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A review of catalytic systems for glycerol oxidation: Alternatives of waste valorisation
Abstract
Endeavours leading to the study of glycerol oxidation result from the imperative necessity of wise utilisation of surplus glycerine generated as by-product from biodiesel manufacture. The oxidation of glycerol is one of the most promising reactions since it leads to the generation of valuable glycerol derivatives that find broad application in pharmaceutical, polymer and food industries. This review highlights the processing alternatives of glycerol by means of biocatalyst-mediated, heterogeneous, homogenous and electrochemical oxidation. The current state of the art has been evaluated and recommendations for further research and future directions included. 
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1.  Introduction
Petroleum fuels play an important role in the industrial growth, transportation, agricultural sector and in many other key areas of human activity. However, the ever-increasing demand for energy and limitation of world´s fossil fuel reservoirs make the task to produce an alternative fuel to fulfil the energy demand of the world to be considered as essential.[1,2] In addition, the problems that nowadays affect fossil fuels include the increment of petroleum price, which complicates the economic sustainability, dissemination of dangerous pollutants for human health and global warming caused by greenhouse gas emissions.[3,4] Nowadays, non-renewable resources such as oil, coal and gas are the main raw materials for fuel production.[5] However, the increase of fuel prices has made the consumer to look for cheaper and ecological alternatives. Biodiesel emerges as an environmentally friendly substitute for fossil fuels to reduce the adverse ecological and health impact of diesel engines emissions since it is produced from renewable sources such as vegetable oils or animal fats.[6] 

1.1 Advantages of biodiesel over fossil fuels 
In comparison with conventional diesel fuels, biodiesel offers many benefits. It is a renewable form of energy, carbon neutral, non-toxic, biodegradable and free of sulphur and aromatic compounds which contribute to lower emission profile of hydrocarbons, CO, SO2 and particulate matter.[7-14] Besides, biodiesel can be derived from a wide range of edible and non-edible feedstock and thus ensure a sustainable and steady supply of energy in the future.[15] It can be blended with petroleum diesel and can be used in current diesel engines with no further engine modiﬁcations. The blending ratio has been investigated by various authors on compression ignition engines.[16,17] Up to 20% blending of biodiesel with petroleum diesel has shown no problems in engine parts.[18]
One of the main advantages of biodiesel is the capacity of mineralization in a relatively short period (21–28 days) under aerobic or anaerobic conditions.[19-21] Only an increment of nitrogen oxides (NOx) emission has been reported and associated to higher oxygen content in biodiesel.[18, 22-26] 
The use of biodiesel is safer than conventional diesel fuels because of its reduced flammability reported as a higher ﬂash point value (423 K and 350 K, respectively).[27] Biodiesel also has higher cetane number (around 50) than diesel fuel.[28] The cetane number is an indicator for the determination of diesel fuel quality, especially the ignition quality.[29] 


1.2 Drawbacks of biodiesel
Among the reasons that impede the biodiesel commercialization, the price is one of the most important, since biodiesel is usually more expensive than petroleum-based diesel fuel by 10% to 50%. It is reported that the raw material selection constitutes approximately 70–95% of the total costs of biodiesel production.[30] Besides, the catalysts prices[31] and processing costs[32] also affect the final price of biodiesel.  
Moreover, a large portion of land would be necessary to produce enough biodiesel from vegetable oils able to meet the fuel demands.[32] This leads to social concern due to the potential starvation problems in developing countries.[33] Problems related to the engine performance and durability have been reported, namely filter plugging, failure of engine pump, piston ring sticking, injector coking, engine deposits, particularly on air box covers, piston components and injectors, and softening of fuel system seals due to biodiesel solvent properties.[34-36] According to Liao,[37] biodiesel commercialization has been limited by its reported poor performance in low temperature operability. 

1.3 Biodiesel production and origin of glycerol in the process
The processes used for development of biodiesel are pyrolysis, microemulsiﬁcation, and transesterification. Out of these processes, biodiesel is normally produced at industrial level from triglycerides via transesteriﬁcation reaction with alcohols such as methanol or ethanol in the presence of an alkali catalyst.[38] During the consecutive reactions, the triglyceride is first converted into diglyceride, then to monoglyceride and finally to glycerol; 1 mol of triglycerides reacts with 3 mol of alcohol to produce 1 mol of glycerol and 3 moles of fatty acid alkyl esters.[39] The process of biodiesel production has three main stages, namely refining of the raw material, the transesterification reaction and separation of the glycerine layer.[40]
Fatty acid methyl esters are also produced by acid catalysis[41] and enzymes,[42,43] but the reaction in alkaline medium is the most common since the process is faster and under milder reaction conditions.[44]. Moreover, in comparison to blending, pyrolysis and microemulsification, the transesteriﬁcation reaction leads to an optimal reduction in the viscosity of the oil or fat feedstock, allows the proper operation of the fuel injection equipment and makes it suitable for use as a fuel. The augmentation of viscosity, particularly at lower temperatures, strongly affects the ﬂuidity of the fuel. 
Homogeneous base catalysts such as KOH[45], NaOH[46], sodium methoxide and potassium methoxide[10] rank among the most conventional catalysts being used in the production of biodiesel. Although the reaction rate in the presence of homogeneous catalysts is fast, additional steps are required to refine the products which substantially increases the ﬁnal production costs. Special attention has been paid to high free fatty acid (FFA) content (> 0.5 wt %) in the feedstock lipids. This is particularly caused by the partial saponiﬁcation reaction resulting from the use of alkaline catalysts, leading to undesired soap formation, increment of viscosity, low quality biodiesel and difficulties in the biodiesel separation and downstream puriﬁcation.[47] In this cases, the use of inorganic acid catalysts, such as sulphuric and hydrochloric or sulfonic acids, has been recommended since soap formation can be avoided via acidic catalysis and both biodiesel producing reactions (transesteriﬁcation and esteriﬁcation) are facilitated contributing to an increment in biodiesel yield.[48-51] Since the reaction with acid catalysts requires longer time andextreme temperature and pressure conditions,[52] the transesteriﬁcation reaction in alkaline media has been the most popular and well-adopted process at industrial level production of biodiesel. Independently of the type of catalyst used, every transesterification yields glycerol, which can be used in the pharmaceutical, cosmetic and food industries, as animal feed, carbon source in fermentation process, polymers, surfactants, and lubricants.[53] Therefore, one of the most important challenges associated to the growing industry of biodiesel is valorisation of the high amounts of glycerol that are being produced. The transesterification reaction of 1 mol of triolein (i.e. 885.5 g) used as a model triacylglycerol with three moles of methanol (96.1 g), produces 1 mol of glycerol (92.1 g) and three mols of methyl oleate (889.5 g) in case of 100 % conversion.
Thompson and He[54] performed a study analyzing the composition of six different seed oil feedstock (IdaGold and PacGold mustard, rapeseed, canola, crambe, and soybean) and waste vegetable oil (WVO) with low variation in the chemical and physical properties with the exception of WVO. Values for pH (13.7), ash content (4.7 %), density (1.239 g/cm3), glycerine (50-60 %), methanol (10-30 %), alkali catalyst (8-20 %), soap (5-15 %), polar components (1 %) and water (5 %) for the crude glycerol phase have also been reported.[55]
Due to the functionality of the glycerol molecule, great efforts are being put into utilization of surplus glycerol in the synthesis of chemicals with higher added value.[56] Glycerol, or 1,2,3-propanetriol, is considered to be a versatile compound. Many different applications have been documented since 1945[57] and endeavours continue to find new applications. For example, it has been reported the plasticizing efficiency of glycerol and low-molecular weight poly(ethylene glycols)[58] has found application in the production of biodegradable and edible films containing glycerol and starch-protein hydrolysate of amaranth flour.[59] Moreover, the primary and secondary hydroxyl groups that the glycerol molecule contains are susceptible to a diversity of chemical reactions, namely hydrogenolysis, esterification, dehydration, etherification, oxidation, pyrolysis, transesterification, oligomerization, polymerization, and carboxylation. Table 1 provides a brief description of the variety of new compounds that can be synthesized with these reactions. Among these different possibilities, the oxidation of glycerol is considered to be one of the most important since it leads to the formation of aldehydes, carboxylic acids and ketones, frequently used in the preparation of new chemicals for cosmetics, medicine or food industry purposes. The substances that rank among the most important valuable oxygenates are glyceraldehyde, dihydroxyacetone, glyceric acid, hydroxypyruvic acid, tartronic acid, mesoxalic acid, glycolic acid, and glyoxylic acid. However, glycerol conversion and selectivity to a specific product varies according to the reaction conditions (temperature, concentration of reactants, solvent used, ratio of glycerol and catalyst, mass transfer conditions) and type of oxidation (Figure 1), configuration of the reactor, nature of the support, relationship between the rate of product desorption and subsequent oxidation to other glycerol derivative and the selection of a specific oxidation method which implies the use of specific catalyst, microorganisms, chemical reagents or electrochemical conditions. This article synthesizes current knowledge of the most common catalytic systems employed in the oxidation of glycerol, namely biocatalysis, heterogeneous, homogeneous, and electrochemical catalysis while addressing critical gaps to enhance outcomes for high conversion and selectivity of glycerol oxidation.
2. Biocatalysis
The capacity of several microorganisms for using glycerol as a source of carbon substrate enables them to produce biomass and metabolites, through a diversity of environmentally friendly processes, based on aerobic and anaerobic fermentation. Enzymes like glycerol dehydrogenase, glycerol kinase, glycerol dehydratase and methanol dehydrogenase are directly linked to the biotransformation of glycerol.[83] The use of glycerol dehydrogenase from the gram-negative bacterium Gluconobacter oxydans for the production of dihydroxyacetone has been reported by several authors[84-88] (Figure 2). In addition, the behaviour of aerobic culture during the bioreaction has been described by mathematical modelling.[87,89] A patent by Wolf[90] reported the production of glyceraldehyde via the reaction of glycerol with a methanol dehydrogenase purified from Methylobacterium organophilum. The culture medium for the bioconversion contained up to 20% glycerol with pH in the range of 5 - 11, and the temperature ranging from 5 to 50 °C in aerobic conditions. A maximum conversion of 35% of glycerol was reported in a period of 24 hours. In many cases, attempts to increase the yield of the desired product are made by the optimization of the media components, the use of recombinant strains and modification of fermentation conditions. 
As the glycerol molecule is a small uncharged molecule, it can cross the inner membrane through an integral membrane protein (glycerol uptake facilitator, GlpF, in the case of Escherichia coli) that enables facilitated diffusion, (Figure 3). Once inside the cell, glycerol can be metabolized to glycerol-3-phosphate by glycerol kinase (GlpK). Therefore, it has the potential to substitute common and bigger carbohydrates used in fermentation process, such as glucose, starch or sucrose.[83] 
Enzymatic production of glyceric acid from glycerol has been achieved through oxidative fermentation by the action of acetic acid bacteria such as Acetobacter and Gluconobacter strains in a jar fermentor. A bioconversion of 136.5 g·L-1 was obtained when using G. frateurii and 101.8 g·L-1 with A. fropicallis.[91] For the production of succinic acid, Lee et al.[92] proposed the addition of yeast extract on glucose fermentation to enhance the conversion to the desired product. Bizzini et al. [93] reported the formation of dihydroxyacetone phosphate by Enterococcus faecalis when using glycerol as a carbon source. In their work, they proposed two different ways of glycerol metabolism according to the phosporilation-oxidation pattern under aerobic and anaerobic conditions. In anaerobic conditions, glycerol is oxidized by glycerol dehydrogenase and then phosporilated by dihydroxyacetone kinase while in aerobic fermentation the majority of the E. faecalis strains metabolises glycerol by phosphorilation through the action of a glycerol kinase and then oxidation by glycerol-3-phosphate oxidase. Similarly, Joseph et al.[94] reported that a gram-positive bacterium like Listeria monocytogenes, essentially needs a glycerol kinase (GlpK1) for the glycerol uptake and metabolism. 
A nanoparticle-supported enzyme system was described[95] for the biotransformation of glycerol into dihydroxyacetone (yield of 160g/g immobilized enzyme) in the presence of cofactor NAD+ using glycerol dehydrogenase from Cellulomonas sp. This revealed the possibility of production of value-added chemicals from bio-renewable resources with in situ cofactor regeneration through designed reaction pathways not native to living organisms. 
When the redox potential of the microorganism is a limitation for the substrate range, the use of mediators has been recommended to promote electron transfer from the substrate to the enzyme.[96] During the oxidation process, the mediator reduces oxidized electron shuttles. Mediators act as catalyst by reducing the activation energy of the reaction.[97] Liebminger et al.[96] employed 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) at lower concentrations (< 6 mM) to promote the conversion of glycerol in the presence of laccase from Trametes hirsuta to glyceraldehyde. Interestingly, higher concentrations increase the conversion rate of glycerol but decrease the selectivity and compounds like glyceric acid and tartronic acid are formed. The pH of the medium plays an important role since in acid conditions (< pH 4) TEMPO decomposes and the enzyme is inactivated. Table 2 describes some examples of strains that can grow in the presence of glycerol as a carbon source. The products and yields are reported.
3. Heterogeneous catalysis 
The heterogeneous catalytic oxidation of glycerol with molecular oxygen is considered to be one of the most attractive routes for production of glycerol derivatives from the industrial point of view. Several works have been reported aiming the selective oxidation of glycerol into fine chemicals by using monometallic and bimetallic catalysts, mainly Au, Pt, Pd, Rh, Co, Bi, supported on carbon, graphite or TiO2 among others. Metallic catalysts for the oxidation of the primary hydroxyl group are usually based on gold, palladium and platinum nanoparticles.[112-116] Pd and Pt are characterised by having the lowest hydrogenolysis activity of group VIII metals and maintaining good hydrogenation/dehydrogenation activity. However, alcohol oxidation in aqueous phase using gold as catalyst was more selective and least prone to metal leaching, and deactivation caused by overoxidation and self-poisoning by strongly adsorbed by-products than in the case of using Pt and Pd. [117]
Among the parameters that affect the yield and selectivity for a specific glycerol derivative by means of heterogeneous catalysis, the most important are the methods of synthesis of supported catalysts, temperature, pH, mass transfer conditions, concentration and physicochemical properties of the catalyst used, partial pressure of oxygen, and type of reactor. In addition, the presence of an alkaline media favours glycerol deprotonation, the first step in the oxidation process, which has been considered as essential for the oxidation of the primary alcohol.[112-114] The selectivity towards the oxidation of the secondary hydroxyl group is achieved by associating Pt with p-electron metals, namely lead and bismuth supported on charcoal and in acid media (pH 2-4).[118-120] Dehydrogenation is stimulated by Pt and the supplying of oxygen at lower potentials for further oxidation is promoted by the addition of the secondary metal.[121] Steric interactions enable the promoters to function as site blockers, controlling the orientation of the reaction. Kimura[119] used a bimetallic (platinum-bismuth) catalyst and 30 % conversion and 20 % selectivity to DHA were achieved. Similarly, pH conditions have been reported to influence strongly the selectivity.[122] Carrettin et al. [114] reported that the presence of radical OH- aids in the remotion of the H+ from a primary alcohol and a 56% degree of conversion to sodium glycerate by using 1% w/w Au/graphite in the presence of NaOH was obtained.
García et al. [120] reported the use of 5 % Pd catalyst in activated charcoal for a high glycerol conversion (90-100 %) and yield of glyceric acid (70 %) in alkaline media. The catalyst was synthesized by the impregnation method with acidic solutions of PdCl4-2 ions at 298 K for 5 h. The impregnation of the carrier metal is followed by a reduction using 37 % formaldehyde in basic conditions and subsequent drying at 333 K under vacuum. Hu et al. [123] performed a detailed study about the kinetic parameters for given reaction conditions (temperature, pressure, initial reactants concentration) of the glycerol oxidation reaction network over Pt-Bi/C catalyst including all reaction steps.  After the analysis of the concentration of glycerol derivatives and turnover rates, a simplified reaction network was proposed considering the concentration of glycerol, glyceric acid, dihydroxyacetone and CO2, which can be used for chemical reactor design, modelling, simulation and optimization of the desired product.
With the aid of kinetic modelling, Cornaja et al.[124] increased the yield of glyceric acid up to 76 % by using 1.25 Pd/Al2O3 as catalyst at atmospheric pressure and alkaline conditions using a glycerol:NaOH at a ratio of 0.3:0.7, respectively. 
Wörz, et al., [125] reported that product adsorption influences the selective deactivation during the oxidation of glycerol, decreasing the activity of the catalyst and the product selectivity. In their work, the formation of glyceric acid during bimetallic Pt-Bi/C catalysis in acid media blocked the active sites that are mainly responsible for high selectivity to dihydroxyacetone, Hu et al. [126] optimized the method of catalyst preparation and the reaction conditions to achieve higher oxidation rates and selectivity towards dihydroxyacetone. They suggest a sequential impregnation of Pt (3% w/w) and Bi (0.6% w/w), followed by NaBH4 reduction using activated carbon as a support. 
The yield of dihydroxyacetone was reported to be 48% after 80 % of glycerol conversion. Since boiling has to be avoided, the reaction temperature should be kept under 100 °C, and preferred temperature is 80 °C. Oxygen pressure values in the range of 0.2-0.35 MPa and initial pH of 2 were also determined as optimum values.
The effect of modified activated carbon supports and nanoparticles surface chemistry on the performance of glycerol oxidation using nano-sized gold particles supported on activated carbon prepared by gold-sol immobilization method was reported by Rodríguez et al.[127] They found out that the oxygen content on the surface is one of the key factors influencing the catalyst activity. Higher selectivity towards glyceric acid (62 %) and dihydroxyacetone (22%) was observed at 40 °C and 0.3MPa or 60 °C and 1 MPa, independently on the amount of oxygenated surface groups present.
Problems of inhibition of glycerol oxidation over 1.6% w/w Au/TiO2 catalyst by glyceric acid, acting as a reactive intermediate, were reported by Zope and Davis.[128] They proposed that the formation of chelating intermediates like ketones, enones or compounds with β-dicarbonyl structure via bounding of hydroxyl radicals to secondary carbon atoms blocks the active sites after adsorption onto the catalyst surface. Reactions carried out using Pt and Pd as catalyst have demonstrated the drawback of oxygen poisoning proportional to the oxygen partial pressure.[129]  The use of low partial pressures of oxygen has been recommended to overcome the oxygen dissolution.[130]
According to Liang and co-workers, [131] large Pt particles (>10 nm) supported on carbon show poor activity for glycerol oxidation. Reduction of the particle size (1.2-8 nm) did not improve the glycerol conversion because the small particles of Pt are deposited in the micropores of carbon. They proposed the use of Pt supported on micropore-free multiwall carbon nanotubes (MWCNTs) to facilitate the accessibility of Pt on the external wall of the support. An improvement of Pt dispersion on the support was achieved in base-free aqueous solutions for high selectivity to glyceric acid (68.3 %).[132]       
Similarly, Au and Pt catalysts supported on MWCNTs have shown enhanced activity. Sudies by Gao [133] using N2 adsorption, scanning electron microscopy (SEM) and transmission electron microscopy (TEM) confirmed that in the absence of alkali at 60 °C, atmospheric pressure and with molecular oxygen, the interaction between Pt particles, glycerol and oxygen is facilitated by using MWCNTs as support. Glyceric acid was also reported as the main product (70.5 % selectivity and 79.7 % conversion after 8 hours). In the presence of carbon-supported Au catalysts, peroxide formation and C-C bond cleavage was observed leading to glycolic acid.[134] In addition, higher turnover frequency values (TOF) were observed with a decrease in the diameter of gold particles (≤ 20 nm), however under these circumstances, the catalyst exhibited lower selectivity to glyceric acid. Nie and co-workers [135] reported the use of MWCNTs as support for Pt, Pt-Bi and Pt-Sb. They found that the selectivity to dihydroxyacetone (51.4 %) was enhanced in a base free aqueous solution by using Pt-Sb alloy in MWCNTs with a high conversion rate (90 %). Glyceric acid is obtained at 67.4 % selectivity when using Pt catalyst at similar conversion. They proposed that Sb act as a site blocker, semiconductor and therefore as a promoter of Pt. The alloy Pt-Sb also depressed C-C splitting. The presence of glyceric acid was also beneficial by blocking active sites that can lead to overoxidation of dihydroxyacetone. In a study of Rodriguez et al.,[136] it was reported that high selectivity to dihydroxyacetone (60 %) and high catalyst activity can be obtained using Au nanoparticles supported on MWCNTs. However, when using activated carbon as support, glyceric acid was the main compound obtained (62 % selectivity). Experiments were performed at same reaction conditions (60°C, 0.3 MPa, NaOH/glycerol molar ratio=2, catalyst amount=700 mg, 195 ml of glycerol 0.3M) for 2 hours. Under very similar reaction conditions, palladium and rhodium catalysts supported on activated carbon demonstrated to have strong activity after modifying the support surface by chemical and thermal treatment. An increase in the activity was observed after the elimination of acidic groups by post heating treatment (600°C).[137]
 
4. Homogeneous catalysis
The oxidation of alcohols by means of homogeneous catalysis often requires the use of oxidizing reagents in stoichiometric amounts. However, these oxidants are commonly halogenated organic solvents and generate hazardous or toxic wastes.[138] For this reason, this area has been barely studied and in some cases it is combined with heterogeneous oxidation. One of the preferred oxidants is H2O2 since water is the only by-product of the reaction. For example, the oxidation of ethanol using H2O2 catalyzed by ferrous ion (Fenton’s reagent) in acid media was studied by Kolthoff and Medalia.[139] They found out that ethanol was oxidized to acetaldehyde in the presence of hydrogen peroxide and ferrous iron. The oxidation of glycitols such as mannitol and glycerol by Fenton reagent produced glycoaldehyde, which progressively oxidized to glyoxal.[140] Ciriminna and Pagliaro [141] reported the selective conversion of glycerol to ketomalonic acid using TEMPO as a catalyst and NaOCl as a stoichiometric oxidant under very mild conditions. With the addition of 6.5 % mol TEMPO, most of the glycerol was converted into ketomalonic acid in 30 minutes of reaction. Intermediate products like tartronic acid and dihydroxyacetone were progressively oxidized to achieve 98% selectivity to ketomalonic acid after 3 h of reaction.  By performing the oxidation over a sol-gel silica xerogels doped with nitroxyl radical, the authors found that a similar high-yield conversion and selectivity were achieved. The catalyst showed high stability at pH 10 and was recycled seven times without loss of activity.
The use of a soluble catalyst containing manganese [LMn(l-O)3MnL](PF6)2 (L = 1,4,7- trimethyl-1,4,7-triazacyclononane) in the presence of H2O2 at room temperature was described by Shul’pin and co-workers.[142] The main product reported was DHA with a yield of 45%. Oxidation of DHA to glycolic acid in absence of glycerol proceeded to a 60 % yield.

5. Electrochemical oxidation 
The electrochemical oxidation of glycerol comprises a heterogeneous redox reaction where electrodes provide the electron source for reduction to take place at the cathode and the electron sinks for oxidation at the anode surface associating intra and inter molecular electron transfer and incorporating breaking and making of covalent bonds. [143] 
Schnaidt et al. [144] investigated the mechanism and kinetics of the oxidation and adsorption of glycerol, glyceraldehyde and glyceric acid on a Pt thin film electrode. In their study they were able to simultaneously measure the Faradaic current under controlled mass transport conditions and to characterize the adsorbed products by in-situ Attenuated Total Reflection Fourier Transform Infrared (ATR-FTIR) spectroscopy and the volatile reaction products by on-line Differential Electrochemical Mass Spectrometry (DEMS). They reported glyceric acid as the last product in the electrochemical oxidation of glycerol, and glyceraldehyde as an intermediate in the formation of adsorbed carbon monoxide (CO). Chou [145] found that using platinum and gold anodes in basic media, glycerol displayed a higher reactivity than in acid medium due to the adsorption of OH- on the electrode surface. In addition, the use of a potential range below the peak current potential was suggested since the current decreases rapidly from the deactivation of the electrode above the potential. Similarly, another study in alkaline medium was performed by Kwon et al., [146] using gold catalyst, which has been employed extensively in investigations of alcohols oxidation.[112,146] In their work, they confirmed that base and gold catalysts make an active and selective oxidation catalysts through the first step - deprotonation catalyzed by a base followed by the second step - deprotonation catalyzed by gold. Higher oxidation activity on gold catalyst was attributed to high gold resistance toward the formation of poisoning surface oxides. However, the complete understanding of the factors responsible for high catalytic activity is still under study. 
As an alternative to the use of gold nanoparticles, platinum and palladium electrodes were used to evaluate the electro-oxidation activity of several saturated alcohols, namely methanol, ethanol, n-propanol, isopropanol, ethylene glycol and glycerol in alkaline medium.[147] In this research, higher electro-oxidation activity on the Pt electrode was reported, which was given by lower values of the onset potential (Es) in comparison to the use of Pd electrode, where glycerol showed low electro-oxidation current at low potential. However, the study provides no information on the products characterization.
The oxidation of glycerol to glyceric acid by silver oxide catalyst formed in situ on an anodic surface in aqueous basic medium was reported by Kyriacou and Tougas.[148] In their work a linear dependency of temperature and NaOH concentration on the oxidation rate was described. A temperature below 45 °C and NaOH concentration of 10 % were recommended. Roquet et al. [149] reported the electro-oxidation of glycerol in the presence of platinum electrode in acid medium (0.1 M HClO4) using programmed potential electrolysis and cyclic voltammetry. The conversion of glycerol was 38 %, which leaded to the formation of glyceraldehyde as primary product after 44.5 h of electrolysis at a potential range of 0.75 V·rhe-1. The electrolysis of manganous-oxide salts in an acid solution in order to obtain manganic-oxide salts for subsequent oxidation of glycerol to glyceraldehyde at a lead anode was described by Lang.[150]
The use of redox mediators has been reported to enhance the oxidation by facilitating the reaction to be carried out not only on the solid electrode but also on the bulk. This allows increasing of the capacitive current and area of the solution electrode interface.[151] The results of Ernst and Marr[152] confirmed after a systematic study of variables (temperature, current density, type of cell) that the production of formic and glycolic acid is enhanced with the use of MnSO4 as mediator. Moreover, different oxidation routes during the formation of glycerol derivatives in the presence of redox mediators obtained after the preanodization of Pt, Au and Pt/Au electrodes in basic medium were reported by Kalcheva and Iotov.[153] The oxidation of glycerol derivatives has also been studied recently. Manea and co-workers[154] carried out a systematic study on the oxidation and determination of oxalic acid using cyclic voltammery, linear scan voltammetry and chronoamperometry in the presence of a prepared exfoliated graphite-polystyrene composite electrode in 0.1 M Na2SO4. The results demonstrated that the proposed voltammetric method is accurate comparing the quantification obtained using KMnO4 titration method. Production of hydrogen by electrochemical reforming after complete oxidation of glycerol using Pt on Ru–Ir oxide as anode was reported by Marshall and Haverkamp.[155] Therefore, cyclic voltammetry used in combination with the catalytic reaction data gives more detailed information of the active surface characterization and oxidation mechanism.
Electrocatalysis of glycerol in an enzymatic biofuel cell was proposed by Arecheda and Minteer.[156] In their study, a bioanode was used forstepwise oxidation of glycerol to CO2 using a three-enzyme cascade on the bioanode, namely pyrroloquinoline quinone (PQQ) dependent alcohol dehydrogenase (PQQ-ADH) , PQQ dependent aldehyde dehydrogenase (PQQ-AldDH) and oxalate oxidase immobilised within a tetrabutylammonium-modified Nafion membrane yielding power densities of up to 1.32 mW cm–2. Complete oxidation of glycerol to CO2 was possible due to the fact that PQQ-alcohol and aldehyde dehydrogenase are unselective enzymes that oxidise alcohols and aldehydes and because oxalate oxidase can oxidise mesoxalic and oxalic acids to CO2.  
In a subsequent study[157], cyclic voltammetry and rotating disk electrochemistry was used to analyze the effect of non-natural substrates and individual immobilized enzymes in tetrabutylammonium and triethylhexylammonium (TBAB and TEHA) bromide modified Nafion membranes. While TBAB membranes showed higher enzyme availability for both of the dehydrogenase enzymes, TEHA membranes provided higher enzyme availability for oxalate oxidase. These differences are caused by physical factors (charge and hydrophobicity) which affect the orientation of carbon electrode surfaces and by structural differences between enzymes that influence electron transfer.    
Binary carbide such as nickel-tungstene (Ni-W-C) has also been used as anode electrocatalyst. It was found that the activity was strongly dependent on the way of the catalyst preparation[158] since the presence of surface species and bulk phases are affected by this process. Recently, the synthesis of carbon-supported Pt-based alloy catalysts with Pt and Ni at different ratios (3:1 to 1:1) using the colloidal method with ethylene glycol as the reductant and stabilizer combined with a freeze-drying step for glycerol oxidation was reported by Lee et al.[159] The addition of Ni to a Pt catalyst (ratio 2:1) showed the largest forward peak current density, lower accumulation of intermediate residues on the catalyst and superior real surface activity. The incorporation of Ni causes structural and electronic changes in Pt which significantly promoted the electro-oxidation. Other studies for alcohol electro-oxidation have been reported the use of Pt-Sn [160,161], and Pt-Au [162] particles supported on carbon. Several factors, namely surface oxygen-containing species, lattice parameters, electro transfer from Sn or Au to Pt and ohmic effects, which depend on Sn or Au content, have been indicated to be promoters of the catalysts activity.     
   
6. Conclusions and future work of research 
In this review, the main glycerol oxidation methods, namely biocatalyst-mediated, heterogeneous, homogeneous and electrochemical were described. Special emphasis was put on the effect of several parameters influencing the selectivity and yield for a specific glycerol derivative. The task of the oxidation of glycerol results from the need for efficient processing of surplus glycerol generated by biodiesel industry. However, the produced glycerol requires additional processing to eliminate undesirable components such as ash that may affect the quality of the final products. As a result, technologies leading to the production of high quality biodiesel and glycerol are intensively sought. An interesting approach to achieve this, is the use of an organic base (tetramethylammonium hydroxide) for the esterification of free fatty acids which produces glycerin with practically no ash content and a residual amine that can be used as a stabilizer.[40] Moreover, recent studies[163] demonstrated that high quality biodiesel production can be obtained from animal fleshings after the separation of protein and fat by a desalting process. As a result, glycerine and protein for commercial use are also obtained.  
Several valuable glycerol derivatives find wide application in pharmaceutical and cosmetic industries. Their utilization as grafting agents, which is another promising use of these substances, can shift these products towards lower price levels. Additional efforts should be put into the design of chemical reactors for oxidation and reduction reactions, which are not only challenging in terms of design but also in operation. For example, the kinetics of the reaction can be affected by intermediates that are attached to the catalyst due to the presence of multiple pathways of reaction. Nowadays, they are of considerable importance in the production of plastics monomers. As an example, the oxidation of cyclohexane produces a mixture of cyclohexanol and cyclohexanone, a basic raw material for caprolactam and polyamides production. Management of chemical reactors associated with exothermic reactions such as oxidation of organic substances is among the most challenging tasks of chemical reactor engineering. The control of oxidation reaction is a prerequisite for successful and safe industrial applications of this promising manufacturing technology. Design of control algorithms should be based on the upstream stage - exploration of the production system, which includes research on their own reaction kinetics coupled with transport processes, especially the heat of reaction, which in case of oxidation of glycerol is considerable. The problem is complicated by the homogeneity of the reaction mixture accompanying the products formed. In such cases a purification step is always necessary.
Among the parameters studied in biocatalysis (enzymatic and microbial catalysis), the selection of the bioreactor is essential to optimize the productivity of glycerol derivatives ensuring higher space-time yield. This can be achieved for example with the use of packed bubble columns. In this direction, additional work should be done to study the behaviour and capacity of the microorganisms to aggregate and grow on a solid substrate under rough hydrodynamic conditions. Further studies on isolation and characterization of genes involved in the biotransformation of glycerol and genetic engineering of strains able to grow on glycerol and produce new derivatives by means of over expression of genes involved in glycerol uptake and metabolism are necessary to improve the glycerol oxidation process and achieve a highly developed fermentation system, using particularly microorganisms with intense secretory activity. The development of new tailor-made biocatalysts seems also prominent in the field of protein engineering design by manipulating substrate binding orientations to obtain genetic variants that can improve the production of glycerol derivatives. Two main strategies are used according to the information of the enzyme (structural and mechanical), namely rational design of proteins and direct evolution (This will lead to the production of green oxidation catalysts that may be able to overcome the limitations of natural enzymes by designing improved synthetic analogues, not only in terms of catalytic efficiency, but also in structure and function.  
For example, a computational design has been developed of high-efficient models of galactose oxidase, a metalloenzyme that oxidizes a broad variety of primary alcohols and polyalcohols. The process was aimed to enhance molecule flexibility by ligand modification and addition of –CH2 groups, and to evaluate the catalytic properties of other metals by modifying the common transition metal center.[164] In a recent study,[165] protein engineering techniques were used to improve the properties of glycerol dehydrogenase (GlyDHs) for the conversion of  1,3-butanediol into 4-hydroxy-2-butanone.  
 
The search for hybrid homogeneous-heterogeneous systems that are stable in both acidic and basic pH should continue. Alternative to TEMPO, other stable nitroxide radicals such as 4-MeO-TEMPO and 4-AcHN-TEMPO can be employed. Similarly, the use of asymmetrical TEMPO analogues that have shown capacity for enantioselective alcohol oxidations is advisable. The use of different supports for base and acid catalyst encapsulation could lead to an increment in diffusion and reaching higher catalyst activity as well as to finding water resistant homogeneous-heterogeneous catalyst since glycerine normally contains up to 15 % water. The study of the preparation method of these new hybrid materials will lead to a better understanding of the catalyst properties and will allow correct distribution of the catalytic sites to enhance activity and selectivity. 
Similarly to the studies reporting utilisation of MWCNTs, single walled carbon nanotubes can be considered as they have showed good selectivity and activity towards the oxidation of benzyl alcohol to benzaldeyde in comparisson to activated carbon.[166] Alternatively, the use of molten salts can be promising, since they have been used successfully as support medium of RuCl3, Cu(ClO4)2 or CuCl, for the selective aerobic oxidation of alcohols into acids or aldehydes.[167]
Metal catalysts are highly efficient in the oxidation of glycerol under mild conditions. However, taking into account the current state of heterogeneous and electrochemical oxidation of glycerol it would be valuable to identify new reactive intermediaries and conditions that cause the poisoning effect on electrodes and therefore weaken the catalytic activity. In addition, precise relation between glycerol derivatives obtained at specific potential should be addressed. Further studies should be also oriented towards detailed characterisation of the catalytic systems in order to explain the catalytic behaviour of the different glycerol derivatives formed in the anode to avoid side reactions. Complementary studies on the analyses of the oxygen species present on the catalyst surface would be of high value and can possibly lead to higher glycerol conversion rates. Moreover, a detailed description of the downstream processing for a potential application is considered essential, since in most cases recovery, extraction, purification and crystallization of the product comprise the major part of the process costs and energy consumption.
In addition, complementary analysis of polarographic waves, coulometric studies, steady-state current-voltage relations, Tafel slopes determination, transfer coefficient, reaction order and transient behaviour at the electrode surface are necessary for the identification of partial steps in the reaction to elucidate the mechanism of the glycerol electro-oxidation process at specific working electrodes and reaction conditions. 
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Table 1. Examples of products diversity from glycerol reactions
	Reaction
	Product obtained
	Application
	Reference

	Hydrogenolysis
	1,3-propanediol, 1,2-propanediol Ethylen glycol 
	Polymer petroleum derivatives, food and cosmetic industry.
	[60],[61] 

	Photocatalytic water splitting
	Hydrogen
	Alternative fuel, chemical synthesis and refinery 
	[62] 

	Halogenation
	Mono- and Di-Halohydrins (chlorhydrins, bromohydrins)
	Synthesis and fabrication of epoxy resins
	[63],[64]

	Dehydration
	Acetol, acrolein
	Synthesys of acrylic esters, superadsorbers, polymers, detergents
	[65], [66]

	Etherification
	Hydrogenated compounds
Polyglycerol
 1,2,3-triacetoxypropane (Triacetin), Monoacetin, diacetin
	Used as oxygenates to diesel/biodiesel fuels
Food additive, humectant, plasticizer
Synthesis of biodegradable polyesters, solvent, antiseptics, emulsifier.
	[67]
[68]
[69]

	Esterification
	Dicarboxilic acid glycerides 
Oligoesteres 
 Mono and diesterified glycerol adducts
 Tri-acetylglycerol (esterification and acetilation)
Acetylglycerols
	Surfactants
Plastificants
Resines
Synthesis of biodegradable polymers and surfactants
 Additive for biofuels
	[70]
[71]
[72]
[73]
 [74]

	Oxidation
	Carboxylic Acids
Aldehyde, Ketones
	Pharmaceutical, food and cosmetic industry
	[75]

	Pyrolisys and Gasification
	Hydrogen, syngas
	Production of clean fuels, synthetic natural gas or ammonia
	[76], [77]

	Transesterification
	α-monobenzoyl glycerol
Glycerol carbonate
	Preparation of chiral drugs
Used as protic solvent, elastomer, surfactant or synthesis of glycidol
	[78]
[79]

	Oligomerization
	Di- and triglycerol
	Cosmetic, food and plastic industry
	[80]

	Polymerization-Esterification
	Polyglycerol esters
	As additive in food 
	[81]

	Carboxylation
	Glycerol carbonate
	Synthesis of novel functionalized polymers
	[82]



Table 2. Products obtained from glycerol fermentation
	Microorganism
	Products obtained
	Yield 
	Reference

	Clostridium pasteurianum 
	Butanol

1,3 –propanediol

Lactate
	17 g·L-1 
30 mol %  
18 mol % under phosphate limitation and 34 mol % under iron limitation
25 mol %
	[98]
[99]

	 Klebsiella pneumoniae
	Ethanol
 1,3 -propanediol
	Yield: 31 g·L-1; productivity: 1.2 g·L-1·h
 Yield: 53 g·L-1; productivity: 1.7 g·L-1·h
	[100]
[101]

	Escherichia .coli
	Ethanol 
Succinic acid
	86% 
 7% 
	[102]

	Clostridium butyricum
	1,3 -propanediol
	35 - 48 g·L-1, 5.5 g·L-1·h
	[103]

	Citrobacter freundii 
	1,3 -propanediol
Lactic acid
	25.36 g·L-1
4.63 g·L-1
	[104]

	Klebsiella planticola
	Ethanol 
Formate
	30 mmol·L-1
32 mmol·L-1  
	[105]

	Schizochytrium limacinum
	Docosahexaenoic Acid
	Yield: 1.68 g·L-1; productivity: 0.28 g·L-1·day
	[106]

	Enterobacter aerogenes
	Ethanol 
Hydrogen
	0.96 g·L-1 at 0.85 mol·mol-glycerol-1
1.12 g·L-1 
	[107]

	Propionibacterium freudenreichii sp. shermanii.
	Vitamin B12
	4.01mg·mL-1 in batch culture
	[108]

	Propionibacterium acidipropionici 
	Propionic acid
	44.62 ± 1.12 g·L-1 and 0.20 ± 0.0075 g·L-1·h
106 g·L-1
	[109]
[110]

	Anaerobiospirillum succiniciproducens
	Succinic acid
	19 g·L-1 in feed batch fermentation
	[92]

	Gluconobacter oxydans
	Dihydroxyacetone
	385 g in 34 h from 400 g glycerol
 350 mM  from 550 mM of glycerol
	[88]
[111]

	Acetobacter tropicalis
	D-Glyceric acid
	22.7 g·L-1 from 200 g·L-1 glycerol in 4 days 
	[91]





Figure captions:

Figure 1. Common reactions for glycerol oxidation 
Figure 2. Production of DHA and glyceraldehyde according to the enzyme presented
Figure 3. Facilitated diffusion of glycerol by an integral membrane protein
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Figure 2. Production of DHA and glyceraldehyde according to the enzyme presented
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Figure 3. Facilitated diffusion of glycerol by an integral membrane protein
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