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Abstract

The influence of the structural characteristics of the support in the liquid-phase reductiansd-phenyl-3-buten-2-one or benzalacetone
(CeH5—CH=CH-CO-CH) to the corresponding, 8-unsaturated alcohol (UA) on gold-supported iron oxide catalysts was investigated. Com-
mercial goethite [FeO(OH)], maghemiteFe,O3), and hematiteoFe>O3), along with an iron oxy-hydroxide prepared by precipitation, were
used as supports. The catalytic behavior of Au®greference catalyst (supplied by the World Gold Council) was also investigated. Gold-
supported catalysts and the parent supports were extensively characterized by BET, X-ray diffraction, temperature-programmed reduction, ar
transmission electron microscopy. On all gold catalysts except the AD§eeference, the catalytic activity increased with increasing gold
content. The lowest activity of reference with respect to the catalyst with a similar gold loading has been ascribed to the different sample pre-
treatments. Samples prepared by us were reduced under very mild conditions tr3&i3 K for 1 h), whereas the Au/F®3 reference was
calcined at 773 K. From our data, no correlations can be drawn between activity and selectivity and mean gold particle size. Selectivity towarc
the hydrogenation of the conjugate@=O bond varied with the structural characteristics of the support, ranking in the order FeS(®ét)
oxy-hydroxide> yFe,O3 > aFeyO3. On the most selective catalyst—gold supported on goethite—the selectivity toward the formation of UAs
was 64%. A correlation between the reducibility of catalysts and selectivity was found. Selectivity toward the formation of UA increased with the
reducibility of the support. In accordance with data in the literature, we propose that an electron transfer from the reduced support to the mete
creates more electron-enriched gold particles on which the back-bonding witti tBe-O orbital is favored, so that the hydrogenation of the
C=0 group increases over that of the=C group. However, it cannot be ruled out that the enhancement of the selectivity is favored through a
cooperative effect of special Fe(lll) or Fe(ll) sites, and that more negatively charged gold nanoparticles nearby present the reduced support.

0 2005 Elsevier Inc. All rights reserved.
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1. Introduction presence of heterogeneous catalysts is very diffi@]it al-
though it can be easily achieved under hydrogen transfer con-
Recent studies have widely reported that gold-supported catlitions[9,10]. The reduction of lactonic enone, an intermediate
alysts show a remarkable selectivity toward the hydrogenatiom the prostaglandin synthesis, to secondary allylic alcohol oc-
of the conjugated €0 bond in the hydrogenation af,g- curs with high yields on Pt—-Sn supported on gi€atalysts,
unsaturated aldehyd¢$-5] and ketoneg6,7]. The catalytic  using isopropyl alcohol as a hydrogen dorja@]. Catalysts
behavior of gold in the hydrogenation of thes-unsaturated contain alloyed Pt—Sn particles covered by oxidized forms of
ketones is of a particular relevance from both a scientifigin at the surface, together with ionic tin on the support. It has
and a synthetic standpoint, due to the fact that the seleqseen suggested that the high selectivity in the hydrogenation
tive hydrogenation of these substrates by gaseousnHhe  f |actonic enone is the result of decreased adsorption-eEC
bond on Pt-Sn alloyed particles, activation of carbonyl on the
" Corresponding author. oxidized Sn ions, and the use of hydrogen transfer agent, which
E-mail address: cmilone@ingegneria.unime(€. Milone). favors a lower hydrogen coverage with respect to gaseous hy-
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drogen[10]. Another factor contributing to the enhanced hydro-tion of saturated aldehydes or ketofig8,13], is in accordance
genation rate of the conjugated=0 bond is steric hindrance with the higher intrinsic selectivity of gold catalysts toward the
at the G=C bond of the prostaglandin-type unsaturated ketoneformation of UA.
The importance of steric hindrance at the-C bond has been In the hydrogenation of benzalacetone, selectivity to UA
confirmed by experiments carried out with methylvinylketone,is strongly influenced by the microstructural characteristics of
which, under similar reaction conditions, was reduced mainlythe iron oxide support. Gold supported on amorphous oxy-
to saturated keton@0]. hydroxides or on a partially crystallized mixture of goethite

Recently, De Bruyn et al[11] reported on the chemose- [FeO(OH)], ferrihydrite, and hematite:Fe,O3) is more selec-
lective reduction of complex,S-unsaturated ketones to un- tive than gold supported on well-crystallized hemaftite
saturated alcohol (UA) over Ir-supported catalysts. A num- The aim of the present work is to gain a deeper insight into
ber of substrates, (steroid enones, prostaglandin intermediatele role of the support in the catalytic behavior of gold cata-
a-ionone, andg-ionone) with varying degrees of substitution lysts in the hydrogenation of benzalacetone. Consequently, we
on the conjugated €C bond have been investigated. The re-investigated the catalytic activity of gold catalysts supported
ductions were carried out in the liquid phase at 298 K inon single-phase iron oxides, including goethite, maghemite
the presence of gaseous.HDn all of the substrates but the (yFeO3), and hematite, and also of gold supported on a mix-
prostaglandin intermediates, the chemoselective reduction efire of goethite, ferrihydrite, and hematite. We performed a
enones to allylic alcohol occurs when isopropyl alcohol (secdetailed characterization of the catalysts to clarify the nature
ondary alcohol) or isoamyl alcohol (tertiary alcohol) are usedof the active sites.
as solvents. The use of methanol (primary alcohol) leads to the
preferential hydrogenation of the-€C bond with formation of 5 Experimental
saturated ketone. Among the catalysts investigated, Ir supported
on @-zeolite are more selective toward hydrogenation of thez'l_ Sample preparation
conjugated &0 bond. Ir supported on C and Ti@lso show
higher selectivity(>45%) in the hydrogenation oft-ionone
using isopropyl alcohol as a solvefitl]. In contrast, in ear-
lier work, Kaspar et al[8] found that Ir/TiQ catalyst showed
no selectivity in the gas-phase hydrogenation of mesityl oxid
(4-methyl-3-penten-2-one).

A peculiarity of gold is its intrinsic selectivity toward hydro-
genation of the conjugated=6D bond using gaseousyHas a
reductant. We have previously verified that during the liqui

Au-supported catalysts were prepared by deposition-pre-
cipitation in accordance with Haruta’s procedfet]. The
éieposition—precipitation of gold onto the supports was done by
adding the support to an aqueous solution of HAu{evi-
ously adjusted at pH 7-8 with NaOH. The slurry was main-
tained at 343 K, under vigorous stirring, for 2 h. Then the
g-samples were filtered, washed with deionized water until chlo-
phase hydrogenation of several substrates, includiags- ride was eliminated, and dried under vacuum at 353 K for 1 day.

4-phenyl-3-buten-2-one (benzalacetone), 4-methyl-3-penten-2- Goethite, maghemite, and hematite used as supports were

one, and 3-penten-2-one, the reduction occurs by means 1ipmmercial products purchased from Aldrich. An iron oxy-

molecular H, and the mechanism of hydrogen transfer fromdydr%Xidfe supporlt was pfrepared by preci;lait;tion of iro_n hy-
the alcohol to the substrate does not odair roxide from a solution of Fe(N£§)s-9H,O (Fluka) as starting

In the liquid-phase hydrogenation of benzalacetone on go|5naterials. The precursor was poured into an aqueous solution

supported on AlOs, the selectivity toward the formation of UA ©f N@2COs, 1 M (pH = 11.9) and maintained at 353 K under
approaches 10%: a strongly enhanced selectivi§0%) has vigorous stirring. The solid was digested overnight at room tem-

been obtained on gold supported on iron oxide cataljts perature,wa;hed with water until free of chloride ions (AgNO

Moreover, it has been pointed out that iron oxide by itselfi€St). then dried under vacuum at 353 K for 1 day.

is not sufficient to enhance the hydrogenation rate efaC The gold content was determined by measuring the ab-

with respect to the €C bond in hydrogenation of the, 8- sorbance of gold sqlqun; at= 400 nm[15].. The solutions

unsaturated ketones—both gold and iron oxides are necessal§£re Prepared by dissolving the catalysts in HCI-HNG:1

Indeed, when the hydrogenation of benzalacetone was carridly Volume), then adding a solution of tin(ll) chloride in hy-

out on catalysts prepared by dispersing colloids of metallidrochloric acid.

ruthenium on the same iron oxide support used to disperse gold,

the selectivity of UA was<2% [7]. This indicates that the cat- 2.2. Sample characterization

alytic behavior arises from a synergetic effect between the two

constituents. Surface area measurements were made using the BET nitro-
It has been argued that the intrinsic selectivity of gold can begen adsorption method in a conventional volumetric apparatus,

due to the adsorption mode of the conjugated systems on thifter outgassing (1@ mbar) the sample at 353 K for 2 h.

metal. Some have proposed that among the different adsorpt-ray diffraction (XRD) studies were carried out with an Ital-

tion modes of the conjugated systefig,13], gold is likely a  Structures diffractometer using nickel-filtered ®y-radiation

metal on which the 1,2-€0 adsorption mode is preferred over by mounting the powder samples on Plexiglas holders. Diffrac-

the 1,4-G=C—C=0 mode. The scarcity of the 1,4=(C-C=0 tion peaks were compared with those reported in the JCPDS

species on gold catalysts, which are responsible for the formdata File.
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Temperature-programmed reduction (TPR) experiments werable 1
re carried out in a conventional apparatus, heating the samphéean characteristics of gold supported catalysts

(weight= 0.05 g) from room temperature to 800 K (at a rate ofEn- Catalyst ~ Au  Support S.A. Note
10 K/min) under 5% H/Ar (vol%) with a constant flow rate of try (Wt%) (m?/g)

20 cr?/min. A molecular sieve cold trap (maintained at 193 K) 1 AF5dp 5.4  Ferrihydrite gOgH 121  Ref[7]
and a tube filled with KOH were used to block water and,CO Goethite FeO(OH)

respectively, before the thermal conductivity detector (TCD). AF4.40p(G) 44 Hg?::ﬂf:i?&%m 171

Transmission electron microscopy (TEM) analyses were; 55 2dp(M) 32 MaghemitgFe,03 43

performed with a Philips model CM12 electron microscope, 0Op4  Ar2.7dp(H) 2.7 HematitaFe,O3 6

erating at 120 kV and directly interfaced with a computer fors Au/Fe03 4.4  HematitexFe,O3 39  “Reference” catalyst,
real-time image processing. The powdered samples were ultra- supplied by the World
sonically dispersed in isopropyl alcohol, and then a few droplets (Tz‘yo;‘i goﬁgf'l'\lo

of the suspension were deposited on a holey carbon support film AUIFe,03 #02-3

copper grid. After the solvent evaporated, the specimens were
introduced into the microscope column. Several hundred gold
particles were measured from each catalyst to obtain a good *
statistical particle size distribution.

The average size diameter of gold particles in the various

samples was calculated using the following formula: z
- n;d; 2
d = Z ! l’ Q
n; 9

£

wheren; is the number of gold particles of diametgr

2.3. Catalytic activity

The catalytic experiments were carried out at atmospheric WW
pressure under Hflow, at 333 K, in a 100 ml four-necked : . . . . :
batch reactor fitted with a reflux condenser, dropping funnel, 2 2
thermocouple, and magnetic stirrer head coupled with a gas
stirrer (model MRK ¥20-BR; Premex Reactor). This gas stir- Fig. 1. XRD spectra of the iron oxide supports: (a) goethite FeO(OH),
rer was used to optimize hydrogen transfer from the gas to thé) maghemites Fe;Og, (c) hematitaxFe,O3. (#) Maghemite; ®) hematite.
liquid phase. The catalyst (weight 0.5-1 g; particle siz&60—

200 mesh) was added to 25 ml of solvent and treated at 343 End 6 wt%. The surface area of the samples varied within a wide
for 1 h under gaseousHThe substratés x 104 mol) wasin-  range, from 6 to 171 Ay g.

jected through one arm of the flask. The reaction mixture was Characterization of the commercial supports by Xmig( 1,
stirred at 700 rpm. The benzalacetone (purity 99.8%) was su@—c) showed that goethite was amorphous, whereas maghemite
plied by ACROS. The progress of the reaction was followedand hematite were in crystalline form. XRD analysis of the iron
by sampling a sufficient number of microsamples and analyzexy-hydroxide supportKig. 2a) showed hematite as the main
ing them by gas chromatography—mass spectroscopy, usingcaystallographic phase, followed by goethite and ferrihydrite.
Shimadzu model GC-QP5000 instrument. The reaction prodfhe addition of gold on commercial goethite, maghemite, and
ucts were separated on a CP-WAX capillary column (1.20 umhematite produced no structural changes in the iron oxide phase
60 m, 0.32 mm). on the XRD spectra with respect to that of the parent supports.

Catalytic activity was measured in terms of initial rates andwhen gold was deposited on the iron oxy-hydroxide support,
calculated from the slope of the curves conversion versus timghe ferrihydrite phase almost disappearEd)( 2b). It is likely
() att = 0. Selectivities were calculated iy = C;/ ) Cp, that during the deposition of gold, ferrihydrite was transformed
whereC; is the concentration of product |, artg, is the total  into the more ordered hematite ph4$6].
concentration of the products. Preliminary tests carried out with Table 1also reports the chemical and structural data for
varying catalyst amounts (0.2—1.0 g) grain sizes (80-200 meshthe Au/FeOs reference catalyst supplied by the World Gold
and stirring rates (500-1000 rpm) indicated that under the corCouncil. On this catalyst, prepared according to the coprecipi-
ditions used, the reaction was carried out in the absence ahtion method of Haruta, the support was present as crystalline
mass-transfer limitation. hematite Fig. 2c).

50
2 Theta

3. Resultsand discussion 3.1. TPR measurements

The chemical and microstructural properties of all gold cat- The reducibility of gold catalysts and of the parent supports
alysts are reported iflable 1 Gold loading ranged between 2 was investigated by TPR. Before the TPR measurements, the
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Fig. 2. XRD spectra of the iron oxide supports and related gold catalysts

(from Ref.[7]): (a) iron oxy-hydroxide, (b) AFSdp, (c) Au/E®s reference.  F19- 4. TPR of iron oxide samples: (a) AF4.4dp(G), (b) AF3.2dp(M), (c)
(W) Goethite; ®) hematite; ©) ferrihydrite. AF2.7dp(H), (d) Au/FeOs3 reference, (e) AF5dp. HHt is the ratio between
the hydrogen consumed,;Hand theoretical hydrogen,tHwvhich is necessary

for the reduction of Fe(lll) species to magnetite B6g).

703
HH,=1.01
5 hydrite, goethite, and Fe,O3, showed two overlapping reduc-
\E d 706 tion peaks, attributed, from the ratio/Ht, to the reduction of
2 % FeOs to magnetite ig. 3d). Considering the reduction pro-
g'c files of commercial goethite and hematitéid. 3, a and c), it
7z 621 can be concluded that the reduction profile of the iron oxy-
8N HH =0.99 hydroxide support arose from the superimposition of the reduc-
Tlb tion peaks of the most hydroxilated phases—ferrihydrite and
644 FeO(OH)—that occur at lower temperature, and of the reduc-
HH,=0.99 tion peak ofxFeOs.
a The addition of gold on iron oxides enhances the reducibil-
ity of catalysts Fig. 4, a—e). On all of the catalysts investigated,
300 400 500 600 700 800 the ratio between the amount of hydrogen consumeg érdd

the theoretical amount of hydrogen necessary for the reduction

step Fe(lll) to FeO4 (H¢) was close to 1Kig. 4, a—e), indi-

Fig. 3. TPR of iron oxide supports: (a) goethite FeO(OH), (b) maghemitecating that gold was under a metallic state. The presence of

v F&0s, (c) hematiterFe;Os, (d) iron oxy-hydroxide. HHy is the ratio be-  reduced gold on the Au/E©3 reference was obvious, because

tween the hydrogen consumed, H, and theoretical hydroggnyltich is nec- the sample was calcined at 673 K. On the other samples the

essary for the reduction of Fe(lll) species to magnetitg(z¢. . . . ’
reduction of gold likely occurred during pretreatment of the cat-

stsin H at 343 K. TPR results suggest that the presence of

a
catalysts and the parent supports were suspended in 25 ml h/ld . . . .
mainly enhances the partial reduction of Fe(lll) species to
ethanol and reduced undep How for 1 h at 343 K. This is magnetitey P () sp

the same reduction procedure used before the catalytic activity On gold supported on goethite and maghemfeg.( 4

measurements (see Sectin _ _ _ a and b), the reduction peak was shifted300 K at a lower

Fig. 3 shows the reduction profiles of all iron oxides usediemperature with respect to that of the supports, whereas on
as supports. In the temperature range used in this |nvest|g@—0|d supported on hematitgig. 4c), the temperature shift was
tion, all of the commercial samples had one peak of reductionygg pronounced~90 K). For comparison, the TPR profile of
(Fig. 3 a—c). The amount of hydrogen consumed, H, calculate¢he reference catalyst is also report&( 4d). It can be seen
from the area under the peak, corresponded to the reduction @{at the reduction temperature was lower than that observed on
Fe(lll) species to magnetite (§®@4). This is outlined from the the AF2.7dp(H) sampleF{g. 4c). This difference may be due
ratio H/Ht (Fig. 3), where H represents the theoretical amount to the greater amount of gold present in the reference sample.
of hydrogen needed for the reduction step of Fe(lll) species t& has been reported that the reduction temperature gDfe
Fe30s4. to Fe;O4 decreases with increasing gold loadiig]. Similar

The reduction of FeO(OHKH(g. 3a) and ofy FeO3 (Fig. 3b)  behavior was also observed by Andre¢¥8] in a TPR study
occurred at 644 and 621 K, respectively, whereas the reductiasf Au supported on Cefcatalysts. In addition, the increase in
of hematite Fig. 3c) occurred at a higher temperature (706 K). surface area from AF2.7dp(H) to the Aufe reference Ta-
The iron oxy-hydroxide support, formed by a mixture of ferri- ble 1) may also contribute to the shift to a lower-temperature

Temperature K
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N

Fig. 5. TEM microphotographs of gold supported catalysts: (a) AF5dp (from[Rgf(b) AF4.4dp(G), (c) AF3.2dp(M), (d) AF2.7dp(H), (e) Auit@s reference
(from Ref.[7]).

reduction peak observed on Auf#es. The influence of sur- visible, significant differences exist in both the microstructure
face area on the reduction temperature ofJ£to magnetite and particle size of the supports; therefore, we first give a brief
has been pointed out by Neri et §l7], who reported that on  description of the morphology of the different iron oxide sup-
a similar iron oxide phase, an increase in surface area cause@rts. On AF5dp catalystF{g. 5a), the support exhibited a
shift to lower reduction temperatures. heterogeneous microstructure, likely due to the presence of dif-
TPR of gold supported on iron oxy-hydroxide supportferent crystalline phases. This is in agreement with the XRD
(AF5dp) showed a more complex profilEi§. 4e). Two main  results Fig. 2b) showing the presence of various iron oxide

reduction peaks were seen at 382 and 522 K, together with Qixed phases, namely ferrihydrite, goethite, maghemite, and
less intense peak at 467 K. It can be argued that the peak gbmatite.

the onvest temperature is relgted to the reduction of the most g analysis of the AF4.4dp(G) catalysEig. 5b), pre-
reduuble hydroxilated iron oxide phase [FeO(OH) and ferriny- ared using commercial goethite, showed instead the homo-
drite], whe_reas the peak at the; higher temperature is related eneous structure of the support consisting of aggregates of
the reduction of the less reducible hematite. g
almost round and very small (around 3-5 nm in diameter)

goethite particleskig. 5c shows the AF3.2dp(M) catalyst pre-
pared using a commercial well-crystallized maghemite sup-

TEM microphotographs of the catalysts reduced for 1 h inport with a hexagonal closely packed morphology and a very
H, at 343 K in ethanol are shown Figs. 5a-5eAs is clearly  wide particle size distribution (10-100 nm). TEM micropho-

3.2. TEM measurements
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Fig. 6. Particle size distribution of gold supported catalysts.

tographs reported ifrigs. 5d-5erefer to gold catalysts sup- a monomodal distribution centered around 10 nm was obtained.
ported on hematite. AF2.7dp(H) catalystig. 5d) was pre- A low frequency of gold particles larger than 20 nm was also
pared by us using a commercial hematite as support and efund in both sampleds=g. 6).
hibited the characteristic morphology of sintered powders, TEM microphotographs of gold catalysts supported on
likely due to the high temperature of the preparation proceshiematite, AF2.7dp(H), and the Au/¥@s reference Figs. 5d
The particles of the hematite support on the AyBgrefer-  and 5@ exhibit well-isolated gold crystallites of varying size.
ence catalyst were much smaller (around 10-50 nm diaméFhe Au/FeOs reference catalyst had very small gold particles
ter). and a narrow particle size distribution centered around 3.7 nm
The particle size distribution and mean particle diameter ofFig. 6). A significant increase in gold particle size can be ob-
gold are reported ifrig. 6andTable 2 respectively. The AF5dp served when the noble metal was supported on commercial
sample exhibited small gold particles and a narrow particldhematite. Indeed, on the AF2.7dp(H) sample, large gold par-
size distribution. On the AF4.4dp(G) and AF3.2dp(M) samplesticles (diameter 10-100 nm) are seen.
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Table 2

Catalytic activity and products distribution in the hydrogenation of benzalacetone on gold catalysts

Entry Catalyst Au Mean gold particle Vi Selectivity (%) (conversion:90%)
(Wt%) sized (nm) (mol/gay 9 x 107 SK UA SA

1 AF5dp 5.4 2+20 287 18 59 23

2 AF4.4dp(G) 4.4 11+3.0 242 14 64 21

3 AF3.2dp(M) 3.2 10+20 92 31 56 13

4 AF2.7dp(H) 2.7 6D+ 10.0 37 94 6 2

5 Au/Fe,03P 4.4 37+09 1.0 77 20 3

2 SK = saturated ketone; UA: unsaturated alcohol; SA saturated alcohol.
b Gold reference catalyst, Type C, Lot No. Aug; #02-3.

/ o)
CeHs — CH,-CH,-C
+H7 Saturated Ketone (SK) C'3 ‘Tz
/ o /OH
CeHs — CH,-CH,-CH
CeHs — CH=CH-C it
CHs CHs
Benzalacetone Saturated Alcohol (SA)
OH
+Hx / /:Hz
CeH5 — CH=CH-CH
CHs
Unsaturated Alcohol (UA)
Scheme 1. Reaction pathways in the hydrogenation of benzalacetone.
3.3. Catalytic activity tion of benzalaceton§r]. No correlations between catalytic

activity and mean gold particle size can be drawn from our data.

On all gold preparations, the hydrogenation of benzalaceVYncalcined catalysts with similar gold particle size (entries 2
tone (GHs—CH=CH-CO-CH) led to the formation of sat- and 3) showed very different catalytic activity.
urated ketone (SK) (§Hs—CH;—CH,—CO—-CH) from hydro- Table 2also reports the product distribution, at high con-
genation of the Conjugated:& bond and of UA (@HS_ version level (290%), on all of the CatalyStS investigated.
CH=CH-CHOH-CH) from hydrogenation of the €0 bond The highest selectivity toward formation of UA was obtained
through two parallel reactions (s&eheme 1 At high conver- 0N gold catalysts supported on goethite, AF4.4dp(G), on the
sion of the substratex80%), saturated ketone was further hy- iron oxy-hydroxide support, AF5dp, and on the maghemite,
drogenated to the corresponding saturated alcohol (SgJ4€  AF3.2dp(M). The Au/FgOg3 reference showed intermediate se-
CH,—CH,—~CHOH—CH). Hydrogenation of the UA hardly oc- lectivity, whereas AF2.7 dp(H) showed the lowest selectivity to
curred even when the conversion of benzalacetone approachdh.
100%. The selectivity toward the formation of UA is not correlated
Complete hydrogenation of benzalacetone was achieved o#iith the gold particle size. As is shownTable 2 AF4.4dp(G)
all of the catalysts. The catalytic activity of gold preparations,and AF3.2dp(M) had a similar mean gold particle size but dif-
expressed as the initial rate of hydrogenation of benzalacetorferent selectivity toward the formation of UA. On AF4dp(G)
per gram of gold, is reported ifiable 2 It can be seen that the selectivity was 64%, whereas on AF3.2dp(M) it decreased
catalytic activity increased with increasing gold content on allto 56%.
gold catalysts except the Au/f@s reference. A more significant decrease in selectivity toward the forma-
The low activity of reference with respect to the catalyststion of UA was observed passing from AF5dp to the AyBg
with similar gold loadings (entries 1 and 5) can arise from thereference. The mean gold particle size was very close on these
different sample pretreatments. The Au/Gg reference was two catalysts, but the selectivity was almost 3 times higher on
calcined at 773 K, whereas our catalysts were reduced undé&F5dp than on the Au/F©3 reference. These findings sug-
very mild conditions (343 K for 1 h in ethanol). Calcination of gest that the selectivity toward hydrogenation of the conjugated
the solid was detrimental to catalytic activity in the hydrogena-C=0 bond does not depend on gold particle size, but varies
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Fig. 7. Dependence of relative amounts of surface sites on particle diameter of cuboctahedron gold particles (f&t).Ref.

with the structural characteristics of the support ranking in theC=C group. A marked increase in selectivity toward UA with

following order: increasing metal particle size also was observed in studies on
FeO(OH) crotonaldehyde hydrogenation and prenal hydrogenation over
> iron oxy-hydroxide [ferrihydrite, FeO(OH¥Fe O3] Pt catalyst§21-24]
> yF&O3 > aFe0s. Mohr et al.[25] identified the edge of gold nanoparticles as

However, it should be also pointed out that on gold supporteG‘Ct_ive sites in thel hydrogenation of acrolein throug_h the deco-
on hematite (entries 4 and 5), selectivity to UA decreased fronfation of gold particle faces by a second metal, leaving the edge
20 to 6% when gold particle size increased from 3.7 to 62 nm.Position free. This conclusion is clearly in contradiction to the
Assuming that the shape of the fcc metallic gold of nanomee€arlier assumption. Zanella et ] reported that the hydro-
ter size is cuboctahedral, the relative amount of surface, edggenation of the &0 group of the crotonaldehyde on Au/TiO
and corner atoms hardly changed for particte3 nm in di-  is almost independent of gold particle size when it varies in the
ameter Fig. 7). In consideration of the fact that the gold par- range 1.7-8.7 nm.
ticle size of the hematite-supported catalysts varies from 3.7 In summary, in this work the selectivity toward the forma-
to 62 nm, it is likely that a pure geometric effect cannot ex-tion of UA was found to be higher when gold is dispersed on
plain the decreased selectivity with increasing of particle sizegoethite, iron oxy-hydroxide support (a mixture of ferrihydrite,
Moreover, Rao et a[19] found that the Au 4f/> binding en-  goethite, and hematite), and maghemite and to drop when gold
ergy of gold clusters dispersed on amorphous graphite withy dispersed on hematite. These differences cannot be due to a
different diameters (0.6—10 nm) increased §ignificantly_with repure size effect (electronic and/or geometric) of gold particles;
spect to the value of bulk gold (84.0 eV) Wl'th cluster diameter, o support should play a significant role in the catalytic prop-
< ~2 nm[19]. For clusters>2 nm, the binding energy corre- erties of the catalysts. From the results reportedahle 2 is

spondft tz thnathornthﬁt bi”;\;ar:]u?n' gihize{O:eéaorlgO![? (r:l?ta%St%lear that the surface area of the catalysts does not influence
supported on hematte ameter, an electronic e%e product distribution in the hydrogenation of benzalacetone.

of gold on the selectivity to UA is unlikely. o
The affect of gold particle size on hydrogenation of the con-lnd%d’ catalysts with similar surface areas—Au(Brefer-

jugated G=0 bond has been mainly investigated in the hydro_ence and AF3.2dp(M)'—showed large differences in selectivity
genation ofx, B-unsaturated aldehydes, and literature data varyoard the hydrogenation of-€D. - -
and are somewhat controversial. Claus el2aP0] reported that Mohr et al. [20]. demonstratgd that activity and selectivity
the selectivity to crotyl alcohol in hydrogenation of acrolein onin the hydrogenation of acrolein on gold depends not only on
Au/TiO» and Au/ZrQ increases with increasing go|d partide partiCle size, but also on other factors involved in gOld mOfphOl-
size. These authors concluded that the@group is preferen- 09y, such as the degree of rounding of particles and the portion
tially activated on gold sites of high coordination (face atoms)0f multiple twinned gold particles. In this respect, the nature of
whereas sites of low coordination, mostly present on small partthe support apparently strongly affects the morphology of gold
ticles as corners and edges, strongly favors the activation of thaarticles.
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Radnik et al[26] also reported that on Siaand TiG, the
gold particles are nearly spherical, whereas on the other sup-
ports, such as ZrPand ZnO, extended facets of the gold sur- 80 -
face are visible. On the nearly spherical gold particles, a higher

number of low-coordination sites are present on the surface ::{ °
with respect to the faceted ones. From the TEM micropho- 2 601 AN
tographs shown ifrig. 5, we cannot evaluate whether changes g

in the morphology of gold particles were induced by the iron % 40 4

oxide support. This point merits further investigation through §

high-resolution TEM analysis of the samples.
Another possibility is that the support induces a modifica- 20 1 B
tion of the electron density of the metal, which in turn leads
to changes in its adsorption properties. Claus and co-workers 0 . . .
[26,27] observed, by means of electron paramagnetic spec- 300 400 500 600 700
troscopy and X-ray photoelectron spectroscopy, that the reduc-
tion in Hy of gold supported on Ti®and ZrQ catalysts at
773 and 573 K, respectively, causes a partial reduction of theig. 8. Relationship between the selectivity towards the unsaturated alcohol,
support and an increased electron density on gold. When tﬁgeasureq at conversion90%, andTmax of reduction of catalysts ) Cata-
reduced samples are stored to ambient atmosphere, reoxidatiffs ©f this work, and4) AF3.1, @) AFS.3, (@) AF16.6 from Ref{7].
of the support occurf27]. The increased electron density of
the metal on reduction has been explained claiming an electrdi€ fact that the in situ catalyst prereduction was carried out un-
transfer from the reduced support to the mé2al. It has been der mild conditions; therefore, it is reasonable to consider that
suggested that the presence of electron-enriched gold particléde reduction of the support will affect mainly the most reac-
favors Se'ective hydrogenation of@ in the hydrogenation tiVe fraction—that W|th the IOWer reduction temperature. Note
of &, B-unsaturated aldehydég]. On these sites, the binding that the selectivity to UA reported iRig. 8 was measured at a
energy of the &C bond should decrease via an increase ofonversion ratez90%.
the four-electron interaction, whereas back-bonding with the Fig. 8 shows that for almost all of the gold catalysts, the
n* C=0 orbital should be favored, so that the hydrogenatiorselectivity toward UA increases with decreasifigax of re-

of the C=0 group should be enhanced over that of theGC ~ duction of the catalysts. Only AF5dp deviates slightly from the
group[2]. linear correlation reported iRig. 8. Within this correlation, we

Neri et al. [28] reported that go]d Supported on iron oxide have also included the results obtained in the hydrogenation of

thick films, prepared by coprecipitation and calcined at differ-benzalacetone on Au/iron oxide catalysts prepared by coprecip-
ent temperatures, can be used as sensors for reducing gasitagon and reported in a previous wofK. In that paper it was
CO at room temperature. The proposed mechanism for the déeported that coprecipitated gold catalysts showed a selectivity
tection of CO on samples calcined at temperaturd90°C,  toward UA that varied from 56 to 67% and did not depend on
where gold is in the metallic state, involves the oxidation ofgold particle siz¢7].
the gas by adsorbed oxygen and/or lattice oxygen ofithype Therefore, inFig. 8 we report selectivity measured on the
semiconductor oxide. This causes an increase of the electricepprecipitated catalysts, measured at cor80% versus their
conductivity of the bulk, that is, an increase in the electron denreduction temperature. As shown in the figure, the data fit well
sity of the bulk[28]. In our case, it can be argued that during Within this correlation, thus confirming their general validity.
the reduction of the catalyst in situ before the reaction, besides The low selectivity of gold supported on hematite catalysts
the reduction of gold(lll) to metallic gold, the oxidation of the can be explained by considering their lower reducibility, which
H, by the lattice oxygen of the support also can occur, leadingn turn leads to a lower increase in the electron density of the
to a reduction of the support and an increased electron densiulk. Previously, Neri et al28] also found that the increased
of the bulk. Under these conditions, electron transfer from theonductivity of Au supported on hematite on CO detection is
bulk to the anchored gold metal is likely to occur. much lower than that observed on Au supported on an amor-
Considering that the catalyst prereduction was carried out gthous iron oxy-hydroxide phase under the same operating con-
low temperature (343 K), we expected the degree of reductioditions.
of the support (i.e., the increased electron density of the bulk) to In addition, looking at the results obtained on gold cata-
be higher on catalysts with lower reduction temperatures and ttysts supported on hematite, the higher selectivity of the refer-
decrease with increasing reduction temperature. Thus, we trigghce catalyst compared with AF2.7dp(H) can be explained by
to make a correlation between the selectivity toward the forconsidering the lower temperature of reduction of the former
mation of UA in the hydrogenation of benzalacetone and th€Fig. 4, ¢ and d). Therefore, the more reducible the catalyst,
reducibility (in terms ofTimax of reduction) of the catalysts. For the higher the selectivity toward the hydrogenation to@ As
the sample AF5dp, which had two main reduction temperaturesuggested by Claus and co-work§28,27], the reason for this
(383 and 522 KFig. 4e), the lower reduction temperatures havecould lie in the increased extent of electron transfer from the
been taken into account. The reason for this choice arises fromeduced support to the gold metal, creating a more electron-

Reduction temperature (K)



C. Miloneet al. / Journal of Catalysis 236 (2005) 80-90 89

Table 3 the adsorption mode of the conjugated systems on this metal. It
Initial rate of hydrogenationy (mol/(s gay)) of the saturated ketone 4-phenyl- has been previously suggested that among the different adsorp-
butan-2-one, gHsCH,-CHp—~COCH, and of styrene gHsCH=CH, tion modes of the conjugated systems, gold is likely a metal on

Catalyst ~ Mean gold parti- V cgHsCH,—CH,-COCH; Y CsHsCH=CH, which the 1,2-G-0 adsorption mode (which in turn leads to the
clesized (") (mol/g(aus)x10"  (Mol/(gaus)x10"  formation of UA) is preferred over the 1,4-€C—C=0 adsorp-
AF5dp 32+20 6.9 0.5 tion mode, which is responsible for the formation of saturated
Au/Fe037 3.7+0.9 05 04 carbonyl compounds. The selectivity toward the formation of
a Gold reference catalyst, Type C, Lot No. Augeis #02-3. UA is strongly influenced by the support and increases with in-

creasing reducibility of the support. In agreement with findings

enriched gold, on which the hydrogenation c£O should be of Claus and co-workerf26,27] it can be suggested that an
favored over that of €C. electron transfer from the reduced support to the metal creates

Consideration should be given to the behavior of the AF5dpnore electron-enriched gold particles on which back-bonding
catalyst, which shows a slight deviation from the linear cor-with the z* C=0 orbital is favored, so that hydrogenation of
relation represented ifrig. 8 In our opinion this behavior the C=0 group is greater than that of the<C group. However,
can arise from the microstructural inhomogeneity of the supthe possibility that the enhanced selectivity is favored through
port containing both high-reducible [ferrihydrite and FeO(OH)] a cooperative effect of special Fe(lll) or Fe(ll) sites and more
and low-reducibled¢Fe;O3) iron oxide phases. Therefore, only negatively charged gold nanoparticles present near the reduced
gold dispersed on the highly reducible phase(s) acts as the magaipport cannot be ruled out.
selective site for the hydrogenation o0, whereas gold dis-
persed on the less-reducilet€e,O3 provides a lower contribu- 4. Conclusions
tion to selectivity. This possibility requires further investigation,

however. From the results reported in this paper, it can be concluded
It should be highlighted that the presence of areducible SUphe selectivity toward hydrogenation of the conjugatedCC
port by itself is not sufficient to enhance the hydrogenation ratgond of benzalacetone is little influenced by gold particle size,
of C=0 with respect to the €C bond in the hydrogenation of pyt is strongly influenced by the support. A good correlation
benzalacetone; both gold and reducible iron oxides are necegas been found between the reducibility of the support and the
sary. In a previous wor7] we reported that in the hydrogena- selectivity toward the hydrogenation of conjugateg@. This
tion of benzalacetone carried out on a Ru catalyst prepared byprrelation has been explained by an electron-transfer mech-
dispersing colloids of metallic ruthenium on the same supporgnism from the reduced support to the metal, which creates
used to prepare the AF5dp catalyst, the main reaction produglectron-enriched gold particles on which strongly enhanced
was saturated ketone and selectivity toward the formation ofyydrogenation of €0 occurs. Nonetheless, the possibility that
UA was <2%, whereas on AF5dp the selectivity toward UA the enhanced selectivity is favored through a cooperative effect
was 59%. TPR analysis of Ru catalyst showed that the redugsf special Fe(lll) or Fe(ll) sites and more negatively charged

tion of F&0O3 to FesO4 occurred at 447 K. From the correlation gold nanoparticles present near the reduced support cannot be
reported inFig. 8, a selectivity>50% should be expected on jed out.

this catalyst. The lower selectivity obtained (2%) confirms that

gold has an intrinsic specificity toward the selective hydrogenageferences

tion of conjugated €0 and that the catalytic behavior of gold
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