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 SUPPLEMENTARY MATERIAL 

 

S1. Methane production with hydrothermolysis-pretreated BSG  

Different hydrothermolysis severities (2.5 to 4.5) were obtained from 

simultaneous pretreatment temperature (150 -210 °C) and time (10 - 20 min) ranges. As 

a result, variation of the methane production potential (P) from 235.0 ± 10.1 to 411.6 ± 

7.2 mL. g-1 STV (Figure S1) was observed. 

For the B1 and B3 assays, containing BSG subjected to hydrothermolysis under 

severities of 2.5 and 2.8, respectively, similar P values of 250.0 ± 9.9 mL. g-1 STV (B1) 

and 235.0 ± 10.1 mL. g-1 STV (B3) were found. 

A significant P increase was observed when severities of 3.5 (B5, B6 and B7) and 

4.2 (B2) were employed, resulting in P of 302.3 ± 3.8, 318.1 ± 6.1, 326.4 ± 7.0 and 411.6 

± 7.2 mL. g-1 STV, respectively. However, when the hydrothermolysis severity was 

increased to 4.5 (B4), P of 333.0 ± 11.3 mL. g-1 STV was found.  
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Fig. S1 Methane production from BSG pretreated under different hydrothermolysis severities. 

 

Ferreira et al.  [1] also reported a 27% increase of methane production (from 233 

to 296 mL CH4.g-1VS) comparing in natura wheat straw and pretreated under severity of 

3.6, respectively. Eom et al. [2] evaluated the methanogenic potential from rubber 

woodwaste (Hevea brasiliensis) after hydrothermolysis with severities values ranging 

between 2.70 and 4.35. The authors related optimal severity of 4.35 (with production of 

83.9 ± 2.9 mL CH4.g-1VS), which was 69.7% higher than methane production using in 

natura rubber wood (10.9 ± 4.19 mL CH4.g-1 VS). In the present study, P from BSG 

subjected to hydrothermolysis under severity of 4.2 was 75.1% higher than P from BSG 

pretreated by hydrothermolysis under severity of 2.8. 

 On the other hand, in B4 (210 °C and 20 min, severity 4.5), despite the greater 

severity applied, the methane production found (333.0 ± 11.3mL.g-1STV) was lower than 

that for 4.2 (411.6 ± 7.2mL.g-1 STV). Lizasoain et al. [3] reported methane production of 

188 mL.g-1 VS from in natura reed (Phragmitesaustralis) for 355 mL.g-1 VS with 

pretreated substrate under severity of 4.12 by hydrothermolysis. However, the authors did 
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not observe increase in methane production under severity greater than 4.83 (233 mL.g-1 

VS). According to Lizasoain et al. [3] and Eom et al. [2], the best pretreatment severity 

values for lignocellulolytic were 4.35 and 4.12, respectively, similar values to those 

considered optimal for BSG (4.2) in the present study. 

In addition to the methane production potential (P), other kinetic parameters 

Rm (methane production rate) and λ (time to start methane production), adjusted 

according to the Gompertz model, are shown in Table S1.  

Table S1 Methane production (P), methane production rate (Rm) and time to start methane 

production (λ) from BSG pretreated under different hydrothermolysis conditions 

 Conditions Methane  

Assays 
T 

(°C) 

t 

(min) 
Sev 

P 

mL. g-1 STV 

Rm 

mL.g-1 STV .h 

λ 

h 
R2 

B1 150 10 2.5 250.0 ± 9.9 0.9 ± 0.06 77.1 ± 7.6 0.98 

B2 210 10 4.2 411.6 ± 7.2 2.1 ± 0.16 80.2 ± 8.3 0.97 

B3 150 20 2.8 235.0 ± 10.1 0.8 ± 0.14 71.0 ± 14.3 0.98 

B4 210 20 4.5 333.0 ± 11.3 0.8 ± 0.03 144.3 ± 13.6 0.98 

B5 180 15 3.5 302.3 ± 3.8 1.9 ± 0.08 56.6 ± 3.8 0.99 

B6 180 15 3.5 318.1 ± 6.1 2.0 ± 0.11 43.7 ± 4.4 0.99 

B7 180 15 3.5 326.4 ± 7.0 2.0 ± 0.15 52.6 ± 5.7 0.98 

*T: Temperature, t: time, Sev: severity 

The time to start methane production (λ) for lower temperature assays (150 °C) 

and consequently lower severities (2.5 and 2.8) in B1 and B3 were 77.1 ± 7.6 and 71.0 ± 

14.3 hours, respectively. These values were higher than those found for B5, B6 and B7 

(56.6 ± 3.8; 43.7 ± 4.4 and 52.6 ± 5.7 hours, respectively) under severity of 3.5 at 180 °C. 

Probably, milder changes occurred in the lignocellulosic structure, causing a lower 

cellulose and hemicellulose solubilization by the pretreatment at 150 °C. Temperature is 

a great relevance parameter for the hemicellulose depolymerization since low 

temperatures had no impact on it [4]. Nitsos et al. [5] described partial hemicellulose 

removal from pine sawdust (Fagus crenata) at 150 oC for 15 minutes, and total removal 
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at 220 oC for 15 minutes, which corresponded to severity of 4.69. Thus, in the present 

study, the BSG structure complexity was probably maintained after the 150 °C 

hydrothermolysis, which hampered the microbiota access to the fermentable sugars and 

caused higher a longer time to start fermentation. Similarly, Rm values were lower for B1 

and B3, respectively, 0.9 ± 0.06 and 0.8 ± 0.14 mL.g-1 STV. h. 

In the B2 and B4 assays, conditions under the highest hydrothermolysis severities 

(4.2 and 4.5, respectively), verified λ of 80.2 ± 8.3 and 144.3 ± 13.6 hours. Phenols, 

furfural, 5-HMF are potential inhibitors released by pentose or hexose degradation from 

lignocellulosic substrate [4] and may influence microbial adaptation. From citrus waste 

fermentation, Camargo et al. [6] observed that for λ hydrogen production almost doubled 

(4.60 to 8.65 hours) after hydrothermolysis (severity of 3.53), using autochthonous 

inoculum obtained from in natura orange peels. Zhang et al.  [7] correlated the lag phase 

period of bacterial growth (Clostridium acetobutylicum) to furfural and HMF addition. 

According to the authors, the lag phase was from 15 minutes (control assay with glucose) 

to 24 and 48 hours when using 3 and 4 g.L-1 of furfural and HMF, respectively. This way, 

corroborating the studies of Zhang et al. [7], the greater λ value in B4 (144.3 ± 13.6 h) 

may have been caused by furfural and HMF compounds, probably generated due to the 

high BSG hydrothermolysis severity in this study (210 °C; 20 minutes).  

Furthermore, in the aforementioned condition (B4), whose pretreatment severity 

was 4.5, there was lower Rm (0.8 ± 0.03 mL g-1 STV. h) and P reduction (333.0 ± 11.3 

mL. g-1 STV), highlighting the damage to anaerobic digestion process. Similarly, Wang 

et al. [8] reported that the increment of pretreatment severity applied to rice straw from 

3.5 to 4.6 caused a decrease of 32.6 % in methane production and an increase from 14.8 

to 19.8 days, which was attributed to the high inhibitors produced due to the high 

pretreatment severity. Nitsos et al. [5] and Batista et al. [9] related the increase in furfural 
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and HMF concentrations as hydrothermolysis was more severe, that is, sugar monomers 

released by pretreatment were partially or totally converted into these compounds.  

Furfural and HMF at concentrations higher than 1 g.L-1 can inhibit enzymes and 

reduce cellular functions, causing slow bacterial growth [10]. The enzymatic inhibition 

also can occur partially under concentrations lower than 1 g.L-1 [11], affecting the 

microbial metabolism. Probably, in B4, there was sugar conversion into inhibitor 

compounds, such as furfural and HMF, because of the severe hydrothermolysis condition 

caused by the interaction between temperature, time and pressure (210 °C, 9.6 bar for 20 

min), therefore, the greater pretreatment severity (4.5) does not indicate greater methane 

recovery from BSG. 

 The hardening of both solid matrix and hydrolysate was observed visually as 

hydrothermolysis became more severe, which may be attributed to the deposition of 

recondensed pseudo-lignin on the surface of biomass particles, responsible for the 

increase or maintenance of the Klason lignin content [12] and to the caramelization of 

released sugars and formation of compounds derived from carbohydrate breakdown [5]. 

The main soluble metabolites formed during the fermentation-methanogenesis of 

BSG pretreated by hydrothermolysis were acetic, butyric and propionic acids (Figure S2). 

 

Acetic acid was observed in all initial samples, in concentrations ranging between 

18.7 and 66.4 mg.L-1, and maximum values corresponding to B2 and B4 assays (53.9 and 

66.4 mg.L-1, respectively), greater severity conditions (4.2 and 4.5, respectively). 

Similarly, Ahmad et al. [13] reported from 36.0 to 145.3 mg.L-1 of acetic acid in initial 

samples of anaerobic reactors whose substrate was sugarcane bagasse subjected to 

hydrothermolysis plus hydrogen peroxide. The greater acetic acid concentrations reported 

by Ahmad et al. [13] may be justified by the alkaline pretreatment previous to 
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hydrothermal, which favored the initial substrate hydrolysis. Acetic acid is derived from 

hemicellulose acetyl groups [14] and, in the initial samples in the present study, it may 

have been released due to the BSG polysaccharide polymerization during 

hydrothermolysis.  

 Based on intermediate samples of BSG fermentation-methanogenesis, formation 

of butyric, acetic and propionic acids under was found in all conditions, except for B2, in 

which acetic acid consumption was verified, probably, because of the efficient conversion 

into methane. It is noteworthy emphasizing the greater acetic acid concentration in B4 

(613.6 mg.L-1) compared to the others assays.  In this case, acetogenesis by the butyrate 

or propionate routes is possible [15], since butyric (from 212.2 - 114.6 mg.L-1) and 

propionic (from 312.8 – 298.5 mg.L-1) consumption was confirmed at the end of operation 

in relation to the exponential phase sample.  

The accumulation of organic acids in anaerobic systems may occur due to the 

imbalance caused by nutritional stress or toxicity situations, which leads to 

thermodynamic and kinetic restrictions, compromising the organic matter conversion into 

methane [16]. Acetic acid concentrations above 1 g.L-1 may affect enzymatic activity and 

cellular growth, in addition to being a strong indicator of reduced activity in acetoclastic 

methanogenic archaea [17]. In this study, despite the higher acetic acid content in B4 

compared to the other assays (613.6 mg.L-1), there was no imbalance on the system, since 

there was consumption of this organic acid, resulting in final concentration of 49 mg.L-1. 

At the end of methanogenesis, besides the decrease in acetic acid (54.2 to 92.0%), 

consumption of butyric (43.0 to 96.6%) and propionic (3.8 to 69.6%) acids was observed 

in all assays. The acetic acid metabolization was simultaneous to methane formation, and 

the efficient use of this acid may be indicative of a predominant acetoclastic 
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methanogenic archaea community in detriment to hydrogenotrophic methanogenic 

archaea. 

In the initial samples of B1-B7 assays, from 19.9 to 42.6 mg.L-1 of phenolic 

compounds were also found. These compounds can be produced due to lignocellulosic 

substrate pretreatment [13] and, in the present study, the release of phenols reiterates the 

hydrothermolysis of the cellulose-hemicellulose-lignin complex during the BSG 

pretreatment. Phenol increment was also observed in initial samples with increasing 

hydrothermolysis severity. From severity 2.5 (B1), 19.9 mg.L-1 of phenols were released, 

under higher severities of 2.8 (B3), 3.5 (B5, B6 and B7) and 4.2 (B2), 23.8, 25.8 ± 5.2 

and 42.6 mg.L-1 of phenols were released, respectively. As a result of the greater severity 

evaluated, 4.5(B4), 36.5 mg.L-1 of phenols was obtained. 

Phenolic compounds may be harmful to microbial cells because of changes in 

plasma membrane permeability, leading to extravasation of intracellular components and 

inactivation of essential enzyme systems [18]. Under anaerobic conditions, Tai et al.  [19] 

related toxicity to cellular metabolism with 1g.L-1 of phenol and its partial degradation 

employing 200-400 mg.L-1 of phenol. Hernandez and Edyvean [20] verified methane 

production from 100 and 400 mg.L-1 of phenols and total inhibition of methanogenesis 

from 800 -1600 mg.L-1 of phenols. In the present study, relatively low concentrations of 

phenolic compounds were found, suggesting biological degradation related to their 

release as a result of hydrolytic activity, thus, its effect on microbial metabolism is 

unlikely due to the low content verified (19.9 to 42.6 mg.L-1). 

S2. Analysis of soluble carbohydrates and organic matter in assays B1-B7  

According to the analyses of soluble metabolites of assays B1-B7, lower 

concentrations of carbohydrates were observed in assays B1 and B3 with less severity 

(2.5 and 2.8, respectively), 56 ± 1.4 and 61 ± 1.4 mg.L-1, respectively (Figure S3). On the 
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other hand, the application of high severities in B2 and B4 (4.2 and 4.5, respectively) 

resulted in greater solubilization of carbohydrates (142.4 ± 1.3 and 145.2 ± 1.4mg.L-1, 

respectively) at the beginning of the fermentation-methanogenic assays. A similar trend 

in carbohydrate solubilization was reported by Wang et al. [21], for optimum severity of 

4.32, the glucose yield after hydrothermolysis of rapeseedstraw was 3.5 higher than that 

verified for the in natura material. 

According to Gonzales et al. [22], the total hydrolyzed sugar content as a result of 

hydrothermolysis follows an upward trend to a severity factor considered optimal for a 

given material and, from then on, there is stagnation or decrease in the solubilization of 

sugars. This is due to the partial degradation and conversion of fermentable sugar 

monomers to soluble metabolites, such as organic acids and furans [23]. In this study, it 

was found that the severity variation from 4.2 (B2) to 4.5 (B4) inferred a concentration 

of similar total carbohydrates (142.4 ± 1.3 and 145.2 ± 1.4 mg.L-1, respectively), which 

may indicate that these are approximate values of the optimal severity for sugar hydrolysis 

from BSG. 

From 48 hours until the end of the fermentative-methanogenic experiments, there 

was concomitant release and consumption of soluble carbohydrates, evidencing the 

bacterial hydrolysis of the BSG, resulting in final removal of 67.7; 90.4; 75.4; 66.9; 73.0; 

84.2 and 80.0%, in B1, B2, B3, B4, B4, B5, B6 and B7, respectively. Thus, it was 

confirmed that most of the solubilized carbohydrates were consumed and possibly 

converted to organic acids, alcohols and ketones, which may have been substrates for 

acetogenesis and directly influenced the methanogenic potential. 
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Fig. S3 Total soluble carbohydrates (A) and organic matter (B) conversion in B1-B7 assays 

In fact, the highest initial concentrations of organic matter (1063 ± 8.5 and 1993 

± 4.9 mg.L-1) were also found for the assays with the highest severity (B2 and B4) (Figure 

S1B). Similarly, Wang et al. [8] correlated the increase in organic matter as there was an 

increase in the pre-treatment severity of rice straw, which is due to by-products formed 

from substrate digestion. 

In all assays it was observed that maximum concentrations of organic matter 

occurred at the beginning of the exponential phase of methane production (up to 144 

hours). Thus, it can be inferred that organic matter was the methane source, where the 

high concentrations did not cause the reactors to fail. In B4 (severity of 4.5), the maximum 

concentration of organic matter (4024.5 ± 14.1 mg.L-1) was observed within 96 hours. On 

the other hand, in B1 and B3, with lower pre-treatment severity (2.5 and 2.8, 

respectively), the maximum concentrations of solubilized organic matter (2087.5 ± 7.8 

and 2076.3 ± 7.7 mg.L-1) were observed within a longer operational period (144 hours), 

indicating that the hydrolysis and fermentation stages were more laborious, supposedly, 

due to the slightly altered recalcitrance of BSG. 

S3. Statistical optimization of BSG hydrothermolysis 

(A) (B) 
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Based on variance analysis (ANOVA), it was verified that both variables were 

significant for the increase in maximum methane production (P) from BSG (Table S2). 

The p-value of the regression coefficient was significant at the 0.10% level and the 

coefficient of determination (R2) was 97.9%, presenting a satisfactory adjustment 

between experimental and predicted data. The experimental data was adjusted to the 

linear model by response surface methodology, which predict the methane production 

(Equation S1): 

𝑌1 = 310.94 + 64.90𝑥1 + 15.90𝑥2 + 23.41𝑥1𝑥2   (Equation S1) 

Where, Y1= predicted methane production (mL. g-1 STV), x1= hydrothermolysis 

temperature (oC) and x2 = hydrothermolysis time (minutes). 

Table S2 ANOVA for the effects of the variables temperature (x1) and time (x2) of BSG 

hydrothermolysis  

Variables 
Sum of 

Squares 

Degrees of 

Freedom 

Mean 

Square 
F-value P-value Factors 

x1 16849.34 1 16849.34 122.2222 0.001585 S 

x1 . x2 2192.58 1 2192.58 15.9055 0.073286 S 

x2 1010.92 1 1010.92 7.3335  S 

Error 413.55 3 137.85    

Total 20466.4 6     

S= Significant effect. 

The tridimensional response surface illustrates the hydrothermolysis parameters 

(temperature and time) of maximum methane production (Figure S4).  
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Fig. S1 Response surface for maximum methane production in function of BSG hydrothermolysis 

effects of temperature and time   

According to the response surface, higher methane production may be achieved 

with temperature and time of hydrothermolysis, and consequently the pretreatment 

severity. However, jointly analyzing the data about soluble metabolites and maximum 

methane production in the B1-B7 assays, it was observed that the highest 

hydrothermolysis severity (4.5) tested in B4 derived from high temperature (210 °C) and 

longer time (20 min), resulting in a higher initial concentration of phenolic compounds 

(36.5 mg.L-1). In addition to the greater release of soluble compounds in B4, lower 

methane production was also observed (333.0 ± 11.3 mL. g-1 STV) when compared to B2 

(411.6 ± 7.2 mL. g-1 STV), under lower severity (4.2). Thus, a severity increase above 4.5 

could favor a release of inhibitory substances, as reported by Ahmad et al. [13], 

jeopardizing the methane production. 

Therefore, given the better methane production (411.6 ± 7.19 mL.g-1 STV), 

organic matter (81.1%) and carbohydrate removal (90.4%), the study based on 

hydrothermolysis severity of 4.2 was followed. 

S4. Effect of hydrothermolysis (210 °C por 10 min) on BSG morphology 

According to Klason lignin analysis of in natura BSG and pretreated by 

hydrothermolysis (severity of 4.2), 26.5 and 29.1% of lignin was observed, respectively. 
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Although high temperatures did not show significant effect for the lignin content, 

solubilization of total carbohydrates (cellulose and hemicellulose) was found between in 

natura BSG (33.5%) and BSG after hydrothermolysis (53.5%). One of the main 

hydrothermolysis characteristics is hemicellulose removal, since under high temperature 

and pressure conditions, autoionization occurs, releasing hydronium ions, which act as 

catalysts in the cleavage of acetyl groups from hemicellulose chains, generating 

depolymerization-promoting organic acids [24].   

One of the adverse effects of hydrothermolysis, especially at high temperatures, 

is the reconditioning of lignin in the solid matrix, therefore this pretreatment is not 

suitable for the removal of this recalcitrant structure [9]. However, hemicellulose removal 

and lignin disruption favor the cellulolytic enzyme activity during hydrolysis, since both 

polysaccharides form a barrier to the hydrolysable cellulose. Due to hydrothermolysis, in 

this study, there were changes in the BSG lignocellulosic structure regarding the 

solubilization of carbohydrates, without changing the lignin composition.   

Digital Scanning Microscope (DSM) allowed observing the changes on the 

structure of in natura and pretreated BSG by hydrothermolysis (severity of 4.2). High 

temperatures and pressure of the pretreatment contributed to the breakdown of the fiber 

material, increasing the contact surface for microbial adhesion (Figure S5). The in natura 

BSG exhibited flat fibers with few grooves (Figure S5A) and, in samples subjected to 

hydrothermolysis, irregular fibers with signs of wear and disruption were verified (Error! 

Reference source not found.B). Therefore, based on the DSM analysis, morphological 

changes of BSG were observed after hydrothermolysis as reported by other authors based 

on lignocellulosic materials [3]. 

Structures similar to ovoid-shaped bacteria were observed adhered to the fiber 

recesses (Figure S5 D and E). Moreover, there were also filamentary structures similar to 
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Methanosaeta [25] (Figure S5 E and F) adhered to the BSG fibers channels and, 

specifically, colonization can be observed in Figure S5 C and F.  

 

Fig. S5 MEV of the BSG surface. In natura BSG (A), pretreated BSG (B), microbial structures 

(C), (D), (E) and (F). The arrows indicate bacterial and archaeal like morphologies 

 

S5. Soluble carbohydrates and organic matter analysis in the C1-C17 assays  

The total carbohydrate removal was investigated for all assays (C1-C17), (Figure 

S7). In C14, the assay with greater hydrolysate content (12.4 mL), higher initial 

concentration of soluble carbohydrates was found (327.7 mg.L-1), probably from sugars 

released during hydrothermolysis. Meanwhile, in the same condition, there was lower 

total carbohydrates removal (67.4%). It is inferred that other compounds may have also 

been released during BSG hydrothermolysis, such as furfural and HMF, previously 

reported by Ahmad et al. [13] and Montoya et al. [26],  which may have inhibited bacterial 

fermentative activity. 
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Fig. S7 The conversion efficiency of total soluble carbohydrates in fermentative-methanogenic 

assays using BSG after hydrothermolysis 

On the other hand, in C10 operated at 60 °C, higher soluble carbohydrate removal 

(74.4%) and lower methane production (108.5 ± 2.0 mL. g-1 STV) was observed, 

corroborating the inhibition of methanogenic activity under temperatures above 55 °C, 

according to Chen & Chang [27]. 

Organic matter solubilization was found during the experimental period of assays 

C1-C17, with maximum concentrations verified in the exponential phase of methane 

production, as shown in Fig. S. The maximum organic matter content (from 966.2 to 

6241.5 mg.L-1) may have been due to BSG hydrolysis and fermentation with conversion 

into organic acids. The subsequent decrease in organic matter (from19.2 to 85.5%) may 

indicate the consumption of organic acids by methanogenic microorganisms and 

conversion into final precursors of anaerobic digestion (H2, CO2 and CH4).  
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Fig. S8 The conversion efficiency of organic matter in fermentative-methanogenic assays using 

BSG after hydrothermolysis 

 

S6. Microbial communities taxonomy and potential BSG conversion pathways  

The Figure S9 shows the main phyla of the Bacteria domain identified in assays 

B2 and C18. While Figure S10 shows the main genera of the Archaea domain. 

 

Fig.S9 Bacteria phylum identified in B2 and C18 assays 
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Fig. S10 Circular ideograph “Circos” for archaea genera identified in B2 and C18 
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