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Abstract: Reducing CO2 to produce methane through microbial electrolytic cell (MEC) is one of the important methods of CO2 resource utilization. In view of the problem of low methanogenesis rate and weak CO2 conversion rate in the reduction process, the flow field environment of the cathode chamber is changed by changing the upper gas circulation rate and the lower liquid circulation rate of the cathode chamber to explore the impact on the reactor startup and operation and products. The results showed that under certain conditions, the CO2 consumption and methane production rate could be increased by changing the upper gas recirculation rate alone, but the increase effect was not obvious, but the by-product hydrogen production decreased significantly. Changing the lower liquid circulation rate alone can effectively promote the growth of biofilm, and change the properties of biofilm at the later stage of the experiment, with the peak current density increased by 16%; The methanogenic rate decreased from the peak value of 0.561 to 0.3 mmol/d, and the CO2 consumption did not change significantly, which indicated that CO2 was converted into other organic substances instead of methane. The data after coupling the upper gas circulation rate with the lower liquid circulation rate is similar to that of only changing the lower liquid circulation rate, but changing the upper gas circulation rate can alleviate the decline of methane production rate caused by the change of biofilm properties, which not only improves the current density, but also increases the methane production rate by 0.05 mmol/d in the stable period. This study can provide theoretical and technical support for the industrial application scenario of flow field regulation intervention of microbial electrolytic cell methanogenesis.
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1  Introduction

At present, mankind is facing serious environmental and energy problems. In order to alleviate the increasingly serious resource shortage and environmental pollution [1], on the one hand, it is necessary to develop and utilize new energy sources such as solar energy and wind energy [2,3]; On the other hand, it is necessary to research and develop environment-friendly and low-cost waste resource utilization technology to solve problems such as excessive carbon emissions [4,5]. In recent years, China has vigorously promoted the “dual carbon” strategy [6–8]. CO2 recycling is one of the effective solutions to reduce terminal carbon emissions and achieve the “dual carbon” strategy, and it is also the focus of current research in the field of clean energy.

Biomethanation of CO2 is an important way of CO2 resource utilization [9]. It mainly uses the characteristics of the microbial electrolytic cell (MEC) to degrade organic matter or reduce CO2 to generate hydrogen and methane through external input electric energy [10–12]. Microbial fuel cell (MFC) generates current through the microbial decomposition of organic compounds, which can be regarded as a power source. MEC can generate methane and hydrogen gas by applying current to microorganisms. The applied voltage, temperature, and electrode properties [13–16] are the main factors affecting the efficiency of the device. Among them, the external voltage has a significant impact on the performance of the microbial electrolytic cell, and the optimal voltage range is generally −0.5 to −0.9 v [17]; Temperature is also one of the important factors affecting the device, and the general optimal temperature range is 32°C~38°C [18]; In addition, the nature of the electrode is closely related to the products of the microbial electrolytic cell. The cathode area is the focus of the research on methane production in the activated sludge electrolytic cell. The size of the cathode area directly affects the reaction of carbon dioxide, hydrogen and other reactants on the activated sludge. Gao et al. [19] studied three reaction configurations with different cathode space ratios (ratio of cathode surface area to reaction area volume). The results show that when the cathode space ratio is increased to 1.33 and 2 cm2/cm3, respectively, a better flow pattern can be obtained and the mass transfer effect is enhanced. The influence of electrode spacing [20] on electrode performance. Reducing the spacing will cause changes in internal resistance and hydrodynamic parameters. The electrode spacing will affect the internal resistance of the system, and the change of the electrode spacing will lead to the change of the hydrodynamic parameters, which is one of the reasons why single chamber reactors are often used at present. The internal resistance of the single chamber reactor is small, which is conducive to electron transfer. In the continuous operation mode [21], the removal rate of COD for the electrode spacing of 2 mm is 30.7% and 15.2% higher than that for the electrode spacing of 8 mm, respectively. The internal resistance in the reactor is closely related to the transfer of hydrogen ions between electrodes. Fang et al. [22,23] studied the mechanism of Electrical-to-biochemical conversion (E2BC), developed several artificial E2BC processes, and proposed ways to improve the efficiency of E2BC, including self-powered electro-biochemical reactor, light-assisted and electrode-free MES. The most advanced electrochemical and photochemical CO2 biomethane methods in the abiotic biological mixed system are summarized.

The above factors are the mainstream of the research on the efficiency of the microbial electrolytic cell. In the process of more and more extensive industrial applications in the future, the construction of microbial electrolytic cell reactors will be standardized, and the voltage, temperature and electrodes will be arranged and designed according to the best configuration, especially large reactors. However, there is still much room for research on the influence of changes in the flow field inside the reactor on the performance. It is very necessary to improve the methane production rate and carbon dioxide conversion rate by changing the flow field inside the microbial electrolytic cell reactor in combination with the idea of biogas purification.

During methanogenesis in the microbial electrolytic cell, the gas contact in the reaction setup and the gas contact with the biocathode will influence the results [24]. In the reaction with CO2 as the only carbon source, the maximum utilization of resources can be achieved by converting all the gases generated in the system into methane [25]. The purpose is to improve the technical parameters in the production process of the unit, and finally improve the CO2 conversion rate and increase the methane output [26].

The research on full gas exposure is mainly concentrated in the field of biogas upgrading [27]. Biogas contains a lot of CO2, methane, hydrogen and other gases. The main means of biogas upgrading is purification by removing impurities (mainly CO2), which are used to replace natural gas power generation and natural gas vehicles [28]. In this process, CO2 removal is accompanied by a small amount of CH4 loss. Therefore, the method of further increasing methane production by directly converting CO2 into additional CH4 has been emphasized. Gas circulation [29] also promotes the interaction between gas and liquid, consider extending the retention time of the gas in the liquid to increase the contact with the reactor liquid phase, and control the gas recirculation rate to improve the quality of output gas [30]. Kougias et al. [31] improved the biogas upgrading efficiency by increasing the biogas reflux method. Zhao et al. [32] compared the methane output of gas recycling under neutral and slightly alkaline conditions, which is 6%–7% and 14%–15% higher than that of the device without gas recycling. Karim et al. [33] studied the effect of mixing on biogas production and the mixed digester produces more biogas than the unmixed digester, but it does not perform better in the start-up period. Zhao et al. [34] used gas recycling to increase the methane yield by 31%–44% and the methane content at the same time. It was pointed out that the reason was related to the strong electron transfer under recycling conditions. Siegert et al. [35] studied the role of the reaction environment in increasing methane yield in the process of methanogenesis by using Marburg methanogen. It was found that gas flow rate and reactor pressure would increase methane yield. The maximum biogas production rate is 950 mmol/L/h at 60% CH4 concentration and 85% CH4 concentration at 255 mmol/L/h biogas production rate. These two parameters are mutually restrictive.

The research on the flow field in the reactor is not only focused on the upper gas, but also on the lower fermentation liquid flow field. In the current literature, circulating the fermentation liquid of the device will change the sludge activity, which may change the methane production, but it will also increase other products. Chou et al. [36] studied the mass transfer characteristics between the substrate and sludge in the expanded granular sludge reactor, improved the flow field in the reactor and increased the removal rate of phenol. Hydraulic circulation can speed up the start-up stage of the reactor, which proves that hydraulic circulation does have an impact on the internal reaction [37]. Gao et al. [38] used hydrodynamics to simulate the internal flow in MEC, optimize reactor parameters, and improve the efficiency of methanogenesis.

The control group was used in this experiment. The micro pump was used to change the gas recirculation rate in the upper layer and the liquid recirculation rate in the lower layer of the cathode chamber of the reactor. Study and compare the changes in pH value, current density, CO2 consumption, methane production rate and other indicators in the cathode chamber of the microbial cell under different upper gas circulation rates and lower liquid circulation rates, and obtain the quantitative impact of flow field changes on the microbial cell. In this way, efficient recovery and utilization of CO2 and improvement of methane yield can be realized. It provides a theoretical reference for the wide application of CO2 methane production based on microbial electrolytic cells.

2  Experimental Materials and Methods

2.1 Construction Process of Reactor

In this experiment, a double chamber H-type reactor was used, and the reactor material was plexiglass. The experimental group consists of two single chambers (model: 100 ml) to form a cathode chamber and an anode chamber. The effective volumes of both the cathode chamber and the anode chamber are 155 ml. Each group of experiments is provided with 0.8 v external voltage by potentiostat, and the data recorder is connected to record data at the same time. Use the proton exchange membrane (DuPont N117) to separate the anode chamber from the cathode chamber, allowing only electrons and protons to pass through. The distance between the cathode and anode is 11 cm. Titanium wire with a diameter of 1 mm and high-purity graphite felt (40 mm × 40 mm × 3 mm) together form the reactor cathode. The platinum plate electrode (specification: 10 mm × 10 mm × 0.1 mm) is used as the reactor anode, and the AgCl electrode (CHI111) is used as the reference electrode. Insert the reference electrode into the inclined upper part of the cathode chamber and seal it with a gasket to ensure the sealing environment. Each double chamber reactor cathode chamber is inoculated with 20 g of centrifuged activated sludge. The equipment parameters are shown in the following Tables 1 and 2. Fig. 1 is the physical picture of the equipment.
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Figure 1: Experimental equipment diagram. (a) Potentiostat. (b) Electric thermostatic water. (c) Peristaltic pump. (d) Gas chromatograph. (e) pH detector. (f) Paperless recorder

The cathode chamber of the reactor is composed of upper layer gas and lower layer electrolyte solution. A micro peristaltic pump is used to connect the solution outlet at the slant bottom of the cathode chamber with the reactor plastic seal, as shown in Fig. 2. The lower liquid is controlled by changing the liquid circulation rate to change the flow field. The micro peristaltic pump is used to connect the gas outlet and gas inlet on the plastic seal, and the upper gas flow is controlled by changing the gas recirculation rate.
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Figure 2: MEC reactor and circulation diagram. (a) MEC reactor. (b) MEC cycle diagram

At present, the reaction principle of methanogenesis in the microbial electrolytic cell is generally considered as two cases. One is that methanogens directly obtain electrons transferred from the external circuit from the cathode surface to reduce the incoming CO2 to methane. It is called direct extracellular electron transfer. The reaction equation corresponding to the reduction of CO2 to produce methane is [39]:


CO2+8H++8e−→CH4+2H2O
(1)

The other is that H+ first obtains electrons on the cathode surface and is reduced to hydrogen, and then hydrogen and CO2 synthesize methane through methanogens under the action of applied voltage, which is called indirect extracellular electron transfer [9]:


2H++2e−→H2
(2)


CO2+4H2→CH4+2H2O
(3)

It should be pointed out that these two methods generally exist at the same time, and their respective proportions depend on the change of reaction environment.

2.2 Start Up and Operation

In this experiment, the sludge inoculated in the cathode chamber is taken from Shanghai Bailonggang Sewage Treatment Plant. The pH of electrolyte solution of both cathode and anode is 7. The cathode chamber and anode chamber are filled with 100 and 110 mL electrolyte solutions, respectively.

The peristaltic pump is respectively connected with the water inlet and the water inlet of the cathode chamber, and different flow velocities are set; At the same time, the peristaltic pump is used to connect the air inlet and outlet at the upper part of the reactor, and different flow rates are set. The reactors are all placed in a 37°C thermostatic water bath, and the CO2 with a flow rate of 0.3 L/min is introduced into the cathode chamber for aeration. The aeration time is 30 min and the cycle is 48 h.

Six groups of experiments are set up in this experiment. (15,30) indicates that the upper gas recirculation rate is 15 ml/min, and the lower liquid recirculation rate is 30 ml/min, and so on for other experimental groups. Set six groups of experiments (0,0) (0,30) (0,60) (15,0) (30,0) (15,30), as shown in Table 3 below.
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The composition of anode and cathode common nutrient solution is shown in Tables 4 and 5 below.
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2.3 Data Detection and Calculation Method

The data to be detected include the change of pH value of electrolyte during the experiment, the gas output, the proportion of each component in the gas, and the current density of the experimental device. The pH value is an important indicator to reflect the reactor environment, and the overly acidic and alkaline environment is not conducive to the survival of microorganisms; The output of various gases and the proportion of various gas components are the direct indicators of reactor performance; The current density can reflect the degree of electron transfer in the process of gas production, and can also indicate the active degree of the reaction. All methods and calculation formulas refer to relevant paper [40].

(1) The pH value detection of cathode solution:

During the experiment, the pH of the solution in the cathode chamber is measured every 48 h by (PHS-3E, Shanghai Yidian Scientific Instrument Co., Ltd., China). The specific operation is to use a needle tube to extract a small amount of cathode solution for detection during aeration, and then drive it into the cathode chamber again after completion.

(2) Gas detection:

Gas detection shall be carried out once every 48 h. 1 ml of gas generated in the cathode chamber shall be extracted with a sampler, and the gas composition shall be detected through a gas chromatograph (GC9800 of Shanghai University of Science and Technology Chromatograph Co., Ltd., China).

(3) Current density detection:

Use a paperless recorder (Hangzhou Mico Sensor Technology Co., Ltd., China) to record the reactor current and convert it to the current density based on the surface area of the cathode electrode. The calculation formula is:


IA(A/m2)=IA
(4)

where, I is the loop current (A), and A is the surface area of cathode graphite felt (m2).

3  Experimental Results and Discussion

3.1 Analysis of pH Change of Cathode Solution

The pH of the solution in the cathodic reaction chamber is detected every 48 h, and the pH change of the reactor cathodic solution is shown in Fig. 3.
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Figure 3: pH changing of experimental group under different conditions

In general, the pH value of the cathode solution of the reactor in the experimental group fluctuated between 6.4–8.0. The pH value of all reactor cathode solutions decreases first and then rises slowly, but the fluctuation amplitude varies slightly according to the applied conditions. First of all, the pH value of all reactors decreased in varying degrees during startup. The pH decreased in the startup phase, which may be caused by the following reasons: the cathode may not have formed a complete biofilm in the startup phase, resulting in the proton generated accumulating in the biological cathode, unable to participate in the reaction to generate methane, resulting in a decrease in the pH value.

When both the upper and lower rates of the reactor are 0, the overall pH curve of the control group (0,0) is lower, and the pH of the cathode solution of the control group is more acidic than that of other experimental groups. Before the experiment, phosphate buffered saline (PBS) was added to all cathode solutions to buffer the pH value of the solution and ensure the normal survival of the bacteria. The reason for the change of pH value is that the biological cathode continuously consumes protons to produce methane and hydrogen.

Fig. 3a shows the comparison of three groups of pH changes when only the upper gas recirculation rate is changed. After the initial pH decline, the pH of the three groups of cathode solutions began to rise. The overall trend of the three groups of curves did not change significantly, but with the rate change, the pH values at the end of the experiment were 7.54, 7.61 and 7.65, respectively. The increase rate of pH in the (30,0) experimental group was significantly faster than that in the other two experimental groups. At about 12 to 14 days, the pH was close to the beginning 7, which was 2 to 3 days earlier than that in the (15,0) and (0,0) groups. It is speculated that the reason is to change the gas recirculation rate, improve the contact between CO2 and solution, so that the CO2 in the dead corner of the flow also participates in the reaction, which can be inferred from the CO2 consumption of the three groups of experiments. At the same time, the enhancement of gas flow also promoted the by-product H2 to participate in CO2 generation, which not only reduced the by-product, but also increased the output of the main product.

Fig. 3b shows the comparison of pH changes in three groups when only the lower liquid circulation rate is changed. (0,60) group compared with the other two groups, the pH value of the experimental group increased significantly compared with the control group, the maximum value was 7.95. Combined with the corresponding methane yield, it can be seen that changing the lower liquid circulation rate significantly promotes the methane generation and hydrogen ion consumption, thus increasing the solution pH value. However, the change of pH according to the methane production rate and the total amount of methane cannot explain the decrease of methane production rate in the late reaction period. This is described in detail in the product analysis section.

Fig. 3c shows the comparison of pH changes by simultaneously changing the upper gas recirculation rate and the lower liquid recirculation rate. In the initial stage of startup, the decrease was the most in the (0,0) group and the least in the (15,30) group. The results showed that changing the gas recirculation rate and the lower liquid recirculation rate together accelerated the formation of the cathode biofilm at the initial start-up stage, and methane production consumed part of hydrogen ions. According to the methane gas production data, compared with (0,0), the methane production of the other three groups of experiments is higher. In the four groups of experiments, the pH value of the experimental group (0,30) and the experimental group (15,30) rose rapidly, approaching 7.0 on the 12th day. In combination with the methane yield, it was obvious that the lower liquid circulation rate accelerated the formation of the cathodic biofilm.

To sum up, the effect of changing the lower liquid circulation rate alone on the pH value of solution is far greater than that of changing the upper gas circulation rate alone; In the coupling between them, the influence of the lower liquid circulation rate is dominant. The liquid circulation rate in the lower part accelerates the formation of the cathode microbial film and promotes the generation of methane, which consumes H+ and causes the pH of the cathode solution to rise continuously.

3.2 Analysis of Changes in Current Density of Experimental Device

The loop current density is obtained by converting the current of the current recorder and the cathode surface area.

In this experiment, the trend of current density of all experimental groups is that the current density is very large when the power is just turned on, ranging from 2.5 to 3.5 mA/m2, and then drops rapidly to the lowest value of 1.5 mA/m2. After a peak, the current density gradually stabilizes. The high current generated when the power is just turned on may be the result of the interaction between the fluctuation of the potentiostat when adjusting the voltage and the proton aggregation. The peak value and time of current density under different conditions are different, which indicates that the electronic consumption inside the reactor will also change when the gas recycling rate and liquid recycling rate are changed, resulting in the change of the output and type of output. Figs. 4 and 5 show the current density and current data in the reactor, respectively.
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Figure 4: Current density variation under different conditions
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Figure 5: Current variation under different conditions

Fig. 4a shows the current density diagram of the experimental group after changing the gas recirculation rate. It can be seen from the figure that the overall trend of current density is the same, and the time points of reaching the peak value and the stable state are different, but the difference is not significant. The peak current density of group (0,0) is 4.65 mA/m2, which is the lowest, and the regression stability state after the peak value is relatively gentle, reaching stability after about the 13th day, and then the current keeps fluctuating at about 3.2 mA/m2; The peak current density of group (30,0) is 4.88 mA/m2, which is the highest, and it is about 3.3 mA/m2 after the 11th day, but the fluctuation is relatively large, which is about 3% higher than the former. The (15,0) group is in the middle position. This shows that changing the gas recirculation rate is helpful to improve the electron transfer, but the range of change is not obvious.

Fig. 4b shows the current density diagram of the experimental group after changing the liquid circulation rate. Different from changing the gas circulation rate, there is a big difference between the peak current density and the stable time point. The peak current density of group (0,30) is 5.1 mA/m2, and the regression stability state after the peak value is relatively gentle, reaching stability after about the 13th day, and then the current density keeps fluctuating at about 3.2 mA/m2; The peak current density of group (0,60) is 5.24 mA/m2, which is the highest, and it is about 3.6 mA/m2 after the first day, which is about 16% higher than that of group (0,0). This shows that changing the liquid circulation rate is helpful to improve the electron transfer. Compared with the gas circulation rate, the range of change is significant. The overall high level of current density indicates that there is a large amount of electron transfer in the reaction process. The amount of electron transfer can roughly indicate the active degree of the generated gas.

Fig. 4c shows the current density diagram of the experimental group after changing the two rates simultaneously. It shows again that the liquid circulation rate plays a dominant role in the two factors. The peak current density of (15,30) group was 5.4% higher than that of (0,30) group, and it was 0.2 mA/m2 higher on average after 14 days. Combined with the gas production, the coupling of the two factors has a more significant effect on the electron transfer efficiency than changing one alone. It can be considered that changing the gas recirculation rate makes some gases not involved in the reaction participate in the reaction, and increases the electron transfer.

The current density is an important indicator of the performance of the reaction experiment group. In the experimental data, changing the liquid circulation rate obviously has a greater impact on the current density. On the one hand, electron transfer is carried out in the liquid, and changing the liquid circulation rate is conducive to electron transfer; On the other hand, liquid circulation rate is also important for the change of biofilm, and both electron transfer modes are affected.

3.3 Change Analysis of Biological Cathode Products

Fig. 6 shows the total methane and hydrogen production of different experimental groups. Fig. 7 shows the influence of gas recirculation rate on gas production performance. When the gas recirculation rate increases from 0 to 30 ml/min, the methane production trend of the two is basically the same. The total methane production increases from 10.04 to 10.70 mmol, an increase of about 7%, and the total by-product hydrogen production decreases from 1.29 to 0.89 mmol, a decrease of 38.8%. The methanogenic rate in the (0,0) group was lower than that in the other two groups after the fourth day of the experimental start-up period, and reached a stable level on the 14th day, dropping steadily around 0.5 mmol/d, while the methanogenic rate in the (15,0) (30,0) two groups was stable about the 18th day. The data curves of (15,0) (30,0) two groups of experiments are particularly similar, which may be because changing the gas recirculation rate alone can only change the gas distribution in the upper part of the reactor. But at the same time, the hydrogen content of the two groups of experiments is lower than that of the (0,0) group, so it is speculated that the gas circulation will make some by-products of methane synthesis hydrogen react again. The synthesis of methane from H2 and CO2 in indirect extracellular electron transfer is enhanced.
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Figure 6: Total methane and hydrogen production in different experimental groups. (a) Methane production. (b) Hydrogen production
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Figure 7: Methanation rate and CO2 consumption at different gas recirculation rates. (a) Methanation rate. (b) CO2 consumption

The consumption of CO2 in these three groups of experiments is not the same as that of methane production, which may be because CO2 is not only used to produce methane, but also consumed by microorganisms themselves [41] and other organic by-products [42].

To sum up, changing the gas recirculation rate will increase the dissolution of CO2, promote CO2 to participate in the reaction, and at the same time, make the by-product hydrogen react again to generate methane. Since the start-up and stabilization periods of the three groups of experiments are roughly the same, it can be considered that changing the gas recirculation rate has little impact on the biofilm itself, which is helpful to improve the upper limit of gas production and the reuse of by-product hydrogen.

Fig. 8 shows the effect of liquid circulation rate on gas production performance. When the liquid circulation rate increases from 0 to 60 ml/min, the total methane production increases from 10.04 to 10.526 mmol, an increase of about 5%, and the total by-product hydrogen production increases from 1.29 to 1.68 mmol, an increase of 30%. The peak value of methanogenic rate in group (0,0) was 0.5 mmol/d on the 14th day, and the peak value of CO2 consumption was basically consistent with the methanogenic curve. The peak methanogenesis of group (0,30) (0,60) was 2 to 3 days earlier than that of group (0,0), which was 0.553 and 0.561 mmol/d respectively, indicating that changing the liquid circulation rate shortened the start-up period and made the peak of methanogenesis come earlier than that of the control group. This may be because the change of flow field led to the shortening of diffusion examples used by microorganisms for metabolite transport [43]. After the peak, although the methane production remained at a high speed, it showed a downward trend and was exceeded by the control group on the 14th day. The methane production of (0,0) remained stable at 0.4~0.5mmol/d in several cycles from the 10th to the 24th day. It is worth paying attention to the changing trend of CO2 consumption. After the CO2 consumption of experimental group (0,30) (0,60) reaches the peak, the changing trend is similar to that of group (0,0). It can be seen that other reactions consuming CO2 still occur in the reactor. However, compared with (0,0), the methane production rate decreased significantly, with the lowest being 0.3 mmol/d, indicating that some factors had changed the biofilm. It is speculated that the reason for this situation is that the liquid circulation rate changes the flow field distribution, the flow field changes the properties of biofilm in the later stage, and the pH value becomes unsuitable for the survival of bacteria, which ultimately leads to the decline of methane production in the later stage of the experiment. At the same time, the direct and indirect extracellular electron transfer modes for methane production are weakened. In addition, the total hydrogen production of by-product also increases with the increase of the rate, which may lead to the increase of hydrogen amount due to the change of biofilm, and may also lead to the weakening of the reaction of hydrogen to methane due to the change of biofilm. Studies have shown that the shear force of the flow field may destroy the spatial structure of methanogens, transform the cathode products into other substances, and reduce the methanogenic performance [44].
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Figure 8: Methanation rate and CO2 consumption at different liquid circulation rates. (a) Methanation rate. (b) CO2 consumption

In conclusion, by changing the liquid circulation rate, the methanogenic efficiency and CO2 consumption during the start-up and early stabilization periods of the unit are improved. At the later stage of the experiment, the methane production decreased, and the CO2 consumption was larger than that of the control group, which indicated that CO2 consumption produced other organics. This may be because the change of the flow field will lead to the destruction of the methanogenic bacteria structure of the biofilm, thus producing other organics.

Fig. 9 compares the performance of methanogenic rate when changing two rates at the same time with changing only one. Compared with (0,0), the total output of methane in the (15,30) increased from 10.04 to 10.54 mmol, an increase of about 5%, and the total output of by-product hydrogen decreased from 1.29 to 1.15 mmol, a decrease of 10.8%. In the (15,30) experimental group, the upper gas recirculation rate and the lower liquid recirculation rate were changed simultaneously. The methanogenic rate data of (15,30) is similar to that of (0,30). Combined with the changes of pH value and current density, it fully shows that the lower liquid circulation rate is dominant when the two influencing factors are coupled. The data gap between the two may be caused by changing the gas recirculation rate. Compared with (0,30), the methanogenic rate of (15,30) is higher on the whole. The peak values of their methanogenic rates are 0.556 and 0.551 mmol/d, respectively, with little difference. However, the hydrogen output (15,30) is lower than that of the (0,30) group. It can be seen from the hydrogen output that the weakening of hydrogen methane synthesis reaction caused by the change of liquid flow field is alleviated. Changing the gas recirculation rate enhances the process of hydrogen to methane; Another possibility is that the coupling of the two makes the dissolution of CO2 and H2 more sufficient than changing a single rate. From the point of view of the increase of methanogenesis rate and the increase of CO2 consumption after the reactor reaches the peak value, the coupling of the two can improve the decrease of methanogenesis rate caused by the change of flow field, which is still caused by the improvement of gas distribution by increasing the dissolution of CO2 and H2.
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Figure 9: Methanation rate and CO2 consumption after changing the two rates simultaneously. (a) Methanation rate. (b) CO2 consumption

Wahid et al. [29] recycled the generated gas at a rate of 12.2 ml/min by means of gas recycling, and the methanogenic rate increased by 11%. The author also pointed out that more efficient utilization of H2 is needed to improve H2 gas-liquid mass transfer so that H2 can be more fully involved in CH4 synthesis. This is also consistent with the previous analysis. The key to changing the gas recirculation rate is to strengthen gas-liquid mass transfer. Liquid circulation [45] is applied to the cathode solution to enhance the ability of biological cathode to reduce CO2, so that acetic acid is produced in the operation stage, and the methane production is reduced. This is in line with the conclusion of this experiment. Changing the liquid circulation rate will increase CO2 consumption and reduce methane production in the later period.

To sum up, the trend of gas production of the coupling of the two is similar to that of only changing the lower liquid circulation rate, but changing the upper gas circulation rate can alleviate the decline of methane production rate caused by the change of biofilm properties.

4  Conclusion

In this study, a double chamber MEC reactor was constructed. By changing the gas recirculation rate in the upper part and the liquid recirculation rate in the lower part of the reactor, the different gas production efficiency under these two factors was explored. Compared with other literature, which only focuses on a single factor such as liquid circulation rate, this paper also studies the influence of the coupling of these two factors. For the methanogenic performance of microbial electrolytic cell system with CO2 as the carbon source, the research conclusions are as follows:

(1) In the start-up stage of the reactor, the flow state of the material inside the reactor will affect the speed of biofilm formation. The change in the liquid flow state has a more obvious effect on biofilm than the change in the gas flow state. Among the two variable factors, the change of lower liquid circulation rate plays a dominant role in the reactor.

(2) Changing the gas recirculation rate in the upper part of the reactor can improve the gas distribution, promote the CO2 dissolution and the gas in the dead corner of the reaction to participate in the reaction, strengthen the contact between CO2 and other gases and the biofilm, and indirectly promote the methane generation. In this experiment, the by-product hydrogen production gradually decreases with the increase of the gas recycling rate, which can prove that the by-product hydrogen again participates in the formation of methane in the experiment, thus increasing methane production.

(3) The lower liquid circulation rate has a great influence on the methanogenic performance of the reactor. Changing the liquid circulation rate at the lower part of the reactor can promote the formation of biofilm at the start-up stage of the reactor, and at the same time, strengthen the contact between gas and biofilm and the electron transfer efficiency in the liquid, which is conducive to the generation of methane and the increase of CO2 consumption. However, in the later stage of the reaction, the properties of the biofilm will be changed, the methane production rate will be reduced, and the total by-product hydrogen production will also be increased. However, the change in biofilm properties has little impact on CO2 consumption, but there is a risk that CO2 will generate other organics.

(4) When the two rates are changed at the same time, the reduction of methane production caused by the change in biofilm properties can be improved. The reason for this improvement is the revival of the hydrogen synthesis methane path and the strengthening of the contact between gas and biofilm. This can provide a theoretical reference for the coupling of the two in the actual gas production process.
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Table 1: Parameters of experimental consumables

Experimental consumables Model and parameters
Double chamber H-type reactor 100 ml

Proton exchange membrane DuPont N117

AgCl electrode CHII111

High-purity graphite felt 40 mm X 40 mm %X 3 mm

Platinum plate electrode 10 mm % 10 mm % 0.1 mm
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Table 3: Control group setting

Serial No. Parameters of experimental group Code
Upper gas recirculation rate (ml/min) Lower liquid recirculation rate (ml/min)

1 0 0 (0,0)

2 0 30 (0,30)
3 0 60 (0,60)
4 15 0 (15,0)
5 30 0 (30,0)
6 15 30 (15,30)
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Table 4: Electrolyte solution formulation

Chemical name Content
Yeast powder 05¢g
Cysteine 025¢g
NH,Cl 0.625 g
KH,PO,4 0.85¢
CaCl,-2H,0O 0.1875 ¢g
MgCl,-6H,0 05¢g
K>HPO, 1.09 g
NaHCO; 125 ¢
Na,S-9H,0 (0.25 g/L) 1 mL
Trace metals 1 mL

Dilute sulfuric acid (2 mol/L)

Right amount
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Table 2: Parameters of experimental equipment

Equipment name

Model

Manufacturer

Potentiostat

Paperless recorder

DJS-292B

Intelligent color screen, 4-
channel

Gas chromatograph GC9800

Electric thermostatic DK-S26

water

pH detector

PHS-3E

Shanghai Xinrui Instrument Co., Ltd., China
Hangzhou Mico Sensor Technology Co., Ltd., China

Shanghai Kechuang Chromatographic Instrument Co.,
Ltd., China

Shanghai Jinghong Experimental Equipment Co., Ltd.,
China

Shanghai Instrument & Electronics Science Instrument
Co., Ltd., China
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Table 5: Trace metal formulations/100 mL

Chemical name Content
MnCl,-2H,0 0.125 g
NiCl,-6H,O 001 g
CuCl,-2H,0 0.0068 g
NaMoQO,4-2H,0 0.0063 g
FeCl,-4H50 05¢g
CoCl,-6H,0 0.0425 ¢
ZnCl, 0.0175 g
H;BOs 0.015 g
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