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Abstract

Transhydrogenation of pentane (P) and 1,5-hexadiene (1,5HD) and pentane and 2,4-hexadiene (2,4HD) was studied over
a CrO,/alumina catalyst at 523-773 K. Thermodynamic stability differences between the conjugated (2,4-hexadiene) and
non-conjugated (1,5-hexadiene) isomers indicated that transhydrogenation was favoured between pentane and 1,5-hexadiene
but not pentane and 2,4-hexadiene (+ ve AG). At 773 K a significantly enhanced alkene yield was observed for the P/1,5SHD
system, clearly showing the effect of transhydrogenation. The yield of alkenes was ~ 50% and included alkylated and isomer-
ized alkenes. Alkylation and isomerization were significant reactions under reaction conditions. Pentane was shown to affect
the chemistry of 1,5HD and vice versa with the conversion of pentane significantly enhanced at all reaction temperatures,
indicating a molecular interaction between the reactants even when transhydrogenation was not obvious. In contrast, no
effect on the conversion of pentane was observed when the co-feed was 2,4HD. An unexpected effect of pentane on 2,4HD
conversion was observed, with all reactions of cis-2,4-hexadiene (including alkylation and isomerization) being completely
inhibited at low reaction temperatures (573 K and 523 K) by the presence of pentane, suggesting that pentane competes for
the same sites as cis-2,4-hexadiene. Transhydrogenation activity between pentane and 1,5-hexadiene was less obvious at
the lower reaction temperature, which appeared to be a kinetic effect. Direct hydrogenation of 1,5-hexadiene revealed that
1,5HD sampled the same hydrogen population for hydrogenation and transhydrogenation. Comparisons of transhydrogena-
tion of 1-hexyne, 1,5-hexadiene, and 2,4-hexadiene with pentane have revealed significant differences in the adsorption and
reaction chemistry of the three isomers.
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Introduction

It is well known that hydrocarbon feedstock streams, such as
naphtha, LPG, or gas oil are cracked in a furnace to produce
mixtures of hydrocarbons of varying molecular weight and
functionality [1-6]. To optimise the value-added converting
low-value, cracked hydrocarbons (e.g., alkanes) into valued
distillate products is important. Although transhydrogena-
tion is not a new technology for the production of olefins and
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other valuable petroleum distillate products, there has been
limited scientific attention toward the invention. The tran-
shydrogenation of alkanes and alkynes (or alkadienes) into
alkenes (olefins) is a method for converting two low-value
chemicals into two high-value chemicals.
Transhydrogenation is thermodynamically favoured at
most temperatures for the reaction of alkanes with alkynes
but that it is not always the case when alkadienes are the
hydrogen acceptors [7]. Thus, if we calculate the free energy
for the transhydrogenation of pentane with 1-hexyne, 1,5-
hexadiene and 2,4-hexadiene, we find that the AG of the pro-
cess moves from negative to positive (see Table 1). There-
fore, there can be thermodynamic constraints on the process.
Alkane dehydrogenation is endothermic (~ 124 kJ mol™")
and a significant amount of energy is required to break C-H
bonds in a molecule. The equilibrium conversion of the
process is limited by the reaction temperature and as that
increases so does conversion [8]. Hence, to accommodate
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Table1 Free energy for the reaction of pentane with 1-hexyne,
1,5-hexadiene and 2,4-hexadiene [7]

Free energy (AG) of reaction with pentane at
temperatures of

473 K 573K 673 K 773 K
1-Hexyne —45.83 —47.10 —48.38 —49.65
1,5-Hexadiene -2.35 - 2.80 -3.25 -3.70
2,4-Hexadiene +30.34 +28.87 +27.50 +26.13

the thermodynamic limitations, typical reaction temperatures
are > 823 K for reasonable conversions [9—-11], at these tem-
peratures all C—H bonds in an alkane have an equal chance to
react, which tends to make the process less selective. The equi-
librium conversion can be increased by continuous removal
of hydrogen in accordance with Le Chatelier’s principle and
indeed some on-demand dehydrogenation processes operate
at partial pressure less than 1 atm, often with the use of a
diluent in the alkane feed [12]. On the other hand, alkyne/
alkadiene hydrogenation is exothermic (~— 167 kJ mol™') and
produces a significant amount of heat, which can potentially
be utilized in the dehydrogenation process. It also can act as an
acceptor for the continuous supply of hydrogen produced by
alkane dehydrogenation. Transhydrogenation combines both
processes as a single process [13]

Recent literature has revealed transhydrogenation reac-
tions on various catalysts such as supported vanadia, chro-
mia and doped chromia, most of which involved the use of
LPG hydrocarbons [7, 14—17], these research studies showed
clearly that transhydrogenation occurs. Significant conversion
and yield of the olefin are reported, for instance, Jackson et al.
reported ~72% increase in propene from propyne and butane
transhydrogenation using 1% vanadia/0-alumina catalyst at
823 K. Most of this research [7, 14—16] has been limited to
C,-C, substrates. In our recent work [17], we extended this
approach using a wider range of hydrocarbons (i.e., C-5 and
C-6). Pentane and 1-hexyne transhydrogenation was investi-
gated over chromia catalysts and revealed that transhydrogena-
tion clearly occurred, especially at low temperatures [17]. In
this paper, the behaviour of conjugated and non-conjugated
hexadiene isomers (2,4-hexadiene and 1,5-hexadiene respec-
tively) for transhydrogenation with pentane was investigated
using chromia catalyst. The data obtained were compared
with that from pentane/1-hexyne transhydrogenation to better
understand the benefits and limitations of the transhydrogena-
tion process.
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Experimental

A ~4% chromium oxide/alumina catalyst was prepared by
incipient wetness impregnation using a y-alumina sup-
port. The alumina support (50 g) was pre-dried at 353 K
for 16 h prior to impregnation. An aqueous solution of
[NH,],Cr,05 (4.85 g, 99+ % Aldrich) was used to prepare
the catalyst with a 4% w/w loading. Johnson Matthey, UK,
supplied the y-alumina support (surface area 208 m? g,
pore volume 0.52 ml g~!). After impregnation, the cata-
lyst was dried for 2 h at 353 K and then at 393 K over-
night. Finally, the sample catalyst was calcined at 873 K
for 6 h. After calcination, the sample was ground using a
mortar and pestle and sieved to a uniform particle size of
250-425 pm.

Thermo-gravimetric analysis was performed on the
catalysts using a combined TGA/DSC SDT Q600 ther-
mal analyser coupled to an ESS evolution mass spectrom-
eter for evolved gas analysis (TGA/MS). The samples
(~10-30 mg) were heated from ambient temperature to
1273 K using a heating ramp of 15 K min~! in 2% H,/N,
or 2% O,/Ar. Relevant mass fragments were followed by
online mass spectrometry. CHN analysis was performed by
combustion using a CE-440 elemental analyser.

The activity and selectivity of the catalyst were deter-
mined using an all-glass, atmospheric pressure, flow,
microreactor. The block schematic of the flow reactor
has been reported earlier [17]. The catalyst (0.5 g) was
reduced in situ with pure hydrogen (40 ml min~") by heat-
ing to 823 K and holding at this temperature for 2 h. After
reduction was completed, the flow was switched to argon
(40 ml min~") and the system purged for 0.5 h. Pentane
(99 + % Aldrich) and 1,5-hexadiene (97 + % Aldrich) or
2,4-hexadiene (97 + % Aldrich) were introduced to the
argon carrier gas (30 ml min~!) using temperature-con-
trolled vapourisers. A molar feed ratio of ~5.5:1 for the
pentane:hexadiene system was obtained. The ratio was
set by controlling the vapour pressure for each reactant
using bubbler vapourisers and maintaining the vapouriser
temperature for 1,5HD, 2,4HD and pentane at 258, 273,
and 273 K, respectively. The gas was then put through a
static mixer before continuing to the reactor. The weight
hourly space velocity (WHSV) was 2.8 h™! for pentane,
0.59 h™! for 1,5-hexadiene and 0.6 h™! for 2,4-hexadiene.
The reaction products were condensed and collected over
a 2-h period in heptane at 253 K and then the cumula-
tive volume was sampled and analysed by gas chromatog-
raphy (Agilent series, FID detector) fitted with a 150-m
Petrocol column. An online ESS mass spectrometer was
also coupled to the reactor to continuously follow any
non-condensed eluted products over the 2-h time period
of the reactions [17]. The reaction was studied with each
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component individually and as a mixed feed, in the tem-
perature range 523-773 K at atmospheric pressure. No
hydrogen was co-fed in the process. The conversion for
each reactant feed was calculated as:

moles of reactant converted

1
total moles fed x 100
The yield as:
moles of C for each product formed
Palone = x 100
atone Total moles of C for Pfed
HDalone = moles of C for each product formed % 100
Total moles of C for HD fed
P4+ HD = moles of C for each product formed % 100
" Total moles of C for [P + HD]fed
Results

The catalyst was characterized using various techniques
and has been reported elsewhere [17]. A standard TGA/
TPR from ambient temperature to 1273 K on the catalyst
gave single weight loss/hydrogen uptake at~650 K, which
is in keeping with the literature [18]. The XRD analysis of
the alumina support and the catalyst showed only patterns
for alumina: no chromia species were detected. This was
expected as crystalline chromium oxide is typically not
observed at this loading [19-21]. AAS and colorimetric
analysis of the catalyst showed appreciable amounts of both
Cr** and Cr®" oxidation states at various treatment stages of
the catalyst preparation. The as-prepared catalyst was found
to contain 3.32% Cr by AAS of which~97% was Cr(VI)
with the rest Cr(III). However, after reduction at 873 K,
93% was Cr(IIT) and only 7% Cr(VI) [17]. Hence, the results
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Fig. 1 Conversion comparison of pentane (P), 1,5-hexadiene (1,5HD)
and a 5.5:1 P:1,5HD mixture over CrO,/Al,O4
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Fig.2 Yield of products at 773 K with feeds of pentane, 1,5-hexadi-
ene and 5.5:1 P:1,5HD feed over CrO /alumina

confirmed that chromium in the catalyst was in mixed oxida-
tion states even after reduction. The catalyst is designated
as CrO,/Al,0O; to signify the chromium species as a non-
stoichiometric oxide [18, 19, 21].

The reactions were initially performed with the alumina
support and showed that the products were mainly formed
via cracking and alkylation with low conversion. The details
are reported elsewhere [17]. This behaviour from alumina is
consistent with the literature [15, 16].

Pentane/1,5-Hexadiene (P/1,5HD) system

The reactant conversions were followed during the individu-
ally fed and co-fed reactions. A dramatic increase in the con-
version of pentane was observed at all temperatures when
pentane and 1,5-hexadiene were co-fed compared to pentane
dehydrogenation, while for 1,5-hexadiene the conversion at
the higher temperatures (> 573 K) showed a slight decrease
when pentane was co-fed relative to 1,5-hexadiene with no
added pentane. The results are presented in Fig. 1.

iso-alkanes alkanes alkadienes alkenes Benzene

HPentane ®1,5hexadiene Transhydrog

Fig.3 Yield of products at 673 K with feeds of pentane, 1,5-hexadi-
ene and 5.5:1 P:1,5HD feed over CrO,/alumina
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Fig.4 Yield of products at 623 K with feeds of pentane, 1,5-hexadi-
ene and 5.5:1 P:1,5HD feed over CrO,/alumina
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Fig.5 Yield of products at 573 K with feeds of pentane, 1,5-hexadi-
ene and 5.5:1 P:1,5HD feed over CrO /alumina
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Fig.6 Yield of products at 523 K with feeds of pentane, 1,5-hexadi-
ene and 5.5:1 P:1,5HD feed over CrO /alumina

The product yields were calculated and are presented in
Figs. 2, 3, 4, 5 and 6 (these results represent the cumula-
tive results of products collected over 2 h, detailed analysis
of the products is reported in Supplementary information,
Tables S1-S5). As the temperature was decreased, the yield
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of olefin also decreased. At 773 K traces of benzene were
observed, which subsequently decrease at lower reaction
temperatures.

Gaseous product analysis using on-line mass spectrom-
etry confirmed the evolution of C;Hg and C,Hy initially
before hydrogen is detected. The C;Hg and C,Hg response
decays rapidly suggesting that the sites responsibly are rap-
idly deactivated. There was a significant reduction of the
hydrogen between 10 and 15 min before a more gradual
decline. This same gas evolution trend was observed at
773-623 K reaction temperatures. The result obtained at
773 K is presented in Fig. 7.

Hydrogenation of 1,5-hexadiene was also performed
to determine and compare the catalyst efficacy between
hydrogenation and transhydrogenation. The reaction was
performed using a limited hydrogen feed (2% H,/N,) in the
ratio 2:1 hexadiene:2% H,/N,. The results are presented in
Fig. 8. The hydrogenation process showed similar reaction
products and distributions to that obtained during transhy-
drogenation but the hydrogenation process exhibited a much
higher percentage yield of alkenes. This was a marked differ-
ence from that found with hydrogenation of 1-hexyne, where
alkanes were the principal product [17].

The catalysts were analysed post-reaction by CHN analy-
sis to determine whether there had been any carbon lay-
down during the reaction. The results are shown in Fig. 9.
Catalysts, which have been subjected to 1,5HD as the sole
reactant, show a higher amount of carbon deposition at tem-
peratures > 573 K but at 523 K and 573 K there is little dif-
ference between P/1,5HD co-feed and 1,5HD alone.

The catalyst used for the P/1,5HD reaction was subjected
to a temperature-programmed oxidation (TPO) using the
TGA/MS system. The results are shown in Figs. 10, 11.

There is a single weight loss that moved to slightly higher
temperatures with increasing reaction temperature as is
reflected in the carbon dioxide evolution, e.g., at a reaction
temperature of 523 K, carbon dioxide maximum evolution
is at 622 K, whereas at a reaction temperature of 773 K the
carbon dioxide maximum is at 663 K.

Pentane/2,4-Hexadiene (P/2,4HD) system

In contrast to the P/1,5HD system, no increase in conversion
was observed with pentane when reacting in the presence of
2,4HD. Indeed, at most temperatures lower conversions of
pentane were obtained. The results are presented in Fig. 12.
It is also clear that the conversion of 2,4HD in the P/2,4HD
mix is, generally, less than that found for 2,4HD reacting
alone.

The reaction using 2,4HD was performed with a 2:1 cis/
trans mixture. It was observed that each isomer of 2,4HD
reacted differently. Trans-2,4HD reacted faster than cis-
2,4HD resulting in a higher conversion of trans-2,4HD at
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Fig.7 Profile of the evolved 5E-11 2E-10
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Fig.9 Carbon laydown, as measured by CHN analysis, on the spent
CrO,/Al,O; catalysts as a function of temperature

all reaction temperatures compared to cis-2,4HD. How-
ever, the most striking result was the absence of any con-
version of cis-2,4HD at 523 K and 573 K when reacted

—773K —673K ——623K 573K ——523K

Fig. 10 TGA analysis of post-reaction P/1,5HD samples
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Fig. 11 Gas evolved during TPO of P/1,5HD spent catalyst samples,
m/e 44 (carbon dioxide)

with pentane, revealing that some interaction was taking
place. The results are presented in Fig. 13.

The product yields were calculated and are presented
in Figs. 14, 15, 16, 17 and 18 (detailed analysis of the
products is reported in Supplementary information,
Tables S6-S10). The yield of olefin was low but the yield
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Fig. 12 Conversion comparison of pentane (P),
(2,4HD) and a 5.5:1 P:2,4HD mixture over CrO,/Al,05
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Fig. 13 Conversion comparison of cis- and trans-2,4HD using CrOx/
Al,O;
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Fig. 14 Yield of products at 773 K with feeds of pentane, 2,4-hexadi-
ene and 5.5:1 P:2,4HD feed over CrO,/alumina

of alkadienes also decreased relative to that found with
2,4HD alone. Traces of benzene were observed, which
subsequently decreased at lower temperatures.

The evolved gases produced from the P/2,4 HD reaction
were the same as from the P/1,5HD system (H,, C;H¢ and
C,Hyg) with hydrogen evolution from the start of the reac-
tion. After the initial pulse, hydrogen evolution gradually
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Fig. 15 Yield of products at 673 K with feeds of pentane, 2,4-hexadi-
ene and 5.5:1 P:2,4HD feed over CrO,/alumina
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Fig. 16 Yield of products at 623 K with feeds of pentane, 2,4-hexadi-
ene and 5.5:1 P:2,4HD feed over CrO,/alumina
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Fig. 17 Yield of products at 573 K with feeds of pentane, 2,4-hexadi-
ene and 5.5:1 P:2,4HD feed over CrO /alumina

declined, whereas butene and propene maintained a low-
level evolution. The results are presented in Fig. 19.

The catalysts were analyzed after use by CHN analysis
to determine the extent of carbon laydown. The results pre-
sented in Fig. 20 show that the overall extent of the carbon
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Fig. 18 Yield of products at 523 K with feeds of pentane, 2,4-hexadi-
ene and 5.5:1 P:2,4HD feed over CrO,/alumina

deposition is small and less than that found with P/1,5HD
system.

The nature of the carbon was probed by TPO and the
results are shown in Figs. 21 and 22. The TPO analysis dur-
ing the TGA revealed carbon dioxide as the main species
evolved with the P/2,4HD system. This was determined by
mass spectrometry (m/e 44). Like the P/1,5HD system, there
was an observed shift in the CO, desorption peak with reac-
tion temperature, from 630 to 693 K with increasing reaction
temperature. A significant difference, however, was observed
in the TPO of the catalyst reacted at 623 K with a second
weight loss/evolution of CO, at 915 K.
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Fig.20 Carbon laydown, as measured by CHN analysis, on the spent
CrO,/Al,O5 catalysts as a function of temperature with 2,4HD system
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Fig.22 Gas evolved during TPO of P/2,4HD spent catalyst samples,
m/e 44 (carbon dioxide)

Discussion

In a previous paper [17] the transhydrogenation of pentane
with 1-hexyne was examined. In that study, over the same
CrO,/Al,O5 catalyst as used in this study, transhydrogena-
tion clearly occurred at temperatures below 625 K, where the
yield of alkenes was higher for the co-fed system than for a
combination of the individual yields. This study expands the
investigation to consider the transhydrogenation of pentane
with 1,5-hexadiene and 2,4-hexadiene. Although 1-hexyne,
1.5-hexadiene and 2,4-hexadiene are isomers, as can be seen
from Table 1, the change in bonding results in significant
changes in stability and hence, overall reaction thermody-
namics. The conjugated 2,4-hexadiene molecule is the most
stable of the isomers and transhydrogenation with pentane
is not thermodynamically favoured (positive AG), which
results in conversion limits for transhydrogenation of ~8.5%
at 673 K, ~12.5% at 773 K and~17.5% at 873 K. In com-
parison, the transhydrogenation reaction between pentane
and 1,5-hexadiene (1,5HD) has a small negative AG result-
ing in a maximum conversion of ~80% at most temperatures.

From Fig. 1 when pentane and 1,5HD were reacted
together the conversion of pentane increased dramatically
for all temperatures showing the effect on pentane of having
1,5HD present in the reaction mix. The effect of pentane on
1,5HD reactivity was similar, with an increase in 1,5HD
conversion from~48% to 100% at 523 K. Similar behav-
iour was observed for the pentane/1-hexyne system [17] and
is in keeping with the thermodynamic analysis, implying
that both species are adsorbing and interacting. In contrast,
when pentane and 2,4HD were reacted the conversion of
pentane showed no significant effect (Fig. 12). The absence
of an effect on pentane is as would be expected from the
thermodynamics—any impact would be small and limited
to no more than 10% even at 773 K—if the only reaction
was transhydrogenation. However, alkylation, isomeriza-
tion and hydrogenation are all taking place (see Table S6
in the supplementary information). Rather surprisingly the
effect on 2,4HD is to reduce the conversion and the effect
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is specific to the cis-2,4HD isomer, with no conversion of
cis-2,4HD at lower temperatures, < 623 K (Fig. 11). This
reflects the slight difference in stability between the cis- and
trans-2,4HD isomers and hence, their strength of adsorption,
suggesting that pentane inhibited the reaction of cis-2,4HD
through competitive adsorption. Interestingly, one specific
product, 2-methyl-1,3-pentadiene, was lost when cis-2,4HD
conversion goes to zero. Therefore, we can assign this prod-
uct to structural isomerization of cis-2,4HD and this con-
firms that the inhibition of cis-2,4HD applies to reactions
other than just transhydrogenation. Zaera and co-workers
[22] have shown that the adsorption of cis- and trans-alkenes
is preferred on different crystal faces and so it is possible
for pentane to disrupt the chemistry of one isomer without
affecting the other isomer. This result also suggests that pen-
tane and cis-2,4HD share a preference for the same sites.

In the reaction between pentane and 1,5HD, between 573
and 773 K the yield of alkenes was enhanced and there was
also a low-level formation of benzene. The yield of alkenes
at 773 K was 50%, which was a significant increase over that
found with 1,5HD in the absence of pentane and even higher
than the alkene yield found with the pentane/1-hexyne and
P/2,4HD reactions, indicating that transhydrogenation is
more effective with non-conjugated dienes than alkynes or
conjugated dienes at this temperature [17]. Note that this is
not a thermodynamic effect. However, this clear-cut ben-
efit was only observed at 773 K and as the temperature was
decreased the difference between feeding 1,5HD alone and
in a mix with pentane was significantly reduced, such that
by 623 K there was no effect on the selectivity profile. Given
the enhancement in conversion, this is surprising and shows
a significant difference between the terminal diene and the
terminal alkyne in terms of transhydrogenation reactivity,
as transhydrogenation was more pronounced at low tem-
perature with the terminal alkyne [17]. In this case, the dif-
ference is kinetic, as distinct from thermodynamic in nature
reflecting a difference in reactivity of alkyne and alkene. As
expected from the preceding discussion, the P/2,4HD system
shows little transhydrogenation benefit, however, this effect
was thermodynamic rather than kinetic.

To examine the difference between hydrogenation and
transhydrogenation 1,5HD was hydrogenated with a limited
amount of gas-phase hydrogen. The results were surprising
and revealed differences between the 1,5HD system and the
1-hexyne (1HY) system [17]. Hydrogenation of 1HY over
this catalyst resulted in a significant alkane yield of ~20%,
in contrast, hydrogenation of 1,5HD produces < 1% alkane,
whereas with the formation of alkene the position is reversed
with ~50% alkene from 1,5HD hydrogenation but only ~6%
from 1HY. With 1-hexyne hydrogenation, it was proposed
that the difference between transhydrogenation and hydro-
genation may relate to 1-hexyne sampling different hydro-
gen populations that had been shown to be present on the
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catalyst [15, 17]. In contrast, 1,5HD appears to sample the
same hydrogen population, whether undergoing hydrogena-
tion or transhydrogenation. This can be understood in terms
of the hydrogenation process. It has been shown that, over
palladium, the hydrogen population responsible for direct
hydrogenation of an alkyne to an alkane is surface hydro-
gen, whereas that for selective hydrogenation to the alkene
is a sub-surface species. In the oxide system, a sub-surface
species is unlikely and indeed hydrogenation of 1-hexyne
gave principally alkane product [17] consistent with surface
hydrogen. With 1,5-hexadiene however, it is unlikely that
both C=C double bonds would be hydrogenated simultane-
ously, therefore a high yield of alkene would be expected as
hydrogenation through to the alkane requires re-adsorption
in competition with alkadienes.

Analysis of the gas phase revealed that both P/1,5HD and
P/2,4HD systems produced hydrogen, butene, and propene.
Formation of the same light alkenes by cracking of alkenes
with the same backbone but with the double bonds in dif-
ferent positions is well known [23, 24]. The evolution of
all three gasses goes through a peak and decay suggesting
the deactivation of the sites responsible for their produc-
tion. This would be in keeping with the carbon deposition
data. Nevertheless, this is in contrast with the P/1HY sys-
tem, which produced hydrogen, methane, and ethene with
only hydrogen decaying. The difference in cracking products
from alkenes and alkynes has been documented previously
for the C3 system with propyne also producing methane by
cracking [14, 15].

Temperature programmed oxidation of the spent cata-
lysts used for P/1,5HD transhydrogenation, revealed a sin-
gle weight loss over the temperature range 520-700 K. As
the reaction temperature increased, a higher temperature
was required to combust the carbon on the surface, sug-
gesting that the carbonaceous residue was becoming more
recalcitrant with a lower H:C ratio. Nevertheless, given the
temperature of the weight loss, it is likely the principal sur-
face species is aliphatic in nature. Similar behaviour was
observed with the P/2,4HD system.

Conclusions

The transhydrogenation of pentane and 1,5-hexadiene and
pentane and 2,4-hexdiene was studied over a CrOx/alumina
catalyst. Thermodynamic stability differences between the
conjugated (2,4-hexadiene) and non-conjugated (1,5-hexadi-
ene) isomers indicated that transhydrogenation was favoured
between pentane and 1,5-hexadiene but not pentane and
2,4-hexadiene. At 773 K a significantly enhanced alkene
yield was observed for the P/1,5HD system clearly show-
ing the beneficial effect of transhydrogenation. The yield of
alkenes was ~50% and included alkylated and isomerized

alkenes. Alkylation and isomerization were significant reac-
tions under reaction conditions. Pentane was shown to affect
the chemistry of 1,5HD and vice versa with the conversion
of pentane significantly enhanced at all reaction tempera-
tures, indicating a molecular interaction between the reac-
tants even when transhydrogenation was not obvious. In con-
trast, no effect on the conversion of pentane was observed
when the co-feed was 2,4HD confirming the absence of
interaction. However, a very clear and unexpected effect of
pentane on 2,4HD conversion was observed, with all reac-
tions of cis-2,4-hexadiene (including alkylation and isomeri-
zation) being completely inhibited at low reaction tempera-
tures (573 K and 523 K) by the presence of pentane. This
suggests that pentane inhibits cis-2,4-hexadiene adsorption
and indicates that cis-2,4-hexadiene and trans-2,4-hexadiene
adsorbed on different sites. As reaction temperature was
decreased, obvious transhydrogenation activity between
pentane and 1,5-hexadiene was lost, which was in contrast
to that found with transhydrogenation between pentane and
1-hexyne, where transhydrogenation was more obvious as
reaction temperature decreased. This difference is kinetic in
nature rather than thermodynamic. Direct hydrogenation of
1,5-hexadiene revealed that 1,5HD sampled the same hydro-
gen population for hydrogenation and transhydrogenation,
whereas alkynes (propyne and 1-hexyne) sampled different
populations [15, 17]. Comparisons of the transhydrogenation
of 1-hexyne, 1,5-hexadiene and 2,4-hexadiene with pentane
have revealed significant differences in the adsorption and
reaction chemistry of the three isomers.
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