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CO/CQO hydrogenation and ethylene hydroformylation
over silica-supported PdZn catalysts
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Silica-supported PdZn catalysts have been studied in CO andh@@ogenation and in ethylene hydroformylation. The dilution of
surface Pd by Zn lowers the hydrogenating capability of the catalysts and favours the production of higher hydrocarbons in CO hydrogena-
tion. The catalyst with a molar ratio Pd: Za 3 showed an enhanced ability to insert CO into an M—alkyl bond; this catalyst produced
higher oxygenates in the CO hydrogenation and was the most active in all reactions studied.
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1. Introduction ratios, which were studied in CO and g@ydrogenation at
30 bar,T range 543-598 K and differenttHHCO : CQ, ra-

Catalysts based on Pd have been extensively studied bigals. Depending on the catalyst and the conditions, methane,
in the hydrogenation of organic substrates and in the symethanol, higher alcohols and higher hydrocarbons were ob-
gas reaction. CO hydrogenation over Pd catalysts leadstagned. Taking into account that Pd is also active in the hy-
methanol and methane. In these systems the influencedg@formylation of olefins, this reaction was also tested in an
particle size, support and promoters on the activity and sel@tempt to relate the behaviour of catalysts to the presence of
tivity has been discussed from different points of view [1-6Fn and their structural characteristics.
Alkaline metals have been studied as promoters and their ef-
fect has been interpreted in terms of changes in the adso p—E . |
tion of CO and a modification of the electronic structure of’ Xperimental
the_ metal. .In general, the addition of small quant_ities ofakq Catalyst preparation
kali metal increases the rate of methanol formation [4]. In
some cases products other than methane and methanol havenree silica-supported catalysts were prepared with Pd :
been obtained. For Pd-Li/CeQatalysts, besides, higherzn molar compositions 1:0, 3:1 and 1:1.4; samples were
hydrocarbons and ethanol were found [7,8]. In this arefbelled Pd/Si@, 3Pd1Zn/SiQ and 2Pd3Zn/SiQ respec-
less attention has been focussed on the effect of other métely. Metallic precursors were PdChnd ZnC) and an
als that can form alloys with Pd, although there are repodgrosil-type silica (Degussa, BET surface area 26@m)
of a change in the yield and selectivity when bimetallic sitesas used as support. For catalysts preparation, first, sil-
are present [9]. In the hydrogenation of organic substraties was impregnated by the incipient-wetness method with
supports like ZnO strongly modify the catalytic propertieacidified aqueous solutions of PdCand then the catalysts
of palladium. Many proposals for the interaction of Pd pawere dried under vacuum at 373 K. After that, Pd/Si@s
ticles with the reduced Zn from the support have been ofduced at 573 K under flowingad The preparation of
fered and the formation of bimetallic Pd—Zn particles ha3Pd1Zn/SiQ is reported elsewhere [12]; a similar method
been claimed as responsible for the change in the catalytias used for 2Pd3Zn/SiCbut changing the Pd/Zn ratio.
performance [10,11]. Recently, we reported a DRIFT studdfter the Pd impregnation, Zn was impregnated by free ad-
on CO hydrogenation over a Pd—Zn silica-supported cagerption from an acetone solution of ZnCThen, bimetallic
lyst which showed unusual high selectivity to higher hydrgsatalysts were dried under vacuum at 373 K and reduced at
carbons and higher oxygenated products at 20 bar of tofl3 K under flowing H. Chemical analyses of the catalysts
pressure and a CO zHatio of 1 [12]. Here we study the ef- appear in table 1.
fect of Zn on the catalytic behaviour of silica-supported Pd
catalysts. We have prepared and characterised Pd-based%3t-Catalyst characterisation

alysts, including that mentioned above, with different Pd/Zn . . . .
y 9 X-ray diffraction patterns were obtained by collecting
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Table 1
Chemical composition (wt%), binding energies (eV) of core electrons armaSS flow controllers. Usually, 0.25-0.5 g of catalyst was

XPS atomic ratios for silica-supported palladium catalfsts. used in the measurement of catalytic activity. Reduced cat-
alysts were re-reduced in the reactor at 673 K under flow-

Catalyst Pd  Zn  Pd3y Zn2m;p PdSI ZniSijhg H, at atmospheric pressure by increasing temperature
%) ) XPS) PS4t 4 Kmin ! and maintaining 673 K for 1 h. The reactor

Pd/SIQ 280 - 335.2 - 0.0047 - was allowed to cool under flowing hydrogen until the reac-

3PdiZn/SiQ 253 052 3360 10222 0.052 0 tion temperature was reached. The reactant flows and total

2Pd3Zn/SiQ 207 176 3359 10224 0004  0.01185.055,re were then adjusted to desired values. For each cata-

aThe Si 2p peak at a binding energy of 103.4 eV was taken as an interig$t first hydrogenation of CO and GQvere carried out and
standard. o subsequently the hydroformylation of ethylene was studied.

® Obtained after sputering with Ar After about 16 h on stream, the first data point was taken.

I;ollowing a change in reaction conditions a minimum of 4 h

graphite monochromator and Cu target. Particle size w s allowed for the catalyst 1o reach steady state. Th? re-
estimated by using the Scherrer formula at various higﬁgtor efflgent was analysed by gas _chroma’gography using a
intensity reflections corrected from Cuy,Kradiation. 340_0 Varian gas chromatograph equpe_d W!th an automated

CO and H chemisorption were carried out in a static vo|on-line gas sample valve and flame ionisation and thermal

umetric apparatus at 298 K. Reduced catalysts were pellef@fiductivity detectors. Reactants and products were sepa-
and introduced in the chemisorption cell. They were thdft€d in & Carbograph column (2 m) and a molecular sieve
re-reduced under flowing+at 673 K for 2 h and outgassedCOI,”mn (1 m?. Response factors and retention times were
at the same temperature for 3 h. Two isotherms were detgflibrated using standards.

mined for each adsorbate, using equilibrium pressures of up

to 40 Torr (1 Torr= 133.33 Pa). Once the first isotherm wa
obtained, which gave the total uptake of gas at 298 K, sal
ples were evacuated for 1 h at room temperature, and tr}?
the second isotherm was obtained to determine the amoun

of physisorbed gas. .
Infrared spectra were acquired with a Nicolet 520 Fourier Catalysts were characterised by XRD, XP spectroscopy

transform instrument at 2 cm resolution by collecting 100 and H and CO chemisorption. The XRD patterns of cat-

. : s alysts after reaction are shown in figure 1; for compara-
scans. Special greaseless vacuum cells withp@daRdows y 9 P

; tive purposes only the regiond2= 35°-50° is shown.
which allowed thermal treatments were used. Samples were pattern of Pd/Sig corresponds well to the presence
pelleted and introduced into the infrared cells. Before thef palladium particles of about 18 nm. The pattern of

g?zgnéslgrfp;trlinhexperlments, they were re-reduced under Pd3Zn/SiQ indicates the presence of PdZn phase (particle

%‘ize 13 nm). From a comparison between the XRD pattern

XP (X-ray photoelectron) spectra were acquired with . : :
VG ESCALAB 200R electron spectrometer equipped with %f 3Pd1Zn/SiQ and those of 2Pd3Zn/Siand Pd/SiQ@ the

hemispherical electron analyser and a Mg X-ray source presence of both Pd and PdZn phases can be inferred in the

(hv = 12536 eV, 1 eV= 1.602 x 1019 J). The samples 3P4LZN/SIQ sample.

were mounted on a sample rod placed in a pre—treatmentThe Si 2p, Pd 3d, Zn 2p and CI 2p core-level spectra were

chamber and pre-reduced i i situ at 673 K for 2 h. The recorded for all samples. S.mall traces of chlorine sp_ecies
C 1s, Si 2p, Cl 2p, Pd 3d and Zn gp peaks, and in some were detected only for Pd/SgOIn the Pd 3d region a sin-
cases the Zuwm Auger transition, were recorded. The in_gle colmp.onent was obtained for QII catalysts (see figure 2).
tensities of the peaks were estimated by calculating the ih1€ Pinding energies of the most intense P¢;3geak are
tegral of each peak after smoothing and subtraction of giyen in table 1. The value obtained for the Pd/saatalyst
S-shaped background, and fitting the experimental curve(€t§5'2 eV) corresponds to that reported for metallic Pd or
a combination of Gaussian and Lorentzian lines (6/0— S|'I|ca—supported Rd [;3,14]. Th'e othertvvp catalysts showed
27%). The binding energy of the Si 2p peak at 103.4 efjigher Pd 3¢ binding energies: a shift of ca. 0.8 eV.
was taken as an internal standard. In some cases, sam@éé‘rge positive shift in the Pd 3gb XPS transition had
were Art-sputtered using a beam of Aions accelerated at P€€N taken as a clear evidence of formation of Pd—Zn alloys

ing a Siemens D-500 X-ray diffractometer equipped with

??]._ Results and discussion

. Characterisation of catalysts

1.7 keV. in Pd/ZnO catalysts [15,16]. The formation of Pd—Zn bonds
increases the binding energy of the core and valence levels
2.3. Catalytic activity of Pd and reduces the binding energy of the core and valence

levels of Zn. However, the Zn core levels are somewhat less
The catalytic activity measurements were carried ogensitive to alloy formation than the Pd core levels [17].
using a stainless-steel flow microreactor 8 cm long (i.d. Zn 2p/2 level spectra obtained for 2Pd3Zn/SiCata-
6.4 mm). The reaction pressure was maintained by medwnst showed a single signal centred at 1022.2 eV, which did
of a back-pressure regulator, at 30 bar. The flow of reaget allow us to discern the Zn oxidation state. In contrast,
tants (CO, H, CO, or CHy) was adjusted by individual 3Pd1Zn/SiQ did not show any peak assigned to Zn 2p level,
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Figure 1. XRD patterns of the catalysts: (a) Pd/gi(®) 3Pd1Zn/SiQ and (c) 2Pd3Zn/Sig) (A) Pd phase ana} PdZn phase.

Pd 3d 3ds,
3ds
3
8
b
\J c
1 1 [} B L 1

334 341 338 335 332
BE (eV)

Figure 2. XP core-level spectra of the catalysts: (a) Pd#S({®) 3Pd1zn/
SiO, and (c) 2Pd3Zn/Si@

tion state by XPS, Auger spectra corresponding tomin
were recorded. A broad asymmetric peak was observed that
was deconvoluted in two signals assigned téZand Zr¥.
However, an analysis of a sample of ZnO taken as a blank
showed a similar Auger spectrum.

Figure 3 shows the adsorption isotherms of Hig-
ure 3(a)) and CO (figure 3(b)) for bimetallic catalysts.
2Pd3zn showed a very low capability to chemisorp bt
a non-negligible CO chemisorption, whereas 3Pd1ZnSiO
chemisorbed in a significant extent both &d CO. Taking
into account that for 2Pd3Zn/Sy®he Pd/Zn surface atomic
ratio determined by XPS was 0.34, chemisorption data may
be interpreted as a dilution effect of surface Pd by Zn.
The decrease in the number of adjacent Pd atoms produced
a decrease in the amount of dissociatively chemisorbed
Ho. When 2Pd3Zn/Si@ was exposed to CO, a band at
2040 cnt! corresponding to terminal CO was obtained,
which was more intense than another assigned to bridging
CO (»(CO) = 1902 cnt1), which is consistent with the
dilution effect. This catalyst also exhibited a band around
1680 cnt! suggesting a C- and O-bonded carbon monox-
ide species. When CO adsorption was carried out over
3Pd1Zn/SiQ a single band at 1905 cm was obtained, in
good agreement with the presence of adjacent Pd atoms,
favouring a bridged-CO coordination. In this case a band
in the low frequency region was also observed. This band, at
1696 cnt!, may also have arisen from a CO bonded to two
surface sites through C and O atoms. XRD had indicated
the presence of the PdZn bimetallic phase in both 2Pd3Zn

and it was only possible to discern the Zn 2p peak after spgind 3Pd1Zn. However, XPS analysis indicated the absence
tering with Art. Then, this sample showed a signal centresf Zn but the presence of alloyed Pd on the surface of the

at 1022.4 eV but broader than that of 2Pd3Zn/5ifrob-

3Pd1Zn/SiQ catalyst. Taking into account all these data,

ably due to the surface heterogeneity produced by thfe Awe propose for 3Pd1Zn/SiCa decoration of PdZn bimetal-
sputtering. As it was not possible to discern the Zn oxiddie particles, at least partially by Pd atoms.
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Table 2
— Specific activity of catalysts in the CO hydro-
6 - genation (B :CO=2:1) at 30 bar.
%\ Catalyst T P molco converted
o K)  (bar) mop h1
S Pd 573 30 0.8
wE 4 2Pd3Zn 573 30 12.5
o 598 30 31.4
< 3Pdizn 573 30 39.3
S 598 30 101.4
Z
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] Figure 4. Selectivity of catalysts in the CO hydrogenation at 30 bar,
Hy:CO=2:1,T =573 K.
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condition used, while Pd/SigOshowed a very low activity.

+
2 4 The data are summarised in table 2.
| Pd/SiQ produced methanol and methane, 2Pd3ZnSiO
AAA//F produced (besides GQ only hydrocarbons (&-Cg) and the

[ ]
o)
Fay [AY
T . T - T " T . ) most active catalyst, 3Pd1Zn/Sibroduced C@, methane,

0 10 20 30 40 50 methanol, higher hydrocarbons X&), higher alcohols
(ethanol, propanol) and acetaldehyde; the selectivity de-
pended on the conditions. In the figure 4 is illustrated the

(b) selectivity of catalysts to the different products at 573 K and

Equilibrium Pressure (torr)

Figure 3. (a) Room temperature hydrogen chemisorption. (b) ROO‘FAZ :CO=2.
temperature CO chemisorption. Catalystsa, (A) 2Pd3Zn/SiQ and As stated above, over 2Pd3Zr-&s hydrocarbons were

(e, 0) 3Pd1Zn/SiQ (filled symbols total adsorption, empty symbols weakproduced. An analysis of products obtained at 573 or 598 K
adsorption). was consistent with the Anderson—Schulz—Flory kinetics
throughout the range of hydrocarbons produceg-().
3.2. Catalytic behaviour The plot of logW,, / p versus p gave straight lines which al-
lowed calculation of the propagation factarwhich ranged
To study the effect of Zn on the catalytic properties dfrom 0.5-0.7 at 573 K to 0.4-0.6 at 593 K (figure 5). Ap-
Pd, three reactions were studied: CO hydrogenatiorp CParent activation energyrg) for methane was calculated
hydrogenation and ethylene hydroformylation. The CO hyrom Arrhenius plots between 548 and 598 K and different
drogenation was carried out over the catalysts at 30 bar, teHy: CO ratios. The values obtained, .84t 2 kcal mol2,
peratures between 548 and 598 K and BO ratios ranging were similar to those reported for Pd/SQi€atalysts with Pd
from 3 to 0.5. In general, for highH CO ratios (: CO= content 1.5-2% (w/w) [18,19].
2 and 3) an increase of temperature produced an increas&Pd1Zn/SiQ gave a wider diversity of products, the se-
in the activity, although the behaviour of each catalyst waactivity changing to hydrocarbons or oxygenates as a func-
different. 3Pd1Zn was the most active in any experiment@bn of reaction conditions (figure 6). Higher selectivity to
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Figure 5. ASF plot of hydrocarbons obtained with the 2Pd3Zn catalyst at
P = 30 bar and different bl: CO ratios: ¢) 0.5:1, ¢)1:1, (A)2:1 and
(M) 3:1. Reaction temperature (a) 573 and (b) 598 K.

methanol and higher oxygenates;(Gx) was produced at
high Hy/CO ratios (ki : CO = 2 and 3), whereas selectivity
to higher hydrocarbons was greater at lower. BO ratios
(H2:CO=0.5and 1). In general a decrease in the tempera-
ture increased selectivity to oxygenates.

Product distribution was analysed from the Anderson—
Schulz—Flory plots, separately for hydrocarbons and oxy-

N
o

Selectivity (%)

10

0 - e i
genated products. Hydrocarbons followed ASF kinetics in 548 573 598
the whole range obtained; ©Cs, whereas oxygenates (stud- T ‘ K
ied in the range ©-C3) did not. Thea values obtained em(p‘;'a ure (K)
o

for the hydrocarbon distribution were in the range 0.3-0.4

at573 K and 0.2-0.4 at 593 K. . Figure 6. Selectivity of 3Pd1Zn catalyst in the CO hydrogenation as a func-
The apparentz, values for 3Pd1Zn/Si@between 548 tion of 7 at P = 30 bar. H:CO ratios: (a) 1:1, (b) 2:1 and (c) 3: 1.

and 598 K were: 1B + 2 kcal/mol for CHOH, 160 + Products: €) Co4ox, (0) Co1He, (A) CH3OH, (A) CHg and @) CO;.
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2 kcal/mol for G, ox and 252 + 2 kcal/mol for CH,. Ezfor A study by FTIR spectroscopy of GOnteraction with the
methane is close to that of 2Pd3Zn, and fagfor methanol catalysts revealed large differences in the behaviour of cata-
corresponds to values reported for Pd/5j08,19]. lysts. When C@ came into contact with the catalysts a band
From the characterisation data of 2Pd3Zn and its catalyfigntred at 2343 cmt appeared, which was eliminated af-
behaviouritis possible to relate the Gic productionto the ey yacuum treatment at room temperature and was assigned

presence of allloyed Pd: In faqt, silica-supported pallqdig% physisorbed C@on SiG. Only the 3Pd1Zn/Si@cat-
tin catalysts with only bimetallic B&n, phases show simi- alyst showed a band at 2339 ciy which remained after

lar behaviour [20]. . . vacuum treatment at room temperature. When this catalyst
Catalysts were tested in GAydrogenation at 30 bar and

temperatures of 573 and 598 K. In table 3 are summaris((:a"f‘:lme into contact with a GOF Hz mixture at r°°T“ temper-

the data for the 3Pd1Zn/Sixatalyst, which was the only ature.bands at 2,025_3 and 1900_Mue to coordinated CO
one active under the reaction conditions used. The resfi@'minal and bridging respectively) appeared, whereas the
obtained for the hydrogenation of G@ CO mixtures were Pand at 1696 cm' was not present.

similar to that of CO hydrogenation. However, when only As stated above, when the CO hydrogenation was car-
CO, was hydrogenated the activity was much lower. Thiéed outover the 3Pd1Zn/Si@atalyst, higher alcohols were
high selectivity to CO indicated that reverse water—gas shiftoduced. In this reaction a key step is the CO insertion in
reaction took place. In the same experimental conditions G M-alkyl bond, and this may be a common step of the hy-
was not produced over either Pd/Si@ 2Pd3Zn/SiQ. The droformylation reaction. In order to attempt a comparison
effect of support for Pd catalysts on @@ydrogenation had between both reactions over these palladium systems, the
been studied [21] and no activity in the RWGS reaction hag}droformylation reaction of ethylene was tested. Table 4
been found for silica-supported Pd catalysts. This was takghmpiles the results obtained over the catalysts between 433
as proof that metallic palladium alone does not catalyse th&q 473 K at 30 bar and,El4:CO:Hy =1:1:1. The most

RWGS reaction and it was considered that this reaction prs;i,e catalyst was 3Pd1Zn/SiOwhich was also the most

ceeded on _the surface of oxides Iike;@l;, T.ioz or Zn0, active in the hydrogenation of CO and g@nd the only one
where CQ is adsorbed and reacts with spillover hydrogen

which produced higher oxygenatesin the CO hydrogenation.

ms from metal particl form form i in . . ;
ato 1S Tror etal particles tp ° ormate species, te\/Vhen ethane produced is excluded in the calculation of se-
mediates in the RWGS reaction. In our case, all three caL

r_
a- . ) -
lysts are silica-supported, so another explanation is requir gptvity, Pd and 3Pd1Zn/Sifshowed similar values of se-

lectivity to oxygenates, however the hydrogenating capacity

Table 3 of Pd/SiQ was higher than that of 3Pd1Zn/SiGand most
Hydrogenation of CO+ CO, mixtures over 3Pd1Zn catalyst at 30 bar. of ethylene was hydrogenated to ethane over the monometal-
Hy:CO,:CO T Specific activity Selectivity (%) I!c catalyst. Both catalysts showed' by ?(PS pnly Pd as metal—
(K) CO CHy Caic MeOH Giox lic phase on the surface, the Pd/Si ratio being tenfold higher
2:1:1 573 45.9 ~ 22 43 13 1 for 3Pd1Zn/SiQ than for Pd. However,.they differ in the
2:1:1 5908 82.1 - 34 38 14 14 BE of Pd. On the other hand, 2Pd3Zn/gi§howed low hy-
1:1:0 573 1.4 79 16 4 1 0 drogenation of ethylene, consistent with the low capability
1:1:0 598 3.3 6 17 4 3 0 of hydrogen chemisorption shown by this catalyst indicat-
3:1:0 573 1.1 65 20 14 1 0 . S X
3:1:0 598 25 63 21 14 > o ingthe dilution effect of Zn on Pd. This catalyst showed the
; highest selectivity to higher hydrocarbons in both CO hydro-
Mole of CO+ CO;, reacted per mole Pd per hour. . .
b Based on mole of CQ- CO, converted. genation and hydroformylation of ethylene.
Table 4
Hydroformylation of ethylene over the catalysts at 30 bar of total pressure gig:CO:H, =1:1:1.
Catalyst T Specific Selectivit) (%) Oxygenate selectivity (%) SHeC
(K) activity? Cox HC Cz-al Cs-0l Cg-al (%)
Pd 433 5.2 92 8 60 40 0 80.7
Pd 453 6.0 90 10 57 43 0 87.6
Pd 473 36.8 92 8 49 47 4 91.3
2Pd3zn 433 15 59 41 100 0 0 5.4
2Pd3zn 453 3.8 73 27 79 19 2 7.6
2Pd3zn 473 5.4 77 23 78 22 0 8.8
3Pdizn 433 26.5 91 9 77 17 6 49.1
3Pd1zn 453 28.6 94 6 48 43 9 51.2
3Pdizn 473 40.1 88 12 42 48 10 59.3

aMole CO reacted to oxygenates per mole Pd per hour.
bSelectivity to oxygenates and hydrocarbons, except ethylene and ethane.
€ C,H4 hydrogenated to §Hg.
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4. Summary and conclusions [2]
(3]
Our results show that the selectivity in the CO hydro{4
genation reaction over silica-supported palladium-based ca[g]
alysts can be regulated. 2Pd3Zn/gi® a Fischer—Tropsch
catalyst. Over this catalyst, the GHurface species pro- [g]
duced after CO dissociation evolve to higher hydrocarbon§]
in contrast to Pd, which is a methanol catalyst and onl
produces CH as hydrocarbon. The structural character
istics of 2Pd3Zn/Si@ in which surface palladium is di- [9
luted by Zn, determine the low capability of this catalyst
to hydrogenate, which determine its catalytic behaviouto]
3Pd1Zn/SiQ showed the highest ability to insert CO as it!1l
was evidenced in the hydroformylation reaction; this cat 2
lyst was the only one which produced higher alcohols in the
CO hydrogenation reaction. [13]

8]
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