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Abstract

Effect of addition of vanadium oxide (vanadia) to Rh/gi@ hydroformylation of ethylene and CO hydrogenation was investigated. In the
hydroformylation of ethylene, the addition of vanadia enhanced hydroformylation activity and selectivity; especially the selectivity fanatprop
formation was drastically promoted. The promoting effect was observed more significantly on the catalyst calcined at higher temperature sucl
973 K. It is found that the effect is related to the formation of the Rh@ase, and it is suggested that the active site consists of Rh metal and
partially reduced VQ which is formed by the reduction of Rh\{OT his can make the interaction between Rh and WOre intimate. This catalyst
was also effective for the alcohol formation in CO hydrogenation. Based on the catalyst characterization by means of the adsorption measurern
of H, and CO, H-D, exchange rate under the presence of CO, temperature-programmed desorption (TPD) of CO, temperature-programn
reduction (TPR) with H and temperature-programmed surface reaction (TPSR) of adsorbed CO yvithdsuggested that the sites fop H
activation, which cannot be inhibited by the presence of CO, play an important role in the promotion of alcohol formation in hydroformylatiot
and CO hydrogenation.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction CO hydrogenatio3]. This property is related to high perfor-
mance in CO insertion. There are also reports on addition of
Hydroformylation is one of importantindustrial processes formetal or metal oxide to Rh-based catalysts for CO hydrogena-
producing oxygen-containing compounds (especially aldehyde)jon [1,8,11,16—-27] In both reactions, the additives produced
from olefin. Therefore, the catalysts for the gas plias8]and  a significant effect on conversion and product distribution. In
liquid phasd4—7] hydroformylation have been developed. It is many cases, the interaction between Rh and additive component
well known that Rh is active species for hydroformylation reac-is important in the catalytic promotion mechanism, especially
tion. Especially the additive effect of various components oveif the additive can be located near Rh site in an atomic scale
heterogeneous Rh catalysts has been investigated in order [0,28-30]
enhance the catalytic activity and selectiity8—15] In hydro- One method for making the intimate interaction is prepara-
formylation reaction, the insertion of CO to an alkyl group is tion of catalysts via mixed oxide crystallitgz2—25,31,32]Our
an important elementary step. In addition, it has been reportegroup has found that mixed oxides such as RhVRhNbQ,
that Rh is an effective species for C2 oxygenates formation imnd ReBMnO, can be formed on Si©support by the calci-
nation at high temperature (973-1173[Rp,24] RhVO, was
decomposed to highly dispersed Rh metal particles covered with
** Corresponding author. Tel.: +81 29 853 5030; fax: +81 29 853 5030. partially reduced vanadia Spe.CIGS Y@y H redu.Ctlon above
E-mail addresses: tomi@tulip.sannet.ne.jp (K. Tomishige), 473K, and a strong metal-oxide (Rh-\)interaction (SMOI)
kunimori@ims.tsukuba.ac.jp (K. Kunimori). was induced on Si@supporf22,23,25]
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In this article, we investigated the performance of vanadia Temperature-programmed reduction (TPR) was carried out
promoted Rh/SiQ (V-Rh/SiG) catalysts prepared via RhMO in a fix bed reactor equipped with a TCD detector using 5%
mixed oxide in hydroformylation of olefins (ethylene and propy- Hz diluted with Ar (30 ml/min). The amount of catalyst was
lene) and CO hydrogenation under atmospheric pressure. 05 g, and the temperature was increased from room tempera-
addition, from the catalyst characterization data, the mechanistare to 1123 K at the heating rate of 10 K/min. Temperature-

of the promotion by vanadium oxide is discussed. programmed desorption (TPD) of CO adsorbed on the cata-
lyst was carried out in a closed circulation system equipped
2. Experimental with a quadrupole mass spectrometer (Balzers QMS 200F).
The amount of the catalyst was 0.10g and the temperature
2.1. Catalyst preparation was increased from room temperature to 773K at the rate of

10 K/min. The catalyst was exposed to CO (7 kPa) at room tem-

All catalysts were prepared by impregnating $80pport(Q-  perature after reduction inH7 kPa) and evacuation at 573K
100 or G-6; Fuiji Silysia Chemical Ltd.) with aqueous solution before TPD measurements.
of metal salts. Before the impregnation, $Sias calcined in air Temperature-programmed surface reaction (TPSR) of
at 1173 K for 1 h to avoid the structural change during the cataadsorbed CO with blwas carried out in the fixed bed flow reac-
lyst preparation. The BET surface areas of the;Si@ 100 and  tor under atmospheric pressure. The effluent gas was analyzed
G-6) after the calcination were 38 and 535 respectively. by FID-gas chromatograph (Shimadzu GC-14B) equipped with
Rh/SiG (Q-100 and G-6) catalysts were prepared by the incipi-a methanator using a Gaschropak 54 column every 30s. The
entwetness method using RRAH,O (N.E. Chemcat Corpora- catalyst weight was 0.1 g, and the temperature was increased
tion, >98%). Unless otherwise stated, the £{Q-100) support  from room temperature to 600 K at the heating rate of 10 K/min
was used. The method of preparing modified Rh catalysts (Munder the flow of 10% bi(total flow rate: 10 ml/min, balanced
Rh/SIG;, M=V, Fe, Zn, Mo, Co, Zr and Nb) was as follows: after with He). The catalyst was exposed to CO (5kPa, total flow
the impregnation of Si@with RhCk-3H,0 aqueous solution rate 10 ml/min, balanced with He) at room temperature after H
and drying at 383 K for 12 h, the modification with additive com- reduction and purge with He at 573K before TPSR measure-
ponentwas carried out by the subsequentimpregnation using tmeents.
aqueous solution of NFYO3 (WAKO Pure Chemical Indus- Fourier transform infrared spectra (FTIR) of CO adsorption
tries Ltd., >99.5%), Fe(N§)3-9H,O (WAKO Pure Chemical was recorded at room temperature by an FTIR spectrometer
Industries Ltd., >99%), Zn(Ng)2-6H,O (WAKO Pure Chemi-  (Nicolet, Magna-IR 550 spectrometer) in the transmission mode
cal Industries Ltd., >99%), (NfJsM07024-4H,0 (WAKO Pure  using a quartz glass IR cell with Catwindows connected to the
Chemical Industries Ltd., >99%), Co(NR-6H,O (WAKO  vacuum-closed circulating system. The catalyst was well mixed
Pure Chemical Industries Ltd., >98%), ZrO(R@2H,O  withthe same weight of SigXfine powder, AEROSIL Si@380,
(SOEKAWA CHEMICALS, >99%) and (Nk))3[NbO(C204)3] BET 380 nt/g), and it was pressed into a disk of 20mm @ and a
(CBMM International LDTA, AD-382). After the catalysts were weight of about0.03 g. The catalystwas exposedto CO (7 kPa) at
dried at 383K for 12 h again, they were calcined in air atroom temperature after the reduction with 7 kPead evacua-
573-973K for 3h. The loading amount of Rh was 4 wt%, andtion at 573 K. After CO adsorption, the gas was evacuated. FTIR
the amount of additive was adjusted to molar ratio of M/Rh = 1.spectra of adsorbed CO were obtained under vacuynDH
V205/SiO; was prepared by impregnating SIQQ-100) with  exchange reaction under presence of CO was carried out in the
the aqueous solution of Nf¥O3. After the sample was dried at closed circulation system equipped with the quadrupole mass
383K for 12 h, itwas calcined at 773 K for 3 h. Loading amountspectrometer. The catalyst amount was 0.5g, and the catalyst

of vanadium was adjusted to that of V-Rh/SiO sample was reduced in 33.3 kPa ofdéi 573 K for Rh-based cat-
alystand at 1023 K for ¥Os/SiO,, and subsequently evacuated
2.2. Catalyst characterization at the same temperature. After the temperature reached the reac-

tion temperature, reactant gas@{ = Pp, = Pco = 20kPa,

X-ray diffraction (XRD) measurements were carried out with Par = 6 kPa as internal standard gas) were introduced and they
an X-ray diffractometer (Philips X’Pert MRD) equipped with a were continuously circulated during the reaction. The reaction
graphite monochromator for Cudk(40 kV, 20 mA) radiation. was carried out in the range of room temperature to 353K, and
The mean particle size was calculated from the XRD line broadthe gas phase was analyzed by the quadrupole mass spectrometer
ening measurement using Scherrer equdBdn33] Transmis-  every 4.5 min.
sion electron microscope (TEM, JEOL JEM-2010) observation
was carried out for V—-Rh/Si©catalysts after reduction, CO 2.3. Hydroformylation of ethylene and propylene
hydrogenation and ethylene hydroformylation. The amounts of
H> and CO chemisorption were measured in a conventional volu- Ethylene hydroformylation was carried out in the fixed bed
metric adsorption apparatus; detailed procedures were describéidw reactor system under atmospheric pressure. The catalyst
elsewherd34,35] The amounts of the total Hthemisorption was pretreated under hydrogen flow (30 ml/min) at 573K for
(H/Rh) and the irreversible CO chemisorption (CO/Rh) werel h. After the reactor was cooled down to room temperature,
measured at room temperature afterrdduction and evacua- the reactant gases for hydroformylation of ethyleRe, G, =
tion at 573 K. Pco = PH, = 33.8kPa) were fed to the catalyst bed, and then
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the reaction temperature increased step-by-step and it was kept 100 ‘ . . ; 05
for about 1.5h at each reaction temperature. The effluent gas
was analyzed by a gas chromatograph (GC). Ethylene and ethane
were analyzed by an FID-GC (Shimadzu GC-14B) using VZ-10 80 - i 0.4
column (3mm i.d., 2m). Oxygenates were analyzed by FID- I 3]
GC (Shimadzu GC-8A) using a Stabilwax fused silica capillary
column (RESTEK, 0.53mm i.d., 60 m). Carbon monoxide was
analyzed by a TCD-GC (Shimadzu GC-8A) using a Porapak Q
column (3mmi.d., 2m). The catalyst amount was 0.1 g, and the
total flow rate of the reactant gases was 6 ml/min, which corre-
sponded to GHSV =3600H1. Hydroformylation of propylene
was also carried out in a similar method to that of ethylene.

60 -

40

Selectivity / %
Ethylene-based conversion / %

2.4. CO hydrogenation

CO hydrogenation reaction was carried out in the fixed bed 0 100 200 300
flow reactor at atmospheric pressure. After 0.5g of catalyst Time on stream / min

was reduced in bl flow (30 ml/mm) at 573K, the reactant Fig. 1. Reaction time dependence of ethylene hydroformylation selectivity

gas Pco=33.8kPapPy, = 67.6 kPa, total flow rate 1.5ml/min, and ethylene-based conversion over V-Rh/Sid 388K: @) 1-propanol,
GHSV=180h1) was fed into the reactor at room tempera- (®) propanal, &) ethane and(®) ethylene-based conversion. Reaction con-

ture, and then the reaction temperature increased step-by-stefions: catalyst weight=0.1gPc,n, = Pco = Pu, = 33.8kPa, total flow
Although the catalyst activity Changed with time on stream rate =6 ml/min, total pressure =0.1 MPa and reduction temperature =573 K.
especially at the initial stage, steady-state activity could be . .

obtained after about 1.5 h. The steady-state activity was cor’r?_—tag'e of hydroformylatl_on reaction and that was_due to adsorp-
pared. CO and COwere analyzed with TCD-GC (Shimadzu tion of propanal and higher compounds formation on catalyst

GC-8A) equipped with a Porapak Q column (3mm i.d., 2m),support[36]. However, this is not consistent with the behav-

and product hydrocarbons and oxygenates were analyzed Witﬂr of propanal since the formation rate of propanal was stable
rom the initial stage. Therefore, we assume that the active site

an FID-GC (Shimadzu GC-8A) using a Rt-UPLOT fused silica .
capillary column (RESTEK, 0.32 mm i.d., 30 m). for eth_ylene hydrogenatpn was changed to that for 1-propanol
formation, although details are not clear at present.

Reaction temperature dependence of ethylene hydroformyla-
tion over V-Rh/SiQ calcined at 973 K followed by freduction

In order to elucidate the formation mechanism of alcohol2t 573K is shown inFig. 2 Ethylene conversion increased

in hydroformylation and CO hydrogenation, hydrogenation of
propanal under the presence of CO was carried out in the fixed
bed flow reactor under atmospheric pressure. After the catalysts
were pretreated in flowing hydrogen (30 ml/min) at 573K, the
reactant gasHpropanaF 0.17 kPa,Pco = Ph, = 33.8 kPa, bal-
anced with He) was fed into the reactor in the temperature range
of 373-433 K. The effluent gas was analyzed in a way similar
to that in the hydroformylation of ethylene.

2.5. Hydrogenation of propanal under presence of CO

70

60 -

3. Results and discussion
50
3.1. Effect of vanadia in hydroformylation

Hydroformylatio selectivity /%
Ethylene-based conversion / %

Fig. 1 shows reaction time dependence of ethylene hydro-
formylation activity over V—Rh/Si@catalyst calcined at 973 K 40 |-
followed by H reduction at 573 K. During the first 1h, the
conversion and selectivity was changed significantly; however, — f‘m : 4(')0 : 4;0 B
there was not much change in the activity after 1 h. Therefore, ) Temperature / K
the activity at 1.5 h is compared hereafter. Ethylene-based con-
version increased gradually with time on stream. SelectivityFig. 2. Reaction temperature dependence of ethylene hydroformylation over
changed more significantly than conversion. The selectivity for/-RN/SIQ: catalyst calcined at 973KL(Y) ethylene-based conversior, )

. . sglectivity to oxygenates (oxygenates = 1-propanol + propanal lreb{ectiv-
ethane formation 'graldually decrgasgd, but in contrast, that QU 1-propanol. Reaction conditions: catalyst weight = 0.Be, = Peo
1-propanol formation increased with time on stream. Takahash,, — 33.8kPa, total flow rat =6 mi/min, total pressure = 0.1 MPa and reduc-
et al. have reported that propanal yield increased at the initialon temperature =573 K.
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Table 1 can be explained by the metal dispersion. Furthermore, the selec-
Activation energy of ethylene hydroformylation over Rh/giéhd V-Rh/SiQ tivity for hydroformylation over Rh/Si@(G-6) was also higher
catalysts than that over Rh/Si©(Q-100). It has been reported that the
Catalyst Support  Activation energy (kJ/mol) Reference selectivity for hydroformylation is higher over more highly dis-
1-Propanol  Propanal  Ethane persed Rh metal particl§®9,40] In addition, itis very important

to note that the selectivity for 1-propanol is almost zero over

EEEQZ Q-100 - 60 65 Thiswork ) th Rh/SIQ catalysts. We prepared V—Rh/Si@sing SiQ
iQ G-6 - 44 78 This work o .
V-RhSIQP Q-100 37 47 62 Thiswork (Q-100) because Rh\V/fdvas formed by the stoichiometric sur-
. face reaction between Rh and V. When &i@-6) was used,
Rh/SiCy - - 57 88 [37] : . "
_ B 50 87 [38] the interaction was weak, and the effect of V addition was

not remarkable. This is why we used Si(Q-100). Over the
V-Rh/SiG, catalysts 1-propanol was mainly formed. The per-
formance was dependent on the calcination temperature, and the
catalyst calcined at 973 K was more effective than that calcined
with increasing reaction temperature; however, the selectivity tat 773 K. The performance of V-Rh/Si@as compared to that
oxygenate compounds (1-propanol + propanal) decreased. Thi$§ M-Rh/SiO, catalysts as listed iffable 2 According to the
temperature dependence is usually observed in hydroformylgrevious reports, 1-propanol was obtained efficiently in hydro-
tion of ethylene. In this temperature range, the main product oformylation of ethylene over Rh catalysts modified with Fe, Zn
oxygenates was 1-propanol over the V-Rh/S@atalyst. The and Mo[1,8,11] Therefore, we prepared and tested them. As
activation energy of ethylene hydroformylation over Rh/s5iO shown inTable 2 the addition of various components promoted
and V-Rh/SiQ is listed inTable 1 In the case of Rh/SiQthe  1-propanol formation in ethylene hydroformylation. In the case
activation energy of propanal formation was lower than that ofof Mo-Rh/SiQ, the selectivity for 1-propanol and the hydro-
ethane formation. This tendency is consistent with that reportetbrmylation product (1-propanol + propanal) was high; however,
[37,38] The activation energy of 1-propanol formation over the selectivity for ethane formation was much higher than that
the V-Rh/SiQ catalyst calcined at 973 K was estimated to beover Rh/SiQ, although the conversion was significantly high.
37 kJ/mol, which was lower than the others, and this can b®ther additives did not lead to any attractive selectivity. Thus,
related to the high selectivity for 1-propanol formation. vanadia is the most effective additive. In addition, the effect
Activity of various Rh-based catalysts for ethylene hydro-of calcination temperature over M-Rh/SIQM =Mo, Zn and
formylation is listed inTable 2 We prepared two kinds of Fe) on the catalyst performance is different from that over
Rh/SiG using different SiQ supports. The amounts obtdnd  V-Rh/SiG. In the case of M-Rh/Si®(M =Mo, Zn and Fe),
CO adsorption are listed iable 3 The results show that Rh increasing calcination temperature decreased the conversion and
metal particles were much more dispersed over R/S®  hydroformylation selectivity.
6) than over Rh/Si®(Q-100), being highly dependent on the  Furthermore, we also tested hydroformylation of propylene
surface area of the support. As listedliable 2 Rh/SiQ (G-6)  as listed inTable 4 Over V-Rh/SiQ the propylene conver-
exhibited much higher conversion than Rh/3{Q-100), which  sion increased with increasing calcination temperature, and the

@ Temperature range was 413-483K.
b Temperature range was 373-433K.

Table 2
Results of ethylene hydroformylation over Rh-based catalyst on &G88 K
Catalyst Support Calcination tem- Conversion (%) Yield (10%%) Selectivity (%)
perature (K)
1-Propanol Propanal Ethane 1-Propanol Propanal Ethane
Rh/SIG Q-100 773 0.21 0 8 13 0 38 62
G-6 773 1.88 1 123 64 <1 65 34
V-Rh/SI& Q-100 773 0.20 12 1 7 57 7 36
Q-100 973 0.40 24 3 13 61 8 31
Mo-Rh/SIiQy Q-100 773 1.30 53 5 72 41 4 55
Q-100 973 0.71 22 1 48 31 1 68
Zn-Rh/SIQ Q-100 773 0.22 7 11 4 32 50 18
Q-100 973 0.07 2 2 3 22 33 45
Fe-Rh/SiQ Q-100 773 0.48 10 17 21 21 35 44
Q-100 973 0.08 1 2 5 17 23 60
Co-Rh/SIQ Q-100 773 0.69 6 34 29 9 49 42
Zr-Rh/SiQ Q-100 773 1.16 32 42 42 28 36 36
Nb-Rh/SiQ Q-100 773 0.39 4 14 21 10 36 54

Yield and selectivity were calculated on the ethylene basis. Reaction conditions: catalyst weightPcQw, 8 Pco = Pn, = 33.8 kPa, total flow ra =6 ml/min,
total pressure = 0.1 MPa and reduction temperature =573 K.
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Table 3
Characterization of Rh/Sifand V-Rh/SiQ by means of adsorption and XRD
Catalyst Support  Calcination tem- XRD Adsorption TOE (102 min~1)
perature (K) - - - -
Particle siz& (nm) Dispersion of Rh metal  H/Rh CO/Rh 1-Propanol Propanal Ethane

Rh/SIQ Q-100 773 14 0.08 0.04 0.04 0.0 4.8 7.1

G-6 773 2.9 0.38 0.50 0.45 <0.1 5.5 3.4
V-Rh/SI& Q-100 773 2.6 0.42 0.28 0.08 3.6 0.4 2.2

Q-100 973 3.0 0.37 0.17 0.06 10.1 1.3 5.2

All samples were reduced at 573 K before the characterization.
@ Calculated from XRD line broadening measurement using Scherrer eq{&ti&3].
b Dispersion of Rh metal is calculated on the basis ofdi(fiarticle size, nmj34].
¢ Calculated from CO uptake and formation rate of each product in ethylene hydroformylation at 388 K.

hydroformylation selectivity was higher than over both Rh/SiO after the reduction of V—Rh/SiOcalcined at 973 K, the broad
catalysts. The TOF of butanol + butanal over V-Rh/Silas  peak assigned to Rh metal was obsenkd.(3g)). This indi-
also higher than that over Rh/Si@atalysts. The most impor- cates that Rh metal formed on the reduced V-Rhf$$0nore
tant point is that the selectivity for alcohol formation over highly dispersed than that on Rh/Si®ven when the low sur-
V-Rh/SiQ was much higher than that over Rh/SiQhe cat- face area Si@was used Table 3. On the basis of the results
alytic behavior in propylene hydroformylation was similar to that the V—Rh/Si@ calcined at higher temperature gave higher
that in ethylene hydroformylation. Thei ratio was not so dif- conversion and selectivity in ethylene hydroformylation, it is
ferent over Rh/Si@and V-Rh/SiQ. thought that the active sites for hydroformylation are formed
by the reduction of RhV@crystallites. On the other hand, in
the XRD patterns of M-Rh/Si® (M=Mo, Zn and Fe) cal-
cined at 973K, the peaks were clearly observed. In the case of
Fig. 3 shows XRD patterns of Rh/SiOand M-Rh/SiQ  Zn-Rh/SiGQ and Mo-Rh/SiQ, the formation of ZnRpOg [41]
(M=V, Fe, Zn and Mo) under various treatment conditions.and MoRROg [42,43]was confirmedKig. 3(i and j)), respec-
In the case of Rh/Si@calcined at 773 K, no peak other than tively. Furthermore, inthe case of Fe-Rh/Si€talyst, the peaks
amorphous Si@ (20 ~ 22°) was observedHig. 3(a)). Afterthe  were observed between the peaks assigned +@gR[4] and
reduction of Rh/Si@ at 573 K, the peaks assigned to Rh metalFe;O3 [45] (Fig. 3(h)). Since the crystal structure of Kbs and
were observedqig. 3b)). On the basis of line broadening of the Fe,O3 was similar (rhombohedral), it is suggested that the solid
peaks, the mean Rh particle size and the dispersion of Rh metablution of RhO3—Fe 03 can be formed. The results of XRD
were estimated as listedTiable 3 Inthe case of V-Rh/Si®)no  suggest that mixed oxides were also formed over the M-Rh/SiO
XRD peak assigned to Rh or V species was observed after thé = Mo, Zn and Fe) like V-Rh/Si@when the catalysts were
calcination at low temperatures such as 573 and 7/¢ §c  calcined at 973 K. In the case of V-Rh/Sid is suggested that
and d)). In contrast, for V—-Rh/SiQOcalcined at 873K, small the formation of mixed oxide RhV{followed by H, reduc-
peaks assigned to Rh\{(23,25,31]were observedHig. 3€)), tion can promote the 1-propanol formation in hydroformylation.
and the peak intensity was strong for V—Rh/gi€alcined at The results of two Rh/Si@catalysts with different dispersion
973K (Fig. f)). This indicates that the crystal size of RhyO pointed out that high dispersion of Rh metal is not related to
increased with increasing calcination temperature. Furthermoréhe formation of 1-propanol, although Rh metal particles from

3.2. Catalyst characterization

Table 4
Results of propylene hydroformylation over Rh/Siénd V-Rh/SiQ
Catalyst Support  Calcination Reaction Conversion Propylene-based selectivity (%) TOEA02min1)
temperature (K) temperature (K %
P ) P K 00 Butanol @/i) Butanal /i) Propane Butanol Butanal Propane
Rh/SIQ Q-100 773 418 0.01 0(-) 37(-) 63 0 0.5 0.8
433 0.05 7(-) 40 (6.5) 53 0.2 11 1.6
G-6 773 418 0.57 1(3.5) 33(2.5) 66 0.0 1.0 1.9
433 1.26 19 (5.6) 18 (2.8) 63 12 12 4.0
V-Rh/Si&; Q-100 773 418 0.11 68 (3.4) 2(0) 30 22 0.1 1.0
433 0.20 59 (4.8) 2(0.6) 39 34 0.1 2.2
Q-100 973 418 0.18 51(3.8) 4(0.9) 45 34 0.2 3.0
433 0.39 55 (5.2) 3(1.5) 42 8.3 0.4 6.4

Yield and selectivity were calculated on the propylene basis. Reaction conditions: catalyst weightPeQwl g Pco = PH, = 33.8 kPa, total flow rag = 6 ml/min,
total pressure =0.1 MPa and reduction temperature =573 K.

@ Calculated from CO uptake and formation rate of each product in propylene hydroformylation.
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Fig. 3. X-ray diffraction patterns of Rh-based catalysts on,Si@) Rh/SiQ C_alcmed at 773K, the intenSitY_Of the peak f(_)rz{@@ reduc-
calcined at 773K, (b) sample (a) reduced at 573K, (c) V-Rh/sicined at  tion decreased and the reduction peak at higher temperature

573K, (d) V-Rh/SIQ calcined at 773K, (e) V-Rh/Sitxalcined at 873K, (f)  (about 385 K) appeared. The interaction of Rh with V species
V-RN/SIC;, calcined at 973K, (g) sample (f) reduced at 573K, (h) Fe-RhSIO ¢an decrease reducibility of Rh. On the catalyst calcined at the
calcined at 973K, (i) Zn-Rh/Sigxalcined at 973 K and (j) Mo-Rh/SiZalcined higher temperature. higher temperature was necessarv for the
at 973K, gher temp : N9 p y

catalyst reduction. It is estimated from the €bnsumption that

Rh is reduced to metal ancb®s is reduced to YO3 (i.e., VO,
RhVO4 have high dispersion. The mixed oxide derived catalysts = 1.5). In addition, much higher temperature (850 K) was nec-
were not effective over the M-Rh/Si3M = Mo, Zn and Fe). essary for the reduction of)dDs/SiOs.

In order to estimate the interaction between Rh and V oxide For the characterization of the reduced catalysts, we mea-
on V-Rh/SiQ, the effect of calcination temperature on TPR sured FTIR spectra of CO adsorbed on Rhi&z@d V-Rh/SiQ
profiles was investigatedr{g. 4). The consumption amounts of catalysts as shown iRig. 5. On Rh/SiQ, twin CO (2094 and
H, are listed inTable 5 In the TPR profile of Rh/SiQ the 2026 cnT1), linear CO (2053 cm?) and bridge CO (1872 cmit)
reduction proceeded at about 343 K, and this can be assigneduere observef6], and main adsorbed species was the bridge
the reduction of ROs to Rh metal, which is supported by the CO. In contrast, on V-Rh/Sitwin CO (2094 and 2021 cm),
amount of H consumption (#/Rh=1.5). On the V-Rh/Si® linear CO (2053 cm?') and bridge CO (1913 cnt) were also

Table 5
H> consumption over Rh/Si)V-Rh/SiG and V,0s5/SIiO;, in TPR
Catalyst Calcination temperature (K) Metal content(4tol/g cat.) H consumption (104 mol/g cat.}
Rh \%
Rh/SIQ, 773 3.88 - 5.93
V-Rh/SIQ 773 3.88 3.88 10.4
873 3.88 3.88 10.7
973 3.88 3.88 11.2
V,05/SiO, 773 - 3.88 3.52

@ Temperature range was 300-1123K.
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T T T T estimated from XRD (0.37) was much higher than the corre-
sponding CO/Rh (0.06). This disagreement can be explained by
the covering of vanadium oxide species for Rh metal surface.
This phenomenon has also been found on vanadia-modified Rh
catalystd18,25,48] The ratio of the dispersion estimated from
CO adsorption amount (0.06) to that from XRD (0.37) indi-
cates that about 84% of the Rh surface is covered with vanadium
oxide. Another interesting point is that over V—Rh/gi€alcined
at 973 K the amount of Hadsorption (H/Rh=0.17) was much
higher than that of CO adsorption (CO/Rh=0.06). As shown
in Table 3 on two Rh/SiQ catalysts, the adsorption amount
of CO and B was similar, which is consistent with the previ-
ous report$18,25,48] Furthermore, it has been known that the
amount of CO adsorption was higher than that efdsorption
\ , , , . over various modified Rh catalyg#9]. It can be interpreted as
2200 2100 2000 1900 1800 the additive component, destroying the surface ensemblexfor H
Wavenumber / cm’ dissociation.
Fig. 5. FTIR spectra of CO adsorbed on Rh/giéhd V-Rh/SiQ catalysts. Fig. 6shows the TEM images of V-Rh/Sj@atalyst calcined
The sample was exposed to CO at room temperature afteedtliction and ~ at 973 K after various treatments. The TEM image of V-Rh£SIO
evacuation at 573 K. The spectra were measured in vacuum at room temperatugfter the calcination has already been repo[*zéqt where Iarge
(a) Rh/SIiQ calcined at 773 K and (b) V-Rh/Si@alcined at 973 K. plate-type crystals assigned to Rhy@ere observed clearly.
After Ho reduction, the presence of Rh metal particles was con-
observed46,471 only the peak position of the bridge CO speciesfirmed by XRD and TEM observatiofir{gs. 3(g) and 6(3) and
was shifted. This may be reflected by the surface structure dhe particle size of Rh metal estimated from XRD was 3.0 nm
V-Rh/SiQ, although the reason is not clear at present. An(Table 3. This supports that the assembly of small particles
important point is that main adsorbed species was changed id the TEM image are due to Rh metal particles, which also
the linear CO. As shown iffable 3 in the case of Rh/Si§)  agrees with the previous repofb,30] The elemental analy-
the dispersion estimated from XRD was almost close to th&is by energy dispersing X-ray analysis (EDX) suggested that
CO/Rhratio. However, in the case of V-Rh/Sjthe dispersion the composition of the region of small particles assembly was

Absorbance / a.u.

Fig. 6. TEM images of V-Rh/Si@catalyst calcined at 973 K after various treatments: (a and b) after reduction at 573K, (c) after hydroformylation of ethylene
(reaction conditions are the sameHig. 1) and (d) after CO hydrogenation (reaction conditions are the saifebie 7.
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almost the same as that of the Rhy/€rystal. This indicates than Mo-Rh/SiQ. These results mean that propanal in the gas
that the interaction between Rh and vanadia is strong on theghase can be converted to 1-propanol and 2-methyl-2-pentanal
reduced catalyst, which can explain the fact that small metabver V-Rh/SiQ. However, in the hydroformylation reaction
particles do not aggregate in the assembly. It is also suggesteder V-Rh/SiQ, 2-methyl-2-pentanal was not observed at all.
that vanadia species are located between small Rh particles, amterefore, it is thought that 1-propanol is formed without being
this can inhibit the aggregation of Rh metal particleig,. 6(b)  via 1-propanal in the gas phase over V-Rh/SiThis suggests
shows the TEM image with higher magnification. It seems thathat 1-propanol is formed directly from propanoyl species over
metal particles with high contrast are covered with the loweV—Rh/SiQ,, which is a reaction intermediate of propanal for-
contrast part, which can be assigned to vanadia species. In addnation, and it is thought that adsorbed acyl group is directly
tion, the TEM observation of V—-Rh/SyZatalyst after ethylene hydrogenated to alcohol via alkoxide species. Furthermore, the
hydroformylation showed no sintering of the Rh metal, andhydrogenation reaction can proceed in the presence of CO on
structural change was not observed after the reaction for 8W—Rh/SiQ; and Mo-Rh/SiQ, and this behavior is totally dif-
(Fig. 6(c)). ferent from Rh/SiQ. In the case of Rh/Si& the hydrogenation
On the basis of the amount of CO adsorption, the turnovereaction cannot proceed in the presence of CO sincaddorp-

frequency in hydroformylation was calculated, and the resultsionis inhibited by adsorbed CO species. These findings indicate
are listed inTable 3 Since the CO adsorption and insertion is that on the V-Rh/Si@ catalyst +} can be activated even in
an important step in hydroformylation reaction, we used thehe presence of CO. As shown Trable 3 V-Rh/SiQ gave
data of CO adsorption in the TOF calculation. On two Rh/SIO higher H/Rh than CO/Rh, and this suggests the presence of
catalysts, the TOF of propanal formation was at a similar levelH, adsorption sites, which are not inhibited by adsorbed CO
In contrast, the V-Rh/Si®calcined at 973 K gave higher TOF species.
of the formation of 1-propanol + propanal than that calcined at In order to evaluate the ability of Hactivation in the pres-
773 K and those of two Rh/SiZatalysts. This indicates that Rh ence of CO, we measured the-HD, exchange reaction rate in
modified with vanadia via RhVQformation exhibited higher the presence of C®ig. 7shows Arrhenius plots of the reaction
activity in ethylene hydroformylation. over Rh/SiQ, V-Rh/SiG and reduced YOs/SiO,. In the case

of V205/SiOy, on the basis of TPR results, the state of reduced
3.3. Propanal hydrogenation under the presence of CO and V205/SIO; Wa_s adjusted to that of V-Rh/SiCand the av?rage
model scheme of ethylene hydroformylation state of vanadium Was3v (V203). On the reduced ¥Os/SiOy,

the exchange activity was too low to measure the rate accu-

As described above, the additive effect of vanadia to Rh_lSiOrately' Qn the other ha“?" Rh/ Sg'@xhibi?ed _the activity between

in hydroformylation reactions is to enhance the selectivity for?205/SiO2and V-Rh/SiQ, and the activation energy was much
alcohol formation as well as the TOF. In order to understand th819her than that on V-Rh/S{OThis is probably becausezts
mechanism of alcohol formation, we measured the activity of.ctivated on the vacant Rh site under high CO coverage and the
propanal hydrogenation in the presence of Gabfe §. The activation energy can include the energy of CO desorj&oh
pressure of CO and Hwas adjusted to the hydroformylation
conditions, and the pressure of propanal is determined from the
result of ethylene hydroformylation. Two products, 1-propanol
and 2-methyl-2-pentanal, were observed. The formation of 1- 14
propanol is due to the hydrogenation of propanal, and the forma-
tion of 2-methyl-2-pentanal is due to the aldol condensation of
propanal. Rh/Si@showed very low activity in propanal hydro-
genation. Mo-Rh/Si@showed very high activity and selectivity
to 1-propanol. In contrast, V-Rh/Sj@lso showed high activity;
however, the selectivity to 2-methyl-2-pentanal is much higher

E=18.1 kJ/mol

y -1
In (vyy.p. / mol & -cat)
/

Table 6 r h
Results of GH5CHO + CO + H reaction at 388K

Catalyst Propanal-based  Selectivity (%)
conversion (%)

i | L 1 L 1 "
28 29 3.0 il 32 33 34

Rh/Si0? 1.7 0 100 1000/ 7/ K"

V-Rh/SiQP 423 61 39 . henius bl ¢ h ion in th f CO:
Mo-Rh/SiOy? 70.1 99 1 Fig. 7. Arrhenius plots of b-D, exchange reaction in the presence of CO:

(M) Rh/SiG; calcined at 973K, @) V-Rh/SiQ calcined at 973K anda)
Reaction conditions: catalyst weight 0.1gPco = P, = 33.8kPa, V205/Si0, calcined at 773 K. Reaction temperature range was from 299 to
Ppropana~ 170 Pa, total pressure = 0.1 MPa and total flove e ml/min. 353K, Py, = Pp, = Pco = 20.0kPa; Rh-based catalysts were reduced py H

@ Calcined at 773 K and reduced at 573 K. at 573 K before reaction; 30s/SiO, was reduced by pat 1033 K before reac-

b Calcined at 973K and reduced at 573K. tion.

1-Propanol 2-Methyl-2-pentenal
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Hia
CoHy —=» GoHsw (A) Hiw C:HsCHOw)

\ Qcondcnsation
COw =M CHC0w  (B) 2-methyl-2-pentenal
Zm CHsCH:Ow

m C;HsCH>OHg)

Fig. 8. Scheme of ethylene hydroformylation over V-Rh/SiO

Hm/ CaHeter Ha C>HsCH2OHw

N\
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Fig. 9. Reaction temperature dependence of CO hydrogenation over RR(000), Rh/SiQ (G-6) and V-Rh/SiQ (Q-100) catalysts: (a) Rh/S§Q-100)
calcined at 773 K, (b) Rh/Si£XG-6) calcined at 773 K and (c) V-Rh/Si@Q-100) calcined at 973 K. Left axis: selectivity (%); right axis: CO conversion. Reaction
conditions: catalyst weight=0.5 §co = 33.8 kPa,P4, = 67.6 kPa, total flow rate = 1.5 ml/min, total pressure = 0.1 MPa and reduction temperature =573 K.

The activation energy is similar to those of propanal and ethansites over V—Rh/Sig) which are not inhibited by adsorbed CO
formation in the hydroformylation of ethylen&dble ). Incon-  species. In addition, since the active sites are not formed on
trast, V—Rh/SiQ exhibited high activity and lower activation reduced \¥Os/SiO,, the active sites can be located at the inter-
energy. This result also supports the existence péttivation  face between Rh metal and vanadium oxide. The exchange rate

Table 7
CO conversion and selectivity in CO hydrogenation over RSt V-Rh/SiQ catalysts at 453 K
Catalyst
Rh/SiQ? V—Rh/SiQ,P
Q-100 (1.5h§ G-6 (1.5h¥y Q-100 (1.5h9 Q-100 (5.0M9
CO conversion (%) 0.6 5.0 16.6 14.2
Selectivity (%)
Methanol 0.0 2.1 4.2 6.9
Ethanol 0.0 3.0 16.2 20.9
Acetaldehyde 0.3 2.9 2.0 2.5
Acetic acid 6.0 15 1.3 15
1-Propanol 0.0 0.0 35 3.1
COx 21.5 0.6 17.5 13.7
CHy 20.3 54.6 13.6 13.9
HC
Cc2 17.0 34 5.3 6.1
C3 25.2 13.2 135 12.3
C4 8.2 3.2 9.3 6.8
C5 1.6 7.7 5.1 4.1
C6 0.0 7.6 5.0 3.1
Cc7 0.0 0.0 35 5.2

Reaction conditions: catalyst weight = 0.59%g0 = 33.8 kPa P4, = 67.6 kPa, total flow rate = 1.5 ml/min, total pressure = 0.1 MPa and reduction temperature =573 K.
a Calcined at 773 K.

b Calcined at 973 K.
¢ Support (reaction time).
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was much higher than that of hydroformylation, and the activainteresting point is that the hydrogenation of propanoyl group is

tion energy was much lower. This indicates thatadisorption  promoted more selectively than that of ethyl group judging from

can easily proceed, reaching equilibrium. the TOF {Table 2. It is implied that the formation of propanoyl
Fig. 8 shows a model scheme of ethylene hydroformylationgroup and its hydrogenation can proceed at the same sites, which

and 1-propanol formation over V-Rh/SiOThe vanadia addi- are located on Rh modified with vanadium oxide.

tion to Rh/SIQ influences the CO insertion (step A). It has

been known that various additives are effective for the enhancey Effect of vanadia in CO hydrogenation

ment of hydroformylation selectivitjl,8—10] This promotion

can be explai_ned by the interaction of oxygen atom of adsorbed Fig. 9shows reaction temperature dependence of CO hydro-

CO on Rh with cations located near the Rh surfg:61,52] enation over Rh/Sigand V—Rh/SiQ catalysts. The details of

On the other hand, the addition of vanadia promoted 1'pmp""‘ﬁroduct distribution are listed ifiable 7 V-Rh/SiGQ exhibited

formation. The path of 1-propanol formation is thought to bey,ch higher CO conversion and selectivity to C2 oxygenates,

hydrogenation of propanoyl and propoxide species, or hydroggpecially ethanol, than two Rh/Si@atalysts. As shown in

genation of propanalin the gas phase. From the result of propangh e 7 the CO conversion slightly decreased with time on

hydrogenation in the presence of CO, we assume_tha@ the Maiream. On the other hand, the TEM imagg( &d)) remained

route is (B). This route is not opened over Rh/&i0his is unchanged after yreduction Fig. &a)), and almost no change

related to the ability of hydrogenation promoted by vanadia addii, the \//Rh ratio in that assembly was observed in EDX analysis
tion in hydroformylation reaction conditions. Particularly, the

(a)
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Fig. 10. Temperature-programmed desorption (TPD) profiles of CO adsorbed

on Rh/SiQ and V-Rh/SiQ catalysts: (a) Rh/Si@calcined at 773K and (b) Fig. 11. Temperature-programmed surface reaction (TPSR) profiles of CO
V-Rh/SiQ; calcined at 973 K. Solid line: CO desorption; broken line: Qi@s- adsorbed on Rh/Siand V-Rh/SiQ in H; stream: (a) Rh/Si@calcined at
orption. The sample was exposed to CO at room temperature afteddction 773K and (b) V-Rh/Si@ calcined at 973 K. Reduction temperature =573 K
and evacuation at 573 K. and heating rate = 10 K/min(ff) CO and W) CHa.
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Fig. 12. FTIR spectra in C-H and CO stretching ranges of V-Rh/8#dalyst: (a) in vacuum after V-Rh/Si@vas exposed to CO at room temperature and (b)
after (a) was exposed toHit room temperature. Pretreatment: calcination temperature =973 K and reduction temperature =573 K.

(0.58-0.55). From this result, it is suggested that the decrease &usorbed on Rh can interact with vanadium oxide, apddii-
CO conversion cannot be due to structural change of the cataation is not inhibited by adsorbed CO.

lyst, but due to the accumulation of carbon or higher hydrocarbon

[53]. The vanadia modification clearly enhanced the CO conver4. Conclusions

sion and the selectivity to C2 oxygenates formation. Although

the reaction temperature for CO hydrogenation was higher thab. The effect of addition of vanadia to Rh/Si@vas highly

that for hydroformylation, the effect of vanadia addition on the
selectivity for alcohol formation can be explained as described

in the section of hydroformylation. 2.

Fig. 10shows CO-TPD on Rh/Sigand V-Rh/SiQ. In the
case of Rh/SiQ, the CO desorption was observed at 360 and
475K, and almost no Cfwas observed. In contrast, in the TPD
profile of V-Rh/SiQ, CO, desorption was observed clearly at

higher temperature range. This indicates that CO disproportion-

dependent on the calcination temperature, and this was due
to the formation of RhVQ@ mixed oxide phase.

In the hydroformylation of ethylene, the addition of vanadia
drastically promoted the formation of 1-propanol. The pro-
moting effect was more significant on the catalyst calcined at
high temperature. Rh and V species on the reduced catalyst
became more intimate when formed by the decomposition of
RhVO4 in Ho.

ation reaction (2CG» C+ CQ) over V-Rh/SiQ can proceed 3. In the hydroformylation of ethylene over V—Rh/SiQhe

much more easily compared to Rh/Sj@nd this means that CO
dissociation is promoted by vanadia addition.

Fig. 11shows TPSR profiles of adsorbed CO in the flow gf H
In the case of Rh/Sig) small amount of CO was desorbed above
350K, and adsorbed CO was mainly hydrogenated tp &tidve
450K. In contrast, CO adsorbed on V-Rh/gi@as hydro-
genated at lower temperature (380 K) than that over RB/.SiO

addition of vanadia promoted CO insertion to the ethyl group
and 1-propanol formation. The promotion of CO insertion
can be due to the interaction between CO adsorbed on Rh and
vanadia, which is expected from the gformation observed

in the CO-TPD result.

4. The route of 1-propanol formation over V—Rh/Si€atalyst

is hydrogenation of propanoyl group and propoxide group

both cases, the main product is methane, and the simple desorp- as suggested by the result of propanal hydrogenation in the

tion of CO, which was observed in the TPD profiles, is inhibited

presence of CO.

under the H flow. To elucidate this behavior, we measured FTIR5. The hydrogenation promoted by vanadia addition is related

spectra of CO adsorption inHlow (Fig. 12). Before adsorbed
CO was exposed to 4l twin, linear and bridge CO species
were observedHig. 1a)). When the sample was exposed to

to adsorption of hydrogen, which is not inhibited by CO
adsorption. This is supported by adsorption measurements
(H/Rh>CO/Rh on V-Rh/Sig) and H—D, exchange reac-

H2 at room temperature, CO adsorption peaks disappeared, and tion in the presence of CO.

the peaks at 2980 and 2938 chappearedRig. 12b)). These

6. In CO hydrogenation, the addition of vanadia to Rh/SiO

species can be assigned to methylidyne and methyl species, drastically enhanced CO conversion and selectivity for

respectively, on the basis of the previous repfBts55] This
result indicates that CO dissociation is drastically promoted by
the presence of # In addition, the TPSR result shows that
this effect was much more significant on V-Rh/githan on
Rh/SiG. It is thought that the interface between Rh metal and
vanadium oxide can play a very important role in the CO disso-
ciation step promoted by H because the oxygen atom of CO

ethanol formation. Ethanol formation can be related to the
high selectivity for 1-propanol formation in ethylene hydro-
formylation.

7. CO-TPD suggested that vanadia addition promoted CO dis-

sociation, and furthermore, the TPSR result indicates that
the effect became more remarkable in the presence of
hydrogen.
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