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Abstract

Results of the last decade with respect to the selective hydrogenation of hydrocarbons with multiple unsaturation (dienes
and alkynes) over heterogeneous palladium catalysts are reviewed. Factors such as metal dispersion, carbon deposits, and
the use of promoters and additives controlling catalytic activities and chemo-, regio- and stereo-selectivity are discussed. A
detailed treatment of the status of the selective removal of hydrocarbon impurities with multiple unsaturation from industrial
feedstocks is also given. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Selective hydrogenation of hydrocarbons with mul-
tiple unsaturation, i.e. dienes and acetylenes (alkynes),
to achieve partial hydrogenation and, therefore, to
synthesize monoenes is of fundamental importance.
The selective synthesis of alkenes by catalytic hydro-
genation is widely used in both laboratory practice
and fine chemicals production. It is also a crucial step
in industrial polymerization processes with the aim
of the complete elimination of alkynes and dienes
from alkene feedstocks. Specifically, the selective hy-
drogenation of acetylene in ethylene-rich stream (C2
hydrorefining), and similarly, the selective removal of
propyne and propadiene from propylene-rich stream
(C3 hydrorefining) are to avoid poisoning of the
polymerization catalysts. Naturally, high ethylene and
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propylene yields, respectively, are required without
hydrogenating the existing alkene. In the same line,
removal of residual 1,3-butadiene from C4 raw cuts
(C4 hydrorefining) is also a catalytic process of vital
importance to produce either 1-butene (for polymer-
ization) or 2-butene (for alkylation).

C2—C4 alkenes and reactive intermediates, such as
ethylene oxide, vinyl chloride, propylene oxide, acry-
lonirile, etc., are the most important building blocks in
the modern petrochemical industry. In 1950 the world
ethene production just reached 1 million tons per year
[1]. The high importance of this chemical is clearly
indicated that its production reached 80.5 million tons
in 1998 [2,3]. Polypropylene, one of the fastest grow-
ing commodity thermoplastic resins, created a strong
demand on propylene. In 1998, the world capacity
reached 47 million tons and the global PP production
(in 1996) was already 22 million tons [4]. The an-
nual growth is 3.5% for ethylene and more than 5%
for propylene production. For 2010, the worldwide
demand is predicted to reach 120 and 82 million
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tons per year for these alkenes, respectively. The
larger molecular weight alkenes (1-butene, 2-butenes,
isobutylene and isopentene) are also highly valued
feedstocks used in polymerization, alkylation, methyl
tert-butyl ether (MTBE) and fert-amyl methyl ether
(TAME) production, oxo synthesis, etc. [5].

The topic of selective hydrogenations has been
extensively studied and covered in books [6—-10] and
review papers [11-14] since the 1960s. There is,
however, an unflagging interest to develop more se-
lective catalysts and an intense research activity is
still continuing to provide better understanding of the
factors, which are decisive in governing selectivities.
A large body of work has been, therefore, published
in recent years and the topic is again the subject of
recent reviews [15-20] which further underlines the
significance of these transformations.

The present review is intended to collect and
analyze the results with respect to the use of heteroge-
neous palladium catalysts in the selective hydrogena-
tion of alkynes and dienes disclosed in the last decade.
An attempt will also be made to summarize our
present knowledge and understanding of the various
factors controlling activity and selectivity phenomena
of the palladium-catalyzed selective hydrogenation
processes. Relevant data from the 1970s and 1980s
are also cited in the interpretation when necessary.

2. The problem of selectivity

The regioselective hydrogenation of a diene or the
chemoselective hydrogenation of an acetylene to form
the corresponding monoene is called semihydrogena-
tion or half-hydrogenation. It is well known that many
heterogeneous metal catalysts exhibit high activity
in the hydrogenation of the carbon—carbon double
and triple bond. However, palladium appears to be
by far the most selective metal to achieve selective
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semihydrogenations. In addition, it is also capable of
transforming non-terminal alkynes to cis-alkenes with
very high selectivity.

A general scheme of hydrogenation of hydrocar-
bons with multiple unsaturation, the so-called ‘rake’
mechanism, is given in Scheme 1 [21-23].

For the intermediate monoalkene, two kinds of
selectivity can be defined. Selective formation of
an alkene can be expected if k> > k4 (mechanistic
selectivity). On the other hand, if k1 /k_1 > k3/k_3,
then the adsorption of the polyunsaturated molecule
prevents the readsorption of the alkene and hence the
consecutive hydrogen addition cannot take place (ther-
modynamic reason of the selectivity). All experimen-
tal observations indicate that Pd exhibits the highest
selectivity for semihydrogenation. Over Pd the rates of
saturation of one double bond of alkynes or dienes, and
the subsequent hydrogenation of the product alkene
have usually the same order of magnitude. Selectiv-
ity, therefore, is attributed to the stronger adsorption
of the diene/alkyne compared to that of the monoene
formed [22-27]. Data in Table 1 show that adsorption
coefficients of alkynes and dienes are always higher
[28,29]. This results in the preference of their hydro-
genation in competitive hydrogenations although, as
individual substrates, they are hydrogenated slower
than alkenes.

The above model offers a sound basis for the inter-
pretation of the high intrinsic selectivity of palladium.
Findings in the 1970s and 1980s showed, however,
that the selectivity of alkene formation cannot be
interpreted without the detailed knowledge of the
reaction mechanism and the actual surface state of
the working Pd sites. Consequently, considerable
attention has been focused on the formation of various
surface intermediates and on the role of controlling
factors such as dispersion, modifiers and promoters
with the principal objective to increase the selectivity
of alkene formation.

C\Hop.0 = diene or alkyne
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Scheme 1.
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Table 1
Selectivities (Sa ) of competitive hydrogenations®, reaction rates and adsorption coefficients (Ka/Kp) [28,29]
Substrate SA.B kalkg® Ka/Kp
A B Pd Pt Pd Pt Pd Pt
1-Hexyne 1-Octene 16.0 4.7 0.12 0.13 1333 36.2
1-Hexyne 1-Heptene 15.0 4.7 0.13 0.15 115.4 31.3
1,7-Octadiene 1-Hexene 2.5 (2.79)° 14 0.64 (0.44) 0.49 3.90 (6.34) 2.8
1,7-Octadiene 1-Heptene 2.4 (2.62) 1.8 0.67 (0.43) 0.53 3.6 (6.09) 34
1-Hexyne 1,7-Octadiene 6.5 3.0 0.19 0.28 34.2 10.7

23% Pd-on-C, 293 K.

b kA and kg are initial reaction rates determined in the hydrogenation of individual substrates.

¢ Data in parentheses were determined in transfer hydrogenation.
3. Hydrogenation of alkynes path b

Hydrogenation of alkynes over palladium leads to ’ path 8 l

> - ! HC=CH — » H,C=CH, —» H;C—CH;,

the selective formation of the corresponding alkenes.
The reasons for this phenomenon are still not fully ‘ path ¢ oligomers
understood but, according to the classical interpreta-
tion, activity and selectivity are essentially governed Scheme 2.

by thermodynamic effects, i.e. by the specificity
of the interaction of the metal sites with various
carbon—carbon multiple bonds. Specifically, it is
attributed to the strong adsorption of alkynes com-
pared to that of alkenes. Indeed, it was found by
studies in ultra-high vacuum that acetylene adsorbs
more strongly than ethylene [30]. Due to the higher
adsorption enthalpy of the alkynes, the ratio of surface
coverages of an alkyne and an alkene remains very
high until virtually all alkyne disappears. This means
that the alkyne either displaces the alkene from the
surface or blocks its readsorption. As a consequence,
an alkene is not hydrogenated in the presence of an
alkyne, while it undergoes ready hydrogenation in the
absence of the alkyne.

Studies in the late 1970s showed, however, that
ethylene hydrogenation occurred even at high acety-
lene partial pressures [31,32]. Involvement of differ-
ent reaction sites was suggested: on a fraction of sites
acetylene was selectively hydrogenated to ethylene
whereas on the other, non-selective sites ethylene was
hydrogenated even in the presence of acetylene. “C
labeling experiments showed the existence of an addi-
tional, direct route from acetylene to ethane [32-34].
The mechanism of acetylene hydrogenation to pro-
duce either ethylene or ethane, therefore, proceeds
via two paths (Scheme 2) [10,20,32].

Path a is the hydrogenation of acetylene to ethy-
lene followed by desorption and readsorption of ethy-
lene and further hydrogenation to ethane. Path b, in
turn, is the reactive adsorption of acetylene to produce
multiple bound intermediates, which are directly hy-
drogenated to ethane. The relative significance of the
two paths and, therefore, selectivity can be controlled
by the catalysts and the reaction parameters. The mor-
phological properties of the working catalyst appear
to strongly affect the overall pattern of selectivity.

The consecutive—paralell route of acetylene trans-
formation presented above is not complete yet since
one has to consider oligomerization/polymerization
of acetylene (path c¢) leading to the formation of hy-
drocarbons of even carbon numbers ranging from C4
to C32. Studies at subatmospheric and atmospheric
pressures have reported 20-40% C4+ selectivity and
the first oligomers (butenes and 1,3-butadiene) are
always present among the products formed. The high
selectivity for oligomer formation is a peculiar feature
of acetylene. With increasing substitution, the selec-
tivity of oligomer formation decreases due to steric
interferences in the C—C bond forming step.

Various observations acquired mainly by surface
science techniques (FT-IR, EELS, SFG, HREELS,
ARUPS, etc.) combined sometimes with Kinetic
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Fig. 1. Proposed surface intermediates in hydrogenation of acetylene.

studies allowed to postulate the possible adsorbed
species participating in the above processes. -
Adsorbed acetylene (1) is transformed to associa-
tively adsorbed (di-o-adsorbed) flat-lying acetylene
(2), then to vinyl species (3) which are the precur-
sors for the formation of ethylene (Fig. 1). Multiply
bound surface intermediates such as ethylidyne (4)
and ethylidene (5) are hydrogenated to ethane. Dis-
sociatively adsorbed acetylene (6) and vinylidene (7)
were suggested to participate in forming oligomers
and benzene [35]. Recently, however, species 7 was
also assumed to be the reactive intermediate in ethy-
lene formation [36—40]. One must note, however, that
some of these species were identified under UHV con-
ditions which in no way means that they appear under
atmospheric conditions. FT-IR, SFG and deuterium
labeling (location of the D position) are of crucial
importance in interpreting the formation of reactive
and spectator species. These techniques verified the
presence of species 2, 4 and 6.

Formation of C4 has been investigated to the
same extent. Angle resolved ultraviolet electron
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spectroscopy (ARUPS) seems to provide evidence
that the C4 unit is formed from vinylidene or flat
lying acetylene. The C4 unit remains adsorbed as a
tilted metallocycle. Under UHV conditions, benzene
can also be detected but cyclotrimerization is sen-
sitive to hydrogen pressure and rapidly suppressed
with the formation of deposits. Benzene is observed
to lay flat at low coverages but it becomes tilted at
high coverages. It can also be noted that benzene
formation is only a side reaction in the formation of
oligomers observed at atmospheric hydrogenations
since after C6 ring closure further insertion of the
C2 unit is terminated [30,35,41-44]. Reaction paths
leading to all possible product and the corresponding
surface intermediates are summarized in Scheme 3.
It is to be noted that only - and omw-bonded species
are involved in ethylene formation.

Due to its significance in the petrochemical indus-
try, a large body of work has accumulated about the
hydrogenation of the parent compound acetylene. In
contrast, much less information is available on the
higher homologues, although the hydrogenation of
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propyne is of similar practical importance. Moreover,
a recent paper has shown that acetylene is a rather
special case and cannot be used as a general model
for the hydrogenation of higher alkynes [45]. Re-
placement of C—H with C-R decreases the strength of
alkyne interaction with the surface due to increased
substrate—surface repulsion which also hinders hydro-
gen addition. In addition, certain intermediates such
as alkylidyne or alkylidene may not be formed from
internal acetylenes.

Most studies in recent years have focused on the
use of supported palladium catalysts. Pd-on-Al,O3
[46-61], Pd-on-SiO, [46,49,50,53-55,62-64], Pd-
on-ZrO, [49], Pd-on-C [29,45,54,65], Pd-on-pumice
[50,59,66,67], Pd-on-sepiolite [68—70], Pd-on-CeO,
[71], and palladium supported on mesoporous (K10
montmorillonite, MCM-41) and microporous ma-
terials (Y zeolite) [72], and polymers [54,73] were
applied. Polycrystalline bulk Pd samples were also
shown to be good model catalysts for studying
acetylene hydrogenation [35,74]. The compounds
studied included acetylene [35,46,53,62,63,74],
methylacetylene  [45,49,51,64], phenylacetylene
[45,54,55,65-70,72,73], other terminal alkynes [29,-
45,47,48,68,71,73], and internal alkynes [45,68,72,-
73,75]. Due to the practical significance numerous
studies were conducted with acetylene or methy-
lacetylene in, respectively, ethylene or propylene-rich
feedstock [50,52,56-61,76].

The main objective in the hydrogenation of alkynes
is to achieve the highest possible alkene selectivity.
Most of these studies, therefore, focus on the role of
various factors, namely, operating conditions, metal
dispersion, carbon deposits, promoters and additives
on semihydrogenation selectivity. Kinetic studies to
give rate equation are rather scarce [20,76-82] and
they are usually able to describe the hydrogenation
process for a rather narrow range of reaction con-
ditions. This is not surprising and can be attributed
mainly to the high complexity of these reactions occur-
ring simultaneously on the catalyst surface (competi-
tive hydrogenation, oligomer and deposit formation).

3.1. Effect of dispersion on activity and selectivity
The effect of particle size on the catalytic proper-

ties of supported metals is an important problem in
heterogeneous metal catalysis [83,84] and still the

subject of systematic studies. Changing the disper-
sion, i.e. the particle size of the metal may affect
both specific activity (turnover frequency, TOF) and
selectivity. These changes are believed to be brought
about by electronic and geometric effects [85-87].
When atoms surrounding a metal atom on the surface
are replaced by other atoms, this will change the na-
ture of chemisorption bond. This is called electronic
or “ligand effect”. It is also known that electronic
properties of metal particles can change appreciably
when the number of atoms in an isolated metal par-
ticle is reduced. There is much evidence to indicate
that very small metal particles do not have the band
structure characteristic of bulk metals and they appear
to be electron deficient [88,89]. Chemisorption of
electron-rich substrates such as alkynes (and dienes)
will, therefore, be affected. The relative ratio of var-
ious types of surface atoms, on the other hand, does
also change substantially with varying particle size.
Large particles possess mainly large crystal planes
with atoms of high coordination number (terrace
atoms), whereas metal atoms with low coordination
numbers (edge and corner atoms) are characteristic
of small particles. Reactions that require the largest
ensembles are affected most. Such changes may man-
ifest themselves as geometric or “ensemble effect”.

The results of various studies in the 1980s with
respect to particle size effects of the transformation
of alkynes are rather controversial, although most
studies showed that alkyne hydrogenation is a struc-
ture sensitive reaction at high dispersions. Strong
antipathetic behavior was observed, i.e. increasing
metal dispersion was found to bring about a decrease
in specific activity [90-93] especially over catalysts
with small particle size (Fig. 2). On the other hand,
small particles of a medium dispersed Pd-on-Al,O3
catalyst exhibited slightly higher activity [94]. Recent
publications have disclosed structure insensitivity
[53,55] or only small changes in activity [66,67,95],
but activity drops with increasing dispersion were
also reported [48,50,56,61,71] (Fig. 2). Direct com-
parisons of the results, however, are difficult since
different substrates were studied under different reac-
tion conditions. Nevertheless, strong complexation of
the highly unsaturated alkyne to atoms of low coor-
dination number on small metallic particles is usually
invoked to explain the diminishing activity of small
metal particles [87,90,91,93,96].
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Fig. 2. Variation of turnover numbers as a function of dispersion
in the hydrogenation of 1-butyne. (@) Pd-on-Al,O3; [91], (A)
Pd-on-pumice [50], (M) Pd-on-CeO, (data taken from [71] were
multiplied by 10).

With respect to selectivity changes some of the
earlier [90,91] and recent results [51,55,66,67,71]
indicate that catalysts with low dispersion (higher
particle size) ensure better selectivities for alkene
formation. In other cases no effect was observed
[48,50,56,61,66,67,92,93]. It must be emphasized,
however, that the problem of selectivity cannot be
discussed independently from the question of hydro-
carbon deposits since these have been found to have
a profound effect on the alkene formation selectivity.
As opposite to that, Ponec argues that the particle
size variation (decrease in selectivity with increasing
dispersion) is an apparent one [62] and the particle
size effect disappears in repeated runs.

In earlier studies, selectivity changes were fre-
quently interpreted in terms of hydrogen availability
and the over-hydrogenation was attributed to the pres-
ence of 3-PdH phase whose formation was evidenced
in some of these studies by XRD [97,98].

The probability of formation of the palladium
-hydride phase is, however, known to decrease with
increasing dispersion. The highly selective alkene
formation over highly dispersed catalysts, therefore,
was regarded as evidence to show that the 3-hydride
does not participate in the hydrogenation pro-
cess [79,99,100]. The role of B-hydride phase in
over-hydrogenation is still questionable. One has to
consider that the hydride phase decomposes when Hj
is removed from the reactor by He treatment or evac-
uation. In the presence of alkyne-hydrogen mixture,
the reacting alkyne monopolizes the Pd sites ensuring

thereby the large alkene selectivity. Hydrogen atoms
formed by dissociation in a non-competitive process
are almost immediately consumed by the formation
of alkene. One might expect, therefore, that under
conditions of selective semihydrogenation, the sur-
face fugacity of hydrogen might not be high enough
to ensure formation of (3-PdH. It is tempting to sug-
gest that formation of 3-PdH is the consequence of
non-selective working of the sites, which permits
B-PdH formation at large hydrogen pressures. It can
also be noted that high alkene selectivity was also
reported in the presence of hydride phase and in a
recent study, the detrimental effect of B-PdH was
not observed [74]: ethylene selectivity remained low
under the reported conditions both in the presence
and in the absence of 3-PdH. In other H, consuming
reactions such as methyl- and ethyl-cyclopropane hy-
drogenative ring opening, lower rates were observed
in the presence of the (-hydride phase [101,102].
Although the reaction requires hydrogen, apparently
the adsorption of these molecules does not facilitate
the decomposition of B-PdH.

3.2. Effect of carbon deposits

It has long been known that strongly held residues
so-called carbon deposits, also referred to as hydro-
carbon or carbonaceous overlayer, are formed during
the hydrogenation of hydrocarbons [103-105].

Al-Ammar and Webb in a series of papers
presented strong evidences using '“C tagged hy-
drocarbons that both acetylene and ethylene adsorb
in two stages [32,106]. They suggested that in the
first stage irreversible dissociative adsorption occurs,
while in the second stage, acetylene and ethylene
adsorb and react upon the catalyst covered by the pri-
mary layer. In 1976, Thompson and Webb took up a
line that highly dehydrogenated C,H, species formed
in the early stages of hydrogenation can be regarded
as hydrogen source which plays a crucial role in the
hydrogenation process [107].

When alkynes are hydrogenated the accumulation
of residues is often manifested in a non-steady-state
initial period and a decline in catalytic activity. Us-
ing the pulse-flow technique Jackson and Casey
showed in hydrogenation of propyne that during
non-steady-state regime, a significant amount of car-
bon builds up on the catalysts resulting in Pd:C ratios



A. Molndr et al./Journal of Molecular Catalysis A: Chemical 173 (2001) 185-221 191

of 1:3 for Pd-on-ZrO; and Pd-on-SiO,, and 1:50 for
Pd-on-Al,O3 [49]. In the non-steady-state regime
the formation of deposits exceeded propene forma-
tion and selective propene formation could only be
observed after this initial break-in period. Similarly,
pulse experiments with acetylene over Pd-on-SiO;
in hydrogen stream have confirmed the formation
of irreversibly bound species even at 273 and 298 K
which, in TPO experiments, desorbed as CO; at 403
and 423 K, respectively [108].

Alkynes, however, especially acetylene, readily
undergo polymerization as well. In the hydrogena-
tion of acetylene, both gas phase oligomers (C4—C8)
and heavier hydrocarbons (C8+) are formed. The
liquid part of the oligomers (C8+), often referred
to as “green oil”, appears downstream. Surface
oligomers/polymers, which remain on the catalyst un-
der the reported conditions, are frequently regarded as
coke or deposit and referred to as the carbon content of
the catalyst. Depending on the conditions of operation,
a considerable fraction of surface oligomers/polymers
can be removed by solvent extraction or hydrogena-
tion treatment at elevated temperatures indicating that
the low vapor pressure keeps some of the oligomers
in the pores at the temperature of the hydrogenation.
Composition of the oligomers extracted from spent
catalysts is shown in Fig. 3. The less reactive part
of the surface oligomers can only be removed by O,
treatment to regenerate the catalytic activity.

Oligomers formed in acetylene hydrogenation
consist of different alkenes, dienes and, to a lesser
extent, alkanes of even carbon atoms with little
branching and an H:C ratio of about 1.9 [20]. Yayun

In (C; mole%)

C6 C8 C10 C12 C14 C16 C18 C20 C22 C24 C26 C28 C30 C32

Carbon number (i)

Fig. 3. Molar distribution of soluble surface polymer extracted
from spent catalyst samples in 2-methylpentane [109].

et al. have reported that under industrial conditions
the mean molecular weight of oligomers isolated af-
ter 427, 5300h and 1 year in operation was 196, 220
and 231, respectively [110]. The ratios for aromatic-
H:alkyl-H, olefinic-H:alkyl-H and «a-olefinic-H:
internal olefinic-H were claimed to be 0.008, 0.08
and 0.21, respectively, after 5300 h in operation.

There are diverging results concerning the effect
of temperature and Hy:CH, ratio on the selectivity
of the oligomers. Yayun et al. found that increas-
ing acetylene pressure increases oligomer formation
while the temperature played no significant role [110].
Gandman et al. observed no effects at Hy:CoH; ra-
tios between 3 and 7 [111], whereas Yayun reported
suppression of oligomerization in the interval 1.5-4.
Oligomer formation is connected with hydrogenation
which is indicated by the fact that hydrogen is a nec-
essary requisite for oligomer formation [112] and in
its absence, oligomers were not observed.

As far as the mechanism of oligomer formation is
concerned, in principle, C—C bonds might be formed
by recombination of neighboring intermediates or by
insertion of a C2 unit into an existing Pd—C bond.
Sheridan [113] and later Bond and Sheridan [114]
proposed participation of free-radical type vinyl
intermediate in the oligomer formation. In recent
studies, ICI coworkers [115,116] using spin-trapping
technique have confirmed the presence of radicals,
although the origin of these species are not entirely
clear yet. If a radical mechanism were operative, one
would expect recombination of a C2 radical and ethy-
lene arriving from the gas phase. Studies with acety-
lene and propene mixtures or the results with tagged
acetylene seem to suggest that the oligomer arises
entirely from acetylene. The C4 formation observed
by Kemball et al. as a second order reaction with re-
spect to acetylene partial pressure may support direct
recombination [31]. UHV studies mentioned earlier
[36—40] interpret C4 formation by recombination of
neighboring vinylidene.

CO used frequently as stream additive has been ob-
served to incorporate in the oligomers resulting in the
formation of carbonyl compounds (aldehydes, acids),
suggesting that for CO, the insertion mechanism is
certainly operating [115-117]. CO insertion into Pd—C
terminates the addition of further C2 units. More-
over, as observed in oxo synthesis, the probability of
CO insertion into a-alkenes decreases with increasing
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carbon chain. Acids are formed with the contribution
of surface OH groups on the support.

Coke formation may result in both decreasing and
increasing activities and selectivities depending on
the catalyst (metal loading, properties of the sup-
port) and operating conditions (hydrogen pressure,
alkyne:hydrogen ratio). The mechanism of coke for-
mation is still a research field not entirely clarified
yet. It is likely, however, that the very unreactive de-
posits are formed from multiple adsorbed species or
reactive oligomers upon losing hydrogen.

Accepting that the Pd sites are almost immediately
covered by hydrocarbonaceous residues (trapped
hydrocarbon species, oligomers and deposits), the
question to be answered is how the catalytic sites are
affected by carbonaceous materials. It is clear that the
conditions of operation and duration of experiments
affect the carbon content which, in turn, influences
the interpretations.

The hydrocarbon overlayer is usually considered to
be adsorbed irreversibly on the metal surface. Boitiaux
et al. [118] considering self-inhibition and structural
dependence for 1-butyne hydrogenation have arrived
at the conclusion that the phenomenon might be
caused by the complexation and subsequent deactiva-
tion of a single metal atom by two butyne molecules.
This can be described formally as in Eq. (1), and then
the surface concentration of the inactive sites is given
by Eq. (2) (BY stands for 1-butyne).

K/
Pd-By + By=By-Pd-By (1)

UByZ = K/GBy CBy (2)

Recently, Touroude and Maetz [47] have presented
evidence acquired by transient methods and FT-IR that
a less reactive hydrocarbon species may be responsi-
ble for the selectivity in the hydrogenation of 1-butyne
over Pt and Pd. During the initial phase of the cat-
alytic process, both reactive and less reactive surface
species are formed. Based on FT-IR, they assigned the

less reactive species to m>-butyne species in addition
to irreversible hydrocarbon residue and the reactive,
w-bonded butyne species (Scheme 4).

The authors conclude that hydrogenation requires
m-bonded butyne whereas the m2-butyne species, al-
though it can be removed from the surface in large
excess of hydrogen, may not be reactive enough at
low Hy:HC ratios. The m2-butyne species is supposed
to be in equilibrium with the reactive intermediate.
The above interpretation is in line with conclusions
by Somorjai et al. which emerged from hydrogena-
tion of ethylene and propylene studied at atmospheric
pressure over Pt(111) by SFG [119-121]. On an
originally clean surface, a weakly bound reactive
intermediate appears after all the strongly bonding
sites are occupied. Hydrogenation proceeds then in
such a way that the strongly adsorbed species are
compressed into a more compact layer which leaves
room for the adsorption of the reacting hydrocarbon.
Until further proofs, this model is likely to be valid
for alkyne hydrogenations as well.

Many different explanations have been put forward
to interpret the effect of carbonaceous deposits located
on the metal surface. In line with the original sugges-
tion [107], Webb argues that hydrogenation of acety-
lene takes place on top of the irreversibly adsorbed
carbon-rich first layer [104]. This layer serves as a
hydrogen transfer agent to supply hydrogen from the
underlying palladium to the alkyne adsorbed in the
second layer. Detailed studies with ethylidyne have
convincingly shown that this species due to its low re-
activity behaves as a spectator in ethylene hydrogena-
tion and cannot serve as hydrogen donor. Deuterium
exchange taking place in parallel with hydrogen addi-
tion was found to be different on each metal indicating
the adsorption of the reactive species directly on the
metal. These observations question the validity of the
explanation put forward by Webb [107].

Ponec et al. also offered a different explanation to
disprove the direct involvement of the carbon layer in

(polymers),gs<—— (n>-butyne),qs=—= (n-butyne),qs—> butene, butane

!
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Scheme 4.
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hydrogenation [62,63]. They suggest that the drop of
activity during the initial stage of the reaction testi-
fies to the inactivity of the carbonaceous overlayer. Its
ability to modify selectivity is explained by the en-
semble size effect [85]. Large ensembles are able to
form multiple metal-carbon bonds and, therefore, are
probably sites for the formation of ethane via strongly
bound intermediates, i.e. responsible for low selectiv-
ity. Carbon deposition, in turn, diminishes the aver-
age ensemble size of the active metal available for the
reaction. Such smaller ensembles bind acetylene less
strongly resulting in the suppression of dissociatively
adsorbed, possibly multiple bound species. The for-
mation of ethane, therefore, is suppressed resulting in
a higher selectivity to ethylene.

In a thorough study by Deganello et al., the
activity of Pd-on-pumice catalyst in hydrogenation
of acetylene was interpreted by a specific electronic
metal-support interaction [59]. Electron density of the
metal is suggested to govern activity by changing the
oxidation properties of the metal and surface-reagent
interactions. It also affects the formation of surface
hydrocarbon deposits thereby influencing selectivity.
Low hindered sites accessible to all reagents and poi-
soned sites coated by carbonaceous deposits not ac-
cessible to any reagents are suggested to exist on the
surface. Poisoned sites interacting with neighboring
sites do generate high hindered sites which become
accessible only to acetylene and hydrogen and, there-
fore, are selective in yielding the alkene. Polymeric or
other species of low reactivity, which are occupying
active sites and thereby inhibiting the adsorption of
the intermediate alkene, were proposed to account for
the high selectivity in the hydrogenation of pheny-
lacetylene over the same catalyst [66,67]. It was also
suggested that large Pd particles are easily poisoned
by phenylacetylene and as a consequence of com-
bined poisoning and electronic effects the catalytic
activity (TOF) becomes almost independent of dis-
persion. The carbonaceous layer was also supposed to
affect selectivity through a ligand donor effect, which
causes a diminution of the adsorption strength of un-
saturated molecules favoring the selectivity towards
the alkene [55].

The effect of hydrocarbon deposits on catalytic
activity and semihydrogenation selectivity has been
widely studied in hydrogenation of acetylene due to
the great practical importance. In these experiments,
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Fig. 4. Effect of aging on product selectivities in the hydro-
genation of a tail-end mixture over Pd-on-y-Al,O3 [122]. (@)
conversion, (A) ethylene selectivity, (ll) ethane selectivity, (x)
C4+ selectivity.

the hydrogenation runs for several hours and, there-
fore, the carbon loading of these catalysts becomes
very high reaching sometimes many hundred mg
of deposit/ml pore volume. Time on stream exper-
iments with acetylene and ethylene mixtures have
clearly revealed that aging increased the selectivity of
over-hydrogenation and ethylene selectivity reached
negative values, i.e. ethylene present in large excess
was consumed (Fig. 4). In these early studies, it was
found that the catalyst preparation significantly af-
fected aging and ethylene selectivity. Thus, it was ob-
served [122] that in the case of supported palladium,
polymeric materials are detrimental to selectivity,
whereas they brought about an increase in semihydro-
genation selectivity in the hydrogenation of acetylene
over palladium black consisting of 50 nm particles in
a spongy structure containing many large (>100 nm)
pores. Using labeled acetylene and CO, it has been
shown that aging by deposits results in the appearance
of sites which hydrogenate ethylene to ethane even if
there is sufficient amount of acetylene in the gas phase.

When located on the support, carbon deposits are
confirmed to exert an undesirable effect on the se-
lectivity of alkyne hydrogenation. In interpretation of
over-hydrogenation, the effect of oligomers/deposits
acting as hydrogen reservoir was cropped up. Poly-
meric materials migrating from the metal to the
support may facilitate hydrogen surface transport
to certain fraction of sites that are not covered by
acetylene. Hydrogen spillover in effect increases the
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availability of hydrogen, i.e. might provide a way to
interpret hydrogenation of the intermediate alkene
[57,122,123]. This was assumed to be the reason for
the increased ethane selectivity over a Pd-on-y-Al,O3
catalyst compared with Pd-on-a-Al, O3 [57]. The rate
of ethane formation on the former catalyst is expected
to be much higher due to the higher BET surface
area of the y-Al,O3 support. Although the effect of
coke serving as hydrogenation or spillover agent is
still obscure, Sermon et al. have shown that coke over
silica-alumina is able to hydrogenate cyclohexene at
343K in the presence of dissociated hydrogen avail-
able by spillover [124]. Polyaromatic compounds are
proposed to be responsible for the hydrogenation ac-
tivity. However, the role of polyacetylene or polyaro-
matics in hydrogenation of acetylene still requires a
thorough study.

The variation of the product selectivity or hydro-
genation of ethylene in the presence of acetylene has
frequently been explained in such a way that aging
generates different sites on the surface [13,31,32].
Kinetic studies by Borodziniski using Pd-on-a-Al,O3
[76,79] and commercial catalysts [52] also led to the
suggestion that the deposits formed during acetylene
hydrogenation generate two types of active sites. They
argued that certain sites representing small spaces of
the palladium surface between carbonaceous deposits
(A sites) are sterically inaccessible to ethylene. It
is assumed that hydrogenation of ethylene to ethane
occurs on large palladium spaces where ethylene and
acetylene competitively adsorb (E sites). A simpli-
fied representation of the proposed model is given in
Fig. 5. It is assumed that vinylidene species adsorbed
on A sites is a key intermediate in hydrogenation
of acetylene, while w-bonded ethylene adsorbed on
E sites is a key intermediate in hydrogenation of
ethylene. A larger steric hindrance of the adsorbed
ethylene compared to that of adsorbed acetylene is
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caused by the difference in position of the molecules
in the adsorbed state: w-adsorbed ethylene is flat lying,
whereas adsorbed acetylene as vinylidene is either
perpendicular or tilted with respect to the surface.

The above interpretations do not consider the effect
of transport hindrance on consecutive reactions and the
effect of the accumulation of deposits on the local ef-
fective diffusivity [125]. The increase in ethane selec-
tivity can be regarded as the consequence of increased
diffusion resistance affecting the surface fugacity of
acetylene inside the pores. The problem of selectivity
considering pore structure and internal diffusion was
already addressed by Mars and Goergels [126] and
Toei et al. [127] in acetylene and in greater detail by
Gaube and coworkers [128—130] in 1,3-cyclooctadiene
hydrogenation.

Asplund, in his elegant studies, has shown that over
Pd-on-Al,O3 catalysts carbon deposits substantially
decrease effective diffusivity by blocking the cata-
lyst pores [57,60]. Mass transfer limitations severely
hinder intraparticle diffusion of acetylene and, conse-
quently, an increased rate of ethylene hydrogenation in
the interior of catalyst particles will result. The overall
effect is decreasing alkene selectivity.

The deactivation behavior of Pd-on-a-Al,O3 is
quite different when used in the gas- and liquid-phase
hydrogenation of acetylene [60]. In the gas phase,
the rate of deactivation was strongly dependent on
the operating conditions and the activity and selec-
tivity passed through a maximum (Fig. 6). In the
liquid phase, catalytic activity and ethylene selectiv-
ity declined during the first part of the operation and
then stabilized. The amount of oligomers was much
higher in the gas-phase operation but when working
at high hydrogen availability, these liquid products
were easily removed. In contrast, strongly bound,
highly unsaturated coke was formed in the presence
of a solvent or low excess of hydrogen.
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Fig. 5. The simplified representation of the palladium surface during the hydrogenation of the acetylene—ethylene mixture [52]. Irreversibly
adsorbed species creating the carbonaceous overlayer are printed boldface.
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Fig. 6. Deactivation of a Pd-on-a-Al,O3 catalyst in the hydro-
genation of acetylene in excess ethylene in the gas phase ([J) and
in the liquid phase (@) [60].

The amount of coke was not directly related to
the increase in formation of undesired ethane in the
hydrogenation of acetylene over supported catalysts
[58]. Instead, the surface coverage of hydrogen during
the deactivation was found to be a crucial parameter
by influencing the proportion of “harmful coke” and
“harmless coke”. The former type generated at low hy-
drogen coverage was proposed to be responsible for in-
creased ethane selectivity by, for example, a spillover
mechanism. Unfortunately, temperature-programmed
oxidation analysis could not reveal evidence for the
presence of the two types of coke.

Data on the fine structure of carbon deposits are
rather scarce. The morphology of carbon on samples of
an 0.15% Pd-on-Si0; industrial catalyst, developed by
Degussa for the selective hydrogenation of acetylene
in vinyl chloride production [131], was studied after
prolonged use (from 8 months to 6 years) [53]. This
catalyst shows good activity and selectivity even af-
ter long operations. Amorphous, microcrystalline and
polymer-like carbon, and carbon filaments were de-
tected on the surface. The amorphous carbon partly
covered the metal, but the silica support remained
partly unaffected. Fe and Cl impurities also covered
by carbon suggest their involvement in carbon depo-
sition and the shielding of Pd.

3.3. Effect of promoters on selectivity
The intrinsic ability of palladium to yield alkene

selectively can be further improved by promoters
(modifiers) and additives. Adding a second metal to

the catalyst either by alloying, reacting it with an
organometallic precursor or in the form of metal salts
may improve selectivity by altering electronic or ge-
ometric properties of palladium [87,96]. The effect of
metal ions is a complex one. They may remain ad-
sorbed in ionic form or become reduced or partially
reduced by surface hydrogen depending on the rela-
tive position of the catalyst potential and the modifier
metal-metal ion potential. Nevertheless, redox trans-
formation of Pb, Sn, Ge, Bi, etc., to form adatoms on
Pd or Pt or penetration of metal atoms into Pd has
been convincingly demonstrated [132—135].

Changing the electron density of palladium affects
the relative adsorption strength of the reactant, in-
termediates and hydrogen. Alternatively, the second
metal may block part of the surface thereby affecting
the geometry of the active site. In either way, the per-
formance of the catalyst may be fine-tuned to yield the
alkene with higher selectivity. In addition, a modifier
may affect selectivity by influencing the formation of
the palladium B-hydride phase.

In fact, the most selective method used tradition-
ally by synthetic chemists for the selective semihydro-
genation of acetylenes applies both a promoter and an
additive. Application of the Lindlar catalyst, which is
palladium deposited on CaCO3 poisoned by lead di-
acetate recommended to be used in conjunction with
quinoline in the reaction mixture [136], is the most se-
lective procedure to hydrogenate alkynes to alkenes.
Quinoline, which may be substituted by other amines
or sulfur compounds, is supposed to compete for the
active sites with the intermediate alkene. Lead, in turn,
formed as a result of the reduction of adsorbed lead
diacetate, changes surface properties of palladium.

Due to the practical significance, the effect of lead
has been thoroughly investigated but its role in selec-
tive hydrogenation is still controversial. No specific ef-
fect other than rearrangement of the surface into larger
crystallites was found in an early study [137]. Com-
petitive hydrogenation of 2-octyne with 1-heptene
indicated that a change in the metal-molecule bond
strength was more decisive than mechanical blocking
of the surface by lead ad-atoms [138]. The con-
ventional Lindlar catalyst (industrial samples) and a
Pd-Pb alloy supported on CaCO3 were characterized
by Palczewska et al. using XRD and XPS, hydrogen
sorption and kinetic tests [139,140]. The industrial
Lindlar catalyst chemisorbs hydrogen and form the
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B-PdH phase, whereas the alloy catalyst only ph-
ysisorbs hydrogen. The two catalysts also differ in the
state of the modifying component. Lead oxide was
observed on the surface of that particular Lindlar cat-
alyst, but the alloy catalyst contained lead only in the
metallic form on the surface. The alloy catalyst was
found to be more selective which was attributed to the
presence of a two-dimensional oligoatomic cluster of
palladium atoms tailored by the localization of lead
atoms in a fixed geometry existing with a stoichiom-
etry of Pd3Pb. The beneficial role of adsorbed lead
(lead atoms bound to palladium atoms) in contrast to
bulk lead (lead atoms bound to other lead atoms) was
also proved by electrochemical polarization [141].

Additional studies by a variety of analytical
techniques on industrial Lindlar catalysts [142], and
an experimental Lindlar catalyst and lead-coated Pd
foil [143] found no evidence of the formation of
selectivity enhancing Pb—-Pd alloy or Pb-containing
surface compound. The addition of lead did not mod-
ify the electronic properties of palladium either. The
selectivity increase is most likely due to morpholog-
ical changes. Both studies agree that the addition of
lead seems to block a selection of sites responsible
for unselective hydrogenation. The increase in terrace
type Pd surface atoms relative to stepped and kink
sites appears to be the most likely change induced by
the Lindlar treatment [143].

Alloying palladium with Group IB elements usually
brings about an enhanced selectivity and increased
reaction rate. Now the effects are thought to originate
from the donation of electrons from these metals to
palladium [144] or the variation of the ensemble size
[85,145]. A different explanation was put forward in an
early study where Cu was found to decrease oligomer
formation [123]. Since oligomers on the support
were believed to play a role in the hydrogenation of
ethylene with the involvement of spilt-over hydro-
gen, decreased oligomer formation was beneficial on
selectivity. In addition, Cu served as desorption sites
for hydrogen.

In a recent detailed study using a Cu—Pd-on-pumice
catalyst in the hydrogenation of phenylacetylene a de-
crease in activity likely due to the dilution of the pal-
ladium active sites by copper was observed [146]. The
alloy catalyst, in turn, showed a better selectivity in
semihydrogenation. In agreement with other studies,
no change in the electronic properties of palladium

was found by the addition of copper. The increased
selectivity, therefore, was attributed to the decrease
in the ensemble size needed for multiple adsorbed
(alkylidene) species. In another study, however, 5%
Pd-on-Al,Oj3 catalysts alloyed with Ag or Au showed
no change in styrene selectivity as compared to the
parent Pd catalyst [147]. The beneficial effect of Ag, in
turn, was observed in the hydrogenation of acetylene
over a Pd—Ag-on-Al,O3 catalyst which was claimed
to originate from the suppression of the formation of
absorbed hydrogen [148]. Bulk (absorbed) hydrogen
is assumed to result in the direct hydrogenation of
acetylene to ethane (vide supra).

The modification of palladium catalysts with
organometallic reagents has recently been pursued by
reacting PbBuy [149-151] or GeBu4, SbBuys or SnBuy
[150] with Pd-on-a-Al;O3. This method is believed
to create bimetallic particles. In the presence of hy-
drogen, all butyl groups are released and a subsequent
reduction with hydrogen at elevated temperature gen-
erates the corresponding bimetallic alloys. Interaction
of PbBus without hydrogen with palladium atoms at
the metal-support boundary was shown to produce
a BuyPb-Pd-on-a-Al, O3 precursor. In all cases with
the exception of germanium, the resulting catalysts
exhibited increased selectivity in the hydrogenation
of 2-methyl-1-buten-3-yne [150] and acetylene in the
presence of ethylene [149]. This was explained by
preventing the formation of multiple adsorbed species
responsible for the direct hydrogenation of acetylene
to ethane due to selective blocking of the most active
sites. In addition, a change in the relative adsorption
strength over the bimetallic sites may also contribute
to the observed effect [150]. Supportive to this sug-
gestion is the finding that dissociative adsorption of
hydrogen is suppressed [139,151]. Molecular adsorp-
tion of ethylene and the strong adsorption of acetylene
were also shown to be retarded over the Pb—Pd(11 1)
surface [139].

Amorphous PdSi and PdGe alloys also exhibited
high selectivity in the hydrogenation of phenylacety-
lene, 1-octyne [152] and 1-hexyne [153]. The surface
of Pdg;Sij9 was shown by XPS to contain metallic Pd
embedded in SiO; matrix [153]. However, no evidence
of electronic effect of the underlying amorphous ma-
terial on the catalytic properties was found. Instead,
the high selectivity was attributed to the properties of
the palladium-silicon oxide interface. The improved
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selectivity of supported Pd catalysts modified by
chemical vapor deposition, in turn, was attributed
to dilution of the Pd surface by Si and SiO,. This
results in suppression of the formation of ethylidyne
and ethylidene species, which requires multiple ad-
sorption sites [46]. When the SiO» layer is dissolved,
a rough surface consisting mainly of Pd will appear
which is a very active but unselective catalyst [153].
PdZr and PdCuZr alloy ribbons and powders made
by rapid quenching and mechanical alloying, respec-
tively, required pretreatments (dissolution of Zr by HF
or oxidation) to exhibit activity. In contrast to PdSi,
these treatments brought about increased selectivity
in the hydrogenation of phenylacetylene [154].

Studies with a Pd-B-on-SiO, catalyst indicated
remarkably high chemo- and stereo-selectivity [75].
Comparative studies with a model Pd(1 1 1)-B system
indicated the geometric blockage of Pd sites by boron
species leading to a decrease in the total number of
active sites. This changes the ensemble size which, in
turn, affects the chemisorption of hydrogen, alkyne
and intermediate alkene.

A series of palladium-rare-earth-metal intermetallic
compounds studied in the hydrogenation of 1-butyne
showed three distinct types of behavior [155]. Pd3;La
easily decomposed and its surface could be consid-
ered as existing in the form of Pd-on-Lay,O3 with
catalytic properties similar to those of Pd-on-pumice.
Pd;Ce was partly decomposed forming a surface of
palladium sites surrounded by a catalytically active
cerium compound. The high activity and low semihy-
drogenation selectivity of this sample was interpreted
as a promotion effect of cerium on the availability
of hydrogen and an electron transfer from Pd to Ce
keeping palladium in an electron-deficient state. The
other samples (Pd3Sm, Pd3;Pr and Pd3;Nd), in turn,
exhibited low activity and high butene selectivity,
which was attributed to electron-rich palladium and
weakly adsorbed hydrocarbon species.

Finally, the effect of doping a Pd-on-Al,O3
catalyst with potassium resulted in an increase in
the probability of ethylene desorption which sug-
gested that the strength of hydrocarbon adsorption
decreased [156,157]. Furthermore, the rate of ethy-
lene hydrogenation decreased which contrasted with
an enhanced rate of acetylene hydrogenation. It was
suggested that the K-doped Al,O3 induces an electron
transfer to Pd. Pd with an increased electron density

has less propensity to share electrons with adsorbate
hydrocarbons. This leads to an increase in ethylene
selectivity because ethylene desorbs more readily
before it can be further hydrogenated to ethane and
because ethylene is less likely to readsorb and be-
come hydrogenated. The remarkable properties of a
Pd-on-pumice catalyst, namely high and stable activ-
ity, i.e. the lack of aging, and high selectivity even
at high dispersion, was also attributed to the effect
of alkali metal ions. A shocking thermal treatment
induces the segregation of sodium and potassium
from the support framework to the metal [59]. These
ions decorating the metal surface, in turn, exert both
geometric and electronic effects on Pd.

3.4. Effect of additives on selectivity

The synthetic method of producing alkenes by the
hydrogenation of alkynes over the Lindlar catalyst
is recommended to be carried out in the presence of
an organic base. In his original experiments, Lindlar
used quinoline [158]. Ammonia [55] or other organic
bases such as piperidine [91,144] were also reported
to increase alkene selectivity. The high selectivity
of palladium catalysts supported on polyamides was
also claimed to result from the pyridine moieties in
the polymer support [73]. The general interpretation
is that nucleophilic compounds are able to increase
the electron density of palladium through electron
donation. Increasing electron density of palladium, in
turn, leads to decreasing strength of interaction with
electron-rich compounds such as hydrocarbons with
multiple unsaturation. The decreased strength of ad-
sorption of the intermediate alkene would favor des-
orption of the alkene and increase its overall selectiv-
ity. In contrast, sulfur compounds, such as thiophene
[55,159] being electron acceptors exhibit an opposite
effect compacted with the effect of sulfur decreasing
the content of carbon deposits on the metal.

The role of additives in selective hydrogenation
of alkynes and dienes has been systematically dis-
cussed by Boitiaux et al. [159-161]. The mechanism
of action of various nitrogen bases and sulfur com-
pounds is quite complex and apparently it cannot be
only explained by competition, site poisoning or the
electronic/ligand effects. In a recent paper, Spencer
and Yu considering the electronic effects of quinoline
concentrated on the effect of the polarization of the
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Pd-H bond [162,163]. It was found that in the pres-
ence of a base PA®T—H® whereas in the absence (un-
modified Pd-on-C) Pd*~—H%t dominates. The effect
of nitrogen bases on the preferential hydrogenation of
alkynes can then be attributed to the preferred attack
of the nucleophilic H on the triple bond. In general,
alkenes are less reactive towards nucleophiles than
alkynes. Pd treated with lead acetate behaved in a
similar way and it was observed that lead increased
the propensity to form H®~.

In interpretation of the effect of nitrogen bases one
should not disregard the fact that the modifiers can
alter the surface morphology of Pd by semiextractive
adsorption. One of the reasons for this phenomenon
is that Pd has the lowest lattice energy of the noble
metals [164]. In the Lindlar or Rosenmund reductions,
significant morphological changes were observed in-
dicating restructuring of the Pd surface caused, e.g.
by treatment of Pd black in triethylamine at 423 K
[137,165].

The corrosion effect of strongly adsorbing nucle-
ophilic substrates such as vinylacetylene is well doc-
umented (below 373 K it leaches Pd from the support
[161]). Fracturing and dissolution of Pd were also
observed in liquid phase hydrogenation of terminal
alkynes by Molndr et al. [152]. It can be noted that
the catalysts were shock treated hence the amorphous
structure might facilitate dissolution of Pd. Substrate
induced segregation of Pd sites explains the behavior
of Pd-Ag and Pd-Au in hydrogenation of pheny-
lacetylene [147]. The catalytic activity could be well
correlated with CO adsorption measurements indicat-
ing that the substrate just as CO induces segregation
of Pd to the surface. Other evidences for the corro-
sion effect of CO are well documented [166,167]. As
an additional evidence Berenblyum et al. found that
Pd-on-Al,O3 catalysts poisoned by various sulfur
compounds (C4Hy9SH, CeH5CH,>SH, (C¢HsCH»S),,
(CgH175)2, etc.) were reactivated during hydrogena-
tion of phenylacetylene [168].

Whereas N-containing impurities must be removed
from the product stream of C2—C5 alkenes produced
industrially, CO is still used in industrial applica-
tions. It is well known that small amounts of carbon
monoxide have the ability to hinder hydrogenation of
alkenes. This characteristic is made use of CO as feed
additive in the selective hydrogenation of acetylene in
the presence of excess ethylene to poison the catalyst

and thereby to avoid over-hydrogenation [169]. CO in
these systems behaves as reversible poison. In acety-
lene streams containing large excess of hydrogen CO
is commonly added in amounts near to 1000 ppm
(0.1%) to keep the ethylene selectivity at the desired
level. Under industrial conditions for 1% increase in
CO level, the ethylene loss has been reported to de-
crease by 4—6%. At the same time, the acetylene ppm
increases by 25% [170].

Competitive adsorption of the alkene and CO was
originally suggested to interpret the beneficial effect
of CO applied in the hydrogenation of alkynes. In fact,
in the low temperature hydrogenation of ethylene over
Pd-on-C, 0.5-2.5 ppm CO was reported to be sufficient
to poison hydrogen uptake [171]. One may conclude,
therefore, that in the absence of acetylene in the gas
phase CO will dominate on Pd thus preventing further
reactions. Palczewska et al. [139,172] has interpreted
the increased selectivity of acetylene hydrogenation
in such a manner that CO blocks the Pd surface for
hydrogen and ethylene adsorption. CO desorption is
facilitated by acetylene as shown by Cider et al. in
cross-desorption studies [173-176]. Modeling hydro-
genation of acetylene, ethylene and propylene at tran-
sient conditions over Pd-on-Al,O3 supports the view
that CO plays a more important role in inhibiting ethy-
lene hydrogenation than that of acetylene. At large
acetylene pressures as shown by McGown et al. [31],
the competition between CO or ethylene and acetylene
is not important. Most of the studies presented recently
explain the effect of CO in terms of competitive ad-
sorption of CO with hydrogen decreasing, thereby the
surface concentration of hydrogen [20,32,123]. Dur-
ing acetylene deuteration when CO is added, the prob-
ability of hydrogenation of adsorbed vinyl decreased
which could be explained by the suppressed concen-
tration of surface hydrogen atoms. The experiments
with ethylene have shown, however, that in the pres-
ence of CO, desorption of ethylene increased allow-
ing to conclude that displacement of ethylene by CO
causes a decrease in its surface concentration [177].

The presence of CO in the acetylene feed affects the
formation and composition of oligomers. Weiss et al.
have observed a fast decrease in reaction rate, never-
theless, the selectivity of C4+ as a function of CO par-
tial pressure was not much affected (Fig. 7) [123]. The
selectivity of 1,3-butadiene hydrogenation increased
at the expense of n-butenes. McGown et al. reported
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Fig. 7. Reversible effect of CO on acetylene conversion and se-
lectivities over 0.04% Pd-on-y-AlO3 [123]. (®) conversion, (A)
ethylene selectivity, () ethane selectivity, (x) C4+ selectivity.

decreasing C4 yield upon the increase of CO pres-
sure [31]. Over Pd—Cu LeViness et al. found that CO
decreases the selectivity of oligomer formation [34].
Surprisingly, however, CO significantly increased the
carbon content of the catalysts in pilot plant studies
[112].

3.5. Stereo-selectivity

Internal alkynes upon hydrogenation may yield the
corresponding cis-alkenes with high selectivity. The
preferential formation of cis-compounds provides
further evidence for the syn addition of hydrogen dur-
ing heterogeneous catalytic hydrogenations [10]. The
trans-isomer is usually interpreted as being formed by
the isomerization of the cis-compound. Since a small
amount of trans-alkene may be formed even before
the total consumption of alkyne, it is reasonable to
assume that the frans-alkene may also be an initial
product [10].

The problem of stereo-selectivity was rarely ad-
dressed in recent years and only a few papers have
disclosed results on the hydrogenation of inter-
nal alkynes [72,73,75,178]. The best performance
was observed with a Pd—B-on-SiO, catalyst which
showed 96.7% selectivity at 99.99% conversion of
2-butyne [75]. A 99.9% selectivity in the hydrogena-
tion of 12-tetrahydropyranyloxy-3-tetradecyne at the
same degree of conversion is even more remarkable.
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Moreover, the same high selectivity was maintained
after the disappearance of the starting alkyne. These
properties were accounted for by a change in the
ensemble size induced by boron adspecies. In con-
trast, selectivities obtained on palladium supported on
polyamides are rather low which are obviously due
to the high isomerizing activity [73].

The polymerization of (EtO)3SiH in water by
Pd(OAc); yields finely divided palladium dispersed
in a polysiloxane matrix [178]. This catalyst is able
to hydrogenate alkynes in the presence of (EtO)3SiH
as the hydrogen source to yield Z-alkenes with better
than 96% stereo-selectivity.

4. Hydrogenation of dienes
4.1. Conjugated dienes

The regioselective hydrogenation of a diene is es-
sentially governed by the same effects that determine
the relative reactivities of monoalkenes during com-
petitive hydrogenation in binary mixtures: a terminal
double bond exhibits higher reactivity than other,
more substituted double bonds and, therefore, it is
hydrogenated preferentially [10]. A different kind of
selectivity also arises when a diene is hydrogenated,
since the newly formed monoene and the unreacted
diene compete for the same active site. The reactiv-
ity of conjugated dienes, in general, exceeds that of
monoenes and even nonconjugated dienes. This is at-
tributed to the fact that the entire w-system of dienes
is involved in adsorption through di-m-coordination,
which is more favored than the di-o mode of adsorp-
tion of a single double bond [24].

Due to its practical importance and theoretical sig-
nificance, the semihydrogenation of 1,3-butadiene was
still extensively studied in the last decade [179-200].
Furthermore, data are also available for isoprene
[150,201,202], 1,3-cyclooctadiene [203-209] and
other conjugated dienes [73,138,210-212].

A whole range of various supported palladium
specimens including Pd-on-Al,O3 [179,182-184,198,
200-202], Pd-on-SiOy [179,194,202,207], Pd-on-
pumice [192,205-207], Pd deposited on C [185,194,
202,212] or graphite [185,194,199], Pd-on-NbyOs
[210], Pd-on-CaCOj3 [202], Pd-on-BaSO4 [202],
Pd-on-ZnO [195], Pd-CeO,-Al,03 [196], Pd black
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[202], and Pd on polymeric supports [73] was
used as catalyst. Bimetallic palladium samples
[138,150,180,186,189-192,203,204,209], mainly with
Group IB metals [181,183,187,188,193,197,202,203,
211,213] were also the subject of studies to learn the
effect of the second metal on the catalytic properties
being selectivity the high concern.
Monohydrogenation of 1,3-butadiene can take place
by either 1,2 or 1,4 addition to produce 1-butene or
2-butenes, respectively. It was early established that,
in contrast with other Group VIII metals, and copper
and gold, formation of 1-butene and trans-2-butene
(with only a small amount of cis-2-butene) is charac-
teristic of palladium [214]. In addition, isomerization
of alkenes formed is suppressed in the presence of
the diene. The proposed reaction intermediates and
reaction routes suggested by Wells et al. [215,216] are
shown in Scheme 5. The frans:cis ratio in the range of
8-12 indicates that interconversion between the con-
formers of 1,3-butadiene and that of the surface ad-
sorbed species 8 and 9 are limited. The trans-isomer,
consequently, is formed from the dominant, more
stable S-trans conformer through 1,4 addition with
the involvement of m-allyl intermediate 11. The S-cis
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/

CH-CH H,C=CH
H.CH I\CHz \CH=CH2
b Py
8 ¥ or or * 9
CH-CH_ H,C—CH
H:C f"l“\?”z '—¢\\CH—CH2
! /
* *
Hl H
CH-CH_ HC—CH
Hy l CHz ¢ “~JCH—CHj
10 ' * 11
H H

“l “\

CH=CH H,C=CH-CH,—CH; HsC—CH
N 12 > 3 N
Ha CH, N CH—CHy
cis-2-butene 1-butene trans-2-butene

Scheme 5.

conformer, in turn, gives mr-allyl intermediate 10 and
ultimately yields cis-2-butene. Product selectivities in
the hydrogenation of isoprene (distribution of the three
methylbutene isomers) provided further evidence for
the involvement of m-allyl intermediates [202,217].
In recent years, Boitiaux et al. have proposed a
novel interpretation [218]. Their mechanism assumes
that conformational interconversion of diene species
is slow on all metals in comparison to hydrogena-
tion and the adsorbed diene mimics the concentra-
tions of S-trans- and S-cis-1,3-butadiene in the gas
phase. Their mechanism includes formation of car-
bene species (12 and 13) to explain the formation of
n-butane as a direct product of 1,3-butadiene hydro-
genation and the comparable cis- and trans-selectivity
for 2-butenes over Group VIII metals. This part of
the mechanism is shown in Scheme 6. According to
this scheme, metals, which do not promote formation
of intermediate carbene, e.g. Pd, neither allow high
conformational interconversion between tfrans and
cis-species, nor hydrogenate directly to n-butane.

4.1.1. Effect of dispersion on activity and selectivity

Although fewer data are available for dienes than
for alkynes, the correlation between the activity
of palladium catalysts and dispersion in the hydro-
genation of dienes is more straightforward: a strong
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antipathetic behavior is usually found [185,194,199,
200,202,205-207,219]. Sometimes the specific ac-
tivity is constant up to a certain dispersion value
(20-35%) depending on the support [205,207,219]
but then decreases with increasing palladium disper-
sion. The strong structure sensitivity observed in the
hydrogenation of conjugated dienes was interpreted
by invoking the peculiar electronic structure of small
palladium particles. The electron-rich diene strongly
chemisorbs on these small, electron deficient clusters
as compared to large particles leading in effect to
self-poisoning [90,202,219]. It is of interest to note
that over carbon support the activity decreased only
in the 3-1.5nm range. An upward shift in the Pd
3d core level energy as compared to the values for
massive Pd particles [194,199], ionization loss spec-
troscopy (ILS) [185,194] and the diminution of the
density of states near the Fermi level [199] seem to
support the conclusion that a change in the electronic
properties (intrinsic initial state effect) is responsible
for the activity loss on the small particles.

The decrease in activity was shown to largely
depend on the pressure of hydrogen and the diene
over Pd vapor-deposited on graphite [199]. With low
diene partial pressure and in the presence of large
excess of hydrogen the activity of the smaller Pd ag-
gregates was comparable to that of larger particles.
The phenomenon was attributed to a size depen-
dent deactivation due to carbon deposits which, in
turn, was related to a change in the electronic prop-
erties. A different explanation was put forward for
low-loaded Pd-on-a-Al>,O3 catalysts [200]. Reaction
rate, chemisorption, TEM and XPS data [44] show
that different metal particle morphologies exist de-
pending on the way of preparation. Strong interaction
of Pd with the support results in the formation of
small, flat Pd particles (rafts) rendering the particles
less active. It was proposed that on these particles
(111) faces appear in high propensity [220,221].

In fact, sites of threefold symmetry on (11 1) favor
multiple bonding and apparently they exhibit very
low value for hydrogen sticking probability. Hydro-
genation of 1,3-butadiene has been documented to be
face sensitive over Pd [222] and Pt [223]. Over both
metals, the activity increases in the order (111) <
(100) < (110).

Pumice-supported palladium catalysts, again,
show similar unique characteristics observed for the

hydrogenation of alkynes [205-207]. They are re-
sistant to oxidation, the turnover frequency in the
hydrogenation of 1,3-cyclooctadiene is maintained
even at high metal dispersion [207] and their activity
is always higher than those of other supported cata-
lysts. In addition, the selectivity is very high (100%
up to complete conversion of the diene) [205,207].
The selectivity ratio expressed as the ratio of the rates
of the consecutive hydrogenation steps (ki/kp) is al-
ways very high (above 700) with a maximum around
35-45% dispersion. These features were explained by
the presence of alkali metal ions (Na* and K¥) on
the surface of the support. The ions donate electrons
to palladium which results in a weaker interaction
with the electron-rich substrate. A negative shift, i.e.
a decrease in the binding energy in the Pd 3d core
level energy in the Pd-on-pumice catalysts testifies to
the increased electron density [205,207].

4.1.2. Effect of carbon deposits

In gas phase hydrogenations rapid self-poisoning
of diene hydrogenation was observed especially at
low Hj:diene ratios both in flow [193] and in static
circulation systems [182,183]. Stable activity could
only be obtained after many ours time on stream or
after repeated restart experiments. During the initial
period, the Pd sites become gradually covered with
surface species which remain on the sites. FT-IR in-
vestigations on adsorption of C4 hydrocarbons point
to formation of both “end attached” (butylidyne,
3-butenylidyne) and “flat lying” (di-o, quad-o, di-o/m,
etc.) adsorbed species [224]. Detailed studies over Pt
single crystals do also report large carbon coverages
equivalent to one diene per two or three Pt atoms [223].

Peculiar observations were made in studying
the hydrogenation of 1,3-butadiene over a catalyst
prepared from an amorphous Pd;NisoNbsg ribbon
[186,190]. Activation of the amorphous sample re-
sulted in the formation of a Pd—Ni-on-Nb,Oj5 catalyst
which showed high semihydrogenation selectivity
(Fig. 8). Over the just activated sample the rates of di-
ene and 1-butene hydrogenation and that of 1-butene
isomerization were commensurable. However, on the
self-poisoned surface hydrogenation and isomeriza-
tion of butenes were remarkably inhibited, neverthe-
less, the catalyst remained active in the hydrogenation
of 1,3-butadiene. It was proposed that the unusually
high alkene selectivity after depletion of butadiene
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Fig. 8. Hydrogenation of 1,3-butadiene over Pd;NisoNbyg. Initial Hy:diene ratio = 3.4. Arrows A and B indicate restart experiments (((J)

n-butane, (4) 1-butene, (O) trans-2-butene, (/\) cis-2-butene) [190].

was ensured by firmly held adspecies formed from the
diene. Apparently, adsorption of butenes is hindered
by these adspecies whereas 1,3-butadiene, through its
strong complexation strength, compresses firmly held
adspecies layer thereby creating reaction sites for its
semihydrogenation. The adsorbed hydrocarbon over-
layer in that particular case behaves as a filter due
to its intermediate strength of adsorption between di-
ene and alkene. Similar aging features were observed
at Pd—Ni samples prepared by vapor phase deposi-
tion of Pd(acac), and Ni(CO)4 and then submitted
to calcination, reduction and partial deactivation by
hydrogenation of 1,3-butadiene [225]. Hydrogenation
treatment only ensured low activity since the samples
without oxygen treatment were contaminated by car-
bon. These deposits acted, however, as non-selective
poison. Self-poisoning of the activated sample in
time-on-stream experiments ensured, however, the
high selectivity of n-butenes formation in hydrogena-
tion of 1,3-butadiene and 1-butene mixtures.

Gas phase hydrogenation studies due to the rapid
carbon poisoning allow also the investigation of
the selectivity behavior under high C-Pd coverages
(mg deposit/gcar). Detailed studies by Sarkany with
eggshell type catalysts with low palladium con-
tent (0.05% Pd-on-o-Al,03, 0.04% Pd-on-y-Al,03)
showed that accumulation of surface hydrocarbons
decreases catalytic activity in the hydrogenation
of 1,3-butadiene and facilitates butane formation
[182,183]. The ratios of 1-butene:2-butenes and trans-
2-butene:cis-2-butene also decreased. A part of the

surface carbon may dissolve in the bulk to form
PdC, (x < 0.15) whereas the larger part of the
carbonaceous deposits is sitting on both metal and
support sites. The hydrocarbon film formed over the
surface results in transport hindrance, i.e. a decrease
in the effective diffusivity. Diene concentration over
the working catalyst sites, consequently, is low and,
therefore, intermediate butenes are not displaced im-
mediately by diene molecules. The longer residence
time of butenes increases the chance for complete
hydrogenation and also explains the observed low
values for the isomeric ratios. The crucial factor in
keeping high butene selectivity, therefore, is to pre-
vent formation and accumulation of oligomers and
deposits in the shell. In a similar way, hydrocarbona-
ceous deposits turned an originally highly selective
Pd-Ag-on-a-Al,O3 catalyst into a non-selective one
by decreasing diene transport rate [187,197]. As a
result, the effective surface concentration of the diene
decreases and the displacement of butenes by diene
becomes slower than hydrogen addition to butenes.
In a comparative study on the behavior of uniform
and eggshell Pd-on-8-Al,O3 catalysts in the hydro-
genation of 1,3-butadiene, the former showed much
higher deactivation rate [201]. The quantity of coke
accumulated was also higher and this coke had higher
molecular weight. In contrast, the coke formed over
the eggshell type catalyst composed of mainly aro-
matic compounds. These may easily diffuse out from
the catalyst pore mouth hindering the formation of
high molecular weight coke. The latter may cause
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diffusion hindrance and pore plugging resulting in
decreasing butene selectivity.

4.1.3. Results with bimetallic catalysts

Industrial palladium catalysts applied to remove
diene impurities from olefin feedstocks tend to give
rise to undesirable side-reactions namely the hydro-
genation and isomerization of the desired alkene.
These transformations can be minimized by using
bimetallic catalysts.

Most of the observations acquired in the
hydrogenation of dienes over bimetallic catalysts in-
dicate that addition of a second metal to palladium
results in a decrease in catalytic activity and an in-
crease in semihydrogenation selectivity [87,96]. This
was observed in the hydrogenation of 1,3-butadiene
over palladium catalysts alloyed with Group IB
metals (Pd-Ag-on-a-Alp,O3 [181], eggshell type
Pd-Ag and Pd-Au supported on Al,O3 [213], and
Pd-Ag-on-SiO, [192]). A Pd—Cu-on-Al,O3 catalyst
(Pd:Cu = 5) selectively hydrogenates virtually all
(>99%) of the 1,3-butadiene to butenes without sig-
nificant isomerization or over-hydrogenation [193].
This high effectiveness was accounted for by the
suppressed hydrogen sorption, both the surface ad-
sorption and the bulk absorption (hydride formation).
As a result, the availability of atomic hydrogen for
surface reaction diminishes which creates a more sta-
ble surface environment for the direct hydrogenation
of 1,3-butadiene to butenes.

The above pattern, i.e. decreasing activity and
increasing selectivity, was also observed for Pd—Cr-
on-Si0, [191]. Decreasing activity was attributed to
dilution effect caused by Cr or oligomerization in-
duced by chromium oxide covering the surface [191].
Electronic effects leading to a favorable change in the
adsorption constant of 1,3-butadiene with respect to
that of butenes was invoked to explain the high (100%)
selectivity. In contrast, both the activity and the selec-
tivity were diminishing when 1,3-cyclooctadiene was
hydrogenated over a Pd—Pt-on-pumice catalyst [204].
This could be expected since Pt is known to be less
active and less selective than Pd in the hydrogenation
of highly unsaturated hydrocarbons. In addition, the
Pt—diene bond is much stronger than the Pd—diene
one and, therefore, the intermediates formed are more
stable increasing the possibility for complete hydro-
genation to the alkane. Pt allows hydrogenation of

both diene and alkene due to the smaller difference
in the free energy of adsorption than over Pd. In turn,
polymer-protected Pd—Pt bimetallic cluster catalysts
containing at least 50 at.% Pd showed higher activ-
ity than a typical colloidal palladium catalyst [209].
Selectivity of the formation of cyclooctene was al-
most 100% with Pd content above 60at.%. It was
shown that bimetallic clusters with a composition
of Pd:Pt = 4 have a platinum core surrounded by
Pd atoms. Since Pd atoms are selectively located on
the surface the cluster catalysts exhibit selectivities
similar to those of pure Pd colloids.

A rather unique example is the behavior of
Pd-on-ZnO [195]. When treated with hydrogen at
temperatures above 423K, the ZnO support under-
goes partial reduction to form Pd—Zn intermetallic
phases. Zn metal decorates Pd sites which signifi-
cantly decreases the available Pd sites and, conse-
quently, suppresses catalytic activity. The suppression
of complete saturation to form butane is in accor-
dance with the very limited hydrogen chemisorption
capacity of these samples.

In other cases, bimetallic catalysts exhibited higher
activity than the corresponding monometallic Pd sam-
ple. Such behavior is rather surprising for Pd—Ag and
Pd—-Au supported on SiO; in the hydrogenation of iso-
prene with insignificant changes in selectivity [202].
Progressive isolation of palladium atoms with in-
creasing Au or Ag content and, therefore, a change in
the electronic structure of palladium was invoked for
explaining the observations. The activity of PdsoCusg
single crystals was also higher in the hydrogenation of
1,3-butadiene [188]. Again, changes in the electronic
properties of palladium and the resulting changes in
the chemisorptive properties of the reactant and in-
termediates may be responsible for the phenomenon
observed. The diene hydrogenation activity was also
investigated over Cu(l 10) surface modified by Pd.
Pd in the monolayer and submonolayer range was
inactive [226]. At about three monolayers, the activ-
ity reached a maximum which is higher than over
Pd(110) by a factor of 8. The activity increase has
been attributed to stress effects, which create special
sites by distorting locally the atomic bonds.

Colloidal Pd-Cu clusters with Pd:Cu ratios
higher than unity exhibited the same activity as
the pure Pd sample [203]. The polymer-protected
(poly(N-vinyl-2-pyrrolidone)) bimetallic powders
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exhibited extremely high selectivity. It was suggested
that the polymer works as a position-blocking lig-
and, whereas Cu acts as an electron-releasing ligand
influencing the coordination ability of the reacting
1,3-cyclooctadiene.

PdiNig9 and PdsNigs alloys used in the hydro-
genation of 1,3-butadiene were shown to undergo
surface palladium enrichment (20 and 50 at.% Pd on
the surface, respectively) exhibiting the same activ-
ities as Pd(111) or Pd(110) [180]. The observed
changes were proposed to be associated with two
effects. A diluting effect results in the formation of
active sites composed of small groups of Pd atoms or
Pd pairs. These pairs are then electronically modified
by the surrounding Ni atoms. The surface and cat-
alytic properties of Pd—Ni has been further tested over
Pd-Ni-on-SiO, [227,228], (1 1 1)- and (1 1 0)-oriented
PdgNig, single crystals [229], Pd-Ni(1 1 1) [230,231]
and Pd-Ni(1 10) surfaces [232,233] prepared by de-
position of Pd.

Pd deposited on Ni(111) caused only a small in-
crease in the activity without any selectivity changes
in comparison to Pd(111). Over Ni(1 10) faces, Pd
deposited in four monolayers greatly enhanced the
activity (Fig. 9). The large difference in the atomic
size causes surface strain that induces the formation
of superstructures resulting in Pd sites of specific
geometric arrangement [232-234].
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Fig. 9. Catalytic activity for the hydrogenation of 1,3-butadiene
on Pd-Ni(110) as a function of monolayer coverage of Pd
(pH, = 20 Torr, H:diene = 5, T = 295K). Dark bars: without an-
nealing; white bars: after annealing at 475 K; broken line: activity
of Pd(110)) [232,233].

Pd;Ce and PdsZr intermetallic compounds were
shown to exhibit greater selectivity for butene forma-
tion than a Pd sponge especially at high 1,3-butadiene
conversions (0.9 versus <0.7 at 100% conversion)
[235]. It was demonstrated that these samples have
a surface layer consisting of Pd in a rare-earth ox-
ide matrix. It is suggested that strong metal-support
interactions may affect the electronic structure of Pd
leading to the superior selectivity of these catalysts.

Finally, observations with Pd-rare-earth catalysts
[155], bimetallic palladium catalysts prepared from
organometallic precursors [150], and Pd-Pb [138] ap-
plied in the hydrogenation of conjugated dienes are es-
sentially the same found for alkynes already discussed
in Section 3.3.

4.1.4. Effect of additives

The influence of additives on competitive hydro-
genation of dienes and alkenes and the factors affect-
ing intrinsic selectivities can be interpreted in a similar
way as in alkyne hydrogenations.

Furukawa, in a series of papers, reported the effects
of various additives on the liquid phase hydrogena-
tion of industrial C4 fraction containing 1,3-butadiene
[236,237]. Addition of CO to the feed decreased
the hydrogenation rate and practically eliminated
1-butene isomerization. CO behaved as reversible poi-
son and a CO:Hj ratio of about 4 was claimed to give
the best results. The effects of presulfiding with H>S
were also tested. They observed that 100 ppm of H»S
were sufficient for butadiene removal down to 20 ppm
with little butene loss. Pd catalyst over-sulfided could
be regenerated by hydrogenation of diene and alkene
mixtures. The catalyst in the presence of 100 ppm
H>S showed good long-run stability concerning activ-
ity and selectivity. Addition of other inorganic com-
pounds, such as Cl, COCl,, N>O, N2O3 and SO», has
also exerted a positive effect on reaction selectivities.

Hydrogenation of 1,3-butadiene over presulfided
Pd-on-Al, O3 facilitates sulfur removal. In line with
the observation of Furukawa et al., Oudar reported dis-
placement of preadsorbed sulfur during 1,3-butadiene
adsorption and hydrogenation over Pt(110) [238].
In the presence of diene overlayer, the Pt—S binding
energy decreased by 15-22%. Using AFM and XPS
it was found that sulfur adsorption on Pd catalysts not
only reduces the number of active sites but also weak-
ens the adsorption strength of remaining sites [239].
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It was clear that the addition of sulfur compounds af-
fected the surface morphology of Pd. In the presence
of H,S, Monzén et al. observed a significant decrease
in n-butenes selectivity [240]. In spite of this, initial
small extent of poisoning appeared to be beneficial
as sulfur deactivated mainly sites responsible for
overhydrogenation.

4.2. Nonconjugated dienes

Since nonconjugated dienes do not play any
crucial role in large-scale industrial processes, only
few studies are available for their selective hydrogena-
tion. Nevertheless, the hydrogenation of 1,5-hexadiene
is of interest as a model reaction for the hydrogenation
of the undesirable C10-C14 alkadienes to alkenes
utilized in the production of linear alkylbenzenes to
synthesize biodegradable detergents.

Pd-on-Al,O3 shows high activity and good global
selectivity (percentage of diene converted to hex-
enes) but the fractional selectivity is low: it produces
trans-2-hexene as the main product instead of the
desired 1-hexene [211]. This is attributed to the high
activity of palladium to induce double bond migration
and form 2,4-hexadiene as an intermediate which,
then, undergoes hydrogenation to yield 2-hexenes.
When niobia is used as the support fractional selec-
tivity is greater than 50% at low conversions [210].
These catalysts show the usual structure sensitivity,
i.e. decreasing selectivity with increasing dispersion
as observed in the hydrogenation of alkynes and con-
jugated dienes. Hydrogenation of 1,5-hexadiene in ex-
cess 1-hexene (89.5 mol%) over Pd-on-Al,O3 shows
rather low selectivity for n-hexenes. This is the con-
sequence of the fact that isolated dienes behave like
alkenes and there is no significant difference between
adsorption coefficients as indicated by the rather fast
isomerization of 1-hexene [241]. Nevertheless, using
TiO; support and increasing its acidity with WOj3 the
alkene selectivity was observed to increase. The im-
proved n-hexene selectivity could be correlated with
the isomerization activity of the catalyst to produce
1,4- and 2,4-hexadienes.

The change in activity and selectivity by adding a
second metal followed the usual pattern already dis-
cussed. Pd—Ag-on-Al, O3 catalysts with Pd:Ag ratio of
about unity were much less active than the monometal-
lic sample [211]. All bimetallic catalysts showed good

global selectivity and improved fractional selectiv-
ity. The best catalyst, in terms of 1-hexene yield, is
7.1wt.% Pd-1.8 wt.% Ag-on-Al,Os3. Dilution of Pd
by Ag atoms is suggested to hinder the ability of pal-
ladium to promote isomerization (double bond migra-
tion) since this reaction requires multiple sites. The
observations and conclusions with Pd—Sn-on-y-Al, O3
catalysts containing surface Pd3Sn and Pd;Sn species
are exactly the same as with the Pd—Ag bimetallic
samples [242,243]. The selectivity to n-hexenes was
91-92% at 90% conversion of 1,5-hexadiene and the
1-hexene selectivity over 5.17 wt.% Pd—0.77 wt.% Sn
(Sn:Pd atomic ratio = 0.13) reached 45% [243].

Competitive hydrogenation of 1,7-octadiene with
alkenes allowed to draw the same conclusion as for
similar studies with alkynes and alkenes [28,29] (Sec-
tion 2, Table 1).

5. Membrane catalysis

There is continuous interest in using palladium
membranes in the hydrogenation of alkynes and di-
enes. The membrane may be palladium itself or it
may serve as support for the catalytic species. In the
latter case, inorganic membranes (e.g. porous alu-
mina) or thin organic polymer films are used. The
catalytic reaction is most often carried out in the per-
meation mode allowing hydrogen to diffuse through
the membrane to the reactant. Alternatively, hydrogen
is mixed with the reactant and the mixture is allowed
to contact with the membrane (premix mode). In most
cases, palladium membranes are more selective than
the corresponding non-membrane catalysts. This is
due to the lower hydrogen pressure allowing to sup-
press side-reactions and to shifting the steady-state
concentration of reactants and products away from
the equilibrium over the working catalyst.

In his pioneering work, Gryaznov applied bimetal-
lic dense palladium membranes [244,245]. When
a Pd-Ru membrane was used a yield of 98% was
reported in the hydrogenation of the triple bond of
dehydrolinalool to produce linalool a valuable in-
termediate in the production of fragrances [246].
Selectivities with other bi- and tri-metallic mem-
brane catalysts (e.g. Pd—Pb, Pd-Mn) were above 95%
[247,248]. Cyclopentadiene was hydrogenated with
92% selectivity [244].
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A Pd/y-Al,O3 membrane supported on o-AlyO3
was tested in the hydrogenation of acetylene and
1,3-butadiene [249]. The highest selectivity to the
partially hydrogenated products occurred when the
reactants were premixed with hydrogen. For the acety-
lene reaction, an excess of hydrogen was required
(H2:CHy = 8, 200°C), whereas a high selectivity to
butenes was observed with a stoichiometric amount
of hydrogen at 30°C. Increased selectivities obtained
with the membrane catalyst as compared to those de-
termined with a conventional Pd-on-y-Al,O3 catalyst
were attributed to a decrease in contact time between
the reactants and hydrogen.

Xu and coworkers have reported the use of
polymeric hollow fiber reactors in the hydro-
genation of cyclopentadiene [250-252], isoprene
[251], 1,3-butadiene [251,253], and propadiene and
propyne [254]. The membrane catalysts were pre-
pared by pumping an aqueous solution of PdCl, in
polyvinylpyrrolidone (PVP), melamine-formaldehyde
resin or ethyl cellulose through hollow fibers of
cellulose acetate (CA), polysulfone or polyacrylni-
trile (PAN) then reducing the palladium salt by hy-
drazine or NaBHy. All membrane catalyst were active
and stable under mild conditions (40°C, 0.1 MPa).
PVP-Pd/CA and PVP-Pd/PAN exhibited better than
91% conversion and selectivity in the hydrogenation
of conjugated dienes [251]. Propene selectivity was
97.8% when propadiene and propyne impurities in
propene were hydrogenated [254]. Permeation mode
experiments always gave better results [250,253]. Pd,
Pdy3Ni;, PdgsRu;, and Pd77Agr3 membranes also
showed better performance in the permeation mode
when used in the hydrogenation of acetylene [255].

A remarkable synergic effect was observed when
1,3-butadiene (0.6%) was hydrogenated in crude
1-butene [253]. PVP-Pd/CA was found to be the
best catalysts, but 2.6% 2-butene was detected in
the product. The isomerization of 1-butene, however,
was completely suppressed over a PVP-Pd—Co/CA
bimetallic membrane catalyst. This catalyst also
showed excellent characteristics in the selective hy-
drogenation of cyclopentadiene [252].

Despite some attractive features and substantial
efforts for improvements, commercial utilization of
membrane catalysis by palladium is limited by the
difficulties of membrane fabrication and engineering,
heat and mass transfer problems, low surface area,

and the issue of hydride formation resulting in em-
brittlement and, eventually, mechanical deterioration
and cracking.

6. Industrial applications

In the previous sections, the unique -catalytic
behavior of Pd in semihydrogenation of multi-
ple carbon—carbon bonds has been demonstrated.
Apparently, Pd has high activity in activation of
molecular hydrogen and, in the presence of stream
additives or catalyst modifiers, provides extremely
high chemo-selectivity in competitive hydrogenation
of acetylene or diene in olefins. This almost magic
property makes Pd a very attractive catalyst in many
industrial applications, since after removal of acety-
lene and diene impurities to ppm levels, the hydrogen
treated alkene stream is the feedstock of several
downstream applications.

C2-C5 alkenes are mainly produced by steam
cracking (SC) and catalytic cracking (CC) and only
smaller amounts are obtained from catalytic dehydro-
genation, viscosity breaking, fluid coking, ethylene/
butene metathesis, methanol-to-olefins processes,
oxidative dehydrogenation or dehydration of alcohols,
etc.

Steam cracking of C2—C3 alkanes, LPG and naph-
tha is a pyrolysis process operating at 1073-1173 K
in the presence of steam and was invented to produce
large quantity ethene for respective downstream ap-
plications [1,256-258]. In Europe and the Far East,
the preferred feedstock is naphtha, whereas saturated
hydrocarbons (ethane, propane and LPG) is used
mainly in the Middle East countries and USA. Naph-
tha or gas oil pyrolysis, due to the rather unselective
nature of thermal processes, leads to different alkenes,
cycloalkenes, aromatics and highly unsaturated
hydrocarbons such as dienes and alkynes.

Significant amounts of light alkenes are produced
by CC in refineries from vacuum distillates, deas-
phalted oil or partly pretreated resids and used in
downstream processes to produce octane boosters
[259-263]. About 40% of propene is already produced
by FCC and the demand is growing continuously.
C4 and C5 alkene cuts are mostly used for produc-
tion of alkylate (reaction of isobutane and alkene)
or MTBE and TAME which have gained significant
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importance as a source of oxygen in the gasoline
blend. The active constituent in modern FCC catalysts
is an ultra stabilized zeolite Y (USY) which is rear
earth exchanged to maintain high silica:alumina ratio
and large pore size to fulfill the requirements of FCC
unit and to maximize branched HC production. Addi-
tion of medium pore size ZSMS5 additive (1-3 wt.%)
increases production of isobutylene and isopentene
yields [262]. Deep catalytic cracking (DCC), owing
to more sever conditions, produces more light olefins
than FCC units and DCC can be operated in modes
which produce maximum propylene or maximum
isoolefins.

Catalytic dehydrogenation depending on season and
location may be attractive in production of alkenes
such as propene or isobutylene. Houdry CATOFIN
(ABB Lummus Crest Inc.) works at low pressures (less
than atmosphere) at about 873-923 K [264]. Snam-
progetti FBD operates in fluid bed allowing a simple
transfer of the aged catalyst into regeneration section
[265]. Both processes use chromia-alumina catalyst.
Pt based catalysts are utilized in Oleflex (UOP) and
STAR (Steam Active Reforming, Phillips) processes
operating at 873-900 K [266,267].

The alkene streams produced by thermal
processes mentioned above are inevitably contami-
nated by acetylene and diene impurities. These highly
unsaturated molecules, due to their strong complex-
ation and high reactivity, cause problems in respec-
tive applications. Dienes and acetylenes poison the
Ziegler—Natta polymerization catalyst. Like most of
the organometallic compounds they are sensitive for
highly unsaturated contaminants. It is not surprising,
therefore, that the regulations are extremely strict for
the allowed level of multiple unsaturated hydrocar-
bons, metals (As, Hg, Si, etc.), CO, COS and O, im-
purities in chemical and polymerization grade alkenes
[169,268,269]. Metallocene single site catalysts are
even more sensitive and the concentration of multiple
unsaturated compounds must be <1 ppm.

In alkylation reactions, the presence of multiple un-
saturated increases the acid consumption especially
in the older HySO4 based processes. Increasing the
severity of CC to improve RON (which is required
for heavier crude oils) also increases the diene con-
centration in the C4 stream sent to alkylation unit.
The H>SO4 based alkylation technology is very sen-
sitive for diene impurities: each kilogram butadiene

consumes about 13 kg of sulfuric acid [270], causing
problems in the recovery of acid or elimination of the
acidic resin (150-200 kg acid/t alkylate). HF units are
less sensitive for dienes; acid consumption is typically
80-100 kg acid/t alkylate.

The raw alkene mix produced in the steamcracker
oven is quenched, compressed, washed, dried and
cooled. The produced mix is then separated into C2,
C3, C4 and C5+4 streams. Selective semihydrogena-
tion of dienes and acetylenes in alkene streams over
Pd (or Ni) catalyst is the only economic process for
obtaining high purity polymerization grade alkene
streams. Catalytic hydrorefining has been proven to
be a reliable way of upgrading alkene streams. Ex-
traction, distillation or extractive distillation processes
are not selective enough at ppm level. Moreover, the
catalytic processes not only remove the troublesome
acetylene and diene impurities but also transform
them to valuable olefins increasing thereby the over-
all yields. Several catalytic hydrogenation processes
are devoted for steamcracker downstream treatments.
An excellent review has already been compiled by
Derrien [169]. In this paper, we present a few new
processes introduced in the past years.

6.1. Selective C2 hydrotreatment

The hydrogenation converter, acetylene-removing
unit (ARU), follows the rectification line and is
integrated in the low temperature section of the
ethylene plant. The C2 fraction can be taken [256]
from either the deethanizer overhead (tail-end
hydrogenation, Fig. 10) or from the compression train
of the cracked gas at one of the compressor interstage
levels before Hy, CH4, CO and C3+ were removed
(front-end hydrogenation, Fig. 10). In the front-end
mix, the C2 stream contains high percentage of
methane and hydrogen. CO formed by water gas shift
reaction in the pyrolysis tubes (C 4+ HO = CO 4-Hy)
decreasing thereby the amount of the carbonaceous
deposits is inevitably present. CO, as discussed in
Section 3.4, is a reversible poison which decreases the
activity while increases the overall ethene selectivity.
Its fluctuation causes problems in the uniform oper-
ation of ARU. In addition, CO incorporates into the
oligomers resulting in the formation of various car-
bonyl compounds (aldehydes and carboxylic acids)
increasing thereby the average molecular weight.
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Fig. 10. Simplified process flow of tail-end (A) and front-end (B) hydrogenations of acetylene.

It is a convenient way of acetylene removal to treat
the overhead of ethylene—ethane fractionator. In the
tail-end cuts taken from deethanizer top, the ethy-
lene:acetylene ratio is typically 50-200 and the acety-
lene is present in 0.5-2% v/v (5000-20 000 ppm).
The Hj:acetylene ratio ranges from 1.2 to 2.2. The
operation is performed in the gas phase at 15-30 bar
with space velocity between 1000 and 3000 m3/m> h
[271,272]. Depending on the acetylene concentration,
hydrogenation is performed in cooled tubular reactor
or one or two adiabatic reactors. The heat generated
is removed by intercooling between the reactors in
the latter case. The activity of the fresh regenerated
catalyst is regulated by CO. The CO concentration
is gradually decreased as oligomer/polymers build
up on the catalyst bed and the catalytic sites become
poisoned. As a consequence of self-poisoning, the
catalyst bed temperature should then be increased,
reaching 393K at the end of the cycle, to maintain
conversion of acetylene.

The overall selectivity of ethene largely depends on
the catalyst applied. The trend for these converters is

to use small amount of CO (1-3 ppm) or operate the
reactor without CO.

Front-end hydrogenation of acetylene requires early
separation of C4’s to preserve butadiene. The condi-
tions of operation are similar to those used in tail-end
hydrogenation. Hydrogenation is performed in tubu-
lar or bed reactors with two or three separate beds to
allow heat removal and careful control of the temper-
ature along the bed. The Pd catalysts (0.01-0.05 wt.%
Pd) are designed to meet the strict requirements: high
selectivity for ethylene yield, excellent stability and
high flexibility in feedstock qualities. In front-end
hydrogenation CO is a necessary feed additive due
to the high percentage of hydrogen. Bimetallic pro-
moted catalysts have been proved to provide better
ethene selectivity than monometallic ones. The sec-
ond component such as Ag [273,274] increases the
temperature gap between clean up temperature and
run away temperature. The former is the tempera-
ture required for a given level of acetylene, the latter
one represents the temperature at which the ethene
selectivity is still positive. KataLeuna offers Pd—Cu
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Fig. 11. Influence of CO concentration and temperature on acetylene (Hy:CoH, = 35) over Leuna catalysts 7741 (promoted Pd on alumina).
Open symbols: in the presence of 212 ppm of CO; shaded symbols: in the presence of 849 ppm of CO (from [275] with permission by

the authors).

based catalysts, 7741 and 7741R for front-end-cut and
7741A and 7741A/R for tail-end-cut [275]. Typical
results obtained in front-end hydrogenation are shown
in Fig. 11. The support material is stabilized alumina
of low surface area. Another important requirement is
to produce as little amount of oligomers as possible.
Oligomers/polymers decrease the catalytic activity,
increase the selectivity of over-hydrogenation (ethane
formation), cause flooding in reactor tubes and foul
heat exchangers. The acid sites of the support are
proposed to participate in oligomer formation. SiO;
offers the lowest acidity and in recent times using
based on SiO,; BASF introduced H O-11 and H O-20
promoted Pd catalysts [271,272].

In order to avoid or at least to diminish some of
the problems caused by formation and accumulation
of oligomers/polymers, IFP (Institut Francais du Pet-
role) introduced the so-called solvent recirculation
Acetex process [276]. A simplified process flow is
presented in Fig. 12. The recirculating solvent re-
moves continuously the oligomers from the catalyst
bed, thereby decreases the probability of formation of
heavy oligomers and carbonaceous deposits. The heat
capacity of the solvent phase increases the thermal
stability of the reactor and prevents formation of hot
spots. In the presence of solvent phase, acetylene is

removed only to a certain limiting value and a second
reactor operating in the gas phase is added to reach
ppm level of acetylene.

In the C3 fraction, the impurities removed by semi-
hydrogenation are metylacetylene (MA) and propa-
diene (PD). Depending on the severity of pyrolysis,
the concentration of MAPD is 1-4% v/v. The MAPD
concentration in propene produced by FCC is sig-
nificantly lower (ca. 0.01%), but the C3 stream may
contain other impurities such as AsHz which due to
similar boiling points appears in C3. Hydrogenation
of MAPD can be performed both in the gas phase and
the liquid phase. The C3+ cuts are received in liquid
form and it is convenient, therefore, to perform the hy-
drogenation in trickle bed (Bayer process) [277-280]
or mixed phase (IFP process) [281] rather than to
evaporate, chill and compress the C3 stream again.

6.2. C4 fraction hydrorefining

After-hydrogenation treatment of crude C4 cuts
is a complex process due to the large number
of constituents and possible downstream applica-
tions. C4 fraction produced by pyrolysis of butane
or naphtha contains 0.1-1.2wt.% vinyl-acetylene,
35-70 wt.% butadiene, 1-15 wt.% 1-butene, 3—6 wt.%
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Fig. 12. IFP Acetex process. A: mixed phase reactor; B: vapor phase reactor; S: separator; SM: solvent makeup.

trans-2-butene, 2-4 wt.% cis-2-butene, 20-28 wt.%
isobutylene, 0.5-5wt.% isobutane and 1-25wt.%
n-butane. In processing the C4 cuts, the following
hydrogenation treatments are applied.

1. Hydrogenation of vinylacetylene in butadiene-rich
fraction. This process is part of the diene extrac-
tion process and the objective is to optimize diene
recovery. The low hydrogenation temperature used
frequently in the liquid phase operations causes
problems because vinylacetylene extracts Pd from
the catalyst surface. This problem is usually
avoided by performing the operation above 373 K.
Procatalyse developed LD 277: the promoter added
helps to stabilize the Pd phase. In addition, Cu
[282-284], PdBi3/Al,O3 [285] and PdTes/Al,O3
[285] are good candidates for vinylacetylene
hydrogenations. The latter two catalysts allow
hydrogenation at 303-313 K at 5—6 bar pressure.

2. Hydrogenation of diene-rich fraction selectively
to n-butenes. At present there is diene surplus
in Europe [286,287] and this tendency is likely
to continue. Semihydrogenation of diene adds
a certain flexibility to react on the market re-
quirements and improves the profitability of
the whole process. Among numerous technolo-
gies, we mention only Hiils SH-CB (selective

hydrogenation-concentrated butadiene) [287-289]
or BASF Selop C4 (selectivity optimized)
processes [290,291].

. After diene extraction and diene semihydro-

genation (Raffinate 1) and isobutylene removal,
the n-butene-rich fraction (Raffinate II) contains
0.5-2.5wt.% butadiene which must be selec-
tively removed to 50ppm, and in some cases
<10ppm. C4 fraction rich in 1-butene is a valu-
able comonomer for production of LLDPE (linear
low density polyethylene). To ensure low diene
remaining concentration and to keep high 1-butene
selectivity, special care is required in catalyst for-
mulation and process conditions. The Hiils process
prevents 1-butene transformation to 2-butenes by
dissolving CO in C4. IFP introduced promoted
bimetallic catalyst (Procatalyse LD 271) for the
same purpose [144,270,292]. BASF Selop C4 pro-
cess can be optimized to get high yield of 1-butene
or 2-butenes by changing the operation parameters
[290,291].

. Hydroisomerization process is applied to transform

1-butene to 2-butenes. In alkylation reaction higher
RON can be obtained with 2-butenes than with
1-butene. Isomerization of 1-butene to 2-butenes
also facilitates separation of isobutylene and
1-butene which, due to very similar boiling points,
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cannot be rectified economically by distillation. Pd
being a highly active catalyst for double bond shift
is applied in these processes (see, for example,
Arco-Engelhard (HPN IV-B) [293-296], Phillips
Hydroisom [297] or IFP processes [298]). The re-
action is performed in hydrogen at about 373 K due
to the low rate of isomerization in comparison to
hydrogen addition. LD 265 developed by Procatal-
yse ensures full removal of diene, 100% n-butenes
selectivity and 2-butene: 1-butene ratio >12 [299].

5. In addition to selective diene hydrogenation, full
hydrogenation of diene to n-butane may be an
opportunity to eliminate surplus diene (e.g. Hiils
CSP (complete saturation process) [287,289]). The
least valuable n-butane is usually returned to the
pyrolysis oven. Direct steamcracking of Raffinate I
would result in the loss of highly valuable isobuty-
lene, moreover, diene would cause considerable
carbon deposition on the pyrolysis tubes.

Hydrogenations above are performed in the liquid
phase. The prototype of these hydrogenation technolo-
gies is the Bayer Cold Hydrogenation process operat-
ing in trickle phase. Semihydrogenation is achieved in
a series of adiabatic trickle-bed reactors and the heat
evolved is removed by recycle cooling. The crucial pa-
rameter in these processes is the mass or pressure regu-
lation of hydrogen close to the stoichiometric amount.
It requires a careful design of these reactors to control
the local temperatures in the presence of excess hydro-
gen. To avoid formation of “hot-spots” uniform wet-
ting of the catalyst particles and uniform gas—liquid
distribution over the catalyst zones are required for
mixed phase systems. Over-hydrogenation and the run
away were avoided in Hiils SHP process by dissolving
the stoichiometric amount of hydrogen in the hydro-
carbon feed. At low diene content, hydrogenation is
also performed isothermally, i.e. the more expensive
shell side cooled tubular reactor is applied with pres-
sure regulation of the cooling system. The operating
pressure in adiabatic operation is defined in such a
way that the liquid phase operation at each tempera-
ture (function of diene content and activity of the cat-
alyst) should be ensured. One of the great advantages
of liquid (or mixed) phase operations that oligomer-
ization/polymerization occurs to far lesser extent than
in gas phase operation because the C4 phase (solvent)
removes these materials from the catalyst surface.

6.3. Hydrotreatment of C5+ cuts

C5+ fraction or pyrolysis gasoline in naphta crack-
ers consists of C4 column residue and the so-called
quench oil. The raw hydrocarbon mix is highly un-
stable due to the large concentration of diolefins
(10-15wt.%) which give not only unpleasant smell
but they are also the source of polymer gum for-
mation. Stabilization of the gasoline boiling range
fraction by semihydrogenation yields high-octane
gasoline blending (RON is between 95 and 103 de-
pending on the severity of cracking). C6—C8 aromatics
fraction can be recovered that after hydrogen treat-
ment (C5+ contains 60-85 wt.% aromatics) provides
high purity aromatics. Hydrogenation of gasoline
is generally performed in two stages. The objective
of the first stage hydrogenation is to stabilize the
C5+4 fraction which means selective hydrogenation
of diolefins (pentadiene and isoprene) and cyclodi-
olefins, and alkenylaromatics into the corresponding
olefins and alkylbenzenes, respectively. BASF SELOP
C5+ hydrogenation process treats gasoline over Pd
H O-22 containing 0.25 wt.% Pd on high surface area
alumina. The Bayer and IFP processes do also apply
Pd catalysts. In the first stage, hydrogenation of Pd is
again the preferred metal due to its high activity al-
lowing low temperature operation and sufficient resis-
tance against feedstock impurities. Procatalyse offers
LD 265 Pd based catalyst in addition to Ni based cata-
lysts (LD 241, LD 155 and LD 145). The hydrocarbon
stream from the first stage selective hydrogenation
unit is usually sent to depentanizer. The C6-C8 frac-
tion from deoctanizer is the feedstock of the second
stage hydrogenation. The second stage hydrogenation
is aimed at removing all the monoolefins and sulfur.
The C6—CS8 fraction is then sent for solvent extraction
to yield high purity aromatics. The second stage hy-
drogenation performed over Ni-Mo, Co-Mo catalysts
ensures alkene and sulfur removal in the gas phase.

The C5+ is not only a valuable component of
gasoline blend but after the first stage hydrogenation
treatment, at least recent applications show in that
direction, is a source of different valuable hydro-
carbons whose fractionation enhances the economy
of C5+ downstream treatment. Thus, at BASF C5
cut treatment, the pretreated C5 is selectively hy-
drogenated to remove cyclopentene and then the C5
stream is etherified with methanol to produce TAME.
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Full hydrogenation of C5 produces useful solvent for
polymer industry.

FCC C4 and C5 cuts present a serious challenge
to the hydrogenation catalyst due to the presence of
20-400 wt.% ppm S. The usual solution is removal of
mercaptans by treatments with caustic. Nevertheless,
a cheaper alternative solution is the application of Pd,
Ni or sulfur resistant bimetallic catalysts. Procatalyse
offers LD 2773 catalyst containing promoted Pd resis-
tant to COS for this purpose. The catalyst shows mod-
erate isomerization activity providing a better feed-
stock for sulfuric acid alkylation process.

The CD Hydro process [300,301] developed over
the years was invented for treatment of both FCC
and steamcracker cuts. CD Hydro unifies rectification
and catalytic hydrogenation in a single operation unit
(Fig. 13). The selective hydrogenation catalyst (Pd
or Ni) is placed at the top of the distillation tower
and hydrogen is added together with the hydrocarbon
stream. Excess hydrogen is removed through a vent
on the top of the reflux drum. The unit operates at
pressures lower than the conventional fixed bed reac-
tors and, therefore, compression of hydrogen is nor-
mally not required. Another significant difference is
that the constant pressure boiling system ensures an
essentially isothermal operation as opposed to adia-
batic fixed bed reactors. The catalyst bed consists of
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three zones. In the bottom zone over Pd or Ni cata-
lysts, mercaptans react with diolefins and form stable
thioethers (e.g. Eq. (3)).

CH,
I
— > HyC-S-CH-CH=CH,

3

The high boiling points of these compounds allow
easy separation from C4 or C5 alkenes. The second
zone hydrogenates acetylene and remaining dienes.
The continuous removal of oligomers with reflux free
of acetylene and diene prevents polymer deposition
and thereby prolongs the lifetime of the bed. The third
zone is essentially a finishing zone which participates
in double bond shift and regulates the cis:trans ra-
tio. The capital cost savings seem to be substantial
(50-80%). It can be noted, however, that distillation
requires good vapor—liquid contact, therefore, a pack-
ing with large void fraction is required, which may
be a problem in these applications with catalyst bed
inside. Moreover, one must find catalysts and condi-
tions of operation where deactivation of the catalyst
bed and thus the number of regeneration cycles can
be minimized.

Production of high alkene yields requires both
process optimization and very careful optimization

CH3SH + H,C=CH-CH=CH,

Cat ( Ds A
H
2 Cat. B
C4+ Treated C4
I |
— c
—| Reflux
— Ha
d —2
HC
Ca+ A;vy sulfur

compounds

Fig. 13. CD Hydro process. A: isomerization; B: selective hydrogenation; C: desulfurization; Ds: drumseparator.
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of the inherent catalytic properties. Bimetallic cat-
alysts allow larger degree of freedom to tune the
activity and selectivity to optimum performance
[145,273,274,302]. In Sections 3.1 and 4.1.1, we have
shown that high metal (Pd) dispersion is disadvanta-
geous in semihydrogenation. In the case of bimetallic
catalysts, such as Pd-Ag, Pd-Au, the “broken bond
model” [303,304] predicts segregation of the second
component which, in the case of small clusters, will
occupy corners and edges preferentially and, there-
fore, these low coordination sites cannot participate
in diene—acetylene complexation. The industrial cata-
lysts are carefully assembled not only in the nanome-
ter scale but also in the micrometer one. Alumina or
silica support free of acid sites is impregnated in such
a way that the active component appears only on the
surface of the support pellets. In order to get high
alkene selectivity rather narrow eggshell profiles are
necessary. Choosing the right impregnation profile
for both Pd and the promoter metal the hydrogenation
activity moving inside the pellet can be deeply sup-
pressed even in the 0.03 mm eggshell profile [305]. It
is also an important requirement that high transport
rates should be ensured [128-130,305], therefore, the
Pd particles must be located in macropores. The de-
crease in transport rates caused by liquid oligomers
or plugging of pores enhances over-hydrogenation.
Since catalyst fouling by deposits is a crucial prob-
lem in these operations, further efforts are required
to diminish oligomer/polymer formation. Bimetallic
catalysts drastically reduce self-poisoning ensuring
thereby increased cycle length of the operation and
longer lifetime of the catalyst.

7. Other applications

In addition to large scale downstream applications
such as hydrogenation of acetylene and diene impuri-
ties in alkene streams Pd based catalytic hydrogena-
tions are frequently used in preparation of fine and
specialty chemicals. Pd as shown in previous chapters
is highly selective in forming cis-alkenes when disub-
stituted carbon—carbon triple bonds are hydrogenated.

The acetylene function can easily be built into mol-
ecules by coupling terminal acetylenes with organic
halides and then in a catalytic step the alkyne is con-
verted to the corresponding cis-olefin. This quite

common synthesis strategy is useful for the prepa-
ration of chemical substances of high value such
as food additives (Vitamins A and K), scent and
fragrant substances [306], monomers (1,4-butan-
ediol, 1,4-cyclooctadiene), sex pheromons [307],
prostaglandins [308], etc. Hydrogenation of conju-
gated aliphatic dienes generally produces a mixture
of isomeric alkenes and the selectivity of isomers
depends on the starting substrate. Hydrogenation of
alkynols and dienols to the corresponding unsaturated
alcohols, which are important components in many
applications, is also of interest. In the following only
a few relevant examples are presented.

Sorbic acid synthesized from ketene and croton-
aldehyde is an important selective growth inhibitor
for certain bacteria. Catalytic or chemical reduc-
tion of tranms,trans-2,4-hexadienic acid produces the
corresponding hexen-1-ols which are important com-
ponents of fruit odors and flavors [306,309-312].
Methyl trans-2-hexenoate has a characteristic odor
used in numerous flavor compositions. The reaction
route of methyl sorbate (14) hydrogenation is shown
in Scheme 7 [312].

Hydrogen addition to the C(4)-C(5) double bond
yields methyl frans-2-hexenoate (15) as the main re-
action product. Stereoisomeric methyl 3-hexenoates
(16 and 17) and methyl trans-4-hexenoate (18) are
formed as side intermediates. Further hydrogenation
of all intermediates gives methyl hexanoate (19). In-
vestigations by Cerveny et al. [310-312] have shown
that Pd-on-C exhibits high activity in these liquid
phase hydrogenations and the selectivity of methyl
trans-2-hexenoate reached 74% at 94.2% conversion
of the initial substance. Formation of this compound
was almost three times faster than the sum of the
formations of the other isomers.

Leaf alcohols (cis-3-hexen-1-ol and trans-2-hexen-
1-ol) are valuable components of fruit and veg-
etable fragrances and flavors. They are produced in
an amount of 400tons per year [313], via the cis-
selective partial hydrogenation of the corresponding
hexyn-1-ols. Selective formation of cis-3-hexen-1-ol
can be ensured by using optimized Lindlar-type cat-
alysts. Bonnemann et al. [314] have recently tested
various Pd colloids on various supports in the hy-
drogenation of 3-hexyn-1-ol. In preparation of the
catalysts, the surfactant applied does not only protect
the nanoparticles but acts as a catalyst modifier. They
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have observed that the stabilization of Pd colloids by
a zwitterionic surfactant, e.g. sulfobetaine (SB12), in-
creased the cis-selectivity in comparison with cationic
tetraalkylammonium surfactants. Pb addition further
enhanced the cis-selectivity: over the catalyst pro-
moted by 2wt.% Pb, both the selectivity and the
activity were better than those over a traditional Lind-
lar catalyst. Surprisingly, Pd-on-C was shown to be
less selective than Raney Ni in the production of leaf
alcohols from trans,trans-2,4-hexadienol [212].

Linalool (3,7-dimethylocta-1,6-diene-3-ol, 21) pro-
duced in an amount of 6000tons per year is [313]
a fragrant substance of the terpenic series used in sev-
eral scent compositions and cosmetic preparations. In
its synthesis, dehydrolinalool (3,7-dimethyloct-6-ene-
1-yne-3-ol, 20) is selectively hydrogenated over Pd
to the corresponding diene (Scheme 8). The acetate
of dehydrolinalool can be converted to citral, another
perfume intermediate. Dehydrolinalool is also an in-
termediate in the synthesis of -carotene (provitamin
A) developed by BASF and can be produced by react-
ing NaC=CH with methylheptenone a key intermedi-
ate in terpene chemistry.

In the selective semihydrogenation of dehydroli-
nalool, the catalyst composition and its form are of

HsC CHg

/
HsC OH

20

\ | Pd/H,
C=CH-CH,CH,~C-C=CH ——
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crucial importance. Gryaznov et al. [247] has prepared
clusters of Pd, Pd-Mn and Pd-Pb inside the pores of
stainless steel metal sheet and tested the catalysts in
liquid phase hydrogenations. The selectivity to linalool
over Pd clusters was, however, only 80%. The pres-
ence of Pb or Mn has improved the selectivity to some
extent reaching 95 and 96%, respectively, over
bimetallic clusters. BASF has applied vapor phase
deposition of Pd and Bi on stainless steel support to
prepare a hydrogenation catalyst for the conversion
of dehydrolinalool [315]. They obtained linalool with
99.3-99.5% selectivity at 100% conversion.

A Pd-containing polymer, derived from polystyr-
ene—polybutadiene triblock copolymers and bis(ace-
tonitrile) palladium chloride deposited on Al,Os,
provided a selectivity of 98.7% [316]. More recently,
a novel catalyst preparation of Pd colloids has been
reported by Sulman et al. [317]. The Pd colloids
were formed in cores of block copolymer micelles
derived from polystyrene—poly(4-vinylpyridine). The
micelle cores play the role of nanoreactors providing
stabilization and size control. The highest selectivity
of linalool (99.8%) was observed in toluene under
hydrogen-diffusion-limited conditions. The high se-
lectivity can also be attributed to geometric—electronic

H3C\ ?HS
/c: CH—CH,CH,— ?— CH=CH,
HsC OH

21

Scheme 8.
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modification of Pd particles caused by the presence
of 4-vinylpyridine units just as observed previously
(see previous chapters) in the application of various
promoters in semihydrogenations (N-bases, pyridine,
quinoline, etc.) over Pd/Al,O3.

Pheromones are sex attractants which play a cru-
cial role in finding the female by the male insects
and thus facilitate reproduction. Obviously, the males
can also be desinformed, so they remain isolated.
Most of these components contain isomers of unsat-
urated straight chain aliphatic alcohols, acetates or
aldehydes and the stereoisomeric composition is a
crucial factor in their biological effectiveness [307].
One of the possibilities to get Cl14, C16 or C18
monoene alcohols or acetates is to hydrogenate se-
lectively over Pd, the carbon—carbon triple bond in
the corresponding acetylenic precursors to produce
the cis-stereoisomers. Hydrogenation of enynols to
the corresponding dienols provides a way to prepare
conjugated dienes via acetylenic routes. Lindlar-type
catalyst or Pd-on-BaSO4 modified by quinoline are
frequently used in the catalytic semihydrogena-
tion. Palczewska et al. [318] in preparing Pd-Pb
alloy catalysts have found that catalysts containing
mainly Pd3Pb intermetallic compound show higher
stereo-selectivity in the semihydrogenation of 11-hex-
adecynyl acetate and 12-tetrahydropyranyloxy-3-tet-
radecyne than a commercial Lindlar catalyst.

Butane-1,4-diol is a monomer of high impor-
tance in polymer chemistry [319]. One of the many
possibilities for its preparation is hydrogenation of
butyne-1,4-diol over Ni. The nickel-catalyzed hydro-
genation is typically a one-stage process producing the
saturated diol and side products. Recent applications
tend to apply two-stage processes: Pd—Ag-on-Al,O3
[320] or Pd modified by Pb or Zn [321] are used
for selective preparation of but-2-ene-1,4-diol which
is then further hydrogenated over Ni. The two-stage
process provides the end-product with less impurities
and higher selectivity can be achieved than applying
Ni based one-stage processes.

Partial hydrogenation of natural oils [322-324] to
various edible products is a large-scale process per-
formed over Ni catalysts (supported or Raney Ni)
as the best compromise on cost, selectivity, number
of recycling, etc. The objective in hydrogenation of
triglycerides is to reduce the level of trienic fatty
acids, keep the selectivity of cis-isomers while not

HsC_ CHg HsC_ CHs
Lindlar P
B indlar Pd o ) CHy
ROOC’ C=C—CHj ROOC' c=C
H  "H
22

Scheme 9.

producing saturated chains. The olefinic bonds in
fatty acids found in natural oils are not conjugated but
it is assumed that more reactive conjugated dienes are
formed over the catalyst as the double bonds migrate
up or down the chain. The conditions of operation
are basically determined by the origin of natural oils,
i.e. by the plants. With Ni catalysts, the temperatures
applied are between 400 and 470 K and the pressure
is up to 4bar. Pd is more active but, unfortunately,
more sensitive and more expensive than Ni. Never-
theless, there are indications that Pd might be applied
industrially in these processes as indicated in a recent
review by Savchenko and Makaryan [325].

Finally, the last example refers to pyrethrins (22)
which are active insecticidal constituents of pyrethrum
(chrysanthemum) flowers. The most prominent are
pyrethrin-I and pyrethrin-II. In contrast to phosphate
esters pyrethrins are not harmful to warm-blooded an-
imals. The final crucial step in the production of the
semisynthetic derivative pyrethroids is the formation
of the cis-propenyl side chain applying the Lindlar
catalyst (Scheme 9) [326].

8. Conclusion

As a result of extensive studies, the basic factors
controlling selectivities in the semihydrogenation over
heterogeneous palladium catalysts of alkynes and di-
enes were established by the 1980s. This knowledge
served as the basis of industrial processes to remove
hydrocarbon impurities with multiple unsaturation
from alkene feedstocks. State-of-the-art Pd catalysts
developed for industrial applications are capable of
removing acetylene/diene impurities to ppm level
without loss of alkene.

The last decade has seen a burgeoning of literature
data providing further insight into the fine details of
these selective hydrogenation processes. Most impor-
tantly, the application of sophisticated surface science
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techniques permits to treat selectivity as a dynamic
process. It has become widely accepted that the
catalytic sites are generated upon the exposure of
the reactant acetylene/diene and that the state of the
working catalyst surface is quite different from an
initially clean surface as a consequence of poisoning
and restructuring effects. According to recent obser-
vations, the surface of the working catalyst is covered
by an array of carbon deposits affected by reaction
conditions (temperature, reactant ratio) and catalyst
characteristics (dispersion, the quality of support).
Promoters further modify the surface and affect the
electronic properties of palladium. Additives inter-
fere with the adsorption of reactants and may also
influence the formation of surface residues. This new
set of information acquired recently enables us to
have a better control of the overall process and fur-
ther improve selectivities by an appropriate choice
of catalysts, promoters and additives and fine tuning
reaction conditions. In a similar fashion, the com-
bination of new emerging experimental techniques
providing in situ on line characterization of the work-
ing sites and the traditional approach, trial and error
methods will certainly promise further developments
in coming years. Future trends require the most effi-
cient use of alkene cuts in downstream applications.
Large fraction of these small alkenes will be pro-
duced by FCC operation supplying cheap but highly
contaminated alkenes. Development of catalysts en-
suring environmentally clean operation and exhibiting
high poisoning resistance towards various impurities
requires further studies on appropriate manipulation
and nanometer scale assembling of Pd sites.
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