmol g—l)“’
1 110 0.26 0.54 2.1 0.52
2 200 0.23 0.44 1.9 0.46
3 300 0.19 0.40 2.1 0.38
4 400 0.07 0.14 2.0 0.14
5 500 0.05 0.11 2.2 0.10

a) Double molar quantity of the adsorbed Zn2* was defined as the amount of surface OH groups on the MnOg samples on

the basis of Kozawa’s results.9

Methyl Red (pK.=+4.8) as the indicator. The equi-acid-base
point of MnQO, samples, representing the solid acid-base
properties of a metal oxide dispersed in water, was deter-
mined by a pH-shift method.!> A detailed description of the
procedure for both acidic property measurements was given
in previous papers.2 17

Results and Discussion

Acidic Properties and Catalytic Activity. In one
previous paper,'® we reported that a large number of
moderate-strength acid sites was present on the MnO,
surface. The relationship between the acidic proper-
ties and the catalytic abilities of MnO; on the liquid-
phase hydration of AN was investigated. As shown in
Table 1, the catalytic activity (conversion of AN after a
6-h reaction) of MnO; catalysts decreased upon increas-
ing the calcination temperature. A heat treatment of
the catalysts simultaneously led to a reduction of both
the specific surface area and the solid acidities, indi-
cated by acid amounts at pK,=4.8 and values of their
equi-acid-base point. However, transformations of the
crystal structure by heat treatments could not be
observed, although the crystal growth was observed.
The stability of the structure was also supported from
the fact that neither the endothermic nor the exother-
mic peak was observed by a DTA analysis until 500 °C.
Therefore, it was concluded that the reduction of the
catalytic activity by the heat-treatment was caused by a
decrease in the acidic property of the catalysis accom-
panying a specific surface-area loss.

Surface Hydroxyl Groups. On the MnQO, surface
cation-exchangeable hydroxyl groups are present.%10
It was confirmed in a previous study!? that the surface

hydroxyl group had remained on the sample, even
under a heat-treatment at 500 °C. The number of sur-
face hydroxyl groups on the MnO, dispersed in water
was determined by the cation-exchange method. The
obtained results are shown in Table 2. The number of
adsorbed Zn?* and released H* ions decreased upon in-
creasing the heat-treatment temperature. The amount
of released H* was twice that of adsorbed Zn?*. This
simple integral ratio indicates that a single Zn?* ion
exchanges with two H* ions of the surface hydroxyl
groups as follows:

OH

5

Therefore, a double molar quantity of the adsorbed

Zn?* was defined as the amount of surface hydroxyl
groups on the MnO, samples.

The relation between the catalytic activity and the
amount of surface hydroxyl groups of MnQO, treated at
110—500 °C was examined. The catalytic activity was
directly proportional to the amount of surface
hydroxyl groups (Fig. 1); the relationship between
them can be described by

ANconv. =a[-OH]s, 2)

where a and [-OH]s are the constant of proportionality
and the number of surface hydroxyl groups, respec-
tively. The value of the correlation coefficient of a was
determined to be 0.997. This result suggests that the
acidic hydroxyl groups on the surface are the active
sites for AN hydration.

The poisoning effects were examined. As shown in
Fig. 2, the conversion of AN on the MnQO, catalysts

0.
+ zn?t — gi\Zn2+ + 21" (1)
o/
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Table 3.

Poisoning Effect of the Additives to MnOz

Catalyst on the Hydration of Acrylonitrile®

Additive Nitrile conv(%)  Amide sel(%)
Blank 13.3 100
HNO; 0.2 mmol 13.0 100

0.4 mmol 13.8 100
0.6 mmol 13.5 100
NaOH 0.2 mmol 12.2 100
0.4 mmol 10.1 90.6
0.6 mmol 7.1 73.1

a) Reaction conditions are the same as those in Table 1.

coated with various amounts of Zn?* linearly decreased
upon increasing the surface coverage of adsorbed Zn?*.
When acid or alkali was added to an AN solution the
catalytic activity changed as shown in Table 3. The
addition of HNO; had little effect on the catalytic
activity and selectivity to AA; in the case of the addi-
tion of NaOH the catalytic abilities of MnO, decreased.
Consequently, we could conclude that the active site
of a MnO, catalyst on the liquid-phase hydration of
AN to AA is the acidic surface hydroxyl group.
Hydration Mechanism. The number of AN mole-
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Fig. 4. Dependence on the concentration of

acrylonitrile or water.
Reaction temperature: 65°C

cules adsorbed on the preheated MnQO, samples was
shown in Fig. 3. A good relationship between the
number of adsorbed AN molecnles and surface hydrox-
yl groups was observed with a slope of unity. There-
fore, we concluded that an AN molecule adsorbs on a
surface hydroxyl group.

The dependence of AN and the water concentration
on the hydration rate of AN was examined and the
results are given in Fig. 4. From this figure, the
dependence on the concentration of each reactant was
first order to the AN concentration and zero order to
water. Consequently, the rate equation can be given as

r=k[AN]*[H,0]°, (3)

where k, [AN] and [H,O] show a rate constant, concen-
tration of AN and water, respectively. The rate equa-
tion shows that excess water is adsorbed on the catalyst
surface and that its concentration on the surface is con-
stant during hydration. The reaction between the
adsorbed AN and adsorbed water is rate-determining.
In addition, since the conversion of AN is propor-
tional to the number of hydroxyl groups on the cata-
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The catalytic abilities of MnO; were retarded by the
addition of AA (Fig. 5). Thus, these results suggest
that an accumulation of AA takes place on the MnO,
surface during hydration in a batch reactor, retarding
the reaction.

On the basis of the results described above, the
hydration mechanism of AN to AA on the MnO, cata-
lyst was postulated (Fig. 6). An acidic hydroxyl group
exists on a Mn*t ion of the MnO, surface and is sur-
rounded by a large number of water molecules (see Fig.
6 (I)). An AN molecule first adsorbs on an acidic
hydroxyl group (Fig. 6 (II)); then, a covalent coordina-
tion through N (2s) lone-pair electrons of a C=N bond
by the electrostatic force of attraction will take place
on the surface hydroxyl group of MnQO,. Then, a
hydroxide anion supplied from the surrounding water
attacks the carbonium ion of the C=N bond, whereas
the residual proton adsorbs on Mn-O° to regenerate
hydroxyl group (III—-1IV). An amide group is formed
by a 2,4-shift reaction of the precusor in the tautomer-
ism system; then AA desorbs from the site (V). In this
manner the liquid-phase hydration of AN to AA on
the acidic hydroxyl group of MnO, will catalytically
proceed as a Langmuir-Hinshelwood-type reaction
mechanism.

Conclusion

The results of the liquid-phase hydration of AN to
AA on a MnO, catalyst can be summarized as follows:

(1) The catalytic activity is proportional to the
amount of the acidic surface hydroxyl group.

(2) An AN molecule adsorbs on a surface hydroxyl
group.

(3) The reaction order is first-order with respect to
AN and zero-order with respect to the water concentra-
tion, respectively.

(4) AA inhibits AN hydration.

It is concluded that active site of a MnO; catalyst is
the acidic surface hydroxyl group and that hydration

proceeds through a Langmuir-Hinshelwood-type
mechanism between adsorbed AN and adsorbed water.

The authors greatly thanks the Toyo Soda Manuf.
Co., Ltd. for supplying the MnO, sample.

References

1) H. Miura, K. Sugiyama, S. Kawakami, T. Aoyama,
and T. Matsuda, Chem. Lett., 1982, 183.
2) K. Sugiyama, H. Miura, Y. Nakano, H. Sekiwa, and
T. Matsuda, Bull. Chem. Soc. Jpn., 59, 2983 (1986).
3) G. Boreskov, “Advances in Catalysis,” Academic Press
(1965), Vol. 15, p. 285.
4) M. Kobayashi, H. Matsumoto, and H. Kobayashi, J.
Catal., 21, 48 (1971).
5) J. M. Basset and W. F. Graydon, J. Catal., 20, 383
(1971).
6) H. J. Neuburg, M. J. Phillips, and W. F. Graydon, J.
Catal., 38, 33 (1975).
7) J. Mooi and P. W. Selwood, J. Am. Chem. Soc., 74,
1750 (1952).
8) R. I. Razouk, G. M. Habashy, and N. Ph. Kelada,
J. Catal., 25, 183 (1973).
9) A. Kozawa, J. Electrochem. Soc., 106, 552 (1959).
10) A. K. Covington, T. Cressey, B. G. Lever, and H. R.
Thirsk, Trans. Faraday Soc., 58, 1975 (1962).
11) M. Yuyama, M. Anayama, S. Sakai, and K. Takahashi,
Denki Kagaku, 34, 962 (1966).
12) J. J. Laragne and ]. Brenet, Bull. Soc. Chim. Fr., 9,
3499 (1968).
13) A.Kozawa, “Batteries, Vol. 1, Manganese Dioxide,” ed
by K. V. Kordesch, Marcel Dekker Inc. (1974), p. 385.
14) A. Kozawa, Denk: Kagaku, 43, 618 (1975).
15) I. Tari, K. Fujii, and T. Hirai, Denki Kagaku, 49, 517
(1981).
16) K. Sugiyama, Y. Nakano, H. Miura, and T. Matsuda,
Bull. Chem. Soc. Jpn., 58, 1825 (1985).
17) K. Sugiyama, Y. Nakano, S. Sano, H. Miura, T.
Mitamura, and T. Matsuda, Denki Kagaku, 51, 179 (1983).





