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The selectivity and activity of n-butene isomerization have been investigated 
over a series of metal sulfates on silica gel, mainly sulfates of the first long period 
of metals, at the reaction temperature of 61.5”C after various pretreatmenta. Both 
selectivity and activity varied markedly among catalysts. For instance, the reaction 
rate and the selectivity of trans-cis isomerization from 2-butenes were very high for 
strongly acidic sulfates, such as ferric or aluminum sulfate, while they were low 
for weakly acidic sulfates, such as magnesium or manganese sulfate. 

Both the selectivity (tram-2-butenell-butene ratio from &-Z-butene) and ac- 
tivity of metal sulfates on silica gel with the same pretreatment give a linear cor- 
relation with the acid strength of metal sulfates, which is assumed to be represented 
quantitatively by the electronegativity of the metal ion, derived from zi = x+, + 
(ZZP, where zO and I, are the electronegativity of the neutral atom and the nth 
ionization potential of the atom, respectively. The acid strength of the catalysts 
measured by the Hammett indicators was verified to be consistent in order with the 
prediction according to zi values. Both high activity and high trans-/l-butene ratio 
were observed for sulfuric acid mounted on silica gel. 

For all catalysts studied, the following relationships are deduced generally among 
three selectivities: transll from cis-2-butene, ctijtrans from 1-butene, and ~$1 
from trans-2-butenc : (trans/l) - (&s/l) and (&s/l) - 1. 

For the basis of the prediction of effective 
catalysts, it is significant to study the ac- 
tivities or selectivities of a series of cata- 
lysts in terms of their chemical or electronic 
properties. The measured acidity of hetero- 
geneous catalysts has successfully been cor- 
related with their activities [For example, 
see ref. (1) .] The thermodynamic or elec- 
tronic properties of the catalysts, which are 
independent of the catalyst preparation, 
have also been studied in correlation with 
the catalytic activity : the decompositions 
of formic acid (2) and nitrous oxide (S), 
the H,-0, reaction (5, 6), the H,-D, ex- 
change reaction (7), the heat of adsorption 
on metals (4), the oxidati& of hydrocxr- 
bons (8), and other reactions reviewed by 
Boreskov (9). 

As regards the relationships between the 
selectivity and the properties of catalysts, 
little work has been done. The selectivity 
between dehydration and dehydrogenation 
of ethanol or formic acid has been reported 
on (10, 11). Schwab et al. (10b) suggested 
that the surface structure determined the 
selectivity. According to Mars (11) the 
electrostatic force represented by the cation 
charge and its radius is the controlling fac- 
tor. It was attempted to correlate the selec- 
tivity in the oxidation of propylene with 
the reducibility of catalysts (lb). 

In this paper the selectivity and the 
activity of the n-butene isomerization over 
metal sulfates mounted on silica gel are 
investigated. This reaction was chosen be- 
cause the selectivity between cis-truns 
rotation and double-bond migration is 
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sensitive to the catalyst properties. Foster 
and Cvetanovic (1s) discussed generally 
the relationship between the selectivity of 
this reaction and the acidity or basicity for 
a number of catalysts. They suggested that 
the selective double-bond shift over basic 
catalysts resulted from a butenyl carbanion 
and the high selectivity of c&tram rota- 
tion over acidic catalysts from a butyl 
carbonium ion. 

As far as the mechanism of ,n-butene 
isomerization on acidic catalysts is con- 
cerned, many studies have been reported. 
Proposed intermediates or mechanisms are 
a see-butyl carbonium ion (Id), a pi com- 
plex (15)) a butenyl carbonium ion (16)) 
and a hydrogen switch mechanism (17). 
Brouwer (18) claimed the coexistence of 
two mechanisms on silica-alumina and alu- 
mina. One is a concerted mechanism, or a 
hydrogen switch mechanism, for the double- 
bond shift and the other is a butyl car- 
bonium ion mechanism for cis-bans isom- 
erization. The role of a proton in n-butene 
isomerization over acidic catalysts was 
pointed out to be important by Ozaki et al. 
(19) and Hall et al. (20). 

The correlation of the catalytic activity 
of metal sulfates with their acidic nature 
has already been reported (61-E?). In this 
paper, not only the catalytic activity but 
also the selectivity are investigated in terms 
of the acidic nature of metal sulfates. The 
acid strength of metal sulfates is deter- 
mined by the properties of constituent 
ions, which is affirmed by the indicator 
measurements. 

EXPERIMENTAL 

Materials 

a. Catalysts. Metal sulfates mounted 
on silica gel were prepared by impregnating 
calcined silica gel (Wako Chemicals Co. 
Ltd. ; surface area, 830 m”/g) with 5% 
aqueous solutions of metal sulfates for 
several hours. The amount of impregnated 
metal sulfates was nominally 0.4 mg-atom 
(metal ion)/g catalyst, which is slightly in 
excess of the capacity of the silica gel car- 
rier. Increasing the impregnation level to 
0.8 mg-atom/g catalyst hardly increased 

the activity of Al,(SO,),-SiOz. Almost all 
catalysts were used after drying at 110°C. 
A few catalysts were calcined additionally 
at 550°C for 7 hr prior to a run, as de- 
scribed in the text. 

b. Reagents. Commercial butenes were 
obtained from Matheson Co., Inc. Their 
impurities were less than 0.1% according 
to the gas-chromatographic analysis. 

Procedure 

a. Reaction procedure. A circulation 
system with total volume of 175 ml con- 
sisted of a 15-ml diameter cylindrical 
Pyrex reactor and a magnetic circulation 
pump. The amount of catalyst was changed, 
depending on its activity, to get an appro- 
priate reaction rate. In usual experiments 
about 100 mg was used after the pretreat- 
ments described below. Butenes were intro- 
duced into the system as gases mixed with 
dry nitrogen. Initial partial pressure of the 
butene was 135 & 5 mm Hg. 

b. Pretreatments of catalysts. Standard 
pretreatment was as follows: Catalysts 
were equilibrated in the reactor with about 
10 mm Hg of water vapor at 100°C for 1 hr 
and then evacuated for 2 hr at the same 
temperature. The gas mixture was intro- 
duced after the temperature had been low- 
ered to the reaction temperature of 61.5”C. 
In the experiments with trans-2-butene or 
1-butene the equilibration with water vapor 
was omitted. 

In the case of wet pretreatment, cata- 
lysts were equilibrated with about. 10 mm 
Hg of water vapor for 1 hr at 61.5”C and 
then evacuated for 5 min just before the 
introduction of the gas mixture. Some ex- 
periments were carried out in the presence 
of water vapor without evacuation. The 
treatment with water vapor was under- 
taken with the intention that the extent of 
hydration of metal sulfates before evacua- 
tion should be similar for all catalysts. 
Practically, however, the effects on activity 
were not pronounced and were less so for 
selectivity. 

c. Analysis. Gas mixtures, sampled by 
a syringe from the reaction system at 
various reaction times, were analyzed by 
a gas chromatograph employing a hydro- 
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gen flame type detector and a 4-m dioctyl- 
sebacate and dimethylsulfolane column. 
When trans-2-butene was the starting bu- 
tene, a 9-m dioctylsebacate analyzing col- 
umn was used. 

Measurements of Acid Strength 

The acid strength of the catalysts was 
measured qualitatively after the pretreat- 
merits using a series of the Hammett indi- 
cators. The catalysts were pretreated in 
glass tubes by the same procedure as for 
the reactions. They were cooled to room 
temperature and filled with dry nitrogen. 
The color changes of a series of indicators 
were observed for each catalyst by the 
spot test, immediately after the catalysts 
were exposed to air to prevent the strong 
acid sites from being poisoned by the 
moisture in air. 

RESULTS 

1. Zsomerization of cis-d-Butene over 
Metal Sulfates on Silica Gel 

Variation of the composition of three 
butenes during the reaction time is shown 
in Fig. 1 for three typical catalysts. The 
equilibrium compositions determined from 
two experiments with n‘s- and bans-Z- 
butene agreed to be 4.8% + 0.5% 1-butene, 
69.1% -C 2% tfians-2-butene and 26.1% & 
1% cti-2-butene, at 61.5”C. 

In Fig. 2 the trans/l ratio of the isom- 
erized butenes is plotted against the con- 
version (the mole fraction of the isomer- 
ized butenes). The tram/l ratio was 
extrapolated to zero conversion to get the 
ratio of rate constants of the two reactions 
of n-butene isomerization: the cis-trans 
rotation and the double-bond migration to 
I-butene. The extrapolated bans/l ratios 
are given in Table 1. To represent the 
activities of catalysts, the reciprocals of 
the reaction time in minutes required to 
obtain 10% conversion on 1 g of catalyst 
were used. The activities for wet pretreat- 
ment were estimated using the data of 3% 
conversion due to their low activities. 
These values are also given in Table 1. 

The bans/l ratio ranged from 0.85 for 
bIgSO,-SiO, with wet pretreatment to 10.1 
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Fro. I. Variation of the gas-phase composition 

of n-butenes in reaction of cti-2-butene at 61.5%: 
(a) H,SO,-SiO, 98 mg with standard pretreat- 
ment; (b) CuSO,-SiOz, 108 mg with standard pre- 
treatment; (c) MgSO,-SiO,, 115 mg with wet 
pretreatment. 

for H,SO,-SiO, with standard pretreatment. 
For catalyst with wet pretreatment, the 
following trend was found: 

H+ > Fe3+ > A13+ > Sc3+ > Cuzf > Zn*+ > 
Cd2+ > X2+ > Cot+ > Mn*+ > Mgz+ 

This order held approximately for cata- 
lysts with other pretreatments, as well. 

Effects of dehydration, produced by dif- 
ferent pretreatments, on the activity and 
selectivity were also examined. Generally 
speaking, higher activity and a little larger 
value in the tmns/l ratio were obtained by 
the standard pretreatment than by the wet 
pretreatment, probably owing to an in- 
crease in both acid strength and content. 
Fe, (SO,) :,-SiOZ showed a monotonic de- 
crease of activity and the trans/l ratio 
above 100°C of pretreatment, presumably 
as the result of the decomposition of ferric 
sulfate at high temperatures, since the 
trans/l ratio or the activity was not recov- 
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TABLE 1 
THE CATALYTIC ACTIVITY AND SELECTIVITY OF METAL SULFATES ON SILICA GEL 

FOR THE ISOMERIZATION OF &-2-BUTENE AT 61.5"C 

Cat&wt~ Pretreatment' Activity' Selectivitp (hzns/l) 

HpSOd-SiO2 st 1.1 X 103 10.1 
wt 8.4 X lo2 9.2 

Fel(SO&-Si02 st (1st’ run) 6.3 X lo2 6.4 
(2nd run) 1.8 X lo2 5.4 

wt 6.0 X lo2 7.4 
200 1.3 x 102 5.1 
360 7.9 1.6 

Alz(SO&SiO2 (I) * st (1st run) 7.9 x 102 6.9 
(2nd run) 5.3 x 102 6.2 

(II) st 6.6 x 102 6.5 
wt 2.7 X lo2 5.1 
wt 2.6 X IO2 5.7 
400 1.6 X IO2 4.5 
Hz0 (9.7) 3.3 

Sc&O&.-SiO~ wt 2.1 x 10 3.5 
CuSOh-SiOz (I) st 6.5 x 10 2.9 

wt 1.5 X 10 2.2 
400 7.8 3.1 

ZnSOa-SiOs* st 1.3 x 102 3.0 
wt 9.4 2.1 

NiSO*-SiOz (11) st 1.3 X 102 2.3 
wt 7.4 1.4 
200 1.2 x 102 1.8 
300 7.8 1.9 
400 4.8 2.1 
H20 (0.08) 1.2 

(III) * st 6.4 x 10 1.7 
400 1.4 x 102 2.8 

CdSOd-SiOn (I) st 7.6 x 10 1.7 
wt 1.7 x 10 2.0 

CoSOa-SiO2 (1) wt 7.2 1.2 
m* st 6.1 X 10 1.3 

wt 1.0 X 10 1.2(1.6)d 
MnSO&iOz st 1.9 X 10 0.85 

wt 5.3 1.3 
MgSO1-SiOz (I) * st (1st run) 3.7 x 10 1.1 

(2nd run) 3.6 X 10 1.1 
wt 4.1 0.85 
400 5.9 x 10 2.1 

(II) wt 3.0 0.85 
ILO (0.05) 0.90 

SiOr wt (0.005) 0.70 
st 0.15 0.80 
400 (0.035) 0.70 

* st and wt mean the standard and wet pretreatments, respectively. The figures indicate the temperatures 
of evacuation before run. The catalysts precalcined at 450°C for 7 hr are shown by asterisks. Hz0 means 
that the reaction was done in the presence of water vapor. (I), (II), or (III) designates the preparation 
number of catalyst. 

b Activity is calculated as lCP/(time in min required to get, 10% conversion on 1 g of catalyst). The in- 
accurate data are given in parentheses. 

c Selectivity is the ratio of truns-2-butene/l-butne, extrapolated to conversion zero. 
d See Fig. 2 (7). 
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FIG. 2. The truns/l ratio as a function of the 

conversion: 1, H,SO,-SiO,; 2, Fez(S04),-SiO,; 3, 
Alz(SOa)rSiOz; 4, Scz(SO&-SiOt; 5, CuSOrSiOz; 
6, NiSO,-SiOz ; 7, CoSOa-SiOz. 

ered by rehydration. In general, different 
pretreatments caused smaller changes in 
the truns/l ratios than in the activities for 
all catalysts. The trans/l ratio of NiSO,- 
Si02(II), for example, extended from 1.2 to 
2.3, but its activity varied 0.08 to 130. 
However, the changes in the selectivity 
caused by different pretreatments were less 
pronounced than those observed with dif- 
ferent catalysts. For example, the trans/l 
rat’io changed only from 1.2 to 2.3 for 
NiSO,-SiO, (II) with different pretreat- 
merits, while it changed from 0.8 to 9.2 for 
the same pretreatment for different cata- 
lysts. The small effect of the water content 
on the selectivity for these catalysts is 
quite different from its effect for y-alumina 
found by Brouwer (18). 

The selectivity (trans/l ratio) and the 
activity are plotted in Figs. 3 and 4 fol 
various catalysts with wet pretreatment 
against the electronegativity of metal ions, 
xi, which is assumed to represent the acid 
strength of metal sulfates, as discussed in 
a later section. This electronegativity of 
metal ion (24) is defined as 

z, = 11’0 + (Z;fp (1) 

where x0 is the elcctronegativity of a neu- 
tral atom (65) and XIti the sum of ioniza- 
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FIG. 3. Selectivity in the isomerization of cis-2- 

butene on metal sulfates on silica gel with the wet 
pretreatment as a function of the electronega- 
tivity of metal ion, xi. 

atom to an ion. Figures 3 and 4 clearly 
show that both the selectivity of cis-tram 
isomerization and the total reaction rate 
increased for strongly acidic catalysts. 
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FIG. 4. Activity as a function of the electro- 

tion potentials in electron volts from an negativity of metal ion, xi. 
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2. Isomerization of trans-%Butene 
and 1 -Butene 

The activity of metal sulfates mounted 
on silica gel for the isomerization of trans- 
2-butene or 1-butene was in the following 
order: H+ > A13+ > Ni2+ > Cu*+ + Mg2+. 

The ratio of the isomerieed butenes ex- 
trapolated to zero conversion is given in 
Table 2, together with the trans/l ratio 

TABLE 2 
THE SELECTIVITIES OF ISOI,~ERIZATION 
OF 7~-BUTENES ON METAL SULFATES 

ON SILICA GEL AT 61.5”C 

cisprtio trpns/l 
rat10 from cis/trana 

trans-a- c&2- ratio from 
Catalyst butenea butend 1-butenea 

H&O~-SiO~ 10.1 10.1 1.1 
Al,(SO&-SiO2.(11) 6.3 6.5 1.2 
CuSO4-SiOt(I) 3.5 2.8 1.1 
NiSOd-SiOz(II) 2.9 2.3 1.25 
MgS04-Si02(II) 1.7 1.2 1.25 

G Catalysts were evacuated for 2 hr at 100°C 
before run. 

b Standard pretreatment. 

from cis-2-butene on the same catalyst 
with the standard pretreatment. Both the 
ci.s/l ratio and bans/l ratio changed in a 
similar way from one catalyst to another. 
The ratio of &s/l ranged from 1.8 for 
MgSO,-SiO, to 10.1 for H,SO,-SiO,, while 
the tran.s/l ratio varied from 1.2 to 10.1. 
The ratio of cis/l beyond the equilibrium 
was obtained from trans-2-butene on 
Al, (SO,) ,-SiO, and H,SQ,-SiO,. On these 
catalysts, the cis/l ratio decreased gradu- 
ally to its equilibrium ratio of 5.4 during 
the course of reaction, while it increased 
from the lower side up to the equilibrium 
value on other catalysts. These results 
eliminate the possibility that the secondary 
reactions of 1-butene to cis- or to bans-2- 
butene in micropores or on the catalyst 
surface might give the high &s/l or 
bans/l ratio on active catalysts. It should 
be noted that the velocity of circulation in 
the reaction system was sufficiently high 
compared with the reaction rate, for the 
changes of the amount of catalyst to result 
in no change in selectivity. 

The cis/trans ratio from 1-butene, on the 
other hand, was relatively insensitive to the 
catalyst composition, as the values between 
1.1 and 1.25 were observed for all catalysts. 
Among the three selectivity ratios for 
every catalyst investigated, the following 
relationship was found to hold generally, 
as Haag and Pines (Isa) obtained on 
alumina : 

(cis/trans) (transll) (l/cis) = 1 (2) 

When the trans/l ratio, calculated from 
the other two ratios by Eq. (2), is plotted 
against the value obtained experimentally, 
an excellent correlation is found, as shown 
in Fig. 5. In this figure, some data from the 

E IO- 
3 
3 . 
2 c 
,o 

p I 
- I 
0 :: 

1 

I I , 
I IO 

trans/l ratio, observed 

Fro. 5. The relationship between the &an.@ 
ratio calculated from Eq. (2) and that observed 
in the isomerization of ci.s-2-butene: 1, MgSO,- 
SiO,; 2, NiSO&iOl; 3, CuSOrSiOz; 4, Al&SO&- 
SiOz; 5, HaO,SiO,; 6, ion exchange resin (Dowex 
5OW); 7, H*SO, (aqueous); 8, H,POd (aqueous); 
9, silicotungstic acid on Aerosol; 10, silica-alumina; 
11, clay; 12, Vycor glass. 7, 8 are from ref. (d7), 
9, 10 are from (18) and 11, 12 from (IS). 

literature measured at similar conditions 
are included. 

In Fig. 6 the c&/l and cis/trans ratios 
are plotted against the bans/l ratio. A 
good correlation in this figure would lead 
to the following equations: 

and 

(&7/l) - (trans/l) (3) 

(cis/trans) N 1 (4) 
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FIG. 6. The relationships between three observed 
selectivity ratios: 0, the cisll ratio from tram-2- 
butene; A, the ck/trans ratio from l-butene; 
1, 2, 3, . . . are the same as those in Fig. 5. 

although there was a tendency to deviate 
from these equations for catalysts with low 
zi values. 

3. Measurement of Acid Strength 

The observed color of the indicators on 
catalysts is given in Tables 3 and 4. In 

these tables, the extent of color changes to 
acidic colors are qualitatively indicated in 
the decreasing order as follows: ++, +, 
+ -, --. The borderline of the color 
ch&nges in the series of indicators for each 
catalyst is shown by broken lines in these 
tables. These lines give approximately the 
acid strength of the catalysts. 

Table 3 shows that the acid strength 
decreases from H,SO,-SiO, to MgSO,- 
SiO, in parallel with the trams/l ratio. The 
acid strengths of H,SO,-SiO,, Fez (SO,) 3- 
SiO,, SC, (SO,) ,-SiO,, and Al, (SO,) ,-SiOz 
were strong enough to exhibit the acidic 
color of anthraquinone (pK, = --8.2), 
while CuSO1-SiO,, NiSO,-SiO,, ZnS04-SiOz, 
CdSO,-SiO,, or CoSO,-SiO, gave the acidic 
color of indicators in the range of -3.0 to 
-5.6 in pK*. The acid strength of MgSO,- 
SiO, or MnSO,-SiO, was about +1.5 to 
-3.0 in pK,,. 

It is found in Table 4 that the changes 
in acid strength caused by different pre- 
treatments were less pronounced than those 
among catalysts, although there was a 

TABLE 3 
TIIIZ COLOR CHANGES OF THE INDICATORS ON METAL SULFATES 

ON SILICA GEL WITH THE STANDARD PRETREATMENT* 

pKn values of Indicatortl 

Metal sulfate8 on silica gel +3.3 (a) +I.5 (b) -3.0 Cc) -5.6 Cd) -8.2 (e) z. 

H+ ++ ++ ++ ++ - 
l!v+ (‘) ++ ++ ++ + (?~I 

-I-+ ; 
-I-(?) 1 9.4 

fW+ ++ ++ ++ ++ 
sc3+ ++ ++ f-t ++ 

++ i 8.8 
+ ; 7.9 

clP+ (“) ++ ++ + + * 7.2 

;__..-________-_._ 

zI?+ ++ ++ + f - 6.8 

Cdz+ ++ ++ + I 6.8 

Nia+ (*) 
,.--_... I 

++ ++ + 
f i 

- (?j -U) 6 9 
co*+ (*) ++ ++ i-‘-----......-! - (?, - (?, 6.8 
Mn2+ ++ ++ j - - - 6.4 
Mg2+ ++ ++ : - -- + (?) 6.0 
Pi02 + + i -- -- -- - 

a Indicators: (a) Butter yellow. (b) Benzeneazodiphenylamine. (c) Dicinnamal acetone. (d) Benzalaceto- 
phenone. (e) Anthraquinone. The color changes which were less clear are shown by (?). The colored catalysts 
are shown by (*). 
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TABLE 4 
THE COLOR CHANGES OF THE INDICAWRS ON METAL SULFATES 

ON SILICA GEL WITH DIFFERENT PRETREATMENTR 

~KA values of indicator& 

Catalyst Pretreatmenta +3.3 f1.5 -3.0 -5.6 -x.2 trans/l ratio 

t 

wt 

Ala+ 
st 
400 

I 
wt 

Cd+ st 

400 

I 
wt 

ZtP st 

400 wt 
Mg*+ 

st 

400 

1 wt 
SiO, st 

400 

++ ++ 

++ ++ 
++ ++ 
++ ++ 

++ ++ 

++ ++ 

++ ++ 

++ ++ 

++ ++ 

++ + 
++ ++ 

++ ++ 

+ + 
+ + 
+ + 

+ 

++ 

++ 
+ 

+ 

+ 

+ 

+ 

+ 

r----------- 
I - 

: - 
‘-------4 

+ 7 

: -- 

j -- 

+ Lk 5.0-5.6 

++ + 1 6.5 

++ + : 4.5 

- (‘9 - (?) 2.2 

+ f 2.9 

+ + T 3.1 

r------------------------I 
: - -- 2.1 

k - 3.0 

+ + (?) - 

-- - 0.8 
- - 1.1 

- - 2.1 

-- -- 0.7 
-- -- 0.8 
-- -- 0.7 

a wt, st, and 400 are the same as those in Table 1. 
b The indicators are the same as those in Table 3. 

small increase in the acid strength or con- 
tent from the wet to the standard pretreat- 
ment. This suggests that the acid strength 
of these catalysts is determined primarily 
by the constituent metal ion and sulfate 
ion, and it is modified by the dehydration. 
The difference of the acid strength among 
catalysts seemed to be decreased by 400°C 
evacuation due to the increase of the 
acid strength of MgSO,-SiO, by 400°C 
evacuation. 

DISCUSSION 

The electronegativity of an atom in a 
molecule represents the power of the atom 
to attract electrons (2%). The electroneg- 
ativity of an ion will be given by adding 
the ionization potentials, or the energy to 
remove electrons, to the electronegativity 

of the corresponding atom. In fact, zi values 
of metal ions, thus obtained, had good cor- 
relations with their affinity to the base, 
since the equilibrium constants of Men+ 
(aq) + OH- (aq) e MeOH(“-l) + (aq) and 
the solubility products of metal hydroxides 
were well explained by the zi values. So 
the relative acid strength of metal ions as 
Lewis acids may be determined by xc (24). 
Subsequently, the acid strength of a metal 
ion in metal sulfate may also be determined 
by xi. 

However, this does not necessarily mean 
that the acidic site of metal sulfate is a 
nonprotonic one. Takeshita et al. (.%?) have 
proposed possible origins of protonic sites 
on nickel sulfate. Ozaki et ,aZ. (19) have 
found that proton transfer between a cata- 
lyst and a substrate was involved in the n- 
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butene isomerization on nickel sulfate 
mounted on silica gel. The acid strength of 
protonic sites remaining after dehydration 
may also be given by the xi value of the 
metal ion, as the pH of the aqueous solution 
of metal sulfate is determined by the basic 
strength of the corresponding metal hydrox- 
ide, which is in good correlation with xi. 

The order in the acid strength of metal 
sulfates measured by the Hammett indica- 
tors was in reasonable accordance with that 
of xi. 

Over a series of metal sulfates, the selec- 
tivity between the cis-trans isomerization 
and the double-bond migration from 2- 
butenes was found to change by tenfold 
among catalysts, while the cis-trans ratios 
from 1-butene were between 1.1 and 1.25. 
The properties of catalysts that control 
the selectivity from 2-butene must change 
continuously from H&SO,-SiO, to MgS04- 
SiO, as the bans/l and cis/l ratios do. 
Among the properties of catalysts which 
may determine the selectivity, the acid 
strength of metal sulfates explains the 
results most satisfactorily for the following 
reasons: (1) A close relationship between 
the acidity and the catalytic activity of 
metal sulfates has been reported (21-2s). 
(2) n-Butenes are well isomerized in the 
presence of acidic catalysts (1&W). (3) 
The acid strength of metal sulfates rep- 
resented by xi changes continuously from 
H,SO,-Si.0, to MgSO,-SiO, in the same 
order with the selectivity ratio. (4) The 
measured acid strengths of the catalysts 
used are generally in good correspondence 
with the zi values.” 

If the acid st’rength is the determining 
factor of the selectivity, the observed minor 
effects of pretreatments both on the selec- 
tivity and on the acid strength can be well 

* The truns/l ratios of A12(S0,)3-Si02 (wet pre- 
treatment), CuSOa-SiOz (standard pretreatment), 
and CuSOa-SiOz (400°C evacuated) were consider- 
ably different from each other, whereas the color 
changes of indicators were very similar. A pos- 
sible explanation is that stronger acid sites exist 
to a smaller extent on AL(SOJ,-SiO, (wet) than 
the other, but a quantitative measurement of acid 
strength and of content is necessary to affirm the 
validity of the explanation. 

understood. This is also verified by the 
facts that both the trans/l ratio and the 
acid strength increased a little for most 
catalysts after a standard pretreatment 
instead of the wet one. 

Different pretreatments caused a larger 
effect on the activity than on selectivity. 
Since the selectivity of this reaction may 
reflect the acid strength of active sites and 
the activity may be determined by both 
the acid strength and the content, it may 
be reasonably concluded that the acid 
strength of active sites changes less pro- 
nouncedly than t’he acid content does by 
the different pretreatments. The tram/l 
ratios are plotted against the activity in 
Fig. 7 for catalysts with the standard pre- 
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FIG. 7. The relationship between the selectivity 

and the activity for the standard pretreatment. 

treatment. This figure suggests that both 
of them were determined by the acid 
strength of the catalyst, and further that 
the acid content with this pretreatment 
changed ordinarily from catalyst to 
catalyst. 

It seems very difficult to find a mecha- 
nism which can explain satisfactorily the 
obtained results. However from Eq. (2), as 
pointed out by Pines and Haag (Isa), it 
may be certain that either the reactions of 
the three isomers proceed in the same re- 
action order concerning the pressure of the 
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starting butene or via a common intermedi- 
ate on every catalyst, or that they follow 
both ways. 

4. TANAKA, K., AND TAMARU, K., J. Catalysis 
2, 366 (1963). 

A pi-complex intermediate (15) had been 
postulated from the high cis/trans ratio, 
but the cis/trans ratios of the present work 
were not so high and were independent of 
the acid strength. Both the hydrogen switch 
mechanism (17) and the butenyl carbonium 
ion mechanism (16) should cause selective 
double-bond migration, which is in dis- 
agreement with the present results. Among 
the previously proposed mechanisms, the 
coexistence of two mechanisms on a certain 
catalyst suggested by Brouwer (IS) seems 
to be reasonable: the cis-trans isomeriza- 
tion by a set-butyl carbonium ion mecha- 
nism. Equation (2) also holds even if two 
intermediates are present on a catalyst, as 
far as the ratio of the concentrations of two 
intermediates through which all three 
isomers react does not depend on the start- 
ing butenes, or as far as the reaction orders 
concerning the starting butenes are identical 
for three isomers. It is interesting to note 
that the observed ratio of tram/l or c&/l 
on H,SO,-SiO, is almost identical with that 
reported for the homogeneous isomerization 
by sulfuric acid (27) and with the ratios 
of the olefinic products resulting from the 
hydrogen bromide elimination from sec- 
butyl bromide via a set-butyl carbonium 
ion (27). 
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