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The positive effects of Se added to Rh/ZrO2 catalysts in ethene hydroformylation were studied 
from the viewpoints of promoter effects of electronegative atoms usually regarded as poisoning 
atoms as well as electronic interactions with both substrate metal and adsorbed species. Se-modified 
Rh/ZrO 2 catalysts prepared by the reactive deposition of (CH3)2Se or coimpregnation method using 
SeO 2 were found to be active and selective for ethene hydroformylation. The Se addition promoted 
the formation of propanol rather than propanal, the propanol formation being increased more than 
70 times at an optimumSe/Rh ratio. The propanoyl intermediates were observed at ca. 1770 cm- land 
converted reversibly to propionate species (bridge and bidentate) observed at 1425-1575 cm- i. The 
ensemble of Se z- /Rh was suggested to promote CO adsorption and the insertion of CO to ethyl 
species, where there is an electronic interaction between Se 2- and CO or propanoyl species. 
The isotope effects of D2 and 13C~80 showed the switchover of the rate-determining step for 
hydroformylation from the CO insertion on the Rh/ZrOz catalysts to the dissociative adsorption of 
H2 on the Se-Rh/ZrO 2 catalysts. The role of Se is discussed in relation with the reaction mecha- 
nism. © 1991 Academic Press, Inc. 

INTRODUCTION 

Promoting effects of the added second 
components on metal catalysis have exten- 
sively been studied from industrial points 
of view as well as from chemical interests 
(I-3). It has been demonstrated that the ad- 
ditive atoms which are electropositive to 
transition metals have the electron-donating 
properties to the surface metals and increase 
the catalytic activities (4). Numerous works 
on the effects of electropositive additives 
have been done particularly in CO hydroge- 
nation on metal catalysts like Ni, Fe, Ru, 
and Rh (2, 3). Among group 8 metals, Rh 
most preferably produces C2 oxygenates 
from CO/Hz syngas. In Rh/SiO2 systems, 
the additives such as Na, Mn, Fe, Zn, Ti, 
La, and Ce have been reported to enhance 
the reaction rates of CO hydrogenation or 
hydroformylation. Sodium promotes the 
formation of oxygenates in CO hydrogena- 

631 

tion (2) or hydroformylation (5) on Rh/SiO 2 
by ligand effect. Manganese can increase 
the rate of the formation of Cz oxygenates 
in CO hydrogenation. In this case, the added 
manganese is known to be present in the 
f o r m  of Mn2+-O 2- on Rh metal surfaces (6). 
The very low-frequency peak at ca. 1715 
cm-J which is assignable to R h - C - O - M n  
species is observed with Mn-added Rh/ 
S i O  2 catalysts (7, 8). However, the direct 
relation between the CO hydrogenation re- 
activity of the catalyst and this species has 
not been proven because it is difficult to 
follow the transformation from linear CO to 
the tilted CO species under in situ conditions 
by IR, and MnO layers on a Rh particle have 
the possibility of reconstructing as in SMSI 
suboxide migration (7). The iron additive 
promotes the formation of methanol and 
ethanol (9). Zinc has been reported to block 
bare metal sites of Rh/SiOzjudging from the 
decrease of the relative ratio of bridged CO 
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to linear CO with the addition of Zn, and 
also to interact with the oxygen atom of 
CO, leading to the enhancement of the CO 
insertion process (10). Ti, La, and Ce addi- 
tions seem to be profoundly related to the 
SMSI phenomenon: these elements are dis- 
tributed as oxides on Rh/SiO2. TiOx layers 
on Rh foil at TiOJsurface Rh = 0.15 were 
active for methanation and the promotion 
mechanism has been referred to the 
R h - C - O - T i  3+ interaction at the edge of 
TiOx layer (11). LaO~ on Rh/SiO2 has been 
observed to promote the formation of meth- 
ane, methanol, Cz-C4 hydrocarbon, and C z 
oxygenates at La/surface Rh = 0.5 (12). 
Cerium also improves the selectivity to oxy- 
genates (13). The low-frequency CO peaks 
at 1725 cm -~ observed with the La- or Ce- 
doped Rh/SiO2 catalysts are similar to those 
for the case of Mn. 

On the contrary, the addition of electro- 
negative atoms may make metal atoms 
around the additive atoms positive. In this 
case, the mechanism for the creation of posi- 
tive metal sites is different from that induced 
by site segregation of cationic additives. 
Electronegative additives may also have di- 
rect electronic interaction with the metal 
surface through chemical bonds. Back-do- 
nation of metal d-electrons to the CO 2~-* 
level is diminished by electron-withdrawing 
additives and adsorbed CO becomes harder 
to dissociate. The poisoning effects of S 
have been examined experimentally and 
theoretically. S poisons methanation and 
Boudouard reaction on Ni catalysts nonlin- 
early (14). MacLaren et al. (15) calculated 
the local density of states (LDOS) at Fermi 
level (Ef) of Rh(100) and Ni(100) surfaces 
by a M S - X a  method. They showed that S 
adatoms reduced LDOS at Ef resulting in 
poisoning to CO adsorption.They also esti- 
mated the area of the ligand (electronic) ef- 
fect of S to be <5 A laterally at surface. 
Feibelman and Hamann (16) have also re- 
ported similar results by surface-linearized- 
augmented-plane-wave (SLAPW) calcula- 
tions. CO adsorption sites on S-modified 
Rh(111) and Ni(111) can be classified by the 

distance from threefold S adatoms: nearest 
sites MA, far sites MB, and remote sites Mc 
(17). The MS-Xa  calculation suggests that 
MB sites can promote CO adsorption to a 
small extent. This causes us to expect that 
Se, which has an electronegativity of 2.4 
(similar to 2.5 for S), may have a positive 
effect on CO adsorption at the Rh surface 
and hence CO insertion. Furthermore, Se 
has been found to act as a good catalyst for 
liquid phase carbonylations, suggesting that 
the Se atom can interact with and activate 
CO (18, 19). 

Thus we have examined the catalytic ef- 
fect of electronegative Se additive on Rh/ 
Zr02 in ethene hydroformylation (20). In 
this article, the promoting effects of Se on 
the activity and selectivity of Rh/ZrOz cata- 
lysts for ethene hydroformylation are re- 
ported. The interactions of Se with CO and 
reaction intermediates and the catalytic re- 
action mechanism are also discussed by 
kinetics, the tracer method, FT-IR,  XPS, 
and temperature-programmed desorption 
(TPD). 

EXPERIMENTAL 

We prepared two different types of Se- 
modified Rh/ZrO2 catalysts. Impregnated 
Rh/ZrO2 catalysts were prepared by the 
usual impregnation method using aqueous 
solution of Rh(NO3)3 (Soekawa Co., Ltd.), 
followed by calcination at 673 K in air. ZrO2 
was obtained commercially (surface area, 
12 m 2 g-~; Soekawa Co., Ltd.). Rh loading 
was 1 or 3 wt% as Rh/ZrO 2. The sample was 
reduced with Hz at 673 K for 1 h. The Rh/ 
ZrO2 sample was preadsorbed with H2 at a 
full coverage at 295 K and interacted with 
0.025-0.12 kPa of (CH3)2Se (Toyo Stauffer 
Chemical Co. ) at 373 K for 30 min. The Se- 
modified catalyst was further treated with 
H2 at 373 K for 30 min to remove weakly 
physisorbed (CH3)2Se. The Se-promoted 
Rh/ZrO2 catalysts thus obtained are de- 
noted as catalysts (1). 

ZrO2 was also coimpregnated with 
Rh(NO3) 3 and SeOz (Tri Chemical Co., Ltd.) 
in aqueous solution, followed by calcination 
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at 673 K in air. The sample was reduced 
with H 2 at 673 K for 1 h. The catalysts thus 
obtained are denoted as catalysts(2). 

The Se content of the catalysts was varied 
in the range of Se/Rh from 0.01 to 0.17. The 
amount of Se contained in each catalyst was 
determined by X-ray fluorescence. Se in the 
catalysts was not lost during the course of 
calcination, reduction, and hydroformyl- 
ation. Ethene hydroformylation was carried 
out in the temperature range 393-473 K in 
a closed circulating system (dead volume, 
119 c m  3) with a U-shaped liquid N2-acetone 
trap (179 K). The reaction products were 
analyzed by gas chromatography using a 2- 
m column of VZ-10 at 353 K for ethene and 
ethane and a 4-m column of DOS at 353 K 
for propanal and propanol. 

IR spectra were measured under in situ 
reaction conditions by FT4R spectrometery 
(JASCO FT/IR-7000). A total of 0.03 g of 
the sample was pressed into a self-support- 
ing disk which was placed in an IR cell with 
two NaC1 windows which were combined 
with a closed circulating system. The spec- 
tra for adsorbed species were recorded by 
subtracting the gas phase spectra. 

XPS spectra for Se 3d5/2 and Rh 3d5/2 and 
3d3/2 were recorded on a Shimadzu 
ESCA750 spectrometer. The samples were 
transferred into the XPS chamber by a 
glove-box technique without contacting air. 
EXAFS spectra were measured at BL-10B 
of the Photon Factory in the National Labo- 
ratory for High Energy Physics (KEK-PF, 
Proposal No. 87-013). The EXAFS analysis 
was carried out using the theoretical phase 
shift and amplitude functions. 

RESULTS 

Surface Modification by (CH3)2Se 
The reactivity of (CH3)2Se with ZrO2 or 

R h / Z r O  2 is shown in Fig. 1. A total of 0.47 
kPa of (CH3)ESe w a s  admitted onto the Z r O  2 

surface at 373 K. The sample was heated at 
the rate of 4 K min-~ during TPD chroma- 
tography. Both methane and CO were 
evolved in the temperature range 573-723 
K as shown in Fig. la. Methane formation 
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Fro. 1. TPD spectra of (CH3)2Se on ZrO 2 (a) and Rh/ 
ZrO2 (b); 0.47 kPa of (CH3)2Se was introduced in the 
circulating line and sampled to GC after trapping phy- 
sisorbed (CH3)2Se by liquid N2 in the process of elevat- 
ing the temperature by 4 K min -l. Catalyst, 1.3 g; (a) 
desorbed CH 4 2.6 x 10 -5 mol, CO 1.7 x 10 -5 tool; (b) 
desorbed CH4 4.3 x 10 -5 tool. 

indicates the reaction of (CH3)2Se with OH 
groups at the ZrO~ surface. CO may be 
formed by the oxidation of (CH3)ESe with 
surface oxygen at ZrO 2. The molar amounts 
of methane and CO desorbed were twice 
that of the adsorbed (CH3)2Se, indicating 
that the reaction at the Z r O  2 surface occurs 
at temperatures higher than 573 K. On the 
contrary, when (CH3)ESe was interacted 
with the Rh/ZrO2 surface preadsorbed with 
H2 (Fig. lb, methane evolution started at 
373 K and CO evolution was very low. The 
amount of desorbed C H  4 per adsorbed 
(CH3)2Se equaled unity. These results mean 
that (CH3)zSe preferentially reacted with hy- 
drogen atoms adsorbed at the Rh metal sur- 
face to form CH4 at 373 K rather than the 
surface OH groups of ZrO2 (21) and the re- 
maining (CH3)2Se species completely re- 
acted with the adsorbed hydrogen atoms be- 
fore 573 K to leave Se-CH3 species at the 
Rh surface. Thus Se atoms may modify the 
Rh surface selectively without their deposits 
on ZrO2 surfaces. 

The amount of the doped Se before and 
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FIG. 3. The variation of the amounts of H2 and CO 
adsorbed with the amount of Se contained in the cata- 
lysts (2); ( ) Rh 1 wt%; ( -) Rh 3 wt%. 

FIG. 2. X-ray fluorescence peak intensity vs the 
amount of Se supported on Rh/ZrO2; ©, before hydro- 
formylation; A, after hydroformylation, rq, after Hz 
treatment at 573 K; 1, catalyst (1); 2, catalyst (2). 

after the hydroformylation reaction at 423 
K for 5 h was determined by X-ray fluores- 
cence. Figure 2 shows the linear relationship 
between the peak intensities of X-ray fluo- 
rescence and the amounts of Se doped in 
catalysts (1) and catalysts (2). It is suggested 
that Se was not lost during the reaction at 
423 K by the fact that the peak intensity for 
Se contained in the catalysis did not change 
by the catalytic performance as shown in 
Fig. 2. However,  the peak intensity de- 
creased to almost half by reaction with H 2 
at 573 K. 

H 2 and CO Adsorptions 

H 2 and CO adsorptions on the catalysts 
(1) and (2) were volumetrically measured. 
H/Rh values were 0.36 and 0.29 for Rh/ZrO2 
(1 wt%) and Rh/ZrO2 (3 wt%), respectively. 
The TEM photographs showed the averaged 
particle sizes of 36 and 45 .A for the catalysts 
which are compatible with the H/Rh values. 
The TEM images of the Se-doped catalysts 
(1) and (2) did not essentially change as com- 
pared with those of the undoped catalysts. 
The notation "Se /Rh"  means the ratio of 
the number of total Se atoms to that of total 
Rh atoms, while the notation "Se/surf. Rh" 

means the number of Se atoms per the sur- 
face Rh atoms which are the number of sur- 
face Rh atoms determined by H/Rh values. 

As typically shown in Fig. 3, the amount 
of H2 adsorbed at 293 K decreased monoton- 
ically almost zero as the Se quantity in- 
creased. In contrast, the amount of CO ad- 
sorption remained almost unchanged or 
reduced much more slowly with an increase 
of Se/Rh up to 0.02. At the larger amounts 
of Se the CO adsorption decreased, but it 
was possible to adsorb even at Se/Rh > 
0. I0, where the H2 adsorption was nearly 
zero as shown in Fig. 3. These results sug- 
gest that Se atoms at the Rh surface can 
interact with adsorbed CO. 

The IR peaks for CO adsorbed on the 
catalysts (2) are listed in Table I, where 
linear (2068 cm-1), bridge (ca. 1900 cm-l ,  

TABLE 1 

IR Peaks (cm-l) for Adsorbed CO on Catalysts (2) 

Catalyst Rh/Zr02 Se-/Rh/ZrO2 Se-Rh/ZrO2 
Se/Rh (0) (0.019) 

Linear 2068(s) 2068(s) 2068(s) 
Bridge 1900(w,br) 1908(w,br) 1922(w,br) 
Twin 2094(m) n.o. n.o. 

2040(m) n.o. n.o. 

Note. CO was adsorbed at 293 K; n.o., not observed. 
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FIG. 4. XPS spectra of Se 3d5/2 (a) and Rh 3d3/2, 
3dsjz (b) for Rh/ZrO 2 catalysts (iii) and Se-doped Rh/ 
ZrO 2 catalysts (3) (Se/Rh = 0.012) (i,ii) before and after 
ethene hydroformylation at 453 K; (i) before hydrofor- 
mylation; (ii) after hydroformylation. 

broad), and twin (2094 and 2040 cm-~) CO 
peaks are distinguishable. The twin CO 
peaks, in addition to linear and bridge peaks, 
were observed with the Rh/ZrO2 sample, 
whereas no twin CO peaks were observed 
on the Se-modified surfaces, suggesting that 
Se preferentially blocked the twin sites on 
Rh metal surfaces of the Rh/ZrO2 catalyst. 

XPS Measurements 

XPS binding energies for the Se 3d5/2 level 
and Rh 3d3/2 and 3d5/2 levels were measured 
before and after ethene hydroformylation at 
453 K as shown in Fig. 4. The Se 3d5/2 bind- 
ing energy for the catalyst (2) with Se/Rh = 
0.012 before the reaction was determined to 
be 53.2 eV. The value was almost the same 
also with the sample after the reaction as 
shown in Fig. 4. Again, the binding energy 
was independent of the Se content in the 
catalysts in the range of Se/Rh = 0.01-0.13. 
These results reveal that the oxidation state 
of Se is - 2 for all the catalysts (2) employed 
in the present study and Se atoms are situ- 
ated in a - 2 state during the catalytic reac- 
tion. The XPS peaks for Rh 3d3/2 and 3d5/2 
were always observed at 311.8 +- 0.1 and 
307.2 --+ 0.1 eV, respectively, as shown in 
Fig. 4. The values are almost the same as 
those for undoped Rh/ZrO2 and correspond 
to the binding energies for metallic Rh. No 
shoulder on the higher binding energy side 
of the metallic Rh peaks was observed with 

the sample of Se/Rh = 0.01-0.13, suggest- 
ing no presence of positive Rh atoms at the 
surface. The similar binding energies for Se 
and Rh 3d levels were observed with the 
catalysts (1) prepared by using (CHa)Se, 
showing the oxidation states of Se 2- and 
Rh °. 

EXAFS Measurements 

It was not possible to observe the bonding 
between Rh and Se for the present catalysts 
because of the large particle size of Rh 
metal. In turn, no observation of Rh-Se 
bonds may exclude the possibility of the 
atomic distribution of Se in the Rh bulk. In 
order to examine whether or not Se 2- can 
bind with the Rh atom, we prepared Se-Rh/ 
ZrO2 catalysts by using Rh6(CO)16 and 
(CH3)2Se and measured the EXAFS spectra 
of the obtained catalyst under air-free condi- 
tions. The EXAFS analysis showed the 
Rh-Se bonds at 2.41 ,~. 

Catalytic Ethene Hydroformylation 

Ethane, propanal, and propanol were 
formed in ethene hydroformylation on the 
catalyst (1) (Se/Rh = 0.066) at 453 K in 
a closed circulating system. At the initial 
period of the reaction on the fresh catalyst 
(1), acataldehyde was also produced by the 
reaction between CO and the remaining 
methyl group derived from (CH3)zSe, but its 
formation ceased within 20 min and was not 
observed in the second run. When the 
amount of Se added in the catalyst (1) in- 
creased, the formations of ethane and pro- 
panal were drastically suppressed, whereas 
the reaction rate of propanol formation in- 
creased and showed the maximum value 
around Se/Rh = 0.07 as shown in Fig. 5. 
The hydroformylation reaction did not sig- 
nificantly proceed on the catalysts with Se/ 
Rh > 0.10. 

The turnover frequencies (TOF) of the 
reactions on the Se-Rh/ZrO2 catalysts (1) 
as a function of Se content were shown in 
Fig. 6. The TOF is defined as the initial 
reaction rate divided by the amount of hy- 
drogen atoms adsorbed on the catalysts. 
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FIG. 5. Catalytic activities of the Se-modified cata- 
lysts (1) for ethene hydroformylation as a function of 
Se content; react, temp., 453 K; total pressure, 40.0 
kPa; C2H4 : CO : H2 = 1 : 1 : 1, Rh I wt% O, ethane; A, 
propanal; V, propanol. 
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FJ6.7. The selectivities of ethene hydroformylation 
on Se-Rh/ZrO 2 catalysts (1) and (3) as a function of Se 
content; [3, catalyst (1) (Rh 1 wt%); A, catalysts (2) (1 
wt%); O, catalysts (2) (3 wt%); react, temp., 453 K. 

The TOF for propanol formation remark- 
ably increased at the optimum Se/Rh ratio. 
Note that the ethane formation was en- 
hanced in the higher region of the Se con- 
tent. As a result, the TOF for propanol for- 
mation on the catalyst (1) modified with Se 
of the optimum quantity was larger by a 
factor of 70 than the TOF for the Rh/ZrO 2 
catalyst without Se. 

The selectivities of ethene hydroformyl- 
ation on the catalysts (1) were plotted 
against the Se content as shown in Fig. 7. 
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The selectivity of the catalyst with Se/Rh = 
0.066 was more than four times higher than 
that of the undoped catalyst. 

The catalytic performance on the cata- 
lysts (2) is shown in Fig. 8. The hydrofor- 
mylation rates did not drastically increase 
by changing the Se quantity as compared 
with the case of the catalysts (1). However,  
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FIG. 6. Turnover frequencies ofethene hydroformyl- 
ation on the Se-modified catalysts (1) as a function of 
Se content; TOF is defined as the initial rate devided 
by exposed Rh judged by H2 adsorption; react, temp., 
453 K; total pressure, 40.0 kPa; C2H4:CO:H2 = 
1 :1 :1 ,  Rh 1 wt%; O, ethane; ~ ,  propanal; V, pro- 
panol. 

FIG. 8. Turnover frequencies of ethene hydroformyl- 
ation on the Se-modified catalysts (2) as a function of 
Se content; TOF is defined as the initial rate derided 
by exposed Rh judged by H2 adsorption; react, temp., 
453 K; total pressure, 40.0 kPa; C2H4:CO:H 2 = 
1 : 1 : I ,  Rh 1 wt%; O, ethane; A, propanal; ~7, pro- 
panol. 
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T A B L E  2 

Act ivat ion  Energ ies  for  E thene  Hydro fo rmyla t ion  on  
R h / Z r O  2, S e - R h / Z r O  2, and Rh/SiO2 Cata lys ts  

Activation energies (kJ tool i) 

Ethane Propanal Propanol C3-oxo 

Rh/ZrO: 60 22 30 27 
Se-Rh/ZrOd0.019) 53 0.9 36 17 
Rh/SiO2 56 89 - -  89 

Note.  C2H4 : CO : H 2 = 13.3 : 13.3 : 13.3 kPa; temperature 
range, 393-473 K. 

the optimum amount of Se added for the 
formation of the hydroformylation products 
was observed. 

The selectivities of hydroformylation on 
the catalysts (2) with the Rh loadings of 1 
and 3 wt% are shown in Fig. 7. The curves 
had the maximums at Se/Rh = 0.019 (Se/ 
surf. Rh = 0.052) for Rh 1 wt% and at Se/ 
Rh = 0.032 (Se/surf. Rh = 0.11) for Rh 3 
wt%. 

The activation energies for the formations 
of ethane, propanal, and propanol in ethene 
hydroformylation are listed in Table 2. The 
activation energy for propanal formation 
was much lower on the Rh/ZrO2 catalyst 
than on the Rh/SiO2 catalyst. The apparent 
activation energy for propanal formation on 
the Se-Rh/ZrO2 catalyst was extremely 
small. On Se-Rh/ZrO 2 catalysts, the propa- 
nal yield is determined by a balance of two 
rates of the propanoyl-to-propanal step and 
the propanal-to-propanol step. Se was sug- 
gested to affect both rates with different 
temperature dependencies and particularly 
to promote propanol formation, resulting in 
the small activation energy, as described 
hereinafter. 

In Situ Observation of Surface Species 
by FT-IR 

The behavior of the surface species on the 
catalysts during ethene hydroformylation 
was followed by FT-IR. Figure 9 shows the 
spectra after ethene hydroformylation on 
the Rh/ZrO2 catalysts (2) having Se/Rh = 
0, 0.019, and 0.061 for 1 h. Besides the linear 
CO peaks at 2040-2048 cm-~, the peaks 
around 1770 cm -I and in the region 

1400-1600 cm -l were observed in Fig. 9. 
The peak intensity around 1770 cm -1 in- 
creased as the Se content increased from 0 
to 0.019, but decreased by the further addi- 
tion of Se to the catalyst. When CO was 
admitted to the catalyst surfaces at 453 K, 
no peak around 1770 cm -1 was observed. 
Its peak appeared only under reaction con- 
ditions. These results indicate that the peak 
around 1770 cm- ~ is not referred to molecu- 
lar CO-derived adspecies. In order to assign 
the peak around 1770 cm-1, propanal was 
adsorbed at 190 K in the presence of H:, 
showing a peak at 1710 cm -1. The peak fre- 
quency is similar to 1728 cm -1 for liquid 
propanal and the peak at 1710 cm -1 is as- 
signed to the molecularly adsorbed propa- 
nal. The peak around 1770 cm -1 is also sug- 
gested not to be referred to adsorbed 
propanal as a product in ethene hydrofor- 
mylation. When the adsorbed propanal was 
heated to 453 K, the same peak as that 
around 1770 cm- ~ in Fig. 9 appeared. Upon 
the reaction of D2 with the species giving 
the peak around 1770 cm -I, propanal was 
produced, where D atoms were incorpo- 
rated to aldehydic hydrogen. These results 
suggest the peak is assignable to propanoyl 
species. 

Two peaks of ca. 1575 and ca. 1425 cm -1 
may be assigned to/-)as and v~ of bridge-type 

. . . .  i . . . .  i • - 

;c) 

]al 

. . . .  i . . . .  i . . 

2OO0 1500 
Wov~nurr~Icrn -~ 

FIG. 9. In  s i tu  F T - I R  spec t ra  after  e thene  hydrofor -  
mylat ion on  the catalysts  (2) for  1 h at 453 K;  Rh 1 w t % ;  
(a) Se /Rh  = 0; (b) Se /Rh  = 0.019; (c) Se /Rh  = 0.061; 
total p ressure ,  40.0 kPa; C2H 4 : CO : H2 = 1 : 1 : 1. 
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TABLE 3 

Assignments of IR Peaks Observed during Ethene Hydroformylation on Catalysts (2) at 453 K 

Catalyst Rh/ZrO2 Se--Rh/ZrOz Se-Rh/ZrO 
Se/Rh (0) (0.019) (0.061) 

Linear CO 2048 2044 2040 
Propanoyl 1776 1770 1766 
Propionate (bidentate) 1540 1543 1549 

1476 1473 1475 
Propionate (bridge) 1576 1575 1573 

1426 1425 1423 

propionate species, respectively, and the 
peaks at ca. 1545 and ca. 1475 cm -~ to Uas 
and us of bidentate-type propionate species, 
respectively,judging from the peak frequen- 
cies and the peak separation. The peaks at 
the similar frequencies were observed by 
introducing propionic acid into the Rh/ZrO2 
catalyst at 453 K. When propanoyl species 
were formed from propanal and kept at 453 
K, a similar spectrum in the region 
1400-1600 cm-l  appeared. The Boudouard 
reaction on any Se-Rh/ZrO 2 catalysts did 
not take place at 453 K, leaving no oxygen 
atoms on the Rh metal surface. These re- 
sults suggest that under the reaction condi- 
tions propionate species are produced from 
propanoyl by reaction with surface oxygen 
atoms of ZrO 2 support. The peak assign- 
ments are given in Table 3. We checked the 
linearity between IR peak intensities and 
concentrations of adspecies by determina- 
tion of the amount of species desorbed from 
the surface monitored by IR. 

The peaks of propanoyl and propionate 
species increased in a similar manner during 
ethene hydroformylation at the total pres- 
sure of 40.0 kPa (C2H4 : CO : H2 = 1 : 1 : 1) 
and 453 K, and saturated at 10, 30, and 50 
min of passed reaction time for the catalysts 
(2) with Se/Rh = 0.019 and 0.061, respec- 
spectively. The reactions on the catalysts 
(1) and the catalysts (2) without Se steadily 
proceeded from the beginning of reaction, 
whereas certain induction times of ca. 30 
and ca. 50 min were observed for catalysts 
(2) with Se/Rh = 0.019 and 0.061, respec- 

tively. The rates of the formation of propa- 
noyl and propionate species under the cata- 
lytic reaction conditions were determined 
by following the increase of their IR peaks 
as given in Table 4. 

The rate of the conversion of propanoyl 
to propionate species was determined as fol- 
lows. Propanal was admitted to the catalyst 
surface at 453 K to form propanoyl corre- 
sponding to the amount of propanoyl spe- 
cies in the steady state of reaction. The de- 
crease in the propanoyl peak and the 
increase in the propionate peaks were fol- 
lowed by IR. The rates of elementary steps 
on the three catalysts are given in Table 4. 

In order to determine the rate of the con- 
version ofpropionate to propanoyl, only the 
propionate species were produced as fol- 
lows. The temperature-programmed de- 
sorption measurement in the presence of H2 
revealed that it is possible to desorb propa- 
noyl and leave only propionate at the cata- 
lyst surfaces as shown in Fig. 10. Hence, 
the gas phase in the catalytic system under 
the hydroformylation conditions at 453 K 
was evacuated and heated up to the suitable 
temperatures around 480 K depending on 
the catalysts in the presence of H2, followed 
by evacuation. The catalysts were cooled 
down to 453 K in a few seconds and the 
decrease of propionate and the increase of 
propanoyl were followed by IR. Small por- 
tions of the formed propanoyl were further 
decomposed to reaction gas. The initial rate 
of the propionate to propanoyl step is given 
in Table 4. 
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TABLE 4 

Reaction Rates of Each Step on the Rh/ZrO 2 Catalysts (2) at 453 K 
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Reaction step Rate (10 -7 mol nain -I g-cat -1) 

Se/Rh 

0 0,019 0.061 

C2H 4 + CO + H 2 --> C2HsCO(a) + C2HsCOO(a) 
C2HsCO(a ) --> C2HsCOO(a) 
C~HsCOO(a) --~ CEnsCO(a)  

C2HsCO(a) + H 2 --~ C2HsCHO + C 3 H7OH a 
Catalytic ethene hydroformylation 

5.5 1.3 0.7 
8.4 8.8 8.5 
1.4 2.6 2.5 
7.5 1.7 0.8 
5.9 1.2 0.73 

a In the presence of CO similar to the catalytic hydroformylation reaction. 

After the ethene hydroformylation reac- 
tion was conducted for 10-50 min and the 
equilibrium between propanoyl and propio- 
nate species was attained, the gas phase was 
evacuated and H 2 was introduced into the 
system. The decrease in the peaks of propa- 
noyl and propionate was observed by IR. 
The rate of the reaction of propanoyl with 
H2 was determined from the initial rate of 
the decrease in the propanoyl peak, taking 
into account the contribution of propionate 
species. The values are given in Table 4. 

Temperature-Programmed Desorption of 
Surface Species 
The temperature-programmed desorption 

of the surface species formed during cata- 
lytic ethene hydroformylation is shown in 
Fig. 10. The temperature of the catalyst 
(disk) was linearly raised from 293 to 673 K 
at a heating rate of 4 K min- 1 and the inten- 
sity changes of propanoyl and propionate 
peaks were measured by FT-IR.  The de- 
sorption of propanoyl species on the un- 
doped Rh/ZrO2 catalyst was observed at the 
lowest temperature. The desorption temper- 
ature increased with an increase of Se con- 
tent as shown in Fig. 10a. This tendency was 
similar also in the case ofpropionate species 
as shown in Fig. 10b. The desorption tem- 
perature of propionate species was higher 
than that of propanoyl species on each cata- 

lyst, suggesting that the former species is 
more stable than the latter. 

The TPD spectra for the products de- 
sorbed from the propanoyl and propionate 
species was taken by gas chromatography 
(GC) in the presence of H E under experimen- 
tal conditions similar to those in Fig. 10. 
The products were propanal, ethene, and 
ethane. The desorption temperature for pro- 
panal was found to coincide with that for the 
propanoyl species as shown in Fig. 1 la and 
the desorption temperature for ethene and 
ethane was the same as that for the propio- 
nate species as shown in Fig. 1 lb. This coin- 
cidence was observed with all the catalysts, 
suggesting that the propanoyl species re- 

~ 1.0 ',a) ~ii) 

3"13 /..~ 573 
T~ml~rature I K 

z i t  '~(ii) ' 

°/fl ~r~ (i 

373 ~ 573 
T~l"~rature / K 

FIG. 10. TPD spectra in the presence of H 2 for the 
propanoyl species(a) and the propionate species (b) 
produced during ethene hydroformylation on the cata- 
lysts (2) observed by FT-IR; heating rate, 4 K min-J; 
H2; 13.3 kPa; (i) Se/Rh = 0; (ii) Se/Rh = 0.019; (iii) 
Se/Rh = 0.061. 
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FIG. 11. TPD spectra of propanal (a) and ethene + 
ethane (b) from the surface species produced during 
ethene hydroformylation; TPD spectra were taken un- 
der conditions identical to those in Fig. l0 in the pres- 
ence of H2 (13.3 kPa). 

acted with H2 to desorb as propanal, while 
the propionate species was decomposed to 
form ethene and ethane in the presence of 
H2. Almost the same amount of CO as eth- 
e n e +  ethane was also evolved at the same 
desorption temperature. 

These results could be used in the deter- 
mination of the amount of the surface spe- 
cies observed by FT-IR.  The propanoyl and 
propionate species produced by ethene hy- 
droformylation were desorbed and the peak 
intensities in the IR spectra correspond to 
the amounts of the products desorbed. The 
TPD experiment on the sample having only 
propionate species was also conducted to 
quantify the peak intensity of the propionate 
species observed by FT-IR.  The reaction 
rates of the surface species in Table 4 were 
obtained on the basis of these quantiti- 
zations of the IR peaks. 

Isotope Effects of 13C180 and D E on  the 
Reaction Rates 

In order for the effects of Se addition on 
each reaction step in the hydroformylation 
to be examined, 13CJSO and D 2 instead of 
12C160 and H2, respectively, were em- 
ployed. For Rh/ZrO2, the rate of ethane for- 
mation on the Rh/ZrO 2 catalyst markedly 
decreased by replacing H2 by D 2 as  shown 
in Table 5. The isotope effect (vJvn) was 
given to be 0.34. On the contrary, no isotope 
effect was observed for the formations of 
propanal and propanol. For the Se-Rh/ZrO2 
catalyst (2), the isotope effects were 0.63 

(ethane), 0.50 (propanal), and 0.61 (propa- 
nol), showing similar values. The results us- 
ing ~3C180 are shown in Table 6. No isotope 
effect was observed for ethane formation on 
the Rh/ZrO 2 catalyst; however, the rate of 
the formations of propanal and propanol de- 
creased to 0.82-0.84 by using ]3CISO instead 
o f  12C160. For the Se-Rh/ZrO2 catalyst (2), 
no isotope effect was observed for the for- 
mations of all the products as shown in Ta- 
ble 6. 

DISCUSSION 

It was found that (CHa)2Sc c a n  react with 
the surface OH groups and oxygen atoms 
on the Z r O  2 surface above 573 K, while in 
the presence of Rh particles (36/k for 1 wt% 
and 45 A for 3 wt%) on the ZrO2 support, 
(CHa)zSe selectively reacted with the hydro- 
gen atoms preadsorbed on the Rh metal sur- 
face in the temperature range 373-573 K as 
shown in Fig. 1. The Se atoms thus depos- 
ited onto the Rh particles (catalysts (1)) were 
stable and were not lost during ethene hy- 
droformylation at 453 K as shown in Fig. 2. 
The Se atoms supported by a coimpregna- 
tion method using aqueous solution of 

.Rh(NO3) 3 and SeO2 behaved similarly to 
those derived from (CH3):Se in Fig. 2. Fig- 
ure 4 exhibits the oxidation state of Se to be 

- 2. Thus most of the Se in the catalysts (2) 
is distributed as dianions on the Rh metal 
surfaces because the Se atoms on the Z r O  2 

surfaces would be situated in a positive oxi- 
dation state and/or at least show a different 

TABLE5 

Isotope Effects ofD 2 on the Rates for the Formations 
of Ethane, Propanal, and Propanol in Ethene Hydrofor- 

mylation at 453 K 

Catalyst v(D2)/o(H z) 

Ethane Propanal Propanol 

Rh/ZrO z 0.34 1.00 1.20 
Se-Rh/ZrO2(0.019 ) 0.63 0.50 0.61 

Note. Rh, 1 wt%; C2H 4 : CO : [-I 2 (or D2) = 
13.3 : 8.0 : 8.0 kPa. 
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TABLE 6 

Isotope Effects of uC180 on the Rates for the Forma- 
tions of Ethane, Propanal, and Propanol in Ethene Hy- 
droformylation at 453 K 

C a t a l y s t  v(UClSO)lv(J2CI60) 

Ethane Propanal Propanol 

Rh/ZrO 2 1.07 0.84 - -  
Se-Rh/ZrO2(0.019) 1.03 0.93 0.98 

Note. Rh, 1 wt%; C2H4:12C160 (or I3C180):H2 = 
13.3 : 3.3 : 3.3 kPa. 

XPS spectrum from that for the Se atoms on 
Rh metal and also because the H 2 adsorption 
vs Se content plots similar to that for the 
catalysts (1) were obtained as shown in Fig. 
3. The amount of CO adsorbed did not 
largely reduce with an increase of Se content 
as compared with the H 2 adsorption. Partic- 
ularly, CO could adsorb on the catalysts 
having the smaller Se contents as with the 
catalyst without Se. This is entirely different 
from the case of H 2. From the curve for H 2 
adsorption in Fig. 3, one Se atom is sup- 
posed to block eight surface Rh atoms for 
H 2 adsorption on the catalysts (Rh 1 and 3 
wt%). Figure 12 shows the Se atom ad- 
sorbed on the Rh(111) plane which is often 
exposed on Rh particles (22): RhA and RhB 
sites are 6 per Se atom and the sum of Rh A, 
Rh B, and Rh c sites are 12 per Se atom. Un- 
like the block of Se to H2 adsorption, Se 
may promote CO adsorption on Rh B sites in 
a way similar to S adatoms (23, 24). 

The promoting effects of Se additives on 
the hydroformylation of ethene on the cata- 
lysts (1) were found in Fig. 6. The large 
enhancement by Se was observed for propa- 
nol formation. Propanal was more prefera- 
bly produced than propanol on the Rh/ZrO z 
catalyst, whereas on the Se-Rh/ZrO 2, pro- 
panol was a main product for the hydrofor- 
mylation. The selectivity of hydroformyl- 
ation showed a maximum value at Se/Rh = 
0.66 which is more than four times larger 
than the selectivity for the Rh/ZrO 2 catalyst. 
The promotion of the hydroformylation 

rates by the optimum amount of Se added 
was also observed with the catalysts (2) 
(1 and 3 wt%) as shown in Figs. 7 and 8. 
The catalysts (1) prepared by using (CH3)ESe 
more selectively produced propanal and 
propanol than the catalysts (2) obtained by 
the coimpregnation method. The difference 
of the promoting effects between the two 
types of catalysts is not clear, but the micro- 
scopic environments of Se at Rh metal sur- 
faces may be somewhat different though the 
XPS spectra of Se 3d and Rh 3d levels for 
both catalysts were the same. In fact the 
amounts of added Se for the maximum se- 
lectivity are different between the catalysts 
(1) and (2). The common feature of both 
catalysts observed in IR spectra is the disap- 
pearance of the twin CO peaks by Se addi- 
tion as shown in Fig. 9, suggesting the pref- 
erential deposition of Se on the twin sites 
which are often considered to be located 
on corner and step sites of Rh particles. 
Therefore, it is also supposed that the micro- 
scopic morphology of the Rh particles on 
ZrO 2 is different with the two catalysts and 
hence the different amounts of Se may be 
required to make the Se-modified surface 
selective for hydroformylation. 

Konishi et al. (25) reported that S poi- 
soned selectively Rh sites which might have 
been bridging-CO adsorption sites, and cor- 
ner or edge sites (CO twin sites) were rela- 
tively less affected by S. They also demon- 
strated that the S poisoning reduced the 

1.55~ H3 
CH 12o'_ 

2.06 I 
Rh B in A 

(b) 

(a) 

FIG. 12. (a) Three different Rh sites around Se on 
Rh(lll) surface and (b) conformation of propanoyl 
species. 
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hydrogenation activity, leaving the hydro- 
formylation activity on the twin sites with- 
out S blocking and the selectivity of hydro- 
formylation was apparently enhanced. 
However, we do not have any definite evi- 
dence that S atoms introduced from H2S 
preferentially adsorb on the bridge sites of 
Rh flat surface rather than on the corner or 
edge sites. Furthermore, Egawa and Iwa- 
sawa (26) have reported that S atoms formed 
by H2S dissociative adsorption selectively 
poison the step sites of Ru(1,1,10) stepped 
surface and after the completion of the poi- 
soning of step sites, S atoms possibly adsorb 
on the terrace of the stepped surface. This 
finding on Ru(1,1,10) coincides with the 
present IR observation on the Se-Rh/ZrO2 
catalysts. Pauling's electronegativities are 
almost the same for S and Se. The hydrofor- 
mylation reaction rate per Rh bare site was 
enhanced about I0 times by Se addition and 
propanol formation was promoted more 
than 70 times as shown in Fig. 6, whereas 
the enhancement by S addition was only 1.8 
times. The difference in atomic radius may 
be one of important factors (S 2-, 1.84 ,~; 
Se 2- , 1.98,4,); i.e., Se can interact with CO 
or propanoyl on the far site (RhB) in Fig. 
12a, but S may be not efficiently interact 
with C atoms for those species on far sites. 

The peaks at 1776, 1770, and 1766 cm -1 
for the catalysts (2) with Se/Rh = 0, 0.019, 
and 0.061, respectively, in Fig. 9 appeared 
only under reaction conditions, no peak 
around 1770 cm-~ being observed upon CO 
adsorption. The TPD spectra for propanal 
formation in the presence of H 2 agreed well 
with the behavior of these peaks for each 
catalyst as shown in Figs. 10 and 11. Fur- 
thermore, the peak was reproduced by pro- 
panal adsorption at 190 K in the presence of 
H2, followed by heating under vacuum. The 
peak was converted to the propionate spe- 
cies contributed with asymmetric and sym- 
metric O - C - O  stretching vibrations as 
given in Tables 3 and 4. These results dem- 
onstrate that the peaks at 1766-1776 cm- 
are of propanoyl species. 

The desorption temperature of the propa- 

noyl species in Figs. 10 and 11 shifted to the 
higher temperatures by Se addition: 462 K 
for Rh/ZrO2, 473 K for Se-Rh/ZrO2 (0.019), 
and 486 K for Se-Rh/ZrO2 (0.061). The car- 
bonyl band of propanoyl species also shifted 
from 1776 to 1766 cm-1 as shown in Table 
3. The peak intensity for propanoyl species 
on the Se-Rh/ZrO2 catalyst which is most 
selective for hydroformylation was 2.7 
times as large as that for the Rh/ZrO2 cata- 
lyst. These results suggest that Se 2- inter- 
acts with the propanoyl species and also 
promotes its formation. As already men- 
tioned, the theoretical study and the behav- 
ior observed in Fig. 3 suggest that Se 2- en- 
hances CO adsorption on RhB sites in Fig. 
12, where there may be a weak interaction 
between Se 4p and CO 2~'* levels. Thus, 
the ethyl migration to CO(ad) (CO insertion) 
may occur on the Rh B sites assited by Se. 

The structure of the propanoyl ligand co- 
ordinated on the Rh atom in [Rh6(CO)15 
(COEt)] - (27), which is regarded as a model 
structure for the propanoyl species on the 
Rh/ZrO2 catalysts, is shown in Fig. 12b. 
When propanoyl adsorbs on the RhB site 
in Fig. 12a, the distance between Se and 
carbonyl carbon is estimated to be 3.18 A. 
The Se-C bond length in (CH3)2Se is 1.943 
,~. Therefore, it is possible that the adsorp- 
tion of propanoyl on the Rh B atom geometri- 
cally has some interaction between Se and 
the carbonyl carbon. The stabilization of the 
propanoyl species by Se leads to preferable 
formation of propanol as shown in Figs. 5, 
6, and 8. This is compatible with the promo- 
tion of the conversion from propionate to 
propanoyl by Se addition as shown in Table 
4. 

The reaction mechanism for ethene hy- 
droformylation on the Se-Rh/ZrO2 cata- 
lysts is shown in Fig. 13. No isotope effect 
in the formations of propanal and propanol 
on the Rh/ZrO2 catalyst was observed with 
D2 as shown in Table 5, but the isotope ef- 
fects of 13C180 were observed on Table 6, 
suggesting that the rate-determining step for 
hydroformylation on the Rh/ZrO2 catalyst 
is the CO insertion. On the contrary, on the 
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C2~+C0 + H 2 
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FIG. 13. Reaction mechanism for hydroformylation 
on the Se-modified Rh/ZrO 2 catalysts. 

Se-Rh/ZrO 2 catalyst, the isotope effects for 
the formations of propanal and propanol 
were observed with D 2 and not with 13C180 
as shown in Tables 5 and 6, suggesting that 
the CO insertion step is not rate-determining 
due to the assist by Se and rather that the 
dissociative adsorption of H 2 is suggested 
to be the slowest step. This may be also 
supported by the facts that the reaction rate 
for hydroformylation was proportional to 
the H 2 pressure. Thus, it is demonstrated 
t h a t  Se 2- on Rh assists CO adsorption and 
CO insertion, and as a result increases the 
concentration of the propanoyl intermediate 
of hydroformylation in the steady state, 
where the rate-determining step for the hy- 
droformylation switched over from the CO 
insertion process on the Rh/ZrO 2 catalyst to 
theH 2 dissociation step on the Se-Rh/ZrO 2 
catalysts. 

CONCLUSIONS 

(1) Se added to Rh/ZrO 2 promoted the 
hydroformylation reaction of ethene. The 
large enhancement of the rate (ca. I0 times 
in TOF for the formations of propanal and 
propanol) was observed particularly with 

the catalyst modified by (CH3)2Se, on which 
the formation of propanol rather than propa- 
nal was enhanced more than 70 times as 
compared with the propanol formation on 
the unmodified Rh/ZrO 2 catalyst. 

(2) Se markedly increased the selectivity 
ofhydroformylation. The dependency of the 
rate and selectivity upon the Se content 
showed the presence of an optimum Se 
quantity for hydroformylation. 

(3) XPS revealed that Se and Rh are situ- 
ated in the - 2  and metallic states, respec- 
tively, where a direct Se-Rh bonding (2.41 
-~ for Se-Rh/ZrO z derived from Rh6(CO)16/ 

(CH3)zSe) is suggested. 
(4) Se 2- suppressed the adsorption of H 2 

more drastically than that of CO, one Se 
atom blocking the 8 Rh sites for H 2 ad- 
sorption. 

(5) The reaction intermediate, propanoyl 
species for ethene hydroformylation were 
observed with the largest amount on the cat- 
alyst having the optimum Se content. 

(6) S e  2-  is suggested to interact with CO 
and propanoyl adsorbed on the far site (RhB) 
in Fig. 12, which may enable the promotion 
of CO insertion step. 

(7) These effects of added Se switched the 
rate-determining step from the CO insertion 
on the Rh/ZrOz catalyst to the dissociative 
adsorption of H 2 o n  the Se-Rh/ZrO2 cata- 
lysts. 

(8) Se may be superior to S as a promoter 
adatom for hydroformylation, Se being 
larger in size and softer than S. 
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