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Glycerol as a sustainable solvent for green chemistry
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Glycerol, an organic waste generated by the biodiesel industry, has been recently proposed as a
valuable green solvent. This review summarizes the advantages, disadvantages and potential uses of
glycerol as a green solvent for catalysis, organic synthesis, separations and materials chemistry. In
particular, through selected examples we show here that glycerol may combine the advantages of
water (low toxicity, low price, large availability, renewability) and ionic liquids (high boiling point,
low vapour pressure, low solubility in scCO2). More generally, all these reported works contribute
to increase the portfolio of available green solvents and afford innovative solutions to the
substitution of the conventionally used volatile organic solvents.

1. Introduction

Most organic reactions occur in a liquid phase. The solvent
not only allows a better contact between reactants, stabilises
or destabilises intermediates and/or transition states but also
determines the choice of work up procedures and recycling or
disposal strategies. Taking into account the impact of chemical
processes on the environment, the search for innovative concepts
for the substitution of volatile organic solvents has become a
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tremendous challenge in academia and industry.1 According to
the twelve principles of green chemistry, a green solvent should
meet numerous criteria such as low toxicity, non-flammability,
non-mutagenicity, non-volatility and widespread availability
among others. Moreover these green solvents have to be cheap
and easy to handle and recycle.2

In the past decade, water,3 ionic liquids,4 polyethylene glycol,5

supercritical fluids6 (particularly supercritical carbon dioxide
(scCO2)7) and perfluorinated solvents8 appeared as the most
promising approaches for current solvent innovation. Although
fascinating results have been reported, use of these solvents is
still subject to strict limitations such as high cost equipment
for scCO2,9 or high prices and lack of data about the toxicity
and bio-compatibility for ionic liquids,10 or product separation
for aqueous-based processes.11 In other words, a universal green
solvent doesn’t exist and for this reason, the scientific community
is continuously searching for new sustainable media in order to
widen their use in catalytic and organic processes.

This journal is © The Royal Society of Chemistry 2010 Green Chem., 2010, 12, 1127–1138 | 1127
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Nowadays, most solvents are prepared from fossil oil reserves.
With the predicted disappearance of oils, interest in utilization
of biomass-derived solvents has grown.12 So far, many nat-
urally available products, such as soy methyl ester,13 lactate
ester,14 D-limonene15 and polyhydroxyalkanoates16 among others
have been proposed as safer solvents for catalysis, organic
reactions or separations. Many others have also been used as
precursors for the synthesis of potentially safer green solvents,
for example, bio-based ionic liquids.17 As compared to the
traditional petrochemical-derived solvents, these biomass-based
solvents exhibit many advantages such as biodegradability,
low vapor pressure and high boiling point which perfectly fit
with the different international legislations pushing forward
the reduction of volatile organic compounds (VOCs) in the
atmosphere. If these biomass-derived solvents are attractive
from the viewpoint of green chemistry, it is also noteworthy
that their broad utilization in industry requires them to be
cost profitable which represents a prerequisite for their viable
utilization.

In this context, the possible use of glycerol as a solvent for
catalysis or organic chemistry has become of particular interest.
This topic is mainly boosted by the rapid emergence of biodiesel
on the market. Indeed, glycerol is the main co-product of the
vegetable oil industry and new applications are now strongly
researched for this natural polyol.18 Most efforts in this area
focus on conversions of glycerol to higher value-added chemicals
and some comprehensive reviews have already summarized this
work.19 Although promising works have been reported, other
methods that are capable of economically utilizing glycerol
waste have also to be considered. In particular, the utilization
of glycerol as a solvent or as a precursor for the synthesis of
biomass-based solvents has recently emerged in the literature
as a feasible and promising approach. Even if this topic does
not aim to consume glycerol as a reactant, it is noteworthy that
the direct use of glycerol as a solvent offers an indisputable
economically and environmentally viable application for this
natural polyol. In this review, we report the most recent advances
regarding the utilization of glycerol as a green solvent and we
summarize here the main advantages and limitations arising
from the development of this topic. It should be noted that
although some glycerol derivatives, such as glycerol formal,20

glycerol carbonate,21 glycerol ethers22 and others,23 have also
been proposed as potential green solvents, these solvents will
not be discussed here mainly due to their preparations involving
either the use of petrochemicals or complex transformative steps.

2. Solvent properties of glycerol

In its pure form, glycerol is a sweet-tasting, clear, colorless,
odorless and viscous liquid. Because it is a trihydric alcohol,
glycerol is a polar protic solvent with a dielectric constant of
42.5 (at 25 ◦C) which is intermediate between that of water
(78.5) and an ionic liquid such as 1-buyl-3-methylimidazolium
hexafluorophosphate ([BMIm]PF6, 11.4). Glycerol is completely
soluble in water and short chain alcohols, sparingly soluble in
many common organic solvents (ethyl acetate, dichloromethane,
diethyl ether, etc…), and is insoluble in hydrocarbons. At low
temperatures (<17.8 ◦C), glycerol forms crystals. Its specific
density is 1.26 and its molecular weight is 92.09.

Prior to using glycerol as a potentially safer solvent, some
specific points have to be taken into consideration in order to
maximize as much as possible its solvent properties:

(1) Solubility: Like polar solvents such as water, DMSO and
DMF, glycerol is able to facilitate dissolution of inorganic salts,
acids, bases, enzymes and many transition metal complexes.
Furthermore, it also dissolves organic compounds that are
poorly miscible in water. Many hydrophobic solvents, such as
ethers and hydrocarbons, are immiscible in glycerol. This enables
the reaction products to be removed by simple liquid–liquid
phase extraction.

(2) Volatility and boiling point: As mentioned above, glycerol is
nonvolatile under normal atmospheric pressure and has a high
boiling point (290 ◦C), thus making distillation of the reaction
products a feasible separation technique. Moreover, taking
advantage of its high boiling point, reactions in glycerol can
be carried out at high temperatures, thus allowing acceleration
of the reaction, or making possible reactions that do not proceed
in low boiling point solvents.

(3) Safety: Data about the toxicity and environmental com-
patibility have to be collected before utilization of a green solvent
on a large scale. In this context, glycerol has a clear advantage
compared with most organic solvents. Indeed, glycerol is a non-
toxic (LD 50 (oral rat) = 12600 mg/Kg), biodegradable and non-
flammable solvent for which no special handling precautions or
storage is required. In particular, the low toxicity of glycerol also
allows its use as a solvent in the synthesis of pharmaceutically
active ingredients, in which the toxicity and residue of solvents
have to be carefully controlled.

(4) Availability: To be viable, a green solvent has to be cheap
and available on a large scale. Glycerol meets these criteria since
it is available on a large scale from the vegetable oil industry. For
instance, the production of glycerol reached 1.5 Mt in 2009.
Glycerol is also very cheap (0.50 €/Kg for pharmaceutical
grade (99.9%) and 0.15€/Kg for the technical grade (80%))
and, sometimes, even cheaper than water.

Despite these clear advantages, the possible use of glycerol
as a solvent also requires chemists to overcome a few obstacles
such as:

(1) The high viscosity of glycerol that can induce important
mass transfer problems. Fortunately, at temperatures higher
than 60 ◦C, glycerol is much less viscous. Therefore, reactions
involving glycerol as solvent have to proceed at temperatures
higher than 60 ◦C. Otherwise, a fluidifying co-solvent has to be
used.

(2) The chemical reactivity of hydroxyl groups which can
lead to the formation of side products. In particular, the three
hydroxyl groups of glycerol are reactive in extremely acidic or
basic conditions. Therefore, glycerol has to be used as a solvent
in a chemically inert environment for the hydroxyl groups to
remain intact.

(3) The coordinating properties of glycerol which may induce
some problems when transition metal complex catalysts are used
in this solvent. In particular, deactivation of organometallic
complexes might occur in glycerol.

Taking into account these advantages and disadvantages,
research dealing with the possible use of glycerol as a solvent
is no longer a simple transfer of a known method from a
conventional solvent system to glycerol. Therefore, innovative
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solutions have to be thought of in order to maximize the
advantages of glycerol. Although it seems very difficult, after
a few years of exploration, researchers involved in this field
have developed some successful examples that not only have
demonstrated the feasibility and the necessity of using glycerol
as a solvent, but have also contributed to the emergence of
promising methods especially in the field of organic synthesis,
catalysis, separations and materials chemistry. Now, we will show
what glycerol as a solvent contributes to current chemistry.

3. Performance of glycerol solvent

3.1. Glycerol as a solvent for organic transformations

Replacing volatile organic solvents used in organic transforma-
tions with a new and environmentally benign medium is one of
the most effective methods to minimize generation of VOCs.24

Although glycerol has been used as a reaction solvent since the
middle of the last century,25 it was generally not considered as a
necessary solvent by researchers. This tendency mainly stemmed
from (i) the high viscosity of glycerol that causes mass transfer
and handling problems during the work-up procedure; and
(ii) high cost. Indeed, at that time, supply of fatty oils was not
extensive like today, and, at this period, glycerol available on the
market was produced from propylene. As compared to other
available organic solvents, industrial chemical processes yielding
glycerol were not competitive enough to allow the emergence
of glycerol as a solvent. Therefore, during this period, glycerol
was considered as an expensive and inadequate solvent for
organic synthesis. With the rapid emergence of vegetable oils for
non-food applications, availability of glycerol has dramatically
increased since 1996 while its price continuously decreased to
0.50€/Kg (for pharmaceutical grade (99.9%) in 2010, thus now
making glycerol an attractive new class of green solvent.

In 2006, Wolfson’s group26 in Israel reported the first example
for the use of glycerol as a green reaction solvent, and since
then, the number of publications dealing with the possible use
of glycerol as a sustainable solvent for catalysis and organic
chemistry has significantly increased, thus showing the actual
interest of the scientific community for this medium. In this
part, we will mainly discuss the effects of using glycerol as a
reaction solvent on organic transformations.

3.1.1. Glycerol as a promoting solvent for organic synthesis.
In order to check whether or not a chemical can be used as a
green solvent in organic synthesis, four issues have to be demon-
strated: (i) greenness, (ii) availability and price; (iii) feasibility
of using the targeted liquid as a solvent, and (iv) necessity of
using this chemical as a solvent. The green aspects, availability
and price of glycerol, have already been demonstrated in detail
above. So, now the problem is how to demonstrate the feasibility
and necessity of using glycerol as a green solvent. In the first
stage of this topic, researchers mainly focused on the second
issue and have demonstrated the feasibility of using glycerol
as a possible solvent for organic reactions. Initially, the best
methods consisted of replacing conventional organic solvents
by glycerol and to observe what happened. In this context,
Wolfson and co-workers examined many organic reactions,
including Heck, Suzuki and hydrogenation reactions using
glycerol as a solvent. They showed that these catalytic reactions

proceeded well in glycerol and high yields can be obtained,
thus showing that glycerol can, in these cases, replace the
traditional volatile organic solvents.27 In these reactions, glycerol
was found to be stable and capable of facilitating isolation of
the reaction products (by liquid–liquid phase extraction with
ethers or esters). Although good yields have been obtained
by using glycerol as a solvent, no real advantage, in terms of
reaction selectivity or catalyst activity, has been highlighted.
Nevertheless, the work of the Wolfson’s group is very important
and clearly demonstrates, for the first time, the feasibility of using
glycerol as a solvent, thus opening new routes in the search for
safer organic solvents.

In 2008, Gu and Jérôme reported that glycerol may offer
remarkable advantages over conventional or known innovative
solvent systems, thus demonstrating the next issue, i.e. the
necessity of using glycerol as a solvent. In particular, Gu
and Jérôme reported that an aza-Michael reaction between
p-anisidine (1) and n-butyl acrylate (2) can successfully proceed
under catalyst-free conditions using glycerol as a sole solvent.28

Remarkably, while high yield (>80%) has been obtained either
in pure glycerol or in technical grade glycerol (contains 80%
of glycerol, ~15% of water and ~5% of free fatty acid salts,
furnished by Valagro) under standard conditions (100 ◦C and
20 h), only a trace amount of product has been obtained in
water or under solvent-free conditions. Many organic solvents
such as toluene, DMF, DMSO and 1,2-dichloroethane were
all ineffective for this reaction (Scheme 1). A similar trend
has been observed in the Michael addition of indole (4) to
nitrostyrene (5), in which only glycerol was found to be capable
of affording the desired product in ca. 80% yield under catalyst-
free conditions (Scheme 2). Furthermore, product isolation and
recycling of glycerol were conveniently achieved by means of
liquid–liquid phase extractions with ethyl acetate. These results

Scheme 1 Aza-Michael reaction of p-anisidine in different solvent
systems.

Scheme 2 Michael reaction of indole in different solvent systems.

This journal is © The Royal Society of Chemistry 2010 Green Chem., 2010, 12, 1127–1138 | 1129
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not only demonstrated the necessity of using glycerol as a
promoting medium for organic reactions, but also avoided the
use of catalyst, thus simplifying the work-up procedure and
consequently increasing the greenness of the synthetic method.
Note that in the case of technical grade glycerol, the presence of
residual free fatty acid salts may play the role of catalyst, thus
allowing the reaction to proceed better than in neat water.

In the electrophilic activations of aromatic aldehydes with
indoles or 1,3-cyclohexanediones, glycerol has also been proved
to be an advantageous solvent. These reactions are generally
carried out in the presence of acid catalysts. Under optimized
conditions (90 ◦C and 3 h), 95% yield was obtained in glycerol
from 4-nitrobenzaldehyde (7) and 2-methylindole (8) without
assistance of any catalyst (Scheme 3). Other solvent systems,
such as toluene, DMF, DMSO, n-butyl acetate, n-butanol and
water were also examined and, in all cases, the targeted product
has been obtained either in a trace amount or in a significantly
lower yield than in glycerol (Scheme 3).29 Interestingly, the
products formed are insoluble in glycerol. Therefore, at the
end of the reaction, the reaction products were conveniently
isolated by filtration after dilution in water (Fig. 1). Advantages
of glycerol for this reaction include (i) the non-assistance of
acid catalysts, which not only simplifies the work-up procedure
and minimizes the generation of waste, but also allows the use
of acid-sensitive substrates; (ii) easy separation of the reaction
products; and (iii) no volatile organic solvent was used. However,
this method has shortcomings: (i) for products that cannot
precipitate in glycerol, organic solvents have to be used in order
to extract them, and (ii) the use of glycerol as the solvent
doesn’t work for some less-reactive substrates and, in these cases,
addition of a Lewis acid such as CeCl3·7H2O, was necessary to
improve the reaction yield.30

Fig. 1 Progress of the reaction between (7) and (8) in glycerol (a:
beginning of the reaction; b: during the reaction; c: the end of the
reaction) (from F. He, P. Li, Y. Gu, G. Li, Green Chem. 2009, 11,
1767–1773; DOI: 10.1039/b916015a; reproduced with permission of
The Royal Society of Chemistry).

Scheme 3 Reaction between 4-nitrobenzaldehyde and 2-methylindole
in different solvent systems and under catalyst-free conditions.

As depicted in Scheme 4, glycerol can also promote
the reaction of 4-acetamidobenzaldehyde (10) with 1,3-
cyclohexanedione (11). As described above, this reaction can
proceed in glycerol without assistance of any acid catalyst as is
generally the case for such reaction.29 Although glycerol has been
proven to be capable of promoting many organic reactions, no
information is available, today, concerning the reasons behind
these promising results. This point definitely deserves further
investigations. In the literature, a similar trend has been observed
using water as a solvent and many efforts have been made to
better understand the mechanism of water in organic reactions.31

The methods and strategies in this area should help us to
understand the glycerol system since both water and glycerol
are characterized by a strong hydrogen bond network.

Scheme 4 Reaction between 4-acetamidobenzaldehyde and 1,3-
cyclohexanedione in different solvent systems under catalyst-free
conditions.

3.1.2. Glycerol as a solvent for enhancing reaction selectivity.
When a reaction is performed in a liquid phase, the solvent
can exhibit not only a beneficial effect on the reaction rate but
can also dramatically impact the reaction selectivity. Therefore,
effect of a solvent on the reaction selectivity is another means to
demonstrate the importance of the considered solvent. In this
context, promising results for glycerol as a solvent have also
been obtained in some reactions. For example, ring-opening of
p-anisidine (1) with styrene oxide (13), which is generally
catalyzed by Lewis or Brønsted acids, can be performed in the
absence of catalyst either in glycerol or in water. Interestingly,
under identical conditions, the regioselectivity obtained in
glycerol is higher than that in water (Scheme 5).28 Even if there is
no explanation yet for this change of selectivity, this result shows
that glycerol can indeed also affect the reaction selectivity.

Scheme 5 Ring-opening of styrene oxide by p-anisidine.

1130 | Green Chem., 2010, 12, 1127–1138 This journal is © The Royal Society of Chemistry 2010
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Continuing their efforts, Gu and co-workers have recently
developed a novel three-component reaction involving styrene,
paraformaldehyde and dimedone in glycerol.32 In this study,
utilization of glycerol as a solvent has been found to be crucial for
a close control of the reaction selectivity. As shown in Scheme 6,
this reaction proceeds through a tandem Knoevenagel/hetero-
Diels Alder sequence. In order to achieve this reaction with
a maximum of selectivity, the Knoevenagel reaction has to be
the rate-determining step while the hetero-Diels Alder reaction
has to proceed quickly. Interestingly, only a small amount of
product was obtained either in the presence of conventional
solvents such as water, toluene, nitromethane or under solvent-
free conditions due to the lack of selectivity. Indeed, in these
cases, an important formation of a by-product 20 has been
observed (Scheme 6). Remarkably, when this reaction was
conducted in glycerol, the reaction selectivity was drastically
improved and the desired product (18) was obtained with 68%
yield. Interestingly, a large amount of white solid was formed
during the reaction using glycerol as the solvent, whereas in
nitromethane and in toluene a transparent mixture was obtained
at the end of the reaction (Fig. 2). NMR analysis revealed that
the white solid observed in glycerol was mainly composed of
paraformaldehyde and the by-product 20. It has been also found
that paraformaldehyde decomposed quickly in glycerol in the
absence of dimedone in contrast to toluene for which many hours
were necessary in order to decompose paraformaldehyde. This
result shows that (i) glycerol is a preferable solvent for the
decomposition of paraformaldehyde compared with toluene;
and (ii) the greater stability of paraformaldehyde in glycerol
is due to the presence of dimedone. In order to shed light on the
detailed mechanism, many factors were then considered, and
finally it was found that generation of the by-product 20 was
actually the key. The by-product 20 is a solid (melting point =

Scheme 6 Three-component reaction involving styrene, paraformalde-
hyde and dimedone and its reaction pathway.

Fig. 2 Progress of the reaction of styrene, paraformaldehyde and
dimedone in glycerol without any catalyst ((a): at the end of the reaction
in nitromethane; (b): at the end of the reaction in toluene; (c): at the
beginning of the reaction in glycerol; (d): at the end of the reaction in
glycerol). (From M. Li, C. Chen, F. He, Y. Gu, Adv. Synth. Catal. 2010,
352, 519–530, DOI: 10.1002/adsc.200900770, Copyright Wiley-VCH
Verlag GmbH & Co. KGaA. Reproduced with permission.)

192 ◦C) insoluble in glycerol. As illustrated in Fig. 3, it has
been found that 20 tended to be piled up on the surface of solid
paraformaldehyde. This deposition resulted in the formation
of a thin layer of 20 on the surface of the paraformaldehyde
sphere, which prevented the degradation of paraformaldehyde
by glycerol. This coating of paraformaldehyde by 20 observed in
glycerol significantly inhibited its decomposition, thus favoring
the formation of intermediate 19. Glycerol is not only able to
affect the Knoevenagel reaction, but is also capable of enhancing
the rate of the hetero-Diels Alder reaction because it is a polar
protic solvent. By these synergistic effects, the three-component
reaction can proceed in glycerol with greater selectivity than in
other systems.

Fig. 3 Imagined procedure for the stabilization of paraformadehyde in
glycerol. (From M. Li, C. Chen, F. He, Y. Gu, Adv. Synth. Catal. 2010,
352, 519–530, DOI: 10.1002/adsc.200900770, Copyright Wiley-VCH
Verlag GmbH & Co. KGaA. Reproduced with permission.)

In fact, many substrates, including 1,3-dicarbonyl com-
pounds, 1,3-disubstituted 5-pyrazolones, 2-naphthol and barbi-
turic acid derivatives can be used in the presence of formaldehyde
and styrene to establish versatile three-component reactions
(MCRs).33

More recently, glycerol has been used as a unique solvent to
establish a new one-pot two-step sequential reaction involving
arylhydrazines, b-ketone esters, formaldehyde and styrenes.34

As shown in Scheme 7, in the first step of the reaction,
phenylhydrazine (21) and ethyl 4-methoxybenzoylacetate (22)
were heated at 110 ◦C in glycerol for 4 h. In this step,
1,3-diphenyl-5-pyrazolone (23) was formed exclusively. Then,
paraformaldehyde and a-methylstyrene (24) were added into
the reaction vial, and the mixture was stirred at 110 ◦C for
10 h. According to this procedure, the desired product (25) was
obtained with good yields (75%).

Proceeding on the same line, another one-pot sequential
reaction involving this time indoles, arylhydrazine, b-ketone
esters and paraformaldehdye has been successfully developed
in glycerol (Scheme 8).34 Although examples using glycerol as
a solvent for designing new reactions are not popular at this

This journal is © The Royal Society of Chemistry 2010 Green Chem., 2010, 12, 1127–1138 | 1131
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Scheme 7 One-pot sequential reaction involving phenylhydrazine, ethyl
4-methoxybenzoylacetate, a-methylstyrene and paraformaldehdye in
glycerol.

Scheme 8 One-pot sequential reaction involving phenylhydrazine, ethyl
4-methoxybenzoylacetate, 1-ethyl-2-phenylindole and paraformalde-
hyde in glycerol.

stage, the two examples discussed here, clearly demonstrate that
glycerol can indeed be used as a useful medium for maximizing
the synthetic efficiency.

Combining a catalyst with glycerol as the solvent is also a
great means to closely tune the selectivity of a reaction. In this
context, reactions between thiophenol (28) and a,b-unsaturated
compounds have been investigated in technical grade glycerol
(80%). In this context, it has been found that a mixture of two
products resulting from the 1,4- and 1,2-addition of thiophenol
to citral (29) were obtained. The reaction selectivity can be
adjusted in the presence of an acid or a basic catalyst. For
example, over basic KF/Al2O3 solid catalyst, the reaction was
mainly driven towards the 1,4-addition whereas using an acid
catalyst such as sulfuric acid, the 1,2-addition was exclusively
observed, thus opening new routes for the design of selective
processes in glycerol (Scheme 9).35

3.1.3. Glycerol as a solvent for biocatalysis. Because of its
unique properties such as low toxicity and high affinity for
hydrophilic compounds, glycerol has also been proposed as a
solvent for bio-catalysis. Wolfson and co-workers have reported
that a Baker’s yeast catalyzed reduction of prochiral ketones
can be conveniently performed in glycerol.26 More recently,
Andrade and co-workers36 observed a clear yield improvement
when glycerol was used as a co-solvent in the bioreductions of
2¢-chloroacetophenone (32) by Aspergillus terreus. As shown in
Scheme 10, when comparing the results with those obtained in
aqueous or other aqueous-organic media, utilization of glycerol

Scheme 9 Addition of thiophenol to citral in glycerol in the presence
of catalyst.

Scheme 10 Influence of co-solvents on the bioreduction of 2¢-
chloroacetophenone (32).

as a co-solvent increased the reaction yield while keeping high
enantioselectivity. Note that high isolated yields of the desired
chiral benzyl alcohols have been also successfully achieved at
a preparative scale, thus showing the potential of glycerol for
biocatalysis.

Despite these promising results, clear explanations on the
beneficial impact of glycerol on the reaction selectivity are still
missing at this stage. Therefore, much effort is needed in order
to shed light on this point.

3.1.4. Glycerol as a solvent to facilitate isolation of the
reaction products. As already described above, glycerol is
capable of dissolving many polar organic compounds, while
being immiscible with non-polar solvents. This property is
actually very similar to that of water and most ionic liquids.
Water and ionic liquids have been extensively used for facilitating
isolation of the reaction products. However, many ionic liquids
were proved to be toxic and suffer from many problems, such
as poor bio-compatibility, generation of organic and inorganic
wastes and high cost. Compared with water, glycerol has the
unique advantage to dissolve more hydrophobic substrates. On
the basis of these properties, it would not be unreasonable to
expect that, like water and ionic liquids, glycerol could also allow
a convenient isolation of the reaction products. Some above-
described examples have already highlighted the beneficial effect
of glycerol for the product isolation. In these cases, reaction
products have been easily isolated either by liquid–liquid phase
extraction with a non polar solvent28 or by filtration after
precipitation of the reaction products upon addition of a
small amount of water.29 Recently, Wolfson and co-workers
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investigated the Baker’s yeast catalyzed asymmetric reduction of
methyl acetoacetate in aqueous glycerol. Interestingly, authors
found that the product extraction yields were affected by
the concentration of glycerol in the aqueous solution.37 As
illustrated in Fig. 4, the highest extraction yields have been
obtained in mixtures containing 25–75 wt% of glycerol in water.
In these mixtures, the extraction yields were increased by ~15%
when compared with neat glycerol or neat water. This synergistic
effect can be explained by the formation of strong interactions
between glycerol and water, which decreased solubility of the
reaction product in the aqueous glycerol phase. A similar effect
has been observed for the extraction of 2-butanol from an
aqueous solution of glycerol with diethyl ether. Whereas the
extraction yield of 1 g of 2-butanol dissolved in 50 mL of water
or glycerol by 2 ¥ 40 mL of diethyl ether was 20% and 26%
respectively, extraction of 2-butanol from a 50 wt% aqueous
solution of glycerol resulted in a significant increase of the
extraction yield to 50%. Note that recovery of 2-butanol can
also be achieved by distillation. However, although 2-butanol
has a relatively low boiling point, it is difficult to distil it
from water since it forms an azeotropic mixture. In glycerol,
it is not the case and 2-butanol can be easily and conveniently
isolated by distillation. It should be noted that this method is
only applicable to low boiling point derivatives, otherwise the
economical viability of the distillation process is dramatically
decreased.

Fig. 4 Extraction yields of methyl acetoacetate from water and glycerol
mixtures. Extraction conditions: 50 mL of solvent, 2 extraction steps
with 40 mL of extractive solvent, 1 g of methyl acetoacetate, RT. Closed
triangles: extraction yield with diethyl ether. Closed squares: extraction
yield with dichloromethane (from A. Wolfson, N. Haddad, C. Dlugy,
D. Tavor, Y. Shotland, Org. Commun. 2008, 1:2, 9–16, reproduced with
permission of ACG publications).

3.1.5. Glycerol as a solvent for catalyst design and recycling.
Within the framework of green chemistry, homogeneous catalyst
recovery is an important topic and, in this context, solvents are
of prime importance. For example, some solvents, such as water,
ionic liquid and PEGs, have been used to immobilize homoge-
neous catalysts, which offers a feasible and an efficient method
for recycling the homogeneous catalysts. These strategies mainly
rely on the better solubility of the targeted homogeneous catalyst
in the water or ionic liquids phases than in the extraction organic
solvents. As described above, glycerol also has a great ability
to dissolve ionic species. Therefore, glycerol also appears as a
possible solvent for the immobilization of polar homogeneous
catalysts. In this context, Silveira and co-workers investigated
the catalytic formation of bisindolylmethane in glycerol over

CeCl3 Lewis acid. In particular, they showed that, at the end of
the reaction, the reaction products can be selectively extracted
from the glycerol/CeCl3 mixture by liquid phase extraction
with ethyl acetate, thus allowing a convenient recycling of both
CeCl3 and glycerol.30 Owing to the capacity of glycerol to
dissolve organometallic complexes, non-ionic species can also
be recycled in glycerol. For example, Wolfson and co-workers
recently reported a hydrogenation reaction catalyzed by the
[Ru(p-cumene)Cl2]2 complex using glycerol both as solvent and
as hydrogen donor.38 Although this Ru complex catalyst is not
ionized in glycerol, its recycling after extraction of the reaction
products with diethyl ether was found possible.

Even if utilization of glycerol as a safe solvent for catalysis
clearly offers promising advantages, these glycerol-based pro-
cesses still have shortcomings such as (i) the insolubility of
strongly hydrophobic substrates in glycerol and (ii) the possible
generation of side-products owing to the high reactivity of
glycerol towards various electrophiles. These points could be
found in an example reported by Jérôme and co-workers who
investigated the base-catalyzed ring opening of fatty epoxide
(34) with fatty acid (35) in glycerol (Scheme 11).39 When this
reaction is catalyzed by commonly used basic catalysts such
as chitosan (a naturally available basic polysaccharide), ZnO,
K2CO3 or a silica-supported secondary amines, the reaction rate
is rather low since complete conversion is achieved within 18 h
of reaction. In this case, the reaction medium is biphasic since
both reactants are not miscible in the catalytic glycerol phase.
Therefore, the catalytic process only took place at the glycerol-
oil interface resulting in a very low reaction rate. Moreover,
under basic conditions, the ring opening of the fatty epoxide
with glycerol has also been observed leading to the formation of
glycerol ethers as side products (10–15%, Scheme 11).

Scheme 11 Ring-opening of epoxide with carboxylic acid in glycerol.

In order to overcome these two problems, authors investigated
the efficiency of the so-called surfactant-combined catalyst
(SCC) in glycerol. Inspired by micellar catalysis in water, these
SCC were expected to (1) favor the dissolution of the fatty

This journal is © The Royal Society of Chemistry 2010 Green Chem., 2010, 12, 1127–1138 | 1133
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reactants in glycerol owing to their surfactant properties and
(2) inhibit the reactivity of glycerol owing to the formation of
catalytic hydrophobic pockets. In this context, dodecylamine
chains have been grafted over hydroxyethylcellulose yielding the
corresponding aminopolysaccharide (AP). The structure of this
AP is highly interesting owing firstly to its amphiphilic properties
and secondly because the hydrophobic core is surrounded by
amino moieties which can act as a basic catalyst.

Interestingly, as observed in water, authors found that this
amphiphilic AP was able to emulsify the reaction medium
resulting in a spectacular increase of the reaction rate (Fig. 5,
Scheme 11). Indeed, under the same conditions, completion of
the reaction has been observed within only 3 h vs. 18 h for
non amphiphilic basic catalyst. Moreover, in the presence of
the AP catalyst, the catalytic process was much more selective
since formation of glycerol ethers was no longer observed. This
particular selectivity obtained with the amphiphilic AP was
attributed to the presence of hydrophobic areas close to the
amino catalytic sites which prevent the diffusion of glycerol.

Fig. 5 Emulsion obtained in glycerol from AP and a solution of
1,2-epoxydodecane (detected by phase contrast microscopy) (from
A. Karam, N. Villandier, M. Delample, C. K. Koerkamp, J.-P. Douliez,
R. Granet, P. Krausz, J. Barrault, F. Jérôme, Chem. Eur. J. 2008, 14,
10196–10200, DOI: 10.1002/chem.200801495, Copyright Wiley-VCH
Verlag GmbH & Co. KGaA. Reproduced with permission).

Interestingly, authors found that emulsion formed in glycerol
was much less stable than those formed in water. Consequently,
after centrifugation of the crude mixture at the end of the
reaction, the reaction medium rapidly became biphasic allowing
a direct and selective extraction of the reaction products from
the glycerol catalytic phase without assistance of any organic
solvent as it is generally the case in water. Taking into account
this remarkable advantage of glycerol over water, the AP catalyst
has been successfully recycled 10 times without obvious drop
of catalytic activity, thus providing a suitable solution for the
recycling of homogeneous catalysts (Fig. 6).

If this method afforded good tools for the recycling of
a homogeneous catalyst, it is also clear that this approach
closely relies on the solubility of the reaction products in
the glycerol phase. Therefore, when the reaction products are
soluble in the glycerol phase, an extraction solvent is needed. In
this context, Jérôme and co-workers showed that the reaction
products can be selectively and cleanly extracted from the
glycerol phase with supercritical carbon dioxide (scCO2), thus
avoiding the traditional assistance of petrochemically-derived
volatile organic solvents.40

In their work, authors investigated the catalytic b,b-
diarylation of acrylate derivatives in glycerol. The diarylation
of acrylate derivatives generally occurs at a higher temperature
(120–140 ◦C) than the monoarylation step. Therefore, these
reactions are generally carried out in high boiling point solvents
such as DMF41 and ionic liquids42 or under pressure.43 Within
the framework of green chemistry, Najera and co-workers
investigated the b,b-diarylation of acrylate derivatives in water.44

Although this work indisputably offered a greener route to
the synthesis of disubstituted acrylate derivatives, this method
was only applicable to the tert-butylacrylate. Indeed, in water,
authors pointed out that other acrylate derivatives are partially
hydrolyzed making isolation of the disubstituted alkenes with
good yield difficult.

Whereas this reaction is generally catalyzed under an inert
atmosphere by expensive phosphine or carbene palladium
complexes, authors have shown that the b,b-diarylation of
acrylates can be conveniently achieved in glycerol in the presence
of air-stable palladium nanoparticles (average particle size =
6 nm). These palladium nanoparticles were stabilized over the
above-described sugar-based surfactant (Pd/AP).

Interestingly, at 120 ◦C and in the presence of 0.9 mol% of
palladium, the Pd/AP cleanly afforded a wide range of b,b-
diarylated products with good to excellent yields (Table 1).
Note that, in accordance with most of the previous work on
the diarylation of alkenes, this catalytic process was found to
be efficient mainly with aryl iodides. Indeed, utilization of aryl
bromides or chlorides unfortunately slowed down the reaction
rate to unacceptable levels.

By an adjustment of the reaction temperature, authors were
also able to control the mono- and diarylation step of alkenes,
thus offering a convenient route to the unsymmetrical diarylated
alkenes (Scheme 12).

If glycerol afforded an environmentally friendlier route to the
b,b-diarylation of acrylates, extraction of the reaction products

Fig. 6 Emulsion behavior of AP in A) water during the reaction (70% yield after 8 h at 90 ◦C), B) in water after centrifugation at the end of the
reaction, C) in glycerol during the reaction, D) in glycerol after centrifugation at the end of the reaction, and on the left side recycling experiments
(from A. Karam, N. Villandier, M. Delample, C. K. Koerkamp, J.-P. Douliez, R. Granet, P. Krausz, J. Barrault, F. Jérôme, Chem. Eur. J. 2008, 14,
10196–10200, DOI: 10.1002/chem.200801495, Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission).
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Table 1 b,b-Diarylation of acrylate derivatives in glycerol

Entry R ArI Yield (%)a

1 Cyclohexyl 92

2 Butyl 95

3 Cyclohexyl 96

4 Butyl 70

5 Cyclohexyl 85

6b Butyl 80

7b Cyclohexyl 86

8 Cyclohexyl 93

a Isolated yield after 30 h of reaction, 3 eq of aryl iodides and
triethylamine were used. b Reaction performed at 80 ◦C.

Scheme 12 Unsymmetrical b,b-diarylation of acrylate derivatives in
glycerol.

from the glycerol phase was found to be rather difficult mainly
because of their solubility in glycerol. As in the case of ionic
liquids, glycerol is a high boiling point solvent and its removal
by distillation is not conceivable. Therefore, assistance of an
extraction solvent was found to be necessary to recover the
products of the reaction. Among all tested extraction solvents,
authors found that scCO2 was by far the most efficient solvent to
selectively extract the b,b-diarylated products from the glycerol-
Pd/AP phase (Fig. 7). Indeed, other tested solvents such as
dichloromethane, ethyl acetate, toluene, among others led to the
concomitant extraction of the reaction products with the Pd/AP
catalyst, thus involving further purification steps. Interestingly,
at 50 ◦C, 250 bar and with a scCO2 flow of 40 g min-1, the b,b-
diarylated products have been cleanly and selectively recovered
with a molar purity of 93% (extraction efficiency = 80%; the
Pd/AP remained in the glycerol phase), thus offering (1) a
simple work-up procedure and (2) an alternative to the extensive

Fig. 7 Pictures of the extracted b,b-diarylated alkenes with scCO2.

utilization of volatile organic solvent. The solubility of glycerol
in CO2 under high pressure has been estimated thanks to the
equation of Chrastil45 which correlates the solubility of solids
and liquids in supercritical gases with the densities of the gas. In
the reported conditions, it has been found that the solubility
of glycerol in scCO2 was 40 times lower than that of water
(0.06 Kg.m-3 for glycerol vs. 2.39 Kg.m-3 for water).

Note that this process has been successfully scaled up and
up to 9 g of b,b-diarylated acrylate were successfully recovered
according to this strategy.

Even if the scCO2 allowed a selective and convenient extrac-
tion of the reaction products from the glycerol/Pd-AP phase,
the recycling of the Pd-AP catalyst was difficult mainly because
of the accumulation of salts in the glycerol phase (unavoidable
side products of the Heck reaction). Nevertheless, as observed
in ionic liquids and polyethylene glycol, this work offers new
tools for the design of greener processes and on the basis
of this concept salt-free reactions might be applied such as
hydrogenation reactions for example.

3.2. Glycerol as a solvent for separation

If the above-described results clearly highlight the contribution
of glycerol as a medium for organic transformations and
catalysis, glycerol has also been successfully used in separation
processes. Bioethanol is an important bio-fuel, generated by
a fermentation process, which can be used as an alternative
fuel to gasoline. However, purification of bioethanol by conven-
tional distillation is not easy since water forms an azeotrope
with ethanol at atmospheric pressure. Consequently, using this
separation technique, only ethanol with an alcoholic degree of
95.5 can be obtained. To reach the specification that allows its
direct addition to gasoline, ethanol must be dehydrated to at least
99.3 wt%, which means that the azeotrope must be eliminated.
Nowadays, the most commonly used processes for ethanol
dehydration consists of (1) adsorption over molecular sieves
or (2) azeotropic distillation with cyclohexane or (3) extractive
distillation with monoethyleneglycol. In the typical case of
extractive distillation, the sustainability of this process is not
satisfactory yet mainly because monoethyleneglycol is derived
from fossil oils. In order to solve this problem, the search for
an alternative biochemical that can replace monoethyleneglycol

This journal is © The Royal Society of Chemistry 2010 Green Chem., 2010, 12, 1127–1138 | 1135
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has become an important topic. Recently, Dias and co-workers
have proposed an elegant method consisting of the replacement
of monoethyleneglycol by glycerol for the extractive distillation
production of anhydrous ethanol.46 Conventional extractive
distillation uses two distillation columns in order to separate
the binary azeotrope ethanol–water. The first one is called an
extractive column and provides pure ethanol on the top of the
column. The second one is called a recovery column where water
is separated from monoethyleneglycol by distillation. As shown
in Fig. 8, with the configuration reported by Dias, there is no
need to use the second distillation column.

Fig. 8 Configuration of extractive distillation for the purification of
bioethanol with glycerol (reproduced from ref. 46).

Indeed, the anhydrous bioethanol is directly collected on the
top of the column and glycerol and water are separated at the
bottom. Using this process, ethanol, water and glycerol were
all recovered with more than 99% purity. Simulations carried
out with software Hysys showed that both glycerol and the
proposed column configuration have a great potential to be used
in the industry since yield, energy and solvent consumption are
similar to or even lower than those usually found in the industrial
bioethanol production processes.

3.3. Glycerol as a solvent for materials chemistry

It is well known that solvent also plays a major role in the
preparation of materials. Green solvents, such as scCO2 and
ionic liquids have been widely used in material preparations.
Utilization of glycerol as a green solvent for the preparation of
materials has not been well recognized yet. However, glycerol
meets two important criteria: (i) like ionic liquids, glycerol
exhibits a high boiling point and a low vapor pressure allowing
the material synthesis to be performed at a high temperature;
and (ii) excellent solubility of many inorganic and polar organic
precursors in glycerol.

Preparation of metal particles is one of the most important
topics, and many methods have been developed. Among all
reported methods that have been well recognized, utilization
of polyol represents an elegant strategy. This process is based
on the heating of a suitable inorganic/organic metallic salt
in a polyol, which acts both as a solvent and as a reducing
reagent. Polyols with high boiling points, such as ethylene glycol
and diethylene glycol, are generally employed. Because glycerol
contains one secondary and two primary hydroxyl groups, it
would not be unreasonable to expect that glycerol is also able to
reduce some metallic salts. Glycerol has a higher boiling point

(290 ◦C) than ethylene glycol (197 ◦C) and hence it can work at
higher reaction temperatures than is tolerable for ethylene glycol.
Although preparation of metal particles in glycerol is reasonable,
particular attention has to be paid to the possible decomposition
of glycerol under high temperature. In 2002, Sinha and Sharma
reported the first example for the preparation of metal particles
in glycerol.47 In particular, by heating Cu(OH)2, CuO and
Cu(OAc)2 under atmospheric conditions in glycerol at a tem-
perature below 240 ◦C, they successfully obtained some copper
particles. By means of physicochemical characterizations, it has
been confirmed that the obtained metallic copper particles are
crystalline with purities higher than 99%. All metallic copper
particles obtained by this process are generally spherical and
have a narrow size distribution. The average diameters of
crystallites obtained from Cu(OH)2, CuO, Cu(OAc)2 are 3.5 mm,
1 mm and 5.6 mm, respectively. With an analogous process,
metallic silver particles, with uniform particle morphology and
high yield, have also been prepared in glycerol using silver nitrate
as the precursor.48 Compared with the other polyol processes
involving for instance ethylene glycol, the total incubation period
for the precipitation of metallic silver particles is much shorter,
probably due to the higher reductive properties of glycerol. It
should be noted that in glycerol, the average particle size of silver
particles can be controlled, to some extent, by adjusting the
molar ratio silver nitrate precursor/glycerol. Interestingly, the
metal particles produced in glycerol are covered by a thin organic
layer that might prevent the particle aggregation and oxidation.
Note that glycerol has also been involved in the preparation of
MnO2 nanoparticles (from KMnO4 as precursor). However, in
this case, water was used as the solvent, and glycerol acted only
as a reducing reagent.49

4. Conclusion and perspective

The background and some aspects regarding the utilization of
glycerol as a green solvent were summarized in this review.
Strategies dealing with the possible use of glycerol as a solvent
not only opens a new way to valorize this organic waste
generated by the biodiesel industry, but also offers many
new opportunities to current solvent innovations. Particularly,
intrinsic properties of glycerol, such as low toxicity, good
biodegradability, low vapor pressure, large availability and easy
handling and storage, offer complementary advantages to the
usual reported green solvents. In view of the following facts:
(1) the environmentally benign properties of glycerol, (2) the
low price of glycerol and (3) the beneficial effect of glycerol
on reaction rates and selectivity, it is not an exaggeration to
conclude that glycerol is, no doubt, a qualified green solvent.

The low solubility of glycerol with usual volatile organic
solvents also offers good means to extract products from the
glycerol phase. In particular, as in the case of ionic liquids,
the low solubility of glycerol in scCO2 offers new tools for (1)
performing catalysis in a cheap and sustainable medium and
(2) selectively and cleanly extracting the reaction products from
glycerol. Remarkably, this last example shows that glycerol may
combine advantages of water (low price, non toxicity) and ionic
liquid (high boiling point, low solubility in scCO2).

Despite these promising features, much effort has to be made
in the future to extend the use of glycerol as a green solvent.

1136 | Green Chem., 2010, 12, 1127–1138 This journal is © The Royal Society of Chemistry 2010
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Until now, reasons behind the promoting effect of glycerol are
still undiscovered. As in the case of water and ionic liquids,
elucidation of this aspect will take years. In a first approximation,
we may suspect that, as in the case of water, the strong hydrogen
bond network of glycerol might be responsible for this rate
enhancement. However, this kind of “magic solvent effect”
might also be explained by the presence of impurities in glycerol.
Indeed, industrially produced glycerol contains 10 to 20 wt% of
water and free fatty acid salts (5%) are also present. Therefore,
even if the beneficial effect of glycerol on reaction rate and
selectivity had mainly been collected in pharmaceutical grade
glycerol (99.9%), we cannot totally rule out that the presence of
trace amounts of acidic or basic derivatives can act as a possible
catalyst.

Within the framework of green chemistry, the possible and
direct utilization of technical grade glycerol (80%) as a green
solvent is even more desirable and successful examples are
still scarce. Indeed, even if pharmaceutical grade glycerol
(99.9%) is very cheap, purification of technical grade glycerol
(80%) is an energy-consuming process, thus affecting the whole
environmental impact of all glycerol-based processes. Therefore,
in our view, many efforts have to be directed towards the possible
use of technical grade glycerol as a solvent. In this case, because
of the important presence of impurities, attention has to be
paid (1) to the design of the reaction and (2) to the choice
of substrates. It should also be noted that the recent progress
on the hydrolysis and alcoholysis of vegetable oils over solid
catalysts will definitely contribute to an increase in the purity of
the industrially produced glycerol.

From all above-presented results, it is clear that this new
topic raises now several questions: is it possible to use glycerol
to design a continuous biphasic reaction system for catalysis?
Is it possible to use glycerol instead of water in the field of
phase-transfer catalysis? As a polar solvent with a high boiling
point, glycerol also has to face a problem that many ionic
liquids are suffering i.e. how to remove polar compounds from
glycerol? This is an important issue that needs to be addressed.
In this context, are the industrial processes for water purification
applicable for glycerol? To answer all these questions, we have to,
firstly think more about the nature and the potential capacity of
glycerol, and secondly, to investigate further the use of glycerol
as a solvent.

Despite these questions, using glycerol as a solvent clearly
offers new tools in the search of innovative solutions for the
progressive replacement of volatile organic solvents by greener
alternatives. More generally, this new topic largely contributes
to widen the portfolio of the available green solvents, and to the
best of our knowledge, glycerol is the only green solvent like
water that can combine a low price with a low toxicity. In this
context, we are fully convinced that glycerol has all the features
to become a central green solvent not only in catalysis or organic
chemistry but also in materials chemistry and in biology.
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