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Abstract: Glycerol is a non-toxic, non-hazardous, non-volatile, biodegradable, and 

recyclable liquid that is generated as a byproduct in the manufacture of biodiesel fuel from 

vegetable oils. Due to its easy availability, along with its unique combination of physical 

and chemical properties, glycerol has recently emerged as an economically appealing and 

safe solvent for organic synthesis. Recent works have also demonstrated that glycerol can 

be used as a hydrogen source in metal-catalyzed transfer hydrogenation of organic 

compounds, such as aldehydes, ketones, olefins and nitroarenes. Herein, the advances 

reached in this emerging field are reviewed. The utility of glycerol as solvent and reducing 

agent for the generation of metal nanoparticles is also briefly discussed. 
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reactions; metal catalysis; metal nanoparticles 
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1. Introduction 

The impressive and fast development of the biodiesel industries has led to a large surplus of 

glycerol since about 100 kg of this byproduct are formed per ton of biodiesel (Scheme 1). According to 

recent estimates [1], world-wide production of glycerol could have reached 2 million tons in 2010 and 

it is expected to grow in the near future due to the increasing demand for biodiesel, as well as the 

emergence of other large-scale processes based on the conversion of cellulose and lignocelluloses in 

which glycerol is also a byproduct. Consequently, glycerol is nowadays in urgent requirement of 

exploitation [2]. Most efforts in this area are focusing on the development of procedures to convert glycerol 

into value-added chemicals, which have either been previously prepared from petrochemical sources or 

suffered from environmental problems during their preparation [1–12]. Glycerol reforming for hydrogen 

production [13–15] and its transformation into fuel additives [16] are also active areas of research. 

Scheme 1. Overall reaction in the production of biodiesel. 
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Replacing of hazardous chemicals by more environmentally friendly alternatives is also a matter of 

current interest, in line with the philosophy of Green Chemistry [17,18]. In this context, the 

introduction of ecofriendly solvents is a key area [19–22] because solvents account for 80%–90% of 

mass utilization in a typical pharmaceutical/fine chemical operational process, and they are therefore 

responsible for most of the waste generated in the chemical industries and laboratories [23]. 

Nowadays, most solvents employed are substances derived from fossil fuels and have a negative 

impact on the health and the environment. In addition to water [24–27], biomass-derived chemicals are 

probably the most promising alternatives to replace these harmful solvents [19–22]. Its renewable 

origin and unique combination of physicochemical properties, such as high polarity, low toxicity and 

flammability, high boiling point, ability to form strong hydrogen bonds and to dissolve both organic 

and inorganic compounds (salts, acids, bases and transition metal complexes), make glycerol a good 

candidate to be employed as green reaction medium for synthetic chemistry [28]. This innovative way 

to revalorize glycerol has been very well received by the chemical community and a wide variety of 

organic reactions and synthetic methodologies have been successfully developed in this medium in 

recent years [29–33]. Remarkably, in some cases, the use of glycerol as solvent was found to enhance 

the effectiveness [34] and selectivity [35] of the reactions, and allowed easy product separation [36] 

and catalyst recycling [37]. 
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Recent works have demonstrated that glycerol can also act both as solvent and hydrogen donor in 

metal-catalyzed transfer hydrogenation (TH) reactions. TH is recognized as an efficient reduction 

method of unsaturated organic compounds (ketones, aldehydes, imines, olefins, etc.) and constitutes a 

safer alternative to the classical catalytic hydrogenations using highly flammable molecular  

hydrogen [38–42]. Replacing the most commonly employed hydrogen sources in TH reactions, i.e.,  

2-propanol or formic acid/triethylamine mixtures, by glycerol results not only economically appealing 

but also more environmentally friendly. Interest in TH processes from glycerol relates also with the 

concomitant formation of dihydroxyacetone (Scheme 2), the expected oxidized form of glycerol 

according to the primary and secondary alcohol oxidation potentials [43], due to the industrial 

relevance of this chemical [44]. The aim of the present review article is to provide a comprehensive 

account of the advances reached in the use of glycerol as solvent and hydrogen source in  

metal-catalyzed transfer hydrogenation of organic compounds. The utility of glycerol as solvent and 

reducing agent for the generation of metal nanoparticles is also highlighted. 

Scheme 2. Generation of dihydroxyacetone from glycerol by transfer hydrogenation (TH). 
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2. Transfer Hydrogenation of Carbonyl Compounds in Glycerol 

The first report on TH in glycerol, published by Crotti and co-workers in 2009, examined the 

reduction of acetophenone by the iridium(I) derivatives [Ir(η4-1,5-hexadiene)(N–N)][Cl] (N–N = 

3,4,7,8-tetramethyl-1,10-phenanthroline (Me4phen), 4,7-dimethyl-1,10-phenanthroline (Me2phen), 

4,4'-dimethyl-2,2'-bipyridine (Me2bipy), 2,2'-bipyridine (bipy)) [45]. The highest rate was achieved 

employing [Ir(η4-1,5-hexadiene)(Me2phen)][Cl] associated with K2CO3 at 100 °C, but conversion in  

1-phenylethanol was quite modest (39%) (Scheme 3). In addition, authors observed the gradual 

decomposition of the dihydroxyacetone formed, probably favored by the presence of base and the high 

temperature employed. 

Scheme 3. Iridium-catalyzed transfer hydrogenation of acetophenone in glycerol. 
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In order to minimize the decomposition of dihydroxyacetone, Crotti and co-workers also explored 

the ability of the iridium(I) complex 1 (Figure 1), previously described as an efficient catalyst for TH 

reactions under base-free conditions in isopropanolic media, to promote the reduction of acetophenone 

in glycerol [46]. Unfortunately, complex 1 turned out to be almost inactive (yields < 8%). In contrast, 

when benzaldehyde, a more reactive carbonyl compound, was used as the starting material it could be 

reduced to benzyl alcohol under these base-free conditions, albeit with moderate conversion (up to 

46%). Once again, despite the absence of base, the dihydroxyacetone formed still underwent 

degradation, its final proportion being well below than that of benzyl alcohol (12%–24% vs. 18%–46%). 

Figure 1. Structure of the iridium(I) complex 1. 
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The hydrogen transfer from glycerol to benzaldehyde was also explored using a catalytic system 

composed of the ruthenium(II) dimer [{RuCl(µ-Cl)(η6-p-cymene)}2] and KOH (2 mol% of Ru,  

12 mol% of base) [47]. Both conventional oil-bath heating (70 °C) and microwaves (MW) irradiation 

(domestic oven, 900 W) led to moderate yields in benzyl alcohol (33%–48%) after 24 h, and complete 

transformation of benzaldehyde could only be achieved by increasing the ruthenium loading to  

25 mol% [48]. In contrast, when the same reaction was performed under ultrasounds (US) irradiation, 

using a combination of KOH and NaOH (1–2 mol%), quantitative formation of benzyl alcohol was 

achieved at 60 °C in 3 h with only 1 mol% of [{RuCl(µ-Cl)(η6-p-cymene)}2] (Scheme 4) [49]. The 

authors argued that, under sonochemical conditions, the dispersion of the base in glycerol is optimal 

and this would explain the shorter reaction time observed. In all these reactions, conversion of glycerol 

to dihydroxyacetone was proposed, but in no case experimental evidences of their detection and 

quantification were given. 

Scheme 4. Ru-catalyzed TH of benzaldehyde in glycerol under sonochemical conditions. 
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A series of Ir(III) and Ir(I) complexes containing N-heterocyclic carbene (NHC) ligands 2-5  

(Figure 2) were studied by Mata and co-workers as potential catalysts for the transfer hydrogenation of 

carbonyl compounds in glycerol [50,51]. In the presence of KOH (1 equivalents), all of them  

(2.5 mol% of Ir) were active in the reduction of acetophenone and benzaldehyde, leading to the desired 

alcohols in low to excellent yields after 7 h of heating in an oil-bath at 120 °C [51]. In general, the 
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reduction of benzaldehyde proceeded with comparatively higher yields than benzophenone (66%–99% vs. 

25%–80%), with complexes 3 and 5a being particularly effective for the reduction of the former, and 3 

and 4b for the latter. Under the same experimental conditions complex 3 was also able to reduce 

benzophenone in 91% yield, albeit a longer reaction time was in this case required [50]. In the search 

of activity improvements, the reduction of acetophenone and benzaldehyde by complexes 2–5 was 

studied using MW and US activation instead of classical oil-bath heating [51]. In particular, the use of 

ultrasounds had a tremendous impact in shortening the reaction times, and very good results were 

obtained in the reduction of benzaldehyde even with a lower iridium loading (e.g., 73% yield of benzyl 

alcohol was achieved after 5 min using 1 mol% of complex 4a). Again, optimal dispersion of the base 

in glycerol was evoked to explain the good results obtained under sonochemical conditions. However, 

we must note that partial decomposition of complexes 2–5 into catalytically inactive Ir(0)-containing 

nanoparticles was observed using MW and US techniques. 

Figure 2. Structure NHC-based iridium catalysts 2–5. 
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Quite recently, Gawande, Branco and co-workers have described an efficient heterogeneous 

catalyst, consisting of inexpensive ferrite-nickel magnetic nanoparticles (Fe3O4-Ni MNPs), for the 

transfer hydrogenation of carbonyl compounds in glycerol (Scheme 5) [52]. This system (8.85 mol% 

of Ni), associated with KOH (2 equivalents), was able to convert selectively benzaldehyde, different 

acetophenone derivatives and cyclohexanone to the corresponding alcohols in good to excellent yields 

after heating the reaction mixtures at 80 °C for 2–2.5 h. Remarkably, unlike the examples discussed 

above, no differences in reactivity between aldehyde and ketone functionalities were observed in  

this case. 
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Scheme 5. TH of carbonyl compounds in glycerol using heterogeneous Fe3O4-Ni magnetic 

nanoparticles (MNPs). 
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3. Transfer Hydrogenation of Olefins in Glycerol 

First examples of the reduction of carbon-carbon double bonds in glycerol were described by 

Wolfson and co-workers in 2009 [48]. They found that palladium supported on carbon (0.2–0.3 mol% 

Pd) was able to hydrogenate quantitatively cyclohexene and styrene after 5–9 h of heating at 70 °C in 

pure glycerol (Scheme 6). However, bulky olefins (i.e., cis-stilbene and 1,1-diphenylethylene) and 

linear aliphatic alkenes (i.e., 1-hexene and 1-octene) were only partially reduced through this 

methodology (7%–35% yields) even under MW-irradiation [53]. The steric hindrance associated to the 

former, and the low solubility of the latter in glycerol, is behind these poorer results. It is noteworthy 

that, after extraction of the reaction product with diethyl ether (immiscible with glycerol), both the 

catalyst and glycerol could be recycled three times in the reduction of the model substrate 

cyclohexene, albeit with a slight decrease in activity after each cycle. 

Scheme 6. Pd-catalyzed transfer hydrogenation of olefins in glycerol. 
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The iridium(III)-NHC complexes 2-3 proved to be also active in the TH of a variety of olefins by 

glycerol, although their effectiveness was in general only modest [50]. The most relevant results were 

obtained in the reduction of α,β-unsaturated ketones, where an excellent chemoselectivity was 

observed. Thus, as shown in Scheme 7, the reduction of benzylideneacetone was very selective in the 

production of the saturated ketone 4-phenyl-2-butanone, and only traces of the fully hydrogenated 

compound (i.e., 4-phenyl-2-butenol) were detected. For dibenzylideneacetone, again the hydrogenation 

of one of the olefinic bonds was more favorable than the reduction of the ketone group, which was in 

this case not observed. These results contrast with the reduction of cinnamaldehyde for which the TH 

of the C=C bond is followed by the rapid reduction of the carbonyl group, so that the major final 

product is the saturated alcohol 3-phenyl-1-propanol. Overall, the reactions depicted in Scheme 7 are 

in complete accord with the greater tendency shown by the Ir(III) complexes 2–3 to reduce aldehydes 

over ketones. TH of phenylacetylene by complexes 2–3 in glycerol was also explored, but styrene was 

formed in very low yields (12%–30% after 14 h at 120 °C with 2.5 mol% of 2–3 and 1 equivalent of 
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KOH). As in the preceding cases, conversion of glycerol to dihydroxyacetone was proposed without 

experimental confirmation. 

Scheme 7. Ir-catalyzed transfer hydrogenation of α,β-unsaturated carbonyl compounds  

in glycerol. 
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Reduction of the C=C bond of allylic alcohols in both pharmaceutical (99.5% purity) and technical 

(87% purity) grade glycerol has been described employing a family of arene-ruthenium(II) complexes 

[RuCl2(η
6-arene)L] (arene = C6H6, p-cymene, mesitylene, C6Me6; L = hydrophilic phosphine ligand) 

as catalysts [54]. Among them, the best results were obtained with [RuCl2(η
6-C6H6)(DAPTA)] (6; 

DAPTA = 3,7-diacetyl-1,3,7-triaza-5-phosphabicyclo[3.3.1]nonane), which associated with KOH was 

able to generate the desired saturated alcohols in high yields (up to 90% after 6–15 h of heating at  

100 °C) regardless of the purity of the solvent employed (Scheme 8). We must note that this reduction 

process does not involve a direct transfer of hydrogen from glycerol to the C=C bond of the substrate, 

but the initial redox-isomerization of the allylic alcohol through C=C bond migration and subsequent 

transfer hydrogenation of the resulting carbonyl compound. Remarkably, contrary to previous studies 

carried out in water and 2-propanol [55,56], the use of glycerol as the reaction medium enabled the 

recycling of the catalyst (up to four consecutive runs). 

Scheme 8. Ruthenium-catalyzed reduction of allylic alcohols in glycerol. 
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In addition to these examples, reduction of linoleic to oleic acid was found to occur during the 

hydrolysis of soybean oil and tallow using nickel catalysts supported on alumina, effect that was best 

manifested under 3 h of reaction at 250–270 °C with NiO/Al2O3 as catalyst (Scheme 9) [57]. The 

glycerol formed during the hydrolysis of the triglycerides behaves as the hydrogen donor, allowing the 

reduction of the in-situ produced di-unsaturated fatty acid into the mono-unsaturated one. 

Scheme 9. Transformation of linoleic acid to oleic acid by catalytic TH from glycerol. 
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4. Transfer Hydrogenation of Nitroarenes in Glycerol 

Selective reduction of nitroarenes is an important synthetic tool for the preparation of aromatic 

amines in organic chemistry. The reduction of nitro aromatic compounds is also of considerable 

interest because these chemicals are common groundwater contaminants and reduction reactions can 

play a central role in their environmental fate or cleanup. Many methods have been reported in the 

literature for the reduction of nitroaromatics, including the use of Raney nickel under TH conditions. 

In this context, Wolfson and co-workers have demonstrated that the reduction of various nitrobenzene 

derivatives by means of Raney Ni can be performed using glycerol as the solvent and hydrogen  

donor [48,58]. Reactions, which were typically performed with a stoichiometric amount of Raney Ni 

and excess of NaOH (2.5 equivalents), delivered the desired anilines in moderate to good yields  

(44%–81%) after 24 h of heating at 100 °C, with those substrates containing electron-withdrawing 

substituents being reduced more easily than those with electron-donating groups. 

Scheme 10. Transfer hydrogenation of nitroarenes in glycerol using magnetic  

Fe3O4-Ni nanoparticles. 
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Much faster transformations were subsequently described, under milder reaction conditions, using 

Fe3O4-Ni MNPs as catalyst in combination with KOH (Scheme 10) [52]. Contrary to the preceding 

case, the electronic nature of the substituents on the aromatic ring did not have a significant influence 
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on the effectiveness of the process. This heterogeneous system also showed an exquisite 

chemoselectivity, reducing only the nitro group even in the presence of carbonyl functionalities. A 

stronger interaction of the nitro group to the catalyst surface compared to the carbonyl one was evoked 

to explain the chemoselectivity observed. It is also worthy of note that, starting from  

1,3-dinitrobenzene, selective reduction of only one NO2 functionality took place under the standard 

reaction conditions. In addition, after separation using a simple magnet, the Fe3O4-Ni MNPs could be 

reused eight times without any significant loss in catalytic activity and selectivity. Overall, this new 

methodology represents a real improvement with respect to classical methods based on the use of more 

expensive and hardly recyclable Raney nickel or Pd and Pt catalysts. 

5. Transfer Hydrogenation of Other Organic Molecules in Glycerol 

In a recent patented work [59], a method for the preparation of primary alcohols by transfer 

hydrogenation of carboxylic acids in glycerol has been disclosed (Scheme 11). The reactions, which 

were performed at 140–150 °C in the presence of inexpensive CoCl2·6H2O as catalyst and KOH, 

delivered the alcohols in a selective manner, and in excellent yields, after a very short reaction period. 

This new method represents a good alternative to the classical ones involving the use of molecular 

hydrogen or NaBH4. 

Scheme 11. Transfer hydrogenation of carboxylic acids in glycerol. 
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Aqueous glycerol in the presence of the ruthenium(II) catalyst [RuCl2(PPh3)3] and KOH behaved 

also as a H-donor to CO2, thus producing formic acid (HCO2H) (Scheme 12) [60]. As determined by 
1H and 13C NMR spectroscopy, glycerol was selectively converted into glycolic acid (HOCH2CO2H) 

by decomposition of the initially formed dihydroxyacetone. Such a decarbonylation process is 

catalyzed by ruthenium under the basic conditions employed. Unfortunately, in contrast to previous 

examples employing 2-propanol as the hydrogen source [61], turnover numbers (TON) no higher than 

a few units could be achieved in this reaction that elegantly transforms two waste products into  

value-added chemicals. 

Scheme 12. Transfer hydrogenation of CO2 by aqueous glycerol. 
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Finally, in the context of a broad study, glycerol was very recently evaluated as a potential 

hydrogen-donating solvent for the hydrogenolytic depolymerization of lignin, using nickel 

nanoparticles supported on the mesoporous silica AI-SBA-15 as catalyst under microwave irradiation [62]. 

After three hours of irradiation at 150 °C, ca. 25 wt% of the initial lignin was converted into the 

desired bio-oil (a mixture of the monomeric phenolic products syringol, vanillin, syringaldehyde and 

acetosyringone). This result was superior to that found using 2-propanol as the hydrogen source  

(ca. 2 wt% of bio-oil), but slightly poorer in comparison to that reached in formic acid (ca. 30 wt% of  

bio-oil), the best H-donor solvent found in the study. We must also note that, contrary to the case of 

formic acid, undesirable formation of char was also observed in glycerol (ca. 40 wt%). 

6. Glycerol as Solvent and Reductant for the Formation of Metal Nanoparticles 

During the last decade there has been extensive research into the synthesis of metal nanoparticles by 

the so-called polyol process, where a polyalcohol, generally coupled with a base, acts not only as a 

solvent but also as a mild reducing agent for the reduction of metal salt precursors [63]. In this context, 

glycerol has been successfully employed in the preparation of a variety of Ag [64–71], Tl [64],  

Pd [67,72], Pt [67,73,74], Ru [67], Au [75], Pt-Ru [74], Pt-Pd [76–78] and Co-Se [79] nanoparticles 

with various morphologies. Similarly, uniform Mn(OH)2 and MnCO3 nanocrystals with diameters of 

ca. 20 and 60 nm, respectively, and VO2(B) nanoflakes could be obtained from KMnO4 [80] and  

V2O5 [81] using glycerol as solvent and reductant. 

Quite recently, diameter-controlled (50–200 nm) Ag nanowires were also fabricated from AgNO3 in 

glycerol under non-stirred microwave irradiation conditions [82]. Sodium dodecyl sulphate (SDS) was 

used to prevent the growth of the diameter, which could be finely controlled by changing the amounts 

of AgNO3, glycerol and SDS. 

We must note that in comparison with more classical polyols, such as ethylene glycol or propylene 

glycol, the use glycerol as solvent and reducing agent for metal nanoparticles formation is clearly more 

convenient because of its lower cost and toxicity. 

7. Conclusions and Perspectives 

In summary, we have discussed the advent and progress on the use of glycerol as solvent and 

hydrogen donor for transfer hydrogenation reactions. Although the current body of work in the field is 

still very limited, from the studies published in the last three years it becomes apparent that this waste 

generated by the biodiesel industry can be a reliable alternative to replace 2-propanol in the near 

future. To achieve this goal, the design of new metal catalysts, more effective under milder reaction 

conditions, is needed. We hope that an increasing number of scientists will explore this interesting and 

young research field and find broad application of glycerol as economically appealing and 

environmentally friendly hydrogen-donor solvent for TH reactions. In particular, the challenging 

reduction of CO2 by glycerol should be studied in deep since, by means of this reaction, two waste 

products, whose production increases day by day, could be easily revalorized into useful highly  

value-added chemicals. In this sense, owing to the relevant results described recently by Gawande, 

Branco and co-workers [52], the use of tailored nanocatalysts should play a key role to achieve 



Appl. Sci. 2013, 3 65 

 

success. An increase in the use of glycerol for the production of new nanomaterials is also expected in 

the near future. 
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