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Hydrogenation of Olefins and Polymerization of Ethene
over Chromium Oxide/Silica Catalysts

Il. Interaction with Hydrogen
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The hydrogen uptake of chromium oxide/silica catalyst shows a partial similarity with that
of a-Cr;0; as reported by Weller and Voltz [J. Amer. Chem. Soc. 76, 4695 (1954)]. At low
temperatures a heterolytic dissociative adsorption of H, occurs at a site consisting of two
Cr®** ions and two oxygen anions. At high temperatures a subsequent reaction occurs leading
to reduction of Cr3t to Cr?* followed by a dissociation of water. The CryO/silica catalyst
differs from the a-Cr:0; sample of Weller and Voltz because water is not expelled but reacts
with silica under formation of silanol groups. At still higher temperatures this reaction is
reversed by an interaction of the silanol groups with Cr?* producing Cr3* and H,.

INTRODUCTION

A study of the adsorption of H, and
olefins is a necessary prelude to unravel-
ling the reaction mechanism of olefin hy-
drogenation over Cr0O,/Si0; catalysts. The
present paper is concerned with the ad-
sorption of H. Adsorption of olefins in
the absence of hydrogen can lead to polym-
erization and will be discussed separately
in a later paper.

The adsorption of hydrogen on pure
chromia is extensively described in the
literature, for instance by Maclver and
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Tobin (1) but in particular by Weller and
Voltz (2). Weller and Voltz found two
different types of H. adsorption, one at
low temperature (T < 100°C) and another
at high temperature (T > 200°C). They
ascribed the adsorption at high tempera-
ture to reduction of the chromic ions to
chromous ions. In view of the occurrence
of H./D; exchange at low temperatures,
the low temperature adsorption must be
of chemical nature.

In this paper we report on a study of
the H, uptake of chromia dispersed on
silica, performed in order to ascertain
whether it is analogous to the processes
observed by the researchers mentioned
above. For the sake of convenience, the
interaction with hydrogen will be denoted
further as adsorption.
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Fig. 1. Hydrogen adsorption runs at constant hydrogen amounts on 2 wt%, Cr catalyst (II A

reduced at 470°C) (P, = equilibrium pressure).

EXPERIMENTAL

Catalyst. The 2.0 wt9, Cr catalysts were
prepared by impregnation of silica gel
(Davison grade 12; 600 m?/g) with chromic
acid solution according to the impregna-
tion method Il described in Part I (3).
The catalysts were  dried, calcined at
500°C for 4 hr and stored in a dry
atmosphere.

Apparatus and pretreatment of the catalyst.
The principle of the hydrogen adsorption
measurements was to measure the pressure
change as result of the hydrogen taken up
by the catalyst. The measurements were
carried out in a conventional adsorption
apparatus. Prior to the measurements the
samples could be reduced at 470-600°C
with hydrogen in the adsorption apparatus
itself either in a static hydrogen atmo-
sphere (method A or A’, pressure 90 or
0.8 kPa, respectively), or in a stream of
hydrogen (method B or B’: hydrogen flow
over the catalyst or through the catalyst
bed, respectively; space velocity 100 cm?/
min, pressure 0.1 MPa); in the case of
methods A and A’ the sample was pre-
viously reduced in a separate dynamic
system and subsequently exposed to air.

Catalysts after reduction A, A’, and B
were green. Catalysts after reduction B’
were blue, presumably because of effective
removal of the water evolved (3). Evacu-
ation (<1.3 mPa; T = 500°C) before the
adsorption measurements changed the color

again into green unless the reduction (B’)
was carried out for a longer time.

All catalysts were green after reduction
unless otherwise stated.

RESULTS
Adsorption at Constant Amounts of Hydrogen

Hydrogen adsorption was measured for
catalysts (I A), (II B) and (IT B’). All
runs show two different adsorptions when
measured from low to high temperature
(Figs. 1 and 2 points 1 —2—3 etec.),
viz., one at low temperature (T < 100°C;
abbreviated L.T.) and an activated one
at high temperature (7 > 200°C; abbre-
viated H.T.). The L.T. adsorption is fast
and reversible but small compared with
the H.T. adsorption. In contrast with the
activated adsorption at high temperature
measured after reduction method B, the
activated H.T. adsorption after reduction
method A is irreversible. Decreasing the
temperature (Fig. 1: -3 —>4) and after
that increasing the temperature (4 — 5)
in run A does not reproduce adsorption
point 3. On slowly decreasing the tem-
perature (5 — 6) an adsorption maximum
is obtained that is difficult to reproduce.
After reaching the adsorption maximum
in isobar Bb this isobar is completely
reversible. The explanation for this dif-
ferent behavior is most probably a con-
tinuing reduction in the case of catalyst
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(IT A). Apparently the reduction of the
catalyst by reduction method A is not
complete. The water evolved during the
reductive adsorption diffuses to colder
sections of the apparatus and partially
compensates the hydrogen uptake.

Also the adsorption of hydrogen on pure
silica appears to be different after the
pretreatment A or B. In the case of
method A the adsorption decreased with
increasing temperature but was negligible
compared to the adsorption on a reduced
catalyst. In the case of method B the
adsorption on silica was at first nil up to
300°C but after adsorption at high tem-
perature (T > 300°C) a hydrogen uptake
could be measured also at low temperature.

Isotherms

L.T. H, isotherms are represented in
Fig. 3, tabulated in Table 1, and com-
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pared with the different adsorption models
(4), viz., models with the heat of adsorp-
tion either independent of coverage (Lang-
muir models) or dependent on coverage
(Freundlich and Temkin models).

Figure 3 shows that with a higher degree
of reduction of the catalyst less hydrogen
adsorption takes place at low temperature.
This is reflected by the isotherms 1 and 2
of catalysts reduced in the static system
with a hydrogen pressure of 0.8 kPa
(method A’) which show a higher ad-
sorption than isotherm 4 measured on a
catalyst reduced at 90 kPa (method A).
In the latter case an even smaller ad-
sorption is observed after initial adsorption
of hydrogen at 400°C (isotherm 5). Pre-
sumably because of the fact that the
reduction of the catalyst according to
method B is even more complete, the
adsorption at 20°C is not measurable. For
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that reason the adsorption (isotherm 6) with the different adsorption models the

was measured at —73°C. Freundlich model gives the best fit. Be-
When the L.T. isotherms are compared cause of poor reproducibility for different

TABLE 1

Low Temperature and High Temperature Isothermse

Num- Isotherm Langmuir Freundlich Temkin
ber
Associative Dissociative
=_I_7_= P 0212 p} _llncep
Vi p+p° Vi pi+p® V=cpim>1 = 4
Ve P° r Vi P° r 1/n T r
(cm®/g) (Pa) (em¥/g) (Pa)

22°C adsorption A’ 470 0.038 23 0.872 0.107 592 0944 045 0.970 0.934
22°C adsorption A’ 470 0.098 167 0.952 0.245 2600 0.970 0.39 0.977 0.970

1
2
4  22°C adsorption A 470 0.009 93  0.977 0.026 2370 0.989 0.40 0.986 0.977
6

—73°C desorption B 470 0.037 43 0983 <0 — 0998 0.49 0.997 0.978

7 400°C adsorption® B 470 0.736 85 0.965 0.990 172 0984 0.21 0.993 0.985

8 450°C adsorption* B 470 0.739 95  0.966 1.02 209  0.985 022 0.993 0.985

9 460°C adsorption B 470 0.620 5 0995 0.727 59 0999 0.14 0.989 0.994
10 550°C desorption B 600 0.649 10.4 0.945 0.728 6.7 0986 0.10 0.995 0.995
11  460°C desorption B 500 0.368 17.3 0.978 0.550 59.6 0.986 024 0.979 0.984
12 460°C desorption® B 500 0.327 45 0.985 0.629 377 0977 031 0.975 0.998
13 400°C desorption® B 500 0.252 4.4 0.958 0.274 2.3 0995 0.075 1.00 1.00
14 460°C desorption B’ 500 0.408 30  0.988 0.559 73.2 100 021 1.00 1.00

g, degree of coverage; V, volume of adsorbed gas; Vi, volume of monolayer; r, correlation coefficient;
p, pressure; p° pressure at § = 0.5; ¢, ¢y, a, n, constants.

b Isotherms determined from adsorption “isobars” (Fig. 2).

¢ Isotherms measured with the same sample.
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samples a further characterization of the
adsorption is difficult, but of the two
Langmuir models the dual site model
gives a better fit. That the dual site
model fits best is easily understood because
the Freundlich approximation results in
1/n =~ % and a dual site adsorption at
low pressure (p < p®) can be approxi-
mated by
y ol
@
where V., = volume of monolayer and
p® = pressure at V =3 V,. In Table 1
also the H.T. adsorption isotherms are
represented. The H.T. isotherms measured
on the different catalyst samples are badly
reproducible. When the H.T. isotherms
are compared with the different adsorp-
tion models the Freundlich and Temkin
models give the best fit. Of the two
Langmuir models the dual site model
gives a better fit, which corresponds with
the literature (2).

Starting from the assumption that a
dual site model is a good description for
both adsorptions, the variations in V,
and p° of the H.T. as well as the L.T.
isotherms point to a large influence of sur-
face conditions on the hydrogen adsorption.

ey

DISCUSSION

The results of the adsorption measure-
ments will be evaluated on the basis of
the hydrogen adsorption measurements on
pure o-Crs;O; reported by Weller and
Voltz (2). The surface area of their sam-
ples was about 35 m?/g which corresponds
to 570 pmol chromium at the surface,
assuming a cubic close-packed lattice of
oxygen ions (surface area 0.068 nm?) in
which two of the three octahedral cation
positions are occupied by chromium ions.
With atomic dispersion of chromium in
Cr0./810, (2 wt9, Cr) the number of
chromium ions at the surface amounts to
380 umol, hence reasonably similar to the
Weller and Voltz situation.

WITTGEN ET AL.
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F1e. 4. Comparison of the hydrogen adsorption
runs on a~Crs0; measured by Weller and Voltz (2)
and the adsorption runs (I B 470) and (II B’ 500).

Figure 4 shows the run of Weller and
Voltz, the run on the green catalyst (II B),
and the run on the blue catalyst (II B’).
There are differences as well as similarities
between the runs presented here and that
of Weller and Voltz. One of the similarities
is the presence of two temperature regions
in which adsorption takes place: one at
low temperature and one at high tempera-
ture. The H.T. adsorption is in both cases
an activated one. Also the amounts ad-
sorbed are comparable. The differences are
given by the absence of an adsorption
maximum at high temperature and a much
larger adsorption at very low temperatures
in the Weller and Voltz run.

L.T. Adsorption

The differences in the amount of hy-
drogen adsorbed on pure chromia and on
catalysts (II B) and (II B’) can be ascribed
mainly to the hydrogen pressure used
during the adsorption. Weller and Voltz
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Fre. 5. Freundlich isotherms: isotherm 6 (—73°C) and isotherm (—78°C) measured by Weller
and Voltz (2). Points (a), (b), (c), and (d) have been taken from run (II B 470).

used 74.7 kPa, whereas we used 0.67 kPa.

The Freundlich model and to a lesser
extent the Langmuir dual site model are
reasonably good descriptions of the L.T.
adsorption. In fact at low coverage
(p < p°) the Langmuir dual site model
can also be described by the Freundlich
approximation with n = 2:

V = cp? (2)

where ¢ is a constant. For example, plot-
ting isotherms 6 according to:

logV = %logp + logc 3

results in a straight line (Fig. 5). The
comparable isotherm of Weller and Voltz
measured at —78°C (2) is also plotted
in the figure. It is noteworthy that both
isotherms are parallel to each other, the
amount adsorbed in the Weller and Voltz
isotherm being 2.5 times larger. This
combined with the fact found by Weller
and Voltz that the amount adsorbed at
—196°C is about 130 umol H, results in
52 pmol H; at —196°C for the Cr0,/Si10,
system. So in the case of Weller and Voltz
as well as in our case there exists a fast
but weak dissociative adsorption which is
not covering the total amount of surface

chromium (coverage of surface chromium,
23 vs 149).

In both systems the L.T. adsorption
appears to be influenced by the degree of
reduction and the presence on the surface
of hydrogen previously adsorbed at high
temperature (e.g., compare isotherm 4
and 5). This is also confirmed by plotting
the adsorption wvalues at —73°C from
isobar B in Fig. 5. Point (a) is the amount
of adsorbed hydrogen on a clean evacu-
ated catalyst surface, points (b), (¢), and
(d) represent the amounts of adsorbed
hydrogen on a hydrogen-covered surface.
The straight line according to the Freund-
lich equation with n = 2 drawn through
point (a) is situated at higher volumes
than the parallel line through (b), (e),
and (d).

H.T. Adsorption

Catalysts (II B) and (II B’) show a
maximum in the activated H.T. adsorp-
tion. Weller and Voltz presume that there
will be a maximum at higher temperatures
as a result of sintering; however, they did
not find evidence for it. The adsorption
maxima of catalysts (II B) and (IT B’)
cannot be ascribed to sintering effects
because of the reversible character of the
process. Besides the possibility of sintering
Weller and Voltz found evidence for the
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reduction of the chromium oxide:

Cr:0; + Hs = 2Cr0O + H,0 (4)

viz., (i) in a static system the hydrogen
adsorption is much smaller than in a cir-
culation apparatus with cold trap equip-
ment, and (ii) a hydrogen evolution by
adding water to the hydrogen-treated
oxide at high temperature as confirmed
by other investigators (5, 6). Evidence for

WITTGEN ET AL.

reductive adsorption in our experiments
has been found in isobar A. At tempera-
tures above the adsorption maximum no
reversible adsorption—desorption process is
present. This must be ascribed to the
evolution of water. In isobar B the ad-
sorption maximum is reproducible. The
fact that Weller and Voltz did not detect
this adsorption maximum can be explained
only when the adsorption process is de-
seribed as follows:

o — CI‘an: CI‘203 + H2 = CrgO (OH)g (5)
endothermic
(Weller and Voltz) Cr,0(0OH), = 2CrO + H,0 (6)
CI‘OZ/SiOzI Cr203 + Hz = CI'zO (OH)z (7)
exothermic
Cr,0(0OH): + Si0: = 2Cr0O + SiO(0H), (8)
Si0O(0OH), = Si0,-H,0 9)

The amount of adsorbed hydrogen will
increase with increasing temperature be-
cause of the endothermic character of the
reduction [Eqgs. (5, 6)]. This process will
be promoted by the presence of a cold
trap by which the water evolved will be
removed. With the CrO,/Si0. ecatalyst
this process will be influenced by adsorp-
tion of water at the silica surface. In first
instance the H, adsorption increases with

increasing temperature because it is an
activated process, but because of the
exothermic character of the process [Eqs.
(7, 8)] the reaction will be reversed above
400°C. Since H,O adsorption on silica is
undoubtedly connected with the formation
of silanol groups on the silica surface (7, 8)
the H.T. adsorption and its reversal can
now be summarized by the following
model :

o B e e s e
(liri*’ :clzra*_“i— (lz‘rf*w:;c#*s'—"z— 00 00070 (10)
o T T TN L 9y

? ? ¢ 9 LA AR
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With this picture of the H.T. adsorp-
tion it is evident why a further reduced
catalyst adsorbs less hydrogen at high
temperature. It is also evident why the
color of the further reduced catalyst does
not turn into green on evacuation. The
evacuation tends to dissociate water from

the silica support which then reoxidizes
Cr*+ to Cr**. Long times for reduction
serve to rereduce the Cr®+ thereby removing
water from the catalyst. The negative
influence on the L.T. adsorption of an

excessive reduction or of the adsorption
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of hydrogen at high temperature points
to chromium (III) instead of chromium (IT)
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as the adsorption site for the L.T. dual
site adsorption :

H* 81’

o » o PRarS
clt cr e g:f‘ >Cr3" ?EPH‘,:(]:'Z*
6076 g0, 00 )
| i i | 1
Si Si Si Si Si Si
7N 7N /N /N /N /N

LT H.T.
green blue
Evidence for this kind of heterolytic REFERENCES

adsorption at room temperature is pre-
sented by FKischens ef al. (9) and Kokes
(10) for the adsorption of hydrogen on
zinc oxide. A heterolytic low temperature
adsorption was earlier proposed by Stone
and Vickerman (11) for Cr¥t-solid solu-
tion in a-AlQs;.

In Part I (3) the elements of the model
given above were assembled and its con-
sequences have now been illustrated in
more detail. It is shown here that the
situation of the catalyst is not only de-
pendent on the method of reduction but
also on what follows thereafter because
of the intrinsic ability of a reaction be-
tween Si—-OH and Cr?*, The “H, uptake”
cannot therefore be treated as a simple
adsorption or chemisorption on one com-
ponent Cr**; it is connected with an
interaction of this component with the
carrier. In later papers we will show that
this is essential for the understanding of
the hydrogenation—-dehydrogenation and
polymerization properties of the catalyst.
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