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Abstract

:

Cellulosic sugars production for the valorization of lignocellulosic biomass residues in an industrial site has economic benefits and is promising if integrated into a biorefinery. Enzymatic hydrolysis (EH) of pretreated Eucalyptus globulus bark, an industrial residue of low-economic value widely available in Portuguese pulp and paper mills, could be an excellent approach to attain resource circularity and pulp mill profitability. This work evaluated the potential for improving cellulosic sugars concentrations by operating with high solids loading and introducing the additives Triton X-100, PEG 4000 and Tween 80 using a commercial enzymatic consortium with a dosage of 25 FPU gcarbohydrates−1. Additives did not improve enzymatic hydrolysis performance, but the effect of increasing solids loading to 14% (w/v) in batch operation was accomplished. The fed-batch operation strategy was investigated and, when starting with 11% (w/v) solids loading, allowed the feeding of 3% (w/v) fresh feedstock sequentially at 2, 4 and 6 h, attaining 20% (w/v) total solids loading. After 24 h of operation, the concentration of cellulosic sugars reached 161 g L−1, corresponding to an EH conversion efficiency of 76%. Finally, the fermentability of the fed-batch hydrolysate using the Ethanol Red® strain was evaluated in a 5 L bioreactor scale. The present results demonstrate that Eucalyptus globulus bark, previously pretreated by kraft pulping, is a promising feedstock for cellulosic sugars production, allowing it to become the raw material for feeding a wide range of bioprocesses.
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1. Introduction


The pulp and paper sector is a leading consumer of woody biomass, generating a significant amount of forest residue daily [1,2]. Eucalyptus globulus is the most widely used wood source in Portuguese pulp mills, given its outstanding properties for producing high-quality paper [3,4,5,6,7]. Before wood pulping, debarking is required as a preparation step since the presence of bark negatively impacts the yield of the process [8,9]. Therefore, this industrial residue is highly available at the site, with about 0.5 Mton generated in Portugal in 2021 [10]. Most of the bark is burned for heat and power generation [5,11]. Nevertheless, other potential routes for upgrading bark into value-added products are emerging; one of these is the production of cellulosic sugars [7,12].



Given the complexity of the lignocellulosic matrix of E. globulus bark, pretreatment is a crucial step to improve access of the enzymes to the carbohydrate fraction [13]. Several pretreatments have been evaluated for lignocellulosic materials [14,15]. However, in the pulp and paper sector context, using the kraft process is beneficial since it is a leading delignification technology that is already well established. Compared to other chemical pretreatments, kraft pulping is advantageous since it is carried out at lower temperatures and pressure and presents lower sugar degradation, removing most of the lignin [16]. After the appropriate pretreatment, the hydrolysis step converts the polysaccharides into monomeric sugars for further microbial conversion to value-added products [17,18]. The hydrolysis process can either be catalyzed by acids or enzymes [13,19]. Enzymatic hydrolysis is preferred since it presents several advantages over acid hydrolysis, such as higher conversion efficiency, minimal by-product formation, lower equipment corrosion and lower energy requirements [14]. This method is also considered eco-friendlier due to the biodegradability of enzymes and milder operating conditions (45–55 °C and pH 4.5–5.5) [14]. Additionally, the great advantage of enzymatic over acid hydrolysis is the prevention of sugar degradation which considerably reduces ethanol conversion efficiency. The former enables only a few fermentation inhibitors, such as HMF and furfural, contrary to what happens in the latter which favors more extensive inhibition [18]. Enzymatic hydrolysis (EH) involves the cleavage of β-1,4-glycosidic bonds of cellulose and generates glucose using cellulases. Hemicelluloses are more susceptible to hydrolysis than cellulose due to their amorphous and branched nature [15,19]. However, the degradation of hemicelluloses requires complex systems of xylanases and accessory enzymes due to the different types of linkages in their chains [13,20].



Great research efforts have been made toward reducing the cost of the enzymatic consortium as it is still one of the main factors limiting the scaling-up of enzymatic hydrolytic processes [21,22]. Some authors have suggested using additives to reduce enzyme dosage [23,24,25,26]. Several additives, such as non-ionic surfactants, non-catalytic proteins and salts, have been evaluated for their ability to enhance the EH of several lignocellulosic materials [26,27]. The effect of these additives has been studied mainly for agricultural residues (such as sugarcane bagasse, wheat straw and corn straw) mainly pretreated by hydrothermal or dilute acid hydrolysis [24,28,29,30,31]. Some additives have allowed a reduction in the operational time and enzyme dosage (around 50%), while maintaining the overall performance [24,26,28]. However, the effects of these additives seem to be highly dependent on their concentration, the feedstock and the severity of the pretreatment [29].



Another limitation of enzymatic hydrolysis is related to the low concentration of sugars in the hydrolysate, compromising the techno-economic feasibility of this approach. Enzymatic hydrolysis should be performed using at least 15% (w/w) solids loading to overcome this issue [17]. This operational strategy offers significant economic benefits, including reduced capital investment, lower energy requirements and lower downstream processing costs [17,32,33]. The fed-batch operation strategy has been studied as a potential alternative to outsmart the difficulties of the high solids loading operations [17]. Pretreated biomass is fed in sequential additions, controlling the initial consistency of the slurry, solving some water constraints and promoting fast liquefaction and the mass transfer phenomena, particularly during the early saccharification stage [34].



The production of cellulosic sugars has been recognized as a promising platform for biochemicals, biofuels and biomaterials with the potential to replace fossil-based sources [35,36]. Advanced biofuels are considered a readily available potential renewable energy source to replace fossil fuels, enabling the transport sector to comply with decarbonization targets in the short–medium term. Currently, Portugal imports bioethanol to comply with gasoline-blending mandates [37,38]. Therefore, integrating this valorization pathway into a pulp and paper site using an abundant residue leads to the expansion of the portfolio of products and increases revenue, boosting market opportunities and contributing to an integrated biorefinery under the circular bioeconomy concept [35,36,39].



In this context, this work aimed to evaluate the production of cellulosic sugars from E. globulus bark previously pretreated by kraft pulping. In order to maximize sugar production, and in line with the above-described considerations, external and internal factors were checked. First, the effect of some additives referred to in the literature as being favorable to the enzymatic hydrolysis of other agricultural residues, pretreated by other methods different from kraft, was evaluated. Therefore, Triton X-100, PEG 4000 and Tween 80 were evaluated (0.350 L) at concentrations of 0, 2 and 6% (w/w). Secondly, internal factors such as substrate concentration, sequential feeding strategy and the first stage of scale-up (0.350 to 3.00 L) were tested. Batch EH experiments were carried out using 8, 11 and 14% (w/v) solids loading with a working volume of 1 L, aiming to select the optimal initial substrate concentration. Finally, a fed-batch operation strategy was followed to increase the final cellulosic sugars concentration of the hydrolysate. The fed-batch enzymatic hydrolysis experiment was initiated with 11% (w/v) solids loading, and 3% (w/v) was fed at 2, 4 and 6 h until a final substrate concentration of 20% (w/v) was achieved. The fermentability of the hydrolysate with the highest cellulosic sugars concentration was evaluated at a 5 L bioreactor scale. To our knowledge, this is the first time that E. globulus bark previously submitted to a kraft pulping pretreatment has been efficiently converted into cellulosic sugars and ethanol.




2. Materials and Methods


2.1. Raw Material and Pretreatment


Eucalyptus globulus bark was previously pretreated by kraft pulping at 170 °C for 75 min using an active alkali of 24%. The unbleached kraft pulp was kindly provided by RAIZ—Instituto de Investigação da Floresta e do Papel (Eixo, Portugal).




2.2. Chemical Characterization of Pretreated Eucalyptus globulus Bark


Pretreated Eucalyptus globulus bark was characterized following the laboratory analytical procedures (LAPs) from the National Renewable Energy Laboratory (NREL) [40].



The moisture content of the pretreated raw material was determined by drying at 105 °C for 24 h to a constant weight. Ash content was determined using a muffle furnace using a temperature ramping program [40].



For lignin and carbohydrate determination, pretreated E. globulus bark was submitted to acid hydrolysis [40]. About 300 mg of pretreated raw material (previously oven-dried at 40 °C) were hydrolyzed and incubated with 72% H2SO4 solution for 1 h at 30 °C. After that, hydrolysates were diluted with water to obtain a 4% (w/w) H2SO4 solution, autoclaved at 121°C for 1 h, and left to cool down to room temperature. The autoclaved solutions were vacuum-filtered using medium-porosity filtering crucibles (previously weighed). The acid-insoluble residue retained was considered as Klason lignin (after oven-drying at 105 °C to a constant weight). Acid-soluble lignin was quantified by absorbance at 205 nm using a UV–VIS spectrometer (Beckman, Brea, CA, USA, DU 650), using appropriately diluted aliquots of the primary filtrates. For sugar and degradation product analysis, about 15 mL of the same filtrate was neutralized using CaCO3 until a pH between 5 and 6 was reached; this was then filtered using a 0.2 µm nylon syringe filter (Clarify) before being injected into the high-performance liquid chromatography (HPLC) instrument for analysis.



These determinations were carried out in triplicate.




2.3. Enzymatic Hydrolysis


Commercial cellulase consortium (Cellic® CTec2), acquired from Sigma-Aldrich (St. Louis, MO, USA), was added at the beginning in all enzymatic hydrolysis experiments performed under either the batch or fed-batch operational mode. The filter paper unit (FPU) activity, whose analysis was based on the NREL standard procedure [41], was determined as 168.7 FPU mL−1.



All the experiments were run using citrate buffer (0.05 M, pH 4.8) and an enzyme dosage of 25 FPU gcarbohydrates−1. Enzymatic hydrolysis assays were performed for 24 h at 50 °C and 150 rpm, with a pH between 4.5 and 5.5 (adjusted by adding H2SO4 2 M and NaOH 2 M solutions) [42,43,44].



Samples were collected periodically to monitor the pH and concentration of sugars. The reaction was stopped by heating the samples in boiling water for 5 min to ensure the denaturation of enzymes. After cooling the samples on ice for 5 min, they were centrifuged at 13,000 rpm for 10 min at 4 °C. After proper dilution, the supernatant was analyzed for the determination of monomeric sugars.



2.3.1. Batch Enzymatic Hydrolysis—Effect of Additives


A series of batch enzymatic hydrolysis experiments were carried out in duplicate using 600 mL small jacketed glass bioreactors (Schott Duran®, Staffordshire, UK) with solids loading of 8% (w/v) and a working volume of 350 mL. An experiment without additives was used as a control assay. The effect of additives Triton X-100, PEG 4000 and Tween 80 was evaluated at concentrations of 2 and 6% (w/w). Additives were diluted in citrate buffer before its addition to the final mixture. The other enzymatic hydrolysis conditions were as described in Section 2.3.




2.3.2. Batch Enzymatic Hydrolysis—Optimal Initial Solids Loading and Scale-Up


A series of batch enzymatic hydrolysis experiments were carried out with 8, 11 and 14% (w/v) solids loading using a working volume of 1 L. After selecting the 11% (w/v) as the optimal initial solids loading concentration, the scale-up to a 3 L working volume was carried out, maintaining the remaining operating conditions.




2.3.3. Fed-Batch Enzymatic Hydrolysis


Fed-batch saccharification was started with 11% (w/v) pretreated biomass based on the total working volume (3 L). Further pretreated feedstock feedings of 3% (w/v) were fed at 2, 4 and 6 h, achieving a total solid loading of 20% (w/v).





2.4. Fermentation


The pre-inocula were prepared in duplicate by transferring 2–3 colonies from a maintenance YM Petri dish to a 100 mL Erlenmeyer flask containing 40 mL of liquid YM and then incubated for 24 h at 28 °C and 180 rpm. The inocula were prepared in duplicate by transferring a certain volume of pre-inoculum to 200 mL fresh liquid YM, which guaranteed an initial biomass concentration of about 1.5 g L−1. The inoculum was incubated for 14 h under the same conditions.



The fermentation assay was carried out in a 5 L BIOSTAT A plus bioreactor (Sartorius Stedim Biotech, Göttingen, Germany) with a working volume of 2 L, automatic control of stirring, temperature and pH by micro-DCU software and data acquisition by the MFCS/DA 3.0 system (Sartorius Stedim Systems, Göttingen, Germany). The pH was measured using an electrode EasyFerm Plus K8 325 (Hamilton, Bonaduz, Switzerland) and controlled to 5.50 ± 0.05 by adding KOH 5 M and H2SO4 1 M. The temperature was controlled at 28 °C, and the stirring was set at 180 rpm using two six-bladed Rushton turbines.




2.5. Analytical Methods


2.5.1. pH


The monitorization of the samples pH was performed using a benchtop meter (Hach sensION+ MM340, Loveland, CO, USA) with an InPro 3030/200 electrode (Mettler Toledo, Columbus, OH, USA).




2.5.2. Cell Concentration


The cell concentration was monitored spectrophotometrically (Shimadzu, UVmini-1240, Tokyo, Japan) by measuring the optical density at 620 nm. The cell concentration was determined from the optical density data using a calibration curve of optical density versus cell dry weight. The samples were appropriately diluted with NaCl 0.9% (w/v) to obtain an optical density value inside the validity range of the Beer–Lambert law.




2.5.3. Glucose, Xylose and Ethanol Quantification


HPLC was used to quantify glucose, xylose, ethanol and glycerol. After appropriate dilution, a total of 500 μL of each sample was filtered using centrifugal filters (VWR) with a membrane pore size of 0.2 μm (VWR) at 8000 rpm (Eppendorf, MiniSpin, Hamburg, Germany) for 8 min before HPLC injection. Samples were injected on a Rezex ROA-Organic Acid H+ (8%) 300 × 7.8 mm ion-exchange column (Phenomenex, Torrance, CA, USA) at 65 °C (oven Gecko 2000) connected to a refraction index detector L-2490 (Hitachi, Chiyoda, Japan). The injection volume was 10 µL and the eluent was H2SO4 0.005 N, with a flow rate of 0.500 mL min−1 (Hitachi, pump L-2130). Standard calibration curves were obtained frequently using freshly prepared standards in the range of 0–5 g L−1 for sugars and ethanol to ensure method linearity.





2.6. Calculations


2.6.1. Enzymatic Hydrolysis


The maximum concentration of glucose in the pretreated bark, [Glucose]pretreated bark (g L−1), was estimated from the kraft pulp compositionand calculated by Equation (1). It corresponds to the glucose concentration if the cellulose present in the kraft pulp were to be fully hydrolyzed to glucose.


    [ Glucose ]   pretreated   bark     ( g    L  − 1   ) = 1.11 ×   Cellulose  f  ×        m     dry   pulp     V   



(1)




where 1.11 is the mass conversion factor of cellulose to glucose (gglucose gcellulose−1);     Cellulose  f    is the cellulose fraction in the dry weight kraft pulp (0.798 gcellulose gdry weight kraft pulp−1);    m   dry   pulp      is the dry weight of kraft pulp (gdry weight kraft pulp) and  V  is the working volume (2 L).



Similarly, the maximum xylose concentration in the pretreated bark estimated from kraft pulp composition, [Xylose]pretreated bark (g L−1), was calculated based on Equation (2). It corresponds to the xylose concentration if the hemicelluloses present in the kraft pulp were to be fully hydrolyzed to xylose.


    [ Xylose ]   pretreated   bark     ( g    L  − 1   ) = 1.14 ×   Hemicelluloses  f  ×    m   dry   pulp     V   



(2)




where 1.14 is the mass conversion factor of hemicelluloses to xylose (gxylose ghemicelluloses−1) and     Hemicelluloses  f    is the hemicelluloses fraction in the dry weight kraft pulp (0.155 ghemicelluloses gdry weight kraft pulp−1).



The enzymatic hydrolysis conversion efficiency, EH conversion efficiency (%), was calculated using Equation (3), based on the ratio between the sum of glucose and xylose concentration evaluated in the hydrolysate and the sum of respective maximum concentrations in the kraft pulp predicted by their chemical composition:


  EH   conversion   efficiency   ( % ) =       Glucose     hydrolysate   +     Xylose     hydrolysate         Glucose      pretreated   bark    +     Xylose      pretreated   bark      × 100  



(3)








2.6.2. Fermentation


The maximum specific growth rate, µmax (h−1), was calculated from the slope of the linear regression obtained after plotting the natural logarithm of biomass concentration versus time during the exponential growth phase.



The volumetric glucose consumption rate, rglucose (g L−1 h−1), was calculated from the module of the linear regression slope of glucose concentration over time.



The volumetric ethanol productivity, Prodvol (gethanol L−1 h−1), was calculated based on Equation (4), considering the differences (∆) between the maximum ethanol concentration reached and its concentration at the beginning of the fermentation.


   Prod vol    (  g ethanol     L  − 1      h  − 1   ) =         Ethanol     max     time    



(4)







The ethanol yield, Yethanol/substrate (gethanol gsubstrate−1), was calculated according to Equation (5), considering both glucose and xylose as the substrates and the maximum ethanol concentration. Substrate concentration differences (∆) were calculated from the beginning of the fermentation until the maximum ethanol concentration was reached.


   Y  ethanol / substrate     (  g ethanol       g substrate    − 1   ) =       Ethanol     max     ∆     Substrate      



(5)







The fermentation conversion efficiency was calculated by Equation (6), considering the maximum theoretical ethanol yield of 0.511 gethanol gsugars−1 [45]:


  Fermentation   conversion    efficiency    ( % ) =    Y  ethanol / substrate     0.511    ×   100   



(6)










3. Results and Discussion


3.1. Chemical Characterization of Raw Material


The major components of the unbleached kraft pulp from E. globulus bark were cellulose (79.8 wt %) and hemicelluloses (15.5 wt %), representing a fraction of carbohydrates of about 95 wt %. Therefore, kraft pretreatment allowed the retention of most of the cellulose and hemicelluloses in the solid fraction, a valuable source of cellulosic sugars. Table 1 shows the chemical characterization of the unbleached kraft pulp of E. globulus bark used in the present work.



According to Oliveira et al. [46], the Klason and acid-soluble lignin content of E. globulus bark ranged from 14.97–26.6 wt % and 2.48–7.50 wt %, respectively. Similarly, Pinto et al. [47] reported a Klason and acid-soluble lignin content varying between 26.0 and 2.9 wt %. Therefore, kraft pretreatment proved to be an effective delignification method by drastically reducing the total lignin to about 2.6 wt %. This reduction is crucial to improve enzymatic digestion and ensure a satisfactory EH conversion efficiency by enhancing cellulose accessibility and limiting non-productive lignin-enzyme bindings [18]. Compared with other chemical pretreatments, the kraft process has some benefits, namely, operation at lower temperature and pressure, lower sugar degradation and removal of most of the lignin [48]. For all these reasons, the kraft process may be considered a promising chemical pretreatment for bark [49]. Several studies have reported the feasibility of kraft pulping as a pretreatment for different lignocellulosic materials, including acacia [50], birch [51], beech [51], eucalyptus [52], wheat straw [53], pine [51], poplar [53] and spruce [54]. Using this conventional pulping process as a pretreatment step for bark residues can signify a new paradigm for the pulp and paper sector. Besides being a well-established technology to produce pulp, this is an alternative with lower investment costs and risks since the required process units are already available in an existing pulp mill [55].




3.2. Enzymatic Hydrolysis of Kraft Pulp from Eucalyptus globulus Bark


3.2.1. Effect of Additives on Enzymatic Hydrolysis


The enzymatic hydrolysis assay with 8% (w/v) solids loading carried out as a control experiment without additives resulted in a concentration of cellulosic sugars of 82.8 g L−1, accounting for 70.0 and 12.8 g L−1 of glucose and xylose, respectively. This experiment reached an outstanding enzymatic hydrolysis conversion efficiency (> 95%) since a high enzymatic dosage was used (25 FPU gCH−1). There is a great interest in minimizing the enzyme load used, given its associated high cost. Some authors have suggested using additives to reduce enzymatic dosages and/or decrease hydrolysis time while maintaining the overall performance [24,26,28]. Accordingly, the addition of Triton X-100, PEG 4000 and Tween 80 were tested at 2 and 6% (w/w) concentrations. The time course for cellulosic sugars in the first 6 h of enzymatic hydrolysis, the final concentration of cellulosic sugars and the enzymatic hydrolysis conversion efficiency obtained after 24 h of operation are represented in Figure 1A–C), respectively.



Although in the first 4 h almost all the additives provided a slightly higher sugar concentration than the control, at about 6 h of hydrolysis the latter was very similar to the others (Figure 1A). Despite the similarities concerning the sugar concentrations in all the experiments, the highest sugar concentration after 24 h was obtained in the control test without any additive.



For the range of operational conditions tested, none of the additives were able to improve the sugar concentration after 24 h compared with the control assay. The hydrolysis conversion efficiency was very similar, regardless of the concentration of the additive evaluated. On one hand, the enzymatic hydrolysis conversion efficiency of the control assay was already excellent (>95%). Therefore, the eventual benefit could be related to decreased enzymatic dosage or hydrolysis time. However, there was no evidence that additives significantly benefit the enzymatic hydrolysis rate, at least at the early stage. On the other hand, these results may be related to the presence of residual lignin which was only about 2% (w/w). The effect of additives depends on the nature and severity of the lignocellulosic biomass pretreatment. The lignin content might show a significant impact on the improving action of the surfactant. Non-ionic surfactants (such as Tween 20 and Triton X-100) have a hydrophobic fraction that can bind to the residual lignin of the pretreated feedstock through hydrophobic interactions, avoiding the adsorption of cellulases to the lignin, which is responsible for reducing enzymatic activity. These surfactants also have a protective effect on cellulases from denaturing by heat and shear force [56]. Moreover, some authors have already stated that the effect of additives seems to be more evident under harsher conditions, such as low enzymatic dosage, high solids loading, high agitation rate and non-optimal pH [56]. In fact, this was noticed in some preliminary experiments using E. globulus bark subjected to combined pretreatment of steam explosion and organosolv. These assays showed that additives benefit the final concentration of cellulosic sugars, improving hydrolysis conversion efficiency after 24 h (data not shown). These additives were evaluated in the same concentrations and following the same operational conditions, but lignin content in raw material was higher than 30% (w/w), in contrast to 2% (w/w) in kraft pulp. Similar conclusions were stated by Chen et al. [56], who found that the effect of non-ionic surfactant Tween 20 is highly dependent on pretreatment, hydrolysis conditions and lignin. The enzymatic conversion was significantly improved by non-ionic surfactants when using samples pretreated by dilute acid or steam explosion, which had a much higher lignin content [56]. Another promising strategy consists of combining several additives and optimizing their concentrations. Xu et al. [57] accomplished the best enzymatic saccharification of alkali-pretreated sugarcane bagasse by combining whey protein powder, sophorolipid, Tween 80 and calcium lignosulfonates. The synergistic effect between various additives was evident since the conversion efficiency was considerably enhanced over the addition of a single additive [57]. Several authors recently reviewed the main effects of additives in enzymatic hydrolysis using lignocellulosic materials [26,58,59,60].



In conclusion, these experiments demonstrate the techno-feasibility of producing cellulosic sugars from E. globulus bark previously pretreated by kraft pulping. However, the potential benefit of these additives may have been compromised due to the low solids loading, reduced residual lignin content and operating conditions adopted. With this in mind, no additives were used in the following experiments. Even if additives improve hydrolysis performance, it is crucial to evaluate their cost–benefit. For example, Rocha-Martín et al. [24] estimated PEG 4000’s cost contribution to 2G bioethanol production from lignocellulosic hydrolysate and concluded that the price must be reduced to avoid compromising overall economic feasibility. The use of additives represents an additional cost and could compromise downstream processing. Furthermore, it is crucial to evaluate the impact of these additives on the fermentation step since they might inhibit the fermenting microorganisms. However, in the case of surfactants, depending on the concentration and agitation rate, the foam may be considerable and require antifoam use, representing another additional cost. In future, additives should be evaluated under more severe hydrolysis conditions, for example, operating at high solids loading, high stirring rate and/or under low enzymatic dosage. Furthermore, a wide range of concentrations should be assessed, and this should be done by designing experiments to minimize the number of assays required. Last, but not least, a deep understanding of the interactions between enzymes and additives and the effect of additives on hydrolysate bioprocessing are crucial to take advantage of this approach.




3.2.2. Optimal Initial Solids Loading and Scale-Up


Once the excellent results obtained from the hydrolysis of pretreated E. globulus bark using a solids loading of 8% (w/v) were proven, even without feed additives, the following experiments aimed to maximize the sugar concentration of hydrolysates. For this purpose, solids loadings of 8, 11 and 14% (w/v) were evaluated, increasing the working volume from 350 mL to 1 L.



According to the results presented in Figure 2, it was observed that the increase in the solids loading improves the final concentration of sugars. The higher the solids loading, the higher the content of dry pulp mass per suspension, leading to an increase in the content of polysaccharides susceptible to enzymatic attack. For the experiment with the lowest solids loading, it would probably not even be necessary to have extended the hydrolysis to 24 h. Increasing total solids loading from 8 to 14% (w/v) resulted in a boost of sugars concentration of about 40 g L−1. However, this increase negatively impacts the enzymatic hydrolysis conversion efficiency, determining a considerable decrease of about 13 %. The 14% (w/v) solids loading experiment significantly extended the liquefaction time. This increase in liquefaction time impacts energy requirements, affecting not only the operating time and costs but also the size and design of equipment [24]. Certainly, this observation may be related to rheological problems [32,61]. This possibility had already been reported in the literature as one of the technical challenges hindering the implementation of a high solids operation mode. In fact, lignocellulosic materials typically have a low density and a hygroscopic nature [62], leading to a high consistency of the slurry due to a lack of available water and higher mixing energy requirements [32,63]. Indeed, this mechanical behaviour is related to mass and heat transfer phenomena, hindering temperature control and proper enzyme–substrate contact and prejudicing the conversion of polysaccharides into monomeric sugars. All these issues may decrease hydrolysis conversion efficiency [32,63,64].



Based on previous considerations, an initial solids loading of 11% (w/v) was selected as optimal to start the fed-batch operation. This assay accomplished a cellulosic sugars concentration and enzymatic hydrolysis conversion efficiency of 106.0 g L−1 and 90.7%, respectively (Table 2). These results were similar to the data reported by Gao et al. [44], who observed a delay in liquefaction time and hydrolysis rate operating at 14% (w/v) solids loading of sugarcane bagasse previously pretreated by NaOH. Indeed, glucose concentration and hydrolysis conversion efficiency decreased over 12% (w/v) solids loading. Therefore, these authors started the fed-batch enzymatic hydrolysis with 12% (w/v) solids loading, where 7% (w/v) fresh solids were added sequentially until the final solids loading of 33% (w/v) was achieved [44]. Using the same raw material but submitted to a different pretreatment (aqueous ammonia), Raj and Krishnan [43] concluded that the maximum glucose release rate in the first 6 h was achieved for 14% (w/v) solids loading. The solids loading range of 6–16% (w/v) was evaluated, and authors observed a slowdown in the hydrolysis rate and liquefaction for the highest solids loading of 16% (w/v). Therefore, optimal initial solids loading seems to depend not only on the feedstock but also on the pretreatment, enzyme loading and hydrolysis operating conditions. For this reason, it should be optimized for each specific situation, namely, feedstock, its pretreatment, the enzymes used with their temperature and pH requirements, and the geometry of the bioreactor, among others. Most studies reported in the literature selected an initial solids loading ranging between 8 and 15% (w/v), aiming to ensure a low consistency media and fast liquefaction [60]. Based on these considerations, 11% (w/v) initial solids loading was selected in the present work, corresponding to a trade-off between final sugar concentration, hydrolysis conversion efficiency and liquefaction time.



Considering these preliminary studies, the scale-up was evaluated from 1 to 3 L using 11% (w/v) solids loading. These experiments followed a similar trend, with a slight decrease of about 5 g L−1 in sugar concentration (Table 2), resulting in a slight drop of enzymatic hydrolysis conversion efficiency from 90.7 to 85.8%. These slight discrepancies could be related to the scaling of the process, mainly due to the agitation system. Both experiments were carried out with the same impeller; thus, it is expectable that a smaller working volume results in the best performance. An impeller similar to an anchor was used (Figure 3A), as this design was proven in previous work to be suitable for this type of slurry mixture. Figure 3B corresponds to the initial liquefaction stage of the reaction mixture. Before testing on a pilot scale, it is crucial to adapt the impeller design not only to the kind of feedstock, but also to vessel dimensions, working volume, and rheology, among others [17,65].




3.2.3. Fed-Batch Enzymatic Hydrolysis


The optimal initial solids loading determined in previous batch experiments was taken as the initial condition for the fed-batch experiment. The fed-batch operation strategy was initiated with 11% (w/v) solids loading, and doses of 3% (w/v) pretreated feedstock were added sequentially at 2, 4 and 6 h until 20% (w/v) total solids loading was reached. The enzymatic consortium was fed all at once at the beginning with the initial solids loading of 11% (w/v). Most authors have indicated that the one-time addition benefits enzymatic hydrolysis since it promotes rapid liquefaction and a higher initial hydrolysis rate resulting from a higher enzymes/substrate ratio. Gao et al. [44] observed that whole addition favours the initial enzymatic hydrolysis stage with more sugars produced. After 72 h of enzymatic hydrolysis, they did not observe such a difference between whole or split addition since the loss of enzyme activity was more evident for the cellulase added earlier [44].



This experiment resulted in a cellulosic sugars concentration of 161.6 g L−1, corresponding to about 136.4 g L−1 of glucose and 25.1 g L−1 of xylose. Among all the experiments, this strategy resulted in the highest sugar concentration (Figure 2). However, the conversion efficiency declined from 85.8 to 76.0% compared with the previous assay using 11% (w/v) solids loading, which can be related to the short hydrolysis time (only 24 h). Most of the enzymatic hydrolysis works reported in the literature lasted between 48 and 96 h, and some of them exceeded 120 h. Accordingly, another experiment was performed under the same conditions, but the hydrolysis time was extended to 48 h. This prolongation attained a maximum sugar concentration of about 180 g L−1 (data not shown). Indeed, double the time was required to enhance the cellulosic sugars titer by about 20 g L−1, corresponding to an increase of about 10% in conversion efficiency. Additional operating costs will not offset this slight increase in sugar concentration. Besides hydrolysis time, the efficiency decline can also be related to technical issues, namely, the inhibition of enzymatic activity due to the high sugar concentration since it is known that accumulation of glucose and cellobiose causes end-product enzyme inhibition [66,67,68]. The benefits of fed-batch over batch mode for enzymatic hydrolysis are more pronounced when operating with solids loadings above 15% (w/v) [60].



Despite the high cellulosic sugars concentration accomplished, there is still potential for improvement. There are several important parameters to investigate, namely, the solids and/or enzyme feeding strategy (whole vs. split addition), impeller design, agitation rate, optimization of enzyme dosage and fed-batch strategy on the simultaneous saccharification and fermentation (SSF) configuration [34,63]. There is no consensus in the literature concerning solids loading intervals, but rather the opposite, as some authors have evaluated intervals in the range of 12–24 h [69,70] and others as short as 5–10 min [71]. On the other hand, some works have mentioned that feed periodicity does not significantly influence enzymatic hydrolysis efficiency and final sugar concentration but mainly impacts the time required for liquefaction and hydrolysis operating conditions [60].



Rheological studies of enzymatic hydrolysis using a high feedstock concentration are crucial to minimizing enzyme inactivation through improved reactor and agitation systems designs [59,60]. Computational fluid dynamics is a valuable tool for understanding how mixing speed and impeller configuration impact the distribution of insoluble solids [49]. The impeller design assumes a key role, mainly when operating using high solids loading at a larger scale. The plate-and-frame [72], helical ribbon [33] and peg mixer [61] impellers have already proved to be efficient for this type of lignocellulosic slurry with non-Newtonian behaviour.



Compared to the works reported in the literature, which are summarized in Table 3, it can be concluded that our results are promising ones. In particular, the fed-batch approach adopted in the present work allowed e a high glucose concentration (>130 g L−1) to be achieved within only 24 h whereas most of the studies reported an enzymatic hydrolysis time 2.5–6 times longer. The shorter feeding strategy adopted in the present work, with the feeding of 3% (w/v) of the pretreated feedstock at 2, 4 and 6 h, probably contributed to this effect. In the literature, feedings intervals are longer (6–12 h) and contain a higher solids loading, ranging between 5–10% (w/v). Overall, the works reported in the literature achieved a higher total solids concentration (≥30% (w/v)) than the present work. However, this did not always translate into a significant boost in the cellulosic sugars concentration obtained and hydrolysis conversion efficiency. The present work obtained a relatively high cellulosic sugars concentration, about 160 g L−1, in a short time (24 h), maintaining a conversion efficiency similar to or even higher than those typically reported in the literature for other simpler raw materials, such as sugarcane bagasse. Still, there is potential for optimization, particularly concerning the enzymatic dosage, which significantly contributes to production costs and could favor economic viability.





3.3. Fermentability of Hydrolysate Derived from Fed-Batch Strategy


The fermentability of the produced fed-batch hydrolysate was assayed at the bioreactor scale since it has the highest potential to be converted into a high ethanol titer as well as other bioproducts. The Ethanol Red® industrial strain was used since it was already proven to be tolerant to high ethanol concentrations, having an outstanding fermentation performance [74,75], also with other types of lignocellulosic biomass [76].



As shown in Figure 4, this experiment was initiated with a glucose and xylose concentration of 124.7 and 23.1 g L−1, respectively. The lag phase for cell adaptation lasted ca. 3 h, when glucose consumption for biomass growth and ethanol production became evident. Biomass concentration increased exponentially between 3 and 8 h with a specific growth rate of 0.117 ± 0.010 h−1. The profile of biomass and ethanol concentrations followed a similar trend. Most of the glucose was consumed between 8 h and 18 h, while the xylose remained in the medium at the end of fermentation, and its contribution to ethanol production was not remarked. The maximum ethanol concentration of 51.2 g L−1 was achieved after 22 h of fermentation, corresponding to a conversion efficiency of 75.9 % and volumetric productivity of 2.33 g L−1 h−1. This range of ethanol concentration is much higher than the minimum titer (>40 g L−1), which ensures the economic feasibility of the distillation process for product recovery [34,63]. This performance corresponds to a yield of 290 kg of ethanol per ton of pretreated bark (also referred to as kraft pulp). Considering a pulping yield of 44.6%, this also translates into a yield of 129 kg of ethanol per ton of Eucalyptus globulus bark. Considering the estimated availability of about 0.5 Mton of Eucalyptus bark in Portugal in 2021 [10], about 64 kton of cellulosic ethanol could potentially be produced annually from this abundant residue already existing in the site, which is typically burnt. Cellulosic ethanol can be employed not only to blend with gasoline to comply with mandates but also as a solvent and intermediate for the chemistry industry. In Portugal, apart from forest waste, there are no other raw materials in sufficient quantity that do not compete with the food chain and which are without seasonal restrictions to make the dedicated production of bioethanol a viable and feasible project. Therefore, the present approach has high potential since it valorizes a residue already existing on-site that until now is only used for direct burning.



This fermentation performance proved at the bioreactor scale is comparable to, or even higher than, values reported in the literature for other lignocellulosic materials [42,77,78]. Despite the outstanding fermentation performance, the consumption of xylose was negligible, accounting for about 15% (w/w) of the total cellulosic sugars in pretreated Eucalyptus globulus bark. If xylose could be converted, an even higher yield would be obtained. Aiming to promote this, in our previous work [77], Spathaspora passalidarum, a naturally xylose-fermenting yeast, was evaluated following either mono- and simultaneous co-culture with Ethanol Red®. Nevertheless, this strain did not improve fermentation performance, while seeming unsuitable for the range of cellulosic sugars concentrations present in this hydrolysate [77]. This strain showed low tolerance to ethanol and lignocellulosic-derived inhibitors, requiring strict control of operating conditions, such as pH and dissolved oxygen level [79]. Specific strains resulting from approaches such as genetic modification or evolutionary engineering have already been assessed as strategies to maximize conversion efficiency by co-fermenting glucose and xylose [79,80].



Some authors have already reported the cellulosic ethanol production from bark derived from different wood species. Spruce bark previously pretreated by hot water extraction resulted in 18.3 g L−1 of ethanol and a conversion efficiency of 62.3% following an integrated setup [81]. Frankó et al. [82] also demonstrated that simultaneous saccharification and fermentation (SSF) of spruce wood and bark mixtures resulted in the highest overall efficiency, regardless of the bark content. The range of ethanol concentrations reported varied from 20.9 to 45.8 g L−1 for the proportion of spruce bark from 100% to 0%, respectively. Therefore, an increase in the bark content negatively affected the ethanol conversion efficiency [82]. To complement our work, pretreated Eucalyptus globulus bark was also studied in the SSF configuration and new publications are currently being prepared.





4. Conclusions


Enzymatic hydrolysis of Eucalyptus globulus bark, previously pretreated by kraft pulping, was investigated for its ability to achieve a high concentration of cellulosic sugars. The additives Triton X-100, PEG 4000 and Tween 80 did not benefit sugar production or hydrolysis conversion efficiency under the operating conditions evaluated. Batch saccharification experiments with 8, 11 and 14% (w/v) solids loading performed at a small-bench scale with 1 L of working volume demonstrated a decreased hydrolysis conversion efficiency with increased solids loading. Cellulosic sugars ranged from 82 to 124 g L−1, with the solids loading of 11% (w/v) selected as the optimal initial solids loading. Aiming to boost cellulosic sugars concentration, fed-batch enzymatic hydrolysis was performed, starting with 11% (w/v) solids loading, based on a total working volume of 3 L, and 3% (w/v) pretreated feedstock was fed at 2, 4 and 6 h, reaching a total solids loading of 205 (w/v). After 24 h, cellulosic sugars reached 161 g L−1, accounting for 136 g L−1 of the glucose concentration and corresponding to an enzymatic hydrolysis conversion efficiency of 76%. Furthermore, an excellent cellulosic sugars concentration was accomplished in a short period of only 24 h. Even so, the conversion efficiency was similar or even higher than that reported in the literature for other pretreated raw materials. The fed-batch hydrolysate proved to be a promising source for cellulosic ethanol production, resulting in a concentration above 50 g L−1 at the bioreactor scale. Considering the present results, this work demonstrates that E. globulus bark pretreated by kraft pulping has a high potential to be converted into cellulosic sugars. Integrating a biorefinery into a pulp and paper mill using Eucalyptus globulus bark as feedstock could be an excellent opportunity for this sector, taking advantage of an abundant residue and using kraft pulping as a pretreatment. Cellulosic sugars produced by enzymatic hydrolysis could feed several bioprocesses providing bioethanol or other high value-added products based on resource circularity and improve the profitability of this industrial sector.
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Figure 1. (A) Time course for cellulosic sugars concentration at the initial stage of the enzymatic hydrolysis experiments. (B) Concentration of cellulosic sugars after 24 h of enzymatic hydrolysis. (C) Hydrolysis conversion efficiency of additive experiments after 24 h of operation. 
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Figure 2. Profile of cellulosic sugars concentrations (g L−1) for enzymatic hydrolysis experiments with 8, 11, 14 and 20% (w/v) solids loading. Enzymatic hydrolysis experiments using a 3 L working volume are represented with a double line, whereas the remaining experiments were carried out using a 1 L working volume. Intermittent feedings of kraft pulp during the fed-batch assay are signalled by dashed lines. 
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Figure 3. (A) Impeller configuration used in enzymatic hydrolysis experiments of the present work. (B) Initial liquefaction stage of the reaction medium during enzymatic hydrolysis of kraft pulp from Eucalyptus globulus bark. 
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Figure 4. Profile of glucose, xylose, ethanol and biomass for Ethanol Red® fermentation (2 L, 180 rpm, and 28 °C, pH 5.5). 
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Table 1. Chemical characterization of the unbleached kraft pulp from Eucalyptus globulus bark.
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Chemical Characterization (%, Dry Weight Basis) 1




	
Cellulose

	
Hemicelluloses

	
Klason Lignin

	
Acid-Soluble Lignin

	
Ashes






	
79.8 ± 3.8

	
15.5 ± 0.6

	
1.5 ± 0.2

	
1.1 ± 0.1

	
2.1 ± 0.1








1 Chemical characterization was carried out in triplicate.
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Table 2. Sugars concentration and conversion efficiency after 24 h for the enzymatic hydrolysis assays.
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	Experiment
	Sugars

Concentration (g L−1)
	Conversion Efficiency (%)





	8% (w/v) solids loading, 1 L
	82.0
	96.4



	11% (w/v) solids loading, 1 L
	106.0
	90.7



	14% (w/v) solids loading, 1 L
	124.1
	83.4



	11% (w/v) solids loading, 3 L
	101.1
	85.8



	Fed-batch, 20% (w/v) solids loading, 3 L
	161.6
	76.0
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Table 3. Fed-batch enzymatic hydrolysis experiments of lignocellulosic materials at high solids loading.
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	Raw Material
	Pretreatment
	Enzymatic

Consortium
	Enzymatic Dosage
	Solids Feeding (w/v)
	Feeding Times (h)
	Total Solids Loading (%)
	Operation Time (h)
	EH Conversion

Efficiency (%)
	Glucose

(g L−1)
	Xylose

(g L−1)
	Reference





	E. globulus bark
	Kraft pulping
	Cellic® CTec2
	25 FPU gCH−1
	11% + 3% + 3% + 3%
	0, 2, 4, 6
	20
	24
	76.0
	136.4
	25.2
	This work



	Sugarcane bagasse
	Aqueous ammonia soaked
	Cellic® CTec2

+ Laccase

+ 1-HBT
	10 FPU gdry biomass−1

+ 200 U gdry biomass−1

+ 25 mg gdry biomass−1
	12% + 8% + 5% + 5% + 5% + 5%
	0, 3, 8, 12, 24
	40
	96
	~60 a
	157.65
	57.12
	[43]



	Sugarcane bagasse
	Alkali
	Cellic® CTec3
	10 FPU gsubstrate−1
	10% + 5% + 4% + 3%
	0, 8, 12, 16
	22
	72
	82 *
	125 ± 1.8
	N.R.
	[57]



	Sugarcane bagasse
	Alkali
	Cellic® CTec2
	10 FPU gsubstrate−1
	12% + 7% + 7% + 7%
	0, 6, 12, 24
	33
	120
	~60
	129.50
	56.03
	[44]



	Sugarcane bagasse
	NaOH
	Accellerase® 1500
	9.6 FPU gsolids−1
	9% + 8% + 7% + 6%
	0, 8, 24, 48
	30
	144
	55.07 *
	125.97
	8.66
	[64]



	Wheat straw
	NaOH
	Accellerase® 1500
	9.6 FPU gsolids−1
	9% + 8% + 7% + 6%
	0, 8, 24,48
	30
	144
	39.38 *
	81.99
	20.30
	[64]



	Rice straw
	Dilute maleic acid
	Cellic® CTec2
	15 FPU gglucan−1
	10% + 10% + 10%
	0, 12, 24
	30
	60
	76 *
	132.6
	N.R.
	[73]



	Corn stover
	Steam explosion

+ NaOH-H2O2
	Cellulase from Trichoderma reesi
	20 FPU gsolids−1
	12% + 6% + 6% + 6%
	0, 12, 36, 60
	30
	144
	60
	175
	20
	[69]







a Estimated from figure in Section 3.3 from Raj and Krishnan [43]; * These values only considered glucan conversion efficiency, meaning that they may be overestimated compared with the remaining values, which considered glucan and xylan conversion; N.R. stands for not reported.
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