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Abstract

:

Anaerobic fermentation with biogas as an energy source is influenced by the presence of heavy metals. However, the availability of the heavy metals is dependent on the digestion temperature. In this study, the impacts of Cd on the characteristics of biogas, substrate biodegradation, and enzyme activity during anaerobic co-digestion were investigated under varying digestion temperatures. The results showed that 1 mg/L initial Cd concentration improved cumulative biogas yields by 404.96%, 16.93%, and 5.56% at 55 °C, 45 °C, and 35 °C, respectively. In contrast, at low temperatures (25 °C), the yield decreased by 0.77%. In the 55 °C group, Cd addition improved the activity of cellulase (p < 0.05) and coenzyme F420 (p < 0.01). The total chemical oxygen demand (COD) during the peak period and the transformation of hydrolytic organic components into volatile fatty acids (VFAs) influenced the CH4 and biogas yields. There were no significant differences in cellulase, dehydrogenase, and coenzyme F420 activities with or without Cd addition when the digestion temperature was 45 °C, 35 °C, and 25 °C. Therefore, thermophilic digestion is recommended for the efficient degradation of Cd-contaminated biowaste. Moreover, the impact of metals on the performance of anaerobic digestion should be considered together with temperature conditions in future research and practice.
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1. Introduction


Lignocellulosic biomass wastes, which are being generated in large amounts annually, can be used as an energy resource by sustainable technologies, such as anaerobic digestion [1,2,3]. The digestion microorganism in the reactors requires a trace amount of certain metals for optimal growth and performance [4]. In the past decades, the impacts of cadmium (Cd) on anaerobic digestion received great attention since it is a metal of major environmental and human concern [5,6,7,8].



Previous studies reported that the toxicity of Cd influenced the efficiency and amount of CH4 formation [9,10,11,12]. However, only few studies showed that the biogas yields during anaerobic digestion of bioenergy crops were enhanced by Cd contamination at a certain concentration range [5,8,13,14]. Cd concentrations of 2.00 ± 0.44, 39.80 ± 1.25, and 6.37 ± 0.15 mg Cd/kg biomass in the shoot of canola, oat, and wheat improved the biogas yields by 59.37%, 79.23%, and 11.34% compared to the control group under thermophilic conditions (55.0 ± 1.0 °C) [8]. A study on biogas production with maize contaminated with Cd as feedstocks (the final Cd concentration of residues achieved 5.34 mg/kg) found no inhibitory effects during the anaerobic digestion process (42 °C) [7]. An activating effect of Cd2+ was found on methanogenesis in the marine archaeon Methanosarcina acetivorans [15]. With acetate as substrate, Cd2+ slightly increased both the growth and methane rate synthesis [15]. In spite of this, there is still lack of information about the role of Cd in biodegradation, particularly on the modification of the methanogenic pathway.



The concentration of the available Cd in the reactor is greatly influenced by temperature changes. Under thermophilic conditions (55.0 ± 1.0 °C), Cd concentrations less than 1.0 mg/L were shown to be non-inhibitory to the anaerobic digestion process [14]. However, to the best of our knowledge, most of the previous research on the impacts of temperature was carried out without considering the presence of heavy metals in the reactors.



The aim of this study was to examine the effect of elevated temperatures combined with the addition of Cd on the anaerobic digestion of lignocellulosic biomass. The impacts of Cd on the biogas properties, substrate biodegradation, and enzyme activity were investigated by comparing with a control that had no Cd added. Data from this study demonstrate the impact of temperatures on the performance and biodegradability of anaerobic fermentation and provide information for biogas production practice from metal-contaminated lignocellulosic biomass.




2. Materials and Methods


2.1. Experimental Materials


A corn stover, a representation of lignocellulosic biomass, collected from farmland in Shandong Province, China was used as the feedstock. Prior to grinding into powder and passing through a 10-mesh sieve, the corn stover was air-dried. The stover was then pretreated with 6% phosphoric acid for 24 h at room temperature to destroy the lignocellulosic structure and enhance fermentation efficiency. After pretreatment, the corn stover was washed with deionized water 5–8 times. Fresh cow dung collected from the Yanqing base, Beijing Dairy Cattle Center was used as an inoculum. It was stored at 4.0 °C. The total solid (TS) of the raw cow dung was 15.44 ± 1.13% dry weight, and the volatile solid (VS) was 85.95 ± 2.18% of TS. No extra inoculum was used to start the experiment. The Cd contents in the corn stover and cow dung were lower than the limit of detection.




2.2. Anaerobic Fermentation Experiment Set-Up


The experiments were performed in the anaerobic reactors (working volume of 20 L, total volume of 30 L, YGF 300/30, Shanghai Yangge Biological Engineering Equipment Co., Ltd., Shanghai, China) for 16 days at 55 °C, 45 °C, 35 °C, and 25 °C (±1.0 °C, automatically controlled). Acid-pretreated corn stover (0.8 kg dry weight) was mixed with cow dung (0.8 kg dry weight, also worked as inoculum) as feedstocks. TS of the substrate in the reactors was set at 8% by adding distilled water. At the beginning of fermentation, CdCl2 solution was then added into the reactors to achieve a final concentration of 1 mg/L based on a previous study [14]. The reactors were purged with N2 gas for 5 min to remove the oxygen.




2.3. Measurements


Biogas yield was automatically measured at 9:00 a.m. each day using a gas flowmeter (MGC-1 V3.1 PMMA, Dr Ing. Ritter Apparatebau Gmbh & Co. Kg. Germany) connected to the reactor. Solid, liquid, and gas samples were collected every three days at 9:00 a.m. The TS, volatile solids (VS), chemical oxygen demand (COD), and cellulose, cellulase, and coenzyme F420 activities were measured using methods previously reported [16,17,18,19]. Briefly, TS was determined by weighing the samples after drying at 105 °C for 24 h, while VS was determined after treating the samples in a muffle furnace at 550 °C for 1 h. The COD in the supernatant was obtained using the potassium dichromate method after sample centrifugation at 5000 rpm for 10 min. Cellulose was determined after the removal of lipids and treatment using nitric acid and ethanol [19]. Cellulase and coenzyme F420 activities in the supernatant were determined according to the standard method after centrifugation at 4000 rpm for 5 min [20]. Samples for volatile fatty acids (VFAs) analysis were passed through a 0.45-μm nitrocellulose membrane filter and frozen prior to analysis. VFA concentrations were determined by a gas chromatograph (GC–2014, Shimadzu Co., Japan) with a flame ionization detector (FID). VFA was expressed as mg/L of individual species (C2–C5 fatty acids). CH4 content in biogas was measured by a gas chromatograph (GC-2014C, Shimadzu Co. Japan) equipped with a GDX-401 column and H2 as the carrier gas. Detection was performed with a thermal conductivity detector (TCD).




2.4. Data Analysis


The data in the study were the average of three repeats. Error bars represent the standard errors of the mean (SEM) = SD/n, where SD is the standard deviation. One-way analysis of variance (one-way ANOVA), at 0.05 (* p < 0.05) and 0.01 (** p < 0.01) levels of significance, was performed using Statistical Package for the Social Sciences software (IBM SPSS Statistics 21, Chicago, IL, USA).





3. Results and Discussion


3.1. Fate of Cd during the Digestion Process


The fate of Cd in the reactor was important for the deposition of residues, as Cd is both toxic and a probable carcinogen. Figure 1 shows the Cd concentrations in the digestion liquor during the digestion process. In the 55 °C group, the Cd concentration on the first day was 0.18 mg/L, which was much lower than the initial Cd concentration. This suggests that most of the Cd added was removed from the digestion liquor. However, heavy metals may be adsorbed onto the solid fraction (i.e., the biomass or inert particulate matter) [21]. The adsorption of Cd2+ was favored by increasing the temperature, since Cd2+ adsorption is an endothermic process [22]. Therefore, the low Cd concentrations observed in the 55 °C group could be attributed to Cd precipitation and adsorption. After the seventh day, the Cd concentrations increased to 0.27 mg/L and finally reached 0.31 mg/L at the end of the experiment. This increase in the Cd concentrations was likely due to the degradation or desorption of the substrate. The corresponding reduction in the daily biogas yields indicated Cd’s toxicity to biogas production.



The Cd concentrations in the 45 and 35 °C groups were higher than that in the 55 °C group on the first day of digestion, followed by the 25 °C group. At the end of the experiment, it was found that the Cd concentrations were in the order of 55 °C > 25 °C > 35 °C > 45 °C, which was opposite to the order on the first day of digestion. Therefore, under high-temperature conditions (55 °C), more Cd was removed from the liquor at the beginning of digestion, which was beneficial for the start-up stage, as well as high biogas yields during the digestion process. However, at the end of digestion under high-temperature conditions (55 °C), more Cd was released to the liquor, probably due to enhanced substrate degradation in these conditions.




3.2. Biogas Properties under Different Temperatures


Figure 2 shows the impact of Cd addition on the cumulative biogas yields under different digestion temperatures. When the temperatures were 55 °C, 45 °C, and 35 °C, the Cd-added groups obtained higher biogas yields than the control group (no Cd-added) by 404.96%, 16.93%, and 5.56%, respectively. Thus, Cd addition enhanced the biogas production within the temperature range. When the temperature further decreased to 25 °C, biogas yields in the Cd-added group were lower than in the control group (−0.77%), indicating that Cd had an inhibitory effect on biogas production. According to the logistic fitting results, the theoretical maximum cumulative biogas yields showed the same tendency with the experimental results. Similar to the results of cumulative biogas yields, the stimulatory effect of Cd on daily biogas yields was remarkable when the digestion temperature was 55 °C (Figure 3).



The stimulatory effects of Cd were also found in anaerobic digestion when other crops were used as feedstocks [8,14]. A previous study found that there was no inhibitory effect on biogas production when Cd less than 1 mg/L was present in a thermophilic reactor [14]. In the present study, the available Cd concentrations in the reactor during digestion were lower than 1 mg/L as there were Cd losses due to precipitation, sorption, and formation of complexes [21]. Despite the low Cd concentrations in the 25 °C group, an inhibitory effect on biogas production was observed. A previous study found that low temperatures reduced CH4 production when swine manure was used as the substrate [23]. These results were contrary to a previous study (25–27 °C) on acetate- and methanol-grown Methanosarcina acetivorans C2A strain cells in which Cd showed a significant stimulatory effect on the CH4 production [15]. Therefore, temperature variations should be taken into account when establishing the threshold or optimal range of Cd concentrations for biogas production.



The CH4 contents in the biogas varied with temperatures in the presence of Cd as shown in Figure S1 (Supplementary Materials). Trends in CH4 contents in the 35 °C and 25 °C groups were not characterized fully because the biogas yields were too low for collection by the gas bag. Overall, when temperature increased, the CH4 contents increased in both Cd-added and control groups. CH4 contents reached a plateau after the fourth day in the 55 °C group, while they continued increasing at lower temperatures. The results indicated that elevated temperatures accelerated the start-up of fermentation. On the other hand, Cd addition improved the CH4 contents by approximately 6% after the fourth day in the 55 °C group. The impact of Cd on biogas compositions in the other three temperature groups was not significant. Therefore, thermophilic digestion (55 °C) promoted the CH4 production in the presence of Cd. In contrast, low temperature hindered the production of CH4, which agreed with a previous study that used swine manure as a substrate [23].




3.3. Substrate Biodegradation


3.3.1. Responses of VFAs


The VFA compositions (as mg/L acetic acid) are presented in Figure 4. The variation of VFAs was influenced greatly by both Cd addition and digestion temperatures. The total VFA concentrations in the Cd-added 55 °C group increased from the first to the fourth day (Figure 4a). During this period, acidogens were probably active, leading to the formation of VFAs and other organic products as a result of acidogenic reactions that proceed after hydrolysis [24]. The total VFA concentrations remained high between the fourth and seventh day (i.e., peak biogas-producing period) and decreased rapidly afterward. In general, the VFA concentration in the Cd-added group varied in similar tendency with the daily biogas yields. Comparing the VFA concentrations and biogas yields under different digestion temperature revealed that the amount of the total VFA concentrations did not dominate the biogas production.



Acetic acid was the main component of the VFA, followed by propionic acid ≈ butyric acid > valeric acid in the 55 °C, 45 °C, and 35 °C groups. When the digestion temperature was 25 °C, the percentages of butyric acid and valeric acid increased at various time intervals in the no Cd-added group, as well as the first day of the Cd-added group. The concentrations of butyric acid were even higher than the concentrations of acetic acid sometimes. Therefore, low temperature was not beneficial for the generation of acetic acid or transforming high VFAs (butyric acid and valeric acid) into low VFAs (acetic acid), especially in the no Cd-added group. It was, thus, proposed that the reaction rate of generating acetate from glucose (Equation (1)) or acetogenesis from butyric acid (Equation (2)) was limited [25]. The reaction of Equation (2) was probably limited due to the high free energy yield (48 KJ/mol) for the transformation of butyrate to acetate [25]. Cd addition was unlikely to weaken the limitation.




C6H12O6 + H2O → 2CH3COOH + 2CO2+ 4H2.



(1)






CH3CH2CH2COOH + 2H2O → 2CH3COO− + 2H+ + 2H2.



(2)





Upon comparison of the VFAs in the Cd-added group and no Cd-added group, it was found that the impact of Cd addition on the acetic acid, propionic acid, and butyric acid was similar in the 35 °C group, while the impact on the valeric acid was different (Figure S2, Supplementary Materials). The low acetic acid in the Cd-added group accounted for the results of biogas yields when the Cd-added group obtained lower biogas yields than the no Cd-added group when the digestion temperature was 25 °C. In the study of the effect of Cd in mesophilic (37 °C) anaerobic acidogenesis of a simulated dairy waste, it was found that a low dosage of Cd (5 to 20 mg/L) resulted in a decrease of both acetate and butyrate concentrations and a significant accumulation of propionate [26]. The present study indicated that the accumulation or decline of VFAs should be analyzed according to the digestion stages and temperatures.




3.3.2. COD


The hydrolytic products in the digestion liquor could be represented by COD. In the 55 °C group, COD concentration in both the Cd-added and no Cd-added group showed similar trends; there was an initial increase in COD concentration followed by a gradual decrease (Figure 5). The average COD during the entire digestion process in the Cd-added and no Cd-added group was 9651.83 ± 1374.29 and 10,172.01 ± 1138.17 mg/L, respectively. Higher COD peak period was observed in the Cd-added group than the no Cd-added group, and the biogas yield was also higher in the former group. Thus, Cd addition enhances the biogas production by increasing the total COD during the peak period and, more importantly, by transferring the hydrolytic organic components into VFAs (Figure S2, Supplementary Materials).



By comparing the COD concentrations of different temperature groups, it was found that high COD concentrations did not induce high biogas yields [18,27,28]. In fact, the improved generation of VFAs from hydrolytic products and the formation of acetic acid under thermophilic conditions increased biogas yields. Under thermophilic conditions, substrates in the reactors were more accessible and biogas yields were improved compared to mesophilic processes.




3.3.3. Degradation of Cellulose


The cellulose contents in the solid residues are shown in Figure 5. The average cellulose contents in the no Cd-added groups were 30.92%, 28.43%, 30.92%, and 30.70% for 55 °C, 45 °C, 35 °C, and 25 °C groups, respectively, and were 27.68%, 28.30%, 31.53%, and 31.90% in the Cd-added groups. There were no significant differences between the Cd-added group and the no Cd-added group at all investigated temperatures (one-way ANOVA, p > 0.05).



In the 55 °C group, the decrease of cellulose in the no Cd-added group from the first to the seventh day was accompanied by an increase in COD. This suggested that the organic components in the liquor likely originated from the cellulose of the feedstock. After the seventh day, the cellulose contents were stable while the COD decreased. The hydrolysis of cellulose was, thus, less efficient during this period. The generation of VFAs consumed the hydrolytic products and induced the decrease in COD. In the Cd-added group, the variation of cellulose was similar with that observed in COD. The organic components in the liquor were probably from non-cellulose compositions. On the other hand, the hydrolytic products were efficiently transferred into the VFAs and eventually CH4.



In the 45 °C group, in the presence of Cd, the degradation of cellulose resulted in the increase of COD in the first seven days. Afterward, COD was decreased due to the increase of VFAs, and the degradation of cellulose varied with the digestion progressing. In the 35 °C group, the organic components in the liquor of the no Cd-added group likely originated from non-cellulose compositions, as the COD and cellulose contents were both low in the first seven days and then increased during the later stages. In the presence of Cd, the cellulose contents varied from 26.3% to 35.6% and did not have remarkable relationships with the variation of COD. In the 25 °C group, the cellulose contents in the Cd-added group increased gradually with the digestion progressing, which should be attributed to the degradation of non-cellulose compositions.





3.4. Responses of Enzyme Activity to Varied Temperatures under Cd Stress


3.4.1. Cellulase


The cellulase plays an important role in the hydrolysis stage. It was related to the cellulose contents and COD concentrations in the liquid phase of substrate. The average cellulase activities in the no Cd-added groups were 44.41 ± 4.14, 68.14 ± 13.64, 61.11 ± 14.74, and 57.18 ± 14.71 μg/(mL∙min) for 55 °C, 45 °C, 35 °C, and 25 °C groups, respectively, and were 76.99 ± 12.52, 59.18 ± 6.49, 45.91 ± 9.82, and 57.87 ± 7.13 μg/(mL∙min) in the Cd-added groups (Figure 6). Therefore, in the 55 °C group, Cd addition significantly improved the activity of cellulase (p < 0.05). There was no significant difference between the Cd-added and no Cd-added group when the digestion temperature was 45 °C, 35 °C, and 25 °C.



When the digestion temperature was 55 °C, in spite of higher cellulase activity in the Cd-added group, the cellulose content was not significantly decreased (Figure 5). It was attributed to the degradation of non-cellulose compositions, such as hemicellulose, which resulted in the better degradation of the feedstock and higher biogas yields (Figure 3a). In the 45 °C group, the variation of cellulase activity was opposite to the variation of cellulose contents, i.e., the increase of cellulase activity caused the corresponding degradation of cellulose. In the 35 °C and 25 °C groups, there was no clear relationship between the variation of cellulase activity and degradation of cellulose, regardless of whether Cd was added or not. It seemed that the cellulose was not well degraded in the feedstock, and its percentage in the solid residue was influenced greatly by the degradation of other non-cellulose compositions.




3.4.2. Coenzyme F420


Coenzyme F420 functions in the H2/CO2 pathway [17], which contributes to 30% of CH4 production in most systems [29,30]. However, the contribution of H2/CO2 versus acetate as metabolic precursors for methanogens may be greatly different in various anaerobic environments [30]. The average coenzyme F420 activities in the no Cd-added groups were 5.00 ± 1.14, 3.47 ± 0.75, 2.83 ± 0.86, and 4.42 ± 1.00 μg/(mL∙min) for 55 °C, 45 °C, 35 °C, and 25 °C groups, respectively, and were 11.41 ± 2.49, 4.11 ± 1.08, 2.99 ± 1.12, and 3.49 ± 0.75 μg/(mL∙min) in the Cd-added groups (Figure 7). Therefore, in the 55 °C group, Cd addition significantly improved the activity of coenzyme F420 (p < 0.01). There was no significant difference between the Cd-added and no Cd-added group when the digestion temperature was 45 °C, 35 °C, and 25 °C.



The results of coenzyme F420 activity showed that higher coenzyme F420 activities did not always result in higher biogas production. The stimulatory effect of Cd addition on the coenzyme F420 activity was only significant when the temperature was 55 °C, and this probably accounted for the higher biogas yields. Thus, the H2/CO2 pathway was probably enhanced by Cd addition when the digestion temperature was 55 °C, which corresponded with the higher CH4 contents and the lower CO2 and H2 contents in the biogas. However, this phenomenon was not found in the other three digestion temperature conditions. At an incubation temperature of 25–27 °C, the influence of Cd on enzyme activities was previously examined in marine archaeon Methanosarcina acetivorans [15]. The results showed that acetate kinase activity was slightly increased (25–30%) by 10 μM total Cd, while CO dehydrogenase /acetylCoA synthase activity and carbonic anhydrase were not activated. Cd was shown to bind and activate carbonic anhydrase in vivo [31], and uncouple the methanogenic pathway by collapsing the ion gradient across the plasma membrane [15].



In the present study, the elevated temperature enhanced the activity of the cellulase and then increased the degradation of cellulose in the presence of Cd. More organic matter was hydrolyzed and acidified into VFA compositions. A digestion temperature of 55 °C benefited the transformation of higher VFAs (such as butyrate and valeric acid) to acetic acid, thus providing enough precursors for methanogenesis. The activity of co-enzyme F420 was also stimulated, leading to the observed increase of biogas yields. More importantly, the CO2 in the biogas was utilized for CH4 production, resulting in higher CH4 yields in the thermophilic anaerobic digestion.






4. Conclusions


This study examined the combined effects of temperatures and Cd addition on anaerobic digestion. The addition of 1 mg/L initial Cd concentration into the anaerobic digestion improved the biogas yields of the 55 °C group, followed by 45 °C and 35 °C groups, while it reduced the yield of the 25 °C group. The stimulatory mechanism of Cd addition in the 55 °C group was recognized as higher COD during the peak period, the efficient transformation of hydrolytic products into VFAs, especially acetic acid, and higher activities of cellulase and coenzyme F420. Moreover, a high temperature of 55 °C promoted the transfer of more Cd from liquor to solid substrate at the beginning of the digestion stage, thus accelerating the digestion start-up. At temperatures of 45 °C, 35 °C, and 25 °C, there was no significant difference in cellulase and coenzyme F420 activity between the Cd-added and no Cd-added group. In conclusion, a temperature of 55 °C is suggested for enhancing the degradation of biowaste in anaerobic conditions and in the presence of Cd.
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Figure 1. Cd concentrations in the digestion liquor (mg/L) during the anaerobic digestion. 
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Figure 2. Cumulative biogas yields and logistic fitting results under Cd stress with digestion temperatures of 55 °C (a), 45 °C (b), 35 °C (c), and 25 °C (d). 
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Figure 3. Daily biogas yields under Cd stress with digestion temperatures of 55 °C (a), 45 °C (b), 35 °C (c), and 25 °C (d). 
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Figure 4. Volatile fatty acid (VFA) concentrations (as mg/L acetic acid) in the liquid phase with (right gray column) and without (left white column) Cd stress with digestion temperatures of 55 °C (a), 45 °C (b), 35 °C (c), and 25 °C (d). The compositions of VFA are shown by stacked bars with the order of acetic acid (blank), propionic acid (coarse), butyric acid (grid), and valeric acid (dotted) from bottom. 
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Figure 5. Chemical oxygen demand (COD) of the no Cd-added group and Cd-added group with digestion temperatures of 55 °C, 45 °C, 35 °C, and 25 °C. 
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Figure 6. Cellulase activity of the no Cd-added group and Cd-added group with digestion temperatures of 55 °C, 45 °C, 35 °C, and 25 °C. 
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Figure 7. Coenzyme F420 activity of the no Cd-added group and Cd-added group with digestion temperatures of 55 °C, 45 °C, 35 °C, and 25 °C. 
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