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Abstract: Applications of renewable biomass provide facile routes to alleviate the shortage of fossil
fuels as well as to reduce the emission of CO,. Glycerol, which is currently produced as a waste in
the biodiesel production, is one of the most attractive biomass resources. In the past decade, the
conversion of glycerol into useful chemicals has attracted much attention, and glycerol is mainly
converted by steam reforming, hydrogenolysis, oxidation, dehydration, esterification, carboxylation,
acetalization, and chlorination. In this review, we focused on the catalytic hydrogenolysis of glycerol
into C3 chemicals, which contain many industrially important products such as 1,2-propanediol,
1,3-propanediol, allyl alcohol, 1-propanol and propylene. In the hydrogenolysis of glycerol into
propanediols, advantages and disadvantages of liquid- and vapor-phase reactions are compared. In
addition, recent studies on catalysts, reaction conditions, and proposed pathways are primarily
summarized and discussed. Furthermore, new research trends are introduced in connection with the

hydrogenolysis of glycerol into allyl alcohol, propanols and propylene.
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1. Introduction

Biomass is biological material derived from living organisms, and it represents abundant
carbon-neutral renewable resources for the production of bioenergy and biochemicals, which can
replace the energy and the materials produced from fossil resources. In recent years, applications of
the biomass resources have attracted much attention from the view point of CO, emission. Shifting
society’s dependence away from petroleum to renewable biomass resources is essential for the
development of sustainable industrial societies and efficient management of greenhouse gas
emissions [1]. The bio-derived chemicals are mainly produced by two types of main components of
sugars: hexoses and pentose, which can be obtained from starch, cellulose and hemicellulose [2].
Bioenergy usually means biofuels, which mainly consist of bioethanol and biodiesel, and the
production of those fuels has been increasing rapidly in the last decade [3]. The bioethanol
production depends heavily on the fermentation of starch obtained from corn and sugar cane [4].

Glycerol is the smallest polyol available from triglycerides, vegetable oil and animal fat,
which constitute approximately 10 wt.% of total biomass [5]. Biodiesel is produced from
triglycerides by transesterification with short chain alcohols through catalysis by alkali, and a huge
amount of glycerol, ca. 10 wt.% of the overall biodiesel production, is generated as the by-product
in the process [6]. Consequently, glycerol constitutes ca. 1 wt.% of total biomass. The production of
biodiesel is 22.7 million metric tons in 2012, and it increases rapidly and is even forecasted to
increase to 36.9 million metric tons in 2020 [7]. Glycerol is also produced as a by-product of ethanol
production by fermentation of sugars. Although the extraction of glycerol from this residue is not
economically feasible, the fermentation of sugar into ethanol is also a potential additional resource
of glycerol [8]. In the cleavage processes of fatty acids, the purity of the crude glycerol is high and
ca. 80 wt.% glycerol aqueous solution can be obtained from most of the conventional processes of
biodiesel production, but it also contains water, methanol, traces of fatty acids as well as various
inorganic and organic impurities [9,10]. Crude glycerol has to be purified by distillation prior to
further use in most cases, whereas the cost of the distillation is high. Furthermore, although glycerol
has been produced at a large quantity with a rapid growth, the market of glycerol is small and the

price of glycerol is low [9]. As a consequence, the proportion of refined glycerol is actually steadily
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decreasing and the unrefined crude glycerol is generally disposed by burning, which must be
considered as a waste of a potentially useful organic raw material [10]. Thus, new economical ways
of using glycerol must be developed in order to substantially increase the demand and the price of
crude glycerol, and also to ensure the sustainability of the biodiesel production. Glycerol can be a
starting material for further chemical derivatization, and many useful intermediates and specialty
chemicals can be produced by catalytic reactions [11-13].

The catalytic conversion of glycerol into useful chemicals are mainly performed through
stream reforming, oxidation, dehydration, acetalization, esterification, etherification, carboxylation,
and chlorination, which have been summarized in many review papers at different periods
[2,11,14-17]. Among the various ways for glycerol derivatization, the dehydration of glycerol into
acrolein, the oxidation of glycerol into dihydroxyacetone and glyceric acid, and the hydrogenolysis
of glycerol into 1,2-propanediol (1,2-PDO) and 1,3-propanediol (1,3-PDO) have been intensively
investigated because of the wide and important use of the corresponding chemicals (Scheme 1).
Dehydration of glycerol into acrolein has been well summarized in some review papers [7,10,18-21].
Although high acrolein selectivity has been obtained over some solid acid catalysts in many reports,
the catalysts are deactivated rapidly in most cases and the development of solid catalysts for a stable
acrolein formation from glycerol is still required. Because acrolein is mainly used for acrylic acid
formation, the direct production of acrylic acid from glycerol is also attractive. In recent 5 years,
direct synthesis of acrylic acid from glycerol has been extensively reported [22-37]. In the processes,
acrolein is generated as an intermediate and it is further oxidized into acrylic acid under either O, or
air flow conditions.

The oxidation of glycerol into dihydroxyacetone and glyceric acid has been reviewed
[38,39]. Supported precious metals, such as Pt, Pd and Au, are generally used as catalysts for
glycerol oxidation into both dihydroxyacetone and glyceric acid. The features of the supported
precious metals, such as the particle size and the acid-base conditions, significantly affect the
selectivity to the oxidized products. In the latest review paper [39], a detailed summary has been
reported on the glycerol oxidation into glyceric acid over Au-based catalysts, which show more

advantages than the traditional Pt- and Pd-based catalysts. Lactic acid is another attractive chemical
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which can be derived via oxidation [40-55]. The catalyst system for glycerol oxidation into lactic
acid is similar to that into glyceric acid, whereas the reaction conditions are much different: the
formation of lactic acid requires much higher reaction temperatures and a basic media is
indispensable in most cases. The glycerol oxidation is expected to be applied for further studies and

even industrial applications.
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Scheme 1 Glycerol conversion into useful chemicals.

In this review, we focused on the glycerol hydrogenolysis into useful chemicals, which
contain 1,2-PDO, 1,3-PDO, allyl alcohol, 1-propanol, and propylene. All these chemicals in the
glycerol hydrogenolysis are commercially produced from fossil resources now, and the technologies
of catalytic transformation make it possible to produce these chemicals from a renewable resource
such as glycerol. It is generally accepted that both 1,2-PDO and 1,3-PDO are produced via the
dehydration of glycerol followed by hydrogenation, whereas different catalysts are reported to work
effectively under different reaction conditions. In 2011, Dam and Hanefeld published a detailed
review on glycerol dehydroxylation [5], and Nakagawa and Tomishige also published a review
paper summarizing their works on glycerol hydrogenolysis into propanediols [6]. However, the

reviews have focused mainly on the liquid-phase reactions, while vapor-phase reactions are less
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discussed. Although new achievements are summarized in review papers for the recent 5 years
[56-65], the advantages and disadvantages of vapor- and liquid-phase reactions are less discussed. In
addition, some important achievements have been reported in the past 5 years. In addition, allyl
alcohol is an attractive target chemical, which is also an intermediate in glycerol hydrogenolysis, but
it is difficult to be produced selectively because it is easy to be further hydrogenated into 1-propanol
under H, flow conditions. Consequently, efforts have been made to produce allyl alcohol from
glycerol by hydrogen-transfer reactions using either monoalcohols or formic acid as the H-donor
molecule. Recently, glycerol multi-step hydrogenolysis into propanols and propylene has also
attracted much attention. In this review, the new trends in the glycerol hydrogenolysis are also

summarized and discussed.

2. 1,2-Propanediol

1,2-PDO is a valuable chemical used widely in the synthesis of pharmaceuticals, polymers,
agricultural adjuvants, plastics, and transportation fuel [66-68]. Depending on its purity, 1,2-PDO
can be used as an antifreeze agent, a hydraulic fluid, and a solvent, and it has also usages for
cosmetics and food applications [69]. 1,2-PDO is currently produced by the hydration of propylene
oxide, which is produced through the selective oxidation of propylene [62]. Because propylene is
produced from fossil resources, the production of 1,2-PDO from bio-derived glycerol is attractive.
Glycerol hydrogenolysis into 1,2-PDO is extensively investigated in a liquid-phase reaction under
high H, pressure conditions, and several studies focused on vapor-phase reactions has also been
reported. Many kinds of transition metals, such as Pt, Pd, Ru, Ir, Cu, and Ni, are effective for
1,2-PDO formation. In the following sections, we divide and summarize the previous studies by the

catalyst systems as well as by the reaction conditions.

2.1. Reaction route of glycerol hydrogenolysis into 1,2-propanediol
The reported formation route of glycerol hydrogenolysis into 1,2-PDO is different
according to the catalyst system and the reaction phase. Generally, a catalyst system with both

dehydration and hydrogenation ability is required for the reaction. In the liquid-phase reactions, it is
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generally accepted that acid sites catalyze the dehydration of glycerol into acetol, which is further
hydrogenated into 1,2-PDO over transition metal catalysts, such as Pt, Ru, and Cu (Scheme 2)
[5,6,70-71]. Alhanash et al. performed the glycerol dehydration over Zn-Cr mixed oxide catalysts at
a Zn/Cr ratio of 1:1, which gives 40% selectivity to acetol at 18% conversion, and proposed a
reaction mechanism of glycerol dehydration into acetol over Lewis acid sites, as shown in Scheme 3,
in which M represents the Lewis acid sites [72]. It is proposed that the terminal OH group of
glycerol rather than the internal one is more likely to interact with a Lewis acid site. Concerted the
transfer of the terminal OH group to the Lewis acid site and the migration of the H* from the internal
carbon atom to the bridging O atom of the oxide gave 2,3-dihydroxypropene, which is further
tautomerized to yield acetol. In contrast, Brensted acid sites are also proposed to catalyze glycerol
dehydration into acetol, as shown in Scheme 4 [5], in which acetol is formed via direct dehydration
of glycerol and the subsequent keto-enol tautomerization. Scheme 2 also shows a generally accepted
formation route of 1,2-PDO under alkaline conditions. Dehydrogenation of glycerol firstly proceeds
over metal sites assisted by the base to form glyceraldehyde, which dehydrates to
2-hydroxy-2-propenal over base sites, and finally 1,2-PDO is produced from 2-hydroxy-2-propenal
via two-step hydrogenation process [5,6]. Tomishige’s group has performed a series of works on
liquid-phase glycerol hydrogenolysis into 1,2-PDO and 1,3-PDO over Ir and Ru catalysts modified
with ReOx [6], and proposed a direct glycerol hydrogenolysis route with different coordination (Fig.
1). It is suggested that glycerol is firstly adsorbed on the surface of ReOy clusters to form alkoxide
species of 2,3-dihydroxypropoxide. Then, the hydride attacking the 2-position of the hydroxyl group
of 2,3-dihydroxypropoxide gives 1,3-PDO, while the hydride attacking the 3-position of the
hydroxyl group of 2,3-dihydroxyisopropoxide gives 1,2-PDO [73].
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Scheme 2 Reaction routes of glycerol hydrogenolysis into 1,2-PDO [5].
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Scheme 3 Reaction mechanism of glycerol dehydration into acetol over Lewis acid sites proposed

by Alhanash et al. [72].
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Scheme 4 Reaction mechanism of glycerol dehydration into acetol over Bransted acid sites [5, 62].
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Figure 1 Direct glycerol hydrogenolysis mechanism proposed by Tomishige et al. [73].

(@) Glycerol hydrogenolysis to 1,3-PDO; (b) Glycerol hydrogenolysis to 1,2-PDO

Sato’s group has continued a series of works on vapor-phase glycerol hydrogenolysis into
1,2-PDO [74-77]. Al,Os- and Cr,0s-supported Cu catalysts show high activity for the formation of
1,2-PDO from glycerol, and it is confirmed that acetol is generated as the intermediate. In order to
determine the active sites for acetol formation from glycerol, vapor-phase reactions of glycerol is
performed under N, atmosphere [78]: Cu supported on Al,Os gives 82.9% selectivity to acetol at a
complete conversion, whereas Al,Os gives 26.5% selectivity to acetol at 11.5% conversion at 250 °C.
Furthermore, 84.6% acetol selectivity can be achieved at 74.9% glycerol conversion over Raney Cu
without acid sites. Schmidt et al. have also reported that higher than 94% 1,2-PDO yield is obtained
from glycerol over Raney Cu under H, flow conditions [79,80]. These results indicate that Cu metal
provides the active sites for the dehydration of glycerol into acetol, and the supports such as Al,Os3
work as a mere support not as an acid catalyst. In other words, Cu metal catalyzes the glycerol
dehydration into acetol as well as the following hydrogenation of acetol into 1,2-PDO. For 1,2-PDO
used as a reactant, on the other hand, Cu metal catalyzes the dehydrogenation of 1,2-PDO to acetol
but never acts as a dehydration catalyst to produce propanal and allyl alcohol. That is why Cu metal
selectively works as a catalyst for the selective formation of 1,2-PDO from glycerol. It is probable
that Cu metal surface provides the active sites for the catalytic glycerol hydrogenolysis in a vapor
phase. A radical mechanism in the glycerol dehydration catalyzed by Cu metal is proposed in
Scheme 5 [78]. There are two possible reaction routes, the elimination of one hydrogen atom from a
primary and secondary OH group of glycerol initiates the dehydration. In both routes, a hydroxy

radical is eliminated after the elimination of the hydrogen atom. In addition, supported Ag catalysts
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are tested for glycerol dehydration under N, atmosphere, and SiO,-supported Ag metal catalyst gives
the acetol selectivity of 91.1% with 46.1% glycerol conversion at 240 °C [76]. Furthermore, an Ag
powder can give 84.6% selectivity to acetol at 30.8% conversion even in H, atmosphere. Therefore,
it is proved that transition metals, such as Cu and Ag, can provide active sites for the dehydration of

glycerol into acetol.
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Scheme 5 Reaction mechanism of glycerol dehydration into acetol over Cu metal proposed by Sato

etal. [78].

In liquid-phase reactions, although the glycerol dehydration step is generally accepted to be
catalyzed by either an acid or a base (Scheme 2), we have different opinions. We are afraid that the
transition metals, such as Pt, Ru, and Cu, do not only work as a hydrogenation catalyst, but also
involve the glycerol dehydration into acetol, which is further hydrogenated into 1,2-PDO. Based on
the abundant reports performed in liquid phase [81-115], we found that the species of the loaded
metals significantly affect the selectivity to 1,2-PDO rather than the acid-base properties of the
supports. For example, higher than 90% 1,2-PDO selectivity can be obtained over Cu catalyst
supported on chromite [90], ZrO, [91], ZnO [92], boehmite [93], Al,O3 [94], SiO, [95], MgO [96]
and MgAIO [97]. These metal oxides seem to work only as inert supports for dispersing Cu but do

not seem to catalyze the first-step dehydration of glycerol into acetol in the formation of 1,2-PDO.
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Indeed, in the vapor-phase glycerol dehydration, acetol is difficult to be selectively obtained over
metal oxides catalysts, such as Al,O3z [78], ZrO,, and TiO, [105]. In the liquid-phase glycerol
hydrogenolysis into 1,2-PDO, an acidic support catalyzed selective dehydration of glycerol into
acetol also has been never proved by experiments. On the contrary, Cu/Al,O3z shows high activity for
1,2-PDO formation, while Al,O3 gives 0% selectivity to acetol at a low conversion of 7% under the
same reaction conditions [94]. Hirunsit et al. [94] performed DFT calculations, which demonstrate
that the Al,O5; support facilitates Cu to be more active toward interacting with glycerol and acetol
intermediate species. Mane et al. firstly reported a detailed study focusing on the mechanism of
liquid-phase glycerol dehydration into acetol over Cu-supported catalysts [106]. Ba-, Mg-, Zr-, Zn-,
Al-, and Cr-modified Cu catalysts were studied to understand the role of active species in selective
glycerol dehydration to acetol. Cu-Al, Cu-Zr, and Cu-Mg showed relatively high activity and gave
acetol selectivities of 92, 87, and 79% at conversions of 24, 21 and 24%, respectively, at 220 °C
under an N, ambient pressure. In contrast, metallic Cu and acidic catalysts such as Al,Oz and ZrO,
showed extremely low activity with low glycerol conversions less than 2%. They concluded that
glycerol dehydration to acetol is not only catalyzed by acid sites but also by the metallic Cu. Raney
catalysts were also investigated for the liquid-phase glycerol hydrogenolysis to 1,2-PDO [90,99,116].
Montassier et al. firstly reported that Raney Cu gave 86% selectivity to 1,2-PDO with a conversion
higher than 80% at 240 °C and an H, pressure of 30 atm [116]. Raney Ni is reported to give 77%
1,2-PDO selectivity with 63% conversion at 190 °C and an H, pressure of 10 atm [99], and Raney
Cu is also reported to give 69% 1,2-PDO selectivity with 49% conversion at 200 °C and an H,
pressure of 14 atm [90], respectively. These results indicate that transition metals, such as Cu and Ni,
can also effectively catalyze the first-step dehydration of glycerol to acetol even in a liquid phase.
Comparing to the reaction mechanisms initiated by an acid or a base (Scheme 2-4), we
suppose that metal-oxide concerted mechanism (Fig. 1) is acceptable in a liquid-phase reaction. On
the other hand, it is also possible that the supported metal singly provides the active sites to catalyze
the liquid-phase dehydration of glycerol into acetol at temperatures as high as those at which the

dehydrogenation could proceed.
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2.2. Liquid-phase glycerol hydrogenolysis into 1,2-PDO over precious metal catalysts
Table 1 summarizes some representative reports of glycerol hydrogenolysis to 1,2-PDO in
liquid phase over supported precious metal catalysts [81-88]. Feng et al. have investigated glycerol
hydrogenolysis over basic oxide-supported Ru catalysts, such as Ru/CeO,, Ru/La,O3, and Ru/MgO
[84]. Among the tested catalysts, Ru/CeO; has the smallest Ru particle size and the weakest surface
basicity feature, and it is effective to promote 1,2-PDO formation from glycerol: 62.7% selectivity to
1,2-PDO at 85.2% conversion is obtained over Ru/CeO, at 180 °C and an H; pressure of 50 atm, and
the by-products contain propanols, which are generated via 1,2-PDO further hydrogenolysis, and
glycerol decomposition products such as methanol, ethanol, and ethylene glycol. Lee et al. prepared
a series of Ru-supported hydrotalcite-like and Ca-Zn-modified hydrotalcite-like catalysts for
1,2-PDO formation from glycerol [87]. They indicated that the support with strong acidity is
effective for Ru dispersion and highly dispersed Ru can promote both the conversion and the
1,2-PDO selectivity. Hamzah et al. also reported that small Ru particles are effective for 1,2-PDO
formation [86]. They have found that a mixed support of bentonite and TiO at a weight ratio of 1:2
improves the dispersion of Ru and the catalytic activity. An 80.6% 1,2-PDO selectivity is achieved
at a low temperature of 150 °C and an H, pressure of 20 atm, and ethylene glycerol is generated as
the main by-product with a selectivity of ca. 10%. Gandarias et al. studied glycerol hydrogenolysis
over SiO-Al,Os-supported Pt catalyst, and they indicate that the acid sites of SiO,-Al,O5 are
responsible for glycerol dehydration to acetol while Pt metal sites catalyze the acetol hydrogenation
to 1,2-PDO [81]. Pt also catalyzes C-C bond cleavage reactions, whereas it inhibits the formation of
coke. The maximum selectivity to 1,2-PDO is 31.9%: further hydrogenolysis products, such as
1-propanol and 2-propanol, are produced with high total selectivity.
Furikado et al. have studied glycerol hydrogenolysis over supported precious metal, such as
Rh, Ru, Pt, and Pd [82]. Rh/SiO, exhibits a high activity to form glycerol hydrogenolysis products
such as propanediols and propanols, while the maximum selectivity to 1,2-PDO was 34.6% because
of the further hydrogenation of 1,2-PDO into 1-propanol. The catalytic activity is further promoted
by the loading of Re onto Rh/SiO,, whereas the selectivity to 1,2-PDO is maximized at 46.9%

because of competitive formation of 1,3-PDO and propanols [83]. Auneau et al. studied supported Ir
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catalysts for glycerol transformation in the presence of NaOH in an H, atmosphere [85]. Ir/C gives a
76% selectivity to 1,2-PDO with 85.0% conversion at 180 °C and an H, pressure of 50 atm. Zhou et
al. reported that Al,Os-supported Ag catalyst affords high 1,2-PDO selectivity of 96.0% with 46%
conversion at 220 °C and 15 atm [88]. Although high 1,2-PDO selectivity is achieved, the catalytic
activity of Ag/Al,Os is not so high because of the low hydrogenation ability of Ag.

In the above-mentioned studies, we know that almost all the precious metals can be used
for glycerol hydrogenation into 1,2-PDO, while the supports play an important role on the catalytic
activity of the precious metals. The studies similarly indicate that the acid-base property of the
support affects the dispersion of the precious metals, and highly dispersed precious metal catalysts
show high catalytic activity for 1,2-PDO formation from glycerol. Although the liquid-phase
reactions are performed at relatively low temperatures, the C-C bond cleavage products of glycerol,
such as methanol, ethanol, and ethylene glycol, are still by-produced at a certain amount over the
precious metal catalysts, except Ag [81-87]. In some reports [81-83], it is described that a high yield
of 1,2-PDO is difficult to be achieved because 1,2-PDO further converts into propanols. However,
this could be a common problem in the liquid-phase glycerol hydrogenolysis, especially when an
acidic metal oxide is used as the support because it catalyzes the further dehydration of 1,2-PDO into
propanal [89]. As shown in Table 1, both the high conversion and the high selectivity are difficult to
be achieved at the same time, which indicates that 1,2-PDO is usually unstable in liquid-phase
catalytic conditions and that consecutive reactions occur. In another word, a long reaction time is
usually required for achieving high conversions of glycerol in a liquid phase, whereas the resulting

1,2-PDO is easier to be further converted into propanols and even propylene for a long reaction time.
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Table 1 Liquid-phase 1,2-propanediol formation from glycerol over precious metal catalysts.

Catalyst Temp. H, Glycerol/ Time  Conversion Selectivity to Ref.

pressure Catalyst of glycerol 1,2-PDO

(C) (atm) @9 (h) (%) (%)

Pt/SiO,-Al,03 220 45 6.0 24 19.8 31.9 81
Rh/SiO, 120 80 27.8 10 19.6 34.6 82
Rh/Re-SiO, 120 80 27.8 2 38.4 46.9 83
Ru/CeO, 180 50 125 10 85.2 62.7 84
Ir/C 180 50 10.1 24 85.0 76.0 85
Ru/bentonite-TiO, 150 20 4.8 7 69.8 80.6 86
Ru/CaznMgAIO 180 25 34.8 18 58.5 85.5 87
Ag/AlLO3 220 15 7.6 10 46.0 96.0 88

2.3. Liquid-phase glycerol hydrogenolysis into 1,2-PDO over base metal catalysts

Table 2 summarizes base metals such as Cu, Ni, and Co which have been also extensively
studied for liquid-phase hydrogenolysis of glycerol into 1,2-PDO [89-99]. In an early report, Suppes
et al. studied glycerol hydrogenolysis using various commercial catalysts, and copper-chromite was
found to show a high activity for 1,2-PDO formation [90]: an 89.6% 1,2-PDO selectivity with
65.3% conversion was obtained. Balaraju et al. prepared a series of Cu/ZnO catalysts with different
Cu/Zn ratios for glycerol hydrogenolysis [92]. Cu/ZnO catalyst with a Cu/Zn weight ratio of 50/50
shows a 1,2-PDO selectivity of 92% at 37% conversion. The 1,2-PDO selectivity is maximized at
92% because it decreases with increasing the conversion at a longer reaction time. Based on the
physicochemical properties of Cu/ZnO catalysts measured by XRD and the reaction results, they
indicated that the sufficient amount of ZnO and Cu with small particle size is required for glycerol
conversion and achieving high 1,2-PDO selectivity. Vasiliadou et al. prepared various
SiOy-supported Cu catalysts with large crystals, small monodispersed crystallites and a highly
dispersed XRD amorphous Cu phase [95]. Their results show that different dispersion characteristics

result in different conversion of glycerol at a range of 20-50%, while all the catalysts give high
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selectivity to 1,2-PDO at a range of 92-97%. Wu et al. have prepared highly dispersed Cu clusters
(<1 nm) over boehmite via an aqueous chemical reduction method and compared the catalytic
activity with that of Cu/Al,03, Cu/SiO, and Ru/C [93]. Cu/ boehmite shows the highest activity for
1,2-PDO formation among the tested catalysts, which is illustrated to assign to the small particle size
of Cu and the Lewis acid sites of boehmite. A complete conversion of glycerol was achieved at a
reaction time of 12 h, whereas the selectivity to 1,2-PDO decreases to ca. 85% and the selectivity to
propanols increases to ca. 13%.

Basic metal oxides-supported Cu is also effective for 1,2-PDO formation from glycerol. In a
report of Yuan’s group, a 97.6% 1,2-PDO selectivity with a glycerol conversion of 72% was
achieved over Cu/MgO [96]. The activity of the Cu/MgO depends strongly on the particle sizes of
both Cu and MgO: the catalysts with smaller sized Cu and MgO particles are more active. The same
group also prepared a Cu/MgAIO catalyst, which is synthesized via thermal decomposition of the
as-synthesized Cuy4MgssAl(OH)16CO5; with layered double hydroxides. Comparing with the
catalysts prepared by an impregnation and an ion-exchange method, Cu prepared by thermal
decomposition is highly dispersed on MgAIO support and 98.2% 1,2-PDO selectivity with 80.0%
conversion is obtained at 180 °C and an H; pressure of 30 atm [97]. Furthermore, the 1,2-PDO

selectivity only slightly decreases to ca. 97% when the conversion increases to ca. 95%.
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Table 2 Liquid-phase 1,2-propanediol formation from glycerol over base metal catalysts.

Catalyst Temp. H, Glycerol/ Time  Conversion  Selectivity to Ref.

pressure Catalyst of glycerol 1,2-PDO

(C) (atm) @9 (h) (%) (%)

Copper-chromite 200 21 Unclear 24 65.3 89.6 90
Cu/ZrO, 200 40 16.7 8 10.0 90.0 91
Cu/znO 200 20 174 16 37 92 92
Cu/boehmite 200 40 20 6 775 925 93
Cu/Al,O3 220 50 10 6 61 93.3 9%
Cu/SiO;, 240 80 166.7 5 51.9 96.6 95
Cu/MgO 180 30 71 20 72.0 97.6 96
Cu/MgAIO 180 30 71 20 80 98.2 97
Col/ZnAlO 200 20 133 12 70.6 57.8 98
Raney Ni 190 10 4 20 63 7 99

Co and Ni also show catalytic activity for 1,2-PDO formation from glycerol, whereas the
selectivity to 1,2-PDO is lower than that of Cu because Co and Ni promote the C-C cleavage and
increase ethylene glycol and/or ethanol selectivity [98,99]. In the glycerol hydrogenolysis over
Co/ZnAlO catalyst prepared by a co-precipitation method followed by reduction at 600 °C [98], the
selectivity to 1,2-PDO is maximized at 57.8% at 200 °C, and the selectivities to ethylene glycol and
ethanol are 21.0 and 4.5%, respectively. Perosa et al. studied the glycerol hydrogenolysis over
Raney-Ni catalyst: the selectivities to 1,2-PDO and ethanol are 77 and 15%, respectively, even at a
low temperature of 190 °C and an H, pressure of 10 atm [99].

Among the three base metals, Cu shows the highest activity for 1,2-PDO formation.
Because of the competitive formation of glycerol C-C cleavage products, such as methanol, ethanol
and ethylene glycol, 1,2-PDO cannot be selectively produced over Co- and Ni-based catalysts
[98,99]. The 1,2-PDO selectivities higher than 90% can be achieved over most of the Cu-supported

catalysts [90-97], and Cu with small particle sizes is preferable for 1,2-PDO formation [91-93,
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95-97]. Comparing with precious metals, Cu has low C-C cleavage ability and higher 1,2-PDO
selectivity. The selectivity to C-C bond-cleavage products over Cu-based catalysts is at most 3%
[90-97]. However, in most of the liquid-phase reactions using acidic supports, 1,2-PDO selectivity
decreases at high conversion levels because further hydrogenolysis of 1,2-PDO proceeds for a long
reaction time. On the other hand, high 1,2-PDO selectivity can be maintained at high conversion
levels over Cu supported on basic supports [96,97], although hydrogenolysis of 1,2-PDO still

proceeds slowly with increasing the reaction time.

2.4. Liquid-phase glycerol hydrogenolysis into 1,2-PDO over bimetallic catalysts

Bimetallic catalysts are prepared in some studies to promote the catalytic activity toward
1,2-PDO formation from glycerol, as shown in Table 3 [100-104]. Li et al. prepared supported
Pd-Re bimetallic catalysts by an impregnation method for glycerol hydrogenolysis [100]. They
indicate that the added Re might have an interaction with Pd and can increase the ability of the
catalysts for the activation of a C-O bond. The proposed reaction mechanism is shown in Fig 2. The
addition of Re also increases the acidity of the Pd-Re catalysts, whereas it decreases the selectivity
to 1,2-PDO due to the further hydrogenolysis of 1,2-PDO into lower alcohols under acidic
conditions. However, basic oxides-supported Pd-Re catalysts can promote the conversion of
glycerol, and also maintain the selectivity to 1,2-PDO. 89.3% selectivity to 1,2-PDO at 52.9%

conversion is achieved over Pd-Re/La,Os.

OH OH
HO

-H,0 O  +H,

e

Support

Figure 2 Proposed mechanism of glycerol hydrogenolysis over supported Pd-Re bimetallic catalysts

[100].
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Because Cu shows low C-C cleavage ability and gives high 1,2-PDO selectivity as
described in Section 2.3, Cu in bimetallic catalysts of precious metals, such as Ru and Pd, with Cu
improve the catalytic activity. Salazar et al. have studied TiO, supported Cu-Ru bimetallic catalysts
for glycerol hydrogenolysis into 1,2-PDO: the addition of Cu metal to a Ru-based catalyst
significantly enhances the selectivity toward 1,2-PDO and the appropriate mass ratio of Cu/Ru is
1:1 [101]. The selectivity to 1,2-PDO is 90% at 39% conversion over Cu-Ru/TiO, whereas the
1,2-PDO selectivity is only 57% at 31% conversion over Ru/TiO, at the same reaction conditions.
The role of Cu is illustrated to disperse large Ru agglomerates which are responsible for C-C bond
cleavage to form ethylene glycol. Bentonite-supported Cu-Ru bimetallic catalysts are also effective
for 1,2-PDO formation from glycerol, and the selectivity to 1,2-PDO and ethylene glycol is 86.4 and
9.4%, respectively, at 100% conversion at 230 °C and an H, pressure of 100 atm at a Ru/Cu molar
ratio of 3:1 [102].

Zhou et al. have prepared a series of Ag-modified Cu/Al,O; catalysts and studied the effect
of Ag loading on the catalytic activity [103]. The reactions are performed at 200 °C and an H;
pressure of 15 atm over Cu-Ag/Al,0O5; without pre-reduction, and a 96% selectivity to 1,2-PDO is
achieved at 27% conversion over Cu-Ag/Al,Oz with a Cu/Ag molar ratio of 7:3. Based on the
characterization results of TPR and XPS, it is indicated that the formation of low valence Cu species
(Cu® or Cu®) is the key for high activity and the addition of Ag promotes the reduction of the Cu
species, which results in the generation of low valence Cu species. The addition of Ag is also
illustrated to improve the dispersion of the Cu species, which increases the catalytic activity.
Pdo.04CUo 4/Mgs56A10g56 (Cu-Pd/MgAIO) catalysts were prepared via thermal decomposition of
PdxCuo4Mgs6xAl(OH)16CO5;  precursors  with layered double hydroxides for glycerol
hydrogenolysis by Xia et al. [104]. Cu-Pd/MgAIO with highly dispersed Pd and Cu shows higher
catalytic activity than mono-metallic Pd- and Cu-supported catalysts. A high 1,2-PDO selectivity of
97.2% with a glycerol conversion of 76.9% is achieved over Cu-Pd/MgAIO at 180 °C and an H;
pressure of 20 atm. They concluded that the high catalytic performance of Cu-Pd/MgAIO is
attributed to the H, spillover from Pd to Cu as shown in Fig 3. Although the results of the reaction of

Cu-Pd/MgAIQ is similar with that of the Cu/MgAIO catalyst [97], which has been is reported by the
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same group [104], the reaction using bimetallic catalyst is performed at a lower H, pressure

condition with shorter reaction time.

Mg-Al-O

Figure 3 Proposed mechanism of glycerol hydrogenolysis over Cu-Pd/MgAIQ catalyst [104].

We summarize the catalytic activity of various catalysts mentioned in Sections 2.2-2.4 in
Fig. 4. The conversion-selectivity plots in the hydrogenolysis indicate that Cu and Cu-containing

bimetallic catalysts are efficient and selective to form 1,2-PDO from glycerol in a liquid phase.

Table 3 Liquid-phase 1,2-propanediol formation from glycerol over bimetallic metal catalysts.

Catalyst Temp.  H, pressure Glycerol/ Time Conversion  Selectivityto  Ref.
Catalyst of glycerol 1,2-PDO
(C) (atm) @/ 9) (h) (%) (%)

Pd-Re/La,0; 200 80 29.1 18 52.9 89.3 100
Cu-RuU/TIO; 200 25 46.2 12 39 90 101
Cu-Ru/bentonite 230 100 55 18 100 86.4 102
Cu-Ag/Al,O4 200 15 Unclear 10 27 96.0 103
Cu-Pd/MgAIO 180 20 71 10 76.9 97.2 104
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Figure 4 Conversion-selectivity plots in the glycerol hydrogenolysis in liquid phase.
Open, closed, and double circles represent the data listed in Tables 2, 3, and 4, respectively, while

the data for Co/ZnO/AIO and Raney Ni catalysts in Table 3 are not addressed.

2.5. Liquid-phase glycerol hydrogenolysis into 1,2-PDO using hydrogen generated in situ
External supply of hydrogen is necessary for all the above-mentioned hydrogenolysis
processes for producing 1,2-PDO from glycerol. The use of hydrogen gas as an H donor is common
in a hydrogenolysis process, whereas a high H, pressure is always necessary and a pressure tight
reaction equipment is required, which increases the production cost. One interesting alternative is to
produce 1,2-PDO from glycerol hydrogenolysis using the hydrogen generated in situ from
H-containing molecules via hydrogen transfer. Martin et al. have summarized glycerol
hydrogenolysis into propanediols using hydrogen generated in situ [60]. The in situ-generated
hydrogen can be supplied by glycerol itself via aqueous phase reforming as well as by the additive
H-containing molecules, such as monoalcohols and formic acid, via catalytic transfer hydrogenation.

A hydrogen molecule is produced together with CO, in the aqueous phase reforming of glycerol,
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while hydrogen atoms transfer from the H donor to glycerol in a catalytic transfer hydrogenation
reaction [60].

Table 4 summarizes new significant reports of glycerol hydrogenolysis into 1,2-PDO using
hydrogen generated in situ [107-115]. D’Hondt et al. firstly reported glycerol hydrogenolysis into
1,2-PDO using H, produced via in-situ reforming of glycerol [107]. NaY zeolite-supported Pt
catalyst gives 64% selectivity to 1,2-PDO with a glycerol conversion of 85.4% at 230 °C under
atmospheric conditions. The proposed reaction pathways are shown in Scheme 6. The reforming of
glycerol over Pt generates H, and CO,. The formed CO, works as an acid, which is proposed to
catalyze glycerol dehydration into acetol and the formed H, is consumed for the later hydrogenation
of acetol into 1,2-PDO over Pt. Maria et al. studied glycerol hydrogenolysis over SiO,-supported
Pt-Sn catalysts under pressured N, atmosphere [108]. The suitable amount of additive Sn into
Pt/SiO; is 0.2 wt.%, and the maximum 1,2-PDO selectivity is 59% at 54% conversion at 200 °C. In
the studies [107,108], because a part of glycerol is used for reforming to produce H,, the selectivity

to 1,2-PDO is low.

OH 0
HO\/\/OH e HO\)K —
gases

glycerol H* acetol

+3H,0 | Pt 5 +Hz¢ Pt
OH
HO
7H, + 3CO,

1,2-propanediol

v

monohydric alcohols

Scheme 6 Reaction routes of glycerol hydrogenolysis into 1,2-PDO

in the absence of H, proposed by D’Hondt et al. [107].
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Musolino et al. firstly reported glycerol hydrogenolysis via catalytic transfer hydrogenation,
in which they used 2-propanol as the H-donor molecule [109]: PdO/Fe,O; is used as the catalyst and
PdO is reduced to Pd by hydrogen generated from 2-propanol. 94% selectivity to 1,2-PDO with a
complete conversion is achieved at 180 °C under 5 atm inert gas atmosphere, and acetone is
described to be the only product formed by the oxidation of 2-propanol. Under such a reaction
condition, gas products such as CO, are reasonable to be formed via glycerol reforming over Pd
metal, and propylene is also possible to be formed via 1,2-PDO further hydrogenolysis. However,
there is no description about the carbon balance and the analysis of the gas products in the paper. Xia
et al. performed glycerol hydrogenolysis over Cu/MgAIO catalyst in the presence of an H-donor
molecule, such as methanol, ethanol and 2-proapnol, under pressured N, conditions [110]. Among
the tested H donors, ethanol is proved to be the best hydrogen source. The proposed mechanism is
shown in Fig. 5. The dehydrogenation of ethanol yields acetaldehyde, which further converts to ethyl
acetate, 1-butanol and 1,1-diethoxyethane. Considering no dihydrogen molecule was detected in the
gas phase, it is supposed that hydrogen dehydrogenated from ethanol exists mainly in the form of
active hydrogen atom which adsorbed on the surface of the Cu, and then it reacts with acetol quickly.
The Cu/MgAIQ catalyst with a Cu:Mg:Al:O molar ratio of 0.4:5.6:2:9 shows the largest amount of
basic sites and the highest Cu dispersion degree, and also gives the highest 1,2-PDO selectivity of
93.1% at a conversion of 93.9% at 200 °C and an N, pressure of 30 atm. Gandarias et al. have
conducted a series of works dealing with hydrogen-free glycerol hydrogenolysis over Ni-Cu/Al,Os
in the presence of formic acid, which is used as the H-donor molecule [111-113]. Large loading of
Ni promotes acetol hydrogenation into 1,2-PDO, whereas it also increases the selectivities to
glycerol decomposition products. A 1,2-PDO selectivity of 81.6% at 89.9% conversion is obtained
over Ni-Cu/Al,O3 with a Ni/Cu weight ratio of 20:15 at 220 °C and 45 atm N. In a recent study,
Mauriello et al. reported a 64% selectivity to 1,2-PDO with a complete conversion of glycerol over
Pd/Cos0; at 180 °C and 5 atm N using 2-propanol as the H donor [114]. The preparation method of
the catalysts significantly affects the activity, and the catalysts prepared by a co-precipitated method
show the highest catalytic performance toward 1,2-PDO formation. They conclude that the

co-precipitation method ensures a strong interaction between Pd and the support, and leads to the
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formation of bimetallic ensembles which positively promote the glycerol catalytic transfer
hydrogenolysis reaction. Considering that unreacted methanol remains in the crude glycerol solution
in biodiesel production process, Vasiliadou et al. studied hydrogen-free glycerol hydrogenolysis
using methanol as the H donor [115]. The reactions are performed over Pt- or Cu-based catalysts
using 7.2 wt.% methanol and 11.4% glycerol mixed aqueous solution as the reactant. Cu/ZnAlO
catalyst prepared by the co-precipitation method shows a relatively high activity and gives a 51.9%
selectivity to 1,2-PDO with a glycerol conversion of 86.6%. In the experiments using labeled
BCH;0H, it is concluded that methanol reformation with water mainly contributes to hydrogen
production, and ca. 70% of the total hydrogen is produced from the reformation of methanol, while

the extent of glycerol aqueous phase reforming is limited in the presence of methanol.

/\OH /\0 /\/\ OH

Figure 5 Proposed mechanism of glycerol hydrogenolysis over Cu/MgAIQO catalyst using ethanol as

the H donor [110].
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Table 4 Liquid-phase 1,2-propanediol formation from glycerol using in-situ generated hydrogen.

Catalyst Temp. Pressure Solvent Glycerol/ Time  Conversion  Selectivityto  Ref.

(H donor) Catalyst of glycerol 1,2-PDO

(C) (atm) @9 (h) (%) (%)

Pt/NaY zeolite 230 1 (air) Glycerol 53 15 85.4 64 107
Pt-Sn/SiO, 200 4 (Ny) Glycerol 41 2 54 59 108
Pd/Fe,05 180 5 (inert gas) 2-propanol 51 24 100 94 109
Cu/MgAIO 200 30 (N) Ethanol 8.1 10 93.9 93.1 110
Ni-Cu/AlO; 220 45 (Np) formic acid 10.9 24 89.9 81.6 111
Pd/Co504 180 5(Ny) 2-propanol 6.1 24 100 64 114
Cu/ZnAlO 220 35(Ny) Methanol 17 4 86.6 519 115

Glycerol hydrogenolysis into 1,2-PDO using hydrogen generated in situ have some
advantages such as the use of renewable H-donor resources of methanol, ethanol, and formic acid,
while the most attractive advantage is that the hydrogen generated in situ can be performed at low or
even ambient pressure. On the other hand, the use of additional substances will results in additional
by-products and requires the additional separating processes. From this view point, catalytic transfer
hydrogenation using H-donor molecules is more preferable than using glycerol aqueous phase
reforming because the later generally produces more kinds of by-products. Among the well-used
H-donor molecules, such as formic acid, methanol, ethanol, and 2-propanol, formic acid can be
considered to be the most preferable one because only CO, is generated after dehydrogenation and

CO;, is easily separated from the liquid products.

2.6. Vapor-phase glycerol hydrogenolysis into 1,2-PDO

Vapor-phase glycerol hydrogenolysis into 1,2-PDO is preferable for industrial applications,
whereas there are not so many studies dealing with vapor-phase reactions. Table 5 summarizes
glycerol hydrogenolysis to 1,2-PDO in vapor phase. Suppes et al. firstly reported vapor-phase
hydrogenolysis of glycerol to 1,2-PDO using copper-chromite catalyst [117]. They perform the
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reaction under atmospheric H, pressure: 55.5% selectivity to 1,2-PDO and 44.5% selectivity to
acetol at complete glycerol conversion are obtained at 200 °C at a glycerol aqueous concentration of
2.5 wt.%. In their further report [118], the effects of reaction conditions are investigated: lower
temperatures and higher hydrogen pressures shift the equilibrium from acetol to 1,2-PDO. Lower
reaction temperatures also inhibit the formation of glycerol cracking products such as ethylene
glycol, and higher than 90% 1,2-PDO selectivity is achieved at 230 °C under H, pressures at a range
of 5-15 atm.

Since the dehydration of glycerol needs relatively high reaction temperatures and the
hydrogenation of acetol into 1,2-PDO favors low temperatures, Sato et al. developed an efficient
direct process which is performed over Cu/Al,Oj3 catalyst at an atmospheric H, pressure and gradient
temperatures: the dehydration of glycerol into acetol is catalyzed by the upper-layer catalyst at high
temperature, and the following hydrogenation of acetol into 1,2-PDO is catalyzed by the lower-layer
catalyst at low temperature [74,75]. In the system, glycerol can dehydrate to acetol completely and
acetol can hydrogenate into 1,2-PDO efficiently: a 96.1% yield of 1,2-PDO is achieved at a gradient
temperature from 200 to 130 °C under ambient H, pressure. However, even higher 1,2-PDO yield
cannot be achieved because the by-production of ethylene glycol, which is generated by glycerol
decomposition over Cu metal. In our further study, Ag-modified Cu/Al,O5 is prepared and found to
be effective for reducing the cracking ability of Cu and inhibiting ethylene glycol formation [77].
Although the formation of ethylene glycol can be inhibited by the loading of Ag onto Cu/Al,Os3,
whereas it also decreases the hydrogenation ability of the catalyst and inhibits the further
hydrogenation of acetol into 1,2-PDO. In a reactor with double-layered catalysts, Ag-modified
Cu/Al,O3 is loaded on the upper layer of the catalyst bed to inhibit ethylene glycol formation and
Cu/Al,O3 without Ag is loaded on the lower layer to complete the acetol hydrogenation into
1,2-PDO: a 98.3% vyield of 1,2-PDO is achieved over the double-layered catalysts at gradient
temperatures from 170 to 105 °C.

In the vapor-phase hydrogenolysis of glycerol over Cu/SiO, prepared by an incipient
wetness method, 87.0% selectivity to 1.2-PDO is achieved with a complete glycerol conversion at

255 °C and an H, pressure of 15 atm [119]. Zhu et al. modified Cu/SiO, with B,O3 and found that
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the addition of B,O3 into Cu/SiO, could greatly restrain the growth of copper particles and maintain
the dispersion of copper species upon calcination, reduction and reaction during the vapor-phase
glycerol hydrogenolysis [120]. The addition of suitable B,O3 to Cu/SiO; significantly enhances the
catalytic activity, catalytic stability and 1,2-PDO selectivity: a 98.0% selectivity to 1,2-PDO with a
complete glycerol conversion is obtained over Cu-B,04/SiO; catalyst at 200 °C and an H, pressure
of 50 atm. Besides Cu-based catalysts, Ag- and Ru-based catalysts are also applied for the
vapor-phase glycerol hydrogenolysis, whereas these catalysts do not show better catalytic
performance than Cu-based catalysts. In their further study, a Cu/SiO, catalyst is prepared by an
ammonia evaporation hydrothermal method, and 1,2-PDO yield could be maintained at ca. 98% for
300 h at an H, pressure of 50 atm [121]. Recently, they also reported a Cu/CeO, catalyst prepared by
a solidstate grinding-assisted nanocasting method, which provides a stable yield of ca. 97% [122].
The high performance of the Cu/SiO, and Cu/CeO, catalysts is explained to attribute the well
dispersed Cu nanoparticles and the strong interaction between Cu and the supports. Cu-ZnO/Al,O3
catalyst are studied by several groups: the loading of ZnO promotes the formation of 1,2-PDO from
glycerol, and 1,2-PDO selectivity higher than 90% can be achieved under H, pressured conditions
[124-126]. In a recent study, Harisekhar et al. studied Cu/SBA-15 catalyst, which gives a 84%
selectivity to 1,2-PDO at 90% conversion at 200 °C under atmospheric H, pressure [127]. Tanielyan
et al. performed the reaction over various Raney catalysts such as Raney Cu, Cu-Cr, and Cu-Cr-Ni
[79,80]. Among the tested catalysts, Raney Cu shows the highest stability and gives the highest
selectivity to 1,2-PDO. In a long run, higher than 95% yield of 1,2,-PDO can be kept in 6.2 days. Ag
catalyst supported on octahedral molecular sieve (OMS-2) gives an initial glycerol conversion of ca.
65% and 1,2-PDO selectivity of ca. 90% at 200 °C and an H, pressure of 50 atm [128]. However,
the catalyst gradually deactivates with time on stream: after 92 h, the conversion and 1,2-PDO
selectivity decreases to ca. 30 and 65%, respectively. The decrease in the 1,2-PDO selectivity is
caused by the decrease of hydrogenation ability of the catalyst: the selectivity to acetol increases up
to 30% at a TOS of 92 h. Vanama et al. studied vapor-phase glycerol hydrogenolysis over
Ru/MCM-41 catalyst [129]. Because of the high hydrogenolysis ability of Ru, 1,2-PDO further

hydrogenates into lower alcohols such as 1-propanol and 2-propanol, and the maximum 1,2-PDO
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selectivity is only 38% at 230 °C under atmospheric H, pressure. The low 1,2-PDO selectivity also

ascribes to the competitive formation of 1,3-PDO and the by-production of ethylene glycol.

Table 5 Vapor-phase glycerol hydrogenolysis into 1,2-PDO.

Catalyst Temp.  Pressure WHSV TOS Conversion Selectivity to Ref.

1,2-PDO

(C) @m () (h) (%) (%)

Cu/ALO; 200-130* 1 0.06 15 100 96.1 74
Ag-Cu/AlL,O3 170-105° 1 0.03 1-5° 100 98.3 77
Raney Cu 205 14 0.18 6.2° 100 95 80
Cu/SiO, 255 15 2.2 unclear 100 87 119
Copper-Chromite 200 1 0.04 0.5 100 55.5 117
Cu-B,04/SiO, 200 50 0.08 56 100 98 120
Cu/SiO, 200 50 0.08 300 100 98.3 121
Cu/Ce0; 180 50 0.15 300 100 96.9 122
Cu-ZnO/Al,04 190 6.4 0.08 unclear 96.2 92.2 124
Cu-ZnO/Al,04 250 32 2.8 12 100 >90 125
Cu-ZnO/Al,04 250 1 0.05 48.5 85.5 83.7 126
Cu/SBA-15 220 1 1.03 10 90 84 127
Ag/OMS-2° 200 50 unclear 92 ca. 30 ca. 65 128
Ru/MCM-41 230 1 2.09 10 62 38 129

® Gradient temperature. ® Averaged activity between 1 to 5 h. ©OMS-2, octahedral molecular sieve. ¢ Time on

stream of 6.2 days.

Fig. 6 depicts equilibrium constants, K, in the hydrogenation of acetol at different

temperatures. The closed and open triangles present the equilibrium constants of acetol

hydrogenation in the reaction of glycerol hydrogenolysis and acetol hydrogenation, respectively,

calculated from the data in our previous study [74]. The K, values are fitted to a master curve, as
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shown in Fig. 6. The K, values decreases with increasing the temperature, which indicates that the
reaction is exothermic. Under gradient temperature conditions [74,77], after the dehydration of
glycerol has proceeded at higher temperatures of the upper layer of the catalyst bed, low bottom
temperatures would work to shift the equilibrium to the right side. Sato et al. have discussed
chemical equilibrium in the dehydrogenation of 1,2-PDO to acetol, in which the equipment constant
is estimated to be 0.15 atm at 210 °C [123]. Because the K in the hydrogenation of acetol is equal to
the reciprocal of the equilibrium constant in the dehydrogenation of 1,2-PDO, the equilibrium
constant in the hydrogenation of acetol is 6.7 atm ™ at 210 °C. The estimated K, value of acetol
hydrogenation is close to the master curve in Fig. 6, which strongly supports that the hydrogenation
of acetol achieves equilibrium at gradient temperatures [74]. K, values are calculated from several
reference data at 100% conversion, and plotted in Fig. 6. The K, values calculated from the data in
Refs. [77, 119, 120] are close to the master curve, which indicates that the hydrogenation of acetol
formed from glycerol achieves equilibrium in these studies. Because the selectivities to acetol are
not shown in Refs. [121, 122], K, values are not calculated for the reports. A K, value calculated
from Ref. [80], however, is located above the master curve. Because the large amount, 16.5 g, of
catalyst is used in the study, it is plausible that the bottom temperature of the catalyst bed could be
lower than the monitored temperature. On the other hand, the K, value calculated from Ref. [117] is

located below the master curve, which indicates that equilibrium is not achieved possibly.
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Figure 6 Changes in equilibrium constants of acetol hydrogenation with temperature.
Closed triangles present the equilibrium constants of acetol hydrogenation in the reaction of glycerol
hydrogenolysis from Ref. [74]. Open triangles represent the equilibrium constants of acetol hydrogenation in
the reaction of acetol hydrogenation from Ref [74]. Open, closed, and double circles represent the equilibrium
constants of acetol hydrogenation in glycerol hydrogenolysis calculated from the data in Table 5 cited from

Refs. [77,119,120], respectively. Open and closed squares are from those in Refs. [80, 117], respectively.

Cu-based catalysts show stable high activity toward 1,2-PDO formation in vapor-phase
glycerol hydrogenolysis, and yields of 1,2-PDO over 96% have been achieved in some studies
[74,77,117]. Although a high H, pressure is generally used for shifting the equilibrium from acetol
to 1,2-PDO, acetol can be efficiently hydrogenated into 1,2-PDO even at an ambient H, pressure
and gradient temperatures in a vapor-phase reaction [74,77]. Comparing with liquid-phase reactions,
vapor-phase reactions can achieve both high conversion and high 1,2-PDO selectivity. As
mentioned in Sections 2.2-2.4, the consecutive reactions of dehydration and hydrogenation proceed
in liquid-phase reactions to decrease the 1,2-PDO selectivity, especially when using acidic supports.
However, 1,2-PDO does not further dehydrate over acidic supports even in vapor-phase reactions at

relatively low temperatures as 200 °C. Furthermore, the catalytic activity of Cu-based catalysts is
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stable in a vapor phase [74,77,117]. Thus, from a view point of achieving high 1,2-PDO vyield and
inhibiting the formation of by-products, the vapor-phase reactions would be preferable in the

selective glycerol hydrogenolysis into 1,2-PDO.

3. 1,3-Propanediol

1,3-Propanediol (1,3-PDO) is commercially the most valuable product in the
hydrogenolysis of glycerol. It is used in resins, engine coolants, dry-set mortars, water-based inks,
but most of 1,3-PDO is used in the production of polypropylene terephthalate, which is a polyester
synthesized from 1,3-PDO and terephthalic acid [5]. The market for 1,3-PDO is currently over 10°
tons per year, and the methods for producing 1,3-PDO are hydroformylation of ethylene oxide
followed by hydrogenation, hydration of acrolein followed by hydrogenation, and fermentation of
either glycerol or glucose [130]. The petroleum-based methods have a problem in selectivity, while
the fermentation processes have a problem in production efficiency. Hydrogenolysis of glycerol to
1,3-PDO is an alternative process that could replace the current processes if efficient catalysts are
developed. Although many attempts have been made to produce 1,3-PDO by hydrogenolysis of
glycerol, the selectivity to 1,3-PDO is still unsatisfied for the industrial application.

Scheme 7 is the generally accepted reaction route of glycerol hydrogenolysis into 1,3-PDO.
1,3-PDO is produced by the hydrogenation of 3-hydroxypropanal [5,6], which is the dehydration
product of glycerol. Thus, an acid catalyst is necessary in the first step of glycerol dehydration. In
particular, Brgnsted acid sites are necessary for the formation of 3-hydroxypropanal from glycerol
[5]. Another possible route of 1,3-PDO is proposed by Tomishige et al. [73] as mentioned in Section
2.1 (Fig. 1).
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Scheme 7 Reaction routes of glycerol hydrogenolysis into 1,3-PDO [5].

3.1. Hydrogenolysis of glycerol into 1,3-propanediol using a batch-type reactor

Table 6 summarizes glycerol hydrogenolysis into 1,3-PDO performed in a batch-type
reactor. Tomishige’s group has performed a series of works dealing with glycerol hydrogenolysis
into 1,3-PDO [6,73,131-134]. SiO,-supported precious metals with ReO are found to be efficient
for 1,3-PDO formation from glycerol, and Ir shows the highest catalytic activity among the precious
metals such as Rh, Ru, Pt, and Pd. The yield of 1,3-PDO is maximized at 38% over Ir-ReO,/SiO,
catalyst at 120 °C and an H, pressure of 80 atm in the presence of H;SO,. The conversion of
glycerol increases with increasing the reaction time, whereas the selectivity to 1,3-PDO decreases
with increasing the reaction time because 1,3-PDO further converts into 1-propanol and propane.
The maximum yield of 1,3-PDO is obtained at a reaction time of 36 h: the conversion of glycerol
and the selectivity to 1,3-PDO are 81% and 46%, respectively. The relatively low reaction
temperature is indicated to be significant for inhibiting the side reactions and increasing the
1,3-PDO selectivity. The H, pressure affects the reaction rate, while H, pressure rarely affects the
selectivity to 1,3-PDO. Recently, mesoporous silica (KIT-6) supported Ir-Re alloy catalysts are
applied for the glycerol hydrogenolysis in the presence of amberlyst-15 as an acidic promoter at the

same reaction conditions [135].
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Table 6 Hydrogenolysis of glycerol into 1,3-propanediol using a batch-type reactor.

Catalyst Temp. H, Solvent  Glycerol/lC Time  Conversion  Selectivityto  Ref.

pressure atalyst of glycerol 1,3-PDO

(C) (atm) @9 (h) (%) (%)

Ir-ReO,/SiO; 120 80 H,O 26.7 36 81 46 131
Rh-Re0,/SiO, 120 80 H,O 26.7 5 ca. 42 ca. 20 132
Ir-Re alloy/KIT-6% 120 80 H,O 26.7 12 63.3 34.7 135
Pt-WO,/ZrO, 170 80 DMI° 2.8 18 85.8 28.2 136
PUWO5TIO,/SIO, 180 55 H,0 2 12 153 50.5 137
PYWO,-TiOy 180 55 H,O 4 12 184 40.3 138
Pt-AlO,/ WO, 180 30 H,O 09 10 90 44 139
Pt-WO,/AIOOH 180 50 H.O 0.9 12 100 66 140
Pt-WO,/ALLO; 180 50 H,O 09 12 89 35 140
Pt-WO,/Al,O; 200 40 H,O 4.7 18 49 28 141
Pt-WO,/ALLO; 200 45 H,O 6.1 24 51.9 53.1 142
Pt/Sulfated ZrO, 170 73 DMI® 2.8 24 66.5 83.6 141

3KIT-6, mesoporous silica. ® Volume ratio of glycerol/ catalyst. “DMI: 1,3-dimethyl-2-imidazolidinone.

Pt and tungsten oxide as an acidic modifier are reported to accelerate the formation of
1,3-PDO from glycerol. Kurosaka et al. have studied glycerol hydrogenolysis into 1,3-PDO in the
pioneering report [136]. A 24% vyield of 1,3-PDO is obtained from glycerol at 170 °C and an H,
pressure of 80 atm over Pt-WO3/ZrO; catalyst, in which ZrO,-supported WO; is well known as a
super acid. Besides Pt, other precious metals such as Pd, Ru, Rh, and Ir are not active for 1,3-PDO
formation and give 1,3-PDO vyields lower than 5%. Gong et al. have investigated the glycerol
hydrogenolysis over Pt/WOs-TiO,/SiO, catalyst [137]. WOj3 species are concluded to regulate the
acidity of the P/WOs-TiO,/SiO, catalyst by producing Bransted acid sites, which play a key role

during 1,3-PDO formation, and the existence of TiO, species improves the dispersion of Pt metal. It
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is supposed that the Bransted acid sites on WOs5 surface catalyze the dehydration of glycerol to
3-hydroxypropanal, and the highly dispersed Pt particles catalyze the further hydrogenation of
3-hydroxypropanal to 1,3-PDO as shown in Fig 7. The selectivity to 1,3-PDO is maximized at
50.5% at 180 °C and an H; pressure of 55 atm, whereas the conversion of glycerol is as low as
15.3%. In a recent report, Pt supported on mesoporous WO,-TiOy shows similar results of reactions

using Pt/WQO3-TiO,/SiO, [138].
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Figure 7 Proposed mechanism of glycerol hydrogenolysis to 1,3-PDO over Pt/WO;-TiO,/SiO,

catalyst [137].

Kaneda’s group has studied the glycerol hydrogenolysis using WOx-supported Pt-AlOy
catalyst, and 44% 1,3-PDO selectivity with a high glycerol conversion of 90% is achieved at 180 °C
under a relatively low H, pressure of 30 atm without any acidic additives [139]. In their study,
boehmite-supported Pt/WO, shows much better catalytic performance and gives a 1,3-PDO yield of
66%, which is the highest value reported ever before, at 180 °C and an H, pressure of 50 atm [140].
They have also performed the hydrogenolysis of some diols, such as 1,3-PDO, 1,2-PDO,
1,2-putanediol, and 2,3-butanediol, over PtWO,/AIOOH, and found that 1,2-PDO and
1,2-butanediol are much more reactive than 1,3-PDO and 2,3-butanediol. They conclude that
Pt-WO,/AIOOH has high activity for the secondary OH group adjacent to a primary OH group.
Consequently, both high glycerol conversion and high 1,3-PDO selectivity is obtained because

1,3-PDO s less reactive over Pt/WO,/AIOOH. The catalyst is also stable and can be reused for 3
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times without deactivation. Comparing with AIOOH-supported Pt-WOy, Al,Os-support Pt-WO
catalyst shows both low glycerol conversion and low 1,3-PDO selectivity [140-142], and they
propose that the large quantity of AI-OH groups on the surface of the Al,O3 enhances its catalytic
activity.

Oh et al. reported selective formation of 1,3-PDO from glycerol using Pt/sulfated ZrO,
catalyst, in which sulfated zirconia is a well-known super acid [143]. An extremely high 1,3-PDO
selectivity of 836% at a glycerol conversion of 66.5% is achieved in
1,3-dimethyl-2-imidazolidinone (DMI) solvent at 170 °C and an H, pressure of 73 atm. It is
interesting that when DM is replaced by water, the selectivity to 1,3-PDO is only 19.6%. Thus,

DM probably plays an essential role on the 1,3-PDO formation.

3.2. Hydrogenolysis of glycerol into 1,3-propanediol using a flow-type reactor

Table 7 summarizes vapor-phase hydrogenolysis of glycerol into 1,3-PDO using a
flow-type reactor [144-150]. Huang et al. firstly reported glycerol hydrogenolysis into 1,3-PDO over
non-precious metal catalysts in a flow-type reactor [144]. SiO,-supported Cu-H;SiW1,04 catalyst
gives a maximum 1,3-PDO selectivity of 32.1% at 83.4% conversion. The effects of reaction
temperatures, H, pressures, and WHSV are investigated in detail: high reaction temperatures
promote the conversion of glycerol, but decrease the selectivity to 1,3-PDO because of the
competitive formation of decomposed products at high temperatures; high H, pressures are efficient
for achieving both high glycerol conversion and 1,3-PDO selectivity; the conversion of glycerol
increases with decreasing the WHSV, whereas the selectivity to both 1,3-PDO and 1,2-PDO
decreases because the produced diols further convert into cyclic acetals for a long residence time.
Qin et al. studied glycerol hydrogenolysis into 1,3-PDO using Pt-WO3/ZrO, catalyst which gives
45.6% 1,3-PDO selectivity at 70.2% conversion at 130 °C and an H, pressure of 40 atm [145]. The
effects of reaction temperatures and H, pressures are studied and the conclusions agree with those in

the reports of Huang et al. mentioned above [144].
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Table 7 Hydrogenolysis of glycerol into 1,3-propanediol using a flow-type reactor.

Catalyst Temp. H, WHSV  TOS Conversion Selectivity to Ref.
pressure of glycerol 1,3-PDO
(C) (atm) ) (h) (%) (%)
Cu-HsSiW1,040/SiO, 210 5.4 0.1 unclear 834 321 144
Pt-WO,/ZrO, 130 40 0.25°% 24 70.2 45.6 145
Pt-WO,-SiO,/ZrO, 180 50 0.1 unclear 54.3 52 146
Cu-H;SiW15040/ZrO5 180 50 0.1 unclear 24.1 48.1 147
Pt-LiH,SiW1,04/Zr0O, 180 50 0.1 120 435 53.6 148
Pt-WO,/Al,O3 160 50 0.1 unclear 64.2 66.1 149
PY/AIPO, 260 1 21 4 100 354 150
# LHSV value

In a recent study, Zhu et al. have prepared SiO,-modified Pt-WO,/ZrO, catalyst which
gives an improved 1,3-PDO selectivity of 52% [146]: the addition of SiO, enhances Pt dispersion
and acidity, which leads to the improved activity and 1,3-PDO selectivity. Zhu’s group has also
performed the glycerol hydrogenolysis using Cu-H;SiW1,040/ZrO; [147], Pt-Li,H,SiW1,040/ZrO;
[148] and Pt-WO,/AI,O3 catalysts [149], and study the effect of the acid property on the 1,3-PDO
formation. It is found that the yield of 1,3-PDO is proportional to the concentration of the Bransted
acid sites, while the yield of 1,2-PDO is proportional to the concentration of Lewis acid sites [149].
Thus, the existence of the large amount of Brgnsted acid sites on the support are significant for the
selective hydrogenolysis of glycerol to 1,3-PDO. The highest 1,3-PDO vyield of 42% is achieved
over Pt-WO,/Al,O5 catalyst at 160 °C and an H, pressure of 50 atm. Priya et al. have studied the
glycerol hydrogenolysis over PYAIPO, catalyst at atmospheric H, pressure [150,151]. The
selectivity to 1,3-PDO is maximized at 35.4% at 260 °C with a complete glycerol conversion.
However, the analysis of gas products and the information of recovery are not mentioned although it

is reasonable that decomposition of products is possible at high reaction temperatures.
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3.3. General summary of glycerol hydrogenolysis into 1,3-propanediol

The property of acid promoter is a key for the 1,3-PDO formation from glycerol. As
summarized in Tables 6 and 7, high 1,3-PDO selectivity can be obtained in the presence of strong
Bransted acid sites, and the reaction temperature is generally lower than that for 1,2-PDO formation.
Acetol, which can be further hydrogenated into 1,2-PDO (Scheme 4), and 3-hydroxypropanal that
can be further hydrogenated into 1,3-PDO (Scheme 7) are two determinate intermediates in the
glycerol hydrogenolysis. In another word, the formation of 1,2-PDO and 1,3-PDO is competitive
and thus the selectivity to 1,2-PDO and 1,3-PDO is determined by which intermediate, acetol, or
3-hydroxypropanal, is preferentially produced from glycerol. Glycerol dehydration into acetol
generally prefers either metal active sites [74-78] or Lewis acid sites [149] at high reaction
temperatures are preferable. On the other hand, glycerol dehydration into 3-hydroxypropanal prefers
Bransted acid sites [149]. Although high reaction temperatures accelerate the glycerol dehydration
into 3-hydroxypropanal, they also promote the further dehydration of 3-hydroxypropanal into
acrolein. Thus, relatively low reaction temperatures are efficient for inhibiting the further
dehydration of 3-hydroxypropanal into acrolein, and 1,3-PDO can be produced via the
hydrogenation of 3-hydroxypropanal. Additionally, strong Brensted acid sites are necessary for the
hydrogenolysis of glycerol into 1,3-PDO because they can catalyze the hydrogenolysis of glycerol
into 3-hydroxypropanal at lower reaction temperatures than weak and medium Brgnsted acid sites.
Therefore, a successful catalyst system for the selective transformation of glycerol into 1,3-PDO
requires to minimize the side reaction of 3-hydroxypropanal dehydration into acrolein as well as to
promote the coupled dehydration-hydrogenation reactions.

It is reasonable that it is difficult to produce 1,3-PDO selectively because 1,3-PDO is easily
further converted into 1-propanol in addition to the unstable intermediate such as
3-hydroxypropanal [5,6]. The reactivity of 1,3-PDO is higher than 1,2-PDO in most catalyst
systems for glycerol hydrogenolysis [5,6] except the Pt-WO,/AIOOH catalyst reported by Kaneda
et al. [140]. Glycerol hydrogenolysis into 1,3-PDO requires low reaction temperatures and high H,
pressures to promote the hydrogenation of 3-hydroxypropanal. In a flow-type reactor under the

conditions at a low temperature and a high H, pressure, it is difficult to vaporize a less volatile
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glycerol [144-149]. In a liquid-phase reaction using a batch-type reactor at a low temperature, on the
other hand, a high H, pressure condition can be readily realized. In future studies, the development
of a catalyst system, which is extremely active for 1,3-PDO formation from glycerol but inactive for

the further conversion of 1,3-PDO, is considered as a big challenge.

4. Monoalcohols and propylene

As described in the previous sections, a large number of efforts have been conducted for
producing 1,2-PDO and 1,3-PDO through glycerol hydrogenolysis. On the other hand, the further
hydrogenolysis products from 1,2-PDO and 1,3-PDO, such as allyl alcohol, propanols, and
propylene, are also attractive and valuable. In the last 5 years, many studies dealing with glycerol
hydrogenolysis into these chemicals have been reported. Scheme 8 summarizes the reaction routes
of multi-step hydrogenolysis of glycerol. Allyl alcohol is an important chemical intermediate due to
the bi-functionality, such as a hydroxyl group and a C-C double bond in the molecule, and it has
wide use for producing resins, paints, coatings, silane coupling agents, and polymers [152].
Propanols, such as 1-propanol and 2-propanol, have lower value than 1,3-PDO and 1,2-PDO, while
they are also attractive chemicals available to be produced from glycerol. Both 1-propanol and
2-propanol have a wide array of solvent uses. In glycerol hydrogenolysis, 1-propanol can be
produced via either 1,2-PDO, 1,3-PDO, or acrolein, while 2-propanol can be only produced via
1,2-PDO. Propylene, which is also an important starting resource in the petrochemical industry, can
be produced from glycerol via both 1-propanol and 2-propanol dehydration. In this section, glycerol

hydrogenolysis into allyl alcohol, propanols, and propylene are summarized and discussed.
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Scheme 8 Reaction routes of glycerol hydrogenolysis into allyl alcohol, propanols, and propylene.

4.1 Allyl alcohol

In Scheme 8, it is reasonable that allyl alcohol can be generated from glycerol via both
1,2-PDO and 1,3-PDO dehydration. However, selective synthesis of allyl alcohol from glycerol
under H, pressure conditions has not been reported. 1,2-PDO dehydration gives three kinds of
products, such as acetone, propanal, and allyl alcohol (Scheme 8), whereas selective dehydration of
1,2-PDO into allyl alcohol is very difficult and has not been reported. Propanal is the main product
in 1,2-PDO dehydration over acid catalysts, such as HsSiW1,04/SiO; [153], SiO,-Al,05 [154], and
WO,/SiO;, [89], and the selectivity to allyl alcohol is lower than 5% [89,153,154]. Allyl alcohol can
be also generated from glycerol via 1,3-PDO dehydration and acrolein hydrogenation, whereas it is
difficult to be selectively produced because it is easy to be further hydrogenated into 1-propanol
under H, pressure conditions. As a consequence, all the successful reports aimed to produce allyl
alcohol from glycerol are performed through a hydrogen transfer reaction in which either

monoalcohols or acids are used as the H donor instead of Hs.
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Scheme 9 Mechanism for the formic acid-mediated double dehydroxylation of glycerol into allyl

alcohol proposed by Arceo et al. [155].

Table 8 summarizes liquid-phase glycerol hydrogenolysis into allyl alcohol through a
hydrogen transfer reaction. Arceo et al. have performed glycerol hydrogenolysis by heating a
mixture of glycerol and formic acid without other additives under reflux conditions [155,156].
Formic acid works as the H donor and also as the catalyst, and the proposed reaction mechanism is
shown in Scheme 9. The maximum yield of allyl alcohol is 89%, which is achieved at a heating
temperature of 230-240 °C. Oxorhenium-catalyzed deoxydehydration of sugars and sugar alcohols
into olefins is investigated by Shiramizu et al. [157]. 3-Octanol is used as the H donor for glycerol
hydrogenolysis and a 90% vyield of allyl alcohol is achieved over the methyltrioxorhenium (MTO)
catalyst at 170 °C. Yi et al. have also studied deoxydehydration of glycerol using oxorhenium-based
catalysts, in which the reactions are performed using neat glycerol without any other additives [158].
Because a half of glycerol is consumed as the H donor and the maximum yield of allyl alcohol
cannot exceed 50%. The maximum vyield of allyl alcohol is 38%, which is achieved over NaReO,
catalyst at 165 °C in the presence of NH,CI, and the main by-product is 1,3-dihydroxyacetone,

which is formed by glycerol dehydrogenation.
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Table 8 Liquid-phase glycerol hydrogenolysis into allyl alcohol through a hydrogen transfer reaction.

Catalyst Temp. Pressure Solvent Glycerol/ Catalyst ~ Time  Yield of AA*  Ref.
(H donor)
(C) (atm) (@/9) (h) (%)
230-240 1 formic acid - 3 89 155
MTO" 170 1 3-octanol unclear 25 90 157
NaReO, 165 1 Glycerol 18.6 1 38 158

2 AA allyl alcohol. b MTO, methyltrioxorhenium.

Table 9 summarizes vapor-phase glycerol hydrogenolysis into allyl alcohol in N;
atmosphere using glycerol itself as the H donor. Liu et al. have performed the reaction over Fe;O3
catalyst using 35 wt.% glycerol aqueous solution under N, flow conditions [159]. Allyl alcohol is
mainly produced at a selectivity of 20-25% at 320 °C, and the selectivity to acrolein and acetol is
6-9% and 18-20%, respectively. Allyl alcohol is supposed to be produced via acrolein partial
hydrogenation though a catalytic hydrogen transfer mechanism, and the intermediates with hydroxy
groups together with glycerol are supposed to be the H donors. However, because the selectivity to
the undetectable products is as high as ca. 40%, it is also possible that an H, molecule is generated
in-situ by the catalytic reforming of glycerol. Masuda’s group has conducted a series of works on
glycerol conversion into useful chemicals containing allyl alcohol and propylene [152,160-162].
ZrO,-FeOy is firstly prepared and gives ca. 20% selectivity to allyl alcohol at 350 °C using 50%
glycerol aqueous solution as a reactant [160]. Besides allyl alcohol, many kinds of products are
formed during the reaction: the selectivity to carboxylic acids (acetic acid and propionic acid),
ketones (acetone and 2-butanone), and aldehydes (acrolein and acetaldehyde) is ca. 20, 10, and 10%,
respectively. In a recent study, 10 wt.% crude glycerol agueous solution is used as the reactant, and
27% vyield of allyl alcohol is achieved over K-modified ZrO,-FeOy catalyst [152]. Because the
modification of K decreases the acidic property but increases allyl alcohol yield, it is proposed that
allyl alcohol is produced over non-acidic sites through a hydrogen transfer mechanism. It is also

proposed that the hydrogen atoms are derived from formic acid which is formed by glycerol
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decomposition during the reaction. Sanchez et al. have studied glycerol conversion into allyl alcohol
using alkali metal-modified FeO4-Al,O3 catalysts, and 12% yield of allyl alcohol is obtained over
Rb/FeO,-Al,O3 at 340 °C [163]. FeOy plays an important role for allyl alcohol formation from
glycerol. Nevertheless, vapor-phase reaction over FeOy-based catalyst systems requires a high
reaction temperature, which results in many kinds of by-products. Therefore, in such a process, it is
difficult to selectively produce allyl alcohol. The improvement of the catalyst system is considerable

to be necessary for selective production of allyl alcohol in future studies.

Table 9 Vapor-phase glycerol hydrogenolysis into allyl alcohol using glycerol itself as the H donor.

Catalyst Temp.  Pressure  Hdonor TOS  WHSV  Conversion  Selectivity  Ref.
(N2) of glycerol t0 AA?
(C) (atm) (h) ) (%) (%)
Fe,0s3 320 1 glycerol 6 25 100 23 159
ZrO,-Fe0, 350 1 glycerol 6 1.0 100 20 160
K/ZrO,-FeOy 350 1 glycerol 6 0.2 100 27 162
Rb/FeO,-Al,O3 340 1 glycerol 3 0.3 89.8 13 163
# AA allyl alcohol.

Generally, the selective hydrogenation of acrolein to allyl alcohol in an H, atmosphere is
difficult. However, some achievements have been obtained using Au- [164] and Ag-based catalysts
[165-167]. An Ag-In/SiO; catalyst can give 61 % selectivity to allyl alcohol at 97% conversion of
acrolein at 240 °C under 20 atm H, pressure [167]. Thus, the development of combined catalysts,
which contain both the proper acidity for glycerol dehydration to acrolein and the suitable
hydrogenation activity for the partial hydrogenation of acrolein to allyl alcohol, is worthy to be
attempted in a direct conversion of glycerol to allyl alcohol in an H, atmosphere instead of using

H-donor molecules.
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4.2 Propanols

Comparing with 2-propanol, it is easy to produce 1-propanol selectively from glycerol
because 1,2-PDO, which is readily formed from glycerol, prefers to convert to 1-propanol rather
than 2-propanol [168,169]. Table 10 summarizes the liquid-phase hydrogenolysis of glycerol into
propanols. Xiao et al. have performed glycerol hydrogenolysis over copper chromite catalyst and
studied the pathway of glycerol hydrogenolysis [170]. 1,2-PDO is the main product over copper
chromite catalyst, and it further converts into 1-propanol and 2-propanol especially at high reaction
temperatures and high H, pressures for long reaction time. The selectivity to 1-propanol and
2-propanol is 34.9 and 0.7%, respectively, at 210 °C and an H, pressure of 41 atm. Ryneveld et al.
have studied supported Ru, Pd, and Pt catalysts for glycerol hydrogenolysis [171]. Pd/C shows the
best catalytic performance for 1-propanol formation via 1,2-PDO as an intermediate: the selectivity
to 1-propanol is 72.6% at 20.3% conversion at 230 °C. Although 1-propanol is readily dehydrated
into propylene at a high temperature of 230 °C, there is no description about the analysis of gaseous
products. Tomishige’s group has investigated Rh-ReO,/SiO, catalyst, which is efficient for
propanols formation from glycerol [168]. The selectivity to 1,2-PDO and 1,3-PDO are 30 and 15%,
respectively, at 120 °C and an H, pressure of 8 atm at a reaction time of 5 h, and they decrease with
increasing the reaction time. 1,2-PDO and 1,3-PDO are completely converted into propanols at a
reaction time of 24 h, and 76% yield of 1-propanol and 15% yield of 2-propanol are achieved. In
their recent study, Ru promoted Ir-ReO,/SiO, catalyst also shows activity for propanols formation,
and the maximum total yield of propanols is 86% at 120 °C and an H, pressure of 80 atm [169]. It is
supposed that Ru can dissociate an H, molecule into two H species such as two H radicals, and they
can spill over onto Ir-ReOx species as shown in Fig 8. The high activity of Ru-Ir-ReO,/SiO, was
proposed to attribute to the increase of the active H species on Ir-ReOx species. Yu et al. have
reported a high 1-propanol yield of 94% over Ir/ZrO, [172]. Ir shows the highest activity to produce
1-propanol among other metals such as Pt, Pd, Rh, and Ru, where ZrO, support shows better
performance than other supports such as Al,Os, TiO,, C, and SiO,. The yield of 1-propanol is

significantly affected by the reaction temperature, and is maximized at 250 °C over Ir/ZrO,. Over
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the ZrO, support, the selectivity to further hydrogenolysis products such as propylene is lower than

5% even at 250 °C.

Spillover

Si0,

Figure 8 Proposed catalyst and reaction model in Ref. [169].

Table 10 Hydrogenolysis of glycerol into propanols using a batch-type reactor.

Catalyst Temp. H, Solvent  Glycerol/  Time  Conversion  Selectivityto  Selectivityto  Ref.

pressure Catalyst of glycerol 1-propanol 2-propanol

(C)  (atm) 99 (h) (%) (%) (%)

Rh-ReO,/SiO, 120 80 neat 26.7 24 100 76 15 168
Ru-1r-ReO,/SiO, 120 80 H,O 26.7 19 100 71 15 169
Copper chromite 210 41 H,O 20 10 49.2 34.9 0.7 170
Pd/C 230 80 H,O 20 24 20.3 72.6 0.0 171
Ir/ZrO, 250 50 H,O Unclear 4 100 94 172

Table 11 summarizes the vapor-phase glycerol

hydrogenolysis into propanols.

SiO,-supported Ni catalyst gives 42.8% yield of 1-propanol at a high temperature of 320 °C and an

H, pressure of 60 atm, whereas even higher selectivity is difficult to be obtained because of the

competitive formation of cracking products, such as methanol and ethanol [173,174].

Pt-H,SiW1,040/ZrO; is reported to be very efficient for the formation of propanols from glycerol:

the total yield of propanols of 91% is achieved at 200 °C and an H, pressure of 50 atm [175]. Crude

glycerol can be also used as the reactant in the catalyst system: ca. 90% yield of propanols is
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achieved at the same reaction conditions. The catalyst is stable and catalytic deactivation is not
observed during 160 h at a relatively low WHSV of 0.05 h™. Lin et al. performed glycerol
hydrogenolysis over double-layered catalysts, in which H-B zeolite is loaded at the upper layer to
catalyze glycerol dehydration into acrolein and Ni/Al,Oz is loaded at the bottom layer to
hydrogenate acrolein into 1-propanol [176]: a 69% yield of 1-proapnol is obtained at 220 °C and an
H, pressure of 20 atm at an initial TOS of 0.5 h, whereas the upper-layer catalyst is deactivated
rapidly because of the coke formation caused by acrolein.

Glycerol hydrogenolysis into propanols requires an acidity in the catalyst, which must be
active for dehydration of 1,2-PDO or 1,3-PDO but inactive for further dehydration of propanols.
Catalysts, such as Ir/ZrO, [172] and Pt-H4SiW1,040/ZrO, [175], which give higher than 90% yields
of propanols, possibly have the suitable acidity. Two-step production of 1-propanol from glycerol
via acrolein has no problem in the further dehydration of propanols [176]. However, inhibition of

catalyst deactivation is a difficult problem in the process.

Table 11 Vapor-phase glycerol hydrogenolysis into propanols

Catalyst Temp.  Pressure TOS WHSV  Conversion  Selectivityto  Selectivity to Ref.
of glycerol 1-propanol 2-propanol
(C) (atm) (h) () (%) (%) (%)
Ni/SiO, 320 60 unclear 2.2 99.9 428 173
Pt-H,SiW1,0,4/ZrO, 200 50 160 0.05 99.7 80.0 10.9 175
Zeolite+Ni/Al,O3 220 20 05 1.9 100 69 176
4.3 Propylene

Propylene can be produced from glycerol multi-step hydrogenolysis via 1-propanol
dehydration. Since propylene has lower market value than other products, such as propanediols and
propanols, high level of propylene selectivity is required in such a process. Table 12 summarizes
vapor-phase glycerol hydrogenolysis into propylene. Yu et al. firstly reported the selective

production of propylene from glycerol over double-layered catalysts, in which Ir/ZrO; is loaded at
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the upper layer and HZSM-5 is loaded at the lower layer [172]. Ir/ZrO; is introduced to be an
efficient catalyst for 1-propanol formation from glycerol in Section 4.2, and HZSM-5 is used for the
further conversion of 1-propanol into propylene. High H, pressures are required to promote glycerol
conversion in the catalyst system, while high H, pressures decrease the selectivity to propylene
which is hydrogenated into propane. As a consequence, the maximum yield of propylene is

achieved at 85% under a moderate H, pressure of 10 atm.

Table 12 Vapor-phase glycerol hydrogenolysis into propylene

Catalyst Temp.  Pressure  TOS WHSV  Conversionof  Selectivityto  Ref.
glycerol propylene
(°C) (atm) (h) " (%) (%)
Ir/ZrO,+HZSM-5 250 10 2 1 100 85 172
WOs-Cu/Al,O5 (upper) 250 1 2-5° 0.2 100 84.8 177
+ Si0,-Al,0O3 (bottom)

# Averaged value in 2-5 h.

Sato’s group recently reported the efficient glycerol conversion into propylene at an
atmospheric H, pressure [177]. WOs-modified Cu/Al,O5 catalyst was investigated and it gave 38.2
and 47.4% selectivity to 1-propanol and propylene, respectively, with a complete conversion of
glycerol at 250 °C. Although WOs-Cu/Al,Os is efficient for glycerol hydrogenolysis into 1-propanol,
the ability to further convert 1-propanol into propylene as an acid catalyst is low. Thus, the reaction
using double-layered catalysts, in which WO3-Cu/Al,Os is loaded at the upper layer and SiO,-Al,03
is loaded at the bottom layer to convert 1-propanol into propylene completely, is performed: an
84.8% yield of propylene is achieved over the double-layered catalysts at 250 °C at an ambient H;
pressure. In addition, in such a multi-step dehydration-hydrogenation process, although acetol and
propanal can be completely hydrogenated to 1,2-propanediol and 1-propanol, respectively, no
hydrogenation of propylene proceeds and the selectivity to propane is at most 1%. It is supposed that

the carbonyl group in acetol and propanal is readily absorbed on the Cu surface comparing with the
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double bond in propylene, which results to the selective production of propylene. Zacharopoulou et
al. reported a liquid-phase glycerol hydrogenolysis into propylene using Fe-Mo/C catalyst [178]. The
maximum conversion and propylene selectivity are 88 and 76%, respectively, which are achieved at
300 °C and an H, pressure of 80 atm at a reaction time of 6 h. It is found that high reaction
temperatures and H, pressures promote glycerol conversion toward propylene, and suppress the
formation of by-products such as acetol, propanols, 1,2-PDO, and 1,3-PDO. In the reaction route of
propylene formation over Fe-Mo/C, it is interesting that allyl alcohol is proved to be an intermediate

of propylene, which is different from propanal reported in the vapor-phase reaction [177].

5. Concluding remarks and prospects

Glycerol is the smallest polyol readily available from biomass, and it is now produced as a
large amount of waste in the biodiesel production process. Glycerol can be converted to various
useful chemicals, and glycerol hydrogenolysis into C3 useful chemicals, such as 1,2-PDO, 1,3-PDO,
allyl alcohol, propanols, and propylene, is particularly summarized and discussed in this review.

Glycerol conversion into 1,2-PDO is mostly investigated among the glycerol
hydrogenolysis processes, and most of the studies are performed in batch-type reactors at a high H,
pressure. Liquid-phase glycerol hydrogenolysis into 1,2-PDO can be catalyzed over various
precious metal catalysts, whereas only Cu shows high selectivity toward 1,2-PDO in a vapor-phase
reaction because most of the precious metals enhance the formation of the C-C cleavage products.
Cu also shows the best catalyst performance in liquid-phase reactions. In the vapor phase, on the
other hand, Cu metal species work as catalysts both for the dehydration of glycerol and for the
hydrogenation of acetol. It is summarized that vapor-phase processes over Cu catalysts are more
preferable than liquid-phase reactions in the selective formation of 1,2-PDO in glycerol
hydrogenolysis. 1,2-PDO is produced with the highest yield of 98.3% in the vapor-phase reaction
over Ag-Cu/Al,O3 catalyst under ambient H, pressure [77]. Because the particle size of metal
significantly affects the catalytic activity, further developments of the catalyst preparation
techniques for controlling the catalyst structure would be highly required. On the other hand,

theoretical studies such as quantum-chemical calculations have rarely been reported to support
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speculative reaction mechanisms whereas some possible reaction mechanisms have been proposed.
In further studies, quantum-chemical calculations are essential to understand the exact surface
reaction mechanism.

1,3-PDO is the most attractive chemical which can be derived from glycerol. Recently,
research interest has been alerted from 1,2-PDO to 1,3-PDO while 1,3-PDO is much more difficult
to be selectively produced. Because 3-hydroxypropanal, the intermediate of 1,3-PDO, is ready to be
dehydrated into acrolein under acidic conditions before the hydrogenation of 3-hydroxypropanal
proceeds to form 1,3-PDO, successful glycerol hydrogenolysis into 1,3-PDO requires a catalyst
system with the ability to promote the coupled dehydration-hydrogenation reactions as well as to
minimize the side reactions. The stability of 1,3-PDO under catalytic conditions is another problem
limiting the selective production of 1,3-PDO from glycerol. The maximum vyield of 1,3-PDO
achieved from glycerol is 66% over Pt-WO,/AIOOH catalyst [140], and how to increase the
1,3-PDO selectivity is a key of challenge in future studies.

Allyl alcohol can be generated from glycerol via 1,3-PDO dehydration and acrolein
hydrogenation, whereas it is difficult to be produced selectively because it is easy to be further
hydrogenated into 1-propanol under H; pressured conditions. As a consequence, the studies aimed
to produce allyl alcohol from glycerol are performed in the absence of H,, in which either
monoalcohol or acid is used as the H donor instead of H,. Allyl alcohol can be achieved from
glycerol at ca. 90% vyield in the presence of methyltrioxorhenium catalyst [157] and formic acid
[155] in a liquid phase.

Propanols and propylene can also be selectively produced from glycerol via multi
dehydration-hydrogenation steps. The formation of propanols from glycerol requires an acid catalyst
component, which is active for the dehydration of glycerol, 1,2-PDO, and 1,3-PDO but it must be
inactive for the further dehydration of propanols. Higher than 90% yields of propanols have been
achieved in several reports [168,169,172,175]. Propylene yield of 84.8% is achieved in vapor-phase
glycerol hydrogenolysis over WOs-modified Cu/Al,05 and SiO,-Al,O; double-layered catalysts at
an ambient H, pressure [177].

The above-mentioned C3 chemicals are all bulk chemicals, which are commercially
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produced from fossil resources at present. Therefore, in glycerol hydrogenolysis processes, the
atomic efficiency and the productivity are very important. From this point of view, a vapor-phase
continuous system using flow type reactors is preferable comparing with a batch system. Recent
progress in the technologies of catalytic transformation of glycerol makes it possible to produce
these chemicals from renewable resources. However, there is still an opportunity for the
development of more efficient catalysts without containing precious metals. In the research of
glycerol hydrogenolysis, although noble metals have been widely used as the hydrogenation
catalysts, it would be unrealistic to use the noble metal-containing catalysts in industrial processes,
particularly because indefinite reusability of these catalysts is not possible. Therefore, replacement of
noble metals by abundant base metals is necessary for the practical usage. In the early 2016, it is a
hard time for biomass-based industrial processes during the drops in the price of fossil resources.
However, it is probably just a question of time until we see more processes on glycerol conversion

technology in the future.
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