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1  Introduction

During the production of ethylene by naphtha cracking, it 
is accompanied by impurity of acetylene which is detri-
mental to the catalytic ethylene polymerization processes. 
Selective hydrogenation of acetylene to reduce acetylene to 
5–10 ppm range in an excess of ethylene stream is highly 
desirable for the industrial process to purify the alkene 
streams [1–4]. Apparently, the critical requirements in 
this process are (i) to achieve high selectivity to ethylene 
at high conversions; (ii) to minimize hydrogenation of the 
alkene streams at high conversions; and (iii) to achieve long 
durability against deactivation via carbonaceous deposits 
formation [5]. It is well known that palladium (Pd) cata-
lysts are effective to selectively hydrogenate acetylene to 
ethylene [6, 7]. However, Pd catalysts suffer from poor 
selectivity when ethylene is hydrogenated to ethane which 
simultaneously leads to an unwanted decline of the ethyl-
ene selectivity producing a large amount of undesirable 
ethane [8]. A number of studies have reported the factors 
that influence the selectivity, which include Pd particle size 
and dispersion [4, 9, 10], choice of catalyst precursor and 
support [3, 11], addition of various promoters [12–14], 
kinetic effects [15–17] or polymeric species on the catalyst 
surface [18, 19]. The surface structure of Pd catalysts, such 
as particle size, plays a considerable role on the selective 
hydrogenation of acetylene in the presence of ethylene. 
In order to maintain the well dispersed metal particle in 
the catalyst structure, a variety of efficient methods have 
been developed [20, 21]. Savithra et  al. [22] reported the 
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encapsulation-reduction method in colloidal state to fabri-
cate the Pd-P nanoparticles with precisely controlled parti-
cle size of 5–10 nm. Tsung et al. [23] combined the acetic 
acid mediated sol–gel chemistry with the aerosol-assisted 
evaporation-induced self-assembly approach to fabricate 
mesoporous ZrO2, Al2O3 and TiO2 submicrospheres with 
highly crystallized framework.

Non-thermal plasma-based techniques for catalyst prep-
aration have recently attracted significant attention for cata-
lyst design and development [24–30]. It has been observed 
in our laboratory that, with the non-thermal radio frequency 
(RF) plasma treatment, the supported Pd, Ag, Au, Ni cata-
lysts exhibited an enhanced reaction activity and stability 
compared to the untreated counterpart [29–34]. RF plasma, 
known as conventional non-thermal plasma process at 
room temperature, is consist of ionized gaseous substance, 
including electrons, ions, and neutral particles which pos-
sess the ability to distribute energy. It has been reported 
RF plasma is an effective way to gain high supported metal 
dispersion, strong metal–support interfaces and manipulate 
the surface properties of catalysts. Therefore, it is widely 
applied in the preparation of heterogeneous catalysts and 
synthesis of nanostructure materials [35–38].

In this work, we focus on the investigation of Pd/Al2O3 
catalysts with non-thermal RF plasma treatment prepara-
tion method and compare the activity of selective hydro-
genation of acetylene over the H2, Ar and O2 plasma treated 
Pd/Al2O3 catalysts. In previous work [31, 39], we had 
already confirmed that the Pd catalysts supported on the 
reducible TiO2 showed higher metal dispersion, enhanced 
metal–support interaction and better catalytic performance 
for acetylene hydrogenation. Since Pd/Al2O3 catalysts 
have been used worldwide for acetylene selective hydro-
genation industrial processes, it is more practical to explore 
the industrial Pd/Al2O3 catalysts’ performance employed 
plasma treatment. In order to bring more insight into the 
beneficial effect on industrial Pd/Al2O3 catalysts induced 
by plasma treatment, various characterizations includ-
ing H2-DSC, H2-chemisorption, XPS and C2H4-TPD were 
applied to examine the prepared catalysts. Based on the 
experimental results, the catalyst improvements are dis-
cussed for the selective hydrogenation of acetylene, and to 
evaluate the hydrogenation performance of plasma treated 
Pd/Al2O3 catalysts.

2 � Experiment

2.1 � Catalyst Preparation

1/8 inch aluminum oxide pellets (γ-Al2O3, Alfa Aesar) 
were crushed and sieved through 20–40 mesh sieves. The 
screened support particles were then dried at 200 °C for 

10 h followed by cooling down to room temperature. The 
0.05 wt% (500 ppm), 0.2 and 1 wt% supported Pd catalysts 
were impregnated for 12  h by incipient wetness impreg-
nation methods with solution of palladium nitrate (Alfa 
Aesar) then dried at 120 °C in air for 12  h. The obtained 
conventional samples are denoted as Pd/Al2O3-C and used 
as prepared. Some Pd/Al2O3-C samples were treated by 
non-thermal RF plasma as discussed below, and some Pd/
Al2O3-C samples were calcined in the air at 500 °C for 2 h.

2.2 � Plasma Treatment

Plasma treatments for the fresh Pd/Al2O3-C catalysts 
were carried out in the custom-designed 360° rotating RF 
plasma system. The details of the system and the apparatus 
schematic are described in a previous publication [32]. A 
system pressure of 400  mTorr was used for plasma treat-
ments in this study. Typically, 0.5 g of catalysts was loaded 
into the plasma chamber for hydrogen, oxygen and argon 
plasma treatments. The duration of plasma treatment was 
set at 30 min with a continuous waveform of 130 W power. 
The samples with additional hydrogen, oxygen and argon 
continuous RF plasma treatment are designated as Pd/
Al2O3-HP, Pd/Al2O3-OP and Pd/Al2O3-AP.

2.3 � Catalysts Characterization

The thermal analysis of Pd/Al2O3 samples was carried 
out using a DSC apparatus: Q10 model TA instruments. 
The temperature was calibrated with a high-purity indium 
standard. Samples of approximately 5–8 mg were weighed 
with precision of 0.1 mg aluminum pans prior to analysis. 
An empty aluminum pan was used as the reference and the 
chamber was purged with UHP nitrogen (Matheson Tri-gas 
Industrial Gases) during analysis. Each sample underwent 
the procedure as: heating from room temperature to 120 °C 
then holding isothermal at 120 °C for 30  min, cooling 
equilibrated from 120 to −50 °C, and heating from −50 °C 
to the maximum temperature of 300 °C in 5  vol% H2/N2. 
The temperature scanning rate for all cycles was 15 °C/min. 
All the measurements were repeated at least three times.

Pulse H2 chemisorption on the Pd/Al2O3 catalysts at 
25 °C was performed with the AMI-200 automated sys-
tem. Prior to the pulse H2 chemisorption measurement, 
each sample was reduced in a 30 vol% H2/Ar flow (30 mL/
min) at 200 °C for 3  h with a ramping rate of 10 °C/min. 
The reduced sample was purged in UHP argon (Matheson 
Tri-gas Industrial Gases) at 200 °C for 1 h and then cooled 
down in argon atmosphere to desorb any hydrogen. The 
number of exposed palladium atoms on the surface was 
calculated by the total amount of hydrogen adsorption. 
The average dispersion of palladium crystallites was deter-
mined with 0.01% error limits for measurement accuracy 
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by the stoichiometric factor H2/Pd = 0.5 [40], according 
to the total amount of H2 chemisorbed on the Pd samples. 
The average Pd particle size (d) was estimated assuming as 
spherical crystallite. All the measurements were repeated at 
least three times.

XPS analysis of Pd/Al2O3 was performed using a 
Thermo Scientific K-Alpha XPS instrument operated with 
monochromatic Al Kα X-ray source (1486.7  eV) and a 
combined low energy Ar-ion/electron source for charge 
compensation. The conventional sample and the ones with 
additional hydrogen, oxygen and argon continuous RF 
plasma treatment were directly introduced into the analy-
sis chamber through a turbo-pumped load-lock chamber 
without any thermal reduction treatment. The samples were 
directly pressed to a self-supported disk (10 × 10 mm2), 
mounted onto a sample holder, and then degassed over-
night in the vacuum chamber. Base pressure in the analysis 
chamber was 8 × 10−10 mbar. The contaminative C 1s peak 
at 284.6 eV was used for calibration.

A temperature-programmed desorption (TPD) study of 
Pd/Al2O3 was performed in the AMI-200 automated sys-
tem using a downstream gas sampling quadrupole mass 
spectrometer (QMS, Pfeiffer-Balzers Omnistar™) equipped 
with gas sampling capillary followed by an apertured 
entrance into the turbo-pumped QMS chamber. Approxi-
mately 0.030 g of catalysts were placed in a quartz tube and 
first reduced in 4 vol% H2/He (mixture of UHP hydrogen 
and UHP helium from Matheson Tri-gas Industrial Gases) 
flow at 30 mL/min for 1.5 h at 200 °C (using a ramp rate 
of 30 °C/min) followed by flushing in UHP helium (Mathe-
son Tri-gas Industrial Gases) for 30 min. Then the catalysts 
were cooled down to −50 °C under helium flow. The cata-
lyst surface was saturated with ethylene by applying a high 
purity grade ethylene at 10  mL/min for 30  min followed 
by helium flushing. The temperature-programmed desorp-
tion was performed in helium with a constant heating rate 
of 20 °C/min from −50 to 200 °C. The amount of desorbed 
ethylene was measured by the on-line mass spectrometer. 
The signal of C2H4 (m/z = 27, 28) were continuously moni-
tored and used for the TPD analysis.

2.4 � Reaction Tests

All catalysts were tested for the selective hydrogenation of 
acetylene. A 1/4 inch quartz reactor (i.d., 4  mm) housed 
in a GC oven with temperature-programmed heating and 
cooling capabilities at low-temperature ranges was used. 
Normally, the conventional catalysts were reduced in UHP 
hydrogen (Matheson Tri-gas Industrial Gases) at 200 °C 
for 30  min and then underwent purging with UHP nitro-
gen (Matheson Tri-gas Industrial Gases) at room tempera-
ture before the reaction testing was done. A temperature-
programmed procedure with a 0.2 °C/min ramping rate 

was used to test the catalytic performance of Pd/Al2O3. 
A gaseous mixture containing 5/1, 3/1 and 2/1 H2/C2H2 
molar ratios (mixture of 1.14  vol% C2H2 in C2H4 from 
Scott Specialty Gases and UHP H2 from Matheson) was fed 
into the reactor at a space velocity of 90,000 mL/h/g. All 
flows were delivered by mass flow controllers. The analy-
sis of the gas components from the microreactor was per-
formed by an on-line Shimadzu GC 17 A equipped with a 
30 m × 0.32 mm (i.d.) × 1.50 μm GS-CARBONPLOT capil-
lary column operating at 80 °C and a FID detector.

Possible products for acetylene hydrogenation are ethyl-
ene and ethane. Due to the extreme high concentration of 
ethylene and small concentration of acetylene in the feed 
gas, if the calculation of ethylene selectivity is based on the 
difference of ethylene concentrations before and after the 
reaction, the error will be undoubtedly high. Therefore, in 
this study, the calculation of ethylene selectivity is based 
on the production of ethane. The acetylene conversion, the 
acetylene selectivity to ethylene, the ethylene yield and the 
turnover frequency (TOF) for acetylene hydrogenation are 
defined as follows. Selected reaction conditions were used 
for stability tests [41].

3 � Results and Discussion

3.1 � Reaction Performance of Conventional Pd/Al2O3‑C 
Catalysts

3.1.1 � Comparison of Different H2/C2H2 Ratios Over 1 wt% 
Pd/Al2O3‑C

The acetylene conversion, selectivity of ethylene and eth-
ylene yield of 1 wt% Pd/Al2O3-C catalyst at different H2/
C2H2 ratios are summarized in Fig. 1. In these cases, gas-
eous mixtures with a total flow rate of 90,000  mL/h/g at 
H2/C2H2 ratios of 5/1, 3/1 and 2/1 were passed over the 
catalyst bed and the temperature was varied in the range 
of 25–75 °C. The initial conversion of 1 wt% Pd/Al2O3-C 
sample with H2/C2H2 ratio of 5/1 and 3/1 were 16.5 and 
16.4% at 25 °C and increased faster with elevated temper-
ature than that with the H2/C2H2 ratio of 2/1. The corre-
sponding T50 values for the hydrogenation reaction on the 

(1)Conversion (%) =
C2H2(feed) − C2H2

C2H2(feed)
× 100%

(2)Selectivity (%) = 1 −
C2H6 − C2H6(feed)

C2H2(feed) − C2H2

× 100%

(3)Yield (%) = Conversion (%) × Selectivity (%)

(4)TOF =
Rate of C2H2 consumption (s−1)

No. of exposed Pd sites on the catalyst
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catalysts at H2/C2H2 ratio of 5/1, 3/1 and 2/1 were 35.2, 
37.1 and 43.4 °C, respectively. It could be found that the 
conversion at different H2/C2H2 ratios followed the order of 
5/1 > 3/1 > 2/1. These results demonstrated that increasing 

the H2 partial pressure in the feed could promote the reac-
tion process, and eventually lower the reaction temperature 
required to reach the same conversion [30, 42]. Sheth et al. 
[43] showed, by computation, that the acetylene reacts with 
the surface-bound atomic hydrogen on Pd(111) surface, 
which are formed favorably with high partial pressure of 
hydrogen. Therefore, higher partial pressure of hydrogen 
during the reaction with H2/C2H2 ratio of 5/1 accelerated 
the acetylene hydrogenation on the Pd particles with higher 
conversion.

In the case of 5/1 and 3/1, the conversion reached 
90.0% at the temperature below 45 °C. However, the eth-
ylene selectivity shown in Fig. 1b cross over from positive 
to negative at lower temperature around 37 °C. Since the 
selective hydrogenation of acetylene is a typical consecu-
tive reaction with over-hydrogenation forming ethane, the 
sharp selectivity drop was due to the fact that hydrogena-
tion of ethylene formed and the existing ethylene in the 
feed to ethane is faster than the hydrogenation of acetylene 
to ethylene. The reaction with 2/1 ratio showed relatively 
constant selectivity of 95.0% at lower temperature. With 
increasing reaction temperature, this undesired loss of eth-
ylene took place at 45 °C. As reported in the literature [44], 
higher acetylene conversion is typically accompanied by 
lower selectivity during the acetylene hydrogenation. The 
main by-product ethane was formed from over-hydrogena-
tion of ethylene produced or adsorbed from the feed stream. 
An increase in hydrogen partial pressure would enhance 
the over-hydrogenation that ethylene would hydrogenate to 
form ethyl and then desorbed as ethane [8]. Therefore, the 
reaction with the H2/C2H2 ratio of 2/1 showed much better 
ethylene selectivity than the cases of H2/C2H2 ratio of 5/1 
and 3/1, as shown in Fig. 1b. In order to compare the over-
all effect of H2/C2H2 ratio for the hydrogenation, the results 
of ethylene yield were shown in Fig. 1c. The reaction with 
H2/C2H2 ratio of 2/1 achieved its maximum ethylene yield 
of 42.1% at 43 °C, whereas the similar yield of about 41.9 
and 42.2% for 5/1 and 3/1 ratio, respectively. It can be 
assumed that high H2/C2H2 ratio with large amount of H2 
molecules could cover the active adsorption sites on the Pd 
particles and simultaneously lead to over-hydrogenation of 
ethylene with hydrogen to an undesirable ethane. An opti-
mal H2/C2H2 ratio among these three ratios in the ethylene 
hydrogenation reaction should be 3/1 or 2/1 favored for the 
selectively hydrogenation reaction of acetylene.

3.1.2 � Comparison of Different Pd Loadings

The catalytic performance of Pd/Al2O3-C catalysts with 
different Pd loadings at the H2/C2H2 ratio of 2/1 is shown 
in Fig.  2. Pd/Al2O3-C catalysts showed increasing acety-
lene conversion with elevated temperature with the follow-
ing activity order: 1 > 0.2 > 0.05 wt% (500 ppm) as shown 

Fig. 1   Catalytic performance including a conversion, b selectivity 
and c yield of 1 wt% Pd/Al2O3-C catalyst with 5/1, 3/1 and 2/1 H2/
C2H2 ratios. GHSV = 90,000 mL/h/g
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in Fig. 2a. With higher Pd loading of 0.2 and 1 wt%, the 
catalysts are much more active than the one with 0.05 wt% 
(500 ppm) Pd loading. The acetylene conversions at 45 °C 

were 4.4, 31.6 and 70.8% for the Pd/Al2O3-C catalysts with 
0.05 wt% (500 ppm), 0.2 and 1 wt%, respectively.

Figure 2b shows the comparison of ethylene selectivity 
over three Pd/Al2O3-C catalysts. Both 1  wt% Pd/Al2O3-
C and 0.2  wt% Pd/Al2O3-C catalysts presented relatively 
constant selectivity around 95.0 and 94.5%, respectively, 
at lower temperatures and then the ethylene selectivity 
decreased rapidly at higher temperatures. The reaction 
over 0.05  wt% (500  ppm) Pd/Al2O3-C catalysts showed 
the best selectivity behavior about 94.0% till 100 °C. The 
ethylene yield results are shown in Fig.  2c. The ethylene 
yield increased quickly at lower temperatures for 1  wt% 
Pd/Al2O3-C and 0.2  wt% Pd/Al2O3-C catalysts, reached 
the maximum value of 42.1% at 43 °C and 56.1% at 55 °C, 
respectively. The highest ethylene yield of 75.5% was 
achieved over 0.05 wt% (500 ppm) Pd/Al2O3-C catalyst at 
the highest temperature of 105 °C. Therefore, the results 
suggest that at lower reaction temperatures, catalysts with 
higher Pd loading (such as 1%) will have better perfor-
mance, whereas catalysts with much lower Pd loading 
(Such as 500  ppm) tend to have the best performance in 
ethylene yield, but at higher temperatures.

3.2 � Plasma Effect on 1 wt% Pd/Al2O3 Catalysts

In order to understand the plasma effect on the catalysts, 
the 1  wt% Pd/Al2O3 catalysts were characterized and the 
results were rendered.

3.2.1 � XPS Analysis

Figure  3 summarizes the XPS results of the 1  wt% Pd/
Al2O3 catalysts with various plasma treatments in compari-
son to the catalyst without treatment. As shown in Fig. 3, 
the core level XPS spectra of Pd 3d recorded from the Pd/
Al2O3-C sample showed two main peaks at binding energy 
of 342.7 and 337.3 eV, indicating of existence of only Pd2+ 
from PdO and/or Pd nitrate in the sample. In the XPS spec-
tra of H2 and Ar plasma treated samples, the binding energy 
at 341.2 and 335.7 eV was in accordance with the Pd 3d3/2 
and Pd 3d5/2 of Pd0 supported on Al2O3, suggesting that 
Pd metallic phase was formed during H2 and Ar plasma. 
In addition, the XPS spectra showed that the Pd2+ species 
of the Pd/Al2O3-HP sample was almost not visible indicat-
ing the complete reduction of Pd2+ to Pd0 during the non-
thermal RF plasma treatment. With Ar plasma treatment, 
the surface Pd2+ species were partially reduced, showing 
shoulder peaks attributed to Pd 3d3/2 and Pd 3d5/2 of Pd0. 
O2 plasma treated Pd/Al2O3 sample only showed the peaks 
at 342.7 and 337.3  eV of Pd2+, which indicated the sup-
ported Pd nitrate were not reduced during the O2 plasma 
treatment. However, based on the XPS result, whether or 
not the supported Pd nitrate remained on the surface after 

Fig. 2   Catalytic performance including a conversion, b selectiv-
ity and c yield of Pd/Al2O3-C catalyst with different Pd loadings. 
GHSV = 90,000 mL/h/g with the H2/C2H2 ratio of 2/1
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30  min of O2 plasma treatment needs to be further con-
firmed by H2-DSC.

3.2.2 � H2‑DSC

DSC is a well-known technique to detect a small enthalpy 
change involved during the heating/cooling process. 
H2-DSC has been identified as a very sensitive tool for the 
measurement of hydrogenation of small quantity of PdO 
and Pd nitrate via heat involved and can also differentiate 
their interaction with the support surfaces [31, 39]. There-
fore it is expected that a methodical qualitative and quanti-
tative study on enthalpy change involved in the hydrogen 
reduction of Pd precursors, including PdO and Pd nitrate, 
could provide useful information on the changes of the 
interaction between the metals/metal precursors and sup-
ports, such as the SMSI effect.

Figure 4 depicts the DSC results of 1 wt% Pd/Al2O3 cat-
alysts. As shown in Fig. 4, there are two peaks of the Pd/
Al2O3-C sample at 12.7 and 47.2 °C. The first and the sec-
ond peaks of H2-DSC analyses are assigned to the hydro-
gen reduction of supported PdO and Pd(NO3)2, respectively 
[39]. The maximum temperatures of exothermic peaks 
and the total heat of reduction of the samples with differ-
ent plasma treatments are summarized in Table  1. Tmax1 
and Tmax2 were peak temperatures of two main peaks of 

each H2-DSC result. As shown in Fig. 4 and Table 1, with 
30 min of H2 or Ar plasma treatment (Pd/Al2O3-HP or Pd/
Al2O3-AP), the catalyst exhibited a single small exother-
mic peak around 48.3 °C while the PdO peak completely 
disappeared.

Normally, thermal reduction in hydrogen requires rela-
tive high temperature and an extended period of time. 
H2-DSC result indicated that H2 and Ar plasma treatment at 
room temperature could effectively reduce both Pd precur-
sors, including PdO and some Pd nitrate. From the view-
point of green chemistry principals, electrons are the best 
reducing agent. Specifically, electron-based reduction in RF 
plasma at room temperature is promising and is a straight-
forward way to prepare metal nanoparticles because it is 
an environmentally friendly, fast, and simple methodology 
and also is a promising alternative to hydrogen reduction at 
high temperatures [45]. Non-thermal RF plasma in H2 or 
Ar is a potential alternative to reduce the supported metal 
precursors at room temperature and can avoid aggregation 
of Pd particles under thermal reduction conditions at high 
temperatures. As shown in Scheme  1, H2 plasma could 
generate electrons and H∙, which can work as the reducing 
agents and transfer autologous energy to the molecules and 
atoms rapidly to reduce the metal precursor. Although Ar 
has somewhat higher threshold electron energy of 15.76 eV 
for ionization, Ar+ ions formed by electron impact ioniza-
tion, containing negative ions in the discharge incorporated 
the change of electron density [31]. More importantly, Ar 
plasma treatment reduces the precursor under non-hydro-
gen discharge. As shown in Scheme 1 [46, 47], it is appar-
ently to find that during H2 and Ar plasma the generated 
electrons or electron-induced active species can work as 
the reducing agents and transfer autologous energy to the 
molecules and atoms rapidly to reduce the metal precursor, 

Fig. 3   XPS Pd 3d spectra of 1 wt% Pd/Al2O3 samples: a Pd/Al2O3-
C; b Pd/Al2O3-HP; c Pd/Al2O3-AP and d Pd/Al2O3-OP

Fig. 4   H2-DSC results of 1 wt% Pd/Al2O3 catalyst
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resulting in metallic phase as dispersed Pd nano-particles 
on the support in this case. Therefore, non-hydrogen dis-
charge, such as Ar and He, even air can be used as the 
plasma generating gas for reduction [45]. With a combina-
tion of thermal treatment, excellent catalysts can be pre-
pared in an effective way. The H2-chemisorption and XPS 
spectra provide evidences of the reduction capacity and 
better metal dispersion of H2 and Ar plasmas which will be 
further discussed below.

As shown in Fig. 4, H2-DSC of Pd/Al2O3-C calcined at 
500 °C also shows two distinct peaks as Pd/Al2O3-C. How-
ever, the PdO peak (Tmax1) shifts to a higher temperature 
of 35.2 °C, with Pd nitrate peak (Tmax2) being relatively 
unchanged at 50.6 °C. Similar to the H2-DSC results of 
Pd/Al2O3-C and Pd/Al2O3-C calcined at 500 °C, two large 
exothermic peaks ascribed to the reduction of PdO and 
Pd nitrate appeared on the Pd/Al2O3-OP sample. Figure 4 
shows that both the PdO and Pd nitrate peaks of Pd/Al2O3-
C were shifted to higher temperatures by O2 plasma treat-
ments. With 30  min of O2 plasma treatment, Tmax1 and 
Tmax2 were shifted from 12.7 and 47.2 to 35.3 and 67.0 °C, 
respectively, which was quite close to the sample with cal-
cination at 500 °C. Higher reduction temperature (Tmax1 
and Tmax2) indicated stronger interaction between PdO and 
Pd nitrate precursors with Al2O3 support on the O2 plasma 

treated sample. Similar strong interaction effect induced 
by plasma treatments were reported in the case of Pd sup-
ported on the reducible TiO2 support [31, 39]. The H2-DSC 
results in this study demonstrate that the impacts of RF 
O2 plasma on modifying the interaction between precur-
sors and supports are also effective in non-reducible sup-
port, such as Al2O3. It is significant that O2 plasma could 
effectively produce different types of species, ions radicals 
and free electrons upon dissociative excitation or direct 
impact on  excitation, such as O2

+ and O−, via Scheme  1 
[46, 48–50]. According to earlier research by Shibata et al. 
[51], O2+ density was almost equal to the O− density with 
a negligible electron density compared to the O− density 
in the charge neutrality condition. Ozone (O3) can also 
be produced with a wide range of electrode and discharge 
topologies, which is a long-lived species during the non-
thermal plasma treatment and can plays an important role 
in modifying catalysts [52]. To be more effective, the 
treated catalyst should be able to interact with these very 
reactive species resulting in surface active structures. The 
dissociation of supported Pd(NO3)2 were attributed to the 
existence of the active oxygen species. As shown in Fig. 5, 
the surface Al 2p binding energy of Pd/Al2O3-OP exhibited 
a shift of 0.3 eV to higher value. It could be assumed that 
the active species introduced by O2 plasma which adsorbed 
on the Al2O3 surface were bonded with the surface Al 
atom, concurrent with a charge transfer from the treated 
Al2O3 surface to the adsorbed O species [53]. Similar con-
clusion were made by Roland et  al. [52], who observed 
the formation of a stable Al–O–O* species formed after 
direct plasma discharge treatment on γ-Al2O3. As proposed 
in early studies [54, 55], the electric field and active spe-
cies formed by plasma could significantly change the bond 
distance and the structure of molecules and induce defects 
on the surface. Therefore, O2 plasma could induce strong 
interactions between support Al2O3 surfaces with dissocia-
tion of supported Pd(NO3)2 under mild condition to design 
specific catalysts.

Overall, plasma technology, which can operate at room 
temperature with a plentiful of highly energetic electrons, 

Table 1   H2-DSC, H2-
chemisorption, ethylene-TPD 
and the corresponding reaction 
results of the conventional and 
plasma treated 1 wt% Pd/Al2O3 
catalyst

a Exothermic peaks from H2-DSC results
b Dispersion of Pd particles from H2-chemisorption results
c Average Pd particle size from H2-chemisorption results
d Metal dispersion based on H2-chemisorption results at 25 °C

Sample Tmax1 (°C)a Tmax2 (°C)a μmol H2

g cat
D (%)b d (nm)c μmol C2H4

g cat
TOF (s−1)d

Pd/Al2O3-C 12.7 47.2 19.1 40.7 2.8 25.3 3.17
Pd/Al2O3-HP – 48.4 20.5 43.6 2.7 30.5 3.85
Pd/Al2O3-AP – 48.3 25.1 45.9 2.2 34.2 3.25
Pd/Al2O3-OP 35.3 67.0 21.6 43.6 2.6 48.5 3.06
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Scheme  1   Schematic representations of plasma discharge and the 
active species produced
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is a very promising way to prepare metal nanoparticles 
because it is an environmentally friendly, fast, and simple 
methodology and also is a promising alternative to hydro-
gen reduction at high temperatures, avoiding the aggrega-
tion of Pd particles under thermal reduction conditions at 
high temperatures.

H2-DSC experiments showed that non-thermal RF 
plasma treatments not only efficiently reduced the PdO and 
Pd nitrate precursors on the Pd/Al2O3 catalysts, but also 
induced strong interactions between support surfaces with 
metal precursors. XPS spectra of H2, Ar and O2 plasma 
treated samples also confirmed the H2-DSC results.

3.2.3 � H2‑Chemisorption

The hydrogen uptake values of 1  wt% Pd/Al2O3 catalysts 
obtained from the hydrogen pulse chemisorption are sum-
marized in Table 1 along with the results of Pd dispersion 
and Pd particle size. Although Pd can easily absorb large 
amounts of hydrogen through gas loading, which results in 
the formation of palladium hydrides, the hydrogen pulse 
chemisorption in this work were carried out under the same 
procedure. In order to compare the effect of plasma treat-
ment on the catalyst precursor, the average dispersion of 
palladium crystallites was determined by the stoichiometic 
factor H2/Pd = 0.5 on the all the samples.

Plasma treated samples showed better dispersion than 
the conventional sample, which indicated non-thermal 

RF plasma treatment could improve the Pd dispersion, as 
reported before [56]. The particle sizes of plasma treated 
samples were smaller than those of the conventionally 
H2-reduced counterpart, indicating that plasma reduction is 
effective in enhancing the distribution of metal nanoparti-
cles. Argon plasma showed the best enhancement in Pd dis-
persion among the three plasma treated samples. The possi-
ble mechanism of RF plasma reduction resulting in higher 
metal dispersion is that plasma treatment introduces high 
energy species, such as electrons and ions, which are very 
strong reducing species, and can act as reducing agent to 
reduce Pd2+ to Pd0. The reduced Pd could retain some elec-
tric charge and repel each other, resulting in the uniform 
dispersion of Pd particles in the catalyst structure [57].

3.2.4 � C2H4‑TPD

The sub-ambient temperature-programmed desorption 
(TPD) of ethylene results are depicted in Fig. 6 and sum-
marized in Table 1. The total amount of ethylene adsorbed 
was similar for all the samples. However, the peaks of eth-
ylene-TPD from the catalyst surface appeared at different 
temperatures likely depending on the adsorbed forms on 
the catalysts. As reported in the literatures [15, 58, 59], eth-
ylene could adsorb on the Pd surface in π or di-σ modes. 
In the π-bonded chemisorption mode, ethylene stood atop 
the single Pd atom. In the di-σ mode, ethylene bonded 
parallel to one of the bridge Pd–Pd bonds forming two 
σ-palladium-carbon bonds, as illustrated in Fig. 6. It is gen-
erally accepted that the high temperature peak is assigned 
to di-σ-bonded ethylene on Pd and the low temperature 
peak is assigned to π-bonded ethylene on Pd, which is 
more weakly adsorbed and consequently deso[rbed with-
out decomposition [15]. The peak at 33.1 °C of Pd/Al2O3-C 
was assigned to di-σ-bonded ethylene which could undergo 
dehydrogenation during TPD. As shown in Fig.  6 and 
Table  1, with H2 and Ar plasma treatments, the ethylene 
mainly adsorbed on Pd in π-bonded state. In the case of O2 
plasma sample, the peak is assigned to di-σ-bonded adsorp-
tion and is shifted to lower temperature of at 9.5 °C com-
pared to the conventional sample Pd/Al2O3-C. From the 
ethylene-TPD results, the change of ethylene adsorption, 
from di-σ-bonded state to surface π-bonded adsorption 
and the shift to lower temperature for desorption could be 
attributed to the stronger interaction between Pd particles 
and the Al2O3 support. Similar effects of plasma treatment 
had been observed in our previous studies on Pd/TiO2 [31].

It is generally accepted that alkenes hydrogenation fol-
lows the classical Horiuti-Polanyi mechanism. This reac-
tion scheme involves the sequential hydrogenation of 
acetylene and its subsequent hydrocarbon intermediates, 
thus resulting in the desired ethylene and undesired ethane 
products [15, 60–62]. The acetylene hydrogenation reaction 

Fig. 5   XPS Al 2p spectra of 1 wt% Pd/Al2O3 samples: a Pd/Al2O3-
C; b Pd/Al2O3-HP; c Pd/Al2O3-AP and d Pd/Al2O3-OP
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will proceed via the pathway of acetylene to ethylene and 
then ethane. Therefore, the ethylene-TPD was carried out 
and the results were shown that different adsorption type 
of ethylene on Pd could consequently result in the different 
behavior of ethylene selectivity. The di-σ-bonded interme-
diate is considered to be more stable leading to strong inter-
action and a strong distortion of ethylene toward the sp3 
hybridization to the formation of over-hydrogenated prod-
ucts ethane, whereas the π-bonded species are with less 
interaction easily desorbed as ethylene molecules [63]. The 
ethylene-TPD results show that the Pd/Al2O3-HP and Pd/
Al2O3-AP samples mainly exhibited π-bonded adsorption 
of ethylene. Consequently, it can be assumed that the rea-
son the plasma treated catalysts achieving better acetylene 
activity and ethylene selectivity is due to favorable adsorp-
tion of acetylene on catalysts after plasma treatments.

3.2.5 � Reaction Test

The characterization results above confirm that the plasma 
treatment for the 1  wt% Pd/Al2O3 catalysts could induce 
strong metal-support interaction with better Pd disper-
sion. Figure 7 summarizes the results of acetylene conver-
sion and selectivity to ethylene of the Pd/Al2O3 catalysts 
with the pre-reduction at 200 °C for 30 min. As shown in 
Fig. 7a, the conversion of acetylene of all samples increases 
with temperature. The initial conversion of Pd/Al2O3-C 
sample was about 16.3% at 25 °C, and increased to 98.9% 
with the elevated temperature. While the T50 values for the 
hydrogenation reaction on the conventional catalysts was 

37.5 °C, the corresponding T50 values for the hydrogenation 
reaction on the catalysts with O2, H2 and Ar plasma treat-
ment were 33.3, 35.2 and 35.3 °C, respectively. The catalyst 
performance of plasma treated catalysts was significantly 
improved, exhibiting the acetylene conversion sequence as: 
Pd/Al2O3-OP > Pd/Al2O3-HP > Pd/Al2O3-AP > Pd/Al2O3-C 
for lower temperature range of 29–37 °C. At temperature 
higher than 37 °C, the catalysts prepared by plasma meth-
ods exhibited a higher activity at the same temperatures, 
compared to the conventional catalyst. The activities order 
of these catalysts is: Pd/Al2O3-HP > Pd/Al2O3-AP > Pd/
Al2O3-OP > Pd/Al2O3-C. In all cases, acetylene was hydro-
genated up to nearly 100% conversion at or above 49 °C 
over the catalysts with the H2 and Ar plasma treatments. 
Therefore, with plasma treatment, the acetylene hydrogena-
tion activities show better performance than that of the con-
ventional sample Pd/Al2O3-C, which is in line with the Pd 
dispersion on the catalysts.

Figure  7b shows the ethylene selectivity on the cata-
lysts with respect to the reaction temperature. As reported 
before, the selectivity for ethylene could be very low, 
sometimes crossing over from positive to negative with a 
large amount of ethane formed [64]. Based on the previous 
results on the Pd/TiO2 catalysts with similar plasma treat-
ments [31], the non-thermal RF plasma in H2 or Ar is an 
effective alternative to reduce the supported Pd species at 
room temperature while O2 plasma introduced the strong 
metal-support interaction on the TiO2 surface. The SMSI 
effect accompanied by the presence of Ti3+ on the reduc-
ible support TiO2 has been confirmed to be a key factor 

Fig. 6   Ethylene-TPD of 1 wt% 
Pd/Al2O3 samples: a Pd/Al2O3-
C; b Pd/Al2O3-HP; c Pd/Al2O3-
AP and d Pd/Al2O3-OP
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for the enhanced ethylene selectivity. The reducibility of 
the Ti4+ to Ti3+ species and the subsequent mobility of 
oxygen species, favored by the strong metal-support inter-
action, increase the surface oxygen vacancy concentration 
[65]. It is commonly accepted that reducible or partially 
reducible supports lead to strong metal-support interac-
tion much easier than non-reducible supports. In this study, 
although Al2O3 has been identified as non-reducible sup-
port, it is clearly shown that the strong interaction between 
the Al2O3 support and Pd precursor and particles can be 
readily induced by plasmas, as evidenced by the results 
in the H2-DSC, H2-chemisorption and ethylene-TPD sec-
tions. The plasma treatment not only considerably reduces 
Pd(NO3)2 to Pd metal, but also strengthens the interaction 
between the precursor and the Al2O3 support, which could 
enhance the desorption of ethylene. In comparison to the 
conventional Pd/Al2O3 catalyst, plasma treated samples 
exhibit improved acetylene activity and ethylene selectivity 
in the whole temperature range investigated. As shown in 
Fig. 7b, at 37 °C, the selectivity order of these catalysts is: 
Pd/Al2O3-C > Pd/Al2O3-HP > Pd/Al2O3-AP > Pd/Al2O3-OP. 
The better selectivity performance of the conventional sam-
ple was contributed to the higher desorption temperature of 
ethylene on Pd/Al2O3-C. Since the ethylene desorption on 
Pd/Al2O3-C required higher temperature than the plasma 
treated samples, at 37 °C, the ethylene on the conventional 
sample has not desorbed yet. However, once it hit the eth-
ylene desorption temperature, the selectivity dropped dra-
matically, and then the selectivity of Pd/Al2O3-C was lower 
than those of the plasma treated samples. Pd/Al2O3-HP and 
Pd/Al2O3-AP exhibit higher ethylene selectivity than the 
O2 plasma treated sample, which could be attributed to the 
weakened ethylene adsorption strength on the Pd surface. 
TOF values were calculated at 25 °C and expressed as the 
rate of acetylene consumption per number of exposed Pd 
sites on the four catalyst samples. As given in Table 1, Pd/
Al2O3-HP exhibited the highest TOFs (3.85 s−1) among all 
the catalysts

Plasma treatment was also applied to the 0.05  wt% 
(500 ppm) Pd/Al2O3 samples in order to enhance the cat-
alytic performance. The comparison results of acetylene 
conversion, ethylene selectivity and yield over 0.05  wt% 
(500  ppm) Pd/Al2O3 samples are summarized in Fig.  8. 
Compared to the results in Fig. 7, the conversion of acety-
lene of 0.05 wt% (500 ppm) Pd/Al2O3-HP sample is not as 
good as the catalyst with 1 wt% Pd loading, suggesting the 
enhancement of plasma treatment would be influenced by 
the metal loading and dispersion on the support. As shown 
in Figs.  3 and 4, H2 plasma treatment could efficiently 
reduce the supported Pd(NO3)2 at room temperature. The 
reaction results showed that reduction process for the Pd/
Al2O3-HP sample might enhance the particle size by aggre-
gation of dispersed Pd particles, which is not favorable for 

Fig. 7   Catalytic performance including a conversion, b selectivity 
and c yield of 1 wt% Pd/Al2O3 catalyst with H2, Ar, and O2 plasma 
treatment and the conventional counterpart. GHSV = 90,000  mL/h/g 
with the H2/C2H2 ratio of 3/1
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the hydrogenation of acetylene to ethylene [7]. With H2 
and Ar plasma treatment, the catalysts had Pd metal on 
the surface and showed enhanced selectivity performance 
apparently.

In Fig.  8, without pre-reduction, conventional sample 
and O2 plasma treated sample require some activity ini-
tiation and then they reach constant selectivity of 90.0% 
around 75 °C. The selectivity of the conventional 0.05 wt% 
(500 ppm) Pd/Al2O3 samples without pre-reduction was at 
about 91.0% until the temperature rising up to 70 °C and 
then dropped when the temperature was above 100 °C. As 
shown in Figs. 3 and 4, H2 and Ar plasma treatment could 
efficiently reduce the supported Pd(NO3)2 at room tempera-
ture. Therefore, in Fig. 8b, it shows that the Pd/Al2O3-HP 
and Pd/Al2O3-AP exhibit higher ethylene selectivity than 
the O2 plasma treated sample. Also, among the four coun-
terparts, Pd/Al2O3-AP achieves the best maximum ethylene 
yield of 76.9% at about 105 °C. The enhancement differ-
ences of 1 wt% Pd/Al2O3 catalyst and 0.05 wt% Pd/Al2O3 
catalyst will be further investigated in future studies.

4 � Conclusions

Pd/Al2O3 catalysts were investigated for selective hydro-
genation of acetylene to ethylene. Reaction with higher H2/
C2H2 ratio favored higher acetylene conversion but with 
lower ethylene selectivity. Non-thermal RF plasma treat-
ment were employed in the catalyst preparation procedure, 
and the effect of RF plasma treatment on the catalytic per-
formance of Pd/Al2O3 catalysts with different Pd loading in 
selective acetylene hydrogenation were also investigated in 
this work. It is demonstrated that RF plasma in H2 or Ar 
is an efficient alternative to reduce the supported Pd spe-
cies at room temperature and can avoid aggregation of Pd 
particles under thermal reduction conditions at high tem-
peratures. With O2 plasma treatment, the catalysts showed 
strong interaction between the non-reducible Al2O3 support 
and PdO/Pd nitrate precursors as well, which is evidenced 
by the H2-DSC, H2-chemisorption and ethylene-TPD 
results. Plasma treated Pd/Al2O3 catalysts appeared to pro-
mote ethylene selectivity, mainly due to the enhanced des-
orption of ethylene, in selective acetylene hydrogenation 
in comparison with the untreated counterpart catalyst. The 
detailed enhancement effect of plasma on Pd/Al2O3 catalyst 
with different Pd loading will be better understood in future 
industrial studies.
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Fig. 8   Catalytic performance including a conversion, b selectivity 
and c yield of 0.05  wt% (500  ppm) Pd/Al2O3 catalyst with H2, Ar, 
and O2 plasma treatment and the conventional counterpart. Without 
pre-reduction, GHSV = 90,000 mL/h/g with the H2/C2H2 ratio of 3/1
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