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Abstract

:

This work proposes a valorization route for spent coffee grounds (SCG), a widespread lignocellulosic residue, encompassing the production of: biomethane, lignin, and oligosaccharides as value-added products obtained simultaneously during a mild alkaline (NaOH) pretreatment. The studied operational variables were the reaction time (60–240 min), temperature (25–75 °C), and the NaOH concentration (0–2.5 M). The severity factor suitably describes the global process kinetics, with higher severities (log Mo = 5.5) yielding high product yields, 18.02% and 13.25% (on dry SCG basis) for lignin and oligosaccharides (XGMOS), respectively. Solid yield is negatively impacted by all studied variables (at the 95% confidence level). Conversely, XGMOS yield is positively influenced both by time and catalyst concentration, whereas lignin yield is only (positively) influenced by catalyst concentration. Optimal balance between product formation and potential operational costs is putatively achieved when using 0.625 M NaOH, at 50 °C for 60 min. The mild alkaline pretreated biomass (MAP-SCG) was compared to untreated SCG for biomethane production by anaerobic co-digestion with pig slurry (PS), using a ratio of biomass/PS = 1/3 (volatile solids (VS) basis). The proposed valorization route enabled the sequential production of 6.25 kg lignin, 6.36 kg oligosaccharides, and 138.05 kg biomethane per 100 kg of non-extracted SCG (and 287.60 kg pig slurry), in an integrated process that is technically feasible and promotes the circular bioeconomy.
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1. Introduction


Spent coffee grounds (SCG) are a worldwide spread lignocellulosic waste. It is estimated that up to 13 million tons of SCG are produced yearly in the world, with 24.5% being derived from domestic use and 75.5% from commercial processing [1,2].



Finding suitable solutions for the management of this waste has captured research attention, as the inappropriate disposal of this biomass creates environmental concern, e.g., the emission of greenhouse gases [2]. Furthermore, waste management guidelines in a circular bioeconomy context promote the creation of valorization routes that adopt a biorefinery approach [3]. The established biorefinery should include a cascade of integrated processes that lead to the production of several bioproducts, biofuels, and materials [4].



SCG is rich in cellulose, hemicellulose, and lignin, and also contains proteins, fats, polyphenols, and residual caffeine [5]. Therefore, the first valorization step should aim to recover the former added-value compounds to be used as food ingredients [4,6]; however, this is often not possible, mostly due to the rapid decay of this material once discarded. As such, alternative approaches must be found.



Both lignin and hemicellulose fractions could be recovered from SCG, as these fractions enable the production of several value-added products, among several options, antioxidants [7] and oligo-/monosaccharides [8], respectively, are typically the most studied. These products have potential applications in the food/feed, nutraceutical, and pharmaceutical sectors. There are several options to selectively recover hemicellulose (e.g., dilute acid hydrolysis, steam-explosion, and autohydrolysis), and/or lignin (e.g., alkaline and organosolv processes [8,9,10,11,12]). Unfortunately, none of the currently available process options can fulfil all requirements in terms of selectivity, efficiency, and/or economic performance, and usually a trade-off must be met for a given combination of feedstock/target product(s).



When it comes to lignin extraction, physical-chemical pretreatments are typically preferred over biological pretreatments, as the former are typically more effective, both in terms of presenting higher productivities and higher yields [13]. In fact, when the aim is to recover both the hemicellulose and lignin fractions, organosolv and mild alkaline pretreatments (MAP) are particularly useful, as both enable the simultaneous separation of these fractions from the solid feedstock and easy downstream processing for their selective recovery/purification. The mild alkaline process presents several economic advantages, mainly linked to the lower requirements regarding operational temperature and simpler equipment compared to the organosolv processes [14]. Furthermore, alkali treatments lead to the saponification of the uronic bonds between hemicelluloses and lignin, which induces swelling and increases the effective surface area of the lignocellulosic matrix, facilitating the diffusion of the hydrolytic enzymes [15,16]. The remaining (pretreated) biomass is mainly constituted by cellulose that can be upgraded by enzymatic hydrolysis followed by fermentation [17] or used directly, e.g., through anaerobic digestion (AD) for biogas production [15].



On the other hand, the need to replace fossil fuels and promote the circular bioeconomy is an opportunity to develop strategies to recover energy from waste. Several studies have proposed different technological pathways leading to the production of bioethanol [18], biodiesel [19], pyrolysis oil [20], biogas [21], or fuel pellets [22], among others [23,24]. The anaerobic digestion (AD) technology is commonly an option to valorize biomass. The AD process converts complex organic substrates into biogas, a mixture of methane (CH4), carbon dioxide (CO2), and other minor components such as hydrogen sulfide (H2S), among other trace gases.



The AD process has many environmental and economic advantages [25], however, its efficiency is variable, depending, amongst other factors, on the chemical composition of the biomass. In the case of SCG, the presence of lignin increases the resistance to hydrolysis, the first stage of AD. This is due to both lignin’s structure and composition [16].



In fact, a literature review by Mahmoud et al. [26] has reported that the long-term mono-digestion of SCG is linked to instability and volatile fatty acid (VFA) accumulation. Therefore, performing a pretreatment for the extraction of lignin prior to AD might enhance the production and quality of the biogas.



Another solution can be the adoption of a co-digestion regime, using SCG as a co-substrate in AD processing other waste streams (e.g., animal slurry/manure, food waste, sewage sludge, etc.), enabling a more balanced feeding and improving process performance [27,28]. Animal slurry/manure is a common main substrate at full-scale AD that shows good buffer capacity, which is relevant when using co-substrates as SCG that may lead to VFA accumulation. For example, SCG can be mixed with pig slurry to achieve a feeding with a total solids content below 15% as recommended for wet-AD systems [29].



This study aims to design a valorization route for SCG that enables the recovery of value-added compounds, namely the lignin and the hemicellulose fractions, while simultaneously making the pretreated SCG more appropriate for AD, creating a putatively more environmentally and economically viable roadmap. A mild alkaline pretreatment was studied for lignin and hemicellulose fractions’ recovery, optimizing the operational conditions, such as reaction time and temperature, and the concentration of the alkaline solution. The AD trial assessed the effect of SCG pretreatment on biogas and biomethane yields under co-digestion conditions.




2. Materials and Methods


2.1. Feedstock


Spent coffee grounds (SCG) were provided by a local cafeteria, located at the LNEG campus in Lisbon (Portugal). Upon collection, the SCG were dried at 70 °C for at least 72 h, homogenized in a defined lot, and then kept in closed plastic containers at room temperature until use.



Pig slurry (PS) was collected from a fattening/finishing farm in the Montijo region (Portugal). The sample was collected from the storage tank under stirring and was then further processed to remove coarse materials (2 mm tamisation) and stored in closed plastic containers at −20 °C until further use.



Inoculum for AD was collected from a full-scale anaerobic digester treating mixed sludge under mesophilic conditions at a wastewater treatment plant in Lisbon (Portugal). Upon collection, the inoculum was pre-incubated for 5 days at the test temperature to acclimatize it and reduce its contribution to biogas production.




2.2. Delignification and Post-Processing


SCG was treated by a mild alkaline pretreatment, using sodium hydroxide (NaOH) solution as catalyst, testing concentrations ranging from 0 to 2.5 M. The liquid/solid ratio was 10 (w/w dry basis). The treatment was carried out in polypropylene falcon tubes placed in an orbital incubator, at either 25 °C or 50 °C, or in a water bath at 75 °C, for 60, 120, or 240 min.



At the end of the reaction, the pretreated solid and the liquid alkaline liquor were separated by centrifugation at 4900× g for 15 min using a bench-top centrifuge (Ortoalresa Digicen 21 R). The pretreated solid was washed and centrifuged again, firstly with the respective NaOH solution, and then with water. After washing, the samples were dried at 70 °C for at least 72 h, then weighed, and kept in a closed plastic container at room temperature until further use.



Lignin was recovered from the alkaline liquor by acid precipitation. Briefly, equal volumes of alkaline liquor and a sulfuric acid solution with equivalent concentration (normality) were mixed at room temperature, and then an additional amount of sulfuric acid 72% (w/w) was added to reach a final excess of sulfuric acid concentration of 4% (w/w). Lignin was separated from the solution by centrifugation, under the same conditions as described above, and then washed with water and dried at 70 °C for at least 72 h, and weighed, the weight being reported as percentage of the original sample. The supernatant aliquots were stored at 4 °C until further use. The remaining liquid phase was transferred to a micro-reactor glass pressure tube and hydrolyzed in an autoclave (AJC, Portugal) at 121 °C for 60 min to hydrolyze oligosaccharides to their monomeric sugars [30].



These procedures were carried out at least in duplicate for each experimental condition. The sequence of unit operations for SCG delignification and post-processing is presented in Figure 1.



The severity of the treatment was measured using the severity factor concept for alkaline processes, as defined in [31]:


    log      M o =   log  ⁡  ( t ×   C   n   ×   e     T − 100   w     )  



(1)




where log Mo is the severity factor, t the reaction time, C the catalyst (NaOH) concentration as measured in wt%, n is a fitted arbitrary constant with a value of 3.90 for sodium hydroxide, T the reaction temperature, and 100 is the reference temperature, both measured in °C. Finally, w is a second arbitrary constant taken to be 14.75 as usually described in the literature [31].




2.3. Anaerobic Digestion Experiments


Anaerobic digestion trials were carried out in batch using 500 mL Schott flasks with a working volume of 350 mL kept at mesophilic conditions (37 ± 1 °C) in a water bath. As feedstock, a mixture of pig slurry as substrate and SCG (or MAP-SCG produced under the selected optimal conditions) as co-substrate was used. The ratio of SCG, or MAP-SCG, to pig slurry was 1:3 (volatile solids, VS basis). Each condition was analyzed in triplicate, using an organic load of 4.5 g VS and an inoculum:substrate ratio (I:S) of 2:1. The digesters were connected to 1 L Tedlar® bags for biogas accumulation. Daily biogas production was quantified using the water displacement method. Biogas composition was determined using a biogas sensor (Biogas 5000, Geotech by Q.E.D. Environmental Systems, Inc., Coventry, United Kingdom).




2.4. Analytical Methods


2.4.1. Quantification of Moisture and Ash Content


The moisture content was determined by oven-drying the sample at 105 °C to constant weight and the ash content was determined at 550 °C using NREL/TP-510-42622 protocol [32]. This procedure was carried out on the original SCG and the various pre-treated samples.




2.4.2. Quantification of Klason Lignin and Soluble Lignin in Biomass Samples


The determination of Klason lignin and acid-soluble lignin of the original SCG and the pretreated biomass samples was carried out by quantitative acid hydrolysis according to the NREL/TP-510-42618 protocol [33] and considering the correction for ash.



A Jasco UV-Visible spectrophotometer was used to determine the absorbance of the hydrolysis liquor aliquot, at a wavelength of 320 nm, using a value of 25 L/(g.cm) for the absorptivity and assuming a path length of 1 cm to determine the amount of acid-soluble lignin according to Beer-Lambert law [33].




2.4.3. Quantification of Carbohydrates


The hydrolysates resulting from quantitative acid hydrolysis and the liquor resulting from the mild alkaline pretreatment after the lignin precipitation and removal (pre- and post-hydrolysis) were filtered through 0.45 µm membranes and analyzed for monosaccharides, acetic acid, and potential degradation products (furfural, HMF, formic acid, acetic acid, and levulinic acid) by HPLC using an Aminex HPX-87H column (Bio-Rad, Hercules, CA, USA). The chromatographic system used (Agilent, Waldbronn Germany) was equipped with RI and UV detectors (the latter set at 280 nm for furan analysis). Elution took place at 50 °C using 5 mM H2SO4 as eluent at a flow rate of 0.6 mL/min.



When required, quantitative acid hydrolysis samples were also analyzed using the same chromatographic system and an Aminex HPX-87P (Bio-Rad) column for elucidating some co-elutions of monosaccharides (xylose, galactose, and mannose). The samples were neutralized with barium hydroxide and passed through ion-exchange resins before analysis. Elution took place at 80 °C with H2O as eluent at a flow rate of 0.6 mL/min.




2.4.4. High-Performance Size Exclusion Chromatography Analysis


The molecular weight distributions of the dissolved compounds in the alkaline liquor (the supernatant of the first centrifugation) were determined by high-performance size exclusion chromatography (HPSEC) analysis as described in [34] using a Toyopearl HW-55F column 10 mm mixed-B 7.5 mm i.d. column and 50 mM NaOH as eluent at 0.8 mL/min. The chromatographic analysis was carried out at room temperature using a Dionex HPLC system (Sunnyvale, CA, USA) composed of a Gina 50 Autosampler automatic injector, a GP 50 gradient pump, an LC 25 chromatography oven, and a UVD340U UV-vis detector set at 280 nm/254 nm. A column wash was carried out for 20 min between each run. The calibration relationship between retention time and molar weight was achieved using polystyrene sulfonate reference standards (PSS GmbH, Mainz, Germany). The molar masses at peak Maximum (Mw) were 148,000 Da, 63,900 Da, 29,100 Da, 9680 Da, and 1100 Da.




2.4.5. Anaerobic Digestion Analysis


Feedstocks, feeding mixtures and digestate samples were characterized according to the standard methods [35] for pH, electrical conductivity (EC), total and volatile solids (TS, VS), total and soluble chemical oxygen demand (CODT, CODS), and total alkalinity (TA). Total and volatile dissolved solids (TDS, VDS) were determined for feeding mixtures and digestates. Volatile fatty acids (VFA) content was determined by the titration method recommended in [36]. Inoculum was characterized by TS and VS.




2.4.6. Statistical Analysis


Statistical regression models were calculated in Microsoft Excel using the data Analysis ToolPak (Microsoft 365 Apps for enterprise). All models are calculated based on (standardized) codified values for the operational variables under study.






3. Results and Discussion


3.1. SCG Chemical Composition


The chemical composition of both SCG, and water- and ethanol-extracted SCG, were determined to identify the structural and the soluble components in this biomass. The chemical composition of the SCG used in this work is presented in Table 1.



The glucan present in SCG is entirely structural, with a value of 9.55%, similar to other reports described in the literature [37,38]. Conversely, hemicellulosic sugars’ content decreases when comparing SCG with the extracted SCG sample, from 43.47% to 37.44% and 4.33% to 2.40%, respectively, for xylogalactomannan and arabinan. A similar trend can be observed for the acetyl groups, with the latter being fully removed during extraction, demonstrating that some of the compounds that are typically described as hemicellulosic components are easily removed by solvent extraction.



When looking at Klason lignin content, there is a significant reduction from SCG to extracted SCG, from 28.59% to 15.30%. As Klason lignin is not soluble, a possible explanation is that other acid-insoluble components present in the biomass may have been quantified as Klason lignin in the SCG sample, as previously reported [33,39]. Therefore, it is estimated that the real value for Klason lignin in this biomass is around 15.3 %, a similar value to the values reported in the literature [37,38].




3.2. Mild Alkaline Pretreatment


The mild alkaline pretreatment was optimized based on its main variables: reaction time, temperature, and concentration of the NaOH solution. To verify the tendency of the solid and the lignin yields with the various conditions, a severity factor was calculated, as described in Section 2. As expected, harsher conditions of the reaction lead to lower solid yields, meaning more components have been removed from the biomass, and higher amounts of lignin recovered from the biomass (data presented in Figures S1 and S2, Supplementary Material). Figure 2 shows the relationship obtained between the solid yield and the lignin yield, where a clear correlation between the decreasing solid yield and the increasing lignin yield is presented.



This result is expected; however, the magnitude of lignin yield (reaching a maximum around 20 g/100 g biomass) is not enough to explain the observed decrease in solid yield (from 91.83% to 41.33%), meaning that the delignification is not the only factor impacting the solid yield and other components of the biomass are also being extracted during the reaction. The 7.27% of water extractives present in the biomass are also not enough to explain this difference, as even if the totality of these was removed from the biomass during the mild alkaline pretreatment, there is still a removal of 24.38% of the original biomass that is neither lignin nor water extractives, further supporting the theory that we are extracting structural components.



3.2.1. Delignification of SCG


To have a better understanding of the reaction kinetics, the impact that each of the three variables studied had on the solid and lignin yield was determined. This determination allows us to identify which conditions would be the most beneficial from an industrial point of view.



Figure 3 shows the effect of the concentration of the NaOH solution used on the solid and lignin yields when the reaction time is set constant at 60 min and temperature set at 50 °C.



As expected, with the increase in the NaOH concentration there is a decrease in the solid yield and an increase in the lignin yield. Despite this, the relationship is not linear, with both the solid and lignin yields stabilizing for higher NaOH concentrations.



Figure 4 and Figure 5 show the effects of time and temperature of the reaction on the solid and lignin yields, respectively, when the NaOH concentration is set constant at 1.25 M.



Again, the figures show that an increase in the time, or temperature, of the reaction leads to a decrease in the solid yield and an increase in the lignin yield, although the relationship does not appear to be linear, with slight decreases in the solid yield when one of the conditions is increased.



It is interesting to note that when the reaction occurred at 75 °C for 240 min, the solid yield decreased, as expected, but the lignin yield decreased as well, in comparison with reactions performed at lower temperatures or lower times, meaning that those harsh conditions might be damaging the extracted lignin or not allowing it to precipitate, as partially described for bamboo biomass in [40].



To check if the three studied conditions were statistically relevant when it comes to the solid and lignin yields, two mathematical models were built, one for the solid yield and one for the lignin yield, using the different combinations of the conditions tested, and using the following equation:


Y = β0 + β1X1 + β2X2 + β3X3,



(2)




where Y refers to either the solid or the lignin yield, β0 is the regression coefficient at the center point, β1 is the coefficient related to the time variable, β2 is the coefficient related to the [NaOH] variable, and β3 is the coefficient related to the temperature variable. Table 2 shows the results of those two models.



For both models, the multiple R value is higher than 0.85, meaning that the different variables are explaining the differences in the results for the solid and lignin yields. The variables are all statistically relevant when it comes to the solid yield, as all the p-values are considerably below 0.05. When it comes to the lignin yield, the same cannot be said, as the only variable that has a p-value below 0.05 is NaOH concentration, meaning that the time of the reaction and the temperature at which it occurs are not statistically relevant regarding the amount of lignin that is recovered from the reaction. A similar trend was observed for cotton stalks under similar conditions [41].



Molecular Weight of the Recovered Lignin


As a preliminary characterization, Figure 6 shows the molecular weight of the extracted lignin when the reaction occurs at 50 °C, at 60, 120, and 240 min, and with an NaOH concentration of 0.625 M, 1.25 M, and 2.5 M.



The lignin molecules extracted are of a considerable size, with molecular weights between 4300 g/mol and 5500 g/mol, higher values than the 2400 g/mol reported by [42]. Both NaOH concentration and reaction time affect the molecular weight of the extracted lignin. The increase in time of the reaction seems to have a linear relationship with the molecular weight, but the increase in molecular weight is small, when compared with the NaOH concentration, showing again that the impact of the time of the reaction is minimal. NaOH concentration has a nonlinear relationship with the molecular weight, as the molecular weights of the extracted lignin when 1.25 M and 2.5 M were used are similar and very different from the obtained for the lower concentration tested. These results enable the classification of the extracted lignin as high molecular weight lignin [43], which can potentially be used for the production of carbon nanofibers [42].





3.2.2. Oligosaccharides Production


Figure 7 presents the concentrations of glucooligosaccharides (GlcOS), xylogalactomannanooligosaccharides (XGMOS), arabinooligosaccharides (AOS), formic acid, acetic acid, levulinic acid, HMF and furfural obtained in the alkaline liquor as a function of the severity factor.



XGMOS seem to be the main products formed, with a maximum concentration of 13.25 g/L of XGMOS being reached, which translates to 13.25 g XGMOS/100 g SCG, and a recovery of 30.5% of the xylogalactomannan present in the biomass, whereas none of the other products exceeded concentrations of 3 g/L. There is a relationship between the [XGMOS] and the severity factor, although the relationship is not linear, as the [XGMOS] tends to stabilize when the severity factor reaches values around 5.



Previously, Branco et al. [39] reported oligosaccharides recovery values of 12.2 g/100 g biomass, with a removal of 53.2% of the original xylan present in the biomass, when using the autohydrolysis method on corn straw feedstock, and [44] reported oligosaccharides recovery values of 5.2 g/100 g biomass, which translates to a removal of 29.3% of the oligosaccharides present in the biomass, on Annona cherimoya seeds using the same method. This means that mild alkaline pretreatment shows to be an efficient treatment when it comes to oligosaccharides recovery when compared to autohydrolysis, the most-used method in the literature for producing oligosaccharides; the efficiencies of removal are similar, despite this method utilizing significantly lower temperatures compared to the ones reported (215 °C and 190 °C, respectively).



No other products were recovered at a significant concentration, with the highest being acetic acid at 2.17 g/L. The values for potential microbial inhibitors [45,46] such as aliphatic acids and furans are particularly low and would enable the utilization of these liquid streams to produce edible oligosaccharides, as their purification does not seem particularly challenging.



Studying the effects of the three variables (time, temperature, and NaOH concentration) on the XGMOS production in more detail, Figure 8 shows the production of XGMOS when the reaction occurred at 50 °C for 60 min, using [NaOH] of 0 M, 0.625 M, 1.25 M, and 2.5 M. Figure 9 shows the production of XGMOS when the reaction occurred using NaOH at 1.25 M, with temperatures of 25 °C, 50 °C, and 75 °C for 60, 120, and 240 min.



These results show that, for every condition, an increase in severity leads to an increase in the amount of XGMOS recovered. Despite this, time and temperature do not seem to be particularly impactful on XGMOS production compared to the impact that NaOH concentration has, in a similar trend to that observed with the lignin yield. In fact, NaOH concentration has a clear relationship with the [XGMOS], with an initial increase that seems to stabilize around the 1.25 M point.



When the reaction occurred at 75 °C for 240 min, the [XGMOS] is lower than the ones seen when reactions were performed at lower temperatures or lesser reaction time, again similarly to what happened with the lignin yield under these conditions, showing that these severe conditions may damage the products obtained, inducing oligosaccharides hydrolysis, in a similar trend to that described for bamboo biomass [40].



A mathematical model was built to test which of the conditions were statistically relevant regarding the production of XGMOS, as previously explained. Table 3 shows the results of the model, using the same notation described above.



The multiple R value of 0.783 shows that the variables are explaining the differences in the [XGMOS]. Both time and NaOH concentration are statistically significant, with p-values below 0.05, unlike temperature. Despite this, the coefficient value of the NaOH concentration is around ten times larger than the time coefficient, proving that this is the most influential variable, which is also supported by previous finding for cotton stalks for similar conditions [41].




3.2.3. Chemical Composition of MAP-SCG


The most severe conditions tested (temperature = 75 °C, [NaOH] = 2.5 M and time = 240 min) led to both the highest recovered lignin yield (18.02%) and the highest [XGMOS] produced (13.25 g/L), meaning that if the goal was strictly to maximize the amounts of products recovered, these would be the optimal conditions.



However, as the main objective of this work is to find a process that is environmentally friendly and economically viable so that it can potentially be industrialized. As the time and temperature operational variables had a very limited or statistically irrelevant impact, the optimal time and temperature for this process were considered to be 60 min and 50 °C, respectively, which might have relevant impacts in economic terms, especially in the view of CAPEX due to the reduction of processing time.



Regarding NaOH concentration, this variable proved to be the most impactful on the amount of product obtained. However, that was, in part, due to the very significant increase in both the lignin yield and the [XGMOS] between extractions performed with water only ([NaOH] = 0 M) and NaOH at 0.625 M, with the amount of product obtained seemingly stabilizing when the NaOH concentration was further increased. Therefore, as NaOH is both expensive and problematic to the environment, it was decided that 0.625 M was the optimal NaOH concentration. This will putatively significantly reduce OPEX.



Table 4 shows the structural composition of MAP-SCG under the defined optimal conditions (0.625 M NaOH, 50 °C, and 60 min).



Compared to the SCG composition (Table 1), glucan was not significantly affected by the pretreatment, as 95.6% of the initial glucan was retained in the solid fraction, which is considered ideal for anaerobic digestion. This is expected due to the fact that cellulose is described to be considerably stable under alkaline conditions [47]. Lignin was the main targeted component in the mild alkaline pretreatment, with a decrease of around 50%. Xylogalactomannan levels decreased by around 25%, as they were the main extracted product other than lignin, and the source of the produced oligosaccharides, as described above. Arabinan presents a slight increase in comparison with the amount in the original sample, which can also be justified by the low amounts present. Again, the acetyl groups appear to be completely non-structural, as they were completely removed from the biomass. Interestingly, ash content more than doubled, meaning that, despite successive washings of the biomass with water, there was still residual NaOH present in the biomass after the end of the pretreatment, leading to an increase in inorganic compounds present in the biomass.





3.3. Anaerobic Digestion


To assess the effect of the mild alkaline pretreatment on the digestibility of the SCG, an AD trial was carried out at lab-scale, using a co-digestion regime using pig slurry (PS) as substrate. The characterization of the feeding mixtures (PS + SCG and PS + MAP-SCG) used for the AD trial is presented in Table 5.



Both feeding mixtures have a VS/TS ratio of around 74%, with PS + MAP-SCG showing a slightly lower value, which is in accordance with the higher ash content of MAP-SCG (Table 4). As can be seen from Table 5, the removal of lignin and hemicellulose during the pretreatment of SCG led to a reduction of about 4% on VS. The mild alkaline pretreatment led to a 2% increase in the CODs/CODT ratio, indicating a better availability of organic matter.



The cumulative biogas and biomethane production profiles for the co-digestion of SCG and MAP-SCG are presented in Figure 10a,b, respectively. As can be seen, the highest specific biogas production in the AD trial was achieved by the PS + MAP-SCG (782.01 mL/g SV), around 4% higher than the value obtained with PS + SCG (751.07 mL/g SV). On the other hand, Figure 10b shows that the highest specific biomethane volume was produced by PS + SCG, with a value of 460.80 mL CH4/g SV (304.2 mLCH4/g COD), whereas PS + MAP-SCG achieved a production of 448.93 mL/g SV (290.0 mLCH4/g COD). These results mean that, although lignin removal increases the amount of biogas produced during the anaerobic digestion process as sugars remaining in the biomass become more available after the lignin removal, this does not translate into biomethane production because some of the sugars that were present in the initial biomass were removed during the mild alkaline pretreatment, leading to a slightly lower quality of biogas produced (61.35 g biomethane/100 g biogas for PS + SCG, 57.41 g biomethane/100 g biogas for PS + MAP-SCG). The results obtained illustrate the advantage of adopting a co-digestion regime, as the yields achieved are clearly above those for mono-digestion, which, according to a review by Gebreeyessus (2022) [4], range from 270 to 330 mL CH4/g VS.



Furthermore, the specific biomethane production values obtained in this study are higher than the results reported in the literature for co-digestion of SCG [26]. For example, Orfanoudaki et al. [28], who studied the anaerobic co-digestion of SCG and pig slurry, found a maximum methane production of 357 mL CH4/g VS. In another study [48], a mixture of SCG and cow manure at 1:1 (VS basis) led to 225 mL CH4/g VS.



Regarding process stability, the pH values after anaerobic co-digestion (7.06 ± 0.03 and 7.05 ± 0.02, respectively, for PS + SCG and PS + MAP-SCG) show that there was no acidification. This fact is in accordance with the VFA/TA ratios that were below 0.30, indicating a stable process [49].




3.4. Overall Mass Balance


Figure 11 shows the Sankey diagrams representing the mass balance of SCG and MAP-SCG in the defined optimal conditions, per 100 kg of biomass. The amounts of pig slurry determined were 440.18 kg and 287.60 kg, respectively, for SCG and MAP-SCG. This is because the amount of MAP-SCG entering the AD process is lower (72.08 kg) than the amount of SCG, due to the fact that the lignin and oligosaccharides had been removed from the biomass previously, and the amounts of PS entering the AD process were calculated so that the ratio of biomass to PS was kept at 1:3 (VS basis).



The main product obtained for both SCG and MAP-SCG is biomethane, as even if the lignin and oligosaccharides were removed from SCG, most of the biomass still goes into anaerobic digestion to produce biogas. In addition, SCG was used as a co-substrate in anaerobic digestion, and the amounts of pig slurry used were much higher than the amounts of SCG, which contributed to the large quantities of biomethane produced. However, the products obtained from the mild alkaline pretreatment present a potentially higher market value. These alternative products must be explored further to identify their true applications and market value.





4. Conclusions


An integrated valorization strategy for SCG was proposed and validated at lab-scale. This strategy successfully enabled the recovery of value-added compounds from SCG, and facilitated biofuels (biogas) production when using SCG as a co-substrate.



Mild alkaline pretreatment allowed the recovery of significant amounts of lignin and XGMOS. This was achieved under significantly milder conditions when compared to other processes such as autohydrolysis and organosolv processes, which require much higher temperatures which are typically recognized to limit their economic viability. Sodium hydroxide concentration was the operational variable that presented the stronger influence over product yields, with time and temperature having minimal impact. Furthermore, the specific biomethane production from AD after the mild alkaline pretreatment was only slightly lower when compared with non-pretreated SCG. At optimal, mild conditions it was possible to produce 138.05 kg of biomethane from 100 kg of SCG and 287.60 kg of pig slurry, retaining still a significant quantity of solid digestate that can be used as fertilizer after stabilization.
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Figure 1. Sequence of unit operations for treating SCG using the proposed mild alkaline process. 
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Figure 2. Relationship between the average Klason lignin yield and average solid yield obtained for the diverse tested conditions of the mild alkaline pretreatment (horizontal and vertical lines represent, respectively, each conditions’ Klason lignin yield and solid yields’ standard deviations). 
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Figure 3. Effect of NaOH concentration on solid yield (◆) and Klason lignin yield (◼) for the mild alkaline pretreatment carried out at 60 min and at 50 °C (lines are for eye guide only). 
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Figure 4. Effects of reaction time and temperature (blue, red, and green bars correspond to 25, 50, and 75 °C, respectively) on solid yield obtained by mild alkaline pretreatment using a catalyst (NaOH) concentration of 1.25 M. 
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Figure 5. Effects of reaction time and temperature (blue, red, and green bars correspond to 25, 50, and 75 °C, respectively) on Klason lignin yield obtained by mild alkaline pretreatment using a catalyst (NaOH) concentration of 1.25 M. 
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Figure 6. Molecular weight of the extracted lignin obtained by mild alkaline pretreatment at 50 °C and diverse reaction times and NaOH concentrations (yellow, orange, and red bars correspond to 0.625, 1.25, and 2.50 M, respectively). 
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Figure 7. Effects of the severity factor (log Mo) on the composition of the alkaline liquor obtained from mild alkaline pretreatment of SCG. Panel (a): GlcOS (♦), XGMOS (■), AOS (▲), and AcOS (×); Panel (b): glucose (♦), xylose/galactose/mannose (■), arabinose (▲), and acetic acid (×); Panel (c): formic acid (⚹), levulinic acid (•), HMF (+), and furfural (−)). Line is for eye guide only. 
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Figure 8. Effect of NaOH concentration on XGMOS titer obtained by mild alkaline pretreatment carried out at 60 min and at 50 °C (line is for eye guide only). 
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Figure 9. Effects of reaction time and temperature (blue, red, and green bars correspond to 25, 50, and 75 °C, respectively) on XGMOS titer obtained by mild alkaline pretreatment using a catalyst (NaOH) concentration of 1.25 M. 
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Figure 10. Cumulative biogas (a) and biomethane (b) production profiles for the co-digestion of SCG (♦) and MAP-SCG (▲) (Lines are for eye guide only). 
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Figure 11. Sankey diagrams for the mass balance of the overall processes of (a) converting SCG directly by anaerobic digestion (AD), and (b) the sequential utilization of mild alkaline pretreatment (MAP) and AD. 






Figure 11. Sankey diagrams for the mass balance of the overall processes of (a) converting SCG directly by anaerobic digestion (AD), and (b) the sequential utilization of mild alkaline pretreatment (MAP) and AD.



[image: Energies 16 03907 g011]







[image: Table] 





Table 1. Composition of the total, structural, and extractable fractions of the SCG lot used in this work (given as % of dry weight).
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Structural 1

	
Extractable 1

	
Total 1






	
Glucan

	
10.22

	

	
0

	

	
9.55

	




	
Hemicellulose

	
39.84

	

	
9.16

	

	
49.00

	




	
 Arabinan

	

	
2.40

	

	
1.93

	

	
4.33




	
 Xylogalactomannan 2

	

	
37.44

	

	
6.03

	

	
43.47




	
 Acetyl groups

	

	
0.00

	

	
1.20

	

	
1.20




	
Lignin

	
15.77

	

	
14.96

	

	
30.73

	




	
 Klason Lignin

	

	
15.30

	

	
13.29

	

	
28.59




	
 Soluble Lignin

	

	
0.47

	

	
1.67

	

	
2.14




	
Ash

	
0.65

	

	
1.01

	

	
1.66

	




	
Extractives

	
0.00

	

	
19.70

	

	
-

	




	
 Water Extractives

	

	
0.00

	

	
7.27

	

	
-




	
 Ethanol Extractives

	

	
0.00

	

	
12.43

	

	
-




	
Others (by difference)

	
-

	

	
-

	

	
9.06

	








1 Structural = quantification of the extracted sample; Total = quantification of the as is sample; Extractable = total-structural. 2 Xylogalactomannan was quantified by the HPLC method based on the Aminex HPX-87H column and on the use of a standard curve for xylose. Galactose, mannose, and arabinose are the only hemicellulosic sugars usually reported for this biomass, but in this work it was also possible to identify xylose (using an HPLC method based on the Aminex HPX-87P column), although in small amounts (typically less than 5% of the galactose or mannose present). However, all results presented hereafter refer to Xylogalactomannan, as it reflects better the results obtained from the utilized methods.













[image: Table] 





Table 2. Regression coefficient values for the solid and lignin yield models.
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Solid Yield

	
Lignin Yield




	
Parameter

	
Coefficients

	
p-Value

	
Coefficients

	
p-Value






	
β0

	
98.562

	
4.2 × 10−25

	
2.231

	
0.086




	
β1

	
−0.056

	
2.4 × 10−5

	
0.001

	
0.789




	
β2

	
−9.607

	
1.9 × 10−7

	
4.965

	
6.6 × 10−11




	
β3

	
−0.261

	
1.7 × 10−5

	
0.023

	
0.223
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Table 3. Regression coefficient values for the XGMOS yield model.
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	Coefficients
	p-Value





	β0
	8.151
	2.4 × 10−24



	β1
	0.409
	0.005



	β2
	4.042
	2.2 × 10−8



	β3
	−0.215
	0.629
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Table 4. Structural composition of the MAP-SCG obtained under the defined optimal conditions (% of dry weight).
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MAP-SCG Structural Composition






	
Glucan

	
12.66 ± 0.09

	




	
Hemicelulose

	
51.23 ± 1.09

	




	
 Arabinan

	

	
6.46 ± 0.16




	
 Xylogalactomannan

	

	
44.77 ± 0.93




	
 Acetyl groups

	

	
0.00 ± 0.00




	
Lignin

	
21.29 ± 0.28

	




	
 Klason lignin

	

	
20.74 ± 0.31




	
 Soluble lignin

	

	
0.55 ± 0.04




	
Ash

	
6.58 ± 0.23

	




	
Others (by difference)

	
8.24
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Table 5. Characterization of the feeding mixtures used in the AD trial.
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	Parameter
	PS + SCG
	PS + MAP-SCG





	TS (g/L)
	9.98 ± 0.16
	9.69 ± 0.34



	TDS (g/L)
	3.13 ± 0.06
	3.07 ± 0.02



	VS (g/L)
	7.43 ± 0.19
	7.13 ± 0.40



	VDS (g/L)
	1.72 ± 0.01
	1.65 ± 0.01



	pH
	6.94
	6.96



	EC (mS/cm)
	6.69
	6.57



	CODT (g/L)
	11.25
	11.50



	CODS (g/L)
	10.75
	11.25
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