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Abstract

:

Brewer’s spent grain (BSG) is the main by-product of the beer brewing process. It has a huge potential as a feedstock for bio-based manufacturing processes to produce high-value bio-products, biofuels, and platform chemicals. For the valorisation of BSG in a biorefinery process, efficient fractionation and bio-conversion processes are required. The aim of our study was to develop a novel fractionation of BSG for the production of arabinose, arabino-xylooligomers, xylose, and bioethanol. A fractionation process including two-step acidic and enzymatic hydrolysis steps was investigated and optimised by a response surface methodology and a desirability function approach to fractionate the carbohydrate content of BSG. In the first acidic hydrolysis, high arabinose yield (76%) was achieved under the optimised conditions (90 °C, 1.85 w/w% sulphuric acid, 19.5 min) and an arabinose- and arabino-xylooligomer-rich supernatant was obtained. In the second acidic hydrolysis, the remaining xylan was solubilised (90% xylose yield) resulting in a xylose-rich hydrolysate. The last, enzymatic hydrolysis step resulted in a glucose-rich supernatant (46 g/L) under optimised conditions (15 w/w% solids loading, 0.04 g/g enzyme dosage). The glucose-rich fraction was successfully used for bioethanol production (72% ethanol yield by commercial baker’s yeast). The developed and optimised process offers an efficient way for the value-added utilisation of BSG. Based on the validated models, the amounts of the produced sugars, the composition of the sugar streams and solubilised oligo-saccharides are predictable and variable by changing the reaction conditions of the process.
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1. Introduction


Brewer’s spent grain (BSG) is a by-product of the brewing industry. It is the solid residue of the mashing process, which contributes to 85% of the total by-product of the brewing [1]. BSG is a cheap raw material produced all year round in large quantities from small breweries to large ones [2]. Around 34 million tonnes of BSG are generated annually, which means approximately 8.5 million tonnes of dry BSG [3]. BSG mainly consists of lignocellulose (cellulose, hemicellulose, and lignin), proteins, and minerals [1]. Due to its high moisture content, the transport and long-term storage of BSG are difficult [4]. Thus, nowadays it is mainly used for feeding cattle in local farms [5].



BSG can be used for energy purposes to produce electricity by combustion [6]. However, BSG needs to be dried in advance of direct combustion and large amount of harmful NOx is released during the process [6,7], making it less advantageous. Another option to produce energy from BSG is the production and subsequent combustion of biogas derived from the anaerobic digestion of that [8].



BSG can be widely used in the food industry. It can increase the nutrient content of various bakery products [9]. However, white flour can only be partially replaced by BSG powder to avoid an unpleasant taste and brown colour of the obtained products [10]. Due to the high content of essential amino acids in BSG, the protein composition of different foods and feeds can also be improved [11,12]. BSG has antioxidant properties due to their phenolic components (mainly ferulic and p-coumaric acids) [13], thus it can be used in functional foods as well.



Recently, many studies have revealed the potential of BSG as a raw material for biotechnological conversion processes to produce value-added bio-products, platform chemicals, or biofuels. BSG can serve as a protein-rich raw material in solid state fermentation processes, mainly aimed at the production of enzymes such as proteases, xylanases, and cellulases [14,15,16]. BSG contains a high amount of hemicellulose, which is composed of arabinoxylan polymers [17]. The xylose content of that can be released in monomeric form by using different (acidic, enzymatic) hydrolysis techniques [18,19]. BSG hydrolysates containing a high concentration of xylose are considered promising fermentation media for the microbial production of xylitol, which is a high-value bio-product with several possible applications [18]. Moreover, various arabino-xylooligosaccharides (AXOS) can also be prepared from BSG by the incomplete hydrolysis of its solubilised hemicellulosic polymers [20]. AXOS are promising substances in functional foods due to their potential prebiotic properties [21]. Second-generation bioethanol can be produced from the glucan fraction of BSG [22]. Bioethanol production from BSG does not result in increasing food prices, deforestation, or reduction of arable land [23], making it an advantageous and possibly sustainable process for biofuel production.



Valorising BSG in a biorefinery process could allow the combined production of a wide-range of bio-chemicals, biofuels, and platform molecules. As an example, Davila et al. [24] proposed a biorefinery process producing ethanol, xylitol, and polyhydroxybutyrate from BSG. However, for the successful conversion of lignocellulosic biomass into a spectrum of value-added products, an efficient fractionation process is required to separate the main constituents of the raw material [25]. Pre-treatment methods, such as liquid hot water/autohydrolysis [26,27], microwave-assisted hydrothermal [28], acidic [29] alkali [30], nonthermal plasma [31], ultrasonic-assisted [32], steam explosion [33] enzymatic (proteases, glycoside hydrolases, laccases) [34,35], microbial [21], and different combinations of those treatments [36,37] have been extensively studied over the past years in order to separate the protein, lignin, and different carbohydrate fractions from BSG. However, most of them had the main focus of separating one selected component or simply enhancing a subsequent enzymatic hydrolysis step. For the complex valorisation of BSG in a biorefinery process, different pre-treatments must be merged into a sequential fractionation process, which allows the separation of many different components. The most favourable fractionation of BSG, containing different pre-treatments, has to be developed according to the main purpose and products of the biorefinery process [38]. For example, separating high value components in advance of bioethanol production from BSG would be extremely important from an economic point of view, since many studies have pointed out that in most of the cases the lignocellulosic bioethanol production can only be economically viable as part of a biorefinery process producing other, high value bio-products [39,40,41].



The main goal of this study was to invent a complex and responsive fractionation process that could enhance the viability of bioethanol production from BSG by allowing the prior and selective fractionation of different high-value hemicellulosic components, and thus embed bioethanol production into a biorefinery process. Hence, our aim was to develop and optimise a novel fractionation method consisting of different hydrolytic process steps in order to separately obtain arabinose-rich and xylose-rich hydrolysates from BSG, beside a glucose-rich hydrolysate that is applicable for efficient bioethanol production.




2. Materials and Methods


2.1. Microorganisms and Lignocellulosic Raw Material


Commercial baker’s yeast (Saccharomyces cerevisiae) was purchased from Lesaffre Hungary Ltd. (Budafok, Hungary). Brewer’s spent grain (BSG) was kindly donated from Dreher Co. Ltd. (Budapest, Hungary). It was dried at 40 °C and then stored at room temperature.




2.2. Compositional Analysis


The dry content of BSG was measured by rapid moisture analyser (Precisa XM 60). The glucan, xylan, arabinan and Klason-lignin contents were analysed by using the NREL (National Renewable Energy Laboratory) method [42] with minor modifications detailed by Fehér et al. [43]. The starch content was determined according to the method described by Bedő et.al [44]. The crude protein content was determined by Dumas method [45]. The inorganic compounds were determined gravimetrically after treated at 550 °C for 6 h in muffle furnace equipped with a ramping program [46]. The compositional analyses were carried out in triplicates.




2.3. First Acidic Hydrolysis


The first acidic hydrolysis was performed on a suspension of BSG and dilute sulphuric acid in 25 g reaction mixture in 100 mL glass flasks. The reaction time (10, 30, 50 min) and the sulphuric acid concentration (0.5, 1.25, 2.0 w/w%) were varied according to a full factorial experimental design. The range of the reaction time and sulphuric acid concentration were determined according to preliminary tests and previous studies [43,44]. Hydrolyses occurred at 90 °C reaction temperature in water bath without agitation. A warm-up period of 10 min was applied in all cases before starting to measure the reaction time in order to reach the reaction temperature. The dry matter content of the reaction mixtures was 10 w/w%. After the reaction, the hydrolysates were cooled down in a cold-water bath for 5 min and the mixtures were filtered through a nylon filter with 50 μm pore size. The supernatants were analysed for solubilised sugars. The experiment was repeated at optimum conditions: 1.85 w/w% sulphuric acid concentration and 19.5 min reaction time. In this case, the solid residue was neutralized by distilled water, dried at 40 °C, and stored at room temperature until the next hydrolysis step.




2.4. Second Acidic Hydrolysis


In the second acidic hydrolysis, the solid residue of the optimised first acidic hydrolysis was treated in autoclave at 121 °C for 30 min without agitation in a reaction mixture containing 1 w/w% sulphuric acid and 10 w/w% dry matter, in order to completely solubilise the hemicellulose fraction. The reaction conditions were selected based on previous study [44] and preliminary tests. After the treatment, the solid residue was separated by a nylon filter with 50 μm pore size and washed with distilled water to neutralise. It was dried at 40 °C and then stored at room temperature until further experiments.




2.5. Enzymatic Hydrolysis


Enzymatic hydrolysis was carried out on the solid residue of the second acidic hydrolysis by Cellic® CTec 3, which was kindly donated from Novozymes A/S (Copenhagen, Denmark). The total weight of the reaction mixture was 15 g. The enzyme dosage (0.01, 0.03, 0.05 g enzyme mixture/g dry matter, referred to as g/g DM) and the solids loading (5, 10, 15 w/w% on dry basis) were varied according to a full factorial experimental design. The enzymatic hydrolyses were performed in acetate buffer (0.1 M, pH = 5) at 50 °C for 72 h by shaking at 125 rpm. The hydrolysis was repeated in duplicates under optimal conditions: 15 w/w% solids loading and 0.04 g/g DM enzyme dosage. The glucose content of the liquid phase was analysed by high-performance liquid chromatography.




2.6. Inoculum Preparation


To obtain an active culture of baker’s yeast for the inoculation of ethanol fermentation experiments, Saccharomyces cerevisiae was propagated in a medium containing 50 g/L glucose, 0.3 g/L magnesium sulphate heptahydrate (MgSO4·7H2O), 2 g/L ammonium chloride (NH4Cl), and 1 g/L dipotassium hydrogenphosphate (K2HPO4). The inoculum was cultured at 30 °C and 220 rpm shaking for 24 h.




2.7. Ethanol Fermentation


Ethanol fermentation was performed on the hydrolysate obtained from the optimised enzymatic hydrolysis, by Saccharomyces cerevisiae at 30 °C, 150 rpm shaking for 72 h. The initial cell concentration was 5 g/L. The working volume was 5 mL in 15 mL-glass flasks. After the inoculation, the flasks were purged by nitrogen in order to provide anaerobic conditions. The fermentation was carried out in duplicates and monitored by daily sampling.




2.8. Analytical Methods


2.8.1. Determination of Sugars, Ethanol and Inhibitor Compounds


Concentrations of glucose, xylose, arabinose, ethanol, acetic acid, formic acid, 5-hydroxymethyl-furfural (HMF), and furfural were quantified by high-performance liquid chromatography (HPLC) with refractive index detection. Separation was achieved on BioRad (Hercules, CA, USA) Aminex HPX-87H (300 × 7.8 mm) column equipped with Micro-Guard Cation H+ Refill Cartridge (30 × 4.6 mm) guard column, heated at 65 °C, using 5 mmol/L sulphuric acid at a flow rate of 0.5 mL/min [43]. Xylooligosaccharides were analysed by thin layer chromatography (TLC) according to the method detailed by Ontañon et al. [47]. Total phenol contents were determined by the Folin–Ciocalteu method according to Guo et al. [48].




2.8.2. Determination of Total Sugar Content


Liquid samples were mixed with 8 w/w% sulphuric acid at a volume ratio of 1:1, and treated in an autoclave (121 °C; 1 bar) for 20 min in order to decompose the solubilised oligosaccharides into monomers. Monosaccharides were then quantified by HPLC and the results were referred to as total amount of solubilised sugars. Hence, the amount of total sugars includes the amounts of solubilised monomers and oligomers together.




2.8.3. Determination of Cell Concentration


Cell concentration was analysed by measuring optical density at a wavelength of 600 nm (Ultrospec III spectrophotometer, Pharmacia LKB, Uppsala, Sweden). The cell concentration was calculated by using a calibration curve based on dry cell mass measurements.





2.9. Calculation of Yields of Sugars, GOS and AXOS, A/X Ratio and Ethanol Yield


Sugar yields of the hydrolytic process steps were expressed as a percentage of theoretical based on the composition of the starting material that is used in the given process step. Yields of monosaccharides (monomer yields of glucose, xylose, and arabinose), yields of total sugars (total yields of glucose xylose and arabinose), and yields of oligosaccharides (yields of gluco-oligosaccharide and arabino-xylooligosaccharide) were distinguished. The yields of gluco-oligosaccharide (GOS) and arabino-xylooligosaccharide (AXOS) were calculated by subtracting the monomer sugar yields from the total sugar yields. In the calculation of AXOS yield, the amounts of xylose and arabinose were summed up in both of the cases of total and monomer yields, since these sugars are present together as an arabinoxylan in BSG [20].



The A/X ratio was calculated as the ratio of the amount of arabinose and xylose present in the AXOS fraction.



The ethanol yield was calculated by dividing the amount of produced ethanol by the theoretical maximum by assuming a complete stoichiometric conversion of the initial glucose concentration to ethanol, and it was expressed as a percentage of the theoretical.




2.10. Statistical Evaluation


Response surface methodology (RSM) was used to optimise the solubilisation of arabinose during the first acidic hydrolysis. A 32 full factorial experimental design was performed with 3 replicates at the centre point. The independent variables were the reaction time and the sulphuric acid concentration, which were set to be 10, 30, and 50 min and 0.5, 1.25, and 2 w/w%, respectively. The effects of these variables on the response variables (monomer yields of glucose, xylose, and arabinose; total yields of glucose, xylose, and arabinose; yields of GOS and AXOS, A/X ratio) were investigated. A quadratic polynomial model (Equation (1)) was fitted to the measured values:


  Y =  b 0  +  b 1   X 1  +  b 2   X 2  +  b  12    X 1   X 2  +  b  11    X 1 2  +  b  22    X 2 2   



(1)




where Y is the dependent variable, X1 and X2 are the independent variables, b0 is the intercept, b1, b2 are the linear terms, b12 is the term of the interaction between the two independent variables, and b11 and b22 are the quadratic terms. The statistical evaluation was performed by StatisticaTM v.13 software (TIBCO Software, Palo Alto, Santa Clara, CA, USA). The adequacy of the models was tested by F-test (α = 0.05 significance level). The models were reduced by the non-significant variables. The effect of the independent variables was also checked by Pareto chart. In the model equations of the first acidic hydrolysis (Equations (3)–(11)), the reaction time is referred to as T expressed in minutes, and the sulphuric acid concentration is referred to as S expressed in w/w%.



Desirability function (D-function) approach was used to determine the optimum conditions regarding total arabinose and total xylose yields simultaneously. The response variables (Yi) were transformed into desirability values (dj), where di was a value from 0 to 1 depending on the given settings, while j (1, 2, …, n) represented the number of the individual desirability functions. The D-function was calculated by the geometric means of the individual desirability functions (Equation (2)):


  D =    d 1  ×  d 2  × … ×  d n   n   



(2)







The settings of the desired intervals for total arabinose yield and total xylose yield were the followings: 50% ≤ total arabinose yield ≤ 100% and 0% ≤ total xylose yield ≤ 50%, where total xylose yield = 0% and total arabinose yield = 100% corresponded to d1 and d2 values of 1, and total xylose yield = 50% and total arabinose yield = 50% corresponded to d1 and d2 values of 0.



RSM was also used to optimise the enzymatic hydrolysis of the BSG residue, using 32 full factorial experimental design. The effects of the independent variables (enzyme dosage and solids loading) were investigated on the achievable glucose concentration and glucose yield (as response variables). The independent variables of enzyme dosage and solids loading were set to 0.01, 0.03, and 0.05 g/g DM and 5, 10, and 15 w/w%, respectively. The statistical evaluation of the enzymatic hydrolysis was also performed by using a quadratic polynomial model. In the model equations of enzymatic hydrolysis (Equations (12) and (13)), the solids loading is referred to as SL expressed in %, and the enzyme dosage is referred to E expressed in g/g DM.





3. Results and Discussion


3.1. Optimisation of the First Acidic Hydrolysis of BSG to Produce an Arabinose-Rich Hydrolysate


The BSG contained 17.9% glucan (from this 3.2% is starch), 15.0% xylan, 7.4% arabinan, 19.0% Klason-lignin, 32.6% crude protein, and 4.0% inorganic compounds on dry basis. The aim of the first acidic treatment was to preferentially release arabinose from BSG, and meanwhile retain the xylan and glucan part insoluble, resulting in a liquid fraction with arabinose as the main constituent and a solid fraction containing the main part of the initial xylan and glucan content of BSG. The effects of the reaction time and sulphuric acid concentration both on total and monomer yields of glucose, xylose, and arabinose were investigated, and the optimal reaction conditions in terms of the production of an arabinose-rich hydrolysate were determined.



The results of the full factorial (32) experimental design were shown in Table 1. The linear terms of time and sulphuric acid concentration had significant effects on all of the investigated response variables, except on the monomer xylose yield, where the quadratic term of time and the interaction between time and acid concentration also had significant effects (Equations (3)–(8)). Increasing the acid concentration and reaction time of the first acidic hydrolysis resulted in increasing monomer and total sugar yields throughout the experimental design (Figure 1). The linear term of the sulphuric acid concentration had the highest effect on the achievable sugar yields in all of the cases, except on the total glucose yield, where the linear term of the reaction time had (Figure S1).


   Total   glucose   yield  = 0.87 + 0.15 × T + 3.53 × S  



(3)






   Total   xylose   yield  = − 5.95 + 0.49 × T + 16.37 × S  



(4)






   Total   arabinose   yield  = 10.71 + 0.64 × T + 25.04 × S  



(5)






   Monomer   glucose   yield  = − 0.08 + 0.01 × T + 0.34 × S  



(6)






   Monomer   xylose   yield  = 2.45 − 0.05 × T − 4.24 × S + 1.51 ×  S 2  + 0.10 × T × S  



(7)






   Monomer   arabinose   yield  = − 7.37 + 0.65 × T + 29.22 × S  



(8)







The response surface of the total xylose yield clearly showed that a considerable amount of xylan was solubilised at an increased reaction time or sulphuric acid concentration, resulting in a total xylose yield of 56.2% at the harshest reaction condition (2 w/w% sulphuric acid concentration and 50 min reaction time) investigated. The total glucose yields were much lower (5.9–16.5%) than the total xylose yields (9.3–56.2%) in all runs. The released glucose might be derived from the hydrolysis of the starch content of BSG, as the starch fraction can be easily hydrolysed by dilute sulphuric acid treatment [49]. The highest total glucose yield was 16.5%. Since the starch content constitutes 17.9% of the glucan fraction in BSG, small amount of starch was probably remained in the solid fraction in all of the cases. In the harshest treatment of the first acidic hydrolysis, a total arabinose yield of 90.5% was achieved indicating that the arabinose was almost completely solubilised. The total arabinose yields were significantly higher (25.2–90.5%) than the total yields of glucose and xylose in all runs of the designed experiments.



On the other hand, the monomer yields of xylose varied from 0.5 to 8.1% in the hydrolysates, which indicates that the xylan fraction is barely hydrolysed into its monomeric constituent. Thus, the xylan part was mainly present in oligomeric form in the supernatants. The monomer yields of glucose were also very low (0.3–1.4%). It was also observed that the monomer arabinose yields were close to the total arabinose yields. Thus, the solubilised arabinose content was mainly present in monomeric form in the hydrolysates. Compared to the monomer yields of glucose and xylose, the arabinose yields were significantly higher in all of the runs.



Since the glucan and the xylan are mainly solubilised in the form of oligomers, the effects of reaction time and sulphuric acid concentration on the yields of GOS, AXOS, and A/X ratio in AXOS were also statistically evaluated. These results are shown in Table 2. The GOS and AXOS yields were varied between 5.6–15.1% and 10.4–35.7%, respectively, within the investigated experimental range.



The linear terms of sulphuric acid concentration and reaction time had significant effects on the GOS and the AXOS yields (Equations (9) and (10), Figure S2). It was observed that increasing reaction time and sulphuric acid concentration continuously increased the GOS and AXOS yields (Figure 2), resulting in maximum yields of 15.1% and 35.7%, respectively. AXOS yields were at least two times higher than the GOS yields in all runs. All of the terms (linear and quadratic terms of sulphuric acid concentration and reaction time and interaction between the two variables) had significant effects on the A/X ratio in AXOS (Equation (11), Figure S2). By increasing the acid concentration and reaction time of the first acidic hydrolysis, the A/X ratio in AXOS decreased from 0.74 to 0.10, indicating that the arabinose moieties are more sensitive for the acidic hydrolysis compared to the xylose units of the AXOS (Table 2). The linear term of sulphuric acid concentration had the major impact on both the A/X ratio and AXOS yield, however, it has a negative effect on the A/X ratio but positive effect on the AXOS yield (Equations (10) and (11)). In the first run, an A/X ratio of 0.74 in the solubilised AXOS was observed which exceeds the A/X ratio in the raw BSG (0.49). That might suggest the presence of an arabinose-rich part within the arabinoxylan of BSG, which is less recalcitrant against acidic solubilisation compared to the other part of the arabinoxylan structure. However, further studies investigating the exact structure of the solubilised oligomers are needed to confirm or contradict this hypothesis.


   GOS   yield  = 0.95 + 0.14 × T + 3.19 × S  



(9)






   AXOS   yield  = 4.13 + 0.27 × T + 7.90 × S  



(10)






   (  A / X  )    ratio = 1.28 − 0.02 × T + 0.00009 ×  T 2  − 0.94 × S + 0.23 × + 0.003 × T × S  



(11)







These results showed that under mild conditions of the first acidic hydrolysis, solubilisation of the arabinose content of BSG is more favourable compared to the hydrolysis of xylan. The arabinose is mainly liberated as monomers, meanwhile most of the solubilised xylose are present in oligomers. The cellulose fraction of the BSG glucan is probably remained intact during the first acidic hydrolysis. These results are in accord with those statements indicating that the acidic hydrolysis of arabinose side chains from AXOS is preferential over the hydrolysis of xylose units, and that the cellulose fraction is recalcitrant against the dilute acidic hydrolysis under mild conditions [50,51].



Based on the previous results, optimisation of the reaction conditions (reaction time, sulphuric acid concentration) of the first acidic hydrolysis was performed in order to solubilise a high amount of arabinose but retain the main part of the xylan in the solid fraction. To be able to find a good compromise between those contradicting aims, D-function approach was applied. The aim was to maximise the total arabinose yield, but at the same time keep the total xylose yield below 50%. The optimal conditions according to the D-function optimisation were the followings: 1.85 w/w% sulphuric acid concentration and 19.5 min reaction time (Figure S3). Under this condition, the fitted models predicted 32.3%, 9.8%, and 69.8% total yields of xylose, glucose, and arabinose, respectively. The predicted values were 2.4%, 0.7%, and 58.6% for monomer yields of xylose, glucose, and arabinose, respectively. In the case of AXOS yield and A/X ratio in AXOS, the model predicted 23.8% and 0.17, respectively (Table 3).



To validate the fitted models and obtain a liquid fraction with high arabinose content and a solid fraction containing the main part of the xylan of raw BSG, experiments under the optimised conditions were performed. The first acidic hydrolysis of BSG under the optimised conditions resulted in 36.1% total xylose yield, 13.0% total glucose yield, 75.7% total arabinose yield, 2.2% monomer xylose yield, 0.5% monomer glucose yield, 65.5% monomer arabinose yield, 26.1% AXOS yield, and 0.15 A/X ratio in the solubilised AXOS. Based on these, all of the response variables fit well into the prediction intervals of the models (Table 3), which proves that the models are adequate. Moreover, the measured values were also within the confidence intervals (except total glucose yield), indicating the high accuracy of the models. These could allow us to vary the amount of solubilised sugars, sugar oligomers, and the composition (A/X ratio) of the solubilised arabino-xylooligomers by changing the reaction conditions according to our aims. In order to test the reproducibility of the experiments and reaffirm the reliability of the model predictions, measurements under the optimised conditions were repeated with a new sample of BSG. In this case, 11.9% total glucose yield, 29.9% total xylose yield, and 69.7% total arabinose yield were achieved. All of these values fall into the confidence interval of the model.



Xu et al. [52] published a method to separate an arabinose fraction from corn stover by acetic acid hydrolysis. They achieved a total arabinose yield of 52.2% by using 0.01 g/g acetic acid at 195 °C for 15 min. The yield of monomer arabinose (18.7%) was lower than the yield of arabinose in oligomeric form (24.9%). In our study higher total arabinose yield was reached (75.7%) and the arabinose was mainly obtained in monomeric form (65.5%). Shibanuma et al. [53] investigated the selective arabinose release from corn fibre with different diluted acids. In the optimum conditions (0.3 N oxalic acid at 100 °C for 100 min), the arabinose and xylose yields were 55% and 15%, respectively. Compared to this, both of the total arabinose and xylose yields were higher in our study. In our previous studies, optimisation of mild sulphuric acid pre-treatments of wheat bran and corn fibre was performed to obtain arabinose-rich hydrolysates. The arabinose yields achieved by using wheat bran (73.7%) and corn fibre (75.9%) were similar to that obtained in this study [43,44]. Several studies investigated the sulphuric acid hydrolysis of BSG, however, they mainly aimed to solubilise the whole hemicellulose fraction in a one-step process. Solubilising the whole hemicellulose fraction in one step results in a liquid fraction with higher xylose and lower arabinose concentration [54,55,56], however making the separated use of arabinose and xylose more difficult.



The liquid fraction derived from the optimised first acidic hydrolysis of BSG contained 0.4 g/L xylose, 6.2 g/L arabinose, and 6.6 g/L AXOS. The amounts of inhibitors (acetic acid, formic acid, HMF, furfural, and total phenol) were also determined. The acetic acid, formic acid, and total phenol concentrations were 0.4 g/L, 0.1 g/L, and 0.6 g/L, respectively. On the other hand, HMF and furfural were not present in detectable amounts. The first acidic hydrolysis was also repeated by using higher weights of the reaction mixtures (100 g, 400 g, and 800 g), resulting in similar results in all of the cases. In the case of the reaction mixture of 800 g, 74.5% total arabinose yield, 37.5% total xylose yield, 13.2% total glucose yield, 61.1% monomer arabinose yield, 3.9% monomer xylose yield, 1.3% monomer glucose yield, 27.4% AXOS yield, and 0.20 A/X ratio were obtained.



The supernatants were analysed by TLC in order to qualitatively evaluate the composition of the AXOS fraction. According to the TLC analysis, the main fraction of the solubilised oligosaccharides was probably xylobiose (Figure S4). The monomer arabinose and (A)XOS could be separated by different membrane and chromatographic methods in order to obtain pure arabinose-rich and an (A)XOS-rich solutions [57,58]. A promising method for that was investigated by Wijaya et al. [59] and it included the combination of ultra- and nanofiltrations. After the filtration steps, 90.1% xylose recovery was achieved from a xylooligosaccharides-rich, empty fruit brunch hydrolysate [59]. Hence, the first acidic hydrolysate of BSG might be further processed by membrane technology to obtain pure arabinose and AXOS-rich solutions [59] for the production of crystalline arabinose and AXOS preparation, respectively. Arabinose can be used as a platform molecule for drug synthesis in the pharmaceutical industry or as a healthy sweetener in the food industry [51], while AXOS might be used as prebiotic substance in functional foods, among other possible applications [60,61].



After the first acidic treatment of BSG under optimised conditions, a solid fraction containing 18.4% glucan (from this 1.0% starch), 12.7% xylan, 1.4% arabinan, and 19.4% Klason-lignin (on dry basis) was obtained. The presence of a small amount of starch in the solid residue is in accord with the total glucose yield of 13% during the optimised first acidic hydrolysis. This confirms that the solubilised glucose was probably derived only from starch, and the cellulose fraction was remained intact in this step. The solid faction was used in the second acidic hydrolysis step.




3.2. Solubilisation of the Hemicellulose Fraction from the Solid Residue of the First Acidic Hydrolysis of BSG


The aim of the second acidic hydrolysis was to release the remained hemicellulose fraction from the solid residue obtained after the optimised first acidic hydrolysis of BSG, in order to produce a liquid fraction with high xylose content and a solid fraction with enhanced glucan (cellulose) content.



The second acidic hydrolysis was performed by using 1 w/w% sulphuric acid concentration at elevated temperature (121 °C), which resulted in the complete decomposition of the solubilised polysaccharides. As the solubilised sugars were only present in monomeric form in the hydrolysate, total and monomer sugar yields were equal in this case. A xylose yield of 89.7% and complete arabinose solubilisation were achieved, indicating that the solubilisation of the remaining hemicellulose fraction was successful. The glucose yield was 14.2%, suggesting that in addition to the residual starch, other parts of the glucan fraction (cellulose or β-glucan) were also partially hydrolysed. In our previous studies, dilute sulphuric acid treatments of pre-treated corn fibre and wheat bran using similar reaction conditions were investigated [43,44]. In those studies, similar results were obtained resulting in the solubilisation of the hemicellulose fraction, and production of a glucan-enhanced solid fraction.



The liquid fraction, obtained after the second acidic hydrolysis, contained 14.5 g/L xylose, 3.2 g/L glucose, and 1.9 g/L arabinose. The xylose concentration was significantly higher than that of the glucose and arabinose, thus the hydrolysate was referred to as a xylose-enriched hydrolysate. However, the xylose concentration was lower than those obtained in our previous studies using wheat bran (21.3 g/L) and corn fibre (28 g/L). On the other hand, the initial xylan content of the wheat bran (20.7%) and corn fibre (19%) were higher than the xylan content of BSG (13.1%) [43,44]. The xylose-enriched hydrolysate of BSG could serve as a raw material for xylitol production [18] or other fermentative bio-processes [62]. Xylitol could be also a high-value product in a BSG biorefinery due to its wide applicability in the food, cosmetic, and pharmaceutical industry [63,64].



Inhibitor compounds in the second acidic hydrolysate of BSG were also quantified. The acetic acid, formic acid, and total phenol concentrations were 1.3 g/L, 0.6 g/L, and 2.2 g/L, respectively, while HMF and furfural were not detected. Compared to the first acidic hydrolysate, the concentrations of organic acids and phenolic compounds were increased. The remaining solid fraction after the second acidic hydrolysis of BSG contained 32.2% glucan, 5.1% xylan, and 31.1% Klason-lignin on dry basis. Arabinan was not detected. These results confirmed that a solid fraction with enhanced glucan content was obtained after the second hydrolytic process step.




3.3. Optimisation of the Enzymatic Hydrolysis of the Solid Resiude Obtained in the Second Acidic Hydrolysis of BSG


The aim of the enzymatic hydrolysis was to hydrolyse the cellulose content from the solid residue of the second acidic hydrolysis of BSG, and thus result in a liquid fraction with high glucose concentration. The effects of the enzyme dosage and solids loading on the achievable glucose yield and concentration were investigated. Optimisation was also accomplished in order to maximize the efficiency of the enzymatic hydrolysis, and thus enhance the bioethanol production in the following process step. Results of the enzymatic hydrolysis experiments are shown in Table 4.



The glucose concentration and yield were varied between 10.3–49.2 g/L and 48.9–78.0%, respectively, within the investigated experimental range. On the glucose yield, only the linear and quadratic terms of the enzyme dosage had significant effects (Equation (12)). By changing the enzyme dosage from 0.04 to 0.05 g/g DM, the glucose yield did not change considerably according to the fitted surface (Figure 3), however, the highest glucose yield (78.0%) was measured at the enzyme dosage of 0.05 g/g DM and solid loadings of 10 w/w% (Table 4). On glucose concentration, the linear terms of enzyme dosage and solids loading, the quadratic term of enzyme dosage and the interaction between the two independent variables had significant effects (Equation (13)). The glucose concentration continuously increased by increasing the enzyme dosage and solids loading, reaching a maximum glucose concentration of 49.2 g/L at 0.05 g/g DM enzyme dosage and 15 w/w% solids loading. The fitted model of the glucose concentration showed that the enzyme dosage had less influence on it compared to the solid loadings (Figure S5). The fitted surface suggested that increasing the enzyme dosage and solids loading beyond the experimental range would further increase the glucose concentration. Several studies observed increasing glucose concentration by increasing the solids loading during the enzymatic hydrolysis process step [65,66,67]. However, there could be a negative correlation between the solids loading and glucan conversion yield [68,69]. López-Linares et al. [70] published a decreasing tendency of glucose yield from 75% to 64.5% by changing the solids loading from 7.5 to 20% in the case of enzymatic hydrolysis of rapeseed straw. On the other hand, Manzanares et al. [71] observed that increasing solids loading up to 17% did not reduce significantly the glucose yield in the case of enzymatic hydrolysis of pre-treated olive tree pruning residues. Wilkinson et al. [72] reported that the glucose yield decreased when the solids loading exceeded 15% in the case of the enzymatic hydrolysis of BSG treated by acid-catalysed hydrothermal method. However, in despite of the decreased glucose yield, the glucose concentration was further increased. Rojas-Chamorro et al. [73] reached the highest glucose concentration (59.4 g/L) at 15% solids loading in the case of BSG treated by phosphoric acid, where the highest glucose yield was also obtained (99.7%). In our study, the glucose yield did not decrease by increasing the solids loading up to 15 w/w%, thus the highest glucose concentration was reached at the point of the highest glucose yield.



Since the glucose yield did not increase significantly by using an enzyme dosage higher than 0.04 g/g DM, and the enzyme dosage had less influence on the glucose concentration, an optimum condition of 0.04 g/g DM enzyme dosage and 15 w/w% solids loading was chosen for further experiments. D-function was not used for optimisation in this case, since the glucose concentration clearly depends on the solids loading. Therefore, exact values cannot be assigned to the desired intervals of glucose concentration. The solids loading was not further increased due to the inhomogeneity and mixing problems possibly occurring due to such high dry matter contents. The predicted values of the glucose yield and concentration according to the fitted models under the selected condition (0.04 g/g DM enzyme dosage and 15 w/w% solids loading) were 76.1% and 47.7 g/L with the predicted intervals of 67.4–84.8% and 43.9–51.4 g/L, respectively.


   Glucose   yield  = 35.25 + 1943.36 × E − 23054.41 ×  E 2   



(12)






   Glucose   concentration  = − 6.32 + 426.31 × E − 8425.04 ×  E 2  + 2.09 × SL + 31.64 × E × SL  



(13)







To validate the models, enzymatic hydrolysis was carried out under the selected condition. The achieved glucose yield and glucose concentration were 75.5% and 46.1 g/L, respectively. These results were within the predicted intervals; thus, the fitted models were adequate. These results were also within the confidence intervals (73.0–79.2% and 45.67–49.64 g/L in the cases of glucose yield and concentration, respectively) indicating the high accuracy of the models. On the other hand, both response parameters were lower than the highest values obtained during the experimental design (49.2 g/L glucose concentration and 78.0% glucose yield), however, the differences were not considerable. Moreover, using a lower enzyme dosage (0.04 g/g instead of 0.05 g/g) is probably more advantageous from an economic point of view.



As the initial feedstock (solid residue derived from the second acidic hydrolysis of BSG) of the enzymatic hydrolysis still contained some residual xylan, a small amount of xylose was released during the enzymatic hydrolysis (62.1% xylose yield), resulting in 6.7 g/L xylose concentration in the hydrolysate.




3.4. Bioethanol Production


An ethanol fermentation experiment was performed on the hydrolysate obtained after the optimised enzymatic hydrolysis. The fermentation profile is shown in Figure 4.



The glucose content was almost completely consumed within 24 h of ethanol fermentation. In the cell concentration (5 g/L initial concentration), a slight decrease was observed during the fermentation, resulting in 4 g/L at the end. The xylose concentration did not change considerably as the baker’s yeast (S. cerevisiae) cannot use the pentose sugars efficiently [74,75]. Thus, the ethanol production was completed after 24 h. The maximum concentration of ethanol was 16.9 g/L and it was reached after 24 h. After reaching the maximum ethanol concentration, the amount of ethanol was slightly decreased until the end of the fermentation, probably due to a slow evaporation. The ethanol yield and ethanol volumetric productivity at 24 h of fermentation were 71.6% (of theoretical) and 0.72 g/(L × h), respectively.



Liguori et al. [22] investigated the bioethanol production by Saccharomyces cerevisiae NRRL YB 2293 on a glucose-rich, enzymatic hydrolysate of alkali pre-treated BSG (50 g/L initial glucose concentration). The obtained ethanol yield and concentration were 51% and 12 g/L after 48 h [22]. Wilkinson et al. [76] reached 81% ethanol yield and 17.3 g/L ethanol concentration on glucose-rich BSG hydrolysate (41.3 g/L initial glucose concentration) by S. cerevisiae. Rojas-Chamorro et al. [73] achieved 72% ethanol yield by S. cerevisiae after 24 h on glucose-rich BSG hydrolysate. The produced bioethanol was 22.9 g/L from 59.4 g/L initial glucose concentration [73]. These results by S. cerevisiae are similar to those achieved in our study (16.9 g/L ethanol concentration and 71.6% ethanol yield from 46.1 g/L initial glucose concentration). On the other hand, if the ethanol yield would be calculated from the total amount of sugars (glucose and xylose), an ethanol yield of 64.3% would be obtained. This yield could be further enhanced by microorganisms that co-utilise pentose and hexose sugars. Rojas-Chamorro et al. [77] achieved an ethanol yield of 86% by E. coli SL100 on a BSG hydrolysate with high xylose content. However, they reached the maximum ethanol yield after 91 h of fermentation due to the slower utilisation of xylose [77]. White et al. [78] also investigated the use of xylose and arabinose on BSG hydrolysate by Pichia stiptitis and Kluyveromyces marxianus. The achieved ethanol yields were 0.32 g ethanol/g substrate and 0.23 g ethanol/g substrate after 48 h by P. stiptitis and K. marxianus, respectively [78].





4. Conclusions


A novel fractionation process consisting of sequential acidic and enzymatic hydrolysis steps was developed and optimised in order to obtain a liquid stream rich in arabinose and AXOS, a xylose-rich hydrolysate, and a supernatant containing high concentration of glucose from BSG. During the first acidic hydrolysis of BSG, the amount of the solubilised arabinose, xylose, and AXOS and the composition (A/X ratio) of the AXOS fraction are variable by controlling the process conditions (reaction time and acid concentration) due to the validated models fitted to the experimental data. The arabinose and AXOS, produced in the optimised first acidic hydrolysis, can act as high-value products of a biorefinery processing BSG. In the second acidic hydrolysis, the remaining hemicellulose fraction was solubilised, resulting in a xylose-rich hydrolysate. In the final step of the BSG fractionation, a cellulose-rich solid residue was obtained, which is suitable for the production of biofuels (e.g., biogas, bioethanol) or higher value bio-products (e.g., lactic acid). Based on theoretical calculations, bioethanol and biogas productions from the cellulose-rich solid fraction of BSG provide quite similar alternatives in terms of the achievable energy from the obtained products (6274 and 6827 MJ/dry tonne of cellulose-rich residue in the cases of bioethanol and biogas production, respectively). Since bioethanol has a wide range of use in bio-based industries, in this study we focused on bioethanol production. The enzymatic treatment of the cellulose-rich fraction was optimised to produce a glucose-rich hydrolysate. The glucose-rich hydrolysate was found to be an excellent raw material for bioethanol fermentation by using commercial baker’s yeast. This hydrolysate did not require previous detoxification steps or addition of nutrients for the efficient glucose to ethanol conversion. Assuming 100 g of dry BSG, 5.5 g arabinose, and 6.6 g AXOS can be produced in the first step of our process. After the first step, around 70 g of dry residue can be recovered and used in the second step, where 9.7 g xylose can be produced. After the second step, 30 g of dry residue can be obtained for processing in the enzymatic hydrolysis. Fermentation of the enzymatic hydrolysate can produce 3 g bioethanol. The developed and optimised fractionation process could serve as a key step for the efficient valorisation of BSG in a biorefinery process producing bioethanol and high-value bio-products (based on the hemicellulosic sugars and sugar oligomers). However, valorisation of the by-products and side streams of the proposed process is also of great importance in obtaining an economically viable, BSG-based biorefinery process. The solid residue of the enzymatic cellulose hydrolysis is rich in lignin, while the liquid fractions derived from the acidic hydrolyses might contain significant amount of proteins and other valuable bioactive substances. The efficient separation and valorisation of those components would also be important in a complex biorefinery process using BSG as a raw material.
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Figure 1. Fitted surfaces of the total xylose yield (A), total arabinose yield (B), total glucose yield (C), monomer xylose yield (D), monomer arabinose yield (E), and monomer glucose yield (F). Scales are fitted according to the maximum value of each response variables. 
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Figure 2. Fitted surfaces of the GOS yield (A), AXOS yield (B), and the A/X ratio in AXOS (C). 
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Figure 3. Fitted surfaces of glucose concentration (A) and glucose yield (B) obtained in designed experiments of the enzymatic hydrolysis step. 
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Figure 4. Profile of bioethanol production by S. cerevisiae on optimised enzymatic hydrolysate of BSG residue. Standard deviations are calculated from duplicates. 
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Table 1. The experimental setup and results of the first acidic hydrolysis of BSG.
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	Runs
	Reaction Time

(T, Min)
	Sulphuric Acid Concentration

(S, w/w%)
	Total Xylose Yield

(%)
	Total Arabinose Yield

(%)
	Total Glucose Yield

(%)
	Monomer Xylose Yield

(%)
	Monomer Arabinose Yield

(%)
	Monomer Glucose Yield

(%)





	1.
	10
	0.50
	9.3
	25.2
	5.9
	0.5
	11.9
	0.3



	2.
	10
	1.25
	20.4
	48.0
	6.3
	0.9
	34.6
	0.5



	3.
	10
	2.00
	28.5
	67.1
	8.2
	1.6
	54.2
	0.6



	4.
	30
	0.50
	16.6
	40.1
	6.4
	0.9
	22.5
	0.6



	5. (C)
	30
	1.25
	29.4
	65.3
	11.4
	1.5
	53.4
	0.6



	6.
	30
	2.00
	38.9
	74.1
	12.6
	4.0
	66.2
	1.0



	7.
	50
	0.50
	24.1
	53.8
	9.1
	0.9
	34.9
	0.5



	8.
	50
	1.25
	36.4
	73.3
	13.1
	3.1
	64.0
	0.9



	9.
	50
	2.00
	56.2
	90.5
	16.5
	8.1
	80.3
	1.4



	10. (C)
	30
	1.25
	29.7
	66.0
	8.7
	1.7
	49.6
	0.7



	11. (C)
	30
	1.25
	27.1
	60.0
	11.1
	2.0
	59.9
	0.8



	12. (C)
	30
	1.25
	32.6
	72.5
	8.9
	1.6
	53.8
	0.5







(C) refers to the centrum points of the experimental design.
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Table 2. Yields and composition (A/X ratio) of oligosaccharides obtained in the first acidic hydrolysis of BSG.
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	Runs
	GOS Yield

(%)
	AXOS Yield

(%)
	A/X Ratio in AXOS





	1.
	5.6
	10.4
	0.74



	2.
	5.8
	17.6
	0.34



	3.
	7.6
	22.3
	0.23



	4.
	5.8
	16.3
	0.55



	5. (C)
	10.8
	23.1
	0.22



	6.
	11.6
	26.0
	0.11



	7.
	8.5
	21.7
	0.40



	8.
	12.2
	25.4
	0.14



	9.
	15.1
	35.7
	0.10



	10. (C)
	8.0
	20.5
	0.20



	11. (C)
	10.4
	24.6
	0.20



	12. (C)
	8.4
	22.4
	0.20







(C) refers to the centrum points of the experimental design.
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Table 3. Model predictions and experimental results of the first acidic hydrolysis of BSG under optimised conditions.
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	Total Xylose Yield

(%)
	Total Arabinose Yield

(%)
	Total Glucose Yield

(%)
	Monomer Xylose Yield

(%)
	Monomer Arabinose Yield

(%)
	Monomer Glucose Yield

(%)
	AXOS Yield

(%)
	A/X Ratio in AXOS





	Predicted
	32.3
	69.8
	9.8
	2.4
	58.6
	0.7
	23.8
	0.17



	−95.% Conf.
	28.4
	60.6
	7.3
	2.0
	51.0
	0.5
	20.7
	0.15



	+95.% Conf.
	36.3
	78.9
	12.3
	2.8
	66.2
	0.9
	26.9
	0.18



	−95.% Pred.
	24.2
	51.1
	4.7
	1.5
	43.1
	0.3
	17.5
	0.13



	+95.% Pred.
	40.5
	88.4
	14.9
	3.2
	74.1
	1.2
	30.1
	0.20



	Measured average
	36.1
	75.7
	13.0
	2.2
	65.5
	0.5
	26.1
	0.15



	Standard deviation
	2.2
	5.0
	1.0
	0.3
	4.4
	0.2
	1.6
	0.01
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Table 4. The experimental set and results of the enzymatic hydrolysis of BSG residue.
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	Runs
	Enzyme Dosage

(E, g/g DM)
	Solids Loading

(w/w%)
	Glucose Concentration

(g/L)
	Glucose Yield

(%)





	1.
	0.01
	5
	10.3
	54.5



	2.
	0.01
	10
	19.4
	48.9



	3.
	0.01
	15
	33.9
	53.7



	4.
	0.03
	5
	12.6
	66.8



	5. (C)
	0.03
	10
	30.8
	77.6



	6.
	0.03
	15
	43.9
	69.6



	7.
	0.05
	5
	12.9
	68.4



	8.
	0.05
	10
	30.0
	78.0



	9.
	0.05
	15
	49.2
	77.9



	10. (C)
	0.03
	10
	30.5
	76.7



	11. (C)
	0.03
	10
	29.5
	74.2



	12. (C)
	0.03
	10
	28.6
	71.9







(C) refers to the centrum points of the experimental design.
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