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Abstract

:

The integration of a microbial electrolysis cell (MEC) is an effective strategy for enhancing the efficiency and stability of an anaerobic digestion (AD) system for energy recovery from waste-activated sludge (WAS). Typically, electrodes are arranged as separate components, potentially disrupting mixing and complicating the reactor configuration, posing challenges for the scaling up of AD-MEC coupling systems. In this study, electrodes were introduced into a continuous stirring tank reactor (CSTR) in a “stealth” manner by integrating them with the inner wall and stirring paddle. This electrode arrangement approach was validated through a sequential batch digestion experiment, resulting in a remarkable 1.5-fold increase in cumulative methane production and a shortened lag period compared to the traditional CSTR with a nonconductive inner wall and stirring paddle. Both the conductive materials (CMs) employed in the electrodes and the electrochemical processes equally contributed to the observed enhancement effect of the electrodes by regulating the evolution of the microbial community within the electrode biofilms, with a specific emphasis on the enrichment of methanogens (primarily Methanobacterium). This research offers a potential avenue to solve the contradiction between the electrode introduction and the mixing operation in AD-MEC coupling systems and to contribute to its future commercial application.
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1. Introduction


Waste-activated sludge (WAS), a by-product of sewage treatment, poses significant environmental risks due to its substantial production and high concentration of pollutants [1]. Anaerobic digestion (AD) emerges as a crucial technological solution to mitigate the environmental impact of WAS, simultaneously allowing for the recovery of valuable resources. During AD, with the cooperation of diverse anaerobic microbial populations, organic pollutants are converted into biofuels, primarily hydrogen and methane [2], or high value-added products [3,4]. Despite the promising application prospects, the application of AD in WAS treatment is currently challenged by low efficiency, prolonged lag time, and high sensitivity to environment factors [5].



The microbial electrolysis cell (MEC) serves as a versatile platform technology, achieving the transformation and degradation of organic pollutions through various electrochemical reactions driven by a micro voltage [6]. Due to its high compatibility and complementarity with AD, MEC has been recently introduced into AD systems to enhance their efficiency and stability [7]. Compared with sole AD, a general 30% to 200% increase in the methane productivity of WAS was observed in AD-MEC coupling systems with an external voltage of 0.6–1.2 V [8]. In addition, these hybrid systems demonstrated an enhanced tolerance for adverse environmental factors, such as a high organic load rate, NH3, and salinity toxicity [7,9]. Furthermore, previous studies suggested that MEC can regulate the development and succession of anaerobic microbial communities, contributing to the stability of AD systems by providing additional metabolism pathways [10].



The energy recovery efficiency of AD-MEC coupling systems is significantly affected by the configuration of electrodes, which determines the internal resistance, fluid state, and mass transfer efficiency of the reactor [8]. Most previous studies employed electrodes in parallel (horizontal or vertical) or concentric configuration, as independent units in addition to AD [11,12], and it has been widely attempted to narrow the anode–cathode distance to reduce the internal resistance and increase the current density [13]. Despite its effectiveness in lab-scale experiments, this electrode arrangement strategy presents great challenges for scaling up due to the difficulties in the reactor assembly and maintenance and the interference with solution mixing [14].



As for the substrates with high viscosity and solid content, like WAS, the efficient conversion of biodegradable waste into biogas requires biological, chemical, and physical uniformity within the digester, which can be only fulfilled by thoroughly mixing [15,16]. Proper mixing arrangements can contribute to the reduction in dead zones, the enhanced mass transfer between microbial populations, the reduction in the substrate size, and the separation of gas from the substrate [17,18]. Shaker and magnetic (or mechanical) stirring, located at the bottom of the reactor, are the most common mixing methods in current cases [11,19], which, unfortunately, make it difficult to achieve sufficient mixing of substrates, especially in large-scale devices [18]. Notably, it was recently found that increasing the driving force by mixing improves the proton transfer rate between electrodes with a large distance, and thus reduces the internal resistance [20], which implies that sacrificing mixing for the purpose of shortening electrode spacing may not be inevitable. Therefore, an alternative design for electrode arrangements that meets the mixing needs is required.



A potential solution to the above issue is introducing electrochemical electrodes in a “stealth” manner, i.e., integrating electrochemical electrodes with the original structure of AD reactors (such as the reactor’s inner wall and stirring paddle), rather than as separate units. The effectiveness of this strategy in treating high-strength food waste has been demonstrated by the research of Park et al. [21,22], which observed enhanced energy efficiency and systemic stability by employing a bioelectrochemcial anaerobic digestion reactor with a rotating STS304 impeller anode. So far, there are few similar attempts in WAS treatment, and the promoting mechanism of stealth electrodes remains unrevealed, especially the impact of the conductive materials (CM) used in electrodes and electrochemical processes on the development of the microbial community in electrode biofilms and bulk sludge has not been investigated in previous studies, which may play a crucial role in enhancing the efficiency and stability of AD systems.



Therefore, in this study, “stealth” electrodes are introduced into a continuous stirring tank reactor (CSTR) for WAS digestion. Specifically, the carbon felt anode was affixed to the reactor’s inner wall, and the cathode was integrated with the stainless-steel stirring paddle (note as AD-MEC). Ordinary CSTRs with nonconductive inner walls and stirring paddles (Group AD) and reactors with conductive inner walls and stirring paddles but without an applied voltage (Group AD-CM) were established as control tests to reveal the effect of conductive materials and electrochemical processes. The methane-producing performance and organic pollutant removal of each group were investigated. Microbial community analysis was performed to reveal the impact of electrochemical intervention on the development of the methanogenic community in biofilm and bulk sludge. In addition, the electrochemical efficiency and energy budget were analyzed to evaluate the contribution of electrochemical processes. The results of this research can offer new technical insights for upgrading AD systems of WAS through the integration of bioelectrochemical technology.




2. Materials and Methods


2.1. Reactor Configuration and Operation


In this study, six reactors were employed and classified into three groups: AD-MEC, AD-CM, and AD, each with two parallel setups. The reactor was made of an organic glass cylinder (10 cm in diameter and a total height of 20 cm) with a working volume of 1 L. The reactor was outfitted with an electric stirring device, consisting of an electric motor, a controller, and a stirring paddle. The primary differences in structure among the three groups primarily manifested in the configuration of the stirring paddle and the inner wall of the reactor.



In the AD-MEC reactor, the stirring paddle also functioned as an electrochemical cathode, constructed from stainless steel in a flat shape with dimensions of 6 cm × 6 cm. The stirring paddle was connected to the negative pole of a DC power supply through an electric slip ring, which facilitated the transfer of electricity from a stationary structure to a rotating one. The anode, made of carbon felt (31 cm × 15 cm), was affixed to the inner wall of the reactor. A titanium wire traversed the anode, passed over the top, and connected to the positive pole of the power supply. An external voltage was applied between the anode and cathode. An Ag/AgCl reference electrode (0.197 V vs. the standard hydrogen electrode, SHE) was inserted into the reactor for electrode potential measurement. Current in the circuit and electrode potentials were measured using a multimeter/data acquisition system (THMA, Tenghui Instrument, Inc., Ningbo, China). The configuration of the AD-MEC reactor is illustrated in Figure 1. The AD-CM reactor was also equipped with the same stainless stirring paddle and carbon felt as AD-MEC but without the application of an external voltage. In the AD reactor, nonconductive wool felt and a polytetrafluoroethylene stirring paddle of identical dimensions were used as substitutes for the carbon felt and stainless-steel paddle, respectively.



Prior to formal operation, AD-MEC reactors underwent a batch mode start-up to establish electrochemical functions. Specifically, all reactors were inoculated with a mixture of 50 mL of raw WAS and 950 mL of the culture solution, which contained sodium acetate (1000 mg/L), a 50 mmol phosphate buffer solution (PBS), and trace elements [10]. The culture solution was refreshed every two days until stable current outputs were obtained, and anode potentials dropped below −400 mV in AD-MEC, indicating the successful acclimation of electrodes. Subsequently, the culture solution was replaced with alkaline-pretreated sludge, and the recording of the running time commenced. All reactors were continuously stirred at a rate of 80 rpm and operated at room temperature. AD-MEC reactors were provided with a 0.8 V external voltage. In the tests for electrochemical efficiency analysis, another two AD-MEC reactors with voltages of 0.6 V and 1.0 V were conducted under the same conditions. The gas produced by each reactor was collected using an aluminum gas bag. Sludge and gas samples were collected every day for analysis.




2.2. WAS Characteristics and Pretreatment


The WAS used in this study was obtained from the secondary sedimentation tank in the Jingkou Wastewater Treatment Plant (Zhenjiang, China). After a 24 h settling period, the supernatant was removed, and the concentrated sludge underwent screening with a 40-mesh sieve to remove impurities. To enhance the release of intracellular organic matter in WAS, an alkaline pretreatment was conducted by adjusting the pH of WAS to 10.0 with 10 mol/L NaOH solution. The main properties of the pretreated sludge were as follows: total suspended solids (TSS) 21.6 g/L, volatile suspended solids (VSS) 14.8 g/L, total chemical oxygen demand (TCOD) 17,199.0 mg/L, soluble chemical oxygen demand (SCOD) 2851.8 mg/L, soluble carbohydrate 182.7 mg/L, soluble protein 56.2 mg/L, and total volatile fatty acids (VFAs) 652.5 mg/L.




2.3. Analytical Methods


The biogas composition (H2, CO2, and CH4) was analyzed using a gas chromatograph (GC-9790II, Fuli Analytical Instruments Inc., Zhejiang, China) equipped with a thermal conductivity detector, following procedures outlined in the literature [23]. Total suspended solids (TSS) and volatile suspended solids (VSS) were determined by the constant weight method at 105 °C and 600 °C, respectively. TCOD was measured using the national standard method. Before determining the soluble components (SCOD, total soluble carbohydrate, total soluble protein, and VFAs), the sludge samples were centrifuged at 8000 rpm and filtered with a 0.45 μm filter. Soluble carbohydrate was determined by the phenol-sulfuric acid method. Soluble protein was determined using a BCA protein kit method (Sangon Biotech, Shanghai, China). VFAs (acetic acid, propionic acid, butyric acid, and valeric acid) were determined by gas chromatography (7890 A, Agilent Technologies (China) Co., Ltd., Shanghai, China), equipped with a flame ionization detector, as described in a previous study [23].




2.4. Biomass Sampling and Analysis


After operation, the bulk sludge and biofilms that adhered to the carbon felt (or wool felt) were collected. The sampling method of the biofilm was as follows: carbon felt (or wool felt) was taken out from the reactor after operation and washed with sterilized phosphate buffered solution to remove all the biomass. All wash water was collected together and centrifuged at 8000 rpm for 10 min, the supernatant was removed, and the precipitate was stored at −20 °C for microbial structure analysis. The sample DNA was extracted using a DNA extraction kit (Omega Bio-Tek D55625, Norcross, GA, USA). 16Sr DNA sequencing was performed by Majorbio Co., Ltd. (Shanghai, China), with general primers 515F (50-GTGCCAGCMGCCGCGG-30) and 806R (50-GGACTACHVG GGTWTCTAAT-30). The microbial diversity index and OTUs were determined for each sample, and hierarchical clustering analysis was calculated by I-Sanger online data processing, developed by Majorbio.




2.5. Calculations


The kinetic parameters of methane production were obtained by fitting the cumulative methane production curve with the Gompertz equation (Equation (1)).


    P   ( t )   =   P   m   · e x p   − e x p       R   m · e       P   m       λ − t   + 1      



(1)




where     P   ( t )     represents the cumulative CH4 production (mL/g VSS);     P   m     is the maximum potential for methane generation (mL/g VSS); Rm represents the peak CH4 production rate (mL/(gVSS·d)); λ is the duration of the lag phase (d); and e is a constant with a value of 2.72.



The electrochemical efficiency was calculated according to the literature [24]. The significance of the results was determined through analyses of variance (ANOVAs) at a significance level of 0.05.





3. Results and Discussion


3.1. Substrate Conversion Performance


Methane production efficiency is intricately linked to the effective removal of organic matter from the substrate. In this study, it was observed that the introduction of electrodes in a “stealth” manner resulted in a more efficient substrate conversion. In comparison to AD, AD-MEC exhibited a notable enhancement in the removal of TSS, VSS, and TCOD (Figure 2a), increased by 56.0%, 46.7%, and 34.6%, respectively. The organic matter removal in AD-CM falls between AD and AD-MEC, with increases of 18.6%, 16.6%, and 8.6%, respectively, compared to AD. This indicates that the promoting effect of electrodes on organic substrate conversion partially arises from the CMs used in electrodes and, to a greater extent, from the electrochemical processes driven by external voltages.



The trends in the SCOD concentration for each group over time were generally consistent, displaying significant fluctuations in the early stage and a gradual decrease after 12 days (Figure 2b). The SCOD content was influenced by both methanogenic consumption and solid substrate hydrolysis. The early increase, as observed in previous studies, was associated with the leaching of organic matter from WAS cells or extracellular polymeric substances (EPS) [25]. In the later stage, due to accelerated methanogenesis, the consumption rate of soluble organic matter exceeded its generation rate, resulting in a decrease in SCOD concentration. At this stage, the SCOD concentrations of the three groups showed significant differences (p < 0.05), with AD being the highest, followed by AD-CM, while AD-MEC was the lowest, indicating that the introduction of electrodes accelerated the conversion of the substrate.



To elucidate the impact of electrodes on the conversion of organic substrates, an organic composition analysis (based on a COD equivalent calculation) was conducted with the data at different time points (Day 0, 9, 18, 27, and 36) (Figure 2c). Among the soluble organic components, the content of fermentation products, such as VFAs, was relatively low. Similar to previous cases [11,23], VFA concentrations decreased with the implementation of anaerobic fermentation. Particularly in the AD-MEC group, VFAs were almost completely depleted in the late stage. In all groups, insoluble organic compounds dominated throughout the entire digestion period, accounting for 80% to 90% of the total organic matter. They gradually decomposed and were converted to methane by anaerobic microorganisms during fermentation. At each time point, the concentration of insoluble components in AD, AD-CM, and AD-MEC decreased sequentially. After fermentation, 40.1% of the insoluble organic matter in AD was removed, a similar level to that reported in the literature [26], whereas in AD-MEC, the removal rate increased to 57.4%, suggesting the promoting effect of electrodes on substrate hydrolysis.




3.2. Methanogenic Performance


Throughout the entire AD period, the daily methane production in all groups exhibited a trend of an initial increase followed by a decline (Figure 3a), suggesting a sufficient recovery of the methane potential. Despite a relatively large standard deviation between parallel samples, the differences among the three groups still remained statistically significant (p < 0.05). During the operational process, the AD control consistently maintained a low level of methane production (averaging less than 2 mL/gVSS). In comparison, the methane production of AD-CM generally increased in the initial 28 days, with a peak production of 10.1 mL/gVSS on Day 29, and then showed a downward trend. In contrast, in AD-MEC, following the early fluctuation, the methane production exhibited a rapid increase from Day 12 to Day 20, reaching its peak on Day 21 at 14.0 mL/gVSS, and it gradually declined thereafter. The shift in the peak time of the daily methane production suggests that the introduction of the electrochemical process shortened the lag period of the methanogenic population.



Compared to the AD control group, AD-CM exhibited a significant improvement (p < 0.05) in cumulative methane production (Figure 3b), rising from a total methane production of 113.1 to 199.6 mL/gVSS. This indicates that the introduction of CMs positively influenced the methanogenic process, aligning with findings from prior studies [27]. Importantly, the cumulative methane production of AD-MEC, reaching 281.6 mL/gVSS, surpassed both AD and AD-CM (p < 0.05). This demonstrates that the electrochemical reactions occurring at the cathode and anode, driven by external voltage, had a substantial enhancing effect on the methane production from WAS. In some prior cases, the absence of control experiments has posed challenges in determining whether enhancements should be ascribed to the CMs used in the electrodes or the electrochemical processes. In this study, it can be inferred that both conductive materials and electrochemical processes contributed approximately 50% each to the promotional effect of the electrodes.



The kinetic parameters of methane production processes for the three groups were determined by fitting cumulative production curves using the Gompertz model (Figure 3b and Table 1). The maximum methane production potential (Pm) of AD-MEC was comparable to that of AD-CM, far surpassing that of AD. The maximum methane production rate (Rm) of AD was the lowest, with only 3.9 mL/(gVSS d), while AD-CM increased by 92%, and AD-MEC increased by 2.0 times compared to AD. The duration of the lag phase exhibited the opposite trend, with AD-MEC being shorter than AD-CM, and AD having the longest lag time. This indicates that the introduction of CMs increased methanogenesis rates and shortened the lag periods, and applying an external voltage on this basis can further enhance the promoting effect.



In summary, the incorporation of the “stealth” electrodes effectively boosted methanogenic efficiency, leading to a 1.5-fold increase in total methane production compared to the traditional AD system. Half of this improvement is attributed to the introduction of CMs, while the remaining half resulted from the direct or indirect contributions of electrochemical processes. Apart from the rise in total methane production, the electrodes also notably expedited the methane production process and shortened the lag period.



Organic component analysis suggests that, in the WAS digestion process (especially in the later stage), the limiting step was the hydrolysis of solid organic matter rather than methanogenesis. CMs and electrochemistry primarily accelerate the methanogenic process, but their promoting effect on hydrolysis was limited. This limitation may lead to unsatisfactory performance in AD-MEC coupling systems, highlighting the importance of strengthening sludge hydrolysis for fully harnessing the promotional effect of electrochemical units in coupling systems.



While often overlooked, agitation is crucial for enhancing the hydrolysis of sludge throughout the entire digestion process. Generally, the more complex the internal structure of a reactor, the less favorable it is for effective mixing. Therefore, introducing electrodes in a stealthy way can be beneficial in avoiding disruption to the flow state and strengthening sludge hydrolysis. Additionally, the simplified configuration allows for straightforward upgrades through simple modifications to traditional CSTR configurations.




3.3. Microbial Community Structure


To elucidate the electrode’s promotion mechanism, both bulk sludge and biofilms adhering to the felt (wool felt in AD and carbon felt in AD-CM and AD-MEC) were collected and subjected to high-throughput sequencing after digestion. Notably, due to the smooth surface and continuous rotation of stirring paddles, which are unfavorable for microbial attachment, no biofilm samples from these surfaces were successfully collected.



According to sequencing analysis, electrodes, CMs, and even the nonconductive carriers significantly influence the microbial community diversity and composition structure (Table 2 and Figure 4). Firstly, the α-diversity of bulk sludge in each group was generally higher than that of biofilms, indicating a screening effect of carriers on attached microorganisms. For instance, the ACE index of bulk sludge after digestion ranged from 1762.7 to 2126.4, whereas the index of biofilm was only from 1425.8 to 1681.5. Similar conclusions can also be drawn from other indices, such as Chao, Shannon, and Simpson. Among the three groups, the diversity of the bulk sludge in AD-MEC was higher than that of AD-CM and AD. Conversely, for the biofilms, AD had the highest diversity, followed by AD-CM, and the lowest was found in AD-MEC. This suggests that the application of CMs and anodic electrochemical reactions further enhanced the screening effect of the carriers.



According to the Bray–Curtis analysis (Figure 4), a noticeable shift in microbial community structure occurred between the initial WAS, the bulk sludge post-digestion, and the biofilms, and significant differences were observed between the latter two. It was previously reported that MEC electrodes could enhance the presence of bioelectrochemically active microorganisms in the bulk solution and their electron utilization [28]. In this study, however, the community of bulk sludge in the three groups exhibited no significant differences, indicating that the impact of electrodes (or CMs) on microbial community evolution of bulk sludge was relatively low, and the community succession in bulk sludge was not the key reason for the improvement of methanogenic efficiency.



The structure of biofilm communities, in contrast, showed pronounced differentiation under the influence of conductive carriers and electrochemical reactions. From the perspective of genera distribution, the most noteworthy aspect is the variation in the content of methanogens. Firstly, the content of methanogens in the initial WAS were extremely low; however, after digestion, both the biofilm and bulk sludge in each group contained considerable methanogens. Secondly, the presence of carriers was beneficial for the enrichment of methanogens. Even the biofilm of the AD control group (the lowest in biofilm, accounting for about 10% of the total genera) contained more methanogens than the bulk sludge in AD-MEC (the highest in sludge, about 6%). Thirdly, CMs and external voltage significantly increased the content of methanogens in biofilm, which was 9.4~12.7% in AD, 11.9~17.6% in AD-CM, and further increased to 23.8~32.2% in AD-MEC. In this experiment, the detected methanogens mainly consist of two genera, Methanosaeta and Methanobacterium, with the latter dominating in both biofilm and bulk sludge (more than 59% of methanogens in biofilm and 87% in bulk sludge). Methanosaeta could reduce CO2 to CH4 with the electrons from syntrophic bacteria or electroactive bacteria [29], playing essential roles in acetophilic methanogenesis. Methanobacterium, in contrast, is a typical hydrogenotrophic methanogen with the ability to participate in DIET-type methanogenesis, which was previously reported to be enriched in anaerobic systems with the amendment of CMs or electrodes [30].



Similar to methanogens, there were also significant differences in the bacterial genera distribution between the initial WAS, biofilms, and bulk sludge, while electrodes (or CMs) showed no significant impact on the distribution of biofilm and bulk sludge communities. In the initial WAS, several anaerobic fermentative genera, including Candidatus_ Microthrix, Trichococcus, Comamonas, Kouleothrix, and JGI_0001001-H03 [31,32,33,34,35], dominated the bacterial community, with other genera less than 3%. After digestion, on the contrary, acid-producing bacteria Caldilinea, Comamonas, Christensenellaceae_R-7_group, and Rikenella [36,37,38] became the dominant genera in the bulk sludge. In biofilms, Trichococcus, which produces lactate, acetate, formate, ethanol, CO2, and small amounts of hydrogen under anaerobic conditions [32], was the most abundant, with a relative content ranging from 4.6% to 8.8%. Several other fermentative bacteria, including Candidatus_Caldatribacterium, norank_f_norank_o_SBR1031, Georgenia, and norank_f_Bacteroidetes _vadinHA17 [39,40], also had a relatively high content in biofilms. The enrichment of these genera provided abundant substrates for methanogens.



In summary, the introduction of electrodes and CMs showed limited effects on the shift of microbial community in bulk sludge but effectively regulated the evolution of the community in biofilms that adhered to their surfaces. CMs induced the enrichment of electroactive methanogens, mainly Methanobacterium and Methanosaeta, and the presence of electrochemical reactions further strengthened this enriching effect. This explains the improvement in methane production by introducing electrodes.




3.4. Electrochemical Efficiency and Energy Budget Analysis


To determine the effect of electrochemical efficiency on the methanogenesis of WAS in AD-MEC systems with stealth electrodes, besides the AD-MEC group with a voltage of 0.8 V, two additional AD-MEC groups with external voltages of 0.6 V and 1.0 V were also conducted under the same condition, and their electrochemical efficiency and methane production capacity were evaluated.



Under all voltage conditions, AD-MEC systems exhibited extremely low electrochemical efficiencies, with an average current of about 1 mV and an anode coulombic efficiency of only 3% (Table 3). This indicates that the electrochemical process influenced methanogenesis mainly by the modulation of the functional microbial community, instead of making a direct contribution. From the perspective of converting organic substrates into methane, the group with a 0.8 V voltage exhibited the best performance, followed by 0.6 V, while under the voltage of 1.0 V, both accumulative methane production and VSS removal significantly decreased. The decline in methanogenic efficiency under a high external voltage may be related to the unfavorable anode potential. The cathode potentials under three voltages were quite similar, maintained around −1.1 V, while the anode potential showed significant differences. The suitable oxidation-reduction potential of methanogens is below −300 mV, especially during the initial cultivation stage. The anode potentials of the 0.6 V and 0.8 V groups were within a suitable range, while the anode potential under 1.0 V rose to −0.16 V, which was unfavorable for the growth and metabolism of methanogens. Based on the electrochemical efficiency and methanogenic performance under different voltages, it can be inferred that, in spite of the unsatisfactory electrochemical performance of the stealth electrodes’ arrangement, significant promoting effects can still be achieved by forming a biofilm rich in methanogens due to the adapted habitat created by the electrodes.



The introduction of electrochemical processes has demonstrated various positive effects on anaerobic digestion. However, the incorporation of these processes necessitates a certain level of external energy consumption, and it may be economically unfavorable if the gained energy is insufficient to offset the additional energy cost. According to the energy budget analysis (Figure 5), the energy cost of AD-MEC was actually quite small due to the low current level, which was far less than their energy income. Compared to AD-CM, the AD-MEC groups with external voltages of 0.6 V and 0.8 V achieved positive energy gains. However, under the voltage of 1.0 V, the energy gain was even lower than that of the AD control group. Therefore, it can be concluded that it is economically feasible to introduce the stealth electrodes under the premise of applying appropriate voltage levels (from 0.6 V to 0.8 V in this study).





4. Conclusions


Compared to the traditional CSTR setup, introducing MEC electrodes in a stealth manner, by integrating them with the reactor’s inner wall and stirring paddle, significantly enhanced the methanogenic performance, resulting in a 1.5-fold increase in cumulative methane production and a shortened lag period (from 8.0 d to 4.5 d). Both the CMs and the electrochemical reactions contributed equally to the improvement effect of stealth electrodes. CMs facilitated the enrichment of methanogens, particularly, Methanobacterium—a hydrogenotrophic methanogen—adhered to the electrode surface within the biofilm, while electrochemical processes further enhanced this enrichment effect by providing a suitable habitat with a low potential. The domestication of electrode biofilms with high methanogenic activity, rather than electrochemical efficiency, played a crucial role in promoting methane production performance in this system. Considering its simplified configuration and effectiveness in promoting methanogenesis, integrating stealth electrodes represents a potential technical approach for scaling up AD-MEC coupling systems.
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Figure 1. Configuration of AD-MEC reactor. 
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Figure 2. Overall substrate removal (a), SCOD concentration variation over time (b), and organic substrate composition at different time points (Day 0, 9, 18, 27, and 36) (c). 
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Figure 3. Daily methane production (a) and cumulative methane production (b). 
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Figure 4. Bray–Curtis analysis and genera distribution. B stands for biofilm, and S stands for sludge. 
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Figure 5. Energy budget analysis. 
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Table 1. Kinetic parameters estimated by fitting a modified Gompertz model.
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Group

	
Actual Cumulative Production (mL/gVSS)

	
Kinetic Parameters




	
Pm

(mL/gVSS)

	
Rm

(mL/(gVSS·d))

	
λ

(d)

	
R2






	
AD-MEC

	
281.6 ± 12.9

	
327.9 ± 6.6

	
11.7 ± 0.01

	
4.5 ± 0.3

	
0.996




	
AD-CM

	
199.6 ± 14.0

	
359.3 ± 28.9

	
7.1 ± 0.04

	
6.9 ± 0.4

	
0.994




	
AD

	
113.1 ± 15.7

	
280.9 ± 46.9

	
3.9 ± 0.07

	
8.0 ± 1.4

	
0.991











 





Table 2. Microbial community α-diversity indexes.
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Samples

	
ACE

	
Chao

	
Shannon

	
Simpson






	
Initial WAS

	
1569.2

	
1563.8

	
5.35

	
0.016




	
Sludge

	
AD-MEC

	
2126.4 ± 3.1

	
2091.8 ± 7.3

	
5.54 ± 0.08

	
0.011 ± 0.001




	
AD-CM

	
1941.0 ± 123.8

	
1922.2 ± 111.5

	
5.53 ± 0.04

	
0.010 ± 0.001




	
AD

	
1762.7 ± 232.1

	
1786.5 ± 213.7

	
5.27 ± 0.49

	
0.021 ± 0.014




	
Biofilm

	
AD-MEC

	
1425.8 ± 27.1

	
1402.6 ± 26.8

	
4.18 ± 0.29

	
0.066 ± 0.035




	
AD-CM

	
1600.2 ± 44.5

	
1579.9 ± 37.5

	
4.50 ± 0.21

	
0.040 ± 0.012




	
AD

	
1681.5 ± 27.4

	
1662.3 ± 51.4

	
4.66 ± 0.11

	
0.032 ± 0.008











 





Table 3. Electrochemical efficiency under different voltages.
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Voltage

	
External Voltage




	
0.6 V

	
0.8 V

	
1.0 V






	
Accumulative methane production (mL/gVSS)

	
240.9

	
281.6

	
105.6




	
VSS removal (%)

	
52.5

	
66.3

	
43.3




	
Average current (mA)

	
0.88

	
1.15

	
0.85




	
Average anode potential (V)

	
−0.53

	
−0.31

	
−0.16




	
Average cathode potential (V)

	
−1.12

	
−1.11

	
−1.16




	
Coulombic efficiency (%)

	
3.0

	
3.1

	
3.5
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