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The chemisorption of ammonia and the isomeriaation of 1-butene on alumina have been 
studied in an attempt to obtain more detailed information on the nature of active sites. The 
temperature-programmed desorption of ammonia revealed two types of chemisorption : 
weaker chemisorption which occurred at room temperature and stronger chemisorption which 
took place at 250°C or higher. With the aid of infrared spectroscopy, the stronger type has been 
explained as NH2 species adsorbed on exposed Al ions on the surface, and the weaker type as 
molecular ammonia adsorbed probably on strained oxide ions. 

On the basis of the above results, the isomerization of I-butene was carried out with pre- 
adsorbed ammonia as a poison. Ammonia chemisorbed in the stronger form blocked the isomeri- 
zation efficiently and linearly while weakly chemisorbed ammonia had little effect on the reac- 
tion. Also, the catalyst activity was proportional to the amount of butene chemisorbed on sites 
I of alumina which had been found by us to be responsible for the chemisorption of olefins. 
On the other hand, other chemisorptive sites, sites II, also found previously were found not to 
be responsible for isomerization. The present results could be explained by a proton donor- 
acceptor mechanism postulated by Ozaki and Kimura [J. Catal. 3, 395 (1964)] with butene 
chemisorbed on Lewis acid centers acting as proton donor. Those Lewis centers are sites I, and 
it appears that sites I are a pair or triplet of exposed Al ions, while sites II are isolated Al ions 
associated with hydroxyl groups. 

INTRODUCTION subiect of investigation (10-17). Various 

During recent years the mechanism of vapors were used in an attempt to poison 

n-butene isomerization over alumina has the active sites selectively: ammonia (11, 

been studied extensively by using various 14), triethylamine (13), sulfur dioxide 

techniques (1-9) including infrared spec- (14, l7), carbon dioxide (14, f5), methyl 

troscopy (I), coisomerization with per- mercaptan (17) and hydrogen sulfide (16, 

deutero butenes (5), isomerization in the 17). Geometrical factors of molecule were 

presence of perdcutero propylene (3) with also found important for the isomerization 

further determination of hydrogen position of olefns (18). It seems to be agreed upon 

by microwave spectroscopy (7), and the that the upper limit of active sites thus 

reaction with selectively deuterated butenes obtained on y-alumina is 3-5 X 10i3/cma 

(8, 9). Active sites of alumina responsible (11, 16, 17). In spite of these numerous 

for the isomerization have also been the works, however, more information is yet to 
be obtained to clarify the mechanism of 

1 Contribution No. 15828 from the National Re- reaction and the nature of active sites in 
search Council of Canada, Ottawa, Canada. particular. 

326 
Copyright 0 1977 by Academic Press, Inc. 
All rights of reproduction in any form reserved. ISSN 0021-9617 



ACTIVE SITES OF ALUMINA FOR BUTENE ISOMERIZATION 327 

We have found two dist’inctive active 
centers on alumina, sites I and II, which 
are responsible not only for the chemi- 
sorption of olcfins (19) but for the poly- 
merization (20) and the hydrogenation 
(21, 22) of ethylene. Recently, Rosynek 
et al. (14, 15) found by using carbon dioxide 
as a poison that CO2 poisoned alumina for 
the exchange of hydrogen atoms of olefins 
with Dz but not for the isomerization of 
olcfins, and they postulated E and I sit’cs 
responsible for exchange and isomerization, 
respectively, in addition to Owe adsorption 
sites, A and B. A and B sites apparently 
correspond to sites I and II found by us. 
In view of this, we carried out the isomeriza- 
tion reaction of 1-butenc on alumina with 
ammonia as a poison t’o confirm the isomeri- 
zation sites, and the results are reported in 
this paper. 

Basic vapors have been used to poison or 
measure acid centers on solid acidic cata- 
lysts, and they seem to be suitable for the 
study of isomerization reaction n-het)hcr it 
takes place on protonic sit,es or Lewis acid 
centers. One of the difficulties in using these 
vapors, however, is the fact that physical 
and chemical adsorption both occur on high 
area surface materials such as alumina. 
Usually, physically adsorbed gas is removed 
by pumping at a temperature, but the 
selection of temperature is rather arbitrary. 
The cffcct of basic vapors on the isomeriza- 
tion of olcfin is not conclusive either. Peri 
(11) reported that a small amount of 
ammonia adsorbed at 400°C covered most 
of the isomerization sites on y-alumina, 
while Rosynck et al. (14) observed only 
very small effect on the isomerization when 
ammonia and pyridine were adsorbed at 
room temperature. 

The adsorption of ammonia on alumina 
and its effect on ethylene chemisorption 
were earlier studied by us using a tempera- 
ture-programmed desorption (TPD) tech- 
nique (23), but the effect of adsorption 
temperature was not st,udied extensively. 

Therefore, the chemisorption of ammonia 
was studied prior to the isomerization re- 
action mainly by TPD and varying adsorp- 
tion temperature over a wide range. Results 
obtained by the aid of infrared spectroscopy 
arc also discussed in this paper. 

EXPERIMENTAL METHODS 

Materials 

Alumina catalyst used in this study was 
an q-alumina kindly supplied by Exxon Co. 
A typical analysis by emission and atomic 
absorption spectroscopy showed 34 ppm of 
metallic impurity (Cu and Fe), 45 ppm of 
Si and 75 ppm of Mg. An amount of 0.205 g 
of 24 mesh part,iclcs was taken in the 
react,or, calcined with air for 1 hr at 600°C 
and finally evacuated for 3 hr at the same 
temperature before use. After this treat- 
ment’, t’he surface area was 234.7 m2/g by 
BET with nit’rogen. The same sample of 
catalyst was used for all reaction and TI’D 
experiments in this study. A wafer of 
catalyst for infrared spectroscopy was pre- 
pared from the same batch of alumina. The 
fine powder of the alumina was pressed into 
a wafer of 19 mm diameter and its density 
was 17.8 mg/cm2. 

Anhydrous ammonia (99.99y0), research 
grade I-butene and cis-2-butene were all 
degassed thoroughly by condensing with 
liquid nit,rogcn. Perdeut.erobutene (2- 
butene-&) was purchased from Merck 
Sharp & Dohme of Canada., and it con- 
tained 19.57’ tram- and S0.5y0 cis-2-butene 
but no 1-but,cnc. The only isotopic impurity 
found by mass spectroscopy was 7.2% of 
CAHTD. Helium used as the carrier gas of 
TPD was Matheson’s ultrahigh purity 
grade (99.997,). It was used after passing 
through a molecular sieve tower to remove 
a tract of water and carbon dioxide. 

Apparatus and Procedure 

The apparatus consisted of three sys- 
t~cms : a closed recirculation system for 
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isomerization reaction; a static adsorption 
system; and a TPD system. The three sys- 
tems were combined with a common reactor 
of jacketed type (24) so that the same 
sample of catalyst was used for all experi- 
ments without risking a change of surface 
conditions. The total volume of reaction 
system was 130 ml including the reactor 
(20 ml), while the adsorption system had 
a volume of 33 ml for more accurate 
measurement of adsorption. The reaction 
system was equipped with a stainless steel 
bellows circulation pump rated 6.2 liters/ 
min (max). Varying its speed in a range 
used in the present experiments did not 
change the observed rate of isomerization. 
A sample of gas (about 2% of the total gas 
in the system) was taken to a gas chromato- 
graph for analysis at proper intervals of 
time during reaction. The whole system 
could be evacuated to lo+ Torr. The 
temperature-programmed desorption has 
been described elsewhere (24). 

The isomerization reaction was started 
with or without preadsorbed ammonia by 
circulating a known amount of 1-butene 
through the reactor, and the pressure was 
recorded with a capacitance pressure trans- 
ducer. The pressure decreased at first by 
adsorption, but it was stabilized usually 
within 5 min. The first order rate constant, 
k, was obtained according to the equation 

In (1 - zJ/(zt - 2,) = kt, (1) 

where xl and x8 are the fractions of l- 
butene at time t and at equilibrium, 
respectively. The plot of the left side of 
Eq. (1) against t fell well on a straight line 
mostly up to 80% of conversion which 
corresponded to about 90 min of reaction 
time on a clean surface. x, was calculated 
from a thermochemical table (25). 

Usually TPD was carried out up to 
600°C after each reaction. The catalyst was 
then treated with about 300 Torr (1 
Torr = 133.3 N m+) of dry air circulated 
through a trap at liquid nitrogen tempera- 
ture for 1 hr at 600°C to remove a trace of 

hydrocarbon or carbon which might be 
still remaining on the surface. Finally the 
catalyst was evacuated for 1 hr at 600°C 
for the next reaction. This procedure was 
sufficient to keep the catalyst activity 
constant throughout a series of about 70 
experiments. The surface area decreased 
only by 2% during the experiments. 

The cell used for infrared spectroscopy 
was an inverse T-shape cell made of quartz. 
The catalyst wafer held in a quartz holder 
could be raised by an outer magnet to the 
upper part of the cell where it was treated 
at 600°C similarly to the catalyst for 
reaction. The system was all glass with 
UHV flanges and metal valves so that the 
contamination by grease and mercury was 
avoided. A routine pressure of 1OW Torr 
was easily obtained and after bakeout the 
pressure became in the 1O-g Torr range. 
Spectra were recorded with a Beckman 
IR4230 spectrophotometer at a spectral 
slit width of 4 cm-‘. After spectra were 
taken, the catalyst wafer was raised to the 
furnace position again and the temperature 
was increased linearly with a proportional 
programmer-controller, while the pressure 
of desorbed gas was detected and recorded 
by a mass spectrometer either in total or 
partial pressure mode. This temperature- 
programmed desorption carried out under 
high vacuum (lo+ to lo-’ Torr) was not 
used for the quantitative discussion of TPD 
but for the identification of molecules 
observed by infrared spectroscopy with 
those found by TPD. 

RESULTS AND DISCUSSION 

I. CHEMISORPTION OF AMMONIA 

1. Temperature-Programmed Desorption 

Some typical TPD spectra of ammonia 
are shown in Fig. 1. Various amounts of 
ammonia were admitted to the reactor at 
450, 250°C or room temperature (starting 
temperature). The temperature was kept 
for 1 hr and then cooled to room tempera- 
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ture at which ammonia was removed from 
the reactor before TPD. When a small 
amount of ammonia was adsorbed at 250°C 
(curve a in Fig. I), it showed a single peak 
at high temperatures with the top of the 
peak between 250 and 350°C. Beyond this 
amount TPD started to give an additional 
peak that desorbed at lower temperatures 
(b and c), but the size of the high tem- 
perature peak stayed almost constant when 
the peak height was adjusted for the over- 
lapping tail of the low temperature peak. 
Therefore, the curve a shows approximately 
the saturation by the stronger chemisorp- 
tion of ammonia at about 1.1 X 1Ol4 
molecules/cm2. 

Curve d was obtained by adsorbing 
a.mmonia at room temperature, and it 
lacked the high temperature peak. An 
experiment in which a much larger amount 
of ammonia was admitted at room tempera- 
ture and the temperature was finally cooled 
to -35°C gave a very large peak in TPD 
bctwrcn 0 and 50°C with a shoulder whose 
temperature (120°C), height and tail were 
the same as d in Fig. 1. ARhough it is not 
sure whether the large peak that appeared 
at %5O”C is a still weaker chemisorption or 
physical adsorption, the chcmisorption that. 
takes place at room temperature was satu- 
rated in curve d, t’hc amount of which was 
about 2.1 X lOI moleculcs/cm2. 

When ammonia was adsorbed at 450°C 
(e in Fig. I), the peak at 250-350°C de- 
creased and a third peak appeared at about 
550°C. It appears that strongly chemi- 
sorbed ammonia decomposed at this high 
temperature. However, a trap cooled by 
liquid nitrogen and inserted between the 
reactor and the detector of TPD removed 
all peaks indicating that the peak at 550°C 
was also condensable. Infrared spectra of 
ammonia adsorbed at 450°C did not, show 
any difference from those at 250°C. Also, 
a mass spectrometric search during the 
TPD after infrared spectroscopy could not 
dctcct any Hz, K2, or CO2 in spite of the 

I I I,, I I I 
100 200 300 400 500 600 

TEMPERATURE (“0 

FIG. 1. TPD spectra of ammonia. Starting tem- 
perature of adsorption and the amount (molecules/ 
cm2) desorbed by TPD were : (a) 250°C, 1.13 X 1014; 
(b) 25O”C, 1.67 X 1014; (c) 25O”C, 2.20 X 10’“; 
(d) 23”C, 2.09 X 1014; (e) 45O”C, 1.12 X 1014. 

fact that the TPD showed similar high 
temperature peak at about 550°C. 

Although the adsorption at 450°C is not 
fully understood at this stage, the results 
of TPD revealed that, two different types 
of chemisorpt’ion of ammonia take place on 
the alumina surface, one is a weaker chcmi- 
sorption occurring at room tcmperaturc 
and the other is a stronger chemisorption 
requiring a greater activation energy of 
adsorpt’ion. 

2. Infrared Spectroscopy 

The present density of catalyst wafer 
(17.8 mg/cm2) was necessary t’o obtain 
reasonable intensities of absorption bands, 
but it made transparency poor in the region 
between 4000 and 3000 cm-’ in particular. 
Therefore, the alumina was dcuteratcd 
with deuterium gas at 600°C and ND, was 
used as adsorbate for spectroscopy in the 
region of 3000-2000 cm-‘, while NH3 was 
used on the undcutcratcd surface bctwcctn 
2000 and 1100 cm-‘. The objective of the 
spectroscopy was to find diffcrcnccs in the 
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adsorbed state, if any, between the weak 
and strong chemisorption of ammonia 
found by TPD. Therefore, TPD of ad- 
sorbed gas was carried out after each 
spectroscopic observation, as described in 
the Experimental Methods section, to 
confirm the type of chemisorption. 

The two types of chemisorbed ammonia 
were again confirmed by TPD although 
the peaks were somewhat broader than 
those shown in Fig. 1. Probably the heating 
of catalyst would not have been uniform 
on the 19 mm diameter disk suspended in 
a high vacuum. Ammonia adsorption on 
the walls of the apparatus might also be a 
reason for the broadening in spite of the 
fact that the wall and flanges of cell, and 
vacuum manifold were all kept at about 
100°C. Some representative absorption 
spectra are shown in Figs. 2 and 3. TPD 
after spectra a and b in both figures gave 
only the high temperature peak, while d in 
Fig. 2 and e in Fig. 3 gave only the low 
temperature peak as expected. 

The spectra shown in Figs. 2 and 3 are 
generally consistent with the results ob- 

tained by Peri (11) except for the bands 
in the 1130-1300 cm-’ region. Therefore, 
the only results relevant to those of TPD 
are discussed. No detectable shift of fre- 
quency with the adsorbed amount was 
observed for the all N-D stretching vibra- 
tions in Fig. 2. In Fig. 3, on the other hand, 
bands at 1620 and 1506 cm-’ both started 
to shift towards lower frequencies after 
spectrum c at which the surface concen- 
tration slightly exceeded the saturation of 
stronger chemisorption and TPD started 
to show the lower temperature peak as well. 
A plot of the absorbance of the 1506 cm-l 
band as a function of surface concentration 
showed that the absorbance increased with 
the amount adsorbed at 270°C up to 
8 X 1013 molecules/cm2 but it remained 
unchanged after that. This amount is again 
close to the saturation of stronger chemi- 
sorption (1.1 X 1014) indicating that the 
surface species of this type of chemisorption 
is NH2. With other bands, the absorbance 
either increased monotonously or it was 
hard to obtain any definite correlation with 
the adsorbed amount. 

0.7- 

0.1 - ND, on D-A&O, 

WAVENUMBER (cm-‘) 

FIG. 2. Infrared spectra of adsorbed NL), on deuterated alumina. (--) Catalyst. Starting 
temperature of adsorption and the adsorbed amount, (molecules/cm2) were: (a) 27O”C, 4.1 X 1013; 
(b) 270°C, 8.4 X 1013; (c) 270°C, 1.6 X lo’*; (d) 2S°C, 1.9 X 10L4. 
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FIG. 3. Infrared spectra of adsorbed NH; on undeuterated alumina. (--) Catalyst. Starting 
temperature of adsorption and the adsorbed amount (molecules/cm2) were: (a) 260”C, 4.1 X 1013; 
(b) 27O”C, 7.9 X 10’3; (c) 270°C, 1.4 X 1014; (d) 27O”C, 1.8 X 1014; (e) 23”C, 1.9 X 1014. Specka 
in Figs. 2 and 3 were obtained with different attenuation. 

Not too many reports are found about 
the bands in the 1130-1300 cm-l region for 
ammonia adsorption. Primet et al. (26) ob- 
served two bands at 1220 and 1190 cm-’ 
as well as other bands at higher frequencies 
on the adsorption of ammonia on titanium 
oxides, and they assigned the bands to 
the V~ vibration of ammonia adsorbed on 
the sites of different strength of acidity. 
The bands at 1215 and 1175 cm-’ in Fig. 3 
could also result from similar mode of 
vibration, while the band at 1265 cm-l may 
be ascribed to KHz species. However, a 
definite assignment of these bands is 
impossible at this moment. Also, the reason 
for the disappearance of the 1265 cm-’ band 
from the spectra c and d in Fig. 3 is not 
cIear yet, although the overlap of the lower 
frcqucncy bands may make Ohis band less 
conspicuous to some extent. 

As already mentioned, the present results 
are consistent with those of Peri (II), and 
his int~crprctations also scrm applicable t,o 
our results without conflicting with the 
TPD results. Thus ammonia chcmisorbs 

strongly at 250°C or higher on exposed 
aluminum ions on t.he surface with one 
hydrogen atom interacting with an ad- 
jacent oxide ion, while at room temperature 
ammonia chemisorbs as molecules probably 
on strained oxide ions. At 45O”C, ammonia 
dissociates more completely as NH, 
+ OH-, and in TPD, water is formed at 
high temperature giving a condensable peak 
at 550°C. Ko band was observed ltear 
1400 cm-’ indicating the absence of am- 
monium ion within the detection limit. 

II. ISOMERIZATION OF l-BUTENE 

i. Poisoning by Ammonia 

Recovery of n-butenes after the reaction 
including butencs from the catalyst surface 
by TPD was better than 99.5%, and no 
isobutene was found by gas chromatog- 
raphy during t.he reaction. No other 
reactions than n-butcne isomerization 
thereforc occurred to an apprcciablc extent. 

The results obtsined arc shown in Fig. 4, 
where the first order rate constVant, 1~, is 
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FIG. 4. Effect of preadsorbed ammonia on the isomerization of butenes. The pressure of butenes 
was 85 f  2 Torr, and reaction temperature w&s 19.O”C for l-butene (1-B) and 19.5”C for cis- 
butene (c&-B). The temperature of NH3 preadsorption was 250% (0); 23°C (0); and 45O’C 
(0). The temperature of CO2 preadsorption is indicated. 

plotted as a function of the surface concen- 
tration of ammonia preadsorbed as a 
poison. Ammonia was adsorbed at various 
temperatures before reaction, but the 
amounts were all so small that the residual 
pressure became lo+ Torr or less. The 
isomerization, therefore, followed without 
evacuation of the reactor. 

Figure 4 shows that ammonia pre- 
adsorbed at 250°C (open circles) poisons 
the catalyst efficiently and in a linear 
manner, while the weaker form of ammonia 
adsorbed at room temperature (half-filled 
circles) is much less effective. Indeed, a 
large amount of ammonia preadsorbed at 
room temperature at a concentration of 
1.2 X 1014 molecules/cm2 still left 15% of 
the original activity. On the other hand, 
ammonia adsorbed at 450°C (filled circles) 
was as effective as that at 250°C. The upper 
limit of the active sites for isomerization 
was obtained as 3.3 X 1013 sites/cm2 by 
extrapolation of the linear portion of the 
curve in the figure. The isomerization of 
cis-2-butene was also carried out for com- 

parison, with ammonia adsorbed at 25O”C, 
and the results are included in Fig. 4. The 
poisoning effect is also linear and the 
extrapolation falls on the same site density 
as for 1-butene within experimental error, 
suggesting that the double bond migration 
and cistrans isomerization reactions take 
place on the same sites. The site density 
(3.3 X 1013/cm2) obtained here is in reason- 
able agreement with those obtained by 
other workers with hydrogen sulfide and 
methyl mercaptan (16, 17). The activation 
energy of I-butene isomerization obtained 
on unpoisoned surface between 0 and 
42°C was 11.5 kcal/mole. 

Figure 4 also includes some results ob- 
tained with CO2 as poison (squares). 
Carbon dioxide adsorbed at 450°C seems 
slightly more effective than that at room 
temperature, but in any case it has little 
poisoning effect in agreement with Rosynek 
et al. (14, 16). They also reported that 
ammonia had little effect on the isomeriza- 
tion (14), but they did not adsorb ammonia 
at high tcmpcratures. On the other hand, 
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Prri (11) found by infrared spectroscopy 
that only 57, of a monolayer of ammonia 
adsorbed at 400°C covered 90% of the 
isomcrization sites on y-alumina. This 
coverage corresponds to about 3 X 1OL3 
molrculcs/cm2 according to the surface 
arca of his alumina, and it agrees quit’e well 
with our results. 

2. TPD of Butene 

After the final gas sample was taken to 
the gas chromatograph (60-90 min), bu- 
tcncs in the reactor were removed at 19°C 
by condensing in the trap for 15 min, and 
TPD was carried out subsequent’ly to see 
the gas remaining on the surface. Some of 
the rwults t,hus obtained are shown in 
Fig. 5. A TPD spectrum obtained on un- 
poisoned catalyst (curve a) shows two 
peaks of butene, I and II, in agreement 
with the butene peaks previously found on 
r-alumina (19, J&J), although the ratio of 
the sizes of peaks I to II is much larger on 
t’he present alumina. Chemisorptivc sites 
corresponding to peaks I and II were 
rcferrcd to as sites I and II, respectively 
(19, 24). In the case of ammonia poisoning, 
an ammonia peak appeared at higher tem- 

I 111,1,1,1,1 I 
100 200 300 400 500 600 

TEMPERATURE (“Cl 

FIG. 5. TPD spectra after isomerization reactions. 
Preadsorpt,ion temperature of ammonia was 250°C 
(b, c, and d); and 23°C (e). Amount of ammonia 
(molecules/cm2) : (a) 0; (b) 5.4 X 1012; (c) 2.3 X 1013; 
(d) 4.2 X 10’“; (e) 3.9 X 1013. 

pcraturcs but it was well separated from 
the peak I of butcne. It should be notrd 
here that, when the amount of ammonia 
becomes smaller, the peak appears at 
higher temperature, sometimes above 
600°C as a part of the rear end of the 
saturation peak shown in Fig. 1. Therefore, 
the peak height of ammonia in Fig. 5 is not 
necessarily proportional to the amount. 
Sote also that the ordinate scale is quite 
different bpt,wccn Figs. 1 and 5. 

0 III,,,,,,, 0 
2 

IO 20 30 40 50 60 70 80 90 100 
PRESSURE OF BUTENE-I(TORR) PRESSURE OF BUTENE-I(TORR) 

FIG. 6. Isotherm of butene at room temperature and the pressure effect on the 
butene isomerization at 19°C. 

net rate of l- 
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FIG. 7. Effect of evacuation temperature on the 
amount of butene retained on sites I. Time for 
evacuation was 30 min at -13 and lO”C, and 
15 min for other points. 

Comparing Figs. 4 and 5, one easily 
notices that, when the activity of alumina 
becomes lower with increasing amount of 
ammonia adsorbed at 25O”C, the size of 
peak I of butene also becomes smaller. An 
interesting fact is that the activity is less 
affected by ammonia adsorbed at room 
temperature (Fig. 4), and that peak I is 
also less affected (curve e in Fig. 5). The 
amount of ammonia for curve e is com- 
parable to that for curve d. In another 
experiment in which a smaller amount of 
ammonia (2.2 X 1013) was adsorbed at 
room temperature, the ammonia peak in 
TPD started at about 350°C so that the 
peak II, if any, could be clearly seen. 
Nevertheless, peak II was completely 
eliminated, while the catalyst still kept 
75Y0 of the original activity. The results 
indicate that sites I on a.lumina are re- 
sponsible for isomerization, but not sites II. 
The isomerization sites are discussed below 
in more detail. 

3. Pressure E$ect 

Figure 6 shows an adsorption isotherm 
of butene at 23°C and the effect of pressure 

on the rate of I-but,cnc isomerization. 
1-Butene was used as the adsorbate for the 
isotherm, but it became, of course, a mix- 
ture of n-butencs during the measurements. 
After the isotherm was measured, the 
catalyst was evacuated for 1 hr at -13°C 
and TPD was carried out. The TPD gave 
peaks I and II, the sum of which was 
2.5 X lOI molecules/cm2, as indicated in 
Fig. 6. The amount of butene desorbed in 
the peak II was estimated as 3 X 1012 
molecules/cm2 from the area distribut,ion of 
the peaks in TPD. The size of the peak II 
w-as also the same as that of curve a in 
Fig. 5 which was obtained by evacuating 
at 19°C before TPD, so that the amount 
of butene on sites II did not, vary between 
-13 and 19°C. When butene was adsorbed 
at higher temperature, however, peak II 
became larger and finally saturated at 
200°C. The saturated amount, of butene 
on sites II was found to be 1.3 X 1013 
molecules/cm2. 

The increase in adsorption temperature 
did not change the size of peak I. When the 
catalyst was evacuated at various tem- 
peratures after adsorption, however, sub- 
sequent TPD showed interesting results, 
as shown in Fig. 7. The figure indicates that 
the amount retained on sites I becomes 
almost constant when the temperature of 
evacuation is 0°C or lower, but it decreases 
abruptly in a narrow range between 0 and 
10°C. Apparently the activation energy of 
desorption changes sharply at about 60% 
of the saturated amount on sites I which 
was determined as 2.2 X 1Ol3 molecules/ 
cm2 from Fig. 7. What is clear from the 
above discussion is that the adsorbed 
amount on sites I and II is constant 
(2.5 X 1013) at room temperature inde- 
pendent of pressure, and the adsorption 
above this amount in the isotherm in 
Fig. 6 is much weaker, most likely physical 
adsorption. 

The net, rate of 1-butene isomerization, 
r, which was plotted in Fig. 6 was calcu- 
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TABI,I:, 1 

lIesuIts of Reaction with 2-ClD7 

1sxp t, Total amount, 
(molecrdea) 

1 = lteactant 2-Butene 2.89 x 1O’Q 92.8 7.2 - - - - 

Product I- and 2- 
(23”C, 30 min) Btttene 2.69 x 10’9 91.0 9.0 - - - - 4.9 x 10’7 

2 = Preadsorption 2-Butene 4.1 X 10’86 92.8 7.2 - - - - 

Reactant I-Butene 1.89 x 1020 - - - - - 100.0 

Product Il-Butene 1.43 x 1020 - - - - 1.0 99.0 1.4 x 10’8 
(19”C, A min)* ]2-Butene 4.60 x 10'9 7.9 2.3 - - 2.3 87.5 1.1 x 10’8 

l-1311tene-dl/2-blltene-d1 1.3 

Total CE, 

3 = Reactant I-Butene 9.48 x 10'9 - - - - - 100.0 
2-Butene 9.04 x 10’9 92.8 7.2 - - - - 

Product, i 1-Butene 5.80 x 10'9 - - - - 15.6 84.4 9.0 x 10’8 
(19”C, 8 min)h 2-Butene 1.27 X 102” 54.0 14.4 1.8 - 5.6 24.2 7.1 x 10'8 

1-Butene-dr/2-butene-di 1.3 
- 

a On s&es I. Total preadsorption was 5.7 X 10E8 molecules. 
b Conversion of I-butene was 22.4ye in Expt 2 and 39.8yc in E:xpt 3. 

l~tcd from the equation, 

r = kS(1 - X,), (2) 

where lc is the first order rat’e constant’ de- 
fined by Eq. (l), L%’ the total number of 
butcne molcculcs in the system, and ze is 
the fraction of 1-butrnc at’ equilibrium. The 
rrsults in Fig. 6 shows that the net rate is 
indcpcndent of the reactant pressure, and 
consequently indcpcndcnt of physical ad- 
sorption. Therefore, the surface concen- 
tration of intermediate should be constant 
over a wide range of pressure supporting 
the view that sites I arc responsible for the 
isomcrization. 

static adsorption system with smaller 
volume, whiIc the rest. of experiments were 
carried out in the recirculation reaction 
system. In the latter case, the reaction was 
stopped by isolating the reactor and the gas 
phase material was separated int’o l- and 
2-butenes by a larger capacity gas chro- 
ma tograph. Each separated butene was 
analyzed by a mass spectrometer at a low 
ionizing voltage to give only parent peaks. 
A test experiment confirmed that no ex- 
change occurred between butene and the 
column packing and butcne molecules 
themselves. The results arc discussed in 
the following section. 

4. Reaction cith d-Butene-d8 111. ib.XIVE &TES FOR kOMERIZATION 

Some experiments were carried out with No definite mechanism ca,n be concluded 
2-butene-ds, the result’s of which were listed from the present results alone. Neverthe- 
in Table 1. Experiment 1 was made in t,he less, some mechanistic consideration is 
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given in connection with the active sites. 
A total of 4.9 X 10” hydrogen atoms was 
exchanged with butene in Expt. 1 in 
Table 1. This corresponds to 1.0 X 10’2 
atoms/cm2 and it is much smaller than 
sites I (2.2 X 1013/cm2). These exchanged 
protons would not be directly related with 
isomerization, while they could be a part 
of sites II. When a small amount of 
2-butene-& was adsorbed on deuterated 
alumina, a deuteroxyl band at 2788 cm-’ 
was considerably reduced while other OD 
bands remained unchanged. No absorption 
ascribable to butene or butyl radical was 
detected probably because the surface 
concentration was too small. On a spectrum 
of alumina (broken line in Fig. 2) the 
deuteroxyl groups at 2788 cm-l were 
estimated as about 15yn of the total 
deuteroxyl groups from areas under the 
bands and by assuming the same extinction 
coefficient for all deuteroxyl groups. The 
total number of hydroxyl groups was found 
to be 8 X 1013/cm2 from the exchange with 
deuterium gas at 600°C so that the popula- 
tion of the deuteroxyl groups giving 2788 
cm-’ band was estimated as about 1.2 
X 1013/cm2. This is close to the density of 
sites II (1.3 X 1013/cm2), and the adsorp- 
tion of ammonia not only eliminates this 
highest frequency hydroxyl band (Fig. 2) 
but also eliminates peak II of butene as 
already described. It is likely that sites II 
are isolated aluminum ions associated with 
adjacent hydroxyl groups. We also found 
that ethylene chemisorbed on sites II 
exchanged hydrogen with protons on the 
surface (20). 

In Expt 2 in Table 1, the total number 
of ds- and d,-butenes found in the gas phase 
product was 4.7 X lo’* molecules which 
agreed rather well with 2-butene-ds pre- 
adsorbed on sites I (4.1 X 1018 in total or 
8.5 X 1012/cm2). Also, more than 95% of 
the preadsorbed butene-ds came out in the 
gas phase as ds without exchange. There- 
fore, the change in the activation energy of 

dcsorption observed in Fig. 7 seems to be 
due to an induced heterogeneity (repulsive 
force between molecules) at least partly. 
Butene molecules adsorbed on sites I can 
thus communicate with the gaseous mole- 
cules perhaps to a greater extent than 
assessed by Rosynek and Hightower (15). 

The results of reaction with a 1: 1 mixture 
of 1-butene-do and 2-butene-ds show that 
only single exchange of hydrogen occurred 
for both reactants even at 40% conversion 
(Expt 3 in Table 1). A small amount of ds 
is believed to have come from d, in the 
reactant. Different mechanisms or reaction 
paths for the isomerization and the inter- 
molecular exchange of hydrogen between 
olefin molecules have been postulated 
mainly because of similar or greater degree 
of exchange found in the unisomerized 
molecules to that in the isomerized mole- 
cules (5, 7). In the present results too, the 
total amount of 1-butene-d1 found in the 
product was slightly larger than that of 
2-butene-dl, as shown in Table 1. However, 
this does not necessarily prove two inde- 
pendent mechanisms for the reactions. 
Ozaki and Kimura (S) postulated a proton 
donor-acceptor mechanism that a protonic 
carbonium ion is formed by acquiring a 
proton either from Bronsted acid centers 
or from a carbonium ion (CJHe+) formed 
by the chemisorption of olefin on Lewis 
acid centers. It seems then possible that 
the protonic carbonium ion releases a 
proton resulting in the exchange of hy- 
drogen without isomerization, or, alter- 
natively, resulting in the isomerization with 
exchange depending on the proton to be 
released. In other words, both reactions 
have the same intermediate, and the inter- 
molecular exchange reaction without isom- 
erization takes place when the backward 
reaction from the intermediate to the 
reactant occurs. The ratio of 1-butene-dl: 
2-butenedl was constant (1.3) for Expts 2 
and 3 in Table 1 in spite of a large difference 
in conversion (22 : 40%). This fact supports 
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the above view that the isomerization and 
exchange take place through the same path. 
If this is true, the experimental method 
could become critical. When the diffusion 
control becomes serious, the isomerization 
may approach equilibrium in the vicinity 
of the surface while the exchange still keeps 
going, thus misleading the interpretation 
of results. In the case of exchange between 
Dg and olefin, however, it would proceed 
on different sites from those responsible 
for isomerization as evidenced by the 
sclcctivc poisoning by COZ (14, 15). 

The deutcrium distribution of Expt 3 
in Table 1 shows that the 2-b&me-& 
formed was about four times larger than 
2-butene-dl, while a simple st’atistics with 
the 1: 1 mixture of do and d8 reactants gave 
equal amounts of both products, if the 
isomcrizstion proceeds by the above 
mechanism. Although a definite explanation 
is impossible at this stage, the difference in 
the rcactivit’y of 1-butenc and 2-but,cnc 
chemisorbed on Lewis centers might be 
partly responsible. Indeed, the first order 
rate constant for the isomerization of 
I-butene and cis-2-butene was different by 
a factor of 2, as seen in Fig. 4, and the net 
rate of cis-butcne isomerization calculated 
from Eq. (2) was about one third of that 
of I-butene. Moreover, an isotope effect 
has been observed in but’cne isomerization 
(5, 8, 9). 

The present results about the active sites 
for isomcrization can be explained also by 
the mechanism of Ozaki and Iiimura (3) 
with chemisorbed olefin on Lewis acid 
centers as proton donor. Lewis acid centers 
would be exposed aluminum ions on the 
alumina surface, as most investigators 
agree, and at the same time those sites are 
the sites I previously found on alumina by 
the temperature-programmed desorption 
of olcfins (19, 24). Butene chemisorbed on 
these Al ions acts as a proton donor and 
serves as an active site for isomerization. 
Since butenc strongly chemisorbs on these 

FIG. 8. Activity for isomerization versus the 
amount of butene on sites I. Symbols are the same 
as in Fig. 4. 

sites (but not as strongly as it does on 
sites II), the rate of isomerization is 
pressure independent as observed in Fig. 6. 
Ammonia also chemisorbs on these Al ions 
at 250°C or higher forming NH2 species as 
already discussed, and blocks the isomcriza- 
tion. The amount of butene remaining on 
sites I after evacuation at 19°C was calcu- 
latcd roughly by measuring with a planim- 
eter the area of peak I on the curves in 
Fig. 5 and others, and plotted with the 
activity of the catalyst in Fig. 8. The figure 
shows that the activity is roughly propor- 
tional to the amount of butene on sites I 
supporting the above mechanism. 

Also, these Lewis acid centers would 
probably be a pair or triplet of exposed 
aluminum ions. Strong acidity had been 
predicted on those sites by Peri (27). When 
two olefin molecules chemisorb on the sites 
to transfer a proton, the binding force to 
the sites would become weaker, thus on 
pumping at relatively low temperatures, 
about half of the sites could be evacuated 
as shown in Fig. 7. Also, if one ion of the 
pair is covered by ammonia, both will lose 
the activity for isomerizat’ion. This may 
explain a part of the difference between the 
amount of ammonia required to block 
isomerization (3.3 X 1013 molccules/cm2) 
and the saturated amount of stronger 
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chemisorption of ammonia (1.1 X 1014), 
although a greater part of the difference 
would be due to isolated Al ions which 
chemisorb ammonia strongly but are not 
active for isomerization. 

Thus the minimum amount of ammonia 
required to kill the isomerization activity 
of sites I is estimated as about 1.4 X 1013 
molecules/cm2 from Fig. 7 as the amount 
of butene strongly retained on sites I. 
Ammonia chemisorbed at 250°C also covers 
sites II (Fig. 5) whose population is 
1.3 X 1013/cm2. Therefore, at least a total 
of 2.7 X 1013 molecules/cm2 of ammonia 
will be required to eliminate the activity of 
the catalyst, and this value is reasonably 
close to 3.3 X 1013 molecules/cm2 found in 
Fig. 4 as the upper limit of active sites. 
Moreover, since the isomerization activity 
of alumina is proportional to butene on 
sites I (Fig. S), it is unlikely that other 
sites than sites I are involved directly in 
the isomerization of olefin. 

Ammonia weakly chemisorbed did not 
block the isomerization effectively (Fig. 4). 
It did, however, reduce the rate constant, 
Ic, faster than it covered the sites of weaker 
chemisorption. For example, the rate of 
isomerization became about 60% when 
ammonia covered 20% of the sites. The 
fact rather supports the view that the sites 
for the weaker chemisorption of ammonia 
(oxide ions) are not directly responsible for 
the isomerization. The slight effect of 
poisoning by weakly chemisorbed ammonia 
might have resulted from a small amount 
of stronger chemisorption formed even at 
room temperature. Alternatively, the 
chemisorption of butene on sites I may also 
require an oxide ion adjacent to Al ion as 
suggested by Rosynek and Strey (17). An 
extrapolation of the poisoning effect of 
ammonia a.dsorbed at room temperature 
gave about 5Oa/, of the surface coverage 
required to kill the total activity, and the 
site density of stronger chemisorption of 
ammonia was also about 50% of that of 

the weaker chcmisorption, as described 
earlier. 

It is not clear yet why the chemisorption 
of butene on sites II on the present alumina 
has a greater act’ivation energy requiring 
higher temperature to saturate the sites in 
a reasonable time, while sites II on y- 
alumina were readily saturated by olefins 
even at room temperature (19, 24). 
Lucchesi et al. (28) found by infrared 
spectroscopy, however, a great difference 
in the rate of ethylene chemisorption be- 
tween two alumina samples, crystallo- 
graphically similar but prepared by dif- 
ferent processes. 

ACKNOWLEDGMENTS 

The author is grateful to Mr. G. Pleizier for carry- 
ing out most of the experimental work. Thanks are 
also due to Mr. D. S. Russell, Analytical Section of 
this Division, for analyzing alumina, and to Mr. 
R. L. Sander for obtaining the mass spectra of 
deuterobutenes. 

REFERENCES 

1. Peri, J. B., Actes Cbngr. Int. Catal., %nd, 1960 
p. 1333 (1961). 

1. Brouwer, D. M., J. Catal. 1, 22 (1962). 
S. Ozaki, A., and Kimura, K., J. Catal. 3, 395 

(1964). 
4. Gerberich, H. R., and Hall, W. K., J. Catal. 5, 

99 (1966). 
6. Hightower, J. W., and Hall, W. K., J. Amer. 

Chem. Sot. 89, 778 (1967). 
6. Basset, J., Figueras, F., Mathieu, M. V., and 

Prettre, M., J. Catal. 16, 53 (1970). 

7. Sakurai, Y., Onishi, T., and Tamaru, K., !frans. 
Faraday Sot. 67, 3094 (1971). 

8. Guisnet, M., Perot, G., and Maurel, R., J. 
Catal. 31, 136 (1973). 

9. Perot, G., Guisnet, M., and Maurel, R., J. 
Catal. 41, 14 (1976). 

10. Tung, S. E., and McIninch, E., J. Catal. 3, 229 
(1964). 

11. Peri, J. B., J. Phys. Chem. 69, 231 (1965). 
15’. Peri, J. B., J. Phys. Chem. 70, 1482 (1966). 

13. Medema, J., and Houtman, J. P. W., J. Catd 
6, 322 (1966). 

14. Rosynek, M. P., Smith, W. D., and Hightower, 
J. W., J. Catal. 23, 204 (1971). 



ACTIVE SITES OF ALUMINA FOR BUTENE ISOMERIZATION 339 

15. Rosynek, M. P., and Hightower, J. W., I’roc. 
Int. Congr. Cutal., 5th, 2972 2, 8.51 (1973). 

16. Lunsford, J. H., Zingery, L. W., and Rosynek, 
M. P., J. C&Z. 38, 179 (1975). 

17. Rosynek, M. P., and Strey, F. L., J. Catal. 41, 
312 (1976). 

18. Hightower, J. W., and Hall, W. K., Truns. 
Faraday sot. 66, 477 (1970). 

19. Amenomiya, Y., and Cvetanovic, R. J., J. Phys. 
Chem. 67, 144, 2046, 2705 (1963). 

20. Amenomiya, Y., Chenier, J. H. B., and 
Cvetanovic, R. J., Proc. Int. Congr. Cutal., 
3rd 1964 2, 1133 (1963). 

21. Amenomiya, Y., Chenier, J. H. B., and 
Cvetanovic, R. J., J. Cutal. 9, 28 (1967). 

22. Amenomiya, Y., J. Cutal. 12, 198 (1968). 

,%. Amenomiya, Y., Chenier, J. H. B., and 
Cvet.anovic, R. J., J. P/q/s. Chem. 68, 52 
(1964). 

%$. Cvetanovic, R. J., and Amenomiya, Y., in 
“Advances in Catalysis” (D. 1~. Eley, H. 
Pines, and P. B. Weisz, I+;ds.), Vol. 16, p. 103. 
Academic Press, New York, 1967. 

25. “Selected Values of Physical and Thermo- 
dynamic Properties of Hydrocarbons and 
Related Compounds” (F. D. Rossini et al., 
Eds.). Carnegie Press, Pittsburgh, 1953. 

26. Primet, hf., Pichat, P., and Mathieu, M. V., 
J. Phys. Chem. 75, 1221 (1971). 

$7. Peri, J. B., J. Phys. Chem. 69, 220 (1965). 
28. Lucchesi, P. J., Carter, J. L., and Yat)es, D. J. C., 

J. Phys. Chem. 66, 1451 (1962). 


