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1. Introduction

Hall et al. [1,2] have described the development of an inte-
grated process for converting natural gas to liquid fuels via short
residence time pyrolysis to acetylene and ethylene with sub-
sequent oligomerization to produce liquid fuels. The associated
patents [3–5] emphasise the direct conversion of acetylene over an
acidic zeolite, but acetylene hydrogenation followed by ethylene
oligomerization was stated to be preferable for commercial opera-
tion [2]. The acetylene oligomerization catalyst was not described
in detail, but based on other work by one of the authors, it appears
to be H-ZSM5 loaded with Ni, Pt or Pd [6]. The yields of liquid fuel
were not stated but deactivation was a problem with activity falling
very steeply after 3 h on stream despite a H2/C2H2 ratio of 2.5. Such
deactivation is characteristic of the reaction of acetylene over H-
ZSM5 catalysts where aromatics are major products [7,8]. In the
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ilica catalysts for the reaction of acetylene in the presence of hydrogen in a
amples containing 2 wt% Ni are capable of complete acetylene conversion
when using a 25% C2H2/75% H2 feed. Ethylene and ethane account for
cetylene converted with methane formation low. The remaining acetylene
oligomers with even-numbered ones typically three times as common

redominant C4 and C5 products are linear alkenes in a non-equilibrium
followed by branched alkenes (isobutene and the three methylbutenes),
further major class in the C6 fraction are 3-methyl branched products,
l-2-pentene and 3-methyl-1,3-pentadiene, which lack hydrogen atoms

tribution amongst higher oligomers appears to be similar based on the
ced when Pt/SiO2 is placed downstream of Ni/SiO2. Aromatics are minor
yclic products formed at each of carbon numbers 6, 7 and 8 and less than
pentanes observed when the Pt/SiO2 is present. Formation of all product
ose with a 2-methyl branch such as isobutene, can be rationalised in terms
ition of C2 units to surface species established in surface science studies of
rfaces. Rearrangement is necessary for formation of the 3-methyl branched

Crown Copyright © 2008 Published by Elsevier B.V. All rights reserved.
case of Ni/ZSM5/Al2O3 at 350 ◦C, such deactivation can be largely
prevented by co-feeding water but methane then makes up ∼25%
of the products while the >C5 products are largely aromatic and
restricted to a yield of ∼30% [9].

Nickel has been known to be active for the oligomerization of
acetylene at low temperature since the 1930s. Peters and Neumann
[10] reported a yield of up to 60% vapours condensable on charcoal
at 0 ◦C using nickel-iron catalysts and Sheridan [11] claimed 40–70%
C4

+ material, thought to be largely straight chain, over 20% nickel on
pumice. More detailed studies by Antzus and Petrov [12,13] show
that a multitude of branched oligomers can also form, particu-
larly if Ni/pumice is passivated with ZnCl2 or CoCl2 [14,15]. Results
reported in more recent studies are more divergent. Vasquez [16],
using 13 wt% Ni/H-ZSM5-Al2O3, observed a liquid yield of ∼6% with
C3

+ material comprising approximately one-half of the gaseous
products over the temperature range 150–300 ◦C. However, Boud-
jahem et al. [17] claimed that benzene was the principal non-C2
product for 1–5 wt% Ni/SiO2 at temperatures below 150 ◦C.

In recent work the activity of catalysts of the type investigated
by Vasquez [16] has been compared with systems containing less
nickel and mounted on other supports [18]. All gave yields of
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products in the C4–C10 range of ∼40%, with nickel on silica show-
ing the least deactivation. The aim of the present work was to
explore acetylene oligomerization over low-loaded Ni/SiO2 cata-
lysts in detail, paying particular attention to carbon number and
isomer distribution as clues to reaction pathways.

2. Experimental

Catalysts were tested in a flow system with samples located in
a 6 mm ID Pyrex reactor mounted vertically so that liquid prod-
ucts drained into a lower receiver cooled to 0 ◦C. In some cases a
second trap cooled to −78 ◦C was arranged downstream. Standard
test conditions involved 200 mg of catalyst with a feed compris-
ing 25% C2H2 in H2 (Linde, 99.99%) at a combined flow rate of
50 cm3 (STP)/min, a GHSV of ∼5000 h−1. The acetylene was instru-
ment grade from BOC (Australia) and contained ∼0.25% acetone
when fed from the cylinder at room temperature. Trials showed
that acetone was unreactive over nickel on silica under the con-
ditions of acetylene oligomerization but ∼50% was hydrogenated
to isopropanol in experiments with Pt/SiO2 downstream as shown
later in Fig. 6.

The methods used for product analysis were progressively
refined during the study. The final version comprised parallel on-
line analyses of untrapped vapours by two chromatographs, a MTI
M200 chromatograph fitted with Poraplot U and molecular sieve
(5 Å) columns, both at 60 ◦C, and a Shimadzu GC17A chromato-
graph with a 30 m by 0.53 mm AT-Q column (Alltech Corp.). The
Poraplot U column provided analysis for all C1, C2 and C3 prod-
ucts while the molecular sieve column eluted hydrogen, isobutane
and then isobutene, all retained minimally by the sieve, followed
by methane. The AT-Q column, programmed from 60 to 130 ◦C at
6.5 ◦C/min and then to 240 ◦C at 10 ◦C/min, produced fully resolved
peaks for C2, C3 and most C4 compounds plus two incompletely
resolved envelopes attributable to C5 and ≥C6 vapour fractions.

Trapped compounds in the range C4 to above C20 were anal-
ysed off-line using a Shimadzu GC–MS QP-5050 fitted with a
60 m × 0.25 mm Rtx-1 column (Restek) which was programmed
from 50 to 150 ◦C at 5 ◦C/min, from 150 to 250 ◦C at 10 ◦C/min and
then to 330 ◦C at 30 ◦C/min. In cases where isomeric compounds
exhibited very similar mass spectra, the identifications also used
elution order and calculated Kovats indices compared with values
from several literature sources, principally those in the ASTM stan-
dard for the analysis of reformulated gasoline [19], those of Sojak

et al. [20,21] for the C5–C8 alkenes in the products of fluid cat-
alytic cracking and of Hayes and Pitzer [22] for shale and petroleum
derived jet fuels. The identification of individual isomeric dienes
was least certain since the available Kovats indices were largely
confined to old data for packed columns operated isothermally [23].
The identification of two C6 dienes of particular interest (cis- and
trans-3-methyl-1,3-pentadiene) was confirmed by measurements
on a mixture of the two sourced from Aldrich Chemical Company.
Comparison of the proton NMR spectrum of this sample with data
reported by Altbach and Fitzpatrick [24] indicated that it contained
∼72 mol% of the trans-isomer and 28 mol% of the cis. Chromatog-
raphy on the Rtx-1 column showed two peaks with the smaller
one eluting first. Their retention times and mass spectra were close
matches to those for two peaks in the chromatogram of liquid prod-
ucts as shown in Fig. 7.

Individual compounds up to C10 were quantified more exactly
than possible with the GC–MS by FID-GC analysis on another Rtx-
1 column, identical to that used in the GC–MS, but installed in
the GC17A chromatograph also used for on-line gas analysis. This
column was operated identically to that in the GC–MS but the pro-
gram was terminated at 240 ◦C to avoid damage to the AT-Q column
lysis A: Chemical 288 (2008) 63–74

present in the oven. NMR spectra of trapped material were obtained
from ∼15% solutions in CDCl3 measured with a Bruker DPX300
spectrometer operated at 300 MHz for 1H and 125.03 MHz for 13C.

Most of the catalysts were made by standard incipient wet-
ness impregnation of Davison grade 62 silica gel (surface area
285 m2/g, particle size 75–250 �m) using solutions of Ni(NO3)2,
Pt(NH3)4(NO3)2, Pd(NO3)2 and Rh(NO3)2 with concentrations set
so that the complete uptake obtained gave a metal content of
2.0 wt%. Nickel supported on silica of this type carries the designa-
tion (H). Survey experiments were also carried out with a 13 wt% Ni
catalyst made using the same support and with two other catalysts,
designated 2% Ni/SiO2(M) and 2% Ni/SiO2(L), made in the same way
with a loading of 2% but using silicas of lower areas, namely Davi-
son type SMR-7 (100 m2/g, crushed and sieved to 70–200 �m) and
Davicat type SP-550-10010 (24 m2/g, average particle size 100 �m),
respectively. All preparations were dried at 120 ◦C and calcined in
air at 450 ◦C. Individual samples were loaded into the reactor and
reduced in pure H2 according to a set program (ramp to 230 ◦C, hold
for 30 min, ramp to 450 ◦C, hold 180 min, cool to reaction tempera-
ture in H2).

TPR and CO-uptake measurements were carried out on 100 or
200 mg samples in a U-tube Pyrex reactor using an in-house flow
system equipped with a quadrupole mass spectrometer (Balzers
Thermostar GSD 301T). The samples were reduced in a 1% H2/2%
Ar/He stream at 40 cm3/min on a 3 ◦C/min ramp to the standard
reduction temperature of 450 ◦C and left there for 2 h. After cooling
to near room temperature in He they were exposed to a flow of
2% CO/2% Ar/He. The amount of CO taken up was determined by
integration of the normalised difference between the near parallel
breakthrough curves for Ar (m/z = 40) and CO (m/z = 28 or 12) and
corrected for a small amount of adsorption on the silica.

Powder X-ray diffraction measurements (XRD) were carried out
using a Philips PW1830 powder diffractometer on samples that
had been reduced according to the procedure used prior to cat-
alytic measurements and then passivated by slow exposure to air.
Transmission electron microscopy (TEM) measurements were car-
ried out using a Tecnai 12 microscope on samples pretreated in the
same way, suspended in ethanol by vortexing and then applied to
400 mesh carbon-coated grids.

3. Results

3.1. Catalyst characterization
TEM measurements on the 2 and 13% Ni/SiO2(H) catalysts
showed rounded nickel particles with mean size of 8.99 nm (for
217 particles) and 11.4 nm (for 130 particles), respectively. The
corresponding estimates derived from XRD line widths using the
Scherrer equation were 9.0 nm (from the (1 1 1) reflection peak
alone) and 10.2 nm (average for five reflections), respectively.

Both samples showed at single peak during H2-TPR to 450 ◦C
with the maximum at 370 ◦C as expected for the reduction of a
separate NiO phase [25]. The sensitivity of the mass spectrome-
ter used was insufficient to allow an accurate determination of the
extent of reduction for the 2% Ni/SiO2(H) sample but it was 84%
for the 13% Ni/SiO2(H) sample. CO uptake measurements on the 2%
sample gave a nickel surface area of 1.1 m2/g(catalyst) assuming a
CO/Ni(surface) ratio of unity with each Ni atom corresponding to
6.5 × 10−20 m2. If the sample had been reduced to the same extent
as the 13 wt% one then the measured area would correspond to a
dispersion of ∼8.6% and a uniform sphere particle size of ∼10 nm,
in good agreement with the XRD and TEM measurements. The par-
ticle size estimates are in line with the rather wide range of values
reported in the literature for Ni/SiO2 prepared by nitrate impreg-
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Fig. 1. Acetylene conversion version time on stream for reaction over 2 % Ni/SiO2(H).
(A) Effect of temperature and catalyst weight using the standard feed comprising 25%
C2H2/75% H2 at 50 cm3/min. (B) Effect of feed composition (shown as X% C2H2/Y%
H2) when using 200 mg of catalyst throughout.

nation and calcination, e.g. 16 nm for 1.7 wt% Ni [26], 10.7 nm for
8.8 wt% Ni [25,26] and 10 nm for 8 wt% Ni [27].

XRD measurements on the Pt/SiO2(H), Pd/SiO2(H) and
Rh/SiO2(H) catalysts indicated particle sizes of ∼14, ∼23 and
∼4.3 nm, respectively, calculated as the average of values derived
from the widths of the (1 1 1) and (2 0 0) reflection peaks for the Pt
and Pd-containing samples and the (1 1 1) peak alone for the Rh
one.

3.2. General reaction characteristics

Fig. 1 shows acetylene conversion versus time for samples
of the 2% Ni/SiO2(H) catalyst, each used only once, under sur-
vey conditions encompassing temperature, feed composition and
GHSV. Rates of deactivation were very dependent on tempera-
ture and composition. Under standard conditions (25% C2H2, 75%
H2, 200 mg, 50 cm3/min total flow, GHSV ∼ 5000 h−1), acetylene

◦
conversion was complete for 5 h at 140 C, but deactivation was sig-
nificant at 200 ◦C and much more pronounced at 240 ◦C (Fig. 1A).
Deactivation became noticeable even at 140 ◦C when the mass of
catalyst was reduced to 67 mg (GHSV ∼ 15,000 h−1). Increasing the
concentration of C2H2 from 25 to 33% also induced deactivation
at 140 ◦C (13% over 5 h) and increased it at 200 ◦C (Fig. 1B). Con-
versely, decreasing C2H2 was beneficial, with little deactivation at
240 ◦C when using a 20% C2H2/80% H2 feed or at 255 ◦C when using
10% C2H2/90% H2.

In survey experiments at 200 ◦C the 13% Ni/SiO2(H) catalyst
behaved similarly to the 2% catalyst but with somewhat less
deactivation. The two catalysts based on silicas with lower area,
Ni/SiO2(M) and Ni/SiO2(L) also showed marginally slower deactiva-
tion than 2% Ni/SiO2(H) at 200 ◦C but similar behaviour when tested
at 140 ◦C (with losses in conversions of 8 and 19%, respectively after
5 h using a 33% C2H2/67% H2 feed). The results that follow are all for
2% Ni/SiO2(H) catalyst which was the easiest to prepare and handle
in multi-gram amounts. It will be referred to as simply Ni/SiO2 in
the text from now on.

Fig. 2 shows the composition of the exit gas for an experiment
in which a single sample of Ni/SiO2 was tested in the standard feed
Fig. 2. Carbon number distribution for reaction over 200 mg of 2% Ni/SiO2(H) at
140 ◦C using the standard feed (25% C2H2/75% H2 at 50 cm3/min) on successive days
with overnight treatment in 5% H2/He in between. The liquid product was collected
at 0 ◦C as a single fraction over the 2-day experiment and has been prorated over
the ∼10 h of reaction assuming a constant production rate.

over two successive 5-h periods with an overnight exposure to 5%
H2/He in between. In this case breakthrough of C2H2 started near
the end of the first 5-h period, and increased in the initial stages of
the second 5 h before stabilising with ∼15% of the input acetylene
unreacted.

Of the gaseous products, ethylene and ethane in the ratio of
∼3:1 accounted for almost 50% of the C2H2 reacted, followed by
uncondensed oligomers with an even number of carbon atoms, C4
(13%) and C6 (9%). Methane formation was low (∼1.5%) but sig-
nificant amounts of higher odd-numbered compounds, C3 and C5,
were present. Liquid condensed at 0 ◦C comprised approximately
13% of the acetylene converted. This liquid was pale yellow-green
but a few droplets of a somewhat darker more viscous material
were also retained on the inner walls of the Pyrex reactor below
the catalyst. In overall terms, liquid and gaseous phases combined,
the yield of C5+ products was ∼27% during the period of complete
acetylene conversion.

GC–MS and FID-GC analyses of the liquid trapped in the
receiver below the reactor showed several hundred peaks largely
attributable to isomeric monolefins (internal, branched, cis- and
trans-), with a broad envelope of unresolved compounds under-

neath. Proton and C NMR spectra (available from the authors)
showed a predominance of saturated CH3 and CH2 groups, with a
significant fraction attached to carbon-carbon double bonds. There
was some evidence for small amounts for dienes and aromatics but
acetylenic groups were completely absent. The possibility of simpli-
fying the complex mixture of unsaturates by hydrogenation to alka-
nes without undesirable side reactions was examined as follows.

3.3. Characteristics of Pt/SiO2, Pd/SiO2 and Rh/SiO2 catalysts

Fig. 3 shows the characteristics of the three metals (all supported
on SiO2(H)) for reaction of the standard 25% C2H2/75% H2 mixture.
All three metals achieved complete acetylene conversion for the full
5-h period at 140 ◦C with Pt/SiO2 exhibiting the highest selectivity
to ethane (>95%), followed by Pd/SiO2 (∼90%), and with C4 produc-
tion highest on Rh/SiO2 (∼20%). Likewise Rh/SiO2 gave the highest
yields of C6 products (∼5% of the C2H2 fed versus 3% for Pd/SiO2
and 2% for Pt/SiO2). The difference was even greater in tests carried
out at 200 ◦C (not shown). Again Pt/SiO2 achieved complete conver-
sion over the full 5 h with ethane comprising >95% of the products
but the other two catalysts were found to deactivate. With Pd/SiO2,
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Fig. 3. Product distributions for reactions over 200 mg of Pt, Pd and Rh supported
on SiO2(H) at 140 ◦C using the standard feed comprising 25% C2H2/75% H2 at
50 cm3/min.

oligomer formation was less at 200 ◦C than at 140 ◦C, but ethylene
emerged in addition to ethane after ∼1 h and reached 23% after
5 h. The extent of oligomer formation using Rh/SiO2 at 200 ◦C was
similar to that at 140 ◦C but C2H4 comprised 50% of the acetylene
reacted from the beginning of reaction. Unreacted C2H2 emerged
after a few minutes and rose to 35% of that in the feed after 5 h
while C2H4 declined to 38%. Thus Pt/SiO2 was chosen as the most
suitable catalyst for downstream hydrogenation.

Palladium catalysts in particular are normally regarded as hav-
ing high selectivity for the hydrogenation of acetylene to ethylene
rather than ethane [28]. The temperatures used here are higher
than is usual, and contact times are also longer, leading to a sit-
uation in which acetylene is completely converted to ethylene in
the first part of the catalyst bed. High conversion of ethylene to
ethane is then possible during passage through the remainder of
the bed. The pronounced difference between the three metals in
terms of oligomer formation, seen in Fig. 3, has not been reported
previously. Bond [28] lists values near 25% for all three metals taken
from work carried out in static systems.

3.4. Gaseous C3 and C4 products using Ni/SiO2 with and without
Pt/SiO2 downstream

Fig. 4A shows the distribution amongst gaseous C3 and C4 prod-

ucts when Ni/SiO2 was used alone at 140 ◦C. As for the C2 products
in Fig. 2, the concentrations of C3 and C4 alkenes were several times
those of the corresponding alkane concentrations. The distribu-
tion amongst the linear alkenes (1-butene ≥ cis-2 � trans-2) was
very different from the equilibrium ratio at 140 ◦C (1-butene:cis-
2:trans-2 ≈ 1:3.1:6.4 [29]). The AT-Q column was unable to resolve
1,3-butadiene but parallel analyses on another chromatograph fit-
ted with a PLOT-alumina column during one run showed that
its concentration was at most 2.5% of all C4 products. The pos-
sibility that the butenes observed with Ni/SiO2 were formed via
hydrogenation of 1,3-butadiene as a gaseous intermediate could be
excluded since such a reaction would be expected to result in a
trans-2:cis-2 ratio of at least 2 [30,31].

In experiments with 200 mg of Pt/SiO2 downstream of 200 mg
of Ni/SiO2, the 35% ethylene formed by reaction of the standard
C2H2/H2 mixture on the latter alone was almost completely hydro-
genated to ethane as expected. The C3 and C4 fractions produced on
Ni/SiO2 were also hydrogenated to a large extent (Fig. 4B) but the
degree varied considerably from compound to compound. The con-
centrations of propene and isobutene were reduced to negligible
values and have been omitted for the sake of clarity. The concen-
Fig. 4. On-line analyses of C3 and C4 vapour products for reaction at 140 ◦C using
the standard feed (25% C2H2/75% H2 at 50 cm3/min). (A) 200 mg 2% Ni/SiO2(H); (B)
200 mg 2% Ni/SiO2(H) with 200 mg of Pt/SiO2 downstream.

trations of 1-butene and cis-2-butene were also much reduced, but
bearing in mind the difference in scale between Fig. 4A and B, the
concentration of trans-2-butene actually doubled. This is possi-
ble only if the rates of both double-bond migration and cis–trans
interconversion to form the thermodynamically more favoured
trans-isomer were considerably faster than that of hydrogenation to
n-butane. Indeed, the 1-butene:cis-2-butene:trans-2-butene ratio,
averaged over the period from 75 to 250 min of reaction, was
∼1:2:4 which approaches the equilibrium ratio of 1:3.1:6.4 at 140 ◦C
[29].

3.5. Composition of the liquid trapped at 0 ◦C

The liquid trapped at 0 ◦C with Pt/SiO2 downstream was colour-
less, unlike the pale yellow-green product formed when using
Ni/SiO2 alone and, at the end of the experiment, the reactor walls
downstream were free of the droplets of darker material formed

with Ni/SiO2 alone. Fig. 5 shows the FID chromatograms of the
liquid fractions produced by Ni/SiO2 and by Ni/SiO2 followed by
Pt/SiO2. As expected, the composition was much simpler with the
Pt/SiO2 present, with easily identifiable peaks due to n-alkanes.
They alternate in peak height with odd-numbered hydrocarbons
being approximately one-half that of next higher even-numbered
one.

As well as simplifying the product mixture, the presence of
Pt/SiO2 seemed to result in a slightly higher proportion of lighter
products. The fraction of molecules with carbon number above 10,
obtained by integration above the dotted baseline for retention
times beyond 20 min, was 0.53 with Pt/SiO2 present compared with
0.63 when Ni/SiO2 was used alone. There are two possible expla-
nations. One is that long chain molecules were fragmented as well
as hydrogenated on the Pt/SiO2. That seems unlikely at a tempera-
ture of 140 ◦C. An alternative possibility is that the primary reaction
on Ni/SiO2 produced some highly conjugated reactive compounds
that can undergo secondary condensation reactions downstream. If
the highly reactive compounds were immediately hydrogenated on
Pt/SiO2 then the final liquid product would be lighter. The forma-
tion of a colourless product, and the absence of droplets of viscous
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Fig. 5. Complete FID chromatograms of the liquid products collected over 5 h of reaction
Ni/SiO2(H); (B) 200 mg 2% Ni/SiO2(H) with 200 mg of Pt/SiO2 downstream.

material below the catalyst when Pt/SiO2 was present, is consistent
with such an explanation.

The relative intensities of peaks in Fig. 5A and B, and those in
Figs. 6–8 which follow, are biased away from products with low-
carbon number. This is because the efficiency with which the latter
were collected at 0 ◦C was much lower—55 to 80% for C8 compounds
but <30% for C6, about 1% for n-butane and less still for isobutane,
the lowest boiling C4.

3.6. C4 and C5 products in the liquid phase

Fig. 6 shows the C4/C5 region of the chromatograms of the liq-
uid products. As expected, the distribution amongst the linear C4
alkenes matched that exhibited for the corresponding gaseous frac-
tions in Fig. 4. 1-Butene and cis-2-butene, the principal products on
Ni/SiO2 alone, were largely hydrogenated to n-butane when Pt/SiO2
was downstream with the thermodynamically more stable trans-
2-butene, produced by isomerisation of the 1- and cis-2-isomers,

Fig. 6. C4–C5 region of the FID chromatograms of the liquid products collected over 5 h o
200 mg 2% Ni/SiO2(H); (B) 200 mg 2% Ni/SiO2(H) with 200 mg of Pt/SiO2 downstream.
at 140 ◦C with the standard feed (25% C2H2/75% H2 at 50 cm3/min). (A) 200 mg 2%

remaining in the largest amount. Isobutene cannot be seen in Fig. 6A
as it lies beneath the 1-butene peak but hydrogenation on Pt/SiO2
resulted in the appearance of a small amount of isobutane in Fig. 6B
as expected.

A similar pattern was evident for the C5 products. 1-Pentene and
cis-2-pentene predominated over the thermodynamically more
stable trans-2-pentene in the products using Ni/SiO2 alone. Rapid
isomerisation on Pt/SiO2 prior to hydrogenation resulted in a
preponderance of the more stable trans-2-pentene remaining
after hydrogenation in the sequential system. Likewise, Ni/SiO2
produced all three branched chain alkenes, 3-methyl-1-butene, 2-
methyl-1-butene and 2-methyl-2-butene, in the approximate ratio,
1:5:1.4, which was well away from the 1:24:96 estimated for equi-
librium at 140 ◦C using the data in standard sources [32,33]. As
expected, Pt/SiO2-catalysed hydrogenation of the mixture yielded
2-methylpentane with only the thermodynamically most preferred
branched isomer, 2-methyl-2-butene, and the second most pre-
ferred one (2-methyl-1-butene) remaining in observable amounts.

f reaction at 140 ◦C using the standard feed (25% C2H2/75% H2 at 50 cm3/min). (A)
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Fig. 7. C6 region of the FID chromatograms of the liquid products collected over 5 h of reac
2% Ni/SiO2(H); (B) 200 mg 2% Ni/SiO2(H) with 200 mg of Pt/SiO2 downstream.

It is notable that Ni/SiO2 also gave rise to small amounts of
cis- and trans-1,3-pentadiene (which largely disappeared during
subsequent reaction on Pt/SiO2), of cyclopentadiene and also of
cyclopentene which eluted close to the first of the C6 products as
shown later in Fig. 7A. As would be expected, hydrogenation on
Pt/SiO2 converted the cyclic C5 unsaturates to cyclopentane (see
Fig. 7B later).

3.7. Liquid C6 products

Although this portion of the liquid products accounted for
<2% of the acetylene reacted, it is particularly informative in
terms of the pathways through which oligomers are constructed.

Fig. 8. C7–C10 region of the FID chromatograms of the liquid products collected over 5 h
200 mg 2% Ni/SiO2(H); (B) 200 mg 2% Ni/SiO2(H) with 200 mg of Pt/SiO2 downstream.
tion at 140 ◦C using the standard feed (25% C2H2/75% H2 at 50 cm3/min). (A) 200 mg

Amongst the linear hexenes, cis-2- and 1-hexene dominated in
the products using Ni/SiO2 (Fig. 7A) with lesser concentrations
of 3-hexenes or of trans-2-hexene, the most stable linear hexene
[34]. However, the trans-2-hexene was left in the largest amount
after the near complete hydrogenation of the linear hexenes to n-
hexane on Pt/SiO2 (Fig. 7B), as expected if the latter was active
for double-bond shift. The four most prominent branched alkenes
formed with Ni/SiO2 alone were 3-methyl-1-pentene, 2-ethyl-1-
butene and cis- and trans-3-methyl-2-pentene. All have backbones
such that 3-methylpentane became their complete hydrogenation
product on Pt/SiO2. Correspondingly, the less significant methyl-
branched products of reaction on Ni/SiO2 (2-methyl-1-pentene,
4-methyl-1-pentene, cis- and trans-4-methyl-2-pentene and 2-

of reaction at 140 ◦C using the standard feed (25% C2H2/75% H2 at 50 cm3/min). (A)
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Table 1
C2H2 (in ppm) converted to liquid C6 products for Ni/SiO2 alone and for Ni/SiO2 + Pt/SiO2

a

Name Classb Elution time (min) At 140 ◦C At 200 ◦C Collectionc efficiency (%)

Ni only Ni + Pt Ni only Ni + Pt

3-Methyl-1-pentene bI 4.67 101 <4 74 9 6.8
cis-4-Methyl-2-pentene bII 4.79 16 47 11 53 8.2
2-Methylpentane bII 4.86 10 119 8 67 9.4

34
06
15
<4
15
13
46
25
65
<4
12
42
26
20
91
77

0.48

over
ve-me
zene a
unsat
atogr

for matching experiments at 200 ◦C. The products using Ni/SiO2
alone at the higher temperature were less saturated with more ben-
zene, dienes and trienes but less monoalkenes. The hydrogenation
activity of Pt/SiO2 was much reduced at 200 ◦C with considerably
higher concentrations of the linear hexenes remaining than when
140 ◦C was used. It will be noted that, at both temperatures the total
conversion to all listed C6 compounds was greater when Pt/SiO2
was downstream. To some extent this arose from variations in col-
lection efficiency (final column Table 1) and because contributions
from minor C6 products not listed in Table 1 were greater when
Ni/SiO2 was used alone. However it is also a reflection of the earlier
observation that the overall product distribution was lighter with
Pt/SiO2 present, possibly due to the hydrogenation of reactive com-
pounds that would otherwise condense to higher molecular weight
3-Methylpentane bI 5.11
1-Hexene L 5.17 2
2-Ethyl-1-butene bI 5.37 1
n-Hexane L 5.42
trans-2-, cis-3-, trans-3-Hexene L 5.45 1
2-Methyl-2-pentene bII 5.52
cis-3-Methyl-2-pentene bI 5.61
cis–cis-2-Hexene L 5.69 2
trans-3-Methyl-2-pentene bI 5.82
Methylcyclopentane cC5 6.07
2-Methyl-1,3-pentadiene bII 6.11
cis/trans-1,3,5-Hexatriene L 6.20
5-Methyl-1,3-cyclopentadiene cC5 6.29
trans-3-Methyl-1,3-pentadiene BI 6.37
cis-3-Methyl-1,3-pentadiene bI 6.52
Benzene cC6 6.66

Yield in condensed liquid as a % of C2H2 fed

a Feed: 25% C2H2 (i.e. 250,000 ppm)/75% H2 at total flow rate of 50 cm3 (STP)/min
b L, linear product; bI and bII, branched products (see text for distinction); cC5, fi
c Estimated for reaction over Ni/SiO2 alone at 140 ◦C. Values for alkanes and ben

and liquid phases are fully equilibrated and Raoult’s law is obeyed. Values for the
against boiling points or, in cases where none was available, then against gas chrom

methyl-2-pentene) have 2-methylpentane as their hydrogenation
product on Pt/SiO2.

The C6 oligomerization products of reaction over Ni/SiO2 alone
included at least eight di- and tri-unsaturates eluting between
6.15 and 6.7 min (Fig. 7A). Three of these, benzene and cis- and
trans-3-methyl-1,3-pentadiene could be identified with certainty
by comparison against chromatograms of authentic samples. The
others were somewhat less certain with one peak unidentified. Six
of the eight compounds underwent complete hydrogenation on
Pt/SiO2. The expected products for four of them (1,3,5-hexatriene
and the three methylpentadienes) corresponded to C6 alkenes
already present in the product spectrum for reaction over Ni/SiO2.
The one unique hydrogenation product was methylcyclopentane,
for which 5-methyl-1,3-cyclopentadiene and methylenecyclopen-
tane are feasible progenitors. Benzene and the unidentified C6
compound largely resisted hydrogenation. (Note the difference in

y-scales between Fig. 7A and B and the low concentration of cyclo-
hexane observed when Pt/SiO2 was downstream.)

One aspect of the C6 product distribution over Ni/SiO2 alone
is rather noteworthy. The trans/cis ratio in both 3-methyl-1,3-
pentadiene and 3-methyl-2-pentene (which have the same carbon
framework if the terminal double bond in the diene is excluded)
was considerably greater than unity, and hence as expected for
equilibrium if the general expectation that trans-isomers are ther-
modynamically more stable than cis-isomers applies. This was in
contrast to the situation with the linear C4, C5 and C6 alkenes,
which were clearly not formed at equilibrium since the less stable
1- and cis-2-isomers dominate. Unfortunately there are no experi-
mental data for the equilibrium trans/cis ratio in the above 3-methyl
branched alkene and diene pairs which enable this distinction to
be made with certainty. The calculations of Kilpatrick et al. [34],
which rely on group correlations, give a trans/cis ratio of 1.5 for
the 3-methyl-2-pentenes at 140 ◦C and this is in line with general
expectations. However, estimates using Benson’s group additivity
method, as implemented on the NIST website [35], suggested that
cis-3-methyl-1,3-methylpentadiene should be more stable than the
trans counterpart.
510 23 265 10.5
9 186 45 10.7

<4 93 <4 11.2
1055 <4 661 13.3

56 96 198 12.3
<4 26 22 12.3
77 30 80 12.4
16 190 133 12.9

180 56 137 13.7
140 <4 86 14.4
<4 13 <4 16.6
<4 63 <4 18.2
<4 39 <4 18.1
<4 22 <4 16.5
<4 105 <4 17.1
69 136 89 24.4

0.91 0.47 0.74

200 mg Ni/SiO2 alone, or over 200 mg Ni/SiO2 with 200 mg Pt/SiO2 downstream.
mbered ring product; cC6, six-membered ring product.
re calculated using the vapour pressure data in Ref. [33] assuming that the vapour
urates are estimated from that for the alkanes based on logarithmic interpolation
aphic retention time.

Table 1 compares the amounts of the individual C6 liquid prod-
ucts formed during reaction at 140 ◦C with the corresponding data
compounds.
The vapour compositions and collection efficiencies in Table 1

can be combined to provide estimates for total yields (i.e. the sum
of that in the liquid condensed in the trap and the vapour pass-
ing through it). Table 2 summarises these estimates subdivided
according to the arrangement of carbon atoms in the backbone.

Table 2
Approximate total yields for C6 product classes as a % of C2H2 feda

Product class At 140 ◦C At 200 ◦C

Ni only Ni + Pt Ni only Ni + Pt

Linear (L) 1.9 3.4 1.7 3.2
Branched I (bI) 1.7 2.7 1.4 1.7
Branched II (bII) 0.2 0.5 0.2 0.4
Cyclic C5 (cC5) 0.06 0.4 0.1 0.2
Cyclic C6 (cC6) 0.1 0.1 0.2 0.15

Total 4.0 7.1 3.6 5.7
% L + bI 91 86 86 86

a For vapour and liquid phases combined based on liquid analyses and collection
efficiencies shown in Table 1.
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There are five classes, linear (L in Table 1), 5-membered ring com-
pounds (cC5), 6-membered ring compounds (cC6), and two types
of branched structures, bI and bII. Class bI comprises those com-
pounds with a backbone that can be created by direct combination
of surface C2 units if one neglects, for the time being, the number of

hydrogen atoms carried by each carbon. If two such C2 units were
to link end to end then they would form a surface C4 intermediate
with butane, butadiene and linear butenes as possible termination
products:

C∗–C∗ + C∗–C∗ → C∗–C∗–C∗–C∗ → C4H6, C4H8, C4H10

Addition of another C2 unit to an end carbon of the C4 intermedi-
ate would then produce a linear C6 intermediate leading to hexane,
linear hexenes, etc.

C∗–C∗–C∗–C∗ + C∗–C∗ → C∗–C∗–C∗–C∗–C∗–C∗

while addition at a central carbon would give a branched interme-
diate

with a carbon backbone the same as that in bI type molecules,
e.g. 3-methylpentane, 2-ethyl-1-butene, 3-methyl-1,3-pentadiene,
etc. Branched C6 products that cannot be produced through these
direct C2 addition processes (e.g. 2-methylpentane and 4-methyl-
1-pentene) are designated class bII.

Table 4
C4–C10 alkanes and aromatics in liquid trapped with Pt/SiO2 downstream of Ni/SiO2

a

Compound Class Elution time (min)

n-Butane L 3.42
2-Methylbutane bI 3.82
n-Pentane L 4.02
Cyclopentane cC5 4.82
2-Methylpentane bII 4.86
3-Methylpentane bI 5.11
n-Hexane L 5.42
Methylcyclopentane cC5 6.07
Benzene cC6 6.68
2-Methylhexane bI* 7.09
3-Methylhexane bI 7.37
3-Ethylpentane bI 7.69
n-Heptane L 8.12
Ethylcyclopentane cC5 9.31
Toluene cC6 10.16
2-Methylheptane bII 10.52
4-Methylheptane bII 10.58
3-Methylheptane bI 10.84
3-Ethylhexane bI 10.88
n-Octane L 11.86
Propylcyclopentane cC5 13.08
Ethylbenzene cC6 13.82
2- and 4-Methyloctane bI* 14.37
3-Methyloctane and 3-ethylheptane bI 14.68
o-Xylene cC6 15.06
n-Nonane L 15.74
4-Ethyloctane bI 17.88
5-Methylnonane bI* 18.03
Unidentified C10 alkane – 18.09
2-Methylnonane bII 18.18
3-Ethyloctane bI 18.32
3-Methylnonane bI 18.44
n-Decane L 19.46

Yield in condensed liquid as a % of C2H2 fed

a Feed: 25% C2H2 (i.e. 250,000 ppm)/75% H2 at total flow rate of 50 cm3 (STP)/min over
b Estimated for reaction over Ni/SiO2 alone at 140 ◦C. Values for alkanes and benzene a

and liquid phases are fully equilibrated and Raoult’s law is obeyed. Values for the unsat
against boiling points or, in cases where none was available, then against gas chromatogr

* See text.
lysis A: Chemical 288 (2008) 63–74

Table 3
Extents of hydrogenation in % for C6 product classesa

Product class At 140 ◦C At 200 ◦C

Ni only Ni + Pt Ni only Ni + Pt
Linear (L) <2 92 <2 62
Branched I (bI) 7 71 6 59
Branched II (bII) 22 >90 17 46
Cyclic C5 (cC5) <10 >90 <10 >90
Cyclic C6 (cC6) <10 <10 <10 <10

a Calculated as alkanes/(alkanes + alkenes plus dienes and trienes) using data in
Table 1.

It is apparent from Table 2 that compounds of types L and bI
dominated, making up 80–90% of all C6 products with both cata-
lyst systems. Benzene was less that 2% of the total, considerably
less that that of the methylcyclopentane present after hydrogena-
tion. As shown in Table 3, the extent of hydrogenation also depends
on structure especially when Pt/SiO2 is downstream. It is much
higher for linear and cyclic C5 compounds, rather less for branched
compounds and negligible for the cyclic C6 molecules (i.e. benzene).

3.8. Liquid C7–C10 products

It was not possible to identify the multitude of C7–C10 alkenes
produced over Ni/SiO2 (Fig. 8A) alone with any certainty due to
peak overlap and similarities in mass spectra. However the col-

C2H2 used (ppm) Collectionb efficiency (%)

140 ◦C 200 ◦C

198 76 0.8
45 25 2.6

137 101 3.6
47 53 6.1

119 67 9.4
510 265 10.5

1055 661 13.3
140 86 14.4
69 89 24.4

100 126 27.8
267 208 29.3

49 84 30.5
351 297 36.6
185 143 39.3
90 181 48.7

138 95 57.4
131 95 57.5
866 512 58.8
229 196 58.0

1162 867 67.2
230 166 71.5
169 291 75.0
269 239 80.0
366 298 80.5

69 102 77.6
351 312 86.3
424 275 91.2
220 170 91.5
201 195 91.8
114 100 92.1
244 180 92.3
507 315 92.5
770 581 94.8

3.9 3.0

200 mg Ni/SiO2 alone, or over 200 mg Ni/SiO2 with 200 mg Pt/SiO2 downstream.
re calculated using the vapour pressure data in Ref. [33] assuming that the vapour
urates are estimated from that for the alkanes based on logarithmic interpolation
aphic retention time.
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umn resolution was sufficient to allow identification of many of
the hydrogenation products formed by subsequent hydrogenation
over Pt/SiO2 (Fig. 8B). Table 4 lists the principal alkanes produced
at 140 and 200 ◦C classified in the same way as in Table 1.

A particular difference arises in the classification of odd-
numbered versus even-numbered products. Addition of C2 to the
second carbon of a linear C6 intermediate would produce the back-
bone of 3-methylheptane and addition to the third carbon, that
of 3-ethylhexane. Similarly C2 addition to the second, third and
fourth carbons of a linear C8 could give rise to 3-methylnonane,
3-ethyloctane and 4-ethyloctane, respectively. The same 3- and 4-
substituted hexanes, heptanes, octanes and nonanes could result
if C2 is added to the last carbon of the 3-substituted C6 and C8
intermediates. Formation of 5-methylnonane is also possible if C2
is added to the first carbon of a C8 surface species carrying a 3-
methyl branch. Nonetheless the prohibition against formation of
2-methyl branched hydrogenation products remains regardless of
chain length for even-numbered products.

Odd-numbered products are different in that the expected
complete hydrogenation product following addition of a C2 unit
to the central carbon of a linear C3 surface intermediate is
2-methylbutane. Higher 2-methyl products, 2-methylhexane, 2-
methyloctane, etc. can then arise by further end-carbon addition.
Unlike the situation for the 3-methyl and 3-ethyl substituted prod-
ucts (both even- and odd-numbered), 2-methylhexane, etc. cannot
be formed by addition of C2 to linear C5, C7, etc. surface species.
Products that can only be formed from branched intermediates are
denoted bI* in Table 4.

The product distribution in Table 4 conforms to that for C6
products—linear alkanes were formed in the largest amounts
followed by alkanes carrying a branch on the third carbon. Pro-
duction of ethylcyclopentane (cC5) was approximately double that
of toluene (cC6) and that of propylcyclopentane was twice that of
ethylbenzene, similar to the relative amounts seen for methylcy-
clopentane versus benzene. The only xylene detected was o-xylene
in a concentration much less than that of ethylbenzene. Regard-
less of carbon number, most alkanes were produced in higher
yield at 140 ◦C than 200 ◦C, in accord with the greater hydrogena-
tion effectiveness of Pt/SiO2 at the lower temperature evident for
C6 compounds in Table 3. By contrast the yields of all aromatics
increased with temperature.

In addition to the compounds listed in Table 4, the chro-
matogram in Fig. 8B shows many small peaks with retention times
between 16.0 and 17.6 min. They could not be identified with cer-

tainty but fell in the range expected for the doubly branched C10
products that could result from C2 addition to internal carbons of
already branched C8 intermediates to yield, for example, the back-
bone of 3-methyl-5-ethylheptane.

The analytical results for the liquid phase in Table 4 can be com-
bined with those for the vapour phase in Figs. 2 and 4 to ascertain
the dependence of overall yield on carbon number. Fig. 9 shows
this information for the reaction over Ni/SiO2 plus Pt/SiO2 at 140 ◦C
plotted, for convenience, according to the logarithmic form of the
Anderson–Schulz–Flory distribution [36]:

log10 Ci = log A + i log10 ˛

where Ci is the number of molecules of a product containing i units,
˛ the chain growth probability (i.e. the probability of a surface
species adding a C2 unit versus conversion to a product molecule)
and A is a constant. It should be recognised that the calculations
here are of rather limited accuracy, since they rely heavily on the
estimated collection efficiencies, and are also for alkanes alone,
thus neglecting residual alkenes for which the concentration is
structure dependent.
Fig. 9. Anderson–Schulz–Flory type plots of product distribution vs. the number of
chain growth steps. (A) Products with an even number of carbon atoms; (B) products
with an odd number of carbon atoms.

A plot for the even-numbered linear products taken together is
reasonably linear (Fig. 9A). The apparent chain growth probability,
calculated from the slope is 0.26. This is similar to the value for the
Fischer–Tropsch synthesis using Ni/Al2O3 for which ˛ ranges from
0.16 to 0.29 depending on the temperature and H2/CO ratio [37].
Considering the classes separately, linear even-numbered alkanes
have a lower apparent ˛ value (0.22) than do branched ones (∼0.4
for class bI). This is as one might expect qualitatively since the num-
ber of interior carbons increases relative to end carbons as the chain
lengthens and branched surface species, once created, can only
have branched daughters. Products with an odd number of carbons
show a similar pattern (Fig. 9B) except that the concentration of
the methane (shown at i = 1), is below the trend line for i = 2, 3, 4
and 5 (corresponding to molecules with 3, 5, 7 and 9 carbon atoms).
Either C1 starting species are terminated less efficiently than higher
ones or propagation starts mainly from C3 rather than C1.

4. Discussion
The present findings add little to existing knowledge concerning
the hydrogenation of acetylene to ethylene and ethane over nickel
catalysts [38–41] and attention will be confined to routes to higher
products. The low yield of aromatics found here is contrary to a
recent report that benzene is the major C2+ product when acetylene
is hydrogenated over Ni/SiO2 [17]. However it is broad agreement
with the work of Sheridan [11] and of Antsus and Petrov [13] carried
out before gas chromatography became available. Based on distil-
lation and oxidation of individual fractions, the latter concluded
that reaction over Ni/ZnCl2/pumice produced largely branched
and straight chain alkenes, exclusively even-numbered, plus some
dienes and benzene. Octane determinations on fully hydrogenated
fractions indicated that the branched/linear ratio was less than
unity for C6 compounds but greater than unity for C8 products. The
data of Sheridan were basically similar but with more evidence for
odd-numbered molecules, less for formation of isoalkenes, espe-
cially isobutene, and none for dienes or aromatics [11].

While construction of carbon backbone of the two major prod-
uct classes, linear and branched I, is easily envisaged in the way
described earlier, the number of hydrogen atoms carried by each
carbon in surface species during construction is problematic. The
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original suggestion of Sheridan [11], extended in the book by Bond
[42], was that hydrogenation of diadsorbed acetylene molecules
produced a half-hydrogenated state that had a radical form, i.e.

HC∗ C∗H + H∗ → H2C C∗H → H2C∗–•C∗H

where ‘*’ represents binding to a surface site. Addition of diadsorbed
acetylene to the radical would then give a C4 radical:

H2C∗–•C∗H + HC∗ C∗H → H2C∗–C∗H–C∗H •C∗H, etc.

and with further chain growth, linear C6, C8, etc. products.
This scheme does not allow for branched products. The sugges-

tion made was that the radical and normal half-hydrogenated states
combined to form a secondary butyl radical:

H2C∗–•C∗H + H2C C∗H → H2C∗–C∗H–•CH–C∗H2

to which diadsorbed acetylene could add to form an intermedi-
ate with the carbon backbone arrangement of 3-methylpentane. A
problem with this scheme is that since all carbons bound to the
surface carry hydrogen atoms initially, hydrogenation of surface
links could not produce compounds without hydrogen atoms at
the branch. This is contrary to the experimental finding that the
branched C6 dienes formed in the largest amounts, cis- and trans-
3-methyl-1,3-pentadiene:

have that arrangement and it is preserved in the products of
hydrogenation of their terminal double bonds, cis- and trans-3-
methyl-2-pentene (numbering from the opposite end). A further
C6 alkene product, 2-ethyl-1-butene, also has a carbon lacking a
hydrogen atom.

There is little direct evidence for the existence of the radical
species in Sheridan’s scheme. Surface science studies, backed by
calculations, show that acetylene adsorbs non-dissociatively on
Ni(1 1 1) at 120 K in a �-bridge (di-�/di-�) form in which the

CC bond lies across adjoining Ni–Ni atom pairs with binding to
four Ni atoms [43,44]. The bond length matches the 144 pm dis-
tance between surface hollows, corresponding to a hybridisation
between sp2 and sp3. This electronic arrangement is supported
by vibrational studies of acetylene adsorbed on both Ni(1 1 1)
and Ni(1 0 0) but the species present on Ni(1 1 0) are probably
di-�/� bonded [45–48]. Dissociation to acetylide (–C CH) and/or
methylidyne ( C–H) species, and then to carbon sets in at higher
temperatures [49–51], but the species are not well defined [48,49].
Onset temperatures as low as 190 K have been reported for the dis-
sociation of acetylene on stepped nickel surfaces [45] but ambient
temperatures and above are more usual for dissociation on low-
index planes [45,47,50,51]. The best documented hydrogenated
surface species is ethylidyne (CH3C ), which can be formed on
Ni(1 1 1) by the reaction of surface, bulk or gas phase H atoms with
adsorbed acetylene at sub-ambient temperatures [52,53]. Vinyl
species (CH2 CH–) are thought to be intermediates in the process
but are too reactive to be observed directly.

Based on the established species, the simplest scheme for
oligomerization is one in which a reactive vinyl species acts as an
initiator for addition of di-�/di-� surface C2H2 species, i.e.
lysis A: Chemical 288 (2008) 63–74

Hydrogenation of the surface links in 3 would be expected to
produce 1-butene or 1,3-butadiene, depending on the availability
of surface hydrogen, with formation of cis- and trans-2-butenes also
possible if the double bond opened and was followed by 1,4 hydro-
gen addition. Linear hexenes, hexadienes and hexatriene could
arise in a similar fashion if the chain was lengthened through addi-
tion of another C2H2 surface species to carbon 4.

If another C2H2 surface species were to add to carbon 3 of species
3:

then the monoalkene product expected on hydrogenation of all
links to the surface in 4 would be 3-methyl-1-pentene, which is
indeed a substantial C6 product (Fig. 7A). However, cis- and trans-
3-methyl-2-pentene and 2-ethyl-1-butene, the other three major
branched C6 alkene products, could not be formed directly.

A possible explanation is as follows. The only diene that could
be formed directly from 4 (by addition of two hydrogen atoms to
carbon 4 and one to carbon 6) is 3-methyl-1,4-pentadiene. This is by
far the least stable methylpentadiene, because the double bonds are
not conjugated, and was barely detectable as a product (in Fig. 6A
with a retention time of 4.47 min). Isomerization to other more sta-
ble methylpentadienes and their hydrogenation is thus a possible
route to the above three alkenes. The finding that the trans/cis ratio
is greater than unity in the 3-methyl-2-pentenes (i.e. as expected
for equilibrium), which is not the case with the linear hexenes, is
consistent with the presence of a secondary reaction.

Alternatively, species 4 might rearrange to another surface
species capable of producing conjugated products. This requires
detachment of the hydrogen from carbon 3 (i.e. Ha), possibly
facilitated if the stereochemistry forming species 4 directed Ha
towards the surface, and/or this was aided by hydrogenation of
the surface links to other carbons. For example, if carbons 4 and
6 were hydrogenated, then detachment of Ha would allow forma-
tion of a double bond between carbons 3 and 5 with liberation
of cis/trans-3-methyl-1,3-pentadiene (the C6 dienes observed in
largest quantities). Opening of the C1 to C2 double bond would then
give the cis- and trans-3-methyl-2-pentenes. Likewise hydrogena-
tion at carbons 5 and 6 and detachment of Ha would allow creation
of a double bond between carbons 3 and 4 and formation of the
observed 2-ethyl-1-butene if the carbon 1 to carbon 2 double bond
was opened.

Further addition of C2H2 units may be subject to restrictions
arising from the strain that would accumulate as more carbon
atoms beyond the vinyl group were bound to the surface. This is
particularly the case in linear intermediates where, unlike the sit-
uation in species 4, all carbon atoms are bound to the surface, e.g.
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The strain could be relieved in three ways—hydrogenation of
carbon to surface bonds, combination of adjacent carbon to sur-
face bonds to form a polyene chain, or fragmentation at some point
in the bound section. Division into two chains, potentially with an
odd number of carbon atoms that grow by C2H2 addition, would
account for the substantial fraction of the final products being
of that type. The alternative, that odd-numbered products were
derived by growth from C1 species seems less likely under the con-
ditions used here given that the yield of methane was much less
than that of either C3 or C5 products.

Concerning minor products, the formation of cyclic five- and
six-membered ring compounds is readily envisaged. If linear inter-
mediates with 5 or more carbon atoms are arranged cis–cis on a
metal surface then the first and fifth or sixth carbons become close
enough to permit linkage. cis-1,3,5-Hexatriene, traces of which are
evident in Fig. 7A, undergoes cyclization rather readily, in the gas
phase to cyclo-1,3-hexadiene [54], to mixtures of cyclic C6 and
methyl-substituted C5 compounds on various oxides including sil-
ica gel [55] and, via dehydrogenation, to benzene on Pt black [56]
and on Cu3Pt(1 1 1) surfaces [57,58]. There is no information for
nickel-containing systems.

The route to the unexpected branched products of type
bII (i.e. even-numbered ones with a 2-methyl branch) is
not so obvious. They are present at concentrations typi-
cally around one-quarter their 3-methyl counterparts with
isobutene, in particular, accounting for ∼2% of the acetylene
fed (Fig. 4). Interconversion between 2- and 3-methylpentanes
is well known during naphtha reforming over platinum-based
catalysts but requires temperatures in excess of 350 ◦C. The
usual activity order on metals is cis–trans isomerisation > double
bond shift > hydrogenation > dehydrogenation > skeletal isomerisa-
tion. Since the cis-2/trans-2 and 1-/2-isomer distributions amongst
linear oligomers are far from equilibrium during oligomerization,
it appears highly likely that type bII products are primary reaction
products rather than the result of rearrangements.

The simplest explanation, contained in the old work of Antsus
and Petrov [13], is that 2-methyl compounds arise through forma-
tion of a transient three-membered ring intermediate, e.g.
Rupture of the 3–4 bond followed by partial hydrogenation or
chain growth could then give rise to isobutene and higher 2-methyl
compounds.

The schemes above are speculative but the complex nature of
the product distribution, with formation of unexpected products,
indicates a multitude of pathways.

5. Conclusions

Under the standard test conditions used here, a low-loaded
nickel on silica catalyst is capable of the complete conversion of
acetylene in the presence of hydrogen with oligomers account-
ing for close to one-half of the acetylene reacted. The mixture of
oligomers is highly complex but can be simplified by hydrogena-
tion to alkanes over a Pt/SiO2 catalyst placed downstream. Even
though methane is a minor product, the product spectrum includes
many higher compounds with an odd number of carbon atoms,
each in amounts about one-half of that of the succeeding even-
numbered ones. The two largest product classes are linear alkenes
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with a non-equilibrium distribution (1- > cis- > trans-) and 3-methyl
branched alkenes that can, in principle, arise through addition of a
C2 surface intermediate to a linear precursor. However the reaction
also produces some 2-methyl-branched compounds that cannot
arise that way. Other minor products include possible diene pro-
genitors for some alkenes and unsaturated five-membered rings
molecules that give rise to cyclopentanes when hydrogenated on
Pt/SiO2. Contrary to some data in the literature, aromatics are very
minor products when Ni/SiO2 is used under the present conditions.
A majority of the branched-chain alkene products lack hydrogen
atoms at the branch, consistent with isomerization of an unstable
diene primary product or surface rearrangements involving hydro-
gen abstraction. The formation of all major product classes, with the
exception of those with a 2-methyl branch, can be rationalised in
terms of growth from surface species established by surface sci-
ence studies of the interaction of acetylene with various nickel
surfaces.

Under the present standard conditions, deactivation was not
observable over an initial period of 5 h at 140 ◦C and proceeded
slowly thereafter. The rate of deactivation increased substantially
at higher temperature and was also faster if the concentration of
acetylene in the feed was increased relative to that of hydrogen.
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