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The chemisorptions of hydrogen and carbon monoxide at -195°C were measured 
on several different preparations of Raney nickel, and the fraction of the surface as 
nickel was estimated. From carbon monoxide chemisorption, assuming a cross- 
sectional area of CO of 13 A’, the fraction of the surface as nickel varies from 55 to 
85% for conventional preparations. The fraction of surface as nickel decreased with 
increasing alumina content. Prolonged heating of a catalyst in boiling water de- 
creased the nickel area to 1/s of the original value with the total area decreasing to 
$5. No correlation was found between nickel area and activity in the hydrogenation 
of eyclohexene in ethanol at 3OO”C except that activity of the sample treated with 
boiling water was low. 

Emmett (8) report a nickel area about 

In addition to the nickel phase, thought 
to contain some 4 wt % aluminum in solid 
solution (1, .2), Raney nickel may also 
contain unreacted alloy, p-alumina tri- 
hydrate (1, 3) and trace amounts of resid- 
ual alkali (4). Many of the unusual 
properties of the Raney catalyst, for ex- 
ample, the thermal stability of the high 
area nickel below 400°C (2, 4) are prob- 
ably due to these residual materials. Recent 
work also indicates (a) that the large 
volumes of hydrogen evolved when Raney 
nickel is heated, and formerly considered 
as evidence for a hydride (5, 6) or nickel- 
dissolved hydrogen (1, 7) structure, may 
be explained on the basis of reaction be- 
tween residual aluminum and water bound 
as alumina trihydrate. 

The composite nature of Raney nickel 
must also be reflected in the surface of the 
catalyst and several workers have at- 
tempted to measure the amount of metallic 
nickel present in the surface. Kokes and 
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20% of the BET value; Huff et al. (4) 
estimated that some 50% of the total avail- 
able area was nickel metal ; and Ma,rs et al. 
(2) concluded that the catalyst surface was 
predominantly (80-90s) metallic. 

We have therefore reexamined the com- 
position of the Raney nickel surface by the 
low temperature chemisorption of hydrogen 
and carbon monoxide. Since inconsistencies 
in the literature might have been due to 
differences in the catalysts used, Raney 
nickel prepared in several ways including 
two commercially activated samples, has 
been studied. The degree to which such 
measurements may be related to catalytic 
activity has also been examined. 

EXPERIMENTAL METHODS 

Two batches of commercial catalyst from 
the Davison Chemical Company, are re- 
ferred to as samples COM I and GOM II 
throughout. Our own catalyst preparations 
are designated by the method of extraction 
(I, II, or IV) and the starting alloy (A, B, 
or C). Catalysts of types I and II were 
prepared at 50°C by adding alloy to 20% 

L3 



244 FREEL, ROBERTSOK, AND ANDERSON 

aqueous NaOH or by adding 40% NaOH hydrogen chemisorption and another sam- 
to a suspension of the alloy in distilled ple for adsorption of carbon monoxide. The 
water, respectively. Type IV, an alumina- chemisorption of hydrogen was measured 
rich catalyst, was prepared by the method as described by these authors (2). An 
of Dirksen and Linden (5). These methods isotherm H,I was measured at -195°C on 
of catalyst preparation and the procedure the original evacuated catalyst; then the 
for outgassing and weighing samples are sample was evacuated 2 hr at -195°C and 
described in detail in a previous paper (9). a second isotherm, H,” determined. The 
Many of the catalysts used in the present type of isotherm obtained is illustrated by 
work were samples of the same prepara- the data for a IIB catalyst shown in Fig. 1. 
tions as described previously (9) ; however, An isotherm H,I’I, measured after perform- 
they had been stored under ethanol at 0°C ing the intermediate evacuation at -78°C 
for 2 to 4 months before use. To evaluate is included for comparison. The volumes of 
the effect of prolonged storage in ethanol strongly chemisorbed hydrogen determined 
at O”C, two additional samples of catalyst as (Hz1 -Hz”) and (Hz1 - H,I”) were 
IIA were prepared. 10.8 and 8.5 ml STP/g, respectively. 

Catalyst activity was evaluated within 
a mo,nth of preparation using the hydroge- 
nation of cyclohexene in ethanol at 30°C 
and 1 atm of hydrogen in a well-stirred, 
constant pressure microreactor (10). 

RESULTS 

Samples were evacuated (9) at 13O”C, 
which corresponds to the maximum in the 
hydrogen chemisorption versus evacuation 
temperature data of Mars et al. One 
sample of the catalyst was used for 

The adsorption of carbon monoxide was 
estimated in a similar way by the deter- 
mination of two isotherms at -195”C, CO’ 
and COI’, with intermediate evacuation of 
physisorbed gas at -78°C. Data of this 
type for catalyst IIB, are given in Fig. 2, 
which includes the isotherms N,I and N211, 
the former nitrogen isotherm ‘obtained on 
the original evacuated catalyst, the latter 
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FIG. 1. Adsorption of hydrogen on Raney nickel 
IIB at - 195°C: 6, on catalyst evacuated at 13O”C, 
Hz’ ; 0, previous sample after evacuation at 
- 195”C, HP; 0, sample above (0) after evacua- 
tion at -78”C, Hz”‘. 

FIG. 2. Adsorption of CO and Ne on Raney nickel 
IIB at -195°C: l NZ at - 195°C on sample 
evacuated at 13O”C, N$; 0 CO on sample above 
after evacuation at 3O”C, CO’; COb on previous 
sample (0) after evacuation at -78’C, COII; b 
NP on (6) after evacuation at - 78”C, NP. 
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on a surface containing chemisorbed CO. 
These isotherms indicate a CO chcmisorp- 
tion of 16.1 ml STP/g when calculated as 
(CIOr - COK1) and 18.0 ml STP/g calcu- 
lated as (CO1 - Nz”) , the method pre- 
ferred by Kokes and Emmett (8). Both 
N,’ and N,” yielded linear BET plots with 
monolayer values of 22.5 and 20.0 ml N, 
STP/g, respectively. As shown in Figs. 1 
and 2, the different isotherms for a given 
gas were displaced by equal amounts at all 
pressures studied. 

Isotherms for nitrogen, hydrogen, and 
carbon monoxide adsorption were measured 
for many of the Raney catalysts described 
in Part I (9). Nitrogen monolayer cover- 
ages were, in some cases, slightly different 
than those found for the fresh catalysts, 
possibly due to several months of storage. 
Isotherms for different samples from the 
same batch of catalyst at a given time were 
satisfactorily reproducible (+-4%). Con- 
sistent adsorption data (-+770) were ob- 
tained for 4 preparations of IIA and two of 
IIB. Less reproducible adsorption data 
(*20%) were obtained with sample IV. 

Volumes of hydrogen (Hz1 - H211) and 
carbon monoxide (CO1 - COII) chemi- 
sorbed by the various samples are given in 
Table 1, together with an estimate of cata- 
lytic activity for cyclohexene hydrogena- 
tion. Activities are expressed in arbitrary 
units per unit weight of catalyst, based on 
the assignment of unit activity to the COM 
I catalyst. 

RELATED STUDIES 

(a) After evacuation of COM I at 
13O”C, the surface was saturated with 
chemisorbed hydrogen by the usual adsorp- 
tion-evacuation cycle at -195°C and 
(CO1 - COII) was measured as described 
in the previous section. 12.5 ml of CO 
STP/g were chemisorbed compared with 
17.6 ml STP/g on the original evacuated 
sample. 

(b) A similar procedure used to measure 
(Hz1 -H,I’) after initial chemisorption of 
carbon monoxide resulted in the adsorption 
of hydrogen of only 0.24 ml STP/g com- 
pared with 9.6 ml STP on the original 
evacuated sample. 

(c) After evacuation for 16 hr at 2OO”C, 
catalyst CUM I chemisorbed less carbon 
monoxide than after evacuation at 130” 
(Table 1). 

The adsorption data of the present study 
compare well with much of the previous 
work. Catalyst IIA, for example, chemi- 
sorbed 9.4 and 14.4 ml STP/g of hydrogen 
and carbon monoxide, respectively. After 
similar pretreatment, the preparation of 
Mars et al. (2) chemisorbed ca. 10 ml of 
STP hydrogen/g, while Huff et al. (4) 
report carbon monoxide chemisorption of 
14.1 ml STP/g, after evacuation at 200°C. 
These results indicate little dependence on 
the method of catalyst preparation, and 
indeed, the volumes of both hydrogen and 
carbon monoxide chemisorbed by the 
various catalysts studied in the present 
work, excluding only those catalysts 
treated in water and the alumina-rich, 
preparation IV, were broadly similar 
(+15%). 

For all samples studied, the ratio bc- 
tween t,he volumes of carbon monoxide and 
hydrogen chemisorbed, remained approxi- 
mately constant, about 1.7, (Table 1, 
column C). Thus, changes in the sorptive 
capacity of the catalysts are reflected in 
the same way by both gases. Catalysts I 
and II usually gave lower values, about 
1.5, and the commercial catalysts higher 
values, about 1.9. These differences may 
result from the lower alumina content of 
the commercial catalysts or from storage of 
commercial catalysts in water and prepara- 
tions I and II in ethanol. 

A ratio of 2 CO to 1 H, would be ex- 
pected if each surface Ni atom adsorbed 1 
CO molecule or 1 hydrogen atom. On a 
steric basis the presence of residual alu- 
mina or chemisorbed species might be 
expected to affect the chemisorption of CO 
more than H,. In addition, the chemisorp- 
tion of both gases may be influenced by 
residual hydrogen remaining on the Raney 
nickel after evacuation at 130°C. 

Interaction of the cat’alyst and storage 
liquid may be expected to occur during 
storage and evacuation at 130°C. For ex- 
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ample, infrared bands assigned to chemi- 
sorbed CO were observed on a nickel 
catalyst exposed to ethanol and heated and 
evacuated (11). In storage of samples of 
IIA in ethanol at 0°C for 3 months, the 
chemisorbed carbon monoxide per unit area 
decreased about lo%, and the chemisorbed 
hydrogen increased slightly. These data 
can not be explained only on the basis of 
accumulating chemisorbed carbon mon- 
oxide during storage, because the chemi- 
sorbed CO should drastically decrease the 
chemisorption of hydrogen. 

With the exception of the alumina-rich 
preparations the ratios of chemisorbed HZ 
to V, for nitrogen varied from 0.41 to 0.51, 
and the ratios of chemisorbed CO to V, 
were about 0.95 for the commercial cata- 
lysts and 0.75 for preparations I and II. 
Thus, a substantial fraction of the surface 
is metallic nickel. 

Nickel areas, calculated from hydrogen 
chemisorption and expressed as a percent- 
age of the total BET area, are given in 
column D of Table 1. These values were 
calculated by the method of Mare et al. 
(2) in which they assumed that equal 
portions of the most densely packed (111, 
110, and 100) planes are exposed and that, 
1 hydrogen atom is adsorbed on each nickel 
atom on the surface. In this case 1 ml of 
chemisorbed hydrogen (STP) corresponds 
to 3.64 m2 of nickel surface. Data in col- 
umn D were not corrected for residual 
chemisorbed hydrogen. A similar calcula- 
tion, taking one carbon monoxide molecule 
per metal atom, has been used in studies of 
carbon monoxide chemisorption on sup- 
ported metal catalysts at ambient or higher 
temperatures. Since the average ratio of 
the volumes of carbon monoxide and hy- 
drogen chemisorbed was, about 1.7 in the 
present work, nickel areas calculated in 
this way would be smaller than those esti- 
mated from hydrogen chemisorption. 

However, because the chemisorbed CO 
molecule is larger than Ni atoms in closely- 
packed arrays, an alternative procedure, in 
which the metal area is calculated by 
assigning a cross-sectional area to the car- 
bon monoxide molecule, has been em- 
ployed; a calculation similar to that used 

in determining total surface area from the 
physical adsorption of nitrogen at -195°C. 
For values of 13 (8) and 16 A” (4) for the 
cross sectional area of the CO molecule, 
catalyst IA, for example, has nickel areas 
59.3 and 73.0% of the BET area, respec- 
tively. Percentage values based on the 
lower estimate of molecular size (13 AZ) 
are given in column E of Table 1. 

The fractions of the surface as nickel 
est,imated from hydrogen chemieorption 
(column D) are significantly lower than 
those from carbon monoxide (column E). 
The Dutch group (2) suggested that about 
1/a of the chemisorbed hydrogen remains 
after evacuation at 130°C for 24 hr. On 
this basis the areas estimated from hydro- 
gen adsorption should be increased by a 
factor of about 1.5. This correction sub- 
stantially improves the agreement between 
values of fraction of surface as nickel given 
in columns D and E. 

For several reasons given in the text 
the fractions of the surface as metallic 
nickel given in column E of Table 1 seem 
the least uncert’ain. These nickel areas seem 
remarkably la,rge in view of the origin of 
these surfaces in hot aqueous alkali and 
subsequent storage in water or et’hanol. 
Smaller nickel areas were obtained for t’he 
alumina-rich catalysts. Although other 
work in t’his laboratory indicates that the 
alumina in Raney nickel has a low surface 
area (9) and part’ or all of it is more 
crystalline than the nickel (12), it is pos- 
sible that some of the nickel area is blocked 
by alumina. Treating the activated catalyst 
in boiling wat#er decreased the chemisorp- 
tion of both CO and H, to about i$ of the 
original values, although the surface area 
was not decreased as severely. Coverage of 
the surface with nickel oxide or alumina is 
possible. 

Activity data for the hydrogenation of 
cyclohexene in ethanol at 30°C (Table 1) 
did not correlate with nickel or total sur- 
face areas; however, the catalyst treated 
with boiling water had the lowest nickel 
and total areas and lowest activity. Cata- 
lyst types I, II, and IV had activities of 
about 2.5 compared with 1.0 for commer- 
cial preparations. The methods of activat- 
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ing the laboratory and commercial prep- 
arations were significantly different, and 
the commercial catalysts were stored in 
water rather than ethanol. 
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