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ABSTRACT 

 

The valorization of biomass has the potential to produce molecules from renewable 

sources. Among them, furfural (FUR) is one of the best platform molecules due to its 

reactivity. It is produced from the acid dehydration of xylose (XYL), in homogenous or 

heterogeneous media. Besides, the FUR reduction produces furfuryl alcohol (FA), an 

important product to chemical industry. Based on the most-cited and also most-recent 

papers on this research area, the present work proposes a qualitative and quantitative 

review FUR and FA synthesis on heterogeneous systems. The XYL dehydration and FUR 

hydrogenation to FA were reviewed. Also, the direct upgrade of XYL to FA might bring 

new ideas to new research fields. The nature of solvents, co-solvents, and also active 

phases were explored and described. At the end of each section, selected results were 

collected. In addition, a summary of future perspectives was also provided. Then, this 

paper offers general and specific approaches for a better understanding of XYL, FUR and 

FA main reactions. 
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1. INTRODUCTION 

The demand for producing chemicals from renewable sources has increased in the 

last decade [1]. The European Climate Law recently proposed a reduction of 55% of net 

emissions of greenhouse gases compared to 1990 and climate neutrality by 2050 [2]. In 

addition, since 2010, the United States has promoted a federal program to keep a supply 

of biofuels, the Biomass Crop Assistance Program [3]. As for Brazil, a country with an 

extensive tradition in biofuels and a renewable-predominant energy matrix, a National 

Biofuel Policy – RenovaBio – was established in 2017 to promote the expansion of 

biofuels use with emphasis on the regularity of fuel supply and reduction of greenhouse 

gas emissions in the production, commercialization and use of biofuels [4]. In this 

worldwide scenario, it is essential to produce chemicals from renewable sources to form 

other biofuel-related products [5].  

Among the most promising biobased molecules is furfural (FUR), a reactive 

molecule with an aldehyde group attached to a furan ring [6]. Also, FUR is produced from 

lignocellulosic biomass (LB) sources and may react to around 80 other compounds [6]. 

In 2021, the FUR market size was evaluated at around US$ 520 million, with an expected 

compound annual growth rate (CAGR) of 6.5% from 2022 to 2030 [7]. Those are reasons 

to consider it one of the candidates for the biofuels era [8]. FUR is produced from the 

acid dehydration of xylose (XYL), a repetition unit from the xylan, as expressed in Figure 

1. The reaction was originally carried out in a homogeneous medium. 

Figure 1 - Acid-catalyzed scheme for FUR production - Adapted from [9]. 

 

Nowadays, most of the FUR is produced by the Chinese Batch Process, a 

modification of the Quaker Oats Process, where lignin and liquor are extracted from the 

reaction medium, and low-pressure steam is mixed to carry out an azeotropic separation 

of FUR [10]. However, those methods still have issues regarding the corrosion of 

equipment and the separation of catalysts [11]. So then, the search for solid heterogeneous 

catalysts for the sustainable production of FUR is still demanding and has been 

extensively pursued over the last decade. 
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Figure 2 shows a non-exhaustive network of varied FUR-derived products. The 

FUR hydrogenation includes the formation of essential solvents and biofuels to the 

chemical industry, like furfuryl alcohol (FA), tetrahydrofurfuryl alcohol (THFA), and 2-

methyltetrahydrofuran (2-MTHF). The presence of water in reaction media may provide 

the conversion of FA into levulinic acid (LA), which may be further converted to -

valerolactone (GVL) in H2. Also, in another route, H2 can transform FUR in 2-

methylfuran (2-MF), 2-pentanone, and pentanol-2. Alternatively, the presence of O2 

makes FUR react to furoic acid, furan, and tetrahydrofuran (THF). 

Figure 2 - Compounds produced from hydration, hydrogenation, decarboxylation and 

oxidation of FUR molecule – Adapted from [12]. 

 

Although the first patents about FUR production and its derivatives are not recent 

[12–17], the interest in this topic has increased year by year, as provided in Figure 3 . On 

FUR production, the research efforts are focused on proposing solid catalysts to XYL 

dehydration, whereas on FUR hydrogenation to FA the studies are now focused on the 

liquid phase conversion over heterogeneous catalysts. 
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Figure 3 – Number of publications related to FUR and FA since 2019 (only articles). 

 

Source: Web of Science – search TI = (furfural and catal*), TI = (furfuryl alcohol), TI = (furfural AND 

hydrogenation). Date of search: May 7th 2023.. 

Given this brief overall background, this review is determined to gather and 

analyze qualitative and quantitative information on established articles and recent updates 

of FUR and FA production. Furthermore, the combined approach of XYL to FA will be 

discussed, as well as the future trends in this area. Then, this contribution aims at being a 

guide to introduce researchers to the field and to provide new insights about the area. 

2. FURFURAL SYNTHESIS 

2.1. General Mechanisms in Cyclic and Acyclic Compounds  

On XYL dehydration to FUR, several mechanisms were proposed in cyclic and 

acyclic forms, with a proper H+ source, i.e., a Brönsted acid [18–20]. The cyclic approach 

explained the FUR production via protonation of varied OH sites on XYL molecule. This 

mechanism may occur in two paths: 1) the attack of H+ at the oxygen atom bonded in 

carbon 1, also called 1-OH protonation, including a xylosyl cation and the scission of C5-

O linkage (expressed in Figure 4) or 2) the 2-OH protonation, which provides a shorter 

path to FUR (illustrated in Figure 5). 
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Figure 4 –1-OH protonation in XYL dehydration (Adapted from [21,22]). 

 

 

Figure 5 – 2-OH protonation in XYL dehydration (Adapted from [21,22]). 

 

The comparison of the routes by molecular dynamic simulations in the gas phase 

showed that the 2-OH protonation might provide a shorter path to FUR [19]. Once no 

hydrogen of the solvent was exchanged in cyclic dehydration in acid media, it was 

concluded that the acidity modification came from Brönsted acids [21]. In reference to 

XYL dehydration, it is also known that xylulose, an isomer from XYL, plays a significant 

role in FUR synthesis [1]. However, the previous mechanisms did not account for its 

presence [20]. 

Recent quantum chemistry calculations informed new insights into the XYL 

conversion to FUR. According to Fang et al. (2022), the enolization of XYL and xylulose 

to 1,2-enediol produced FUR. In fact, this diol played a major role in XYL conversion 

once the one-step generation of FUR from 1,2-enediol presented lower activation energies 

[20]. The mechanism expressed in Figure 6 showed the formation of xylulose and a direct 

transformation of 1,2-enediol to FUR as the rate-limiting step, which can enhance new 

studies in the research field. 
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Figure 6 – Mechanism for XYL dehydration with 1,2-enediol – Adapted from [20]. 

 

2.2. Production of Humins (HUM) and Role of Acid Sites 

During the XYL conversion to FUR, there is not only the production of the desired 

compound but also the formation of additional undesired substances. For example, as 

depicted in Figure 6, the production of xylulose and 1,2-enediol can happen. Besides, 

FUR is a very reactive aldehyde that can undergo several loss reactions, generating then 

polymeric substances [22]. Another issue of FUR already stated in the literature is the 

fragmentation route, i.e., situations when FUR leads to minor products, like 

glyceraldehyde, glycolaldehyde, formic acid, acetol, and formaldehyde, even at mild 

conditions [22–25]. 

Although the byproducts above are undesired, the most substantial concerns about 

XYL dehydration rely on the formation of humins - HUM. First, HUM are dark and 

insoluble polymeric molecules that attach to the solid catalyst due to their strong 

adsorption on the catalytic surface [26–28]. Second, those compounds might be produced 

via resinification or condensation mechanisms [29]. And third, the resinification route 

occurs when FUR reacts with itself, forming then larger aldehydes, whereas the 

condensation route is the reaction of FUR with other components, like XYL, as provided 

on Figure 7 and Figure 8 [29]. 
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Figure 7 – Example of resinification reactions of FUR – Adapted from [29]. 

 

Figure 8 – Example of condensation reactions of FUR – Adapted from [29]. 

 

One of the main drawbacks of HUM production is the blocking of the catalytic 

sites, which decreases the FUR yield [30]. Therefore, as producing HUM is certain in 

FUR reaction, reducing its production is crucial for catalysts design. Among the most 

important factors accounted for HUM production, the diameter of pores, nature and/or 

strength of acid sites, and temperature can be highlighted. Several researches have indeed 

studied those influences. 

Weingarten et al. (2011) showed important outcomes from FUR conversion to 

HUM [31]. As a first remark, the use of microporous materials increased the rate of 

disappearance of FUR, especially in water medium. In addition, this combination 

provided a higher affinity to HUM [31]. So then, at least from XYL to FUR reactions, the 

use of microporous catalysts was not recommended. 

Besides, the solid catalysts have two types of acid sites: Lewis (LAS) or Bronsted 

(BAS). The first is related to potential electron acceptors due to a positive charge on the 

surface, whereas the latter corresponds to potential H+ donors [32]. Both sites were 

selective during the XYL transformation to FUR, although BAS provided higher 

selectivity to FUR [31]. Nevertheless, there were essential outcomes related to HUM 
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formation. The BAS could catalyze the resinification reactions from FUR, and LAS 

increased the condensation products from XYL and FUR [31,32]. Besides, the presence 

of LAS had induced XYL decomposition, even at mild temperatures, producing stable 

adducts with FUR, and increasing HUM production [31]. This was also confirmed by 

Pholjaroen et al. (2013), who attested that an excess of LAS decreased FUR yield and 

took to more HUM [32]. Therefore, LAS are more active than BAS for HUM production. 

However, as both sites may produce resinification and condensation reactions, it is also 

recommended to look at the strength of acid sites. 

It was demonstrated that strong LAS and BAS promoted the formation of more 

HUM, increasing FUR loss reactions [33]. On the contrary, the FUR yield was improved 

with weak to medium acid sites. In addition, an increase in the total acidity of the reaction 

medium was able to reduce HUM production due to higher stability in the FUR molecule, 

as confirmed by Doiseau et al. (2014) [33]. 

Pholjaroen et al. (2013) established the influences of elevated temperatures on 

XYL dehydration to FUR. Usually, the minimum temperature for the desired reaction 

was around 130 oC [32]. In order to diminish FUR side reactions, it was noted that up to 

200 oC, both XYL conversion and FUR yield increased on water. However, temperatures 

superior to 200 oC increased pentoses conversion and also FUR decomposition into minor 

products [32]. Then, an ideal range for FUR production in the liquid phase would be from 

160 to 180 oC. 

2.3. Nature of Solvents 

Hu et al. (2014) also established that pure water does not provide the necessary 

stable forms of XYL intermediates, decreasing the FUR yield [34]. In theory, a proper 

solvent for FUR production must curb its side reactions. In addition, a volatile and 

environmentally friendly solvent improves separation of the reaction medium using 

distillation or similar approaches [34]. Besides water, another option is the constitution a 

reaction medium with other substances, like alcohols, ethers or even furans. Table 1 

displays several normal boiling points of some compounds usually selected for solvents 

in XYL dehydration. 
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Table 1 – Standard boiling points (Tb) of the FUR and most used solvents in XYL 

dehydration - Adapted from [35]. 

Substance Tb (ºC) Substance Tb (ºC) 

Acetone 50.6 Toluene 110.6 

Methanol 64.7 FUR 162.0 

Isopropanol 82.6 DMSO 189.0 

Water 100.0 GVL 207.0 

2.3.1 Water 

Water is the most used polar protic solvent for XYL dehydration. It has the highest 

solubility of XYL due to its capacity of hydrogen bonds – almost 470 g/L [36]. However, 

this same advantage may arise several drawbacks. For instance, polar solvents modify 

acidity on the catalyst surface [31]. Concerning oxides on an aqueous medium, the 

detection of new charges on those solids was previously reported [37]. Furthermore, the 

formation of Lewis acid-base adducts by coordination with water molecules was assigned 

to the deactivation of LAS in water medium in zeolites and metal oxides [38]. As a 

solution, the use of materials containing water-tolerant LAS (as Nb2O5 or Sc(OTf)3) can 

overcome the issues of LAS deactivation by water [39]. Aside for the higher activities, 

materials with elevate LAS will produced more HUM and side-reactions, decreasing FUR 

yield over time [40].  

Another issue of water is the release of more H+ ions at elevated temperatures, 

becoming then a source of BAS. This contributes to more degradation of FUR to HUM. 

Recently, Lin et al. (2020) demonstrated that a total aqueous medium conducted for both 

XYL and FUR degradations. Also, the production of formic acid was reported as one of 

the undesired products in that conversion [36]. Then, some options instead of a pure water 

medium are the use co-solvents, as polar aprotic or with lower polarity. 

2.3.2 Alcohols 

One advantage of the reduced chain alcohols is their reduced boiling point, as 

depicted in Table 1. However, their structure also displays polar (-OH) and non-polar 

parts (C, H), which reduces their polarity compared to water, and may favor FUR 

interactions [34]. The most used primary alcohols are methanol or ethanol. 
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The literature recorded different results for pure methanol on XYL dehydration. 

Hu et al. (2012) reported that methanol could stabilize XYL intermediates, avoiding 

further reactions [41]. However, Iglesias et al. (2016) showed that XYL reacted with 

methanol, providing new intermediates for the reaction, alkyl xylosides [42]. In addition, 

the etherification of XYL to xylosides was much faster than XYL dehydration to FUR on 

pure methanol. Indeed, ethanol also worsened FUR yield. Köchermann et al. (2019) had 

also demonstrated that higher proportions of ethanol inhibited XYL conversion and could 

catalyze FUR degradation reactions [43]. Then, the use of primary alcohols produced new 

intermediates, especially on the XYL route [44]. 

Lin et al. (2020) showed that pure isopropanol reduced the number of H-bonds 

with the XYL molecule [36]. Furthermore, the use of isopropanol and isobutanol as pure 

solvents prevented the side reactions of FUR due to the formation of H-bonds and steric 

hindrance [34]. However, despite its low polarities, pure isopropanol still conduct XYL 

degradation reactions [36]. This is one reason for the use of mixtures water/isopropanol 

as media for FUR production. Therefore, secondary alcohols are preferred over primary 

ones for XYL dehydration. 

2.3.3 Ethers, Esters and Ketones 

Ethers are non-polar substances, whereas most esters and ketones are aprotic polar 

solvents, i.e., they lack an H+ for donation in H-bonds [45]. Aside from the volatility and 

solubility in FUR, the use of pure ethers does not improve XYL dehydration to FUR. In 

turn, it increases FUR degradation because of its ring opening. In FUR production with 

diethyl ether, the researchers mentioned the formation of reactive intermediates, 

conducting the production of polymers from FUR [34]. 

The advantages of esters rely on the formation of minor acids at elevated 

temperatures, which may demand less acidity for heterogeneous catalysts. Nonetheless, 

there were issues related to the XYL access to sites on Amberlyst 70 on pure methyl 

formate [34]. Even with the formation of formic acid reported, it was not capable of 

increasing the FUR yield. Therefore, the lack of polarity in ethers create issues on pore 

access inside solid catalysts. 

Most ketones have boiling points lower than water, around 60 oC, which may 

favor the separation for a heterogeneous catalyst. On the contrary, using pure ketones on 

FUR production, as acetone and cyclopentanone, provided a rapid FUR formation and 

increased the FUR degradation compared to water [34]. In addition, the ketones may 
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produce a self-condensation reaction with FUR, leading to more polymers. Therefore, the 

excess of availability of FUR in ketones is responsible for the autocatalytic degradation. 

2.3.4 GVL, GBL and others 

Molecular dynamics simulations showed that pure GVL and GBL formed less H-

bond with XYL [36]. Nonetheless, pure GVL could not conduct FUR production from 

XYL in the absence of catalyst, due to reduced solubility – about 2.5 g of XYL/L [36]. 

Moreover, the pure solvents did not decrease XYL loss reactions. 

In the case of GVL and GBL, once they are products derived from FUR, the 

approach on the FUR production in only one equipment is easier. Most importantly, it 

was concluded that the presence of BAS solids in pure GVL reduced the activation energy 

for XYL dehydration and increased the energy for FUR side reactions [45]. Therefore, 

those aprotic polar solvents tend to increase FUR yield and also curb undesired products 

[45]. The reason for the improvement was that water provides more stabilization for H+ 

ions, leading to lower reactivity and FUR yields. 

However, their main application is related to mixtures with water. Once XYL is 

more mixable in aqueous media, the lactone may protect FUR molecule. The GVL-H2O 

and GBL-H2O systems presented reduced H-bonds between the solvent and co-solvent, 

leading to about 50% FUR yield. And most of all, no formic acid was detected in the 

systems, leading to the conclusion of the protective shell of those lactones for FUR [36]. 

The application of lactones as co-solvents will be detailed further. 

Other aprotic solvent used for XYL dehydration is DMSO (dimethyl sulfoxide), 

which can also protect FUR from resinification reactions [46]. However, the protection 

effect is so superior to other solvents, that it redueces XYL dehydration rates in pure 

medium. Nonetheless, as well as in GVL, the DMSO boiling point – close to 200 oC - is 

another drawback for industrial applications [34]. 

2.4. Nature of Co-Solvents 

As aforementioned, FUR is a reactive molecule. Hence, it is essential to promote 

a selective conversion of XYL to FUR in order to minimize its degradation on acid media. 

Besides, using pure solvents and adding a co-solvent might improve the FUR separation, 

whether for extraction or solubilization. 
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2.4.1 Hydrocarbons 

During the first researches about XYL dehydration on solid catalysts, 

hydrocarbons were used for FUR extraction [47,48]. It is favored in non-polar compounds 

once the main XYL dehydration reactions take place on the aqueous phase [47]. Besides, 

the most used extractor was toluene (TOL) because the non-polar part has elevated 

affinity with the FUR molecule [48]. Also, it was reported that TOL did not change the 

hydrophobic or hydrophilic properties of solid catalysts, which is another advantage [49]. 

However, a reaction conducted only with TOL did not achieve the XYL 

dehydration. Even in water mixtures, there is an optimal proportion between H2O and 

TOL. For example, a ratio of 1:4 (v/v) of H2O/TOL did not provide a suitable interface 

for FUR production due to excess water [50,51]. In addition, not all types of solid acid 

catalysts can react in a TOL medium. The addition of hydrophobic species in solid 

catalyst may increase FUR yield, due to its anti-adsorption on sites, that is now occupied 

by an non-polar chain [52]. To conclude, another issue of TOL is its toxicity and the 

impact on the environment. Then, the search for less aggressive solvents remains. 

2.4.2 Alcohols 

The minor alcohols (such as methanol or ethanol) are soluble in water, whereas 

larger chain alcohols (butanol-1 or pentanol-1) have limited solubility in an aqueous 

medium. However, the chain size is a determinant for inhibiting aldol condensation in 

FUR, as reported by Guo et al. (2018) [53]. Above all, the larger chain alcohols tend to 

be less polar, improving their extraction capacity. Parejas et al. (2017) detected that a 

butanol-1/ H2O provided similar extraction capacities to TOL/H2O [54].  

The number of works using methanol or ethanol as solvents or co-solvents is 

reduced on the literature. As examples, Paniagua et al. (2015) detected the formation of 

methyl xyluloside and ethyl xyloluside with the use of methanol and ethanol on XYL 

dehydration [55]. Those compounds were further dehydrated to produce xylulose. Indeed, 

the transformation of XYL into xylulose was more pronounced on methanol than ethanol 

due to the lack of steric hindrance [55]. Then, it is preferable to use less polar alcohols on 

biphasic media in XYL dehydration. 

2.4.3 Cyclopentyl methyl ether (CPME) 

Besides the low solubility in water, which provides better FUR extraction, CPME 

has a reduced normal boiling point of 106 oC, a distant value from FUR – 162 oC. Another 

advantage relied on a positive azeotrope with H2O at 83 oC, but only for concentrated 
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CPME amounts – about 84% of CPME to 16% of H2O (m/m) [56]. For those reasons, it 

has been studied as a substitute for TOL in co-solvents for XYL dehydration. 

Campos-Molina et al. (2012) detected that CPME not only extracted FUR from 

the aqueous phase but also prevented side reactions. In fact, FUR yields up to 100% were 

reported in H2O/CPME media using a H2SO4 solution as an acid source [57]. 

Furthermore, temperatures up to 200 oC were used in XYL dehydration without indicating 

degradation products [57,58]. However, elevated concentrations of CPME curbed XYL 

dehydration routes and increased resinification FUR reactions with the organic layer, as 

stated by Wang et al. (2017) [59]. Therefore, especially with solid acid catalysts, an 

optimum proportion of H2O/CPME must be maintained, normally about (1/3 – v/v) 

[59,60]. 

2.4.4 GVL 

GVL is probably the most promising co-solvent used with water for biomass 

reactions. First, it is non-aggressive to the environment and derived from FUR products 

[61]. Second, the GVL medium allows the increasing of acidity without damaging the 

FUR yield, which is not possible on water [62]. As an example, the mixture GVL/H2O 

produced FUR with almost 100% yield in biomass subtracts, as corn cob or eucalyptus 

sawdust [62,63]. Furthermore, in batch or continuous modes, the mixture could activate 

properly LAS and BAS sites of heterogeneous catalysts, such as SAPO-34 or niobia-

titania solids [63,64]. Recently, another application of GVL was to provide the suitable 

reduction of viscosity in ionic liquids and deep eutectic solvents, also improving the FUR 

selectivity [65,66]. Those new liquids may act as both catalysts and solvents in the 

reaction medium, improving further stages of separation. 

2.5. Recent Advances in XYL dehydration to FUR  

Apart from homogeneous catalysts, the main challenge on FUR production field 

has been the search for optimal heterogeneous catalysts and solvents [1]. In the first works 

of XYL dehydration, zeolites were used as materials for FUR production, due to their 

pore sizes and LAS/BAS tuning [47]. Other solids, such as Metal-Organic Frameworks 

(MOFs) were also used because of their empty cavities, resistance to acidity and also 

hydrothermal stability [67–70].  

Another class of materials used in XYL dehydration are mesoporous oxides. 

However, the main issue regarding to water is the deactivation of LAS [71]. Among those 

oxides, Nb2O5 and TiO2 had emerged as natural water-tolerant LAS catalysts for biomass 



14 

 

conversions [38,72–77]. Recently, dos Santos et al. (2022) could also discover that mixed 

oxides of Sn and Mo provide both resistant LAS and BAS necessary for XYL conversion 

to FUR. Nonetheless, elevated selectivities for XYL isomers (about 30%), as lyxose and 

xylulose, were also reported due to the existence of LAS [78]. 

In order to tune the catalyst surface, the addition of functionalized groups has also 

been a trend in FUR production. The main reason relies on the addition of BAS that 

cannot exist on material or that was even lost after thermal treatments, as an example of 

Nb2O5 [79–82]. Other issue is the stability of functionalized groups after several reaction 

cycles [82–84].  

Dulie et al. (2021) explored the functionalization of amorphous compounds 

derived from lignin for FUR production. The anchored groups were SO3H, COOH and 

OH. According to the researchers, the sulfonic and carboxylic groups worked as BAS, 

increasing FUR yield. At the same time, the OH groups were hydrophilic and provided 

XYL adsorption for FUR formation [83]. In turn, the excessive polarity of OH and COOH 

parts was responsible for strong H bonds with aldehyde groups on FUR, leading to 

irreversible adsorptions. Then, there must be an optimal quantity of anchored groups on 

functionalization. Recently, Liu et al. (2023) synthetized a modified SBA-15 catalyst with 

doping of Zr and addition of P by acid treatment [85]. Both the Zn doping and grafting of 

phosphate groups increased the total acidity of the catalyst. Furthermore, according to the 

researchers, the phosphate groups increased BAS content whereas the Zr content 

improved LAS acidity [85]. With regard to the reaction medium, it was reported that the 

TOL extracted FUR and the incorporation of NaCl improved the FUR distribution 

coefficient on organic phase, limiting degradation reactions [85]. Their approach had 80% 

and 68% of FUR yields with XYL and xylan monomers, respectively [85]. 

Krzelj et al. (2021) could also carry out a SO3H surface modification but in foams 

instead of powders. Moreover, their technique also allowed them to perform the XYL 

dehydration in continuous operation. Both sulfonic groups and foam format enhanced 

mass transfer and FUR selectivities [84]. Indeed, the FUR yield was superior to 

homogeneous catalysis using H2SO4 solutions. Therefore, the use of foams might open a 

new field of research in surface treatment for FUR production [84].  

Aside from the surface modifications, the scale-up for XYL dehydration remains 

challenging. New research fields aim to process simulation and new configurations of 

continuous reactors. The recent work of Guo et al. (2022) studied a new configuration of 
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the reactor for FUR production based on biphasic slug flow microreactors. The new mode 

allowed lower heat and mass transfer limitations so that the converter could be modeled 

as a plug flow one [86]. Another interesting conclusion was the capacity to extract 

water/MIBK system, which could suppress the HUM formation compared to monophasic 

systems. In the same research field, Lu et al. (2023) designed the FUR production using 

micropacked bed reactors. Two solids were used as LAS and BAS sources, respectively: 

SO4
2-/Al2O3 and HND-580 (ion exchange resin) [87]. In a first approach, the reactor 

system comprising only SO4
2-/Al2O3 catalyst presented 90% of XYL conversion at 170 

oC, despite 20% of FUR yield [87]. According to the authors, the Al3+ centers were LAS 

for XYL isomerization to xylulose [87]. Furthermore, the strong LAS of SO4
2-/Al2O3 

resulted in accumulation of xylulose, lacking the further FUR formation [87]. Next, the 

introduction of HND-580 in a mixed solid approach improved the FUR yield to 35%, due 

to xylulose protonation [87]. Concerning the gas flow, the use of CO2 improved the FUR 

yield from 35% to 43% in 28 s of reaction. The dissolution of CO2 in water produced 

unstable carbonic acid (species for protonation) and also FUR extraction, suppressing 

side reactions [88,89]. However, the deactivation of both catalysts was reported after 5 h 

of reaction: HND-580 were replaced by new solids and SO4
2-/Al2O3 was put in thermal 

treatment before regeneration [87]. So, the slug flow converters allied to non-polar co-

solvents and new catalysts might provide new insights into FUR production [86] 

Regarding simulation studies, An et al. (2022) carried out XYL dehydration to 

FUR on a chemical plant using a PFR reactor and extractive distillation to separate FUR. 

Among the non-polar solvents, TOL, MIBK, and 2-pentanone were tested. Due to a 

higher partition coefficient, the 2-pentanone approach provided better FUR extraction and 

induced the lowest energy consumption on the process [90].  
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3. FURFURYL ALCOHOL SYNTHESIS ON LIQUID PHASE 

3.1. Substances produced during FUR hydrogenation 

The FUR hydrogenation can produce many products in the liquid phase, as 

expressed in Figure 2. First, the hydrogenation of C=C bonds of FUR produces 

tetrahydrofurfuryl alcohol (THFA), a product with minor interest than furfuryl alcohol 

(FA) [91,92]. Second, FA can lead to 2-MF in a hydrogenolysis path. Third, the cleavage 

of the C=O bond in FUR provides decarbonylation to furan, and the presence of H2O can 

promote the synthesis of LA and GVL [91–93]. Finally, the furan ring might also open, 

producing linear alcohols, for example butanol-1. In order to provide the FUR conversion 

to FA, two major approaches are commonly reported in articles: the use of H2 gas as an 

external source of H or the presence of sacrificial alcohol might provide FUR reduction. 

3.2. Classic Approach and MPV Reaction 

Since the first studies, gaseous H2 has been used as an H source for liquid-phase 

FA production from FUR [14–17]. The main idea was to increase the H2 solubility in 

reaction media to reach the catalyst surface, where FUR reduction occurred. However, to 

provide suitable solubility in the liquid phase, an excess of H2 must be supplied due to 

mass transfer limitations. This is the main reason for the elevated pressures at those 

operations – from 20 to 50 bar. 

Figure 9 shows a graphical representation of the mechanism for FUR 

hydrogenation in the liquid phase. In the Langmuir-Hinshelwood-Hougen-Watson 

(LHHW) mechanism, there is the cleavage of the H-H bond and the adsorption of FUR 

on the metal sites, promoting the activation of the external C=O bond of the furan ring. 

Figure 9 – Scheme for LHHW approach for FA production in the liquid phase – 

Adapted from [93,94]. 
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Furthermore, the Meerwein–Ponndorf–Verley (MPV) reduction is another 

possibility for FA synthesis. In that approach, another H-donor is used instead of the H2 

gas. Then, the conversion to FA may be carried out at lower pressures [95]. Generally, 

alcohols are more used in MPV reactions because of reduced costs, renewable nature and 

advantages as solvents [96]. Concerning the type of alcohols, the secondary ones (e.g., 

isopropanol, isobutanol, etc) are more efficient donors than the primary ones [96]. They 

have a better stabilization effect of the carbocation produced during hydride transfer [96]. 

However, tertiary alcohols are unable to perform MPV due to the lack of a α–H [96]. 

In Figure 10, the MPV mechanism uses both LAS and basic sites on 

heterogeneous solids [97]. The LAS bind to the hydroxyl groups of H-donors (usually the 

alcohol of sacrifice), generating an alkoxide species – a six-membered complex between 

the furan ring and the reducing agent [97]. At the same time, the basic sites attract the 

protons of the O-H bond, weakening the O-H bonds. Moreover, it was reported that a 

strong interaction between the hydroxyl oxygen and the LAS will easier the abstraction 

of the hydrogen by the basic sites [96]. Related to BAS, López-Asensio et al. (2018) 

showed that BAS did not show activity for MPV reduction [98]. However, an acid-base 

pair on catalytic surface is required to complete the MPV cycle, even though is not 

possible to have both strong LAS and basic sites on the same material [96]. 

Figure 10 –MPV reduction of FUR on acid-base surfaces – Adapted from [96,97]. 

 

LAS promote the adsorption of larger molecules, whereas basic sites (electron 

donors) are responsible for the adsorption of the reducing agent.  

Either approach may be taken for FA production once technical pros or cons are 

considered in a technical-economic analysis (TEA). As mentioned before, using 

molecular H2 would require high pressures and therefore the need for appropriate 

facilities. Moreover, H2 is expensive and still mostly produced from fossil resources, 

which can impact the overall sustainability of FA production technology. Finally, 

hydrogenation catalysts demand a metal phase, which besides availability and cost, 
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should also be stable for liquid-phase reactions avoiding leaching. MPV-based process, 

on the other hand, may take the advantage of requiring metal-free catalysts, but would 

strongly rely on the selection of a highly efficient, low cost and renewable-based 

hydrogen donor to fit the sustainable requirements. 

3.3. Reaction Media for FA Production 

3.3.1 Water 

Aside from its use in biomass reactions, the effect of water on FUR hydrogenation 

to FA is different. Several articles reported drawbacks in water media for FA production. 

It was concluded that H2O damaged MPV reduction due to the conversion of LAS into 

BAS and the LAS deactivation in water [98]. Also, the FUR hydrogenation was damaged 

in hydrophobic catalysts on water due to a lack of FUR adsorption [99].  

Furthermore, the H2O medium provides issues related to the control of FUR 

hydrogenation [99–105]. As an example, the presence of an intermediate (3-hydroxy-4-

cyclopentanone) favored the formation of cyclopentanone (CPO) during FUR reduction 

due to the H+ release in water [101,102]. Moreover, the presence of both BAS and water 

shifted the FUR route not only to FA, but to further products, as LA and GVL [100]. 

Besides, the water medium was more spontaneous to ring opening in FA, leading to 1,2-

pentanediol, as remarked by the experiments and DFT calculations of Ma et al. (2017) 

[103]. In another researhc, Zhou et al. (2019) confirmed that H2O and basic sites led to 

cyclohexanol formation, another product derived from FA [105]. Therefore, the use of 

water is not suitable for providing FUR conversion to FA. 

3.3.2 Alcohols 

The class of alcohols presented varied behaviors concerning FUR hydrogenation 

to FA. The ideal alcohol should have an intermediate polarity and low molecular size to 

avoid competition with active catalyst sites [106–108]. As an example, minor chain 

alcohols, like methanol or ethanol, have promoted easier access of FUR to sites in acid 

media [108–110]. As a consequence, the formation of acetals, an undesired product 

derived from FUR, was reported [109,110]. In addition, both methanol and ethanol have 

elevated polarity, which can make them have similar water features. 

Large chain alcohols (butanol-1 and cyclohexanol), though, did not produce acetal 

side products. However, their reported selectivity to FA was low because of the lack of 

interaction with FUR molecule [111]. Among the most cited alcohols on FUR 
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hydrogenation, isopropanol had the equilibrium between polarity and molecular size 

[112]. 

3.3.3 Hydrocarbons 

Aside from the excessive FUR extraction capacity, the potential damage to the 

environment for the hydrocarbons during FUR-derived reactions is one concern [113]. 

The most studied compounds during FA production were toluene (TOL) and hexane 

(HEX). The literature did not report any acetalization during FA production assisted by 

TOL or HEX [110,114]. In some cases, the FA selectivity was close to 100%. However, 

both works stated reduced FUR conversion due to the low interaction between FUR and 

the hydrocarbons [110,114]. Then, despite the elevated solubility on FUR molecules, the 

lack of activity during hydrogenation is the major disadvantage for their use. 

3.3.4 Other non-polar and aprotic substances 

As well as the non-polar solvents, polar aprotic compounds (MIBK, DMF or 

CPME) do not present the donation of H. Then, this lack of acidity damaged MPV 

reactions, and it requires high H2 pressures – usually superior than 10 bar [115–119]. 

Recently, CPME was reported as a stable compound for FUR hydrogenation to FA. At 

first, the use of CPME prevented self-polymerization of FUR even at 150 oC [120,121]. 

Also, de Souza et al. (2019) showed that CPME did not produce either etherification or 

secondary products during FUR reduction [115]. One of the reported applications was in 

continuous liquid phase FA synthesis, with ca. 100% of selectivity [116,119]. Another 

cited substance is ethyl acetate, which provided suitable stability and prevented side 

products during continuous FUR hydrogenation [117,118]. In short, polar aprotic 

substances showed promising conclusions for further studies in FA production, especially 

CPME. 

3.4. Nature of Metals and Recent Advances 

During FUR hydrogenation to FA and further substances, different adsorption 

modes of the furan ring were reported, as expressed in Figure 11 [122–124]. At first, the 

η1-(O)-aldehyde adsorbed the C=O bond in an inclined shape, usually on Cu, Ag, and 

RuO2 surfaces. As a result, this mode is not active for FUR hydrogenation to FA, due to 

the lack of affinity with the metal phase and furan ring [122,124]. In contrast, another 

reported mode was the η2-(C,O)-aldehyde, which has stronger interaction with the furan 

ring in the adsorbed C and O bonds [123,124]. This mode was reported on Ni, Co, Pd, 

and Pt surfaces, increasing the FUR hydrogenation and further cleavage of furan ring 
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[123,124]. Furthermore, in temperatures up to 200 oC, the η2-(C,O) is changed to η1-(C) 

pattern, promoting decarbonylation to furan [93,123]. 

Figure 11 – Adsorption modes of FUR on varied surfaces – Adapted from [123,124]. 

 

3.4.1 Palladium (Pd) and Platinum (Pt) 

It was reported that Pd0 metal sites favored C=C hydrogenation instead of C=O 

from carbonyl group because those sites had more affinity with non-polar groups [91]. 

Indeed, Pd/SiO2 catalysts were more selective to furan and THF production, and Pd-TiO2 

produced 2-MF and 5-hydroxy-2-pentanone [124,125]. Therefore, the balance between 

hydrogenation and decarbonylation must be accounted on the design of Pd solids [126]. 

The alternatives might be the inclusion of a second metal phase (Fe, Ag or Co) or the 

promotion of strong metal-support interaction (SMSI) [124–127]. 

The mathematical modeling of FUR hydrogenation to FA using Pd-TiO2 solids 

pointed out some insights. It was established that Pd sites were responsible for the 

hydrogenation mechanism, and the acid sites promoted FUR ring opening [125]. In 

addition, the adsorption of FUR, FA, and H2 were more notable on the Pd surface 

compared to THFA, which reinforced the necessity of equilibrium between 

hydrogenation and decarbonylation routes [125]. As an example of recent discoveries, 

the stabilization of Pd nanoparticles could control the BAS on titania supports, reducing 

acetal production on MPV reactions [128]. Another reported strategy was the advantage 

of SMSI of Pd/TiH2 catalysts, improving FUR conversion to FA [126]. This occurred due 

to more defects and oxygen vacancies on the surface, promoting suitable adsorption of 

C=O bonds on FUR. It was also pointed out that elevated particle sizes on Pd solids 

induced less FA formation [126]. Therefore, the interactions of support and metal phase 

were important in Pd catalysts [126]. 
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In the examples with platinum, several DFT calculations demonstrated that Pt0 

metal sites were very active for FUR hydrogenation. However, they only presented 

reduced activity compared to Pd0 sites because of differences in the adsorption energy of 

the FUR molecule [129]. In turn, a major issue on Pt0 sites is the interaction with FA, 

allowing a total reduction to THFA [129]. Therefore, similar to Pd catalysts, the recent 

upgrades on FA formation rely on modifications on support or a bimetallic combination. 

Tolek et al. (2021) pointed out that Pt/TiO2 catalysts reduced at temperatures up 

to 500 oC led to Pt-TiOx interface sites with SMSI. Those TiOx-covered sites led to 

increased FA yield on FUR reduction – ca. 80% [130]. Furthermore, the Co addition on 

Pt/TiO2 structure created higher amounts of anatase phase and increased the Pt dispersion 

on the catalytic surface, also improving FA yield to 98% [130]. According to the authors, 

the presence of cobalt promoted the rehybridization of d-orbitals in Pt sites modifying 

adsorption. Besides, Zahid et al. (2021) also confirmed improvements on mixture of Pt 

and Co for FUR hydrogenation. The research concluded that the incorporation of Co 

created a charge transference between both metals, improving FA selectivity [131]. 

Finally, it was reported that on bimetallic Pt-Co catalysts, the first sites were responsible 

for H2 dissociation, whereas the second ones created LAS (Co2+) for carbonyl adsorption 

[132]. Therefore, the proposal of second base metal on Pt solids has been improving the 

selective hydrogenation of FUR into FA. 

3.4.2 Nickel (Ni) 

Ni catalysts were reported as less expensive FUR hydrogenation options than Pd 

and Pt [129]. In contrast, Ni/C catalysts could not allow FA synthesis at temperatures up 

to 120 oC. In fact, the hydrogenation of the C=O aldehyde bond was initiated at 150 oC, 

but Ni was very selective for 2-MF at 200 oC [129]. Furthermore, several literature reports 

issues on Ni catalysts for FA production. As example, elevated Ni contents (above 10 

wt.%) curbed the activity for FA production due to larger particles and Ni agglomeration 

[133]. Wang et al. (2018) also pointed out issues on NiO particles that may act as LAS 

and promote more production of 2-MF [134]. Besides, the presence of NiO sites were 

linked to the adsorption of organic species and loss of performance in FA synthesis [135]. 

Concerning Ni0 sites, the non-uniformity promoted excessive hydrogenation and 

hydrogenolysis of FA into THFA and CPO [136]. Also, Ni0 sites were not stable and 

presented leaching problems on FUR reduction in the liquid phase [134]. So, despite its 

hydrogenation capacity, the lack of selectivity and the presence of deoxygenation to 2-
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MF are obstacles for Ni catalysts. Recent studies have however demonstrated 

improvements of Ni solids performance for FA production from FUR. 

Kamble et al. (2021) reported that methanol as a solvent for Ni/bentonite catalysts 

improved the selective of FUR reduction. According to the research, the η2-(C,O) 

adsorption mode with methanol could produce hydroxyalkyl species that favored FA 

production in a MPV route [137]. Bretzler et al. (2021) confirmed that THF suppressed 

the ring opening to 1,2-pentanediol compared to isopropanol. They also pointed out that 

Ni supported on WxC solids promoted the ring opening of FA due to the oxophilic nature 

of carbides [138]. Another recent work showed that the insertion of Re on Ni/C enhanced 

metal dispersion and also prevented strong interactions of furan ring and adsorbed H2, 

increasing FA yield [139]. Therefore, the recent works aimed for bimetallic combinations 

of Ni catalysts and solvents that decreased further FA conversions. 

3.4.3 Ruthenium (Ru) 

The Ru0 site presented low activity for total hydrogenation of FUR to THFA in 

the range of 100 to 200 oC, due to elevated attraction between furan ring and metal [129]. 

In fact, the mentioned issue for reduction of furan ring provided the highest FA selectivity 

at 150 oC for Ru solids compared to Pd, Pt, Re, Rh, Ni and Cu [129]. This is also 

reinforced by the use of Ru as the main catalyst for the partial hydrogenation of benzene 

(BEN) to cyclohexene (CHE) [140]. However, monometallic Ru-based catalysts 

presented several problems on FUR conversion to FA. 

For instance, it was reported that Ru catalysts presented successive loss of 

performance for both FUR conversion and FA selectivity after reaction cycles [141,142]. 

According to the studies, the Ru0 site provided irreversible chemical adsorption of FA 

molecule [141,142]. Furthermore, the particle size of Ru was also crucial for shifting FA 

synthesis. Durndell et al.(2019) discovered that particle sizes superior to 10 nm on 

Ru/SiO2 catalysts favored FA production instead of furan [143]. On the contrary, smaller 

Ru particles had unsaturated corners and edge sites, promoting FUR decarbonylation to 

furan and the η2-(C,O) adsorption mode [143]. In order to overcome those problems, 

recent literature works studied the influence of support and the stabilization of Ru 

particles during FA conversion. 

Music et al. (2022) verified the influence of phosphorous acid treatment on ZrO2 

supports on Ru catalysts. According to the research, weak and medium acid sites 

improved the formation of FA, whereas the strong ones damaged FA production. Besides, 
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the strong sites increased the opening of FUR ring, generating cyclopentanone and 1,2-

pentanediol. In addition, the performance of Ru was improved on phosphated zirconia 

due to the incorporation of medium sites and also structural disorder, improving Ru 

activation [144]. The study also pointed out that the LAS close to metal particles could 

activate carbonyl groups properly and improve FA synthesis [144]. Also recently, the 

combination of oxygen vacancies and enhanced hydrogen spillover from Ru 

nanoparticles to the support have been credited for rendering highly effective catalysts, 

reaching high FUR conversion and up to 99% FA selectivity [145] r. Another recent 

article concluded that stabilizing Ru nanoparticles immobilized by ionic liquids could 

increase the selectivity to FA, improving hydrogenation routes. Therefore, new studies 

on Ru catalysts aim to modify support or stabilize the metal sites for robust FA synthesis 

[146]. 

3.4.4 Cobalt (Co) and Iron (Fe) 

Cobalt and iron are non-noble metals exploited in FUR reduction to FA. However, 

their use is more common in oxidation studies than hydrogenation routes once some 

problems persist on those metals. First, the elevated oxidation degree provided issues 

because of the instability of Co0 particle [147]. Mejía et al. (2017) reported temperatures 

higher than 600 oC to reduce active phases of Co/Nb2O5 catalysts [148]. Furthermore, the 

performance of Co/SiO2 catalysts was curbed after several cycles due to poisoning and 

also elevated adsorption of carbon compounds [149]. Then, as well as in noble metals, 

the solutions for improvements on catalyst performance are based on bimetallic metal 

sites and modifications of supports [147]. 

In the support modifications, Xu et al. (2020) synthesized Co and Fe catalysts 

supported on N-doped carbon. The Co solid could achieve ca. 99% of FA yield, whereas 

Fe catalyst had 18%. The performance for hydrogenation was attributed to the existence 

of basic sites on the support that activated FUR conversion to FA with the absence of 

hydrogen and Co metal phase. In turn, the reason for the lower activity of Fe solid was 

attributed to the formation of furfuryl formate, a side product from FUR [147]. 

In bimetallic species, it was reported that the addition of Co in Ru/C improved the 

selective hydrogenation of C=O aldehyde bond. Gao et al. (2016) pointed out that Co-

Ru/C solid created both Co2+ and Ruδ+ species on the surface, interacting with the 

aldehyde bond whereas Ru0 promoted its hydrogenation [150]. The activation energy 

calculation for FUR reduction in liquid phase was about 58 kJ/mol, one of the lowest 
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values reported on literature [150]. In another study, the incorporation of iron into the 

structure improved the activity of Pt (111) crystalline plan on Pt-Fe catalysts, leading to 

an η1-(C,O) adsorption coordination [127]. Furthermore, adding Co in a CuAl alloy 

produced stronger LAS, increasing FA formation and 2-MH in the hydrogenolysis route, 

which corroborates the results that stronger sites damaged FA formation [144,151]. Then, 

changes in the conformation of the support and the addition of a second or even third 

metal phase improved the performance of Co and Fe catalysts. 
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4. DIRECT UPGRADE OF XYLOSE TO FURFURYL ALCOHOL IN THE 

LIQUID PHASE 

4.1. Principles and Challenges for FA synthesis from XYL 

Given the XYL dehydration and FUR hydrogenation in the liquid phase, it is 

possible to connect both routes. In other words, the production of FA is conducted with 

XYL as the main substrate. During this conversion, LAS and BAS develop the XYL 

dehydration to FUR. Next, the LAS sites and H-donor or metal sites and H2 carry out the 

conversion of FUR to FA (Figure 12). 

Figure 12 – Sites used in direct FA production from XYL – Adapted from [152]. 

 

This direct approach is particularly interesting considering all recent efforts on 

process intensification whereby more efficient and competitive technologies are pursued. 

Indeed, many relevant issues concerning energy consumption, waste generation and 

process sustainability process can be dealt with in such more compact process 

configuration.  

Nonetheless, accomplishing high productivity is still of foremost importance and, 

therefore, aside for the problems from the XYL and FUR routes, like HUM and resins 

productions, the direct path is even more challenging. For example, if the XYL molecule 

is not protected, there will be a direct reduction of XYL to xylitol (XOL) that cannot be 

converted to FUR and FA. As expressed in Figure 2, the isomerization of XYL to xylulose 

does not improve either the FA formation, and in some cases, the opening of the furan 

ring curbs the selectivity to FA [153–159].  

The literature reported several strategies for the design of systems for direct FA 

synthesis. First, a biphasic semi-batch reactor can be used to extract FUR and a tubular 

converter hydrogenates FUR to FA [160]. Second, a catalytic bed can also contain two 

catalysts for FUR and FA production, as reported by Cui et al. (2016) [161]. Third, a 

biphasic batch reactor with H2 gas can also be tested, where the pentose is dehydrated in 

water and the non-polar phase extracts FUR for its reduction [162,163]. Finally, the 

conception of a multifunctional catalyst may also work on a homogeneous system for FA 
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production [153–159,164,165]. The further section will describe the advances in this 

research field. 

4.2. Recent Advances in FA synthesis from XYL 

The use of catalytic foams was explored for the XYL upgrade to FA in reaction 

media [162,163]. As first remark, Amberlyst-15 was used for XYL dehydration and Ru/C 

for FUR hydrogenation [162]. It was established that the composition of the liquid phase 

was crucial for the XYL upgrade in batch reactors. The monophasic water medium did 

not protect XYL molecule, producing elevated contents of XOL instead of FUR [162]. 

The phenomenon warned to the control of both dehydration and hydrogenation rates. On 

the contrary, a reaction medium with of water and organic solvent displayed different 

outcomes. The authors confirmed that cyclohexane and 2-MTHF suppressed the XYL 

hydrogenation to XOL and allowed the conversion of FUR to THFA [162]. In addition, 

the research determined that the hydrophobicity of the organic solvent was important for 

the control of XYL upgrade to further products [162]. The elimination of FUR side 

reactions was also linked to the same organic solvents, demonstrating the importance of 

proper FUR extraction [163]. 

The use of isopropanol as an auxiliary solvent in water media prevented side 

reactions from FUR molecule [153]. An optimal proportion of (1:3) between H2O and 

isopropanol was stated, because lower ratios allowed to more XYL isomerization [153]. 

Also, the inactivation of LAS after several cycles showed the influence of water on direct 

FA synthesis [157]. According to the study, more FUR was produced instead of FA, 

damaging MPV conversion [157]. Moreover, the FA formation was reported reaching 

higher levels in THF and acetone than water, indicating the reduced protection of XYL 

molecule in water [158]. Therefore, elevated contents of H2O in the reaction media might 

inactivate LAS because of attaching and adsorption [157,158]. 

Peng et al. (2020) used H4SiW12O40, a commercial heteropolyacid, to carry out 

the direct conversion of XYL to FA. According to the research, the addition of tert-

butanol to the reaction system protected the FA molecule of further degradation steps 

[166]. In addition, the glycosylation of XYL was minimized because of the 

hydrophobicity and steric hindrance of the tertiary alcohol. Furthermore, when formic 

acid was used as H-donor, the FA yield from XYL was improved to 90%. One possible 

reason is the generation of formic acid by the acid dehydration of tert-butanol using H+ 

from the cited acid [166]. Together with the stability of tet-butanol, the XYL dehydration 
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was catalyzed by the LAS and the BAS on the heteropolyacid. In addition, the W atom 

adsorbs the H for FA production from FUR [166]. In regard to the activation energies, 

the proposed system had 85 kJ/mol from XYL to FUR, a lower value compared to 130 

kJ/mol over water medium [167]. Therefore, the system comprised by tert-butanol and 

formic acid act as co-solvent and proton donor for the production of FA from XYL [166]. 

Aside for the type of solvents, the nature of sites is crucial in direct FA synthesis 

from XYL. First, it was concluded that isolated metal centers allowed direct conversion 

of XYL to XOL, but not to FA [154,155]. On the XYL dehydration route, the acid sites 

were responsible for FUR production [155]. In second place, the excess of acid groups 

loading curbed the FA synthesis and increased FUR yield [154,165], leading to the 

conclusion that the catalytic sites should not be isolated. Therefore, the design of vicinity 

between metal and acid sites was necessary to optimize the XYL to FA route in metal-

supported catalysts [154]. 

Besides metal catalysts, zeolites produced FA from XYL on a metal-free approach 

[156,159]. As well as on metals, the vicinity of BAS and LAS sites was also important 

for FA production once desorption of FUR should be avoided. Furthermore, the balance 

between water-tolerant LAS and BAS provided different insights in the MPV route of 

XYL to FA. Higher BAS contents shifted the FA conversion to LA in an acid-catalyzed 

route. Therefore, an ideal proportion of water-tolerant LAS and BAS was required for the 

metal-free route [159]. 

As a final remark, Deng et al. (2020) studied the influence of pore sizes on the 

direct conversion of XYL to FA [165]. On Cu/SBA-15 solids, pores up to 120 Å 

decreased the carbon balance and FA production due to a combined effect of higher XYL 

conversion and diffusion of molecules. In turn, minor pores (about 40 Å) improved the 

FA formation and reduced the XOL production [165]. In short, the equilibrium of pore 

sizes is important for FA production from XYL. 

To conclude, selected results of FA production from XYL were summarized in 

Table 2. 
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Table 2 – Researches in XYL upgrade to FA in phase with highest reported FA yield. 

System Solvents T (ºC) pH2 (bar) YFA (%) Ref. 

Pt/SiO2 + ZrO2-SO4 H2O/Isopropanol 130 - 33 [153] 

Pt/ZrO2-SO4 H2O/Isopropanol 130 30 16 [154] 

[Al]-SBA-15 H2O/Isopropanol 130 - 20 [157] 

Zeolite beta H2O/Isopropanol 130 - 80 [156] 

Zr-BEA zeolites H2O/Isopropanol 130 - 10 [168] 

Pd/Nb2O5 H2O/THF 130 30 23 [158] 

Cu/SBA-15-SO3H H2O/1-butanol 130 30 60 [165] 

Hβ/CuO/ZnO/Al2O3* H2O/GBL 150 10 87 [161] 

Co N-doped carbon H2O/1,4-dioxane 160 - 70 [164] 

*: operation in continuous mode, -: absence of gaseous H2 
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5. CONCLUSIONS AND FUTURE TRENDS 

Along this contribution, the processes for XYL dehydration, FUR hydrogenation 

and direct FA synthesis from XYL were reviewed. The dehydration of XYL produces 

FUR in liquid phase. The LAS isomerizes XYL, and the BAS converts the isomers to 

FUR. However, the proportion of LAS/BAS and the strength of those cites is crucial for 

FUR production in heterogeneous catalysts. Strong LAS and BAS produce more HUM, 

decreasing FUR yield and also blocking catalytic sites. Furthermore, the excess of LAS 

curbs FUR yield whereas weak/medium sites improve it. Therefore, an optimum ratio and 

strength of LAS/BAS sites must be accounted for catalyst design.  

Both solvents and co-solvents also determine the proper conversion of XYL to 

FUR in liquid phase. For example, water induces to more HUM formation and also 

deactivation of LAS on heterogeneous solids. Then, the use of another substance to 

extract or protect FUR molecule for side-reactions is recommended. In this sense, a new 

class of solvents has emerged, especially with alcohols and GVL. In water mixtures, 

isopropanol and n-butanol prevent FUR side reactions and GVL activates LAS and BAS 

properly during XYL dehydration. Regarding new studies, many upgrades occurred in 

XYL dehydration. The surface modification of heterogeneous catalyst has providing new 

ideas for FUR synthesis. SO3H groups improve FUR production and may also act as BAS. 

In addition, the use of materials with water-tolerant LAS also provided more activity for 

FUR synthesis. Finally, the design of tubular reactors and process simulation has helped 

to scale-up the FUR production with sustainable process in the future. 

The FUR reduction to FA can occur with H2 gas or without an external source of 

H (MPV approach). The latter is the major upgrade in FA production studies. Normally 

isopropanol has been used as sacrificial alcohol for H donation, because water leaded to 

more CPO and LA production. Furthermore, the nature of metals is also important for FA 

production. Despite the lack of selectivity for C=C and C=O bonds, Pd0 and Pt0 lead to 

elevated hydrogenation rates. Similar phenomenon also occurs over Ni0. Furthermore, 

base metals incorporation (Co and Fe) has helped to increase dispersion and change 

synergy in bimetallic combinations. As new areas, the surface modification of support 

with basic sites improves the understanding of MPV reactions. In addition, DFT studies 

provide new comprehension concerning interaction of FUR with metal particles. 

Many works had performed the direct upgrade of XYL to FA in the same reaction 

medium, with a sequence of dehydration and reduction routes. Catalysts with metal, LAS, 
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and BAS sites can convert directly XYL to FA in the presence of H2. However, some 

features are necessary for the design. The construction of solids with vicinal acid and 

metal sites converts XYL to FA more efficiently. After all, clustered metal sites lead to 

XOL directly from XYL and the excess of acid sites produces more FUR instead of FA. 

In addition, new researches are focused on the direct FA synthesis from XYL with the 

absence of metal sites, especially on zeolites. Either way, the demand for more advanced 

structured catalysts is foreseen. Process-driven new catalyst architectures seem to be a 

way to increase the resistance of metal-based systems to leaching, particularly in water-

containing reaction media.  

Among the further perspectives, the use of eutectic solvents in XYL dehydration 

can help to a transition from bench scale to industrial processes. Furthermore, the search 

for green and environmentally friendly solvents remains both for FUR and for FA 

production. Catalysts that curb the production of HUM and resins will reduce the cost in 

industrial applications. In addition, new studies on continuous production of FUR and FA 

will help in scale-up of XYL dehydration and FUR hydrogenation. 
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