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Reducibility of zeolite encaged Ni 2+ was found by temperature programmed reduction to 
increase in the following order Ni /NaY < Ni /MgY < Ni /CaY < (Pd + Ni) /NaY < (Pd + 
Ni)/MgY < (Pd+Ni) /CaY.  In comparison with NaY supported samples, bimetallic MgY 
and CaY supported samples exhibited enhanced Pd 2+ and Ni 2+ reducibility as well as 
higher Hads/Me ~ ratios after reduction below 500~ Temperature programmed reduction 
(TPR) and desorption (TPD) results indicate that Mg 2+ and Ca 2+ ions are occupying the 
small cages in the zeolite thus preventing the migration of the majority of Ni 2+ and Pd 2+ 
ions to these cages. 
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1. Introduction 

Reduction of Ni 2+ ions in Y-zeolites is known to require a high temperature 
due to their preferential occupation of small zeolite cages [1-3]. Such high 
reduction temperatures (Tr) result in low Ni dispersions and, often, a bimodal 
distribution of the metal along with breakdown of the zeolite framework [4]. 

The dominant driving force for the migration of Ni 2+ and other bipositive ions 
in NaY to small cages is assumed to be Coulombic interaction. The density of 
negative charge is higher in small cages than in supercages; therefore a site 
occupancy is energetically favored with the bipositive ions in the small cages, 
leaving monopositive Na + ions in the large cages. In agreement with this 
rationale, our previous TPR and EXAFS results for Pd 2+ in NaY, CaY and MgY 
have shown that after calcination pd2+ ions are located in sodalite cages and 
hexagonal prisms in NaY, but in CaY and MgY they stay inside the supercages 
[5]. This difference in site occupancy resulted in a temperature programmed 
reduction (TPR) peak position 70 ~ lower for Pd /MgY and Pd/CaY than for 
Pd/NaY.  

One should therefore expect that blocking of small cages with bipositive ions 
such as Ca 2+ or Mg 2+ would also enhance the reducibility of Ni 2+ ions in 
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Y-zeolites. Some results reported by Suzuki et al. [6,7] appear however at variance 
with this simple model. These authors reported a marked enhancement in Ni 
reducibility when the Na + ions in NaY were replaced by C a  2+ but no such effect 
was observed for Mg 2+. This leads to the question motivating the present 
research: Is the above model, that is merely based on simple electrostatic 
considerations, basically correct or are other factors involved which significantly 
differentiate between the two bipositive ions of similar size, viz. C a  2+ and M g 2 + ?  

Additional motivation for the present study is based on recent results on 
co-reduction of (Pd + Ni ) /NaY [8,9] and (Pd + Co) /NaY [10]. This work re- 
vealed the importance of proximity: i.e. only if the easily reducible ion (Pd 2+) 
and the less easily reducible ion (Ni 2+ or Co 2+) are located in the s a m e  cage 
system will the former enhance the reducibility of the latter. This cation-cation 
interaction can take place in small or large cages, resulting after reduction either 
in atom pairs that are locked up in small cages or in easily growing bimetallic 
particles in supercages. Experimentally, both situations can be distinguished by 
measuring the adsorption of hydrogen, which is carried out by registering the 
temperature programmed desorption (TPD) profile after catalyst reduction and 
cooling to room temperature in hydrogen. It is known that transition metal 
clusters in supercages lead to a high Haas/Me ~ ratio (Me ~ reduced metal atom); 
but for isolated atoms and pairs in small cages this ratio has been shown to be 
low [11]. The greatest enhancement in Ni reducibility, leading to the formation of 
small bimetallic PdNi x particles in supercages, would therefore be expected for 
bimetallic samples where Pd 2+ and Ni 2+ ions co-occupy the supercages before 
reduction. 

We therefore report on TPR and TPD studies of Ni in zeolite Y with 
secondary Na, Mg, Ca or Pd cations in the same zeolite. 

2. Experimental 

2(A). CATALYST PREPARATION 

The CaY and MgY supports used in this study were prepared by an ion 
exchange/ion migration treatment of NaY, Linde LZY-52. Ion exchange was 
carried out for 24 hrs. at room temperature (RT) and pH = 6.0 using 0.01 M 
aqueous solutions of Ca(NO3) 2 and Mg(NO3) 2 in a 50% excess of the total 
exchange capacity of the zeolite. After ion exchange, the supports were washed 
with excess DDI water and then subjected to an "ion migration" [12] procedure 
in order to induce the migration of Ca 2+ and Mg 2+ ions to the small cages. This 
procedure consists of evacuation at room temperature for 12 hrs. followed by 
heating in vacuum to 500~ at a heating rate of 10~ per hour. The ion 
exchange/ion migration treatment was then repeated in order to maximize 
exchange of Ca 2+ and Mg 2+ ions for Na + ions. The resulting supports have the 
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following unit cell compositions as determined by chemical analysis: CaY: 
Ca25Na6Y and MgY: Mg20Na16Y, where Y = (A102)56(SIO2)136 244 H20. 

Three monometallic (Ni /NaY,  N i / C a Y  and Ni /MgY)  and three bimetallic 
((Pd + Ni ) /NaY,  (Pd + Ni ) /CaY and (Pd + Ni) /MgY) samples were prepared 
by ion exchange of the supports described above with 0.01 M solutions of NiC12 
and Pd(NH3)4(NO3) 2. Bimetallic samples were prepared by co-exchange. Ion 
exchange was carried out for 24 hrs. at RT and pH = 6. The resulting samples 
have the following unit cell compositions: N i /NaY:  Ni3.2Na49.6Y , N i /CaY:  
Ni2.5Ca23NasY, N i /MgY:  Ni3MglT.sNa15Y, (Pd + Ni ) /NaY:  Pd3.TNi3.0Na42.6Y, 
(Pd + Ni ) /CaY:  Pd3.85Niz.1Ga19.sNa4.sY, (Pd + Ni ) /MgY:  Pd4Ni3.2Mg13.2 
Nals.2Y. Before temperature programmed experiments all samples were calcined 
in a high flow of ultra high purity O z (2 L / g  catalyst/min) from RT to 500 ~  
with a slow heating ramp (0.5 o C /min )  and then held at 500 ~  for 2 hrs. This 
calcination procedure is known to completely oxidize the ammine ligands of Pd 2+ 
[131. 

2(B). TEMPERATURE PROGRAMMED REDUCTION (TPR) AND DESORPTION (TPD) 

TPR and TPD experiments were carried out in a flow system described 
previously [14]. Rates of hydrogen consumption (TPR) and evolution (TPD) were 
monitored with a calibrated thermal conductivity detector. Following calcination, 
samples were purged at RT in UHP Ar for 20 min and then cooled to - 7 8 ~  in 
Ar. In situ TPR profiles, figs. 1 and 2, were obtained following this pretreatment. 
The temperature was ramped from - 5 5  ~  to 840~ at 8~  and then held 
at 840~ until reduction returned to the baseline, in a 25 m l / m i n  flow of 
5%H2/Ar. 

Dispersions, expressed as Haas/Me ~ ratios, of samples reduced to specific 
reduction temperatures, T~, were obtained by running the following series of 
temperature programmed experiments: T P R 1 / T P D / T P R 2 .  After calcination, 
samples were reduced, TPR1, to a specific T~ and then held at this T r for 20 min. 
Samples were then cooled in the H z / A r  mixture to RT and subsequently purged 
in ultra high purity Ar at RT for 20 min to remove the Pd hydride phase [15]. 
TPD in Ar (25 ml /min )  was then carried out from - 5 5 ~  to 760~  at 
8 ~ C /min .  Following TPD, samples were cooled and a second TPR, TPR2, was 
collected to 760 ~ C. Hydrogen consumption during TPR1 gives the amount  of 
metal which is reduced before TPD, Me ~  reduced Pd + Ni. Hydrogen evolu- 
tion during TPD is due to desorption of chemisorbed hydrogen, Hads, and in 
some cases, to reoxidation of Ni ~ by zeolitic protons leading to Ni 2+ and H 2 
[9,12,16]. Previous data shows that Pd is not reoxidized under the conditions used 
in this work [9]. Hydrogen consumption in TPR2, therefore, is the sum of the 
reduction of any metal which was not reduced during TPR1, plus the reduction of 
any Ni which was reoxidized during TPD. From these measurements, and the Pd 
and Ni concentrations, Hads/Me ~ ratios may be determined. 
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3(A). TEMPERATURE PROGRAMMED REDUCTION 

3(A)-l. Monometallic samples 
The TPR profiles of N i / N a Y ,  N i / M g Y  and N i / C a Y  are presented in fig. 1. 

The extent of reduction of divalent Ni is determined by the integration of these 
profiles. In all samples Ni reduction was complete at 840 ~ C. In table 1 the 
percentages of Ni reduced below 400 ~  and 600 ~  are presented. The main 
peak in the TPR profile of N i / N a Y ,  fig. la, is at ca. 840 o C, with smaller peaks 
at ca. 460 o C and 650 ~ C, very similar to previous results on samples of higher Ni 
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Fig. I. TPR profilesof:a) N i / N a Y ; b )  N i /MgY;c )  Ni/CaY. 

Table 1 
Reducibility of Ni in mono and bimetallic samples (T~ = 500~ 

Sample Ni2 + reduced (%) 

below 400 ~ C below 600 ~ C 

N i / N a Y  - 14 
Ni /MgY 5 41 
Ni /CaY 6 84 
(Pd+ Ni) /NaY 24 31 
(Pd + Ni)/MgY 55 80 
(Pd+ Ni) /CaY 70 100 
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Fig. 2. TPR profiles of: a) (Pd + Ni)/NaY; b) (Pd + Ni)/MgY; c) (Pd + Ni)/CaY. 

weight loading [7,9]. The Ni /MgY and Ni /CaY samples exhibit enhanced Ni 
reducibility when compared to Ni /NaY.  The maxima of the main TPR peaks are 
at 610~ for Ni /MgY,  fig. lb, and at 570 ~ for Ni /CaY,  fig. lc. In addition, 
for N i /MgY two small peaks at ca. 450~ and 8300C are observed, and for 
N i /CaY a small peak is observed at 440 o C. The positions of all Ni reduction 
peaks are higher in temperature however, than the reduction of NiO which occurs 
at ca. 330 ~ indicating that Ni 2+ ions are ion exchanged into the cage system of 
the NaY, MgY, and CaY samples. 

3(A)-2. Bimetallic samples 
The TPR profiles of (Pd + Ni) /NaY, (Pd + Ni) /CaY and (Pd + Ni) /MgY are 

presented in fig. 2. Integration of these profiles corresponds to the complete 
reduction of P d  2+ and N i  2+ ions. In comparision with the TPR's of the 
monometallic Ni samples, it is clear that Pd dramatically enhances the reducibil- 
ity of Ni in these bimetallic samples, as reported earlier for bimetallic NaY [9] 
and NaX [17,18]. In table 1 this effect is quantified for reduction below 400~ 
and 600 o C. 
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temperature, T~. 

Ni reduction above ca. 600~  can be attributed to reduction of Ni 2+ ions 
inside the small cages. The (Pd + N i ) / C a Y  sample is the only one out of the 
three bimetallic samples where Ni reduction is complete below 600~ In 
contrast, high temperature peaks at 710~ and 730~  are observed for (Pd + 
N i ) / M g Y  and (Pd + N i ) / N a Y  respectively. As found previously [9], these high 
temperature Ni TPR peaks are shifted to lower temperatures in bimetallic 
samples, ie. maxima are observed at 830~ and 840~ for N i / M g Y  and 
N i / N a Y  respectively. Less reduction above 600~  occurs in (Pd + N i ) / N a Y  
than in N i / N a Y .  This trend is reversed for the MgY support. 

3(B). H , d ~ /  M e  ~ ratios 
In fig. 3 the Haas /Me ~ ratios are plotted as a function of T r for bimetallic 

(Pd + Ni) supported on CaY and MgY. For a given Tr, the Haas/Me ~ values of 
these two samples are similar though slightly higher for the CaY support. For 
both samples the Haas/Me ~ ratio monotonically decreases with increasing T r. 
This result is in contrast with previous findings for Pd [11] and (Pd + Ni) [9] 
supported on NaY and calcined to the same temperature, 500 ~ C. For these NaY 
supported samples the H ~ a J M e  ~ ratios were found to pass through a maximum 
with increasing Tr; the maxima are located at T r = 300 ~  for P d / N a Y  and at 
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T r = 5 0 0 ~  for (Pd + N i ) / N a Y .  Reoxidation of Ni by reaction with zeolitic 
protons was found to occur during TPD,  similar to previous findings for NaY 
samples [9]. 

For  monometall ic N i / C a Y  and N i / M g Y  high Tr's were necessary to achieve 
substantial Ni reduction. The H a d J M e  ~ ratios: 0.18 and 0.16 respectively after 
T r = 600~ are lower than for the corresponding (Pd + Ni) samples treated 
under the same conditions, fig. 3. Low Ni reducibility and low dispersion have 
been frequently reported for N i / N a Y  samples [4,6,9,12]. 

4. Discussion 

4A. EFFECT OF Ca 2+ A N D  Mg 2+ ON Ni REDUCIBILITY 

In both the CaY and MgY samples the substitution of divalent Ca 2§ and 
Mg 2+ ions for Na  § ions has resulted in significant enhancements in the reducibil- 
ity of Ni 2+ ions, as is obvious from the T P R  results in figs. 1 and 2. The main 
T P R  peaks are 270 ~  and 230 ~  lower for N i / C a Y  and N i / M g Y  respectively 
than for N i / N a Y .  The main peaks in both  samples occur close to the tempera- 
ture, 540~ where reduction of Ni 2+ located in the supercages has previously 
been reported [7]. These results indicate that for the CaY and MgY supports,  
Ni 2+ ion migration to the small cages has been minimized by the preferential 
occupation of these cages by Ca 2+ and Mg 2§ ions. 

Suzuki et al. studied the reducibility of Ni 2+ in CaY and MgY samples using 
higher Ni weight loadings [6,7]. They concluded that Ca 2§ ions are much more 
effective as site blocker ions than Mg 2§ ions. However,  for the low Ni concentra- 
tions used in this work, a different result is found: Ca 2+ and Mg 2+ exert very 
similar effects. These ions appear to be efficient site blockers and the majority of 
Ni 2§ ions remain in the supercages. For  efficient site blocking it is, of course, 
essential, that the bipositive ions are located in the small cages. The ion ex- 
change / ion  migration procedure used in this work; along with the careful control 
of p H  (in order to prevent Mg(OH)2 formation) may have resulted in a higher 
concentration of Mg 2+ ions in the small cages than in Suzuki's work. 

The fact that the concentration of Ni 2+ in the small cages appears to be 
somewhat  greater for MgY than for CaY samples in this work could be due to the 
less complete exchange of Mg 2+ than that of Ca 2+ for Na  § ions in CaY. This 
could result in a higher concentration of N a  § ions in the small cages, which Ni 2+ 
ions could exchange for during calcination. However,  the possibility that Ni 2+ 
ions are able to replace some Mg 2§ ions in the small cages can not be ruled out. 
It is clearly less favorable however, for a Ni 2§ ion to replace a Mg 2+ or Ca 2§ ion 
that has been chased to a small cage, than it is for a Ni 2§ ion to successfully 
compete  with one of these ions for initial occupancy of this cage. 
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As mentioned in the introduction, the greatest enhancement in Ni reducibility 
would be expected for samples where Ni and Pd occupation of small cages is 
minimized and Ni 2+ and Pd 2+ ions co-occupy supercages. The (Pd + Ni) /CaY 
sample studied in this work gives evidence that under these ideal conditions, all 
Ni 2+ can be reduced below 600 ~ C. 

4B. E F F E C T  O F  SITE B L O C K E R  IONS O N  P A R T I C L E  G R O W T H  M E C H A N I S M  

The presence of C a  2+ o r  Mg 2+ ions not only enhances the reducibility of Ni 2+ 
and Pd 2+ but also effects the particle growth mechanism. 

When ions (Pt [19], Pd [20], Ni[21]) occupy the small cages after calcination, 
reduction results initially in the formation of isolated atoms or dimers in these 
small cages. As these species are unable to chemisorb hydrogen [19-22], the 
dispersion, defined by the H,as/Me ~ ratio is low. At higher Tr'S , particles in the 
supercages are formed via the activated migration of escaping atoms from the 
small cages. Accordingly, TPD studies have shown that the HadJMe ~ ratio 
passes through a maximum as a function of T r [11]. 

In this study, where migration of ions to the small cages is minimized by the 
presence of site blocker ions, the interaction of Pd 2+ and Ni 2+ ions occurs in the 
supercages leading to the formation of small bimetallic PdNi x particles at low T r. 
From the TPR results it is clear that a significant fraction of Ni is reduced along 
with Pd in the lowest temperature peak. Recent findings suggest that similar 
mutual enhancements in Pd and Ni reducibility occur, leading to bimetallic 
particle formation, when these ions co-occupy the small cages of NaY [8]. 
However, due to retention of reduced PdNi dimers in the small cages, much 
higher reduction temperatures, ie. 500 ~ C, were required to form small PdNi x 
particles in the supercages of NaY. In the present bimetallic CaY and MgY 
samples, Pd z+ and Ni 2+ ions are located, almost exclusively, in the supercages. 
As would be expected for these samples no maximum is observed in the 
HadJMe ~ ratios as a function of Tr; the dispersion of the PdNi x particles simply 
decreases with increasing T r. 

Clearly the particle formation mechanism for (Pd + Ni) /CaY and (Pd + 
Ni) /MgY, is more similar to that observed for monometallic Pd /NaY,  where 
careful pretreatment conditions were chosen to maintain Pd(NH3) 2+ ions in the 
supercages before reduction. In this case a similar decrease in dispersion with 
increasing T r was reported [11]. The similarity of ( P d +  Ni ) /NaY with P d / N a Y  
justifies the conclusion that the overwhelming majority of the initial metal 
particles, after reduction at low temperature, is located in supercages, not at the 
external zeolite surface. In addition, the reaction of encaged Ni ~ with zeolitic 
protons during TPD has been observed in this work. EXAFS data showed that 
reduction of supercage based Pd(NH3) 2+ ions at low T r leads to the initial 
formation of P d  4 and P d  6 clusters, which upon exposition to CO, agglomerate to 
Pd13(CO)x clusters [23]. This agglomeration is entirely determined by the width of 
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the  w i n d o w s  be tween  supercages ,  as fol lows f r o m  c o m p a r i s o n  with  P d / N a 5 A  

where ,  u n d e r  ident ica l  condi t ions ,  P d 6 ( C O ) y  is f o r m e d  [24], A t  higher  r educ t ion  

t empe ra tu r e ,  however ,  the zeoli te  m a t r i x  loses its r igidi ty  and  larger  par t ic les  are 

fo rmed ,  some  of  which  migh t  be  loca ted  in voids  or  at the ex te rna l  surface.  

5. Conclusions 

C a  2+ and  M g  2+ ions have  been  shown  to effect ively  p r even t  the mig ra t i on  of  
Pd 2§ and  Ni  2+ ions to the small  cages  of  Y-zeoli te .  I n t e r a c t i o n  be tween  Pd 2+ 

and  Ni  2+ ions in the supercages  leads to s ignif icant  e n h a n c e m e n t s  in Ni  reduci -  

bi l i ty  and  the f o r m a t i o n  of highly d i spersed  P d N i  x par t ic les  in the supercages .  
T h e  reducib i l i ty  and  d i spers ion  of  these samples  are m u c h  higher  t han  for  

b imeta l l i c  N a Y  samples  where  Pd z+ and  Ni  2+ ions c o - o c c u p y  small  cages  b e f o r e  

reduct ion .  
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