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a b s t r a c t

The hydrogenation of C2H2 in the presence and the absence of C2H4 has been studied over un-promoted
and promoted Au/Al2O3. A number of parameters have been varied: the Au particle size, the pre-treatment
conditions (hydrogen versus oxygen) and the nature of the promoters. Promoters include ceria, lithium
and barium oxides. Our results show that hydrogenation of C2H2 proceeds with 100% selectivity towards
C2H4, both in the presence and the absence of C2H4. Moreover, there is a strong dependence of the catalytic
performance on the size of the Au particles: Au particles below 3 nm enhance the C2H2 conversion both in
the absence and the presence of C2H4, without decreasing the selectivity to C2H4. Furthermore, metallic

4+ 3+ 3+

elective hydrogenation of C2H2 in the
resence of C2H4

romoter
eactivation
eria

Au and Ce appear to be more effective than Au and Ce . Our findings also indicate that Li2O has a
beneficial effect on C2H2 conversion, while BaO has a slight detrimental effect, both having no influence
on the selectivity to C2H4. The key to 100% selectivity to C2H4 resides in non-competitive adsorption
of C2H2 and C2H4 on the Au surface when both hydrocarbons are present in the feed. The deactivation
during C2H2 hydrogenation is a reversible process and is due to accumulation of C deposits on the catalyst
surface, as result of C2H2 adsorption on different active Au sites. These deposits can be easily burned off

oxy
by a thermal treatment in

. Introduction

The selective hydrogenation of acetylene is a very important
atalytic process from an industrial point of view due to the large-
cale production of polyethylene. A small quantity of acetylene
<3%) is present in the ethylene feedstock. Typically Pd-based cat-
lysts are employed to eliminate these traces of acetylene from
he ethylene streams [1–5]. High selectivity to ethylene and long-
erm catalyst stability are particularly desired for the selective
cetylene hydrogenation process. However, since hydrogenation
f acetylene is a series reactions with respect to the hydrocar-
ons (acetylene → ethylene → ethane) [6], and a parallel reaction
ith respect to hydrogen activation, the selectivity to ethylene
ecreases drastically with increasing acetylene conversion. In the

ase of Pd-based catalysts, it is generally accepted that the rate
f the reaction is proportional to the available surface area of the
ctive metal phase: smaller size (higher dispersion) is desirable for
he Pd particles. The activity of the catalyst usually decays during
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the hydrogenation and this phenomenon is attributed to hydrocar-
bon build-up, also known as oligomers, which gradually cover the
active surface of the metal particles. The oligomers formed dur-
ing the acetylene hydrogenation process are a complex mixture of
mainly unsaturated aliphatic hydrocarbons, which generally range
from C4 to C24 but can be as high as C60+. The addition of promot-
ers such as Ag, Co, Cu, Cr, alkali metals, lead acetate and metal
oxides improves the selectivity of Pd-based catalysts to ethylene
[6–8].

Other catalytic systems have also been studied for the hydro-
genation of the acetylene. Gold is one of the most intriguing metal
catalysts since it is only active if the particle size is in the nanome-
ter range. Oxidation reactions over gold-based catalysts have been
studied in more detail than hydrogenation reactions [9–12]. How-
ever, it is already known that for certain hydrogenation reactions
Au-based catalysts display a surprisingly high selectivity to cer-
tain products, mainly because Au is able to selectively hydrogenate
the C O bond over the C C bond [10,11]. A few studies have been
reported concerning the hydrogenation of acetylene over various

Au-based catalysts, both in batch [13] and flow reactors [14–18].
The Au-based catalysts that have been studied so far in the hydro-
genation of acetylene were deposited on alumina [13], titania [15],
silica [14,17] or ceria [16,18]. It has been reported that the selec-
tivity to C2H4 is high in a certain temperature range. Some of the

http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:gluhoi@chem.leidenuniv.nl
dx.doi.org/10.1016/j.cattod.2010.02.021
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uthors found that increasing the temperature above 200 ◦C has
negative effect on the selectivity towards ethylene [16,17]. It

s, however, difficult to conclude which of the above mentioned
upports are the best for Au-based catalysts because the reaction
onditions were very different and the hydrogenation was some-
imes performed under a large excess of hydrogen, which is known
o increase the catalytic activity, but is not mimicking industrial
onditions.

Surprisingly, no results have been reported regarding the cat-
lytic performance of Au-based catalysts of the selective catalytic
eduction (SCR) of the acetylene in the presence of ethylene, a pro-
ess that would be highly valuable from an industrial point of view,
specially when new catalytic systems with high selectivity and
tability are developed.

The aim of this research was to follow the changes in the selec-
ivity to C2H4 during C2H2 hydrogenation with:

reaction temperature;
additives;
size of the Au particles;
C2H4 addition;
time on stream;
pre-treatment conditions (hydrogen versus oxygen).

t first, the hydrogenation of C2H2 was studied in the absence of
2H4 over (un)promoted Au/Al2O3 (5wt% Au). Promoters include
eria, lithium oxide and barium oxide. We have been using the
ame promoters that in the past proved to enhance the catalytic
erformance of Au/Al2O3 in various oxidation reactions studied in
ur laboratory [19–25]. The second part of the study was dealing
ith the effect of ethylene addition on the C2H2 conversion and

electivity to various products.
An important issue found during SCR of C2H2 over Pd-based

atalysts is the deactivation of the catalysts with the time on stream,
ainly because of the build-up of the oligomers on the catalyst

urface, which blocks the Pd active sites [7]. This issue has also been
ddressed with the Au-based catalysts tested in this study and the
esults are discussed in relation to the physico-chemical properties
f the catalysts. The physico-chemical properties of the as-prepared
u-based catalysts have been assessed by a number of techniques
uch as: atomic absorption spectroscopy (AAS), BET surface area,
-ray diffraction (XRD), transmission electron microscopy (TEM)
nd temperature programmed desorption (TPD) and are correlated
ith the catalytic performance.

. Experimental details
.1. Catalyst preparation

We have already shown in several papers that homogeneous
eposition precipitation (HDP) is a suitable method to prepare Au-
ased catalysts [19,20,23–25]: the gold deposition onto the support

able 1
atalyst characterization by means of AAS, BET, XRD and HRTEM.

Catalyst Au (wt%) SBET (m2 g−1) dAu
a (nm) SAu

a (

Al2O3 275 ± 5
Au/Al2O3 4.1 ± 0.1 260 ± 5 4.3 ± 0.1 2.4 ± 0
Au/Li2O/Al2O3 4.0 ± 0.3 278 ± 7 3.2 ± 0.1 3.0 ± 0
Au/BaO/Al2O3 3.6 ± 0.2 240 ± 8 <3.0
Au/CeOx/Al2O3 4.5 ± 0.1 218 ± 11 <3.0
Au/Li2O/CeOx/Al2O3 4.6 ± 0.2 262 ± 10 <3.0
Au/BaO/CeOx/Al2O3 4.4 ± 0.2 259 ± 7 <3.0

Au
a: mean diameter of gold particles, XRD, fresh catalysts (nm); dAu

b: mean diameter of
RD, fresh catalysts thermally treated at 550 ◦C for 8 h (nm); SAu

a: gold surface area, XRD
.m.: not measured.
day 154 (2010) 13–20

is high, the gold is not buried within the support, and a narrow
particle size distribution is obtained.

The un-promoted gold-based catalysts (5 wt% Au) were pre-
pared via HDP with urea, using HAuCl4·3H2O (Aldrich, 99.99%) as
the gold precursor. Details concerning the preparation procedures
have already been reported [20,22,24,25]. The freshly prepared
Au/Al2O3 catalysts (i.e., after drying) were calcined in pure O2 at
300 ◦C for 2 h.

The mixed supports in the form of MIOx/(MIIOx)/Al2O3 (MI,
MII: Ba, Li and Ce) were obtained via pore volume impregnation
of �-Al2O3 (Engelhard Al-4172P, SBET = 275 m2 g−1) with a solu-
tion of the corresponding nitrates. A detailed description of the
experimental procedure can be found in [20]. Gold (5 wt%) was
deposited onto MIOx/(MIIOx)/Al2O3 (MI/MII/Al = 1/(1)/15 by atomic
ratio) using the same procedure as for the un-promoted Au/Al2O3.
The catalysts were calcined in the same manner as the reference
catalyst Au/Al2O3.

2.2. Catalyst characterization

The extent of gold deposition on the support was determined by
means of atomic absorption spectroscopy (AAS). The samples were
dissolved in aqua regia, filtrated and further diluted with distilled
water prior to analysis. The results are summarized in Table 1.

BET surface areas of the catalysts were measured by N2
physisorption at–196 ◦C using an automatic Qsurf M1 analyzer
(Thermo Finnigan). Before each measurement the catalyst was
degassed for 2 h at 200 ◦C in helium in order to remove the adsorbed
impurities. For each measurement at least three points have been
acquired in order to calculate the total surface area of the samples.

XRD measurements for the fresh catalysts were carried out using
a Philips X’pert system with a PW3373/00 CuLFF DK180000 X-ray
tube operated at 50 kV and 40 mA. The supports were also char-
acterized by XRD in order to assess the crystalline phases of the
various metal oxides added as additives and also to subtract their
contribution before estimating the average Au particle size. The
average gold particle size was estimated from XRD line broadening
by using the Scherrer equation.

TEM measurements were performed using a JEOL 2010 micro-
scope with a point-to-point resolution better than 0.2 nm. The
sample was mounted on a carbon polymer supported copper micro-
grid. A few droplets of a suspension of the ground catalyst in
isopropyl alcohol were placed on the grid, followed by drying under
ambient conditions. The average gold particles and the particle size
distribution were determined by counting at least 300 particles.

TPD measurements were performed on a similar system as the
one used to test the catalytic performance of the Au-based catalysts

(see below), but instead of a gas chromatograph (GC), a quadrupole
mass spectrometer (Spectra Microvision Plus) was used to follow
the effluent gas composition. Typically, 0.2 grams of catalyst were
loaded in the reactor, followed by hydrogen reduction at 300 ◦C for
1 h. After cooling at room temperature, the sample was subjected to

m2 g−1) dAu
b (nm) SAu

b (m2 g−1) DAu (%) dAu
c (nm)

.1 5.2 ± 0.3 1.5 ± 0.3 11.5 ± 1.1 7.1 ± 0.1

.1 3.0 ± 0.1 2.5 ± 0.1 19.0 ± 1.0 6.4 ± 0.3
1.5 ± 0.2 6.2 ± 0.2 55.0 ± 1.2 7.4 ± 0.2
1.7 ± 0.2 7.1 ± 0.2 52.0 ± 1.3 7.8 ± 0.3
2.9 ± 0.1 3.8 ± 0.1 27.0 ± 5 7.7 ± 0.1
3.3 ± 0.1 3.0 ± 0.1 23.0 ± 5 8.1 ± 0.3

gold particles, HRTEM, fresh catalysts (nm); dAu
c: mean diameter of gold particles,

(m2 g−1); SAu
b: gold surface area, HRTEM (m2 g−1); DAu: gold dispersion, HRTEM;
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2H2 or C2H4 adsorption for 1 h (40 mL min−1), followed by purging
ith He for 30 min and increasing the temperature to 500 ◦C, with
heating ramp of 10 ◦C min−1.

.3. Catalytic activity measurements

C2H2 hydrogenation was carried out in a lab-scale fixed bed
eactor in which typically 0.15 g of catalyst was loaded. The stan-
ard reactivation procedure consisted of in situ heating the catalyst
o 300 ◦C for 1 h under a H2 flow (catalyst reduction). Alternatively,
or Au/Al2O3 and Au/CeOx/Al2O3 the hydrogen was replaced by O2,
n order to study the influence of the reactivation procedure. The
eed gases were controlled by mass flow controllers (Bronkhorst)
nd set to a total flow of 40 mL min−1. Diluted C2H2 and H2 (4
ol% in He) were used to study the hydrogenation of acetylene. The
eactant ratio was C2H2/H2 = 1/2. The outlet gas concentration was
n-line analysed by a gas chromatograph (Interscience Compact
C) equipped with FID (flame ionisation detector) and TCD (ther-
al conductivity detector), using two different columns: Molsieve
Å and Poraplot Q. Data analysis was performed using EzChrom

oftware.
Typically the reactant mixture was stabilized for at least 30 min

t room temperature. Afterwards the reaction temperature was
amped in steps of 20 ◦C, with a heating rate of 5 ◦C min−1 from
oom temperature to 250 ◦C. At each reaction temperature, the
eaction was followed for 3 h in order to assess the deactivation
f the catalyst.

The selective catalytic reduction (SCR) of acetylene in the pres-
nce of ethylene was performed in a similar manner as the hydro-
enation of C2H2, using a reactant ratio of C2H2/C2H4/H2 = 1/1/2.
n addition, the direct hydrogenation of ethylene was also studied
or a better understanding of the hydrogenation of C2H2 and C2H4
sing a reactant ratio C2H4/H2 = 1/2.

. Results and discussion

.1. Catalyst characterization

The average Au particle size as determined by XRD ranges from
.3 nm, for un-promoted Au/Al2O3, to below the detection limit of
RD, when various additives are used (see Table 1). The metallic
urface area based on the XRD results (see Table 1), was calculated
y assuming that the gold particles are hemispherical in shape with
he flat side on the support, according to the following formula:

Au = 50, 000W

�d
(1)

here W corresponds to the gold loading, � is the density of gold
19.3 cm3g−1) and d is the diameter of gold particles as determined
y XRD (Å) [19].

Since the size of the Au particles for the promoted catalysts was
elow the detection limit of the XRD (∼3 nm), a further investiga-
ion of some of the Au-based catalysts by means of HRTEM was
eeded. The average Au particle size as determined by HRTEM is
ummarized in Table 1. In addition, Fig. 1 compares the particle size
istribution of Au/Al2O3, Au/CeOx/Al2O3 and Au/BaO/Al2O3. There

s a significant difference concerning the particle size distribution of
he samples with or without additive. The growth of the gold parti-
les at the expense of the smaller Au crystallites found for Au/Al2O3
s prevented in the presence of the additives. In addition, we have

bserved by means of HRTEM and EDX (energy dispersive X-ray
pectroscopy) that small gold nanoparticles preferentially nucleate
n the additive-rich patches, which is highly important for the cat-
lytic activity (see below), causing a stronger interaction of the Au
anoparticles with the support and a higher resistance to sintering.
Fig. 1. Particle size distribution as determined by HRTEM for Au/Al2O3, Au/BaO/Al2O
and Au/CeOx/Al2O3.

The HRTEM micrographs of Au/CeOx/Al2O3 and
Au/Li2O/CeOx/Al2O3 are presented in Fig. 2a and b. Fig. 2a
shows the well-resolved, high-resolution fingerprint of an Au
particle that exhibits the (1 1 1) reflection, while Fig. 2b illustrates
an example of a high-resolution TEM micrograph used to estimate
the Au particle size distribution.

The results obtained by HRTEM have been also used to estimate
the metallic surface area of some of the catalysts (see Table 1).
According to the data presented in Table 1, the metallic surface
area based on HRTEM data varies between 1.5 m2 g−1 (Au/Al2O3)
and 7.1 m2 g−1 (Au/CeOx/Al2O3). The differences between the val-
ues of the gold surface area determined by HRTEM and XRD may be
related to the experimental limitations of each technique. However,
it should be emphasized that both techniques are not completely
suitable for this type of determination and that the results may
be considered only as a relative measure of the metallic surface
area of the catalysts. A very high dispersion (above 50%) was esti-
mated for promoted Au-based catalysts (viz. Au/CeOx/Al2O3 and
Au/BaO/Al2O3), which considerably exceeds the estimated disper-
sion of Au/Al2O3 (11.5%).

3.2. C2H2 hydrogenation in the absence of C2H4

3.2.1. C2H2 hydrogenation in the absence of C2H4: effect of
additives and Au particles size on the catalytic performance of
Au/Al2O3

The reference catalyst Au/Al2O3 was first tested in C2H2 hydro-
genation. The results are shown in Fig. 3. The reaction was
performed using stoichiometric amounts of hydrogen for full con-
version of C2H2 to C2H6 since a large concentration of hydrogen
is not feasible for industry. As can be seen in Fig. 3, the acety-
lene conversion over Au/Al2O3 became significant at temperatures
above 100 ◦C and it reached a 70% conversion at the maximum
reaction temperature used in this study, viz. 250 ◦C. Very interest-
ingly, the selectivity was 100% to C2H4 over the whole temperature
range studied. We used a maximum reaction temperature of 250 ◦C
because Pd-based catalysts are highly active in acetylene hydro-
genation at temperatures that do not exceed 100–120 ◦C. Therefore,
other types of catalysts that should compete with Pd-based cata-
lysts should display a high catalytic activity in this temperature
range. The results are comparable with earlier results published

by Jia et al. [13] for Au/Al2O3, using the same reactant ratio
C2H2/H2 = 1/2 in batch mode. Those authors reported a similar reac-
tion temperature and 100% selectivity towards C2H4.

The catalytic performance of the promoted Au-based catalysts
is also shown in Fig. 3. We have been using the same additives
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ig. 2. HRTEM image of Au/CeOx/Al2O3 (a), HRTEM image of Au/Li2O/CeOx/Al2O3

b).

hat in the past proved to promote the catalytic performance of
u/Al2O3 in various oxidation reactions studied in our laboratory

19–25]. According to the plots shown in Fig. 3, the best promoter
ffect was obtained with ceria and lithia. The fact that lithia has a

romotion effect on the performance of Au/Al2O3 can be at least
artly explained by the fact that acetylene is an acidic molecule
nd Li2O has a basic character. The positive effect of ceria on the
atalytic activity of Au/Al2O3 can only partly be attributed to basic
haracter of ceria, while the well-known oxygen storage capacity of
Fig. 3. C2H2 conversion versus temperature during C2H2 hydrogenation in the
absence of C2H4. Reaction conditions: 0.15 g catalyst, 40 ml min−1 total feed,
C2H2/H2 = 1/2.

ceria could eventually drive the reaction into an opposite direction
and make Au/CeOx/Al2O3 an inactive catalyst. However, Au/CeO2
was previously shown to be active in the hydrogenation of C2H2
under very large excess of hydrogen [16]. Other metal oxides that
have been added to Au/Al2O3 had a less pronounced promoting
effect as compared with ceria or lithia (see Fig. 3). It is worth to
mention that all the catalysts displayed 100% selectivity to C2H4,
without any trace formation of C2H6 (as was reported for Pd-based
catalysts [3,7]) or methane and ethane, as was reported for other
Au-based catalysts [16,17].

Table 2 summarizes the T50% (the temperature needed to reach
50% C2H2 conversion), the specific reaction rate, r (defined as the
number of C2H2 moles converted per number of Au moles and sec-
ond) calculated at 110 ◦C and the apparent activation energy, Ea. The
variation of r is a better way to compare the catalytic performance,
including results obtained in other laboratories, since it is directly
related to the nominal Au loading and reactant feed. The variation
of r is consistent with the data shown in Fig. 3, Tables 1 and 2,
and indicates, also when the data are presented in terms of C2H2
converted over the Au present in the sample, that the best results
are obtained with Au/CeOx/Al2O3, followed by Au/Li2O/Al2O3. It
is expected, based on the results published for Pd-based catalysts
[1,3,14,26] and also on the study of Azizi et al. [16] that an increase
of the H2 concentration in the reactant mixture would drastically
affect the reaction rate (i.e., by increasing it), especially when the
rate determining step for this reaction is hydrogen activation.

As listed in Table 2, the apparent activation energy, calcu-
lated for a C2H2 conversion below 20%, varies between 28 kJ mol−1

(Au/Al2O3) and 37 kJ mol−1 (Au/BaO/Al2O3). It was previously
reported that Pd-based catalyst showed an Ea around 38 kJ mol−1

[27], while apparent activation energy of 34 kJ mol−1 for Au/Al2O3
[13] and 37 kJ mol−1 Au/CeO2 [16] have also been reported. The
small variation in the apparent activation energy between un-
promoted Au/Al2O3 and Au/Al2O3 promoted with various metal
oxides points to the conclusion that the presence of the promoters
do not open additional reaction pathways that would significantly
affect the apparent activation energy, as compared with the refer-
ence catalyst.

A general statement valid for all oxidation reactions that employ
Au as a catalyst is that the size of the Au particles is crucial in
order to obtain an active Au-based catalyst [10,12,28]. The reac-

tion between oxygen and hydrogen, on the other side, has been
reported as a structure insensitive reaction [29]. When one tries
to correlate the results presented in Tables 1 and 2 and Fig. 3,
a straightforward correlation between the catalytic performance
and size of the Au particles is not found. There is some depen-
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Table 2
The temperature of 50% C2H2 conversion in the absence and in the presence of C2H4, the specific reaction rate calculated at 110 ◦C and the apparent activation energy.

Catalyst T1
50% (◦C) r1 × 103 (molC2H2 molAu

−1 s−1) E1
a (kJ mol−1) T2

50% (◦C) r2 × 103 (molC2H2 molAu
−1 s−1) E2

a (kJ mol−1)

Au/Al2O3 203 1.64 28 ± 2 227 1.78 42.1 ± 2
Au/Li2O/Al2O3 181 2.06 29 ± 1 197 1.6 43.5 ± 1
Au/BaO/Al2O3 203 1.1 37 ± 1 220 0.9 42.4 ± 1
Au/CeOx/Al2O3 172 2.5 32 ± 2 197 1.41 32.7 ± 2
Au/Li2O/CeOx/Al2O3 222 0.8 32 ± 1 245 0.6 37.9 ± 3

9 ± 2

T C2H2
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Au/BaO/CeOx/Al2O3 218 0.94 2

1
50%: temperature of 50% C2H2 conversion, C2H2 + H2, r1: specific reaction rate,

onversion, C2H2 + C2H4 + H2, r2: specific reaction rate, C2H2 + C2H4 +H2, E2
a: appare

ence of the catalytic performance on the size of the Au particles,
ut a general trend is difficult to find, since Au/CeOx/Al2O3, with
very high Au dispersion and very small Au particles (TEM and
RD) is highly active, but other catalysts such as Au/BaO/Al2O3,
u/BaO/CeOx/Al2O3 or Au/Li2O/CeOx/Al2O3, having a comparable
ispersion and mean size of the Au particles as Au/CeOx/Al2O3, do
ot show a high performance in C2H2 hydrogenation.

In order to gain a better understanding concerning the influence
f the size of the Au particles on the C2H2 conversion, we performed
n additional hydrogenation test with catalysts that were (on pur-
ose) heat-treated at high temperature (550 ◦C) for an extended
eriod of time (8 h) in order to obtain Au-based catalysts with large
u particles (Table 1). The results are presented in Fig. 4. The mean
iameter of the Au particles for the heat-treated samples, as deter-
ined by XRD (Table 1) ranges from 6.4 nm (Au/Li2O/Al2O3) to

.1 nm (Au/BaO/CeOx/Al2O3). The results clearly indicate that for
he same catalyst, the presence of larger Au particles have a strong,
egative influence on the catalytic performance. The sample least
ffected by heat treatment, i.e., suffering from growing Au parti-
les, appears to be Au/Li2O/Al2O3 (Fig. 4), followed by Au/Al2O3
nd Au/CeOx/Al2O3. These data clearly show that over Au-based
atalysts the hydrogenation of C2H2 is a structure-sensitive reac-
ion and the size of the Au particles is very important: smaller
u particles lead to higher catalytic performance. Our results are
omplementary to what was already published by Jia et al. [13],
here the authors state that the best catalytic performance for
u/Al2O3 is obtained with Au particles around 3 nm. Our data show

hat the catalytic performance of the Au-based catalysts can be fur-

her improved by using Au particles smaller than 3 nm. In addition,
he data presented in this paper also show that the identity of the
dditives can play an important role.

ig. 4. Comparison of the catalytic performance during C2H2 hydrogenation for
he as-prepared catalysts and the high temperature treated catalysts (sintered).
he plot shows C2H2 conversion versus temperature in the absence of C2H4. Reac-
ion conditions: 0.15 g catalyst, 40 mL min−1 reactant feed, C2H2/H2 = ½, “HT” – high
emperature treatment.
212 0.9 34.8 ± 2

+H2, E1
a: apparent activation energy, C2H2 + H2, T2

50%: temperature of 50% C2H2

ivation energy, C2H2 + C2H4 + H2.

3.2.2. Catalytic activity of Au-based catalysts in C2H2
hydrogenation with time on stream, deactivation and
regeneration

A general characteristic of all the catalysts that show activity
in C2H2 hydrogenation is that they suffer severe deactivation with
time on stream. The catalysts based on Pd were extensively studied
and several models have been proposed that can explain the deac-
tivation phenomena [7]. Some authors claim that during reaction
a lot of “green oil” is formed, which is partly related to the iden-
tity of the catalyst and reaction temperature [4]. On Au/CeO2, Azizi
et al. [16] found that CH4 and C2H6 are detected in the gas phase,
together with C2H4, while some other species are adsorbed on the
surface.

The catalysts tested in this study also deactivate with time on
stream and we were interested to study the nature of this deactiva-
tion phenomena, i.e., if it is reversible, due to some C deposits on the
surface, or it is irreversible, due to, for example, Au sintering. In the
next step we were interested to restore the catalytic performance.
In order to accomplish this we applied a “de-coking” procedure,
which is basically burning off in oxygen all the species adsorbed on
the surface of the catalyst. The maximum temperature used during
“de-coking” was 500 ◦C. We have then undertaken two actions: we
monitored the species which were desorbing during “de-coking”
(Fig. 5) and we tested again the catalysts in C2H2 hydrogenation
(see Fig. 6).

A closer look to the CO2 desorption peaks as depicted
in Fig. 5 allows us to make some correlations between the
CO2 desorption peak, its intensity and the catalytic perfor-
mance. The number of desorption peaks could give information

about the nature of the C deposits and their location. CO2 is
formed below 300 ◦C on Au/Li2O/CeOx/Al2O3, Au/CeOx/Al2O3 and
Au/BaO/CeOx/Al2O3. Above 350 ◦C we found CO2 formation on
Au/Al2O3 and Au/Li2O/Al2O3 catalysts. Another interesting feature

Fig. 5. CO2 formation during de-coking of the catalysts after C2H2 hydrogenation in
the absence of C2H4. “m44” corresponds to the CO2 signal as measured by the mass
spectrometer (MS) during de-coking (oxygen temperature pre-treatment), HT”-high
temperature treatment.
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Fig. 6. Comparison of the C2H2 conversion versus temperature of the as-prepared
catalysts and the same catalysts after they have been de-coked (O2 tempera-
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dry, containing mainly Au3+ and Ce4+, does not show significant
ure treatment). Reaction conditions: 0.15 g catalyst, 40 mL min−1 reactant feed,
2H2/H2 = 1/2. “Catalyst after O2 tr” refers to a catalyst tested after an oxygen pre-
reatment, also referred in text as de-coking.

s the amount of CO2 desorbed from the catalysts, taking into
ccount that all the experiments were conducted with the same
mount of catalyst. The CO2 peak is considerably higher for catalysts
uch as Au/CeOx/Al2O3 and Au/Li2O/Al2O3, pointing to a direct cor-
elation between the CO2 peak area and the catalytic performance,
ventually correlated with the promoter’s identity. The area of the
esorption peak is almost double for Au/Li2O/Al2O3, as compared
ith Au/CeOx/Al2O3.

There are not so many data available concerning this kind of
tudies carried out over Au-based catalysts. However, there are
ome reports concerning the CO2 desorption from Au/CeO2 [16]
nd Au/SiO2 and Au/TiO2 [17]. Using five times more hydrogen
han C2H2 in the gas stream and aging the catalyst at 210 ◦C for
h, a single CO2 desorption peak around 243 ◦C was found on
u/CeO2 [16]. If the C2H2 hydrogenation was performed between
10 and 400 ◦C, three CO2 desorption peaks were found, at 245,
40 and 440 ◦C, respectively. The authors assigned these des-
rption peaks to unstructured carbon, or trapped hydrocarbons
lowest desorption peak), amorphous coke (340 ◦C) and acidic car-
on (highest desorption temperature). Performing de-coking of
u/TiO2 or Au/SiO2, Sarkany found one main desorption peak cen-

red at 227◦ or 277◦, depending on the support, accompanied
y eventually some small shoulders at 277◦ or 327 ◦C [17]. No
lear assignment of the coke identity was made. Other authors
bserved on Pd-based catalysts also three desorption peaks which
ere assigned to: hydrocarbons located in the pores (low temper-

ture peak), green oil in the vicinity of the Pd (300–500 ◦C) and
reen oil produced on the support without influence of the Pd
7]. Ni/SiO2 showed two desorption peaks after de-coking, one at
20 ◦C, assigned to filamentous carbon, and a second one at higher
emperatures (400 ◦C), assigned to amorphous coke [30]. The same
uthors found for Ni/SiO2-Al2O3 a third peak, located at 475 ◦C,
ttributed to acidic coke. It is clear that the reported results are
uite different and the CO2 formation depends on several factors,
uch as active metal, support identity and reaction temperature.

e believe that an additional factor that influences the CO2 des-
rption range is directly related to the size of the Au particles. The
im of this article was not to study the nature of the carbonaceous
eposits that evolved from the various gold surfaces after de-coking
xperiments, but based on our results we can tentatively assign the

esorption peak at 250 ◦C to carbon species coming from weakly
dsorbed acetylene, while the second desorption peak is related to
fragments that desorb at higher temperatures (∼370 ◦C) and are

tronger bound to the support.
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There are a number of reasons that support our assump-
tions: although the CO2 desorption plots for Au/CeOx/Al2O3 and
Au/Li2O/Al2O3 are quite different, the catalysts exhibit a very sim-
ilar performance in the hydrogenation of C2H2. Therefore the low
and high temperature peaks are, most likely, not due to carbona-
ceous deposits desorbing from different locations on the surface
of the catalyst, but are rather an Au particle size effect. The low
temperature CO2 desorption peak may be related to a higher
abundance of low-coordinated Au sites (edges, kinks and corners)
of Au/CeOx/Al2O3, which are more reactive at lower tempera-
ture, compared with other C fragments which would be burned
off at higher temperatures and are related to C2H2 adsorbed on
larger Au particles (Au/Li2O/Al2O3) which have relatively less low-
coordinated sites.

It is expected that a higher metallic dispersion would cause a
smaller amount of coke than a lower metallic dispersion surface.
The temperature of the CO2 peaks for the other catalysts are in line
with the variation of the size of the Au particles. The small variations
in the desorption maximum are most likely related to an additional
influence of the promoter’s nature, basic or acid. Additional proof
to support the above mentioned model is shown in Fig. 5 in terms
of the CO2 desorption peak of Au/Al2O3 that was treated for an
extended period of time at high temperature (550 ◦C) and the Au
particles are significantly larger (7.1 nm) than for the same sample
that was calcined at 300 ◦C. These data support our assumption that
the CO2 desorption temperature is mainly, but not only, related to
the size of the Au particles and their dispersion.

The experimental findings, as depicted in Fig. 6, were also very
interesting: all the catalysts showed superior activity after the “de-
coking” procedure, suggesting two conclusions: firstly, the catalytic
performance is easily restored after an oxygen treatment, and sec-
ondly, the catalysts became even more active as compared with the
catalysts shown in Fig. 3, where a reductive treatment was applied
prior to reaction. The catalytic performance of Au/CeOx/Al2O3 and
Au/Al2O3 were strongly influenced by the O2 treatment. It has to
be noted that the selectivity during hydrogenation was still 100%
to C2H4.

The fact that the catalytic performance could be restored after
de-coking indicates that the loss of the catalytic performance in
time is due to C deposited on the surface and this is easily burned
off during an oxygen treatment and the deactivation is not due
to sintering of Au particles. The explanation for the improved cat-
alytic activity after burning off the coke is not straight forward.
There could be at least two reasons of the improved catalytic activ-
ity during de-coking, i.e., either a change in the chemical state
of the Au, which could become partly oxidized after de-coking,
or a change in the chemical state of CeOx, with Ce4+ being more
active than Ce3+. Some additional experiments were performed.
The results are shown in Fig. 7 where Au/Al2O3 and Au/CeOx/Al2O3
are compared with catalysts that are either reactivated in O2
(Au/CeOx/Al2O3 O2 react and Au/Al2O3 O2 react) prior to hydro-
genation of C2H2 (in order to distinguish between the effect of
Ce4+ and Ce3+) or dried, viz. Au/CeOx/Al2O3 dry, which contains
both Ce4+ and Au3+. The results clearly show that Ce4+ is the active
species, since Au/CeOx/Al2O3 O2, consisting of mainly Au0 and Ce4+,
is more active than Au/CeOx/Al2O3, a catalyst reduced under hydro-
gen prior to reaction and which contains mainly Au0 and Ce3+ [25].
These results also explain why the catalysts after de-coking (which
is similar to oxygen pre-treatment) are more active than the ones
that were reduced prior to reaction (Fig. 3). The results also show
that Au3+ does not show significant activity, since Au/CeOx/Al2O3
activity and the presence of the metallic Au is more important,
compared with Au3+. After de-coking, the Au surface undergoes
probably some reconstruction and/or rearrangement that leads to
a large improvement in the catalytic performance. The reason why
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Fig. 7. The effect of pre-treatment on the Au/Al2O3 and Au/CeOx/Al2O3 catalysts
for the C2H2 hydrogenation in the absence of C2H4. “Catalyst O2 react” refers to
a catalyst tested after an oxygen pre-treatment, “catalyst dry” refers to a catalyst
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ested immediately after preparation, when the only thermal treatment was drying
n air at 80 ◦C for 16 h. Note that reactivation of the catalysts using O2 pre-treatment
s applied to the fresh catalysts, while oxygen temperature treatment or de-coking
s used to restore the catalytic performance of the spent catalysts.

n oxidized ceria surface is more active towards hydrogen activa-
ion and C2H2 reduction is not completely clear. However, there are
ome reports that claim that Ce4+ can chemisorb large amounts of
ydrogen, and the adsorption/desorption of H2 is very sensitive to
he presence of a dispersed metal as well as the pre-treatment of
he catalyst [31,32].

.3. Selective catalytic reduction of C2H2 in the presence of C2H4

After performing various studies in order to understand the
ffect of the size of the Au particles, the influence of different pro-
oters, ways of activation of the catalysts in the hydrogenation

f C2H2, we focused on the selective hydrogenation of C2H2 in the
resence of C2H4. The results are presented in Fig. 8 in terms of C2H2
onversion versus temperature in the presence and the absence of
2H4. In addition, Table 2 summarizes the T50%, the temperature
eeded to convert 50% of C2H2, the specific reaction rate r calcu-

ated at 110 ◦C and the apparent activation energy estimated for
onversion of C H below 20%. One general characteristic of all
2 2
he catalysts tested in the SCR of C2H2 is that their performance
s slightly shifted towards higher temperatures, as compared with
2H2 hydrogenation in the absence of C2H4. The same conclusion
an be drawn from the data presented in Table 2. Au/CeOx/Al2O3

ig. 8. C2H2 conversion versus temperature during SCR of C2H2 in the pres-
nce of C2H4. Reaction conditions: 0.15 g catalyst, 40 mL min−1 reaction feed,
2H2/H2/C2H4 = 1/2/1.
Fig. 9. C2H2 and C2H4 desorption from selected Au-based catalysts. Experimental
conditions: 0.2 g catalyst, C2H2 or C2H4 adsorption for 1 h (40 mL min−1), purge with
He for 30 min and heat-up in He to 550 ◦C with 10 ◦C min−1.

still performs the best, and Au/Al2O3 is very similar in its perfor-
mance, if one compares the catalysts only on the basis of plots
depicted in Fig. 8. However, the data shown in Table 2 shows
that, depending on the temperature range, i.e., around 110 ◦C,
Au/Al2O3 performs slightly better than Au/CeOx/Al2O3. However,
the lowest apparent activation energy is found for Au/CeOx/Al2O3.
Similar with the hydrogenation of C2H2 in the absence of C2H4,
the differences between Ea for all the tested catalysts do not point
to new reaction pathways in the presence of the promoters. It
is very important to mention that the SC2H4 is still 100% over
the whole temperature range studied. This very important result
shows the real potential of Au-based catalysts in SCR of C2H2. It
is expected that increasing the partial pressure of H2 would have
a positive influence on the conversion of C2H2, without affecting
the selectivity towards C2H4. This conclusion is based on some
additional work we have performed which is described below.
Firstly, we also studied the hydrogenation of C2H4 in the absence
of C2H2 and we found that all the catalysts are completely inac-
tive over the whole temperature range studied, unlike Pd-based
catalysts which easily hydrogenate C2H4 to C2H6. Secondly, we
performed co-adsorption studies of C2H2 and C2H4 over the most
active Au-based catalysts and monitored the desorption prod-
ucts. The results are shown in Fig. 9. It was very interesting to
observe that if both C2H2 and C2H4 were fed over the catalysts
for 1 h at room temperature, the only desorption product when
the temperature is ramped to 500 ◦C is C2H2, with one major peak
below 100 ◦C. The areas of the C2H2 desorption peaks as shown
in Fig. 9 are in line with the reactivity of the catalysts in SCR of
C2H2.

The key to 100% C2H4 selectivity when both C2H2 and C2H4 are
hydrogenated is the absence of C2H4 adsorbed on the Au surface. It
is clear that the adsorption of the triple bond is preferred over the
double bond and during SCR of C2H2 the two hydrocarbons do not
compete for the same adsorption sites.

The results also point to the conclusion that the rate determin-
ing step during either C2H2 hydrogenation or SCR of C2H2 is the
activation of hydrogen, most likely with the hydrocarbon asso-
ciatively adsorbed on the Au surface. It was already shown that
in the hydrogenation of C2H2 a higher concentration of hydrogen
improves the conversion of C2H2 [16]. It is likely that also SCR of
C2H2 will benefit from a higher concentration of H2 in terms of C2H2

hydrogenation and most likely the selectivity to C2H4 would not be
significantly affected. This assumption is based on the TPD results
(Fig. 9) that clearly show that C2H4 does not stick to the Au surface
in a detectable amount and most likely it desorbs very fast after it
is formed as a hydrogenation product during SCR of C2H2.
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. Conclusions

We have undertaken an extensive study of C2H2 hydrogenation
n the presence and the absence of C2H4 over Au-based catalysts. A
umber of parameters were varied: Au particle size, pre-treatment
onditions, nature of the additives. The deactivation of the catalysts
uring C2H2 + H2 was also studied in detail.

Our findings are summarized below:

The selectivity to C2H4 is 100% for a reaction temperature below
250 ◦C.
The size of the Au particles is a very important parameter, Au
particles below 3 nm are enhancing C2H2 conversion both in the
absence and in the presence of C2H4, without affecting the selec-
tivity to C2H4.
Au◦ is the active species during hydrogenation.
Ce4+ proved to be more active than Ce3+.
The presence of Li2O is beneficial for higher C2H2 conversion.
Both BaO and Li2O do not affect the selectivity to C2H4.
An oxygen pre-treatment helps in activating C2H2 and H2 better
than a pre-treatment in hydrogen.
The deactivation during C2H2 hydrogenation is a reversible pro-
cess and is due to accumulation of C deposits as a result of C2H2
adsorption on different active Au sites. These deposits can be
easily burned off by a thermal treatment in oxygen.
The selectivity towards C2H4 is 100% also when C2H4 is present
in the gas stream, although the C2H2 hydrogenation tempera-
ture is shifted to slightly higher temperatures, as compared to
hydrogenation of C2H2 in the absence of C2H4.
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