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The Effective Site on Acid Catalysts Revealed in 

n-Butene lsomerization 

Kcceircd November 27, 1963 

l-Butene iaomcrization experiments were carried out at near room temperatures 
with dcutcrated acid catalysts such as silica-alumina, silica-magnesia, silica-zirconin, 
nickel oxide-silica, alumina, alumina-boris, and nickel sulfate-on-silica, as well as 
with nondeut erated catalysts in the presence of deuteratcd propylene or other llydro- 
carbons. Reaction mixtures wcrc separated by gas chromaiographic column and 
analyzed for deutcrium distribulion by mass spx+romctry. 

The eschnngc b&a\-ior rcvcalcd in the eq)eriments was remarkably dependent on 
the e\xcw:~tion tcmpcrnturc of the tleuterated catalysts. For the evacuation tem- 
iwratures war lOO”C, most of the deuterated catalysts gal-e deuterated products, 
111~ drutrrohutr~nc conwntrxtions found in product 2-butencs being much large] 
I hxn in unreacttd 1-butrnc. However the larger dcuterobutenc conwntrations in 
Z-butcnes decreased with a rise in the evacuation tcmlxrnturc of the dcutrrated 
catalyrts, down to ncgligiblr conccntmtion for the cvacwation at 5OO”C, whereas the 
conversions of rcactant incrcasod with rise in the (>vacuation ternpc~r;~turc abow 
100°C. 

On thr other hand, with mwt of tht nondtwtwatrd wtalysts e~ncuatetl at 5OO”C, 
I-butcne isomcrization in thr ~~rwencc of dcutcropropylcne wvraled an esscntiall\ 
idcntiwl bcharior of hydrogc’n cwhangc with that on the dcutrratcd catalysts 
evacuated at 100°C. 

These results suggest tl~i. ,x-butc~nc komvrization on thcw catalysts procsec& at, 
least partly through a lroton tlonor~acvcptor mechanism with cithcr Bronstrd acids 
on the surface or the carbonimn ions formed by atlsorIlt,ion of olrfins on Lewis acid 
sites srrving as proton donor.*, although the conclusion is open to quest ion in the 
wsc of alumin;~. 

1. I~YTRODUCTIOS Smith (Z), and Horiut’i (3). In recent years 
It is generally accepted that tlic doublc- Haag and Pines (4) and Lucchesi (5) have 

bond isolnerization of n-butcnc is catalyzed proposed, (modifying the classical theory) 
by acid catalysts such as silica-alunlina at that the isonwrization proceeds through an 
a comparatively low teinpcraturc, and that intermediate pi-complex of olefin and pro- 
the catalytic activity can 1~ correlated ton. Brouwcr (6) suggested the necessity of 
with the acidity of the catalyst, wlwrcas different intermediates for &s-tram and 
the nature of the cffect,ivc scitl sit<, h:w double-bond isomerization. Any one of the 
lwcn an unsettled problem. above mechanisms, howvcr, assumes pro- 

Several suggestions havc bwn iilade for ton addition to the olcfin double bond ac- 
the isomerization. Thtsc include the car- conipanied hy subsequent or siniultaneow 
1)oniuin ion theory propo~d by M’liitmorc proton elimination from another part of the 
(I), and the hydrogen switch or prototropy carboniuni ion thus fornied. 
nlerhanism prol)osetl hy Turkcricll anal On the other liand, Prri (7) found that 

:(!A5 
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the rate of isomerization on a deutcrated 
alumina was much faster than that, of 
extinction of infrared absorption by deu- 
t.eroxpl on the catalyst. Consequently it 
was suggested that nonprotonic acid or 
Lewis acid is the active site, but as Brou- 
mer (61 pointed out, the evidence is incon- 
clusive because the catalytically effective 
deuteron might, be consumed with a small 
amount of reactant. 

If the proton on the catalyst, that is, 
Bronsted acid, is the real active site for the 
isomerization, as has been supposed, the 
existence of proton-donating and proton- 
accepting action of the catalyst should be 
detected in the reaction process on a deu- 
terated catalyst. by measuring the deute- 
rium distribution among the products. While 
separat,ion of isomeric n-butenes has been 
facilitated by gas chromatography, a com- 
plete experimental verification of this pre- 
diction has not been reported. Hence it is of 
int,erest, to st,udy the reaction by means of 
deut#erium tracer and to find which is the 
true active site for the various acid 
catalysts. 

II. EXPERIMENTAL 

1. Materials 

Catalysts. Silica-alumina, containing 15 
wt 7~ alumina, was prepared by cogclation 
of silicic acid and aluminum hydroxide 
from a mixed aqueous solution of alu- 
minum nitrate, sodium silicate, and ml- 

furic acid. Sihca-magnesia-l containing 
30 wt ‘/c magnesia which was obtained 
from Hara Laboratory of this Institute, 
was reportedly prepared by the gel- 
mixing method. Silica-magnesia-2 was pre- 
pared by cogelation. Nickel oxide-silica-l, 
-2, -3, -4, and -5 were prepared by am- 
monia precipitation of nickel hydroxide 
from nickel nitrate solution on silica gel SO 
as to contain 30, 40, 50, 30, and 30 wt % 
nickel oxide, respectively. The catalysts, 
X0-SiO,-1, -2, and -3 showed a deep black 
color after calcinat,ion at 5OO”C, while 
NiO-SiO,-4 and -5 were dark green. Silica- 
zirconia containing 20 wt 7a zirconia was 
prepared from aqueous zirconium oxychlo- 

ride solution by the same method as for 
nickel oxide-silica. Alumina (Xeobead 
MS-C) was supplied by Mizusawa Kagaku 
co. Alumina-boria of 24 w-t s boria was 
prepared by impregnating hydrous alumina 
gel with hot aqueous solution of boric 
acid. Nickel sulfate-on-silica was prepared 
by impregnating calcined silica gel with an 
aqueous solution of nickel sulfate. 

Reagents. Heavy water was supplied by 
Showa Denko Co. and the hydrogen was 
reported by them to be 99.65% deuterium. 

Yure n-butenes were obtained from com- 
mercial cylinders. The purity of any butene 
was above 99.7?. Three samples of deu- 
teropropylene, A, B, and C, were prepared 
by exchange reaction between heavy water 
and propylene over a platinum-asbestos 
catalyst at 150°C. The values of fractional 
deuterium concentration, on atom basis fo, 
of samples A, B, and C were 0.91, 0.67, and 
0.80, respectively. Sample A was contami- 
nated with about 7% propane whereas only 
a trace amount of propane was present in 
both B and C. Deuterobutane (fU = 0.47) 
was prepared by the addition of deuterium 
to deuterobutene obtained by the exchange 
method as described above. Deuteroacety- 
lcne was prepared by reaction of calcium 
carbide with heavy water. Deuterobcnzene, 
obtained from the Ikeda Laboratory of this 
Institute, was reportedly prrpared by tri- 
merization of dcutcroacctyltnc over Zieglci 
catalyst. 

2. Procedures 

Apparatus. The almaratue used for the 
experiments was a simple vacuum system 
equipped with a reactor and various reser- 
voirs. The reactor was a small bulb with a 
stopcock, the dead vo1~11nc of which was 
minimized in order to eliminate the con- 
tribution of unadsorbcd reactant to the 
analytical data. The actual dead volume 
was within 5 cc for 2.5 g of catalyst. 

Treatment of catalyst. Deuteration of 
the catalyst was pcrformcd as follows. A 
2.5- to 3.0-g portion of catalyst, after evac- 
uation at 5OO”C, was soaked in situ over- 
night at room teml)erature in heavy water 
of the same apparent volume, and then 



EFFECTIVE SITE oh- .kCIl) CAT.\LYSTS Ni 

c~v-acuatetl at the indicated tciulwature foi, 
I hr at 10 ‘, mu Hg. Such a trcatincnt 
seemed to be satisfactory for the dcutera- 
tion liecausc the hydrogen exchange he- 
tween hytlroxyls l~roceeda raliitlly anal he- 
(‘:1119(’ t11c :11110unt of heavy water usctl n-as 
at, least 50 times the water content of the 
catalyst. The water content of tlic SiO- 
Sic),-1 and -4 cntalysts cl-acuated at 500°C 
was uwasurcd \iy tlic u~rthotl of dcuteiation 
followed .hy protiuiu analysis of rccoveretl 
mtw. The ol~scrwcl values mre 450 anal 
700 +uolc !g catalyst for NO-SO,-1 and 
-4, realwctirely. wliicli wile in agrccn~cnt 
with tliorc obtainctl by tlie m+lit loss on 
ignition at 1000°C. 

Reaction. The reactant was adiuittcd 
into the reactor under a pressure of 40 to 

50 uun Hg. After the indicated reaction 
time, during which in most cases the prcs- 
w-e decrease~l to a fern nm Hg, reactant 
wiuaining in the gas lihaac outside of the 
reactor vaa quickly lm~lwl out. Succcs- 
sircly, reaction mixture in the reactor was 
transferred to a liquid nit’rogen trap, while 
the catalyst n‘as kept at reaction tcmpcra- 
ture. The transfer continued for I to 3 hr, 
giving a longer time for the lower Icactiou 
tcuq~eraturc. The reactant mas prctlomi- 
nantly adsorlwtl in the catalyst, an(l rcac- 
tant in the gas phase in the reactor K~S less 
than 5’/; of the ieco~wed reactant. 

I-Butenc isoinerization in tlie presence 
of clcutrroprop\-lent was cayricd out both 
liy wing the lm~l~aretl iuixturc of 1 -butenc 
with tleutc~o~~~ol~~lenc and by way of pre- 
adsorption of clcuterol,rol,\-lcnc lwfow l- 
lmtcnc n-as introduced. Experiments in the 
lwsencc of otllcl tleutcrol~ytlroc:~~l~ons 
n-cw car&t1 out by the latter nwtliotls. 

Analysis. .\nalyses and scl)arations of 
the iiiixt,uw iwovcrcrl from the catalyst 
surface \\-cl’c Iir;rcl~~ by gas cl~rolllatogral~l~y 
wing :I .S-111cte1 cliiliethylfoniiamiclc 
(40% )-alumina column placed in an ice 
bath. Dcutwiunr concentrations of isolated 
i~ouiers new tlcterinined Iiy iiiass slwc- 
ti~olnetry with the ionization voltage of 
10 v and 80 Y. The concentrations l~wrtl on 
80-V sl)cctr:t. for which tlic) contrihutiou of 
fragment l)c’:ik,~ m:ic: consid(~wtl, were in 

gootl agreement with t,liose lmsetl on the 
ljarent peaks of 10-v spectra. It was awer- 
tained that the dcuteriuiu concentration 
n-as unaffected hy gas chroniatogrwl~liic 
wl~:ii~ation. 

The results of I-hutenc isoiuei~izatioii 
over various deuterated catalysts eracu- 
ated at, close to 100°C arc given in Tatilc 1. 
Reaction temperature and reaction tiuw 
were chosen according to the isoinerization 
atctivity of each catalyst to ohtain coul- 
l~aratiwly low conversion, am1 thus to 
avoid reverse reaction. Ko l’rocluct othel 
than cis- and tram-2-butcne 7T-a~ tletcctetl. 
The dcutcriuni concentration F,, of hutme> 
given in TaMc 1 is tlrc iiiolc fraction of 
the deutcrolmtcnc. From Table 1, it ~iia,v 
1~ seen that all the catalysts tcste(l, except 
some nickel oxide-silica catalyst*, gal-e clcu- 
tcratcd Iwoducte. Tlw P,, ~alucs of cis- 
tiutcne and fmns-liutcne are. in general. 
considerably higher than that of the rent- 
tant I-butcne, which is close to zero. Tlw 
tlcutcriun~ distribution sliow~ in the se\.- 
entli column indicates that nloi’e than 80% 
of the tleutci~olmtcne is ~l~ouotlcutcrol~utcnc. 

Black nickel oxide-silica (NiO-Sic ),-I, 
-2, and -31 gave deutcratetl products. 
whereas gwcn nickel oxide-silica t SiO- 
SO,-4 and -5 1 g:tw little tleutci~atecl prod- 
uct. The black catalyst clianged to tlnrk 
green \\-hen contacted with liyclrogen at 
200°C. This lint1 a lower i~ouwization nc- 
tirity and it n-as unahlc to druteratc lni- 
tent, as shown in tlic cxpwiiiieiit So. 12. 
The original properties of black catalyst 
were, lion-erer. regained 1)~ treating tlie 
hydrogen-ratctl catalyst with osygen at 
5OO”C, iw shown in exlwriiiient So. 13. 
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TABLE 1 
l-BUTENE IS~MERIZ~TION WITH VARIOUS I)EUTER.YPEU C.~T.~LYSTS 

Catalyst 

Reaction Butene 
condition composition 

-- Reacted 
Evacuation 

Time l;raw- 
butene D distributiona 

temp. ‘?A? 
(“C) o (min) 

&ll&/ 
cis- g cat) do dl d2 ds d4 Fo 

1 Si02-A1,03 80 0 5 93 13 99.0 1.00 0 0 0.01 
3 53.9 42.8 3.3 tr. 0 0.46 

4 32.7 62.8 4.5 tr. 0 0.67 

2 SiO2-Al203 80 0 64 i0 12 18 40 *44.3 49.9 5.5 0.3 0 0.56 

3 SiO2-A1203 80 0 120 21 36 43 177 *43.9 46.3 9.5 0.3 0 0.56 

-Ia Si02-Al203 100 0 4 4 41 50.9 41.3 6.5 1.3 0 0.49 
10 52.8 35.6 9.3 2.3 tr 0.47 

86 92.4 6.4 1.2 tr. 0 0.08 

5 SiO*-MgO-1 100 19 47 hr 92 15 99.0 1.00 0 0 0.01 
3 63.5 34.0 2.3 0.2 0 0.37 

5 49.5 47.5 2.8 0.2 0 0.50 

6 Si02-MgO’l 100 55 3 hr 68 66 96.2 3.8 tr. tr. 0 0.04 
9 23 *33.0 60.8 5.7 0.5 tr. 0.67 

7 SiOe-MgO-2 100 20 20 96 8 99.1 0.9 tr. 0 0 0.01 
2 2 *63.0 35.9 1.1 0 0 0.37 

8 SiOn-ZrOz 110 25 20 89 23 97.9 2.1 tr. tr. 0 0.02 
5 6 *54.5 44.1 1.1 0.3 0 0.45 

9 NiO-SiOz-1 70 0 5 75 43 97.9 2.1 tr. 0 0 0.02 
9 16 *69.0 27.7 2.9 0.4 0 0.31 

10 NiO-SiOp-2 75 0 i 82 24 98.5 1.5 tr. 0 0 0.02 
6 57.6 37.2 5.2 tr. 0 0.42 

12 58.4 38.3 3.3 tr. 0 0.42 

1 lb NiO-SiO?-2 80 0 5 4 28 46.8 48.3 4.9 t,r. 0 0.53 
15 61.0 36.5 2.4 0.1 0 0.39 

81 94.7 5.1 0.2 0 0 0.05 

12~ NiO-SiO -2 2 100 0 50 93 3 4 24 *95.4 4.6 tr. 0 0 0.05 

13d NiO-SiOz-2 80 0 8 75 817 34 *65.0 32.1 2.9 tr. 0 0.35 

14 NiO-SiOs-3 so 0 11 84 23 98.4 I.6 tr. 0 0 0.02 
6 55.7 39.7 4.6 tr. 0 0.44 

10 55.4 41.8 2.8 tr. 0 0.45 

15 NiO-SK&4 100 0 30 82 35 99.8 0.2 0 0 0 tr. 
10 8 *99.b\ 0.2 0 0 0 tr. 

16 NiO-SiO 2 -5 100 0 30 74 51 100.0 tr. 0 0 0 tr. 
15 11 *lOO.O tr. 0 0 0 tr. 

17 Al,Oa-Bz03 100 0 19 96 9 99.7 0.4 tr. 0 0 tr. 
2 2 *76.2 22.5 1.3 tr. 0 0.24 

18 NiSOl on 110 0 3.5 60 40 96.6 3.3 tr. 0 0 0.03 
SiO2 20 79.0 19.9 1.1 tr. 0 0.21 

20 77.4 20.7 1.9 tr. 0 0.23 

0 Lines of data preceded by asterisk give values for the cis-trans mixture. 
* The reactant was cis-2-butene in these experiments. 
c Catalyst was treated with hydrogen at 200°C. 
d Catalyst already treat.ed with hydrogen at 200°C was then treated with oxygen at 500°C. 
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to examine the available deutcrium content 
of deuterated silica-alumina catalyst. The 
amount of reacted hutene was varied from 
13 to 177 pmole/g catalyst by adjusting the 
extent of conversion. In experiment No. 1 
an average F, value of 0.58 was obtained 
for 2-but.ene, which was close to the 0.56 
obtained in experiments 2 and 3. This 
suggests that, under the reaction condi- 
tions, available deutcrium on the catalyst 
surface was only partially consumed dur- 
ing the reaction. 

The F,, value for cis-butcne is nearly 
equal to or a little more than F,) for trans- 
butcne. 

2. Effect of Heating the Catalyst 
under T’acuum 

The effect on F, of the temperature at 
which the deuteratcd catalysts were heated 
under vacuum is shown in Fig. 1. In this 
series of experiments, some of the catalysts 
evacuated at higher tempcraturcs n-cre so 
active that, the conversion exceeded SOS, 
in spite of efforts to keep it at a low level. 
ISevertheless it is clear that the Fu’s of 
2-butenc decrease generally with a rise in 
the evacuation temperature and finally 
reach almost zero at 500°C. The F,,‘s of 
reactant I-butene were negligible at any 
evacuation temperature except with the 
black nickel oxide-silica (NiO-SiO,-1) 
evacuated at 150°C. In the latter case it 
seems likely that the catalyst was too ac- 
tive to avoid the effect of the reverse reac- 
tion, as the conversion attained 90% in 5 
min at, 0°C. Hence the exceptionally large 
value of 0.15 for I-butene may be attrib- 
uted to the rcversc reaction. Even in this 
case, however, the F,, of I-butene was sig- 
nificantly less than the value 0.41 of trans- 
butene and 0.46 of cis-butenc. Greenish 
nickel oxide-silica (NiO-Sic>,-4 and -5) 
gave no exchange throughout the evacua- 
tion temperature range, irrcspcctivc of re- 
actant or product. 

On the other hand, Fig. 2 shows the vari- 
ation of conversion with the evacuation 
temperature. A comparison of isomeriza- 
tion activities of various catalysts should 
not be made directly from the conversions 

06 

05 

041 

FIG. 1. I-Butene isomc>rizslion at) indicated 
trmpcraturcs with various dcutcmtrd catalp&. 

shown in Fig. 2, because the reactions were 
carried out under different reaction condi- 
tions depending on their individual activ- 
ity. As shown in Fig. 2 the conversions 
sharply increase in the evacuation tem- 
perature range where the FD’s of 2-butenc 
sharply decrease. The maximum conversion 
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60 

was attained with silica-alumina, silica- 
magnesia, silica-zirconia, and nickel sul- 
fate-on-silica f Fig. 2(a )] by evacuation at 
200” to 3OO”C, while the conversion using 
nickel oxide-silica and alumina-bori:l 
showed no maximum in the temperature 
range tested [Fig. 2(b)]. Alumina catalyst 
was activntcd for isomerization by heating 
under vacuum above 3OO”C, but it gave 
little deuterium in both the reactant l- 
butcne and the product 2-butene. 

1 12 
100 200 300 400 500 600 

In brief, the F,, of 2-butene decreases 
with the rise in the evacuation temperature 
of catalysts even as the conversion of bu- 
ttne increases, and the F,, obtained with 
active catalyst evacuated at 500°C shows 
little hydrogen exchange between butene 
and the catalyst. 

60 - 

FIG. 2. Variation of 1-butene conversion with 
the eracuation tempcraturr. 

3. I-Rutene Isomerixation in the Presence 
of Deuteropropylene 

In order to explain the effect of evacua- 
tion temperature described above, another 
series of experiments was carried out in the 
presence of dcuteropropylene. In these ex- 
periments catalysts were, of course, nondeu- 
terated and evacuated at about 500°C 
where the exchange of catalyst hydrogen 
with butene had already proved to be neg- 
ligible, as shown in Fig. 1. The same ex- 
change with propylene was separately 
ascertained to be negligible on silica- 
alumina. 

The results are shown in Table 2. Lower 
conversions were obtained in the presence 
of deuteropropylene than with butene 
alone. With the exception of the results on 
alumina, the Fn’s of product 2-butene were 
again significantly larger than those of 
reactant 1-butene, which were negligibly 
small in the case of low conversion. Hence 
the behavior of hydrogen exchange in this 
series is essentially identical with that 
using deuterat.ed catalysts evacuated at 
low temperature. However, small or trace 
amounts of polydeuterated butenes up to 
d, were detected in both the reactant and 
the products with most of the cat.alysts. 

It should be noted that even green nickel 
oxide-silica, which was shown in the above 
se&ion to give little hydrogen exchange 
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with butene at any evacuation tempera- 
ture, brought about an appreciable ex- 
change in 2-butene. An exceptional result, 
was also obtained for alumina catalyst. A 
substantial amount of deuterated species 
was found in both the reactant and the 
products in experiment Nos. 12 and 13, 
whereas little deuteration or isomerization 
was detected in experiment No. 14, where 
the alumina was evacuated at 310°C. Other 
cases in which relatively large &‘s were 
obtained for I-butene are with black nickel 
oxide-silica catalyst shown in experiments 
5 and 6, and with alumina-boria in experi- 
ment No. 10. These larger values of F, for 
the reactant. may be attributed to the higher 
conversions attained, which should be ac- 
companied by some reverse reaction. 

It is to be noted that the exchange be- 
havior appears independent of how the 
deuteropropylene was added, as shown in 
experiment No. 2. This experiment showed 
that with preadsorbed deuteropropylene, 
the F, of the unreacted I-butene was also 
significantly smaller than those of the 
products, as in the case of premixed gas. 

The react,ivity difference among the iso- 
merit butenes was furt.her examined using 
cis-2-butene as the reactant. Experiment 
No. 9 confirms that the products, i.e. l- 
butene and trans-2-butene, were more 
heavily deuterated than the reactant. 

4. 1-Butene Isomerization in the Presence 
of Other Deuterohydrocarbons 

I-Butene isomerization experiments in 
the presence of deuterobutane, deutero- 
acetylene, and deuterobenzene were carried 
out to find out whether hydrocarbons other 
than olefin have the same intervening effect 
as propylene. The results are given in 
Table 3. The Fe’s of both 1-butene and 2- 
butene were very small compared with 
t,hose using deuteropropylene, even though 
t,here was a smaller ratio of deuterohydro- 
carbon to reactant (I-butene) and a 
smaller deuterium concentration in the 
deuterohydrocarbons. With alumina and 
silica-alumina preadsorbed by deuteroacet- 
ylene, isomerization was undetectable, and 
the FD of reactant I-butene was 0.01. 
Slightly higher values of F,) were obtained 

for both 1-butene and 2-butene with 
alumina catalyst preadsorbed by deutero- 
benzene. Thus with all the hydrocarbons 
tested none showed the intervening effect 
described. 

IV. DISCUSSION 

1. Hydrogen Exchan’ge between Catalyst 
and Butene in Isomerization 

The following three processes may be 
considered as the reaction path by which 
deuterium may appear in the product 
butene on deuterated catalyst: (1) rapid 
exchange of the reactant before the isomer- 
ization ; (2) the exchange involved in the 
process of isomerization itself; (3) prefer- 
ential exchange in the product butene after 
the isomerization. Process (3) assumes a 
substantial difference in exchange reactivi- 
ties among the isomeric butenes. 

If process (1) were to prevail, one would 
expect relatively high concentrations of 
deuterobutene in both unchanged reactant 
and product. If process (3) were the case, 
the product should contain more deuterium 
than the reactant. However, the result must 
be substantially affected by altering the 
type of the reactant used. 

Therefore the following condit,ion is re- 
quired if process (2) is to prevail ; the 
product should contain more deuterium 
than the unreacted starting material in the 
mixture recovered from the catalyst surface 
after the reaction, regardless of the iso- 
merit type of reactant. This last condition 
is seemingly fulfilled in the results shown 
in Table 1, except for experiments 12, 15, 
and 16, that is, in general the Fu’s of the 
products were much larger than that of the 
reactant, regardless of the type of reactant, 
1-butene or cis-2-butene, being used. Fur- 
thermore the Fu of the reactant was very 
small, indicating negligible contribution of 
processes (1) and (3). Thus it is clear that 
n-butene isomerizes over silica-alumina, 
silica-magnesia, silica-zirconia, black nickel 
oxide-silica, alumina-boria, and nickel sul- 
fate-on-silica, evacuated at close to lOO”C, 
through process (2)) and that these cata- 
lysts have, on their surface, active hydro- 
gen taking part. in the isomerization. Since 
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TABLE 3 
l-BUTENE ISOMERIZATION IN THE PRESENCE OF OTHER J)EGTEROHYDROCARBONS 

No. Catalyst 

Reactallt Reaction I3utene composition 
condition 

Evacuation Ratio ~- 
temp. Deutero- 
(“C) hydrocarbon 

ii-H.C./,eC,4 F:$x ‘-t-,is- 
FD 

1 Si0Z-A4141r03 530 d-Butane 1.G 0 2 5 43 
29 28 0.01 

2 Al>03 550 d-Butamt 0.70 31 55 62 0.01 
20 1x 0.01 

3 NiO-SiO:& 530 &Butanc~ 0.75 0 30 32 
52 16 tr. 

4 SiO?-Al& 5m d-Benzcnc 0.50 0 2 44 tr. 
29 27 0.01 

5 A1203 520 &Brnzenc~ 0.70 31 30 Xi O.OT 
6 i 0.0s 

6 NiO-SiO?-5 530 d-Benzene 0.6s 0 40 i-l 
16 10 0.08 

i Al,03 520 d--Acetylene 0 .93 32 75 100 0.01 

00 - 

it is generally accepted that hydrogen 
atoms are combined with the oxide surface 
of acid type, forming hydroxyl groups 
(the hydrogen being more or less protonic), 
the exchange conforms with the Bronsted 
acid postulate of active sites. Such an ac- 
tive proton seems to be effective not only 
in double-bond migration but. also in cis- 
tram isomerization, because the above 
finding was independent, of the isomcric 
type of reactant. 

Some irregularities were observed in 
nickel oxide-silica catalysts. The greenish 
catalysts, NO-SiO,-4 and -5, appear to 
have few active protons, whereas they are 
highly active in the isomerization. The 
active protons of the black nickel oxidc- 
silica, considering its disappearance by 
hydrogen treatment at 200°C and its reoc- 
currence by subsequent oxygen treatment 
at higher temperature, appear to be related 
wit,h nickel “peroxide,” which is known to 
have a darker color than ordinary nickel 
oxide. 

2. Decrease of the Amount of Active 
Proton on the Catalyst with Rise in 

Evacuation Temperature 

Since the contributions of processes (1) 
and (3) to the F,, of the reaction products 
can be considered as negligible, as shown 
above, the value of F,, of the products 

should reflect the number of active protons 
available on the catalyst, surface. Hence 
the decrease of F, in the product gas, may 
be int.erpreted as a decrease in the number 
of active protons on the surface, and the 
results in Fig. 1 suggest that the number of 
active protons on the catalysts decreases 
with a rise in evacuation temperature. 

On the other hand, the isomcrization ac- 
tivity did not only decrease in parallel, but, 
in most cases, increased as the evacuation 
temperature was raised from 100” to 
200°C. There were but few active protons 
present on catalysts evacuated at 500°C 
and on greenish nickel oxide-silica (NO- 
SiO,-4 and -5) evacuated at 100°C and 
above, whereas their isomerization activi- 
ties were high. Hence there must be an 
alternative isomerization mechanism inde- 
pendent’ of the proton originally involved 
in the catalyst in operation. 

Since the catalysts evacuated at lower 
temperature, with the exception of the 
greenish nickel oxide-silica, involve Bran- 
stcd acid sites, the effect of higher tem- 
perature in the evacuation process is likely 
due to the dehydration of these Briinstcd 
acid sites to the Lewis acid sites, as sug- 
gested by Hal&man and Emmett (8-j. 
Thus cithcr one or both Brijnstcd and 
Lewis acid sites are present on the cata- 
lysts evacuated at lower tcmperat~urc, e.g. 
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loO”C, and both may be responsible for 
the isomerization. However more and more 
BrGnsted acid is transformed into Lewis 
acid as the evacuation temperature in- 
creases. When this temperature reaches 
500°C most of the BrGnst,ed acid is ex- 
pected to be converted and isomerization 
takes place essentially on the Lewis acid 
sites. On the basis of the present interpreta- 
tion, the F, value in Table 1 is indicative 
of the fractional contribut’ion of BrGnsted 
acid sites. 

3. The Catnlytic Action of 
Lewis Acid Sites 

The action of Len-is acid sites in t,he 
catalytic reaction of olefin on solid acid 
catalysts has been interpreted in terms of 
carbonium ion formed with t,he adsorption 
of olefin as follows: -CH=CH- + L++ 
-CHL-C+H-, where L+ denotes the Lewis 
acid site. This type of carbonium ion has 
been suggested on the evidence of ultra- 
violet absorption by adsorbed olefin on 
silica-alumina (9) and nickel oxide-silica 
(10). It is generally accepted that the 
carbonium ion is reactive, therefore, it may 
isomerize through rearrangement of the 
intermediate carbonium ion on a Lewis 
acid site. However, isomerization through 
rearrangement of the carbonium ion on 
Lewis acid does not necessarily involve 
hydrogen exchange except the simple ex- 
change which is not involved in the reac- 
tion path. The reactivities of isomeric n- 
butenes in the simple exchange arc more 01 
less comparable because the alteration of 
t,he reactant, from 1-butene to cis-2-butene 
gave no significant change in the exchange 
behavior. Polydeuterated butenes up to d, 
observed in butene-deuteropropylene ex- 
periments may be attributed to simple ex- 
change ; but as only minor or trace amounts 
were detected, its contribution to the F. is 
not significant. Accordingly it, is difficult to 
int,erpret the result (that, the deutcrium 
was concentrated in 2-butene, which was 
formed by isomerization of I-butene in the 
presence of deuteropropylene using cata- 
lysts incapable of exchanging their hydro- 
gen with eit’her propylene or butene) on 

the basis of the rearrangement mechanism 
alone. An alternatil-e “proton donor- 
acceptor mechanism,” to be discussed be- 
low, appears in operation. 

4. The Mechanists of Isomerkation 

The presence of deut,erobutenc in product 
2-butene indicates that an exchange of 
hydrogen atoms between butene and pro- 
pylene must be involved in the reaction 
path of the isomerization. As generally 
accepted the carbonium ion may be a pro- 
ton donor and act as a BrGnsted acid. The 
experimental results in the presence of 
deuteropropylene can be interpreted on the 
concept of carbonium ion acid as follows: 
A Lewis acid formed by the dehydration of 
catalyst reacts first with the reactant olefin 
to form a carbonium ion. The carbonium 
ion so formed may act as an active site in 
the isomerizaiton by donating a proton to 
the butene molecule to form a protonic 
carbonium ion which in turn acts as the 
isomerization intermediate. Particularly in 
the presence of deuteropropylene, t,wo kinds 
of active sites, C,H,-L and C,,D,j-L, may 
be involved, and t,he product 2-butene pro- 
duced on the latter site may contain deu- 
terium. This mechanism may be expressed 
by the following equations: 

I>,C-C+D--CD, + CH,=CH-CH,-CH, 

L 

+ D?C-CD=CD, + CH,D-C+H-CH,-CHa 

L 

---f D&L-C+D-CD,H 

t 

+ CHzD-CH=CH-CH, 

It may be concluded from the above dis- 
cussion that the Lewis acid sites with ad- 
sorbed olefins could act as Brijnsted acids. 
The Brijnsted acids thus produced may 
have an activity different from that 
originally possessed by the catalyst. Thus 
a proton donor-acceptor mechanism seems 
to be involved in the n-butene isomeriza- 
tion on all the catalysts tested except 
alumina. Both the intrinsic BrSnsted acid 
on the catalyst surface and the carbonium 
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ion acid brought out by the adsorption of 
olefin on Lewis acid may serve as proton 
donors. Which one of the acids acts as the 
active site in the isonwrization may de- 
pend on t,lie type and the treatnicnt condi- 
tion of the catalysts. 

One of the following three reaction steps 
lliwy constitute tlic rate-dctcrinining step 
in the over-all proton donor-acccpto7 
mcchani+in : 

(al formation of carboniuni ion, 

R +H++RH+ 

i b i lqdrogcn switching reaction, 

R+H+-R’+H” 

(c 1 Xaction of prcformcd carhoniuln 
ion, 

RH+ + R’ + H’- 

where R and R’ denote the reactant and 
the product, respectively. 

If (ill or (b) is tlic l~atc-tlcte~iliining 
step, t,h<~n n-hen the tleutt~riunl tracer was 
applied. dcutcriuni may be cxpcctctl to 
concentrate in the product. The catalysts 
tested hire, excel)t for aluinina, sceiu to 
belong t,o these cases. With aluniina, nearly 
equal concentrations of tlcutc~i~iuin in tlrc 
product, and in the reactant, ww obtained. 
so alumina imy belong cithw to case (c) 
or cleutcrimn might bc introcluwtl by tllc 
simple exchange which is not tlircctly con- 
ccrned wit,11 the reaction. However, recall- 
ing t,he observation that the hytlrogcn es- 
change of I-butene with the alumina wac 
negligible n-hen the isonwrization actirit! 

did not appear because of the low cvacua- 
tion teinl~erature. the former possibility 
appears to be probable. This speculation 
may be tested spectroscopically because 
the reaction inkrnwdiate may be detected 
from the spectrum of adaorbcd species in 
the case of (c), although this may not, al- 
ways be possible in cases (a ) or (b), whew 
the concentration of the intemiediatc may 
be too low for spectroscopic otwervation. 


