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The use of a Ni-Ag-O catalyst in a one-step reaction to produce ethylene oxide from ethane was inves-
tigated. An optimum ethylene oxide yield of 1.2% was obtained with a selectivity of 12.8% at 310 ◦C.
The catalyst was characterized through X-ray diffraction, BET surface area, H2 temperature-programmed
reduction, O2 temperature-programmed desorption and X-ray photoelectron spectroscopy. The results
showed that NiO and Ag in the catalyst favored ethane activation and the formation of ethylene oxide,
respectively.
nteraction

. Introduction

The epoxidation of ethylene (C2H4) to ethylene oxide (EO) is an
mportant industrial process [1,2], since EO is a reaction intermedi-
te in the formation of ethylene glycol and polyester fibers [3,4]. EO
s most effectively produced over silver supported on low-surface-
rea �-alumina catalyst by partial oxidation of ethylene with air
r oxygen below 300 ◦C [5,6]. On the other hand, feed ethylene is
ainly produced by the thermal pyrolysis of ethane (C2H6) or naph-

ha over 900 ◦C, a process that operates under severe conditions
ith high-energy consumption and difficult product separation

7,8]. Hence, it is desirable to design a catalyst over which ethylene
xide could be directly synthesized via a one-step reaction from
thane under mild reaction conditions and without the separation
nd reuse of ethylene.

To realize a direct conversion of ethane to ethylene oxide,
he alternative catalyst should possess dual functions of oxida-
ive dehydrogenation of ethane and epoxidation of ethylene. Many
esearchers have attempted to replace thermal pyrolysis by cat-
lytic oxidative dehydrogenation (ODH) [9–22]. However, due to
he structural stability of ethane, the reaction temperature of the
xidative dehydrogenation of ethane (ODHE) has to exceed 600 ◦C

10–18]. Although a high ethylene yield could be obtained over
ome excellent low-temperature catalysts, such as MoVTeNbO,
he reaction temperature was not lower than 400 ◦C [19–21]. For
he epoxidation of ethylene to ethylene oxide, however, such a
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high reaction temperature could easily cause further oxidation
of the product to COx. Moreover, these low-temperature ODHE
catalysts generally complied with the redox (Mars and van Krev-
elen) mechanism, and its active species is the lattice oxygen [22].
However, research on a suitable Ag catalyst for the epoxidation
of ethylene has shown that the appropriate active species should
either be molecular or adsorbed atomic oxygen, lattice oxygen is
not suitable as it is too active for this reaction [23]. Thus, these
ODHE catalysts were unsuitable candidates for use in the design
a new bi-functional catalyst. Both reaction temperature and active
oxygen species pose limitations on the combination of the two reac-
tions, namely, oxidative dehydrogenation of ethane to ethylene and
epoxidation of ethylene to ethylene oxide.

In our previous work, nanosized NiO exhibited appreciable
low-temperature catalytic performance for the oxidative dehydro-
genation of ethane to ethylene below 300 ◦C [24]. The adsorbed
electrophilic oxygen species was considered as the active species
involved in the reaction. This phenomenon is different from the
reduction of a transition metal oxide over some other bulk cat-
alysts [25,26]. Thus, it implies that the addition of NiO to Ag
might be a possible way to directly convert of ethane to ethylene
oxide.

In this study we report a NiO-doped Ag catalyst (Ni-Ag-O), pre-
pared by using a hydrothermal synthesis method. The catalysis of a
one-step reaction to convert ethane to ethylene oxide was studied,
and the catalysts were characterized by X-ray diffraction (XRD),

BET surface area analysis, H2 temperature-programmed reduction
(H2-TPR), O2 temperature-programmed desorption (O2-TPD) and
X-ray photoelectron spectroscopy (XPS). This study aims to investi-
gate the catalytic properties of the Ni-Ag-O catalyst in the selective
oxidation of ethane and to gain insight into the structural require-

http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:yingwu@zjnu.cn
mailto:ying-wu@zjnu.cn
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Table 1
Catalytic performance of the catalysts for the ethane oxidative reactiona.

Catalyst Conversion (%) Selectivity (%) Yield/% C2H4O

C2H6 C2H4 C2H4O C2H4 CO2

NiO 21.6 – 40.8 59.2 –
Ag – – – – –
NiO + Agb 18.9 – 7.3 92.7 –
Ni-Ag-O 7.6 14.3 19.8 65.9 1.1
Ag 12.2 c 37.4 – 62.6 4.6
NiO + Agb 17.6c – – 100 –

selectivity to EO increased with an increase in temperature up to
300 ◦C. Further increases in temperature resulted to a decrease in
EO selectivity. When the reaction temperature exceeded 300 ◦C,
both of selectivity to ethylene and EO decreased, while CO2 selec-
tivity increased. An optimal EO yield of 1.2% was obtained at 310 ◦C
Y. Wu et al. / Catalysis

ents for the conversion of ethane and the formation of selective
xidation products.

. Experimental

.1. Catalyst preparation

A series of Ni-Ag-O catalysts was prepared by a hydrothermal
ynthesis method using Ni(NO3)2·6H2O and AgNO3·5H2O with dif-
erent Ni contents (mol ratio of Ni/Ni + Ag). Stoichiometric urea
olution was added to the mixture solution of Ni(NO3)2 and AgNO3.
he mixture was transferred into a Teflon-lined stainless steel auto-
lave, which was subsequently sealed. The samples was aged at
00 ◦C for 20 h and then cooled to room temperature. The result-

ng solid was filtered and washed several times with deionized
ater and absolute ethanol. Finally, it was dried at 110 ◦C for 10 h,

ollowed by calcination at 400 ◦C for 4 h in air. For comparison pur-
oses, pure NiO and Ag were prepared using the same method.

.2. Activity testing

The catalytic test was performed in a fixed-bed vertical-flow
ubular quartz reactor (i.d. = 5 mm) packed with 0.1 g catalyst
ample. The feed gas consisted of ethane, oxygen, and nitrogen
C2H6/O2/N2 = 1/1/6), with a gaseous hourly space velocity (GHSV)
f 24,000 mL h−1 g−1. The reactants and products were analyzed
sing an on-line gas chromatography equipped with a thermal
onductivity detector (TCD) attached with a Porapak Q and a 5 Å
olecular sieve column.

.3. Catalyst characterization

The BET surface areas of the samples were determined after
egassing the samples at 300 ◦C and analyzing the N2 adsorp-
ion isotherm at the liquid nitrogen temperature (Tristar 3000).
hase identification and structural analysis were performed by XRD
Model D/Max-C, Rigaku), with a Cu-K� radiation (� = 0.15406 nm)
nd step scanning (0.02◦) in the 2� range of 20–90◦. The aver-
ge crystalline sizes were calculated from the Scherrer Formula
D = 0.89�/ˇcos �). The H2-TPR experiments were performed on a
aboratory-constructed chromatograph using 5% H2/Ar mixed gas
s reduction agent delivered at a flow rate of 17.5 mL/min. The O2-
PD experiments were conducted on a mass spectrometer (MS)
Balzer Omni Star 200). The catalysts (0.1 g) were first pretreated
n air for 0.5 h at 400 ◦C and then cooled to room temperature.
fter the system was purged with a He gas flow to smoothen the
aseline, the sample was heated to 820 ◦C under He at a constant
ate of 20 ◦C/min. The samples were analyzed by XPS using a VG
SCALAB/Auger spectrometer to identify the oxidation states of the
urface. The effect of charging was corrected by means of adventi-
ious carbon (284.6 eV) referencing.

. Results and discussion

.1. Catalytic performance

Before the test, an empty tube loaded with NiO or Ag was eval-
ated for the partial oxidation of ethane below 350 ◦C. The pure Ag
atalyst showed ethane inactive, based on the reaction data listed
n Table 1. Over the NiO catalyst only C2H4 and the overoxida-

ion product, CO2, were obtained, while ethylene oxide was not
bserved. The physically combined mixture of NiO and Ag exhib-
ted a catalytic behavior similar to the pure NiO catalyst, except
hat it had lower C2H4 selectivity. And the mixed catalyst for the
poxidation of ethylene also did not yield any C2H4O. It is obvi-
a Reaction conditions: T = 300 ◦C, O2:C2H6:N2 = 1:1:6.
b Mixture catalyst of NiO and Ag (Molar ratio Ni:Ag = 1:19).
c Reaction temperature: 230 ◦C.

ous that direct conversion of ethane to ethylene oxide could not be
realized just by physically mixing NiO and Ag catalysts. Unlike the
mixed catalyst, over NiO-doped Ag catalyst (Ni-Ag-O) C2H4O was
produced along with C2H4 and CO2 as the products of the ethane
oxidation reaction.

We prepared a series of Ni-Ag-O catalysts by a hydrothermal
synthesis method and investigated their catalytic behavior. Based
on the results in Fig. 1, it can be seen that the doping of NiO to Ag cat-
alyst, even a very small amount, could realize the one-step direct
conversion of ethane to EO. Increasing the Ni content resulted in
a gradual increase of ethane conversion, while C2H4O selectivity
decreased sharply. The selectivity to EO decreased to nearly zero
when the Ni content exceeded 10%. This suggested that NiO in the
Ni-Ag-O catalyst was crucial to the activation of ethane, despite its
low content. While the Ag in the catalyst was responsible for the
epoxidation of ethylene, which might be in the form of an inter-
mediate and could be obtained from the oxidation of ethane on the
surface of NiO in the catalyst. The yield of EO reached a maximum
at a Ni content of 5%. We also studied the stability of the 5% Ni-Ag-
O catalyst. As shown in Fig. 2, ethane conversion and C2H4O yield
maintained their initial values for the entire 48 h of the experiment,
which indicated high catalyst stability. To gain information on the
reaction paths for the formation of EO, we investigated in detail the
selective oxidation of C2H6 over the 5% Ni-Ag-O catalyst.

The effects of the reaction temperature on C2H6 conversion
and product selectivity over the 5% Ni-Ag-O catalyst are shown in
Table 2. It is found that C2H6 conversion increased with increas-
ing reaction temperature, while C2H4 selectivity decreased. The
Fig. 1. Dependence of catalytic behaviors of Ni-Ag-O catalysts on Ni content. (Reac-
tion temperature: 310 ◦C).
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Fig. 2. Stability of 5% Ni-Ag-O catalyst as a function of time on stream. (Reaction
conditions: T = 310 ◦C, GHSV = 24,000 mL h−1 g−1).

Table 2
Catalytic performance of 5% Ni-Ag-O catalyst with reaction temperaturea.

Temperature (◦C) Conversion (%) Selectivity (%) Yield (%)

C2H6 C2H4O C2H4 C2H4O

250 0.5 0.4 46.4 0.02
270 3.1 4.9 35.8 0.2
290 5.5 10.9 25.3 0.6
300 7.6 14.3 19.8 1.1
310 9.3 12.8 15.6 1.2
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induced the cleavage of ethane to form methane and hydrogen,
with no ethylene selectivity [27,28]. The reducible ability of NiO
was retarded due to the addition of Ag, resulting in an enhanced
ability to prevent the cleavage of ethane and leading to a high
reaction stability.
320 11.1 8.5 11.3 0.9
340 15.3 2.6 8.2 0.4

a Reaction conditions: O2:C2H6:N2 = 1:1:6, GHSV = 24,000 mL h−1 g−1.

ith an ethane conversion of 9.3%. This observation may suggest
hat EO was produced as a secondary product of ethane.

To further clarify this point, we investigated the effect of pseudo-
ontact time, W/F, on the catalytic performance of 5% Ni-Ag-O
atalyst at 300 ◦C. The results (listed in Table 3) indicated that a
horter contact time favors the selectivity to C2H4, whereas a longer
ontact time favors the selectivity to C2H4O. However, a further
ncrease in contact time (>0.15 s g mL−1) resulted in greater oxida-
ion of EO to CO2 and a decrease in the selectivity to EO. Thus, EO

ay likely be produced mainly from the consecutive oxidation of
2H4 over the 5% Ni-Ag-O catalyst.

.2. Structural characteristics

As shown in the XRD patterns (Fig. 3) the broader diffraction
eaks of pure NiO sample suggested the existence of a small particle
ize and large surface area, which are consistent with the calculated

esult from the Scherrer Formula (7.3 nm) and the surface area data
btained through N2-sorption measurement (81 m2/g). A large sur-
ace area was possibly beneficial for the activation of ethane, but
lso contributed to the overoxidation of the product, which was
ot suitable for the selective oxidation of ethane to EO. The XRD

able 3
ffect of contact time on the performance of 5% Ni-Ag-O catalysta.

W/F (s g mL−1) Conversion (%) Selectivity (%)

C2H6 C2H4O C2H4

0.1125 4.4 9.3 28.5
0.128 5.8 11.7 24.9
0.15 7.6 14.3 19.8
0.18 8.6 13.8 15.1
0.225 9.8 10.9 10.8

a Reaction conditions: T = 300 ◦C, O2:C2H6:N2 = 1:1:6.
Fig. 3. XRD patterns of (a) Ni, (b) fresh Ni-Ag-O, (c) used Ni-Ag-O, (d) Ag, and (e)
NiO.

pattern of fresh 5% Ni-Ag-O catalyst only displayed the presence of
Ag and not Ni or NiO. This might be due to a low Ni content or/and a
high dispersion of NiO in the catalyst. The narrow diffraction peaks
indicated its large particle size and small surface area (<1 m2/g).
No change was observed between the phases before and after the
catalytic tests.

3.3. H2-TPR studies

The H2-TPR profile of pure NiO catalyst (Fig. 4a) showed two
main reductions, one for Ni2O3 to NiO at 245 ◦C and the other for
NiO to Ni at 418 ◦C. The shoulder peak at 527 ◦C might be ascribed
to the reduction of NiO with different sizes, whereas the addition
of Ag significantly changed the reduction profile (Fig. 4b). A small
reduction peak at about 363 ◦C was observed for the 5% Ni-Ag-O
catalyst. Since no reduction peak was observed for the pure Ag and
Ni samples (Fig. 4c and d), the only peak of the Ni-Ag-O profile could
be ascribed to the reduction of NiO to Ni. The changes in reduction
profile and temperature might due to the interaction between NiO
and Ag. It can be speculated that NiO was well distributed in the
catalyst and had interaction with Ag using a hydrothermal synthe-
sis method through both XRD and TPR characterizations. For the
oxidative dehydrogenation of ethane the appearance of metal Ni
Fig. 4. H2-TPR profiles of (a) NiO, (b) Ag-Ni-O, (c) Ag, and (d) Ni.
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gen species from low-temperature desorption on the NiO catalyst
surface exhibited higher catalytic activity and was advantageous
for activating ethane. The Ag catalyst was not suitable for activat-
ing ethane due to the small amount of low-temperature adsorbed
oxygen. For NiO catalyst, however, its large low-temperature des-
Fig. 5. XPS spectra of (a) A

.4. XPS studies

To further clarify the interaction between NiO and Ag, samples
ere analyzed by XPS (Fig. 5). The Ag 3d5/2 XPS spectrum (Fig. 5a)

hows a signal at 368.0 eV with FWHM of 1.0 eV. From the reference
pectra of metallic and oxide forms of Ag [29], there was no shift
f Ag 3d5/2 signal between Ag0 (peak center at 368.0 eV, FWHM
f 0.9 eV) and Ag2O (peak center at 368.0 eV, FWHM of 1.3 eV).
owever, the bandwidth broadened by 0.4 eV. Therefore, Ag likely

emained metallic form and only a few converted to the oxide state
n the surface. After NiO was doped in Ag, the binding energy (B.E.)
f Ni 2p3/2 shifted to higher values, from 854.1 and 855.9 eV (Ni2+) to
54.9 and 856.6 eV, respectively. This could be due to its interaction
ith Ag. The B.E. value was near that of Ni3+. It can be speculated

hat Ni-Ag-O had more Ni2+ı contents, thus rendering its B.E. closer
o that of Ni2O3. The shift of O 1s B.E. (Fig. 5c) from 530.1 eV (NiO)
o 531.8 eV also suggested the existence of a higher valance Ni2+ı

30–32] in 5% Ni-Ag-O catalyst.
Although only the peaks of Ag were detected in the XRD patterns

or 5% Ni-Ag-O catalyst, the XPS results clearly indicate that the
hemical valence of Ni on the surface had distinct variation com-
ared with that of pure NiO. Thus, based on the changed reduction
f the Ni-Ag-O catalyst and the valence variation of NiO on the sur-
ace, it can be deduced that there was an interaction between Ag
nd NiO.

.5. Raman studies

Fig. 6 shows the Raman spectra of the catalysts. The figure illus-
rates that the Ag catalyst exhibited bands at ca. 552, 802, 914 cm−1,
hich was attributed to the Ag-O vibration since Ag alone was
aman-inactive [33]. The spectrum of NiO exhibited a broad band
entered at 525 cm−1, which is associated with Ni-O skeletal vibra-
ion [34]. For the Ni-Ag-O catalyst, aside from the bands of Ag
nd NiO, four new peaks were observed at around 375, 456, 685

nd 987 cm−1, which should be related to the vibration of Ag-O-
i. Raman results further indicated the existence of an interaction
etween Ag and NiO. In addition, the appearance of signals for Ag-
-Ni suggested that the Ni-O site was isolated by Ag, which may
ave some influence on the catalytic performance.
, (b) Ni 2p3/2, and (c) O 1s.

3.6. O2-TPD-MS studies

The O2-TPD-MS performance of 5% Ni-Ag-O catalyst is shown
in Fig. 7. For comparison, the desorption profiles of NiO and Ag are
also been shown. The NiO profile exhibited a large oxygen desorp-
tion peak in the 350–600 ◦C range, with a maximum temperature of
desorption at about 450 ◦C. The Ag profile exhibited a small oxygen
desorption at about 600–800 ◦C. From the results of the reaction
performance results, it was observed that pure Ag catalyst showed
ethane inactive below 350 ◦C, but at the reaction temperature range
ethylene could be epoxidized to EO over the Ag catalyst. Based
on the reaction data, it is known that the catalyst on the basis of
Ag was effective for converting ethylene to EO. Thus, it could be
suggested that high-temperature desorption oxygen might have
been favorable for the epoxidation of ethylene and could be con-
sidered as the epoxidative active species for the C C double bond.
However, this type of adsorbed electrophilic oxygen species could
not activate the C–H bond of ethane. On the other hand, the oxy-
Fig. 6. Raman spectra of (a) NiO, (b) Ag, and (c) Ni-Ag-O.
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Fig. 7. O2-TPD-MS profiles of (a) NiO, (b) Ni-Ag-O, and (c) Ag.

rption oxygen peak suggested a higher catalytic activity of ethane
o ethylene and even to the overoxidation product, CO2. Using
hysically combined mixture of NiO and Ag catalysts could yield
thylene as an intermediate of the oxidative dehydrogenation of
thane on the NiO surface site. The rapid consecutive oxidation of
2H4 to C2H4O over the Ag catalyst may be responsible for its lower
electivity to ethylene. In a short time the small quantity of C2H4O
ould be deeply oxidized into the overoxidation CO2 over active NiO
atalyst with a large surface area. When NiO was doped in Ag, there
as an obvious variety of oxygen adsorption due to the interaction

f NiO and Ag. Meanwhile, the small amount of high-temperature
xygen species could epoxidize intermediate ethylene to ethylene
xide.

Due to the doping of NiO, low-temperature oxygen species could
e adsorbed on the Ni-Ag-O catalyst surface, and this could activate
thane at a lower reaction temperature. On the other hand, the
ddition of Ag restrained the surface area of the catalyst. Thus, the
ow-temperature oxygen species on the catalyst surface decreased
harply, which led to a decrease in catalytic activity. At the same
ime, because of the existence of Ag-O-Ni, the ethylene produced
n the Ni-O surface could continue to be epoxidized to EO on an
djacent Ag surface site. However, compared with the physically
ombined NiO and Ag catalyst, the overoxidation of the target prod-
ct, EO, through active low-temperature oxygen species on the
i-O surface was inhibited to a certain degree due to the isolation
f the Ni-O active site by Ag.

. Conclusions
In summary, EO could be directly synthesized from ethane over
he Ni-Ag-O catalyst prepared by hydrothermal method, with ethy-
ene as an intermediate. The decreased reduction of NiO in the
atalyst and the variety of chemical values on the catalyst sur-

[

[
[
[
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face suggested that there was an interaction between NiO and
Ag, which resulted in the separation of the active sites and the
variety of adsorption performance. The low-temperature adsorbed
oxygen species on the NiO surface was related to ethane activity,
and the high-temperature oxygen species on the Ag surface con-
tributed to the formation of EO. Thus EO can be produced directly
by conversion of ethane over the Ni-Ag-O catalyst possibly because
the catalyst possessed both types of adsorbed oxygen species. At
present although the EO yield is low, the novel one-step reaction
and relevant active catalyst still proved interesting and worthwhile
for further research.
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