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Abstract

:

The use of Liquid Organic Hydrogen Carriers (LOHC) is one of the potential options to store hydrogen. Today, the vast majority of compounds used as LOHC come from the oil industry. Using biosourced LOHC would be a step forward in the development of this CO2-free solution. This article looks at LOHC candidates that can be obtained from biomass. The special case of formic acid and methanol, which do not fall within the definition of LOHC, is also considered. The synthesis of alcohols, polyols, amines, aminoalcohols and N-heterocyclic compounds from biosourced compounds is reviewed.
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1. Introduction


Liquid Organic Hydrogen Carriers (LOHC) are now well recognized as a potential solution to store hydrogen, either to be used onboard or on stationary equipment [1]. The storage/release system is based on the hydrogenation of hydrogen-lean molecules and dehydrogenation of the corresponding hydrogen-rich molecules. The LOHC systems can be classified into three categories: (a) the cycloalkane/aromatic couples, (b) the N-heterocyclic compounds and (c) other molecules. The two first categories represent more than 95% of the publications on LOHC and present the highest level of maturity. In a recent article, Modisha and Bessarabov share their opinion on the challenges concerning some of the most mature systems: benzyltoluene (BT) and dibenzyltoluene (DBT). The high dehydrogenation reaction temperature and the need for efficient, selective and stable catalysts are the major concerns [2]. The energy efficiency of the system is also seen as the major challenge by Li et al. [3] who investigated the benefits of waste-heat recovery in the global chain from the electrolyzer to the fuel cell. They demonstrate that it leads to better efficiency than traditional hydrogen storage options in the case of the use of LOHC and specifically DBT. Due to the reversibility of the hydrogenation/dehydrogenation reactions involved in the storing/releasing process, the source of the LOHC compounds may appear as a minor issue. Most of them come from the petroleum industry. However, due to the fact that cycling is never 100%, finding LOHC that can be bio-sourced appears as a necessary survey. Moreover, this can pave the way to the use of less nocive molecules.



Very few articles deal with the use of biosourced LOHC. Valentini et al. used biosourced formic acid (FA), methanol and isopropanol as hydrogen donors to hydrogenate platform molecules [4]. The molecules they obtain could also be seen as LOHC, but that is not the purpose of the paper. Theoretically, the term LOHC excludes FA and methanol because of the indirect reversibility of the reactions (CO2 is not captured from the dehydrogenation reaction). Nevertheless, the authors are committed to using bio-based products and it is one of the rare examples.



There are two approaches when it comes to finding the right LOHC candidate produced from biomass. The first one, a conventional approach, attempts to obtain molecules that have been proven to be efficient in this application, this time as green derivatives instead of petrol derivatives. The second one, a bolder approach, suggests new molecules due to their availability or ease of obtention and evaluates them with performance parameters in this field. Examples of both these approaches will be discussed in the following sections, presenting their particularities and giving insights on what direction research should follow in the future years to develop this new concept.



To begin with, it is necessary to understand the physical and chemical parameters that define an attractive LOHC pair. After identifying such criteria, the search in the biobased library of compounds becomes less demanding and more logical. The parameters to be considered, as recommended by Paragian et al. [5], Niermann et al. [1] and Rao and Yoon [6] are:




	
Storage capacity: The hydrogen-rich molecule in the pair is expected to have volumetric and gravimetric densities of about 56 kg/m3 and 6 wt.% or higher, respectively.



	
Dehydrogenation enthalpy: it must be less than or in the range of 40–60 kJ/mol H2 to enable the reaction to be carried out below 200 °C and at near-atmospheric pressures. This is key to introducing the LOHC system into a heat integration plan where waste heat supplies the dehydrogenation requirement.



	
Availability or ease of synthesis: LOHC pairs must be either widely available or easy to be synthesized, while also being inexpensive in order to satisfy economic constraints.



	
Synergy with catalysts: The hydrogenation/dehydrogenation cycle must be able to be undertaken at low temperatures by means of a low-production-cost catalyst. Either heterogeneous or homogeneous (but especially for the latter), the activity and stability, separation and recycling must be favored by the LOHC pair.



	
Material handling: it comprises a set of properties that facilitate the manipulation of the LOHC along the supply chain. The boiling point should be high enough (>300 °C) so the LOHC does not volatilize during dehydrogenation, implying an additional separation step prior to hydrogen utilization. The melting point should be low (<0 °C), avoiding possible solidification during storage and/or the use of solvents that ultimately reduce their storage capacity. Viscosity and eco-toxicity are considered to ease pumping during transport and storage and to avoid environmental and health hazards along the supply chain; these values are expected to be the same or lower than those of conventional fuels.



	
LOHC and catalyst stability relative to the formation of undesired byproducts, either during the storage or hydrogenation cycles. The longer a LOHC pair works without losses or degradation, the more H2 delivery cycles it can undergo. Lower temperatures at dehydrogenation and an active and selective catalyst play a crucial role in extending the carrier’s lifespan.



	
Gas uptake: This represents the rate at which hydrogen gas is released from the hydrogen-rich LOHC.



	
Technology Readiness Level relative to its compatibility with the existing fuel and chemistry infrastructure of storage and transport and the maturity of its obtention process.








None of the well-known LOHC pairs fulfill these characteristics completely. Therefore, the ideal candidate is still undiscovered. This is roughly why this technology has not been commercialized on a wider scale [7]. Promissory prospects from biomass valorization have emerged in the previous years and are expected to provide the right balance between performance and sustainability.




2. Circular Hydrogen Carriers


Some molecules with high gravimetric H2 storage capacity after releasing their hydrogen content produce a stable gaseous species that is normally released to the environment, leaving an open door in the inherent cycle of the carrier. Examples of such compounds are Formic acid, Methanol and Dimethyl ether, which release CO2, and Ammonia, releasing N2. This poses an additional constraint to the process, which is the capture and further conversion of such hydrogen-lean gas species through hydrogenation or other chemical routes [8]. In addition to ammonia not being organic, the other compounds are not considered to be LOHC either, since the hydrogen-lean molecules are not always recovered and transported back to the hydrogenation facilities. Formic acid synthesis is net zero in carbon if the CO2 used as raw material comes directly from flue gases or from the atmosphere. However, the carbon dioxide released in the high-energy demand site is never the same as the one used in FA synthesis given the time and distance offset in the energy supply scheme. An indirect way to return the released carbon into the cycle is also proposed by Preuster and Albert [9]: biomass is the feedstock for FA synthesis, but also the sink of carbon dioxide through the photosynthetic mechanism. Several chemical routes have been proposed for obtaining formic acid from biomass sources, most of which are presented in Table 1.



The presented technologies shed light on two main facts: First, the formic acid yield from lignocellulose through most existing technologies is low due to the complexity of the lignocellulosic biomass (LCB) structure and second, technologies still need development or optimization to reach industrial application. The use of formic acid as a hydrogen carrier is justified because of its high density (1.22 g/cm3) and, thus, its volumetric storage capacity that attains 53 g H2/L, regardless of its low hydrogen content (4.4 wt.%) [14]. Many developments have been proposed in terms of suitable catalysts [14,15,16] and regarding the way this technology may reach the industrial scale [8]. The inclusion of biomass sources in such implementation strategies will be of central importance to guarantee the real circularity of the process.



The final separation and purification of FA from aqueous mixtures obtained in the methods presented in Table 1 requires additional processing steps. Typically, FA recovery is performed via extractive distillation on a laboratory scale, although using solvents entails safety and health concerns [10]. Other methods observed use a reactive liquid extraction via complexation using either a mixture of an aliphatic amine and a phosphorus-bonded extractant [17] or a mixture of alcohols and aliphatic amines [18,19]. Such methods require the subsequent FA stripping from the organic phase. Additionally, organic acids can also be recovered using polysulfone membranes and ethers/acetates as solvent [20].



In the case of methanol, hydrogen storage capacity is greater, as 3 moles of hydrogen gas (2 from methanol, 1 from water) can be released per mole of methanol when the dehydrogenation reaction is performed in aqueous medium [21]. The hydrogen release is achieved either by high-temperature steam reforming of methanol or by low-temperature dehydrogenation. The first one corresponds to the reaction with water vapor at 420 °C on Ir, Pt-supported catalysts, showing a high gas flow. The second one, on the other hand, operates at less than 100 °C but requires water as a solvent to be added, needing an additional H2/H2O separation step at the end [1]. The main routes for obtaining methanol from biomass are presented in Table 2. Methanol-containing streams need to be purified before their application as LOHC. From the presented routes, diluted methanol in liquefaction methods is not easily recovered and its separation results are cumbersome [22]. For the case of the promising biosynthesis routes, similar methods as for ethanol recovery from fermentation broth (distillation, pervaporation, solvent extraction, vacuum fermentation, etc.) may be used to purify the methanol obtained [23].



In this table, an overview of known biomass-based methanol synthesis routes is presented with key information reported in the literature. Nevertheless, it only represents a first glance at such methods, so the references cited must be considered as a starting point to delve into the corresponding topic. Table 2 reveals that bio-methanol production routes depend on both mature (anaerobic digestion, gasification, steam reforming) and immature technologies (CO2 hydrogenation, biosynthesis). Hence, additional research endeavors are needed to completely replace the conventional fossil chemical route for the provision of methanol that might be used as a hydrogen carrier.



It is important to know that methanol can also be applied in chemical synthesis as a hydrogen donor [21,27]. These two applications, along with the vast conventional ones for these commodity molecules, will need to coexist to guarantee their effective insertion into the energy production matrix. Since circular storage outside LOHC escapes the rest of the scope of this work, no additional discussion will be performed in the following sections. For the other mentioned “circular storage” compounds, ammonia and dimethyl ether, further details are to be found in the works of Sun et al. [28], Kojima and Yamaguchi [29], Babson et al. [30], Papadias et al. [31], Kojima [32], Pawelczyk et al. [33] and Catizzone et al. [34], shedding light on the details of hydrogen carrying capacity and potential, but also in the obtention of these molecules from biomass sources.




3. Alcohols


3.1. Primary and Secondary Alcohols


It is already well known that alcohols can be obtained as products from biomass, with ethanol and butanediol production from fermentation being classic examples. These, among other products, have well-established synthesis routes, that make them inexpensive, widely available and easy to produce. For the present review, alcohols and diols also attain interest since they can undergo Acceptorless Alcohol Dehydrogenation (AAD) to produce H2 and a hydrogen-lean molecule (aldehydes, esters or carboxylic acids) that can be reversibly hydrogenated afterward to produce the initial alcohol in the presence of a noble metal catalyst [35]. Ethanol, the most studied biobased alcohol, can be readily obtained from different biomass sources, as reviewed by Bušić et al. [36], Gamage et al. [37], Rajeswari et al. [38] and Aditiya et al. [39]. In such reviews, all reported biomass pretreatment methods, which depend upon the composition and source of the raw material, are listed and compared. The pretreatment technique prepares the biomass for the most common transformation process, which is microbial fermentation. Moreover, ethanol separation and purification methods are also discussed. Very detailed literature on these processes is widely available and constantly updated. There are several mechanisms that allow the hydrogen content in ethanol to be released, but the most efficient ones in the literature are:




	
Ethanol steam reforming (ESR): Conversion of a steam atmosphere into carbon dioxide and 6 moles of H2 per mol of ethanol [40]. However, this route is not of interest to the current work, as discussed previously.



	
AAD: Alcohol dehydrogenation can yield ethyl acetate or acetaldehyde depending on the catalyst and reaction conditions (Figure 1). It can be extended for general primary and secondary alcohols and their corresponding hydrogen-lean ketones or esters, respectively.








Typical AAD catalysts based on Ru and Fe coordinated molecular catalysts fulfill the main requirements for this application [41], which are:




	
Mild reaction conditions are required for temperature (80–100 °C) and pressure (H2 from electrolyzers at low pressure).



	
Turn over number (TON) is relatively constant after the high number of hydrogenation/dehy drogenation cycles.



	
Stability, selectivity and reactivity, to avoid the over-formation of reaction products and allow catalyst reuse.








Heterogeneous catalysts have also been used to dehydrogenate alcohols like ethanol in the gas phase, but they require higher temperatures (200–250 °C) and undergo C-C coupling reactions, forming long chain hydrocarbons and reducing the final H2 yield. Examples of supported metal catalysts are Cu over Alumina, Zirconia or Copper chromite [42,43]. These previous facts point research attention towards molecular organometallic catalysts as the most suitable catalysts for this purpose. Tran et al. [41] presented the example of Ru-MACHO, a promising Ru complex containing bis(2-diphenylphosphinoethyl)amine, because of its activity and selectivity to ethyl acetate in AAD, its commercial availability and the past industrial experiences that have validated its performance. Nevertheless, this system still suffers from deactivation affecting its recyclability. Further research is expected to include diverse ligands that improve the overall robustness of the molecular catalyst. Moreover, research to achieve an efficient replacement of noble metals for earth-abundant transition metals in homogeneous catalysis would make this approach more economically and environmentally attractive [35,44]. For the case of other bio alcohols, like 2-propanol and n-butanol coming from ABE fermentation by Clostridium strains (which produces H2 as a gaseous byproduct) or by the Guerbet reaction of bioethanol, similar conclusions as in the case of ethanol can be drawn [45]. However, their hydrogen storage capacity might be low if they undergo the acetate pathway in dehydrogenation (2.7 wt.%) making them unsuitable as LOHC candidates [44,46]. An example of biobased alcohols as LOHC candidates was presented by Verevkin et al. [47], where bioderived furfuryl alcohol serves as the hydrogen-rich molecule, undergoing dehydrogenation to form tetrahydrofurfuryl alcohol. Despite being only a theoretical study, it shed light on the hydrogen storage capacity of this LOHC system, while also revealing that its dehydrogenation enthalpy shows a higher value than most systems, which will probably hinder its application due to energetic inefficiency. New bio-sourced LOHC were proposed in a recent patent [48]. The couples are 1-Cyclohexylethanol/Acetophenone, Cyclohexylmethanol/Benzaldehyde, 4-Methylcyclohexanemethanol/(4-Methylphenyl)methanol, Dicyclohexylcarbinol/Benzophenone and Cyclohexanepropanol/Cinnamaldehyde. Cinnamaldehyde is present in essential oils [49] and can react to form benzaldehyde [50] and acetophenone [51]. These molecules can also be obtained from lignin [52].




3.2. Polyols


Another type of alcohol fits in the purpose of the present review: Diols and polyols are obtained from lignocellulosic biomass and other natural sources but can also undergo hydrogenation/dehydrogenation cycles storing and releasing hydrogen gas [35]. These kinds of compounds are widely available but traditionally produced from fossil resources for the manufacturing of polymers, cosmetics, and pharmaceuticals, among others. The production technologies for polyol production from biomass sources, on the other hand, are presented in Table 3. The strategies arising to produce biobased diols are diverse and promising in terms of yield and operating conditions. Particularly, the biosynthesis represents an important improvement in the conventional production routes since metabolic engineering strategies allow the bacterial strains to diversify their substrates (C5 sugars from hemicellulose, raw glycerol or even syngas), optimize the expression or inhibition of enzyme-production genes according to their function and reduce their vulnerability and dependence on certain nutrients (like growth cofactors) [53]. The separation of diols, in particular, those coming from fermentation pathways recurs to methods such as membrane separation, chromatography, solvent extraction and reactive extraction, among others, as thoroughly described by Xiu and Zeng [54].



In the context of LOHC, two different schemes for diol/polyol hydrogenation cycles exist. The scheme of Figure 2 represents the formation of a lactone starting from a C4 or higher diol, for which the hydrogen storage capacity will depend on the length of the carbon chain. The one in Figure 3 represents the dehydrogenative coupling of diols to form multiple ester bonds, whose storage capacity will depend on the number of diol molecules that undergo this reaction.



A LOHC pair that works using the first dehydrogenation mechanism is the one formed by 1,4-butanediol, a biosourced diol (Table 3), and its conjugated hydrogen-lean pair  γ -butyrolactone [59]. Onoda et al. [60] proved that the Ir-catalyzed (homogeneous) hydrogenation/dehydrogenation of this system worked appropriately in terms of yield (up to 99% for the two reactions) and selectivity. Then, Mevawala et al. proved in 2022 that this reaction can occur both in the liquid and gas phases in an equally efficient manner over a Copper Chromite heterogeneous catalyst [61]. Many other copper-based heterogeneous catalysts have been used for this dehydrocyclization reaction [62,63,64]. The final decision will depend solely on catalytic considerations, but also having in mind the reactor design specificities and the overall economics of the process. The use of propylene glycol or 2,3-butanediol as LOHC is also proposed in a recent patent [65]. The idea is based on the principle that for each system, the dehydrogenation product is much more volatile than the reactant. Thus, shifting the equilibrium is possible by simple separation at temperatures between both boiling points. The dehydrogenation of 2,3-butanediol was also studied by Al-Auda et al., using a Cu-Al2O3 catalyst [66] with the objective of a selective synthesis of acetoin (partial dehydrogenation).




3.3. Coupling with Alcohols


Alcohols and diols can lead to dehydrogenative coupling as presented in Figure 4. A first validation of this system was carried out by Zou et al. [67], where they obtained an 80% hydrogen yield with a Ru-based pincer complex as a catalyst and 50 bar H2 pressure under neat conditions to hydrogenate the diverse ester mixture back into alcohols with 72% yield. Similarly, Zhou et al. [68] reduced the hydrogenation pressure to 5 bar, also carrying out the dehydrogenation under base and solvent-free conditions. The produced esters have a storage capacity of over 5%.





4. Amines


Biomass-derived amines are possible thanks to the catalytic amination of diols and carbonyl-derivative compounds obtained in biorefineries. A wide range of products can be obtained: amines, diamines, amino alcohols and cyclic amines, but also the starting biomass derivative molecules. The amination reaction requires an amine source and a catalyst. Gupta et al. reported amine sources that range from ammonia to aniline and other alkyl-/allylamines [69]. On the other hand, the catalysts can either be organometallic, predominantly Ru-based, but also Ir-based, or heterogeneous with supported metals like Ru, Ni, Pt, Cu, Cr, Mo and even Fe. The yield of the reaction strictly depends on the substrate and the amino source, with temperatures around 150–200 °C. The system may require the use of a special reaction atmosphere (often H2 but also Ar or N2) and the use of an organic solvent. This kind of conversion provides very useful precursor amines from readily available biomass derivatives, significantly reducing the previous dependency on fossil resources. However, the purification of the amine formed, solvent and catalyst recovery depends on the reaction system configuration and the achieved yield, but little to no mention of such a scheme out of the laboratory scale is found in related literature [69,70].



4.1. Amines and Diamines


Amines and diamines undergo a LOHC cycle that yields hydrogen-lean nitriles and hydrogen gas (Figure 5). Although their hydrogen storage capacity is relatively high (around 6.8 wt.%) and their dehydrogenation enthalpy has an appropriate value (around 60 kJ/mol H2), there are some thermodynamic and process limitations for amines in this application. This type of amine requires high temperatures (300 °C) for dehydrogenation or the presence of an inert gas to lower the partial pressure of the product hydrogen and thus favor its release at lower temperatures [71]. Some examples were described using a solvent and an inert diluting gas [72].




4.2. Aminoalcohols


Next, obtaining amino alcohols from biomass-derived diols is of great interest for the LOHC market. Aminoalcohols are another family of compounds with high potential capacity to store and release hydrogen, using the same catalysts and at mild reaction conditions. Verevkin et al. studied the thermodynamic modelling of the system composed by H2-rich 2-amino-ethanol and H2-lean piperazine-2,5-dione (Figure 6), which has a storage capacity of 6.56 wt.% [73,74].



The formation of the oligopeptide may change the overall energy efficiency of the process since its enthalpy of dehydrogenation is hard to determine. Nevertheless, it does not affect the hydrogenation part of the cycle, obtaining a total yield of the amino alcohol at the end [75]. PNN Ruthenium pincer molecular catalysts have proven to be the most suitable for this reaction. The most crucial finding of Verevkin et al. was related to the enthalpy of dehydrogenation of 2-ethanolamine into piperazine-2,5-dione, with a value of only 24.2 kJ/mol H2 [76]. This value contrasts with the values of conventional LOHC systems like N-ethyl-carbazole (50.5 kJ/mol H2) and benzyltoluenes (63.5 kJ/mol H2). This opens the door to further optimization and application on a larger scale. The study of other LOHC pairs coming from amino alcohols is to be found in the work by Verevkin et al., but none of them reach the attractiveness of the one previously presented [73].




4.3. N-Heterocyclic Compounds


Subsequently, the third family of amines obtained from biomass-derived platform molecules is N-heterocyclic amines. This is a very special kind of compound for LOHC systems, especially considering that many traditional pairs contained one N-heterocycle, so biomass can now provide molecules that even or surpass their performance. N-containing heterocycles are preferable because they present lower dehydrogenation enthalpy and higher kinetic rate as compared with alicyclic compounds, especially in 5 and 6-member rings [6,76]. Care must be taken, however, because this may also lead to undesired degradation pathways and thermal vulnerability [77]. An example of a biosourced N-heterocyclic LOHC system is the pair Pyrrole/Pyrrolidine. Pyrrolidine can be obtained by amination of (bio) 1,4-butanediol with ammonia. This system can store up to 5.63 wt.% hydrogen, which can be released by using an Ir-pincer complex at temperatures around 150 °C [78]. In the cited study, it was determined that dehydrogenation might be limited (high temperature needed) by sterics around the catalyst metal center and not only by the C-H bond strength. Another example presents the production of pyrrolidones and quinolines, a couple of N-heterocyclic compounds suitable as LOHC, starting from levulinic acid (LA), a widely available byproduct of biomass processing [79]. It was performed as an acid-assisted condensation reaction of LA and 2-alkynylanilines. The yield towards pyrrolidone reaches 93% and towards quinoline derivatives, it reaches 48%. This shows an interesting application of levulinic acid obtaining significant yields of compounds that are adequate not only for LOHC schemes but also in the pharmaceutical and cosmetic industry, just to mention some. Two last emerging examples of N-heterocyclic LOHC systems have been studied by the teams of Tang [80] and Forberg [81]. The first one is related to the use of natural Amaryllidaceae alkaloids as LOHC because of their low molecular weight and high hydrogen storage capacity. The second one relates to the obtention of phenazine from lignin hydrogenolysis via cyclohexane 1,2-diol, taking advantage of its high aromatic content. The results obtained by Tang et al. revealed that the two main alkaloids of Amaryllidaceae flowers (trisphaeridine and norbelladine) undergo two different dehydrogenation pathways, that were modeled and followed along the hydrogenation reaction [80]. Only trisphaeridine (Figure 7) seemed suitable for LOHC systems, since thermodynamics are favorable for its hydrogen release (54 kJ/mol H2) and its storage capacity of up to 5.9 wt.%. Norbelladine, on the contrary, dehydrogenates through an irreversible chemical route, making it unfeasible to apply a LOHC scheme with it. Alternatively, Forberg et al. studied lignin hydrogenolysis to produce an N-heterocycle, octahydrophenazine, and its reversible hydrogenation by means of a bimetallic catalyst [81]. As Pd and Ru-based catalysts were the most efficient in hydrogenation reactions, a bimetallic synergy was intended, over a novel silicon carbonitride support. The catalyst was tested for the hydrogenation cycle of N-ethyl carbazole showing the best results in hydrogen uptake and low temperature requirements when compared with commercial catalyst options. Then, a suitable hydrogen storage molecule was proposed having lignin as a starting material to valorize one of the main byproducts of biomass processing all over the world. The lignin macrostructure is hydrogenated and hydrolyzed to yield cyclohexane-1,2-diol. This compound is aminated with NH3 to form octa-hydrophenazine with a yield of 74%. The conditions for the reactions in the cycle H14-Phenazine/Phenazine (Figure 7) were 115 °C and 50 bar H2 with the addition of dioxane for the hydrogenation (24 h), compared to 190 °C and the addition of diglyme (24 h). Since the molecule obtained can reach 7.2 wt.% hydrogen storage capacity, releasing 7 moles of hydrogen gas per mole of H14-phenazine, and added to the Pd2Ru catalyst proposed by Forberg et al., it seems to be a very attractive way to valorize lignin and supply the hydrogen market at the same time [76,81].




4.4. Coupling with Alcohols


Diamines and alcohols can undergo acceptorless dehydrogenative coupling, forming a bis-cyclic imide species as hydrogen-lean LOHC (Figure 8). Ruthenium catalysts once again prove superior for this application and the hydrogen storage capacity of the mixture is high compared to all other LOHC systems presented in this review (6.7 wt.%). The dehydrogenation temperature is low, corresponding to 135 °C at 40 bar H2, which makes it a very promising reaction system for this application. The reader is advised to consider the work of Yadav et al. [35] and Kumar et al. [82] to fully understand the rest of the coupling reactions that can happen between diamines and alcohol species, together with its potential in the LOHC technology.





5. Discussion


Table 4 is presented as a summary of the critical LOHC parameters of the LOHC pairs in this review. Such parameters were gathered to allow the reader to carry out a quick revision of the best alternatives considering his/her own priorities or the particularities of the process he/she is invested in. The temperatures at which the compounds are liquid are also reported to help decide whether they can easily be used and in which process type (reactive distillation, gas-phase dehydrogenation, etc.). In the introduction section, it was mentioned that the ideal range at which LOHC are liquid should be (0–300 °C). However, as can be seen in Table 4, no system satisfies this recommendation. Some adapted processes have to be designed to cope with the actual physical properties of the compounds. If one of the compounds is solid at RT, an option may be not to work at full conversion. If the boiling point is low, the process may be used for stationary storage using gas-phase reactors. Some of the LOHC can be directly used in fuel cells like isopropanol, but also methanol and formic acid if we agree to consider these compounds as pseudo-LOHC [4]. The latter ones have reached a certain level of maturity, namely the methanol fuel cell which is commercialized. In the case of the formic acid fuel cell, the formic acid oxidation at the anode still needs research activities [83,84]. Concerning the direct isopropanol fuel cell (DIFC), it presents the advantage of producing acetone instead of CO2, and acetone can be further reduced to isopropanol. Furthermore, the DIFC presents a much lower theoretical cell voltage (1.07 V) than a hydrogen fuel cell (1.23 V). Some research works are in progress to find an appropriate catalytic system for the electrooxidation of isopropanol avoiding poisoning of the surface by acetone [85,86].



Having the alternative to produce LOHC compounds completely from renewable sources is a great option that fits in the contemporary context of a circular bioeconomy and complying with climate protection regulations. Various families of such compounds were presented and understood from the operational point of view. Nevertheless, the information presented in this review is certainly evolving with time, so the reader is advised to stay updated on new innovative technologies from the researchers in this field. From the options presented in Table 4, some represent a striking opportunity for valorization of previously non-valorized biomass sources, like lignocellulosic residues in the case of phenazine synthesis from lignin. This application attains the most attention because of its high hydrogen storage capacity, the comparable enthalpy of dehydrogenation as compared to the conventional LOHC and the robustness of the catalysts. However, other options on the table may require less energy in the pretreatment sections or may be more mature at the time, so their lower performance would turn out to be preferred. The understanding of the mechanistic and thermodynamic particularities of each system, including its catalyst, is a crucial task that will help in the development of more robust, efficient and cheap systems that allow for the deployment of the hydrogen bioeconomy that the LOHC are trying to accelerate. There is a large amount of literature on the liquid organic hydrogen carrier concept, but the biosourced molecules are only starting to grow and represent a significant part of the new research. Nevertheless, most of the information is up-to-date and represents the real state of the art of the technology, so researchers will not have a tough time understanding what the needs of this market are.




6. Conclusions


The LOHC technology currently has many constraints that will require technological enablers to be overcome. To achieve this, research and investment need to be conducted in a multidimensional manner, covering the H2-producing technology, the biomass conversion technologies, the catalyst development and even the carbon capture strategies. Finally:




	
Hydrogen production technology needs to be optimized to achieve higher yields and production capacities. Moreover, the development of LOHC fuel cells that allow direct utilization of a LOHC system would allow performing the dehydrogenation reactions at room temperature by reducing the O2 species inside the cell.



	
Catalysts play a central role in this application, as they guarantee the selectivity (and thus the purity of the hydrogen), but also the time-efficacy of the process. Understanding the mechanisms to increase the kinetics of the process will bring it closer to its industrial-scale application.



	
“Circular” organic hydrogen carriers require efficient carbon dioxide capture technologies in order to provide the hydrogen-lean molecule for the pair, but also to guarantee its circularity and sustainability.



	
Thorough research on natural molecules may lead science to isolate potential candidates with a higher performance than any known LOHC at the time. A very efficient example of this was obtained from the Amaryllidaceae alkaloids, from which only two were analyzed in the presented work, but more than 500 exist only in this plant species. This fact shows the research potential in this regard.



	
Technological tools are becoming involved in human personal and professional decisions since their calculation capacity is higher than ours. This is why it is recommended to use modeling software to determine potential candidates from biomass sources or biomass transformation that fulfill all LOHC criteria, reducing significantly the innovation time this (or any) topic is currently having. An example of this approach is presented in the work published by Paragian et al. [5], where they evaluated over 1 million molecules in a database and obtained 37 LOHC candidates at the end by conditioning their characteristics like minimum hydrogen storage capacity and dehydrogenation enthalpies, among others.
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Figure 1. Ethanol dehydrogenation routes into ethyl acetate and acetaldehyde. 
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Figure 2. Dehydrogenative lactonization of a diol [35]. 
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Figure 3. Acceptorless dehydrogenative coupling of ethylene glycol [35]. 






Figure 3. Acceptorless dehydrogenative coupling of ethylene glycol [35].



[image: Reactions 05 00008 g003]







[image: Reactions 05 00008 g004] 





Figure 4. Dehydrogenative coupling of ethylene glycol and ethanol over a Ru-complex molecular catalyst [35]. 
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Figure 5. Acceptorless dehydrogenation of amines to nitriles. Example of hexan-1,6-diamine [71]. 
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Figure 6. Acceptorless dehydrogenative coupling of 2-ethanolamine and the production of glycine anhydride (piperazine-2,5-dione) with a byproduct linear oligopeptide. 
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Figure 7. Representation of Trisphaeridine (left) and Phenazine (right). 
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Figure 8. Production of hydrogen-lean bis-cyclic imide from 1,4-butanediol and ethylenediamine [35]. 
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Table 1. Reported methods for obtaining formic acid from biomass. LCB: Lignocellulosic biomass, GLU: Glucose, XYL: Xylose, FA: Formic acid, AA: Acetic acid, LA: Lactic acid, HPA: Heteropolyacids, T: Temperature, P: Pressure.
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	Chemical Route
	Raw Material
	Products
	Yield
	Conditions
	Highlights
	Refs.





	Acid Hydrolysis of biomass
	LCB
	Levulinic Acid (LeA), 5-HMF, Acetic Acid (AA), FA, Lignin
	8.5% or lower
	Acid catalyst, (e.g., HCl, p-TSA, H2SO4), T: around 180–240 °C
	Low FA yield due to other products formation
	 [10,11]



	Wet oxidation of biomass
	LCB
	FA, AA
	Up to 29% from waste biomass, up to 91.3% from glucose
	Oxidant (O2 or H2O2), Additive (NaOH or LiOH), T: <100–320 °C, P: 0.5 to 20 MPa
	Difficult reaction with LCB, so pre-fractionation is recommended
	 [10,11,12]



	Fast pyrolysis
	Any type of biomass
	Bio-oil (FA, AA, etc.): 50–80% Bio-char Bio-gas
	7–40%
	Heating rate: 10 to 200 °C/s, Residence time: <5 s, T: 500–600 °C
	High temperature favors FA yield. Purification of product is complicated.
	 [10]



	HPAs-based catalytic oxidation systems
	LCB, Algae
	FA, CO2
	Cellulose: 1%, Hemicellulose: 33%, Lignin: 14%
	Acid and oxidative catalyst, Oxidative agent (O2 or air), T: 80–160 °C, P: 6 to 50 bar O2
	Low temperatures make it attractive.
	 [9,11]



	V-based catalytic systems
	LCB
	FA, AA, CO2
	47–75%
	Mineral acid + Vanadium species, Alcohol additive, T: 100–200 °C, P: 20 to 30 bar O2
	Addition of alcohol prevents FA decomposition into CO2
	 [11,13]



	Photocatalytic system
	GLU
	Formate or FA, Lactic acid (LA)
	10–40%
	TiO2 or similar, Presence of O2 and alkali, UV or natural light, T: 25 °C
	Technology is still immature. Interesting because of room P and T
	 [10,11,13]



	Electrocatalysis
	GLU, XYL
	FA, AA, CO2
	Up to 38%
	Alkaline medium., T: 25  °C
	High efficiency and low T requirements
	 [10]










 





Table 2. Overview of the methods for the obtention of methanol from biomass, containing main stages and suggestions for operation conditions.
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	Chemical Route
	Raw Material
	Products
	Yield
	Conditions
	Highlights
	Refs.





	1. Gasification or Pyrolysis. 2. Methanol synthesis from syngas
	Any type of Biomass
	1. Mainly syngas (H2 + CO) 2. Methanol + Water
	70% conversion of Syngas to Methanol
	1. T: 700–900 °C, moderate pressures of reactive gas 2. T: 200–400 °C, 80–300 bar, Cu-ZnO-based catalysts.
	Energy intensive, catalyst dependent
	 [22,24,25]



	1. Anaerobic digestion (AD) 2. Methanol synthesis. Either by: (a) Reforming + Synthesis (b) CO2 hydrogenation
	Any type of Biomass
	1. Mainly CO2 + CH4 (65–70%) 2. (a) Methanol and Water (b) Methanol and Methane
	-
	1. T: 20–40 °C, P: atmospheric 2. (a) T: >800 °C, P: <5 bar. Steam addition, Ni-based catalysts. (b) T: 230–250 °C. Hydrogen addition (H2:CO2 = 4:1). Cu-ZnO-supported catalysts.
	Economical, very mature technology for AD and FT synthesis. CH4 is not reactive in the 2.b.reaction conditions. This route is very thermodynamically hindered.
	 [25,26]



	Indirect Liquefaction
	Any type of Biomass
	Bio-oil (containing methanol)
	Dependent on CO2/CO. Not reported
	T: 200–500 °C P: 5–20 bar
	Low yields. Still immature and not economically feasible
	 [22]



	Biosynthesis
	Methane and Carbon dioxide from anaerobic digestion
	Methanol-rich fermentation broth
	Dependent on the bacterial strain.
	Performed at the adequate conditions for Methanotrophs species (like Methylosinus trichosporium OB3b) to grow and be productive.
	Main constraint is the transfer of gaseous substrate to liquid growth medium. Metabolic engineering efforts are needed.
	 [22,25]
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	Chemical Route
	Raw Material
	Products
	Yield
	Conditions
	Highlights
	Refs.





	Transesterif. of triglycerides
	Oil from oleaginous crops
	Fatty acid, alkyl esters, Glycerol
	10% of biodiesel weight. 51 to 99.5 % for glycerol.
	T: 25–120 °C Alcohol to oil ratio: 6:1 to 30:1. Basic or acid hom. catalyst
	Well-known process in the biofuel industry. Variability in performance related to catalyst and alcohol chosen.
	 [55]



	Glycerol hydrogenolysis
	Glycerol
	1,3-propanediol, 1,2-propanediol, 1-propanol, 2-propanol,
	38%. 70% selectivity to 1,3-propanediol
	T: 100 °C P: 80 bar H2 H2SO4 Ir-ReOX/SiO2 or Pt-based catalysts 4 h
	Ir-ReOX/SiO2 proves to be the most effective catalyst in terms of yield and selectivity
	 [56]



	Catalytic hydrogenolysis of biomass
	(Ligno) Cellulosic biomass and H2
	Ethylene glycol and minor propylene glycol
	8 to 60% depending on source and impurities present. 50% conversion.
	T: 245 °C P: 60 bar in Autoclave. Tungstic acid + Raney Ni as catalyst.
	MCC and crude LCB behaved similarly
	 [57,58]



	Biosynthesis via Fermentation by GM E. coli
	One of the following: Glucose, D-Xylose, D-arabinose, L-lyxose, L-Arabinose, L-Fucose, L-rhamnose
	Ethylene glycol, 1,3- or 1,2-propanediol, 1,4- or 2,3- or 1,3-butanediol
	0.09 to 0.48 g/g substrate
	Genetically modified E. coli. Substrate. Temperature according to growth rate desired.
	Based on the creation of new synthetic metabolic pathways in E. coli that allow the production of diols.
	 [53]
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	H2-Rich Form /

(Liq. Range T (°C))
	H2-Lean Form /

(Liq. Range T (°C))
	H2 Content

wt-% (   g   H 2     /L)
	ΔH

kJ/mol H2
	Dehyd. Temp.

°C
	Catalyst
	Refs.





	Formic Acid (FA)

(8.4–100)
	CO2
	4.34 (53)
	31.2
	25–90
	Het: Pt, Pd, Ag, Au, Ir and Rh on carbon or alumina.

Hom: Ru, Rh, Ir, Fe organometallic
	 [14,16,87]



	Methanol + H2O

(0–65)
	CO2
	12.5 (99)
	16.5
	100–420
	Hydrogenation: Cu-based

Dehydrogenation: Ir-based or homogeneous
	 [1,21]



	Ethanol

(−114–79)
	Ethyl Acetate

(−84–77)
	4.3 (34.2)
	36.0
	80–120
	Molecular catalysts: Ru-MACHO or Fe-based.

Also heterogeneous but with lower performance.
	 [41,88,89]



	Ethylene glycol

(−13–197)
	Esters
	<6.5%
	38.5
	100–150
	The high hydrogen storage capacity and the simplicity

of the starting molecules make it interesting.
	 [67,68]



	1,4-butanediol

(20–235)
	 γ -butyrolactone

(−44–204)
	4.5 (46)
	43.2 (Liq.)
	Het.: 150–250

Hom.: 150
	Het.: Cu

Hom.: Ir
	 [59,60,61,62,63,64]



	2,3-butanediol

(19–179)
	2,3-butanedione

(−2–88)
	4.4
	-
	Het.: 150–200
	Cu, Ni heterogeneous catalysts
	 [65]



	1,2-propanediol

(−59–188)
	pyruvaldehyde

(−20–72)
	5.3 (53)
	-
	Het.: 150–200
	Cu, Ni heterogeneous catalysts
	 [65]



	1-cyclohexylethanol

(?(−189))
	acetophenone

(20–202)
	6.3 (58.5)
	
	66
	Pt
	 [48]



	Hexane-1,6-diamine

(42–204)
	1,4-butanedinitrile
	6.9 (57.8)
	62.6
	251
	Very thermodynamically hindered and thus impractical.

Requires continuous removal of hydrogen from the media.
	 [71,90]



	2-ethanolamine

(10–170)
	piperazine-2,5-dione
	6.6 (66.1)
	24.2
	135
	PNN Ruthenium pincer molecular catalysts
	 [