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An experimental investigation was made of the adsorptive activity of Raney nickel catalyst toward potas-
sium iodide over a wide KI concentration range and of the change with KI adsorption of hydrogenating activity
toward unsaturated alcohol and ketone. Adsorbed amounts of K+ and I- ions were determined by potentio-
metry and radioactivity measurement. The adsorptive activity vs. I- concentration relation yields a definitive
break at equilibrium concentration 5.5x 10~% mol dm—? (surface coverage 269%,), the adsorption features in the
lower and higher ranges relative to the break point being approximately represented by Freundlich’s and BET
equations, respectively. Adsorption sites effective for I~ ion in the Freundlich region disappear almost com-
pletely when the catalyst is preheated at 600 °C. The surface coverage causing the hydrogenation activity to
decrease by 50%, is 3%, for allyl alcohol and 0.3%, for 2-butanone. With allyl alcohol, however, even such a
catalyst as has preadsorbed ca. 5-monolayer amount of I~ ions possesses a 339, residual activity, though catalyst
coverages over 26%, result in only a little decrease in activity. These results suggest that the adsorption sites in
the Freundlich region may function as strong catalytically active centers for the hydrogenation, which are un-
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stable to heating.

Many reports have dealt with the relation between
adsorption of halogen compounds on Raney nickel
and catalysis by Raney nickel with preadsorbed halo-
gen compounds. Pattison and Degering?) reported that
the rate of catalytic reduction of styrene was remarkably
decreased when the concentration of chloride ion to
be preadsorbed exceeded 4.2 x10-4mol/g RNi. On
reduction of carbonyl groups in unsaturated ketones
by Raney nickel, Hoshiai et al.23 reported that a
complete loss of the hydrogenation activity of catalyst
occurred when Raney nickel had preadsorbed more
than 4.1 X10-*mol of iodide ion per gram of Raney
nickel. Sokol’skii and Zakumbaeva®) reported that
catalytic reduction of p-nitrophenol and similar com-
pounds was decelerated in the coexistence of alkali
halides.

Recent reports®:9) indicate that preadsorption of NaBr
on a modified Raney nickel for asymmetric hydro-
genation results in a marked increase in yield owing
to enantioface-differentiating hydrogenation and that
this increase is caused by selective adsorption of NaBr
at active centers involving aluminium compounds?—9
lacking asymmetric selectivity. Little has yet been
clarified of the relation between the adsorption on
catalyst surface and the change in catalytic activity.

The present paper deals with the relation between
the adsorptive activity of Raney nickel for KI and
the catalytic activity of KI-preadsorbed Raney nickel
for hydrogenation of unsaturated alcohols or ketones,
with particular reference to the nature of surfaces
of such catalyst preparations.

Experimental

Materials. Raney alloy was prepared by placing a
nickel plate, 0.05 mm thick and 99.96%, pure, between alu-
minium plates, 0.1 mm thick and 99.995%, pure, and sub-
jecting the sandwich heated at 630 °C in a nitrogen stream
to hot-rolling with a dental roller. A plate-type Raney
nickel catalyst,%11) suited for the present experiment, was
prepared by treating the Raney alloy with a solution of
20 wt% sodium hydroxide at 50 °C for 1 h. The catalyst,

thus obtained or further preannealed in a hydrogen atmos-
phere at 30—600 °C for 1h, was used to determine the
adsorption and hydrogenation activities; the catalyst was
divided before use into portions of 16 cm? in apparent area
(BET specific surface area 4.2 102 cm?/cm?).

Allyl alcohol, 2-butanone, and mesityl oxide (4-methyl-
3-penten-2-one) were of special grade and used without fur-
ther purification. Solutions of potassium iodide (special
grade) were prepared by use of distilled water.

Procedures. The adsorption experiment was carried out
by shaking the catalyst, in 100 ml aqueous solution of initial
concentration 10-—10-2 mol dm—3 of KI labeled with 0.3
wCi of ¥, in an atmosphere of nitrogen at 20—30 °C for
1 h. The catalyst was washed twice with 10 ml ethanol
and then twice with 10 ml of a reactant before being used
for reduction experiments. Adsorbed and desorbed amounts
of iodide ion were determined with a well-type scintillation
counter (Fuji Electric Model NHS 2) by measuring radio-
activities on 1 ml portions taken from the adsorbate solu-
tion and the liquid employed for desorption experiment,
respectively. Potentiometric measurement with a micropro-
cessor ionalyzer (Orion Research Model 901) was employed
to determine the amount of potassium ion adsorbed from
aqueous solution.

The activity of catalysts was determined by use of liquid-
phase hydrogenation on 3 ml allyl alcohol, 2-butanone, or
mesityl oxide at 1 atm and 70 °C. Products were analyzed
with a gas chromatograph (Yanagimoto Model G 180).

Results

Adsorbed Amount and Adsorption Isotherm. Both
the time required for saturation adsorption to be
reached and the adsorbed amount of I~ ion depend
on temperature; with initial concentration 10—% mol
dm—3, these values are about 60 min and 4.5x10-10
mol/BET cm? at 20 °C and about 30 min and 3.1 X
1029 mol/BET cm? at 30 °C. It is noticed that the
adsorbed amount may be estimated with a relative
error less than about 109, under the same experimental
conditions.

Figure 1 illustrates the effect of equilibrium con-
centration, C, on adsorbed amounts, », of K+ and
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TABLE 1. DESORPTION OF IODIDE ION FROM THE CATALYST IN ETHANOL AND REACTANT
Initial [KI] Adsorbed I- Desorbed fraction/% of I-
Reactant 3 2
mol/dm’ mol/BET cm Ethanol Reactant Reaction Total
Allyl alcohol 10-¢ 5.70x 1012 0.82 8.06 1.95 10.83
10-3 8.14x 10-10 1.35 4.63 1.61 7.59
2-Butanone 10-¢ 5.70x 1012 0.92 3.16 3.20 7.22
10-3 8.14x 1010 1.19 2.80 0.80 4.79
4-Methyl-3- 10-6 5.70x 1012 0.84 4.27 0.70 5.77
penten-2-one 10-3 8.14x 10~ 1.18 2.47 0.53 4.18
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Fig. 1. Adsorption isotherm by the plot of the loga- 7/°C

rithm of the equilibrium concentration (C) on the
logarithm of the adsorbed amount (v) (@: K* ion,
O: I- ion) and surface coverage (6) of I~ ion at 30
°C.

I- ions. Surface coverage, 6, of I~ ion was obtained
by a calculation using the value of 2.06 A as the ionic
radius of the ion adsorbed on the surface of Raney
nickel. The adsorbed amount of I- ion, as shown
in Fig. 1, yields a break at equilibrium concentration
about 5.5x10-°moldm—2 (»=3.2x 1071 mol/BET
cm?; 0=269%,). Below the break point, the adsorbed
amount is given by Freundlich’s equation!?

1
logv =a + IlogC,

where a is a constant, evaluated to be 1.2 from Fig.
1. Beyond the break point, the equilibrium data
approximately obey a BET equation, suggesting a
multilayer adsorption of I~ ions. In fact, the 1009,
coverage is obtained at (C=2.1x10-3 mol dm—3% and
v=1.2 X109 mol/BET cm?, and the highest coverage,
so far obtained, is 4759%,.

The isosteric differential heat of adsorption of I-
ion, as obtained by processing the above results ac-
cording to Clausius-Clapeyron’s equation,'® decreases
exponentially with increasing surface coverage of I-
ions in the Freundlich region, and is estimated to
be 6.3x10%® and 3.8 X102 J/mol at coverages 3 and
259%,, respectively.

The adsorbed amount of K+ ion, as with the
adsorption of I~ ion, yields a break at equilibrium
concentration about 4.3x10~*mol dm~3 (adsorbed
amount, 5.4 X 10710 mol/BET cm?; surface coverage of
I- ion, 439,). Below the break point, the adsorbed

Fig. 2. Variation of I- adsorptivity at 30 °C of the
catalyst preheated for 1 h in H,. The initial con-
centration of the adsorbate was 10—% mol dm-3,

amount is much less than that of I~ ion. Beyond
the point, however, both the adsorbates, K+ and I-
ions, give equimolar adsorbed amounts.

Adsorption on Preheated Catalyst. Figure 2 illus-
trates the variation of the I~ adsorption activity of
catalyst caused by application of sintering at 30—600
°C in a hydrogen atmosphere. The adsorptive activity
of 3.5x 1071 mol/BET cm? (6=28.19%,) of the catalyst
obtained by pretreatment at 30 °C. was decreased by
a 100 °C sintering to 1.5 x 1071 mol/BET cm? (12.3%,)
corresponding to about 569, decrease and by a 600
°C sintering to 0.3 X 1071 mol/BET cm? (2.49%,) cor-
responding to about 919, decrease. These results sug-
gest that many of the active centers for halogen ad-
sorption are easily caused to disappear even by pre-
heating at low temperature.

Desorption of the Adsorbate. The I- preadsorbed
catalyst was used for the reduction experiment after
being successively washed with ethanol and the react-
ant for the reduction. Table 1 indicates fractions of
I- ions desorbed due to the washing with ethanol
(the 4th col.), the washing with the reactant (the 5th
col.), and the reduction (the 6th col.), the sum of
these fractions being given in the 7th column. The
desorption of I~ ion, as seen from Table 1, obviously
depends on the initial concentration, giving higher
fractions at 10~ mol dm—3 than at 10-3 mol dm-3;
most of the adsorbate is desorbed with allyl alcohol
in contrast with 2-butanone and mesityl oxide, the
desorptive capacity being in the decreasing order:
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TaBLE 2. CHANGE IN ACTIVITY OF THE PREADSORBED CATALYST FOR HYDROGENATION
Rate of hydrogenation®
Adsorbed I- Coverage mmol/h
mol/BET cm? %
Allyl alcohol 2-Butanone 4-Methyl-3-penten-2-one
0 — 2.85 0.21 1.12 0.379
7.69x 10-13 0.06 2.13 0.17 0.57 0.32
5.70x 10-12 0.46 1.93 0.10 0.28 0.24
5.33x10-11 4.28 1.27 0.08 0.22 0.15
3.11x10-10 24.96 1.23 0.06 0.17 0.11
8.14x 10-10 65.41 1.21 0.04 — —
5.92x 10-® 475.1 0.93 0.02 — —

a) In the liquid phase at 1 atm and 70 °C. b) This column refers to product 4-methyl-2-pentanone produced

from 4-methyl-3-penten-2-one.

100 |-
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Fig. 3. Time dependences of hydrogen absorption (vg)
by allyl alcohol (O,0) and by 2-butanone (@,D)
through the catalyst with (©,®) or without (O,®)
preadsorption of KI. The initial concentration of
the adsorbate was 10-% mol dm-3.

allyl alcohol>2-butanone>mesityl oxide.

Hpydrogenation Activity of Preadsorbed Catalyst.

Figure 3 illustrates the time dependence of the hydro-
gen adsorption by allyl alcohol or 2-butanone when
the substrate is hydrogenated by catalysts with or
without preadsorbed potassium iodide (adsorbed
amount, 5.3 X107 mol/BET cm?; coverage, 4.3%,).
At 70°C and 1 atm, the hydrogenation activity of
catalyst remains constant over a period of 120 min,
and is in general higher for the unsaturated alcohol
than for the ketone. The hydrogenation activity is
lowered by the preadsorption to 42.59%, for the alcohol
and 38.89, for the ketone.

Table 2 shows rates of hydrogenation of allyl alcohol,
2-butanone, and mesityl oxide on KI preadsorbed
catalysts. The hydrogenation of the alcohol or the
ketone yielded only l-propanol or 2-butanol, respec-
tively, but mesityl oxide gave both 4-methyl-2-penta-
none and 4-methyl-2-pentanol. As seen from Table
2, the rate of hydrogenation of these compounds is
highest for allyl alcohol regardless of the extent of
preadsorption, and the rate for the alcohol by such
a catalyst as has preadsorbed ca. 5-monolayer amount
of adsorbate is 339, of that by the catalyst without
preadsorption. It turns out that the rate of formation
of 4-methyl-2-pentanone and 4-methyl-2-pentanol is

c) This column refers to product 4-methyl-2-pentanol.

remarkably decreased with increasing amount of pre-
adsorbed I- ions in the low adsorption phase; hydro-
genation yields for the catalyst with 4.39, coverage
are 71 and 299, for the carbon double bond and
carbonyl group of mesityl oxide, respectively.

Discussion

As revealed from Fig. 1, the mode of adsorption
of I- ion is changed according as the adsorbate con-
centration falls in the lower or higher range relative
to the definitive break. In the lower range, the
Freundlich region, the isosteric heat of adsorption
decreases exponentially with increasing adsorbed
amount, and the surface coverage is so low (below
269%,) that the surface interaction between adsorbate
ions may be neglected and therefore the adsorbate
ions may be considered to occupy heterogeneous ad-
sorption sites successively with preference from higher
to lower adsorption-activity sites. The number of ionic
bonds of the K+ with I~ ions adsorbed on the catalyst
surface, in this region, seems to be smaller for the
adsorbed amount than for that of adsorbed I- ions,
because a portion of the I~ ions may be stabilized
electrostatically through the specific adsorption or may
combine with H+ instead of K+ ion.4)

On the contrary, in the higher concentration range
than the break point where the BET equation holds,
the change in the mode of adsorption seems to be
caused by strong ionic interaction between the adsorb-
ates on the catalyst, as well as by capillary condensation
on the porous surface. In addition, multilayer ad-
sorption may be considered to take place at the cata-
lytic surface with equimolar adsorption of counterionic
adsorbates to form an ionic double layer at the solid/
liquid interface.

As seen from Table 1, the greater portion of the
amount of I- desorbed from the catalyst surface is
involved in the course of washing at room temperature,
though the absolute fraction desorbed varies with the
initial iodide and reactant concentrations and the
desorption is made to proceed a little further during
the following reduction run at 70 °C. These results
suggest that capillary condensation is more important
than the Langmuir type adsorption for the under-
standing of the mechanism of desorption.
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As shown in Fig. 2, adsorption sites effective for
halogen ions in the Freundlich region are so unstable
to heating as to disappear to a considerable extent
even at relatively low temperatures and almost com-
pletely at 600 °C. In a previous work,'® it was re-
ported that the catalytic activity of plate-type Raney
nickel is decreased by thermal pretreatment, e.g., a
catalyst annealed at 600 °C has an activity as low as
169, of that of a 100 °C-annealed one for reduction
of acetone and 299, of that of a 150 °C-annealed one
for reduction of benzene. These facts indicate that
both the adsorption sites and the active sites for hy-
drogenation are caused easily to disappear by pre-
heating the catalyst.

The hydrogenation activity of catalyst lowers with
increasing amount of I- ions preadsorbed in the
Freundlich region, this tendency being more pro-
nounced in the lower adsorption phase, as seen from
Table 2. Thus, the surface coverage at the 509,
lowering is about 39, for allyl alcohol and about
0.3%, for 2-butanone. For the latter compound, the
relative catalytic activity lowers to 0.36 at surface
coverage 39%,; the activity for the reduction of carbonyl
group in ketone is remarkably decreased by the pre-
adsorption of I~ ion. Similarly, in the case of mesityl
oxide, the hydrogenation of carbon double bond pro-
ceeds much more rapidly than that of carbonyl group
on catalysts of the same coverage. These results sug-
gest that the preadsorbed I- ions preferentially occupy
many of the strong adsorption sites at or near the
active centers effective mainly for the reduction of
carbonyl group.

In the case of the adsorption in the range beyond
the Freundlich region, the hydrogenation activity of
catalyst depends negligibly on surface coverage as
seen from Table 2. The residual activity displayed
at more than 1009, coverage implies wide distribution
of preadsorbed I- ions over the heterogeneous surface
of catalyst and partial desorption from the surface of
those ions upon attack by the reactant.

The above results agree with previous results,1—3)
though no direct, quantitative comparision can be
made for differences in adsorbate properties or ad-
sorption conditions.

Hofer and Hintermann'® examined properties of
the active center of Raney nickel by X-Ray diffraction
line broadening analysis and reported that annealed
Raney nickel catalysts with much lowered activity had
lost many of their surface structural defects. Pearce
and Leuis,'” using the same method, reported that
a highly active Raney nickel catalyst was unstable
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for heating and possessed much more structural defects,
microstrains, and stacking faults than an inactive cata-
lyst. As mentioned above, we!® also reported that
active sites of Raney nickel are associated with lattice
defects, vacancies and dislocations because the hydro-
genation activity of preannealed catalyst was decreased
in a temperature range where defects vanish.

It is concluded from the present results that the
adsorption sites for I- ions in the Freundlich region
and the greater portion of the active sites for hydro-
genation are the same sites on catalyst surface or are
located very close to each other, and that they are
related to heterogeneous lattice defects.

The authors wish to thank Professor Emeritus Jiro
Yasumura (Tokushima University) for his helpful dis-
cussion.
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