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Abstract

:

A wide range of inorganic and organic chemicals are used during the pretreatment and enzymatic hydrolysis of lignocellulosic biomass to produce biofuels. Developing an industrially relevant 2G biorefinery process using such chemicals is challenging and requires more unit operations for downstream processing. A sustainable process has been developed to achieve industrially relevant titers of bioethanol with significant ethanol yield. The pretreatment of sorghum biomass was performed by a continuous pilot-scale hydrothermal reactor followed by disk milling. Enzymatic hydrolysis was performed without washing the pretreated biomass. Moreover, citrate buffer strength was reduced to 100-fold (50 mM to 0.5 mM) during the enzymatic hydrolysis. Enzymatic hydrolysis at 0.5 mM citrate buffer strength showed that significant sugar concentrations of 222 ± 2.3 to 241 ± 2.3 g/L (glucose + xylose) were attained at higher solids loadings of 50 to 60% (w/v). Furthermore, hydrolysates were fermented to produce bioethanol using two different xylose-fermenting Saccharomyces cerevisiae strains and a co-culture of xylose-fermenting and non-GMO yeast cultures. Bioethanol titer of 81.7 g/L was achieved with an ethanol yield of 0.48 gp/gs. Additionally, lipids were produced using the oleaginous yeast Rhodosporidium toruloides, yielding 13.2 g/L lipids with cellular lipid accumulation of 38.5% w/w from 100 g/L of sugar concentration. In summary, reducing the strength of the citrate buffer during enzymatic hydrolysis and omitting inorganic chemicals from the pretreatment process enhances the fermentability of hydrolysates and can also reduce operating costs.
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1. Introduction


Conversion of lignocellulosic biomass into biofuels and bioproducts has gained momentum in scientific and industrial research as one option for partially mitigating climate change [1,2,3]. Biochemical technology is a leading process option for the production of advanced biofuels. Biochemical processing requires the pretreatment of biomass to open up the plant cell wall followed by enzymatic conversion of cellulose and hemicellulose to sugars and microbial conversion of sugars to the targeted biofuel (e.g., ethanol) [4]. Hydrothermal-based pretreatments are a leading approach for commercialization because they avoid the addition of harmful chemical catalysts (acids or alkalis) that add operating costs and complicate downstream processing. In this regard, we developed a two-stage pretreatment process whereby biomass is treated at 190 °C for 10 min at 50% moisture followed by disc milling [5]. Disc milling further opens up the cellulose fibers and increases enzymatic sugar yields at relatively low severity pretreatment conditions. This process has since been scaled up with the use of a continuous steam explosion reactor using bioenergy sorghum as the feedstock [6]. A high-solids enzymatic hydrolysis (50% solids loading) achieved a sugar concentration of 231.8 g/L, which is 65% of the theoretical concentration [7].



Another major advantage of the two-stage hydrothermal and mechanical pretreatment process is that it minimizes the formation of fermentation inhibitors. Furfural, 5-hydroxymethylfurfural (5-HMF), levulinic acid, and formic acid can be formed during pretreatment of lignocellulosic biomass under acidic conditions at moderate- to high-reaction temperatures [8]. Furfural is a degradation product of xylose and arabinose and 5-HMF is a degradation product of glucose and fructose. Further decomposition of 5-HMF forms levulinic acid and formic acid, whereas furfural forms only formic acid. Our process minimizes the formation of these products because it operates at a lower severity and, without acid, it limits the formation of sugar decomposition products. However, constituent inhibitory chemicals are still released, which include acetic acid, glucuronic acid, ferulic acid, vanillic acid, coumaric acid, and syringaldehyde from the lignin and hemicellulose fractions [9,10,11,12]. The composition of lignocellulosic biomass constituents varies based on the type of species, biological origin, growth conditions, period of harvesting, and storage time [12,13].



Sugars prepared from steam explosion/disc milling have been used to produce both ethanol and single-cell lipids (e.g., triacylglycerols) [14]. The latter are good candidates for the production of biodiesel, green diesel, and sustainable jet fuel based on fatty acid composition [15]. A major barrier to microbial production of biofuels is the mixed sugars found in hydrolysates. Following pretreatment and enzymatic hydrolysis of herbaceous biomass, as much as 40% of the released sugars is xylose. Xylose is problematic because it is not fermented by Distillers’ yeast [16]. In this study, Saccharomyces strains are evaluated that have been engineered to ferment xylose [17]. Moreover, the oleaginous yeast selected for this study metabolizes glucose, xylose, and other biomass-released sugars and has proven to be robust for growth in hydrolysates [14].



Enzymatic hydrolysis of pretreated biomass into monosaccharides requires the use of cellulases, hemicellulases, and auxiliary enzymes. The use of enzymes requires controlling pH within a narrow range, which is typically accomplished by using a 50 mM citrate buffer solution. This consumes 19.2 kg of citrate per ton of biomass. Therefore, adding buffer inflates processing cost and at 50 mM concentration of citrate acts as a fermentation inhibitor [18,19]. In our earlier research, dilute sulfuric acid pretreated and delignified sorghum biomass were enzymatically hydrolyzed at reduced citrate buffer strengths (5 mM and 0.5 mM), resulting in equivalent cellulose to glucose conversion efficiencies at all citrate buffer strengths (50 mM, 5 mM, and 0.5 mM) [18,19]. However, the major limitation of these studies was the washing of pretreated and delignified biomass before the enzymatic hydrolysis, which necessitates a significant quantity of water. When it is scaled up to the pilot level, it frequently becomes crucial. Additionally, wash water comprising inorganic acids, sulfate ions, and sodium salts needs to be treated in a specialized wastewater treatment section [20]. Another work employed dilute sulfuric acid pretreatment of pine biomass and performed enzymatic hydrolysis at 5 mM citrate buffer without washing, leading to no cellulose hydrolysis [21]. This study also stated that the presence of acetic acid, formic acid, furfural, and 5-HMF did not affect the cellulose hydrolysis of unwashed pretreated pine biomass when the enzymatic hydrolysis was carried out at 50 mM citrate buffer strength; however, cellulose hydrolysis could still occur in unwashed biomass [21].



In light of the previous research, the possibility of reducing the citrate concentration by 10- and 100-fold is investigated for bioenergy sorghum processed using two-stage hydrothermal mechanical pretreatment without washing. Sugar yields were compared for enzymatic hydrolysis of pretreated biomass using 0.5 mM, 5.0 mM, and 50 mM citrate buffer for pH control. Additionally, the hydrolysis sugars were subsequently evaluated for production of bioethanol and lipids. Ethanol fermentations were evaluated using two Saccharomyces yeast strains engineered to ferment xylose. One was a commercially available strain and the second a laboratory-developed strain suited for industrial use because it does not contain antibiotic resistance genes. Ethanol fermentations were also run using a co-culture of a popular non-GMO Saccharomyces yeast strain (Ethanol Red) and a GMO commercial strain, which could utilize xylose. Lipid production cultures used a Rhodosporidium toruloides strain determined earlier to work well with this feedstock.




2. Materials and Methods


2.1. Feedstock


Bioenergy sorghum was harvested from the Energy Farm (University of Illinois, Urbana, IL, USA) and dried at ambient temperature to <10% (w/w) moisture. The biomass was chopped (to pieces approximately 3–4 cm long) and ground with a hammer mill to pass through a 3 mm sieve. Ground biomass was stored at 4 °C. The biomass contained (%w/w, odb): 12% extractives, 39% cellulose, 22% xylan, and 16% lignin [7].




2.2. Pretreatment


A pilot scale continuous hydrothermal reactor system (SüPR•2G Reactors, AdvanceBio system LLC., Milford, OH, USA) was used to pretreat bioenergy sorghum biomass at 190 °C for 10 min [6]. This optimal reaction condition was attained from our earlier research, where the maximum sugar yields were attained during enzymatic hydrolysis [6]. The moisture content of lignocellulosic biomass was adjusted to 50% (w/w) before the hydrothermal pretreatment. The pretreated biomass was dried at 46 ± 3 °C in a conventional tray drier until the moisture content was ≤20%. The pretreated biomass was disc milled to further reduce particle size and increase the surface area [6].



Compositional Analysis of Hydrothermal Pretreated Biomass


Pretreated biomass was analyzed for composition using modified National Renewable Energy Laboratory (NREL) protocols. The biomass was extracted with water and ethanol, and the extractives were analyzed for xylo- and cello-oligomers and monomers. The following equations were used for the determination of moisture (Equation (1)) and total solids (Equation (2)), oven dry weight (ODW) (Equation (3)), and extractive (Equation (4)) contents of hydrothermally pretreated biomass.


  M o i s t u r e   ( % ) =        W 1  −  W 2       W 1      × 100  



(1)




W1 is the weight of air-dried biomass and W2 is the weight of biomass after drying at 105 °C for 4 h.


  T o t a l   s o l i d s   ( % ) = 100 − M o i s t u r e   ( % )  



(2)






  O D W   ( g ) =      W 1  × % T o t a l   s o l i d s   100      



(3)






  E x t r a c t i v e s   ( % ) =        W i  −  W f       W i      × % T o t a l   s o l i d s  



(4)




Wi and Wf are the weights of biomass before and after Soxhlet extraction, respectively.



The water-soluble extractive was directly hydrolyzed with cellulases and hemicellulase. For the ethanol extractive, the ethanol was evaporated using a rotary evaporator and the solids reconstituted using water. Cellulase (80 mg protein/g cellulose) and hemicellulase (60 mg protein/g of xylan), based on cellulose and xylan contents of the initial biomass, were applied to hydrolyze cello-and xylo-oligomers in the extractives. Enzymatic hydrolysis was conducted in 50 mM citrate buffer strength at 50 °C for 24 h in 250 mL screw cap conical flasks shaken at 150 rpm. The percentage of cellulose and xylan in the extractives can be calculated by Equation (5) along with anhydrous correction (Equation (6)).


   S  e x t .   ( % ) =     S u g a r   ( m g / m L )   b y   H P L C ×  V  e h     ( m L ) ×   1   g   1000   m g       O D W   s a m p l e     ( g )       × 100  



(5)




Sext. is the sugars (cellobiose or glucose or xylose or arabinose) in the water and ethanol extractives. Veh is the total volume of the enzymatic hydrolysate of extractives.


    P f s   e x t .     ( % ) =  S  e x t .     ( % ) × A n h y d r o   c o r r e c t i o n  



(6)




Pfsext. is the polymeric form of sugars (cellulose and xylan/hemicellulose) in the water and ethanol extractives. The anhydrous correction for glucose and pentose sugars (xylose and arabinose) are 0.90 (162/180) and 0.88 (132/150), respectively. The acetic acid to acetate conversion factor is 0.983 (59/60) [22].



The extractive free biomass was further reprocessed using a two-step acid hydrolysis (300 mg on ODW) for structural carbohydrates analysis. The percent of cellulose, xylan, and acid insoluble lignin in the extractive free biomass were determined as follows (Equations (7)–(11)).


   S  e x t . f r e e     ( % ) =     S u g a r   ( m g / m L )   b y   H P L C ×  V  f i l t r a t e     ( m L ) ×   1   g   1000   m g       O D W   s a m p l e     ( g )       × 100  



(7)






    P f s   e x t . f r e e     ( % ) =       S u g a r   e x t . f r e e     ( % )     S u g a r   c o r r e c t i o n       × A n h y d r o   c o r r e c t i o n  



(8)






    P f s   I n c l u d i n g   e x t r a c t i v e s     ( % ) = ( %   p f s   e x t . f r e e     ) ×     100 – % E x t r a c t i v e   100      



(9)






    A I L   e x t . f r e e     ( % ) =     A I R − A s h     O D W   s a m p l e       × 100  



(10)






    A I L   I n c l u d i n g   e x t r a c t i v e s   ( % ) = ( %   A I L   e x t . f r e e     ) ×     100 − % E x t r a c t i v e   100      



(11)







Finally, summation Equations (6) and (9) provide the cellulose and xylan contents of hydrothermal pretreated biomass.


  S t r u c t u r a l   c a r b o h y d r a t e   ( % ) = %   P f s   e x t .   + %   P f s   I n c l u d i n g   e x t r a c i v e s    



(12)









2.3. Enzymatic Hydrolysis


Enzymatic hydrolysis was conducted in 500 mL screw cap conical flasks containing a final composition of 36 g of pretreated biomass (on dry weight basis) per 60 mL of liquid medium. Enzymatic hydrolysis was conducted as a fed batch process to achieve high solids loading of pretreated biomass and concentrated sugars. Citrate buffer was kept at 0.5 mM, 5 mM, and 50 mM. Initially, 20% (w/v) pretreated biomass was loaded into the flask and then solids loading was increased to 30% (2.8 mL of 25% PEG 4000 added), 40%, 50%, and 60% at 6 h, 12 h, 24 h, and 48 h, respectively. For quantification of sugars, a 0.5 mL aliquot was collected from the hydrolysate at every time interval before every 10% increment in solids loadings from 20% to 60%. Biocatalysts, cellulase NS22257, and hemicellulase NS22244 (Novozymes North America, Inc., Franklinton, NC, USA) were used at 60 mg of cellulase protein/g of cellulose and 20 mg of hemicellulase protein/g of hemicellulose. The protein concentration of cellulase and hemicellulase was determined by bicinchoninic acid (BCA) assay (Pierce™ BCA Protein Assay Kit, Thermo Fisher Scientific™, Waltham, MA, USA). Samples were hydrolyzed at 50 °C while mixing at 160 rpm for 72 h, with periodic sampling for sugars. Based on these preliminary results, enzymatic hydrolysis was scaled 10× to 300 g of pretreated biomass in 600 mL buffer using a 2 L capacity screw cap conical flask.



After the enzymatic hydrolysis, the slurry was centrifuged to remove solids and the pH of the hydrolysate was adjusted to 5.6 with 5N NaOH. Hydrolysates used for fermentations were filter sterilized.



Cellulose and xylan yields were calculated based on the following equation:


   Y  G u l . / X y l .     ( % ) =      C  s u g a r   ×  V L  × C F    S C  ×  S L      × 100  



(13)




where Y Gul./Xyl. is the yield of glucose and xylose; Csugar [g/L] is the concentration of glucose or xylose; VL [L] is the liquid volume of enzymatic hydrolysis medium (enzymes, moisture content of pretreated biomass, 25% PEG 4000 and citrate buffer); CF is the conversion factor (1.10) to account for relative change in volume during hydrolysis from water consumed by hydrolysis and expansion from released sugars going into solution, and expansion from released sugars is based on standard dextrose specific gravity; SC [g/g] is the structural carbohydrate (cellulose and xylan) content of pretreated biomass, and SL is the percentage of solids loading (pretreated biomass on dry weight basis) during the enzymatic hydrolysis.




2.4. Fermentation


2.4.1. Microorganisms and Seed Culture Preparation


Ethanol Red (Fermentis-Lesaffre Yeast Corporation, Milwaukee, WI, USA), S. cerevisiae CT2 pro (GMO glucose and xylose fermenting yeast) [17], and a commercial GMO xylose-fermenting Saccharomyces were used for ethanol fermentations and Rhodosporidium toruloides Y-6987 (ARS Culture Collection, Peoria, IL, USA) was used for lipid production. Yeast strains were maintained on YPD agar medium, which contains (g/L: 10, yeast extract; 20, peptone; 20, dextrose; and 20, agar). Yeast strains were grown at 30 °C and pH 5.6.



The seed cultures were grown in 20 mL of YPDX medium in a 100 mL screw cap conical flask consisting of YP supplemented with 12 g/L glucose and 8 g/L xylose [23]. Seed cultures were inoculated with a colony of the commercial GMO xylose fermenting yeast strain or CT2 pro and grown at 30 °C for 18 h with 140 rpm and the initial pH of the medium was adjusted to 5.6. Microbial cells were harvested by centrifugation at 8000 rpm for 10 min and pellets were resuspended in sterile distilled water and used to inoculate the yeast ethanol cultures.



Ethanol red yeast (2 g dry) was dispersed in 20 mL of sterile distilled water and activated by incubating at 30 °C for 20 min while mixing at 100 rpm. The culture was centrifuged, and the yeast resuspended in an equal volume of sterile-distilled water to serve as an inoculum.



The R. toruloides pre-seed culture was inoculated by transferring a single colony from plate into 2 mL of YPD (10 g/L, yeast extract; 20 g/L peptone; and 50 g/L glucose) in a 16 mL snap tube and incubated at 28 °C for 18 h at 250 rpm. Seed culture media was prepared from hydrolysates containing either 50 mM or 0.5 mM citrate buffer. The seed medium contained per 100 mL: 21.2 mL hydrolysate, 10 mL mineral stock, 6.7 mL nitrogen stock, and 6.21 mL either 0.5 or 50 mM citrate solution, adjusted to pH 6.0. The nitrogen stock (4 g yeast extract and 0.5 g (NH4)2SO4 in 100 mL distilled water) and 10× mineral solution (1 g KH2PO4 and 1 g MgSO4 (or 2.05 g MgSO4 7H2O) in 100 mL distilled water) were filter sterilized. The pre-seed culture was transferred to the 25 mL seed culture (5% v/v) in 125 mL baffled flasks and incubated for 48 h at 28 °C while mixing at 250 rpm. Cells were harvested by centrifugation and concentrated in sterile-distilled water to an A600 ~50.




2.4.2. Fermentation of Enzymatic Hydrolysates for Bioethanol Production


Enzymatic hydrolysates derived from 50 mM, 5 mM, and 0.5 mM citrate buffer strengths at 50% (w/v) solids loading were fermented by ethanologic yeast to evaluate the effect of citrate buffer on fermentation efficiency. Fermentation experiments were conducted in 250 mL screw cap Erlenmeyer flasks which contained 94 mL of filter-sterilized hydrolysate, 4 mL of 25× YP nutrient solution, and 2 mL of seed culture, which provided an initial A600 ~1. The initial pH of the fermentation culture was adjusted to 5.6 and incubated at 30 °C for 144 h while mixing at 150 rpm.



Co-culture fermentations used a commercial S. cerevisiae strain engineered for xylose metabolism and a non-GMO industrial Saccharomyces yeast (Ethanol Red) to enhance the ethanol titer and sugar (especially xylose) consumption. Enzymatic hydrolysates produced using 50 mM, 5 mM, and 0.5 mM citrate buffer strength at 60% (w/v) solids loading were used in the co-culture fermentations. The fermentation cultures were inoculated with 1 mL of Ethanol Red and 1 mL of recombinant S. cerevisiae seed cultures so as to achieve a beginning A600 of ~1 with equal contributions of A600 from each yeast. Samples are withdrawn at periodic intervals and filtered through a 0.2 µm syringe filter before HPLC analysis for quantification of sugars and ethanol.




2.4.3. Fermentation of Enzymatic Hydrolysates for Microbial Lipids Production


Lipid production micro cultures were run in 48-well flower plates with continuous biomass (e.g., backscatter) measurement using a Biolector (Beckman Coulter, Brea, CA, USA). The 0.5 mM and 50 mM buffered hydrolysates (60% solids) were diluted to 75 g/L, 100 g/L, and 125 g/L total sugars after addition of mineral stock, nitrogen stock, and make-up citrate buffer (0.5 or 50 mM). The volume of nitrogen added was adjusted to maintain a constant C:N: 1.0 mL, 1.3 mL, and 1.7 mL for the 75 g/l, 100 g/l, and 125 g/l media, respectively. The media were adjusted to pH 6 by adding 10 N NaOH. Each micro-well was filled with 0.8 mL of medium and inoculated to an A600 of 1. The Biolector was set to 28 °C and 800 rpm and run for 96 h. Residual sugar/acetate and yeast lipid concentrations were analyzed by HPLC and sulfo-phospho-vanillin assay [24], respectively.



Batch cultures were conducted in 250 mL baffled flasks filled with 50 mL of cultures and plugged with aluminum caps. The same media was used as described above for the 0.5 mM and 50 mM citrate-buffered hydrolysates diluted to 100 g/L sugars. Cultures were inoculated to an A600 of 1 and incubated at 28 °C for 4 days while mixing at 250 rpm. Cultures were sampled periodically for pH, microbial growth, residual sugars and acetate, and yeast lipids as described above.





2.5. Analytical Methods


Sugars (glucose, xylose, and arabinose), fermentative inhibitors (acetic acid, furfural, 5-HMF, levulinic acid, and formic acid) and ethanol were quantified using a Waters HPLC system (Waters e2695 Separation Module, Waters Corporation, Milford, MA, USA) equipped with 2414 refractive index detector. Samples were eluted through an Aminex HPX-87H column (300 × 7.8 mm, 9µm particle size; Bio-Rad Laboratories, Hercules, CA, USA) at 65 °C and 5 mM H2SO4 at 0.6 mL/min flow rate. The RI detector was maintained at 30 °C.



Enzymatic hydrolysis and lipid production experiments were conducted in triplicate. Bioethanol production experiments were conducted in duplicate. Mean values are reported along with the standard deviation.





3. Result and Discussion


3.1. Effect of Hydrothermal Pretreatment Determined by Compositional Analysis


Bioenergy sorghum was pretreated with hydrothermal/disc milling to prepare it for enzymatic hydrolysis. Hydrothermal pretreatment followed by disc milling is highly effective at modifying the physiochemistry of the cell wall to greatly reduce biomass recalcitrance [25,26]. It especially impacts xylan because this polymer disassociates at a relatively low temperature, 140 °C to 220 °C [27]. The pretreated biomass (liquid and solids) contained: 44.97% glucans and 22.2% xylan, which is in close agreement with the untreated biomass composition (39% glucans and 22% xylan) [7]. The pretreated biomass sample was subsequently extracted with water and ethanol and the extracts and residual solids were analyzed for composition. This allowed for determining soluble saccharides (extracts) and cellulose and xylan (solids) (Table 1). These results indicated that 76.4% of the xylan and 28.4% of the cellulose were solubilized—almost all in the form of oligosaccharides. Lignin largely remained with the solids. It is notable that the lignin of the unextracted pretreated biomass was much higher (28.8%) than the extracted sample (15.7%), which confirms the importance of extracting the sample to obtain an accurate measure of remaining lignin. In summary, hydrothermal pretreatment hydrolyzed much of the xylan and a considerable amount of the cellulose; however, the overall carbohydrate contents were preserved throughout the process.




3.2. Enzymatic Hydrolysis


Effect of Citrate Buffer Strength on Enzymatic Hydrolysis


Pretreating biomass at high temperatures in the presence of an acid catalyst releases monosaccharides, which subsequently decompose into furfural, 5-HMF, formic acid, levulinic acid, and other compounds [8,28]. The presence of these compounds at high concentration interferes with enzymatic hydrolysis efficiency, which leads to lower sugar yields [29]. Therefore, enzymatic hydrolysis is generally conducted at high-citrate buffer strength (50 mM) to control pH [21]. Since hydrothermal pretreatment of bioenergy sorghum biomass generates negligible amounts of sugar decomposition products, it was hypothesized that the concentration of citrate can be greatly reduced without impacting sugar yields.



Enzymatic hydrolysis was conducted using 0.5 mM, 5 mM, and 50 mM citrate buffer at solids loadings of 20–60% w/v. Glucose and xylose yields were found to be similar at all citrate buffer strengths and solids loadings (Figure 1a). For example, at 20% w/v solids, at the three different buffer concentrations, glucose yields were 80.08 ± 1.5%–83.27 ± 0.8% and xylose yields were 90.2 ± 2%–90.86 ± 0.45%. At higher solids loadings, sugar yields fell. The average glucose and xylose yields were 81.78 ± 1.5% and 90.6 ± 0.4% at 20% solids and 62.49 ± 0.55% and 73.20 ± 0.63% at 60% solids. While yields decreased, sugar concentrations increased with greater solids (Figure 1b). Total sugar concentrations (glucose + xylose, g/L) were 103.2 ± 1.32, 147.4 ± 1.06, 186.7 ± 0.27, 222.3 ± 2.8, and 241.1 ± 2.35 at 20%, 30%, 40%, 50%, and 60% solids loadings, respectively (Figure 1b). The data were statistically analyzed by ANOVA using Origin software and the corresponding p-values for each solids loading were less than 0.005, which are shown in Table S1.



Other studies have also observed that high solids loadings led to decreased sugar yields, primarily because of mass transfer limitations [30]. Lignin is insoluble and, therefore, affects the mixing regime and obstructs the uniform distribution of enzymes. Increased lignin concentration also leads to non-productive binding of enzymes [29,31]. Most pretreatments effectively break down the plant cell wall, but a small percentage of cellulose and xylan are still encapsulated by lignin, which impedes enzyme accessibility. Based on our previous study, 15% of the cellulose and 32% of the xylan was unhydrolyzed even at 10% (w/w) solids loading [7]. Another study from NREL reported that ~12% cellulose and ~15% xylan remain unconverted even after the dilute acid pretreatment was followed by enzymatic hydrolysis of corn stover [20,32].



Therefore, lowering the citrate concentration from 50 mM to 0.5 mM did not affect sugar yields or titers. This is a superior result to other studies that sought to substitute for sodium citrate buffer. NREL conducted enzymatic hydrolysis of dilute acid pretreated corn stover without sodium citrate buffer but used ammonium hydroxide for adjusting the medium pH between 4.8–5.5, which results in high levels of ammonium salts in stillage, which complicated the treatment of waste water [32]. Several studies used KOH and NaOH to adjust the pH of acid-pretreated biomass for subsequent enzymatic hydrolysis; however, sulfate salts formed and eventually inhibited yeast [33].



The optimal solids loading was determined based on marginal increases in sugar concentration with greater solids. The marginal increases in sugar concentration were 35.6–44.2 g/L up to 50% solids before declining to 18.8 g/L at 60% solids (Figure S1). This led to a lower sugar yield on a per biomass basis at 60% solids. Therefore, the process was scaled 10× for 30% and 50% solids. At 30% solids, the sugar concentration was 147.4 g/L after 24 h with a sugar yield > 77% (Figure 2a,b). The 50% solids loading achieved 215.3 g/L sugars after only 48 h with a yield > 68% (Figure 2a,b). After 48 h, the sugar concentration increased only by 5 g/L (Figure S2). Therefore, the optimal saccharification conditions are 50% solids for 48 h.



Sugar concentrations were the same for 50% solids hydrolyzed for 48 h using either 0.5 mM, 5 mM, or 50 mM citrate buffer (Table 2). The compositions are notable for their final high-sugar concentration (218 g/L) and low concentrations of furfural (0.6–0.8 g/L) and HMF (0.1–0.3 g/L).



From Figure 1a and Figure 2a, considering the yields of glucose (~70%) and xylose (~79%) at 50% (w/v) solids loading, 315 g of glucose and 175 g of xylose were produced per kg of hydrothermal pretreated bioenergy sorghum biomass. A total of 70% of hydrolysate was recovered through the centrifugation of enzymatic hydrolysis slurry. Therefore, based on the mass balance analysis, 220 g of glucose and 122 g of xylose were recovered from the enzymatic hydrolysis medium. The remaining monomeric sugars in the pellet were extracted by multiple washing with distilled water. All the fractions were pooled to calculate the sugar (in grams) content, accounting for 94 g of glucose and 52 g of xylose. Moreover, 134 g of cellulose and 46 g of xylan were present in the unhydrolyzed biomass. A complete mass balance analysis is shown in Figure 3.





3.3. Ethanol Fermentation


3.3.1. Effect of Citrate Buffer Strength on Bioethanol Production


Enzymatic hydrolysates prepared using 0.5 mM, 5 mM, and 50 mM citrate buffers were evaluated for ethanol fermentation using two Saccharomyces strains engineered for xylose fermentation: a commercially available strain (Figure 4) and a laboratory strain (CT2 Pro, Figure 5). Strain CT2 Pro was specifically engineered for industrial use because it was constructed in such a way as to avoid the use of antibiotic-resistance genes [17]. For both yeast strains, the 50 mM citrate buffered cultures fermented slower than the 0.5 mM or 5 mM buffered cultures. For example, after 48 h, the commercial xylose-fermenting yeast cultures reached ethanol concentrations of 74.4 g/L for the reduced citrate buffer concentrations and only 59.1 g/L for the 50 mM citrate buffered culture (Figure 4a–c).



Despite differences in productivities across buffer strengths, the fermentations achieved similar end titers of ethanol. The commercial xylose-fermenting yeast produced 77.2–81.7 g/L and CT2 Pro 70.4–71.3 g/L of ethanol. Differences between the commercial and CT2 Pro fermentations could be accounted for by differences in xylose consumption. The commercial yeast left 30.4–46.6 g/L xylose unconsumed (Figure 4a–c) and CT2 Pro yeast 49.6–53.23 g/L (Figure 5a–c).



In an attempt to improve xylose consumption, a co-culture of the commercial GMO xylose-fermenting yeast strain and a non-GMO commercial yeast strain (Ethanol Red) was used for the fermentations. Ethanol production and glucose consumption were slower when 50 mM citrate was added compared with 0.5 mM or 5 mM citrate, as was observed for the mono yeast cultures (Figure 6a–c). The co-culture fermentations produced approximately 78.6–80.3 g/L ethanol (Figure 6), which is similar to mono-culture. However, this hydrolysate batch used for the co-culture contained more glucose (141.6 ± 0.5 g/L glucose versus 123 ± 1.5 g/L glucose) and, therefore, actually less xylose was fermented in the co-culture than mono-cultures.



Glucose was rapidly fermented in all the yeast fermentations and was entirely or nearly exhausted within 36–48 h (Figure 4, Figure 5 and Figure 6), except for the 50 mM citrate buffered co-culture fermentation, which took 60 h. Xylose was fermented much slower and much was left unfermented even after 144 h. It was co-metabolized with glucose. For most microbes, glucose is metabolized prior to xylose (termed catabolite repression). However, this is not the case for xylose-fermenting Saccharomyces strains because the inserted xylose metabolism genes are expressed using constitutive promoters. In fact, CT2 Pro primarily consumed xylose while glucose was still present in the culture. In contrast, the commercial xylose fermenting yeast strain consumed xylose at a steady rate throughout the fermentation. While glucose and xylose were co-utilized, literature suggests that high-glucose concentrations competitively inhibit xylose uptake through the xylose transporter [34].



The primary conclusion is that lowering the citrate buffer concentration led to a faster fermentation rate (Figure S3) and the same final ethanol yield. These results are in partial agreement with an earlier study using dilute-acid pretreated sorghum stalks that compared 0.5 mM with 50 mM citrate buffer for enzymatic hydrolysis and fermentation [19]. In this study, both productivity and yield were improved by reducing citrate from 50 mM to 0.5 mM. However, in their study following pretreatment, the solids were washed with water prior to treatment with cellulases such that the microbial inhibitors present after pretreatment would have been reduced. It might seem odd that citrate concentration would have a detrimental effect because it is routinely used to buffer Saccharomyces fermentations. However, hydrolysates contain numerous potential fermentation inhibitors which act in concert. Therefore, it could be that the interaction of excess citrate with other components in the hydrolysate are responsible for the partial inhibition of yeast growth and fermentation. Furthermore, in the beginning of the fermentation, Saccharomyces reduces furans to the more benign alcohol form [35]. Attenuation of the furans at the beginning of the fermentation might explain all the yeast cultures achieving similar maximum ethanol titers regardless of citrate concentration.



The second conclusion is that the fermentations were successful. Fermentations achieved 70.4–81.7 g/L ethanol, which is exceptional for cellulosic fermentation and far exceeds the 40 g/L threshold supposed for commercial interest that is based on distillation performance [36]. The average ethanol productivity on glucose, which was well in excess of 1.18 g/L/h, was also high relative to most other studies. However, only approximately 30–50% of provided xylose was fermented, which offers a clear opportunity for improvement. Xylose metabolism generates less ATP than glucose and this is believed to make the yeast more sensitive to inhibitors when growing on xylose, especially undissociated acetic acid [37]. For this same reason, the yeast could also be more sensitive to ethanol inhibition than when fermenting glucose. Further work is warranted to determine the underlying reason for stalled uptake of xylose in this system. There are only a handful of reports using lignocellulosic hydrolysates, all recent, where glucose and xylose are co-fermented to yield greater than 70 g/L ethanol [38,39,40,41]. For yeast, these studies applied simultaneous saccharification and co-fermentation of glucose and xylose (SSCF). SSCF are often adjusted to ensure a slow release of glucose, which promotes better xylose utilization [38]. Other strategies than SSCF that have or could be used to improve xylose fermentation are processing biomass to produce a xylose-enriched stream [42], adaptive laboratory evolution [43], cell recycle to prime enzymes for xylose utilization [44] and enhance xylose uptake [45], slow auxiliary glucose feed [46], or in situ removal of ethanol [47].



The current study’s results are in agreement with the DMR (deacetylation followed by mechanical refining) process for bioethanol production from the lignocellulosic biomass [40]. In the DMR process, corn stover was deacetylated with sodium hydroxide and the generated black liquor was drained. Water was added to wash the solids partially and drained. Further, solids were dewatered using a screw press to attain 45 to 50% (w/w) insoluble solids. Dewatered solids were mechanically refined by disc milling (first-stage refining), followed by Szego milling (second-stage refining). Enzymatic hydrolysis of DMR solids yielded 230 g/L of monomeric sugars at 28 wt% solids loading using 20 mg of total protein per g of cellulose. In the subsequent fermentation of hydrolysates by recombinant Zymomonas mobilis 13-H-9-2, 81 to 86 g/L ethanol titers were attained with an ethanol yield of 81 to 90% (0.41 to 0.46 gp/gs). In this study, monomeric sugars yields (222 to 241 g/L), ethanol titers (81 g/L), and ethanol yields (0.48 gp/gs) were observed. The current process involves hydrothermal pretreatment, drying, disc milling, enzymatic hydrolysis, and fermentation. No acids or alkalis were used in the pretreatment process and washing of pretreated biomass is not required [20].




3.3.2. Microbial Lipid Production Cultures


R. toruloides was selected as biocatalyst for lipid production because of its strong ability to produce lipids and use a broad range of sugars [48]. The specific strain chosen was previously observed to be robust for growth on hydrolysates [14]. A pre-experiment was performed where the 0.5 mM and 50 mM hydrolysate diluted to either 75 g/L, 100 g/L, or 125 g/L total sugars to determine the optimal hydrolysate concentration. This experiment was conducted using a micro-culture plate format that allows for running 48 cultures simultaneously while conducting continuous monitoring of yeast biomass through the measurement of backscatter. Once the run was completed (96 h), each culture was sampled for the final lipid titer and optical densities.



The yeast grew at all three sugar concentrations buffered with either 0.5 mM or 50 mM citrate (Figure 7a). Using concentrated hydrolysate often leads to excess lag phases because of the presence of furans. Here, the lag phases lasted for similar times (approximately 18 h). There was also no discernable pattern in the final optical densities. However, this was not the case for final lipid values. Lipids varied from 6.22–11.89 g/L (Figure 7b). Lipids were higher or the same across sugar concentrations for the reduced citrate buffered cultures. Lipid concentrations were also higher or similar for the 100 versus 125 g/L sugar concentrations. Glucose was completely consumed by all the yeast cultures. Xylose was completely consumed for the 75 g/L and 100 g/L cultures. For the 125 g/L sugar concentration, residual xyloses were 1.0 g/L and 0.24 g/L for the 50 mM and 0.5 mM buffered cultures, respectively. The pHs showed an interesting trend, they rose from 6.0 to 7.9–8.2. Most microbial cultures become more acidic because of the production of carbonic acid. In summary, the yeast grew on hydrolysate up to a concentration of 125 g/L sugars and had the maxima lipid yields at 100 g/L sugars.



Oleaginous yeast are typically grown in nitrogen-limited medium. The yeast grow until the nitrogen is exhausted and in response to nitrogen starvation convert the remaining sugars to lipids, which they store internally in the form of droplets [49]. They continue to accumulate lipids as long as there are remaining sugars after which the lipid titer declines as they begin to deplete their stored lipids. For this reason, the 100 g/L sugar hydrolysates were repeated in flask cultures, which afforded periodic sampling.



Yeast completely consumed sugars (glucose and xylose) during the fermentation of 50 mM and 0.5 mM citrate buffer hydrolysates at 77.5 h and produced 13.2 g/L lipids, which was similar for both hydrolysates (Figure 8). At 96 h fermentation time, lipid concentration decreased to 10.2 g/L. The lower lipid titer was due to the exhaustion of sugars and the use of lipids as a carbon source by the microorganisms.



Xylose consumption was repressed in the presence of glucose (Figure S4a,b). Glucose and xylose were depleted within 44.5 h and 77.5 h, respectively. These were followed by L-arabinose, which was depleted by 96 h. In addition to glucose, xylose, and arabinose, R. toruloides Y-6987 also consumed acetic acid early on in the culture (5.75 h), which might have contributed to the increase in pHs observed for the cultures (Figure S4c). Formation of arabitol was observed at 44.25 h, but no arabitol was detected at 68.75 h. Biomass growth (dry weight basis), lipid titer, and increment of pH profile were observed during the fermentation of both the 50 mM and 0.5 mM hydrolysates (Figure 7 and Figure S4c). In addition, yeast lipid content was calculated using the following equation (Equation (16)). As expected, lipid accumulations were similar (38.5% w/w) for the 50 mM and 0.5 mM citrate buffer cultures (Figure 8). Sugar consumption rate, lipid productivity, and percentage of lipid accumulation were slightly higher during the fermentation of 0.5 mM citrate buffer hydrolysate compared with 50 mM citrate buffer hydrolysate (Figure 8 and Figure S4a–c).


  L i p i d   a c c u m u l a t i o n   ( % ) =     L i p i d   t i t e r   ( g / L )   C e l l   d r y   w e i g h t   ( g / L )     × 100  



(14)







Therefore, reduced citrated concentration did not affect lipid production or end titer. Lipid titers were similar to that reported earlier by this laboratory (11.9 g/L vs. 13.2 g/L here, [14]). This yield is also similar to others observed for hydrolysates in batch cultures for R. toruloides (1.23–13.8 g/L, [50]). However, dramatically improved lipid titers have been reported for herbaceous hydrolysates using fed-batch (32 g/L) or two-stage (19.09 g/L and 26.2 g/L) processes for this yeast species [14,50,51].






4. Conclusions


In this study, more than 70% and 79% glucose and xylose yields are achieved at 50% (w/v) solids loading in all the citrate buffer strengths (50 mM, 5 mM, and 0.5 mM). This eventually indicates that citrate buffer strength was significantly reduced to 100-fold for the enzymatic hydrolysis of hydrothermal pretreated biomass. Moreover, conducting the enzymatic hydrolysis of hydrothermal pretreated biomass in low citrate buffer was beneficial to the subsequent fermentation of the hydrolysate to achieve an industrial titer of bioethanol within 48 h of incubation. Compared with the hydrolysate prepared with 5 mM and 0.5 mM citrate buffer strengths, sugar consumption rate and ethanol productivities were comparatively higher for yeasts fermenting hydrolysate prepared with the 50 mM citrate buffer strength during enzyme hydrolysis. Even though ethanol yield did not vary with buffer concentration, commercial recombinant S. cerevisiae, and co-culture of (Ethanol Red plus commercial recombinant S. cerevisiae), produced slightly higher bioethanol titers (80.3–81.7 g/L) than S. cerevisiae CT2 pro (70.4–71.3 g/L). Moreover, lipid yield (13.2 g/L) and its accumulation (38.5% w/w) in the R. toruloides Y-6987 were also found to be similar during the fermentation of 50 mM and 0.5 mM citrate buffer hydrolysates at 100 g/L sugar concentration. Therefore, based on the sugars yielded during the enzymatic hydrolysis, ethanol productivity and yield during fermentation and lipid yield by an oleaginous yeast, it can be concluded that conducting the enzymatic hydrolysis of hydrothermal pretreated lignocellulosic biomass at low citrate buffer strength is beneficial. The current process has overcome the dilute acid or alkali pretreatment step and subsequent washing of pretreated solids barriers to achieve above 81 g/L bioethanol from lignocellulosic biomass.
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Figure 1. Enzymatic hydrolysis of hydrothermally pretreated biomass at 20% to 60% (w/v) solids loadings in different citrate buffer strengths: (a) glucose and xylose yields; (b) concentration of glucose and xylose. 
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Figure 2. Scale-up study of enzymatic hydrolysis of hydrothermally pretreated biomass at 30% and 50% (w/v) solids loadings in different citrate buffer strengths: (a) glucose and xylose yields; (b) concentration of glucose and xylose. 
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Figure 3. Carbohydrates mass balance analysis of enzymatic hydrolysis at 50% (w/v) solids loading: (a) composition and (b) sugar yields. 
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Figure 4. Sugar utilization and bioethanol production profiles of commercial recombinant S. cerevisiae from (a) 50 mM citrate buffer, (b) 5 mM citrate buffer, and (c) 0.5 mM citrate buffer hydrolysates. 
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Figure 5. Sugar utilization and bioethanol production profiles of S. cerevisiae CT2 pro from (a) 50 mM citrate buffer, (b) 5 mM citrate buffer, and (c) 0.5 mM citrate buffer hydrolysates. 
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Figure 6. Sugar utilization and bioethanol production profile of co-culture (ethanol red and commercial recombinant S. cerevisiae) fermentation of different hydrolysates: (a) 50 mM citrate buffer, (b) 5 mM citrate buffer, and (c) 0.5 mM citrate buffer. 
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Figure 7. Biolector studies for optimization of sugar concentration: (a) microbial growth profile; (b) lipid titers from 50 mM and 0.5 mM citrate buffer strengths. 
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Figure 8. Lipid production studies from 50 mM and 0.5 mM citrate buffer strengths at 100 g/L sugar concentration: sugar utilization, lipid production, and lipid accumulation profiles. 
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Table 1. Composition analysis of hydrothermally pretreated bioenergy sorghum biomass.
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Components (%w/w) *

	
Soxhlet Extracted

	
Without Soxhlet Extraction






	
Extractives

	
35.5 ± 0.14

	




	
Water

	




	
Cellulose

	
7.21 ± 0.06 †




	
Xylan

	
12.66 ± 0.03 ‡




	
Arabinan

	
0.69




	
Acetic acid

	
1.08




	
Ethanol

	




	
Cellulose

	
5.56 ± 0.39 †




	
Xylan

	
4.31 ± 0.35 ‡




	
Acetic acid

	
0.44 ± 0.036




	
Cellulose

	
32.2 ± 0.4 †

	
42.18 ± 0.1




	
Hemicellulose

	
8.21

	
25.07




	
Xylan

	
5.23 ± 0.17 ‡

	
15.9 ± 0.36




	
Arabinan

	
1.86 ± 0.012

	
6.75 ± 1.68




	
Acetic acid

	
1.12 ± 0.18

	
2.42 ± 0.17




	
Lignin

	
15.7 ± 1.12

	
28.8 ± 2.1








* Mean value ± standard deviation. † Addition of values gives the actual content of cellulose in the pretreated biomass. ‡ Addition of values gives the actual content of xylan in the pretreated biomass.
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Table 2. Composition of enzymatic hydrolysates at 50% (w/v) solids loading.
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	Citrate Buffer (mM)
	Cellobiose (g/L)
	Glucose (g/L)
	Xylose (g/L)
	Arabinose (g/L)
	Furfural (g/L)
	5-HMF (g/L)
	Acetic Acid (g/L)
	Formic Acid (g/L)
	Levulinic Acid (g/L)





	50
	6.55 ± 0.06
	137.2 ± 0.17
	78.4 ± 0.51
	4.36 ± 0.05
	0.06 ± 0.02
	0.02 ± 0.007
	11.2 ± 0.02
	3.55 ± 0.01
	2.90 ± 0.01



	5
	6.76 ± 0.05
	137.8 ± 0.17
	77.8 ± 0.21
	4.39 ± 0.05
	0.08 ± 0.01
	0.01 ± 0.001
	11.4 ± 0.01
	3.5 ± 0.01
	2.83 ± 0.04



	0.5
	7.72 ± 0.07
	137.1 ± 0.15
	77.4 ± 0.14
	4.37 ± 0.03
	0.08 ± 0.01
	0.03 ± 0.001
	11.4 ± 0.01
	3.61 ± 0.05
	2.83 ± 0.01







Mean value ± standard deviation.
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