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Abstract

:

Polyphenols that are abundant in various organic wastes can inhibit anaerobic degradation of these wastes. This study investigated the effect of the concentration of individual phenolic acids (p-OH benzoic, vanillic, ferulic, sinapic, syringic, and p-coumaric acids) and their mixture on the methane potential of distillery stillage. An increase in phenolic acid concentration adversely affected biogas production and composition, as well as the methane-production rate. The inhibition constants for methane production were 0.5–1.0 g/L of individual phenolic acids and 1.5 g/L of the mixture of these acids. At lower concentrations, the phenolic acids were utilized as a carbon source, but the process was impeded when their concentrations exceeded the threshold value, due to their negative effect on microbial growth. When distillery stillage was spiked with vanillic acid, two-phase methane production was observed. Spiking distillery stillage with vanillic, p-coumaric, syringic, or ferulic acids affected anaerobic digestion the most; 2 g/L of these acids completely inhibited methane production. With 4.0 g/L of all individual phenolic acids, no methane production was observed. As the concentration of these phenolic acids increased from 0.5 to 4.0 g/L, the abundance of methanogenic Archaea, in which acetoclastic methanogens predominated, decreased by about 30 times.
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1. Introduction


To achieve sustainable ecological and economic development, renewable energy sources need to be investigated, e.g., by managing waste to produce biogas. Among the substrates for biogas production, by-products from distilleries (distillery stillage) are used because of their widespread availability and high organic content. Annually, 80 million tons of stillage are produced around the world, which causes significant environmental pollution due to its high concentrations of difficult-to-degrade organics and nitrogen, its low pH, and its dark brown color [1]. To utilize this waste, anaerobic processing is commonly used, as the resulting power generation can significantly reduce operating costs when compared to energy-intensive aerobic processing [2].



However, distillery waste requires treatment after bio-methanization and before its potential use as fertilizer, due to its high residual COD, low biodegradability index, and toxicity [3]. Its toxicity is partially due to the content of polyphenols in it [4,5], which are not readily biodegradable and have significant antimicrobial activity [3,5]. Polyphenols reduce the ability of methanogens to produce methane; at phenolic compound concentrations from 120 to 594 mg/L, biogas production was reduced by up to 50% [6]. When treating olive mill wastewater, a polyphenol concentration of 9 g/L significantly limited anaerobic digestion [7]. On the other hand, a polyphenol content of 2.1–21.4 g/kg total solids did not affect the biological methane potential of grape pomace [8]. This could have been related to the fact that anaerobic microorganisms have some degree of tolerance to phenols, and low concentrations may favor anaerobic digestion [9]. It should also be considered that biomass pretreatment causes the solubilization of polyphenols as well as their release [4]. Therefore, to promote biomethane production and to ensure the profitability of biogas plants, methods for accelerating biomethane production from waste containing polyphenols should be further investigated.



Interestingly, however, the presence of polyphenols in distillery stillage can be seen in a positive light, due to the useful properties of these aromatic compounds. They are found not only in stillage, but also in olive-mill waste, wheat straw, fruit and vegetable waste, and wastewater from winemaking [10,11,12,13]. Due to their strong antioxidant activity, they have received much attention as valuable bioactive compounds of commercial interest. As a result, the recovery of polyphenols from waste has started to be investigated with the aim of utilizing them in cosmetics, pharmaceuticals, and food industry products [12].



The quality and quantity of polyphenols in different wastes can vary, depending on the type of plant material from which the waste was generated, the processing technology, the storage conditions, and other factors such as pH, oxygen, temperature, light, metal ion enzymes, etc. [14]. Regarding distillery waste, only the effect on the bio-methanization of complete polyphenols from sugarcane molasses distillery wastewater has been investigated [15]. Polyphenols include phenolic acids and flavonoids. Phenolic acids differ in their activity, concentrations, and proportions depending on the waste type [12]. Depending on the waste type, phenolic acids are present as lignin-bound compounds or in free forms, which determines the method of their recovery. In distillery stillage coming from cereal processing, their free forms predominate [16]. The effects of specific phenolics on bio-methanization were investigated only for brown seaweed [17]; however, in this study, phlorotannin was investigated, which is not a phenolic compound typically found in distillery stillage. Hence, based on literature reports, it is impossible to conclude if bio-methanization is adversely affected by total polyphenols or by specific phenolic acids; thus, it is difficult to decide which method of polyphenol recovery from particular waste should be performed before its anaerobic processing.



Although phenolic acids differ in their antimicrobial activity, depending on their structure, specific information about the effect of the particular acids present in distillery stillage on its bio-methanization potential is lacking. Therefore, the novelty of the study was to investigate the effects on bio-methanization of six phenolic acids (p-OH benzoic, vanillic, ferulic, sinapic, syringic, and p-coumaric acids) representative of those present in distillery stillage generated during alcohol production from cereals. The objectives of the study were to assess the effect of the type and concentration of the individual phenolic acids and their mixtures on (i) the biogas potential of the distillery stillage, (ii) the methane content in the biogas, (iii) the methane production rate, and (iv) the abundance of methanogenic Archaea in the microbial communities of the stillage. The technological and molecular results provide a comprehensive picture of the extent to which phenolic acids inhibit the growth of the microorganisms participating in the bio-methanization of the stillage and affect methane production. These results will help to decide if polyphenols should be recovered prior to stillage fermentation.




2. Materials and Methods


2.1. Characteristics of Substrate


The substrate for methane fermentation was distillery stillage (Table 1) collected from a company located in northeast Poland that produces concentrated unpurified ethyl alcohol from cereals. The total polyphenol content (TPC) in the stillage was 4.56 ± 0.03 mg gallic acid equivalent/g dry mass. The stillage was stored at 6 °C. As an inoculum, anaerobic sludge from the pilot-scale agricultural biogas plant processing cattle slurry and maize silage was used (organic loading rate (OLR) of 2.0 kg VS/(m3·d), retention time of 20 days, 35 °C). To ensure degradation of easily degradable organic matter and to remove dissolved methane, the inoculum collected from the biogas plant was stored with an anaerobic headspace for 3 days at 37 °C.




2.2. Experimental Design for Methane Fermentation


The feedstock for the methane fermentation was a mixture of distillery stillage and inoculum (9.6:90.4, w:w) and was characterized by: 65.9 ± 2.4 g TS/kg, 51.2 ± 1.6 g VS/kg, 23,600 ± 689 mg CODsol/L, 1047.8 ± 149.3 mg VFA/L, 152.6 ± 4.1 mg N-NH4/L, and 116.6 ± 1.2 mg TP/L. The densities of the distillery stillage and inoculum were 1031 and 1014 kg/m3, respectively. In series 1, the effect of individual phenolic acids (p-OH benzoic, vanillic, ferulic, sinapic, syringic, and p-coumaric acids) on bio-methanization was investigated. Individual phenolic acids were added to the feedstock for final phenolic acid concentrations of 0.5, 1.0, 1.5, 2.0, and 4.0 g/L. In series 2, to investigate the effect of a mixture of phenolic acids on bio-methanization, the same phenolic acids were mixed in equal proportions and added to the feedstock to obtain the final total phenolic acid concentrations in the mixture of 0.5, 1.0, 1.5, 2.0, and 4.0 g/L.



The methane production was measured in an automatic methane potential batch-test system (AMPTS II Bioprocess Control, Lund, Sweden). In this system, i.e., in 0.5 L reactors, the volume of the mixture of the inoculum and stillage was 100 mL, which ensured an initial VS content of 5 g/L. The reactors were equipped with a mixing system (100 rpm for 30 s every 10 min). CO2 traps were used. To ensure anaerobic conditions, the samples were purged with nitrogen gas. The incubation time of the feedstock was 21 days at 37 °C. As a control, a sample of feedstock without phenolic acid addition was used. The tests were made in triplicate. Methane production was expressed as volume (L) at normal conditions (temperature and pressure) per kg of VS added initially. Based on methane production obtained from this measurement and the composition of the biogas, biogas production was calculated. Simultaneously, the methane production from the inoculum was measured. To take into account the inoculum’s background and represent the methane potential of the distillery stillage accurately, the methane production from the inoculum was subtracted from the methane production from the feedstock [18]. The maximum theoretical methane potential of the substrate was calculated based on the assumption that 0.35 L of methane can be produced from 1 g of total COD [19].




2.3. Analytical Methods


In samples of stillage before and after fermentation (digestate), the contents of TS, VS, total COD, soluble COD, ammonium nitrogen, VFAs, and alkalinity were measured according to APHA [20], and the TP concentrations were measured with cuvette tests (Hach Lange GMBH, Berlin, Germany). For pH measurement, a pH meter (HANNA Instruments HI 221, Cluji-Napoca, Romania) was used. Total organic carbon (TOC) and dissolved organic carbon (DOC) concentrations were measured with a Fusion analyzer (Teledyne Tekmar, Mason, OH, USA). The concentrations of soluble COD, ammonium nitrogen, VFAs (expressed as acetic acid), TP, alkalinity, and pH were measured in the supernatants obtained after the centrifugation of the distillery stillage (10 min, 8000 rpm). Free ammonia was calculated according to Capson-Tojo et al. [21]. Before and after fermentation, the TPC was determined using the Folin-Ciocalteu method [22].



The biogas composition was assessed by injecting 20 mL gas samples, collected from the headspace of the reactors, into a gas chromatograph (GC, 7890A Agilent, Santa Clara, CA, USA) with a thermal conductivity detector (TCD) operating at 250 °C. Two Hayesep Q columns (80/100 mesh), two columns with molecular sieves (60/80 mesh), and a Porapak Q column (80/100) were used to separate the biogas components. Carrier gases (helium and argon) were used as the mobile phase at a flow rate of 15 mL/min.




2.4. Abundance of Methanogenic Microorganisms


Biomass samples (three replicates collected after fermentation from digestates) were fixed and subjected to fluorescence in in situ hybridization (FISH) [23]. The following molecular probes were used: ARC915 (Archaea; [24]), MSMX860 (Methanosarcinaceae; [25]), MX825 (Methanosaeta; [25]), and MB1174 (Methanobacteriaceae; [25]) under the conditions given in ProbeBase (www.microbial-ecology.net/probebase, accessed on 17 September 2020). The samples were visualized with an epifluorescence microscope (Nikon Eclipse 50I, Tokyo, Japan). To quantify the FISH-defined populations, ImageJ software (http://rsb.info.nih.gov/ij/, accessed on 13 September 2020) was employed; at least 30 fields of view were examined for each probe. To determine the bio-area of the populations in the sample, the ratio of cells targeted by each probe to those stained with DAPI (4,6-diamidino-2-phenylindole) was calculated and expressed as the relative abundance (as a percentage) of all detected microorganisms. The coefficients of variation of all values were 10–15%.




2.5. Data Analysis


First order kinetics was the assumed model for methane production:


   C t  =  C 0  ·   1 −  e  − k · t     ,  








where Ct (L CH4/kg VS) was the cumulative methane production at digestion time t (days), C0 (L CH4/kg VS) was the maximal methane production, and k (1/d) was the constant of methane production. C0 and k were estimated using nonlinear regression and the Gauss-Newton algorithm (Statistica 13.1). The rate of methane production (r) was calculated as r = k·C0. In the case of a two-phase course of methane production, the r values were calculated for each phase separately. The goodness of fit of the model to the data was evaluated using the determination coefficient (R2).



Spearman’s rank correlation and Principal Component Analysis (PCA) were calculated to determine the relationships between the operating conditions, biogas/methane production from stillage spiked with various phenolic acids, and microbial abundance using RStudio Version 1.2.1335. The matrix of correlations was visualized with a correlogram using the “corrplot” package. The relationships between the variables were determined using the correlation coefficient (rs). PCA was plotted with the “ggplot2” and “ggfortify” packages. Heat maps show the effect of phenolic acid concentrations on the biogas composition and a distribution of the abundance of Archaea and potential methanogens.



In all analyses, the statistical significance was determined at the 95% confidence interval.





3. Results and Discussion


3.1. Methane Production


The addition of phenolic acids to distillery stillage diminished the methane production, and this decrease depended on the type and concentration of the phenolic acids. The cumulative methane production at the end of the incubation period is shown in Figure 1. Biogas production per kg of VS and kg of fresh mass is given in Table S1.



The anaerobic processing of raw distillery stillage not spiked with phenolic acids (control sample) produced 423 L methane/kg VS after 21 days (Figure 1). Similarly, methane yields were 410, 401–458, 389.1, and 503 L/kg VS after the 30-day incubation of whole-cereal stillage [26], 22-day incubation of whole-corn stillage [27], 30-day incubation of barley stillage [28], and 41-day incubation of barley stillage [29], respectively. In series 1, with concentrations of individual phenolic acids of 0.5 and 1.0 g/L, slightly lower amounts of methane were produced: from 309 L/kg VS with ferulic acid to 406 L/kg VS with sinapic acid. Increasing the phenolic acid concentration significantly decreased methane production. With 1.5 g/L of phenolic acids, the respective amounts of methane produced were 43–61% lower than the amounts in the control sample, depending on the phenolic acid that was used. With 2.0 g/L of p-OH benzoic and sinapic acids, the methane production accounted for 9 and 10% of that measured for the control sample. The acids that had the strongest effects on methane production were vanillic, ferulic, syringic, and p-coumaric acids. Their presence at 2.0 g/L resulted in no methane production. With 4.0 g/L of all acids present individually, methane was not produced.



Changing the phenolic acid concentrations in the distillery stillage changed the average shares of methane and carbon dioxide in the biogas (Figure 2). In series 1, at phenolic acid concentrations of 0.5 and 1.0 g/L, the methane percentage was similar to that in the control sample: from 71.85% for p-coumaric acid to 76.78% for p-OH benzoic acid. At phenolic acid concentrations of 1.5 and 2.0 g/L (for p-OH benzoic and sinapic acids), the methane contribution was lower by 17–25 and 28–30%, respectively, than in the control sample.



In series 2, phenolic acid mixtures at concentrations of 0.5–1.5 g/L had little effect on methane production, whereas mixtures at concentrations of 2.0 and 4.0 g/L reduced methane production by 68 and 94%, respectively, compared to the control sample (Figure 1). The differences in methane and carbon dioxide content were not as marked as in series 1 (Figure 2). At concentrations of 1.5 and 2.0 g/L, the methane content decreased by 12 and 19%, respectively, compared to the control sample. However, at 4.0 g/L, the methane content substantially decreased, and its share was 51.41%. At a given total concentration of phenolic acids, the inhibition of methane production was less with mixtures of the acids than with individual acids. This was particularly visible at 2.0 and 4.0 g/L in mixtures, when methane was still produced. It can be explained by the fact that the concentrations of vanillic, ferulic, syringic, and p-coumaric acids, which inhibited methane production the most, were lower in mixtures than when these acids were present individually. The lower the proportion of these individual phenolic acids in the mixtures, the less they affected methane production. Additionally, the presence of phenolic acids in a mixture can cause them to polymerize or become insoluble. This insolubility may reduce interactions between the compound and cells and thus reduce their inhibitory capacities [30].



The fact that low concentrations of phenolic acids (both individually and in the mixture) had little or no inhibitory effect on biogas and methane production indicates that they could have been converted into methane, as shown by Chapleur et al. [31] during the degradation of phenol-enriched biomass. They reported that concentrations of phenolic compounds above 1 g/L reduced the production of biogas from household waste by 10%, and a further increase in their concentration to 4.0 g/L reduced production by 98%. At phenol concentrations higher than 1 g/L, Dong et al. [9] reported a 50% decrease in methane yield. On the other hand, 0.5 g/L of polyphenols was identified as a concentration that inhibited the anaerobic digestion of olive oil mill wastewater because of a lack of microbial adaptation [32].



The maximum theoretical methane potential of the distillery stillage was 487 L/kg VS. A similar theoretical potential (479 L/kg VS) was obtained for cereal-processing stillage [33], which resulted from the total COD/VS ratio of 1.47 g/g (1.43 g/g in the present study, Table 1). This may be related to the high contribution of proteins (58.5% of dry matter) in such wastes, in comparison with carbohydrates (9.74%) that are converted into alcohol and lipids (8.49%) [34]. In the present study, during the digestion of distillery stillage without phenolic acids, 86.8% of the theoretical methane potential was achieved. The effects of phenolic acids on methane production from distillery stillage as a percentage of the maximum theoretical methane production are given in Table 2. The percentage decreased to about 70% for 0.5 g/L of acids that affected the methane production the most (i.e., vanillic, ferulic, syringic and p-coumaric). At low concentrations of p-OH benzoic and sinapic acids, the methane production was maintained at a high level of about 80% of the maximum. During anaerobic incubation, after the first period of degradation of easily degradable compounds, there was a period in which the substrate became liquefied, which may have resulted in a release of slowly biodegradable compounds that became available to the microorganisms. This could have increased the methane production after several days of digestion. A similar observation was made by Battimelli et al. [35] during the anaerobic biodegradation of slaughterhouse waste in fed-batch reactors. This was explained by the fact that slowly biodegradable compounds were responsible for biogas production, in addition to the biogas produced by the degradation of the substrate, resulting in high biogas potential.



The inhibition of methane fermentation by phenolic acids was also reflected in the kinetics of methane production, as can be observed over the course of methane production over time. In series 1 (0.5–1.5 g/L) (Figure S1a,c–f) and series 2 (0.5–2.0 g/L) (Figure S1g), the methane production increased until the 6th day of measurement, then the curves plateaued. At 2 g/L of p-OH benzoic and sinapic acids (Figure S1a,f) and at 4 g/L of the acid mixture (Figure S1g), a lag phase of several days was seen. In the case of the 0.5–1.5 g/L vanillic acid additive, methane production was divided into two phases (Figure S1b); it stabilized after the 3rd day, while from the 9th day it started to increase and reached a plateau after the 13th day of fermentation. This division of methane production into two phases could have been caused by the fact that vanillic acid can only be utilized by microorganisms that need more time to grow (acetoclastic methanogens) [36]. Additionally, vanillic acid is not completely broken down by methane fermentation microorganisms. Only after vanillic acid was oxidized to ferulic acid could the next phase of methane fermentation take place [37]. The constants of methane production (k) were 0.11–1.38 1/d (Table 3). It varied because of the biological effects of toxicants and ranged from 0.08 to 0.09 l/d [38] or from 0.05 to 0.13 1/d [39] for organic waste biomass.



The inhibition effect of phenolic acids on methane production can be seen in Figure 3, which shows methane production rates (r) in response to phenolic acid concentrations. In the control sample of distillery stillage, the r value was 220 L/(kg VS·d). The addition of 0.5 g/L of phenolic acids (except for p-OH benzoic and sinapic acids) decreased the r value. A further increase in individual phenolic acid concentration to 1.5 or 2.0 g/L (depending on the acid type) led to an r value of 5–80 L/(kg VS·d). The inhibition constant, which is the concentration of the inhibitor (particular phenolic acid) that halves the maximum methane production rate was slightly above 1.0 g/L for p-OH benzoic and sinapic acids, slightly below 1.0 g/L for p-coumaric and vanillic acids, and 0.5 g/L for ferulic and syringic acids. Although hydroxycinnamic acids (including p-coumaric, ferulic, and sinapic acids) are considered to have greater antimicrobial activity than hydroxybenzoic acids (including p-OH benzoic, vanillic, and syringic acids) [40], the type of acid did not have any visible effect on the value of the inhibition constant in the present study. The increasing concentrations of the mixture of phenolic acids resulted in the mildest decrease of the r value, which finally reached about 39 and 3 L/(kg VS·d) at 2.0 and 4.0 g/L (Figure 3g). The inhibition constant for the mixture of acids was calculated to be 1.5 g/L.



The toxic effect of phenolic compounds on anaerobic digestion may result from the size and polarity of their molecules as well as the substituents on the aromatic ring that modify the polarity [6,41]. Compounds with aldehyde groups or nonpolar substituents were highly toxic, while those with carboxyl groups only caused significant inhibition at high concentrations [42]. This was in agreement with the present study, which indicated that syringic and ferulic acids (containing an aldehyde group) had a stronger inhibitory effect on methane production than acids without this group (Figure 1, Figure 2 and Figure 3). All acids with hydroxyl groups on the aromatic ring had slightly increased toxicity, but introducing further hydroxyl groups could create less-inhibitory compounds [43,44]. As a result of molecular interactions, less-toxic compounds (p-OH benzoic acids) could be formed. Aromatic compounds with more or longer alkyl substitutions (ferulic or p-coumaric acid) had stronger inhibitory effects than those with fewer or shorter alkyl substitutions. Thus, in the present study, p-OH benzoic acid had the weakest inhibitory effect, while ferulic acid, with the longest alkyl side chain, had the strongest inhibitory effect. It should be kept in mind that the structure of the alkyl side chain plays an important role in the antimicrobial activity of aromatics. For example, the presence of polar functional groups on an aliphatic side chain often reduces the microbial toxicity of aromatic compounds [45]. According to Wang and Wang [46], -COOH reduces toxicity to a greater extent than OH, which in turn reduces it to a greater extent than -CH2CH2OH. For this reason, in the present study, sinapic acid was less toxic than ferulic, p-coumaric, and syringic acids, which all have similar structures. The low toxicity of sinapic acid is due to its -COOH substituent and three other substituents. The size of the structure does not affect the toxicity of the phenolic acids, because the molecular weights of ferulic, syringic, and sinapic acids are similar, even though sinapic acid had a lower methane inhibitory effect than ferulic and syringic acid. A similar effect can be seen when comparing the inhibitory effect of vanillic and p-coumaric acids, which also have similar molecular weights.




3.2. Characteristics of Digestate


In series 1 and 2, the conversion of organic compounds to methane did not differ significantly between the control and the experiments with phenolic acid concentrations of 0.5, 1.0, and 1.5 g/L (Table S2). However, when the phenolic acid concentrations reached 2.0 g/L, the efficiencies of TS, VS, COD, TOC, and DOC removal were noticeably reduced and further reduced at phenolic acid concentrations of 4.0 g/L.



Despite the low biodegradability of the polyphenols, they could serve as an additional carbon source for some microorganisms. Thus, at lower phenolic acid concentrations, more than 80% of the TPC were anaerobically converted, and about 20% remained in the digestate (Figure 4).



At a phenolic acid concentration of 4.0 g/L, 85–97% of TPC was not degraded and remained in the digestate. The percentage of the TPC that remained in the digestate was strongly negatively correlated with the efficiency of the TOC removal (rs = −0.88), which shows that the increasing concentrations of the phenolic acids limited their use as a carbon source. For these calculations, the TPC in raw stillage without phenolic acid addition was neglected because of the low ratio between a stillage sample and inoculum in the feedstock, which was the same in all experimental variants.



The stability of the methane fermentation process was monitored based on the pH, the alkalinity, and the VFA concentrations (Table S2). Under all the experimental conditions, the pH ranged from 6.85 to 7.42; for fermentative microorganisms and methanogenic archaea, pH should fall within the ranges 5.0–8.5 and 6.5–7.8, respectively [47]. The alkalinity of the fermented stillage decreased from 186 to 127 meq/L (series 1) and from 191 to 134 meq/L (series 2) as the phenolic acid concentrations were increased from 0.5 to 4.0 g/L. Methane production was strongly positively correlated with pH (rs = 0.81–0.94) and alkalinity (rs = 0.86–0.97).



At the lowest concentration of phenolic acids in series 1 and 2, the VFA levels remained low due to their immediate consumption after their production. As the phenolic acid concentrations were increased, the VFA levels increased correspondingly, peaking at 3423.5 and 3075.3 mg/L in series 1 and 2, respectively, with phenolic acid concentrations of 4.0 g/L (Table S2). This increasing accumulation of VFAs may relate to the degradation of phenolic intermediates or may reflect a kinetic uncoupling between the acid producers and consumers. However, the concentrations of VFAs probably did not inhibit methanogenic activity, as they never exceed levels of 3.5–5.0 g/L when this typically occurs [48], because the VFAs were neutralized by the alkalinity, and therefore the pH was almost stable. This is more evident, because, in the present study, the VFA concentrations in the digestates obtained when distillery stillage was spiked with the phenolic acids that affected the methane production the most (vanillic, ferulic, syringic, and p-coumaric acids) were similar to those found for the other acids.



Despite the accumulation of VFAs, ammonium contributed to increasing the buffering capacity and keeping the pH stable [49]. At phenolic acid contents of 0.5 and 1.0 g/L, the concentrations of ammonium nitrogen, produced in anaerobic digestion during the degradation of organic nitrogen, were similar to that in the control sample (Table S2). As the phenolic acid concentration increased, the ammonium concentration increased, reaching levels of 682.7 and 625.4 mg/L in series 1 and 2, respectively, at 4.0 g/L of phenolic acids. A similar increase was observed in the case of phosphorus concentrations, which increased from about 189 mg/L in a control sample and at 0.5 g/L of phenolic acids to 368.6 mg/L at 4.0 g/L of phenolic acids. Lower concentrations of nitrogen and phosphorus in the substrate than in digestates can be explained by the fact that they were not measured in the total substrate but in the centrifuged supernatant. Thus, the substrate was characterized by the concentrations of ammonium nitrogen and phosphates, whereas the final composition of digestates (concerning N and P) resulted from the degradation of organic matter. The total nitrogen (ammonium and organic) in distillery stillage may reach 1.97 g/L [50]; organic nitrogen may account about 88% of the total [33] or above 99% of the total [27], due to high amounts of proteins in cereal-processing waste [34]. In digestates with some concentrations of phenolic acids (above 1.0–1.5 g/L), nitrogen and phosphorus concentrations were higher than in digestates from the substrate (distillery stillage) and inoculum (control sample). Due to the fact that nitrogen and phosphorus are key macronutrients for the growth of anaerobic microorganisms, this increase suggests that less biomass growth was possible, leading to a lower amount of nutrient incorporation in the new biomass cells. This indicates the inhibition of microbial growth by the phenolic acids, more so because, regardless of the type of acid, the increase in their concentration increased the concentration of nitrogen and phosphorus accumulated in the digestate. Nevertheless, the ammonium levels were still below those reported in the literature threshold concentrations that limit methanogenesis. Methane fermentation was inhibited at ammonium nitrogen concentrations higher than 2000 mg/L [51]. In other studies, ammonium nitrogen concentrations above 1000–1500 mg/L were reported as the primary cause of fermentation failure due to inhibition by free ammonia [52]. As free ammonia can easily permeate through cell membranes [52], it is the form of nitrogen that mainly inhibits methanogenesis. In the present study, due to the pH values resulting from the balance between VFAs and ammonium, the free ammonia content was low, up to 13.3 mg/L. Thus, the inhibition of biomass growth resulted in the accumulation of nutrients, and their end concentration did not affect the methane outputs. In summary, the presence of phenolic acids could have affected the growth of microorganisms, thus directly affecting methane production.



From observations of the effect of phenolic acids on bio-methanization, it is not clear which step of the anaerobic process was inhibited to a greater extent by these acids. Thus, for more insight into this question, the abundance of the most sensitive microorganisms in the fermentation chain—the methanogens—was determined in the fermented distillery stillage.




3.3. Abundance of Methanogenic Archaea


In the control sample, the abundance of Archaea was 14.5%. In the fermented stillage that was spiked with 0.5–1.5 g/L of sinapic, p-coumaric, vanillic, or p-OH benzoic acids or the mixture of acids, their abundance remained at a similar level (Figure 5). However, even at these low concentrations of syringic and ferulic acids, their abundance decreased to 7.6 and 5.1%, respectively. For all the phenolic acids and their mixture, increases in their concentrations to 2.0 and 4.0 g/L reduced the abundance of Archaea. This reduction was most noticeable (up to 30 times) with p-coumaric, syringic, and ferulic acids. Although no strong correlation between the phenolic acid concentration and the abundance of Archaea was observed, phenolic acids significantly affected the quantity and quality of biogas, which was strongly dependent on the abundance of particular Archaea.



In fermented distillery stillage, the acetoclastic methanogens (Methanosarcinaceae and Methanosaeta) and hydrogenotrophic methanogens (Methanobacteriaceae) most commonly present in fermented biomass were detected. Methanosarcinaceae can use hydrogen and carbon dioxide, methylated compounds, and acetate for methane generation [53]. They have a low affinity for acetate but have a shorter doubling time than Methanosaeta. Therefore, in this study, at a high concentration of VFAs, Methanosarcinaceae predominated over Methanosaeta. Methanosarcina is mainly responsible for methane production, because it is resistant to various stressors (a high concentration of ammonium salt or temperature variations) [54]. Therefore, in this study, methane production did not significantly decrease when 0.5–1.0 g/L of phenolic acids was present. Then, the abundances of Methanosarcinaceae, Methanosaeta, and Methanobacteriaceae were 3.0–1.6%, 2.7–1.4%, and 1.9–1.0% of the total microbial population, respectively. At a phenolic acid concentration of 1.5 g/L, a decrease in the abundance of these microorganisms was observed. Similarly, however, changes in the microbial community structure were observed for 0.5 g/L of phenols [55]; the methanogenic activity was maintained with phenol concentrations increasing to 2 g/L. This was related to the increasing abundance of Methanoculleus at the expense of Methanosarcina. In the present study, a large decrease in the Archaea abundance at 2.0 and 4.0 g/L (the abundance as low as 0.5% of total microbial content) resulted in an inhibition of methane production.



The methane production by hydrogenotrophic methanogens utilizes hydrogen [56]. A decrease in the abundance of hydrogenotrophic methanogens (Methanobacteriaceae) because of biomass exposition to phenolic acids (concentrations above 1.5 g/L) in the present study could have increased the hydrogen partial pressure. As a result, the inhibition of acetogenic bacteria could have occurred, which severely disturbs the balance between VFA-producing and VFA-consuming microorganisms [57]. This caused an accumulation of VFAs (above two times higher than in the control series) in the present study. High hydrogen partial pressure could also have been the reason for the inhibition of acetoclastic methanogens. This was proved by Cazier et al. [58] by increasing the abundance of these microorganisms after CO2 addition and could have been the reason for the complete inhibition of methane production in the present study at phenolic acid contents above 2.0 or 4.0 g/L.



In series 1 and 2, the abundance of Methanosarcinaceae and Methanosaeta was higher than that of Methanobacteriaceae; therefore, it can be assumed that the acetoclastic pathways dominated over the hydrogenotrophic pathways in the utilization of distillery stillage containing phenolic acids. These observations indicate that, despite shifts in the microbial community structure, the deterioration of anaerobic digestion performance was observed at phenol concentrations above 2 g/L. In contrast, at concentrations of 2 g/L, shifts in microbial community resulted in the high level of adaptability of archaeal and bacterial communities to toxic compounds [55]. Similarly, the significance of the adaptation to phenols was pointed out in studies on the digestion of olive mill wastewater; methane production increased by 280% because of biomass adaptation [32]. In the batch tests in the present study, the adaptation of methanogenic Archaea to high concentrations of phenolic acids was not observed. However, the present study suggests that the changes in the abundance of methanogens may account for early warning microbial indicators of the inhibition of anaerobic digestion by the presence of polyphenols.




3.4. Statistical Analysis


A PCA was performed to show the extent to which phenolic acids inhibit the abundance of the microorganisms participating in the bio-methanization of the distillery stillage and diminish the amount of biogas produced (Figure 6).



The PCA was shown in three plots: hydroxybenzoic acids (Poh—p-OH benzoic acid, VAN—vanillic acid, SYR—syringic acid) (Figure 6a), hydroxycinnamic acids (pCO—p-coumaric acid, FER—ferulic acid, SIN—sinapic acid) (Figure 6b), and a mixture of phenolic acids (Figure 6c). In each group, the variables were reduced to two main components, which together accounted for about 100% of the total variance of the studied variables. PC1 accounted for a substantially larger amount of the variance than PC2 in each case (PC1: 81.7–82.3%; PC2: 17.4–18.1%).



The position of each variable on the chart describes its relationship with the other variables. Variables that are close to each other are highly correlated. Variables on the same side of the plot are positively correlated, and variables on opposite sides are negatively correlated. Therefore, in general, the concentrations of all individual phenolic acids and the mixture of phenolic acids (shown by a blue arrow C) were negatively correlated with methanogen abundance, biogas, and methane production. In the case of the mixture of phenolic acids, the position of blue arrow C relative to the PC1 axis indicates a lower effect of the concentration on the methanogen abundance and methane production compared to the effect of the concentrations of individual phenolic acids. Considering each concentration (0.5–4.0 g/L) separately, pOH, VAN, SYR, SIN, and a mixture of phenolic acids at 2.0–4.0 g/L and pCO and FER at 1.5–4.0 g/L were grouped on the right side of the plot close to PC1, opposite the cluster representing the pOH, VAN, SYR, SIN, and the mixture of phenolic acids at 0.5–1.5 g/L and pCO and FER at 0.5–1.0 g/L which were close to PC2.



In addition, the effect of the phenolic acids on biogas and methane production was also shown by Euclidean cluster analysis. Five clusters were formed in hydroxybenzoic acids: clusters 1 and 2 (0.5–1.0 g/L of phenolic acids), cluster 3 (1.5 g/L of phenolic acids), and clusters 4 and 5 (2.0–4.0 g/L of phenolic acids) (Figure 6a). In the case of hydroxycinnamic acids, five clusters were observed: cluster 6 (0.5 g/L of phenolic acids), cluster 7 (1.0 g/L of phenolic acids), cluster 8 (1.5 g/L of phenolic acids), and clusters 9 and 10 (2.0–4.0 g/L of phenolic acids) (Figure 6b). Using the PCA plot, it is possible to estimate the parameters with the greatest effect on biogas and methane production by their distance from the starting point (0.0) [59]. Clusters 1, 2, 3, 6, and 7 were grouped on the negative side of the plot relative to PC1. The distance from the starting point was in the following order: cluster 3 > cluster 2 > cluster 7 > cluster 6 > cluster 1. Therefore, the effect of bio-methanization was the smallest in cluster 1 compared to the other clusters. Clusters 4, 5, 8, 9, and 10 were grouped on the positive side of the plot relative to PC1. The distance from the starting point was in the following order: cluster 10 > cluster 9 > cluster 5 > cluster 4 > cluster 8. Therefore, the effect of bio-methanization was the highest in cluster 10 compared to the other clusters. The PCA analysis confirmed that hydroxycinnamic acids had a larger effect on biogas and methane production than hydroxybenzoic acids. However, it is worth noting that the farthest from the starting point were SYR, FER, and pCO at 2.0–4.0 g/L. This strongly reflects the fact that SYR, FER, and pCO, due to their structures, had the greatest inhibitory effect on anaerobic digestion, and they inhibited the growth of the microorganisms participating in the bio-methanization of the distillery stillage the most. Synergistic and antagonistic antioxidant interactions can explain why the samples with similar concentrations of total phenolic compounds displayed different activities. The results of the effect of phenolic acids on biogas production from the stillage suggest that the concentration of these bioactive compounds should be controlled. For this purpose, recovering these compounds, pretreatment techniques [4], or the addition of macro- and micronutrients that can increase the Archaea growth, thus accelerating methanogenesis [60], should be considered.





4. Conclusions


This study analyzed the interactions between the types and concentrations of phenolic acids in distillery stillage, the course of methane fermentation, and the microbial community formed during the anaerobic processing of stillage. Phenolic acids affected the microbial growth, inhibited methanogenesis, and decreased the final efficiency and rate of methane production. This effect was more noticeable when individual acids were added to the stillage than when the mixture was added. A total of 0.5–1.0 g/L of an individual phenolic acid and 1.5 g/L of the phenolic acid mixture resulted in decreasing the methane production rate by half. Vanillic, p-coumaric, syringic, and ferulic acids limited methane production the most; 2.0 g/L of these phenolic acids completely inhibited methane production. These results are valuable for determining the maximum allowable levels of phenolic acids in complex microbiological systems that valorize distillery stillage.
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Figure 1. Cumulative methane production at the end of the experiments. 
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Figure 2. Percentage of methane and carbon dioxide in the biogas. Grouping was based on hierarchical agglomerative clustering. The percentage of methane and carbon dioxide is represented by a color (light blue means lower value; dark blue means higher value). The color key is indicated in the legend in the top left of the plot, along with the count of the same case in each titer. 
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Figure 3. Methane production rates vs. initial concentrations of phenolic acids; (a) p-OH benzoic, (b) vanillic, (c) ferulic, (d) syringic, (e) p-coumaric, (f) sinapic, (g) a mixture of acids. 
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Figure 4. Percentage of undegraded TPC in digestates. 
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Figure 5. Heatmap of the abundance of Archaea and methanogens (%) in digestate. Grouping was based on hierarchical agglomerative clustering. The abundance of Archaea is represented by a color (light blue means lower abundance; dark blue means higher abundance). The color key is indicated in the legend in the top left of the plot along with the count of the abundance of Archaea in each titer. 
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Figure 6. PCA of technological and molecular results obtained in anaerobic digestion of distillery stillage depends on the added phenolic acids; (a) hydroxybenzoic acids (pOH—p-OH benzoic acid, VAN—vanillic acid, SYR—syringic acid), (b) hydroxycinnamic acids (pCO—p-coumaric acid, FER—ferulic acid, SIN—sinapic acid), and (c) a mixture of phenolic acids. The red dots indicate the concentrations of compounds. The blue arrows represent the abundance of methanogens, the amount of methane and biogas, the rate of methane production (r), and the concentration of phenolic acids (C). 
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Table 1. Characteristics of distillery stillage and inoculum.
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	Characteristic
	Unit
	Distillery Stillage
	Inoculum





	Total solids (TS)
	g/kg
	79.9 ± 3.0
	61.5 ± 2.9



	Ash
	g/kg
	3.7 ± 0.4
	6.1 ± 1.4



	Volatile solids (VS)
	g/kg
	76.2 ± 2.4
	55.4 ± 1.9



	Organics content
	%
	95.4
	90.1



	pH
	-
	6.52 ± 0.04
	7.21 ± 0.01



	Total COD
	mg/L
	109,000 ± 11,554
	n.m.



	Soluble COD
	mg/L
	43,600 ± 4830
	8700 ± 347



	Volatile fatty acids (VFAs)
	mg/L
	789.7 ± 0.8
	571.2 ± 26.1



	Ammonium nitrogen
	mg/L
	293.8 ± 4.7
	162.4 ± 2.5



	Total phosphorus (TP)
	mg/L
	212.4 ± 0.6
	331.6 ± 2.0



	Alkalinity
	meq/L
	182.8 ± 1.4
	225.2 ± 1.1







n.m.—not measured.
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Table 2. Methane potential of distillery stillage spiked with phenolic acids as a percentage of the maximum theoretical methane potential.






Table 2. Methane potential of distillery stillage spiked with phenolic acids as a percentage of the maximum theoretical methane potential.











	Type of Sample
	Percentage of Maximum Theoretical Methane

Potential
	Type of Sample
	Percentage of Maximum Theoretical Methane

Potential





	control sample
	86.8
	
	



	0.5 g/L p-OH benzoic
	80.4
	0.5 g/L ferulic
	69.1



	1 g/L p-OH benzoic
	77.7
	1 g/L ferulic
	63.4



	1.5 g/L p-OH benzoic
	49.6
	1.5 g/L ferulic
	34.7



	2 g/L p-OH benzoic
	7.9
	2 g/L ferulic
	0.0



	4 g/L p-OH benzoic
	0.0
	4 g/L ferulic
	0.0



	0.5 g/L vanillic
	71.7
	0.5 g/L syringic
	70.0



	1 g/L vanillic
	66.1
	1 g/L syringic
	65.5



	1.5 g/L vanillic
	37.6
	1.5 g/L syringic
	34.0



	2 g/L vanillic
	0.0
	2 g/L syringic
	0.0



	4 g/L vanillic
	0.0
	4 g/L syringic
	0.0



	0.5 g/L p-coumaric
	72.0
	0.5 g/L sinapic
	83.5



	1 g/L p-coumaric
	68.2
	1 g/L sinapic
	74.9



	1.5 g/L p-coumaric
	35.3
	1.5 g/L sinapic
	47.6



	2 g/L p-coumaric
	0.0
	2 g/L sinapic
	9.1



	4 g/L p-coumaric
	0.0
	4 g/L sinapic
	0.0



	0.5 g/L mixture
	85.4
	
	



	1 g/L mixture
	77.7
	
	



	1.5 g/L mixture
	60.0
	
	



	2 g/L mixture
	28.0
	
	



	4 g/L mixture
	5.1
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Table 3. Parameters of methane production using first-order kinetics.
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	Type of Sample
	k (1/d)
	R2
	C0

(L/kg VS)
	Type of Sample
	k (1/d)
	R2
	C0

(L/kg VS)





	control sample
	0.52 ± 0.03
	0.99
	423 ± 11
	
	
	
	



	0.5 g/L p-OH benzoic
	0.52 ± 0.02
	0.99
	392 ± 9
	0.5 g/L ferulic
	0.40 ± 0.01
	0.99
	337 ± 10



	1 g/L p-OH benzoic
	0.50 ± 0.02
	0.99
	378 ± 10
	1 g/L ferulic
	0.34 ± 0.02
	0.99
	309 ± 8



	1.5 g/L p-OH benzoic
	0.46 ± 0.01
	0.99
	242 ± 6
	1.5 g/L ferulic
	0.35 ± 0.01
	0.98
	169 ± 6



	2 g/L p-OH benzoic
	0.13 ± 0.01
	0.99
	38 ± 1
	2 g/L ferulic
	0
	0
	0



	4 g/L p-OH benzoic
	0
	0
	0
	4 g/L ferulic
	0
	0
	0



	0.5 g/L vanillic phase I
	0.98 ± 0.04
	0.99
	148 ± 7
	0.5 g/L syringic
	0.41 ± 0.02
	0.99
	341 ± 7



	1 g/L vanillic phase I
	0.72 ± 0.03
	0.98
	131 ± 4
	1 g/L syringic
	0.26 ± 0.01
	0.99
	319 ± 8



	1.5 g/L vanillic phase I
	1.38 ± 0.04
	0.98
	58 ± 2
	1.5 g/L syringic
	0.33 ± 0.01
	0.99
	166 ± 4



	2 g/L vanillic phase I
	0
	0
	0
	2 g/L syringic
	0
	0
	0



	4 g/L vanillic phase I
	0
	0
	0
	4 g/L syringic
	0
	0
	0



	0.5 g/L vanillic phase II
	0.13 ± 0.01
	0.98
	201 ± 9
	0.5 g/L p-coumaric
	0.52 ± 0.03
	0.99
	350 ± 9



	1 g/L vanillic phase II
	0.11 ± 0.01
	0.98
	191 ± 7
	1 g/L p-coumaric
	0.43 ± 0.02
	0.99
	332 ± 7



	1.5 g/L vanillic phase II
	0.19 ± 0.01
	0.98
	125 ± 5
	1.5 g/L p-coumaric
	0.33 ± 0.02
	0.99
	172 ± 7



	2 g/L vanillic phase II
	0
	0
	0
	2 g/L p-coumaric
	0
	0
	0



	4 g/L vanillic phase II
	0
	0
	0
	4 g/L p-coumaric
	0
	0
	0



	0.5 g/L sinapic
	0.51 ± 0.02
	0.99
	407 ± 10
	0.5 g/L mixture
	0.41 ± 0.02
	0.99
	416 ± 13



	1 g/L sinapic
	0.44 ± 0.02
	0.99
	365 ± 8
	1 g/L mixture
	0.41 ± 0.01
	0.99
	378 ± 8



	1.5 g/L sinapic
	0.34 ± 0.01
	0.99
	232 ± 6
	1.5 g/L mixture
	0.39 ± 0.01
	0.99
	292 ± 9



	2 g/L sinapic
	0.19 ± 0.01
	0.98
	44 ± 1
	2 g/L mixture
	0.29 ± 0.01
	0.99
	136 ± 4



	4 g/L sinapic
	0
	0
	0
	4 g/L mixture
	0.13 ± 0.01
	0.99
	25 ± 1
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