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Abstract

Flame spray pyrolysis (FSP) was used for the synthesis of alumimaested palladium catalysts containing 1-7.5 wt% Pd. Precursor
solutions of aluminunsec-butoxide and palladium acetylacetonate were sprayed and combusted, resulting in nanostructured materials that
were characterized by high-resolution transmission electron microscopy, CO-pulse chemisorption, nitrogen adsorption, and X-ray diffraction.
Well-dispersed palladium particles (1-5 nm) were confined to the alumina surface. Palladium dispersion depended on the metal loading and
decreased for higher amounts of Pd. TH@P-derived aluminagpported palladium catalysts were chirally modified with cinchonine and
tested for the enantioselective hydrogenation of 4-methoxy-6-methyl-2-pyrone. Rate and enantioselectivity decreased with higher Pd disper-
sion. A comparison of these catalysts to a corresponding commercialJ@d/Aatalyst revealed lower reaction rate and enantioselectivity
for the FSP-derived catalysts. Howevieydrogen pretreatment of the flame-made catalysts at Gdthproved rate and enantioselectivity
strongly, whereas only a comparatively weak beneficial effect was observed with the corresponding wet-phase-derived catalysts. Enan-
tiomeric excess in the formation oR}-4-methoxy-6-methyl-5,6-dihydro-2-pyrone reached 80% for flame-made catalysts after pretreatment
in hydrogen. Hydrogen pretreatment temperatures above®08d to sintering of the Pd particles and drastic loss in activity and enantiose-
lectivity.
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1. Introduction methanol synthesis. In contrast to the aerosol route, flame
spray pyrolysis offers the possibility of using nonvolatile
Most noble-metal-based catalysts consist of nanometer-Precursors and was applied for synthesis of RDslhydro-

sized metal particles dispersed on high-surface-area sup9enation catallysts [7] at a considerably higher production
ports [1]. Flame synthesis is a relatively new method for 'ate of 15gh~and Au supported on Tigand SiQ [8].

the one-step production of supported noble metal catalysts Flame aerosol synthesis is used on a large scale today
and catalysts in general [2,3]. Moser et al. [4] made noble to produce carpo.n black, fumed S|I|ca,_ and titania pigments.
metal nanoparticles supported on,® of low specific Flame synthesis in general and especially flame spray pyrol-
surface area (10 fg~1) by a high-temperature decom- ysis is a fast, cost-effective, and versatile process for the pro-

position process. Johannessen and Koutsopoulos [5] pre_duction of a'wide \./arier of different nanoparticles [9—11'].
pared Pt/TiQ catalysts for S@ oxidation using a vapor-fed More 'spemflcallly, in this process a flame is used'to glrlve
aerosol flame reactor. Since their platinum precursorshowedChem'(?al reactions of precursor compounds, resqltmg in the
very low volatility they operated at very low production formation of clugters, Wh'(.:h grow to nanometer-sized prod-
rates (some mgtt). Very recently, Jensen et al. [6] reported ucts by coagulation and sintering [10].

. In the field of fine chemical synthesis, palladium is one
the flame aerosol synthesis of Cu/ZnG#B} catalysts for of the most versatile and most widely applied catalytic met-

als [12]. Heterogeneous enantioselective hydrogenation over
* Corresponding author. platinum catalysts, chirally modified by cinchona alkaloids
E-mail address: baiker@tech.chem.ethz.ch (A. Baiker). and derivatives, has been intensively investigated and cov-
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Scheme 1. Hydrogenation of 4-methoxy-6-methyl-2-pyrdnever cin-
chona-modified palladium;2, (R)-4-methoxy-6-methyl-5,6-dihydro-2-
pyrone;3, 4-methoxy-6-methyl-tetrahydro-2-pyrone.
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> precursor dispersion
ered in several recent reviews [13-18]. Less effort was spent
on the study of analogous palladium systems [16,17]. Since 2:' H g TH] B

the first report on the Pd-cinchona-catalyzed hydrogenation
of a C=C bond in 1985 [19], systematic investigations fo- T R
cused ona, B-unsaturated acids and ketons. Enantiomeric n wagll  !iquid precursor methane
excess (ee) is usually low or moderate with exception of dispersion gas

the Pd-cinchona-catalyzed hydrogenation of hydroxy- and

gﬁihgﬁ?gﬁtnhtg%reﬂ:;tgsoﬁ1’3hEIng{r?ep;rsoZ?Sb?cr;?og?cg?l; mixture is rapidly dispersed by a gas sFream and ig_nited by a premixed
methane/oxygene flame. After evaporation and burning of the precursor,
active compounds [22]. At present, the most widely used particles are formed by nucleation, condensation, coalescence, and coagula-
Pd catalysts for heterogeneous enantioselective hydrogenation. The image shows a typical spray flame producing RdBAlnanopar-

tion are Pd/A}O3 [23] and Pd/TiQ [20] but also Pd on ticles.

FeO3 [24] and other materials [25] have been used.

Flame synthesis offers the possibility of synthesizing used to monitor all gas flows. Product particles were col-
nonporous catalysts with high specific surface area, provid-lected on a glass fiber filter (Whatmann GF/A, 15 cm in
ing high accessibility for reactants and chiral modifiers [7]. diameter) with the aid of a vacuum pump.

This prompted us to synthesize Py catalysts by flame For some catalysis experiments, the flame-made and
spray pyrolysis and test them for the enantioselective hydro-reference catalysts were subjected to a heat pretreatment
genation of 4-methoxy-6-methyl-2-pyrone (Scheme 1). The in flowing hydrogen. The samples, placed in a U-tube,
catalytic behavior of the new flame-made catalysts will be Were flushed by He (20 mimirt) for 20 min and then
compared to that of state-of-the-art reference catalysts. pretreated by heating at 2@ min~! in flowing hydrogen

(20 ml min—1) up to a certain temperature (100-8@) and

kept constant at this temperature for 1 h.

L sheath gas

Fig. 1. Sketch of the flame spray pyrolysis unit. The liquid precursor

2. Experimental As reference materials a 5 wt% Pd/TiPrepared by wet
precipitation [20] and a commercial 5 wt% Pd#8l3 cata-
2.1. Particle synthesis lyst (Engelhard 40692) were used. Characteristic properties

of these catalysts are listed in Table 1.

Fig. 1 shows the experimental setup for the synthe-
sis of Pd/AbO3 by flame spray pyrolysis. Precursor so- 2.2. Catalyst characterization
lutions were prepared by dissolving appropriate amounts
of aluminumsec-butoxide (Al(s-BuO), Aldrich, 97%) and The specific surface area (SSA) of the as-prepared pow-
palladium acetylacetonate (Pd(acacktrem, 99%) in xy- ders was determined by nitrogen adsorption at 77 K using
lene (Riedel deHaen, 96%)/acetonitrile (Fluka, 99.5%) mix- the BET method (Micromeritics Tristar). All samples were
tures (70/30 vol%). The aluminum concentration was al- outgassed at 15@ for 1 h prior to analysis. The pore-
ways 0.675 M. In a typical run, the liquid precursor mixture size distribution was determined from the desorption branch
was fed in the center of a methane/oxygen flame by a sy-of a fully recorded isotherm of the as-prepared powders
ringe pump (Inotech) and dispersed by oxygen (3 mimhjn (Micromeritics ASAP 2010 Multigas System). The powder
forming a fine spray. The pressure drop at the capillary tip X-ray diffraction pattern was recorded with a Bruker D8 ad-
was kept constant at 1.5 bar by adjusting the orifice gap areavance diffractometer from 20 to 85step size 0.0% at a
at the nozzle. The spray flame was surrounded and ignitedscan speed of 0.72nin1.
by a small flame ring issuing from an annular gap (0.15 mm  For transmission electron microscopy (TEM), the ma-
spacing, at a radius of 6 mm). The total gas flow rate through terial was dispersed in ethanol and deposited onto a per-
this premixed methane/oxygen-supporting flame ring was forated carbon foil supported on a copper grid. The in-
3.5 Lmin~! with a fuel/loxygen ratio of 0.92. A sintered vestigations were performed on a Tecanai 30F microscope
metal plate ring (8 mm wide, starting at a radius of 8 mm) (Philips; field emission cathode, operated at 300 kV). The
provided an additional sheath flow surrounding the spray high-resolution TEM (HRTEM) images were recorded on
flame. Calibrated mass-flow controllers (Bronkhorst) were a slow-scan CCD camera. Scanning transmission electron
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Table 1
Catalytic behavior and structural properties of flame-made 5 wt% RP@FARNd reference catalysts
No. Sample Pretreatment BET SSA  Pd dispeioPd diameter ~ TOE ro Selectivitf  ee
(m2g~h (%) (nm) (mir?)  (molkgpg min~1) (%) (%)
1 5% Pd/AbO3 N disp. None 115 26 43 0.59 1.38 80 60
2 5% Pd/AbOs air disp. None 108 24 4.7 0.55 1.24 81 60
3 5% Pd/AbO3 Ny sheath None 127 30 3.7 0.42 1.18 77 57
4 5% Pd/ApOg3 air sheath None 121 28 4.0 0.47 1.23 77 60
5 5% Pd/AbO3 1 ml liquid feed None 197 39 2.8 0.12 0.44 - dag
6 5% Pd/AbO3 6 ml liquid feed None 73 19 5.8 0.65 1.17 82 60
7 5% Pd/ApO3 standard conditions None 120 27 4.1 0.42 1.06 81 57
8 5% Pd/ApOg3 standard conditions 1 h 50C Hyp 26 4.3 1.63 397 91 80
9 5% Pd/AbO3 (E40692) None 205 29 3.9 0.69 1.88 84 66
10 5% Pd/ApO3 (E40692) 1h400C Hy 29 3.9 0.97 2.63 88 67
11 5% Pd/TiQ® None 57 22 5.0 1.35 2.79 81 73
12 5% Pd/TiIQ® 1 h 400°C Hy 21 53 0.66 131 84 74

@ Determined by CO-pulse chemisorption.

b TOFis given per Pd surface atoms, as determined by CO-pulse chemisorption.
¢ Chemoselectivity: Amount @ related to the total amount @and3 (Scheme 1).

d Determined at 20% conversion.

€ Prepared according to recipe given in [20].

microscopy (STEM) images, obtained with a high-angle an- of the (R)-enantiomer. If not otherwise stated, enantioselec-
nular dark-field (HAADF) detector, show the metal particles tivity and chemoselectivity were determined at 50% conver-
with bright contrast Z contrast). The Sauter-mean diame- sion.

ter (ds) of the Pd particle-size distribution as derived from

STEM-images was calculated according to

S df’ 3. Results
ds= 3 .
>_nid 3.1. Catalyst properties
Palladium dispersion was determined by CO-pulse che- _ _ _
misorption at 35C using a He flow of 50 mImin' and Flame spray pyrolysis (FSP) of the palladium/alumina

pulses of 0.5 ml (10% CO in He) on a Micromeritics Au- Precursor solutions resulted in spherical alumina particles in
tochem 11 2920 unit. Prior to experiment all samples were the size range of 10-30 nm with well dispersed palladium
freshly reduced for 1 h at 23@ under flowing hydrogen  particles attached to the surface (Fig. 2). Different Pgial
(20 mimin1) and then flushed by He (50 mlmif) at powders containing 0-7.5 wt% Pd were produced using the
260°C for 90 min. In order to calculate the metal disper- same flame conditions (liquid feed rate, 3 ml minO; dis-

sion, an adsorption stoichiometry of FEO = 1 was as- persion gas flow rate, 3 Lmirt) and for selected 5 wt%

sumed [26]. Pd under different flame conditions (sheath gas, 20 Lthin
Oo, air, or Np; dispersion gas, 3 mlmirt Oy, air, or Np).

2.3. Catalytic measurements XRD measurements revealed smaHalumina crystals for

all flame-made powders giving rise to some line broaden-

The hydrogenation reactions were carried out in a mag- ing. Adding Pd had no influence on BET-SSA and alumina
netically stirred 100-ml glass reactor. In the standard proce- crystal structure as determined by XRD.
dure 20 mg catalyst in 10 ml 2-propanol (Fluka, 99.8%) was  Table 1 gives an overview of structural and catalytic prop-
pretreated in situ under flowing hydrogen for 5 min at 1 bar erties of different FSP-derived materials and two standard
and room temperature. One milligram of cinchonine (CN, reference catalysts (entries 9-12). Using standard conditions
Fluka, 98%) was added and after 5 min stirring the reaction the specific surface area of FSP-derived PgiD3lwas about
was started by addition of 50 mg 4-methoxy-6-methyl-2- 120 n¥g~L. Changing the dispersion or sheath gas from
pyronel (Aldrich, purified by sublimation in vacuum, fol- O to air or N» had only little influence on specific surface
lowed by recrystallization frome-hexane) [20]. As shown areaand Pd dispersion. However, varying the liquid flow rate
earlier by Kiinzle et al. [27] external mass transfer is not an from 6 to 1 mImirr! resulted in specific surface areas rang-
issue for this relatively slow reaction. ing from about 70 to 200 Ay~ 2.

Conversion, chemoselectivity (Scheme 1, amoun® of Fig. 2 shows an STEM image of the flame-made PgA|
related to the total amount & and 3), and enantiomeric  catalyst. The palladium particles, with a diameter of 1 to
excess (e@b) = |R(%) — S(%)|) were determined by chro- 5 nm, are confined to the alumina surface, and “uniformly”
matographic analysis using a Chrompack Chirasil-DEX CB dispersed. The mass-based palladium particle-size distrib-
column. Using cinchonine as chiral modifier afforded excess ution derived from STEM images is rather narrow with
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Fig. 2. Scanning transmission electron microscopy (STEM) picture of
flame-made Pd/AlO3 prepared under standard conditions. Small Pd par-
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version. Chemoselectivity decreased with higher conversion
while ee was virtually unaffected. This behavior was ob-
served for all flame-made materials as well as for the refer-
ence catalysts. Fig. 7 depicts enantioselectivity and turnover
frequency (TOF) as a function of palladium dispersion of
flame-made catalysts with 1-7.5 wt% Pd prepared at stan-
dard conditions and 5 wt% Pd produced with different liquid
flow rates (1-6 mImint). Enantiomeric excess as well as
activity decreased with higher metal dispersion. Fig. 8 shows
the catalytic performance as a function of the hydrogen pre-
treatment temperature of the catalyst. The performance in
terms of activity, enantioselectivity, and chemoselectivity in-
creased up to a pretreatment temperature of 500=G@hd
decreased for higher temperatures.

Table 1 gives an overview of catalytic data of different
FSP-derived materials and the reference catalysts (entries 9—
12). Catalysts were tested either as-prepared or after a heat
pretreatment under flowing hydrogen. Using different sheath
or dispersion gases fQair, or Np) for the flame synthesis
of Pd/AlL,O3 had only slight influence on the catalytic per-
formance (entries 1-4). Note that the flame-made catalysts
with similar dispersion (entry 7) as the two reference cata-

ticles (1-5 nm) are well dispersed and confined to the alumina surface. Thelysts (entries 9 and 11) showed lower enantioselectivity and
inset shows the corresponding Pd particle-size distribution of 500 counted rate. However, the hydrogen pretreatment increased turnover

particles with a Sauter mean diametier= 2.7 nm and the mass-based geo-
metric standard deviation, 3 =1.3.

geometric standard deviatiar, 3 = 1.3 and Sauter mean
diameterds = 2.7 nm.
Fig. 3 shows high-resolution transmission electron mi-

frequency, chemoselectivity, and enantioselectivityRp-4-
methoxy-6-methyl-5,6-dihydro-2-pyrone formation for the
flame-made powder (from 57 up to 80% ee), whereas the
corresponding properties of the reference catalysts were
much less improved (entries 9 and 10). Turnover frequency

croscopy images. As-prepared (A) and hydrogen-treatedincreased for alumina-supported catalysts (flame-made and

(B, 500°C; C, 700°C) 5 wt% Pd/ApbOs powders indicate

E40692), whereas it decreased for the pretreated Pgd/TiO

crystalline palladium for all samples. The Pd particle size reference.

seemed to increase after pretreatment at°Tn flow-
ing hydrogen. For the sample pretreated at 8D0the Pd

particle size did not change compared to the unpretreated#- Discussion

as-prepared material.

The influence of pretreatment temperature (1 h under 4-1. Catalyst properties

flowing hydrogen) on the dispersion is shown in Fig. 4. The
Pd dispersion stays virtually constant up to 6@0and de-

The alumina support of Pd/AD3 made by flame spray

creases at higher pretreatment temperatures (from 28% aPyrolysis mainly consists of spherical, poorly crystalline

600°C down to 8% at 800C) as the Pd particle size in-
creases.

y-alumina particles, as previously observed for flame-made
alumina [10]. Adding palladium did not affect the morphol-

Pore-size distributions of a typical flame-made powder 09y or crystallinity of the alumina support, consistent with
and the reference catalysts are shown in Fig. 5. The FSp-an earlier study on Pt/alumina [7]. Changing the flame con-

derived material and the Pd/TiQeference are nonporous,

ditions by applying different dispersion or sheath gases (O

whereas the commercial standard catalyst (E40692) is adir, N2) did not have a major effect on the morphology of the

mesoporous material.

3.2. Enantiosel ective hydrogenation

alumina support or the Pd particles. These flame conditions
with different sheath and dispersion gases resulted in similar
flame heights, indicating similar particle residence times at
high temperature, where particles grow by coagulation and

As-prepared materials were tested for the enantioselec-sintering. However, changing the precursor flow rate alters

tive hydrogenation of 4-methoxy-6-methyl-2-pyrone using
cinchonine as chiral modifier (Scheme 1). This modifier af-
fords the R)-4-methoxy-6-methyl-5,6-dihydro-2-pyrond(

the enthalpy content of the flame that results in different res-
idence times at high temperature and, consequently, particles
with different size and specific surface area ranging from 73

as major enantiomer (Scheme 1). Fig. 6 shows the typical de-to 197 n¥ g~1 (Table 1). This is consistent with flame spray
pendence of enantioselectivity and chemoselectivity on con- synthesis of alumina and other oxides [7,28].
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Fig. 3. HRTEM pictures of 5 wt% Pd/AD3 made by flame spray pyrolysis. (A) As prepared; and after pretreatment in flowing hydrogen at (&) 800
(C) 700°C. Pictures with higher magnification on the right-hand side depict the corresponding crystalline Pd particles with lattice planes.

Palladium forms small particles on the alumina surface por pressure than Pd/PdO in the hot flame environment, and
ranging from 1 to 5 nm in diameter with a narrow size distri- consequently alumina particle formation starts earlier. Fur-
bution (Fig. 2), similar to supported platinum catalysts made ther downstream the flame, at lower temperatures, Pd/PdO
in vapor- or liquid-fed flames [5,7]. In general, higher pal- starts to form small particles and/or deposits directly on the
ladium loadings, achieved by increasing the Pd content oralumina support. This particle formation mechanism was
decreasing the alumina surface area, lead to larger metal paralso suggested for Pt/Tg(d5] and Pt/AbOs [7].
ticles and thus lower dispersion. Hydrogen treatment up to 60C of FSP-derived Pd/

The particle formation process of alumina-supported pal- Al2Os3 has no significant influence on metal dispersion, indi-
ladium is illustrated in Fig. 1. Alumina has a much lower va- cating high thermal stability of these catalysts. However, at
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higher temperatures palladium starts sintering as indicated
by a drop in dispersion, i.e., from 28% at 60D down to 8%

at 800°C (Fig. 4). This sintering behavior above 60D was

also observed in a model study [29]. Closer inspection of the
HRTEM images (Fig. 3) indicates an enhanced formation of

facetted palladium as a result of the hydrogen treatment at
500°C.

4.2. Enantiosel ective hydrogenation

Flame-made Pd/ADj3 chirally modified by cinchonine is
a suitable catalyst for the enantioselective hydrogenation of
4-methoxy-6-methyl-2-pyrone taR(-4-methoxy-6-methyl-
5,6-dihydro-2-pyrone3), in terms of activity, chemo-, and
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enantioselectivity. Considerable improvement of the proper- enantioselective hydrogenation of 4-methoxy-6-methyl-2-
ties is achieved after pretreatment of the flame-made mater-pyrone could be produced in a single-step flame synthe-
ial in flowing hydrogen at elevated temperatures. After this sis process. The catalysts are made up of small palladium
pretreatment the flame-made materials show similar enan-particles (1-5 nm) attached to the surface of agglomerated,
tioselectivity and turnover frequency as the best known cata- nonporous alumina particles (10—30 nm) and exhibit high
lyst (5 wt% Pd/TiQ) for this reaction [20] and better per- thermal stability. Hydrogen pretreatment at elevated temper-
formance than an often used commercial PgfAl cata- atures improved drastically the catalytic properties (TOF, ee,
lyst (Table 1). Interestingly the hydrogen pretreatment has chemoselectivity) of flame-made catalysts in the hydrogena-
a much stronger positive effect on the catalytic properties tion of 4-methoxy-6-methyl-2-pyrone. After pretreatment
for the flame-made Pd/ADs catalyst, whereas its effect on  flame-made catalysts showed a higher rate and enantiose-
the Pd/TiQ reference catalyst is even negative, corroborat- lectivity than reference catalysts prepared by conventional
ing earlier studies [21]. methods. The flame-made catalysts with different Pd par-
The degree of Pd dispersion affects the catalytic perfor- ticle sizes revealed a significant structure sensitivity of the
mance remarkably (Fig. 7). TOF decreases with increasingreaction.
metal dispersion and a significant drop in enantioselectiv-
ity is observed for catalysts with Pd dispersion higher than
about 35%. Nitta et al. [30] observed a similar dependence of Acknowledgments
metal dispersion of Pd/TiQcatalysts for the enantioselec-
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