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a b s t r a c t

4,4′-Dimethyl-2,2′-bipyridine is a useful but expensive chelating agent. Having more efficient routes to
the synthesis of this compound would be advantageous to the wide-spread use of this fine chemical.
In this work, the effects of adding strongly interacting oxides (ZnO, CeO2, and ZrO2) to PdO catalysts
supported on high surface area n-Al2O3(+), n-MgO, and n-TiO2 prepared via co- and sequential precip-
itation were investigated. The product yields obtained from these catalysts in the oxidative coupling of
4-methylpyridine are dependent on the additive, the support, and preparation method. Evidently, these
are complex catalytic systems in that the PdO–additive and PdO–support interactions must be right to
promote product formation while preventing palladium leaching and support or additive migration over
the active Pd/PdO sites. Although PdO/n-ZnO catalysts are reasonably active in the coupling reaction,
ZnO addition to PdO catalysts supported on n-Al2O3(+), n-MgO, or n-TiO2 does not increase the yield in
-Methylpyridine
romatic coupling

any case. CeO2 and ZrO2 can increase the product yields in the reaction depending on the support used.
Due to strong PdO–CeO2 interactions, the addition of CeO2 in some cases results in CeOx-migration and
coverage of active PdO species or disrupts favorable PdO–support interactions leading to Pd leaching.
Therefore, ZrO2 is the better additive with co-precipitated PdO/ZrO2/n-Al2O3(+) consistently producing
yields in excess of 3.4 ± 0.1 g/g catalyst which is 36% higher than the 2.5 ± 0.16 g/g catalyst obtained from

% Pd)
the PdO/n-Al2O3(+) (5 wt

. Introduction

Bipyridines possess the ability to coordinate to transition metal
ations and form complexes with distinct photochemical and cat-
lytic properties [1–4]. Bipyridine complexes with ruthenium are
specially interesting in applications for organic light-emitting
iodes [1] and chemiluminescence detection systems [5–7]. Var-

ous catalyst systems also use transition metal complexes with
ipyridine ligands [8,9], including oxidative carbonylation [10], the
umada-Corriu reaction [11], and the Suzuki cross-coupling reac-

ion [12]. Yet, a widespread, large-scale usage is, in part, limited by
he cost associated with bipyridine compounds. For instance, the
rice of 4,4′-dimethyl-2,2′-bipyridine exceeds $5,600 per kilogram
13]. Therefore, finding a more economical synthesis pathway for
ipyridines is desirable. Environmental impacts are also an impor-
ant concern. Hence, reactions with no solvents and no halogenated
ompounds are preferred.
The oxidative coupling of 4-methylpyridine to 4,4′-dimethyl-
,2′-bipyridine over palladium is a simple one-step process that
ses neither solvents nor halogenated precursors (Scheme 1) with

∗ Corresponding author. Tel.: +1 352 392 6585; fax: +1 352 392 9513.
E-mail address: hweaver@che.ufl.edu (H.E. Hagelin-Weaver).

381-1169/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2011.03.022
, the best catalyst previously reported for this reaction.
© 2011 Elsevier B.V. All rights reserved.

water and terpyridine as the only observed by-products. While
this is an environmentally friendly process, the reaction rate is
slow, and the catalyst undergoes deactivation which in turn lim-
its the product yield [14]. Early research for this reaction focused
on using palladium on carbon (Pd/C) catalysts with yields for 5 wt%
and 10 wt% Pd loadings varying between 1.5 and 2.0 g bipyridine
per g catalyst [14–17]. In our previous research, it was shown that
both 5 wt% and 10 wt% palladium (metal basis) precipitated onto
nanoparticle alumina [PdO/n-Al2O3(+)] yield approximately 2.5 g
product per g catalyst [18]. As the product yield per gram of palla-
dium for the catalyst with 5% palladium loading is almost twice
that of the catalyst with 10% palladium loading, the 5 wt% pal-
ladium catalyst is more economical and is the best performing
palladium catalyst reported to date [18,19]. Several other oxide
supports including porous titania (p-TiO2) and nanoparticle mag-
nesia (n-MgO) with a 5 wt% palladium loading produce reasonable
yields, similar to or higher than those obtained from a Pd/C catalyst
[19]. In addition, catalysts supported on nanoparticle ceria (n-
CeO2), nanoparticle zinc oxide (n-ZnO), and nanoparticle zirconia
(n-ZrO2) were found to produce moderate yields (>1.5 g per g cat-

alyst) despite relatively low support surface areas (<70 m2/g) [19].
The moderate yields and high dispersions on the latter nanoparticle
oxides indicate favorable metal–support interactions [19]. XPS con-
firms strong palladium–support interactions, as the Pd 3d peaks are

dx.doi.org/10.1016/j.molcata.2011.03.022
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:hweaver@che.ufl.edu
dx.doi.org/10.1016/j.molcata.2011.03.022
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Scheme 1. Oxidative coupling of 4-methylpyridine over PdO/MeOx/nano-o

hifted to higher binding energies indicating electron deficient PdO
pecies on the surface [20]. The favorable interactions are further
videnced by the large number of studies on palladium promoted
ith or supported on CeO2 [3,4,6,21–25], ZrO2 [26,27] and Zn/ZnO

1,28–30]. These oxides are therefore potential promoters for pal-
adium in the oxidative coupling of 4-methylpyridine. As it has
een shown previously that the PdO on the surface of the cata-

ysts is reduced to Pd metal after reaction, the reactions are likely
imited by the reoxidation of palladium [14,20,31]. Consequently,
he oxygen mobility and storage capacities of CeO2 and ZrO2 are
articularly interesting for the oxidative coupling reaction. Assis-
ance in oxygen transfer between palladium and the support could
otentially produce highly effective catalysts.

In this study, the effects of ZnO, CeO2 and ZrO2 on a few selected
anoparticle oxide-supported catalysts were investigated. The n-
l2O3(+), n-TiO2 and n-MgO supports were selected due to very
igh surface areas (>500 m2/g) and, consequently, a strong poten-
ial for producing catalysts with high palladium dispersions. The
dditives were deposited on the support using two methods, (1)
long with the active metal (co-precipitation) or (2) before the
ctive metal (in a two-step sequential precipitation method). The
ain objectives of the study were to determine (1) if CeO2, ZrO2 and

nO can promote palladium catalysts supported on n-Al2O3(+), n-
iO2 and n-MgO, (2) if the effects of the additive are dependent on
he nanoparticle oxide support used, (3) which is the more effective
reparation method, co- or sequential precipitation of the additive
nd palladium, and (4) if a catalyst with a greater activity than the
est to date, i.e. the PdO/n-Al2O3(+), can be prepared by adding one
f these oxides.

. Experimental

.1. Catalyst preparation

The catalysts were prepared using commercially avail-
ble nanoparticles, n-Al2O3(+), n-MgO and n-TiO2, supplied by
anoScale Corporation [32] (Table 1). A precipitation method was
sed to deposit palladium and additive onto the supports. Using
his method, aqueous solutions of metal nitrate(s) (Pd(NO3)2·2H2O:
luka, Ce(NO3)3·6H2O: Sigma–Aldrich, Zn(NO3)2·6H2O: Alfa Aesar,
nd ZrO(NO3)2·6H2O: Sigma–Aldrich) were added to an aqueous
ispersion of the support (either n-Al2O3(+), n-MgO or n-TiO2).
he mixture was titrated with sodium hydroxide to form metal
ydroxide(s) on the support [33]. The amount of NaOH corre-
ponded to a 50% stoichiometric excess, based on the amount of
etal nitrate(s) used. The resulting mixture was aged overnight

t room temperature before being filtered. The filtered material
as rinsed in deionized water overnight and filtered again. The
aterial was then dried at 105 ◦C overnight and calcined in air at

50 ◦C for 3 h.
All of the catalysts had loadings of 5% palladium and 5% addi-

ive by weight on a metal basis, unless otherwise noted. Two

ifferent precipitation methods were used; co-precipitation and
equential precipitation, to determine the effects of the additive.
or the co-precipitation method, cerium nitrate, zinc nitrate or zir-
onium nitrate was dissolved with palladium nitrate in deionized
atalysts. MeOx: ZnO, CeO2 or ZrO2. Nano-oxide: Al2O3(+), n-MgO or n-TiO2.

water before being added to an aqueous dispersion of the sup-
port. The metals were then precipitated together onto the support
by titration with a sodium hydroxide solution. In the sequential
precipitation method, the metal oxide additive was deposited first
by precipitation onto the support, aged, rinsed, dried and calcined
before repeating the process to deposit the palladium.

2.2. Reaction conditions

The reactant, 4-methylpyridine (Acros), was doubly distilled
over KOH prior to use. In a typical reaction run, 0.7 g of catalyst
was placed in a round bottom flask with 7 g of the distilled 4-
methylpyridine. The reaction mixture was evacuated followed by
the introduction of an oxygen atmosphere. The mixture was then
heated to the boiling point (145 ◦C) under continuous agitation.
After refluxing for 72 h, the flask contents were filtered using a glass
micro-fiber filter and washed with chloroform to dissolve the prod-
uct. The product was obtained by removing the chloroform, water,
and unreacted 4-methylpyridine using a rotary evaporator.

2.3. Catalyst characterization

The as received support surface areas and the surface
areas of the prepared catalyst were determined by multipoint
Brunauer–Emmett–Teller (BET) isotherms on a Quantachrome
Nova 1200 instrument as described in previous work [18].

Chemisorption measurements were performed in a Quan-
tachrome ChemBET 3000 instrument and used to characterize the
active catalyst surface area. The catalysts were first reduced with
hydrogen at 170 ◦C for 1 h, and then outgassed in nitrogen at 170 ◦C
for another hour. The mild reduction conditions were used to limit
sintering of the Pd particles on the surface. This was followed by
pulse titration with carbon monoxide to characterize the palladium
dispersions of the catalysts. Detailed descriptions of the procedure
and calculations are given in previous work [19]. While PdO is
believed to be the active phase, or at least a necessary precursor, the
CO chemisorption measurements on reduced catalysts are impor-
tant since the PdO surface area cannot be measured directly. It is
assumed that there is a correlation between the original PdO sur-
face area and the Pd surface area of the reduced catalyst. Previous
XRD and TEM data support this assumption [20,31].

The XRD data was gathered on a Philips powder X-ray diffrac-
tometer using Bragg–Brentano geometry with Cu K� radiation
(� = 1.54 Å). Selected catalyst powders were secured onto a glass
slide with double-sided sticky tape prior to measurements.

The thermogravimetric analysis (TGA) of the three nanoparticle
supports was carried out on a Mettler Toledo TGA/SDTA (scanning
differential thermal analysis) with sample weights between 4 and
20 mg, under a 40 mL min−1 air flow. The samples were heated
from room temperature to 105 ◦C at 20 ◦C min−1 and held for 5 min
before again being heated from 105 ◦C to 1000 ◦C at 10 ◦C min−1.
3. Results

All prepared catalysts were subjected to activity measurements
in the coupling reaction of 4-methylpyridine. The results are sum-
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Table 1
Catalyst support properties.

Support oxide NanoScale Producta SA (m2/g)b SA (m2/g) after calcinationc NH3 (S cm3/g)d CO2 (S cm3/g)e

n-Al2O3(+) NanoActive Aluminum Oxide Plus 695 515f 9.0 0.75
n-MgO NanoActive Magnesium Oxide Plus 685 616 3.4 2.0
n-TiO2 NanoActive Titanium Dioxide 505 133 4.0 0.6

a Nanoparticles purchased from NanoScale Corporation: http://www.nanoscalecorp.com/content.php/chemicals/powders/ accessed on 11/19/2010.
b BET surface area after drying at 105 ◦C for 3 h.
c BET surface area after calcination at 350 ◦C for 3 h.
d ing in ◦
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Adsorbed amount of NH3 on support. Measured by pulse titration after outgass
e Adsorbed amount of CO2 on support. Measured by pulse titration after outgassi
f Surface area after calcination at 350 ◦C for 24 h.

arized in Table 2 and Fig. 1. The catalysts without additives from
revious research, PdO/n-Al2O3(+), PdO/n-TiO2, and PdO/n-MgO, as
ell as some additional catalysts prepared using a slightly modified
reparation procedure, are included for comparison. The properties
f the supports have been presented in a previous paper [19], but
re summarized in Table 1 as they are important in the current
tudy. As seen in Table 2, the effects of the additives are depen-
ent on the identities of the additive and support as well as the
reparation method.

To obtain more information about the effects of the oxide addi-
ives and the preparation methods on the different supports, the
verall surface areas were determined, and CO chemisorption mea-
urements were performed to estimate the Pd surface areas of the
atalysts. The results from these measurements are presented in
able 3.

. Discussion
.1. PdO supported on nanoparticle alumina

Previous research showed that the PdO/n-Al2O3(+) catalyst is
he most active and reproducible catalyst amongst the various cat-

able 2
atalytic activities of prepared catalysts.

Entry Preparation methoda Support Addit

1b PT n-Al2O3(+) –
2 PTc n-Al2O3(+) –
3 CP n-Al2O3(+) ZnO
4 SQ n-Al2O3(+) ZnO
5 CP n-Al2O3(+) CeO2

6 SQ n-Al2O3(+) CeO2

7 CP n-Al2O3(+) ZrO2

8 SQ n-Al2O3(+) ZrO2

9 SQd n-Al2O3(+) ZrO2

10b PT n-MgO –
11 PTc n-MgO –
12 CP n-MgO ZnO
13 SQ n-MgO ZnO
14 CP n-MgO CeO2

15 SQ n-MgO CeO2

16 SQd n-MgO CeO2

17 CP n-MgO ZrO2

18 SQ n-MgO ZrO2

19b PT n-TiO2 –
20 PTc n-TiO2 –
21 CP n-TiO2 ZnO
22 SQ n-TiO2 ZnO
23 CP n-TiO2 CeO2

24 SQ n-TiO2 CeO2

25 CP n-TiO2 ZrO2

26 SQ n-TiO2 ZrO2

27 SQd n-TiO2 ZrO2

a Preparation methods: PT, precipitation; CP, co-precipitation; SQ, sequential precipita
b Results from previous work [19].
c Catalyst prepared using a precalcined support.
d Catalyst prepared using a modified sequential precipitation, where the catalyst is sim
flowing nitrogen at 105 C for 1 h [19].
flowing nitrogen at 105 ◦C for 1 h [19].

alysts examined for this reaction. Addition of ZnO, CeO2 and ZrO2 to
this catalyst was investigated in an attempt to improve the product
yields.

4.1.1. Precalcination of n-Al2O3(+)
As Fig. 1 indicates, the sequential precipitation method is infe-

rior to co-precipitation for catalysts supported on n-Al2O3(+).
Thus, the effect of the first calcination treatment was explored.
A n-Al2O3(+) sample was calcined in air at 350 ◦C for 3 h before
palladium deposition and then tested for activity. This support pre-
treatment results in a significantly reduced product yield (Table 2).
The difference between the catalysts prepared using heat-treated
and untreated supports is attributable to the lower Pd surface area
on the heat-treated n-Al2O3(+). The lower Pd surface area is not
caused by a drastic reduction in support surface area, as the surface
area of the n-Al2O3(+) is still above 500 m2/g even after calcination
for 24 h at 350 ◦C.

Previous research revealed that n-Al2O3(+) mainly consists of

poorly crystalline �-AlO(OH) which transforms to �-Al2O3 between
350 ◦C and 450 ◦C [31]. From TGA measurements (Fig. 2), it is evi-
dent that a significant fraction of the support’s “dry” weight loss
(weight lost after drying at 105 ◦C for 5 min) occurs between 105 ◦C

ive Yield (g product/g catalyst) Yield (g product/g Pd)

2.5 50
1.8 36
2.4 47
1.6 30
2.5 51
1.4 26
3.4 68
2.5 49
3.3 66
2.3 46
1.7 32
1.4 27
0.9 18
2.2 43
2.7 53
2.6 52
2.1 43
1.8 37
1.6 31
1.5 31
1.1 23
1.2 24
1.2 25
1.6 32
0.6 13
1.9 37
2.0 41

tion.

ply filtered (not calcined) before the second deposition.

http://www.nanoscalecorp.com/content.php/chemicals/powders/
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Table 3
Catalyst surface areas, CO adsorption, palladium dispersions and turnover numbers of prepared catalysts.

Catalyst [5/5/90%]a Deposition methodb Surface area (m2/g) CO ads. (�L CO/g cat) Dispersion (%) Pd SA (m2/g) TONc

PdO/n-Al2O3(+)d PT 180 4600 44 9.7 66
PdO/n-Al2O3(+) PTe 215 1800 17 3.8 120
PdO/ZnO/n-Al2O3(+) CP 245 4490 43 9.5 64
PdO/ZnO/n-Al2O3(+) SQ 235 2800 27 5.9 66
PdO/CeO2/n-Al2O3(+) CP 220 5380 51 11.4 57
PdO/CeO2/n-Al2O3(+) SQ 250 2960 28 6.3 54
PdO/ZrO2/n-Al2O3(+) CP 220 4830 46 10.2 85
PdO/ZrO2/n-Al2O3(+) SQ 215 1730 16 3.7 172
PdO/ZrO2/n-Al2O3(+) SQf 214 3940 37 8.3 103
PdO/n-MgOd PT 85 2350 22 5.0 119
PdO/n-MgO PTe 101 2490 24 5.3 78
PdO/ZnO/n-MgO CP 140 780 7 1.7 213
PdO/ZnO/n-MgO SQ 50 1520 14 3.2 70
PdO/CeO2/n-MgO CP 64 2560 24 5.4 101
PdO/CeO2/n-MgO SQ 120 4190 40 8.9 77
PdO/CeO2/n-MgO SQf 49 2290 22 4.8 137
PdO/ZrO2/n-MgO CP 165 3740 35 7.9 70
PdO/ZrO2/n-MgO SQ 125 3200 30 6.8 71
PdO/n-TiO2

d PT 210 4150 39 8.8 46
PdO/n-TiO2 PTe 110 1720 16 3.6 110
PdO/ZnO/n-TiO2 CP 230 2870 27 6.1 48
PdO/ZnO/n-TiO2 SQ 190 4620 44 9.8 31
PdO/CeO2/n-TiO2 CP 230 5050 48 10.7 30
PdO/CeO2/n-TiO2 SQ 170 5030 48 10.7 39
PdO/ZrO2/n-TiO2 CP 120 4860 46 10.3 16
PdO/ZrO2/n-TiO2 SQ 110 5160 49 10.9 44
PdO/ZrO2/n-TiO2 SQf 186 5780 55 12.2 43

a [5/5/90]: Weight percent of different components. PdO and additive on metal basis and support on metal oxide basis.
b Preparation methods: PT, precipitation; CP, co-precipitation; SQ, sequential precipitation.
c TON = turnover number: number of product molecules formed per palladium surface atom.
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d Results from previous work [19].
e Catalyst prepared using a precalcined support.
f Catalyst prepared using a modified sequential precipitation, where the catalyst

nd 350 ◦C. As roughly 4% out of the total 12% dry weight-loss is
ost during the ramp to 350 ◦C (a 15% total weight loss would be
xpected for complete conversion of a 100% AlO(OH) to �-Al2O3),
significant fraction of the AlO(OH) is expected to transform into
-Al O during the 3 h calcination at 350 ◦C. Even though the XRD
2 3
pectra of catalysts calcined at 350 ◦C reveal only poorly crystalline
lO(OH) (and no �-Al2O3), TGA strongly indicates that a significant

raction of the original AlO(OH) has decomposed after calcination
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ig. 1. Activity data from prepared catalysts. Nn = PdO/support only, no additive
xide. Additive oxide: Zn = ZnO, Ce = CeO2, Zr = ZrO2. Filled symbols are results from
he co-precipitation method (Zn, Ce or Zr), as well as the precipitated reference
dO/support catalysts (Nn) and open symbols are results from the sequential pre-
ipitation method (Zn, Ce or Zr), or for PdO/support catalysts (no additive) prepared
sing a precalcined support (Nn). The open grey symbols are results from the mod-

fied sequential precipitation method (filtration only, no calcination).
ply filtered (not calcined) before the second deposition.

at this temperature. The XRD measurements cannot detect the
developing poorly crystalline �-Al2O3 phase. The low Pd surface
area measured on the catalysts prepared using the precalcined
n-Al2O3(+) therefore supports our previous conclusion that the
hydroxyl groups in the n-Al2O3(+) (or rather the n-AlO(OH)) sup-
port are important to obtain a high Pd surface area. It is our belief

that these hydroxyl groups interact with the Pd2+ ions during the
precipitation process and thereby result in high Pd dispersions on
these catalysts.

Fig. 2. Thermogravimetric analysis (TGA) data obtained from n-TiO2 (red), n-
Al2O3(+) (black) and n-MgO (blue) supports. Dashed lines mark the drying
temperature (105 ◦C) and calcination temperature (350 ◦C). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of the article.)
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ig. 3. X-ray diffraction (XRD) data obtained from PdO/ZnO/n-Al2O3(+) catalysts
repared using the co-precipitation (CP) and the sequential precipitation (SQ) meth-
ds, and PdO/n-Al2O3(+) catalyst with no added ZnO (Nn).

.1.2. ZnO addition
While ZnO has been shown to result in favorable Pd–Zn

nteractions in PdO/n-ZnO catalysts [28], adding ZnO to the PdO/n-
l2O3(+) catalyst does not have a positive effect on the product
ield irrespective of catalyst preparation method used (Fig. 1
nd Table 2). The co-precipitation of ZnO and PdO precursors
nly slightly decreases the yield, but the sequential precipitation
ethod results in a significant decrease to half the original yield

rom PdO/n-Al2O3(+). This is even lower than the yield obtained
rom the PdO supported on precalcined n-Al2O3(+). Previous results
ave shown that deposition of ZnO onto n-Al2O3(+) support under
imilar preparation techniques results in facile ZnAl2O4 formation
34]. Therefore XRD spectra were obtained for co-precipitated (CP)
nd sequentially precipitated (SQ) PdO/ZnO/n-Al2O3(+) catalysts,
nd reveal additional peaks which are reasonably consistent with
nAl2O4 (Fig. 3). The peaks due to ZnAl2O4 are more pronounced on
he SQ catalyst indicating that the presence of palladium may dis-
upt the Zn–Al interactions during co-precipitation, possibly due
o Pd–Zn interactions. The lower yields obtained from the ZnO-
ontaining catalysts correlate with the reduction in Pd surface area,
s both the CP and SQ catalysts’ turnover numbers are not signifi-
antly lower than the PdO/n-Al2O3(+) catalyst without added ZnO.
n the case of the sequentially prepared PdO/ZnO/n-Al2O3(+) cata-
yst, the lower Pd surface area is attributed to the smaller support
urface area and the removal of the surface hydroxyl groups dur-
ng ZnO addition and calcination. In the case of the CP catalyst, a
lightly lower Pd surface area is observed, while the overall surface
rea is higher, compared to the PdO/n-Al2O3(+), which could be due
o some ZnO covering the PdO on the surface.

.1.3. CeO2 addition
Co-precipitation of CeO2 and PdO precursors on the n-Al2O3(+)

upport does not affect the average product yield significantly, even
hough the measured Pd surface area does increase (Tables 2 and 3).
s with the ZnO additive, the sequential addition of CeO2 produces
n inferior catalyst compared to the co-precipitated PdO/CeO2/n-
l2O3(+) catalyst and gives a significantly lower yield than PdO
upported on a precalcined n-Al2O3(+) support. One reason for

he low yield is a lower Pd surface area for the SQ PdO/CeO2/n-
l2O3(+) than the PdO/n-Al2O3(+) catalyst with no CeO2 additive.
owever, as the Pd surface area of the SQ PdO/CeO2/n-Al2O3(+)
atalyst is higher than that of PdO supported on the precalcined
lysis A: Chemical 341 (2011) 42–50

n-Al2O3(+), the turnover number for the SQ catalyst is lower
than expected from CeO2-containing catalysts. Upon examining
the results from the SQ PdO/CeO2/n-Al2O3(+) catalyst series, the
yields vary significantly from 2.1 to 3.1 (i.e. 2.6 ± 0.44) g product/g
catalyst. As strong PdO–CeO2 interactions leading to migra-
tion of CeOx over the palladium have been observed on these
and other catalysts [20,35,36], the yield variation in this case may
be due to varying degrees of CeO2 coverage of Pd active sites.
CeO2 migration during reaction would explain the lower than
expected yields despite the reasonably high Pd surface areas from
the PdO/CeO2/n-Al2O3(+) catalysts.

4.1.4. ZrO2 addition
In contrast to the ZnO and CeO2, addition of ZrO2 via the

co-precipitation method consistently demonstrates a significant
improvement in the catalyst performance compared to the PdO/n-
Al2O3(+) catalyst. The co-precipitated method produces a yield of
3.4 ± 0.1 g/g catalyst, which is approximately a 36% increase over
the highest yield reported to date for this reaction. As with the
other oxides added to the PdO/n-Al2O3(+) catalyst, sequential pre-
cipitation results in an inferior catalyst. However, the yield from
the SQ PdO/ZrO2/n-Al2O3(+) catalyst is only slightly lower than that
from the PdO/n-Al2O3(+) catalyst, and, more importantly, is signif-
icantly higher than the yield obtained from PdO on a precalcined
n-Al2O3(+) support. This indicates that ZrO2 is acting as a pro-
moter for the PdO/n-Al2O3(+) catalyst regardless of the preparation
method.

4.1.5. Modified preparation method
To further investigate the differences between the co-

precipitation and the sequential precipitation methods, the
sequential precipitation procedure was modified for the PdO/ZrO2/
n-Al2O3(+) catalyst. Instead of calcining the catalyst after depo-
sition of ZrO2, one catalyst was simply aged, rinsed, and filtered
before re-dispersion in an aqueous Pd2+ solution for PdO deposi-
tion. This results in a catalyst with almost the same activity as a
co-precipitated catalyst (Table 2, Entries 7 and 9) and confirms that
the calcination step between depositions has an undesirable effect
on the catalysts.

In summary, the co-precipitation method is preferred over the
sequential precipitation on n-Al2O3(+)-supported palladium cata-
lysts. The calcination step between depositions is detrimental and
results in lower Pd surface areas which are attributed to removal
of OH groups on the support. Only ZrO2 is promoting the activity
of a PdO/n-Al2O3(+) catalyst.

4.2. PdO supported on nanoparticle magnesia

While the n-MgO support has a surface area comparable to
the n-Al2O3(+) support (>650 m2/g), the PdO/n-MgO catalyst is
not as active as the PdO/n-Al2O3(+) catalyst in the coupling of 4-
methylpyridine, mainly due to a lower Pd surface area. The effects of
ZnO, CeO2 and ZrO2 addition to the PdO/n-MgO catalyst were there-
fore investigated to determine if the yields of this MgO-supported
PdO catalyst could be improved.

4.2.1. Precalcination of n-MgO
The behavior of the PdO supported on the precalcined n-MgO

is similar to that of PdO on precalcined n-Al2O3(+) as a signifi-
cant reduction in product yield is observed (Fig. 1). However, in
contrast to the PdO catalysts supported on n-Al2O3(+), the lower
yield is not due to a decreased Pd surface area on the precalcined

n-MgO support (Table 3). TGA analysis reveals that the n-MgO sup-
port exhibits a similar weight loss behavior upon heating as seen
in the n-Al2O3(+) support (Fig. 2). This suggests that the n-MgO
support consists of a significant amount of Mg(OH)2. While most
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Fig. 4. X-ray diffraction (XRD) data obtained from PdO/ZnO/n-MgO catalysts pre-
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ared using the co-precipitation (CP) and the sequential precipitation (SQ) methods,
nd PdO/n-MgO catalyst with no added ZnO (Nn).

f the weight-loss in the AlO(OH)-containing n-Al2O3(+) support
ccurs in the temperature range between 350 ◦C and 450 ◦C, the n-
gO support loses weight over the whole temperature range from

00 ◦C to 800 ◦C, although a very rapid weight-loss between 300 ◦C
nd 400 ◦C is observed. The total weight-loss on a dry basis is 21%
i.e. the weight lost after the drying period). As a total weight-loss of
1% is expected for converting a sample consisting of 100% Mg(OH)2
o MgO, the TGA measurements indicate that approximately 70% of
he n-MgO is Mg(OH)2. It is expected that a significant fraction of
he Mg(OH)2 remains in the sample after calcination at 350 ◦C for
h. This is consistent with an XRD spectrum obtained from the
dO/n-MgO catalyst after calcination, which reveals peaks from
oth MgO and Mg(OH)2 (Fig. 4). Consequently, after precalcination,
large number of hydroxyl groups are likely still present, which

an interact with the Pd2+ ions during deposition to yield a high
d dispersion. Despite similar initial support surfaces areas, the Pd
urface area is not as high on the n-MgO as the n-Al2O3(+) support,
hich may be due to more acidic hydroxyl groups on the alumina

upport compared with the basic magnesia support (Table 1).

.2.2. ZnO addition
Similar to the n-Al2O3(+)-supported catalysts, addition of ZnO

o the PdO/n-MgO catalyst results in a significant reduction in the
roduct yield irrespective of the preparation method. As expected
rom the results over the PdO supported on precalcined n-MgO, the
equential precipitation method is inferior to the co-precipitation
ethod. The lower yields obtained from the PdO/ZnO/n-MgO cat-

lysts are largely attributed to the lower Pd surface area compared
o the PdO/n-MgO catalyst with no added ZnO. The larger overall
urface area and the smaller Pd surface area of the CP compared to
he SQ PdO/ZnO/n-MgO catalyst indicates more ZnO covering the
urface PdO during co-precipitation. Despite the lower Pd surface
rea of the CP PdO/ZnO/n-MgO catalyst, the product yield is higher
han that obtained from the SQ catalyst, resulting in a higher CP cat-
lyst turnover number (Table 3). Thus, the palladium on the surface
f the CP PdO/ZnO/n-MgO catalyst is more active, or at least more
table (vide infra), than on the SQ catalyst.

According to XRD the main differences between the SQ and the

P PdO/ZnO/n-MgO catalysts appear to be (1) a more crystalline
dO on the CP PdO/ZnO/n-MgO catalyst and (2) less Mg(OH)2 on
he SQ PdO/ZnO/n-MgO catalyst (Fig. 4). A lower Mg(OH)2 content
n the SQ PdO/ZnO/n-MgO catalyst is expected with the second
alcination. While no other crystal phases are visible in the XRD
lysis A: Chemical 341 (2011) 42–50 47

spectra, the formation of poorly crystalline mixed oxides between
ZnO and n-MgO (MgxZn1−xO) [37] on this catalyst surface cannot be
excluded. Strong interactions between ZnO and n-MgO could dis-
rupt favorable palladium–support or Pd–ZnO interactions leading
to low Pd surface areas and catalytic activities.

4.2.3. CeO2 addition
CeO2 addition to the MgO-supported palladium catalyst via

the co-precipitation method results in a slightly lower yield com-
pared to the PdO/n-MgO catalyst. The lower yield is not related
to a decrease in Pd surface area as it is slightly higher on the CP
PdO/CeO2/n-MgO catalyst compared with the PdO/n-MgO catalyst
without added CeO2 (Table 3). However, this preparation method
causes leaching of palladium into the reaction mixture, which is
evident as a Pd mirror on the reaction flask wall after reaction. The
palladium leaching indicates strong Pd–CeO2 interactions during
the co-precipitation which undermine the Pd interactions with the
support. Leaching, in turn, lowers the activity despite a higher ini-
tial Pd surface area compared to the PdO/n-MgO catalyst without
added CeO2.

On the contrary, no palladium leaching was observed in the reac-
tions using the SQ PdO/CeO2/n-MgO catalyst. This catalyst has a
higher Pd surface area than the co-precipitated catalyst, increases
the product yield 17% over the PdO/n-MgO catalyst without added
CeO2, and increases the yield 60% over PdO supported on pre-
calcined n-MgO. However, similar to the SQ PdO/CeO2/n-Al2O3(+)
catalyst, there appears to be a larger variation in yields compared to
other catalysts. A catalyst prepared using the modified sequential
precipitation method results in an even broader yield distribution
and is thus not a very stable catalyst. It is possible that the catalytic
activities of the n-MgO supported catalysts are very dependent on
the drying and calcination procedure as Mg(OH)2 decomposes to
MgO beginning at 320 ◦C [38] and continues to decompose up to
800 ◦C (Fig. 2). The large variations in yields from these catalysts
could be due to varying amounts of palladium leaching during reac-
tion, which may be challenging to detect in some cases. It is also
possible that CeO2 migration over the Pd/PdO on the catalyst sur-
face occurs during reaction contributing to lower than expected
yields from the measured Pd surface area.

4.2.4. ZrO2 addition
Unlike the results for the n-Al2O3(+) support, adding ZrO2 to the

PdO/n-MgO catalyst yields a slightly lower activity for both prepa-
ration methods. This is despite the fact that both catalysts, CP and
SQ, have higher Pd surface areas than the PdO/n-MgO catalyst with-
out added ZrO2. The CP catalyst gives slightly better average yields
than the SQ catalyst, which is attributed to a higher Pd surface area
since the turnover numbers are the same. As palladium leaching
is observed in some runs using the CP PdO/ZrO2/n-MgO catalyst,
this can account for the lower activity compared with the reference
PdO/n-MgO catalyst. For the SQ PdO/ZrO2/n-MgO catalyst, both the
yields and the measured Pd surface areas vary significantly between
runs, indicating an unstable catalyst. Although the measured Pd
surface areas are higher, the turnover numbers of the PdO/ZrO2/n-
MgO catalysts are lower in comparison to the PdO/n-MgO catalyst
revealing less active catalysts.

The co-precipitation method is slightly better than the sequen-
tial precipitation method for n-MgO-supported catalysts due to
removal of hydroxyl groups during the first calcination treatment.
However, the preferred preparation method is dependent on the
added oxide, as the sequential preparation method gives a higher
yield for the PdO/CeO2/n-MgO catalyst. Compared to the other
catalysts under investigation, the BET surface areas of the n-MgO-

supported catalysts are very low. The significant reduction in MgO
surface area during catalyst preparation is not directly due to cal-
cination of the support (Table 1). Instead the drastic reduction
in surface area appears to originate during the palladium depo-
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ition step. This may be attributed to partial dissolution of the MgO
or Mg(OH)2) support in the slightly acidic Pd(NO3)2 (aq) solution
39]. CeO2 addition increases the yield of the PdO/n-MgO catalyst,

ainly due to an increased Pd surface area. However, a sequential
recipitation method is necessary to prevent leaching of palladium.

.3. PdO supported on nanoparticle titania

The n-TiO2 has a very high surface area (∼500 m2/g), but the
dO/n-TiO2 catalyst is only moderately active, comparable to the
ypical Pd/C in the oxidative coupling of 4-methylpyridine. There-
ore, the addition of oxides with favorable properties has the
ighest potential for improving the catalytic performance of the
atalysts under investigation. Moreover, the variation in yield of
he PdO/n-TiO2 catalyst has been shown to be larger than for
dO/n-Al2O3(+). Thus, the addition of ZnO, CeO2 and ZrO2 was
nvestigated to determine if more reproducible and active catalysts
an be obtained from n-TiO2-supported PdO.

.3.1. Precalcination of n-TiO2
Precalcination of the n-TiO2 support before PdO deposition does

ot notably affect the yield of the resulting catalyst (Fig. 1). How-
ver, the measured Pd surface area is significantly lower on the
recalcined n-TiO2 support compared to the reference PdO/n-TiO2
atalyst (Table 3), which is likely due to the drastic reduction in BET
urface area with calcination of the n-TiO2 support (Table 1). The
eat treatment causes a 74% reduction in surface area, from 505 to
33 m2/g, compared to a 59% reduction in Pd surface area observed
n the calcined support. In contrast to the n-Al2O3(+) and n-MgO
upports, the n-TiO2 does not appear to contain a high number of
ydroxyl groups. The TGA reveals a dry weight-loss of only 3.4% for
he n-TiO2 support with most of this weight-loss occurring before
he 350 ◦C calcination temperature.

It appears that the drastic change in BET surface area with cal-
ination of the n-TiO2 support is due to a phase change (Fig. 5). The
s received n-TiO2 is nearly amorphous with an indication of an
natase phase present, but there is no significant long range order
nd the presence of other phases cannot be excluded. The XRD spec-

ra of the PdO/n-TiO2 catalyst clearly reveal the growth of anatase
rystallites with calcination. Precalcination followed by another
alcination treatment after palladium deposition likely increases
he anatase phase contribution, as seen for the SQ PdO/ZrO2/n-TiO2
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ig. 5. X-ray diffraction (XRD) data obtained from PdO/ZrO2/n-TiO2 catalysts pre-
ared using the co-precipitation (CP) and the sequential precipitation (SQ) methods,
dO/n-TiO2 catalyst with no added ZrO2 (Nn), and the n-TiO2 support.
lysis A: Chemical 341 (2011) 42–50

catalyst in Fig. 5. Anatase is known to result in strong Pd-support
interactions [40] and has been shown to result in highly active PdO
catalysts in the oxidative coupling of 4-methylpyridine [20]. There-
fore, development of the anatase phase during calcination is likely
the reason the lower Pd surface area on the precalcined support
does not result in a reduction in yield.

4.3.2. ZnO addition
Similar to the behaviors of the n-Al2O3(+)- and n-MgO-

supported catalysts, addition of ZnO results in lower yields than
those obtained from the PdO/n-TiO2 without ZnO. In this case, the
sequential precipitation method produces a higher yield than the
co-precipitation, the latter reducing the yield 31% compared to the
n-TiO2 without added ZnO. As for the other CP ZnO-containing
catalysts, it appears that ZnO is covering the palladium on the CP
PdO/ZnO/n-TiO2 catalyst, as the overall surface area is larger, but
the Pd surface area is lower compared to the PdO/n-TiO2 catalyst.
In contrast, on the SQ PdO/ZnO/n-TiO2 catalyst the Pd surface area
is larger than on the PdO/n-TiO2 catalyst, but the yield is lower. It is
likely that the presence of ZnO disrupts the favorable PdO-anatase
TiO2 interactions, either by simply blocking the n-TiO2 from PdO or
via the formation of a mixed oxide between ZnO and n-TiO2 (such
as ZnTiO4 [41]).

4.3.3. CeO2 addition
CeO2 addition to PdO/n-TiO2 has minimal effect on the yield if

sequentially precipitated and decreases the yield if co-precipitated
onto the support with palladium. Similar to the behavior of CP
PdO/CeO2/n-MgO, the CP PdO/CeO2/n-TiO2 catalyst results in a sig-
nificant amount of palladium leaching. Therefore, it appears that
co-precipitation of Ce and Pd precursors on the n-MgO and n-
TiO2 supports weakens the Pd-support interactions. The Pd–Ce
interactions are likely stronger than the Ce–Ti and Pd–Ti inter-
actions [20,35,36,42]. Since leaching is not observed on the CP
PdO/CeO2/n-Al2O3(+) catalyst, this may indicate that the Pd inter-
actions with the hydroxyl groups of AlO(OH) in the n-Al2O3(+)
are stronger than the Pd–Ce interactions during deposition. For
both the SQ and CP PdO/CeO2/n-TiO2 catalysts, addition of CeO2
increases the amount of CO adsorbed on the catalysts compared
to the PdO/n-TiO2 without CeO2, indicating that the Pd surface
areas are larger for the CeO2-containing catalysts. However, as the
yields are not significantly higher, the turnover numbers are lower
for the PdO/CeO2/n-TiO2 catalysts. While palladium leaching from
the catalyst surface likely leads to lower than expected yields, it is
also possible that CeOx species migrate over the palladium surface
species thereby reducing the active metal surface area and the yield.
This has been observed previously for PdO/CeO2 catalysts [20].

4.3.4. ZrO2 addition
The sequentially precipitated PdO/ZrO2/n-TiO2 catalyst has a

higher activity than the catalyst prepared using the co-precipitation
method, which is similar to the behavior of the other n-TiO2-
supported catalysts (PdO/ZnO/n-TiO2 and PdO/CeO2/n-TiO2). The
SQ PdO/ZrO2/n-TiO2 catalyst results in a 20% higher yield, while the
CP PdO/ZrO2/n-TiO2 catalyst yield is significantly lower in compar-
ison to the PdO/n-TiO2 catalyst. Table 3 reveals that the Pd surface
areas are almost the same on the CP and SQ PdO/ZrO2/n-TiO2
catalysts and, thus, cannot account for the observed differences
in activity. While leaching of palladium is common on the n-
TiO2 supported catalysts, it does not explain the low yield of
the CP catalyst. It appears that palladium leaching affects the
SQ PdO/ZrO2/n-TiO2 catalyst more than the CP PdO/ZrO2/n-TiO2

catalyst, as evidenced in a palladium mirror covering the reac-
tion flask after completed reactions. Compared to the n-Al2O3(+)
and n-MgO-supported catalysts, the product yields and Pd surface
areas vary more for the n-TiO2-supported catalysts, which indi-
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ates these catalysts are not stable and/or are very sensitive to
reparation conditions.

To further probe the differences between the SQ and CP
dO/ZrO2/n-TiO2 catalysts, they were subjected to XRD analysis
Fig. 5). A significantly higher contribution from the anatase phase
s obsevered on the SQ PdO/ZrO2/n-TiO2 catalyst indicating the
resence of larger anatase crystallites on this catalyst. The XRD
pectra obtained from the CP PdO/ZrO2/n-TiO2 and the PdO/n-
iO2 catalysts are very similar. While the two heat treatments
ould be the sole cause of the higher anatase contribution on the
Q PdO/ZrO2/n-TiO2 catalyst, the addition of Zr4+ to TiO2 possi-
ly obstructs rutile phase formation and results in more anatase
hase [43]. As the anatase phase has been shown to result in
ore favorable Pd–support interactions compared to other crys-

al phases or amorphous TiO2 [40], the higher yield obtained from
he SQ PdO/ZrO2/n-TiO2 catalyst is attributed to the increased
natase phase. In fact, the sequential precipitation method for all
he n-TiO2-supported catalysts is likely more active due to the
ncreased anatase phase. As the activities of these catalysts are
ffected by the n-TiO2 support crystal structure, and the amount of
rystalline anatase phase is dependent on the calcinations, the n-
iO2-supported catalysts are likely very sensitive to pretreatment
onditions, such as calcination temperature and time. Since two
alcinations at 350 ◦C result in more anatase phase, this indicates
hat the n-TiO2 support is still changing after 3 h at this tempera-
ure. This can explain the reproducibility issues for these catalysts.
urthermore, the added ZrO2 on these catalysts likely disrupts the
avorable Pd–TiO2 interactions resulting in an unstable catalyst
here palladium leaches into the reaction solution and causes a

eduction in yield despite the high palladium surface areas of the
dO/ZrO2/n-TiO2 catalysts.

In contrast to the n-Al2O3(+)-supported catalysts, the sequen-
ial preparation is the preferred method for the n-TiO2-supported
atalysts. This is likely due to an increased contribution from
he anatase TiO2 phase with calcination thus increasing favorable
dO–TiO2 interactions. However, the addition of another oxide to
he PdO/n-TiO2 catalysts appears to disrupt the favorable Pd–TiO2
nteractions and leads to increased Pd leaching in several cases.
nly ZrO2 results in a significant increase in the yield obtained

rom n-TiO2-supported PdO catalysts, if the catalyst is prepared
sing the sequential precipitation method. The effect of ZrO2 is
ainly to increase the Pd surface area, as the turnover num-

ers for the PdO/n-TiO2 and PdO/ZrO2/n-TiO2 catalysts are very
imilar.

. Conclusions

It is evident that there is no correlation between the measured
d surface area and the catalytic activity over these catalysts. As
he measured Pd particle size is reasonably consistent with the PdO
article sizes in the previous TEM results [20,31], it seems likely that
he reaction is structure sensitive. However, migration of oxides
o cover the active Pd species as well as palladium leaching also
ontribute to the lack of correlation with measured Pd surface area.

The optimal preparation method and the best additive to use
or PdO catalysts in the oxidative coupling of 4-methylpyridine is
ependent on the support used. In general, the co-precipitation
ethod is favored for the n-Al2O3(+) support, as the first calcination

reatment removes support hydroxyl groups which are important
o give a high Pd dispersion. The sequential precipitation yields bet-
er results for the n-TiO2 support, since the heat treatment induces

rystal growth of the anatase phase, which in turn leads to favorable
dO–support interactions. The n-MgO support is not as sensitive to
eat treatment as the n-Al2O3(+) support, so the best preparation
ethod depends on the additive.

[

[
[
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There are complex interactions between the PdO, the added
oxide, and the nanoparticle oxide support in these catalysts. If
the PdO–additive oxide interactions are too strong, they under-
mine the PdO–support interactions and lead to Pd leaching. If
the PdO–support interactions are stronger, addition of another
oxide is ineffective or reduces the PdO–support interactions lead-
ing to Pd leaching and a lower activity. Therefore, only a few
PdO/MeOx/n-support catalysts are more active than the corre-
sponding PdO/n-support catalyst.

As an additive, ZnO generally decreases the activity of the cata-
lysts. This is accredited to strong ZnO–PdO interactions that either
block active PdO sites or undermine the PdO–support interactions,
or to strong ZnO–support interactions leading to mixed oxide for-
mation, which reduces favorable ZnO–PdO and/or PdO–support
interactions.

CeO2 increases the Pd surface area of all catalysts and does pro-
mote the reaction in some cases. However, the yields obtained from
CeO2-containing catalysts vary significantly. Strong PdO–CeO2
interactions resulting in disrupted PdO–support interactions and
leaching of palladium and/or CeOx migration to cover active PdO
species on the surface are identified as potential reasons for the
reproducibility issues observed on these catalysts.

Addition of ZrO2 also increases the Pd surface area on most cata-
lysts. While ZrO2 is a true promoter for the PdO/n-Al2O3(+) catalyst,
i.e. not only the yield but also the turnover number increase, this
is not the case for the other supports. The yields obtained from
the CP PdO/ZrO2/n-Al2O3(+) catalyst are consistently 36% higher at
3.4 ± 0.1 g product per g catalyst than the previously reported best
yield in this reaction (2.5 g/g catalyst).
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