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The oxidative dehydrogenation of ethylbenzene to styrene on SnO,-P,05 catalyst was investi-
gated and the effects of catalyst composition and calcination temperature were studied. Elimination
of phosphoric acid from SnO,-P,0j catalyst by nitric acid treatment and phosphoric acid treatment
of the SnO, surface result in an increase of activity and selectivity. The catalytic behavior of SnO,—
P,Oy catalysts is compared with that of crystalline tin(IV) phosphate. The interdependence of
catalytic activity and selectivity, catalyst crystalline structure, and BET surface area is also
discussed. These indicate that a type of tin—-phosphorus compound is the active component. Also
an increase in activity with reaction time and by calcination is explained. A mechanism consisting
of the abstraction of hydrogen from ethylbenzene by surface oxygen to form styrene and the
regeneration of oxygen from gas phase to the catalyst surface is proposed, with consideration of the
role of tin and phosphorus, on the basis of kinetic data in a differential flow reactor.

INTRODUCTION

Styrene is produced on a commercial
scale from ethylbenzene (EB) by a catalytic
dehydrogenation reaction in the vapor
phase at 600-700°C, just below the region
where thermal cracking  becomes
significant. This is an endothermic reaction
affected by an equilibrium which favors the
products as the temperature is increased
and the pressure reduced. Superheated
steam is used as the additive to provide
heat needed for the reaction, to reduce the
ethylbenzene and hydrogen partial pres-
sures to maximize yields, and to keep the
catalyst clean and active. On the other
hand, the oxidative dehydrogenation which
is an exothermic reaction, can make the
equilibrium shift toward the desired prod-
uct, lower the reaction temperature, and
reduce the volume of the steam diluent
required by feeding oxygen with reactant.
This oxidative dehydrogenation process is
currently increasing in importance and a
catalyst which shows high activity and se-

lectivity is now desired (/). The direct
oxidation of hydrocarbons to get oxygen-
containing products has been developed as
have some oxidation processes such as
ammoxidation and oxychlorination which
have been used on the industrial scale.
These situations suggest the possibility of
producing styrene by the oxidative dehy-
drogenation process, thus saving energy.
However, the selectivity is not sufficient in
the oxidative dehydrogenation of ethylben-
zene on the bismuth-molybdenum catalyst
(2) which is one of the typical mild oxida-
tion catalysts for the production of the
commercial base.

In our screening study (3) the activity
and selectivity of various oxide catalysts
were examined, and SnO,~-P,O; catalyst
was found to show both high yield and high
selectivity to styrene. In the present study,
further investigations were carried out on
SnO,~P,0j5 catalyst. The state and the role
of the phosphorus were investigated by X-
ray diffraction and chemical treatment of
the catalyst. The active component is dis-
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cussed comparing it with crystalline tin
phosphate. The mechanism of the activa-
tion of oxygen and ethylbenzene on the cat-
alyst is also discussed on the basis of ki-
netic data in a differential flow reactor and
by the pulse reaction technique.

EXPERIMENTAL
Catalysts

Tin oxide (SnQ;), solid phosphoric acid
catalyst (Solid-P), and SnQO,-P,O5 (Sn—P)
were prepared by the method reported in
our screening study (3). Crystalline tin(IV)
phosphate (c-SnP) was prepared by the
method of Costantino and Gasperoni (4).
Anhydrous tin(IV) chloride was added to
1.6 liter of 8 M H,PO, and 3 M HNOj; until
the P:Sn ratio reached 30 and then the
solution was refluxed for 100 h. The prod-
uct was then washed with distilled water
until pH 4 was obtained, dried under vac-
uum at room temperature for several days,
pressed, and sieved. The BET surface
areas of ¢c-SnP were 13.1 and 5.9 after being
calcined at room temperature and 550°C,
respectively. The X-ray diffraction pattern
of the c-SnP thus obtained was in good
agreement with that previously reported
).
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Flow Reaction

The continuous flow reaction was carried
out with conventional fixed-bed equipment
at atmospheric pressure using a Pyrex reac-
tor with an i.d. of 10 mm, at the center of
which a Pyrex tube with an o.d. of 4 mm
was installed as a cover for the thermocou-
ple. The catalyst particles were dispersed in
fused alumina particles to prevent a local
increase of the temperature and packed in
the reactor. The reactor was installed in an
electrically heated fluidized sand bath in
order to heat the catalyst bed uniformly. A
stream of ethylbenzene vapor, steam, and
oxygen was fed after dilution with nitrogen.
A contact time (W/F) of 21.6 g - h/mol, and
a reaction temperature (7) of 450°C were
used in these experiments unless otherwise
stated. Other reaction conditions, such as
catalyst weight (W), partial pressures of
ethylbenzene (Pgp), oxygen (Py,) and steam
(Py,o) are indicated in the respective figures
and tables. The liquid products were
trapped in an ice bath and a dry ice—acetone
bath. The gaseous products were sampled
at the outlet of the reactor. Peroxides in
ethylbenzene were removed by a silica gel
column.

Conversion, yield, and selectivity are
shown in the following equations:

ST selectivity = (ST formed/EB reacted) x 100,
EB conversion = (EB reacted/EB fed) x 100,
ST yield = (ST formed/EB fed) x 100,
CO + CO, yield = (CO + CO, formed/EB fed x 8) x 100,
B yield = (B formed/EB fed) x 100,

ST = styrene,

Analysis

The analysis of the products was carried
out with gas chromatography. The analysis
of gaseous products (O;, N,, CO, and CO,)
was performed by the intermediate-cell
method (2, 5) with a 25-cm silica gel + 25-
cm activated-carbon column at 110°C and a
2-m MS 13X column at room temperature.
The liquid products were analyzed by a 2-m
DOP column at 110°C with bromobenzene
as an internal standard.

EB = ethylbenzene,

B = benzene.

Pulse Reaction

Pulse equipment shown in Fig. 1 was
used with oxygen-free helium as the carrier
gas (Cu-Zn catalyst, Nikki Chemical Com-
pany, Ltd. N-211, reduced by H, was used
at 300°C to remove oxygen) (6). The pulse
size was 1 ul and the analysis of recovered
ethylbenzene and the products (styrene,
benzene, toluene, CO, and CO,) was per-
formed by the intermediate-cell method (5)
with a 2-m PEG (30% on C-22) + 0.5-m
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Fi1G. 1. Reactor system for the pulse studies. (1)
Reduced Cu-Zn catalyst for removing oxygen, (2)
thermal-conductivity detector, (3) sample inlet, (4)
reactor containing 250 mg of catalyst in an electrically
heated Pyrex glass tube with an i.d. of 5 mm, (5)
chromatographic column, PEG (2 m) + DOP (0.8 m),
(6) chromatographic column, activated carbon (1.5 m),
(7) empty tube.

DOP (30% on C-22) column and a 1.5-m
activated-carbon column with an adequate
empty tube to control the retention time,
Another TCD cell was installed to deter-
mine the amount of ethylbenzene pulsed
before the reactor.

RESULTS

As shown in Table 1, the Sn—P catalyst
showed higher yield of styrene than the
SnO; and Solid-P catalysts. SnO, showed
high yield of CO and CO, but poor yield of
styrene. Solid-P showed high selectivity
but poor activity.

Effect of Composition of the Sn-P
Catalyst

The effect of amounts of phosphoric acid
in the Sn—P catalyst on the catalytic activity
and selectivity was studied. As shown in
Fig. 2, the EB conversion and ST yield
increased for values of phosphoric acid
below 9%, decreased above it, and was
constant for values above 15%, while the
CO + CO, yield decreased for values of
phosphoric acid below 15% and remained
constant for values above it. Thus the ST
selectivity increased from 36.1 to 90% be-
low 9 at.% of phosphoric acid and, above 9
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TABLE 1

Activity and Selectivity of Sn—~P Compared with
SnO, and Solid-P*

Catalyst® EB ST Yield of
conver- selec- CO + CO, QO_
sion (%) tivity (%) (%) CO,

SnO, 17.7 39.1 4.6 0.09
Sn-P 32.1 83.3 2.1 0.95

(P, 9 at.%)

Solid-P 16.5 88.5 0.7 0.86

¢ Pgg: Po, : Py = 0.133:0.100: 0.313 atm.
b Catalysts are the same as those screened else-
where (3).

at.%, remained constant at 90%. The
change of surface area resembled that of ST
yield.

Effect of Calcination Temperature

The effect of calcination temperature is
shown in Fig. 3. The Sn-P (P, 9 at.%) was
calcined at 500°C for 2 h in air, and then
calcined again at 600, 700, and 1000°C for 2
h. High calcination temperatures resulted
in low yields of carbon oxides and benzene.
On the other hand, the ST yield and BET
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FiG. 2. Effect of phosphoric acid contents on ST
selectivity (), EB conversion (A), ST yield (@), CO
+ CO, yield (O), and BET surface area (V). Py =
0.100 atm, £y, = 0.100 atm, Py, = 0.313 atm.
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FiG. 3. Effect of calcination temperature on Sn-P
(P, 9 at. %) catalyst. Pgg = 0.200 atm, P, = 0.100 atm,
Py,0 = 0.000 atm. For the symbols, see Fig. 2.

surface area increased until 700°C and de-
creased above 700°C. The ST selectivity
also slightly increased.

Effect of Reaction Conditions

The effect of steam co-feeding in the flow
reaction is shown in Table 2. The presence
of steam reduced the total oxidation to one-
third of that observed in the absence of
steam. A corresponding amount of styrene
was recovered in the presence of steam,
which increased the selectivity without re-
ducing the conversion of ethylbenzene.

The effect of the total feed rate (F) under
the conditions, W = 4.5 g, Py = 0.20 atm,
and P,, = 0.25 atm, is shown in Fig. 4. The

TABLE 2
Effect of Steam on the Oxidative Dehydrogenation
of Ethylbenzene®

Pyo® Yield (%) EB ST
(atm) conver-  Selec-
CO + CO, B T ST sion ivity

(%) (%)

0.000 3.5 09 0.1 23.9 28.3 84.3
0.313 1.2 1.1 02 255 27.9 91.3

@ Catalyst: Sn—P (P, 9 at.%) calcined at 500°C for 2 h, 4.5 g.
® Pyg: Py, = 0.200:0.100 atm.

MURAKAMI ET AL.

100 Foo
0\0
=~
~O
80 T——0-
60 I~
_ /A—’
e A/A
[
s ;O’.
20 L c/
0o—0O o~
0 Q’jo ! 1

0 20 40 60 80

W/F lg-catalyst-h/mcl]

FiG. 4. Effect of feed rate on Sn-P (P, 9 at.%)
catalyst calcined at 1000°C for 4 h. W = 4.5 g, Py =
0.200 atm, Py, = 0.25 atm, Py,o = 0.000 atm. For the
symbols, see Fig. 2.

decrease in W/F to zero resulted in ST
selectivity as high as 100%.

Reaction in the Differential Reactor

Oxygen partial pressure was varied with
constant Pgg at 0.15 atm and ethylbenzene
partial pressure was varied with constant
Py, at 0.20 atm under the following condi-
tions: reaction temperature = 450°C, total
feed = 290 mmol/h, and catalyst weight =
0.50 g (Sn—P, P = 9 at.% calcined at 1000°C
for 24 h). The catalyst was diluted with 8.0
g of fused alumina. The partial pressure
was varied at random to avoid the influence
of the change of catalytic activity with time,
Under these conditions, the conversion is
so low that the partial pressure in the
catalyst bed can be regarded as constant.
As shown in Fig. 5, the apparent reaction
orders with respect to the pressure of ethyl-
benzene and oxygen were 0.60 and 0.47,
respectively. Considering that the oxida-
tion and oxidative dehydrogenation of
olefins on the Bi-Mo catalyst have been
reported to show reaction orders of 1.0 and
0.0, respectively, with respect to the pres-
sure of olefin and oxygen, the coverage of
oxygen on Sn-P can be considered to be



CATALYTIC BEHAVIOR OF SnO,-P,05

1.4
1.2
7
£ O
w
2 1.0 [ /Oé./
- o e
oy
0.8 -—&/.
0.6 ! ! !
-1.2 -1.0 -0.8 -0.6 -0.4

logP

FiGg. 5. Effect of partial pressure on the rate of
styrene formation in the differential reactor on Sn—P
(P, 9 at.%) catalyst calcined at 1000°C for 4 h. P, was
changed with Pgg = 0.15 atm (O) and Pg, was changed
with P, = 0.200 atm (@). W/F = 1.72 g - h/mol, Py,
= 0.000 atm.

not so high in the present reaction. This is
similar to that reported on the oxidation of
propylene on Sn-Sb catalyst, which too
was said to depend on the oxygen partial
pressure (7).

Change of Activity with Reaction Time

The activity increased gradually with
time in these experiments on the Sn-P
catalysts. This increment differed with P
content, calcination temperature, and reac-
tion conditions. For example, under the
conditions, reaction temperature = 450°C,
W/F = 34.5 g-cat - h/mol, Pz = 0.14 atm,
P, = 0.10 atm, Py, = 0.44 atm, and Py, =
0.32 atm on Sn-P catalyst (P, 9 at.%,
calcined at 600°C for 2 h), the ST yield
increased from 19.5% at 1 h, to 23.0% at 11
h, although the ST selectivity did not
change as much.

Inhibition of Reaction

Figure 6 shows the competitive reaction
of ethylbenzene with other aromatic hydro-
carbons. The rate of styrene formation in
the presence of hydrocarbons was com-
pared with that in the absence of hydrocar-
bons as a function of the molar ratio of the
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Fi1G. 6. Competitive reaction on Sn-P (P, 9 at.%)
catalyst calcined at 1000°C for 4 h. Relative rate of
styrene formation = rg; in the presence of
hydrocarbons/rg; in the absence of hydrocarbons.
W/F = 1.81 g- h/mol, Pgy = 0.100 atm, Py, = 0.100
atm, Py, = 0.339 atm. Hydrocarbons: benzene (O),
isopropylbenzene (A), o-xylene (O), toluene (@), p-
xylene (W).

hydrocarbon added to ethylbenzene. Al-
kylbenzenes such as isopropylbenzene, o-
xylene, toluene, and p-xylene reduced the
rate of styrene formation to one-half of that
in their absence, while the presence of
benzene did not change the rate. These
results suggest the importance in this reac-
tion, of alkyl groups which possess hydro-
gen at the « position.

Pulse Reactions

Styrene, benzene, and carbon oxides
were formed when only ethylbenzene was
pulsed on SnO, and Sn-P (P, 9 at.%) which
were calcined at 500°C. In the helium car-
rier which contained a slight amount of
oxygen (about 20 ppm), styrene and the
other products were formed by every pulse
of ethylbenzene. However, as shown in
Fig. 7, in the oxygen-free helium, products
became undetectable after some pulses of
ethylbenzene had been performed, but a
pulse of oxygen (10 ml) regenerated the
activity. In the cases of Bi-Mo shown in
Fig. 8 and other oxide catalysts, the forma-
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Fi16. 7. Effect of pulse number on Sn—P (P, 9 at.%)
(A) and on SnO, (B) catalysts in the pulse reaction at
460°C. Catalysts: calcined at 500°C for 2 h, 250 mg.
Pulse size: ethylbenzene 1 ul with 20-min interval. ST
yield (@), EB unreacted (O) which was recovered after
the pulse reaction.

tion of sytrene did not decrease steeply as
these catalysts were reduced with pulses of
ethylbenzene in the oxygen-free helium.
This was similar to the case of oxygen-
containing helium.

On the Solid-P catalyst, products from
ethylbenzene pulse were not detected even
after a pulse of oxygen (10 ml), irrespective
of the presence or absence of about 20 ppm
of oxygen in the carrier gas. However, the
recovery of ethylbenzene was insufficient
and the amount unrecovered was about
15% for each pulse of ethylbenzene.
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FI1G. 8. Effect of pulse number on Bi-Mo catalyst in
the pulse reaction at 460°C. For the reaction condi-
tions and the symbols, see Fig. 7.
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Effect of Treatment of SnO, with
Phosphoric Acid

Tin dioxide was calcined at 1000°C for 4 h
and impregnated with phosphoric acid,
boiled for 4 h, washed, and calcined at
500°C for 2 h. As shown in Table 3, this
catalyst showed high ST yield, high ST
selectivity, and little combustion, similar to
the Sn-P catalyst prepared from Sn(OH),
and phosphoric acid. As X-ray diffraction
pattern and BET surface area of this cata-
lyst showed little change, this treatment
with phosphoric acid is considered to mod-
ify the surface of SnQ,.

Effect of Various Treatments of the Sn—-P
Catalyst

The various methods of chemical treat-
ment of Sn—P (P, 15 at.%) calcined at 500°C
and the results of the reaction on these
catalysts are shown in Table 4 along with
their specific surface areas. Styrene yield
and ST selectivity were not changed after
being left in water for 3 days but increased a
little after being left in boiling water for 11
h. Such increments in ST yield and ST
selectivity were apparent after being
treated in boiling 3.6 N HNO; for 10 h.
These results are, considering the increase
of BET surface area and elution of phos-
phoric acid from the catalyst detected by

TABLE 3

Change of Tin Dioxide Surface Properties by
Phosphoric Acid Treatment®

Sn0,®
Untreated Treated by
H;PO,
EB conversion (%) 15.3 17.4
ST yield (%) 4.92 14.9
B yield (%) 5.09 0.64
CO + CO, yield (%) 5.24 1.68
ST selectivity (%) 32.2 85.6
Surface area (m?/g) 4.1 4.0
*W/F = 155 g-h/mol, T = 450°C,

Pgy: Py, Py, Pyyo = 0.14:0.14:0.40: 0.32 atm.
® Precalcined at 1000°C for 4 h, W = 4.5 g.
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TABLE 4
Effect of Elimination of Phosphoric Acid by Various
Treatments®
Treatment ST ST Surface
yield selec- area
(%) ivity (m*/g)
(%)
Untreated 13.0 87.5 4.65
In water for 3 days 13.2 87.7 5.04
In boiling water 15.7 89.4 5.61
for 11 h
In boiling 3.6 N HNO;, 21.9 92.1 6.38
for 10 h

¢ Catalyst: Sn-P (P, 15 at.%) calcined at 500°C,
W/F = 155 g-h/mol, Pgg:Po,:Py,:Pyyo =
0.071:0.14:0.47:0.32 atm.

magnesia mixture, attributable to the elimi-
nation of excess phosphoric acid which
covered the active surface.

The results of treatment of Sn—P (P, 9
at.%) calcined at 600 and 700°C are shown
in Table 5. The treatment in boiling 3.6 N
HNO; increased ST yield from 13.2 and
14.2% to 16.1 and 17.4% on the catalysts
calcined at 600 and 700°C, respectively.
Styrene-yield on the sample calcined at
700°C was still higher after the HNO; treat-
ment than that on the sample calcined at
600°C. The effect of HNO, treatment before
the reaction and that after the reaction for
11 h were relatively the same.
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X-Ray Diffraction Experiment

In the X-ray diffraction patterns of SnQO,
and Sn-P (P, 9 at.%) catalysts calcined at
various temperatures, lines other than SnO,
could not be observed and changes in the
lattice constant were not observed. The
crystal size D and strain 7 calculated from
the diffraction patterns are shown in Table
6. When the Sn—P catalyst was calcined at
700°C, the crystal size did not change ap-
preciably, but the strain decreased and the
specific surface area increased as shown in
Fig. 3. When calcined at 1000°C, the crystal
size increased and the surface area de-
creased. In the case of the SnO, catalyst,
the growth of the crystal was greater and
the strain was less than those of the Sn-P
catalysts.

Fluorescent X-Ray Experiment

The intensity of phosphorus in the
fluorescent X-ray spectra of Sn-P (P, 9
at.%) catalysts calcined at 600°C is shown
in Table 5. The amount of phosphorus
decreased after the HNO, treatment to 80%
of the fresh state, and the same amount of
the decrement was observed by the HNO,
treatment of the sample after being used in
the flow reaction.

Behavior of Crystalline Tin Phosphate

For further investigation on the coopera-
tive effect of tin and phosphorus, oxidative

TABLE 5

Change of Catalysts by Nitric Acid Treatment®

Calcination Treatment ST yieid ST selectivity P amount®
4 ) (%) (%) (a.u.)
600 Untreated 13.2 94.1 1801

Boiling in 3.6 N HNO, for 23 h 16.1 88.6 1436
Boiling in 3.6 N HNO; for 23 h 14.2 89.9 1520
after 11 h reaction
700 Untreated 14.2 95.4 —
Boiling in 3.6 N HNO; for 23 h 17.4 89.7 —

® Catalyst: Sn-P (P, 9 at.%), T = 450°C, W/F = 15.5 g- h/mol, Pgp: Po,: Py,: Py, = 0.14:0.10:0.44:0.32

atm.

® Intensity of phosphorus (PK a) in the fluorescent X-ray spectrum.
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TABLE 6
Size and Strain of SnO, Crystals in Catalysts®

Catalyst Calcination Crystal Strain
Temp. Size, D n

€O @A)
Sn-P 500 170 0.0045
(P, 9 at.%) 700 180 0.0019
1000 350 0.0010
SnO, 500 280 0.0022
1000 2600 0.0006
500° 240 0.0040

¢ X-Ray diffraction patterns were obtained by Ri-
gaku Denki diffractometer, Model Geigerflex with
CuK a radiation.

b Boiled in H;PO,.

dehydrogenation of ethylbenzene on the
crystalline tin(IV) phosphate (c-SnP) was
carried out. The activity of c-SnP was a
little lower than that of the Sn-P catalyst
and the selectivity was as high as that of the
latter. As shown in Fig. 9, the ST yield on
the uncalcined ¢-SnP increased with time.
Reoxidation of ¢-SnP resulted in a further
increase in the ST yield. On the other hand,
the ST yield on c-SnP calcined at 550°C for
2 h remained constant and was almost

C-SnF‘(SSO)., 480°C Py

° ®
) ® /,o

-

-
O/O Reoxidation
o~ (N,+0,+H,0)

00 ©
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Fi1G. 9. Change of activity with reaction time on c-
SnoP catalyst. Pgs = 0.158 atm, Py, = 0.196 atm, Py,
=0.217 atm. T = 480°C for c-SnP calcined at 550°C for
2 h (@); T = 474°C for ¢-SnP uncalcined (r.t.) (O).
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equivalent to that on the uncalcined c-SnP
after the reoxidation.

DISCUSSION
Reaction Mechanism

A m-allyl mechanism is generally ac-
cepted in the oxidation of olefins. Sachtler
and DeBoer have reported that the rate-
determining step of propylene oxidation is
the dissociative adsorption of propylene by
the cleavage of the C-H bond in the methyl
group of propylene in the *C-tracer studies
(8). Similar results have been obtained on
Cu,0 catalyst (9) and phosphorus-contain-
ing Bi-Mo catalyst (/0, /). The reactions
of deuterated propylene on Cu;0, Bi-Mo,
and U-Sb also suggest the existence of the
mr-allyl intermediate (/2-/4). Such an inter-
mediate has also been observed on ZnO
catalyst by ir studies (/5). A similar allylic
intermediate has been proposed in the ox-
idative dehydrogenation of butenes on Bi-
Mo (/6) and ferrite catalysts (/7) and the
abstraction of a hydrogen in the allyl posi-
tion has been concluded to determine the
rate of this reaction.

The competitive reaction also suggests
the importance of the a hydrogen of ethyl-
benzene. As shown in Fig. 6, the relative
rate of ST formation in the inhibition of the
reaction decreased with some aromatic
compounds but not with benzene. The rela-
tive rate decreased with the increment of
the amount of the inhibitor and decreased
in the order: None = benzene > isopro-
pylbenzene > o-xylene > toluene > p-
xylene. This order of inhibition is in good
agreement with the enthalpies of heteroly-
sis of hydrogen as follows (kcal/mol):
phenyl (300) > benzyl (247) > p-methylben-
zyl (240) (/8). Inhibitors such as toluene
and xylenes do not react in this reaction,
showing that this inhibition is due to the
competitive adsorption of ethylbenzene
and the inhibitor. These results suggest that
ethylbenzene is adsorbed by the abstrac-
tion of « hydrogen on the catalyst.

In the oxidative dehydrogenation of eth-
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ylbenzene, one of the most probable mech-
anisms is one which consists of abstraction
of hydrogen from ethylbenzene by the lat-
tice oxygen on the surface to form styrene,
and reoxidation of the catalyst by gas-phase
oxygen (/9).

EB + [0] 3 ST+ ], (1)

[ 1+ 30,5 [0], )

where [O] represents the lattice oxygen at
the surface layer of the catalyst because the
bulk oxygen has been reported to be inac-
tive (20), which is in good agreement with
the results of pulse reaction shown in Fig.
7. The rates of (1) and (2) are

ri = kiPgp0,
Yo = k2P02(1 - 6).

3
4

As r; = ry in the steady state, the rate of
styrene formation is given as

— k1k2PEBP0
" BPes & kP, 5)
11 1
r T P | KPo, ©®

The reciprocal relationship between 1/r
and /P is shown in Fig. 10. The rate
constants k; and k, calculated from the
slope of the plot of 1/r against 1/Pg, in Fig.
10 were 108 and 101, and were 101 and 109
(mmol/g-cat - atm - h) from the plot of 1/r
against 1/Pgg. The rate constants from both
plots agreed very well with one another and
oxidative dehydrogenation of ethylbenzene
proceeds along the proposed reduction-
oxidation mechanism.

The fraction of oxidized site (#) was
about 0.5 so that the surface of the catalyst
was more reduced than that of the Bi-Mo
catalyst, 8 of which has been reported to be
about 1.

Effect of Steam

The apparent effect, shown in Table 2, of
the presence of steam is to release the
styrene formed to the gas phase without
side reactions. Steam may inhibit the re-
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adsorption of styrene on the catalyst which
results in the inhibition of further reaction
of styrene to increase the selectivity.

Effect of Phosphorus

One of the reasons for high activity of
Sn—P is the inhibition of the growth of SnO,
crystal by the addition of phosphorus as
shown in Table 6. The crystal size of SnO,
increased up to 280 and 2600 A, when
Sn(OH), was calcined at 500 and 1000°C,
respectively. With an addition of 9 at.% of
phosphoric acid, the crystal size of SnQO,
was 170 A when calcined at 500°C and was
only 350 A after calcination at 1000°C.

On the other hand, not only the catalytic
activity, but also the yield of by-products
and the CO/CO, ratio were different be-
tween Sn—P and SnQ, catalysts.

As is shown in Fig. 4, decreasing W/F to
zero results in 1009 ST selectivity on the
Sn—P catalyst, but the selectivity does not
appear to reach 1009% on the SnO; catalyst.
This shows that one of the effects of phos-
phorus is to inhibit the reaction to form by-
products from ethylbenzene, because the
by-products are formed from ethylbenzene
and styrene in the case of the SnO, catalyst,
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but mainly from styrene in the case of the
Sn-P catalyst. These results show the es-
sential difference between the effective
sites of the Sn0O, and Sn-P catalysts.

The X-ray diffraction studies showed that
phosphorus does not exist in the SnO,
crystal but rather on the surface of the SnO,
crystal, because other diffraction peaks ex-
cept for SnO, were not detected: Nor was
any change in the lattice constant in any
Sn-P catalyst detected.

The increase of activity and selectivity
by water or nitric acid treatments indicates
that the effective site did not dissolve into
the water or the nitric acid, while an inac-
tive substance covering the catalyst surface
is removed. Sn,O(PO,), prepared from
tin(II) chloride treated by phosphoric acid
is known not to be dissolved in nitric acid
(27). The excess methaphosphoric acid is
eliminated into the liquid phase which was
detected by magnesia solution and the
amount of phosphorus decreased was about
20% as shown in Table 5. The phosphoric
acid treatment of SnQ,, prepared by the
calcination of Sn(OH),, changed the selec-
tivity despite the constant value of the BET
surface area (Table 3) and the catalytic
action resembles, but is a little lower in
yield and selectivity, that of catalysts which
were prepared by adding the phosphoric
acid directly into Sn(OH),. The catalytic
activity of Sn—P COMPD prepared from
tin(II) chloride and phosphoric acid was not
so high, while the selectivity was satisfac-
tory (3). Moreover, the increase in activity
and selectivity by the removal of free phos-
phoric acid shows that the free phosphoric
acid on the catalyst surface is not the active
component. From these results, the effec-
tive active site of Sn—P catalyst can be
attributed to the surface Sn—-P compounds
such as tin phosphate.

Origin of Change in Activity with Time
and Calcination Temperature

Reasons for the increase of activity with
time in the reaction or with the calcination
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temperature could be (1) the vaporization
of free phosphoric acid on the surface to
make the active site exposed and (2) the
reaction of SnO, with phosphoric acid to
increase the amount of the active Sn-P
compounds on the surface.

Styrene vyield on fresh catalyst was
13.2% and nitric acid treatment increased
the value to 16.0%. Nitric acid treatment of
the catalyst which had been used for 11 h in
the flow reaction gave a 16.1% ST yield.
This is in good agreement with the P con-
tent determined by fluorescent X-ray
studies as shown in Table 5. These results
indicate that the activity increases due to
reason (1), but that the reaction of SnO,
with phosphoric acid to form active com-
pounds does not occur during the oxidative
dehydrogenation for 11 h.

Comparing the catalysts calcined at 600
and 700°C (Table 4), the crystal sizes were
constant and the latter catalyst showed a
higher ST yield even after the removal of
free phosphoric acid by nitric acid treat-
ment. This increment with the increase of
calcination temperature is attributable to
reason (2) and will be discussed in the
following section.

Behavior of Crystalline Tin Phosphate

As the effective active site on the Sn-P
catalyst is attributed to surface compounds
such as tin phosphate, the details of the
catalytic behavior of c-SnP were studied.

The results of the ¢c-SnP catalysts shown
in Fig. 9 indicate that the increase in the ST
yield on the uncalcined c-SnP is caused by
the change of the structure of the c-SnP
during the reaction. This change could be
assumed not to be caused by the loss of free
phosphoric acid due to the following rea-
sons: (1) c-SnP is considered not to contain
excess phosphoric acid on the surface, (2)
loss of phosphorus is little in the case of c-
ZrP catalyst (22). The X-ray diffraction
pattern of the uncalcined c-SnP used in the
reaction was different from that of the fresh
¢-SnP, but identical to that of the calcined
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c-SnP. The specific reaction rate of styrene
formation on the calcined ¢-SnP was 0.30
and 0.38 mmol - h™! - m~2 at 450 and 480°C,
respectively. These values are in good
agreement with those on Sn-P cata-
lysts calcined at 600°C: 0.27-0.32
mmol - h™' -m~2 at 450°C. This result
shows that the surface structure of Sn-P
catalyst is similar to that of the calcined
c-SnP.

At present, the crystal structure of c-SnP
is not clear, but the similarities in the
preparation method and the X-ray diffrac-
tion pattern suggest that the structure of ¢-
SnP also is similar to that of ¢-ZrP (23).
Crystalline zirconium phosphate is dehy-
drated in two steps (22, 24); the crystalline
water is dehydrated at 130°C and the struc-
ture water is dehydrated at 500-600°C.
DSC measurement was carried out to ex-
amine the dehydration process of c-SnP.
The first mole of water was dehydrated at
130°C similarly to ¢-ZrP. But the dehydra-
tion of the second mole of water appeared
to start at a lower temperature than c-ZrP.
The dehydration was almost complete at
550°C. Usually, the dehydration of ortho-
phosphate is accompanied by the conden-
sation of phosphate to form pyrophosphate.
However, the X-ray diffraction pattern of
the calcined c-SnP was different from that
of tin pyrophosphate, but similar to that of
the unidentified phase of c-ZrP obtained by
the calcination of c-ZrP at 600°C (22, 24).
Thus, c¢-SnP calcined at 550°C can be re-
garded as the dehydrated but noncon-
densed state. Such an unstable state would
result in the formation of new active sites.

As described elsewhere (22) both un-
calcined and calcined c¢-ZrP have the acid
site with the acid strength of +4.8 > H,
> +33and -3.0 > H, > —5.6, and the
acidity is attributed to the phosphate group.
Thus, the calcination does not appear to
modify the phosphate group. The same
would be true in the case of c-SnP. The
calcination of ¢-SnP would not modify the
phosphate group which is the origin of the
acidity, but would modify the state of the
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tin atom to form the new active site which
may be active oxygen.

Role of Tin and Phosphorus Component

As mentioned above, styrene was formed
from the pulse of ethylbenzene without gas-
phase oxygen, and styrene was not formed
after several pulses of ethylbenzene on
SnO, and Sn-P catalysts in oxygen-free
helium. These facts show that the active
oxygen species are held on the catalyst
even in the absence of gaseous oxygen and
that the surface oxygen, once consumed by
the reaction, is not supplied by the diffusion
of bulk oxygen. On the other hand, the
formation of styrene by every pulse of
ethylbenzene in the oxygen-containing he-
lium carrier shows that the surface oxygen
once consumed by the reaction, is supplied
by the adsorption of gaseous oxygen and
that these catalysts can activate oxygen at
very low partial pressure such as 20 ppm.
This is probably related to the large values
of 70.4 and 62.7 kcal/mol in the change of
enthalpy and Gibbs free energy, respec-
tively, in the change: SnO — SnO,.

On the Solid-P catalyst, reaction did not
occur but the constant amount of unrecov-
ered ethylbenzene was observed with every
pulse of ethylbenzene. This shows the rela-
tively strong reversible adsorption of ethyl-
benzene and the weak adsorption of oxygen
(25).

In the flow of oxygen-free helium, com-
bustion as well as styrene formation was
apparent in the first pulse of ethylbenzene
on SnO, catalyst, but the activity disap-
peared by the next pulse of ethylbenzene.
On the other hand, styrene was formed
selectively in the several pulses of ethyl-
benzene on the Sn-P catalysts. These
results agree with the results of the differen-
tial conditions. That is, the total oxidation
occurs from styrene once formed by the
oxidative dehydrogenation on Sn—P cata-
lysts while it occurs both from styrene and
ethylbenzene on SnO, catalyst. These
results suggest that the addition of phos-
phorus produces not only an enhancement
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of the activation of ethylbenzene but is also
effective in controlling the nature of the
active oxygen which is related to basicity.
The strongly activated oxygen on the SnO,
catalyst, which is active enough for the
total oxidation, would be weakened for
suitable strength to abstract the hydrogen
from ethylbenzene and not strong enough
for combustion by the addition of phos-
phorus.

On the Sn-P catalyst, it seems that Sn,
the basic component, contributes to the
increase of activity by the adsorption of
oxygen and the supply of it to the surface
reaction and that P, the acidic component,
contributes to the adsorption of ethylben-
zene in the active form for this reaction.
Also, taking into account the results of c-
SnP catalyst in addition to the above dis-
cussion, one may consider the mutual inter-
action of Sn and P to effect an increase in
the selectivity of the oxidative dehydro-
genation reaction.

This explains well the difference in the
catalytic behavior of SnO,, Solid-P, and
Sn—P in the continuous flow reaction.

It is noteworthy that in this study as well
as in our screening study (3), the acid-base
properties of the catalyst have been shown
to modify the activity and the selectivity.
Hence these relationships could help to
clarify the reaction mechanism and to de-
sign effective catalysts (26). The details of
the relationships between the catalytic be-
havior and the acid—base properties will be
discussed in subsequent papers.

CONCLUSION

The addition of phosphorus to SnO, cata-
lyst increased the activity and selectivity
and effected the prevention of the side
reaction from ethylbenzene and the inhibi-
tion of the growth of the SnQ, crystal. The
activity and selectivity varied with the cata-
lyst composition and the calcination tem-
perature, and were maximized at a 10-to-1
Sn/P ratio and at a calcination temperature
of 700°C. They also increased with some
chemical treatments. HNO, solution did

MURAKAMI ET AL.

not dissolve the active site but dissolved
away the excess free phosphoric acid which
was concentrated at the surface and cov-
ered the active site. Such an active site was
also generated by the phosphoric acid treat-
ment of the SnO, surface. The similarity of
the catalytic behavior of Sn-P catalyst to
that of crystalline tin(IV) phosphate indi-
cates the active component to be a type of
Sn-P compound. A reduction-oxidation
mechanism is proposed on the basis of
kinetic data in a differential flow reactor. It
is suggested that tin, the basic component,
activates oxygen and that phosphorus, the
acidic component, activates ethylbenzene.
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