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The reduction of sulfuric acid has been studied for the purpose of the regeneration of activated carbon, which

is used as an acceptor of sulfur dioxide from exhaust gas.

When activated carbon impregnated with sulfuric

acid was heated in a hydrogen atmosphere, sulfuric acid was reduced to sulfur dioxide by carbon in the tempera-
ture range from 200 °C to 350 °C. When copper sulfate was added, the sulfuric acid was reduced to sulfur di-
oxide, mainly by hydrogen, in the temperature range from 190 °C to 270 °C. At 227 °C, for example, the rate

of reduction by hydrogen was nine times greater than the rate of reduction by carbon.

Copper sulfate was suf-

ficiently effective in an amount of one-fifth of the sulfuric acid in moles, indicating that copper in some form par-

ticipates in the catalytic reaction.

Activated carbon can be used as an acceptor of
sulfur dioxide from exhaust gas emitted by the combus-
tion of fossil fuels. When exhaust gas which contains
sulfur dioxide, oxygen, and water vapor is passed
through a column of activated carbon, the sulfur
dioxide is catalytically oxidized on carbon, according
to Eq. 1, to sulfuric acid, which is then accumulated
in the micropores of carbon:

SO, + 1/20, + H,0 — H,SO,. (1)

The kinetics and mechanism of this reaction have
been investigated by several groups of workers.1-19
Since the rate of the reaction decreases as the amount
of sulfuric acid increases, the sulfuric acid must be
removed periodically in order to recover the catalytic
activity of carbon. Several methods have been pro-
posed for this purpose. One of them is to remove
the sulfuric acid as sulfur dioxide by heating it in an
inert gas, where the following reaction takes place:1:2

H,SO, + 1/2C — SO, + 1/2CO, + H,0. @)

This method has the advantage that sulfur dioxide
is obtained in a concentration high enough to be
used directly for a sulfuric acid plant. However, it
has the disadvantage of consuming the carbon. An-
other method is to reduce the sulfuric acid to elemental
sulfur by the following two steps:11:12)

H,SO, + 3H,S — > 48 4 4H,0 3)
3H, + 3S — 3H,S. (4)

Reactions 3 and 4 proceed at 150 °C and 540 °C
respectively. In this method, 3 mol of hydrogen are
needed per mol of sulfuric acid in the over-all reaction.
Another process has also been investigated, in which
a copper-alumina absorbent is used as an acceptor
of sulfur dioxide and is regenerated by hydrogen.13:14)
Reactions 5 and 6 occur in the absorption step at
400 °C, and Reaction 7 occurs in the regeneration
step at 400 °C. In this process, 2 mol of hydrogen
are needed per mol of sulfur dioxide recovered.

Cu + 1/20, — CuO (5)
CuO + SO, + 1/20, — CuSO, (6)
CuSO, + 2H, — Cu + SO, + 2H,0 7

t  Present address: Research Laboratories of Osaka Soda
Co., Ltd., 9 Otakasu-cho, Amagasaki 660.

The reduction of sulfuric acid by hydrogen (Eq.
8) is even more favorable, because only 1 mol of hy-
drogen is consumed per mol of sulfur dioxide recovered.

H,S0, + H, —> SO, + 2H,0 (8)

Although Reactions 2 and 8 are both thermody-
namically possible, the second one can be conducted
preferentially if an appropriate catalyst is used. The
aim of the present work is to test the catalytic effect
of copper on this reaction.

It has previously been reported®#® that, when Reac-
tion 1 takes place on activated carbon at temperatures
from 50 °C to 140 °C, the concentration of sulfuric
acid formed is the equilibrium one which depends
upon the water-vapor concentration in the gas phase.
For example, 73 wt% H,SO, is formed at 100 °C
at the water-vapor concentration of 6 vol %,. In such
an acidic medium and in the presence of oxygen,
copper would exist in the form of sulfate. Thus,
copper sulfate was used as the catalyst component
in this work.

Experimental

Apparatus and Procedure. Granular activated carbon,
which had been impregnated with sulfuric acid with or
without copper sulfate, was heated in a stream of nitrogen
or hydrogen at a constant or linearly increasing temperature,
while the evolved gas was analyzed.

The apparatus used is shown in Fig. 1. A Pyrex tube,
23 mm in inner diameter, was used as a reactor; in it an
activated carbon sample (13 g) was packed to a length of
9cm. The reactor was placed in an electric heater. The
temperature of the catalyst was controlled so as to increase
at the rate of 2 °C//min using a chromel-alumel thermocouple
and a temperature-programming unit. In some experiments,
the temperature was kept constant. The flow rate of the
gas was kept constant at 100 cm®/min.

Preparation of Samples. Commercially available acti-
vated carbon (4 mme X6 mm, cylindrical, BET surface
area 1170 m3/g), made from coconut shell, was used for
all the experiments. The activated carbon was impregnated
under reduced pressure with an aqueous sulfuric acid con-
taining 20 g of H,SO, per 100 cm?, or with a solution con-
taining 20 g of H,SO, and 20 g of CuSO,-5H,0 per 100 cm3,
and then dried at 100 °C for 2 h. These samples contained
0.76 mmol of H,SO, perg of carbon and, if added, 0.15
mmol of CuSO, per g of carbon. Other samples containing
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Fig. 1. Experimental apparatus.
a: Reactor (Pyrex), b: activated-carbon, c: electric
heater, d: thermocouple, e¢: temperature-programing
unit, f: flow meter, g: buret (1 moldm~3 NaOH),
h: magnetic stirrer, i: 6 wt% H,;O, solution, j: 0.025
mol dm—3 Ba(OH), solution.

different amounts of copper sulfate were also prepared.

Analysis of Evolved Gas. The amount of sulfur dioxide
evolved was measured as a function of the time, according
to the method reported by Kamino et al.? The outflow
gas from the reactor was passed through a 6 wt%, hydrogen
peroxide solution, and the solution was titrated at appropriate
intervals with a standard solution of sodium hydroxide,
using a mixed solution of Methyl Red and Methylene Blue
as an indicator.tt

The total amount of carbon dioxide evolved was deter-
mined as follows: after the removal of the sulfur dioxide,
the outflow gas was introduced into a 0.025 mol dm—3
barium hydroxide solution, in which carbon dioxide was
absorbed. The solution was made free from barium carbon-
ate by filtration, and then it was titrated with 0.1 mol dm=3
hydrochloric acid. The amount of carbon dioxide absorbed
was calculated from the decrease in the concentration of
barium hydroxide during each run.

The formation of hydrogen sulfide was checked qualita-
tively by introducing the outflow gas directly into a silver
nitrate solution and looking for a black precipitate of Ag,S.
The formation of elemental sufur was checked by visual
inspection, because even a small amount of sulfur could be
detected by means of a yellowish-white deposit at the outlet
of the reactor. To confirm the results of the above tests,
the gravimetric determination of hydrogen sulfide and ele-
mental sulfur was also done by a method described else-
where.1%

Results and Discussion

Activated carbon containing 0.76 mmol of H,S0,
per g of carbon was heated in a stream of nitrogen
or hydrogen under an increasing temperature, while
the amount of sulfur dioxide evolved was measured.
As is shown by Curves a and b in Fig. 2, which re-
present the cumulative amount of sulfur dioxide as
a function of the increasing temperature, the evolu-
tion of sulfur dioxide occurred in the temperature
range from 200 °C to 350 °C. This temperature range

Tt As the color of this indicator changes from purple to
green at pH 5.4, neither carbon dioxide nor hydrogen sulfide,
if present, affects the results of titration.
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Fig. 2. Relationships between amount of SO, evolved
and temperature under different conditions.

Atmosphere; O,A: N, @,A: H,, addition of
CuSO,; O.,®: None, A,A: 0.15 mmol/g-carbon,
heating rate: 2 °C/min.

TaBLE 1. THE amounts OF SO, AnD CO, EVOLVED

Experimental conditions Evolved gases/mmol

—— ———
Atmosphere CuSO, SO, CO,
H, Not added 12.0 5.03
N, Added» 11.6 5.44
H, Added® 10.0 1.20

Temperature range: Room temperature—400 °C. Heat-
ing rate: 2°C/min. a) 0.15 mmol/g-carbon.

is in good agreement with that reported for Reaction
2 by other workers.!:?) Curves ¢ and d show similar
results for activated carbon containing 0.76 mmol of
H,50, and 0.15mmol of CuSO,perg of carbon.
In the case of the nitrogen atmosphere (Curve c),
the evolution of sulfur dioxide took place in almost
the same temperature range as above. In the case
of the hydrogen atmosphere (Curve d), the evolution
of sulfur dioxide began at 190 °C and was completed
at 270 °C. We supposed that Curves a, b, and ¢
correspond to Eq. 2, and Curve d, to Eq. 8. To
verify this supposition, the amounts of sulfur dioxide
and carbon dioxide evolved were determined in the
same runs. The results are shown in Table 1. The
mole ratio of CO,/SO, was about 0.5 in the cases
in which an activated carbon sample not containing
copper sulfate was heated in the hydrogen atmosphere,
and in which a sample containing copper sulfate was
heated in the nitrogen atmosphere. These results
indicate that Reaction 2 took place almost exclusively.
On the contrary, the mole ratio of CO,/SO, was much
smaller when the sample containing copper sulfate
was heated in the hydrogen atmosphere, indicating
that Reaction 8 took place predominantly. Hydrogen
sulfide and elemental sulfur were not detected in
any of the above cases.

The amounts of carbon dioxide and sulfur dioxide
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Fig. 3. Mole ratio CO,/SO, in the evolved gas at
constant temperatures (The broken line shows the
mole ratio expected from Eq. 2).

Amount of CuSO, added: 0.15mmol/g-carbon,
atmosphere; A: N,, O: H,.
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Fig. 4. Relationships between amount of SO, evolved
and time at constant temperatures.
O,A,LJ: Without addition of CuSO,, @,A,H:
with addition of CuSO, (0.15 mmol/g-carbon), tem-
perature; O: 224°C, A: 244°C, [J: 253°C, @:
221 °C, A: 244°C, H: 250 °C.

evolved were also measured at constant temperatures,
using activated carbon samples which contained copper
sulfate. Figure 3 shows the mole ratio of CO,/SO,
which was obtained when the sample was heated
in the nitrogen or hydrogen atmosphere. In the
case of the nitrogen atmosphere, the mole ratio was
0.5, as would be expected from Eq. 2. The mole
ratio was much smaller in the case of the hydrogen
atmosphere, but increased slightly with an increase
in the temperature. This indicates that the rate of
Reaction 2 increases more rapidly with an increase
in the temperature than that of Reaction 8. Since
the reduction of sulfuric acid is considered to proceed
only according to Egs. 2 and 8, of the total amount
of sulfuric acid the fraction which is reduced by carbon

Reduction of Sulfuric Acid by Hydrogen -
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Fig. 5. Initial reaction rates with and without ad-

dition of CuSO,.
A: Without addition of CuSO,, []: with addition
of CuSO,.
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Fig. 6. Relations between amount of SO, evolved and
temperature for different amounts of CuSO, added.
Amount of CuSO, added (mmol/g-carbon); O: 0,
A: 0.015, @: 0.15, A: 0.52, heating rate: 2 °C/min.

is simply twice the mole ratio of CO,/SO,. At 227
°C, for example, the contribution of Reaction 2 to
the total amount of sulfuric acid reduced was 109,
and that of Reaction 8 was 909%,.

The rate of reduction of sulfuric acid was also studied
at constant temperatures. Figure 4 shows the cu-
mulative amount of sulfur dioxide, which was evolved
at constant temperatures, as a function of the time.
Figure 5 shows the initial reaction rate, which was
determined from the initial slope of the curve in Fig.
4. The rate of the evolution of sulfur dioxide was
much higher in the presence of copper sulfate than
in its absence at the same temperatures. The
Arrhenius plot of the initial reaction rate gives the
apparent activation energies of 83 kJ/mol in the absence
of copper sulfate and 73 kJ/mol in its presence. These
values are regarded as approximately corresponding
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to Reactions 2 and 8 respectively, and they indicate
that the contribution of Reaction 2 should increase
as the temperature increases. This conclusion is con-
sistent with the result that the mole ratio of CQO,/SO,
increases with an increase in the temperature, as
is shown by the solid line in Fig. 3. Judging from
the values of the activation energy, the transport
processes are not the rate-determining steps in either
reaction.

The effect of the amount of copper sulfate was
also studied, using activated carbon impregnated with
a constant amount of sulfuric acid, but with different
amounts of copper sulfate. It may be seen from Fig.
6 that the addition of 0.15 mmol-CuSO,/g-carbon is
sufficient for Reaction 8 to occur under these condi-
tions. This amount of copper sulfate is about one-
fifth that of the sulfuric acid in moles. Therefore,
it is supported that copper in some state has a cataytic
effect on Reaction 8.

Concluding Remarks

It was found that sulfuric acid is reduced by hy-
drogen on activated carbon with copper sulfate at
temperatures from 190 °C to 270 °C. A succeeding
paper will describe metals other than copper as cata-
lysts, and will discuss the catalytic mechanisms.
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The reduction of sulfuric acid, which is formed on the activated carbon catalyst in the course of removing
sulfur dioxide from exhaust gas, was investigated. The platinum, palladium, silver, and copper on activated
carbon were found to be catalytically active in the reduction of sulfuric acid by hydrogen, while manganese, iron,

cobalt, nickel, and zinc were found to be inactive.

The copper—carbon catalyst is favorable, because sulfuric

acid was reduced selectively to sulfur dioxide on it at temperatures from 190 °C to 270 °C. On the platinum-
carbon catalyst, the reduction occurred at a relatively low temperature (140 °C to 200 °C), but hydrogen sulfide

and elemental sulfur were formed in addition to sulfur dioxide.

It is concluded from thermodynamic calcula-

tions that catalytically active metals were in the metallic state on activated carbon under the present reaction

conditions.

In the course of removing sulfur dioxide from ex-
haust gas by using the activated carbon catalyst,
sulfuric acid is formed and accumulated on the catalyst.
As a method for removing the sulfuric acid and re-
generating the catalyst, Reaction 1 seems to be suitable,

H,SO, + H, — SO, + 2H,0 (1)
because the sulfur dioxide obtained can be used directly
for sulfuric acid production. However, other side

reactions such as Reactions 2, 3, and 4, may possibly
For example, the standard Gibbs energy

occur.
change, AG®, for reactions 1, 2, 3, and 4 at 500K
H,SO, + 1/2C —— SO, + 1/2CO, + H,0 @)
H,SO, + 3H, —— S + 4H,0 (3)
H,SO, + 4H, —— H,S + 4H,0 4)

are -—133.0kJ/mol, —110.8 kJ/mol, —271.5 kJ/mol,
and —311.8 kJ/mol respectively.)) It was reported in
a previous paper?) that, when copper sulfate was
added, Reaction 1 took place on activated carbon,
with only a small consumption of carbon due to Reac-
tion 2. It was suggested that copper in a certain
state exerts a catalytic effect on Reaction 1 selectively.
In the present paper, experimental results on several
metals other than copper as a catalyst component
are described, and a possible mechanism of the cata-

lysis is discussed.

Experimental

Apparatus and Procedure. Granular catalysts were heat-
ed in a stream of hydrogen under the condition of a linearly
increasing temperature, and the gas thus evolved was an-
alyzed. The apparatus used was described in the previous
paper.? A Pyrex tube 23 mm¢ in inner diameter was
used as the reactor, in which catalyst was packed to a length
of ca. 9 cm. The amount of catalyst packed in was ca. 13 g
in the case of activated carbon and ca. 15g or 20 g in the
case of activated alumina. The catalyst temperature was
controlled so that it increased at the rate of 2 °C/min. The
flow rate of hydrogen was held constant at 100 cm?®/min.
Under these conditions it was easy to follow the amount of

t Present address: Research Laboratories of Osaka Soda
Co., Ltd., 9 Otakasu-cho, Amagasaki 660.

An electrochemical mechanism is proposed for the reaction.

sulfur dioxide evolved, and the linearity of the temperature
with the time was relatively good.

Preparation of Catalysts. Commercial activated carbon
(4 mm¢ X 6 mm cylindrical) made from coconut shell was
used for these experiments. The activated carbon was
impregnated with aqueous sulfuric acid, together with or
after the addition of each metal component, and then dried
at 100 °C for 2 h. Manganese, iron, cobalt, nickel, copper,
and zinc were added to the carbon by impregnating it with
a mixed solution of sulfuric acid and the respective sulfates.
Platinum, palladium, and silver were added to the carbon
in advance by impregnating it with aqueous solutions of
hexachloroplatinic(IV) acid, palladium(II) chloride, and
silver nitrate respectively, and by then heating it in a hy-
drogen atmosphere at 400 °C, where these salts were reduced
to metals. The content of the metal or the metal ion was
controlled so as to be ca. 9 mg/g carbon in all cases. In
the case of the copper—carbon catalyst, this amount was
sufficient as a catalyst component.? The amount of sulfuric
acid was ca. 0.8 mmol/g carbon. This amount was chosen
on the basis of the practical data in a pilot-plant test per-
formed by Kamino et al.,) where 0.7—1.6 N m3 of sulfur
dioxide was adsorbed by 57 kg of activated carbon per hour.

Activated alumina (3 mm¢ spherical) was also used in
place of activated carbon. In this case, the metal content
was ca. 8 mg/g alumina, and the amount of sulfuric acid
impregnated was ca. 0.7 mmol/g alumina.

Analysis of Gas Eyolved. The amount of sulfur dioxide
in the outflow gas from the reactor was determined by passing
the gas through a hydrogen peroxide solution and by titrat-
ing the solution at appropriate intervals with a sodium hy-
droxide solution.? The total amounts of hydrogen sulfide
and of elemental sulfur evolved were determined gravim-
etrically in the other runs, as follows: the outflow gas from
the reactor was introduced directly into an acidic solution
of silver nitrate, in which silver sulfite, silver sulfide, and
elemental sulfur were precipitated. After the filtration of
these precipitates, the silver sulfite was removed by washing
with an aqueous ammonia solution, and then the elemental
sulfur was dissolved in carbon disulfide. The weight of
the remaining silver sulfide was measured, from which the
amount of hydrogen sulfide evolved was calculated. Since
solid sulfur was also deposited at the outlet of the reactor,
it was dissolved in carbon disulfide and the solution thus
obtained was put together with the former one. After
the evapolation of the solvent, the weight of the solid sulfur

was measured.
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Results and Discussion

Activated carbons containing sulfuric acid and var-
ious metals or metal sulfates were heated in a stream
of hydrogen under the condition of an increasing
temperature, while the amount of sulfur dioxide evolved
was followed. The results are shown in Fig. 1. When
platinum, silver, palladium, or copper was added to
activated carbon, the evolution of sulfur dioxide was
observed in a lower temperature range than in the
case of simple activated cabon. These metals are
considered to catalyze Reaction 1. In the cases of
platinum—, silver—, and palladium-—carbon catalysts,
the contribution of Reaction 2 must be smaller, if
there is any at all, than in the case of the copper—
carbon catalyst, because the rate of this reaction de-
pends upon the temperature, but not upon the presence
of metal.?)? 'When manganese, iron, cobalt, nickel, or
zinc was added, the evolution of sulfur dioxide was
observed in the same temperature range as in the
case of simple activated carbon. In these cases, it
was likely that not Reaction 1, but Reaction 2 took
place exclusively. A comparison of the total amount
of sulfur dioxide evolved was rather difficult because
of the poor reproducibility of the initial amount of
sulfuric acid impregnated. However, the curve for
the platinum-carbon catalyst in Fig. 1 differs ap-
parently from the others, indicating that sulfur dioxide
was not the only product. In fact, a yellow deposit
was observed at the outlet of the reactor in this case.

In order to see whether carbon in itself plays any
role in Reaction 1, similar experiments were carried
out by using activated alumina in place of activated
carbon. Figure 2 shows the results on copper—alumina
and copper—carbon catalysts, as well as on simple
activated alumina and activated carbon. The evolu-
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Fig. 1. Relations between amount of sulfur dioxide
evolved and temperature for various metal-carbon
catalysts.

Metal or metal sulfate added; V: MnSO,, []: FeSO,,
HM: CoSO,, <&: NiSO,, O: CuSO,, ¢: ZnSO,, @:
Ag, N:Pd, A: Pt. Weight of packed catalyst: 13 g.
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Fig. 2. Relations between amount of sulfur dioxide

evolved and temperature for copper—alumina (A),
copper—carbon (A), simple alumina (@), and simple
carbon (O) catalysts. Weight of packed catalyst
A®: 20g, A\,O: 13g.

tion of sulfur dioxide took place on the copper-alumina
catalyst in a temperature range c¢a. 100 °C higher
than in the case of the copper—carbon catalyst. This
fact indicates that carbon also participates in the
catalysis in Reaction 1. A similar result was ob-
tained for the platinum-alumina catalyst, where the
evolution of sulfur dioxide occurred mainly in the
temperature range from 300 °C to 450° C. Incidental-
ly, the total amount of sulfur dioxide evolved was
almost the same in Fig. 2, although the initial amount
of sulfuric acid on the alumina catalysts was about
1.3 times larger than that on the carbon catalysts.

Since it is possible that sulfuric acid is reduced by
hydrogen to elemental sulfur and further to hydrogen
sulfide, the amounts of these products were determined
in the cases of the platinum-, silver-, and copper—
carbon catalysts and the copper-alumina catalyst.
As is shown in Table 1, a considerable amount of
hydrogen sulfide was formed on the platinum-carbon
catalyst, together with a small amount of elemental
sulfur. On the silver-carbon catalyst, a small amount
of hydrogen sulfide was formed. To the contrary,
neither of these products was detected in the case
of the copper—carbon catalyst. Considerable amounts

TasLE 1. THE amounts oF SO,, S, anp H,S EVOLVED

Weight of Evolved gases/mmol
Catalyst packed catalyst —

g SO, S H,S
Platinum-carbon® 13 8.5 0.3 3.5
Silver-carbon® 13 10.0 0.0 0.2
Copper-carbon® 13 10.5 0.0 0.0
Copper-aluminaP 15 6.0 0.8 4.1

Temperature range: a) Room temperature to 400 °C.
b) Room temperature to 500 °C. Heating rate: 2 °C/
min,
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of hydrogen sulfide and elemental sulfur were formed
on the copper-alumina catalyst, which is used in
commercial plants of the flue-gas desulfurization pro-
cess (Shell Process).%: This catalyst seems to be
suitable for the purpose of recovering elemental sulfur
in combination with the Claus process.

In order to infer the actual state of each metal
component under the reaction conditions, the standard
Gibbs energy change, AG®, for Reaction 5 was cal-
culated from the thermodynamic data.l)

M50, + Hy — (2/n)M + H,S0, (3)
Here, “n” indicates the ionic valence of the metal,
M. As is shown in Table 2, the values of AG® calcu-
lated for silver and copper have a negative sign. This
suggests that these metals exist in the metallic state
under the present reaction conditions. There is no
doubt that platinum and palladium are also in the
metallic state, though the necessary data are not
available. The other metals in Table 2 have positive
values of AG®, indicating that these metals exist as
sulfates. It is probable that catalytically active metals
are in the metallic state, while inactive metals are
in the ionic state.

THE STANDARD GIBBS ENERGY CHANGE,
AG° (kJ/mol), For REAcCTION 5

TABLE 2.

Temperature/K
M,/,S0,
300 400 500 600
MnSO, 267.4 272.2 276.2 280.2
FeSO, 135.1 141.3 146.6 152.0
CoSO, 70.9 76.5 82.0 88.0
NiSO, 87.4 91.4 95.2 99.5
CuSO, —29.1 —24.7 —21.2 —17.5
ZnSO, 182.7 188.3 193.2 198.3
Ag,SO, —71.5 —63.1 —55.5 —47.8

It may be noted in Fig. 1 that, when the added
metal has a lower hydrogen overvoltage, the evolution
of sulfur dioxide takes place in the lower temperature
range. Thus, the sequence of hydrogen overvoltage
at 25 °C,% Pt<Pd<Ag<Cu, agrees substantially with
the sequence of the temperature range in which the
reaction occurs, Pt<Ag<Pd<Cu."t Considering that
the hydrogen overvoltage is a measure of the elec-
trocatalytic activity of metal in the hydrogen-evolution
reaction, and that sulfuric acid is a liquid electrolyte
at temperatures below 337 °C, the following elec-
trochemical mechanism is proposed for Reaction 1:

H, — 2H* 4 2e- (6)

H,SO, + 2H+ + 2e- — SO, + 2H,0. ™
Thus, the anodic reaction Eq. 6, proceeds on metal,
and the cathodic reaction, Eq. 7, on cabon. Reac-
tion 7 is the reverse of that proposed in the catalytic
oxidation of sulfur dioxide on activated carbon.?:8)
When the added metal has a low hydrogen overvoltage,
Reaction 6 is catalyzed by the metal: therefore, the
total reaction, Eq. 1, can occur at a relatively low

Tt Palladium seems to be out of order in these two se-
quences. This may be ascribed either to the specific tem-
perature dependency of its activity, or to the discrepancy
of the mechanisms of hydrogen-electrode reaction on it
at low and high temperatures.

Reduction of Sulfuric Acid by Hydrogen 7

temperature. In contrast, alumina has no electric
conductivity; therefore, Reaction 7 cannot proceed
on alumina. Probably, then the catalytic reduction
of sulfuric acid on the copper— or platinum-alumina
catalyst occurs by another mechanism.

The standard electromotive force of the hypothetical
cell composed of Reactions 6 and 7 is calculated as
0.689 V at 500 K. If the overvoltage for Reaction
6 on the catalyst surface is greater than 0.689V at
500 K, it is impossible for these reactions to occur
at this temperature. This is the case with the simple
activated carbon. Thus, one of the present authors
has previously investigated the kinetics of Reaction
6 at various electrodes in the eutectic melt of lithium
chloride and potassium chloride in relation to the
hydrogen—chlorine fuel cell;» he found that the over-
voltage at the carbon electrode was greater than
0.84 V at 773 K. At the temperature of 500 K, the
overvoltage must be much greater. This may be
the reason why Reaction 1 does not take place on the
simple activated carbon.

It has been reported that sulfur dioxide, hydrogen
sulfide, and elemental sulfur were produced in the
electrolysis of concentrated sulfuric acid at moderately
high temperatures, and that the distribution of the
products depended strongly on the temperature.l%)
Besides, the kinetics and mechanism of the electrode
reaction are possibly dependent on the electrode
potential. In the catalytic reduction of sulfuric acid
in the present work, also, it is probable that the dis-
tribution of the products is determined by the reaction
temperature and the local potential on the catalyst
surface, both of which are dependent on the electro-
catalytic activity of the metal added.

Conclusion

It is concluded that the copper—carbon -catalyst
is the best for the purpose of recovering sulfur dioxide
from the reduction of sulfuric acid by hydrogen. This
catalyst.is not likely to be poisoned by sulfide forma-
tion, because copper on carbon may become ionic
in the oxidizing atmosphere in the step of sulfuric-
acid formation, and then be reduced to metal in the
reduction step, cyclically.
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The polarization spectra of indole, 3-indolebutyric acid, and benzimidazole have been measured and an-

alyzed by means of MO theory taking >-II interaction into consideration.

Induced transition moment due to

>3-1II interaction can be assigned to each ¢-bond (both direction and magnitude) pictorially. The effect of hetero
atom on the electronic absorption spectra can be interpreted reasonably. Agreement between experimental

and calculated results is satisfactory.

In previous paperst:? the effects of 3-II interaction
on 7w-x* transition energy and on the transition moment
in a conjugated system were formulated with use of
the partitioning technique,® 3-II interaction being
shown to have an important effect upon the excited
singlet states. The effect can be neglected for the
triplet states, since it arises from the exchange interac-
tion between ¢- and =z-electrons. The calculated
oscillator strength was reduced to almost one-half of
the reference one evaluated by the conventional n-
clectron approximation (P-P-P method). The MO-
CI method based on the =z-electron approximation
usually gives too large transition moments.

Our aim is to elucidate the effect of substituent
or hetero atoms in a large conjugated system on the
direction and magnitude of the transition moment
in view of X-II interaction. The transition moment
of m-m* transition is important in weak intermolecular
interaction, exciton interaction in the solid state or
in enzyme systems, and in optical properties of mole-
cules, such as optical activity, CD and MCD spectra.

A photoabsorbed tryptophan in an enzyme which
has indole residue as its functional group interacts
with a distant tryptophan in the same enzyme. The
origin of such long distance interaction (ca. R=30
A) is thought to be an exciton interaction. Com-
prehensive studies?~® have been made on electronic
spectra of indole which is an active part of tryptophan.

We have determined the direction of transition
moment of indole, 3-indolebutyric acid, and benz-
imidazole and compared the result with that of MO-
CI calculation taking 3-II interaction into considera-
tion. By our method the induced transition moment
caused by 2-II interaction can be decomposed into
individual o¢-bonds which are mostly localized. The
decomposition of the induced moment will help to
clarify the general feature of 3-II interaction in a
molecule.

Experimental

Materials. Indole, 3-indolebutyric acid, and benz-
imidazole (guaranteed, Tokyo Kasei Co., Ltd.) were puri-
fied by repeated recrystalization from ethanol or a mixed
ethanol-water solution. PVA (polyvinyl alcohol) powder
(Koso Chemical Co., Ltd., average polymerization degree
1400) was used for preparation of the film. Preparation
of the PVA film and details of dichroism were reported.”

Measurement. Dichroic spectra of indole and 3-indole-
butyric acid in the stretched PVA films were measured with
a Simadzu QV-50 spectrophotometer equipped with a
Glan-Thompson polarizer available for the region over
220 nm. The dichroic spectra of benzimidazole, whose
maximum corresponding to the intense band at 220 nm
of indole is at 205 nm, were measured with a Simadzu UV-
200S automatic recording spectrophotometer available for
the region over 190 nm.

In the dichroism analysis, the stretched ratio Rs indi-
cates the degree of deformation of the PVA structure, the
dichroic ratio Rd the ratio of optical densities (D, /D) at
a given wavelength, and D and D; are the densities for
the incident polarized light the electric vector of which is
parallel and perpendicular, respectively, to the stretching
direction of the film.

Rd can be expressed as a function of Rs and a parameter
r, which is defined as the ratio of two components (u, and
Uy) of a transition moment of an electronic transition. g,
and u, are the components parallel and perpendicular,
respectively, to an orientation axis (OA) peculiar to the
molecule.” The angle of the transition moment against
OA, which will be referred to as the orientation angle, can
be obtained using the Rd and Rs values. The apparent
orientation angles for the bands are indicated along the
Rd curve in Figs. 1 and 2.

Theoretical

A report was given on an improvement of the P-
P-P method considering 3-II interaction, which was

a b
(a) 41.5° (b)
° R, o 20
- “eerovee,,,, 487 )
475 -, ] Rd
Dy v 10
(Rs=91)

@ @
2 e
2 3
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4] 0
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< <
220 260 300 220 260 300
Wavelength /nm Wavelength / nm
Fig. 1. Dichroic spectra of (a) indole and (b) 3-indole-

butyric acid in the stretched PVA film.
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Fig. 2. Dichroic spectra of benzimidazole in the
stretched PVA film.

found to be satisfactory for the calculation of elec-
tronic spectra of conjugated systems, particularly for
the calculation of transition moments.!)

A physical picture is given of the effect of Z-II in-
teraction on the transition moment. The transition

moment, f, can be expressed by

fit = my + Am (1)
1

Am = —1/—?;% z'u: Ciodipd, , %rABAByB/u (2)
where mg is the transition moment obtained by the
conventional P-P-P calculation, Am the correction
term due to the X-II interaction, and ¢ the energy
parameter. In Eq. 2, C;, is the variation parameter
associated with the configuration, [7>, and d;, the
u-th AO coefficient of the i-th MO. Am can be de-
composed into the individual A-B ¢-bond polariza-
tion, Am,g, as follows.

Am = 3 Am,g
A>B
Am,p = (ry—rg)Byp(Xg—X,4), 3)
where
1
Xg = 177_s§ Ciadiydaypr 4)

and r, is the position vector of the atom A. Equa-
tion 4 can be rewritten as

I
= — 5
Xg vV oe %} Y, 784 (5)
where Y, is defined by
Y, = 3 Cidi,d,,, (6)

Y, represents the component of the transition density
(CTD) at p-th atom. When z-n* transition takes
place, Y, is produced at p-th atom, creating an in-
duced charge, Xz, on the atom B. In Eq. 3, the
vector (r,—ry) indicates the A-B o¢-bond given by
the structural formula. (X;—X,) gives the difference
between the induced charge of atom A and that of
atom B. B,, plays the role of projection operator
whether a o-bond exists or not between the atoms

Polarized Absorption Spectra of Indole and Benzimidazole 9

A and B.

MO-CI calculations have been carried out for
indole, 3-methylindole and benzimidazole. As re-
gards their geometry, it is assumed that all molecules
consist of regular hexagons and pentagons, in which
each C-C and C-N bond length is 1.40 A. Values
for the valence-state ionization potentials, I, and
electron affinities, 4, of the carbon and nitrogen atoms
are taken as follows.

I(C) = 11.16 eV
I(N+) = 14.12¢V
I(N+2) = 26.70 eV

A(C) = 0.03eV
A(N*Y) = 1.78 eV
A(N+?) = 9.26 eV

The two center core integrals f,, are calculated by
the variable f method:®

B,,(C-C) = —1.90 — 0.51 P,, eV
B,,(C-N) = —2.09 — 0.53 P,, V.

In the CI calculation, all possible singly excited con-
figurations are included.

Results and Discussion

Determination of Orientation Axis. Indole and 3-
indolebutyric acid show very similar spectra (Figs.
1(a) and 1(b)). From a comparison of the Rd curves,
we see that the absorption in the range 240—300
nm consists of two bands with different polarizations.
Let us denote the bands for the long and short wave-
length side by bands (I) and (II). The apparent
orientation angles are 49.5° (I) and 46.1° (II) for
indole, and 52.7° (I) and 48.7° (II) for 3-indolebutyric
acid, both orientation angles increasing with the
substituent effect. On the other hand, the apparent
angle for a third band (III) at ca. 220 nm decreases
from 42.2° to 41.5°. Such changes suggest that the
orientation axis rotates and approaches the polariza-
tion direction of the third band away from those of
the first and second transitions. Thus, the polariza-
tion direction of bands I and II is on one side of the
orientation axis of the molecule and that of band
ITI on the opposite side.

In dichroism analysis, when an absorption band
is isolated from the others, the Rd value for the band
should be constant in the band region. However,
the value for band III (max. 224 nm) of 3-indole-
butyric acid, for example, is not constant but de-
creases from maximum at 230 nm toward the short
wavelength for the band region observed. The de-
crease in Rd indicates that band IV penetrates into
the band III region. The orientation angle for band
IIT would become smaller than 41.5° if no penetration
takes place.

The same situation is considered for band III of
indole; the true orientation angle should be less than
42.2°. Since bands I and II overlap each other,
their specific orientation angles should be >49.5°
and <46.1° for indole and >52.7° and <48.7° for
3-indolebutyric acid, respectively.

Figure 2 shows the dichroic spectra and Rd curve
for benzimidazole. From a comparison of Fig. 2
with Figs. 1(a) and 1(b), we see that bands, I and
II (Fig. 2) are isolated from each other and correspond
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to bands I and II of indole, respectively, and also
band III of benzimidazole corresponds to that of
indole. The apparent orientation angles for I1(45°)
and I1I(44.6°) of benzimidazole are nearly equal to
each other and differ from that of I1(49.7°), suggesting
that their transition moments are on one side of the
orientation axis of the molecule while band II is on
the opposite side, in contrast to the case for indole.
This indicates that the direction of the transition
moment of band I of indole has been moved from
one side to the other of the orientation axis by the
substituent effect of aza-nitrogen at the 3-position of
indole molecule.

The orientation axis of molecule can be determined
by a comparison of the experimental orientation
angles of band polarizations and the calculated ab-
solute angles of corresponding transition moment.

In the dichroism analysis, the induced orientation
axis (OA) of molecule in the stretched PVA substrate
is assumed to take a specific direction in the molecular
plane. Let us denote the angle between OA and
the molecular coordinate axis X by 0,,(X), where
—90°=0,,(X)=90° (6,,(X) is defined as positive
for anticlockwise direction). If we denote the theo-
retically calculated angle of the moment of the n-th
singlet transition (S,) against the X-axis by 6,(X),
and the angle of S, against OA by 6,(OA), we have

0,(0A) = 90° £ (90°—|6,(X) —00a(X) [), ™)

where the signs + and — are taken for negative and
positive values, respectively. 0,(OA) should be com-
pared with the experimental orientation angle 6, (OA)
of the band number N corresponding to the n-th tran-
sition.

We can now determine the absolute angle 6, (X)
of the orientation axis against the X axis of the mole-
cule in the stretched PVA substrate. The relation
between 6,(OA) and 6,,(X) for indole is shown
in Fig. 3(a) where the lower limit 6;(OA)>49.5°
and upper limits 0,;(OA)<46.1° and 0,,;(OA)<42.2°
are added. For 6,,(X) satisfactory conditions are as
follows: 6;(OA)>49.5° in -the range —36.2°—44.8°
6:;(OA)>46.1° in the range from 43.5° to —44.3°
through 90°, and 0;;;(OA)<42.2° in the range ——38.6°
=00.(X)=45.8°. The orientation axis (OA) as-
sociated with the indole molecule should be restricted
to a common direction for which the three condi-
tions are satisfied simultaneously. Such an angle
0oa(X) (44°£1°) can be found in the range 43.5°—
44.8° (Fig. 4(a)).

In the same way, the orientation axis of the 3-indole-
butyric acid molecule can be determined to be
04 (X)=39°£1° making use of the calculated result
for methyl derivative of indole instead of the 3-(3-
carboxypropyl) derivative.

In the case of benzimidazole, the range of angle
6,,(X) which satisfies the experimental conditions is
5°—29° (Figs. 3(b) and 4(b)). The range is de-
pendent on the experimental data for bands I and
IV the orientation angles of which are 6;(OA)=45°
and 0y (OA)>54.7°, respectively. However, band IV
greatly overlaps band III of 6;,;(OA)<44.6° (Fig. 2).
If band IV is isolated from band III, it will have

[Vol. 54, No. 1
90— 1 1 1 1 1 1 1 1 L 1 L L ] L I
- (a)
=
o
&
90— 1 1 1 1 1 1 i 1 L i1 1 I 1 1 1 1 i
- e(o A L
601 \1 it s I S
1s - (b
N4 0.(04 I
301 o260 S [
1o o X e o0 >3
!

oNZ N N NS
-90 -60 -30 0 30 60 90
OoalX)/®

Fig. 3. The angle-relation between the moment of n-

th transition (S,) and the orientation axis (OA)
of molecule when the angle of OA to the molecular
axis (X) varies in the range—90°—90°.
The abscissa represents the angle of OA to X, 00a(X),
and the ordinate the angle of the moment of S,
to OA, 6,(OA). The horizontal lines indicate the
experimental orientation angles (lower or upper limit)
of the band number N, 6y (OA), which are compared
with the theoretical values 6,(OA). The allowed
angles of O (OA) are as follows. (a) indole: 0;(OA)>
49.5°, 0;1(OA)<46.1°, 0111(0OA)<42.2°. (b) benz-
imidazole: 6;(0A)=<{45°, 01:(0A)>49.7°, O111(OA) <
44.6°, 6;v(OA)>54.7°.
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Fig. 4. Angle-relation of 6,(OA) and 00,(X) of (a)
indole and (b) benzimidazole. See' the illustration
of Fig. 3.

an angle much larger than 54.7°. This will make
the lower limit of 6,,(X) shift from 5° toward 29°
(Fig. 4(b)). Since the first peak of band I is con-
sidered to be pure electronic transition because of
its isolation from band II, the value 0;(OA)=45°
would' be reliable and the angle of 6,,(X) may be
ca. 29°.

The directions of OA of indole, 3-indolebutyric
acid and benzimidazole determined experimentally
are given in Table 1. 0,,(X) is the absolute angle
of OA against the molecular X(long) axis. The
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TaBLE 1. EXPERIMENTAL ORIENTATION ANGLE 0y(OA)
OF BAND N, CALCULATED ORIENTATION ANGLE 0,(OA)
OF n-TH TRANSITION AND DETERMINED DIRECTION
004 (X) OF ORIENTATION AXxIs OA OF INDOLE,
3-INDOLEBUTYRIC ACID AND BENZIMIDAZOLE

65 (OA) (0,(0A))

N .
Indole 3-¥ndolebutyr1c Benzimidazole
acid
I >49.5°(50.3°) >52.7°(53.5°) <45° (45°)

Il <46.1°(45.6°)
I <42.2°(40.4°)
IV $42.2°

<48.7° (47.3°)
<41.5° (34.5°)
>41.5°

>49.7° (71°)
>44.6° (19°)
$54.7° (79°)

0os(X)»  44°+1° 39°+1° ca. 29°

a) The angle against the X-axis of the molecule.
See Figs. 4 and 5. For determination of 6g,(X) for
3-indolebutyric acid, the calculated results for 3-methyl-
indole were used.

TABLE 2. EXCITATION ENERGIES AND OSCILLATOR
STRENGTHS OF 71-7¥ SINGLET STATES OF INDOLE,
BENZIMIDASOLE, AND 3-METHYLINDOLE

Calculations Experimental®
Compound = ——— —_——

EleV f E/eV log(e/l mol—! cm~1)

4.48 0.024 4.1 ~3.2

4.78 0.061 4.3 3.7
Indole <6.02 0.886 5.5 4.5

6.33 0.114

6.50 0.111

4.48 0.024 4.1 ~3.0

4.81 0.067 4.3 3.7
3-Methyl- J6.02  0.922 5.6 4.5

6.40 0.077

6.52 0.124

4.58 0.012 4.5 3.7
Benzimida- 5.05 0.086 5.0 3.7

z0le® <6.15 0.858 6.0 4.4
6.51 0.249
6.72 0.046

b) Experimental values are
¢) pH of aqueous solution

a) In aqueous solution.
for 3-indolebutyric acid.
ca. 10.

geometrical relation of OA and the transition moments
of S, are shown in Fig. 5. Agreement between ex-
perimental and calculated results is satisfactory. In
the case of indole the calculated angles of S; and S,
are 50.3° and 45.6° respectively. However, the an-
gles observed are 49.5° and 46.1°, respectively, show-
ing that the partial overlapping of the two bands
makes the respective transition directions (absolute
angles) approach each other (apparent angles). Sim-
ilarly, "the orientation angle of S; transition turns
toward that of S, because of overlapping. The calcu-
lated and experimental results agree (Fig. 5).
Substituent Effect on the Electronic Transition Moment.
The calculated m-n* transition energies and oscillator
strengths of indole, 3-methylindole, and benzimidazole
are summarized in Table 2. Agreement between
calculated and experimental results is satisfactory. The

calculated transition moments, m, and m, and oscil-
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%2
5050 /OA(LLE1°)
<550 SA

(a)

(b)

Q)

Fig. 5. Calculated transition moments (S,) and ori-
entation axis (OA) of (a) indole, (b) 3-indolebutyric
acid and (c) benzimidazole. X means the molecular
long axis.
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Fig. 6. The divided induced o-polarization, Am,g’s,
of indole.
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Fig. 7. The divided induced o¢-polarization, Am,g’s,

of benzimidazole.

lator strengths, f, and f, of these molecules are sum-
marized in Table 3. The directions of m, and Am
are almost opposite each other, f being considerably
reduced. It is of interest to study the effect of the
methyl group on the transition moment of the methyl
substituted systems. The induced o¢-polarization of
indole and that of 3-methylindole are illustrated in
Figs. 6 and 8, respectively. In the case of 3-methyl-
indole, a large induced ¢-bond polarization is found
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TABLE 3.

[Vol. 54, No. 1

CALCULATED TRANSITION MOMENTS AND OSCILLATOR STRENGTHS OF INDOLE, BENZIMIDAZOLE,

AND 3-METHYLINDOLE

Transition moments®

Oscillator strengths®

States®) myleA Am/eA mjeA
—— e N —— )
x y X y b Jo S Slfo 6/°
Indole
S, —0.029 0.392 0.010 —0.144 —0.019 0.248 0.061 0.024 0.39 —85.7
S, —0.004 0.587 0.007 —0.204 0.003 0.383 0.144 0.061 0.42 89.6
S, 1.697 0.113 —-0.403 —0.031 1.294 0.082 1.524 0.886 0.58 3.6
S, 0.491 —-0.341 —0.105 0.102 0.386 —0.238 0.198 0.114 0.58 —31.7
Ss 0.071 0.704 —-0.018 -—0.269 0.052 0.434 0.286 0.111 0.39 83.2
Benzimidazole
S: 0.216 —0.067 —0.052 0.019 0.164 —0.048 0.020 0.012 0.60 —16.4
S, —0.096 0.682 0.024 —-0.248 —0.072 0.435 0.210 0.086 0.41 —80.6
S, 1.642 0.367 —0.398 —0.150 1.244 0.217 1.523 0.858 0.56 9.9
Sa —0.560 0.726 0.133 —0.221 —0.427 0.505 0.479 0.249 0.52 —49.8
Ss —0.263 0.340 0.055 —0.154 —0.208 0.185 0.108 0.046 0.43 —41.7
3-Methylindole
S —0.026 0.383 0.016 —0.13¢ —0.011 0.249 0.058 0.024 0.41 —87.5
S, 0.009 0.589 0.017 —0.190 0.026 0.399 0.146 0.067 0.46 86.3
S, 1.727 0.094 —0.408 0.010 1.319 0.105 1.575 0.922 0.59 4.5
S, —0.376 0.370 0.073 —0.154 0.303 —0.216 0.156 0.077 0.49 35.6
Ss 0.048 0.722 —-0.006 —0.257 0.042 0.465 0.299 0.124 0.41 83.2

a) Singlet states are placed in order of increasing the energy. b) x and y indicate components of the transition

moment.

¢) fo and f are calculated by using m, and m, respectively. d) Angles of m from the molecular

long axis shown in degrees are defined as positive for anticlockwise direction.

CHy CHy
1
O/\/{Q \r¢ Y
B i/
Q’\/Q/Ld\a/ S ¥
CHg £Hs
4 7
Za /\‘\Tt?’(%
T 1!
U LA o/
P S N A %‘ﬂ
H
Fig. 8. The divided induced o-polarization, Am,g’s,

of 3-methylidole.

at C-CH; o-bond, but its oscillator strength and
the direction of transition moment of the z-m* ex-
citation are almost the same as those of indole. It
is thus concluded that in an alkyl derivative, the in-
duced ¢-bond polarization appearing at C-C  (alkyl)
og-bond differs at each excited state. However, it
has no appreciable effect on the direction of the tran-
sition moment of the =m-n* excitation. For deter-
mination of the direction of transition moment, the
alkyl substituted molecule is often used instead of
the parent molecule because of its larger orientation

in the adsorption on the PVA film or in crystalliza-
tion. The theoretical results support the pertinence
of such experimental prescription. The induced o-
polarization are shown in Figs. 6—8 where, for the
sake of simplicity, the zm-n* transition moments are
omitted. The gross features of the induced ¢-bond
polarizations of each molecule considered resemble
each other.
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The hydrogenation of cyclohexene vapor on dispersed palladium was studied in the pressure range of 10—
40 Torrt at temperatures between 283 and 323 K. Palladium was impregnated on ZrO, and «-Al;O; over the
wide range of 0.03 to 2.1 wt%, and the percentage exposed was varied from 13 to 969, for Pd/ZrO, and from
2 to 159, for Pd/ax-Al,Os. The hydrogenation activity, V,, per unit of weight of the Pd dispersed on ZrO,, ex-
hibited a sharp maximum at 0.05 wt%,, but the turn-over frequency, ¥V, per exposed atom around this maximum
remained almost constant, which shows the reaction to be structure-insensitive. The value of V; for Pd/ZrO,
at 301 K was larger than those for Pd/«-Al,0, and Pd bulk metal by one order of magnitude. The ZrO, carrier
affected the catalytic behavior of palladium; the reaction orders with respect to the hydrogen and cyclohexene
pressures changed to 0.73+40.04 and 0.644-0.04 respectively from the corresponding values, 0.9740.03 and 0.07 +
0.04 for Pd/a-Al,O4 and Pd metal. The deuterium distributions in the reactant and product molecules in the
reaction with D, suggested that the hydrogenation on Pd/ZrO, and Pd/«-Al,O; proceeds via the associative mech-
anism; the slow step is assumed to be the reaction of the surface cyclohexyl radical with the adsorbed hydrogen
atom. The poisoning due to preadsorbed CO decreased the catalytic activities of Pd/ZrO, and Pd/a-Al,O4
almost linearly with the amounts of surface CO and caused a complete deactivation at about a half coverage of
the surface Pd atoms, irrespective of the percentage exposed. On the basis of these results, the structure-insen-
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sitivity of the cyclohexene hydrogenation on Pd and the carrier effect of ZrO, are discussed.

In order to get a fundamental understanding of
heterogeneous catalysis by metals, the effect of the
surface structure on the activity has been extensively
studied using metals dispersed on supports! as well
as their single crystals.?) It appears that attention
has been forcused on the shapes and size distributions
of metal crystallites in connection with their activity,
while supports have simply been regarded as inert
matrices. Recently, however, it has been pointed out
that the peculiar catalytic activity might be induced
by the interactions between metal particles and sup-
port; this has been known as the “‘support effect.”’?
In this regard, the oxides of Group IV, metals have
exerted noteworthy effects as supports or promotors
of the catalytic hydrogenation.

Maxted and Ali% reported that palladium metal
loaded on ZrO,, ThO,, and TiO, exhibited not only
a higher activity for the liquid-phase hydrogenation
of cyclohexene than that of the unsupported metal,
but also its maximum in activity at a definite concen-
tration of Pd, depending on the respective supports.
Recently, Fujimoto et al.5) showed that the addition
of ThO, to the silica-supported Pd catalyst markedly
increased the activity for the hydrogenation of CO.
These positive effects of the oxides are of particular
interest, but they have not yet been analyzed in detail.

Since the influence of the oxides on the catalytic
behavior of Pd seems to become smaller as the size
of metal crystallites increase, distinct evidence of the
support effect can be obtained by the use of catalysts
in a state of high dispersion or with a large percentage
exposed. In the present study, the first one of this
series, ZrO, was taken as a potentially interesting
support on which palladium metal was dispersed over
a wide range of surface concentrations and the hy-
drogenation of cyclohexene was studied. The reac-
tion on «-Al,Og4-supported and bulk metal palladium
was also examined for comparison. Both supported

t 1 Torr=133.322 Pa.

catalysts were characterized by CO chemisorption and
X-ray diffraction methods, and the percentage exposed
was determined. Although most of the works on
cyclohexene hydrogenation over Pd blacks® and Pd/
Al,O,9 have been carried out in the liquid phase,
we studied the reaction in the gas phase because of
easier kinetic analysis. The kinetics was supplemented
by the results of an examination of the deuterium
distributions in the product and reactants in the reac-
tion with D,.

The relationship between the percentage exposed
and the turnover frequency enables us to inspect the
effect of the surface structure upon the catalytic be-
havior, but it is not sufficient for us to evaluate the
surface density of active sites. Accordingly, the poi-
soning due to preadsorbed CO was applied to the
present catalyst system in order to evaluate the density
and, further, to study the nature of the active sites,
which may change through the interaction with car-
ries.

Experimental

Catalysts. Palladium supported on zirconia or «-
alumina was prepared by the impregnation method at room
temperature. Both supports were washed with 0.1 mol
dm-3 nitric acid and then rinsed thoroughly with ion-ex-
changed water. The surface area, as evaluated by the
BET method using nitrogen, were 38.5 m?/g for ZrO, and
3.8 m?/g for «-Al,O;. The impregnation of palladium was
carried out by adding, drop by drop, an aqueous solution
of palladium nitrate, in a concentration of about 13 g/l,
to a batch of the supports which were slowly being stirred.
The addition was stopped at the incipient wetness of the
support, and then the catalysts were dried in air at 393 K
for 12h. The concentration of Pd was thus widely changed,
i.e., from 0.03 to 2.1 wt% for Pd/ZrO, and from 0.05 to
2.1 wt9, for Pd/x-Al,0O,. Palladium metal powder was
prepared by reducing PdCl, with an aqueous solution of
NaBH,.

In order to determine the conditions which provide a
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catalytic activity as stable and high as possible, the influence
of the reduction temperature on the catalytic activity of
Pd/ZrO, and Pd/x-Al,O; was investigated up to 875K;
reduction at 523 K was found to be a suitable treatment.
The catalyst activity was also examined at the same tem-
perature as a function of the reduction time for up to 5h,
but no significant difference was observed after 1 h. Thus,
a fresh catalyst was subjected to pretreatment by oxidation
with 20 Torr of oxygen at 523 K for 1h, followed by re-
duction with 20 Torr of hydrogen at 523 K for 1 h and then
evacuation for 1h at the same temperature. This series
of treatments was also employed prior to each kinetic run.

Kinetics of Reaction. The gas-phase hydrogenation of
cyclohexene was carried out by using a closed circulation
system with a volume of 450 ml. The cyclohexene was
degassed, subjected several times to a trap-to-trap distil-
lation, and then transferred to the reaction system. The
pressure decrease during the course of the reaction was
followed by means of a glass Bourdon gauge. A gas chro-
matographic analysis verified that cyclohexane was the
only product under the present experimental conditions
and that the rate of the pressure decrease corresponded
exclusively to the rate of cyclohexane formation. The hy-
drogenation was studied in the pressure range of 10—40
Torr at temperature between 283 and 323 K. The reaction
with deutrium was carried out under exactly the same con-
ditions as those used in the hydrogenation. After the reduc-
tion, the cyclohexene and cyclohexane were separated gas
chromatographically by the use of a 6 m column of Celite-
545, with Dinonyl phthalate added, and then analysed by
means of a mass-spectrometer, Hitachi RMU-7M, at an
ionization voltage of 15eV. The mass patterns including
isotope peak (1¥C) and the isotope effect on the ionization
were corrected.® The hydrogen, hydrogen deuteride, and
deuterium were analysed by means of gas chromatograph.?
In order to determine the percentage exposed of palladium
atoms, the adsorption of CO was employed at 301 K in a
static system with a volume of 150 ml after the catalysts
had been treated in the same manner as that employed
in the kinetic study. X-Ray diffraction was also applied
to the catalysts.

Material. Zirconia of an extra pure grade was ob-
tained from the Koso Chemical Co., and a-alumina, from
the Shimadzu Seisakusho, Ltd. Cyclohexene of an extra
pure grade, purchased from Yoneyama Chemical Indus-
tries, Ltd., was distilled @ vacuo and found to be gas chro-
matographically pure. Hydrogen (99.99% pure) and deu-
terium (containing less than 0.59%, HD) were obtained from
Takachiho Kagaku Kogyo and were purified through a
molecular-sieve trap cooled to 80 K.

Results

Figure 1 shows the variation in the catalytic activity,
V,, (molecule min—! g Pd-1) of Pd/ZrO, and Pd/a-
Al,O4 for the hydrogenation of cyclohexene with dif-
ferent Pd contents. The Pd/ZrO, catalyst was char-
acterized by a marked rise in the activity with an
increase in the Pd content and by a maximum at
0.05 wt%, whereas Pd/«-Al,O, shows only a slight
increase around 0.2 wt%. A comparison between the
highest activities showed that the activity per gram
of Pd dispersed on ZrO, was about 170 times greater
than that of Pd on «-Al,O,. Kinetic studies were
carried out for most of these catalysts; the results
thus obtained are summarized in Tables 1 and 2.
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Fig. 1.
tent.
Unless otherwise stated, the following conditions were
used: Pp=40 Torr, P,=40 Torr, reaction temp=2301
K.

O: Pd/ZrO,, @: Pd/x-Al,O,.

Change in catalytic activity V, with Pd con-

It should be noted that, for a series of each kind of
catalyst, the reactions gave almost the same activation
energy and pressure dependence, irrespective of the
Pd concentration, but there were significant differences
in these kinetic parameters between the reaction on
Pd/ZrO, and Pd/x-Al,O,; the activation energy for
the reaction on Pd/ZrO, was, on the average, higher
by about 13 k] mol! than for Pd/«-AlL,O; and Pd
bulk metal. The reaction orders with respect to
the partial pressures of hydrogen and cyclohexene
were, respectively, 0.73+0.04 and 0.64+0.04 for Pd/
ZrO,, whereas the corresponding values were 0.97+
0.03 and 0.07+0.04 for Pd/«-Al,O4-and Pd bulk metal.

The detailed analysis of the reaction was performed
by using deuterium as a tracer, and the deuterium
distributions in gaseous cyclohexene, cyclohexane, and
hydrogen were investigated. The results are sum-
marized in Table 3. Neither hydrogenation nor ex-
change reaction of cyclohexene with D, occurred on
either of the supports, ZrO, and «-Al,O,;, under the
present experimental conditions. The reaction of cy-
clohexene with D, or with Hy,+D, on Pd/ZrO, and
Pd/«-Al,O; demonstrated that considerable amounts
of cyclohexene [D,] and [D,] were formed at a con-
version of from 8 to 109,. Equilibration among H,,
HD, and D, in the gas phase proceeded completely
in the case of Pd/x-Al,O;; the values of K, defined
as the Pap/P P,