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Abstract: Glycerol, a highly functionalised polyol, can be used as a platform molecule to produce
a variety of high-value chemicals. As glycerol production is projected to increase over the coming
years, it’s critically important that technology and infrastructure are developed to make use of the
inevitable surplus. The catalytic production of ‘green’ mono alcohols from glycerol, in the absence of
H2, is an emerging area of research that, in recent years, has generated significant industrial interest.
Herein, we provide an update on recent advances in this field and discuss challenges which need to be
overcome if this approach is to be considered viable industrially. The economic significance of using
crude glycerol as a feedstock for glycerol valorisation strategies is also addressed and suggestions for
improving the impact of research conducted in this field are proposed.
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1. Introduction

Glycerol, a C3 triol, can be valorised catalytically into a number of high value chemical
derivatives [1–5]. While several processes for its synthesis have been established [6], it is
predominantly produced commercially as a by-product of triglyceride transesterification.
This process is critically important for the manufacture of biodiesel, where fatty acid methyl
esters (FAME) are produced through the transesterification of triglycerides. In this process,
approximately 1 ton of glycerol is generated (as a by-product) for every 10 tonnes of
biodiesel that is produced [7].

Biofuels are expected to play a significant role in reducing global dependence on fossil
derived fuels. A recent international energy agency (IEA) report projected that the global
demand for biofuels is to increase by 28% from 2021 to 2026 [8], but more rapid expansion
of these commodities are required in order to meet the ‘IEA Net Zero by 2050 Scenario’.
Whilst bioethanol is expected to meet a large proportion of the projected quota, biodiesel
production must also be accelerated to meet these demands. Statista recently projected
that the global biodiesel industry will be worth ca. 49.2 billion U.S. dollars by 2024 [9]. In
a separate IEA report, it was predicted that, annually, ca. 63 billion L of biodiesel will be
produced globally between 2023 and 2025 [10].

Over the last thirty years, increased global biodiesel production has driven down the
price of crude glycerol (CG); the glycerol by-product isolated from commercial biodiesel
plants. In 2019, CG was valued at a mere ca. USD 170/ton [11]. Given the projected increase
in biodiesel production, it is inevitable that this price will continue to fall, as availability
continues to outstrip demand. For these reasons, glycerol has the potential to be a highly
lucrative chemical platform should appropriate technology and infrastructure be developed
for its valorisation. Buoyed by this potential, researchers have endeavored to develop
economically viable processes to valorise glycerol. This is evidenced by the increased
number of publications on this topic over the last two and a half decades (Figure 1). During
this time, researchers have demonstrated that glycerol can be valorised into a variety of
high value derivatives, by adopting different reaction conditions, reagents and catalysts.
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1). During this time, researchers have demonstrated that glycerol can be valorised into a 
variety of high value derivatives, by adopting different reaction conditions, reagents and 
catalysts. 

 
Figure 1. Evolution of research into catalysed glycerol valorization. (a) The number of papers pub-
lished on catalytic glycerol valorisation since 1998; data sets collated every three years. Paper count 
acquired through web of knowledge search, where ‘glycerol’ and ‘catalyst’ were entered as topic 
search items, along with ‘oxidation’ (blue), ‘reduction’ (red), ‘dehydration’ (green), ‘etherification’ 
(purple) and ‘esterification’ (yellow). (b) schematic representation of each of the valorisation pro-
cesses, typical reagents and key products. KEY: LA (lactic acid); GLA (glyceric acid); GLO (glycolic 
acid); PDO (propanediol); ACR (acrolein); ACE (acetonitrile). 

The selective oxidation or reduction of glycerol have been particularly competitive 
research fields [12–14]. Under appropriate conditions, glycerol can be selectively oxidised 
or reduced into fine chemicals, such as dihydroxyacetone [15,16], lactic acid [17,18], 1,2-
propanediol [19–21], or 1,3-propanediol [22,23]. Whilst these processes are of economic 
interest, they typically rely on the use of reagents like O2 or H2, specialised catalysts and/or 
additives (such as bases) to promote productivity. While academically interesting, these 
requirements are often detrimental to commercial viability. This is particularly pertinent 
given that the catalysts involved often possess well defined active sites that are likely to 
be extremely sensitive to the impurities present in CG. Processes that do not require such 
additives are likely to be more appealing, such as glycerol dehydration. As an example, 
glycerol can be dehydrated over a variety of catalysts to acrolein [24,25]. Acrolein is a 
primary precursor for the synthesis of acrylic acid, which can be used in a large number 
of applications [26]. Through reaction with other reagents, glycerol can also undergo 
etherification or esterification to produce a variety of fuel additives and fine chemicals 
[27,28]. Glycerol polymers can also be produced through a variety of synthetic routes, 
resulting in polymers with a wide range of properties [29]. 

The production of hydrogen through glycerol reforming has also received significant 
attention, both in the aqueous phase [30] and via steam reforming [31]. Glycerol hydro-
genolysis without the addition of external hydrogen, instead using H2 generated in situ 
via glycerol reforming has also been demonstrated [32,33]. Hydrogen can also be pro-
duced alongside a variety of value added chemicals through catalytic glycerol electrolysis, 
whereby glycerol oxidation products are produced at the anode, with H2 production oc-
curring in parallel at the cathode [34]. In addition to these chemocatalytic routes, the 

Figure 1. Evolution of research into catalysed glycerol valorization. (a) The number of papers
published on catalytic glycerol valorisation since 1998; data sets collated every three years. Paper
count acquired through web of knowledge search, where ‘glycerol’ and ‘catalyst’ were entered as topic
search items, along with ‘oxidation’ (blue), ‘reduction’ (red), ‘dehydration’ (green), ‘etherification’
(purple) and ‘esterification’ (yellow). (b) schematic representation of each of the valorisation processes,
typical reagents and key products. KEY: LA (lactic acid); GLA (glyceric acid); GLO (glycolic acid);
PDO (propanediol); ACR (acrolein); ACE (acetonitrile).

The selective oxidation or reduction of glycerol have been particularly competitive
research fields [12–14]. Under appropriate conditions, glycerol can be selectively oxidised
or reduced into fine chemicals, such as dihydroxyacetone [15,16], lactic acid [17,18], 1,2-
propanediol [19–21], or 1,3-propanediol [22,23]. Whilst these processes are of economic
interest, they typically rely on the use of reagents like O2 or H2, specialised catalysts
and/or additives (such as bases) to promote productivity. While academically interesting,
these requirements are often detrimental to commercial viability. This is particularly
pertinent given that the catalysts involved often possess well defined active sites that
are likely to be extremely sensitive to the impurities present in CG. Processes that do
not require such additives are likely to be more appealing, such as glycerol dehydration.
As an example, glycerol can be dehydrated over a variety of catalysts to acrolein [24,25].
Acrolein is a primary precursor for the synthesis of acrylic acid, which can be used in
a large number of applications [26]. Through reaction with other reagents, glycerol can
also undergo etherification or esterification to produce a variety of fuel additives and fine
chemicals [27,28]. Glycerol polymers can also be produced through a variety of synthetic
routes, resulting in polymers with a wide range of properties [29].

The production of hydrogen through glycerol reforming has also received signifi-
cant attention, both in the aqueous phase [30] and via steam reforming [31]. Glycerol
hydrogenolysis without the addition of external hydrogen, instead using H2 generated
in situ via glycerol reforming has also been demonstrated [32,33]. Hydrogen can also be
produced alongside a variety of value added chemicals through catalytic glycerol electroly-
sis, whereby glycerol oxidation products are produced at the anode, with H2 production
occurring in parallel at the cathode [34]. In addition to these chemocatalytic routes, the
biotransformation of glycerol to higher value products has also been widely explored [35],
with products such as dihdyroxacetone [36], 1,3-propanediol [37], and succinic acid [38]
reported via microbial bioconversions.
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In 2015, work from our group determined that significant quantities of methanol
could be produced from glycerol over simple metal oxide catalysts [39]. An important
aspect of this approach was that it could be operated continuously under ambient pressure
using aqueous glycerol feeds and does not require any supplementary reductants or
oxidants. Whilst cracking a highly functionalised chemical into a simple mono alcohol
may seem somewhat counterintuitive, this approach bares several benefits. Methanol is
itself used as a fuel, and can be blended with gasoline to increase the overall octane rating
of the fuel [40,41]. Another potential benefit of producing such chemicals from waste
glycerol from the bio-diesel industry, is that they can be re-integrated (as reagent) into the
transesterification process. This circular economy could be highly advantageous if such
technology could be integrated into biodiesel plants. The savings made on purification
and transportation costs have the potential to make this process economically competitive
compared to sourcing fossil derived methanol, and could even be profitable if legislation to
promote such sustainable working practices is introduced.

Numerous comprehensive glycerol reviews have been published, with some cov-
ering general advancements in glycerol valorisation [3,4,42–46] and others highlighting
the advancements made within a specific process [16,47–50] or the production of a de-
sired chemical [51–54]. Throughout this review, we aim to highlight the progress and
advancements surrounding the conversion of glycerol to alcohols without the addition of
an external H2 source. We will focus on the novel process mentioned above, which involves
the conversion of vaporized aqueous glycerol feeds to methanol over metal oxide catalysts,
highlighting recent developments and progress in this area. Alternative processes for the
conversion of glycerol to alcohols are also briefly discussed, namely the Supermethanol
concept and glycerol hydrogenolysis. Following this, we will provide an update into
the utilisation of crude glycerol and the overall outlook for the conversion of glycerol to
alcohols and efficient crude glycerol usage.

2. Glycerol Valorization into Alcohols
2.1. Glycerol to Methanol

As mentioned above, in 2015 we demonstrated the conversion of a vaporised aqueous
glycerol feed to methanol, and a number of other products, over a simple redox or basic
catalyst, such as CeO2 or MgO [39]. This process is operated without the addition of
an external reductant, and when reactions were performed with D2O in place of H2O, a
significant kinetic isotope effect was observed, suggesting that water provided the required
hydrogen for the production of methanol. Experiments performed with 18OH2 showed
an absence of any 18O-MeOH, confirming that glycerol, and not water, was the source of
oxygen to form methanol.

A moderate glycerol conversion of 26% was obtained over a MgO catalyst with a
10 wt.% glycerol feedstock at a reaction temperature of 300 ◦C, with a corresponding
methanol selectivity of 41%. The catalytic activity was determined to be stable for a period
of 35 h, and glycerol conversion and methanol selectivity could be maintained with a
glycerol concentration up to 30 wt.%, achieved by accordingly increasing catalyst mass.
Further experiments attempting to increase glycerol conversion by increasing the mass
of catalyst and/or reaction temperature were unsuccessful over MgO catalysts. Similar
catalytic performance was achieved over a CeO2 catalyst, although full glycerol conver-
sion was achieved at 400 ◦C, with a maximum methanol selectivity of 60% at 380 ◦C
(10 wt.% glycerol)

Alongside methanol, a variety of additional products were also observed, including
hydroxyacetone, acrolein, acetaldehyde, ethanol, ethylene glycol, allyl alcohol, acetone,
propionaldehyde, 2,3-butanedione and CO2. A number of these products were used as
reactants for the process to gain deeper insights in to the complex chemistry occurring
during the conversion of glycerol to methanol. Mono alcohols and formyl compounds, such
as methanol, ethanol, 1-propoanol, 2-propanol, acetone and acrolein were all found to be
unreactive, leading to their classification as terminal products. On the contrary, significant
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quantities of methanol were isolated in reactions where diols like ethylene glycol and
1,3-propanediol were used as feedstock, suggesting that more than one hydroxyl group is
required in the starting material to produce methanol.

The major reaction pathway identified as a route to methanol involved the dehydration
of glycerol to hydroxyacetone, occurring at the terminal alcohol position. Hydroxyacetone
then undergoes fragmentation by a radical process, related to a type 1 Norrish reaction to
yield hydroxymethyl and acetyl radicals, which undergo further reduction to methanol and
acetaldehyde, respectively. The presence of 2,3-butanedione, a C4 product, in the product
mixture supports this mechanism as 2,3-butanedione is a coupling product of two acetyl
radicals and unlikely to form through another route.

A second reaction pathway to methanol was also proposed, whereby glycerol itself
radically fragments to yield hydroxymethyl and ethylene glycol radicals, with the former
reduced to methanol and the latter losing a hydrogen radical to form hydroxyacetalde-
hyde. Similar to hydroxyacetone fragmentation, hydroxyacetaldehyde undergoes a radical
fragmentation to yield hydroxymethyl and formaldehyde radicals, both of which can be
reduced to methanol; only traces of formaldehyde were detected (in the parts per million
range), suggesting this is effectively reduced to methanol under the reaction conditions.
Whilst hydroxyacetaldehyde was not detected in the product mixture, as a likely conse-
quence of its high reactivity, ethylene glycol was observed, likely from the reduction of
hydroxyacetaldehyde. An additional reaction pathway was also observed over MgO and
CeO2 which did not result in the formation of methanol. This is the double dehydration
of glycerol to acrolein, which is initiated by dehydration at the secondary position, form-
ing 3-hydroxypropanal, which is further dehydrated to yield acrolein. Typically acrolein
selectivity was <10%, likely due to the absence of strong Brønsted acid sites, which are
necessary for high acrolein yields. The proposed reaction scheme is illustrated in Scheme 1.
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Scheme 1. Proposed reaction scheme for the formation of methanol from glycerol. Scheme repro-
duced from ref [39] with permission from Springer Nature.

The efficient utilisation of crude glycerol is of great importance, when the economic
viability of the process is considered. For this reason, crude glycerol was obtained from
a biodiesel producer, Biodiesel Amsterdam BV, for use as a feedstock in the process to
explore the feasibility of converting crude glycerol to methanol. This was composed of two
phases, namely an aqueous glycerol phase and an organic phase comprising unreacted
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triglycerides and other organic matter. The aqueous and organic layers were separated
before the aqueous phase was gravity filtered over activated carbon, which removed any
coloured impurities and left a colourless solution. The treated crude glycerol was then
diluted to the appropriate concentration and reacted over a CeO2 catalyst.

As shown in Table 1, the glycerol conversion, methanol selectivity and methanol
space-time-yield (STY) were somewhat lower with the crude feedstock, which became
more pronounced as the glycerol feed concentration increased. Despite the slight drop
in performance, these results indicate that the crude glycerol, obtained directly from a
biodiesel producer, can be converted to methanol without the need for extensive purification
steps prior to reaction.

Table 1. Comparison of pure and crude glycerol over a CeO2 catalyst. Data reproduced from ref. [39]
with permission from Springer Nature. Reaction conditions: 1.0 g catalyst, 1 mL h−1 glycerol/water
flow, 100 mL min−1 Ar, 340 ◦C reaction temperature, 3 h reaction time.

Feedstock Concentration
(%) 15 wt.% 30 wt.% 50 wt.%

Glycerol Source Pure Crude Pure Crude Pure Crude

Glycerol conversion (%) 76 70 55 50 40 30
MeOH selectivity (%) 56 55 41 38 34 29

STY (gMeOH kgcat
−1 h−1) 18 16 21 19 25 18

Experimental error is ±5%

Interestingly, for both the pure and crude feedstocks, increasing the feedstock concen-
tration did not result in a proportional increase in methanol STY, with only minor increases
in STY upon increasing glycerol concentration from 15 to 50 wt.% Similarly, comparison
of 0.5 and 10 wt.% feedstocks over MgO showed significantly higher methanol selectivity,
with the lower selectivity observed with the more concentrated feedstock, attributed to
the higher selectivity towards intermediates and by-products, e.g., hydroxyacetone, ac-
etaldehyde, acrolein and ethylene glycol. Consequently, no noticeable increase in methanol
STY was observed upon increasing the glycerol concentration from 0.5 wt.% to 10 wt.%,
despite the possibility for a six-fold increase when accounting for the additional mass of
catalyst. These results were indicative of an increase of undesirable side reactions, with a
more concentrated feedstock leading to lower methanol selectivity.

The above results highlight the increasing complexity of the reaction scheme with
increasingly concentrated glycerol feedstocks, hence it was considered crucial to gain a
greater understanding of the numerous side reactions, which can occur and reduce selectiv-
ity to methanol [55]. Due to the heterogeneity of crude glycerol, the following reactions
were performed with high purity glycerol to better understand the complex reaction scheme
without the additional complications that arise with the use of crude glycerol. The conver-
sion of a 50 wt.% aqueous glycerol feedstock in the absence of any catalyst was initially
explored, in an empty reaction tube, and over a bed of SiC, commonly used as a catalyst
diluent, between temperatures of 320–480 ◦C. A maximum conversion of 10% was obtained
in an empty reactor tube at a temperature of 480 ◦C, which increased to 18% in the presence
of SiC. The major products were allyl alcohol and hydroxyacetone which contributed to
alcohol and ketone yields of ca. 4%.Whilst these results may suggest that SiC is not an inert
diluent, we propose that the increased conversion observed in the presence of SiC can be
attributed to the significant reduction of volume in the reactor, leading to higher contact
between glycerol and a hot surface resulting in increased conversion. The increased glycerol
conversion observed in the absence of a catalyst with increasing reaction temperatures
highlight the importance of operating the process at more moderate temperatures (<400 ◦C)
to try and minimise competing side reactions.

The effect of reaction temperature on the conversion of a 50 wt.% glycerol solution
over MgO was also explored. At a temperature of 360 ◦C, hydroxyacetone, 1,2-propanediol
and ethylene glycol were the main products identified, although the selectivity to these
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products decreased dramatically as the reaction temperature was increased, highlighting
their role as intermediates in the process. Methanol selectivity was found to reach a
maximum of 27.9 carbon mol.% at 400 ◦C, corresponding to a STY of 205 g h−1 kg−1

cat.
Increasing the reaction temperature further to 440 ◦C resulted in a slight decrease in
methanol selectivity to 25.6%, corresponding to a STY of 204 g−1 kg−1. The decreased
methanol selectivity observed at 440 ◦C was attributed to an increase in acetaldehyde and
COx, which was similar to reactions without a catalyst. Similarly, increasing the contact
time by reducing the gas-hourly-space-velocity (GHSV) resulted in increased acetaldehyde
selectivity. In addition to the major products discussed here, a variety of other products
were also observed, although often in trace amounts; the full product distribution is shown
in Scheme 2.
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Scheme 2. “Proposed reaction network for the gas phase conversion of glycerol over MgO. Red
arrows indicate the dominant pathways over MgO; the green arrow represents the dominant pathway
observed in the absence of a catalyst. 1. Glycerol; 2. 3-hydroxypropenal; 3. 1,3-propanediol; 4.
1-propanol; 5. hydroxyacetone; 6. propanoic acid; 7. 1,2-propanediol; 8. 2-propanol; 9. acetone; 10.
acetaldehyde; 11. ethanol; 12. 2,3-butanedione; 13. 2,3-butandiol; 14. 2-butanol; 15. glycolaldehyde;
16. ethylene glycol; 17. ethenone; 18. acetic acid; 19. allyl alcohol; 20. 1-propanal; 21. 1-hydroxyl-2-
butanone; 22. acrolein; 23. 3-alkoxypropanal; 24. 3-alkoxy propanol.” Figure and caption reproduced
from ref. [55] with permission from the Royal Society of Chemistry.

The effect of glycerol feedstock concentration was also explored at a reaction temper-
ature of 400 ◦C. A maximum methanol selectivity of 34.9% was obtained over a 10 wt.%
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solution, with slight decreases observed upon increasing the concentration. Given that the
catalyst mass was proportionately reduced to account for the reduction of glycerol in the
feed, the methanol STY increased dramatically to 255 g h−1 kg−1. Lower carbon balances
were also detected for the more concentrated feedstocks, suggesting additional products
were formed that were not quantified through the analysis procedure. Following these
experiments, the stability of the MgO catalyst over an extended time period was explored
with a 50 wt.% feedstock, since it was envisaged that more rapid deactivation would occur
with a more concentrated feed. A decrease in glycerol conversion was observed over the
initial 4 h, but this stabilised at ca. 87% where it remained stable over the rest of the 48-h
testing period. Similarly, the carbon balance was stable after the initial 4 h on stream,
although this was found to be low, at ca. 65%. Methanol selectivity and STY also followed a
similar trend to that of glycerol conversion, with stable activity maintained after the initial
4-h period.

The stable catalytic activity over a period of 48 h showed no significant catalyst
deactivation, despite the low carbon balances (typically < 80%). Thermal gravimetric
analysis (TGA) showed that there were moderate levels of carbon deposition on the catalyst
after reaction, but this did not account for all the missing carbon. Similarly, TGA of post-
reaction catalysts after different periods on time-on-stream showed a non-linear relationship
with reaction time and coke deposition, indicating that coke formation predominantly
occurs early in the reaction. Due to the basic nature of MgO, it was hypothesised that the
low observed carbon balances could be due to the occurrence of condensation reactions
between glycerol molecules and/or intermediates. Consequently, LC-MS analysis was
employed to investigate the formation of heavier products that were not sufficiently volatile
for analysis by gas-chromatography (GC). The detection parameters were fixed between
m/z = 100–1000, and the resulting chromatogram was incredibly complex, which was
considered good evidence for the formation of high molecular weight products. In order
to determine the total carbon content after reaction, CHN analysis was also performed on
the post reaction solution. When the results from CHN analysis, any gaseous products
and coke deposition were accounted for, the total carbon balance was found to be 94%
for a 50 wt.% feedstock, with the missing carbon attributed to reactor fouling. Since these
high molecular weight products are not involved in the formation of methanol, reducing
the formation of these products is considered crucial in maximising methanol production
from glycerol.

A combined periodic DFT and QM/MM approach was employed to provide further
insights into the reaction mechanism over MgO [56], particularly the final step required for
the production of methanol, which is the reduction of a hydroxymethyl radical. In the peri-
odic DFT models PBEsol and PBEsol+D3 functionals were used to establish the importance
of dispersion interactions between adsorbates and the oxide. The QM/MM calculations
used a combination of PBE0 and shell model potentials allowing the differences between
pure GGA and hybrid functionals to be established. A number of possible hydrogen donors
were considered, including glycerol itself, ethylene glycol and hydroxyacetone as shown in
Figure 2. Furthermore, investigated were water, methanol and the hydroxymethyl radical.
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Both periodic and QM/MM approaches showed the use of water as the hydrogen
source for the reduction of the hydroxymethyl radical is energetically unfavourable, thus,
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water is unlikely to be the required hydrogen source. Interestingly, the disproportionation
of two hydroxymethyl radicals to give one methanol and one formaldehyde molecule was
calculated to be the lowest energy route for methanol production. The presence of formalde-
hyde in the post-reaction feed was determined by HPLC. Due to challenges analysing
formaldehyde, the reaction mixture was reacted over an LpDNPH cartridge coated with
2,4-dinitrophenylhydrazine, leading to the formation of a formaldehyde-hydrazone deriva-
tive, confirmed by comparison with a formaldehyde-hydrazone calibration standard.

The effect of reaction temperature and catalyst mass were also investigated using
commercially available ceria [57]. Similarly to the reactions performed with MgO, at 320 ◦C,
hydroxyacetone was the main product formed (49%) with significant quantities of 1,2-
propanediol and ethylene glycol also observed. Selectivity to these products decreased as
the reaction temperature increased, as a result of increased methanol, acetaldehyde, acetone
and COx selectivities. Increasing the catalyst mass, at a temperature of 320 ◦C, from 0.5 to
1.5 g resulted in comparable methanol STYs, although this reduced upon increasing the
mass further to 4 g. Carbon balances of 100% were achieved with 0.5 and 1.5 g, but this was
reduced to 92% with 4 g of catalyst, confirming that the increased mass, and consequently
contact time, was detrimental to methanol production, likely due to an increase in side
reactions and by-product formation.

The commercially available ceria had a low surface area (8 m2 g−1), thus relatively
high reaction temperatures (>400 ◦C) were required for effective methanol production.
Consequently, a series of CeO2 catalysts were prepared by altering the calcination tem-
perature to investigate the influence of ceria surface area and crystallite size on product
distribution and methanol selectivity. A cerium hydroxide precursor was calcined at tem-
peratures between 400 ◦C and 700 ◦C, resulting in materials with surface areas between
38 and 22 m2 g−1. These materials were then tested with a constant surface area across the
materials, achieved by adjusting the mass of catalyst to normalise the surface area. The
flow rate of the inert carrier gas was also adjusted to ensure that the space velocity was kept
constant between experiments. Under these conditions, there were no notable differences
in glycerol conversion or product distribution. Characterisation of the materials showed
that the crystallite size increased with increasing temperature, which was accompanied by
a reduction in defect density, although no clear relationship between the obtained product
distribution and the physicochemical properties of the ceria catalysts could be established.

Whilst the previous study into the effect of ceria calcination temperature showed
no clear correlation between the defect site density present in the ceria catalyst and the
reactivity of glycerol and/or intermediate products, it is worth noting that the overall
defect density was low across all samples. The defect density of ceria can strongly influence
the oxygen storage capacity (OSC) of the material, which has been strongly correlated with
catalytic activity for a number of reactions. One strategy that has been utilized to increase
the OSC of ceria-based materials is the inclusion of dopants. Tetravalent dopants such
as Zr4+ have been extensively studied; since Zr4+ and Ce4+ have different ionic radii, the
replacement of Ce4+ ions by Zr4+ ions leads to distortion within the ceria lattice, enhancing
oxygen mobility within the material. The inclusion of aliovalent dopants such as La3+ or
Pr3+ leads to the formation of oxygen vacancies to maintain a neutral charge, which often
results in the reduction of nearby Ce4+ ions to Ce3+ ions leading to increased defect density
and OSC. Consequently, a series of ceria based solid solutions were prepared and employed
as catalysts for the conversion of glycerol to methanol, alongside CeO2, ZrO2 and Pr6O11
(Table 2) [58].
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Table 2. Activity of Ce-Zr and Ce-Pr solid solutions. Data reproduced from ref. [58] with permission
from the Royal Society.

Catalyst Conversion
(%)

Major Product Selectivity (%) Specific Activity
/mmolMeOH h−1 m−2

Intrinsic Activity
/gMeOH h−1 kg−1MeOH HAce AceA COx

CeO2 99.8 12.6 6.4 8.7 13.1 0.052 96.86
Ce3ZrO2 97.7 11.5 9.3 11.9 8.5 0.032 94.98
CeZrO2 99.9 11.4 13.0 11.0 6.9 0.029 101.76

ZrO2 67.9 7.9 30.5 7.7 5.1 0.013 37.17
Ce3PrO2 90.6 12.1 10.8 8.8 11.8 0.039 100.38
CePrO2 74.3 12.9 19.2 9.4 9.0 0.076 70.44
Pr6O11 64.4 10.6 23.0 6.7 4.8 0.042 65.08

MeOH = methanol; HACe = hydroxyacetone; AceA = acetaldehyde; COx = CO & CO2 combined.

Comparable levels of glycerol conversion were achieved over CeO2, Ce3ZrO2 and
CeZrO2 (ca. 99%) with a notably lower conversion over ZrO2. The inclusion of Zr4+

resulted in a slight decrease in methanol selectivity, alongside increased acetaldehyde and
acrolein selectivity; relatively high acrolein selectivity (12%) was achieved over ZrO2. Very
similar levels of methanol selectivity were achieved over CeO2, Ce3PrO2 and CePrO2, at
glycerol conversions of 99%, 91% and 65%, respectively. As glycerol selectivity typically
increased with increasing conversion, these results suggest that the incorporation of Pr3+/4+

is beneficial for methanol production. Once normalised to surface area, the methanol
formation rate over CePrO2 (0.076 mmolMeOH m−2 h−1) was significantly higher than
over CeO2 (0.052 mmolMeOH m−2 h−1) or any of the other compositions tested. With the
exception of Pr6O11, which showed relatively low rates of methanol formation, the highest
degree of reducibility was calculated for CePrO2, along with a high density of defects
measured by Raman spectroscopy. The comparatively low activity of Pr6O11, despite the
high degree of reducibility, suggests that it is the combination of both Ce and Pr in a solid
solution in the CePrO2 sample that is beneficial to methanol production, although further
work is required to understand this effect fully.

In an attempt to gain deeper insights into the role of ceria in the production of methanol
from glycerol, a series of catalysts with well-defined morphologies were synthesised to
explore the role of ceria morphology and exposed surface plane on glycerol conversion and
methanol selectivity [59]. Following a procedure first published by Yan and co-workers [60],
ceria nanocubes (Ce-C), nanorods (Ce-R) and nanopolyhedra (Ce-P) were synthesised
through a hydrothermal route using Ce(NO3)3 and NaOH by varying the base concentra-
tion and synthesis temperature. HRTEM showed that the (100) surface was preferentially
exposed by Ce-C, with the (110) and (100) surfaces exposed by Ce-R, and the (111) and
(100) surface planes exposed by Ce-P. These materials were subsequently evaluated for the
transformation of glycerol to methanol under a variety of conditions.

At a constant GHSV, glycerol conversion was shown to follow the trend; Ce-R > Ce-P > Ce-C,
which followed the trend of their respective surface areas of 85, 65 and 23 m2 g−1. At a tem-
perature of 320 ◦C, where no conversion occurs in the absence of a catalyst, glycerol conversion
was constant over the three catalysts once normalised to surface area, indicating the surface
area of a ceria strongly influences conversion. At all given temperatures, methanol selectivity
was significantly lower over Ce-C than Ce-R and Ce-P, but given the much lower glycerol
conversions achieved over Ce-C, it was difficult to attribute this to morphology or surface
plane preferentially exposed.

In order to explore the role of surface facet on product distribution without the
influence of glycerol conversion, GHSVs were altered to achieve iso-conversion of ca. 15%.
As a glycerol conversion of 17% was obtained over Ce-C at a space velocity of 3600 h−1 and
a reaction temperature of 320 ◦C,. the space velocities over Ce-P and Ce-R were adjusted
to 9000 and 11,250 h−1, respectively, leading to conversions of 16% and 14%. Given the
comparable levels of glycerol conversion, product distributions could be directly compared
across the materials. Hydroxyacetone was detected as the major product over Ce-R and
Ce-P, with selectivities of 37% and 44%, respectively, although this was notably lower over
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Ce-C at 14%. A relatively high acrolein selectivity (14%) was observed over Ce-C, compared
with Ce-R (3%) and Ce-P (2%), which was indicative of differences in reaction mechanism.
Hydroxyacetone is formed through dehydration at a terminal alcohol position, in contrast
to acrolein, which is initiated via dehydration at the secondary position. Additionally,
selectivity to 1,2-propanediol (formed via hydroxyacetone hydrogenation) was noticeably
higher than 1,3-propanediol (formed via 3-hydroxypropanal reduction) over Ce-R and
Ce-P, whereas the reverse was true for Ce-C. These differences in product distribution
suggest that dehydration initially occurs at the C1 position over Ce-R and Ce-P (Scheme 3),
in contrast to Ce-P where dehydration at the C2 position seems more dominant (Scheme 4).
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Similar reactions were also performed at a temperature of 400 ◦C with an increased
mass of Ce-C, in order to achieve high conversion over all materials; as a terminal product,
high selectivity to methanol is generally observed only at almost complete levels of glycerol
conversion. Conversions of >99% were achieved over Ce-R and Ce-P at a space velocity of
3600 h−1, so the GHSV was adjusted to 1800 h−1 to achieve a comparable level over Ce-C.
At this high level of conversion, methanol selectivity had the order; Ce-P > Ce-R >> Ce-C,
and the selectivities were 25%, 23% and 13%, respectively. These corresponded to 201, 164
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and 47 gMeOH h−1 kg−1
cat STYs. This mirrored the same trend as the hydroxyacetone STY,

illustrated in Figure 3, where a strong relationship between high hydroxyacetone STY at low
conversion and high methanol STY at high conversion was demonstrated. The low selectiv-
ity to methanol was attributed to the divergence in reaction mechanism with dehydration
at the C2 position, since this reaction pathway does not result in methanol production.
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Calculations applying DFT suggest that under reaction conditions, the (100) surface is
most likely fully hydroxylated, in contrast to the (110) and (111) surfaces where hydroxyla-
tion is unfavourable. Since the (100) surface is preferentially exposed in Ce-C, it appears
that surface hydroxylation of ceria is not beneficial for the formation of methanol, and it
may influence the reaction pathway. Interestingly, the high defect density present in Ce-R
did not appear to promote methanol production, as it was Ce-P, with the lowest defect
density, that resulted in the highest methanol selectivity. Additionally, the (111) surface,
which is the most thermodynamically stable of the low index ceria surfaces, exposed by
Ce-P appears to have a positive effect on methanol formation. These insights should be
considered in any further attempts to optimise ceria-based catalysts for the conversion of
glycerol to methanol.

2.2. VAIPOs for Glycerol to Methanol

The conversion of glycerol to methanol in the absence of external hydrogen has also
been demonstrated over VAIPOs (vanadium substituted aluminophosphate materials,
with V loadings between 5–10 wt.%) [61]. A maximum methanol selectivity of 84.6%
was reported over V7.5APO, which has a vanadium loading of 7.5%. The high methanol
selectivity observed over this catalyst was attributed to the high levels of V4+ present in the
sample, which the authors claimed to be the active site for the C-C cleavage required to
form methanol. Other major observed products were acetaldehyde and dihydroxyacetone,
the latter of which is unsurprising since O2 was co-fed into the reactor alongside glycerol.
Interestingly, of all the catalysts which were investigated, the maximum methanol selectivity
was found to be at an oxygen:glycerol molar ratio of 2.6:1, which seems surprising since
the conversion of glycerol to methanol is a reductive process overall. In contrast to the
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conversion of glycerol to methanol over basic and redox catalysts discussed above, over
VAIPOs, methanol selectivity was found to increase with increasing temperatures (between
200 and 350 ◦C), whereas acetaldehyde selectivity was shown to decrease. Additionally, the
use of hydroxyacetone as a feedstock for the reaction did not result in methanol production,
indicating that the mechanism for the conversion of glycerol to methanol over VAIPOs
varies significantly compared to that over CeO2 or MgO. Notably, the authors did not
appear to quantify gaseous products formed. Given that these reactions are conducted
under aerobic conditions, it’s likely that a significant proportion of CO2 is produced.

2.3. The Super Methanol Concept

An alternative route to the production of methanol from glycerol, known as the Su-
permethanol concept, has also been demonstrated [62]. This integrated process combines
glycerol reforming in supercritical water with methanol synthesis, utilizing the syngas
produced from glycerol. The highly refined reactor configuration employed is presented in
Figure 4. A Ni/CaO-Al2O3 catalyst was used for glycerol reforming, operated at temper-
atures of 675–725 ◦C with pressures in the range 240–270 bar. After separation of liquid
and gas phases, the gas stream was fed directly over a Cu/ZnO/Al2O3 methanol synthesis
catalyst at temperatures in the range 195–245 ◦C and the same pressures as above [63]. The
gas composition following the reforming step was shown to have a strong influence on the
final methanol yield, with hydrocarbon formation shown to be highly detrimental to the
process. The maximum reported methanol yield of 60% was achieved with temperatures of
725 ◦C and 208 ◦C for the reforming and methanol synthesis reactions, respectively, both at
260 bar. Nevertheless, the conditions required to achieve such yields can be considered very
harsh, particularly given the use of supercritical water for glycerol reforming. Supercritical
water, due to its exceptionally corrosive nature, is extremely hazardous, and could pose a
number of challenges for upscaling of this technology. Furthermore, given the heteroge-
neous nature of crude glycerol, achieving good control of the gas stream composition via
reforming may prove challenging.

2.4. Glycerol to Ethanol

Kostyniuk et al. [64] recently reported the conversion of glycerol to ethanol over
caesium-promoted ZSM-5 catalysts. The process was similar to that of glycerol to methanol
originally reported by Haider et al. [39]. The initial step of glycerol dehydration gives
hydroxyacetone, which can undergo a radical fragmentation to produce hydroxymethyl
and acetyl radicals, with the acetyl radical reduced to yield ethanol. Interestingly, the
reduction of acetaldehyde to ethanol was not one of the routes to ethanol, nor was glycidol
decomposition. The authors proposed that methanol dehydration could also occur giving
methylene, a carbene radical, which subsequently reacts with methanol via a methylation
reaction, resulting in ethanol production. This route was confirmed by the use of methanol
as a reactant for the process, as ethanol was the only detected liquid phase product. The
observed reaction rates for the methylation of methanol were found to be relatively low,
thus this route was considered to be a minor reaction pathway.

The authors reported that a ethanol yield of 99.6 mol.% could be achieved over a
20 wt.% CsZSM-5(1500) catalyst, in a vapor phase process operated at 350 ◦C with a
10 wt.% aqueous glycerol feedstock for a period of 2 h on-stream. This is, however, slightly
misleading, as this calculation does not account for all of the carbon present in glycerol.
Nevertheless, the exceptional selectivity exhibited provides an ethanol carbon yield of ca.
66%. Over a reaction period of 50 h, a notable reduction in conversion was observed during
the initial 20 h of the reaction, stabilising at ca. 40%, although an ethanol selectivity of
91 mol.% was maintained over this period. A different product distribution was obtained
over a 20 wt.% CsZSM-5(1500) catalyst, with hydroxyacetone, allyl alcohol and glycidol
observed as the main products (Scheme 5). High levels of coke deposition were also
detected over CsZSM-5(30) in contrast to CsZSM-5(1500).



Energies 2022, 15, 6250 13 of 22
Energies 2022, 15, 6250 13 of 23 
 

 

 
Figure 4. The reactor configuration used for the synthesis of methanol from glycerol. The process is 
separated into two distinct catalysed reactions: (i) Glycerol reforming to produce syngas and (ii) 
methanol synthesis. Reproduced from ref. [63] with permission from Elsevier. 

2.4. Glycerol to Ethanol 
Kostyniuk et al. [64] recently reported the conversion of glycerol to ethanol over cae-

sium-promoted ZSM-5 catalysts. The process was similar to that of glycerol to methanol 
originally reported by Haider et al. [39]. The initial step of glycerol dehydration gives hy-
droxyacetone, which can undergo a radical fragmentation to produce hydroxymethyl and 
acetyl radicals, with the acetyl radical reduced to yield ethanol. Interestingly, the reduc-
tion of acetaldehyde to ethanol was not one of the routes to ethanol, nor was glycidol 
decomposition. The authors proposed that methanol dehydration could also occur giving 
methylene, a carbene radical, which subsequently reacts with methanol via a methylation 
reaction, resulting in ethanol production. This route was confirmed by the use of methanol 
as a reactant for the process, as ethanol was the only detected liquid phase product. The 
observed reaction rates for the methylation of methanol were found to be relatively low, 
thus this route was considered to be a minor reaction pathway. 

The authors reported that a ethanol yield of 99.6 mol.% could be achieved over a 20 
wt.% CsZSM-5(1500) catalyst, in a vapor phase process operated at 350 °C with a 10 wt.% 
aqueous glycerol feedstock for a period of 2 h on-stream. This is, however, slightly mis-
leading, as this calculation does not account for all of the carbon present in glycerol. Nev-
ertheless, the exceptional selectivity exhibited provides an ethanol carbon yield of ca. 66%. 
Over a reaction period of 50 h, a notable reduction in conversion was observed during the 
initial 20 h of the reaction, stabilising at ca. 40%, although an ethanol selectivity of 91 
mol.% was maintained over this period. A different product distribution was obtained 
over a 20 wt.% CsZSM-5(1500) catalyst, with hydroxyacetone, allyl alcohol and glycidol 

Figure 4. The reactor configuration used for the synthesis of methanol from glycerol. The process
is separated into two distinct catalysed reactions: (i) Glycerol reforming to produce syngas and
(ii) methanol synthesis. Reproduced from ref. [63] with permission from Elsevier.

Energies 2022, 15, 6250 14 of 23 
 

 

observed as the main products (Scheme 5). High levels of coke deposition were also de-
tected over CsZSM-5(30) in contrast to CsZSM-5(1500). 

The excellent ethanol selectivity achieved over CsZSM-5(1500) was attributed to two 
factors: (1) The complete absence of acid sites, as determined by NH3-TPD and pyridine-
DRIFTS experiments, and suitable density of base sites, measured by CO2 TPD; (2) the 
smaller crystallite size and strong synergy between the ZSM-5(1500) and Cs. The remark-
ably different product distributions and degrees of catalyst coking highlight the im-
portance of carefully controlling the acid-base properties in such a process. 

 
Scheme 5. Proposed reaction mechanism for the conversion of glycerol to ethanol over CsZSM-5 
catalysts. Reproduced from ref. [64] with permission from the Royal Society of Chemistry. 

2.5. Glycerol to Mono Alcohols via Hydrogenolysis 
Glycerol hydrogenolysis has also been identified as an alternative route for the pro-

duction of methanol and other mono-alcohols from glycerol. Hydrogenolysis involves the 
cleavage of C-C or C-O through the addition of H2. As a biobased molecule, glycerol has 
a higher O/C ratio than typical fossil-fuel derived molecules, thus glycerol hydrogenolysis 
favouring C-O cleavage can be used to reduce the relative oxygen content. The majority 
of reports have focussed on the production of 1,2-propanediol and 1,3-propanediol, both 
of which are useful commodity chemicals [12,13,65,66]. The majority of glycerol hydro-
genolysis studies involve the addition of external H2 and operate at significantly higher 
pressures than the glycerol to methanol (or ethanol) process, discussed in detail above. 
Glycerol hydrogenolysis has been extensively reviewed over recent years [23,67–69]. As 
this work is focused on the conversion of glycerol to alcohols in the absence of external 
H2, we do not discuss glycerol hydrogenolysis in detail, however, due to the importance 
of the topic, we consider it prudent to briefly discuss the reports of glycerol hydrogenol-
ysis which focus on the production of mono-alcohols. 

Friedrich and co-workers reported the use of Ni catalysts supported on silica or alu-
mina for the conversion of glycerol to mono-alcohols, although methanol selectivity was 
typically low (<5% under all conditions tested) [70]. A total selectivity to mono-alcohols 
of 54.5% was observed over Ni/Al2O3, compared with 68.5% over Ni/SiO2. These reaction 
were conducted at a reaction temperature of 320 °C with a 60 wt.% glycerol feedstock 
(GHSV of 1060 h−1) and a H2 pressure of 60 bar. The authors attributed the higher activity 
of Ni/SiO2 to the stronger metal-support interactions compared with Ni/Al2O3, resulting 
in an increased density of Ni sites. Further work from the group focussed on the use of 

Scheme 5. Proposed reaction mechanism for the conversion of glycerol to ethanol over CsZSM-5
catalysts. Reproduced from ref. [64] with permission from the Royal Society of Chemistry.



Energies 2022, 15, 6250 14 of 22

The excellent ethanol selectivity achieved over CsZSM-5(1500) was attributed to
two factors: (1) The complete absence of acid sites, as determined by NH3-TPD and
pyridine-DRIFTS experiments, and suitable density of base sites, measured by CO2 TPD;
(2) the smaller crystallite size and strong synergy between the ZSM-5(1500) and Cs. The
remarkably different product distributions and degrees of catalyst coking highlight the
importance of carefully controlling the acid-base properties in such a process.

2.5. Glycerol to Mono Alcohols via Hydrogenolysis

Glycerol hydrogenolysis has also been identified as an alternative route for the pro-
duction of methanol and other mono-alcohols from glycerol. Hydrogenolysis involves the
cleavage of C-C or C-O through the addition of H2. As a biobased molecule, glycerol has a
higher O/C ratio than typical fossil-fuel derived molecules, thus glycerol hydrogenolysis
favouring C-O cleavage can be used to reduce the relative oxygen content. The majority of
reports have focussed on the production of 1,2-propanediol and 1,3-propanediol, both of
which are useful commodity chemicals [12,13,65,66]. The majority of glycerol hydrogenoly-
sis studies involve the addition of external H2 and operate at significantly higher pressures
than the glycerol to methanol (or ethanol) process, discussed in detail above. Glycerol
hydrogenolysis has been extensively reviewed over recent years [23,67–69]. As this work is
focused on the conversion of glycerol to alcohols in the absence of external H2, we do not
discuss glycerol hydrogenolysis in detail, however, due to the importance of the topic, we
consider it prudent to briefly discuss the reports of glycerol hydrogenolysis which focus on
the production of mono-alcohols.

Friedrich and co-workers reported the use of Ni catalysts supported on silica or
alumina for the conversion of glycerol to mono-alcohols, although methanol selectivity was
typically low (<5% under all conditions tested) [70]. A total selectivity to mono-alcohols of
54.5% was observed over Ni/Al2O3, compared with 68.5% over Ni/SiO2. These reaction
were conducted at a reaction temperature of 320 ◦C with a 60 wt.% glycerol feedstock
(GHSV of 1060 h−1) and a H2 pressure of 60 bar. The authors attributed the higher activity
of Ni/SiO2 to the stronger metal-support interactions compared with Ni/Al2O3, resulting
in an increased density of Ni sites. Further work from the group focussed on the use of
supported molybdenum and tungsten catalysts [71]. Higher activities were observed over
Al2O3 supported catalysts compared with SiO2, which was attributed to the higher degree
of Brønsted acidity of the alumina catalysts. Increasing both reaction temperature and
H2:glycerol ratio resulted in increased selectivity towards mono-alcohols at the expense
of diols such as ethylene glycol and 1,2-propanediol, with higher degrees of reduction
favoured under harsher conditions. A maximum lower alcohol selectivity was observed
at 320 ◦C and a H2 pressure of 60 bar over 10 wt.% W/Al2O3, with a methanol selectivity
of ca. 35%. The Friedrich group also explored the use of Re-Ni catalysts supported on
both silica and alumina for the conversion of glycerol to mono-alcohols [72]. Similarly to
previous studies, an increase in reaction temperature was shown to result in an increase
in mono-alcohols, such as methanol and 1-propanol, as a consequence of reduced 1,2-
propanediol and ethylene glycol selectivity. Interestingly, a strong correlation between
glycerol conversion and catalyst acidity was observed, with the most acidic Re-Ni/Al2O3
catalysts resulting in the highest selectivity to 1-propanol. In contrast to ethanol and
propanol, selectivity to methanol was found to decrease with increasing H2 pressure, which
was attributed to the further reaction of methanol.

The conversion of crude glycerol to 1-propanol, with yields of 79%, has recently been
reported [73] in a batch process employed a bi-functional catalytic system comprising both
Ni/γ-Al2O3 and Ni/CS-P catalysts, where CS-P represents a phosphorus-impregnated
carbon composite. A selectivity to 1-propanol of 71% was achieved using crude glycerol,
with a catalyst to glycerol mass ratio of 0.16, a reaction temperature of 260 ◦C and a pressure
of 65 bar. The 1-propanol yield could be further improved by operating the process in two
individual steps: (1) crude glycerol hydrogenolysis to 1,2-propanediol over Ni/γ-Al2O3
at 220 ◦C and (2) 1,2-propanediol hydrogenolysis over Ni/CS-P to yield 1-propanol. The



Energies 2022, 15, 6250 15 of 22

high activity of Ni/γ-Al2O3 with regard to glycerol hydrogenolysis was attributed to the
presence of small metallic Ni particles that strongly interact the with the acid sites of the
support. Characterisation of the Ni/CS-P catalyst showed the presence of a Ni2P phase,
which along with the AlPOx species, were thought to be responsible for the high acidity
which promoted C-O cleavage at the secondary position of 1,2-propanediol, leading to high
yields of 1-propanol.

3. Update on the Valorization of Crude Glycerol

Almost all the research articles discussed so far have relied on the use of pure glycerol
(PG) as a feedstock. The CG derived from biodiesel synthesis is however, chemically, very
different to PG. In a recent study, where 11 samples were taken from 7 different biodiesel
manufacturers, the glycerol purity was determined to vary from 38 to 96% [74]. In addition
to variations in glycerol purity, CG can comprise of a range of other impurities [75], such as:
(i) residual FAME, (ii) residues from transesterification catalysts (typically KOH or NaOH),
(iii) residual alcohol reagent (typically methanol or ethanol), (iv) matter organic not glycerol
(MONG), (v) ash and (vi) water. The relative composition of CG is typically dependent on
the triglyceride source and the process conditions used at the biodiesel synthesis plant from
which it is acquired [75,76]. Collectively, these impurities represent a significant challenge
for process commercialisation. This is particularly relevant to valorisation processes which
rely on the use of heterogeneous catalysts, as these materials are often highly susceptible to
deactivation through active site poisoning [77].

For this reason, extensive research has focussed on developing efficient methods of
purifying CG. Ardi et al. [78] reviewed progress in this area in 2015 and highlighted the
outstanding challenges. The authors disscussed a variety of purification methods, including:
vacuum distillation, ion exchange, membranes, activated carbon filtration and chemical
treatment. Despite concluding that there were several promising emerging technologies,
the authors stated that vacuum distillation would continue to be the primary method of
purifying glycerol on a large scale. Although highly effective, this purification method is
exceptionally expensive. This raises the question as to whether adopting such a strategy
would be economically feasible. Ideally, valorisation processes would be comparable with
CG feedstocks.

In 2016, Kong et al. [79] published an important review article that compared the
conversion of PG and CG into various derivatives. The authors identified several val-
orisation processes that may be feasible to use CG as feedstock. These were: hydrogen
production through steam reforming, glycerol hydrochlorination to produce epichlorohy-
drin and glycerol polymerisation. Following this review, numerous other studies have been
conducted using CG as feedstock. Table 3 lists several of these studies and where possible,
the difference in catalytic performance between using CG and PG is compared.

The catalytic hydrogenolysis of CG to 1,2-PDO has been investigated independently
in batch and continuous conditions over supported Cu catalysts [80,81]. Both research
articles noted a drop in performance when CG was used in place of PG, which in both
cases was attributed to impurities inhibiting catalyst function. Gatti et al. [73] developed
a two-step batch process for the conversion of CG into 1-propanol, which proceeded via
1,2-propanediol. The authors noted that comparable 1-propanol yields were observed when
CG and PG were used as feedstock. Wu et al. extended this to the synthesis of propylene
from CG in continuous flow [82]. The authors combined two catalysts; a MoO3 modified
Ni2P/Al2O3 catalyst (used for the hydrogenolysis of glycerol to 1-propanol), and a ZSM-
5 catalyst (used to crack the remaining C-O bond). A significant drop in performance
was observed when PG was replaced with a synthetic CG feed. However, the loss in
performance could in part be recovered by using a more acidic ZSM-5 zeolite. Several
groups have also investigated the aerobic oxidation of CG into lactic acid. Activated carbon
(AC) supported Pt and Pd catalysts [84], and transition metal heteropolyacid catalysts [83]
were both demonstrated to be effective. However, notable losses in lactic acid yields were
observed when PG was replaced with CG. For the AC supported catalysts, larger losses
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in yield were observed (15–30%), which the authors attributed to salt and ash impurities
from the CG. Finn et al. [94] also demonstrated that homogeneous sulphonated Ir and Ru
carbene-containing catalysts could be effective for this process. The most effective catalyst
exhibited almost an identical TOF for both PG and CG, 42,592 and 41,893 h−1, respectively.

The etherification and acetalization of CG have also been examined. Chiosso et al. [88]
used SO3H functionalised carbons to catalyse CG etherification with benzyl alcohol un-
der batch conditions. The authors noted that the residual water present in the CG was
extremely detrimental to catalyst performance. Hameed and co-workers also investigated
the formation of fuel additives, di- and triacetin, through reacting CG with acetic acid
over sulphonated carbon catalysts [95]. While the authors did not make any comparisons
with PG feeds, under batch operation the catalyst performance appeared to be stable for
up to seven uses. In a separate study, Bedogni et al. [96] demonstrated that using CG
did not influence catalyst selectivity, but did negatively impact on reaction rate over solid
acid catalysts. Tarighi and co-workers also demonstrated that hierarchical faujasite zeolite-
supported heteropoly acids were effective for the acetylation of synthetic crude glycerol
(SCG) with acetone, into solketal [90]. The authors determined that methanol (present
in the SCG) had very little impact on the catalysis, but NaCl was found to dramatically
inhibit the solketal yield. Separately, Tathod et al. [97] confirmed that solketal could be
produced from CG in a similar manner using a metal-free mordenite catalyst. The authors
determined that the catalyst exhibited a good tolerance to water and other impurities in the
CG, reflected by the fact that the catalytic performance was maintained for up to three uses.

A variety of studies have focussed on reacting CG with nitrogen containing com-
pounds. Wang et al. [87] demonstrated that, under batch conditions, alanine yields of up
to 43% could be acquired from CG over a Ru1Ni7/MgO catalyst. The authors conducted
reusability experiments with CG and determined that the activity could be maintained
up to three uses. The authors suggested that the subsequent decrease in activity was not
attributed to impurities in the CG, but particle sintering. Separately, Akula and co-workers
published two papers on the continuous formation of 2,6-dimethylpyrazine from reacting
CG with 1,2-propanediamine over supported Cu catalysts. In the first paper, the authors as-
sessed how the synthesis procedure of CuCr2O4 catalysts influenced their performance [85].
Using a SCG feedstock (which contained water, methanol and KOH), the activity and
selectivity of all the investigated catalysts decreased compared to values acquired from
identical reactions run using PG. Following on from this, the authors assessed how Zn
promoted CuCr2O4 catalysts influenced this reaction over a CG feedstock (Jatropha Cur-
cas) [86]. Once again, the activity and selectivity was lower with CG; 76.3% selectivity at
12.3% conversion compared to 97.3% selectivity at 37.7% conversion observed with PG.
The decrease of performance was attributed to impurities in CG; either KOH inhibiting
surface basicity or NaCl blocking active sites.

Given that glycerol dehydration to acrolein is such an active area of research [24,25],
we were surprised not to find any examples where CG had been used as a feedstock for this
reaction. Lu et al. [89] did however demonstrate that acrylic acid could be produced from
CG; a reaction where acrolein is considered to be a key intermediate. Here, the authors
demonstrated that a 73% acrylic acid selectivity could be achieved (at 95% conversion)
over a CsPW-Nb catalyst under continuous conditions. This was however notably poorer
than the performance observed in a comparable reaction run using PG (85% acrylic acid
selectivity at 100% conversion). Haider et al. [39] also assessed whether CG could be used
as a feedstock for the production of ‘green’ methanol. As discussed, this reaction proceeds
through a dehydration and subsequent radical fragmentation pathway; it is complex and a
broad variety of products can be produce. The authors determined that a notable drop in
the methanol STY was observed at high glycerol feeds (50 wt.%) when PG was replaced
with CG. The authors did however determine that reducing the glycerol wt.% in the feed
resulted in closer STYs for methanol with PG and CG. Further stability tests including time
on steam are required to assess whether this is a viable approach for the valorisation of CG.
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Table 3. List of published transformations (2017 onwards) where crude glycerol (CG) or synthetic
crude glycerol (SCG) is used as a feedstock.

Reaction Target Product Catalyst(s) Reactor Typical conditions Performance vs. PG Comments Ref.

Hydrogenolysis 1,2-Propanediol (1) 15% Cu/HTC
(2) 5% Cu-B/Al2O3

(1) Batch
(2) Cont.

(1) 200 ◦C, 3.4 MPa H2; CG

(2) 250 ◦C; 6 Mpa H2, 0.1 h−1

WHSV; CG

(1) 13% drop in yield
(2) 41% drop in yield

Drop attributed to
impurities in crude

glycerol
[80,81]

Hydrogenolysis 1-Propanol

Reaction with 2
catalysts:

(a) Ni/γ-Al2O3
(b) Ni/Cs-P

Batch
2-Step Process:

(i) 5 h at 220 ◦C over Cat (a)
(ii) 2 h at 260 ◦C over Cat (b); CG

Comparable N/A [73]

2 step process:
(i) Hydrogenolysis

(ii) Cracking
Propylene

Reaction with 2
catalysts:

(a) MoO3-Ni2P/Al2O3
(b) ZSM-5

Cont. 300 ◦C, WHSV = 1.0 h−1;
H2/glycerol = 100, CG

48% drop in yield; can
be reduced to an 18%

drop with a more acidic
ZSM-5

Methanol in CG allows
for competing pathway
to aromatics and heavy

olefins

[82]

Aerobic Oxidation Lactic Acid
(1) 5% Pt/AC or 10%

Pd/AC
(2), AIPMo12O40

Batch
(1) 2.2 MPa O2 *, 230 ◦C, NaOH,

CG
(2) 1 Mpa O2, 60 ◦C, SCG

(1) 15–30% drop in
yield. (2) 10% drop in

yield

(1) Attributed to
impurities (salts and

ashes) (2) ND
[83,84]

Dehydrocyclization 2,6-Dimethylpyrazine (1) CuCr2O4
(2) Zn-CuC2O4

Cont.

375 ◦C; Atmospheric Pressure;
Propanediamine;

(1) GHSV = 11.0 mL gcat−1 s−1;
SCG;

(2) 40.25 mL gcat−1 s−1; CG

(1) 34% drop in yield
(2) 74% drop in yield

KOH and NaCl block
surface active sites. [85,86]

Reductive Amination Alanine Ru1Ni7/MgO Batch 220 ◦C; 1 MPa H2; NaOH;
NH3H2O; CG Comparable

Particle sintering
occurred over

successive runs
[87]

Etherification Mono-, di- and tri-ethers SO3-Functionalised
Carbons Batch 120 ◦C, Atmospheric pressure;

Glycerol: benzyl alcohol = 3: 1

Glycerol conversion
drops from 97% to 20%.
Selectivity to unknowns
much greater with CG

Attributed to impurities
and moisture content in

the CG
[88]

Dehydration-Oxidation Acrylic Acid

Reaction with two
catalysts:

(a) 20% CsPW-Nb
(b) VMo-SiC

Cont.

300 ◦C; Atmospheric pressure;

N2 (34 mL min–1); O2 (6 mL

min–1); 20 wt.% glycerol solution

at 0.6 mL h–1 (0.24 h–1 WHSV).

18% drop in yield after
TOS = 10 h; deactivation

is more pronounced
after TOS = 30 h.

Decrease attributed to
deposition of alkali

metal ions on
dehydration catalyst

and decreased total acid
sites

[89]

Acetalization Solketal
Zeolite-supported

heteropoly acid
(HR/Y-W20)

Batch 40 ◦C, atmospheric pressure (air);
acetone; SCG; 11% drop in yield NaCl inhibits the

catalyst [90]

Steam Reforming H2/CO Ni-MgO/AC Cont.
650 C; 30% aqueous CG fed at 2

mL h−1; atmospheric with Ar;
CG

Not compared with PG
Deactivation is

attributed to coking and
sintering

[91]

(i) Dehydration
(ii) Radical

Fragmentation
* Methanol CeO2 Cont.

340 ◦C; Atmospheric pressure of

Ar (100 mL min−1); 50 wt.%
aqueous glycerol feed (1 mL

h−1); CG

25% drop in methanol
STY

Methanol STY
decreases at glycerol

wt.% increases.
[39]

(i) Deoxygenation; (ii)
Aromatisation

BioBTX
(Benzene/Toluene/Xylenes) ZSM-5/Bentonite Cont. 550 ◦C; N2 (11 mL min−1),

atmospheric pressure; CG
Not compared with PG

Reversible coke
formation. Irreversible
deactivation attributed

to zeolite structure
collapse, loss of acidity

[92]

(i) Deoxygenation; (ii)
Aromatisation

BioBTX
(Benzene/Toluene/Xylenes) 0.1 Ba-1Zn.ZSM-5 Cont.

420 ◦C; N2 (100 mL min−1),
atmospheric acid; Glycerol

WHSV 2 h−1; Methanol; SCG
Not compared with PG

Drop in yield over time
on stream attributed to

the formation of
oxygenates and coke

[93]

Footnote: CG (crude glycerol); SCG (synthetic crude glycerol); PG (pure glycerol); STY (space time yield); TOS
(Time on stream); ND (not done); Cont. (continuous); * Published before 2017.

4. Conclusions and Outlook

Several strategies for the continuous production of lower alcohols from glycerol
have been discussed. This is a subject that is of great commercial interest, from both
environmental and economic perspectives, due to the surplus of glycerol that is predicted to
be available and the limited methods that currently exist for producing these chemicals from
biomass. Research has demonstrated that these compounds can be produced continuously,
through a variety of methods. The hydrogenolysis of glycerol is evidently an effective
approach but requires significant hydrogen overpressures which, consequentially, poses a
significant economic limitation.

For this reason, the dehydration and radical fragmentation of glycerol into lower
alcohols, which has been discussed in detail, can be considered a viable alternative as this
can be conducted in an inert carrier gas under atmospheric pressure. This approach is
highly effective for the formation of both methanol and ethanol, which can be achieved
over simple metal oxide and zeolite-based catalysts, respectively. From the work conducted
to date, it’s evident that that the efficacy of the process is dramatically influenced by the
catalyst employed, the reaction conditions and the reactor configuration. Physicochemical
catalyst properties, such as surface area, surface defects and exposed facets are clearly
important for directing selectivity. In addition to catalytic properties, the process conditions
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can also dramatically influence performance; the bed length, the bed temperature and the
manner and rate in which glycerol is introduced into the reactor are all important factors
to consider.

Despite the potential of this process, significant developments are still needed before
it can be considered commercially viable. One key limitation is the broad distribution of
products formed. Whilst there are numerous advantages to operating the process in the
absence of an external oxidant or reductant, this does limit the control of the obtained
product. This problem is further amplified when more concentrated glycerol feedstocks
are employed. Another significant concern is the low glycerol partial pressures that are
typically used. Given that increasing the concentration of glycerol in the feedstock has such
a detrimental impact on the product distribution, increasing glycerol partial pressures is
likely to cause similar issues. Given that productivity is limited at the partial pressures
currently used and increasing this is likely to impact on selectivity, this poses a significant
hurdle to overcome if commercialisation of this process is to be realised.

Economically, the use of CG as a feedstock for valorisation is an incredibly important
consideration. Current methods used to purify CG are energy intensive and consequentially,
are expensive. For this reason, it would be more viable to develop processes which are
compatible with CG as feedstock. Given the significance of this, we considered it important
to provide an update (from 2017) on relevant works where CG was used as a feedstock. Two
groups confirmed that moderate yields of aromatic bioBTX products could be produced
from crude glycerol. This is a particularly interesting approach, as methods for the synthesis
of C6 aromatics from biomass are scarce. The acetalization of CG has also shown some
potential, particularly with acetone. In the presence of solid acid catalysts, CG and acetone
can react to produce high yields of solketal, a promising fuel additive. The viability of this
approach could, however, be greatly improved if this technology were to be transferred
into a continuous process.

The viability of using CG as a feedstock in other catalysed processes (aerobic oxidation,
hydrogenolysis, etc.) has also been assessed. In most examples, the performance with
CG was compared with reactions run using PG. In almost all the examples, CG appeared
to inhibit the catalyst performance. This was particularly noticeable in examples where
catalysts with well-defined active sites, such as supported metal catalysts, were employed.
Moving forward, we propose that more emphasis should be placed on the development of
mixed metal oxide catalysts for glycerol valorisation. These materials are likely to be more
resilient to the diverse range of impurities present in CG. In terms of assessing process
viability, we also recommend that, in general, researchers should conduct more thorough
reusability experiments. Most research articles did not assess catalyst reusability when CG
was used as the feedstock.

Given that the chemical composition of CG can vary dramatically depending on
its source, it’s extremely unlikely that a universal catalytic process can be developed.
The moisture content, MONG and cationic impurities can affect catalyst function and
processes differently. We therefore consider industrial involvement to be critical if process
commercialisation is to be realised. Working with the same CG source would provide
the consistency required to achieve impactful research outcomes. Researchers can build
on acquired knowledge and develop processes and technology which are compatible for
specific feedstocks. A second benefit of industrial involvement could involve small changes
to preceding transesterification process (if viable to do so). This could be highly beneficial
if, for instance, the catalyst used is determined to be highly sensitive to one of the reagents
used in the transesterification process. Thirdly, and perhaps most importantly, industrial
collaboration would allow for more detailed economic assessments of the processes to be
made. This is what ultimately dictates whether a process is viable commercially and thus,
communication between academia and industry is critical.
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