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A direct comparison of rhodium-exchanged zeolites X and Y as vapor-phase propylene hydrofor- 
mylation catalysts is reported. Hydrogenation and hydroformylation occur simultaneously over 
these catalysts in a reactant stream consisting of propylene : Hz : N2 : CO (3 : 3 : 2 : 1) at atmospheric 
pressure. Selectivity to n-butyraldehyde versus iso-butyraldehyde is 2.0 : 1 and 1.9 : 1 for rhodium on 
X and rhodium on Y, respectively. Similar hydroformylation activation energies are obtained, 
while hydrogenation activation energies are somewhat different. Infrared spectroscopy shows the 
presence of a geminal dicarbonyl, Rh(COh+, on zeolite X and Rh6(C0)16 on zeolite Y after hydro- 
formylation. 

INTRODUCTION techniques have been developed, and a re- 
view has recently appeared (6). The method 

Homogeneous catalysis involving transi- of interest to this study is the incorporation 
tion metal complexes are an integral part of of rhodium into zeolites by simple ion ex- 
the chemical industry. Two important in- change. Several reports have shown that 
dustrial processes that rely on homoge- this method of anchoring rhodium leads to 
neous catalysts are methanol carbonylation active carbonylation (7-17) and hydrofor- 
and olefin hydroformylation. Within the mylation (18, 29) catalysts. 
past 20 years, the well-established cobalt Vapor-phase carbonylation of methanol 
processes (I, 2) have been challenged by is the reaction that has received the most 
rhodium catalyst systems (3, 4). Today, a attention for rhodium-exchanged zeolites. 
large fraction of the acetic acid produced is Nefedov et al. (7, 8), Yamanis et al. (13), 
based on the rhodium carbonyl iodide cata- and Scurrell et al. (9-12) used rhodium-ex- 
lyst reported by Paulik and Roth (5). Rea- changed zeolite X (NaX), while Yashima et 
sons behind the move to rhodium catalysts al. (1.5), Takahashi et al. (26), and Gelin et 
include greater catalyst activity and selec- al. (14) used rhodium-exchanged zeolite Y 
tivity over their cobalt counterparts. (Nay) for carbonylation. A direct compari- 

Catalyst deactivation and loss can be an son of rhodium-exchanged X and Y zeolites 
expensive problem with homogeneous no- is difficult to make since no one laboratory 
ble metal catalysts such as rhodium. Thus, has studied the same reaction over similarly 
widespread interest has focused on immo- prepared X and Y zeolites. In spite of a lack 
bilizing rhodium catalysts in order to com- of uniformity in catalyst preparation tech- 
bine their high activity and selectivity with niques, the following results have been re- 
the processing advantages of a heteroge- ported for methanol carbonylation in the 
neous catalyst. Numerous immobilization presence of a rhodium-exchanged X and Y 

zeolites: (a) during start-up, steady state 
’ To whom correspondence should be addressed. was achieved in approximately 2 h (15, Z3), 
2 Department of Chemistry. (b) the rate of methyl acetate formation was 

67 
0021.9517/84 $3.00 

Cowrkht Q 1984 bv Academic Press. Inc. 
All rights of reproduction in any form reserved. 



68 DAVIS ET AL 

first order with respect to methyl lodlde 
partial pressure (16, Z7), (c) actlvatlon en- 
ergies of 13 4 (16) and 16 7 kcal/mol (II) 
were reported, however, Yamams et al 
(13) showed that these data were probably 
strongly influenced by dlffuslonal hmlta- 
tlons, (d) catalyst deactivation occurred at 
250°C (7, 8) and at 242°C (13) for RhNaX, 
whde for RhNaY deactivation occurred at 
200°C (25), (e) deactivation showed a non- 
zero order dependence for RhNaY (15) and 
a zero-order dependence for RhNaX (13) 
Results (a)-(c) show common behavior of 
the rhodmm-exchanged X and Y zeohtes, 
while (d) and (e) illustrate that some trends 
appear to be due to the presence of the zeo- 
hte type One possible explanation for ob- 
servations (d) and (e) IS that the X frame- 
work lends greater stablhty to the rhodium 
complex active for carbonylatlon 

Previous work on the hydroformylatlon 
of olefins has only utlhzed rhodmm-ex- 
changed zeohte Y (28, 19) 

The X and Y zeohtes are topologlcally 
the same but differ m chemical composl- 
tlon For NaX Nass [(A102)8&0),06] 264 
Hz0 and NaY NaSs[(A102)&102),JJ 250 
Hz0 (20), the extra framework cations 
show different dlstrlbutlons over available 
sites (22) Electrostatic potentials and fields 
have been calculated for purely lomc 
models of X- and Y-type zeohtes (22, 23) 
From these results, it was concluded that 
electrostatic fields of the magnitudes calcu- 
lated should cause shifts of the bonding 
electrons m adsorbed molecules (23) Thus, 
while the spatial constraints on reacting 
species are the same m zeohtes X and Y, 
the mtrazeohte chemistry can be affected 
by the differences m electrostatic envu-on- 
ments 

The objective of this mvestlgatlon IS to 
compare the behavior of rhodmm-ex- 
changed NaX and NaY (exchanged under 
identical condltlons) as propylene hydro- 
formylatlon catalysts m order to study the 
effects of the zeohte support Infrared spec- 
troscopy data were also obtained to shed 
hght onto the nature of the active species 

EXPERIMENTAL 

Mutends Rhodium tnchlonde tnhy- 
drate was obtained from AESAR Inc Zero- 
grade nitrogen and hydrogen were obtained 
from AIRCO, and zero-grade carbon mon- 
oxide was obtained from Matheson Com- 
pany All of these gases were purified to 
remove trace oxygen and water before en- 
termg the reactor Propylene was pur- 
chased from Matheson Company and was 
used without further purification The zeo- 
htes used were Molecular Sieve 13X or 13Y 
purchased m powder form from the Lmde 
Dlvlslon of Union Carbide Corporation 

Preparation of catalyst Followmg IS a 
detaded description for the preparation of 
the rhodium-exchanged zeohtes used m this 
study The procedure follows that of Aral 
and Tommaga (19) Zeohte powder (10 g) 
was washed with dlstllled water and dried 
m air at 120°C for 24 h The powder was 
then slurrled m 200 ml 0 1 N NaCl solution 
at 95°C A 225ml solution contammg 1 0 g 
RhC13 3H20 was added dropwlse over 2 h 
to the zeohte slurry The pH of the slurry 
was momtored every 10 mm By addition of 
0 1 N NaOH, the pH was maintained at 6 0 
When the addition of the rhodmm solution 
was completed, the zeohte slurry was 
stirred for 5 h at 95”C, after which it was 
allowed to cool overnight The zeohte was 
filtered, washed with 1 5 hters of distilled 
water, then dned m au- at 150°C to a free 
flowing powder The rhodium content for 
RhNaX was 2 7 wt% and for RhNaY it was 
3 4 wt% These will be referred to as cata- 
lysts (a) and (b), respectively 

For reaction runs, the rhodmm-ex- 
changed zeohte powder was compacted 
without binder mto pellets which were sub- 
sequently crushed and size separated The 
particles were -40/+70 mesh Approxl- 
mately 0 5 g of catalyst was loaded mto the 
reactor 

For the infrared work, samples were pre- 
pared as KBr disks m a Vacuum Atmo- 
spheres Dry Box under a mtrogen atmo- 
sphere Vanatlons m KBr disk preparation 
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technique had no effect on the carbonyl re- 
glen of the spectrum Selected preparations 
were also recorded as mulls m mmeral 011 
These were ldentlcal m the carbonyl 
stretchmg region to the samples recorded 
as KBr pellets Thus, localized heating dur- 
mg the fusion of KBr did not alter the car- 
bony1 species Infrared studies were per- 
formed with a Nlcolet MX-1 Fourier 
Transform Infrared Spectrometer 

Reactor system and procedure The hy- 
droformylatlon of propylene was carried 
out m a differential fixed bed reactor at near 
atmospheric total pressure The reactor It- 
self was made of a stainless-steel tube, 
6 35-mm o d , burled m a fluldlzed bed heat 
exchanger A thermocouple Immersed m 
the catalyst bed was used to momtor the 
reactor temperature, which was maintained 
at better than -+O 5°C The catalyst bed was 
preceded and followed by sections of glass 
wool 

The reactor start-up began by purging the 
system with nitrogen to remove au- The 
catalyst was precarbonylated by mtroduc- 
mg CO mto the reactor at 15-20 cm3/mm 
(STP), then pressurlzmg to 3 atm The cata- 
lyst was mamtamed at 120°C under the 
flowmg CO for 8-10 h The reaction mix- 
ture, which conslsted of a 3/3/2/l mixture of 
H2/olefin/Nz/C0 (HZ flow rate = 15 cm3/mm 
STP), was then introduced mto the system 
Nitrogen was mcluded m the feed stream to 
allow for partial pressure variations of the 
reactmg species at constant contact time 

Gas chromatographlc analysis was 
achieved by usmg two chromatographs In 
chromatograph A, n- and lso-butyralde- 
hyde were separated and analyzed with a 
Porapak S column at 145°C usmg a mtrogen 
carrier gas flowing at the rate of 35 cm3/mm 
(STP) Chromatograph B was used to sepa- 
rate propane from propylene with a Porosll 
B column at 70°C usmg a mtrogen carrier 
gas flowing at the rate of 35 cm3/mm (STP) 
Flame lomzatlon detectors were used m 
both chromatographs 

Noncatalytlc carbonylatlon reactor sys- 
tem Noncatalytlc carbonylatlons of the 

FIG 1 Reaction rates versus process time for 
RhNaX Reactlon condltlons lSo”C, 1 atm (A) Pro- 
pane, (0) Iso-butyraldehyde, (0) normal-butyralde- 
hyde 

rhodium-exchanged zeohte powder were 
performed m a Parr mmlreactor Tempera- 
ture control was ?5”C Samples from this 
reactor were used for obtammg mfrared 
spectroscopy data used to approximate the 
state of the rhodmm zeohte after pretreat- 
ment of CO, but prior to exposure of hydro- 
formylatlon condltlons 

RESULTS 

In order to brmg about hydroformylatlon, 
contact with reactants requu-ed a mmlmum 
temperature of 150°C after which actlvlty 
could be maintained at lower temperatures 
Figure 1 shows the changes m actlvlty with 
process time for the RhNaX catalyst The 
process time 1s shown to begm when the 
catalyst bed reached 150°C Notlce that hy- 
drogenatlon actlvlty declines as hydrofor- 
mylatlon activity increases, and that the 
rate of lso-butyraldehyde goes through a 
maximum Steady state IS achieved at ap- 
proximately the same time for all three 
components In Fig 2, the changes m actlv- 
lty with process time for the RhNaY cata- 
lyst are illustrated The behavior of RhNaY 
IS quahtatlvely the same as with RhNaX ex- 
cept that the rate of lso-butyraldehyde does 
not go through as sharp a maxlmum In all 
cases, once steady state IS achieved, It can 
be maintained for 20 h of operation 
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FIG 2 Reaction rates versus process trme for 
RhNaY Reaction condrtrons 15o”C, 1 atm (A) Pro- 
pane, (0) rso-butyraldehyde, (0) normal-butyralde- 
hyde 

Tables 1 and 2 summarize the reactivity 
data, the data are completely reproducible 
For catalysts (a) and (b) the activation ener- 
ges for hydroformylatlon and the reglose- 
lectlvlty (n/l) are approximately the same 
Figure 3 shows a representative plot of the 
temperature effects on reaction rates from 
which the activation energies are calcu- 
lated In all cases, the activation energy 
plots show no curvature The hydrogena- 
tlon activation energy increases when going 

TABLE 1 

Catalytrc Results of Propylene Hydroformylatron and 
Hydrogenabon over RhNaX and RhNaY 

zeohte Retredtment Product Rate’ 

igd Ii+ 
(kcalimol) 

(a) RhNaX CO as described C3Hs 2 8 x IO-’ 25 1 
I” text n C+HsO I 6 x lo-’ 91 

rC&O 08 x lo-’ II 7 
(b) RhNaY CO as described CA 5 3 x 10-Z 21 0 

I” text n-C&O 10 x 10-z 92 
r-C&O 5 4 x 10-s II 4 

(c) RhNaY 0 5 h exposure CA 2 3 x lo-’ 18 0’ 
to Hz at 100°C nC4HsO - - 

, CdHsO - - RhNaYd Not reported C& 7 0 x 10-Z 24 2’ 
(from (19)) n CdHsO 10 x lo-” 8 le 

I CdHsO 0 9 x 1O-4 7 3* 

TABLE 2 

Selectrvtty Results for RhNaX and RhNaY at 150°C 
at 1 atm 

z.eohte Catalyst 
pretreatment 

Selectlvlty Regmselectwlty 
hydrogenatmtli (nil) 

hydroformylatmn 

(a) RhNaX CO as described II 7 20 
I” text 

(b) RhNaY CO as described 3 44 19 
I” text 

RhNaY Not repotted 37 6 12 
(from (19)) 

from catalyst (b) to (a) as does the selectlv- 
lty to hydrogenation Catalyst (c) was pre- 
treated with pure H2 to reduce the rhodmm 
to metal When a propylene-hydrogen mix- 
ture 1s passed over the reduced RhNaY 
complete conversion to propane IS ob- 
served Since it 1s well known that rhodium 
metal 1s an excellent hydrogenation cata- 
lyst, we feel that this test confirms that rho- 
dium IS present m the metalhc state Upon 
mtroductlon of the hydroformylatlon reac- 
tion mixture only hydrogenation occurs 
The results of Aral and Tommaga are also 
included m these tables for comparison 
Their catalysts behave substantially dlffer- 
ent from those made m our laboratory 

The effect of contact time (W/F) on the 
conversions of propylene to propane, &, 
and aldehydes, & and &, are shown m Fig 
4 In the region of W/F lower than 5 g-h/mol 
the conversions where proportional to the 
contact time 
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’ At 150°C 1 atm 
b At 120-150°C 
‘At 11&15O”C 
’ Rh 3 7 wt% -lo/+20 mesh panicles contact tune twce as long as 

the present study 
‘At 130-170°C 

$ IK’X d, 

FIG 3 Effects of temperature on reactron rates for 
RhNaY (A) Propane, (0) tso-butyraldehyde, (0) nor- 
mal-butyraldehyde 



RHODIUM ZEOLITE HYDROFORMYLATION CATALYSTS 71 

w’F +6k, ( 
FIG 4 Dependence of conversion on W/F, where W 

IS the mass of catalyst and F IS the total molar flow 
rate 

Infrared spectra for (a) and (b) are plotted 
m Figs 5 and 6, respectively Spectra prior 
to and after hydroformylatlon are shown 

DISCUSSION 

The RhNaX and RhNaY (catalysts (a) 
and (b) described above) are active for hy- 
drogenation and hydroformylatlon of pro- 
pylene at atmospheric pressure Hydrofor- 
mylatlon actlvlty IS mltlated only when the 
catalysts contact reactants at 150°C It 1s 
interesting to note that Scurrell and Howe 
(12) reported the same temperature requu-e- 
ment to activate RhNaX for methanol car- 
bonylatlon They postulated that the actlva- 
tlon process involved the reduction of Rh+3 
to Rh+’ Catalysts (a) and (b) were both pre- 
treated with CO at 120°C This treatment 
leads to reduction of rhodmm from Rhf3 to 

T 
al 
al 

L T 
I I 

2ioo 
, 2doo 1;50 (cm-‘) 

FIG 5 Spectra of RhNaX (a) (aI) After CO pre- 
treatment, (aI1) after hydroformylatlon condltlons 

Rh+’ or Rho (uzde I&-U) Thus, the actlva- 
tlon temperature associated with hydrofor- 
mylatlon actlvlty cannot be due to chemical 
reduction Once steady state IS reached It 
can be mamtamed for as long as 20 h mdl- 
catmg that deactlvatlon and/or rhodmm 
loss does not occur after steady-state has 
been reached 

RhNaX and RhNaY show slmdar hydro- 
formylatlon behavior, 1 e , actlvatlon ener- 
gles and regloselectlvlty The actlvatlon en- 
ergy correspondmg to the formation of 
lso-butyraldehyde was slightly larger than 
that correspondmg to the formatlon of n- 
butyraldehyde Therefore, the regloselec- 
tlvlty Increases as the temperature de- 
creases This trend has also been observed 
m homogeneous hydroformylatlons (24) 
Because of the relatively low values of the 
hydroformylatlon actlvatlon energies, one 
might suspect the influence of mass trans- 
fer In Fig 4 we show that the conversions 
are proportional to the contact time, thus 
validating the dlfferentlal analysis used to 
calculate the rates Figure 3 illustrates the 
temperature dependence of the rates 
These graphs show no curvature over the 
temperature range of 120 to 150°C The ab- 
sence of curvature m these figures suggest 
that mass transfer 1s not controllmg the re- 

L 

FIG 6 Spectra of RhNaY (b) (bI) After CO pre- 
treatment, (bII) after hydroformylatlon condltlons 
The absorption at 1710 m (bII) IS assgned tentatively 
to aldehyde present wlthm the zeohte This band 1s 
present m all samples after hydroformylatlon 
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actlon rates (25) The n/l ratio at 150°C ob- 
tamed from the RhNaX and RhNaY cata- 
lysts was 2 0 and 1 9, respectively For the 
homogeneous hydroformylatlon of propyl- 
ene by bmary rhodium carbonyls, the re- 
ported regloselectlvlty 1s less than or equal 
to one (26) The increase m regloselectlvlty 
observed here must be due to the influence 
of the zeohte Since the pore size of zeohtes 
X and Y 1s slgmficantly larger than either 
reactants or products, we feel that the en- 
hanced selectlvlty 1s due to stenc and/or 
electronic influences of the zeohte at the 
active site rather than “molecular sieving ” 
The catalysts may thus be considered to be 
zeohte-modified rhodium carbonyls, 1 e , 
the framework serves as a hgand for rho- 
dium, rather than merely as a support for a 
binary rhodmm carbonyl In hght of the 
similar hydroformylatlon behavior of (a) 
and (b), we propose that the same active 
species 1s present on each catalyst 

In contrast to hydroformylatlon, the hy- 
drogenation behavior of each catalyst 1s dlf- 
ferent The actlvatlon energy obtamed from 
RhNaX 1s 4 kcal/mol larger than that for 
RhNaY, and neither 1s equivalent to that of 
rhodium metal on zeohte Y Since the actl- 
vatlon energies of RhNaX and RhNaY are 
larger than for rhodium metal on zeohte Y, 
we suspect that if rhodium metal 1s present 
on RhNaX or RhNaY, its concentration is 
small, and does not slgmficantly contribute 
to the observed hydrogenation behavior 
The difference m actlvatlon energy for hy- 
drogenation (4 kcalimol) on (a) and (b) 1s 
slgmficant compared to the error, and 1s re- 
producible for separate catalyst runs Thus, 
It 1s probable that each catalyst has a dlffer- 
ent species active for hydrogenation 

A RhNaY catalyst (active at 150°C) when 
cooled to 120°C and left overnight under 
flowing CO at a pressure of 3 atm lmmedl- 
ately regamed hydroformylatlon actlvlty 
when reactants were introduced at 120°C 
and 1 atm At 150°C the catalyst behavior 
returned to that obtained on the previous 
day Thus, the hydroformylatlon active spe- 
cies 1s stable at 120°C under a CO blanket 

The slmllanty m activity for hydrofor- 
mylatlon over (a) and (b) 1s m striking con- 
trast to the predominant species present m 
each as identified by infrared spectroscopy 
On RhNaX, (a), after precarbonylatlon but 
before hydroformylatlon infrared spectros- 
copy shows the presence of at least two 
species (see Fig 5) One of these 1s as- 
signed to Rh(CO)*+-NaX, which gives rise 
to absorptlons at 2093 and 2010 cm-’ This 
species 1s well defined for supported rho- 
dium carbonyls (22, 13, 27) Other species 
give broad absorptlons at -2010 and 1845 
cm-’ The second band 1s m the region of a 
bndgmg carbonyl, thus mdlcatmg the pres- 
ence of rhodium clusters After hydrofor- 
mylatlon mfrared spectroscopy shows 
nearly the exclusive presence of the 
gemmal dlcarbonyl, Rh(C0)2+1-NaX 

On RhNaY, (b), after precarbonylatlon 
and after hydroformylatlon infrared spec- 
troscopy shows nearly exclusive formation 
of the rhodium cluster, Rh6(C0)16 (see Fig 
6) This assignment IS based on the posltlon 
of the lr bands observed (2096, 2060, 1770 
cm-‘, bI1) compared to those reported for 
rhodium clusters synthesized by a separate 
route on Y zeohtes (18, 28) It 1s not clear at 
this time why the X zeohte stabilizes a Rh+’ 
complex while the Y zeohte favors rhodium 
clusters which contam Rho 

Three lines of evidence lead us to specu- 
late on the nature of the active species for 
hydroformylatlon (1) Hydrogenation actlv- 
lty decreases as hydroformylatlon activity 
increases Furthermore, steady state 1s 
reached at the same time for hydrogenation 
and hydroformylatlon This 1s consistent 
with conversion of the species active for 
hydrogenation mto an active hydroformyla- 
tlon species Complete conversion may be 
limited by an equlhbnum between the two 
species (u) X and Y zeohte-supported rho- 
dium catalysts behave identically within ex- 
perimental error for hydroformylatlon 
while hydrogenation 1s slightly different 
Infrared spectroscopy shows RhNaX and 
RhNaY to contam different rhodium car- 
bony1 complexes, 1 e , Rh(C0)2+-NaX and 
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Rh6(C0)16-NaY These may show different 
hydrogenation activity yet transform to 
yield the same hydroformylatlon catalyst 
Finally (m) homogeneous olefin hydrofor- 
mylatlon catalysts (cobalt or rhodium) con- 
tam a metal-hydrogen bond (29) Genera- 
tlon of a rhodium hydride may account for 
the observed 150°C actlvatlon tempera- 
ture required to mltlate hydroformylatlon 
Equations (1) and (2) represent viable path- 
ways which can account for the evidence 
above 

Rh(CO)zf-NaX 3 HRh(CO&NaX 
+ H+-NaX (1) 

HZ/CO 
Rh6(C0)16-NaY _ HRh(CO&NaY 

+ Rh5(CO),5--NaY + H+-NaY (2) 

Equation (1) has precedent m homogeneous 
systems mvolvmg rhodium carbonyl chlo- 
nde complexes (30) Equation (2) does not 
have direct precedent but Rh5(CO)15- 1s a 
well-defined cluster (31) 

The results of Aral and Tommaga (19) 
have been included m Tables 1 and 2 for 
comparison Although we have followed 
their rhodmm exchange procedure, their 
actlvatlon procedure 1s not reported They 
claim that their catalyst contains the 
gemmal dlcarbonyl Rh(C0)2f-NaY and 
that no Rho was present If the dlcarbonyl 1s 
the active species for hydrogenation on our 
RhNaX catalyst then Aral and Tommaga’s 
hydrogenation actlvatlon energy compares 
favorably However, the catalysts prepared 
m our laboratory behave differently for hy- 
droformylatlon Perhaps the most slgmfi- 
cant difference 1s Aral and Tommaga’s ob- 
servatlon of Rh(C0)2+-NaY In our hands, 
usmg the same cation-exchange procedure 
to introduce rhodium, only rhodium clus- 
ters are observed This IS true for a wide 
range of catalyst carbonylatlon treatments 
(32) 3 

3 We can, however, generate Rh(CO)*+-NaY If rho- 
dmm 1s Introduced to the Y zeohte as [Rh(NH?h 
CIlCl2 

CONCLUSIONS 

The present work has shown that the 
same hydroformylatlon behavior IS ob- 
tamed from RhNaX and RhNaY The mflu- 
ence of the zeohte 1s to increase the n/l ratlo 
above that of binary rhodium carbonyls Al- 
though slmdar hydroformylatlon behavior 
ts obtained from the X and Y zeohtes, each 
stablhzes a different rhodium carbonyl at 
room temperature A gemmal rhodium dl- 
carbonyl species 1s observed on NaX while 
clusters predommate on NaY 
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