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Abstract

:

In this work, the production of xylitol from a hemicellulosic hydrolysate of exhausted olive pomace (EOP), a residue originated in the olive oil production process by Candida boidinii, was assessed. The hydrolysate was obtained by dilute acid pretreatment of EOP at 170 °C and 2% H2SO4 (w/v). A previous detoxification step of the hydrolysate was necessary, and its treatment with activated charcoal and ion-exchange resin was evaluated. Prior to fermentation of the hydrolysate, fermentation tests in synthetic media were performed to determine the maximum xylitol yield and productivity that could be obtained if inhibitory compounds were not present in the medium. In addition, the glucose existing in the media exerted a negative influence on xylitol production. A maximum xylitol yield of 0.52 g/g could be achieved in absence of inhibitor compounds. Fermentation of the hemicellulosic hydrolysate from EOP after detoxification with ion-exchange resin resulted in a xylitol yield of 0.43 g/g.






Keywords:


exhausted olive pomace; hemicellulosic hydrolysate; synthetic media; xylitol; Candida boidinii












1. Introduction


Xylitol is a sugar alcohol with five carbon atoms and similar sweetening properties to sucrose. Xylitol is widely known for its various health benefits, including a great capacity to decrease the risk of dental caries. In addition, xylitol stands out for its high efficiency in the treatment of illnesses, such as diabetes, osteoporosis, iron deficiency, anaemia, muscle inflammation, or problems in respiratory system and colon [1]. The use of xylitol has increasingly gained interest for food and medicine manufacturing in the past several years [2]. Traditionally, it has been produced using a chemical synthesis process, reducing pure xylose at very high temperatures and pressures. However, due to the complexity of this chemical process, the need for pure xylose as feedstock and the associated high-energy requirements [3], novel biological processes, where xylitol is produced by xylose fermentation with microorganisms, have emerged. These alternative processes can be more environmentally friendly and lower energy consumption, making biological production of xylitol economically viable [4,5]. To reach these objectives, the use of xylose sources coming from lignocellulosic biomass residues, originating in different industrial sectors (in many cases abundant and of low economic value), can be an important contribution.



In this context, an interesting lignocellulosic residue for biological production of xylitol could be exhausted olive pomace (EOP) because it contains a significant amount of carbon sources, cellulose, and hemicellulose [6]. EOP is generated in the the olive oil sector together with other residues, such as olive stones, olive leaves, and olive pomace. EOP is generated in specific extraction industries, as a result of extraction with hexane of the residual oil contained in olive pomace, which in turn, is produced in olive mills [7,8]. Olive pomace extraction industries in Spain are mainly located in the south of the country and can generate more than 1,182,000 tons per annum [8]. However, even though EOP can be employed in home heaters or small industrial boilers, due to strict environmental standards for emissions, it is now used less, and there is a certain surplus of this residue [9].



EOP contains cellulose, hemicellulose, lignin, and extractives (rich in value-added compounds, such as phenolic and antioxidants compounds) as its main components. Due to its high content in extractives (about 42%), an initial water extraction step is desirable in its conversion process, aimed at recovering these valuable compounds. Moreover, a pre-treatment stage is necessary, in order to disturb its structure and fractionate its main components [6].



In the pre-treatment stage, different types of technologies, such as autohydrolysis, dilute acid, alkalis, microwave, extrusion, organosolv, ionic liquid, deep eutectic solvents, steam explosion, or biologic treatment, have been tested with a vast variety lignocellulosic material [10,11,12]. Between them, dilute acid pretreatment is highlighted, as it is able to achieve high solubilization of hemicellulosic fractions (>85%) and generate a pretreated solid composed mainly of cellulose, which is more easily accessible for enzymes in the subsequent enzymatic hydrolysis step [11,13]. Nevertheless, fermentation inhibitory compounds, such as acetic and formic acids, furfural, 5-hydroxymethylfurfural (HMF), and phenolic compounds, might be generated during acid pre-treatment [11,14]. Therefore, in order to minimize the generation of these undesirable compounds, the choice of adequate acid pretreatment conditions, such as temperature, time, and acid concentration, is essential [11]. Even so, in many cases the production of such compounds is unavoidable if good fractionation results are desired. Therefore, the treatment of acid hydrolysates with detoxification methods may be a suitable way of reducing the presence of inhibitor compounds and, thus, favouring its utilization as a sugar source. From these detoxification methods, over-liming, liquid-liquid extraction, and treatments with ion-exchange resins, activated charcoal, and organic solvents stand out [15,16].



The purpose of this work was to study xylitol production from the hemicellulosic hydrolysate generated in the dilute sulfuric acid pretreatment of EOP. In order to decrease the inhibitor compound concentrations in the acid hydrolysate, different detoxification methods were tested prior to fermentation assays. C. boidinii was the yeast used in the fermentation, which is considered one of the best microorganism producers of xylitol [17]. Fermentation tests, using synthetic media instead of hydrolysate, were conducted to determine the maximum xylitol yield and effect of glucose in the fermentation performance. To the best of our knowledge, this is the first study on xylitol generation from EOP using C. boidinii yeast.




2. Materials and Methods


2.1. Raw Material


EOP residue was generated in a pomace oil extracting industry (“Spuny SA,” Jaén, Spain). The EOP composition was (% w/w) 10.4 ± 0.34 cellulose, 11.5 ± 0.28 hemicellulose (9.5 ± 0.28 xylan, 1.0 ± 0.02 galactan, and 1.0 ± 0.01 arabinan), 22.1 ± 1.41 acid insoluble lignin, 1.6 ± 0.03 acid soluble lignin, 2.1 ± 0.03 acetyl groups, 9.4 ± 0.05 ashes, and 42.0 ± 1.18 extractives [6].




2.2. Production and Conditioning of EOP Hemicellulosic Hydrolysate


EOP was first extracted with water (at 100 °C, 30 min and 15% (w/v) solid-liquid ratio) and, then, pretreated with 2% (w/v) sulfuric acid (H2SO4) (Sigma-Aldrich, Madrid, Spain) at 170 °C and 20% biomass loading in a 1 L Parr reactor (Parr Instr. Co., Illinois, USA), according to the process scheme proposed by Manzanares et al. [6]. The sulfuric acid pretreatment was started once the temperature was set, with a heating rate of 5 °C/min. The resulting mixture was vacuum filtrated. The hydrolysate was separated and employed in the fermentation assay for the production of xylitol. In order to reduce the presence of inhibitor compounds contained in the EOP hydrolysate, two different detoxification methods were applied: activated charcoal and ion-exchange resin treatment.



Detoxification by activated charcoal was carried out in an orbital shaker at 45 °C, with a 3.5% (w/v) loading of activated charcoal (100-mesh particle size, Sigma-Aldrich, Madrid, Spain), and 200 rpm for 1 h. The residual activated charcoal was removed by vacuum filtration.



The treatment with ion-exchange resin was performed at room temperature by adding hydrolysate to a plastic column (7 cm wide × 13 cm length) with 20% (w/v) ion-exchange resin (Microionex MB200, Rohm and Haas, Madrid, Spain). The resin was previously subjected to a washing process with distilled water and dried. Prior to treatment with resins, solid KOH was added to the hydrolysate to a pH of 6.



Sugar and inhibitor (such as formic acid, acetic acid, furfural, HMF, and total phenolic compounds) concentrations in the liquors after detoxification were measured to evaluate the effectiveness of each detoxification method. Next, the detoxified liquors were submitted to xylitol fermentation.




2.3. Microorganism


Candida boidinii (NCAIM Y.01308) yeast was maintained at 4 °C in agar culture medium composed of (g/L): yeast extract, 3; peptone, 10; glucose, 10; and agar, 20. The microorganism was grown in an orbital shaker (Certomat-R, B-Braun, Melsungen, Germany) at 30 °C and 220 rpm for 24 h. In fermentation tests, 250 mL Erlenmeyer flasks were used, containing 50 mL of medium with the following composition (g/L): xylose, 30; yeast extract, 10; KH2PO4, 5; MgSO4·7H2O, 1; and (NH4)2HPO4, 3. Previously, the medium was sterilized at 121 °C for 20 min. Once the inoculum had grown, it was recovered by centrifugation (3000× g, 10 min) and re-suspended in the fermentation medium.




2.4. Xylitol Fermentation


Fermentation tests were carried out in 100 mL Erlenmeyer flasks in an orbital shaker (Certomat-R, B-Braun, Melsungen, Germany) at 30 °C and 150 rpm, employing 50 mL of fermentation medium. The initial cell concentration used was 5 g/L. Samples were withdrawn each 24 h during the fermentation, centrifuged (550× g, 10 min), and analysed for sugar concentration, cell growth, and ethanol and xylitol production. Tests were performed in triplicate, and average values and standard deviations are shown.



On one hand, two synthetic media were used as fermentation media: synthetic medium with the sugar concentration contained in acid hydrolysate before detoxification, called SM1 (g/L: glucose, 4.9; xylose, 23.7; galactose, 4.4; arabinose, 3.4; and mannose, 0.7), and synthetic media with the same composition as SM1 but without glucose (SM2). These synthetic media were previously adjusted to pH 6 with solid KOH, sterilized by filtration with 0.22 μm membranes, and supplemented with the same nutrients used for microorganism growth. On the other hand, fermentation assays were carried out as described previously, using the acid hydrolysates (before and after each detoxification) as fermentation media.




2.5. Analytical Methods


The composition in sugars (glucose, xylose, galactose, arabinose, and mannose) and inhibitory compounds (acetic acid, formic acid, furfural, and HMF) in the hydrolysates before and after detoxification were measured by high performance liquid chromatography (HPLC) using a Waters 2695 liquid chromatograph (Mildford, MA, USA) equipped with a refractive index detector (Waters 2414). Sugar quantification was performed with a Transgenomic CHO-782 carbohydrate analysis column (70 °C and 0.6 mL/min ultrapure water as the mobile phase), while the inhibitors were analysed with a Bio-Rad HPX-87H column (65 °C and 0.6 mL/min, 5 mM H2SO4). The Folin-Ciocalteu method was employed to quantify the total phenolic compound concentration in the hydrolysates [18].



Sugars, ethanol, and xylitol concentrations contained in fermentation samples were also measured by HPLC using the Bio-Rad HPX-87H column mentioned previously. In order to analyse the cell content in the fermentation samples, they were filtered using 0.2 μm cellulose nitrate filters (Sartorius stedim Biotech, Göttingen, Germany). The biomass concentration was determined as the ratio between the mass of dried biomass and the volume of filtered inoculum [19]. All analytical determinations were performed in triplicate, and the average results and relative standard deviations were below 1%.





3. Results and Discussion


3.1. EOP Hydrolysate Composition and Detoxification


Table 1 displays the composition in monomeric sugars of the hydrolysate obtained from sulfuric acid pretreatment of EOP. As seen, a hydrolysate rich in hemicellulosic sugars was generated, with a total sugar concentration of 37.1 g/L. Among the sugars detected, the most abundant one was xylose, accounting for 64% of the total sugars contained in the acid hydrolysate. Therefore, this hydrolysate shows potential to be used as media for xylitol production, as xylitol can be biologically generated from xylose through fermentation with different microorganisms [4,5].



The inhibitor compounds composition of the EOP hydrolysate is also shown in Table 1. According to Kumar et al. [11], the specific type of lignocellulosic biomass, as well as the pretreatment conditions used, influence the type and concentrations of inhibitor compounds originated. In this study, under the work conditions employed, an insignificant presence of HMF (0.1 g/L) and low concentration of formic acid (0.8 g/L) were found, while a higher concentration of furfural (1.9 g/L) was detected. HMF and furfural are known to be generated as a result of the hexose and pentose degradation, respectively, coming from the formic acid from furfural [15]. Our results indicate a significant effect of acid pretreatment conditions in xylose decay, though hexoses were affected to a minor extent. On the other hand, acetic acid and total phenols were detected in much higher levels (5.6 and 4.1 g/L, respectively). Acetic acid comes from acetyl groups contained in the hemicellulose fraction, whereas the lignin breakdown could lead to the generation of phenolic compounds [15]. According to Manzanares et al. [6], raw EOP contains 2.1% acetyl groups in its composition that explain the presence of acetic acid in the hydrolysate.



The inhibitory effect of compounds, such as furans, acetic acid, and phenolic compounds, on the metabolism of xylitol-producing microorganisms has been previously reported, and several detoxification methods have been tested [20,21]. In this work, treatment with activated charcoal and ion-exchange resin were assayed to reduce the presence of these type of compounds in EOP hydrolysate.



The efficiency of each detoxification method was evaluated considering its effect on the reduction of toxic compounds and resulting loss of sugars (Figure 1) and, specially, on its fermentability for xylitol production. The sugar and toxic compound concentrations obtained as a result of each detoxification method are showed in Table 1.



According to Jönsson et al. [22], treatment by activated charcoal is considered one of the more economical and effective detoxification methods. Our results support this statement since, as seen in Table 1 and Figure 1, the treatment allows for very high reductions of HMF, furfural, and formic acid (100, 84, and 82%, respectively) and is able to significantly reduce the total phenol concentration (69%). On the contrary, acetic acid is only reduced on a very low level (only 4%), as activated charcoal detoxification is able to effectively reduce inhibitors, such as HMF, furfural, formic acid, and phenols, but there is not much evidence that this method is effective for acetic acid reduction [22]. Substantial furan and phenolic compound reductions by activated charcoal detoxification were also achieved from hydrolysates of the brewery’s spent grain [23], sweet sorghum bagasse [24], olive tree pruning biomass [25], and corn pericarp [26].



Regarding the treatment with ion-exchange resin, as seen in Table 1 and Figure 1, a noticeable reduction of acetic acid content (37 versus 4%) and improvement in the results in phenolic compounds detoxification, compared with activated charcoal (85 versus 69%), was observed. Moreover, high reductions were also achieved in furans and formic acid (100% HMF, 69% furfural, and 80% formic acid). A high efficiency of ion-exchange resin detoxification to remove acetic acid and phenolic compounds was also observed in the detoxification of hydrolysates from rapeseed straw [19], cocoa pod husk [17], and corn cob [27].



Furthermore, considering sugar concentrations in the EOP hydrolysate before, and after, detoxification (Table 1), the two methods were effective for avoiding loss of sugars, with both cases lower than 8%. However, ion-exchange resin seemed to provide slightly better protection against sugar loss than activated charcoal. Taking into account the previous comments, the best method used in this work to reduce the presence of inhibitor compounds in EOP acid hydrolysate was the ion-exchange resin.




3.2. Xylitol Fermentation from Synthetic Media


The aim of the fermentation tests carried out in synthetic media (SM1 and SM2, see Section 2.4) was to evaluate how the presence of glucose affects xylitol production by C. boidinii. Moreover, these experiments were useful in estimating the highest xylitol yield and productivity that could be obtained in the fermentation of EOP hydrolysate in the absence of inhibitor compounds.



The influence that sugars other than xylose (especially glucose) exert in xylose-to-xylitol bioconversion by yeast has been previously studied. For instance, Mussatto et al. [28], evaluated the influence of glucose and arabinose on the biological production of xylitol by Candida guilliermondii. The authors found that glucose decreased the xylose uptake rate by 30%, while arabinose did not affect xylose consumption. The negative effect of glucose has been suggested to originate from a partial inhibition of the xylose reductase of the yeast [29,30,31].



Figure 2 shows sugar uptake and xylitol, ethanol, and cell production during the fermentation of synthetic media (SM1 and SM2). As seen, in both media, the highest xylitol concentrations were achieved for fermentation times as short as 48 h. At this fermentation time, most xylose had already been consumed by C. boidinii (xylose consumption > 84%), and without that, the subsequent uptake of remaining xylose resulted in higher xylitol production. Moreover, in absence of glucose (SM2 medium), significant xylitol consumption after 48 h fermentation was observed, which could be used for the growth of the microorganism. In this context, a slightly higher cell yield was obtained in SM2 medium compared with SM1 medium (0.08 vs. 0.05 g/g).



By comparing the two synthetic media (Figure 2 and Table 2), it can be appreciated that the highest xylitol concentration and yield values (11.9 g/L, and 0.58 g/g, respectively) were obtained when glucose was not present in the synthetic medium (SM2), supporting the observation of glucose’s negative effect on xylose metabolism by C. boidinii. Vandeska et al. [31] also attained a lower xylitol concentration in the fermentation by C. boidinii with a synthetic media containing glucose and xylose than when only xylose was present (39.4 vs. 59.3 g xylitol/L). These results were obtained in fermentation runs under fed-batch conditions, which the authors claim is a suitable technique to improve productivities and yields in microbial fermentation. This behaviour was also reported by López-Linares et al. [32] in xylitol fermentation of synthetic media by Debaryomyces hansenii and Candida guilliermondii, well-known microorganisms used for xylitol production.



As seen in Table 1, raw EOP acid hydrolysate and SM1 synthetic medium contain a glucose/xylose ratio above 21%. Glucose/xylose ratios > 10% have been reported to negatively affect xylose transportation into the strain, inhibiting the action of the most important enzymes, such as the xylose reductase, of the yeast [33]. On the contrary, glucose/xylose ratios < 10% could enhance the enzyme action and, thus, the xylitol production.



On the other hand, xylitol fermentation by C. boidinii of SM1 synthetic medium also afforded knowledge of the maximum xylitol yield and productivity values that could be obtained in the fermentation of the EOP acid hydrolysate if any inhibitor compound was present. In this way, as seen in Table 2, maxima values for xylitol yield and productivity of 0.52 g/g and 0.22 g/L/h were achieved, respectively.




3.3. Xylitol Fermentation from EOP Acid Hydrolysate


C. boidinii was not able to produce xylitol from the EOP acid hydrolysate without a previous detoxification step (data not shown). The inhibitor compounds contained in this hydrolysate (as described in Section 3.2), mainly furans, acetic acid, and phenolic compounds, are seemingly the underlying reason for this finding. Moreover, a possible synergistic effect between them could also take place, significantly increasing the inhibition of C. boidinii [34]. In this work, two different detoxification methods were applied: Activated charcoal and ion-exchange resin. The resulting detoxified hydrolysates were fermented by C. boidinii in order to evaluate its fermentability.



Sugar consumption, as well as xylitol, ethanol, and cell production values attained during the fermentation process of EOP hydrolysates, are displayed in Figure 3 for each detoxification method. As observed, the maximum xylitol concentration was achieved at 96 h fermentation for the two detoxification methods applied. Although, at this fermentation time, a small xylose content remained without being consumed (between 16–19%). In all cases, C. boidinii was able to consume almost the totality of this sugar at the end of the fermentation (Figure 3). However, after 96 h fermentation, no significant increase in xylitol production (<1.5%) was achieved in any case. Fehér et al. [35] also reported good results in the fermentation of hemicellulosic hydrolysates of corn fibre by C. boidinii, after treatment with activated charcoal. The authors focused on the removal of phenolic compounds by the treatment applied, which reduced almost 96% of the total initial content. In the same way, López-Linares et al. [32] proved the success of using a detoxification treatment with organic solvent (ethyl acetate) in the fermentation, by D. hansenii and C. guilliermondii, of rapeseed straw hydrolysates containing toxic compounds (mainly acetic acid and phenolic compounds), although in a higher concentration than in EOP hydrolysate. This detoxification method reached a 62% reduction of the acetic acid level.



By comparing fermentations with the different detoxified hydrolysates, the highest xylitol concentration (Figure 3) and yield (Table 2) were achieved with ion-exchange resin (6.0 vs. 5.2 g/L and 0.43 vs. 0.36 g/g, respectively). However, as seen in Table 2, similar xylitol productivities and cell growths were obtained in both cases (0.07 g/L/h and 0.04 g/g, respectively). The best fermentation results are most likely attained for ion-exchange resin detoxified hydrolysate were due to the lowest levels of acetic acid (3.5 vs. 5.4 g/L) and phenolic compounds (0.6 vs. 1.3 g/L) found in this case compared to activated charcoal detoxified hydrolysate (Table 1). Therefore, the ion-exchange resin provides advantages over activated charcoal treatment by achieving a more effective removal of inhibitory compounds, particularly in the case of acetic acid. In relation to the inhibition by acetic acid, the literature reported that the presence of acetic acid concentrations higher than 3–3.5 g/L in liquors can negatively affect the xylitol fermentation process by typical microorganisms, such as C. guilliermondii [36], C. magnoliae TISTR 5663 [37], or D. hansenii [32]. Considering the presence of phenolic compounds, according to Zhang et al. [38], C. athensensis growth is only possible when the levels of these types of compounds are reduced below 1 g/L, resulting also in a more prolonged lag phase. Moreover, a possible synergistic effect between acetic acid and phenolic compounds can also take place in the fermentation of activated charcoal detoxified hydrolysate, which has been previously reported in these types of xylitol producing microorganisms [34].



Even though acetic acid was generated at the onset of the fermentation with ion-exchange resin detoxified hydrolysate, C. boidinii was able to consume this compound once the xylose concentrations were low (data not shown). According to Camargo et al. [39], when acetic acid concentrations are not high (<3–3.5 g/L), microorganisms are able to consume this compound as a nutrient. C. boidinii was also able to consume acetic acid contained in the hemicellulosic hydrolysate of corn fibre during the fermentation of this hydrolysate to xylitol [35].



On the other hand, the xylitol yield and productivities obtained from ion-exchange resin detoxified hydrolysate (considered as the best attained in this work for EOP hemicellulosic hydrolysate) can be compared with those achieved in the SM1 synthetic medium (Table 2), which were regarded as the maximum values that could be obtained if toxic compounds were not present in the hydrolysate. As described in Section 3.3, the xylitol production with C. boidinii is not only inhibited by toxic compounds, but it also is negatively affected by a considerable presence of glucose (glucose/xylose ratios > 10%). Then, as seen in Table 2, a decrease in the xylitol yield occurred because of the presence of residual toxic compounds in the EOP ion-exchange resin detoxified hydrolysate (0.43 vs. 0.52 g/g for EOP ion-exchange resin detoxified hydrolysate and SM1, respectively), reaching 83% of the maximum possible xylitol yield in SM1. In addition, fermentation of EOP ion-exchange resin detoxified hydrolysate was slower than for SM1 due to the presence of inhibitors, with its productivity threefold lower compared to SM1 (0.07 versus 0.22 g/L/h, respectively). However, similar cell yields were obtained in both cases (0.04–0.05 g/g).



In summary, taking into account that a previous detoxification method (for instance, ion-exchange resin) is essential to reduce the toxic compounds, EOP hemicellulosic hydrolysate can be successfully employed as fermentation medium to generate xylitol. Xylitol yields reported in the literature for the fermentation of diverse hemicellulosic hydrolysates from different lignocellulosic biomass and by different xylitol producing microorganisms are compared in Table 3. As seen, in all examples the different raw materials were pretreated using H2SO4, mainly in low concentrations. In most studies, a previous detoxification step, prior to fermentation, was necessary, with the most employed methods being chemical methods, like activated charcoal, ion-exchange resin, or ethyl acetate extraction. Regarding xylitol production, yields ranging between 0.11 and 0.55 g/g were reported, which were comparable to the results achieved in this work for EOP hydrolysates detoxified with both activated charcoal and ion-exchange resin. Moreover, the results achieved in this work were favourable compared to those attained by Brás et al. [40] with the same raw material. These authors reached a yield of 0.26 g/g in the xylitol fermentation with Debaryomyces hansenii of hemicellulosic hydrolysate from EOP obtained by pretreating with sulfuric acid (130 °C, 130 min, 3.5% H2SO4, 33.3% solids), but a previous detoxification step by diananofiltration was also necessary.




3.4. Ethanol Sub-Production


In both fermentations of EOP hemicellulosic hydrolysates and synthetic media by C. boidinii, ethanol was produced as a secondary product, due to the consumption of hexoses (like glucose, galactose, and mannose). In relation to the synthetic media fermentations (Figure 2 and Table 2), as expected, the lowest ethanol production was obtained in absence of glucose (SM2 synthetic media). C. boidinii was able to produce a small amount of ethanol (1.3 g/L) by consumption of galactose and mannose with a yield of 0.05 g/g. In the two synthetic media, the highest ethanol production was achieved at 48 h of fermentation (Figure 2), having consumed the totality of glucose (in SM1) and most of the galactose and mannose (84%, in both SM1 and SM2) by this time. As seen in Figure 2a, glucose was the first hexose completely consumed by the yeast, being exhausted in only 24 h of fermentation.



This same behaviour was also appreciated in the fermentation of EOP hemicellulosic hydrolysates, but in this case, glucose was not totally consumed until 48 h of fermentation, probably due to the presence of toxic compounds (Figure 3). Moreover, based on the same reason, the maximum ethanol concentrations were attained at fermentation times as long as 96 h. By comparing the ethanol results achieved with EOP hemicellulosic hydrolysates detoxified by activated charcoal and ion-exchange resin, slightly higher ethanol concentrations (2.6 versus 2.0 g/L, Figure 3) and yields (0.12 versus 0.08 g/g, Table 2) were obtained for ion-exchange resin detoxification. This is most likely due to the lowest toxic compound concentrations (mainly acetic acid and phenolic compounds) contained in the ion-exchange resin detoxified hydrolysate (Table 1).



On the other hand, as seen in Figure 2 and Figure 3, glucose, xylose, galactose, and mannose were consumed simultaneously by C. boidinii, being able to produce both xylitol and ethanol at the same time. However, as expected, the main product generated was xylitol, being produced in much higher levels than ethanol. Regarding arabinose, C. boidinii was not able to consume this sugar, neither in synthetic media nor in EOP hemicellulosic hydrolysates fermentations.



This behaviour of C. boidinii was also reported by Féher et al. [35] in the xylitol fermentation of corn fibre hydrolysates. Arabinose was not consumed in the fermentation of rice straw hydrolysates by a recombinant Saccharomyces cerevisiae YPH499 strain [45].



Moreover, as can be appreciated in Figure 2 and Figure 3, once most of the sugars were used up by C. boidinii, the yeast started to consume xylitol and, above all, ethanol in both synthetic media and EOP hemicellulosic hydrolysate fermentations, being employed probably to cell growth. The use of ethanol as a second carbon source has also been reported by Gírio et al. [46] in single and mixed substrate fermentations by D. hansenii. In this case, fermentation tests were carried out in a glucose-containing media, and ethanol was used when the glucose concentration in the media was close to 3 g/L. In this work, C. boidinii first consumed galactose and mannose, and once all hexose sugars were depleted, the ethanol concentration started to decrease. Partial consumption of ethanol and xylitol after depletion of the main carbon sources (xylose and glucose) was found in the fermentation of rapeseed straw hemicellulosic hydrolysates by C. guilliermondii [32].



To sum up, the results of the present work prove the suitability of the yeast C. boidinii for the production of xylitol from EOP hemicellulosic hydrolysate, previous a detoxification step by activated charcoal or ion-exchange resin treatment. This is a novel and valuable finding for increasing the value of all sugars contained in EOP biomass that are separated into the different streams generated after pretreatment, in this case, an acid pre-treatment. In this regard, apart from the EOP hydrolysate rich in hemicellulosic sugars, a cellulose and lignin-enriched solid was obtained as a result of the dilute acid pretreatment. This pre-treated solid could be used as substrate for ethanol production after enzymatic hydrolysis. Previous work carried out by the authors have shown the good perspectives of this approach [6]. Furthermore, the residual solid, rich in lignin, after the biological conversion of pretreated EOP to ethanol might also be employed in the processing facility to generate energy. In this way, EOP could be successfully used as a feedstock in a potential biorefinery for the production of xylitol, ethanol, and energy.





4. Conclusions


Hemicellulosic hydrolysate from EOP was a suitable fermentation medium for xylitol production by C. boidinii. However, a previous detoxification step was necessary, with ion-exchange resin being the most effective method. C. boidinii was able to reach a maximum xylitol yield of 0.43 g/g. Fermentation of synthetic media showed that toxic compounds negatively affected xylitol production, but the presence of glucose also caused a negative impact on the fermentation. Future investigation could focus on the adaptation of yeast to the presence of glucose in the medium to increase the xylitol production.
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Figure 1. Removal percentages of total sugars and inhibitor compounds in the acid hydrolysate after diverse detoxification methods. HMF: 5-hydroximethylfurfural. 
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Figure 2. Fermentation of SM1; and (a) SM2; (b) synthetic media by C. boidinii. GM: sum of galactose and mannose. SM1: synthetic medium with the same sugars concentration contained in acid hydrolysate before detoxification. SM2: same composition of SM1 but without glucose. 
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Figure 3. Fermentation of EOP acid hydrolysate by C. boidinii after detoxification by activated charcoal; and (a) ion-exchange resin (b). 
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Table 1. Sugar and inhibitor compound concentrations in acid hydrolysate before and after detoxification.
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CarbohyDrates (g/L)

	
Detoxification Method




	
None

	
Activated Charcoal

	
Ion-Exchange Resin






	
Glucose

	
4.89 ± 0.04

	
4.45 ± 0.03

	
4.85 ± 0.14




	
Xylose

	
23.72 ± 0.53

	
22.66 ± 0.04

	
23.70 ± 0.13




	
Galactose

	
4.42 ± 0.36

	
3.45 ± 0.07

	
4.39 ± 0.14




	
Arabinose

	
3.36 ± 0.21

	
3.10 ± 0.01

	
3.35 ± 0.07




	
Mannose

	
0.69 ± 0.03

	
0.39 ± 0.06

	
0.67 ± 0.01




	
Inhibitor compounds (g/L)

	

	

	




	
Formic acid

	
0.79 ± 0.07

	
0.14 ± 0.03

	
0.16 ± 0.01




	
Acetic acid

	
5.59 ± 0.02

	
5.36 ± 0.00

	
3.51 ± 0.01




	
HMF

	
0.11 ± 0.00

	
n.d.

	
n.d.




	
Furfural

	
1.89 ± 0.10

	
0.31 ± 0.03

	
0.58 ± 0.04




	
Total phenols

	
4.08 ± 0.20

	
1.25 ± 0.02

	
0.63 ± 0.01








n.d.: non-detected.
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Table 2. Fermentation parameters attained by the xylitol fermentation by C. boidinii of synthetic media and EOP acid hydrolysate after detoxification.
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	Hydrolysate
	Fermentation Time (h)
	Xylitol Concentration (g/L)
	Xylitol Yield (g/g)
	Xylitol Productivity (g/L/h)
	Ethanol Yield (g/g)
	Ethanol Productivity (g/L/h)
	Cell Yield (g/g)





	Synthetic medium 1
	48
	10.73 ± 0.05
	0.52
	0.22
	0.13
	0.08
	0.05



	Synthetic medium 2
	48
	11.90 ± 0.02
	0.58
	0.25
	0.05
	0.03
	0.08



	Activated charcoal detoxified hydrolysate
	96
	5.17 ± 0.08
	0.36
	0.07
	0.08
	0.02
	0.04



	Ion-exchange resin detoxified hydrolysate
	96
	5.97 ± 0.04
	0.43
	0.07
	0.12
	0.03
	0.04







Synthetic medium 1 (SM1): synthetic medium with the same sugar concentrations contained in acid hydrolysate before detoxification. Synthetic medium 2 (SM2): same composition as SM1 but without glucose. Fermentation time: time required to achieve the highest xylitol production.
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Table 3. Xylitol yields reported in the fermentation of hemicellulosic hydrolysates from diverse lignocellulosic. residues, using different types of microorganisms.
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Raw Material

	
Pretreatment

	
Detoxification Method

	
Microorganism

	
Xylitol Yield (g/g)

	
Reference






	
Poplar wood

	
120 °C, 4 h, 1.8% H2SO4

	
Vacuum evaporation

	
Candida guilliermondii FTI 20037

	
0.52

	
[41]




	
Pulp mill hardwood wastes

	
140 °C, 60 min, 30 g/L H2SO4, 12.5% DM

	
Activated charcoal and ion-exchange resin

	
Candida boidinii BCRC 21 432

	
0.11

	
[42]




	
Candida utilis BCRC 20 334

	
0.21




	
Candida tropicalis BCRC 20 520

	
0.45




	
Corn fibre

	
90 °C, 51 min, 1.1% H2SO4, 10% DM + 120 °C, 30 min, 1.1% H2SO4, 10% DM

	
Non detoxification

	
Candida boidinii NCAIM Y.01308

	
0.53

	
[35]




	
Cocoa pod husk

	
120 °C, 0.19 min, 0.65% H2SO4, 12.5% DM

	
pH adjustment and activated charcoal

	
Candida boidinii XM02G

	
0.52

	
[17]




	
Rapeseed straw

	
130 °C, 60 min, 2% H2SO4, 10% DM

	
Ethyl acetate extraction

	
Debaryomyces hansenii NRRL Y-7426

	
0.45

	
[32]




	
Candida guilliermondii FTI 20037

	
0.55




	
Wheat straw

	
121 °C, 30 min, 1% H2SO4, 10% DM

	
Activated charcoal

	
Candida guilliermondii FTI 20037

	
0.42

	
[43]




	
Empty palm fruit bunch fiber

	
121 °C, 15 min, 4% H2SO4, 10% DM + 121 °C, 15 min, 10 N NaOH, 10% DM

	
Activated charcoal

	
Candida tropicalis CBS94

	
0.44

	
[44]




	
Exhaustedolive pomace

	
130 °C, 130 min, 3.5% H2SO4, 33.3% DM

	
Diananofiltration

	
Debaryomyces hansenii NRRL Y-1448

	
0.26

	
[40]




	
170 °C, 0 min, 2% H2SO4, 20% DM

	
Activated charcoal

	
Candida boidinii NCAIM Y.01308

	
0.36

	
This work
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