Hydrogenation of Olefins on Alumina

I. Active Sites for Hydrogenation of Ethylene*
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Hydrogenation of ethylene on alumina has been studied at low temperatures (—20°;to

1 nnos/y
+50°C).

The reaction has been found to occur even at and below room temperature if

ethylene is preadsorbed on the catalyst. There are at least two different types of active
sites on alumina for ethylene hydrogenation. These are the same sites which were previ-
ously found by the authors to be responsible for the chemisorption and polymerization of
olefins. However, the hydrogenation occurs much more readily on the active sites on
which chemisorption is weaker, while polymerization of ethylene takes place preferen-
tially on the other (stronger) sites. The results of hydrogenation on the stronger sites

suggest that these sites are heterogeneous.

INTRODUCTION

Catalytic hydrogenation of ethylene is one
of the most extensively investigated cata-
lytic reactions. However, most of the work
has been carried out on metal or supported
metal catalysts and very little information
(1-4) is available on the hydrogenation on
alumina alone. It is of interest that, on the
basis of water-poisoning experiments, Hindin
and Weller (2) have suggested that a very
small fraction of the surface is active for
hydrogenation.

Recently the authors have used the tem-
perature-programmed desorption (TPD)
technique (in the previous work referred to
as the “flash desorption technique”) and
found that there are two kinds of active sites
on alumina for the chemisorption of olefing
(6=7). In this technique a gas initially pre-
adsorbed on a catalyst is desorbed into a
carrier gas stream by raising the catalyst
temperature in a programmed manner. In
some cases the technique is useful for the
study of surface reactions on active sites and
in the case of alumina it has been estab-
lished that the polymerization of ethylene

* Contribution No. 9759 from the National Re-
search Council, Ottawa, Canada.
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occurs readily at room temperature on the
stronger sites (sites IT) but not on the weaker
aitea (aitaa T (Q)

PLUUD \PLuuo L/ \U/.

In view of these findings, it was thought of
interest to use the temperature-programmed
desorption technique to study the hydro-
genation of ethylene on the active sites of
alumina. The results obtained are presented
in this paper. The temperature range (—20°
to +90°C) used in the present work is con-

aidarahlr lawran an 1and +ha mmasriarre

mu01aul_y 1UWTL l/haall uscu by UllU pu:;v1uub
authors (120-500°C). The temperature-
programmed desorption technique has been
recently described and discussed in greater
detail (9).

EXPERIMENTAL
Apparatus. The design of the

ap-
movodiia in nrneinla PPN

Ppalavud hao bUUlL 111 PJ.JJI\JJP].U thU DALIIG ao
described before (5). However, several
modifications and improvements have been
made. The main part of the apparatus is
shown schematically in Fig. 1. The two cells
of the thermistor-type thermal conductivity
detector used are now connected for parallel
flow of the carrier gas and not in series as
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pressures in the two cells is better achieved
in this manner. Also, a capillary inserted
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IF1e. 1. Apparatus: D, detector; R, reactor; T.C., thermocouple; F, furnace; M, manometer; T, T, traps.

into the flow stream before the reactor mini-
mizes the effect of a change in the flow re-

sistance in the reactor itself as a result of

heating. The reactor is provided with a
jacket to eliminate transfer of the sporadic
small temperature fluctuations of the heaters.
As a result of these modifications, the base
line drift is eliminated and smoother de-
sorption peaks are obtained. With a larger
ratio of the catalyst volume to the dead

rals +h Aiind +Ar
volume in the modificd reac tor, an increased

sensitivity for adsorption measurements has
also been achieved.

Materials. Alumina was prepared by
the hydrolysis of purified aluminum iso-
propoxide in an isopropyl aleohol solution.
The precipitate was washed with double-
distilled water and dried ovemight at 120°C
and was then treated with air for 3 hr at 600°
before loading into the reactor. The catalyst
sample (0.797 g) in the reactor was evacu-
ated for more than 17 hr at 650° before use.
During the evacuation water evolved at
first; after 17 hr, however, no water evolu-
tion could be observed. The surface area of
the catalyst after the above treatment was
205 m?/g, as determined by BET with
nitrogen.

Phillips research grade ethylene was
thoroughly degassed and stored in a reser-

voir. Matheson’s ultra-pure hydrogen was
passed through a Deoxo unit followed by a

1mmr§ m‘rrnom*n trap.

Procedure. Ethylene was preadsorbed
on the catalyst under various conditions and
the catalyst was subsequently evacuated so
that the pressure in the gas phase became
negligible. Hydrogen was then introduced at
selected pressures and temperatures. After
the reaction, the catalyst was evacuated
thrﬁuéu a llkiuld ﬂitrGgCﬂ t‘fap (Tl) and at
the same time the cold bath was removed
from the reactor if the reaction temperature
was lower than room temperature. The cata-
lyst temperature therefore gradually ap-
proached room temperature during the
evacuation. When the reaction temperature
was 60° or higher, the catalyst was kept at
the reaction Lempexa,tuw uuuug its evacua-
tion through the liquid nitrogen trap (T)).
It was found that the gas still remaining on
the catalyst after evacuation for 20 min at
both temperatures contained only a trace of
ethane, as will be mentioned below, indicat-
ing that 20 min evacuation was sufficient to
remove ethane from the catalyst. In this

lepUlb lJllB dlIlUullbb Ul Ul:lld:llt? plU(luqu are
those collected in the trap T; during the 30 to
40 min period of evacuation after the reac-
tion. The gas thus collected in the trap was
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analyzed by gas chromatography and found
to be mainly ethane. Occasionally a small
amount of ethylene was present as well,
particularly when the amount of pread-
sorbed ethylene was very large. No other
hydrocarbons were found.

Helium carrier gas was next diverted to
flow through the reactor, and the pro-
grammed heating of the catalyst was started
at a constant speed (about 17.5°C/min) as
soon as the recorder base line became stabi-
lized. The desorbed gas was trapped in T.
and gas chromatographic analysis showed it
to be ethylene, sometimes with a trace of
ethane. No reaction other than hydrogena-
tion therefore occurred. Furthermore, the
TPD of ethylene alone (without hydrogena-
tion) showed within the experimental error a
good material balance and gave no ethane, so
that neither self-hydrogenation nor serious
cracking appeared to occur even at the high
temperatures (up to about 300°) during
TPD. The amounts of ethylene initially ad-
sorbed on the surface were calculated as the
sum of C; hydrocarbons collected during
the evacuation and the temperature-pro-
grammed desorption.

The catalyst was usually evacuated at
650° for 2 to 3 hr after each run. This treat-
ment was sufficient to keep the activity of
the catalyst constant when the reaction was
carried out at room temperature or below it.
However, when the reaction temperature
was 60° or higher (hydrogenation on the
stronger sites), the amount of ethane pro-
duced by hydrogenation under the same
conditions gradually decreased, unless the
catalyst was regenerated after each run by
treating it with dry air for 2 hr at 650°
followed by evacuation for 2 to 3 hr at the
same temperature.

Resvrrs
Active Sites on Alumina

It has been reported previously (5) that
the TPD chromatogram of ethylene on
alumina gives two overlapping peaks, indi-
cating that there are two different active
sites on alumina for the chemisorption of
ethylene. The catalyst used in the previous
work was alumina precipitated with am-
monia from an aluminum nitrate solution.
The alumina used in the present study was
prepared from aluminum alcoholate as al-

ready deseribed, and again it gave two
peaks similar to those obtained before,
although the temperatures at which the
peak maxima appeared were slightly higher.
The sites corresponding to the lower and the
higher temperature peak are called sites I
and II, respectively.

As in the previous work, the amount of
ethylene chemisorbed on the two types of
sites could be readily controlled. When a
sufficient amount of ethylene is admitted at
room temperature or below it, adsorption
takes place on both sites; when an amount
calculated to be sufficient to cover only sites
IT is admitted at room temperature or above
it, chemisorption takes place only on sites I1
(and TPD then shows only the higher
temperature peak).

Hydrogenation on Sites 1

When ethylene is preadsorbed on both
sites I and II and hydrogen is then admitted
at room temperature or below it, hydrogena-
tion readily occurs. Some typical results are
shown in Fig. 2. In these experiments, ap-
proximately constant amounts of ethylene
were preadsorbed and the ethane produced
was removed by evacuation before the
temperature-programmed desorption, as al-
ready described. The chromatograms shown
in Fig. 2 are therefore those of the unreacted
ethylene remaining on the surface. It is seen
that the first peak (the lower temperature
peak) is gradually reduced in size as the
conversion increases (using either higher
pressures of hydrogen or longer reaction
times), but the second peak remains almost
unchanged even under severe reaction
conditions.

The difference in activity between eth-
ylenes preadsorbed on sites I and II can be
seen more clearly in Fig. 3, which shows the
course of the reaction as a function of time at
a high pressure of hydrogen (146 mm). The
reaction is rapid initially but becomes
negligible after about 60 min in spite of the
fact that as much as about 409, of the initial
ethylene still remains on the surface. In the
later stages when the reaction becomes neg-
ligible, only sites IT are covered by ethylene.
This is shown, for example, by the peak
No. 4 in Fig. 2, which corresponds to the 90-
min point in Fig. 3. These results rule out the
possibility that the hydrogenation occurs



OLEFIN

o

RECORDER RESPONSE {(mV)
IS
T

Ao . —
50 100 200 300 400
TEMPERATURE {°C)

Fig. 2. TPD chromatogram of ethylene after
hydrogenation. Temperature increase 17.5°C/min.
Hydrogenation was carried out at 25° with approxi-
mately constant amount of preadsorbed ethylene
(0.2 ce) on 0.797 g of the alumina catalyst. Hydrogen
pressures and reaction times are (1) 0.51 mm, 15
min; (2) 1.35 mm, 15 min; (3) 2.80 mm, 30 min;
(4) 147 4 mm, 90 min.
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preferentially on sites 1I, but the unreacted
ethylene then migrates from sites I to sites
II. Sites I (the weaker sites for chemisorp-
tion) are therefore much more active for
hydrogenation than are sites II, in contrast
to the polymerization of ethylene, which
occurs preferentially on sites IT (8).

The two peaks of ethylene on the TPD
chromatogram partially overlap and it is
difficult to estimate separately the amounts
adsorbed on each of the two types of sites.
In previous work they were approximately
estimated either by drawing a vertical line
through the minimum between the peaks (6)
or by evacuating at higher temperature
(100°) to remove ethylene on sites I (5).
However, the present results suggest a more
convenient and more reliable method: the
extrapolation of the linear portion of the
residual ethylene o zero time, as shown in
Fig. 3. A value of 0.123 cc/g is thus obtained
and it is regarded to represent more accu-
rately the typical amount of ethylene ad-
sorbed on sites IT at complete coverage.

The effects of the surface coverage of
ethylene and of hydrogen pressure on the
hydrogenation rate on sites I were examined
at lower temperature and shorter reaction
time so that the conversion wags so small that
the amount of ethane produced was propor-
tional to the reaction time. The surface

- —
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Fi6. 3. The course of hydrogenation as a function of time. Hydrogen pressure about 146 mm, temperature
25°, initial amount of ethylene preadsorbed about 0.26 cc/g.
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Fic. 4. Surface coverage dependence of the rate of hydrogenation on sites I. Hydrogen pressure 12.5 mm,
reaction time 20 min, temperature —20°.

coverage dependence of the rate is shown in  tion to zero reaction rate indicates the
Fig. 4, in which the hydrogen pressureis kept  existence of different active sites, and the
constant (12.5 mm) and the amount of pre- extrapolated value of 0.12 cc/g is in good
adsorbed ethylene is varied. The extrapola- agreement with that estimated for sites IT in
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Fic. 5. Hydrogen pressure dependence of the rate of hydrogenation. A, Sites I, initial ethylene preadsorbed
about 0.37 cc/g, reaction time 20 min, temperature —23°. B, Sites II, initial ethylene preadsorbed about
0.057 cc/g, reaction time 15 min, temperature 76°.
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Fig. 3 (0.123 cc/g). It is seen in Fig. 4 that
the rate increases at first with the surface
coverage but finally reaches a maximum

The hydrogen pressure dependence of the
hydrogenation rate was studied at a constant
amount of preadsorbed ethylene (0.37 cc/g)
at which the curve of Fig. 4 is almost linear.
The results are shown by line A in Fig. 5,
which indicates that the hydrogenation ra’rp
on sites I is proportional to the hydrogen
pressure.

The resuits obtained in Figs. 4 and 5 can
be expressed by the rate equation

n (1Y
V1 \LJ

where 7 is the rate of hydrogenation on sites 1,
pm, is the pressure of hydrogen, 6: is the sur-
face coverage of ethylene on sites I, and % the
rate constant. The rate is proportional to
pu, at constant surface coverage, and at
constant py, the rate has a maximum at
dr/dé: = kpg,(1 — 26:) = 0. Applying Eq.
(1) to the results of reactions at temperatures
between —20° and 25° the rate constant

was obtained as £ = 7.2 X 10! exp(—7700/
RT) molecules/mm sec site.

Hydrogenation on Sttes I1

Although the rate of hvdrogenation
llllJJlUus Llll/ l LD vl l_y uluscua;uuu Ull
sites II at room temperature or lower is

negligibly small, it becomes measurable at
temperatures higher than about 60°. How-
ever, the surface coverage dependence on
sites Il deviates upwards from a straight
line, as seen in Fig. 6 where the hydrogen
pressure was kept Lonsta.nt In these experi-

In(‘ﬂ“lts, d:ll d;lllULUJ.l} Uf CLll‘) ILJJU Whlbh was
slightly less than required to cover sites II
was preadsorbed at 90° and partially de-
sorbed in a stream of helium by heating up
to various temperatures between 90° and
240° (TPD) to control the surface coverage
on sites II. The catalyst was then cooled
down to the reaction temperature The
aubSGQ“U‘leﬂu TPD showed that all Ubuylulb‘
was adsorbed, as expected, on sites II and
not on sites I. It is therefore unlikely that a
small amount of ethylene still remaining on
sites I was responsible for the sharp rise of
the curves at higher surface coverages in
Tig. 6. Indeed even when ethylene was pre-
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hydrogenation on sites IL. Hydrogen pressure 3.5

L1 PR P IR R |

lIlIIl, IedbLlUIl ume 19 ]lllll I‘Jllly lﬁllt: was pxt:aubul ucu
at 90° and partially removed by TPD up to tempera-
tures between 90° and 240° to achieve different,
surface coverages.

bClll“
perature, the hydrogenatlon rate became
zero when the amount of preadsorbed
ethylene was less than 0.12 cc/g, as already
seen in Ifig. 4. The nonlinear plots of Fig. 6,
therefore, seem to indicate that sites IT are
heterogeneous, i.e., that the activation
energy of the reaction is strongly dependent
on the coverage of sites I1.

It was in general difficult to determine the
pressure dependence of the rate because of
the nonlinear dependence on the surface
coverage. In a series of experiments the sur-
face coverage of sites IT was therefore kept as
constant as possible (approximately 0.057
cc/g) and the pressure of hydrogen was
varied from 3 to 106 mm at 76°C. The
results, shown by line B in I'ig. 5, indicate
that the rate is proportional to the square
root of hydrogen pressure at this particular
surface coverage.

Although it was not possible to obtain
exact values of the activation energy for
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ethylene hydrogenation on sites II, the data
plotted in Fig. 6 indicate a decrease in the
activation energy from about 15 to 10
keal/mole as the surface coverage increases
from 109, to 759,.

Adsorption of Hydrogen and Its Effect
on Hydrogenation on Sites I

It has been found by the temperature-
programmed desorption method with nitro-
gen as carrier gas that there are at least two
kinds of adsorption of hydrogen on alumina.
Typical results are shown in Fig. 7. When
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Fie. 7. TPD chromatogram of hydrogen on
alumina. Temperature increase 18.4°C/min. A,
hydrogen was preadsorbed for 114 hr at 25° and
298 mm, and evacuated for 1 hr between —195° and
—90° before TPD. B, hydrogen adsorption 2.5 hr at
250° and 56 mm, evacuation before TPD 1 hr at 25°.

hydrogen is preadsorbed at temperatures
below 100° only one TPD peak is obtained,
at about 130°. This is shown by chromato-
gram A in Fig. 7, obtained by programmed
heating from —195°. The small peak at
about —90° is thought to be due to physical
adsorption because it is removed easily if the
evacuation before TPD is carried out at
—60°. When the preadsorption temperature
is higher than 250° a second peak also ap-
pears, with the maximum at about 320°
(chromatogram B). These results are con-
sistent with those of Gruber (10), who
suggested two kinds of hydrogen chemi-

sorption on alumina (below and above 300°)
from the observed minima in the isobars.

In view of the above results with hydrogen
alone, two series of experiments were carried
out to see whether chemisorbed hydrogen
participates in the hydrogenation of ethylene
on sites I of alumina: (1) hydrogen was pre-
adsorbed and evacuated at room tempera-
ture and ethylene was then admitted at
room temperature; (2) hydrogen was pre-
adsorbed at 250°C and evacuated at 150°
before admitting ethylene at room tempera-
ture. The TPD chromatograms showed, as
expected, that in (1) only one hydrogen peak
appeared, with the maximum at about 130°,
and in (2) again only one peak but this time
with the maximum at 320°.

The results of the reactions are listed in
Table 1 along with the typical results of
hydrogenation with preadsorbed ethylene,
for comparison. In the table, the preadsorbed
amount of hydrogen in part A is the amount
of hydrogen remaining on the surface after
the evacuation following the preadsorption
as described above. The adsorption of eth-
ylene during the reaction was rapid and
almost completed in a minute, in contrast to
the slow adsorption of hydrogen on the clean
surface or the slow decrease in the gas-phase
pressure during the reaction with pread-
sorbed ethylene. In spite of the fact that the
hydrogen preadsorbed was much larger than
the amount of hydrogen consumed during
the reaction with preadsorbed ethylene
(0.007 + 0.044 in Expt. No. 189), as seen in
Table 1, the amounts of ethane produced in
these reactions were negligible, although
small amounts of ethane were found in the
gas desorbed by TPD when hydrogen was
preadsorbed. As already mentioned, almost
all ethane can be removed by evacuation; the
ethane found by TPD must therefore be
assumed to be formed during the heating
process when the preadsorbed hydrogen is
released into the gas phase. It is seen in Figs.
2 and 7 that the temperature range of the
ethylene peaks lies within that of two
hydrogen peaks. Therefore it is clear that in
(1) hydrogen desorbs into the gas phase
while ethylene still remains on the sur-
face, while in (2) hydrogen desorbs only
after most of the ethylene has gone. Indeed
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TABLE 1
HyprogExatioNn oF EtuvLExe oN Srres I witd PreapsorBED HYDROGEN (A) axp Ernyiene (B)e

Preadsorption

Reaction

Adsorbed Reaction Pressure of Adsorbed CoHs
Expt. Temp amount time gas admitted amount produced®
No. (°C) (cc NTP) (min) {(mm) {ce NTP) (ecc NTP)
A. Hydrogen is preadsorbed and ethylene is admitled later
(H») (C:Hy) (C.Hy)
168 25° 0.163 20 0.12 0.256 0.001
166 25° 0.230 20 0.16 0.254 - 0.001
167 25° 0.234 20 0.24 0.244 0.002
171 250° 0.125 20 0.01 0.253 0.000
172 250° 0.263 20 0.03 0.254 0.000
B. Ethylene is preadsorbed and hydrogen is admitied later
(C.Hy) (Hs) (Hy)
189 25° 0.248 15 3.8 0.007¢ 0.044

« Catalyst weight 0.797 g, reaction temperature 25°

b Collected in the trap during 30 min evacuation after the reaction.
¢ Obtained by TPD with nitrogen carrier gas after the reaction.

the amount of ethane found by TPD in (1)
wvas about twice as large as found in (2).

It can be concluded, therefore, that neither
of the two types of chemisorbed hydrogen
contributes to the hydrogenation of ethylene
on sites 1.

Discusston
Active Sites for Hydrogenation

The present results show clearly that
there are two different active sites on
alumina for the hydrogenation of ethylene.
It is particularly of interest that sites I are
much more active than sites II for hydro-
genation, while the polymerization of eth-
vlene occurs preferentially on sites IT (8). A
tentative estimate of sites I from Eq. (1)
and Fig. 4, in which the maximum of the
curve corresponds to 6; = 0.5, gives 1.1
ce/gor 1.4 X 108 sites/em? as the number of
sites I. The spectrographic analysis of the
alumina used in this study showed less than
0.05% of iron as the major metallic impurity,
and this is too small to explain the number of
sites I even if all metal ions were exposed on
the surface.

Another sample of alumina, stated to have
total metallic impurity of less than 50 ppm
(11) and kindly supplied by Dr. W. K. Hall
of Mellon Institute, Pittsburgh, Pa., was
also examined, for comparison. The tempera-
ture-programmed desorption of ethylene

with this alumina gave also two peaks
(the temperatures of the peak maxima were
almost the same as those obtained with our
alumina) when the alumina was evacuated
for 6 hr at 450° although the peak sizes
(number of sites) were much smaller. When
the catalyst was evacuated for a longer
period and at higher temperatures, however,
the peak sizes and the activity for hydrogen-
ation became greater, and after evacuation
for 24 hr at 650° the catalyst showed about
the same order of activity for hydrogenation
as that of the alumina used in the present
work. Again the reaction did not occur
practically at all on sites IT at room tempera-
ture. The above results, as well as the al-
ready mentioned observation of two similar
peaks of ethylene with alumina precipitated
from aluminum nitrate, support the con-
clusion that the two different active sites on
alumina are not due to metallic impurities
but are an intrinsic property of alumina
catalysts prepared by the techniques cur-
rently available.

Mechanism of Hydrogenation

It is of course premature to attempt at
this time to discuss in detail the mechanism
of the reaction or the nature of the two types
of active sites. However the rate equation (1)
for sites I can be derived from two different
mechanisms: (1) the rate-determining step is
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the molecular combination of an adsorbed
ethylene molecule on sites I and an ad-
sorbed hydrogen molecule on the remainder
of sites I; (2) the rate-determining step is the
reaction of a hydrogen molecule from either
the gas phase or the physically adsorbed
hydrogen with an ethylene molecule on sites
1, producing an ethyl radical and an ad-
sorbed hydrogen atom (Twigg-Rideal mech-
anism, that is,

H, + C.H,— C.H; + H
*

* % *

In both cases, hydrogen molecules or atoms
share the adsorptive sites (sites I) with
ethylene molecules so that a maximum
appears on the curve of Fig. 4. Neither the
simple molecular addition of hydrogen from
the gas phase nor the hydrogen adsorption
itself is the rate-determining step for this
reaction, because the former leads to the rate
equation 7 = kpm61 and the latter to
r = kpu,(1 — 61), and neither gives a maxi-
mum with the surface coverage of ethylene.

In the mechanism (1), the adsorption of
hydrogen must be equilibrated or close to
being equilibrated, and it has also to be weak
in order to satisfy Eq. (1). This mechanism
seems to be less likely, since preadsorbed
hydrogen could not hydrogenate ethylene, as
already described. However, one cannot ex-
clude the possibility that weakly adsorbed
hydrogen, which is easily removed by evacu-
ation, is the hydrogen used in the reaction.
In this case, a weak and fast equilibrated
adsorption of hydrogen has to be invoked, in
addition to the two types of adsorption
shown in Fig. 7. The present results can be
also well explained by mechanism (2).
Additional experimental information is,
therefore, needed to decide in a definite
manner the mechansim of ethylene hydro-
genation.

The observed order of the rate of hydro-
genation on sites II of about 0.5 with respect
to hydrogen pressure suggests that the rate-
determining step on these sites is the combi-
nation of adsorbed ethyl radicals and of
hydrogen atoms adsorbed dissociatively on
the surface. The adsorbed state of ethylene
on sites IT has been suggested to be an ethyl
carbonium ion or an ethyl radical (8).

Hydrogenation of Ethylene at
Higher Temperatures

Although the present results show that at
lower temperatures sites 1 are much more
active than sites II, it is possible that sites IT
are exclusively responsible for the reaction at
higher temperatures such as used in previous
work (1-4), since the adsorption of ethylene
on sites I will then become very small. The
activation energy obtained in this paper for
sites I (7.7 keal/mole) is for ethylene ad-
sorbed on the catalyst surface (sites I). At
higher temperatures, however, the adsorp-
tion of ethylene would be so small (weak)
that the rate equation might become r =
kpmfr and 6 = Kp. (p. is the ethylene
pressure), and therefore r = kKpgp.. In
this case, the overall rate constant includes
the heat of adsorption and the apparent
activation energy could be very small or even
negative. Indeed the heat of adsorption of
ethylene on sites I is about 27 keal (5) which
gives —19 keal for the apparent activation
energy of hydrogenation on sites I.

As mentioned in the introduction, Hindin
and Weller (2) have reported that a small
amount of water, corresponding to less than
297, of the total surface area of alumina,
completely inhibits ethylene hydrogenation
if the water is added back to the catalyst at a
sufficiently high temperature. Sites 11 on the
alumina used in the present work are 0.123
ce/g or 1.6 X 10 sites/cm?, which corre-
sponds only to 0.39, of the total surface area
if the cross-sectional area of ethylene mole-
cule is assumed to be 20 A2. It should also be
mentioned that the present authors have
reported previously that a sufficiently high
temperature was necessary in order to block
effectively by ammonia sites 1T of alumina
for the chemisorption of ethylene (12).

In conclusion, the present results show
that the two different active sites found on
alumina by the authors are an intrinsic
property of alumina catalysts, and exhibit,
at room temperature, vastly different abili-
ties to induce different catalytic reactions,
such as hydrogenation and polymerization.
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