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Abstract 

 Olive stones were employed as feedstock for furfural production in two stages: 

1) autohydrolysis of hemicellulosic fraction to recover their pentoses, mainly xylose, 

and 2) subsequent dehydration of pentoses into furfural. Autohydrolysis step was 

optimized by using different experimental conditions (temperature: 160-200 ºC and 

time: 30-75 min), giving rise to liquors with different xylose concentrations, since 

hydrolysis was incomplete in some cases. The combined use of a commercial γ-Al2O3 

and CaCl2 led to total hydrolysis of non-hydrolyzed pentosans after autohydrolysis step, 

and the subsequent dehydration of pentoses into furfural. The maximum values of 

furfural yield and efficiency were 23 and 96%, respectively, after only 60 minutes at 

150 ºC by using liquor obtained by autohydrolysis at 180 ºC and 30 min (L5.1) as 

source of pentoses. This liquor, L5.1, provided better catalytic results than other liquors 

which had shown higher xylose concentration after autohydrolysis, probably due to 



these latter also exhibited a higher concentration of organic acids; thus, the presence of 

organic acids such as acetic and lactic acid could promote side undesired reactions 

leading to lower furfural yields. Finally, γ-Al2O3 was more effective for furfural 

production under these experimental conditions than other solid acid catalysts, such as 

mesoporous Nb2O5, Nb-doped SBA-15 and Zr-doped HMS silicas, probably due to 

alumina has a higher density of acid sites. 

Keywords: lignocellulosic biomass, hemicellulosic liquors, olive stones, xylose 

dehydration; furfural, solid acid catalysts. 

 

1. Introduction 

Awareness of climate change and the rapid depletion of non-renewable fossil 

sources, together with the high volatility in crude oil price, have led to the search and 

development of alternative sustainable processes for the production of chemicals and 

fuels from non-fossil carbon sources (Werpy and Petersen, 2004). In this sense, a very 

promising environmentally friendly raw material is biomass, mainly lignocellulosic 

biomass, as it is the only widely available and renewable source of carbon (Stocker, 

2008; Alonso et al., 2010; Van Putten et al., 2013), with an estimated annual production 

of approximately 2·1011 metric tons (Wang et al., 2014). Lignocelullosic biomass is 

mainly composed of lignin, cellulose and hemicellulose, which possess specific 

properties that provide different uses (Garrote et al., 2007; Willför et al., 2008). For this, 

the use of local biomass, such as agricultural, forestry, agro-industrial and industrial 

waste, is of great interest due to its low cost and high availability, specially in countries 

such as Spain, highly dependent on external supply of fossil resources for energy and 

chemicals. 



In this context, the extraction of olive oil and the olive table market represent an 

economic and social industrial activity that is very relevant in Mediterranean countries, 

such as Spain, Greece, Italy and Tunisia, being olive stones one of main waste obtained. 

The annual production of olives in the Mediterranean basin is estimated about 19 

million tons, according to the Corporate Statistical Database of the United Nations Food 

and Agriculture Organization (FAOSTAT, 2016), generating 3 million tons of olive 

stones, as it represents between 10-30% by weight of the fruit (Garrido-Fernández et al., 

1997). Spain, considered as the main world producer of olive-derived products, 

produces approximately 30000 tons per year of olive oil and 400000-600000 tons per 

year of olive stones (International Olive Oil Council, 2007; Manzanares et al. 2017). 

Currently, the main use of olive stones and its derivatives is as solid fuel, or 

renewable source of energy due to its heat of combustion and good physico-chemical 

properties (Romero-García et al., 2014). Olive stones also find applications as plastic 

filler for thermoplastic polymer (Siracusa et al., 2001), abrasive (Dawson, 2006), in 

cosmetic (Cosmoliva Road, 2007; Korres, 2007), binder metal (Calero et al., 2006), 

source of phenols to obtain phenol-formaldehyde resins (Tejeda-Ricardez et al., 2003) 

and for electrochemical applications (Theodoropoulou et al., 2004). Likewise, olive 

stones have also been employed as raw material to produce high value-added chemicals, 

such as furfural and 5-hydroxymethylfurfural (HMF). Furfural is considered one of the 

most promising chemicals with an annual world production about 430000 tons, whose 

industry is growing due to green chemical initiatives (Werpy and Petersen, 2004; Yebo, 

2014; Raman and Gnansounou, 2015). This compound can be employed for the 

production of fungicides, nematicides, specialized adhesives, flavoring compounds and 

recovery of refinery lubricants, in addition to being an important precursor of other 

chemicals, such as 5-methyl furfural, furfuryl alcohol, tetrahydrofurfuryl alcohol and 



tetrahydrofuran (Win, 2005; Raman and Gnansounou, 2015). Furfural is obtained by 

acid hydrolysis of hemicellulose and subsequent dehydration of the resulting C5 

monomers, mostly xylose and arabinose, although some hexoses and uronic acids are 

also present after hydrolysis (Filiciotto et al., 2018; Gómez-Millán et al., 2019). The 

pentosan content varies between 6-32%, depending on the kind of biomass, being olive 

stones one of the lignocellulosic biomass with higher hemicellulose content (21-28 

wt%) (Zeitsch, 2000; Cuevas et al., 2015a). On the other hand, cellulose and lignin can 

be employed as fuel or to efficiently produce other chemicals, such as ethanol and lignin 

derivatives (Vázquez et al., 2007). Therefore, the fractionation of biomass is required 

for total exploitation of their main components (cellulose, hemicellulose and lignin). 

Thus, hemicellulose can be separated as a liquid fraction by means of a hydrolysis 

stage, obtaining a solid which contains cellulose and lignin that can subsequently be 

valorized (Cai et al., 2014; Cuevas et al., 2015b; Raman and Gnansounou, 2015). In the 

literature, there are numerous studies dealing with the production of furfural from 

agricultural biomass, in single (Fernández-Bolaños et al., 2001; Lama-Muñoz et al., 

2014; Saleh et al., 2014; Cuevas et al., 2015a), two-steps (Riansa-Ngawong and 

Prasertsan, 201; Raman and Gnansounou, 2015) or continuous (You et al., 2015) 

processes. However, cellulose and lignin can also be degraded, leading to side reactions 

that decrease furfural yield and generate more wastes (Zhang et al., 2014). It has been 

reported that the side reactions are limited when furfural production is carried out in two 

steps, obtaining higher furfural yields (Mansilla et al., 1998; Punsuvon et al., 2008). 

On the other hand, although the use of liquid mineral acids, such as H2SO4 or 

HCl, has been widely studied for the hydrolysis of polysaccharides (Fernández-Bolaños 

et al., 2001; Montané et al., 2002; Hernández et al., 2014; Padilla-Rascón et al., 2020), 

much attention is being paid to the development of autohydrolysis processes in the 



presence of only water, since the presence of acids coming from hemicellulose 

degradation, such as acetic or formic acids, as well as hydronium ions produced by 

autoionization of water, provide low pH values that allow autohydrolysis reaction 

(Cuevas et al., 2015b). Thus, autohydrolysis of olive stones has been studied in the 

literature. Nabarlatz et al. (2007) compared different agricultural wastes, being olive 

stones between them, carrying out hydrolysis in deionized water at 179 °C for 23 min. 

They found that hemicellulose can be easily depolymerized, whereas cellulose and 

lignin mostly remained in the hydrolysis solid residue. Moreover, the xylo-

oligosaccharides yield depended on both the xylan content and the amount of acetyl 

groups of these raw materials, due to these groups liberated acetic acid, which was able 

to depolymerize xylans. Cuevas et al. (2009) realized autohydrolysis of olive stones 

between 175 and 225 ºC, with severity factors between 2.73 and 4.39, in order to 

employ these liquors for ethanol production. In the autohydrolysis step, they found that 

the maximum content of oligosaccharides was attained for a severity factor of 3.67, 

since higher values promoted degradation processes, decreasing the oligosaccharide 

yield. Likewise, Cardador dos Santos et al. (2011) confirmed that the composition of 

liquors depended on the severity factor employed for autohydrolysis of olive stones. 

They also demonstrated that higher hydrolysis rates, observed under harder hydrolysis 

conditions, led to higher concentrations of monosaccharides and aliphatic acids, such as 

formic and acetic acids. On the other hand, Cuevas et al. (2015b) studied autohydrolysis 

of olive stones with hot water between 150-225 ºC for 0–10 min, concluding that 

complete hemicellulose solubilization took place wit a severity factor near of 3.7, 

obtaining high oligosaccaride yield and a low amount of acetic acid. Borrero-López et 

al. (2017) evaluated autohydrolysis of olive stones between 160-240 °C at different 

reaction times (1-8 h), showing that pH values and the severity factor influenced the 



furfural production and degradation, achieving the highest furfural yield after 4 h at 190 

ºC.  

Once that depolymerization of hemicellulose has occurred by autohydrolysis, 

furfural production is carried out in the presence of acid catalysts. Traditionally, 

conventional liquid mineral acids are reported as catalysts in the literature (Riansa-

Ngawong and Prasertsan, 2011; Raman and Gnansounou, 2015), but the use of solid 

acid catalysts is more convenient due to they, unlike mineral acids, are environmentally 

friendly and can be reused. Recently, our research group reported that the combined use 

of γ-Al2O3 and CaCl2 allows successfully to carry out the xylose dehydration in a 

water:toluene biphasic system, attaining a furfural yield of 55% after 50 min at 150°C 

(Fúnez-Núñez et al., 2019). In this previous work, a synergistic effect between alumina 

and inorganic salt was found due to CaCl2 favored the formation of α xylose anomer 

and γ-Al2O3 promoted the furfural production. Thus, this fact was studied by 1H-NMR 

spectroscopy, showing that CaCl2 increased the α-xylopyranose/β-xylopyranose ratio, 

whereas signals associated to the furan ring of furfural were observed after addition of 

γ-Al2O3. Considering these aspects, the main goal of the present work was to obtain 

furfural from liquors made by autohydrolysis of olive stones. For this purpose, this 

process was carried out in two steps in order to decrease the side reactions: (1) the 

autohydrolysis of olive stones in hot water, optimizing reaction temperature and time, 

aiming at maximum recovery of carbohydrates present in the hemicellulose and (2) the 

furfural production from liquors produced in the first stage, as xylose source, in the 

presence of γ-Al2O3 and CaCl2. Likewise, characterization of both olive stones and 

liquors was carried out in order to know how their properties and composition influence 

furfural production in the dehydration stage. The use of other solid acid catalysts, such 

as mesoporous Nb2O5, Nb-doped SBA-15 and Zr-doped HMS silicas which previously 



demonstrated to be active for dehydration of carbohydrates (García-Sancho et al., 

2014a; García-Sancho et al., 2014b; Mérida-Morales et al., 2020), was also evaluated 

for furfural production by using hemicellulosic liquors obtained from olive stones. 

2. Experimental 

2.1. Synthesis of catalysts 

A commercial γ-alumina (Alfa-Aesar, Brockmann Grade I, 58 Å) was employed 

as solid acid catalyst. 

A zirconium-doped mesoporous HMS silica with a Si/Zr molar ratio of 5 was 

prepared following the method proposed by Cecilia et al. (2016). For this, 3.1 g of 

dodecylamine (Merck, 98%) were dissolved in 21.5 mL of water and 17.9 mL of 

ethanol (VWR), under stirring.  A solution composed of 14.8 mL of tetraethyl 

orthosilicate (TEOS) (98%, Aldrich) and 5.78 mL of zirconium n-propoxide (70 wt.% 

in 1-propanol, Aldrich) was added dropwise, keeping stirring for 24 h. The solid was 

recovered by filtration, washed with deionized water, dried and calcined at 550 ºC for 6 

h (1ºC min-1). This catalyst was denominated as Zr-HMS. 

 A niobium-doped mesoporous SBA-15 silica with a Si/Nb molar ratio of 16 was 

synthesized modifying the procedure described by Trejda et al. (2008). Thus, an 

aqueous solution of 4 g of Pluronic P123 (Sigma-Aldrich) was added to a solution of 

NbCl5 (Sigma-Aldrich, 99%) previously dissolved in water. Then, 9.1 mL of TEOS 

were incorporated to the mixture, which was aged at room temmperature for 7 days. 

Finally, the solid was filtered, washed with deionized water, dried and calcined at 550 

ºC for 6 h (1ºC min-1). This catalyst was denoted as Nb-SBA. 

 A mesoporous niobium oxide was synthesized following the route previously 

reported by Lee et al. (2002). Thus, 0.22 mmol of Pluronic L121 (Sigma-Aldrich) were 



dissolved in 10 g of n-propanol (VWR), and, after complete dissolution, 7 mmol of 

NbCl5 were added, and, after 5 min of vigorous stirring, 1.0 mL of a 0.05 M NaCl 

aqueous solution was also incorporated, under inert atmosphere. This mixture was 

stirred at room temperature for 30 min and subsequently aged at 40 ºC for 10 days. 

Finally, the solid was recovered and calcined at 450 ºC for 4 h (1 ºC min-1). This 

material was called as Nb2O5. 

 The textural and acidic properties of these catalysts were evaluated by N2 

adsorption-desorption isotherms at -196 ºC and NH3-TPD respectively (see analysis 

conditions in Supplementary Information). 

2.2. Synthesis of hemicellulosic liquors by autohydrolysis 

Olive stones used as the starting biomass in the liquor manufacturing process 

were supplied by Orujera Interprovincial de Fuente de Piedra (Málaga, Spain) and were 

characterized by using NREL, TAPPI standards and bibliographic methods (Scheme 1 

and Supplementary Information). Olive stones were milled, sieved and dried under air 

conditions until equilibrium in relative humidity (less than 10%) was reached. After 

that, they were employed to obtain hemicellulosic liquors rich in xylose by 

autohydrolysis (Scheme 2).  

In this autohydrolysis stage, 100 g of olive stones were put in contact with water 

by using a solid:liquid weight ratio of 1:10, taking into account the humidity degree of 

the raw material. This step was carried out in a 2 L stainless steel pressure reactor with 

temperature–pressure control and mechanical stirring (Parr, Moline, IL, USA). In order 

to optimize the autohydrolysis conditions, this stage was studied under different 

hydrolysis temperature and time (160, 180, 190, 200 ºC and 30, 45, 60, 75 min) to 

maximize the hydrolysis of pentosans and the concentration of pentoses, mainly xylose. 



The mixture of olive stones and water was heated at 10 ºC∙min-1 and time zero was set 

when the reactor reached the study temperature. After autohydrolysis, the liquid and 

solid fraction were separated by filtration and characterized according to the 

corresponding standardized methods, giving rise to 16 liquors obtained at different 

experimental conditions, which were denoted as LX.1 where X indicates values 

between 1-16 attributed to given experimental conditions and 1 means first 

autohydrolysis step (Table 1). Likewise, other two liquors (L17.1 and L18.1) were 

prepared by using CaCl2 (0.65 gCaCl2·gaqueous solution
-1) in the autohydrolysis step in order 

to evaluate its effect.  

2.3. Characterization of hemicellulosic liquors 

The liquid fraction recovered after autohydrolysis stage (L1.1-1.18) was 

analyzed by high performance liquid chromatography (HPLC) to determine its 

composition, trying to recover the maximum possible xylose concentration, being the 

main detected products: xylose, arabinose, glucose, furfural, HMF, acetic acid (AA), 

formic acid (FA) and lactic acid (LA). Post-hydrolysis process was used for complete 

hemicellulose oligosaccharides depolymerisation for L1.1-L16.1 liquors. This process 

allows the conversion of oligosaccharides into their respective monomeric sugars. For 

this purpose, 100 mL of each liquor was subjected to a post-hydrolysis process with 4% 

H2SO4 (w/w) at 100 ºC for 1 h, extracting small aliquots of post-hydrolysis liquor every 

15 min, which were analyzed by HPLC. The potential xylose for furfural production 

present in these LX.1 liquors was determined by this post-hydrolysis process, giving 

rise to LX.2 liquors (Scheme 2). In all cases, a JASCO instrument equipped with two 

detectors, multiple wavelength detector (MD-2015) and refractive index (RI-2031), a 

quaternary gradient pump (PU-2089), automatic injector (AS-2055), an oven (co-2065) 

and a column (Phenomenex Rezex ROA-Organic Acid H+ (8%) (300 mm×7.8 mm, 5 



μm)) was employed to determine the composition of liquors. All chemicals were 

analyzed by means of a refractive index detector, while the production of furfural was 

controlled using a multiple wavelength detector (278 nm). The mobile phase consisted 

of aqueous H2SO4 solution 0.005M (flow rate 0.35 mL·min-1) for Rezex ROA-organic 

acid H+, being the column at 40 ºC. 

On the other hand, 10 mL of each liquor (LX.1) was also characterized in terms 

of density, pH and percentage of total dissolved solids (oven at 105 ºC for 24h). 

Likewise, the percentage of organic matter (mainly lignin and cellulose) was obtained 

by calcination of the sample in an oven at 525 ºC for 3 h, after calculating the total 

matter, and, finally, the percentage of inorganic matter (silicates and salts) was 

determined by difference. 

2.4. Catalytic test for furfural production 

The catalytic dehydration reaction of xylose to produce furfural was performed 

by using the hemicellulosic liquors obtained after autohydrolysis (LX.1). Catalytic tests 

were carried out in batch conditions, under magnetic stirring (Scheme 2), using a glass 

pressure bushing reactor (Ace, 15 ml). In a typical experiment, 1.5 mL of LX.1 liquor 

were poured into the reactor (aqueous phase), to which were added 0.05 g catalyst, 0.65 

g.CaCl2·gaqueous solution
-1, as inorganic salt, and 3.5 mL of toluene, as organic co-solvent. 

To minimize side reactions, the reactor was purged with N2 before catalytic 

experiments. Likewise, reactors were introduced in an aluminum block, whose 

temperature was controlled by a thermocouple. The reaction was quenched by 

immersing the reactor in a cold water bath. Both the organic and aqueous phases were 

separated and filtered to be analyzed by HPLC, being xylose, arabinose, glucose, AA, 

FA, LA, HMF and furfural the main detected products. The aqueous phase was 

analyzed under similar experimental conditions than liquors (see section 2.3). In the 



case of the organic phase, a reverse phase Phenomenex Luna C18 column (250 mm×4.6 

mm, 5 μm) was employed, determing the furfural concentration by the multiple 

wavelength detector (285 nm). The mobile phase consisted of pure methanol (flow rate 

0.5 mL·min-1), being the column at room temperature. 

2.4.1. Xylose and furfural quantification 

Through HPLC analysis, all chemicals, mainly xylose and furfural, were 

quantified in the liquors obtained after the both stages, LX.1 and LX.2 (X = 1-18). From 

these data, the recovery of pentoses was calculated considering the pentoses detected 

(xylose and arabinose) with respect to hemicellulose determined for olive stones and 

these pentoses together with the mass of xylose required to obtain the amount observed 

of furfural, according to these two expressions (eq. 1 and 2): 

 

   (1) 

 

  (2) 

 

Likewise, the LX.1 liquors were synthesized under different severity factors (log 

(R0)) in order to summarize in one variable the harshness of different autohydrolysis 

treatment conditions. Thus, it was calculated as defined by Overend and Chornet, 

(1987) (eq. 3), where t is the reaction time in minutes, TH represented the process 

temperature and Tref is a reference temperature (100 ºC): 

      (3) 



On the other hand, regarding furfural produced, the results of the present study 

were expressed as a function of furfural yield and furfural efficiency, in which furfural 

produced was expressed with respect to the total mass of olive stones and the highest 

mass of pentoses detected in our liquors (23.6 wt% obtained from L5.2), respectively 

(eq. 4 and 5):  

        (4) 

 

        (5) 

In both cases, the actual total mass of furfural obtained in each experiment was 

calculated taking into account both the furfural formed in the aqueous and organic 

phases after the dehydration process, and removing the amount of initial furfural present 

in the liquor after the stage of autohydrolysis. 

3. Results and discussion 

3.1. Characterization of olive stones 

 The characterizacion of olive stones, used as starting biomass in the liquor 

production process, by standardized methods (Scheme 1) provided the following 

composition: lignin (37.9 wt%), holocellulose (64.0 wt%), α-cellulose (33.7 wt%), 

hemicellulose (30.3 wt%), extractives (2.7 wt%) and ashes (0.8 wt%). In general, these 

results were similar to those obtained by Álvarez et al. (2018) by using the same 

methods. It can be shown that hemicellulose was the minor of three main components 

for lignocellulosic biomass (cellulose, hemicellulose and lignin) in our case, accounting 

about 30 wt% of olive stones, similarly to the value deduced by Álvarez et al. (2018) by 

using a novel method, and slightly lower than that obtained by Montané et al. (2002) by 



using different methods for the analysis of olive stones. Therefore, this hemicellulose 

content was close to those reported for other olive stones in the literature. A key factor 

was the calculation of holocellulose since a value of 80.9% was attained in our case 

following the method proposed by Wise et al. (1946). For this reason, it was decided to 

employ the novel method proposed by Álvarez et al. (2018) for some types of 

lignocellulosic biomass, such as olive stones, since they decreased from 95% of 

holocellulose determined by the standard method until 54% with the novel method. This 

latter was applied as an alternative in the present study, thus obtaining a 64% of 

holocellulose content of olive stones. Therefore, it could be affirmed that this method 

was more suitable to determine the holocellulose content. Regarding extractives (non-

structural components of lignocellulose, including phenolics, resin acids, waxes, fats, 

and inorganics), 2.7 wt% was found in our case, similarly to that obtained by Álvarez et 

al. (2018) (2.3 wt%) and higher than that reported by Montané et al. (2002) (1.5 wt%) 

(Montané et al., 2002; Álvarez et al., 2018). Considering that these latter authors 

employed an ethanol-toluene mixture instead of ethanol-benzene, it is inferred that this 

latter could be more effective. In addition, the percentages of humidity, ash and 

solubility in hot water and in NaOH were also determined, attaining 9.0%, 0.8%, 1.1% 

and 12.4%, respectively.  

3.2. Characterization of hemicellulosic liquors 

3.2.1. Authohydrolysis process 

 Firstly, the autohydrolysis of olive stones, under different experimental 

conditions, was carried out to produce pentose-rich liquors, mainly xylose, which was 

subsequently dehydrated to produce furfural in a second stage. Therefore, it was 

relevant to optimize the autohydrolysis conditions to obtain the maximum pentose 

concentration. In addition, the solid waste mainly composed by cellulose and lignin 



could also be valorized, although this fact was not objective for this work. The influence 

of severity factors associated to different autohydrolysis temperatures (160-200 ºC) and 

times (30-75 min) was evaluated, giving rise to 16 liquors (L1.1-L16.1). Prior to the 

compositional analysis, some physico-chemical properties were determined, such as 

density, pH and the contents of organic and inorganic matter (Table 1). All the liquors 

showed acid pH values after the autohydrolysis stage, finding the lowest ones for 

liquors with the highest severity factor values. This fact could be probably due to more 

drastic temperature and time conditions led to the formation of higher amounts of 

organic acids such as acetic acid (AA) produced by the presence of acetyl groups in the 

lignocellulosic biomass, which decreased the final pH of these liquors to pH= 3-4, as 

had previously found by other authors in the autohydrolysis of olive stones (Nabarlatz et 

al., 2007; Cuevas et al., 2015a). Regarding density, values close to water density were 

found in all cases for L1.1-16.1 liquors, being slightly lower for those liquors with the 

highest severity factor values, although a trend was not found. On the other hand, the 

inorganic matter content (IM) was very low in all cases and the organic matter content 

(OM) increased for higher autohydrolysis times at 160 ºC, but it was lower when the 

autohydrolysis took more time at higher temperatures. 

 Afterwards, the composition of these liquors was analyzed, being xylose, 

arabinose, glucose, furfural, acetic acid and formic acid the main constituents detected 

(Figure 1 and Table 1S). It is well known that hemicellulose is mainly formed for 

pentosans, mostly xylans, whose hydrolysis reaction gives rise to the corresponding 

monomers. Therefore, one of more abundant chemicals found for these liquors after 

depolymerization of hemicellulose present in olive stones was xylose, whose 

concentration varied in the range of 0.13-16.76 gxylose·L-1, depending on temperature 

and time of autohydrolysis (Table 1S). Hence, the xylose concentration enhanced with 



the time at 160 ºC (L1.1-4.1), although, at higher temperatures (180 and 190 ºC), the 

xylose concentration also increased initially, but it started to decrease from 60 and 45 

min, respectively, in such a way that the maximum values were obtained for L7.1 and 

L10.1 (16.76 and 16.48 gxylose·L-1 respectively). These hydrolysis conditions correspond 

to severity factor of 4.13 and 4.30 respectively. Thus, lower xylose concentrations were 

found for more drastic conditions (log R0> 4.3), since degradation of some 

monosaccharides could take place, as previously noted by Cuevas et al. (2009). 

Therefore, it could be inferred that the production of xylose monomers due to 

hydrolysis of polysaccharides prevailed over the degradation reactions for L7.1 and 

L10.1 liquors, although total hydrolysis of xylans could not have took place in these 

conditions, since the recovery of pentoses was lower, as will be commented later. 

In addition, it should be noted that another pentose, arabinose, was also detected 

for L1.1-4.1 liquors prepared at 160 ºC and traces for L5.1, obtained at 180ºC and 30 

min. However, its concentration (0.09-0.58 garabinose·L-1) was much lower than those of 

xylose (Figure 1 and Table 1S). As previously Cuevas et al. (2015b) confirmed, the 

hydrolysis of arabinose chains would require lower severity factor than the xylose ones, 

attaining its maximum concentration after autohydrolysis at 160 ºC for 75 min. 

Moreover, glucose monomers were only detected for L12.1-L16.1 liquors, being 

necessary at least 190 ºC and long reaction times (> 75 min), or higher than 200 ºC for 

its production, although a very low glucose concentration was detected for L1.1 (160ºC 

and 30 min) (Figure 1 and Table 1S). This result agrees with those obtained by Gao et 

al. (2012), who affirmed that cellulose degradation takes place above 200 °C because of 

its crystallinity. The low glucose concentration observed for L1.1 could be due to 

glucose present in hemicellulose, thus demonstrating that its content is very low. These 

monomers would disappear for L2.1-L11.1, since they were converted into other 



chemicals, as, for example, 5-hydroxymethylfurfural (HMF), which was detected by 

HPLC, but its concentration was negligible (not included). 

 On the other hand, aliphatic acids, such as acetic (AA) and formic (FA) acids 

had been reported after hydrolysis of olive stones in the literature (Cardador-Santos et 

al., 2011; Padilla-Rascón et al., 2020). In our case, AA was detected in all cases, 

whereas a low concentration of FA was found for more severe conditions (Figure 1 and 

Table 1S). Another self-produced organic acid coming from the hydrolysis of 

lignocellulosic biomass is lactic acid (LA) (Lyu et al., 2019), which was not detected in 

any case for L1.1-16.1 liquors. The presence of these organic acids explains the acid pH 

of these liquors. Regarding the AA concentration, it enhanced with the treatment 

severity, attaining a maximum concentration for L10.1. Nevertheless, the AA content 

decreased for more drastic conditions, that is, for severity factor above 4.4. This result 

agrees with that found by Cuevas et al. (2015b), who observed the highest AA 

formation for log R0 values of 3.5-4.5. It is noteworthy that the xylose concentration 

grew in parallel with the AA increment, following these chemicals a similar trend for 

similar autohydrolysis conditions (Figure 1). Only in the case of autohydrolysis at 200 

ºC (L13.1-16.1), a decrease in xylose concentration was observed, whereas the amount 

of AA was almost unchanged. Therefore, a higher AA concentration could provide a 

more acidic environment, promoting autohydrolysis reactions and consequently a 

positive effect of the pretreatment (Lu et al., 2016). However, high AA concentrations 

exert a negative effect on the recovery of xylose monomers, due to their degradation 

could also have been promoted, as was previously suggested by Padilla-Rascón et al. 

(2020). These authors affirmed that xylose degradation reactions led to the formation of 

furfural for high AA concentrations. In our case, this relationship between furfural and 

AA concentration was also observed, in such a way that they followed similar trends 



(Figure 1), obtaining the greatest furfural concentration at high temperatures and short 

times, as previously observed by Montané et al. (2002) for acid-diluted hydrolysis of 

olive stones. Recently, Lyu et al. (2019) studied the hemicellulose depolymerization by 

using sweet sorghum bagasse as biomass source, confirming that self-produced organic 

acids accelerated its hydrolysis, but high acid concentrations, mainly, of AA and LA, 

promoted the conversion of xylose to furfural and other small degradation products 

under severe conditions. Nonetheless, the combined use of AA and LA accelerated the 

production of xylose, but hindering the formation of furfural. As the inhibition of 

furfural formation was not displayed in the presence of AA for our liquors (L1.1-16.1), 

it could be thought that the absence of LA in these liquors could avoid the degradation 

of xylose. This fact could be related to LA possesses lower pKa (3.86) than AA (4.76) in 

such a way that its higher acid strength could favor these degradation reactions. 

 Likewise, the recovery of pentoses-containing olive stones with respect to its 

hemicellulose content (30.3 wt%) was calculated in order to know autohydrolysis 

conditions that provide a greater degree of C5 carbohydrate recovery. On the one hand, 

the content of C5 sugars in liquors was considered as the sum of xylose and arabinose 

monomers with respect to hemicellulose content (ypentoses). It can be observed that the 

highest pentose concentrations were found for L7.1 and L10.1 liquors in such a way that 

the recovery of pentoses was equal to 55.3 and 54.4% respectively (Figure 2). In the 

case of autohydrolysis carried out at 180 ºC, shorter times than 60 min (L7.1) were not 

enough to make accessible all pentose monomers, as occurred for L5.1 and L6.1. 

However, it is feasible that polysaccharides had been partially depolymerized and 

shorter oligosaccharide chains were obtained, which were not identified by HPLC. 

Indeed, Cuevas et al. (2009) previously affirmed that the maximum oligosaccharide 

content was attained for a severity factor of 3.67, being this value between L4.1 (log R0 



= 3.64) and L5.1 (log R0 = 3.83), so it is probably that one of these liquors present the 

highest concentration of oligosaccharides. However, the recovery of pentoses was 

maximum after 45 min when autohydrolysis was carried out at 190 ºC (L10.1), and then 

it considerably decreased probably due to side reactions promoted at higher 

temperatures and/or times. This fact was corroborated by the recovery of pentoses after 

autohydrolysis at 200 ºC (L13.1-16.1), where the concentration of pentoses 

(xylose+arabinose) was low, even at short reaction times. On the other hand, the amount 

of furfural produced comes from pentoses, so it could be considered inside the recovery 

of C5 carbohydrates in liquors (ypentoses+furfural). These values were also included in 

Figure 2, and it can be observed that, although higher values were found, the trend was 

similar to that detected for ypentoses, being maximum for L7.1 and L10.1 liquors, with 

values of 70 and 73%, respectively. 

 Finally, it had been previously reported that calcium cations can interact with 

carbohydrates, even improving the production of high value-aded chemicals, such as 

furfural and HMF (Yang et al., 2006; García-Sancho et al., 2017; Fúnez-Núñez et al., 

2019). Ca2+ ions exhibit the ability to form complexes with carbohdyrates, facilitating 

their subsequent transformation. In this sense, it was considered convenient to ascertain 

the influence of calcium ions on the autohydrolysis process due to it is likely that these 

cations can also interact with carbohydrate-containing hemicellulose. Moreover, if Ca2+ 

promoted autohydrolysis, this reaction could be carried out under milder conditions in 

the presence of these cations. Thus, the optimal concentration found in a previous work, 

which considerably enhanced the xylose dehydration to furfural (0.65 gCaCl2·gaqueous 

solution
-1), was employed to perform the autohydrolysis of olive stones (Fúnez-Núñez et 

al., 2019). Since the presence of this salt could favour hydrolysis, two liquors (L17.1 

and L18.1) were prepared under similar conditions as L1.1 and L2.1, respectively, 



because those conditions yielded a very low pentose concentration. As expected (Table 

1), these liquors, L17.1 and L18.1, exhibited the lowest pH values and the highest 

densities. In addition, their appearance was darker and a higher amount of solid waste 

was found after autohydrolysis stage. It can be observed (Figure 1 and Table 1S) that 

the presence of this salt increased the hydrolysis rate, increasing xylose and furfural 

concentration values with respect to L1.1 and L2.1. However, the recovery of C5 

carbohydrates, taking into account only xylose and furfural concentrations since 

arabinose was not detected, was lower than those found for liquors obtained at higher 

temperatures, being slightly lower than that achieved for L5.1 (Figure 2). It should also 

be noted that lactic acid (LA) was only detected for liquors obtained by using CaCl2 in 

the autohydrolysis stage, obtaining 0.88 and 0.44 g·L-1 for L17.1 and L18.1, 

respectively (Table 1S). It has been reported that LA is produced by the degradation of 

xylose and its combined use with AA accelerates the hydrolysis process (Lyu et al., 

2018). However, LA could avoid the furfural formation in the pretreatment. Moreover, 

these liquors (L17.1 and L18.1) showed similar recovery of C5 sugars than L5.1, in 

spite of the concentration of both organic acids, LA and AA, was higher for the former. 

Considerig that the presence of LA would come from xylose degradation, it looks like 

that the use of CaCl2 favored this reaction and subsequently other degradation reactions, 

hindering the furfural production. Therefore, it could be affirmed that the presence of 

AA was benefitial for both hydrolysis and dehydration processes, but LA enhanced the 

side reactions giving rise to the formation of solid waste. 

3.2.2. Post-hydrolysis process 

Finally, a second acid hydrolysis stage was carried out by using L1.1-16.1 

liquors as feedstocks, in order to know the evolution of xylose concentration in the 

presence of acid homogeneous catalyst and calculate the potential xylose for olive 



stones by total hydrolysis. For this, the pertinent liquors were put in contact with 4 wt% 

H2SO4 aqueos solution, in a reflux system at 100 ºC for 1 h, and different aliquots were 

extracted every 15 minutes (Scheme 2). It can be observed that xylose concentrations 

slightly grew at short hydrolysis times and then this value was maintained during the 

reaction (Figure 3); indeed, this increase did not take place in all cases. Moreover, the 

recovery of xylose in this post-hydrolysis process enhanced for those liquors obtained at 

longer autohydrolysis times in the 1st step carried out at 160 ºC. In the case of 

autohydrolysis at 180 ºC, the xylose concentration increased for L5.2 (obtained from 

L5.1) with post-hydrolysis treatment, attaining the highest values of recovered xylose 

(23.6 gxylose·L-1) which was considered as the potential xylose of olive stones. This value 

was the highest reached by acid post-hydrolysis from L5.1, compared to the rest of 

liquors (Table 1S). It should be taken into account that this liquor had a severity factor 

for autohydrolysis stage (log R0 = 3.83) which could maximize the oligosaccharide 

content, as was previously mentioned, being likely a higher recovery of pentoses in the 

following steps. Nonetheless, the xylose concentration decreased for post-hydrolysis of 

liquors obtained at longer autohydrolysis times (L6.2-8.2), which showed higher 

severity factor in the autohydrolysis step. Likewise, lower values of xylose 

concentration were found for higher autohydrolysis temperatures (190 and 200 ºC). This 

fact could be due to the presence of sulphuric acid together with different composition 

of each liquor caused by its different autohydrolysis conditions led to degradation of 

these xylose monomers. Regarding furfural concentration obtained after post-hydrolysis 

process, in most of cases, it was maintained along post-hydrolysis time reaction. Only in 

the case of acid post-hydrolysis for L7.1 and L10.1 liquors, an increase was found at 

short times, but it decreased along acid hydrolysis reaction, which had shown the 

highest xylose and AA concentrations after autohydrolysis (Figure 1S). Likewise, very 



low values of furfural concentration for post-hydrolysis process from liquors whose 

autohydrolysis had been carried out at 190 ºC and long autohydrolysis times (L11.2-

12.2) or 200 ºC (L13.2-16.2). Moreover, these liquors had shown high AA 

concentrations after autohydrolysis (Table 1S and Figure 1). Therefore, it is feasible that 

more severe autohydrolysis conditions led to a high aliphatic acid concentration, which 

had a relevant role in the following stages, demonstrating that the composition of 

liquors by autohydrolysis was a key factor for subsequent steps and it could have a 

relevant role in furfural production. 

3.3. Catalytic tests 

 Considering that L7.1 and L10.1 liquors showed the highest xylose 

concentration (16.759 and 16.476 gxylose·L-1, respectively, Figure 1 and Table 1S) after 

the autohydrolysis step, these liquors were selected to evaluate the furfural production. 

One of the main problems for furfural production is associated to undesired reactions, 

such as condensation and resinification, leading to the formation of soluble and 

insoluble products (humins), which decrease furfural yield (Gómez-Millán et al., 2019). 

Although several alternatives have been proposed in the literature, the use of organic co-

solvent to extract furfural instantaneously from the aqueous solution, avoiding these 

undesired processes, is frequently used, being toluene the most employed solvent due to 

its effectiveness (Mittal et al., 2017). On the other hand, it has been previously reported 

that the use of γ-Al2O3, as solid acid catalyst, and CaCl2 improves furfural yield due to a 

synergestic effect. Thus, the inorganic salt favored the formation of α anomer of xylose 

and alumina promoted its dehydration, thus accelerating the dehydration process to 

furfural (Fúnez-Núñez et al., 2019). Consequently, the effect of γ-Al2O3 and CaCl2 was 

firstly evaluated for furfural production from these hemicellulosic liquors (Figure 4). 

Nevertheless, it must be noted that these liquors had a lower xylose concentration than 



those solutions used in previous works (10 wt%) (Fúnez-Núñez et al., 2019), even if the 

potential xylose is considered (2.36 wt%) (Table 1S). The catalytic data reveal that 

alumina was not able to improve itself the conversion reached in the non-catalytic 

process. However, furfural yield and efficiency improved in the presence of CaCl2 from 

both liquors, which were considerably higher when salt and alumina were jointly used. 

This would also corroborate the synergestic effect between γ-Al2O3 and CaCl2 by using 

hemicellulosic liquors as source of xylans and xylose. On the other hand, a better 

catalytic performance was observed by using L7.1 rather than L10.1, attaining 

maximum furfural yield and efficiency (11 and 46%, respectively) in the former case, 

with only 6 and 24% in the latter case, in spite of both liquors exhibited similar xylose 

concentration after the autohydrolysis stage. It should be noted that L10.1 liquor also 

displayed the highest concentration of AA (Table 1S and Figure 1). Although it has 

been reported that the presence of acetic acid due to the cleavage of the acetyl groups 

catalyzed the depolymerization of hemicelluloses (Nabarlatz et al., 2007), it would also 

be possible that organic acids, such as formic and acetic acids, promoted the formation 

of insoluble humins, as was proposed by Fu et al. (2019). This fact could be minimized 

in the first stage, but the use of liquors with high AA concentration for furfural 

production in the presence of γ-Al2O3 and CaCl2 could enhance undesired reactions. 

Therefore, the highest organic acid concentration (formic and acetic acids) for L10.1, 

produced by more severe autohydrolysis conditions, could have led to losses of furfural 

due to the side reactions catalyzed by these acids in the second stage. 

Considering that the highest xylose concentration after acid hydrolysis was 

achieved for L5.2 liquor (23.6 gxylose·L-1), the concentration of organic acids for L5.1 

was lower than those obtained for L7.1 and the severity factor for L5.1 was suitable to 

recover the highest amount of oligosaccharides, the catalytic performance of γ-Al2O3 



and CaCl2 was evaluated by using L5.1 and L7.1 liquors. First, the effect of reaction 

temperature for furfural production was studied (Figure 5), since it is one of the reaction 

parameters that exerts a great influence on both xylose conversion and furfural yield 

(Raman and Gnansounou, 2015; Gómez-Millán et al., 2019). Before analyzing the 

catalytic results, we must stress that both liquors were prepared at the same temperature, 

but different hydrolysis times (30 and 60 min, respectively), and hemicellulose may not 

be completely depolymerized for L5.1 conditions. Therefore, furfural production could 

take place from depolymerization of pentosans which had not been depolymerized in 

the first stage and subsequent dehydration of pentoses, mainly xylose. So, the catalytic 

behaviour of alumina-calcium chloride system was evaluated at 125 ºC (Figure 5A). 

Both furfural yield and efficiency enhanced with the reaction time in the case of L7.1, 

achieving maximum values of 10 and 42%, respectively, after 60 minutes. Then, these 

values started to decrease for longer reaction times, obtaining values of 3 and 15% after 

120 min, respectively. In the case of L5.1, a different trend can be observed, since so 

high values were not attained along the reaction (yL5=6% and EL5=27%), but these 

values were maintained along 120 min. Thus, it could be affirmed that the undesired 

reactions of furfural were less relevant for L5.1 than L7.1 at this reaction temperature. 

This fact could be due to L5.1 exhibited considerably lower organic acid concentration 

(AA and FA) than L7.1. Then, the furfural production was tested at 150 ºC (Figure 5B), 

attaining better catalytic performance by using L5.1, reaching values of furfural yield 

and efficiency of 23 and 96%, respectively, after only 60 min, which were maintained 

after 120 min. In the case of L7.1, lower values were achieved at this reaction 

temperature, but they were very similar within 120 min. Therefore, the presence of a 

higher acid concentration had certainly influence on the side reactions, but not all 

furfural produced was degraded. In order to know if it was possible to attain a high 



furfural efficiency for lower reaction times, favoring the depolymerization of pentosans 

and dehydration of pentoses, the furfural production was also studied at 175 ºC (Figure 

5C). Thus, lower values were found at this temperature from both liquors. However, the 

furfural efficiency was again higher for L5.1 than L7.1, but both liquors showed their 

maximum values (EL5=49% and EL7=24%) after 15 min of reaction and then they 

decreased until EL5=35% and EL7=17% after 30 min, being maintained after 120 min. 

Thus, it can be affirmed that L5.1 liquor provided better catalytic results than L7.1, 

probably due to this liquor had a lower organic acid concentration, which has shown to 

favor the undesired reactions of furfural in this second stage. The furfural production 

was lower for L5.1 when the reaction was carried out at 125 ºC because the initial 

xylose concentration was also lower for this liquor, since the depolymerization in the 

first stage was not complete in its hydrolysis conditions. Therefore, the 

depolymerization of pentosans would require a higher temperature than 125 ºC. 

However, the furfural production considerably enhanced when the reaction was carried 

out at 150 ºC from this liquor, being the optimal temperature for this process carried out 

in two steps, since the catalytic performance was worse at 175 ºC, probably due to the 

undesired reactions were promoted at higher reaction temperature, as previously 

reported (Gómez-Millán et al., 2020). In the case of L7.1, these undesired reactions took 

place even at low reaction temperatures, since the deactivation was observed even at 

125 ºC, which could be due to the presence of higher amounts of formic and acetic 

acids. Therefore, both organic acid concentration and reaction temperature would have 

influence on the decrease of furfural efficiency provoked by these undesired reactions, 

obtaining the best results at 150 ºC by using L5.1 as feedstock for furfural production. 

 On the other hand, the furfural production was also studied from L17.1 and 

L18.1 at 150 ºC, in spite of these liquors had shown lower xylose concentration, due to 



the use of CaCl2 could accelerate its depolymerization (Figure 2S). In this case, 

additional salt was not added to the reaction medium, since the liquors should have the 

same concentration which was employed for their preparation. It can be checked that 

both furfural yield and efficiency were much lower when these liquors were used as 

feedstocks, being lower than 5 and 20 %, respectively, in both cases. Therefore, it could 

be affirmed that the presence of CaCl2 for the production of liquors decreased the 

effectiveness to recover carbohydrates present in olive stones and consequently hinder 

their transformation into furfural. This fact is probably due to this salt could promote, in 

the autohydrolysis stage, the formation of LA by degradation of xylose. Thus, the 

presence of LA considerably favored undesired reactions leading to high humin 

concentration and decreasing the furfural efficiency. 

 Although the interesting effect of γ-Al2O3 and CaCl2 on the catalytic 

performance has been demonstrated, other solid acid catalysts should also be evaluated 

for furfural production from these hemicellulosic liquors. Thus, mesoporous silica 

doped with heteroatoms such as Al, Zr or Nb, have demonstrated to be active for 

dehydration of xylose to furfural (Lima et al., 2010; García-Sancho et al., 2013; García-

Sancho et al., 2014; Sánchez-Bastardo and Alonso, 2017). In particular, García-Sancho et 

al. (2014b) incorporated Nb2O5 on different supports (commercial, MCM-41 and SBA-

15 silicas and γ-Al2O3) for their use as acid catalysts for xylose dehydration. Thus, the 

best catalytic performance was found for a catalyst with 12 wt% of Nb2O5 supported on 

mesoporous SBA-15 support, attaining high xylose conversion and furfural selectivity 

(84 and 93%, respectively) after 24 h at 160 ºC, in a biphasic water/toluene system. 

Recently, Zr-doped mesoporous HMS silica showed better catalytic results for glucose 

dehydration to 5-hydroxymethylfurfural (HMF) compared to other Zr-doped 

mesoporous silica, such as MCM-41, SBA-15 and KIT-6 (Mérida-Morales et al., 2020). 



This fact was explained by the easy access of glucose molecules to acid sites by its 

morphology, besides a high surface Zr concentration which accelerated the 

transformation glucose into HMF. On the other hand, a mesoporous niobium oxide 

displayed a high xylose conversion and furfural yield (90 and 50%, respectively) after 

90 min at 170 ºC, in a biphasic water:toluene system (García-Sancho et al., 2014a). 

Therefore, it was decided to compare the activity of γ-Al2O3 with other solid acid 

catalysts based on mesoporous Nb2O5, Nb-doped mesoporous SBA-15 and Zr-doped 

mesoporous HMS silicas. In all cases, CaCl2 was employed to enhance the furfural 

yield. Although furfural efficiency was similar at the beginning of reaction (about 15 

min), γ-Al2O3 was much more active than other catalysts under these experimental 

conditions (Figure 6). Thus, furfural efficiency did not exceed 45% for Nb-SBA, Zr-

HMS and Nb2O5 catalysts, whereas γ-Al2O3 provided values close to 100%, after only 

60 minutes at 150 ºC. It should be mentioned that γ-Al2O3, in spite of its total acidity 

was lower than those observed for Zr-HMS and Nb-SBA catalysts, exhibited the highest 

densityof acid sites (Table 2), considerably higher than those obtained for the rest of 

catalysts. Thus, a correlation between acid and textural properties could be proposed to 

play an important role in this catalytic process. Moroever, the synergistic effect between 

CaCl2 and Al2O3 previously reported (Fúnez-Núñez et al., 2019) was corroborated, 

since the use of this salt was not so beneficial when other catalysts were employed. 

Although calcium chloride would promote the formation of α anomer for xylose, other 

acid catalysts such as Nb-SBA, Zr-HMS and Nb2O5 showed a lower density of acid 

sites, and consequently furfural production was lower. Indeed, mesoporous Nb2O5, with 

the second highest acid density, provided higher furfural efficiency than those observed 

for Nb-SBA and Zr-HMS, after 30 min at 150 ºC. However, similar values were found 

for longer reaction time. Finally, the behavior of Nb-SBA and Zr-HMS was very similar 



in spite of the former showed a higher density of acid sites (1.09 versus 0.55 μmoles 

NH3·m-2). This fact is probably due to their morphologies, in such a way that the 

hexagonally packed cylindrical pores of SBA-15 hindered the acces of xylose molecules 

and the globular structure of HMS facilitated it, as was found for dehydration of glucose 

into HMF (Mérida-Morales et al., 2020). Therefore, the combined use of CaCl2 and 

Al2O3 provided the highest values of furfural efficiency (almost 100%), being able to 

hydrolyze pentosans and dehydrate pentoses contained in L5.1 liquor obtained by 

autohydrolysis of olive stones at 180 ºC for 30 minutes.  

 Finally, the stability of alumina for several catalytic runs to obtain furfural in the 

presence of CaCl2 by using L5.1, as source of pentoses, has been evaluated. Fúnez-

Núñez et al. (2019) had demonstrated that alumina could be reused for ten catalytic runs 

in the presence of calcium chloride when furfural production was carried out by using a 

commercial xylose as feedstock. However, the presence of other chemicals in liquors 

obtained from olive stones, like organic acids, could hinder its reusing. Thus, the reuse 

of γ-Al2O3 was carried out in the presence of CaCl2 by using L5.1 at 150 °C for 15 min 

to avoid that side reactions influenced on the catalytic activity (Figure 7). The catalyst 

remained inside the reactor and, after each catalytic cycle, a new mixture (L5.1, CaCl2, 

water and toluene) was incorporated to the reactor without any catalytst pretreatment. It 

can be observed that alumina maintained its furfural yield and efficiency around 8.1-8.2 

and 34.5-35.0%, respectively, for five catalytic runs without any treatment between 

cycles, demonstrating its stability and relevance to produce furfural from liquors 

obtained by autohydrolysis of olive stones. 

Conclusions 

 Olive stones is an interesting sustainable feedstock for furfural production 

because of its high pentose content, mainly xylose, which can be recovered by 



autohydrolysis reaction in the absence of mineral acids. Thus, the autohydrolysis under 

different experimental conditions led to hemicellulosic liquors whose xylose 

concentrations varied as a function of treatment temperature and time, in such a way 

that the maximum values were found for L7.1 (180 ºC and 60 min) and L10.1 (190 ºC 

and 45 min) liquors, with 16.76 and 16.48 gxylose·L-1, respectively. Moreover, the acid 

hydrolysis with sulphuric acid of these liquors obtained by autohydrolysis was carried 

out for their characterization in order to determine the potential xylose of olive stones, 

obtaining the highest concentration (23.6 gxylose·L-1) when L5.1 was completely 

hydrolysed. It has been demonstrated that the use of L5.1 as feedstock for furfural 

production, obtained under less severe autohydrolysis conditions than L7.1 and L10.1, 

provided higher furfural yield and efficiency, 23 and 96%, respectively, after only 60 

minutes at 150 ºC, by using a commercial γ-Al2O3 and CaCl2. Although autohydrolysis 

of L5.1 was not complete, the combined use of alumina and this salt catalysed 

hydrolysis and subsequent dehydration, giving rise to high furfural efficiency, close to 

100 %, after only 60 min at 150 ºC. Thus, a better catalytic performance was achieved 

by using L5.1 as source of pentoses rather than L7.1 and L10.1, in spite of these latter 

had shown higher xylose concentration after the autohydrolysis step. Thus, their higher 

organic acid concentration, mainly acetic acid, could promote undesired reactions, 

consequently decreasing furfural efficiency. Likewise, the use of CaCl2 for 

autohydrolysis step was evaluated in order to carry out this stage at lower temperature 

and time, giving rise to L17.1 and L18.1 liquors. However, the presence of this salt 

promoted the formation of lactic acid by degradation of xylose, avoiding the furfural 

production and favoring other undesired reactions. Therefore, the composition of 

liquors obtained by autohydrolysis was a key factor for the subsequent furfural 

production in such a way that high concentrations of acetic acid and, especially, lactic 



acid hindered furfural production from these liquors. Finally, the combined use of a 

commercial γ-Al2O3 and CaCl2 provided better catalytic performance than other solid 

acid catalysts, such as mesoporous Nb2O5 and Nb-doped SBA-15 and Zr-doped HMS 

silicas, because alumina displayed a higher density of acid sites which facilitated the 

access of pentoses to active sites for their transformation into furfural. γ-Al2O3 can also 

be reused in the presence of CaCl2 for the production of furfural from hemicellulosic 

liquors, obtained from olive stones, at least for five catalytic runs without any pre-

treatment, thus demonstrating its stability. 

Acknowledgements 

 The authors are grateful to financial support from the Spanish Ministry of 

Economy and Competitiveness (RTI2018-94918-B-C44 project), Junta de Andalucía 

(RNM-1565), FEDER (European Union) funds (UMA18-FEDERJA-171) and Malaga 

University. C.G.S. and J.A.C. thank to FEDER funds and Malaga University 

respectively for financial support. L.S.C. gratefully acknowledges support from Spanish 

MINECO via the concession of a Ramon y Cajal contract (RYC-2015-17109). 

 

References 

Alonso et al., 2010  D. Alonso, J. Bond, J. Dumesic  

Catalytic conversion of biomass to biofuels 

Green Chem., 12 (2010), pp. 1493-1513, https://doi.org/10.1039/c004654j 

Álvarez et al., 2018  A. Álvarez, S. Cachero, C. González-Sánchez, J. Montejo-Bernardo, C. 

Pizarro, J. Bueno 

Novel method for holocellulose analysis of non-woody biomass wastes 

Carbohydr. Polym., 189 (2018), pp. 250-256, 

https://doi.org/10.1016/j.carbpol.2018.02.043 

ASTM D1104-56, 1978  West Conshohocken, PA, USA: ASTM International 

Standards Test Method for Holocellulose in Wood 

ASTM D-1104-56, ASTM International (1978) 

Borrero-López et al., 2017  A. M. Borrero-López, V. Fierro, A. Jeder, E. Masson, A. Ouederni, 

A. Celzard   

High added-value products from the hydrothermal carbonisation of olive stones 

https://doi.org/10.1039/c004654j
https://www.researchgate.net/profile/Alain_Celzard


Environ. Sci. Pollut. Res., 24 (2017), pp. 9859-9869, https://doi.org/10.1007/s11356-

016-7807-6 

Cai et al., 2014  C. M. Cai, T. Zhang, R. Kumar, C. E. Wyman   

Integrated furfural production as a renewable fuel and chemical platform from 

lignocellulosic biomass 

J. Chem. Technol. Biotechnol., 89 (2014), pp. 2-10, https://doi.org/10.1002/jctb.4168 

Calero et al., 2006  M. Calero, F. Hernáinz, G. Blázquez, G. Tenorio  

Equilibrium modeling of removal of cadmium ions by olive stones 

Environ. Progress, 25 (3) (2006), pp. 261-266, https://doi.org/10.1002/ep.10151 

Cardador-Santos et al., 2011 J. L. Cardador-Santos, M. Conceição-Fernandes, P. M. L. 

Lourenço, L. C. Duarte, F. Carvalheiro, J. Crespo  

Removal of inhibitory compounds from olive stone auto-hydrolysis liquors by 

nanofiltration 

Desalin. Water Treat., 27 (1-3) (2011), pp. 90-96, 

https://doi.org/10.5004/dwt.2011.2063 

Cecilia et al., 2016  J. A. Cecilia, E. Vilarrasa-García, C. García-Sancho, R. M. A. Saboya, D. 

C. S. Azevedo,  C. L. Cavalcante Jr., E. Rodríguez-Castellón  

Functionalization of hollow silica microspheres by impregnation or grafted of 

amine groups for the CO2 capture 

Int. J. Greenh. Gas Control., 52 (2016), pp. 344-356, 

https://doi.org/10.1016/j.ijggc.2016.07.018 

Cosmoliva Road, 2007   

Cosmoliva Products - essentially balanced 

http://essentiallybalanced.moonfruit.com/cosmoliva-products/4565984166 (accessed 23 

March 2020) 

 Cuevas et al., 2009  M. Cuevas, S. Sánchez, V. Bravo, N. Cruz, J. F. García  

Fermentation of enzymatic hydrolysates from olive stones by 

Pachysolentannophilus 

J. Chem. Technol. Biotechnol., 84 (2009), pp. 461-467, 

https://doi.org/10.1002/jctb.2064 

Cuevas et al., 2015a  M. Cuevas, M. Saleh, J. F. García-Martín, S. Sánchez S.  

Influence of solid loading on D-xylose production through dilute sulphuric acid 

hydrolysis of olive stones 

Grasas y Aceites, 66 (3) (2015), e084, https://doi.org/10.3989/gya.0838142 

Cuevas et al., 2015b  M. Cuevas, J. F. García, G. Hodaifa, S. Sánchez  

Oligosaccharides and sugars production from olive stones by autohydrolysis and 

enzymatic hydrolysis 

Ind. Crop. Prod., 70 (2015), pp. 100-106, https://doi.org/10.1016/j.indcrop.2015.03.011 

Dawson, 2006  D. Dawson 

Walnut Shell and Pecan Shell Filter Media, Abrasives, and Carriers - Industry 

Approval Letters 

http://www.dennisdawson.com/industry.htm (accessed 23 March 2020) 

FAOSTAT, 2016  Food and Agriculture Organization of the United Nations (FAO) Statistics 

division 

http://www.faostat.fao.org/home/E (accessed 22 February 2020) 

https://doi.org/10.1007/s11356-
https://doi.org/10.1007/s11356-
https://www.researchgate.net/profile/Maria_Conceicao_Fernandes?_sg%5B0%5D=QNak_6U1WKghoO9SF3kkECelU1gDlojZgQeVZsf01B-megzMCYhyL4J0XXFAbZLad60xm10.PzgEybiLtW61RXlRPo-6PQr8PiEqy_K7F49RyGX_AdtR4WegwfNynwxSbUyCJ84wvAf2aGAKglgHVVN-BfoNZw&_sg%5B1%5D=BcCGfS_M1bitCEc09LBlkqe5yHQM7LHpHkioTkySrXHz9sUGlvtY5L_VIfLbkc3ohJcqY90.gvoJoYNJVLKNZv4K_BUi9TfQboDX_ypc7Fw4qVfk6V7_u9js2ZSreETMpz3DVBdMlOFmz4q7q32CUPz8hjINbQ
https://www.researchgate.net/profile/Joao_Crespo4
http://essentiallybalanced.moonfruit.com/cosmoliva-products/4565984166
http://dx.doi.org/10.1002/jctb.2064
https://doi.org/10.1016/j.indcrop.2015.03.011
http://www.dennisdawson.com/industry.htm
http://www.faostat.fao.org/home/E


Fernández-Bolaños et al., 2001  J. Fernández-Bolaños, B. Felizón, A. Heredia, R. Rodríguez, R. 

Guillén, A. Jiménez  

Steam-explosion of olive stones: hemicelluloses solubilization and enhancement of 

enzymatic hydrolysis of cellulose 

Bioresour. Technol., 79 (2001), pp. 53-61, https://doi.org/10.1016/S0960-

8524(01)00015-3 

Filiciotto et al., 2018  L. Filiciotto, A. M. Balu, J. C. Van der Waal, R. Luque  

Catalytic insights into the production of biomass-derived side products methyl 

levulinate, furfural and humans 

Catal. Today, 302 (2018), pp. 2-15, https://doi.org/10.1016/j.cattod.2017.03.008 

Fu et al., 2019  X. Fu, Y. Hu, Y. Zhang, Y. Zhang, D. Tang, L. Zhu, C. Hu   

Solvent Effects on Degradative Condensation Side Reactions of Fructose in Its 

Initial Conversion to 5-Hydroxymethylfurfural  

ChemSusChem., 13 (2020), pp. 501-512, https://doi.org/10.1002/cssc.201902309 

Fúnez-Núñez et al., 2019  I. Fúnez-Núñez, C. García-Sancho, J. A. Cecilia, R. Moreno-Tost, E. 

Pérez-Inestrosa, L. Serrano-Cantador, P. Maireles-Torres  

Synergistic effect between CaCl2 and -Al2O3 for furfural production by 

dehydration of hemicellulosic carbohydrates 

Appl. Catal. A-Gen., 585 (2019) 117-188, https://doi.org/10.1016/j.apcata.2019.117188 

Gao et al., 2012  Y. Gao, X. Wang, H. Yang, H. Chen  

Characterization of products from hydrothermal treatments of cellulose 

Energy, 42 (1) (2012), pp. 457-46, https://doi.org/10.1016/j.energy.2012.03.023  

García-Sancho et al., 2013  C. García‐Sancho, I. Sádaba, R. Moreno‐Tost, J. Mérida‐Robles, J. 

Santamaría‐González, M. López‐Granados, P. Maireles‐Torres  

Dehydration of Xylose to Furfural over MCM‐41‐Supported Niobium‐Oxide 

Catalysts 

ChemSusChem., 6 (2013), pp. 635-642, https://doi.org/10.1002/cssc.201200881 

García-Sancho et al., 2014a  C. García-Sancho, J. Rubio, J. Mérida-Robles, R. Moreno-Tost, J. 

Santamaría-González, P. Maireles-Torres   

Mesoporous Nb2O5 as solid acid catalyst for dehydration of D-xylose into furfural 

Catal. Today, 234 (2014), pp. 119-124, https://doi.org/10.1016/j.cattod.2014.02.012 

García-Sancho et al., 2014b  C. García-Sancho, I. Aguerrizabal-Tellería, M. B. Güemez, P. 

Maireles-Torres  

Dehydration of D-xylose to furfural using different supported niobia catalysts 

Appl. Catal. B-Environ., 152-153 (2014), pp. 1-10, 

https://doi.org/10.1016/j.apcatb.2014.01.013 

García-Sancho et al., 2017  C. García-Sancho, I. Fúnez-Núñez, R. Moreno-Tost, E. Pérez-

Inestrosa, J. L. G. Fierro, P. Maireles-Torres  

Beneficial effects of calcium chloride on glucose dehydration to 5-

hydroxymethylfurfural in the presence of alumina as catalyst 

Appl. Catal. B-Environ., 206 (2017), pp. 617-625, 

https://doi.org/10.1016/j.apcatb.2017.01.065 

Garrido-Fernández et al., 1997  A. Garrido-Fernández, M. J. Fernández-Diez, M. R. Adams  

Physical and chemical characteristics of the olive fruit 

Table Olives - Production and Processing, Chapman and Hall edit., London (1997),

 ISBN: 0412 718103 

https://doi.org/10.1016/S0960-8524(01)00015-3
https://doi.org/10.1016/S0960-8524(01)00015-3
https://doi.org/10.1016/j.cattod.2017.03.008
https://doi.org/10.1016/j.apcata.2019.117188
https://doi.org/10.1002/cssc.201200881


Garrote et al., 2007  G. Garrote, E. Falqué, H. Domínguez, J. C. Parajó   

Autohydrolysis of agricultural residues: Study of reaction byproducts 

Bioresour. Technol., 98 (2007), pp. 1951-1957, 

https://doi.org/10.1016/j.biortech.2006.07.049 

Gómez-Millán et al., 2019  G. Gómez Millán, S. Hellsten, A. W. T. King, J. P. Pokki, J. Llorca, 

H. Sixta  

A comparative study of water-immiscible organic solvents in the production of 

furfural from xylose and birch hydrolysate 

J. Ind. Eng. Chem., 72 (2019), pp. 354-363, https://doi.org/10.1016/j.jiec.2018.12.037 

Gómez-Millán et al., 2020  G. Gómez-Millán, R. P. Bangalore-Ashok, P. Oinas, J. Llorca, H. 

Sixta  

Furfural production from xylose and birch hydrolysate liquor in a biphasic system 

and techno-economic analysis 

Biomass Conv. Bioref., (2020), https://doi.org/10.1007/s13399-020-00702-4 

Hernández et al., 2014  V. Hernández, J. Romero-García, J. Dávila, E. Castro, C. Cardona  

Techno-economic and environmental assessment of an olive stone based 

biorefinery 

Resour. Conserv. Recycl., 92 (2014), pp. 145-150, 

https://doi.org/10.1016/j.resconrec.2014.09.008 

International Olive Oil Council, 2007 

http//www.internationaloliveoil.org (accessed 23 February 2020) 

Korres, 2007   

Olive Stones - Intense Exfoliating Scrub 
https://www.korres.com/en/face/masks-and-scrubs/beauty-shots-olive-stones-intense-

exfoliating-scrub (accessed 23 March 2020) 

Lama-Muñoz et al., 2014  A. Lama-Muñoz, J. M. Romero-García, C. Cara, M. Moya, E. Castro  

Low energy demanding recovery of antioxidants and sugars from olive stones as 

preliminary steps in the biorefinery context 

Ind. Crop. Prod., 60 (2014), pp. 30-38, https://doi.org/10.1016/j.indcrop.2014.05.051 

Lee et al., 2002  B. Lee, D. Lu, J. N. Kondo, K. Domen   

Three-Dimensionally Ordered Mesoporous Niobium Oxide 

J. Am. Chem. Soc., 124 (38) (2002), pp. 11256-11257, 

https://doi.org/10.1021/ja026838z 

Lima et al., 2010  S. Lima, M. Antunes, A. Fernandes, M. Pillinger, M. F. Ribeiro, A. Valente   

Catalytic cyclodehydration of xylose to furfural in the presence of zeolite H-Beta 

and a micro/mesoporous Beta/TUD-1 composite material 

Appl. Catal. A-Gen., 388 (2010), pp. 141-148, 

https://doi.org/10.1016/j.apcata.2010.08.040 

Lloyd and Wyman, 2005 T. A. Lloyd,  C. E. Wyman 

Combined sugar yields for dilute sulfuric acid pretreatment of corn stover 

followed by enzymatic hydrolysis of the remaining solids 

Bioresour. Technol., 96 (2005), pp. 1967-1977, 

https://doi.org/10.1016/j.biortech.2005.01.011 

Lu et al., 2016  H. Lu, S. Liu, M. Zhang, F. Meng, X. Shi, L. Yan 

Investigation of the strengthein process for liquid hot water pretreatments 

https://doi.org/10.1016/j.biortech.2006.07.049
https://doi.org/10.1016/j.jiec.2018.12.037
https://www.korres.com/en/face/masks-and-scrubs/beauty-shots-olive-stones-intense-exfoliating-scrub
https://www.korres.com/en/face/masks-and-scrubs/beauty-shots-olive-stones-intense-exfoliating-scrub
https://doi.org/10.1016/j.indcrop.2014.05.051
https://doi.org/10.1021/ja026838z
https://doi.org/10.1016/j.biortech.2005.01.011


Energy Fuels, 30 (2) (2016), pp. 1103-1108, 

https://doi.org/10.1021/acs.energyfuels.5b02658 

Lyu et al., 2018  H. Lyu, J. Zhou, C. Lyu, F. Meng, Z. Geng, M. Zhang 

Exploration and optimization of mixed acid synergistic catalysis pretreatment for 

maximum C5 sugars 

Bioresour. Technol., 260 (2018), pp. 53-60, 

https://doi.org/10.1016/j.biortech.2018.03.047 

Lyu et al., 2019  H. Lyu, J. Zhang, J. Zhou, X. Shi, C. Lv, Z. Geng 

A subcritical pretreatment improved by self-produced organic acids to increase 

xylose yield 

Fuel Process. Technol., 195 (2019), pp. 106-148, 

https://doi.org/10.1016/j.fuproc.2019.106148 

Mansilla et al., 1998  H. D. Mansilla, J. Baeza, S. Urzfia, G. Maturana, J. Villasefior, N. Durfin  

Acid-catalysed hydrolysis of rice hull: evaluation of furfuralproduction 

Bioresour. Technol., 66 (3) (1998), pp. 189-193, https://doi.org/10.1016/S0960-

8524(98)00088-1 

Manzanares et al. 2017  P. Manzanares, E. Ruiz, M. Ballesteros, M. J. Negro M, F. J. Gallego, 

J. C. López-Linares, E. Castro  

Residual biomass potential in olive tree cultivation and olive oil industry in Spain: 

Valorization proposal in a biorefinery context 

Span. J. Agric. Res., 15 (2017), pp. 1-12, https://doi.org/10.5424/sjar/2017153-10868 

Mérida-Morales et al., 2020  S. Mérida-Morales, C. García-Sancho, M. Oregui-Bengoechea, M. 

J.  Ginés-Molina, J. A. Cecilia, P. L. Arias, R. Moreno-Tost, P. Maireles-Torres  

Influence of morphology of zirconium-doped mesoporous silicas on 5-

hydroxymethylfurfural production from mono-, di- and polysaccharides 

Catal. Today, Article in press, (2020), https://doi.org/10.1016/j.cattod.2020.02.029  

Mittal et al., 2017  A. Mittal, S. K. Black, T. B. Vinzant, M. O'Brien, M. P. Tucker, D. K. 

Johnson 

Production of Furfural from Process-Relevant Biomass-Derived Pentoses in a 

Biphasic Reaction System 

ACS Sustain. Chem. Eng., 5 (7) (2017), pp. 5694-5701, 

https://doi.org/10.1021/acssuschemeng.7b00215 

Montané et al., 2002  D. Montané, J. Salvadó, C. Torras, X. Farriol  

High-temperature dilute acid hydrolysis of olive stone for furfural production 

Biomass Bioenerg., 22 (2002), pp. 295-304, https://doi.org/10.1016/S0961-

9534(02)00007-7 

Nabarlatz et al., 2007 D. Nabarlatz, A. Ebringerová, D. Montané  

Autohydrolysis of agricultural by-products for the production of xylo-

oligosaccharides 

Carbohydr. Polym., 69 (2007), pp. 20-28, https://doi.org/10.1016/j.carbpol.2006.08.020 

Overend and Chornet, 1987  R. P. Overend, E. Chornet  

Fractionation of lignocellulosics by steam-aqueous pretreatments 

Phil. Trans. R. Soc. Lond. A, 321 (1987), pp. 523-536, 

https://doi.org/10.1098/rsta.1987.0029 

Padilla-Rascón et al., 2020  C. Padilla-Rascón, E. Ruiz, I. Romero, E. Castro, J. Oliva, I. 

Ballesteros, P. Manzanares  

https://doi.org/10.1016/S0960-
https://doi.org/10.1016/S0960-
https://doi.org/10.5424/sjar/2017153-10868
https://doi.org/10.1016/S0961-9534(02)00007-7
https://doi.org/10.1016/S0961-9534(02)00007-7
https://doi.org/10.1098/rsta.1987.0029


Valorisation of olive stone by-product for sugar production using a sequential 

acid/steam explosion pretreatment  

Ind. Crop. Prod., 148 (2020), pp. 112-279, 

https://doi.org/10.1016/j.indcrop.2020.112279 

Punsuvon et al., 2008  V. Punsuvon, P. Vaithanomsat, K. Iiyama  

Simultaneous production of cellulose and furfural from bagasse by steam 

explosion pretreatment 

Mj. Int. J. Sci. Technol., 2 (01) (2008), pp. 182-191, ISSN: 1905-7873 

Raman and Gnansounou, 2015  J. K. Raman, E. Gnansounou  

Furfural production from empty fruit bunch - A biorefinery approach 

Ind. Crop. Prod., 69 (2015), pp. 371-377, https://doi.org/10.1016/j.indcrop.2015.02.063 

Riansa-Ngawong and Prasertsan, 2011 W. Riansa-Ngawong, P. Prasertsan  

Optimization of furfural production from hemicellulose extracted from delignified 

palm pressed fiber using a two-stage process 

Carbohydr. Res., 346 (2011), pp. 103-110, https://doi.org/10.1016/j.carres.2010.10.009 

Romero-García et al., 2014  J. M. Romero-García, L. Niño, C. Martínez-Patiño, C. Álvarez, E. 

Castro, M. J. Negro  

Biorefinery based on olive biomass. State of the art and future trends 

Bioresour. Technol., 159 (2014), pp. 421-32, 

https://doi.org/10.1016/j.biortech.2014.03.062 

Saleh et al., 2014  M. Saleh, M. Cuevas, J. F. García, S. Sánchez  

Valorization of olive stones for xylitol and ethanol production from dilute acid 

pretreatment via enzymatic hydrolysisand fermentation by Pachysolentannophilus 

Biochem. Eng. J., 90 (2014), pp. 286-293, https://doi.org/10.1016/j.bej.2014.06.023 

Sánchez-Bastardo and Alonso, 2017  N. Sánchez-Bastardo, E. Alonso  

Maximization of monomeric C5 sugars from wheat bran by using mesoporous 

ordered silica catalysts 

Bioresour. Technol., 238 (2017), pp. 379-388, 

https://doi.org/10.1016/j.biortech.2017.04.062 

Siracusa et al., 2001  G. Siracusa, A. D. La Rosa, V. Siracusa, M. Trovato  

Eco-Compatible use of olive huso as filler in thermoplastic composites 

J. Polym. Environ., 9 (2001), pp. 157-161, https://doi.org/10.1023/A:1020465305193 

Sluiter et al., 2012 A. Sluiter, B. Hames, R. Ruiz, C. Scarlata, J. Sluiter, D. Templeton, D. 

Crocker  

NREL/TP-510-42618 analytical procedure - Determination of structural 

carbohydrates and lignin in Biomass 

Laboratory Analytical Procedure (LAP), 17 (2008), NREL/TP-510-42618 

Stocker, 2008  M. Stocker 

Biofuels and biomass-to-liquid fuels in the biorefinery: Catalytic conversion of 

lignocellulosic biomass using porous materials 

Angew. Chem.- Int. Edit., 47 (2008), pp. 9200-9211, 

https://doi.org/10.1002/anie.200801476 

TAPPI, 1999  Test Methods: TAPPI T 207 cm-99 

Water solubility of wood and pulp 

Tech. Assoc. Pulp Paper Ind., 3 (1999), T 207 cm-99 

TAPPI, 2002a  Test Methods: TAPPI T 211-om-02 

https://doi.org/10.1016/j.biortech.2014.03.062
https://doi.org/10.1002/anie.200801476


Ash in wood, pulp, paper and paperboard: combustion at 525°C 

Tech. Assoc. Pulp Paper Ind., (2002), pp. 1-5, T 211 om-02 

TAPPI, 2002b  Test Methods: T 212 om-02 

One percent sodium hydroxide solubility of wood and pulp  

Tech. Assoc. Pulp. Paper Ind., (2002), pp. 3-6, T 212 om-02 

 TAPPI, 2007  Test Methods: TAPPI T 204 cm-97 

Solvent extractives of wood and pulp (Proposed revision of T 204 cm-97) 

Tech. Assoc. Pulp Paper Ind., (1997), pp. 7-10, T 204 cm-97 

TAPPI, 2012  Test Methods: TAPPI T 257 cm-12 

Sampling and preparing wood for analysis 

Tech. Assoc. Pulp Paper Ind., (2012), pp. 1-5, T 257 cm-12 

Tejeda-Ricardez et al., 2003  J. Tejeda-Ricardez, C. Vaca-García, M. E. Borredon  

Design of a batch solvolytic liquefaction reactor for the vaporization of residues 

from the agricultural foodstuff 

Chem. Eng. Res. Des., 81 (2003), pp. 1066-1070, 

https://doi.org/10.1205/026387603770866191 

Theodoropoulou et al., 2004  S. Theodoropoulou, D. Papadimitriou, L. Zoumpoulakis, J. 

Simitzis  

Optical properties of carbon materials formed by pyrolysis of novolac-

resin/biomass composites 

Diam. Relat. Mater., 13 (2004), pp. 371-375, 

https://doi.org/10.1016/j.diamond.2003.11.057 

Trejda et al., 2008  M. Trejda, A. Tuel, J. Kujawa, B. Kilos, M. Ziolek 

Niobium rich SBA-15 materials-preparation, characterisation and catalytic 

activity 

Microporous Mesoporous Mat., 110 (2008), pp. 271-278, 

https://doi.org/10.1016/j.micromeso.2007.06.015 

Van Putten et al. 2013  R. Van Putten, J. C. Van Der Waal, E. De Jong, C. B. Rasrendra, H. J. 

Heeres, J. G. De Vries  

Hydroxymethylfurfural, a versatile platform chemical made from renewable 

resources 

 Chem. Rev., 113 (3) (2013), pp. 1499-1597, https://doi.org/10.1021/cr300182k 

Vázquez et al., 2007  M. Vázquez, M. Oliva, S. J. Téllez-Luis, J. A. Ramírez  

Hydrolysis of sorghum straw using phosphoric acid: evaluation of furfural 

production 

Bioresour. Technol., 98 (2007), pp. 3053-3060, 

https://doi.org/10.1016/j.biortech.2006.10.017 

Wang et al., 2014  T. Wang, M. Nolte, B. Shanks  

Catalytic dehydration of C6 carbohydrates for the production of 

hydroxymethylfurfural (HMF) as a versatile platform chemical 

Green Chem., 16 (2014), pp. 548-572, https://doi.org/10.1039/c3gc41365a 

Werpy and Petersen, 2004  T. Werpy, G. Petersen  

Top Value Added Chemicals from Biomass: I - Results of Screening for Potential 

Candidates from Sugars and Synthesis Gas 

U.S. Department of Energy, 1 (2004), pp. 1-76, https://doi.org/10.2172/15008859 

Willför et al., 2008  S. Willför, K. Sundberg, M. Tenkanen, B. Holmbam  

https://doi.org/10.1205/026387603770866191


Spruce-derived mannans - A potential raw material for hydrocolloids and novel 

advanced natural materials 

Carbohydr. Polym., 72 (2) (2008), pp. 197-210, 

https://doi.org/10.1016/j.carbpol.2007.08.006 

Win, 2005  D. T. Win  

Furfural-gold from garbage 

A. U. J. Technol., 8 (4) (2005), pp. 185-190,  

Wise et al., 1946  L. E. Wise, M. Murphy, A. A. D'Addieco  

Spanish biofuels heating value estimation based on structural analysis 

Paper Trade J., 29 (1946), pp. 210-218, 0096-4557 

Yang et al., 2006  C. Yang, X. Lu, W. Lin, X. Yang, J. Yao  

TG-FTIR Study on Corn Straw Pyrolysis-influence of Minerals 

Chem. Res. Chin. Univ., 22 (2006), pp. 524-532, https://doi.org/10.1016/S1005-

9040(06)60155-4 

 Yebo, 2014  D. Yebo 

Furfural market - Bioeconomy Consultants: Innovative Minds DalinYebo Trading 

and Development (Pty) Limited 

http://www.dalinyebo.com/furfural-market (accessed 23 March 2020) 

You et al., 2015 S. J. You, N. Park, E. D. Park, M. J. Park  

Partial least squares modeling and analysis of furfural production from biomass-

derived xyloseover solid acid catalysts 

J. Ind. Eng. Chem., 21 (2015), pp. 350-355, https://doi.org/10.1016/j.jiec.2014.02.044. 

 Zeitsch, 2000  K. J. Zeitsch  

The Chemistry and Technology of Furfural and Its Many By-products 

Sugar Series, Elsevier Science, 13 (2000), ISBN: 9780444503510 

Zhang et al., 2014  L. Zhang, H. Yu, H. B. Yu, Z. Chen, L. Yang  

Conversion of xylose and xylan into furfural in biorenewable choline chloride-

oxalic acid deep eutectic solvent with the addition of metal chloride 

Chin. Chem. Lett., 25 (2014), pp. 1132-1136, 

https://doi.org/10.1016/j.cclet.2014.03.029 

 

  

 

https://doi.org/10.1016/j.carbpol.2007.08.006
https://doi.org/10.1016/S1005-
https://doi.org/10.1016/S1005-
http://www.dalinyebo.com/furfural-market
https://doi.org/10.1016/j.cclet.2014.03.029


Table 1. Textural and acidic properties of Zr-X(y) catalysts 

 

Sample 
SBET  

(m2∙g-1) 

VP   

(cm3∙g-1) 

Sa 

(m2·g-1) 

VP
a   

(cm3∙g-1) 
μmoles NH3·gcat

-1 μmoles NH3·m-2 

KIT-6 911 1.2 1149 1.147 n.d. n.d. 

Zr-KIT(30) 825 1.313 1171 1.234 622 0.754 

Zr-KIT(14) 747 1.328 1010 1.090 833 1.115 

Zr-KIT(5) 701 0.540 697 0.606 817 1.165 

Zr-HMS(5) 909 0.528 733 0.582 501 0.551 

Zr-SBA-HT(5) 462 0.753 494 0.642 746 1.615 

Zr-SBA(5) 749 0.346 744 0.525 676 0.902 

Zr-MCM(5) 564 0.413 396 0.214 495 0.878 

a: determined by MP method; n.d.: not detected 



Table 2. XPS data of Zr-X(y) catalysts. 

Catalyst Binding Energy (eV) Atomic ratio 

O 1s Si 2p Zr 3d5/2 
Si/ZrXPS Si/Zrbulk 

Zr-KIT(30) 532.4 103.8 182.9 29.1 30 

Zr-KIT(14) 532.7 103.4 183.3 19.4 14 

Zr-KIT(5) 

530.8 (5.1%) 

532.7 (94.9%) 

103.3 183.2 12.1 5 

Zr-HMS(5) 

530.7 (7.8%) 

532.8 (92.2%) 

103.5 182.8 9.9 5 

Zr-SBA-HT(5) 

531.1 (4.5%) 

532.9 (95.5%) 

103.5 183.4 32.3 5 

Zr-SBA(5) 

530.7 (4.6%) 

532.4 (95.4%) 

103.1 182.9 20.8 5 

Zr-MCM(5) 

530.8 (4.7%) 

533.0 (95.3%) 

103.7 182.8 13.4 5 

 

 

 



Table 2. XPS data of Zr-X(y) catalysts. 

Catalyst Binding Energy (eV) Atomic ratio 

O 1s Si 2p Zr 3d5/2 
Si/ZrXPS Si/Zrbulk 

Zr-KIT(30) 532.4 103.8 182.9 29.1 30 

Zr-KIT(14) 532.7 103.4 183.3 19.4 14 

Zr-KIT(5) 

530.8 (5.1%) 

532.7 (94.9%) 

103.3 183.2 12.1 5 

Zr-HMS(5) 

530.7 (7.8%) 

532.8 (92.2%) 

103.5 182.8 9.9 5 

Zr-SBA-HT(5) 

531.1 (4.5%) 

532.9 (95.5%) 

103.5 183.4 32.3 5 

Zr-SBA(5) 

530.7 (4.6%) 

532.4 (95.4%) 

103.1 182.9 20.8 5 

Zr-MCM(5) 

530.8 (4.7%) 

533.0 (95.3%) 

103.7 182.8 13.4 5 
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Scheme 1. Chemical extraction procedure to determine the composition of olive stones. 

 



 
 

 

Scheme 2. Experimental process for furfural production from olive stones in two steps 

and estimation of potential xylose by acid hydrolysis. 



List of captions. 

Figure 1. Distribution of products detected for LX.1 liquors as function of their 

autohydrolysistemperature and time (water:olive stones weight ratio of 10:1). 

Figure 2. Recovery of pentoses and pentoses+furfural yield for LX.1 liquors as function 

of their autohydrolysistemperature and time (water:olive stones weight ratio of 10:1). 

Figure 3. Xylose concentration detected for LX.2 liquors as function of time for acid 

hydrolysis(100 ºC and 4 wt% H2SO4). 

Figure 4. Furfural yield and efficiency from L7.1 and L10.1 liquors for non–catalytic 

process and in the presence of γ-Al2O3, CaCl2 and both γ-Al2O3 and CaCl2 (150 ºC, 50 

min, 0.05 g of γ-Al2O3 and 0.65 g CaCl2·gaq.sol.
-1in each case). 

Figure 5. Furfural yield and efficiency as function of reaction time from L5.1 and L7.1 

liquors in the presence of γ-Al2O3 and CaCl2 at A) 125 ºC, B) 150 ºC and C) 175 

ºC(0.05 g of γ-Al2O3 and 0.65 g CaCl2·gaq.sol.
-1). 

Figure 6. Furfural efficiency as function of reaction time from L5.1 liquor in the 

presence of γ-Al2O3, Nb-SBA, Zr-HMS or Nb2O5as acid catalyst and CaCl2 (150 ºC, 

0.05 g of catalyst and 0.65 g CaCl2·gaq.sol.
-1). 

Figure 7. Reuse of γ-Al2O3 for furfural production from L5.1 (150 ºC, 15 minutes 0.05 

g of catalyst and 0.65 g CaCl2·gaq.sol.
-1). 
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Figure 3 
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Figure 4 
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Figure 5 



0 30 60 90 120

0

20

40

60

80

100

F
u

r
fu

r
a

l 
E

ff
ic

ie
n

c
y

 (
%

)

time (min)

 EAl2O3

 ENb-SBA

 EZr-HMS

 ENb2O5

 

Figure 6 
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Figure 7 

 

 

 

 



Supplementary Information 

 

 

Characterization of catalysts 

 Nitrogen adsorption-desorption isotherms at -196 ºC were obtained to evaluate 

the textural properties of solid acid catalysts, by using an automatic gas adsorption 

ASAP 2420 surface area and porosity analyzer model from Micromeritics. Prior to the 

N2 adsorption, catalysts were degassed at 200 ºC and 10-4 mbar for 10 h. Surface area 

values were calculated by using the Brunauer-Emmet-Teller (BET) method and 

assuming a nitrogen molecule cross section of 16.2 Å2. Pore size distributions were 

calculated employing the BJH method. 

 The total acidity of catalysts was evaluated by ammonia temperature-

programmed desorption (NH3-TPD). Firstly, 0.08 g of sample was pretreated under a 

helium flow by heating up to 550 ºC, and, after cooling, the adsorption of NH3 was 

carried out at 100 ºC. Right after this, the NH3-TPD was conducted under a helium flow 

of 40 mL min-1 by increasing the temperature from 100 ºC to 550 ºC (10 ºC min-1), 

maintaining this temperature for 15 minutes. The desorbed ammonia was quantified by 

employing a TCD detector. 

Characterization of olive stones 

Olive stones used as the starting biomass in the liquor manufacturing process 

were ground and sieved until achieving a particle size range of 250-500 μm, according 

to TAPPI, 2007. Olive stones were characterized by using different methods (Scheme 

1). Thus, the chemical composition was determined according to the next methods: 

moisture (TAPPI, 2012), ashes (TAPPI, 2002a), H2O (TAPPI, 1999) and 1% NaOH 

(TAPPI, 2002b) solubilities, ethanol–toluene extractives (TAPPI, 2007), lignin (Sluiter 

et al., 2012), holocellulose (ASTM D1104-56, 1978; Álvarez et al., 2018), α-cellulose 



(TAPPI, 2002b) and hemicellulose by difference. The data shown in the present study 

are expressed on a dry, ash and extract-free basis, and each experiment was performed 

twice to obtain adequate reproducibility. 

 

 

 



 

Table 1S. Composition of liquors after autohydrolysis step and potential xylose determined by acid post-hydrolysis 

 

LIQUOR T (°C) t (min) g
xylose

∙L
-1

 g
arabinose

∙L
-1

 g
glucose

∙L
-1

 g
AA

∙L
-1

 g
FA

∙L
-1

 g
LA

∙L
-1

 g
furfural

∙L
-1

 Potential xylose (g∙L
-1

)** 

L1.1 160 30 0.13 0.22 0.04 0.35 0 0 0.02 3.56 

L2.1 160 45 0.31 0.38 0 0.62 0 0 0.06 6.6 

L3.1 160 60 0.61 0.47 0 0.8 0 0 0.11 14.61 

L4.1 160 75 1.03 0.58 0 1.08 0 0 0.18 15.07 

L5.1 180 30 3.64 0.09 0 1.63 0 0 0.62 23.60 

L6.1 180 45 12.69 0 0 4.6 0 0 2.4 15.21 

L7.1 180 60 16.76 0 0 6.06 0.15 0 2.88 16.18 

L8.1 180 75 13.68 0 0 5.3 0.13 0 2.83 17.57 

L9.1 190 30 14.65 0 0 6.05 0.15 0 3.01 14.67 

L10.1 190 45 16.48 0 0 8.22 0.17 0 3.57 11.79 

L11.1 190 60 2.02 0 0 1.85 0.14 0 1.95 7.23 

L12.1 190 75 3.585 0 0.2 4.5 0.34 0 3.04 5.24 

L13.1 200 30 2.87 0 0.23 5.27 0.35 0 3.07 4.86 

L14.1 200 45 3.06 0 0.17 4.78 0.42 0 2.98 4.6 

L15.1 200 60 1.16 0 0.24 5.04 0.41 0 3.15 1.55 

L16.1 200 75 0.46 0 0.27 4.64 0.37 0 3.06 0.78 

L17.1* 160 30 1.46 0 0 2.5 0.16 0.88 1.32 ̶ 

L18.1* 160 45 2.24 0 0.07 2.04 0.14 0.43 1.01 ̶ 
*These liquors were prepared in the presence of  0.65 g CaCl2·gaqueous solution

-1 
**Maximum xylose concentration obtained for these liquors after acid post-hydrolysis. 

 



List of captions. 

Figure 1S. Furfural concentration detected for LX.2 liquors as function of time for acid 

hydrolysis (100 ºC and 4 wt% H2SO4). 

Figure 2S. Furfural yield and efficiency from L17.1 and L18.1 liquors as function 

reaction time in the presence of γ-Al2O3 (150 ºC and 0.05 g of γ-Al2O3). 
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Figure 1S 
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Figure 2S 

 

 




