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Abstract
Selective hydrogenation of acetylene was studied using palladium catalysts sup-
ported on different transition alumina spheres. The alumina supports were prepared 
by calcining pseudo boehmite alumina sphere at different calcination temperatures; 
the ρ-Al2O3 used was flash calcined alumina. The alumina supports were character-
ized using different techniques like XRD, surface area, pore volume and acidity. The 
Pd/Al2O3 catalyst were prepared, palladium penetration depth was measured using 
microscopic imaging and the catalyst reducibility were studied by Temperature 
Programmed Reduction (TPR). The microscopic imaging using TEM were done to 
study the palladium particle size and nature of particle clusters on the support sur-
face. The catalyst performance evaluation was done in a fixed bed reactor with 1% 
acetylene in nitrogen feed and studied the impact of support properties on the cata-
lytic activity. The catalyst prepared on γ-Al2O3 support showed the highest conver-
sion and lowest selectivity, whereas the catalyst on α-Al2O3 support has the lower 
conversion and highest selectivity. Thermogravimetric analysis coupled with mass 
spectroscopy analysis were done for the spent catalyst to understand the possibilities 
of heavy component deposition of the catalyst. The catalyst prepared on α-Al2O3 
support had the lowest hydrocarbon deposit on the surface whereas the γ and δ alu-
mina showed the highest hydrocarbon deposits on the catalyst surface.

Keywords Alumina phases · Pd/Al2O3 · Selective hydrogenation · Acetylene · 
Catalyst activity · Catalyst deactivation

 * Kishore Ravindran 
 kishoreravindran999@gmail.com

1 School of Engineering, Cochin University of Science and Technology, Kochi, India
2 Sud-Chemie India (P) Limited, Edayar, Kochi, India

http://orcid.org/0000-0002-6959-0518
http://crossmark.crossref.org/dialog/?doi=10.1007/s11144-021-02112-7&domain=pdf


868 Reaction Kinetics, Mechanisms and Catalysis (2021) 134:867–882

1 3

Introduction

Ethylene is one of the major chemicals used in the petrochemical industry. The 
majority of the ethylene is produced from steam cracking of naphtha like feed-
stocks. Ethylene from the steam cracker typically contains 0.1−1% acetylene. 
Acetylene impurities are typically removed by selective hydrogenation and by 
using adsorption technique. Selective hydrogenation is the most commonly used 
method [1]. Acetylene removal is important as it act as poison for the polyethyl-
ene catalyst. Selective hydrogenation for acetylene can be done in two-configura-
tions: front-end hydrogenation and tail end hydrogenation. The tail end hydrogen-
ation is the more common configuration due to its better process controllability. 
Pd/  Al2O3 first generation commercial catalysts were introduced in early 1960s 
after twenty years. The first bi metallic catalyst, palladium and silver on alumina 
was introduced after almost twenty years, which is still used successfully in the 
industry. The Pd–Ag alloy catalyst had good selectivity and the selectivity was 
improved by reducing the quantity of hydrogen adsorbed on the surface. The 
properties of the bi metallic catalyst depend on the preparation method, the sup-
port alumina, the impregnation sequence and other processing steps [2]. The alu-
mina can be prepared in different phases, γ, δ, ρ, α. The different alumina phases 
have different properties and different stability. Palladium catalyst on different 
alumina phases were made and the properties of the catalyst was studied. Differ-
ent alumina phases impart different characteristics to the catalyst and they influ-
ence the reaction yield, selectivity, the green oil formation etc. For the selective 
hydrogenation of acetylene, low surface area alumina supports are mostly used 
with the palladium content typically from 100–1000  ppm. Egg shell type cata-
lysts are often used to avoid the mass transfer resistances in the catalyst bed [3]. 
In this paper, the impact of support properties on the catalyst performance and 
coke formation were studied.

Experimental

Preparation and characterisation of support and catalysts

Spheres of γ-Al2O3 and ρ-Al2O3 received from Sud-Chemie India (P) Ltd were 
used for the present study. γ-Al2O3 spheres were calcined at 900 °C and 1300 °C 
for 6  h to obtain δ-Al2O3 and α-Al2O3 spheres [4, 5]. The  Al2O3 spheres were 
characterized using XRD (Bruker D2Phaser), surface area, pore volume and pore 
size (BET method—Micromeritics Tristar) and acidity measurements (ammonia 
TPD—Micromeritics Autochem II). The XRD scan was done at 2θ value ranging 
from 0 to 60. The results were evaluated using EVA software. The standard PDF 
files in repository were compared to identify the phases in each material using the 
Scan function [6–10]. For ammonia TPD measurements, 5% ammonia in helium 
was used as the analysis gas. The adsorption of ammonia on the alumina supports 
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was done at 40  °C and the gas flow continued until there is no further adsorp-
tion of ammonia was observed. Purged with helium to drive out the gas from 
pores and the sample was heated in helium gas at a ramp rate of 10 °C/ min. The 
ammonia desorbed was measured using a TCD detector and quantified the total 
desorbed quantity of ammonia [11].

The catalyst preparation on different alumina supports were done using wet 
impregnation method [12, 13]. Palladium source used for the catalyst preparation 
was palladium nitrate solution purchased from Sigma Aldrich. The catalyst was 
dried at 80  °C and further calcined at 400  °C. [14–16]. The active metal loading 
ranged from 190 to 200 ppm on the catalyst as analyzed by ICP. Temperature pro-
grammed reduction (TPR) of the catalysts was done using Micrometrics Autochem 
II equipment using 5% hydrogen in nitrogen as the reducing gas. The TCD signals 
were recorded from 40 °C to 600 °C. The plot gives the reduction temperatures of 
each catalyst sample [17, 18]. Palladium metal penetration depth measurement was 
done using Olympus microscope and software. Different alumina supports have 
different pore size distributions and different pore structure; hence the penetration 
depth also varies. The catalyst was sliced into half using a special tools and the 
image of the palladium metal penetration was taken [19]. TEM analysis of the cata-
lyst samples were done using HR TEM Joel/JEM 2100 microscope to understand 
about the Pd particle in the catalysts.

Catalyst performance evaluation

The performance evaluation was done in a fixed bed reactor with dimension 25 mm 
ID and 1000 mm length. The thermocouple was adjusted to measure the catalyst bed 
temperature. The reactor tube is made of SS 316 L. The gas flow through the reac-
tor controlled using mass flow controllers and the pressure regulation of the reactor 
done using backpressure regulating valve [20].

The catalyst (10  cm3) was reduced with 5% hydrogen balance nitrogen at 5 bar 
pressure and 350 °C for 4 h. After catalyst reduction the reactor was cooled in nitro-
gen stream to 40 °C. The process gas containing 1% acetylene in nitrogen was passed 
through the reactor keeping the pressure at 5 bar g. The hydrogen to acetylene ratio 
is maintained 1.2 during the experiment. The reaction was done at different tempera-
tures 60 °C, 70 °C, 80 °C and 90 °C at a GHSV of 3000  h−1. At each temperature, 
the conditions were kept constant and the reaction was allowed to stabilize for the 
initial 1 h and reactor outlet gas was collected at an interval for 30 min. The reaction 
temperature was changed after collecting 3 samples from each temperature. [21, 22].

(1)Acetylene conversion =
C2H2 (in) − C2H2 (out)

C2H2 (in)
× 100

(2)Ethylene selectivity =
C2H4 (out)

C2H2 (in) − C2H2 (out)
× 100
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The outlet gas analysis was done using an Agilent GC 7890B with CP  Al2O3 
column.

The spent catalyst from the reaction were collected and thermogravimetric anal-
ysis (TA Instruments SDT Q 600) along with mass spectroscopy (MKS-Cirrus 2) 
analysis was done to study the coke/green oil formation in each catalyst. The analy-
sis was performed in air from 25 to 1000 °C at a ramp rate of 10 °C/ min.

Results and discussion

Support characterization

The XRD of the samples were done and were compared with the standard files in the 
data bank to identify the phases. The crystallinity was very high in α  Al2O3 support 
whereas γ-, δ- and ρ-Al2O3 show amorphous XRD pattern as expected. [23, 24]. The 
XRD comparison of different  Al2O3 phases is provided in the supplementary data. 
Acidity measurement of the supports was performed in Micrometrics Autochem-II 
with ammonia temperature programmed desorption. The ammonia desorption with 

(3)Ethylene yield = Conversion × Ethylene selectivity
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Fig. 1  Ammonia TPD plots of the support alumina. TPD done with Autochem II, in 5% ammonia in 
helium gas, with a heating ramp of 10 °C/ min

Table 1  Ammonia desorbed 
from different catalysts during 
ammonia TPD experiments

Sample Desorption temperatures 
(°C)

Total quantity of  NH3 
desorbed (μmol/g)

γ-Al2O3 94, 313 83.5
δ-Al2O3 102, 309 43.8
ρ-Al2O3 100, 277 11.5
α-Al2O3 87 2.3
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the temperature shows the presence of weak and strong acid sites and the intensity 
varies in different phases of alumina (Fig. 1, Table 1).

The δ- and ρ-Al2O3 have relatively lower acidic sites compared to γ-Al2O3. The γ, 
δ- and ρ-Al2O3 has weak, medium and strong acid sites, the TPD peaks at tempera-
tures above 200 °C indicates the presence medium and strong acid sites. In α-Al2O3, 
only very weak acid sites are present and the lower acidic sites help in lowering 
the alkylation reaction on alumina surface and consequently the polymerization and 
green oil formation [25, 26].

Different phases of  Al2O3 exhibit different pore characteristics and SA (Table 2). 
The α-Al2O3 support has the lowest surface area and the lowest micro pore volume. 
The support mostly has macropores [27]. The γ-Al2O3 has the highest surface area 
and the highest nitrogen pore volume, indicating mostly micro and mesopores. The 
δ-Al2O3 also has lower nitrogen pore volume than γ-Al2O3 and lower surface area. 
The ρ-Al2O3 is entirely different type of alumina prepared by flash calcination and it 
has good surface area and relatively moderate pore volume [28].

Catalyst characterization

The catalyst properties like the metal content, surface area and pore volume are 
given in Table  3. No difference in surface area and pore volume was noticed for 
alumina before and after palladium impregnation. This indicates that the support is 
stable in palladium nitrate solution.

Temperature programmed reduction

The temperature-programmed reduction was performed using Micrometrics Auto-
chem II instrument. The reductions were done using 5% hydrogen balance nitrogen 

Table 2  Physical characteristics 
of the support alumina

Sample ID Surface area from 
BET analysis,  m2/g

Nitrogen pore 
volume,  cm3/g

Mean pore 
diameter, Å

γ-Al2O3 235 0.65 79.6
δ-Al2O3 131 0.55 134.2
ρ-Al2O3 270 0.40 53.5
α-Al2O3 10.5 0.04 –

Table 3  Catalyst physicochemical properties

Catalyst Pd/γ-Al2O3 Pd/δ-Al2O3 Pd/ρ-Al2O3 Pd/α-Al2O3

Pd content, ppm 200 198 196 196
Surface area,  m2/g 235 131 270 10.2
Nitrogen PV,  cm3/g 0.62 0.50 0.35 0.028
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gas with a temperature ramp of 2  °C/min and the resulting curve with the peaks 
were plotted.

The negative dip in the TPR plot was due to the reduction of the bulk PdO form-
ing palladium β hydride, which forms at a low temperature around 20 to 25  °C. 
This palladium β-hydride decomposes at a higher temperature and shows a negative 
peak while decomposing. The position of the negative peak depends on the type of 
the hydride formation, which depends on the size of the Palladium molecule and 
the dispersion of the palladium on the alumina support. Larger sized PdO particles 
have the palladium hydride decomposition at lower temperature and the smaller size 
PdO particles have the Palladium hydride decomposition at higher temperature. The 
highly dispersed palladium molecule has high intensity decomposition peak and at 
a higher temperature. The α-Al2O3 support has the lowest surface area and hence 
lower Pd dispersion, the Pd particles will be the largest in this catalyst. Larger Pd 
species forms hydrides easily and these hydrides decomposes at temperatures below 
25 °C. The TPR profile of Pd /γ—Al2O3, Pd/ δ-Al2O3, Pd/ρ-Al2O3 shows negative 
dip in the TPR at peaks at 62 °C, 63 °C and 94 °C attributed to the decomposition 
of palladium hydride. The high temperatures peaks in the TPR at 228 °C, 248 °C, 
306 °C and 400 °C will be due to the reduction of smaller PdO particles and hydro-
gen spill over on the alumina surface hydroxyl groups [29–31] (Fig. 2).

Palladium metal penetration depth measurement

Palladium metal penetration depth measurement was done using Olympus micro-
scope and software. Different alumina support has different pore size distribution 
and different pore structure hence the penetration depth varies too. The catalyst was 
sliced into half using a special tools and the image of the palladium metal penetra-
tion was taken. Palladium penetration depth was measured for twenty sphere from 
each catalyst sample. The microscopy measurement pictures are displayed in Fig. 3.

The active metal penetration depth is highest for the γ-Al2O3, hence the active 
metal will be highly dispersed, and the metal penetration depth was lowest for 
α-Al2O3. Pd/α-Al2O3 catalyst has the thinnest active metal shell. Table  4 gives a 

-0.01

-0.005

0

0.005

0.01

0.015

0 100 200 300 400 500 600TC
D

 S
ig

na
l (

a.
u)

Temperature ◦C

Pd/γ-Al₂O₃
Pd/ δ-Al₂O₃
Pd/ρ-Al₂O₃
Pd/α-Al₂O₃

Fig. 2  TPR Plots of Pd/  Al2O3 catalysts. TPR done using Micromeritics Autochem-II with 5% hydrogen 
balance nitrogen mixture in a temperature range of 40 to 600 °C and with heating ramp rate of 2 °C/min
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comparison of the penetration depth in the catalysts prepared with different supports 
(Fig. 3).

The selective hydrogenation reaction is a fast reaction and higher dispersion 
could make the catalyst more active and more prone to over hydrogenation [32, 33]. 
Hence better selectivity to ethylene can be expected for the catalyst with a typical 
egg-shell type palladium distribution.

TEM analysis of the catalysts

High-resolution transmission electron microscopy image were taken for the catalyst 
sample using Joel/JEM 2100 microscope. The images were taken at different resolu-
tions and the particle size were analyzed (Fig. 4).

Fig. 3  Palladium penetration depth in the catalysts, measured using Olympus microscope after slicing the 
catalyst into half

Table 4  Palladium metal 
penetration depth measurement 
results obtained from the 
microscopic analysis

Catalyst Minimum (µm) Average (µm) Maximum (µm)

Pd/ γ-Al2O3 199.5 392.2 678.4
Pd/ δ-Al2O3 127.0 244.0 530.7
Pd/ ρ-Al2O3 126.3 222.5 392.0
Pd/ α-Al2O3 46.5 71.5 103.7
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HR TEM analysis reveals Pd particles on the Pd/α-Al2O3 has larger size com-
pared to other catalysts. The Pd particles on the Pd/γ-Al2O3 and Pd/ρ-Al2O3 catalyst 
are relatively smaller and most of the particles are below 5 nm in size.

The palladium particle size distribution on catalysts were analyzed using the 
J-image software (Fig.  5). Particle size distributions were done by analyzing 20 
particles in each catalysts and were plotted in a bar chart. The average Pd parti-
cle size were 4.7, 8.9, 4.3 and 10 nm on Pd/γ-Al2O3, Pd/δ-Al2O3, Pd/ρ-Al2O3 and 
Pd/α-Al2O3.

Catalyst performance evaluation

All the catalysts were tested for the selective hydrogenation of acetylene. The cat-
alyst (10  cm3) was loaded in the reactor and was reduced using 5% hydrogen in 
nitrogen at 370 °C and 5 bar gauge pressure for 3 h. The catalyst performance was 

Fig. 4  HR TEM image of the catalysts taken using Joel/JEM2001 instrument a Pd/γ-Al2O3, b Pd/δ-
Al2O3, c Pd/ρ-Al2O3, d Pd/α-Al2O3
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evaluated at different temperatures 60–90 °C at a GHSV 3000  h−1 and an operating 
pressure of 5 bar gauge (Fig. 6).

Catalyst Pd/γ-Al2O3 showed very high acetylene conversion and low ethylene 
selectivity at all temperatures. Ethylene selectivity of these catalysts was calcu-
lated using the formula and it was found that the catalyst Pd/α-Al2O3 has the highest 
selectivity and Pd/γ-Al2O3 has the lowest selectivity  (Table  5). The selectivity of 
all the catalysts reduces drastically with increase in the operating temperature. The 
increased temperature favors ethane formation on the catalysts. Catalyst Pd/ρ-Al2O3 
support has a different behavior compared to the others. The catalyst Pd/ρ-Al2O3 
exhibits improvement in selectivity as the temperature was increased. Reaction tem-
peratures were not increased beyond 90  °C and hence a separate study has to be 
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done to understand the behavior at high temperatures. The selectivity of the catalyst 
Pd/α-Al2O3 can be related to the low acidity and low palladium penetration depth of 
the catalyst. The lower acidity of the support in combination with lower metal pen-
etration depth might be limiting the beta hydride formation in the catalyst surface 
hence lowering the chances of hydrogen over reaction with the ethylene molecule 
formed. The ρ-Al2O3 behaves differently at higher temperatures, the lower acidity 
of the support might be preventing the interaction with the metal alumina support 
and the combination of higher temperature might be causing faster desorption of the 
hydrogen molecule from the catalyst surface, showing improved selectivity at higher 
temperatures [34–36].

The ability of Pd to react with hydrogen and form the β-hydride phase may play 
an important role in these catalysts. It was shown that the β-hydride phase favors the 
conversion of acetylene into ethane, with small Pd particles being more selective 
for ethylene formation. During reaction, palladium may get converted to β-PdH and 
these PdH decomposes and release hydrogen resulting in over hydrogenation of the 
alkene leading to alkane formation and carbonaceous or hydrocarbon species may 
get deposited on the surface of the catalyst. These deposits also favors the increased 
hydrogenation resulting in the conversion to ethane. It is known from literature that 
the presence of hydrogen residing the palladium sub surface will cause over hydro-
genation of acetylene resulting in ethane formation [15]. In certain studies, ethylene 
TPD on different alumina species were done, the results show that high temperature 
ethylene desorption peaks were predominant in the catalyst with high surface area 
similar to Pd/γ-Al2O3 and Pd/δ-Al2O3 and high temperature desorption peaks were 
almost nil in Pd/α-Al2O3 [22]. The low temperature peaks in the ethylene desorption 

Table 5  Conversion, ethylene 
selectivity and ethylene yield 
data for different catalysts

Catalyst Tem-
perature 
°C

% Acety-
lene conver-
sion

% Ethylene 
selectivity

%Ethylene yield

Pd/γ-Al2O3 60 96 29 27.8
70 98 21 20.6
80 99 13 12.9
90 100 2.3 2.3

Pd/δ-Al2O3 60 75 47 35.3
70 90 37 33.3
80 93 38 35.3
90 94 36 33.8

Pd/ρ-Al2O3 60 75 47 35.3
70 90 37 33.3
80 93 38 35.3
90 94 36 33.8

Pd/α-Al2O3 60 49 70 34.3
70 79 54 42.7
80 85 48 40.8
90 94 44 41.4



877

1 3

Reaction Kinetics, Mechanisms and Catalysis (2021) 134:867–882 

studies were assigned to the π-bonded ethylene and the high temperature peaks 
are assigned to the di-σ bonded ethylene [37]. The low acidity of the Pd/α-Al2O3 
might have led to predominant π-bonded ethylene intermediates, which dissociates 
easily from the catalyst site giving better selectivity. Studies have shown that the 
di-σ bonded ethylene formed on the catalyst site undergoes desorption slowly and 
it decomposes followed by reaction with the surface hydrogen to form ethylene and 
ethane [38]. Medium strength and high strength acid sites could give rise to green 
oil deposition during selective hydrogenation and these carbon deposits act as a 
hydrogen bridge for hydrogen spill over from the palladium to the support, facili-
tating ethylene hydrogenation to ethane.[39]. The palladium particle size analyzed 
using the TEM shows that Pd/α-Al2O3 catalyst has larger Pd particles compared to 
the other catalysts. Researches says that as the Pd particle size increases for the Pd 
on the surface, the selectivity increases [40]. The carbonaceous hydrocarbon depos-
its increase the mass transfer limitation on the catalyst surface limiting the dissocia-
tion mechanisms and increases the hydrogen concentration on the catalyst surface 
temporarily favoring over hydrogenation [41, 42].

Temperature programmed oxidation (TPO) of spent catalysts

To study the TPO, the spent catalysts were powdered and subjected to thermogravi-
metric analysis in air with a ramp rate of 10 °C/ min and up to 1000 °C. The mass 
spectrometer was connected to TGA machine and the mass fractions corresponding 
to  CO2 (44) and  H2O (18 and 17) were monitored to understand the weight loss was 
due to coking or heavy hydrocarbon formation on the catalysts during the reaction 
(Fig. 7).

The weight loss in the thermogravimetric analysis for the spent catalyst could be 
due to the heavy hydrocarbon deposit on the catalyst. The mass spectroscopy data 
shows evolution of  CO2 (mass number 44) and evolution of mass fraction corre-
sponding to  H2O (m/e 18). Figs. 8 and 9 indicate the evolution of  CO2 and  H2O for 
the different spent catalysts. Data show that combustion profiles are different and 
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hence the nature of carbonaceous species formed on the catalysts with different sup-
ports are different in nature.

The weight loss due to heavy component formation can be directly correlated 
with the catalyst activity and catalyst selectivity. Catalyst with highest activity and 
the lowest selectivity has attributed to higher heavy formation (Table 6). The cata-
lysts Pd/γ-Al2O3 and Pd/δ-Al2O3 has the highest weight loss in the region 200 to 
600 °C. The catalyst, Pd on α-Al2O3, with the highest selectivity showed the lowest 
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Fig. 8  Mass Spectra  CO2 (m/e 44)—evolved gas analysis for the spent catalysts (TGA coupled with mass 
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Table 6  Spent catalyst weight 
loss from thermogravimetric 
analysis

Spent catalyst % Weight loss 
at 200–600 °C

Pd/γ-Al2O3 8.9
Pd/ δ-Al2O3 8.7
Pd/ ρ-Al2O3 5.23
Pd/ α-Al2O3 3.25
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weight loss in the region 200 to 600  °C. The Pd/ρ-Al2O3 has lower acidity com-
pared to the other supports contributing to low heavy formation compared to Pd /δ 
& Pd/γ-Al2O3 catalysts. The catalyst with high acidity has high carbon deposit and 
has lower ethylene selectivity as it favors over hydrogenation due to the hydrogen 
entrapped in the sub surface [43–46].

Conclusion

At temperatures below 100 °C, the catalyst prepared over α-Al2O3 observed to be 
more selective with the model feed. The better selectivity of the α-Al2O3 based cata-
lyst could be due to the lower acidity of the support and lower penetration depth 
of the metal on the support. The beta hydride formation was found to be low at 
the operating temperature and hence better hydrogen dissociation could be achieved. 
The lower residence time for hydrogen on the support might have attributed to the 
higher selectivity. Higher temperature operation lowers the ethylene selectivity of 
the catalysts based on γ, δ and α-Al2O3, whereas the catalyst based on the ρ-Al2O3 
support shows slightly better ethylene selectivity at higher temperature. The sup-
port acidity and palladium penetration depth of the catalyst plays vital role in the 
selectivity and conversion of the catalyst. The catalyst with the most dispersed 
active metal shows the highest conversion, here the γ-Al2O3 based catalyst has the 
most dispersed palladium, as it has the highest penetration depth. Thermogravimet-
ric analysis of the spent samples were supporting the catalyst performance data, the 
highly active and less selective catalysts have higher weight loss at 200 to 600 °C. 
The mass spectroscopy data confirm the evolution of carbon dioxide at temperatures 
200 to 600 °C, the higher weight loss was for the catalyst with low selectivity, the 
γ-Al2O3 and δ-Al2O3 based catalysts have higher weight loss at the mentioned tem-
perature. The α-Al2O3 based catalyst has the lowest weight loss for the spent sam-
ple, which clearly supports the ethylene selectivity of the catalyst. The modern day 
bimetallic catalysts are based on the α-Al2O3 with Ag or Au added on to the catalyst 
for higher selectivity. The study done for acetylene hydrogenation in nitrogen envi-
ronment gives information on the ideal behavior of the catalyst for selective hydro-
genation of acetylene to ethylene.
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