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Reduction of Ni 2+ Cations in Y Zeolites 

I. Effect of Sample Pretreatment 
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A range of NiNa-Y and NiK-Y zeolites was prepared by ion exchange. The location of Ni 2-- 
cations within the zeolite framework was monitored after various stages of thermal treatment and 
the reduction process of the transition metal ion in a flowing hydrogen atmosphere was investigated 
and correlated with such factors as the hydrogen flow rate, reduction time, reduction temperature, 
sample precalcination, and NH3 pretreatment. Cation location was probed by means of Cs + back 
exchange and confirmed by the observation of the IR spectra of CO adsorbed on the activated 
zeolites. Iodometric titrations and Na + back-exchange techniques were used to measure the levels 
of Ni 2+ reduction. The data generated reveal how the interrelated Ni 2+ ion location and the nature 
of the charge-balancing alkali metal co-cation serve to influence the level of Ni 2+ reduction. © I990 
Academic Press, lnc. 

INTRODUCTION 

The most common procedure for incor- 
porating metals into zeolites involves the 
introduction of the hydrated metal ion by 
the process of ion exchange followed by re- 
duction of the cation in a reducing atmo- 
sphere. The factors affecting the reduction 
process have been the subject of multilat- 
eral investigations. A scan through the lit- 
erature reveals the complex nature of the 
system; reducibility has been found to de- 
pend strongly on zeolite structure, pretreat- 
ment conditions, and the initial cation loca- 
tion. According to the nature of the cation 
and the type of zeolite, various mechanisms 
for the reduction process have been pro- 
posed. Delafosse (1) has classified the main 
factors which govern the reducibility of 
transition metal cations as: (a) those which 
depend on the nature of the cation; (b) 
those which depend on the zeolite type, 
symmetry, and chemical composition; (c) 
those which depend on the local environ- 
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ment of the cation; (d) those which are due 
to the nature of the reducing agents. 

The reduction of exchanged nickel cat- 
ions in zeolites has been extensively stud- 
ied due to the catalytic applications inher- 
ent in the system. Molecular hydrogen is 
the most frequently used agent to reduce 
divalent nickel cations in a zeolite frame- 
work (2-4). It is also possible to reduce 
nickel ions by other reagents such as NH3 
(5), CO (6), and atomic hydrogen at very 
low temperatures. Rabo (7), in one of the 
earliest studies, found that Ni 2+ ions sup- 
ported on Y zeolite were reduced to the 
metallic state at temperatures above 473 K; 
Penchev et al. (8), in contrast, reported that 
reduction of divalent nickel with hydrogen 
begins at 523-573 K. The data on nickel- 
exchanged zeolite Y are complicated by in- 
complete exchange and the presence of wa- 
ter, even after dehydration at elevated 
temperatures (9). Notwithstanding this, the 
degree of nickel reduction has been re- 
ported to increase with reduction tempera- 
ture (10). In the majority of studies, the 
nickel-supported zeolite samples were 
evacuated or dehydrated in inert media 
prior to reduction. It has been shown (10- 
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13) that dehydration before reduction di- 
minishes the extent of reduction. This is ex- 
plained on the basis of Ni 2+ migration to S~ 
positions (in the hexagonal prisms) where 
the cations are stabilized in an octahedral 
environment and are less susceptible to re- 
duction. In any case, reduction of NF + in 
faujasite is usually incomplete (14-16). 
Lawson and Rase (17) observed that reduc- 
tion at low temperatures for long periods of 
time ensured that most of the divalent 
nickel was reduced whereas Derouane et 
al. (18) obtained 100% reduction of NilsNa- 
Y at 873 K, the sample having been previ- 
ously outgassed at 373 K. At high tempera- 
tures (>600K) NH3 has proved to be a more 
effective reducing agent than molecular hy- 
drogen (5). At these elevated temperatures 
NH3 decomposes to form active hydrogen 
which can reduce Ni 2+ ions in the more 
"hidden" hexagonal prism sites; similarly, 
workers using atomic hydrogen have been 
able to obtain very high levels of reduction 
(19). 

As a prerequisite to understanding the 
process of cation reduction in zeolites, the 
positions of the cations in the framework 
must be known. There are certain preferred 
locations and the cations confer individual 
properties on the surface of the zeolite cavi- 
ties dependent on their charge, electronic 
structure, and ligancy. The accessibility of 
nickel ions for reduction depends on the ini- 
tial cation location and the residual water 
content. The local environment of the Ni 2+ 
cation must therefore be taken into ac- 
count. The standpoint as regards the rela- 
tive stability of Ni 2+ ions in "hidden" and 
"open"  sites is ambiguous with some 
workers reporting that Ni 2+ ions at S~ sites 
are more easily reduced (5, 20-22). GaUe- 
zot et al. (23) found that, on hydrogen re- 
duction at 633 K, only the Ni 2+ ions from 
S~ sites in the sodalite cages are reduced; 
reduction of Ni 2+ ions in the hexagonal 
prisms occurs at much higher tempera- 
tures. Nevertheless, considerable experi- 
mental data on NiNa-Y point to nickel ions 
in supercage positions being preferentially 

reduced at lower temperatures; only under 
extreme conditions are Ni 2+ ions in the hex- 
agonal prisms reduced (10, 12, 24). 

This paper is the first of a series devoted 
to unravelling some of the anomalies sur- 
rounding the phenomenon of Ni 2+ reduc- 
tion in zeolites. It can be argued that this 
lack of consistancy stems from the diffi- 
culty in isolating the variables which may 
affect the reduction process. In addition, all 
of the studies to date have concerned the 
exchanged parent Na-Y zeolite with no re- 
ported data on nickel exchanged Li, K, Rb, 
or Cs forms. Unfortunately, because of the 
variety of experimental conditions used, 
particularly with regard to sample pretreat- 
ment, one may only, at best, make tenta- 
tive, qualitative comparisons with the re- 
ported data on degree of cation reduction. 
It was therefore thought prudent to investi- 
gate the effects of sample pretreatment as a 
prelude to a study of the respective roles of 
nickel loading and sample acidity on the re- 
duction process. 

METHODS 

The starting or parent zeolite was Linde 
molecular sieve LSZ-52 [formula: 
Nass(A102)ss(SiOz)134(H20)260]. KY was pre- 
pared by refluxing 250 g of Na-Y with 400 
c m  3 o f  1 M KNO3 for  24 h, after which the 
zeolite was vacuum filtered and thoroughly 
washed with hot deionized water to remove 
the occluded salt. The zeolite was then 
oven dried at 373 K for a further 24 h; this 
heat treatment provided the necessary en- 
ergy of activation to accomplish a redistri- 
bution of the exchanged ions. The resultant 
KNa-Y samples were exchanged an addi- 
tional nine times and stored over saturated 
NH4C1 solutions. NiNa-Y and NiK-Y 
samples were prepared by taking 100 g of 
Na-Y or K-Y and refluxing with a 400 cm 3 
Ni(NO3)2 solution for 24 h. The pH of the 
Na-Y zeolite/deionized water suspension 
was 9.5. It has been reported that many 
transition metal salt solutions are suffi- 
ciently acidic to cause structural break- 
down (25). In this study, dilute nickel ni- 
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trate solutions (<0.1 M) were employed in 
which the pH (as monitored by a pH meter) 
of the nitrate/zeolite suspension was in the 
range 6-7.5. Under these conditions, a sin- 
gle exchange cycle resulted in a maximum 
exchange of ca. 7 Ni2+/UC, i.e., seven 
nickel cations per unit cell. In preparing 
samples with loadings greater than ca. 7 
Ni2+/UC, repeated exchange was neces- 
sary. Atomic absorption (Ni 2+ concentra- 
tion) and flame emission (Na + and K + con- 
centrations) techniques, using a 
Perkin-Elmer 360 atomic absorption spec- 
trophotometer, were employed to deter- 
mine the cation content. Samples were pre- 
pared for analysis by treating 0.2 g of the 
hydrated zeolites with 20 cm 3 conc. HC1 
and stirring at room temperature for 16 h. 
The resultant suspension was then filtered 
and made up to 250 cm 3 with deionized wa- 
ter. Measurements were made in the 0-5 
ppm range by performing the appropriate 
dilutions. The standards employed were 
prepared from stock solutions supplied by 
BDH Chemicals Ltd. From the measured 
ion concentrations, the precise mass of the 
zeolite sample, and the number of unit cells 
per gram of parent zeolite (3.5 × 1019 for 
Na-Y and 3.3 x 1019 for K-Y), the number 
of nickel cations per unit cell were deter- 
mined. Thermal analyses were also con- 
ducted on all the prepared samples using a 
Perkin-Elmer thermobalance operating in 
the TG mode to measure water loss as a 
function of temperature. 

The percentage reduction of Ni 2+ ions, 
supported on both Na-Y and K-Y carriers 
in flowing hydrogen, was obtained using io- 
dometric and Na + back-exchange tech- 
niques. In both cases, 3 g of hydrated sam- 
ple, in pellet form (1.18-1.70 mm 
diameter), were reduced in a fixed-bed cat- 
alytic reactor (26), normally in a 120 cm 3 
min -1 stream of hydrogen at 723 K for 18 h. 
However, these conditions were also var- 
ied, the effects of which will be outlined in 
the discussion section. The zeolite pellets 
were supported between two layers of glass 
beads. The thermocouple used to monitor 

the reduction temperature was embedded 
in the zeolite layer. The heating system (26) 
normally employed only allowed for a vari- 
able rate of heating of the samples. In the 
experiments where a fixed rate of heating 
was desired, a temperature programmer/ 
controller (Cambridge Process Controls 
Model 702) was used. The model 702 auto- 
matic controller is a combined sequence/ 
ramp programmer and temperature control 
system. The microprocessor system in the 
unit allows fully automatic operation of the 
furnace through the complete operating cy- 
cle to a time and temperature sequence pro- 
gram stored in the unit's memory. After re- 
duction, the samples were stored over 
saturated NH4C1 and the water content was 
determined before degree of reduction mea- 
surements were conducted. 

Iodometric Titration 

One gram of hydrated reduced sample, in 
powder form, was refluxed at 373 K for 16 h 
with 20 cm 3 of 0.1 M K2Cr207, the suspen- 
sion was filtered, and the filtrate was made 
up to 250 cm3; 50 cm 3 of this solution was 
then transferred to a 500-cm 3 volumetric 
flask with 100 cm 3 of recently boiled deion- 
ized water, 6 cm 3 conc. HC1, 2 g NaHCO3, 
and 3 g KI. The resulting solution was left 
to develop in the dark for 15 min after 
which the volume was made up to 500 cm 3 
with deionized water; 50 cm 3 of this solu- 
tion was then titrated against standardized 
0.01 M Na28203 using starch as indicator. 
The unreduced sample was also carried 
through the procedure as a blank and the 
amount of nickel metal present was deter- 
mined from the difference in reading be- 
tween the blank and the sample. 

Na + Back Exchange 

One hundred milligrams of the hydrated 
reduced zeolite, in powder form, was im- 
mersed in 50 cm 3 of 1 M NaNO3 and the 
resultant suspension refluxed for 24 h. In 
this process, the Na + ions will only be ex- 
changed with the unreduced Ni 2+ cations. 
On filtering the solution, the filtrate was 
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made up to 100 cm 3 and analyzed for Ni 2+ 
ions by atomic absorption in the 0- to 5-ppm 
range. The procedure was also repeated us- 
ing the unreduced zeolite as a blank. The 
degree of reduction (a) is then given by 

ppm Ni 2+ in unreduced sample 
- ppm Ni 2+ in reduced sample 

ppm Ni 2+ in unreduced sample 

The reduction data obtained from both 
techniques were in close agreement. The 
values quoted in this paper are those gener- 
ated by iodometric titration. 

The location of Ni 2+ ions in the dehy- 
drated zeolite framework was studied using 
a Cs + back-exchange technique. In this 
case, the zeolite bed (26) was heated in a 
stream of nitrogen (120 cm 3 min -1) to a final 
temperature of 723 K which was main- 
tained for 18 h. The rehydrated calcined 
sample (as a fine powder) was then added to 
a 2 M CsC1 solution and the resultant sus- 
pension vigorously stirred at room temper- 
ature for 16 h. The Cs + ions will exchange 
out any large cage Ni 2÷ ions but because of 
their size are unable to enter the sodalite 
units or hexagonal prisms (27). The number 
of Ni 2÷ cations remaining in the small cages 
was then determined by atomic absorption. 

IR spectra were obtained of CO adsorbed 
on a range of calcined nickel zeolites. The 
spectra were recorded using a special por- 
table vacuum cell (26). The zeolite samples 
were in the form of self-supporting disks of 
surface area 1.3 cm 2 prepared by compress- 
ing 10 mg of fine zeolite powder under a 
pressure of 4 kg cm -2 for 5 min using a 
Beckman 25-ton hydraulic press. The vac- 
uum cell, with the disk inserted, was out- 
gassed (<1.3 x 10 -3 N m -2) for 1 h at room 
temperature. The disk was then heated in a 
stream of nitrogen (120 cm 3 rain -l) to a final 
temperature of 723 K, which was main- 
tained for a further 18 h. The cell was then 
kept under vacuum and allowed to cool 
to room temperature and contacted with 
2.66 x 103 N m -2 CO. The CO, obtained 
from Irish Industrial Gases, was dried be- 
fore use over a bed of activated zeolite 4A. 

The spectra were recorded in the percent- 
age transmission mode. 

R E S U L T S  A N D  D I S C U S S I O N  

(a) Chemical Composition of  the Samples 

The chemical compositions of the ion-ex- 
changed samples are given in Table 1. The 
names of the samples are followed, for ex- 
ample in the case of nickel-exchanged K - Y  
(NiK-Y), by a figure showing the exchange 
level of Ni 2+ as a percentage of the total 
cation exchange capacity. By and large, the 
exchange process was stoichiometric. The 
extent of hydrolysis, as evidenced by the 
number of protons present in the structure, 
was slight and occurred only for the lower 
exchanged samples. On calcination at 723 
K, the nickel-exchanged zeolites exhibited 
ill-defined infrared bands in the hydroxyl 
stretching region. 

(b) Ni 2+ Cation Location 

By employing a Cs ÷ back-exchange tech- 
nique, the location of Ni 2+ ions in the zeo- 
lite lattice during different calcination steps 
and hence the effect of sample pretreatment 
on ion location and reduction was probed. 
The structure of zeolite Y and the precise 
nature of each cation site have been de- 
scribed in detail by Breck (28). Interest- 

TABLE 1 

Chemical Compositions of the 
Nickel-Exchanged Zeolites 

Zeolite sample Na+(K+) /UC Ni2+/UC H + / U C  Water 

content 

(wt%) 

N a - Y  58.00 - -  - -  25.08 

NiNa-Y-22.76 44.00 6.60 0.80 26.61 

NiNa-Y-35.73 36.02 10.42 1.14 27.63 

NiNa-Y-63.10  22.32 18.30 - -  29.48 

K - Y  58.00 - -  - -  22.41 

NiK-Y-23.52  44.18 6.82 0.18 23.54 

NiK-Y-35.62 36.87 10.33 0.47 24.81 

NiK-Y-49.07 29.77 14.23 - -  26.37 

NiK-Y-54.48  26.22 15.80 0.18 26.91 

NiK-Y-62.52  22.30 18.13 - -  27.60 

NiK-Y-73.79  16.30 21.40 - -  28.04 

NiK-Y-81.97 13.13 23.77 - -  28.43 

NiK-Y-86.62  8.36 25.12 - -  29.34 

N i - Y  - -  29.00 - -  30.16 
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FIo. 1. Variation in the number of (a) large cage and (b) small cage Ni -~+ cations supported on NiNa-  
Y-35.73 (A) and NiK-Y-35.62 ( I )  with increasing temperature (calcined in a N2 flow of 120 cm 3 min 
for 18 h). 

ingly, on treating the fully exchanged Na-Y 
and K-Y samples, the K + ions exhibited a 
higher occupancy (26.6 K+/UC) of the 
small cage sites than the Na + ions (21.9 
Na+/UC). This variation in occupancy 
must be considered as a parameter in mini- 
mizing the free energy of the system. The 
larger K + ions, therefore, in locating prefer- 
entially at the hidden, well-shielded S~ and 
Sv sites lower the overall potential energy 
of the zeolite lattice to a greater extent than 
is the case for Na-Y.  The value of 26.6 
small cage K + ions implies an occupancy of 
31.4 K + ions in the large cages. This value 
closely agrees with the electrostatic model 
proposed by Smith (29). The consequence 
of such a variation in the site preference of 

the alkali metal cations on the location of 
the Ni 2+ ions exchanged into Na-Y and K-  
Y was considered. Figures 1 and 2 follow 
the concentration of small cage and large 
cage ions as a function of temperature for 
two samples of NiNa-Y and NiK-Y of 
similar nickel loading. The maximum num- 
ber of Ni 2+ cations accommodated in the 
small cages is ca. 12, which is somewhat 
lower than the values determined using 
crystallographic methods (24, 30, 31). This 
limiting value of ca. 12 N i z + / u c  is indepen- 
dent of the alkali metal co-cation. For both 
NiNa-Y and NiK-Y systems, the Ni 2+ cat- 
ions originally located in the supercages mi- 
grate to the small cages at elevated temper- 
atures. This is consistent with the 
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FIG. 2. Variation in the number of (a) large cage and (b) small cage Ni 2+ cations supported on NiNa-  
Y-63.10 (A) and NiK-Y-62.52 (m) with increasing temperature (calcined in a N2 flow of 120 cm 3 min -~ 
for 18 h). 
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well-established argument that once most 
or all of  the hydrat ion sheath has been 
stripped, the nickel cation will diffuse 
through the six-membered ring and occupy 
the small cage sites where it can have an 
octahedral  coordination with the frame- 
work oxygens,  i.e., at SI sites. The occupa- 
tion of  the small cage sites was also found 
to be independent  of  the rate of  heating of  
the samples (varied from 25 to 1000 K h -1) 
in nitrogen. However ,  saturation of  the 
small cage sites in K - Y  occurs at a higher 
temperature  (ca. 523 K) than that in N a - Y  
(ca. 493 K). This is presumably due to a 
greater competi t ion between the Ni 2+ and 
K + ions for the hidden sites. The rehy- 
drated calcined samples were also con- 
tacted with a saturated solution of NaNO3 
in order  to elute the Ni 2+ cations. The mea- 
sured sodium exchange capacities are given 
in Table 2. The values remain virtually con- 
stant for nickel loadings greater than ca. 10 
Ni2+/UC. On calcining these samples, the 
divalent nickel ions driven into the small 
cages therefore remain effectively 
" l o c k e d "  at the Sr sites upon rehydration. 

A second physicochemico approach was 
adopted to study the distribution of Ni 2+ 
ions in N a - Y  and K - Y ,  i.e., the observa- 
tion of  the IR spectra of CO adsorption on 
activated zeolites. Carbon monoxide is a 
particularly attractive choice for such 
work. The CO molecule is small enough to 

TABLE 2 

Room Temperature Sodium Exchange Capacities of 
a Range of Nickel-Exchanged Y Zeolites Calcined 
at 723 K 

Zeolite sample  Ni2+/UC Na + exchange 
capacity (%) 

NiNa-Y-22.76 6.60 76.90 
NiNa-Y-35.73 10.42 66.10 
NiNa-Y-63.10 18.30 64.90 
NiK-Y-23.52 6.82 76.36 
NiK-Y-35.62 10.33 65.16 
NiK-Y-62.52 18.13 64.48 
NiK-Y-81.97 23.77 64.11 
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FIG. 3. Plot of the intensities of the 2216 ( , )  and 
2200 (rT) cm-~ IR bands due to the adsorption of CO on 
a range of calcined (in a 120 cm 3 rain -~ flow of N2 at 723 
K for 18 h) NiK-Y samples as a function of nickel 
loading. 

enter the supercages of  zeolite Y, but too 
large to enter the sodalite units or hexago- 
nal prisms. The molecule has an asymmet- 
ric charge distribution and is easily polar- 
ized; it is therefore sensitive to the strong 
electrostatic field surrounding the ex- 
changed cations. CO adsorption on dehy- 
drated nickel-exchanged samples yielded a 
spectrum in the Vco range which included 
four bands at 2216, 2200, 2170, and 2140 
cm -1, in good agreement with the literature 
values (32, 33). The latter two bands were 
also observed for CO adsorbed on N a - Y  
and K - Y  and may be ascribed to CO physi- 
cally adsorbed on the zeolite framework. 
The peaks at 2216 and 2200 cm -1 must be 
due to CO adsorbed on active nickel ions. 
On studying the adsorption process for a 
number of nickel-exchanged zeolites, the 
spectra in the range 2300-2190 cm -1 were 
featureless up to a level of exchange greater 
than ca. 10 Ni2+/UC. At higher nickel load- 
ings, the intensity of  the 2216- and 2200- 
cm -1 bands increased with the number of 
nickel ions per unit cell (Fig. 3). 

(c) The Role of Reduction Temperature 

The variation in degree of reduction with 
temperature for two N i K - Y  samples of  dif- 
ferent nickel loading is illustrated in Fig. 4. 
The level of Ni 2+ reduction increases pro- 
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FIG. 4. Effect  of  reduct ion tempera ture  (at a H 2 flow 
rate of  120 cm 3 rain -1 for 18 h) on the degree of  reduc- 
tion of Ni 2+ ions suppor ted  on NiK-Y-23 .52  ([~) and 
NiK-Y-81 .97  (mR). 

gressively with reduction temperature; the 
extent of reduction is notably greater at 
lower temperatures for the zeolite sample 
with the higher metal loading. From the 
Ni 2+ cation location study, at temperatures 
greater than 523 K, all the Ni 2+ ions in 
NiK-Y-23.52 (6.82 Ni2+/UC) are located in 
the small cages whereas ca. 12 Ni 2+ ions 
remain in open positions for the NiK-Y- 
81.97 (23.77 Ni2+/UC) sample. It follows 
from the degree of reduction data that some 
cation reduction, more pronounced in the 
latter case, has taken place below 523 K, 
i.e., at the temperature where the cation 
becomes fixed at specific sites. One may 
therefore infer that reduction of the par- 
tially dehydrated Ni z+ species has oc- 
curred. This is in contrast with the general 
assumption that complete dehydration is 
essential before cation reduction com- 
mences. 

Indeed, the role of cation location in 
nickel reducibility continues to be a matter 
of some debate. From the percentage Ni 2+ 
reduction versus temperature curves (Fig. 4 
and 5), it is apparent that the difference in 
nickel loading results in different reduction 
behavior. In the case of the NiK-Y-81.97 
(23.77 Ni2+/UC) sample, the extent of re- 
duction increases smoothly with reduction 
temperature. However, there is a marked 
increase in Ni z+ reduction for NiK-Y-23.52 

(6.82 Ni2+/UC) in the temperature range 
673-723 K, which is indicative of a greater 
ease of $I Ni z+ reduction. The fact that such 
an enhancement in reduction is not ob- 
served for the higher loaded sample indi- 
cates that the accessible, supercage Ni 2+ 
cations are reduced preferentially. The 
highly symmetrical and stable coordination 
of the $I Ni 2+ ions therefore renders them 
difficult to reduce at lower temperatures. 
At temperatures higher than 673 K, all the 
sites must be energetically equal with re- 
gard to hydrogen reduction and a decrease 
in the number of divalent ions takes place 
simultaneously at all sites. NiNa-Y-22.56 
(6.60 Ni 2+) exhibits similar reduction be- 
havior to NiK-Y-23.52 (6.82 N i z + / u c )  

(Fig. 5). However, the NiK-Y sample is 
reduced to a greater degree at lower tem- 
peratures. This is due to the observed lower 
rate of migration of Ni 2+ ions to the hexago- 
nal prisms for the NiK-Y sample (Figs. 1 
and 2), which results in a longer residence 
time for the Ni 2+ ions in the accessible large 
cages. 

(d) The Role of  Reduction Time 

A series of reduction against time curves 
for the reduction of NiNa-Y and NiK-Y 
are shown in Figs. 6, 7, and 8. All the 
curves are characterized by an initial high 
level of reduction followed by a slow attain- 
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Fro. 5. Effect  of  reduct ion tempera ture  (at a H2 flow 
rate of  120 cm 3 min -~ for 18 h) on the degree of reduc- 
tion of  Ni 2+ ions suppor ted  on NiNa-Y-22 .76  (A) and 
NiK-Y-23 .52  (11). 
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NiK-Y-23 .52  with t ime at 723 K (II), 648 K (1~), and 
573 K ([]). 

FIo. 8. Effect  of  reduct ion t ime on the degree of  
reduct ion (at 723 K) of  Ni 2+ ions (in a 120 cm 3 min -I 
s t ream of  hydrogen)  supported on NiK-Y-23 .52  ([]) 
and NiK-Y-81 .97  ( I ) .  

ment of the equilibrium value. This equilib- 
rium degree of reduction is arrived at 
sooner at the higher reduction temperature 
(Fig. 6). The reduction curves for a NiNa- 
Y and NiK-Y sample of similar nickel load- 
ing are shown in Fig. 7. The plateau is 
reached at an earlier reduction time for the 
NiNa-Y sample at all the temperatures 
studied. In both cases, reduction has 
reached equilibrium after 18 h. This rather 
lengthy treatment suggests the involvement 
of a diffusion process, either of the hydro- 
gen molecule into the hexagonal prisms or 
of the Ni 2+ ions into the accessible large 
cages as proposed by Uytterhoeven et al. 
(34). Hydrogen molecules having a kinetic 
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FIG. 7. Effect  of  reduct ion t ime on the degree of 
reduct ion (at 723 K) of  Ni z+ ions (in a 120 cm 3 rain -1 
s t ream of  hydrogen)  suppor ted  on NiNa-Y-22.76  (A) 
and NiK-Y-23 .52  ( I ) .  

diameter of 0.24 nm should diffuse into the 
sodalite cages at elevated temperatures. It 
is therefore unreasonable to suggest that 
diffusion prohibition of hydrogen molecules 
might be the reason for the low reactivity of 
nickel ions situated at SI sites. Rather, the 
lower reducibility of nickel ions at S~ sites 
must be due to the highly stable and sym- 
metrical coordination of the structural oxy- 
gen atoms. At elevated temperatures the S~ 
nickel ions migrate into the supercage 
where they are more easily reduced. The 
degree of reduction data generated in this 
study suggest that the migration of Ni 2+ 
ions from S~ sites is inhibited to a greater 
degree when the larger K ÷ ions are present 
as co-cations. The values of the activation 
energy calculated from these curves vary 
considerably with the extent of reduction. 
The activation energy for NiK-Y-23.52 
(6.82 Ni2+/UC), in the temperature range 
648-723 K, with 10% Ni 2+ reduction is 33.6 
kJ mo1-1 which compares with 44.6 kJ 
mo1-1 for a reduction level of 30%. The ob- 
served increase in activation energy with 
progressive reduction suggests that the mi- 
gration of small cage Ni 2+ ions is retarded 
during the reduction process. 

(e) The Role o f  Precalcination and 
Heating Rates 

The effect of calcination in nitrogen at 
723 K prior to reduction by hydrogen on 
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TABLE 3 

Effect of Precalcination on Percentage 
Ni 2+ Reduction 

Zeolite sample Ni2+/UC % Ni 2+ reduction 

Reduced Precalcined 
at 723 K at 723 K 

NiNa-Y-22.76 6.60 79.30 54.23 
NiNa-Y-63.10 18.30 54.16 46.41 
NiK-Y-23.52 6.82 68.86 40.76 
NiK-Y-62.52 18.13 56.94 40.54 

Ni 2+ reducibility is demonstrated by the io- 
dometric titration data in Table 3. The re- 
sulting levels of Ni 2÷ reduction are signifi- 
cantly greater for samples reduced without 
prior calcination. Similar observations have 
been made in the literature (10-13). The 
rate of temperature increase in hydrogen 
reduction also significantly affects the per- 
centage of Ni z+ reduction as illustrated in 
Fig. 9. The degree of Ni 2+ reduction is al- 
most twice as great for the sample reduced 
at the lower rate of temperature increase, 
i.e., at a heating rate of 25 K h -1 compared 
with 1000 K h -1. This again reinforces the 
earlier postulation that the partially dehy- 
drated Ni 2+ cations are reduced in the act of 
migrating to the S~ sites. The lower heating 
rates in hydrogen result in an increase in 
the contact time of hydrogen with the mi- 
grating, partially dehydrated nickel species 
and promote reduction. 
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FIG. 9. Effect of the rate of heating of NiK-Y-23.52 
in hydrogen (at 120 cm 3 min -t for 18 h) on the level of 
Ni 2÷ reduction at 723 K. 
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Fro. 10. Effect of hydrogen flow rate on the level of 
reduction of Ni 2+ ions supported on NiK-Y-23.52 af- 
ter 18 h of treatment at 723 K. 

( f )  The Role o f  Hydrogen Flow Rate 

The effect of hydrogen flow rate on the 
reducibility of Ni 2+ cations was also investi- 
gated, the results of which are depicted in 
Fig. 10 for NiK-Y-23.52 (6.82 Ni2+/UC). 
Percentage Ni 2+ reduction increases signifi- 
cantly as the hydrogen flow rate is de- 
creased from 440 to 25 cm 3 rain -1. The in- 
creased extent of reduction to the metallic 
state (from ca. 44 to 74%) with decreasing 
hydrogen flow rate (from 440 to 25 cm 3 
rain-1) very likely results from a related in- 
creased efficiency of hydrogen transfer to 
the divalent nickel ions due to the greater 
contact time. An apparent saturation effect 
is observed at the lower flow rates, i.e., 25 
to 120 em 3 min -1. These results are in com- 
plete contrast to the data reported by 
Bartholomew and Farrauto (35) for the 
Ni/A1203 system where Ni 2+ reduction in- 
creased with increasing hydrogen space ve- 
locity due to an increased effective partial 
pressure of hydrogen at the nickel surface 
resulting from an increased "mixing" of 
hydrogen due to turbulence. 

(g) The Role of  NH3 Pretreatment 

In view of the report by Minachev et al. 
(5) that treatment with NH3 at elevated 
temperatures promotes the reduction of S~ 
N i  2+ cations due to NH3 decomposition at 
high temperatures to form active hydrogen 
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TABLE 4 

Effect of NH3 Pretreatment on Percentage 
Ni 2+ Reduction 

Zeolite sample Niz+/UC % Ni 2+ reduction 

Pretreated Reduced 
with NH3 without 

pretreatment 

NiNa-Y-22.76 6.60 38.14 79.30 
NiNa-Y-35.73 10.42 35.40 65.35 
NiK-Y-23.52 6.82 43.44 68.86 
NiK-Y-35.62 10.33 30.14 53.22 

been found that contrary to early reports, 
the partially hydrated samples exhibited a 
minor degree of Ni 2+ reduction which in- 
creased with increasing reduction tempera- 
ture. The accessible nickel cations are pref- 
erentially reduced while the migration of 
Ni 2÷ ions into the supercage is retarded 
with progressive reduction. The overall de- 
gree of reduction is promoted by using 
lower heating and hydrogen flow rates and 
inhibited by sample precalcination, higher 
heating rates, and ammonia pretreatments. 

which then penetrates the hexagonal prisms 
and promotes reduction, an investigation of 
this behavior (under the same conditions as 
Minachev's study (5)) was undertaken for 
two nickel-exchanged samples where the 
entire nickel complement is known to re- 
side in the small cages. The samples were 
heated in flowing NH3 (120 cm 3 min -1) to a 
final temperature of 723 K and the NH3 sup- 
ply was maintained at this temperature for 
an additional 6 h. The samples were then 
reduced as normal for an additional 18 h. 
As can be seen from Table 4, this NH3 pre- 
treatment actually results in an overall low- 
ering of the level of Ni 2÷ reduction. One 
may speculate that when nickel ions are re- 
duced during the NH3 pretreatment, the 
charge-balancing H + sites could conceiv- 
ably react with NH3 to form NH~ ions. The 
bulky NH~ ions may then restrict the mi- 
gration of Ni 2+ ions to the accessible sites. 

CONCLUSIONS 

The degree of reduction of Ni 2+ cations 
supported on Y zeolites has been shown to 
be strongly dependent on the pretreatment 
conditions. The overall influence is mani- 
fested most strongly in the cation direc- 
tional effect of the heat treatment. The 
maximum number of Ni > (ca. 12/UC) cat- 
ions accommodated in the small cages is 
independent of the nature of the alkali co- 
cation and the rate of calcination. How- 
ever, the saturation of small cage sites in 
K-Y occurs at a higher temperature. It has 
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