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Abstract

:

The increasing demand for renewable energy sources and demand-oriented electricity provision makes anaerobic digestion (AD) one of the most promising technologies. In addition to energy crops, the use of lignocellulosic residual and waste materials from agriculture is becoming increasingly important. However, AD of such feedstocks is often associated with difficulties due to the high content of lignocellulose and its microbial persistence. In the present work, the effect of hydrothermal pretreatment (HTP) on the digestibility of wheat straw is investigated and evaluated. Under different HTP temperatures (160–180 °C) and retention times (15–45 min), a significant increase in biomethane potential (BMP) can be observed in all cases. The highest BMP (309.64 mL CH4 g−1 volatile solid (VS) is achieved after pretreatment at 160 °C for 45 min, which corresponds to an increase of 19% of untreated wheat straw. The results of a multiple linear regression model show that the solubilization of organic materials is influenced by temperature and time. Furthermore, using two different first-order kinetic models, an enhancement of AD rate during hydrolysis due to pretreatment is observed. However, the increasing intensity of pretreatment conditions is accompanied by a decreasing trend in the conversion of intermediates to methane.
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1. Introduction


Given the change from fossil to renewable energy sources, biomass has a special significance in Germany. According to a recent study, around 26% of primary energy demand in Germany could be covered by biomass in 2050. The largest share comes from cultivated biomass (such as energy crops) and agricultural residues such as straw, slurry and manure. However, only one-third of the disposable potential has currently been exploited [1]. Anaerobic digestion (AD) is a universal technology that provides different options for waste treatment, provision of renewable energy (biogas) and production of an organic fertilizer. Thus, different types of organic materials, such as sewage sludge, manure, municipal organic waste or lignocellulosic agricultural waste can be used for biogas production. Among agricultural residues, cereal straw (e.g., wheat straw) is an interesting feedstock for biogas production due to its high available potential [2].



However, challenges in AD of lignocellulosic feedstocks are due to the inherent structure, conferring the resistances to hydrolysis and further conversion to biogas. The cause is primarily to be found in the crosslinked structure of the lignin polymer, which essentially consists of aromatic bonds, double bonds and phenolic groups. This form of structure gives lignin molecules hydrophobic properties that are difficult to access biochemically. Moreover, both characteristic polysaccharides cellulose and hemicellulose are linked to the lignin molecule by covalent bonds. Consequently, the strong integration of lignin within the lignocellulose complex leads to increased resistance of the two polysaccharides to the biochemical degradation processes [3].



In order to facilitate the AD of lignocellulosic biomasses, studies are focusing on different disintegration procedures. Among them, physical (extrusion, irradiation), chemical (acids, bases, ionic liquids) or biological (fungal, microbial, enzymatic) methods are regularly the subject of research. Moreover, thermal processes (e.g., steam explosion, liquid hot water) or combined process are regarded as a key technology for the rapid and largely complete conversion of lignocellulosic biomasses [4]. However, most technologies have rarely been transferred to large-scale implementations. The reasons can be found in their inherent drawbacks, such as high costs on energy and chemical consumption, partly corrosive properties or possible pollutions [5]. Because hydrothermal pretreatment (HTP) only uses lignocellulosic biomasses and water, it has been widely accepted as a green technology [6]. The process describes a disintegration method, where the recalcitrant structure breaks under elevated process conditions (150–300 °C, initial pressure 0–60 bar, 5–75 min) [7]. Under these conditions, water and organic acids (especially from hemicellulose) accelerate hemicellulose degradation into short chain products, rendering them as a soluble fraction in the AD process [7,8]. In recent years, numerous studies dealt with HTP of lignocellulosic feedstocks and its influence on biogas production. Here, most of these investigations examine the effect of pretreatment temperature [9,10]. Studies focusing on the influence of retention time as an additional process variable are rarely available. Furthermore, some experiments partly provide contradictory results. As an example, Chandra et al. [11] found that the hydrothermal disintegration of wheat straw (200 °C, 15 min) led to an increase of 20% in biomethane potential (BMP) compared to an untreated reference. This was in contrast to the findings of Wang et al. [9], who obtained that BMP was even reduced by 30% when pretreatment was conducted under nearly similar process conditions (210 °C, 15 min). More promising results were achieved at 180 °C, which was associated with an increase in the specific BMP of up to 3%, indicating a slight improvement in feedstock digestibility [9]. Similar findings were provided by Shang et al. [12], who investigated the effect of pretreatment temperature and duration on wheat straw within a range of 150–225 °C and 5–60 min, respectively. The maximum increase in methane yield (62.9%) was achieved, when pretreatment was conducted for 30 min at 175 °C. In contrast, substrate disintegration at 200 and 225 °C revealed a decreasing trend, which was particularly pronounced with increasing retention times. The authors explained this effect by means of dissolved lignin, which was deposited on the surface of the straw particles during the cooling process. The formation of the so-called pseudo-lignin resulted in a deterioration of the enzymatic accessibility and thus the anaerobic degradability. Furthermore, formation of by-products from lignocellulose that inhibit microbiological activity is suspected [12]. The most frequently mentioned inhibitors are furfurals and 5-Hydroxymethylfurfural (5-HMF), whose influence is assumed by the inhibition of cell growth, DNA damage and an enzymatic inhibition of the glycolysis pathway [13,14].



Moreover, HTP processes are often associated with the formation of phenolic compounds (e.g., vanillin or syringaldehyde), which originate from thermal lignin-degradation. In contrast to furanic compounds, microbial cell damages are assumed to be changes in membrane permeability, which are associated with the leakage of intracellular components and the inactivation of essential enzymatic systems [14,15,16,17]. In order to minimize the risk of microbiological inhibition, more attention was attributed to the AD of the solid phase but studies dealing with the total slurry are still limited.



However, such an approach is associated with the loss of easily degradable organic matter, such as monomeric sugars (e.g., glucose or xylose) or organic acids (e.g., acetic acid or formic acid), which consequently leads to a loss in biogas and methane production.



The present study examines the influence of different pretreatment temperatures and retention times on the performance of AD in terms of BMP. The focus is on the anaerobic conversion of the total slurry, which has been rarely investigated in previous studies. Furthermore, the influence of the most important pretreatment parameters (temperature and time) on the composition of processed water samples, with respect to easily degradable components and potential inhibitors, is statistically examined and evaluated in more detail. Such an approach represents an important aspect for determining the most appropriate pretreatment parameters but, to our knowledge, has not yet been investigated. In addition, reaction kinetics were analyzed by, among other things, an extended model structure that has not been used in the context of HTP. The model provides information on the formation and degradation of intermediates (such as sum VFA) and differs from the investigations of most other authors [9,10,12].




2. Materials and Methods


2.1. Origin of Wheat Straw and Sample Preparation


Wheat straw was collected from a farm near Leipzig, Germany (51°17′26.5″ N 12°46′09.7″ E) and chopped by a hammer mill “CHM 230” (Erich Netzsch GmbH & Co. KG, Selb, Germany) to a particle size of 10 mm. A first visual assessment of the samples showed an inhomogeneous distribution of fiber lengths. In order to minimize the influence of different particle sizes, mechanically chopped wheat straw samples were further sieved using a vibrating sieve machine “AS control” (Retsch GmbH, Haan, Germany) at an amplitude setting of 0.65 mm. Individual disintegration steps and BMP tests were carried out using the fiber fractions that settled on the screen with a mesh size between 3.15 and 2.00 mm.




2.2. Hydrothermal Pretreatment and Process Conditions


The HTP was performed in a 500 mL stainless, batch reactor “BR 500” (Berghof Products + Instruments GmbH, Eningen unter Achalm, Germany), which was heated with a synthetic thermal oil at the desired temperature range (160–180 °C) with a heating rate of 2 K min−1 for 15, 30 or 45 min. The individual pretreatment conditions were based on a partial factorial experimental design, which was created with “Design-Expert” (Version 12, Stat-Ease Inc., Minneapolis, MN, USA) (Table 1).



To estimate the variability of the results and to increase the accuracy of estimation, every pretreatment, with the exception of HTP-170-30, was conducted in duplicate. Hydrothermal process conditions according to HTP-170-30 represented the center point (CP) and had to be performed six times to increase the information content of the design space and estimate the repetition error.



In order to avoid combustion or coking reactions [18], a similar mass ratio of wheat straw and tap water (1:17) was chosen, as shown in Tian et al. [19]. For each pretreatment, 25 g wheat straw (on fresh matter (FM) basis) was filled into the reactor and mixed with 424 g tap water.



Once preparation was completed, the sealed reactor was positioned in the heating jacket and the process was initiated when target temperature was reached. After the pretreatment time was obtained, the reactor stopped immediately, and samples were automatically cooled down to a temperature of 30 °C.



The reactor was opened on the next day after 24 h and the liquid phase of each batch was separated from the solid phase by means of a stainless juice press and a commercially available filter fleece (pore size < 100 µm). In order to achieve consistent separation results, the juice press was attached to a laboratory scale and downforce was increased until the scale displayed a mass of 300 kg. Considering the piston diameter of 11.5 cm, a pressure of 2.83 × 105 Pa was applied for each separation. To cover the whole period from HTP to the BMP tests, HTP factions (liquid and solid) were immediately stored in a freezer (−20 °C) after masses of both fractions were determined. Furthermore, untreated wheat straw samples were stored under identical conditions. Thus, potential effects of freezing or thawing should be considered for all samples.




2.3. Biomethane Potential Test


BMP tests were performed using the Hohenheim Biogas Yield Test (HBT) according to VDI 4630. The system consists of a continuously rotating drum (1.2 rpm), placed in an incubator. The drum is loaded with syringes, each with a total volume of 100 mL [20]. The experimental setup is shown in Figure 1. The liquid and solid phases of the hydrothermally pretreated wheat straw samples were mixed and loaded to AD. For this purpose, syringes were filled with 30 g FM of inoculum and sample material. The inoculum was taken from a 400 L laboratory scale reactor, that was fed with maize silage, shredded wheat, soybean meal, rapeseed oil and digestate from biogas plants in Baden-Württemberg, Germany [19]. Here, both the inoculum to substrate ratio of 2.5 (g VS of substrate/g VS of inoculum) as well as the mass ratio between separated solid and liquid phase were considered to calculate the required amount of pretreated substrate materials. After completion of sample preparation, the syringes were transferred to rotating drum and AD process was conducted under mesophilic conditions (37 °C) for 35 days.



Determination of methane content was based on dry gas measurement. For this purpose, the biogas volume was first measured by manually reading the scale on the syringes (Figure 1). As soon as measuring volume (20 mL) was reached, the valve was opened and biogas passed through a flexible pipe (not shown) containing an adsorbent (“SICAPENT®”, Merck, Darmstadt, Germany) for gas drying. The determination of methane concentration was subsequently carried out by means of infrared-spectrometric methane sensor “Advanced Gasmitter” (Pronova Analysetechnik, Berlin, Germany) and cumulated methane production of dry gas under standard conditions (273.15 K, 1013.25 hPa) was calculated according to guideline given in VDI 4630 (2016) [23].



BMP tests of every HTP approach were performed in the context of a six-fold determination. Moreover, two test series using cellulose and untreated wheat straw were conducted as positive control and reference, respectively. A blank group without any substrate addition was set to exclude biogas and methane produced by the inoculum in the net volume calculation of the samples.




2.4. Analytical Methods


The total and volatile solid content (TS and VS) of the solid and liquid fraction were analyzed according to the standard methods given under DIN EN 15934 [24] and 15935 [25], respectively. Moreover, the soluble chemical oxidation demand (COD), concentration of organic acids and carbohydrates and the concentration of potential inhibitory compounds (e.g., Furfural, 5-HMF, phenols) from liquid have also been determined.



The analysis of individual volatile fatty acids (VFA) was conducted according to Schumacher et al. [26]. The determination of the COD for liquid samples was based on the use of the cuvette quick test “LCK 014” (Hach Lange GmbH, Düsseldorf, Germany) and the analysis was performed according to the manufacturer’s specifications.



The analysis of phenolic compounds was performed on a gas chromatograph with mass spectrometry coupling (GC-MS) “Trace 1310-ISQ LT Single Quadropul Mass Spectrometer” (Thermo Fisher Scientific Inc., Waltham, MA, USA). The injection mode of the gas chromatograph was split 10:1 and injection temperature was kept at 250 °C. For separation, a “ZB-5HT-Inferno” column (30 m × 0.25 mm × 0.25 µm) (Phenomenex, Torrance, CA, USA) and helium 5.0 with a flow rate of 1.2 mL min−1 were used as carrier gas. The column was operating with two linear ramps at programmed temperature-mode as follows: heating from an initial temperature (50 °C) with 5 °C min−1 till 225 °C; heating with 3 °C min−1 till 300 °C and hold for 5 min. The ionization took place by means of ionization module EI. The temperature of the ion source was 250 °C and the MS transfer line was 310 °C. For the determination of phenol compounds, 300 µL of an internal standard (4-tert-butylphenol c = 117 mg L−1) and 400 µL toluene were added to 700 µL of the liquid aqueous sample in a 2 mL vial and extracted by intensive mixing. After 20 min, the organic phase was carefully transferred to a vial and analyzed by GC-MS.



The analysis of soluble sugars (C5-C6) and detection of furfural and 5-HMF were done on a high performance liquid chromatograph (HPLC) using a “Security Guard Carbo Pb” column (4 × 3.00 mm) (Phenomenex Torrance, CA, USA) for sample purification and a second column “MetaCarb 87P” (300 mm × 7.8 mm) (Aligent Technologies, Inc., Santa Clara, CA, USA) for separation with temperature setting at 75 °C. Ultra-pure water with an injection volume of 15 µL and a flow rate of 0.35 mL min−1 was used as eluent for every measurement where total run time was set at 80 min. The measurement of sugars (e.g., glucose, xylose, arabinose, mannose, fructose) was performed using a refractive index detector (RID) at a temperature of 40 °C. Depending on its concentrations, determination of furfural and 5-HMF was performed in two different ways. For concentrations ≥ 200 mg L−1, the RID detector was used, whereas lower concentrations required the use of a diode array detector (DAD) measuring at 254 nm. For analysis, aqueous sample was centrifuged at room temperature and 3900 rpm for 5 min. Then, the supernatant was transferred to a filter vial (0.45 µm) and centrifuged at 10 °C and 10,000 rpm for 10 min. The supernatant was diluted 1:10 with ultrapure water and analyzed by the HPLC.




2.5. Kinetic Modelling


Based on characteristic first-order reactions summarized by Brulé et al. [27], different kinetic model structures were chosen to evaluate the effect of HTP on the anaerobic degradation kinetics in BMP tests. Because hydrolysis is often considered to be the rate-limiting step during AD of lignocellulosic biomass [28], data sets were analyzed by a simple first-order reaction model (first-order one-step). Furthermore, an extended model (first-order two-step) was used to evaluate the formation and degradation of additional intermediates (such as sum of VFA). Cumulated methane production over time of both model structures can be described according to Equations (1) and (2), respectively [29].


   S     t  =      S    max   ×   1 −      e    − k × t      



(1)






  S  t  =      S    max   ×   1 +      k H  ×      e    −  k  VFA    ∗ t    −      k    VFA   ×      e    −  k H  × t          k  VFA   −  k H         



(2)




where Smax (mL g−1 VS) is the maximum specific methane potential and k (d−1) represents the first-order rate constant. Additionally, kH (d−1) is the first-order rate constant of substrate degradation into intermediates (first step), whereas kVFA describes first-order kinetics of VFA degradation into methane (second step).



Individual equations and related procedures for parameter estimation were implemented in the software environment “Matlab” (The Mathworks, Inc., Natick, MA, USA). The non-linear trust region reflective algorithm implemented in the lsqcurvefit function was applied for constrained least-squares estimation of unknown model parameter [29,30].




2.6. Experimental Design and Statistical Analysis


For statistical analyses, a two level (2k) factorial design arrangement was used to evaluate the effect of pretreatment temperature (X1) and retention time (X2) at two different levels each one (160 and 180 °C and 15 and 45 min, respectively) in 14 runs were randomly generated. The experimental data were analyzed by a linear model (Equation (3)) using the commercial software environment “Design-Expert” (Version 12, Stat-Ease, Inc., USA). The statistical significance of the regression terms was examined by analyses of variance (ANOVA) for each response, according to Equation (3).


  y =      β   0  +      β   1  ×      X   1  +      β   2  ×  X 2  +      β    12   ×  X 1  ×  X 2   



(3)




where y is the variable response, X1 and X2 are the independent variables and β1, β2 and β12 represent the regression coefficients of the model. Moreover, a direct comparison between untreated and pretreated wheat straw samples was carried out by the software “SPSS statistics” (Version 20, IBM, Chicago, IL, USA). In order to determine whether there was a significant difference between the BMP of untreated and pretreated samples, experimental data were evaluated using a Welch’s ANOVA with a confidence level of 95%. If differences existed, a post-hoc test according to Games–Howell (α = 0.05) was applied [31].





3. Results and Discussion


3.1. Effect of Hydrothermal Pretreatment on Process Water Composition


In order to evaluate the effect of pretreatment temperature and retention time on HTP of wheat straw, process water samples were analyzed with respect to the concentration of easily degradable components, such as monomeric sugars (glucose, xylose, arabinose) and organic acids (acetic acid, formic acid), which may be beneficial for AD. Furthermore, the influence of both pretreatment parameters on the content of potential inhibitors (mainly phenolic and furanic compounds) was evaluated. Table 2 shows mean concentrations of the most represented organic soluble fractions in the process water, depending on individual pretreatment conditions.



The highest acetic acid concentration (1626.8 mg L−1) was achieved at HTP-180-45, which resulted in an increase of 159.3% compared to the lowest severe pretreatment conditions given under HTP-160-15. Similar effects were observed for formic acid, where an increase in pretreatment temperature and/or time led to higher concentration of saturated carbonic acid. Acetic acid represents degradation products formed by hydrolysis of acetyl groups of hemicellulose, whose thermal decomposition usually starts at temperatures above 150 °C [7]. Formic acid refers to a by-product whose formation is mainly due to the thermal decomposition of furanic compounds (furfural and 5-HMF) and whose origin in turn is the dehydration of pentoses and hexoses [32]. Thus, increasing acid concentrations could indicate an accelerated hydrolysis of hemicelluloses depending on the pretreatment conditions [12,33]. For monosaccharides, glucose, arabinose and xylose were the main monosaccharides in the process water. Among them, an increase in concentration, depending on pretreatment conditions, was especially observed for arabinose. The highest concentration (543.0 mg L−1) related to the longest pretreatment time and highest temperature (180 °C, 45 min). These findings were in line with results from Ilanidis et al. [34], who described an increasing trend when pretreating wheat straw within a temperature range from 160 °C to 190 °C [34]. Here, the tendency of lower arabinose concentrations could be attributed to a higher liquid-to-solid-ratio (LSR) during the HTP.



For example, Ilanidis et al. [34] (LSR = 7:1) found a concentration of 400 mg L−1 whereas the detected concentration in the present work (LSR = 17:1) was 171.5 mg L−1 despite the same pretreatment conditions (160 °C, 15 min) [34]. A similar trend was also reported by Chen et al. [35], who published an increasing concentration of hemicellulose derived arabinose with rising temperature up to 180 °C. More severe pretreatment temperatures (e.g., 200 °C) led to a decrease, which indicated thermal degradation of the monosaccharide compound [35]. In contrast, the results for glucose showed a downward trend throughout the whole range of HTP severities. The highest concentration of 132.5 mg L−1 was attributed to the HTP-160-15, whereas rising temperatures or longer pretreatment times led to a concentration of 41.3 mg L−1. Because thermal decomposition of cellulose usually starts at a temperature above 200 °C [36,37], it was unlikely that glucose was originated from the polysaccharide under comparatively mild pretreatment conditions. According to similar results of Chen et al. [35], it was more likely that the monosaccharide compounds, found in the process water samples, were probably hemicellulose derived degradation products or β-glcucan [35,38].



Table 3 shows the resulting regression coefficients estimated by multiple linear regression. Individual coefficients are applied to identify the relative impact of influencing factors (temperature and time) when changing the input variables by one level.



It is interesting to notice that the pretreatment temperature showed a significant influence (p < 0.05) on almost all output parameters, whereas the temporal influence was discernible but could only be statistically proven in the case of organic acids, arabinose and chemical oxygen demand (COD).



Based on estimated regression coefficients, it can be proven that changes in output variables are primarily influenced by pretreatment temperature. As an example, in the case of acetic acid, the effect of temperature (356.34) on its concentration was more than twice as high as the pretreatment time (143.37). Moreover, only a small but also significant interaction between temperature and time has been observed for organic acids and sugar compounds.



Besides organic acids, similar trends have been found for the number of potential inhibitors, shown in Table 4. Although the influence of increasing pretreatment severity was mainly reflected in the furfural concentration (368.3 ± 11.1 mg/L), an increase in concentration was observed for almost all components. Because the reaction mechanisms were not investigated in detail, the cause of the increase in furfural concentration can only be suspected. In general, furfural is a reaction product formed by the thermal pentose sugars (e.g., D-xylose or L-arabinose).



As xylose could only be detected at most severe experimental conditions (HTP-180-45), it is more likely that the amount of furfural under less severe conditions (HTP-160-15 to HTP-180-15) could be attributed to the thermal decomposition of arabinose [34]. The larger increase from HTP-180-15 to HTP-180-45 might be explained by the longer pretreatment time, which had a comparatively smaller but nevertheless significant influence on the furfural concentration (Table 5). Moreover, it is well known that the formation of acetic acid, as a by-product, is capable of facilitating the dehydration of hemicellulose to pentose sugars [34,39]. Because there was a sharp increase in acetic acid concentration between these pretreatment conditions, the higher furfural concentration may also be attributed to an acid catalyzed degradation effect. In comparison to furfural, only a minor amount of 5-HMF (12.6 mg L−1), originated from the dehydration of hexose (e.g., glucose and mannose), was detected in the liquid phase obtained at HTP 5. These findings were in line with other authors [32,35], who also found minor amounts, especially at high temperatures or time ranges.



The concentration of phenolics in total ranged from 3.18 to 40.42 mg L−1 and also showed an upward trend with rising pretreatment severities. For each compound, a significant effect of both pretreatment time and temperature was found, with the latter having a greater effect on the change in concentration (Table 5). Among these, vanillin and syringaldehyde were the most represented fractions in process water. Both compounds are typical by-products, whose origin can be explained by the depolymerization of guaiacyl and syringyl units of lignin polymers [40].




3.2. Evaluation of Biochemical Methane Potential (BMP)


The influence of pretreatment temperature and time on the measured BMP was examined based on a linear regression model (Equation (3)). The statistical analysis showed very poor accuracy of fit, which was confirmed by most model-relevant parameters. The F-value of 1.14 implied that the model was not significant relative to the noise. In addition, the low adjusted R2 (0.0361) and negative predicted R2 (−0.7263) values also indicated insignificance and the overall mean might be a better predictor for the BMP than the current model.



Table 6 illustrates the different temperature and time combinations and the measured BMP for untreated and pretreated wheat straw samples after 35 days. Moreover, both the statistical results of the Games–Howell post-hoc test and the percentage changes due to the pretreatment are shown.



AD of untreated wheat straw resulted in a specific BMP of 261 mL g−1 VS, which was in approximate agreement with the investigation of Ferreira et al. [41]. Other publications report specific methane yields ranging from 125 to 276 mL g−1 VS [10,12,42]. The difference in yield can be attributed to sample fractionation (mesh size 2 mm) prior to AD. An increase in biogas yield can usually be observed with decreasing fiber or particle size due to the larger surface and improved microbial accessibility [43,44]. The statistical evaluation of the BMP, using Games–Howell post hoc test, revealed a significant difference (p < 0.05) between the untreated sample and every single temperature–time combination. However, there were no significant differences between the individual parameter combinations (HTP-160-15–HTP-180-45).



Thus, an upward trend was observed especially under mild pretreatment conditions, where the highest increase (19%) in BMP was attributed to the parameter combination HTP-160-45.



In contrast, more intense conditions (HTP-170-30, HTP-180-15, HTP-180-45) seemed to result in a decline in methane production. A decreasing BMP is often attributed to the formation of inhibitory substances [12]. However, based on low concentrations (Table 4), inhibition of furfural, 5-HMF or phenolic compounds can probably be ruled out in the current experimental findings.



Sugar derived degradation products, especially furfural at low concentrations (1 g L−1), was often found to have a beneficial effect on the biogas process [40,45]. However, an inhibitory effect of methanogenic microorganisms due to furfural or 5-HMF had been observed only at higher concentrations (2 g L−1) [46]. Regarding lignin-derived degradations products, an inhibition due phenolic compounds can occur even at low thresholds [47]. Nevertheless, recent literature reports anaerobic degradation or adaption to a certain degree [40,48,49].



Barakat et al. [40] added degradation products such vanillin and syringaldehyde at concentrations of 1 g L−1 to AD of C5-sugar and found no reduction in final BMP. Chapleur et al. [48] investigated the influence of different phenol concentrations on AD of cellulose, whereby inhibitory effects only occurred at maximum values of 1.5 g L−1 and 2.0 g L−1, respectively. Wirth [49] found an adaption of anaerobic microbial community and complete degradation by using phenol (2 g L−1) as the sole carbon source. A complete inhibition was only detected at a concentration of 5 g L−1.




3.3. Evaluation of Kinetic Parameters


In order to evaluate the influence of HTP on anaerobic degradation kinetics, two different model structures based on first-order reactions (one- and two-step) were applied to depict experimental data. Figure 2 shows the progression of individual measurements and both model results of cumulative methane production in individual BMP tests.



It can be observed that both models were capable of predicting the experimental measurements with high precision. Furthermore, determination coefficients (R2) of 0.98 and 1.00 indicate that the first-order one-step (Model A) and the first-order two-step model (Model B) were able to explain between 98% and 100% of the observed data, respectively.



Based on the single first-order rate constant of Model A (Table 7), it can clearly be observed that HTP had a positive effect on the hydrolysis rate. With increasing pretreatment severity, an increase in the first-order rate constant was observed, which could be explained by an increasing release of organic content and the improvement of substrate accessibility due to an increase in pretreatment severity.



The highest values were assigned to the highest temperature (180 °C), which seems to be a typical observation, especially for the considered temperature range [12,41]. Because the degradation constant of untreated wheat straw was comparably low (k = 0.08 d−1), its increase may also indicate that HTP helps to facilitate the rate limiting step of the biogas process.



The positive effect of substrate disintegration on degradation kinetics is partly reflected in Model B. In the first stage, an increase in the degradation constant (kH) was also observed, which indicates a faster formation of intermediates and consequently an acceleration in hydrolysis. In contrast, the second stage shows a deterioration in the degradation kinetics. As shown in Table 7, kVFA decreases from 0.65 d−1 to 0.32 d−1, when pretreatment severity increases from HTP-160-15 to HTP-180-45. A decreasing trend of kVFA indicates a slowed degradation of intermediates (e.g., VFA) originated from the first step and consequently a negative influence on methane formation. This observation is supported by declining BMP predicted by the model.



Because Model B is not widely used in the context of substrate disintegration, a direct comparison with other sources is rather difficult. Most authors refer to the modified Gompertz model, in which negative effects on methane or biogas formation due to more severe pretreatment conditions are often shown by prolonging lag phases or reduction in the maximum biogas production rates [10,12,50,51]. As already mentioned in Section 3.2, the low concentrations of the most commonly known compounds (Table 4) did not suggest an inhibitory effect on microbiology. Thus, no clear lag phase was observed in the current experiments and the application of the modified Gompertz model does not yield additional information [29].



However, the negative effect on degradation kinetics and/or methane production may strongly be affected by the source and adaptability of the applied inoculum. For example, in direct comparison of two different inocula, anaerobically digested waste activated sludge (ADWAS) and anaerobically digested cattle manure (ADCM), Phuttaro et al. [52] found significantly better biodegradability of hydrothermally pretreated Napier grass (200 °C, 15 min) by ADWAS, suggesting that ADCM was more sensitive to inhibitory compounds. Because the ADWAS inoculum was frequently exposed to toxic substances (e.g., household chemicals), the authors suspected a better adaption of the microbial consortium to inhibitory compounds [46,52,53,54].



As the inoculum used in our study was taken from a 400 L laboratory reactor, only fed with maize silage, shredded wheat, soybean meal, rapeseed oil and digestate from biogas plants, the slowed degradation kinetic (kVFA) as well as the decreasing BMP might be explained by an insufficient adaption to furanic and phenolic compounds.



Furthermore, it is well known that hydrothermal pretreatment may lead to reactions between proteins and carbohydrates, which starts to occur at temperatures higher than 150 °C or longer pretreatment times [55]. The so-called Maillard reaction—often indicated by a light to dark brown substrate discoloration—is accompanied by the formation of melanoidines which are less biodegradable due to their complex structure [55,56]. A lesser biodegradability in turn means lower biogas production, which also could explain the decrease in specific BMP (Table 6). In addition, a few studies revealed a negative effect on acidogenesis [56] which resulted in a delayed production of VFA and consequently a reduced BMP [57]. Wang et al. [57] suspected a certain degree of toxicity and a competitive effect for electrons within the microbiological community [57]. With regard to the results illustrated in Figure 3, the darkening of the wheat straw samples clearly increases with increasing pretreatment intensity from HTP-160-15 to HTP-180-45.



An increasing change in color from light to dark brown may indicate an increasing concentration of maillard products (melanoidines), which could explain the decreasing trend in substrate degradation (kVFA), as illustrated by first-order two-step kinetic model.



According to the two different model approaches, all pretreatment conditions led to an increase in degradation constants (k, kH), indicating that hydrothermal substrate disintegration was capable of accelerating hydrolysis as a rate-limiting step and that it helps to overcome the recalcitrant structure of lignocellulosic biogas substrates (such as wheat straw). However, more severe pretreatment conditions seem to have a negative impact on the degradation kinetics of consecutive process phases (kVFA). Thus, higher temperatures (>180 °C) and longer pretreatment times should be avoided.





4. Conclusions and Outlook


In this study, the effect of HTP on the digestibility of wheat straw was investigated. The results showed that the solubilization of organic matter was a consequence of both pretreatment parameters (temperature and time), where the effect was primary influenced by temperature.



Here, the effect was primarily manifested by an increasing concentration of VFA (e.g., acetic and formic acid) and individual monosaccharides (e.g., arabinose) indicating that HTP was capable of accelerating hydrolysis of hemicellulose, depending on its pretreatment intensity. Furthermore, an increase in furanic and phenolic compounds (e.g., furfural, vanillin, syringaldehyde) was observed, but an inhibitory effect was not to be assumed due to comparatively low concentrations.



Taking the BMP results into account, a significant increase in specific BMP was found for all parameter combinations compared to untreated wheat straw, with the highest increase of 16 to 19% at the pretreatment temperature of 160 °C, where the optimum appeared after 45 min. Moreover, first-order models showed that HTP at all conditions increased the degradation rate, indicating that the disintegrations method helps to facilitate the rate-limiting step of the biogas process. However, because the first-order two-step model revealed a negative influence on consecutive conversion steps (AD of VFA), as indicated by a decreasing rate constant of the second step (kVFA), more severe pretreatment conditions—temperatures (>180 °C) and longer pretreatment times (>45 min)—should be avoided.



A specific application aspect of HTP might be the ReBi (ReBi—dispatchable biogas plant) configuration [58] for dynamic biogas production and demand-oriented electricity provision [58,59]. The ReBi configuration is based on a multistage system, where hydrolysis and acidogenesis as well as acetogenesis and methanogenesis proceed in two separated steps. The effluent formed in the first stage is separated into a liquid and solid fraction by a screw press. The solid fraction is fed into a conventional stirred tank reactor (CSTR), whereas the liquid fraction, containing rapidly degradable substrates, is stored in a tank and fed to a fixed-bed reactor for demand-oriented biogas production [58]. To cover time-dependent biogas demand, rapidly degradable substrates with high BMP and suitable reactors systems are required [59,60]. For a specific application in the ReBi concept, the HTP-reactor might replace the first step. Thus, process water, with its high content of easily digestible organics, might be used to feed a fixed-bed reactor, whereas the fermentation of hydrothermally pretreated wheat straw occurs in a conventional stirred tank reactor.



However, because BMP results only serve a first assessment of substrate digestibility, further research should focus on the AD of hydrothermally pretreated wheat straw under continuous conditions. This allows a long-term evaluation of the effects of substrate disintegration and an assessment of its feasibility in practical applications. In addition, such test procedures can be used to determine the optimal conditions, such as the organic loading rate or the hydraulic retention time, in the biogas process. Furthermore, a techno-economic assessment of the lab-scale results is mandatory to evaluate the applicability of hydrothermal substrate disintegration under full-scale conditions [61,62].
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Figure 1. Experimental setup of Hohenheim Biogas Yield Test (HBT) with syringe (a) and rotational drum (b) placed in the incubator [21,22]. 
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Figure 2. First order model fits illustrated by experimental data (black points) and predicted values by the first-order model (black line) and the first-order two-step model (red line) for untreated wheat straw (a) and hydrothermally pretreated wheat straw samples (b) HTP-160-15; (c) HTP-160-45; (d) HTP-170-30; (e) HTP-180-15; (f) HTP-180-45. 
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Figure 3. Photographs of untreated wheat straw (a) and hydrothermally pretreated wheat straw samples with different pretreatment severity (b) HTP-160-15; (c) HTP-160-45; (d) HTP-170-30; (e) HTP-180-15; (f) HTP-180-45. 
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Table 1. Pretreatment conditions for hydrothermal wheat straw disintegration based on 2k-factorial design.
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Temperature [°C]

	
Retention Time [min]




	

	
15

	
30

	
45




	
160

	
HTP-160–15

	

	
HTP-160-45




	
170

	

	
HTP-170-30

	




	
180

	
HTP-180-15

	

	
HTP-180-45
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Table 2. Content of soluble organic fractions in process water under different hydrothermal pretreatment conditions considering acids, sugars and COD.
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Experiment

	
Acetic Acid a

	
Formic Acid a

	
Glucose a

	
Xylose a

	
Arabinose a

	
COD a




	

	
[mg L−1l]

	
[mg L−1]

	
[mg L−1]

	
[mg L−1]

	
[mg L−1]

	
[gO2 L−1]






	
HTP-160-15

	
627.4 ± 11.7

	
84.7 ± 1.2

	
132.5 ± 32.5

	
n. d. b

	
171.5 ± 29.5

	
8.6 ± 0.1




	
HTP-160-45

	
826.4 ± 22.8

	
113.9 ± 3.2

	
49.6 ± 6.6

	
n. d. b

	
343.0 ± 3.0

	
11.6 ± 0.1




	
HTP-170-30

	
1078.5 ± 17.6

	
161.3 ± 11.6

	
33.4 ± 7.7

	
n. d. b

	
372.6 ± 16.0

	
16.1 ± 0.8




	
HTP-180-15

	
1252.3 ± 20.9

	
210.4 ± 4.3

	
31.3

	
n. d. b

	
374.5 ± 12.5

	
18.6 ± 0.1




	
HTP-180-45

	
1626.8 ± 15.8

	
368.0 ± 3.2

	
41.3 ± 3.7

	
346.5 ± 7.5

	
543.0 ± 76.0

	
21.2 ± 0.3








a Data in table are exhibited in form of “Mean ± standard deviation”, b Component not detected (n. d.).
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Table 3. Coefficients estimated by multiple linear regression of the physicochemical characterization of process water samples of wheat straw considering acids, sugars and COD.
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Fitted Model [2FI]

	
Responses




	
Coefficients

	
Acetic Acid

	
Formic Acid

	
Glucose

	
Arabinose

	
COD






	
Intercept

	
1081.76 *

	
179.88 *

	
53.26 *

	
370.14 *

	
15.49 *




	
X1

	
356.34 *

	
94.94 *

	
−29.46 *

	
100.75 *

	
4.89 *




	
X2

	
143.37 *

	
46.69 *

	
−16.11

	
85.00 *

	
1.41 *




	
X1X2

	
43.87 *

	
32.09 *

	
25.31 *

	
−0.7500

	
−0.0850




	
R2

	
0.9979

	
0.9992

	
0.6679

	
0.8564

	
0.9632




	
p of F model

	
<0.0001 *

	
<0.0001 *

	
0.0155 *

	
0.0002 *

	
<0.0001 *








X1: Temperature, X2: Time, X1X2: Interaction between temperature and time. * Indicates estimates of significant parameters (p < 0.05).
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Table 4. Content of soluble organic fractions in process water under different hydrothermal pretreatment conditions considering furanic and phenolic compounds.
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Experiment

	
Furfural a

	
5-HMF a

	
Guaiacol a

	
Syringol a

	
Vanillin a

	
Syringaldehyde a




	

	
[mg L−1]

	
[mg L−1]

	
[mg L−1]

	
[mg L−1]

	
[mg L−1]

	
[mg L−1]






	
HTP-160-15

	
13.8 ± 2.0

	
n. d. b

	
2.6 ± 0.0

	
1.6 ± 0.0

	
8.6 ± 0.0

	
3.0 ± 0.0




	
HTP-160-45

	
41.2 ± 9.0

	
n. d. b

	
3.2 ± 0.2

	
2.0 ± 0.1

	
11.9 ± 0.0

	
4.2 ± 0.1




	
HTP-170-30

	
65.7 ± 5.7

	
n. d. b

	
3.5 ± 0.2

	
2.4 ± 0.1

	
15.2 ± 0.4

	
5.5 ± 0.2




	
HTP-180-15

	
88.1 ± 4.7

	
n. d. b

	
4.7 ± 1.2

	
3.3 ± 0.8

	
17.1 ± 0.1

	
6.3 ± 0.0




	
HTP-180-45

	
368.3 ± 11.1

	
12.6 ± 0.8

	
4.9 ± 0.3

	
4.5 ± 0.0

	
22.0 ± 1.2

	
9.1 ± 0.2








a Data in table are exhibited in form of “Mean ± standard deviation”, b Component not detected (n. d.).
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Table 5. Coefficients estimated by multiple linear regression of the physicochemical characterization of process water samples of wheat straw considering furanic and phenolic compounds.
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Fitted Model (2FI)

	
Responses




	
Coefficients

	
Furfural

	
Guaiacol

	
Syringol

	
Vanilin

	
Syringaldehyde






	
Intercept

	
101.53 *

	
3.69 *

	
2.69 *

	
15.12 *

	
5.48 *




	
X1

	
100.35 *

	
0.9387 *

	
1.04 *

	
4.65 *

	
2.04 *




	
X2

	
76.93 *

	
0.1787 *

	
0.4075 *

	
2.07 *

	
1.01 *




	
X1X2

	
63.20 *

	
−0.0937

	
0.1700 *

	
0.4000

	
0.4038 *




	
R2

	
0.9216

	
0.6480

	
0.8388

	
0.9708

	
0.9617




	
p of F model

	
<0.0001 *

	
<0.0123

	
<0.0003

	
<0.0001

	
<0.0001








X1: Temperature, X2: Time, X1X2: Interaction between temperature and time. * Indicates estimates of significant parameters (p < 0.05).
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Table 6. Finale methane yields of untreated and hydrothermally pretreated (HTP) wheat straw samples, including increase in BMP, significance (Games–Howell post-hoc) and confidence level of 95%.
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Experiment

	
BMP

	

	

	
Confidence Level of 95%




	
Increase

	
Significance

	
Downer Limit

	
Upper Limit




	

	
[mL g−1 VS]

	
[%]

	
[-]

	
[-]

	
[-]






	
Untreated

	
261 ± 15

	
-

	
-

	
-

	
-




	
HTP-160-15

	
302 * ± 17

	
16

	
0.013

	
−79.40

	
−7.64




	
HTP-160-45

	
310 * ± 14

	
19

	
0.004

	
−72.50

	
−12.72




	
HTP-170-30

	
299 * ± 14

	
15

	
0.002

	
−74.96

	
−18.56




	
HTP-180-15

	
298 * ± 9

	
14

	
0.013

	
−66.95

	
−6.94




	
HTP-180-45

	
289 * ± 9

	
11

	
0.043

	
−58.40

	
−0.80








* Indicates significant differences (p < 0.05) in BMP between untreated and pretreated wheat straw samples (confidence level 95%).
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Table 7. Results of kinetic parameter determination.






Table 7. Results of kinetic parameter determination.





	

	
Model A

	
Model B




	
Experiment

	
Smax

	
k

	
R2

	
Smax

	
kH

	
kVFA

	
R2




	

	
[mL g−1 VS]

	
[d−1]

	
[-]

	
[mL g−1 VS]

	
[d−1]

	
[d−1]

	
[-]






	
Untreated

	
279 ± 10.27

	
0.08 ± 0.01

	
0.99

	
266 ± 11.43

	
0.10 ± 0.01

	
1.02 ± 0.23

	
1.00




	
HTP-160-15

	
324 ± 31.13

	
0.10 ± 0.00

	
0.98

	
306 ± 27.30

	
0.15 ± 0.02

	
0.65 ± 0.23

	
1.00




	
HTP-160-45

	
317 ± 12.90

	
0.11 ± 0.00

	
0.98

	
301 ± 13.84

	
0.17 ± 0.01

	
0.62 ± 0.07

	
1.00




	
HTP-170-30

	
318 ± 22.68

	
0.12 ± 0.00

	
0.98

	
300 ± 19.50

	
0.23 ± 0.04

	
0.49 ± 0.10

	
1.00




	
HTP-180-15

	
311 ± 24.01

	
0.13 ± 0.01

	
0.98

	
293 ± 19.98

	
0.29 ± 0.03

	
0.39 ± 0.07

	
1.00




	
HTP-180-45

	
308 ± 16.49

	
0.13 ± 0.00

	
0.97

	
291 ± 15.80

	
0.32 ± 0.01

	
0.32 ± 0.01

	
1.00
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