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1,3-propanediol (1,3-PDO) is an important bulk chemical widely used in the polyester and
polyurethane industry. The selective hydrogenolysis of glycerol to value-added 1,3-PDO is
extremely attractive. However, the formation of 1,3-PDO is less thermodynamically stable
than 1,2-PDO, and the steric hindrance effect in the reaction process makes the highly
selective production of 1,3-PDO a great challenge. In this mini review, the recent research
progress on the selective catalytic hydrogenolysis of glycerol to 1,3-PDO is overviewed
and the catalytic mechanism of the reaction is summarized. We mainly focus on the
different performances of each type of catalyst (Pt-W-based catalysts, Ir-Re based-
catalysts, and other types) as well as the interactions between metals and supports.
Finally, several personal perspectives on the opportunities and challenges within this
promising field are discussed.
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INTRODUCTION

The utilization of renewable energy is the key to solving the current energy and environmental issues,
and the conversion of renewable biomass to value-added chemicals is often discussed with this aim
(Rao and Rathod, 2019). The catalytic conversion of glycerol, a byproduct of overcapacity from
biodiesel manufacture, into value-added 1,3-PDO has shown high potential and has attracted much
attention (Sun et al., 2016; Gerardy et al., 2018). 1,3-PDO is widely used in solvents, cosmetics,
cleaning products, pharmaceutical industries, and organic synthesis intermediates (da Silva Ruy
et al., 2020; Nakagawa et al., 2014; Lee et al., 2015; Kandasamy et al., 2019). It is a monomer of
polyester and polyurethane and can be synthesized with terephthalic acid into a new polyester
material, polytrimethylene terephthalate (PTT) (Sun et al., 2016; Gerardy et al., 2018; da Silva Ruy
et al., 2020; Nakagawa et al., 2014). Currently, the conventional processes to produce 1,3-PDO
mainly utilize the hydration of acrolein and the hydroformylation of ethylene oxide, which are both
from unrenewable petroleum-based routes. At present, many strategies have been reported to
produce 1,3-PDO from bioglycerol (Lee et al., 2015). Hydrogenolysis of glycerol over heterogeneous
catalysts in aqueous solution shows great potential because it is both environmentally friendly and
scalable for industrial processes.

Glycerol hydrogenolysis is a process in which the C-OH bond in glycerol is broken and the OH
group is replaced by hydrogen to produce propylene glycol. The secondary hydroxyl group in
glycerol is replaced by hydrogen to produce 1,3-PDO, and the primary hydroxyl group is replaced by
hydrogen to produce 1,2-propanediol (1,2-PDO) (Kandasamy et al., 2019). Since propylene glycol
also contains C-OH bonds, hydrogenolysis will continue during the reaction to produce n-propanol
(n-PO), isopropanol (i-PO), propane, and other products (Figure 1) (Mizugaki and Kaneda, 2019).
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In this reaction, the key procedure to enhance the selectivity of
1,3-PDO is to accurately control the activation and cleavage of
secondary C-O bonds while preventing further hydrogenolysis
of the target product. Therefore, it is necessary to design specific
active sites to target, anchor, and activate the secondary
hydroxyl group of glycerol for hydrogenolysis. In this regard,
there is an urgent need to develop efficient and selective
catalysts, and a better understanding of the catalytic
mechanism is essential for catalyst design. In addition to the
catalyst, the reaction conditions are also important factors for
the hydrogenolysis of glycerol.

At present, most reviews described in detail the reaction
mechanism and chemical route of glycerol hydrogenolysis, but
there are few reviews that focus on the refined classification of
catalysts in the reaction of glycerol hydrogenolysis to 1,3-PDO
(Rao and Rathod, 2019; Sun et al., 2016; Gerardy et al., 2018; da
Silva Ruy et al., 2020; Nakagawa et al., 2014; Lee et al., 2015;
Kandasamy et al., 2019; Mizugaki and Kaneda, 2019;
Nakagawa & Tomishige, 2011; Tong et al., 2017). In this
paper, the main catalytic reaction mechanisms on selective
hydrogenolysis of glycerol to 1,3-PDO are summarized and
discussed. Then different types of catalysts including Pt-W-
based catalysts, Ir-Re-based catalysts, and other types of
catalysts as well as various catalytic systems for this
reaction in recent years are compared and overviewed, with
focus on the different performance between each type of
catalyst as well as the interactions between metals and
supports. Finally, several personal perspectives on the
opportunities and challenges aimed at industrial application
are provided.

CATALYTIC REACTION MECHANISMS

Several reaction mechanisms for the selective hydrogenolysis of
glycerol to 1,3-PDO have been proposed based on different

product distributions, active catalytic components, and
reaction conditions. The two-step mechanism (dehydration-
hydrogenation) has been proposed in many papers for
glycerol hydrogenolysis: first, glycerol is dehydrated to form
intermediates of 3-hydroxypropanal (3-PAH), followed by the
rapid hydrogenation of 3-PAH to form 1,3-PDO, and the
rearrangement produces propionic acid (PA) (Nakagawa &
Tomishige, 2011; Tong et al., 2017). Dehydration of the
primary hydroxyl group of glycerol will generate acetol
intermediates, which will be further hydrogenated to obtain
1,2-PDO (Figure 2A). Edake et al. (Edake et al., 2017) put
forward more detailed insights on this basis. They believed that
glycerol may first undergo double dehydration to produce
acrolein, which is then rehydrated to form the above
intermediate 3-PAH, followed by the hydrogenation to 1,3-
PDO.

Studies have shown that acid properties and hydrogen
species play an important role in the hydrogenolysis of
glycerol to 1,3-PDO (Zhou et al., 2019). For Pt-W series
catalysts, it was reported that glycerol is firstly dehydrated to
form a secondary carbocation. Subsequently, the secondary
carbocation will be attacked by a hydride and rapidly
hydrogenated to produce 1,3-PDO, this hydride is derived
from the dissociation of H2 at the noble metal (Pt) site (Feng
et al., 2017; García-Fernández et al., 2017). For the effect of this
hydride, Zhou (Zhou et al., 2019) studied the different types of
surface hydrogen species for the hydrogenolysis of glycerol
using a Pt/WOx/ZrO2 catalyst, and five different types of
surface hydrogen species was described (shown in
Figure 2B). During the catalytic reaction, H2 molecules were
first adsorbed at the Pt site and dissociated into hydrogen atoms.
PtOx was then reduced to Pt metal, and the dissociated
hydrogen atoms spilled over to the adjacent WOx site, which
reduced part of W6+ to W5+. The formation of W5+ significantly
accelerated the hydrogenation process of intermediates,
remarkably improving the selectivity of 1,3-PDO.

FIGURE 1 | Possible reactions and products from hydrogenolysis of glycerol over a heterogeneous catalyst.
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CATALYSTS FOR 1,3-PROPANEDIOL
PRODUCTION FROM GLYCEROL

Catalysts play an extremely important role in the selective
hydrogenolysis of glycerol to 1,3-PDO. The most commonly
used catalyst is the bifunctional material composed of
hydrogen-activated metal and acidic sites, typically Pt-W-
based and Ir-Re-based catalysts. In addition, other catalytic
systems were also tried, such as metal-supported molecular
sieves, modified heteropoly acids, and oxyphilic metal oxide.
The highest yield of 1,3-PDO in the current reported studies
has reached 66% (Arundhathi et al., 2013), but the yield of 1,3-
PDO has not yet had a breakthrough up to now.

Pt-W-Based Catalysts
In a Pt-W-based catalyst, metal acts as the hydrogen activation
center of the reaction, accumulating and releasing hydrogen
atoms continuously (Wang et al., 2019; Zhao et al., 2019; Pan
et al., 2019; Zhou et al., 2016). Hydrogen dissociates into two
hydrogen atoms on the metal sites, these hydrogen atoms
overflow onto the support, one of the hydrogen atoms releases
an electron to form H+, which interacts with another hydrogen
atom on the tungsten oxide to generate H- in situ, forming an acid
site on the catalyst (Figure 1A). As a deoxygenation active center
for glycerol hydrogenolysis, W provides a large number of acid
sites, in which there are oxygen vacancies in the defective
tungsten oxide, and a large amount of Brønsted acid can be
generated in the reaction. It has been verified by experiments that
the combination of Pt and W exhibits outstanding activity and
selectivity compared with other metals (Wang et al., 2020). Owing
to the synergistic effect between the hydrogenation active center
of Pt and the strong Brønsted acid sites of WOx, Pt-W-based
bifunctional catalysts are relatively efficient for selective
hydrogenolysis of glycerol to 1,3-PDO.

Aihara and collaborators believed that the yield of 1,3-PDO in
hydrogenolysis of glycerol was positively related to the length of
the W-Al perimeter interface on the Pt/WO3/Al2O3 catalyst,
while a W–(OH)–Al site on the W–Al interface functioned as
a main active center (Aihara et al., 2019). Since then, they have
conducted in-depth research on the hydrogenation of various
polyols and ethers over Pt/WO3/Al2O3 catalysts and found that

the hydrogenolysis rate of a C-O bond at a secondary carbon was
higher than that at a primary carbon, suggesting that the
hydrogenation reaction with secondary carbocation as an
intermediate takes precedence over that with primary
carbocation (Aihara et al., 2020). During the catalytic reaction,
the surface density of the W species, the number and strength of
the Brønsted acid sites, as well as the interaction between Pt-W
are the key factors to the selectivity of 1,3-PDO (Garcia-
Fernandez et al., 2017). Using a Pt/WOx/ZrO2 catalyst, the
Zhu group (Zhu et al., 2014) found that when the ZrO2

support was transformed from the monoclinic phase to
tetragonal nanoparticles, it could inhibit the lateral growth of
WOx, promote the dispersion of WOx on the carrier, and
significantly improve the acidity of the catalyst and the
selectivity to 1,3-PDO. The results have also been confirmed
by Fan et al. (Fan et al., 2017). The aforementioned changes in the
crystalline phase of materials result in a great difference in
catalytic performance.

In addition, most researchers added metal oxides to the Pt/W
catalyst (Wang et al., 2015). Metal oxides can not only be used as
catalytic support to promote the dispersion of active components,
but can also adjust the acidity of the catalyst and increase the yield
of 1,3-PDO (García-Fernández et al., 2015; Wang et al., 2016; Shi
et al., 2018; Liu et al., 2020).

Molecular sieves combined with Pt-W active components
were also attempted (Shi et al., 2018). Priya and his group
(Priya et al., 2015) first used the hydrothermally stable
molecular sieve SBA-15 as a carrier to support Pt-W to
prepare a Pt-W-SBA15 catalyst. It is believed that in Pt-W-
based catalysts, the selectivity of 1,3-PDO is positively
correlated with the concentration of the Brønsted acid site
(Sun et al., 2016; da Silva Ruy et al., 2020; Nakagawa et al.,
2014; Lee et al., 2015; Kandasamy et al., 2019; Mizugaki and
Kaneda, 2019; Nakagawa and Tomishige, 2011). However, there
is an exception, Fan et al. (Fan et al., 2017) prepared a Pt NPS-W-
SBA15 catalyst with the tetrahedral phase WO4, which only
showed Lewis acidity, but the selectivity of 1,3-PDO was up
by 70.8%. The discrepancy of the result indicates that the reaction
mechanism still needs further improvement.

In addition, doping with specific metals also has positive
effects on the selectivity of 1,3-PDO, which can strengthen the

FIGURE 2 | (A) Dehydration-hydrogenation mechanism of glycerol hydrogenolysis; (B) different types of hydrogen species on the surface of the Pt/WOx/ZrO2

catalyst.
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interaction between Pt and W metals, increase electron density,
and improve acidity (Wang et al., 2016; Zhao et al., 2017). The
Yang group (Yang et al., 2018) doped the Nb element onto Pt/
WOx material, improving the H2 tolerance of the catalyst and
inhibiting the over-reduction of activeWOx under high hydrogen
pressure. Subsequently, they tried to replace Nb with Au. The
addition of Au led to the partial substitution of W6+ by Au3+,
which changed the electronic structure and properties of WO3

and increased the electron density of the active metal (Yang et al.,
2018). Feng et al. (Feng et al., 2019) introduced the Al element
into the Pt-W-SBA-15 catalyst, which changed the ratio of Lewis
acid and Brønsted acid, thereby affecting the product
distribution. We have summarized the catalytic performance
of typical Pt-W-based catalysts for the hydrogenolysis of
glycerol in batch reactors, as shown in Table 1.

Ir-Re-Based Catalysts
Unlike the Pt-W-based catalytic system, the active sites in the Ir-
Re-based catalytic system are on the Ir-Re interface. The hydride
produced by hydrogen dissociation can attack the C-O bond in
the substrate, and the OH groups at both ends of the substrate are
anchored by Re sites, exposing the adjacent C-O bond to potential
attack and cracking (Nakagawa et al., 2018). The Ir-Re-based
catalysts usually showmoderate conversion of glycerol but higher
selectivity to 1,3-PDO than the Pt-W-based catalysts, as shown in

Table 1. A very distinct feature of the Ir-Re-based catalytic system
is that the reaction temperature is lower (120°C) owing to the high
activity of the Ir-Re-based catalyst. This high activity for C-O
bond cleavage can be attributed to the synergistic effect between
the Ir and ReOx species. However, the high activity of the Ir-Re
catalyst may reduce the stability to a certain extent, which makes
it easier for the catalyst to be poisoned.

The Ir-Re-based catalyst (Ir-ReOx/SiO2) for glycerol
hydrogenolysis was firstly reported by the Tomishige team
(Nakagawa et al., 2010), who further improved the catalytic
performance by adding a variety of acid promoters such as
H2SO4, Amberlyst 70, and H-ZSM-5. The role of the co-
catalyst was to accelerate the protonation of the ReOx cluster
on the surface of the catalyst, thereby increasing the sites for
adsorbing terminal hydroxyl groups to enhance the stability and
activity of the catalyst (Nakagawa et al., 2012). In order to further
increase the yield of 1,3-PDO, they prepared an Ir-ReOx/rutile
catalyst using rutile titanium dioxide as a support and achieved
high productivity of 1,3-PDO (52g gIr

−1 h−1) (Liu et al., 2019).
For Ir-Re-based catalysts, there is a significant synergistic

effect between Ir- and Re-species (Deng et al., 2015; Varghese
et al., 2018). Deng et al. (Deng et al., 2015) proposed that on the
surface of Ir-Re alloy particles, Re can activate water molecules to
form the (Ir)-Re-OH species, which are adsorption sites of
glycerol, resulting in the high activity of the Ir-Re alloy for

TABLE 1 | Comparison of catalytic performance in batch reactor reaction.

Entry Catalyst Pressure (Mpa) Time (h) Temperature (°C) Conversion (%) Selectivity (%) References

1,3-PDO 1,2-PDO

Pt-W-based catalysts
1 Pt/WOx/AlOOH 5 12 180 100 66 2 (Arundhathi et al., 2013)
2 Pt/WOx 1 12 140 59.8 36.3 3.1 (Wang et al., 2016)
3 Pt/ZrW(t-350) 8 24 180 21.9 35.1 12.4 (Priya et al., 2015)
4 Pt/WOx/ZrO2 8 18 180 13.7 41.1 − (Zhou et al., 2019)
5 Pt-WOx/t-ZrO2 8 24 140 78.3 64.8 1.6 (Fan et al., 2017)
6 Pt/WOx/Al2O3 4.5 24 200 53.1 51.9 9.5 (García-Fernández et al., 2015)
7 Pt-WOx/SiO2 − 50 210 11.1 55.8 11.1 (Shi et al., 2018)
8 Pt-WOx/SiO2 8 24 140 100 57.0 1.0 (Liu et al., 2020)
9 Pt/WO3-Al2O3-SiO2 6 12 160 48.0 56.0 − (Feng et al., 2017)
10 0.1La/Pt/WOx/Al2O3 1 12 140 47.4 56.9 12.5 (Wang et al., 2016)
11 Pt/2%Nb-WOx 5 12 160 40.0 29.7 2.5 (Yang et al., 2018)
12 Pt/Au/WO3 5 7 150 30.7 54.3 3.3 (Yang et al., 2018)
13 Pt/W-SBA15(1/640) 4 30 150 86.8 70.8 1.2 (Fan et al., 2017)
14 Pt/WOx-Al2O3/SBA15 6 12 160 66.0 50.0 − (Feng et al., 2019)
15 Pt/WO3 5 12 160 63.8 43.2 − (Niu et al., 2020)
16 2W4Pt/SiO2 8 18 160 64.2 57.2 10.5 (Zhou et al., 2020)

Ir-Re-based catalysts
1 Ir-ReOx/SiO2 8 24 120 62.8 49.0 1.0 (Nakagawa et al., 2010)
2 Ir-ReOx/SiO2+H-ZSM-5. 8 36 120 75.2 43.9 4.1 (Nakagawa et al., 2012)
3 Ir-ReOx/rutile 8 2 120 26.0 71.0 2.0 (Liu et al., 2019)
4 ReOx-Ir + H2SO4 8 24 120 50.0 35.0 18.0 (Varghese et al., 2018)
5 Ir-Re/KIT6+amberlyst-15 8 12 120 63.3 34.7 12.6 (Deng et al., 2015)
6 Ir–Re/D-ASA-2.0 8 12 120 54.5 38.9 13.2 (Deng et al., 2015)
7 Ir-ReOx/SiO2 8 24 120 37.0 63.0 6.0 (Luo et al., 2016)

Other types of catalysts
1 IrOx/H-ZSM-5 8 12 180 − 55.8 4.2 (Wan et al., 2019)
2 Ni-Zr/H-beta 6 10 200 77.0 14.0 26.0 (Kant et al., 2017)
3 Ni-CsH3SiW/Al2O3 8.8 7 240 21.0 12.1 18.6 (Mai and Ng, 2017)
4 Pt-Fe/Al2O3 2.6 12 240 55.5 1.5 33.7 (Soares et al., 2016)
5 Ru/AlF3- Al2O3 4 4 200 48.3 23.7 − (Ahmed et al., 2016)
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glycerol hydrogenolysis. The Luo group (Luo et al., 2016)
prepared a shell Ir-ReOx catalyst. The special morphology
shortened the diffusion distance and accelerated the thermal
diffusion on the surface, which inhibited the excessive
hydrogenolysis of 1,3-PDO and thus improved the selectivity.
In addition, the molar ratio of the Ir and Re metals (Liu et al.,
2019) and the adjustment of the impregnation order (Luo et al.,
2016) on the support make the catalytic performance remarkably
different. The catalytic performance of typical Ir-Re-based
catalysts for the hydrogenolysis of glycerol in batch reactors is
summarized in Table 1.

Compared with Pt-W-based catalysts, Ir-Re-based catalysts
are also employed in the cleavage of C-O bonds in other biomass
platform molecules, for example 1,2-hexanediol,
tetrahydrofurfuryl alcohol, and cyclohexanediol (Tomishige
et al., 2014). The active sites at the Ir-ReOx interface can
anchor the terminal hydroxyl group of substrates, causing the
neighboring C-O bond to be attacked and cleaved. Therefore, Ir-
Re-based catalysts show unique advantages in the selective
cleavage of C-O bonds of various platform molecules.

Other Types of Catalysts
In addition to the two main series of catalysts above, many other
catalysts were also reported, such as metal-supported molecular
sieves, modified heteropoly acids, oxyphilic metal oxide, and
so on.

A molecular sieve is a material with a large surface area, high
porosity, and strong adsorption capacity. Priya et al. (Priya et al.,
2016) prepared a highly efficient catalyst of H-Mordenite to
support Pt, with a porous system and a large number of acid
sites, that obtained a high glycerol conversion (94.9%) and a
selectivity of 1,3-PDO (48.6%). Subsequently, they added Cu to
the catalyst to synthesize a bimetallic catalyst (Priya et al., 2016).
Although the selectivity of 1,3-PDO was improved, the stability
and reusability of the catalyst needed to be improved. They also
tried natural clay montmorillonite activated by sulfuric acid for
glycerol hydrogenolysis (Samudrala et al., 2018). Wan et al. (Wan
et al., 2019) prepared an Ir-ZSM5 catalyst by combining a HZSM-
5 molecular sieve with Ir nanoclusters and achieved a good result.
In addition to Pt and Ir, cheap transition metal-supported H-beta

zeolite (Zr-Ni/H-beta) was also employed and achieved an
acceptable result (Kant et al., 2017).

Heteropoly acid has both an acid base and oxidizing
properties, but its specific surface area is relatively low.
Therefore, alkaline cation modification is used to adjust the
pH or modify the specific surface area. Mai et al. (Mai & Ng,
2017) exchanged the basic cation Cs+ to catalyst 10Ni-30H4SiW
/Al2O3.With the increase of the Cs+ content, the selectivity of 1,3-
PDO and 1-PO increased first and then decreased. In recent
studies, heteropoly acids have also been added to materials as acid
adjuvants. Cai et al. (Cai et al., 2017) added heteropoly acid
(HSiW, HPW, HPMo) to a Co-Al catalyst to investigate the
influence of reaction variables such as solvent, reaction
temperature, and feeding speed in the hydrogenolysis of glycerol.

Due to their great affinity with non-metallic elements,
oxyphilic metals such as Al, Si, Zr, and Ti easily form stable
oxides and easily undergo electron transfer in the reaction. In
addition to the combination of the above Pt-W series catalysts,
oxyphilic metal oxides were also employed in the hydrogenolysis
of glycerol, usually combined with other transition metals. Soares
et al. (Soares et al., 2016) synthesized a Pt-Fe/Al2O3 bimetallic
catalyst by supporting the metals Pt and Fe on Al2O3 and applied
it to glycerol hydrogenolysis and the reforming reaction. In the
hydrogenolysis process, it promoted the selectivity of 1,2-PDO
and n-PO, and showed high activity. Ahmed and his
collaborators (Ahmed et al., 2016) used Al2O3 as a carrier to
support Ru, and fluorinated it with AlF3. The fluorination
reaction had a significant effect on the physicochemical
properties of the catalyst such as specific surface area, Ru
dispersion, total pore volume, and average pore size.

In the abovementioned reaction systems, most of the reactions
are carried out in batch reactors. In addition, there were many
attempts in flow systems carried out in fixed-bed reactors. The
flow system can shorten the residence time of the substrate and
product over the catalyst, and prevent excessive hydrogenolysis of
the target product, thereby increasing the selectivity of 1,3-PDO.
Here we summarized the catalytic performances of glycerol
hydrogenolysis in fixed-bed reactions, as shown in Table 2.

In this mini review, the research progress of selective
hydrogenolysis of glycerol to 1,3-PDO was overviewed, the

TABLE 2 | Comparison of catalytic performances of glycerol hydrogenolysis in fixed-bed reactions.

Entry Catalyst Pressure
(Mpa)

V (ml/
min)

Temp
(°C)

Conversion
(%)

Selectivity (%) Yield
(%)

References

1,3-
PDO

1,2-
PDO

Pt-W-based catalysts
1 5PtW/ZrSi 5 100 180 54.3 52.0 6.8 28.2 (Zhu et al., 2014)
2 2 Pt-10WO3/SBA-

15
0.1 80 210 86.0 42.0 11.0 36.1 (Wang et al., 2016)

Ir-Re-based catalysts
1 Ir-ReOx/rutile 8 − 120 69.0 52.0 2.0 36.0 (Liu et al., 2019)
2 TMCS-SiO2-RI20 8 40 130 60.9 31.1 7.5 18.9 (Luo et al., 2016)
3 Ir/Re/SiO2 8 40 130 54.4 39.9 4.3 21.7 (Luo et al., 2016)

Other types of catalysts
1 Pt/H-Mordenite 0.1 60 225 94.9 48.6 12.0 46.1 (Priya et al., 2016)
2 Pt-5Cu/Mordenite 0.1 80 215 90.0 58.5 18.0 52.7 (Priya et al., 2016)
3 2wt% Pt/S-MMT 0.1 70 200 94.0 62.0 12.0 58.3 (Samudrala et al., 2018)
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mechanism of the reaction and typical types of catalysts were
comprehensively summarized. The hydrogenolysis of glycerol is
a consecutive reaction, during which a number of products can
still undergo hydrogenolysis. Increasing the reaction
temperature will accelerate the rate of C-O bond cleavage to
improve the conversion of glycerol, but this comes at the
expense of a slight decrease in 1,3-PDO selectivity. Raising
the hydrogen pressure can slightly increase the selectivity of
1,3-PDO, which also carries the risk of excessive hydrogenolysis.
To improve the conversion and selectivity, controlling both
reaction steps is crucial: the selective hydrogenolysis of the
secondary hydroxyl group of glycerol and the inhibition of
excessive hydrogenolysis of 1,3-PDO. Therefore, the design
of the current catalysts must be combined with the control of
these two steps, to improve the selectivity of 1,3-PDO. Pt-W-
based and Ir-Re-based catalysts have shown great potential for
1,3-PDO production from hydrogenolysis of glycerol but still
need improvements for practical application, the combination

of these two types of catalyst might be a good solution.
Moreover, from the viewpoint of industrial application, the
efficiency, stability, and cost of the catalyst must all be
considered and anticipated. The catalytic reaction is ideally
conducted in a fixed-bed continuous reactor with high
concentration and high time-space velocity.
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