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The solid-state ion exchange of Rh chloride with highly dealuminated Y zeolite has been 
studied by in situ FTIR spectroscopy. Thermal treatment in vacuum and calcination in oxygen 
up to 600~ results in an exchange limited to ca. 25% at temperatures higher than 400~ The 
ion exchange can be performed much more effectively (over 50%) and at lower temperatures 
(100-150~ in the presence of CO in the gas phase. A linear correlation has been found 
between the formation of well-defined Rh(CO) + species and the simultaneous loss of acid 
hydroxyl groups for samples treated at different conditions. From these results a model is pro- 
posed with the formation of Rh subcarbonyls, the migration of these species to the cation posi- 
tions of the zeolite and, finally, the formation of the stable well-defined Rh(CO)~- species at 
these positions as essential steps of the ion exchange in the presence of CO. 

Keywords: Solid-state; ion exchange; dealuminated Y zeolite; rhodium catalysts; infrared 
spectroscopy; Rh dicarbonyl; acid hydroxyls 

1. In troduct ion  

Several methods have been applied to exchange transition metals into cationic 
positions of  zeolites. Besides the conventional methods,  such as the exchange with 
dilute aqueous solution or the incipient wetness impregnation, the solid-state reac- 
tion of  a zeolite with metal salts or metal oxides has been used [1-4]. A complete 
exchange could be obtained only in some cases and under certain conditions [3]. 
The first noble metal exchanged zeolite has been prepared by Karge et al. [4] f rom a 
mixture of  PdC12 and H-ZSM-5 by thermal t reatment at 400~ in vacuum. The 
extent of  exchange was followed using the change of  the intensity of  the infrared 
bands at tr ibuted to the acid bridging OH groups. The resulting product  showed a 
consumption of  55% of the acid OH groups. In high silica zeolites the distance 
between the A1 atoms in the framework is large and, therefore, the exchange is lim- 
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ited by the geometric constraints of balancing fairly distant lattice charges by a 
polyvalent cation. The mechanism and the extent of solid-state exchange of these 
zeolites with low A1 content is still under discussion [5]. The aim of the present work 
is, in this connection, the study of the solid-state ion exchange of rhodium into a 
highly dealuminated zeolite Y. 

For the characterization of dispersed rhodium, the interaction of the samples 
with CO has been followed by IR spectroscopy. The interaction of CO with dis- 
persed rhodium supported on high-surface oxides results in the formation of line- 
arly (u(co) = 2080-2000 cm -1) and bridge-bonded CO (U(co) = 2000-1750 cm -1) 
on metallic Rh and of dicarbonyl surface species with two CO molecules bound to 
one Rh atom, probably in the Rh + cationic form (band doublet with u(co) at ca. 
2100 and 2030 cm- 1) [6-- 12]. The band width of the corresponding carbonyl stretch- 
ing modes is usually larger than 15 cm -1 and the actual position of the IR bands 
and their relative intensities depend on the support, the dispersion of Rh and the 
preparation and pretreatment method used. 

On the other hand, dealuminated Y zeolite has been found as a unique material 
to form carbonyl and nitrosyl complexes on the surface with IR absorption bands 
much narrower and at wavenumbers and with intensity ratios independent of the 
preparation method or the sample pretreatment [13-16]. Such species should be 
regarded as well-defined complexes on the surface with the support acting as a kind 
of matrix and/or  as a ligand. The surface sites of the support should have uniform 
structural and electronic properties in these cases, and it has been proposed that 
the complexes are localized at the isolated acid sites at the remaining Al-atoms in 
the zeolite framework [13,14,17]. The formation of those species should be 
regarded, therefore, as the result of an ion exchange. 

2. Exper imental  

The DAY supplied by DEGUSSA has a Si/A1 ratio of ca. 300. In order to obtain 
well powdered and mixed mechanical mixtures RhC13 and DAY were ground 
in an agate mortar. Two different ways were applied to perform the solid-state 
reaction. 

(1) For solid-state exchange in vacuum the mixture containing 3 wt% RhC13 
was pressed into self-supporting wafers, mounted in a cell of fused silica and con- 
nected to a vacuum and gas dosing line. The wafer was heated in situ (vacuum of 
ca. 10 .3 Torr) to the required temperature, which was held for 30 min. The spectra 
were taken after cooling down the samples to room temperature (r.t.). 

(2) For solid-state exchange in oxygen the powdered mixtures were heated ex 
situ in flowing 02 to 400, 500, and 600~ respectively, held for 5 h at that tempera- 
tures and cooled to r.t. The degree of exchange was determined by the decrease of 
the intensities of the bands assigned to the bridging OH groups. 

The infrared spectra were measured with an FTIR spectrometer FTS 60-A 
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(BIORAD) at a resolution of 2 cm -1. 256 scans were accumulated to obtain a 
good signal to noise ratio. The powdered samples were pressed into self-supporting 
wafers with a "weight" of 6-12 mg/cm 2 and mounted in the infrared cell as 
described above. The interaction with CO was studied by addition of 12 Torr of CO 
first at r.t., then at 100~ for 15 rain, and finally at 150~ for 15 min. All spectra 
were measured at r.t. They are presented as absorbance after subtracting the back- 
ground absorption of the samples and after subtracting the contribution of gas- 
eous CO. In accordance to ref. [18] the spectra are normalized for the sample 
thickness by comparing the intensities of the absorption bands for the lattice vibra- 
tion of the zeolite at 1870 and 2000 cm -1 . The intensities of the bands in the CO 
stretching vibration region were determined after band separation using the curve- 
fit program of Spectra Calc. 

3. Results and discussion 

3.1. SOLID-STATE EXCHANGE IN VACUUM 

To follow the solid-state ion exchange the intensity of the absorption bands at 
3631 (HF-band) and 3568 cm -x (LF-band) was used as a measure of the extent of 
the ion exchange. The intensities of both bands decrease at temperatures above 
400~ Decreases in intensity of the HF band were 0, 15, 22 and 29% after treat- 
ments at 400~ (0.5 h), 500~ (0.5 h), 580~ (0.5 h) and 580~ (1 h), respectively. 
Corresponding decreases for the LF band were 0, 8, 11 and 22%. 

CO adsorption has been used for further characterization of the product. Inter- 
action with CO at r.t. results in the appearance of a broad absorption between 2100 
and 2000 cm -1 (fig. la). This band can be assigned to linearly bonded CO and the 
band near 1890 cm -1 has to be assigned to bridged bonded CO on metallic Rh. 
Increasing this temperature to 150~ results in the growing of two narrow bands at 
2118 and 2053 cm -1 (spectra b and c), assigned to a well-defined Rh(CO) + struc- 
ture [13]. Furthermore, two bands at 2100 and 2035 cm -1 appear, the assignment of 
which will be discussed later. The spectra shown in fig. 1 clearly demonstrate that 
a significant part of Rh is reduced to the metallic state during the treatment at high 
temperatures in vacuum. To prevent the formation of metallic Rh during the treat- 
ment in vacuum the following studies have been performed with samples calcined 
in 02. 

3.2. SOLID-STATE EXCHANGE IN OXYGEN 

As in the case of the treatment in vacuum the intensities of both bands attributed 
to the acid OH groups decreased when the calcination had been performed at 
temperatures higher than 400~ The intensity of the HF band decreases by 0, 14 
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Fig. 1. IR spectra in the region of the CO stretching vibrations of RhC13/DAY treated in vacuum at 
580~ after interaction with CO at r.t. (a), at 150~ for 15 rain (b), and at 150~ for 2 h (c). Note the 

different absorbance scales. 

and 19% after calcination at 400, 500 and 600~ respectively. Corresponding 
decreases for the LF bands are 0, 19, 24%. 

To discuss the mechanism of ion exchange with dealuminated zeolites one has 
to consider that the exchange and location of polyvalent cations at positions in 
the supercages is rather unlikely due to the large distances of the A1 ions in highly 
dealuminated zeolites. The three-valent Rh can enter the cation positions, there- 
fore, only in form of complex cations (eqs. (1) and (2)), similarly as proposed by 
Kucherov et al. [2] for oxidic species ofCr, Mo, and V: 

( S i - O - A 1 ) - H  + RhC13 --~ (Si-O-A1)-RhC12 + HC1, (1) 

( S i - O - A 1 ) - H  + RhC13 + 102 -~ ( S i - O - A 1 ) - R h O  + HC1 + C12. (2) 

The analysis of the OH bands points to an exchange degree of less than 25% for 
the sample calcined at 600~ An estimation of the amount of the Rh exchanged 
into cationic positions showed that only 5% took place in the exchange. Most part 
of Rh is located at the outer surface of the zeolite. One may speculate on the nature 
of the Rh compound formed during calcination at different temperatures. The 
final product should be Rh203 but oxychlorides and/or  hydroxyehlorides could 
not be excluded as by-products especially at 400~ 

Treatment of the samples with CO results in the appearance of absorption 
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bands in the carbonyl stretching region between 2200 and 1700 cm -1 and changes 
in the OH stretching region. In fig. 2 the infrared absorption bands are shown for 
the sample calcined at 600~ in the OH stretching region (fig. 2A) and in the CO 
stretching region (fig. 2B), after treatment with CO at r.t. (spectrum a), at 100~ 
(spectrum b), and at 150~ (spectrum c). The absorption bands at 2118 and 2053 
cm -I increase in intensity with rising interaction temperature in CO. These bands 
are assigned to a well-defined Rh(CO) + structure in highly dealuminated Y zeolites 
located in the vicinity of the Si-O-A1 groups [13,14]. The bands near 2100 and 
2035 cm -1 hardly change with temperature. Simultaneously with the appearance 
and the development of the narrow bands at 2118 and 2053 cm -1 a loss of OH 
groups proceeds as indicated by the decrease of the bands at 3631 and 3568 cm -1 
(fig. 2A). Obviously, an additional ion exchange has occurred during the formation 
of the well-defined Rh(CO) + species. The influence of CO on the ion exchange of 
rhodium into dealuminated Y zeolites has been studied, therefore, in more detail 
also for the other samples. 

3.3. SOLID-STATE EXCHANGE IN THE PRESENCE OF CO 

Similarly as demonstrated for the sample calcined at 600~ the treatment with 
CO causes for all samples a decrease of the intensity of both the HF- and LF-bands. 
The extent of OH consumption increases as the reaction temperature is increased 
(fig. 3). The exchange of protons reaches more than 50% in the presence of  gaseous 
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Fig. 2. IR spectra of the samples RhC13/DAY calcined at 600~ (A) Spectra in the region of the 
OH stretching vibrations after exposure to CO at r.t. (a), at 100~ (b), at 150~ (c). (B) Spectra in the 

region of the CO stretching vibrations (assignment as in A). 
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Fig. 3. Consumption of the acid OH groups in dependence on the temperature of interaction with 
CO for RhC13/DAY calcined at 400~ (�9 500~ (A), 600~ (O) and at 400~ followed by reduc- 

tion with hydrogen at 300~ ([]). 

CO, i.e. significantly more than by calcination at higher temperatures in vacuum 
or in oxygen. At the same time the intensities of the doublet at 2118 and 2053 cm -1 
increases (fig. 4A), whereas the intensities of the bands at 2100 and 2035 cm -1 do 
not significantly change with rising reaction temperature (fig. 4B). Fig. 4 shows 
furthermore a decrease of the intensities of both bands with increasing calcination 
temperature. 

Let us first discuss the possibility of the formation of well-defined dicarbonyls 
with Rh already exchanged and located at cation sites. As described above the for- 
mation and development of the narrow bands attributed to the well-defined dicar- 
bonyl strongly increase with rising reaction temperature. The formation of Rh 
dicarbonyls has been reported by Primet et al. [19] on NaY zeolite exchanged with 
[Rh(NH3) 5 C1] CIE following the equation 

(S i -O-A1)3-  R h ( I I I ) +  3CO + H20--* (Si -O-A1)-Rh(I ) (CO)2 

+ CO2 + 2 ( S i - O - A 1 ) - H ,  (3) 

i.e. the reduction of Rh(III) is accompanied by the formation of COE and acid OH 
groups. In our case, the formation of the dicarbonyl should proceed by reduction 
of the complex ion according to the following equation without production as well 
as consumption of protons: 

( S i - O - A 1 ) - R h O  + 3CO --* (S i -O-A1)-Rh( I ) (CO)  2 + CO2. (4) 

It seems, however, that protons are consumed in our experiment during the forma- 
tion of the dicarbonyl. Moreover, with exchanged Rh as the source of the well- 
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Fig. 4. Intensities of the bands at 2118 c m  - 1  (A) and 2100 cm -1 (B) in dependence on the temperature 
of interaction with CO for RhC13/DAY non-calcined (V), calcined at 400~ (O), 500~ (A), 

600~ (<>) and at 400~ followed by reduction with hydrogen at 300~ ( [] ). 

defined dicarbonyl it should be expected that its formation depends on the amount 
of  rhodium located at cation positions. Our results show a rather reverse beha- 
viour (see fig. 4A). The highest amount of  Rh dicarbonyl is obtained with the sam- 
ple calcined at 400~ i.e. with the sample with almost no ion exchange. A 
reduction of  exchanged Rh should be accompanied by an increase of  the intensity 
of  the IR bands of  the acid hydroxyls, as has been really found by Wong et al. [20]. 
With the samples studied in the present work the intensity of  the bands of  the acid 
OH groups remains unchanged after reduction. This is an additional argument that 
an ion exchange has not occurred during calcination at 400~ These results show 
that Rh dicarbonyl is formed with rhodium located originally not at the cation posi- 
tions in the zeolite micropores. 
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This conclusion has been supported by an experiment with a non-calcined 
mixture of RhCls and DAY. The result is shown in fig. 5. Treatment with CO at 
r.t. shows only a band at 2145 cm -1 (spectrum a), due to CO adsorbed on Rh 3+. 
With increasing temperature the narrow bands at 2118 and 2053 cm -1 appear 
(spectrum b) and grow distinctly by further increase of the temperature to 150~ 
(spectrum c), while the other bands have not been changed in intensity. This result 
clearly shows that the dicarbonyl has been formed from Rh 3+ ions located outside 
of the zeolite. It is well known that [Rh(CO)2C1]2 and Rh(CO) + can be formed by 
the reaction of RhC13 with CO at elevated temperatures. If the same non-calcined 
mixture has been reduced before interaction with CO, one would expect the forma- 
tion of large Rh particles, which are not able to form Rh dicarbonyls with CO. Spec- 
trum a of fig. 6 shows only very small bands at 2091, 2023, and 1880 cm -1, 
indicating CO adsorbed as bridged bonded CO and in form of a Rh(CO) + on the 
outer surface resulting probably from a small amount of unreduced Rh. Spectrum 
b of fig. 6 demonstrates the different behaviour of the non-reduced sample in com- 
parison to the reduced one. As expected, Rh(CO) + has not been formed in this 
experiment. 

Reduction of the sample previously calcined at 400~ results, on the other 
hand, in a completely different behaviour. By interaction of CO with the reduced 
sample bands of comparable intensities as in the case of the oxidized one have been 
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Fig. 5. IR spectra in the region of the CO stretching vibrations of the non-calcined sample 
RhC13/DAY after interaction with CO at r.t. (a), 100~ (b), and 150~ (c). Note the different absor- 

bance scales. 
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Fig. 6. IR spectra in the region of the CO stretching vibrations of the non-calcined, but reduced sam- 
ple RhC13/DAY after interaction with CO at 150~ (a). For comparison, the corresponding spec- 

trum (fig. 5c) of the non-reduced sample is included (b). Note the different absorbance scales. 

observed (see fig. 7). Besides the twin bands, a broad band with maximum near 
2040 cm -1 is seen assigned to linearly bonded CO on metallic Rh. Furthermore, 
a broad band located at 1880 cm -1 in presence of gaseous CO and shifted to 
1855 cm -1 during desorption points to bridged bonded CO on metallic particles of 
Rh on the outer surface of the zeolite. The band at 2100 cm -1 is also observed, 
whereas the band at 2035 cm -1 may be masked by the band at 2040 cm -1 . Bands of 
CO adsorbed on three-valent Rh are absent. The intensities of the bands attributed 
to CO on metallic Rh are independent of the reaction temperature but the intensity 
of the twin bands increases in a similar way as in the case of the oxidized sample 
(fig. 7B, spectra a-c). The formation of the well-defined dicarbonyl is accompanied 
by a decrease of the intensities of the acid hydroxyl groups (fig. 7A) as already 
found for the only calcined samples. In this case, however, the consumption of pro- 
tons could be explained also by the participation of acid hydroxyls in the oxidative 
disruption of small Rh particles [9,10,12,14,20] according to 

Rh ~ + 2CO + ( S i - O - A 1 ) - H - ~  (S i -O-A1)-Rh(CO)2  +�89 (5) 

Figs. 8A and 8B demonstrate the connection between the formation of the well- 
defined dicarbonyls and the simultaneous decrease of the intensities of the hydrox- 
yl bands. Obviously, there is a linear correlation between the intensities of 
the bands at 2118 and 2053 cm -1 and the consumption of the acidic OH groups, 
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Fig. 7. IR spectra of the reduced sample previously calcined at 400~ (A) Spectra in the range of 
the OH stretching vibrations after interaction with CO at r.t. (a), at 100~ (b), and at 150~ (c). (B) 

Spectra in the range &the CO stretching vibrations (assignment as in A). 

independent of both the calcination temperature and the temperature of the inter- 
action of the samples with CO. Even the additionally reduced sample fits this 
correlation. 

In order to explain the results described above a model is postulated which 
assumes that the formation ofRh(CO)2 + proceeds on the outer surface of  the zeolite 
by interaction of CO with Rh203 and /or  Rh-oxychloride formed during calcina- 
tion according to 

Rh203 -t- 6CO--+ 2Rh(I)(CO) + + 2CO2 + 0 2. . (6) 

The dicarbonyl cation can migrate to the protons in the zeolite cages, where the 
exchange reaction proceeds in accordance to 

2 ( S i - O - A 1 ) - H  + 2Rh(CO) + + O2----~ 2 (S i -O-A1) -Rh( I ) (CO)2  + H 2 0 .  

(7) 
The high mobility of the Rh(CO) + was already proposed from XPS measurements 
by Takahashi et al. [21], who described a migration of the dicarbonyl from the 
outer surface of a Rh loaded Y zeolite by exposure to CO in the temperature range 
of  80-160~ and the reverse process in presence of H2 or H20. 

With increasing calcination temperature the Rh oxide particles grow and as a 
consequence their reactivity to form a dicarbonyl is declined resulting in a lower 
intensity of the twin bands. Reduction of dispersed Rh203 with H2 yields highly dis- 



L. Schlegel et al. / Solid-state ion exchange of  Rh in the presence of  CO 225 

2? 

z 

P~ 
< 

i 

7 

6 

5 

4 

3 

2 

1 

0 
0 .00 

n ~  
0 

i 

0 A 

[] 

0 

,3, A 

[3 

0 

A 

o B 
f E i 

0.20 0.40 0.60 0.80 1.00 

D I F F E R E N C E  O F  0 1 t  B A N D - A B S O R B A N C E $  

Fig. 8. Intensities of the bands at 2118 cm -] (A) and 2053 cm -1 (B) in dependence on the consump- 
tion of the acid OH groups for RhC13/DAY calcined at 400~ (�9 500~ (A), 600~ (~) and at 
400~ followed by reduction with hydrogen at 300~ ([]) after interaction with CO at different 
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persed metal  particles, which react with CO and protons to the dicarbonyl located 
in the zeolite cages. The disruption of  R h - R h  bonds of small Rh crystallites could 
occur also on the outer  surface of the zeolite and the dicarbonyl formed may  partici- 
pate in the ion exchange as in the case of  the non-reduced samples. On the other 
hand,  CO is unable to break the R h - R h  bonds of  large Rh crystallites, which are 
formed during the reduction of RhC13, i.e. the reduction of  non-calcined samples. 
In the case of  the sample which was neither calcined nor  reduced, the first step of  
the interaction of CO with the RhC13/DAY mixture could be the format ion 
of  Rh(CO) + or of [Rh(CO)2C1]2 on the outer surface of  the zeolite as indicated by 
the appearance of  absorption bands near 2100 and 203 5 cm-1. A subsequent migra- 
tion of  the carbonyl  species into the micropores of  the zeolite results also in this 
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case in the ion exchange  and  the f o r m a t i o n  o f  wel l -def ined R h  d i ca rb o n y l  at  c a t i on  

posi t ions .  

A c k n o w l e d g e m e n t  

The  a u tho r s  t h a n k  Dr .  H . G .  K a r g e  for  cri t ical  c o m m e n t s  to  the discussion o f  

the results.  F inanc ia l  suppo r t  by  the Deu t sche  Wissenschaf t l iche  Gese l l schaf t  ftir 
Erd61, Erdgas  u n d  K o h l e  e.V., D G M K - P r o j e k t  4 7 0 / A I F  F o r s c h u n g s v o r h a b e n  
268 D,  is g ra te fu l ly  acknowledged .  The  au tho r s  t h a n k  D E G U S S A  for  p rov id ing  
the  D A Y  zeol i te  and  Mrs .  P. H a a s e  for  technical  assistance.  

References 

[1] A. Clearfield, C.H. Saldarriaga and R.C. Buckley, Proc. 3rd lnt. Conf. on Molecular Sieves, 
Zurich, 3-7 September 1973; 
J.B. Uytterhoeven, ed., Recent Progress Reports, paper No. 130 (Univ. Leuven Press, Leuven, 
1973) p. 241. 

[2] A.V. Kucherov and A.A. Slinkin, Zeolites 7 (1987) 38. 
[3] H.G. Karge, G. Borb61y, H.K. Beyer and G. Onyestyak, Proc. 9th lnt. Congr. on Catalysis, 

Calgary 1988, eds. M.J. Phillips and M. Ternan (The Chemical Institute of Canada, Ottawa, 
1988)p. 396. 

[4] H.G. Karge, Y. Zhang and H.K. Beyer, Catal. Lett. 12 (1992) 147. 
[5] H.G. Karge, B. Wichterlova and H.K. Beyer, J. Chem. Soc. Faraday Trans. 88 (1992) 1345. 
[6] A.C. Yang and C.W. Garland, J. Phys. Chem. 61 (1957) 1504. 
[7] J.T. Yates Jr., T.M. Duncan, S.D. Worley and D.W. Vaughan, J. Chem. Phys. 70 (1979) 1219, 

1225. 
[8] C.A. Rice, S.D. Worley, C.W. Curtis, J.A. Guin and A.R. Tarrer, J. Chem. Phys. 74 (1981) 

6487. 
[9] F. Solymosi and M. Pasztor, J. Phys. Chem. 89 (1985) 4789. 

[10] H.F.J. van 't Blick, J.B.A.D. van Zon, T. Huizinga, J.C. Vis, D.C. Koningsberger and R. Prins, 
J. Am. Chem. Soc. 107 (1985) 3139. 

[11] H. Miessner, D. Gutschick, H. Ewald and H. Miiller, J. Mol. Catal. 36 (1986) 359. 
[12] M.I. Zaki, G. Kunzmann, B.C. Gates and H. Knfzinger, J. Phys. Chem. 91 (1987) 1486. 
[13] I. Burkhardt, D. Gutschick, U. Lohse and H. Miessner, J. Chem. Soc. Chem. Commun. (1987) 

291. 
[14] H. Miessner, I. Burkhardt, D. Gutschick, A. Zecchina, C. Morterra and G. Spoto, J. Chem. 

Soc. Faraday Trans 185 (1989) 2113. 
[15] H. Miessner, I. Burkhardt, D. Gutschick, A. Zecchina, C. Morterra and G. Spoto, J. Chem. 

Soc. Faraday Trans. 86 (1990) 2321. 
[16] H. Miessner, I. Burkhardt and D. Gutschick, J. Chem. Soc. Faraday Trans. 86 (1990) 2329. 
[17] I. Burkhardt, E. Jahn and H. Miessner, J. Phys. Chem. 96 (1992) 2259. 
[18] G. Mirth, J. Cejka and J.A. Lercher, J. Catal. 139 (1993) 24. 
[19] M. Primet, J.C. Vedrine and C. Naccache, J. Mol. Catal. 4 (1978) 411. 
[20] T.T.T. Wong, A.Y. Stakheev and W.M.H. Sachtler, J. Phys. Chem. 96 (1992) 7733. 
[21] N. Takahashi, K. Tanaka and I. Toyoshima, J. Chem. Soc. Chem. Commun. (1986) 812. 


