
Journal of Catalysis 261 (2009) 208–216
Contents lists available at ScienceDirect

Journal of Catalysis

www.elsevier.com/locate/jcat

Pd catalysed hexyne hydrogenation modified by Bi and by Pb

James A. Anderson ∗, Jane Mellor, Richard P.K. Wells

Surface Chemistry and Catalysis Group, Department of Chemistry, University of Aberdeen, Meston Walk, Old Aberdeen AB24 3UE, UK

a r t i c l e i n f o a b s t r a c t

Article history:
Received 18 September 2008
Revised 12 November 2008
Accepted 21 November 2008
Available online 17 December 2008

Keywords:
Selective hydrogenation
Hexyne
Bi modified Pd catalyst

Two Pd/Al2O3 catalysts of different loadings and dispersions were modified by the addition of various
amounts of Bi and studied in the hydrogenation of 1-hexyne and 2-hexyne and in the consecutive
reactions of the products formed. Catalyst behaviour was compared with a commercial Lindlar catalyst
and Pb-free Pd/CaCO3. Results are consistent with a preference of Bi to occupy step and edge sites while
leaving the terraces and extended facets relatively unaffected. Results show that while Bi had little effect
on the rate of the 1-hexyne hydrogenation, the rate of subsequent reactions of the 1-hexene formed were
suppressed. In this context, Bi was a more effective modifier than Pb. This situation was reversed when
reactions were performed using 2-hexyne. Results are discussed in terms of the reaction mechanism and
key intermediates in the process and the roles of bismuth, relative to lead, in creating an appropriate
ensemble of surface Pd atoms to permit control of selectivity.

© 2008 Elsevier Inc. All rights reserved.
1. Introduction

Improved selectivity in industrial catalytic processes is key in
terms of reducing waste and improving performance. Supported
metals are widely used in hydrogenation and other reactions al-
though they are not intrinsically highly selective. Selectivity is of-
ten improved by the use of modifiers which, in general can be
separated into two groups; reversible adsorbates and irreversible
adsorbates. The later grouping, in terms of their mechanism of op-
eration might also include alloying and surface bimetallics since,
in the main, they operate by modifying the size of the available
surface metal atom ensemble and thus promote reactions which
can be accommodated by the restricted size/shape of the available
metal atom array. Although it might be inferred that selectivity is
enhanced by geometric/ensemble effects, it is often difficult to sep-
arate these factors from the electronic influence of the secondary
atoms. Well-known examples here include Pt catalysts with Sn, Ge
or Re/S for the reforming of Naphtha [1]. The use of S in directing
selectivity where multiple functionalities are present, e.g. in unsat-
urated aldehydes is also known and would be an example of an
irreversible adsorbate induced selectivity. It might be argued that
they are more widely used in cases where concurrent (parallel) re-
actions pathways are to be controlled. Reversible adsorbates are
often added to avoid consecutive reactions and in particular, oper-
ate well under circumstances where the reaction product, whose
subsequent reactions are to be suppressed, have a lesser adsorp-
tion enthalpy than the starting reagent. Reversible adsorbates with
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intermediate adsorption strengths may then be used to suppress
secondary reactions without impacting on the primary (desired)
reaction. A good example of this scenario would be selective hy-
drogenation of alkynes where the alkene is the desired product
and over-hydrogenation to the alkane is to be avoided. For ex-
ample, CO is introduced into ethylene streams contaminated by
acetylene where it is desirable to remove the latter before contact
is made with the polymerisation catalyst. In the liquid phase, the
Lindlar catalyst exploits a similar property of quinoline, to deacti-
vate the catalyst for secondary reactions thereby permitting high
selectivity to be retained to high conversion of the alkyne [2]. This
catalyst is rather unique in the context of the description regard-
ing categorisation of modifiers in that in addition to the use of the
reversible/competitive adsorbate, it also makes use of Pb as an ir-
reversible dopant to steer reactions involving the stereoselective
reduction of the alkyne function to cis-alkene with low accom-
panying yields of trans-alkene and alkane. Environmental concern
regarding the use of soluble lead compounds in synthesis is such
that an alternative catalyst not involving use of lead would be wel-
comed. In the work outlined here, the use of bismuth as a potential
lead substitute is assessed.

Selective gas phase alkyne hydrogenation has been widely stud-
ied mainly as a consequence of the industrial relevance to under-
standing how ethyne can be eliminated from ethene feedstreams
[3–5]. However these reactions simultaneously deposit carbona-
ceous residues on the catalyst surface and there is evidence that
this carbon containing overlayer and/or subsurface carbon, may
influence selectivity [6]. Therefore, extrapolating findings to the
three-phase liquid hydrogenation system where carbon deposition
is much less significant, should be done with caution and in par-
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ticular, the use of findings relevant to structure sensitivity. There
is limited available data concerning any potential structure sen-
sitivity for three-phase alkyne hydrogenation [7,8] although ex-
periments conducted using Pd particles in the range 6 to 14 nm
using 1-hexyne [7] and comparing behaviour of Pd (111) and (110)
for 2-hexyne hydrogenation [9] suggest some degree of sensitivity
which could be exploited through selective deposition of modifier.

Several studies have dealt with Bi as a potential surface mod-
ifier. Attard et al. [10] studied S and Bi on Pt/graphite and deter-
mined their effect on catalyst morphology on the basis of cyclic
voltammetry (CV) measurements by comparison with CVs of Pt
single crystals [11]. It was concluded that sulphur occupied ter-
race sites and at ϑ = 0.26, bismuth occupied only (111) × (111)

and (100) × (111) step/kink sites with a slight occupation of the
(100) terrace sites and no occupation of the (111) terrace sites.
These results are entirely consistent with studies of Bi deposition
on Pt(775) stepped crystal [12]. A study which prepared Bi doped
Pd/SnO2 by introducing Bi into solution and allowing equilibration
in the presence of hydrogen, did not, unambiguously determine
the nature or location of the added Bi although it was suggested
that these decorated lower-coordinated Pd atoms in high index
planes [13]. Bi is often combined with Pd-based catalyst for im-
proved performance in selective oxidation [14,15]. Keresszegi et al.
[15,16] deposited Bi mainly as adatoms onto the supported Pd par-
ticles. Most of the Bi atoms (73%) were located on the Pd and
were more dispersed than the Pd itself. The remaining 27% of Bi
was presumed to be present as Bi2O3·xH2O on the Al2O3 sup-
port. They concluded that the geometric blocking of a fraction
of active sites was consistent with results obtained in the oxi-
dation of 1-phenylethanol rather than models which relied upon
partially or completely oxidised forms of the promoter [16]. The
latter interpretation was used to explain improved performance of
Pt/Bi/C catalysts in selective oxidation of glyceric to hydoxypyruvic
acid [17]. Other interpretations include a role of Bi in maintain-
ing high Pd dispersion and controlling the valency state of Pd [14].
In the present study, the use of Bi as a modifier of supported Pd
catalysts was investigated in order to better understand whether
hydrogenation reactions of internal and terminal alkynes could be
manipulated by the use of such modifiers.

2. Experimental

Pd/Al2O3 catalysts with nominal loadings of 1 and 5% were
prepared using Pd(NO3)2 (Johnson Matthey Pd(NO3)2·5H2O, 45.3%
Assay) and γ -Al2O3 Degussa-C. These were calcined at 300 ◦C for
1 h and reduced at 150 ◦C for 1 h before any characterisation was
carried out or before exposure to Bi. Addition of the later involved
a solution of Bi(NO3)3·5H2O (Aldrich 98% Bi(NO3)3·5H2O) that had
been dissolved in 2% acetic acid and which was added to the cat-
alyst via a dropping funnel into a round bottom flask under acidic
(pH 3.0), reducing conditions. The amount of Bi deposited was
controlled by varying the contact time (between 5 and 75 min)
between the Pd/Al2O3 and the Bi containing solution. Sample nota-
tion involved the weight loading of Pd and xmBi where x refers to
the contact time in minutes between catalyst and Bi solution used
in preparing the modified catalyst. Commercial samples of Lind-
lar catalyst (5% PdCaCO3/Pb) and 5% Pd/CaCO3 (both Alfa Aeser)
were used as reference materials. Note that throughout this work
the Pb-modified Pd/CaCO3 catalyst is referred to as Lindlar cata-
lysts but was used as received without the addition of quinoline,
as used in the original study by Lindlar [18].

Bi content of the samples were obtained by difference by mea-
suring the Bi remaining in solution after exposure to the Pd/Al2O3.
AAS was performed on a Varian Spectra AA-10 using a Bi hollow
cathode lamp. The signal intensity from the lamp was optimised
before a 5 point calibration curve was obtained. The samples were
analysed three times to ensure reproducibility.

A CE Instruments TPDRO 1100 was used for CO chemisorp-
tion and uptake data used to determine dispersion and loss of
surface available Pd atoms resulting from Bi deposition. Samples
were placed in a reactor tube and purged using N2 gas. 5% H2/N2
was then introduced while the temperature was increased at 20 K
min−1 to 150 ◦C and then held at this temperature for 1 h. The
sample was held at this temperature for a further 30 min in a flow
of oxygen-free N2 (20 ml min−1). The temperature was maintained
at 20 ◦C whilst CO was pulsed (loop volume was 0.452 ml) into a
stream of He at 10 min intervals.

FTIR spectra of CO adsorbed on reduced catalysts surface were
recorded on a Perkin Elmer 1720X spectrometer at 4.0 cm−1 res-
olution averaging 25 scans to obtain the desired s/n ratio. Pressed
powder sample discs were placed in a quartz holder and moved
up to the furnace, at 150 ◦C. Heated cable was employed to pre-
vent water condensation within the system. H2 gas was passed
over the sample at atmospheric pressure at 50 cm3 min−1 for 1 h
after which time the cell was evacuated for 30 min at reduc-
tion temperature. An IR spectrum was recorded of the sample at
beam temperature before exposure to the adsorbate. Equilibrium
CO pressures were recorded on an Edwards active strain gauge.

Catalyst (0.05 g) was ex situ reduced at 150 ◦C and then trans-
ferred to a round-bottomed flask where toluene (40 g) was added
before flowing hydrogen at 1 atm pressure. The reaction was
initiated when 0.5 g hexyne (1-hexyne Aldrich 97%) was added
(0.12 mol dm−3). This provides reactant:surface Pd ratios in the
range 1730–5240. Unless otherwise stated, all reactions were con-
ducted at 25 ◦C with constant stirring at 1100 rpm. Stirring speeds
were periodically checked using an external stroboscope. Exper-
iments conducted at different stirring speeds and using a range
of catalyst masses, confirm that under conditions of reaction, the
rates were not mass transfer limited. Aliquots (0.2 cm3) were re-
moved at routine intervals for analysis. The latter was conducted
using a Varian 3400 GC fitted with autosampler and an Al2O3
MAPD capillary column.

3. Results

Characteristics of the samples are compiled in Table 1. The two
Bi-free Pd catalysts gave CO uptakes of 15.76 and 29.59 μmol g−1

cat
for the 1 and 5 wt% loaded samples suggesting dispersions of 33.5
and 12.6% respectively using an assumed CO:Pd ratio of 1:2 [19].
These equate to average particle sizes of approximately 3.4 and
8 nm, respectively. These figures were consistent with TEM analy-
sis which also confirmed that the procedures involved in the ad-
dition of Bi did not modify Pd particle size. Increasing the contact
time between Pd catalyst and Bi solution increased the amount of
residual deposited Bi although the amount retained by the cata-

Table 1
Characteristics of Pd/Al2O3 and Bi modified catalysts.

Sample CO uptakea Dispersion (%) μmol Bi g−1
cat

b Bi:Pdc

1% Pd/Al2O3 15.76 33.5 0 –
1% Pd/Al2O35mBi 15.34 0.6 0.02:1
1% Pd/Al2O315mBi 11.61 27.8 0.88:1
5% Pd/Al2O3 29.59 12.6 0 –
5% Pd/Al2O315mBi 29.38 14.2 0.24:1
5% Pd/Al2O375mBi 17.97 19.4 0.54:1
Lindlar 30.98 13.2 0 –
5% Pd/CaCO3 35.15 15.0 0 –

a μmol g−1
cat .

b Moles of Bi on catalyst on the basis of calculated Bi remaining in preparation
solution from AAS analysis.

c Surface atomic ratios calculated assuming a 2:1 Pd:CO ratio and assuming all Bi
is deposited on Pd surface.
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Scheme 1. Routes to potential products following the hydrogenation of 1-hexyne.

Fig. 1. Reaction profiles for the hydrogenation of 1-hexyne at 298 K over (left) 1% Pd/Al2O3 and (right) 5% Pd/Al2O3.
lyst showed particle size/loading/dispersion dependence (Table 1).
For an equivalent exposure time (15 min) the higher dispersed, 1%
Pd/Al2O3 retained a greater amount of Bi (2.78 × 10−5 compared
with 1.42 × 10−5 mol g−1

cat ) compared to the higher loaded catalyst
resulting in a greater Bi:exposed Pd atom ratio (Table 1). While
this may suggest site specific uptake of Bi, it should be noted that
some differences between the data calculated on the basis of moles
Bi consumed, and the predicted number of sites blocked and lead-
ing to reduced CO chemisorption volumes indicate that some of
the Bi may have been deposited on the support.

Fig. 1 shows the reaction profiles of 1-hexyne hydrogenation
conducted over unmodified Pd catalysts of 1 and 5% loading. While
the higher loaded sample shows a straight line consistent with
zero order kinetics up to high (ca. 95%) conversion, the 1% loaded
sample shows a plot shape indicative that reaction rate increased
as 1-hexyne was consumed and consistent with a profile where
inhibition due to strong reactant adsorption exists. Subsequently,
a direct comparison of rate for the two catalysts loadings is com-
plicated. However, if an instantaneous rate at 50% is chosen for
comparative purposes, the rate for the 1% sample can be calculated
as 12 mmol min−1 g−1 which equates to a turn-over frequency
(TOF) of 6.3 s−1. This compares with a value of 3.2 s−1 for the
5% loaded sample. In both cases, 1-hexyne is almost completely
reacted to produce 1-hexene before the consecutive reaction prod-
ucts (Scheme 1) from reaction of 1-hexene are detected (Fig. 1).
This leads to similar maximum yields of 88% to 1-hexene for both
catalysts at the point where all hexyne has been hydrogenated.
Beyond this point where all hexyne is removed, a number of prod-
ucts were formed (Fig. 1), consistent with the details shown in
Scheme 1 and these include cis- and trans-2-hexene and hexane
and trans-3-hexene. The first 3 of these appeared simultaneously
whereas the latter was produced at a significantly lower rate and
appeared to be formed as a product of reaction of one (or both)
of the 2-hexenes. Formation rate of hexane was greater on the
5% catalyst than the lower loaded sample and after ca. 40 min
of reaction, when little 1-hexene remained, this was the dominant
product along with trans-2-hexene for that catalyst (Fig. 1). The
hexane concentration at this stage was noticeably lower for the
1% catalyst and this was compensated for, to some extent by the
greater quantity of trans-2-hexene formed.

To ascertain as to whether plateaux emerging after 35 min re-
action time (Fig. 1) were the result of slow intrinsic reaction rates
of the components of the system or whether deactivation result-
ing from site blocking accompanied earlier stage conversion, an
experiment was performed where a further quantity of 1-hexyne
was added after 30 min reaction. As shown in Fig. 2, this led
to an instant cessation of reaction involving the hexene isomers
and 1-hexyne was reacted exclusively and at a similar rate to the
reaction over fresh catalyst. After hydrogenation of hexyne was
complete, the 1-hexene was converted with similar selectivities as
observed over fresh catalyst (Fig. 2).

Fig. 3 shows profiles over the 1% Pd/Al2O315mBi catalysts as
representative of the impact of treating the 1% loaded catalyst
with Bi. On comparing the profiles with those of the Bi-free 1%
Pd/Al2O3 (Fig. 1) it can be seen that the hexyne removal still gave
a profile which showed an accelerating rate with conversion al-
though the instantaneous rate at 50% conversion had dropped from
12.0 to 8.7 mmol min−1 g−1. However, if the loss of Pd sites by
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Fig. 2. Reaction profiles for 1-hexyne hydrogenation at 298 K over 5% Pd/Al2O3 where a second aliquot of reagent was added after 30 min.
Fig. 3. Reaction profiles of 1-hexyne at 298 K over 1% Pd/Al2O315mBi (symbols as
in Figs. 1 and 2).

Bi blocking is considered (CO chemisorption data, Table 1), then
the rate of reaction per exposed Pd site (at 50% conversion) be-
comes 6.2 compared with 6.3 s−1 for the Bi-free sample. However,
the TOF for the subsequent reaction of 1-hexene, calculated from
the instantaneous rate when the concentration was 0.08 mol dm−3

dropped from 5.4 to 1.7 s−1. The suppression of the rate of re-
moval of 1-hexene and the rate of formation of the subsequent
products is also clear from the fact that at 35 min reaction time,
the concentrations of the products had not entered the plateau
range observed for the Bi-free sample at this point, and that the
conversion of 1-hexene was only roughly 50%.

An alternative method of comparing Bi and Bi free-samples, was
to isolate the 1-hexene data alone since the profiles for this sin-
gle intermediate contain the relative rates of removal of hexyne
and the subsequent rate data for the removal of the intermediate.
As shown in Fig. 4, although there was a slight displacement in
the time-axis, the curve shapes reflecting the rates of 1-hexene
formation (≈ rate of hydrogenation of hexyne) could be effec-
tively superimposed, indicating that the addition of Bi had little
impact on the initial reaction. However, the tailing of the plot with
increasing Bi deposition time (Fig. 4) is clear evidence for the sup-
Fig. 4. Plot of formation and subsequent conversion of 1-hexene at 298 K over 1%
Pd/Al2O3 (filled squares), 1%Pd/Al2O35mBi (open squares) and 1% Pd/Al2O315mBi
(filled triangles).

pression of secondary reactions. The move from the Bi-free catalyst
which shows a symmetrical profile to the asymmetrical profiles for
the Bi containing samples, can also be expressed in terms of the
relative turn over frequencies at fixed concentration. Again using
the arbitrary value of 0.08 mol dm−3 as before, the relative TOF
ratios (1-hexene formation ≈ 1-hexyne hydrogenation/1-hexene
removal) were calculated as 1.2, 2.5 and 3.6 for 1% Pd/Al2O3, 1%
Pd/Al2O35mBi and 1% Pd/Al2O315mBi, respectively.

In order to derive additional information regarding the loca-
tion of deposited Bi, FTIR spectra of adsorbed CO were recorded
at increasing pressures after in situ reduction of the samples.
Both samples showed 3 main features with two appearing below
2000 cm−1 due to multiply bound CO and one above 2000 cm−1

due to on-top or linearly bound adsorbate [19,20]. The latter ap-
peared at ca. 2076 cm−1 for both samples at the maximum CO
pressures used (Fig. 5). Bands shifted to higher frequencies as a
function of CO pressure consistent with expectations for coverage
dependant CO coupling effects. Spectra of samples which had been
exposed to Bi showed less intense features than Bi-free samples
(compare y-axis scales) consistent with expectation on the basis
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Fig. 5. FTIR spectra of (A) 1% Pd/Al2O3, and (B) 1% Pd/Al2O315mBi after exposure to pressures of 0.1, 2, 10 and 20 Torr CO at 298 K.
of reduction of uptake indicated by pulse chemisorption data (Ta-
ble 1). In particular, the band due to linearly adsorbed CO was ca.
half the intensity. The overall integrated intensity may not, how-
ever, have been reduced by half as, in the presence of Bi, the band
was considerably broader, as reflected by the asymmetry towards
higher frequencies resulting from the presence of an additional,
unresolved linear feature. An additional observation was that the
bands due to the multiply bound states showed a much greater
pressure dependence for Bi treated surfaces (Fig. 5B) and at the
maximum pressure of CO the features at 1973 and 1927 cm−1

were of equivalent intensity whereas their counterparts (at 1978
and 1921 cm−1) showed a preference for the lower frequency com-
ponent.

In order to determine whether Pb and Bi might have equiva-
lent roles in surface Pd modification, 1-hexyne reaction was stud-
ied over commercial Lindlar (Pb modified Pd/CaCO3) and lead-free
Pd/CaCO3. Samples had the same loading as our 5% Pd/Al2O3 sam-
ple and pulse chemisorption measurements indicate that samples
were of a similar dispersion (Table 1). Reaction profiles (Fig. 6)
are also similar to those shown by the 5% Pd/Al2O3 in terms of
the ca. zero order removal of 1-hexyne and symmetrical profile of
the 1-hexene formation/conversion. The Pb-free Pd/CaCO3 (Fig. 6)
and 5% Pd/Al2O3 (Fig. 1) show a greater degree of similarity in
terms of the relative amounts and formation rates of hexane and
trans-2-hexene in that in both cases, the profiles for these products
were almost completely superimposed. The Lindlar catalyst showed
greater selectivity to trans-2-hexene than to hexane (Fig. 6). How-
ever, the fairly similar behaviour of both samples for this reaction
suggests that the addition of Pb did not yield the benefits which
were gained by addition of Bi to Pd catalyst in terms of reduc-
ing the rate of 1-hexene conversion without suppressing its rate
of formation as exemplified in Fig. 4. Only when reaction was per-
formed in the presence of quinoline at half the molar equivalent
of 1-hexyne, could the conversion rate of 1-hexene be significantly
suppressed (with no impact of 1-hexyne hydrogenation rates) and
in such a case, no differences between Pb-free Pd/CaCO3 and Lind-
lar catalyst could be observed [21].

Significant discrimination between the Pb-free Pd/CaCO3 and
Lindlar could be observed when 2-hexyne was used as substrate
(Fig. 7) rather than 1-hexyne (Fig. 6). Both samples show equiv-
alent zero order behaviour with similar rates of conversion of
the initial 2-hexyne. However, in the case of the Pb treated Pd
(Lindlar), virtually zero 2-hexene was converted until all of the
2-hexyne was hydrogenated, leading to a maximum ca. 100% se-
lectivity (and 100% yield) to the cis-alkene (Fig. 7). In the case of
the Pb-free Pd/CaCO3 a maximum yield to cis-hexene of ca. 84%
was obtained largely as a consequence of the formation of trans-2-
hexene. Note that the latter appeared to result from isomerisation
of the cis-hexene rather than as a primary product of hexyne hy-
drogenation as extrapolation to zero concentration did not coincide
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Fig. 6. Reaction profiles for the hydrogenation of 1-hexyne at 298 K over (left) Lindlar catalysts and (right) 5% Pd/CaCO3.

Fig. 7. Reaction profiles for the hydrogenation of 2-hexyne at 323 K over (left) Lindlar catalysts and (right) 5% Pd/CaCO3.
with the origin. The significant role played by lead in preventing
consecutive reactions of the cis-hexene is illustrated by the fact
that after 100 min of reaction, this product represented 95% of the
total C6 hydrocarbons, whereas the same product represented only
12% of the C6 hydrocarbons in the system containing the Pb-free
catalysts at the same stage.

The 2-hexyne reaction was performed, at 298 K over the two
unmodified Pd/Al2O3 samples to determine any influence of dis-
persion. Profiles show that rates of 2-hexyne hydrogenation (Fig. 8)
are less than the rate of 1-hexyne hydrogenation (Fig. 1). However,
of greater significance is that fact that once formed, the cis-2-
hexene is very unreactive over the better dispersed 1% Pd/Al2O3
but undergoes more rapid transformation over the poorer dis-
persed 5% Pd/Al2O3. The main product of the transformation was
trans-2-hexene showing that isomerisation, rather than hydrogena-
tion to hexane was the key reaction which was more facile on the
5% catalyst than on the 1% sample.

Given that the rate of cis-hexene reaction was greater over the
5% Pd/Al2O3 than 1% Pd/Al2O3, the former sample was selected in
order to determine whether addition of Bi to such a sample would
influence the rate at which cis-hexene, formed by 2-hexyne hydro-
genation, underwent reaction. The reaction was conducted at 323
rather than 298 K in this instance to allow a higher conversion to
be attained over a similar time period and thus allow greater scope
to observe any impact of Bi on the overall reaction pathways. Un-
der these conditions, 5% Pd/Al2O3 (Fig. 9) performs similarly to 5%
Pd/CaCO3 (Fig. 7) and the behaviour is not significantly modified
by the addition of Bi (Fig. 9). A slight reduction in the rate of 2-
hexene conversion was noted and this appears to result from a
suppression of the rate of hydrogenation to hexane.

4. Discussion

4.1. Structure sensitivity

As indicated recently by Semagina et al. [7] there is a deficiency
in data concerning potential structure sensitivity for three-phase
alkyne hydrogenation although their own study noted that initial
TOF for 1-hexyne hydrogenation was low and constant for particle
sizes up to 11 nm and then increased for particles above this size.
Selectivity towards 1-hexene however, was not influenced by parti-
cle size. Results here for 1 and 5% loaded Pd/Al2O3 catalysts (Fig. 1)
with average particles sizes of 3.4 and 8 nm, respectively, show
differences, both in terms of profile shape (i.e., reaction order)
and TOF. The linear, zero order profiles found for 5% Pd/Al2O3 are
consistent with profiles for a similarly loaded Pd/Al2O3 used for 3-
hexyne and di-tert-butylacetylene hydrogenation [2] for 2% Pd on
silica monolith for hydrogenation of 3-methyl-1-pentyn-3-ol [22]
and for phenylacetylene half-hydrogenation over ca. 1% Pd using
vitreous supports [23]. However, Silvestre-Alvero et al. [24] re-
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Fig. 8. Reaction profiles for the hydrogenation of 2-hexyne at 298 K over (left) 1% Pd/Al2O3 and (right) 5% Pd/Al2O3.

Fig. 9. Reaction profiles for the hydrogenation of 2-hexyne at 323 K over (left) 5% Pd/Al2O3 and (right) 5% Pd/Al2O375mBi.
port variation in profile shape in 1,3-butadiene hydrogenation as
a function of particle size and only when the model catalyst par-
ticle size reached ca. 7.7 nm in diameter, did the reaction show
near zero order kinetics. Deviation from this behaviour (resulting
in concave type conversion vs time plots as shown for 1% catalyst
here (Fig. 1)) was attributed to strong butadiene adsorption which
inhibited adsorption of hydrogen. Note that when a test reaction
was conducted at 3 rather than 1 atm, the hydrogenation of 1-hex-
yne showed a zero order, linear plot and the rate increased by a
factor of 1.73 [21]. It is apparent therefore that strong 1-hexyne ad-
sorption is responsible for suppressing the initial rate of 1-hexyne
hydrogenation over the 1% Pd/Al2O3 catalyst here although when
compared at ca. 50% conversion or a solution concentration of
0.06 mol dm−3 (Fig. 1) the rate (TOF) was greater than over the
5% loaded sample. The apparently conflicting trend obtained by
Semagina et al. [7] arises due to these authors selecting initial TOF
using a relatively high solution concentration (0.5 mol dm−3) to
compare the effect of particle size which would place their condi-
tions in the “adsorption/desorption-limited regime” rather than the
“kinetic regime” [24]. Results here clearly demonstrate that under
appropriate reaction conditions, samples with higher dispersion
show intrinsically faster reaction rate. Note that in the semihydro-
genation of phenylacetylene and 4-octyne, Mastalir et al. [8] report
that the catalytic activity of supported Pd particles diminished for
particles of diameters above 4 nm. Note that tests performed here
(Fig. 2) indicate that no appreciable deactivation due to coke lay-
down took place. This is of particular concern [7] for gas-phase
reactions where structure-sensitive coke deposition can occur with
the creation of sites which are active for carbon triple bond carbon
hydrogenation [6,25].

The greater rate of 1-hexyne hydrogenation reaction over
smaller particles was not, apparently a function of sites spe-
cific to the smaller particles but rather an intrinsic value of the
smaller particles. Addition of Bi to the 1% Pd/Al2O3 catalyst led
to diminished CO uptakes (Table 1) and reduced FTIR band in-
tensities for adsorbed CO (Fig. 5) which confirms that some of
the Bi blocked Pd sites which would otherwise have been avail-
able for reaction. Although the global reaction rate was reduced
slightly by Bi addition (Fig. 3) the TOF when compared at 50%
conversion, showed the rate per site of 1-hexyne hydrogenation
to be nearly identical (6.3 vs. 6.2) in the absence or presence of
Bi. These observations suggest that the reaction is structure insen-
sitive but size-dependent. We would therefore disagree with the
findings of Semagina et al. [7] and argue that an “electronic effect”
is significant in 1-hexyne hydrogenation for small Pd nanoparti-
cles.
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4.2. Site selective addition of Bi

It might be argued that retention of overall TOF for a struc-
ture insensitive 1-hexyne hydrogenation despite the loss of sites
blocked by Bi addition may result from random coverage of the
surface by the modifier. However, there are key observations which
indicate that deposition of Bi was site selective which leads to im-
proved behaviour in 1-hexyne hydrogenation (by suppression of
subsequent reactions of the 1-hexene formed). These key observa-
tions were:

(a) Bi added to Pd suppresses reactions of 1-hexene formed after
1-hexyne hydrogenation. Pb on Pd does not show this effect.

(b) FTIR spectroscopy shows that Bi appears to selectively titrate
sites which would otherwise adsorb CO in the on-top mode.

(c) Bi is a poor modifier for the 2-hexyne reaction and fails to
suppress reactions of cis-2-hexene. Pb on the other hand, has
a significant impact in terms of suppressing reactions of cis-2-
hexene.

Data shown in Fig. 4, illustrate that, despite addition of Bi to
Pd/Al2O3, the rate of formation of 1-hexene although displaced
in the time axis, remains effectively constant, reflecting the struc-
ture insensitive nature of the 1-hexyne hydrogenation. The yield
to 1-hexene was not affected by Bi addition and similarly was not
affected by Pd loading (Fig. 1) or by varying Pd particle size [7].
However, addition of progressively increasing amounts of Bi (Ta-
ble 1) to Pd catalyst had the effect of progressively reducing the
rate at which 1-hexene underwent reaction (Fig. 4). By comparing
data for Bi-free 1% Pd/Al2O3 (Fig. 1) and 1% Pd/Al2O315mBi (Fig. 3),
it is clear that the key reaction undergone by 1-hexene by the for-
mer catalyst is double-bond shift isomerisation leading to trans-2-
hexene which becomes the dominant product. While Bi containing
catalyst appears to suppress the initial rates of formation of all sec-
ondary products, suggesting that alkene re-adsorption is impeded,
it is the extent to which trans-2-hexene is formed which makes
the most significant impact on final selectivity. For example, after
60 min reaction, selectivity to the fully hydrogenated product hex-
ane was 25% over 1% Pd/Al2O3 and 21% over 1% Pd/Al2O315mBi.
However, selectivity to trans-2-hexene dropped from 48 to 38%
when 1% Pd/Al2O3 was compared with 1% Pd/Al2O315mBi. To de-
termine which sites exhibited greater double bond-shift isomeri-
sation activity relative to hydrogenation activity and thus were
suppressed by addition of Bi, selectivities can be compared over
the Bi-free samples of different dispersion. After 60 min of reac-
tion, conversion of 1-hexene had reached ca. 98% in both cases.
Selectivity to trans-2-hexene was 48 and 38% over the 1 and 5%
Pd catalysts, respectively while hexane selectivities were 25 and
41% over these samples (Fig. 1). The greater hydrogenation activ-
ity over the poorer dispersed 5% Pd sample is consistent with the
lower hexene/hexane ratio as a function of increasing particle size
reported by Semagina et al. [7] and suggests that this reaction is
facilitated over flat extended, Pd facets. Conversely, the double-
bond shift isomerisation rate appears to proceed faster over the
lower loaded catalyst containing smaller particles, and it could be
argued, featured a greater proportion of step and edge sites. As
it is this reaction which is less facilitated over the 5% Pd catalyst
with more extended terraces and which is also most suppressed by
addition of Bi, the data would be consistent with a model where
the majority of the Bi which was present over the palladium sur-
face, was located at step and edge sites which then force 1-hexene
to react over the remaining flat terrace sites and give rise to the
selectivity effects described. Note that these findings, in terms of
preferential population of step and edge sites by Bi, are entirely
consistent with studies of Bi doping of Pt single crystal surfaces
by Attard and co-workers [10,11] and Herrero et al. [12]. Note also
that Pd single crystal studies by Ulan et al. [9] suggest on the ba-
sis of steric effects that alkynes are equally well accommodated on
either flat surface or terraces, whereas the resulting alkenes suf-
fer more steric hindrance on the terrace sites. Blockage of step and
edge sites by Bi would be expected to have little impact on TOF
for hexyne hydrogenation but would reduce TOF for subsequent
alkene reaction, consistent with our findings (Fig. 4). Further elab-
oration of this steric model [9], along with knowledge of localised
hydrogen availabilities, might explain the relative rates at which
isomerisation and hydrogenation reactions proceed.

If Bi selectively blocks step and edge sites on Pd/Al2O3 cata-
lyst, and thus enhances behaviour in the selective hydrogenation
of 1-hexyne, one might predict similar results for Pb doping of
Pd/CaCO3 since in the Lindlar catalyst, it is thought that the addi-
tion of Pb enhances selectivity by blocking certain active sites [26]
and that these sites are thought to be steps and kink sites [27]. The
enhanced selectivity has been explained in terms of an increase in
terrace type sites at the expense of stepped and kink sites [27].
However, reaction profiles for the hydrogenation of 1-hexyne at
298 K over Lindlar catalysts and 5% Pd/CaCO3 show considerable
similarity (Fig. 6) albeit that the Pb-free sample gives very similar
selectivity to trans-2-hexene and hexane while the Pb-doped Lind-
lar shows slightly greater trans-2-hexene selectivity at the expense
of hexane selectivity. It is clear that although Bi has a much greater
impact on selectivity, its effect is not similar to that of Pb and that
both modifiers cannot be blocking the same type of surface Pd site.

Some insight into the location of Bi atoms on the Pd/Al2O3
catalysts used here was provided by FTIR analysis of spectra of
adsorbed CO (Fig. 5). Spectra show some loss of intensity after
samples were exposed to Bi although one might not predict this
loss to correspond directly to the 27% difference between sam-
ples calculated by CO pulse chemisorption (Table 1) given that a
linear correlation between total integrated intensity and number
of adsorbate molecules (i.e., a constant absorption coefficient) is
not expected. However, when the areas under bands representing
the multiple bonded carbonyls (2000–1800 cm−1) were integrated,
values of 2.04 and 2.08 for Bi-free and Bi modified samples, re-
spectively were obtained, suggesting that the number of sites rep-
resented by these carbonyl bands, are not significantly affected by
the modifier. These bands are thought to arise mainly from CO
adsorption on (100) and (111) type facets on small Pd crystallites
[19,28]. On the other hand, when the integrated area representing
linearly bound carbonyls (2150–2000 cm−1) was calculated, val-
ues of 1.965 and 1.404 were obtained for Bi-free and Bi modified
samples. This represents 28.5% loss of band intensity following ad-
dition of Bi and is very close to the 27% loss calculated from CO
pulse chemisorption values (Table 1). Although such correlation is
perhaps unexpected given that the effective molecular absorption
coefficient for adsorbed CO should decrease as the number of in-
teracting (coupled) molecules increased [29,30], studies showing
the invariability of this function exist [31]. The key observation is
the apparent selective loss of sites which would otherwise adsorb
CO in linear mode when Bi is present. Although Pd (111) surfaces
and model catalyst adsorb CO in this mode, giving a band at ca.
2110 cm−1 [28], this is limited to conditions which lead to com-
pressed adsorption structures which exist at low temperatures and
such a feature is not normally observed on these surfaces at room
temperature [28]. TPD and SSIMS study of Pd particles with mean
diameters in the range below and above 0.5 nm show that edge
sites on particles adsorb CO in the linear mode [32] consistent
with the impact expected on such sites by increasing the reduction
temperature for supported Pd catalysts [20]. Evidence therefore in-
dicates that the loss of intensity of the band due to linearly bound
CO reflects blocking of step and edge sites by the Bi modifier. Such
a finding for Bi modified supported Pd catalysts is consistent with
single crystal studies of Bi modified Pt [10–12]. However, differ-
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ences found between the impact of Bi (Fig. 4) and Pb (Fig. 6) infers
that Pb is not preferentially located at step and edge sites, in direct
conflict with previous [27] assumptions.

4.3. Role of Pb vs. Bi

The use of 1-hexyne as a test reaction did not discriminate be-
tween Pb-containing Lindlar and Pb-free Pd/CaCO3 (Fig. 6) while
there is a stark contrast in behaviour between these two sam-
ples when the internal alkyne, 2-hexyne is selected as test reagent
(Fig. 7). This reaction, when compared in reaction profiles for 1%
Pd/Al2O3 and 5% Pd/Al2O3 (Fig. 8) show that the poorer dispersed
5% loaded sample showed less desirable behaviour in that the rate
of conversion of cis-2-hexene to trans-2-hexane was relatively high
(when compared to the better dispersed 1% sample). Addition of
Bi to the 5% loaded Pd/Al2O3 did not suppress the reaction rate of
the intermediate 2-hexene (Fig. 9). Given the evidence above that
Bi preferentially locates at step and edge sites and that rate of 2-
hexene was not suppressed by this modifier and that the rate of
this reaction was greater over Pd catalysts with lower dispersion,
it could be concluded that cis–trans isomerisation which was re-
sponsible for the loss of cis-2-hexene, is favoured over flat, open
terrace like facets rather than at steps and edges. Further evidence
for this proposal was found when the 1% Pd/Al2O3 was reduced
at 350 rather than 150 ◦C to induce [33] a flattening of the par-
ticle morphology and an increase in the proportion of terrace to
step/edge type sites. Results show that such a treatment led to an
increase in the relative rate of cis–trans isomerisation of 2-hexene
[21]. It is clear from this body of evidence that in order to suppress
the latter reaction, a modifier can only do so by preferentially lo-
cating at the open terrace sites where the rate of this reaction
appears to be greatest. It would appear, despite opinions to the
contrary [27], that this is where lead is preferentially located in the
commercial Lindlar catalyst and which leads to the dramatic selec-
tivity enhancement in 2-hexyne reaction when compared with 5%
Pd/CaCO3 (Fig. 7).

Addition of either Bi (1-hexyne) or Pb (2-hexyne) to Pd cat-
alysts lead to improved behaviour in selective hydrogenation by
suppressing undesired isomerisation reactions of the primary prod-
ucts (1-hexene or cis-2-hexene, respectively). 1-hexene undergoes
further reaction via double bond migration whereas cis-2-hexene
isomerises via cis–trans isomerisation. The former reaction exhibits
isotope effects while the latter does not [34] so it is not surprising
that these reactions proceed at different rates over sites of differ-
ing geometries.

5. Conclusion

Selectivities in hexyne hydrogenation reactions have been im-
proved by exploiting knowledge obtained of the structure sensitiv-
ities of the different hexenes formed as primary products of the
hydrogenation reactions. Terminal alkenes undergo rapid double-
bond shift reaction at step and edge sites and these can be sup-
pressed by deposition of Bi as catalysts modifier. Internal alkenes
undergo rapid cis–trans isomerisation over extended flat terrace
sites and these may be suppressed by modifiers such as Pb in the
Lindlar catalyst. The rates of the initial hexyne hydrogenations are
relatively unperturbed by either modifier. Bi and Pb each modify
selectivity in Pd-catalysed hexyne hydrogenation but their effects
are not the same.
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