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Abstract

:

This review provides in-depth coverage of numerous mechanisms available for the etherification process of glycerol, including alcohol solvent, olefin solvent and solvent-free routes along with products that are formed at various stages of the reaction. Mono tert-butyl glycerol ether (MTBG), di tert-butyl glycerol ether (DTBG), and tri tert-butyl glycerol ether (TTBG) are the three general ether compounds obtained through tert-butyl alcohol (TBA) etherification. Glycerol etherification with n-butanol results in the formation of glycerol ether products that are linked to the substituted butyl groups. These products include two mono-butyl glycerol ethers, two di-butyl glycerol ethers and a tri-butyl glycerol ether. Two mono-benzyl glycerol ether isomers, two di-benzyl glycerol ether isomers and tri-benzyl glycerol ether are the most reported results when benzyl alcohol is used as a solvent in the etherification reaction. The etherification of glycerol with 1-butene involves a series of equilibrium reactions to produce mono-ethers, di-ethers, and tri-ethers, whereas the etherification of glycerol with isobutene is carried out via tert-butylation of glycerol, yielding similar glycerol ether products when TBA is used as a solvent. As the by-product may be easily removed, the solvent-free glycerol etherification approach may have several advantages over the other conventional methods. Therefore, further studies on base-catalyzed glycerol etherification that employs a solvent-free reaction route may reveal a method for improving the conversion, selectivity, and yield of reaction products. This review study is crucial in improving knowledge of numerous mechanisms and how they relate to the effectiveness of the product’s catalytic process.
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1. Introduction


The exponential growth in the population and the rapid economic development of individual nations have driven the higher generation and usage of global energy. Since fossil fuels are considerably cheaper to be produced compared to renewable energy supplies, the energy infrastructure heavily relies on them as the feedstock. However, in meeting the needs of global energy, non-renewable fossil fuels could bring negative impacts on the global economy due to their depletion of reserves which has driven up the price of petrochemical products, accelerated climate change and other environmental issues. As a result, the world market has developed an interest in alternative resources such as biofuels due to their renewable nature. Biomass conversion to fuel and fine chemicals remains a potential option. Biofuels such as biodiesel are frequently recommended as an alternative resource because they are renewable, environmentally friendly, biodegradable, and less expensive to be produced in the long run [1,2,3]. Glycerol, which is a key by-product of biodiesel synthesis, has significant potential as a building block for high-value compounds, including glycerol ethers, 1,2-propanediol, 1,3-propanediol and glyceric acid [4,5]. The possibility of using biofuels as an alternative fuel for diesel engines has grown significantly during the last decade. At the same time, these techniques increased the crude glycerol output. Glycerol is manufactured from the by-product of the conversion of raw triglycerides into biodiesel with around 100 kg of glycerol being produced for every ton of biodiesel produced [5,6,7]. Glycerol production is inextricably related to biodiesel generation which has been the dominant source since 2003, accounting for 62% of the global glycerol supply in 2018. As a result, the key supply driver of biodiesel production must be factored into the market analysis of glycerol production. Between the years 2006 and 2019, global glycerol output increased from 1.7 million to 3.7 million metric tons [7]. In 2020, the value of the worldwide glycerol market was USD 1.68 billion. In the year 2020, the worldwide market expanded by 5.8%. Starting from the year 2021 to 2028, it was anticipated that there will be an increase from USD 1.76 billion to USD 2.53 billion in the market with a compound annual growth rate (CAGR) of 5.3%. This is due to the rising demand from the food, pharmaceutical and nutraceutical industries [8]. The condensation reaction between glycerol and other alcohols can produce glycerol ethers, which may improve the combustion qualities of gasoline. As a result, it is also termed a green fuel additive [9]. The rise in the generation of oleochemicals and biodiesel has led to the growth in glycerol production and caused surplus glycerol in the market. The price of glycerol has decreased due to its glut supply as a result of the major advancement in the manufacturing of biodiesel, thus making it a practical chemical for creating other value-added chemicals [10]. According to market data from 2003 to 2017, the crude glycerol price had decreased significantly due to an oversupply of glycerol with projections up to the year 2020 as shown in Figure 1 [11].



Since glycerol is a non-toxic, biodegradable, and edible substance, it can be an important raw ingredient for synthesizing value-added compounds [6,12]. Catalytic techniques such as etherification [13], dehydration [14], reforming [15], oxidation [16] and esterification [17] have been applied for the conversion of glycerol. Many researchers are interested in the etherification reaction because the mixture of tert-butyl ethers of glycerol, particularly di-ethers and tri-ethers, can be employed as biodiesel additives because they can promote cleaner combustion in internal combustion engines [18]. These ethers minimize particulate matter, carbon monoxide, hydrocarbons and aldehyde emissions while lowering the viscosity of biodiesel. Glycerides, which are lipids with a glycerol backbone, contain the glycerol backbone. Glycerol is divided into four categories, namely grade, source, application, and geography. Figure 2 depicts the application sectors of the worldwide glycerol market. Glycerol is used to grant the smoothness and lubrication properties to a variety of personal care and cosmetics items, which include toothpaste, soaps, shaving creams as well as skin and hair products. The personal care and cosmetics industries have been expanding at a rapid pace around the world due to the rise in hygiene awareness, increased demand for sector products and the rise in female employment. During the COVID-19 pandemic, the demand for glycerol in soaps, hand wash and detergents soared, particularly from the personal care business [7].



Glycerol is an ideal chemical product since it can be used to create di-, tri-, tetra- or polyglycerols, thus increasing the yield of the biodiesel production process. Glycerol molecules condense during the etherification process in order to generate di-glycerol and tri-glycerol, which can have a linear, branching or cyclic shape. The final form of the molecule is determined by whether condensation occurs at the primary or secondary hydroxyls. Intramolecular condensation can potentially impact the ultimate structure of the product. Continuing the process will cause polyglycerols to have greater molecular weight, which is undesirable [7,18]. Research works are still ongoing to improve the yields for lower-degree polyglycerols such as di- and tri-glycerol. As a result, developing a suitable catalyst with exceptional characteristics that can achieve high glycerol conversion while simultaneously providing higher levels of desired polyglycerols such as di and tri-glycerol has remained a major scientific issue. Recent advancement in the field of glycerol etherification has focused on improving the yield and conversion of polyglycerols and glycerol ethers using both solvent-free and solvent-based methods. These include the use of heterogeneous base catalysts [13], acid catalysts [19], heteropolyacids-catalyzed reactions [20], alcohol solvents [19,20,21,22,23] and olefin solvents [21,23,24]. The thermodynamic properties of glycerol ethers were also studied because reliable thermodynamic data is critical for the development of new technology [25]. Previously, the majority of review works had focused on glycerol production via microbial fermentation [26], using glycerol as an energy source [27], the significance of crude oil towards a more sustainable renewable energy industry [28], value-added uses of crude glycerol [29], production and use of glycerol as a raw material [30], valorization of glycerol [31], glycerol reforming in hydrogen production [18], glycerol valorization in producing oxygenated fuel additives [32], advances in thermo-, photo- and electrocatalytic glycerol oxidation [33], steam reforming of glycerol [34], and the function of catalysts in the formation of short-chain polyglycerol [7]. However, there is a scarcity of literature that discusses on the mechanisms of the glycerol etherification process in detail. A better understanding of various chemical pathways and products generated may help to improve the yield of glycerol etherification. This would also guarantee that the optimum mechanism is examined in more detail and refined, yielding the highest possible yield of glycerol conversion with the best possible selectivity to the desired product. As a result, the primary goal of this review is to provide additional insight into the fundamental mechanism of the glycerol etherification process which lacked emphasis in comparison to the other review papers on this topic that were published.




2. Glycerol Catalytic Conversion Pathways


Pharmaceutical, personal care and polyether are the three most common applications of glycerol which account for 18%, 16% and 14%, respectively [35]. Glycerol is also used in the production of varnishes, inks, detergents, adhesives, synthetic varnishes, explosives and regenerated celluloses in the industrial sector [36]. Nonetheless, in order for glycerol to be used as an additive in various applications, it must be purified and refined according to the needs of each sector. This can be accomplished by using different customized catalysts for each pathway to ensure optimal selectivity and glycerol conversion, which is shown in Figure 3 [37].



During acetalization, glycerol reacts with C=O molecules to produce isomeric six-membered (1,3-dioxane) and five-membered (1,3-dioxolane) cyclic compounds. However, for the application of a six-membered acetal that has a maximum conversion of 72% and selectivity of 60%, no equivalent ratio of those products has been documented [38]. Under solvent-free conditions at 55 °C, 100% conversion and 99% yield to solketal were achieved with high catalyst loadings (10 wt%) and high heteropolyacid loadings (20 wt% of phosphotungstic acid) [39]. However, heteropolyacids usually exhibit poor thermal stability, limited regeneration ability and minimal surface area [40]. Glycerol acetylation creates acetins (mono-, di- and tri-esters of glycerol), which are extensively used as fuel additives [41]. Acetins are widely synthesized commercially by using homogeneous Bronsted acid-catalyzed method with acetic acid. However, homogeneous acid catalysts are caustic, non-reusable, difficult to separate from the reaction mixture, and water sensitive. Novel catalyst preparation approaches to incorporate a range of active sites across the matrix surface have been used to solve these difficulties [42]. Glycerol ammoxidation involves producing acrylonitrile directly using mono- and mixed-oxide catalysts. The catalysts must be chosen carefully to ensure that the ammonia does not block the acidic centers of the catalysts. A total conversion rate of 100% with a selectivity of 48% had been reported [43]. With the use of unpromoted molybdenum catalysts that were supported on gamma-alumina (10% Mo/-Al2O3), 26% nitriles were produced. The amount of weak/moderate acid sites on the support surface as well as the molybdenum content and oxidation states are significant criteria for catalyst tuning [44]. Acrolein, which is one of the most important glycerol dehydration products, is used to make a variety of compounds such as 1,3-propane diol, methionine, and pyridines. The acidity and textural qualities of the catalyst are particularly important in this reaction. The synthesis of acrolein is more favorable at medium to strong acid sites. However, stronger acid sites may also stimulate the creation of coke, which results in faster catalyst deactivation [14]. Dehydration of glycerol to value-added acrolein using zeolite catalysts was recently reported with 100% glycerol conversion and strong acrolein selectivity (88%). On the other hand, the shape of the catalysts with lengthy channels showed slow internal diffusion, resulting in more polymerization side reactions and coke generation [45]. Glycerol esterification is traditionally carried out with homogeneous Bronsted acid catalysts, which are highly corrosive and have several technical and environmental problems. As an alternative, heterogeneous catalysts demonstrate good activity in the esterification reaction. However, their costs, complicated synthesis and functionalization procedures, pore size limitation and reutilization remain unresolved challenges for industrial applications [46]. Amberlyst-35 catalyst was used in the procedure, which resulted in 65% selectivity and nearly 100% glycerol conversion [47]. Catalytic glycerol etherification for profitable polyglycerol (particularly di- and triglycerol) synthesis is one of the promising waste glycerol utilization technologies [7]. Short and long-chain polyglycerols are produced by etherification of glycerol using magnesium-aluminum layered double hydroxides (LDHs), which is more effective in the presence of heterogeneous catalysts (Mg:Al molar ratio of 1:1) with a selectivity of more than 99% towards short-chain polyglycerols and 52.1% glycerol conversion [13]. The most researched metallic catalysts such as palladium (Pd), platinum (Pt) and aurum (Au) are used to oxidize glycerol in order to create glyceraldehyde, dihydroxyacetone and glyceric acid. During the oxidation of glycerol, platinum-based catalysts were deactivated due to oxygen poisoning. Consequently, many methods were proposed to reduce the deactivation of the platinum catalyst. The use of a Pt–Au catalyst could prevent deactivation but also reduces the selectivity toward glyceric acid by 3%, especially at long reaction periods (t = 3 h). However, the catalyst still achieved high glycerol conversion at 97% [48]. Platinum-based electro-catalysts possess good chemical stability and high catalytic activity, but they are rare in nature, expensive and can cause CO poisoning. The creation of strong adsorption intermediates on the surface of electro-catalysts indicates a decrease in their activity throughout the oxidation reaction [16]. Hydrogenolysis is a type of reduction reaction that involves the breakdown of chemical bonds in an organic substrate and the simultaneous addition of hydrogen to the resultant molecular fragments to produce mainly 1,2-propanediol (1,2-PD) and ethylene glycol. Alumina-supported copper catalysts achieved 100% conversion with 96.9% selectivity for 1,2-PD and 1.4% selectivity for ethylene glycol. On the other hand, Cu-based hydrogenolysis catalysts are unique to the conversion process of glycerol to 1,2-PD. Other types of hydrogenolysis catalysts should be developed to obtain other products [49]. This is because the three-dimensional continuous large pore structure was extremely active and selective for 1,3-propanediol (1,3-PD). It enables the entry of the reactant and the exit of the product, tungsten-doped siliceous mesocellular foams (W-MCFs) that were supported by Pt catalysts. Pt/W-1.5MCFs with a 1.5 mass ratio of 1,3,5-trimethylbenzene (TMB) recorded the best activity and 1,3-PD selectivity among the Pt/W-MCFs catalysts. With a selectivity of 65% at high glycerol conversion, the greatest 1,3-PD yield of 63% was achieved [50]. Hydrogen was produced from glycerol reformation using a two-stage fixed bed device. The first fixed bed employed a calcined dolomite catalyst, whereas the second fixed bed used a nickel-based catalyst to produce hydrogen from glycerol steam reforming. The results showed that both the hydrogen yield and carbon conversion increased when the temperature was increased. As the temperature approached 800 °C, the rates of hydrogen output and carbon conversion were reduced. The hydrogen output was as high as 84.3% under ideal reaction conditions, while the carbon conversion was recorded up to 88.23% [51]. Among the various pathways available to utilize glycerol, the etherification of glycerol to polyglycerols is gaining importance due to the possibility of controlling their hydrophilic-lipophilic balance. Even though various reactions using allylic ethers, glycidol or epichlorohydrin can be used to produce polyglycerols, etherification of glycerol is a more environmentally friendly method [52]. Table 1 gives a summary of the catalyzed glycerol conversion processes, highlighting the benefits and drawbacks of each procedure.




3. Glycerol Etherification Experimental Setup


A solvent-based glycerol etherification reaction was carried out in a stainless-steel autoclave reactor with a Teflon inner layer at temperatures ranging from 80 °C to 160 °C. On a high throughput batch reactor system that was made up of ten independent stainless-steel autoclave reactors with mechanical stirring, the autoclaves were maintained in an oil bath and were vigorously swirled by a magnetic stirrer [11]. The reaction mixture was heated to 70 °C in 0.5 h, whereas each reaction typically lasted for 7 h at the reaction conditions [12]. A stainless-steel jacketed batch reactor was subjected to a stirring frequency of 1200 min−1 in order to limit the influence of external mass transfer phenomena [55,56]. Fixed bed flow reactor was also used for this reaction in a temperature range of 70 °C to 110 °C [57] with various pressure conditions such as vacuum pressure with continuous removal of water which was formed during the reaction [58], autogenous pressure of 0.5 MPa [15] up to 1.5 MPa [16,59] as well as specified pressure in the range of 2.5 bar at room temperature and upon heating to 80 °C [60] for 40 min which increased the pressure from 12 bar [61] to 20 bar [62]. The effect of various solvents (e.g., tert-butyl alcohol, isobutene, benzyl alcohol, ethanol and isoamylene) on glycerol molar ratio from 1 [58] to 20 [63] had been studied, while the reaction temperature ranged from 60 °C to 200 °C, depending on the solvent used in etherification. The glycerol etherification was conducted over different catalysts with the concentration that varied from 1.5 wt% [64] to 33.3 wt% [65] for a reaction time of 0.25 h [66] up to 72 h [62]. The solvent-free glycerol etherification was carried out at atmospheric pressure in a three-necked round bottom flask [23,24,25,26,27,28] or microwave reactor [67,68,69,70,71,72]. The etherification reaction was conducted at a temperature ranging from 200 °C [73] up to 280 °C [74,75] in the span of 3 h [67] up to 24 h [76,77,78,79] under a continuous nitrogen gas flow to prevent the oxidation of glycerol. Water, which was the by-product of solvent-free glycerol etherification, was removed from the reaction vessel using the Dean–Stark distillation apparatus [23,24,25,26,27,28]. The reaction was catalyzed over different catalysts with concentrations ranging from 0.5 wt% to 5 wt% under continuous stirring [80].




4. Reaction Mechanisms


The study of the fundamental reaction mechanism is vital for a variety of reasons, including improving chemical reactions and exploring alternate reaction paths. In the case of glycerol etherification, an in-depth look at the reaction mechanism reveals the various types of reaction mechanisms available for converting glycerol into short-chain polyglycerols, thus allowing the selection of reaction conditions that favor one path over another and predicting the outcome of relatively unknown reaction pathways. Figure 4 depicts numerous forms of glycerol etherification reaction mechanisms. They can be divided into three types, namely alcohol solvents, olefin solvents and solvent-free methods. Table 2 highlights the benefits and drawbacks of each type of solvent and solvent-free approach.



4.1. Glycerol Etherification with Alcohol Solvent


4.1.1. Tert-Butyl Alcohol (TBA)


Tert-butylation of glycerol is the process of etherifying glycerol via tert-butyl alcohol (TBA). The glycerol ether bond is formed between one carbon atom in glycerol and one tert-butyl group that is contributed by TBA during the etherification reaction. This etherification produces three general ethers, which are mono tert-butyl glycerol ether (MTBG), di tert-butyl glycerol ether (DTBG) and tri tert-butyl glycerol ether (TTBG). 1-tert-butoxypropane-2,3-diol and 2-tert-butoxypropane-1,3-diol are the structures of MTBG, while 1,2-di-tert-butoxypropan-3-ol and 1,3-di-tert-butoxypropan-2-ol are the structures of DTBG. 1,2,3-tri-tertbutoxypropane is the sole TTBG product formed. The reaction mechanism of glycerol etherification with TBA is shown in Figure 5 [41]. Besides that, the dehydration of TBA to isobutene (IB) is an independent side reaction that not only results in the undesired consumption of glycerol but also produces 3 wt% to 6 wt% of IB in the product mixture, depending on reaction conditions [56,66,81,82,83,84,85,86,87,88,89,90,91]. The production of isobutene was aided by the concentration of H3O+ ions in the reaction pathway. These ions were formed because of the hydrolysis of Sn2+ cations through water that were produced during the dehydration of alcohol [113,114]. Moreover, the formation of IB will trigger another side reaction, which is the dimerization of isobutene, leading to the formation of di-isobutene (DIB) [56,81,82,84,89]. Several researchers did not observe the formation of DIB in the glycerol etherification process when amorphous organosilica-aluminum phosphates were being utilized [86]. These two observed side reactions were facilitated by the high reaction temperature of 105 °C for MP-SO3H-8 catalyst with glycerol (Gly):tert-butyl alcohol (TBA) with a mole ratio of 1:4 [83] and 120 °C for C(10)AlPO(1.5)-250 catalysts under conventional heating with Gly:TBA that had a mole ratio of 1:4 [89], high acidity of catalyst (1.2 mmol SO3H/g) for C(10)AlPO(1.5)-250 catalysts [89] as well as high catalysts loading of above 2.5 (w/v)% TPA/H-β. Instead of glycerol etherification, high catalyst loading can catalyze TBA oligomerization to DIB [82]. Both the conversion and combined yield of di- and tri-ethers decreased beyond a molar ratio of 1:5 for Gly:TBA. Excess TBA concentration promotes the oligomerization process to generate DIB, which reduces the conversion and yield [82]. Glycerol etherification is not only affected by the number of Bronsted acid sites but also by shape selectivity mechanism of the product. In a study on zeolite catalysts with different Si/Al molar ratios and shapes, BEA catalysts with aggregated crystals demonstrated 61% glycerol conversion, 74% selectivity towards MTBG and 26% selectivity towards h-GTBE. The wide pores in the zeolites contributed to the synthesis of di-substituted ethers at a substantially lower glycerol conversion [115]. Additionally, the catalytic capability of acidic HCLIN catalyst as a sustainable green resource in etherifying glycerol was assessed. The activated HCLIN300 catalyst exhibited the highest activity (300 °C of temperature with a duration of 1 min). Tert-butanol was used to convert glycerol to mono and di-ether at a rate of 78% over the course of 4 h. Mono- and di-ethers had recorded 25% and 75% selectivity, respectively [116]. The etherification of glycerol with tert-butyl alcohol in the presence of acidic catalysts produces ethers (monoethers, diethers and triethers). The inclusion of solvents that specifically solubilize the desired products in addition to tert-butyl alcohol can change the thermodynamic equilibrium, which in turn limits the reaction. The addition of dibutyl ether causes the chemical equilibrium to change, thus boosting diether production. A stoichiometric ratio of glycerol:tert-butyl alcohol (G:TB = 1:3) and a 1:2 molar ratio of dibutyl ether:tert-butyl alcohol were determined to be the best operating conditions for maximizing glycerol conversion and selectivity towards diethers [117]. Amberlyst-35 produced the highest glycerol conversion of 87.8% [3] at 60 °C and 9 h of reaction time [5]. Stearic hindrance could lead to the formation of terminal mono-ether (1-tert-butoxypropane-2,3-diol) and di-ether (1,3-di-tert-butoxypropan-2-ol), resulting in only two products that were obtained from the etherification reaction [20]. Therefore, these unwanted side reactions will compete with the main glycerol etherification and reduce the yield of the desired products from glycerol etherification. The process by which glycerol tert-butyl ethers adsorb on acidic sites is shown in Figure 6. The proton from acid sites initiated a nucleophilic attack on the hydroxyl of tert-butyl alcohol, followed by the formation of a carbocation intermediate together with the removal of a water molecule. The carbocation intermediate could react with either the primary or secondary hydroxyl group of the glycerol molecule to form 1-tert-butoxypropane-2,3-diol or 2-tert-butoxypropane-1,3-diol, respectively. The formed diethers (DTBG) followed a similar mechanism to form triethers (TTBG) [118]. Ultimately, a variety of reaction circumstances could result in the formation of the by-product, IB which could then further react to produce DIB, thus lowering the desired yield of MTBG, DTBG and TTBG. According to the techno-economic feasibility of industrial production of biofuels via glycerol etherification reaction with TBA, the investment and operating costs for the entire process could be higher due to energy issues that were associated with the formation of water as the by-product [23].




4.1.2. Ethanol


As for the glycerol etherification with ethanol, the products include two mono-ethyl glycerol ethers (MEG), two di-ethyl glycerol ethers (DEG) and a tri-ethyl glycerol ether (TEG). In general, the etherification reaction consists of an ether bond formation between one hydroxyl group of glycerol and an ethyl group from the ethanol molecule and the loss of a water molecule via a condensation reaction, which is shown in Figure 7. The formation of diethyl ether (DEE) is the major independent side reaction from ethanol self-etherification, which can be attributed to the high ethanol-to-glycerol molar ratio and high reaction temperature [92,93,94,95]. The acidity of the catalyst favors the formation of DEE, which reduces glycerol [93]. A recent study on glycerol etherification with ethanol in a fixed bed reactor catalyzed by Amberlyst 15 found that the best conditions were temperature (269 °C), 12:1 molar ratio of ethanol:glycerol, catalyst quantity (0.78 g) and pressure (2.5 MPa), which resulted in 97% glycerol conversion [119]. Two mechanisms for glycerol etherification with ethanol were proposed. In the first proposed mechanism, an oxone ion is generated via the protonation of glycerol on a Bronsted acid, which eventually reacts with the ethanol to form mono ethyl glycerol ethers as shown in Figure 8A. The other proposed mechanism indicates that the formation of glycerol ethyl ethers can proceed via an SN2 mechanism which involves the glycerol molecule that initiates a nucleophilic attack on the protonated ethanol with the loss of a water molecule as depicted in Figure 8B. Figure 8C shows the formation of diethyl ether, which also follows the SN2 mechanism as the protonated ethanol molecule acts as an electrophile while another ethanol molecule acts as a nucleophile [118].




4.1.3. n-Butanol


When glycerol is etherified with n-butanol, it produces glycerol ether products that are bonded with the substituted butyl groups, which include two mono-butyl glycerol ethers (MBGE), two di-butyl glycerol ethers (DGBE) and a tri-butyl glyceryl ether (TBGE): 1-((1,3-dibutoxypropan-2yl)oxy)butane, which is shown in Figure 9. In Figure 10, dehydration of butanol to butane, isomerization of butane to isobutene (IB), dimerization of butanol to butyl ethers and oxidation of butanol to butyraldehyde are several potential side reactions of n-butanol. It has been observed that butanol has an independent side reaction in the etherification of glycerol with n-butanol over various acidic metal catalysts, resulting in the synthesis of dibutyl ether (DBE). The monophasic reaction medium accounts for the high solubility of glycerol in alcohol. However, no glycerol conversion was detected under these conditions because a temperature of 70 °C was insufficient to promote the activation of the linear alcohol [117]. The product selectivity to glycerol ethers can only be better controlled by operating at moderate conditions, even though a reaction temperature as high as 200 °C was found to be favorable in terms of glycerol conversion in order to attain up to 90% conversion. At higher temperatures, the contribution of side dehydration and self-etherification of both n-butanol and glycerol may become competitive [96]. Under the temperature of 150 °C, the production to butyl glyceryl monoether and conversion of n-butanol were recorded for 45% and 91% correspondingly, while the minimal catalyst loading of 3 mol% H+ reduced the production to DBE by-product to 6% [97]. The reactivity of glycerol and n-butanol within an autoclave under the temperature of 140 °C along with a dry Amberlyst-36 catalyst resulted in a 98% conversion of glycerol with an 88% product selectivity. In the presence of glycerol, the denser the structure of the sulfonated cation exchange resins, the lower the selectivity of the by-product DBE [98].




4.1.4. Benzyl Alcohol


The prominent products obtained from the etherification of glycerol (Gly) with benzyl alcohol (BA) include two mono-benzyl glycerol ether isomers (ME), two di-benzyl glycerol ether isomers (DE) and tri-benzyl glycerol ether (TE) as illustrated in Figure 11. Each reaction is reversible and controlled by the equilibrium concentration of the intermediates formed. The formation of dibenzyl ether (BE) from the dimerization of benzyl alcohol will reduce the yield of the desired product as it competes with benzyl alcohol when utilizing benzyl alcohol in the glycerol etherification reaction [99]. The H+ ions are available for the protonation of BA, thus resulting in the loss of a water molecule and becoming a primary carbocation. It is then attacked by either a glycerol molecule or another BA, leading to the formation of BE. The retention of the water molecules could also lower the yield of dibenzyl glycerol ethers and tri-benzyl glycerol ethers as it shifts the equilibrium towards the reactants [19]. In addition to the BE, other undesired by-products such as toluene, benzaldehyde and stilbene have been detected but in very low concentrations as shown in Figure 11 and Figure 12 [99]. The benzylation of glycerol was described as an SN2 reaction with the generation of benzyl cations on catalyst surfaces as shown in Figure 13. There are three competing reactions involved, including the reaction of benzyl cation in situ production with glycerol to generate mono-benzyl glycerol ether, the reaction of mono-benzyl glycerol ether with another benzyl cation to form di-benzyl glycerol ether, and the formation of dibenzyl ether via the process of self-etherifying benzyl alcohol [100]. Benzyl alcohol was etherified using zirconia-based heterogeneous acid catalysts, which were then modified with sulfuric acid that led to the formation of mono- and dibenzyl glycerol ethers. The conversion of benzyl alcohol rose between 120 °C and 140 °C, with the maximum BA conversion being achieved via the use of 2S/ZrO2 catalyst. The benzyl ether selectivity decreased as the Gly:BA initial mass ratio was increased. On the contrary, BE selectivity increased as the temperature was raised [121]. The Cs–SO3H catalysts provided 97% conversion and 79% selectivity towards mono benzyl glycerol ethers under reaction conditions of 3:1 Gly:BA alcohol molar ratio, 10% catalyst weight, 393 K, and 360 min of reaction time. The highest selectivity for the by-product BE was obtained using Cs–SO3H catalyst at the reaction temperature of 393 K and a molar ratio of 1:1. The presence of a significant amount of BE could be explained by the fact that the water formed in the reaction medium was not being eliminated [122].





4.2. Glycerol Etherification with Olefin Solvent


4.2.1. Isobutene


The reaction products of isobutene (IB) with glycerol (Gly) include two mono-ethers, two di-ethers and a tri-ether as shown in Figure 14A [103]. As an independent side reaction, the formation of the undesirable (E)-2,5-dimethylhex-3-ene from the dimerization of isobutene has been reported in many literature studies [56,101,102,103,104,105,106,107,108,109]. The dimerization reaction is thought to be irreversible, and the related products must be removed from the mixture since they tend to develop deposits in diesel engines [23]. The high acidity of the catalyst such as Amberlyst-15 (A-15) catalyst with a high acidity value of 4.5 (meqH+g−1cat) was ascribed to a large amount of DIB being produced (10.2%). Strong acid ion exchange resin enhances isobutene oligomerization as a side reaction and produces a considerable amount of DIB, which impairs glycerol etherification conversion and selectivity. Furthermore, the hydrophobic or hydrophilic characteristics of the surface catalyst could affect IB surface retention, which could influence the oligomerization reaction. For example, the presence of divinylbenzene matrix in A-15 catalysts may favor IB adsorption, thus encouraging DIB production [56]. Only 0.2 wt% of DIB was formed in carbon spheres that were prepared by hydrothermal treatment and immersed in concentrated HNO3 at room temperature, followed by an incipient wetness procedure using an alcoholic solution that contained 5% fluorinated ionomer that had an acidity value of 1.90 (meqH+g−1cat). A-15 catalysts with an acidity of 4.5 (meqH+g−1cat) which were used at a reaction condition of 4:1 molar ratio of IB: Gly under the temperature of 70 °C for 6 h with 7.5 wt% of catalysts resulted in the formation of 8.0 wt% DIB [101]. The production of DIB rose from 0.1 wt% to 0.5 wt% as the amount of catalyst rose from 1 wt% to 7 wt% when utilizing a sulfonated graphene catalyst (SG) that was produced by grafting with sulfonic acid. This demonstrated that high catalyst loading favors DIB production [104]. More di-isobutene is formed at high temperatures because the rate of isobutene dimerization is temperature-sensitive. Furthermore, at a 3:1 molar ratio of IB/G mole under the temperature of 80 °C, the selectivity of isobutene to produce glycerol ethers was optimal, while surpassing this stoichiometric ratio resulted in excessive DIB synthesis [109]. Insight into the relationships between catalyst structure and performance can be gained from the differences in acid strength for resin catalysts via different levels of cation exchange. It had been reported that basic ion exchange resins such as Amberlyst-15 (dry) enhanced the selectivity of the desired glycerol ethers when it was treated with an aqueous solution of sodium nitrate for 12 h at room temperature for the interchange of sodium ions, whereas isobutene dimerization was suppressed as acid strength increased. According to phase behavior analysis, the reaction mixture of glycerol and isobutene separates into two liquid phases throughout the reaction. The generated mono-ethers of glycerol thermodynamically promote the homogeneity of the two liquid phases, thus accelerating the reaction rates due to the availability of isobutene on the active sites. It is hypothesized that increasing the concentration of isobutene in the reaction phase causes all reactions to accelerate [123]. Due to the sheer invariant concentrations of reactants in the reaction phase, the initial rate of mono-ether synthesis from glycerol and isobutene was independent of the starting composition. It has been discovered that the glycerol-isobutene reaction speeds up the conversion of glycerol by boosting the solvation of isobutene in glycerol as the mono-ethers are produced and persisted in the reaction system [124]. The best heterogeneous catalytic results for glycerol etherification with isobutene using Amberlyst-39 wet catalysts were 100% glycerol conversion with 93% selectivity towards Sh-GTBE over an 8-h reaction time with reaction conditions of 60 °C, 7.5 wt% of catalyst loading and a 4-molar ratio of [125].




4.2.2. 1-Butene


The etherification of glycerol with 1-butene involves a set of consecutive equilibrium reactions to produce mono-ethers, di-ethers, and tri-ethers as products. These products include two mono-butyl glycerol ethers, two di-butyl glycerol ethers and a tri-butyl glycerol ether. The undesired side reaction was the formation of a dimer (di-1-butene) from the dimerization of 1-butene, whereby the solvent was consumed in a large proportion that could affect the formation of the desired ethers. The reaction mechanism for glycerol etherification with 1-Butene is shown in Figure 15A, while Figure 15B shows the reaction mechanism for dimerization of 1-butene. The acid sites of the catalyst protonate the double bond in 1-butene and convert it into a Lewis acid (electron acceptor), while the hydroxyl groups of the molecule of glycerol remain as the Lewis base (electron donor). The etherification reaction proceeds as the hydroxyl group reacts with the 2-butyl cation to form the C-O single bond and yield the mono-ether molecule. The position of the hydroxyl group in the glycerol molecule that reacts with the protonated 1-butene determines the possibility of forming two mono-ethers. The generated mono-ethers reacted with another cation intermediate to form a dative bond with an unshared pair of electrons from the oxygen atom in a secondary hydroxyl group that could be either in position 2 or position 3, resulting in the formation of 1,2-diether or 1,3-diether, respectively [62]. Furthermore, when high di-ether selectivity is required, the 1-butene conversion is highly dependent on the flow rate of glycerol. This means that even minor perturbations will cause major changes in the 1-butene recycle rate, and this phenomenon is known as the “snowball effect” [126]. For the formation of ethers from glycerol using 1-butene to be competitive, the price of the 1-butene must be decreased to half of its current price. 1-butene is a costly chemical product that raises the cost of biofuels by a factor of three when compared to biodiesel synthesis. The primary goal will be to improve the economics of the 1-butene production process [110].




4.2.3. Isoamylene


Five ether products are obtained from the glycerol etherification with isoamylene, which consists of two mono-ethers, two di-ethers and a tri-ether. Figure 16 shows the tri-ether obtained from the reaction: 2-((1,3-bis(tert-pentyloxy)propane-2-yl)oxy)-2-methylbutane. A stable tertiary carbocation is formed due to the protonation of the double bond in the isoamylene molecules, which is followed by nucleophilic addition of the hydroxyl group to the glycerol in order to produce glycerol ethers. As reported in the studies using other solvents, an undesired side reaction takes place when isoamylene is reacted with glycerol in the etherification process. The undesired isomerization of isoamylene takes place when the tertiary carbonation produced by a similar mechanism undergoes a nucleophilic addition with the double bond of another unprotonated isoamylene molecule, resulting in the formation of undesired isoamylene oligomers [111]. This may be related to the thermal stabilities of both isoamylenes, whereby the relative stability is determined by the number of alkyl groups bonded to carbon atoms with double bonds. Hence, the olefins are more stable as the number increases [127]. Regardless of temperature, etherification reactions of glycerol with isoamylenes produce fewer mono-ethers but higher selectivity for di-ethers and tri-ethers. It is justified by the exceptional insolubility of glycerol in the non-polar phase, which is entirely made up of isoamylenes. The synthesis of mono-ethers appears to be the limiting step in the reaction system. It can be suggested that the inability of isoamylenes to solvate glycerol molecules can be enhanced with the use of appropriate solvents. At high temperatures, mono-ethers can easily react with isoamylenes to create di-ethers and to a lesser extent, tri-ethers. Due to the severe steric hindrance of the interaction between di-ethers and isoamylenes, the yield of tri-ether is very low in all reactions. Glycerol conversion generally increases with temperature. This is due to the improved kinetic as well as an increase in glycerol solubility in the reaction mixture. At 313 K, it can produce 2.2% glycerol conversion and a total yield of 2.2% on mono-ethers, di-ethers, and tri-ethers at a glycerol:isoamylene molar ratio of 1:1, whereas 348 K produced 7.7% conversion and a total yield of 7.1% [128].





4.3. Solvent-Free Glycerol Etherification


Glycerol etherification that does not utilize any solvent is referred to as oligomerization of glycerol which produces short-chain oligomers of glycerol, while long-chain oligomers are referred to as polyglycerols. Through the condensation reaction, two glycerol molecules unite to produce a diglycerol molecule with the elimination of a water molecule. The formed diglycerol molecules can exist in either a linear, branching, or cyclic configuration as shown in Figure 17. 4,4′-oxybis(butane-1,2-diol) is a linear diglycerol that is generated by the removal of a water molecule when it was combined with another glycerol molecule that produces a linear triglycerol, 3,3′-[(2-Hydroxy-1,3-propanediyl)bis(oxy)]di(1,2-propanediol). Further interaction with diglycerol will result in the formation of polyglycerol. The length of polyglycerol depends on the number of glycerol or diglycerol oligomers that are joined together [72].



The two different kinds of glycerol etherification processes are base- and acid-catalyzed reactions, which start with an acid-base contact and then progress to a catalytic reaction. The reactant serves as a base and the catalyst serves as an acid in an acid-catalyzed reaction, whereas the reactant serves as a base and the catalyst serves as an acid in a base-catalyzed reaction. The acid site of the catalyst protonates a hydroxyl group of a glycerol molecule, which is then followed by the nucleophilic attack of a hydroxyl group of another glycerol molecule. Finally, an ether is formed with the removal of a water molecule and is deprotonated to yield 4,4-oxybis(butane-1,2-diol), which is also known as diglycerol molecules. Similar reaction mechanism steps are repeated for the formation of consecutive oligomers of glycerol. Figure 18A shows two possible pathways by which this reaction can proceed: SN1 (through a carbocation) and SN2 (by a direct nucleophilic interaction). The acidic catalysts will catalyze the undesired side reaction, which is the dehydration of glycerol as shown in Figure 18B. It is then possible to extract the protonated hydroxy group as a water molecule. The hydroxy aldehyde is produced when a carbocation forms, which releases a proton. In a similar manner, the production of acrolein is caused by the double elimination of water from glycerol [112].



A 100% glycerol conversion was obtained in the presence of a 3 wt% H2SO4 catalyst in 4 h on stream (TOS) at a temperature of 220 °C along with 24% and 31% di- and triglycerol selectivity, respectively [129]. Despite being more rapid, the acid-catalyzed etherification reaction is less selective because of the greater level of oligomerization that involves secondary compounds formed through dehydration and oxidation reactions. Tetra-, penta- and hexa-glycerol are likely to be produced in this reaction as dehydrated derivatives of glycerol such as alkenes, aldehydes, and ketones [7]. The production of acrolein from glycerol has been observed with an acid catalyst in the liquid phase such as sulfuric or phosphoric acid derivatives or in the gas phase with supported or non-supported tungsten and zeolite [112]. Acrolein, which is a large molecular weight molecule produced by an acid catalyst under the temperature between 250 °C and 350 °C when etherifying glycerol, could devour existing glycerol and reduce the selectivity of the desired products [130]. While homogeneous base catalysts showed higher linear glycerol selectivity, homogeneous acidic catalysts performed better at converting glycerol. The solubility and basicity of the catalysts are crucial in the reaction of glycerol etherification [7,131]. For base-catalyzed glycerol etherification, the reaction mechanism for glycerol etherification over a basic catalyst is shown in Figure 19. A hydroxyl group is deprotonated as part of the reaction. Then, the resulting alkoxy anion attacks the carbon atom of a second glycerol molecule while losing one water molecule. One of the hydroxyl groups in the glycerol molecule is protonated because the basic state offers enough hydroxyl ions to start the nucleophilic attack. The protonated molecule can then be combined with a different glycerol molecule. As a result, the protonated glycerol molecule attacks the hydroxyl group on another glycerol molecule [132,133].



As a result of their significance in cosmetic, pharmaceutical, and food industries, short-chain linear polyglycerols such as di- and triglycerol have long been the subject of research. Short-chain polyglycerol synthesis using solvent-free glycerol etherification has used both homogeneous and heterogeneous catalysts. Due to their high solubility in glycerol and polymeric product, homogeneous alkaline catalysts enable rapid reactivity and avoid cyclic oligomers from being produced. However, homogeneous catalysts are not preferred because they are difficult to isolate and are not environmentally friendly [7]. Na2CO3 is frequently used for homogeneous catalysis in the process of etherifying glycerol. Prior studies suggested that it performed well due to its high alkalinity, which promoted glycerol conversion and the synthesis of short-chain polyglycerol [80,132,134]. The highest glycerol conversion obtained by a 2 wt% Na2CO3 catalyst at 260 °C in 8 h was 96% with 81% selectivity towards di-, tri- and tetraglycerols [135]. Heterogeneous catalysts have a number of advantages over homogeneous catalysts such as being easy to split up, inexpensive and renewable. According to the International Union of Pure and Applied Chemistry (IUPAC), heterogeneous base catalysts employed in solvent-free glycerol etherification can be divided into three categories: microporous (pore size: <2 nm), mesoporous (pore size: 2–50 nm), and macroporous (pore size: >50 nm) [136]. The maximum glycerol conversion of 98% was achieved using a Li/zeolite Y microporous catalyst with 21% and 32% selectivity towards di- and triglycerol, respectively, at 240 °C for 8 h with a 2 wt% catalyst loading. The catalysts had high basic strength, which was determined by Hammett Indicator analysis (9 < H < 15) [137]. X-type zeolite heterogeneous catalysts using alkali metal cations (Li+, Na+, and K+) for the direct etherification reaction of glycerol demonstrated an increase in glycerol conversion but lower diglycerol and triglycerol selectivity due to increased oligomer formation. The catalytic activity for glycerol conversion was found to be XZ-K > XZ-Li > XZ-Na, whereas the selectivity for DG and TG was found to be XZ-Li > XZ-Na > XZ-K [138]. By displaying a rise in the amount of solid basic regions as well as high total basicity and Ca dispersion, the structural firmness of intact MgAl mixed oxides is enhanced by Ca-MgAl ternary mixed oxides [139]. Ca1.6Al0.4La0.6O3 mixed metal oxide catalyst had the maximum conversion of 96% with 52% selectivity towards diglycerol for 2 wt% catalysts at 250 °C in 8 h for the mesoporous structure. In this study, triglycerol selectivity was not recorded [139]. The hydrotalcite catalyst with a Ca/Al ratio of 2:1 with a macroporous structure produced the greatest glycerol conversion of 84%, with diglycerol selectivity of 29% and triglycerol selectivity of 20%. The overall catalyst yield was 59% at 2 wt% catalyst loading and 235 °C for 24 h [71]. Mildly alkaline metal-based inorganic salts (NaHSO4 and KHSO4) act as inhibitors to increase the selectivity of the homogeneous catalytic etherification reaction for diglycerol and triglycerol synthesis while suppressing the formation of higher oligomers by limiting the activity of the catalyst. 0.37 mol% of NaHSO4 demonstrated good catalytic activity in the presence of 0.5 mol% NaOAc under a temperature of 280 °C for 2 h, with the selectivity of diglycerol and triglycerol reaching 62.6% and 28.5%, respectively, and the lowest selectivity of 9% towards other compounds [140]. Similar results were obtained from a study on the heterogeneous catalytic etherification of glycerol using the same inhibitor. The function of additive as an inhibitor reduced the conversion of glycerol, but the reaction conditions were improved by adjusting the concentrations of additives and reaction times to increase the yields of diglycerol and triglycerol. Under optimal conditions, the maximum yields of diglycerol and triglycerol were reported to be 54.1% and 21.3%, respectively, with glycerol conversion as high as 85.4% [141]. The temperature of 210 °C was the lowest temperature reported for a solvent-free glycerol etherification reaction that employed a tetra metallic hydrotalcite (MgO/NiO/ZrO2) with varying Ni loading. The catalytic data revealed a maximum glycerol conversion of 55% with full selectivity towards diglycerols after 24 h of reaction. Increased reaction temperature promotes the creation of triglycerol and tetraglycerols, resulting in uncontrolled polymerization and the production of compounds of low industrial interest [142].





5. Future Recommendations


Converting glycerol via glycerol etherification into value-added molecules has been investigated due to its broad availability, renewability, and unique properties. According to the assessment, each mechanism has its own set of processes that lead to the formation of the desired end products. Despite these drawbacks, solvent-based mechanisms have been extensively studied in the past, and their applications are suitable for a wide range of industrial applications. Solvent-free glycerol etherification has gained popularity lately, thus allowing for more novel mechanistic routes to be proposed. Water molecules are common by-products of the reaction, and water separation is a relatively straightforward process. Furthermore, the solvent-free process eliminates the need for a high-pressure apparatus, thus lowering the expense of the etherification procedure. As a result, more industrial production may use solvent-free glycerol etherification because it is more commercially viable and environmentally friendly. One of the difficulties which many researchers often encounter is the selective etherification of glycerol to produce the appropriate fraction of polyglycerols, specifically short-chained polyglycerols (di- to pentaglycerols). Future research should focus on solvent-free selective etherification of glycerol in order to create short-chained polyglycerol under less stringent circumstances such as shorter heterogeneous catalyst preparation times, reaction temperatures between 200 and 220 °C, and more effective reactor setup modifications such as a comparison study between fixed bed and fluidized bed reactor system, high-pressure vessel during catalysts synthesize, incorporating the usage of ultrasonication or microwave irradiation during the etherification. This will encourage the development of short-chained polyglycerol-based surfactants that suit the requirements of the food and cosmetics industries.




6. Conclusions


By removing the mass transfer limitation between phases, it was claimed that adding tert-butyl alcohol (TBA) might prevent the development of isobutene oligomerization and increase the selectivity toward ethers. The usage of TBA as one of the feed reactants could reduce the selectivity for ethers due to the formation of water molecules during the reaction. Other studies had documented the impact of water content on catalytic activity resulting in high operational costs associated with TBA as solvent despite it favoring a lower pressure system. Since a substantial amount of diethyl ether was generated as a by-product of the process, a large amount of ethanol was required to achieve the appropriate level of glycerol conversion. Thus, rendering ethanol economically not feasible. Using n-butanol as a solvent that is susceptible to a variety of side reactions, including oxidation, dimerization, and dehydration results in decreased glycerol conversion. The reaction of aliphatic primary alcohols with glycerol is problematic when benzyl alcohol is utilized as a solvent. The production of the carbocation is the limiting step. The polarity variation between fatty alcohols and glycerol raises questions about miscibility. Moreover, the dimerization of the solvent further decreases the yield of the desired mono-ethers. Isobutene as a solvent improves catalytic performance for glycerol etherification, but more isobutene is required for the same amount of glycerol. Since the reaction only requires medium-strength acid sites to form carbenium ions, the presence of acid catalysts affects the conversion. Higher acid concentrations may result in the production of undesirable di-isobutene, which could also be produced at higher reaction temperatures; hence, reducing glycerol etherification conversion and selectivity. A major disadvantage of this solvent is the huge amount of 1-butene consumed during the side reaction. As a result, the hydroxyl group that is accessible for the glycerol etherification step is limited. The undesirable isoamylene oligomerization that results from a nucleophilic addition of tertiary carbocation reduces the intended conversion ratio of glycerol ether, placing the solvent out of favor for further optimization. Solvent-free glycerol etherification research is gaining attraction since the by-product created is primarily water, which can be eliminated from the reaction. In this regard, the solvent-free etherification process may offer various benefits. Using an acid catalyst in a solvent-free glycerol etherification process could result in an unwanted side reaction that involved glycerol dehydration, whereby the twofold elimination of water from glycerol leads to the formation of acrolein. The catalytic results of base-catalyzed solvent-free glycerol etherification was promising with no significant acrolein production. Homogeneous alkaline catalysts offer quick reactivity while preventing the development of cyclic oligomers. Homogeneous catalysts, on the other hand, are not chosen since they are difficult to isolate and are not ecologically benign. In comparison to homogeneous catalysts, heterogeneous catalysts have a number of benefits, including being cheap, renewable, and simple to separate. Nevertheless, the reaction is unstable towards ambient water and carbon dioxide. For both academic research and industrial applications, glycerol transformation is a continuous process. Researchers can apply relevant fundamental knowledge of the reaction process to tweak existing methods or propose new ones to improve the selectivity and conversion of glycerol with minimal unwanted side products and environmental problems.
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Figure 1. Global biodiesel production and crude glycerol price [11]. 
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Figure 2. Global glycerin market share by application in 2020 [8]. 
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Figure 3. Various glycerol catalytic conversion pathways [37]. 
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Figure 4. Types of reaction mechanisms for glycerol etherification. 






Figure 4. Types of reaction mechanisms for glycerol etherification.



[image: Catalysts 12 01487 g004]







[image: Catalysts 12 01487 g005 550] 





Figure 5. Glycerol etherification process with tert-butyl alcohol [91]. 






Figure 5. Glycerol etherification process with tert-butyl alcohol [91].



[image: Catalysts 12 01487 g005]







[image: Catalysts 12 01487 g006 550] 





Figure 6. Suggested process in developing 3-tert-butoxy-1,2-propanediol and 2-tertbutoxy-1,3-propanediol through absorbing tert-butyl alcohol upon acid regions [118]. 
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Figure 7. Reaction mechanism of glycerol etherification with ethanol [93]. 
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Figure 8. (A) Proposed mechanism in developing 3-ethoxy-1,2-propanediol and 2-ethoxy-1,3- propanediol via the protonation of glycerol [118]; (B) Proposed mechanism for the protonation of ethanol as the mechanism in developing 3-ethoxy-1,2-propanediol and 2-ethoxy-1,3-propanediol [118]; (C) Proposed mechanism for the formation of diethyl ether [118]. 
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Figure 9. Reaction mechanism of glycerol etherification with n-butanol [120]. 
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Figure 10. Potential side reactions of butanol as reactant [120]. 
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Figure 11. Reaction mechanism of glycerol etherification with benzyl alcohol [99]. 
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Figure 12. Undesired side reaction using benzyl alcohol as reactant [99]. 
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Figure 13. Benzylation of glycerol implying SN2 mechanism [100]. 
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Figure 14. (A) Reaction mechanism of glycerol etherification with isobutene [103]; (B) Reaction mechanism of dimerization of isobutene [103]. 
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Figure 15. (A) Reaction mechanism of glycerol etherification with 1-butene [62]; (B) Reaction mechanism of dimerization of 1-butene [62]. 
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Figure 16. Reaction mechanism of glycerol etherification with isoamylenes [111]. 
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Figure 17. Solvent-free glycerol etherification reaction forming linear-, branched- and cyclic-diglycerols [72]. 
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Figure 18. (A) Reaction mechanism for solvent-free glycerol etherification with acidic catalysts [112]; (B) Undesired side reaction leading to the formation of acrolein [112]. 
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Figure 19. Reaction mechanism for solvent-free glycerol etherification with basic catalysts [132]. 
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Table 1. Advantages and disadvantages of catalyzed glycerol conversion process.
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	Catalyzed Glycerol Conversion Pathways
	Advantages
	Disadvantages
	References





	Acetalization
	
	
Reduces the emissions of uncontrolled aldehydes, hydrocarbons, and carbon monoxide from conventional diesel fuel.



	
Potential building blocks for the production of green platform chemicals including 1,3-dihydroxyacetone and 1,3-propanediol.





	
	
Unfriendly to the environment due to the use of hazardous chemicals, laborious workup methods, and disposal of effluents.



	
Typically carried out at a high temperature and with a lengthy reaction time to produce one linear product and two separate cyclic products.





	[38,39]



	Acetylation
	
	
Rely heavily on Bronsted acid catalysts due to their low cost, greater product selectivity, and glycerol conversion ratio.





	
	
Poor catalyst stability and reusability because the catalysts are particularly susceptible to the water produced as a by-product during the reaction.



	
Environmentally harmful and extremely corrosive.





	[42]



	Ammoxidation
	
	
Selective green reaction that yields the required nitrile and water.



	
Highly selective for straightforward, less substituted products.





	
	
The presence of carbon oxides in various proportions as a result of inevitable total oxidation.



	
Complex molecule synthesis has undesirable side effects.





	[43]



	Dehydration
	
	
Cheap and easily accessible raw materials.



	
The by-product of the reaction can be re-employed to increase the efficiency of the reaction.





	
	
High running costs because corrosion is amplified by the liquid phase reaction.



	
Catalyst deactivation is accelerated by coke formation.





	[14,45]



	Esterification
	
	
Mostly performed using strong acid resins, allowing the reaction to proceed under benign reaction conditions.



	
Provides better selectivity to the desired products.





	
	
Extremely corrosive, posing technical and environmental issues.



	
Sulfur leaching and water adsorption cause a reduction in catalytic activity.





	[46,47]



	Etherification
	
	
Acid-catalyzed etherification reaction yields faster reaction



	
Base-catalyzed catalytic etherification reaction results in higher glycerol conversion and higher selectivity to favorable polyglycerol species.





	
	
Acid catalyzed reactions are unfavorable in terms of selectivity due to the increased degree of oligomerization with secondary product.





	[7,13,53,54]



	Oxidation
	
	
High selectivity and activity under base free conditions with platinum catalysts due to the lower energy barrier for the activation of the C-H bond.





	
	
Catalysts used suffer from deactivation due to oxygen poisoning at prolonged reaction durations.



	
Oxidation of secondary alcohol function of glycerol to obtain preferentially dihydroxyacetone, seems to be preferred only under acidic conditions.





	[16]



	Reduction
	
	
Combination of noble metal catalysts with acid allows the overhydrogenolysis products to be obtained in severe conditions.





	
	
Specific catalysts (Cu based) are required for the formation of desired product (1,2-PD)



	
Other combination of catalysts is required to produce other products of reduction (1,3-PD) in higher yield.





	[49]



	Reforming
	
	
Two stage reaction with anti-carbon deposition technology improved the hydrogen yield, carbon conversion and prolonged the shelf life of the catalysts.





	
	
High pressure for the supercritical water phase and corrosion to the reactor wall coupled with the low yield results the reaction to be uneconomical in an industrial standpoint.



	
The requirement of high temperature induces carbon formation and leads to catalysts deactivation.





	[51]
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Table 2. Advantages and disadvantages of solvent and solvent free approach.
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Types of Glycerol Etherification Mechanisms

	
Types of Solvent Used

	
Advantages

	
Disadvantages

	
References






	
Alcohol Solvent

	

	
Tert-Butyl Alcohol (TBA)






	

	
The reaction can be carried out at lower pressures.



	
Higher glycerol conversion and yield to mono-ether can be obtained with a low solvent to glycerol molar ratio.






	

	
Dehydration of the solvent produces isobutene, triggering another side reaction.



	
Oligomerization is facilitated by high solvent concentration, which lowers conversion and yield.



	
Excessive operating costs brought on by the energy needed to remove water as a byproduct.






	
[56,66,81,82,83,84,85,86,87,88,89,90,91]




	

	
Ethanol






	

	
Economically feasible reactions can occur under mild pressure settings.






	

	
A high solvent molar ratio and reaction temperature leads to the self-etherification of ethanol, yielding diethyl ether.






	
[92,93,94,95]




	

	
n-butanol






	

	
By-product formation is not initiated at lower temperatures.






	

	
Solvent susceptible to a variety of side reactions, including oxidation, dimerization, and dehydration.



	
Dehydration and self-etherification of n-butanol are favored by high temperatures.






	
[96,97,98]




	

	
Benzyl Alcohol






	

	
A lower solvent molar ratio promotes the production of mono and di ethers.






	

	
Solvent dimerization decreases the yield of the desired product.






	
[99,100]




	
Olefin Solvent

	

	
Isobutene






	

	
Does not necessitate the employment of a catalyst with a large number of acid sites, but rather of a catalyst with easily accessible acid sites






	

	
Solvent oligomerization results in di-isobutene (DIB), which reduces glycerol etherification conversion and selectivity.



	
More DIB formation is favored by higher temperatures.






	
[56,101,102,103,104,105,106,107,108,109]




	

	
1-Butene






	
Dimerization reactions are not facilitated by shorter reaction times.

	
The side reaction that results in the dimerization of 1-butene consumes a significant percentage of the solvent.

	
[110]




	

	
Isoamylene






	

	
Lower reaction temperatures favor the production of desired ethers.






	

	
Unwanted side reaction that produces solvent oligomers.






	
[111]




	
Solvent Free

	
-

	

	
Homogeneous alkaline catalysts provide swift reactivity while preventing the formation of cyclic oligomers.



	
Diglycerol and triglycerols are produced more readily at lower reaction temperatures.






	

	
Acid-catalyzed etherification reaction is less selective due to higher level of oligomerization.



	
The twofold elimination of water from glycerol leads to the formation of acrolein.






	
[7,28,112]
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