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Abstract

:

Biochar is a kind of carbon-rich material formed by pyrolysis of biomass at high temperature in the absence or limitation of oxygen. It has abundant pore structure and a large surface area, which could be considered the beneficial characteristics for electrodes of microbial electrochemical systems. In this study, reed was used as the raw material of biochar and six biochar-based electrode materials were obtained by three methods, including one-step biochar cathodes (BC 800 and BC 700), biochar/polyethylene composite cathodes (BP 5:5 and BP 6:4), and biochar/polyaniline/hot-melt adhesive composite cathode (BPP 5:1:4 and BPP 4:1:5). The basic physical properties and electrochemical properties of the self-made biochar electrode materials were characterized. Selected biochar-based electrode materials were used as the cathode of sediment microbial electrochemical reactors. The reactor with pure biochar electrode (BC 800) achieves a maximum output power density of 9.15 ± 0.02 mW/m2, which increases the output power by nearly 80% compared with carbon felt. When using a biochar/polyaniline/hot-melt adhesive (BPP 5:1:4) composite cathode, the output power was increased by 2.33 times. Under the premise of ensuring the molding of the material, the higher the content of biochar, the better the electrochemical performance of the electrodes. The treatment of reed powder before pyrolysis is an important factor for the molding of biochar. The one-step molding biochar cathode had satisfactory performance in sediment microbial electrochemical systems. By exploring the biochar-based electrode, waste biomass could be reused, which is beneficial for the environment.
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1. Introduction


Microbial electrochemical systems (MESs) have drawn increasing attention as a method that can simultaneously produce electricity and treat wastewater. Cathode materials have a direct impact on the performance of MESs. They should have high oxidation-reduction potential to easily capture electrons. It is important to study the cathode materials of MESs. At present, common cathode materials include graphite, carbon cloth, and carbon paper. In order to improve the performance of the materials, high active catalysts can be used to modify the cathode to reduce the activation energy and improve the reaction rate. Pt is the most commonly used catalyst. The power density of MESs with Pt-containing graphite felt as a cathode can reach 150 mW/m2 [1], which is three times that of a pure graphite cathode [2]. However, Pt is an expensive metal, which limits its practical application. In addition, the performance of MESs can be improved by increasing the surface area of the electrode. In the reactor systems with two-dimensional electrodes, changing the size of the electrode will generally lead to the increase of reactor volume and infrastructure cost. Using cheap three-dimensional electrodes to fill the reactor chamber can provide an effective solution for this problem.



Three-dimensional electrodes can increase the attachment point of bacteria and the power density of the reactors. In theory, this should lead to better performance of the MESs. The commonly used filling materials are graphite granules (GGS) [3] and granule-activated carbon (GAC) [4]. Exploring better three-dimensional electrode materials and their structure is still the key to improving the performance of MESs. Biochar is a kind of carbon-rich material formed by pyrolysis of biomass at high temperature in the absence or limitation of oxygen [5]. Common preparation methods of biochar include slow pyrolysis, hydrothermal carbonization, and high-temperature gasification. The sources of raw materials for biochar preparation are very wide [6,7]. The products made from different raw materials are also different. For example, the materials made from grasses are mostly liquid biofuels [8]. Biochar has been widely studied in environmental remediation because of its wide sources, low cost, and recyclability, including as energy substitute products, improving soil environment [9], transforming into activated carbon [10], and as an adsorbent [11,12]. In some studies, biochar and modified biochar materials have obtained good results in the adsorption of dyes and heavy metals [13,14]. Compared with GGS and GAC, biochar is a more cost-competitive option. In addition, biochar is also used as sensing materials. Analytical performances for biochar-based sensors are often reported as comparable to those of the best carbon-based sensing platforms [15]. Incorporating photocatalytic nanoparticles with biochar templates can produce biochar-supported photocatalysts [16]. In recent years, the preparation of electrodes by biochar has attracted some attention. Biochar electrodes exhibited voltametric responses similar to those of activated carbon under similar conditions [17]. Therefore, they are applied to supercapacitors [18] and microbial fuel cells [19,20,21]. The application of biochar in lithium secondary battery is summarized [22]. Research showed that the inherent macro-structure of biochar plays a significant role in determining the performance of monolithic biochar electrodes [23]. Some researchers have studied the modified electrodes based on biochar, but the biochar was used as a catalyst or catalyst carrier, and the biochar-relevant electrode was prepared by multiple steps [24,25]. In most earlier studies, only woody plants were used to prepare one-step molding biochar electrodes [26]. Compared with woody plants which have many other valuable applications, reed is a kind of common and easy to collect plant. In this study, reed will be used as the raw material of biochar, and we aim to develop a molding method for biochar electrodes. The influence of different pyrolysis temperatures on the properties of the products and the materials’ properties prepared by different preparation methods will be studied.




2. Results and Discussion


2.1. Analysis of the Biochar Materials


It is important to treat reed powder with a suitable sieve for the molding of biochar electrodes. Otherwise, cracks easily form on the surface of biochar, as shown in Figure 4. As the biochar electrode precursor, the main components of reed stalk were hemicellulose, lignin, and cellulose. During the process of pyrolysis, the cellulose, hemicellulose, and lignin were decomposed [27,28]. The weight loss of hemicellulose and cellulose during pyrolysis mainly happened below 400 degrees, while lignin was more difficult to decompose and its weight loss happened from 160 to 900 degrees and then generated solid residue [29]. Biochar yield in this research is shown in Table 1, which was obtained by dividing the biochar production mass by the initial reed mass (5 g) in the corundum mold. With increasing pyrolysis temperature from 400 to 800 °C, the yield decreased from 35.4% to 25.1%. The specific surface area (SSA) of reed biochar can reach 68.53 m2/g when the pyrolysis temperature increases to 500 °C [30]. With increasing pyrolysis temperature from low temperature to 700 °C, the SSA of biochar will be greatly advanced. Generally, the increase in surface area at high carbonization temperature is due to the removal of volatile material, resulting in increased micropore volume [31]. Meanwhile, densification of the carbon skeleton is improved. Insufficient carbonization at 600 °C or excessive densification of the carbon skeleton at 1000 °C leads to the lower specific surface area or only macropores remain. The biochar pyrolyzed at 800 °C thus shows the optimal pore structure [32]. The size of biochar production was smaller than the initial mold size, and it could maintain a solid form and work as a piece of electrode. However, the resistances were too high for BC 400, BC 500, and BC 600 (Table 1). BC 700 and BC 800 had much lower resistances, and they were selected as the electrode samples (30–50 Ω for BC 800 and 300–500 Ω for BC 700). The dimensions of the electrode BC 800 were 50.0 × 25.0 × 3.8 mm, and for BC 700 were 50.0 × 25.0 × 4.0 mm. In this preparation method, sieving is a crucial step. If reed powder was not sieved as described, biochar could not be molded. In order to obtain better performance of the electrode, binder and conductive substance were mixed with the powder of BC 700 and pyrolysis was carried out again. BP (biochar powder mixed with polyethylene) and BPP (biochar powder mixed with polyaniline and hot-melt adhesive) with different mass ratios were obtained as the procedures mentioned above. All these six electrode samples had a similar size and could maintain a complete electrode shape in the reactors during this research. The prepared electrodes are shown in Figure 4.



The Scanning electron microscope (SEM) of six biochar-based electrode materials are shown in Figure 1. The degradation and destruction of cellulose and lignin results in the formation of amorphous carbon structure and micropores [33]. As shown in Figure 1A,B, the surfaces of BC 800 and BC 700 were uneven, and the biochar was basically composed of cellular porous structure. The porous structure could provide a relatively large contact area with oxygen, which makes it possible to be used as cathode materials in MESs. Solid residue of lignin in BC 700 and BC 800 had a rough surface. Compared with the pure biochar BC 700, polyethylene was added in BP 5:5 and BP 6:4 with different mass ratios, and some lumpy objects could be observed in Figure 1C,D. BC 700 powder could be dispersed in polyethylene, and the polyethylene combined the biochar together acted as binders. X-ray diffraction (XRD) and Fourier transform infrared spectroscopy (FTIR) analysis of previous studies shows that the addition of biochar could make a change of intensity in the BP composites but had little effect on the crystalline structure [34]. There were no chemical reactions between biochar and high-density polyethylene (HDPE) [35]. The porous structure and large surface area of biochar allow polyethylene to flow inside the pores, and an interlocking developed due to which the composite can efficiently transfer stress [34]. With the addition of polyethylene, the compressive and torsional properties of the materials could be better, but the electrical conductivity of the materials was reduced. Polyaniline has good electrochemical properties, and it was added in BPP 5:1:4 and BPP 4:1:5. Compared with BC and BP, some attached particles on the surface of the biochar solid could be observed in Figure 1E,F. The polyethylene and polyaniline only modified the surface of biochar. Polyaniline was dispersed on the surface of the biochar bundle, which increased the conductivity of the composite. The actual electrochemical performance of the six kinds of biochar-based electrodes will be tested in the following research.




2.2. Analysis of Electrochemical Properties of Biochar-Based Electrode


The Linear sweep voltammetry (LSV) curves of six electrode materials are shown in Figure 2A. When the electric potential was scanned from 200 to 0 mV (relative to Ag/AgCl), the current reached the maximum value. At the same potential, the current value of BC 800 was significantly higher than BC 700, which showed that BC 800 has better catalysis activity. Compared with BC 800 and BC 700, the curve trends of the other four electrode materials were not obvious in Figure 2A, which showed that BC 800 and BC 700 may be more suitable for electrode materials.



The Cyclic voltammetry (CV) curves of six materials are shown in Figure 2B. The CV curves of BC 800 and BC 700 were steeper than other materials. This is consistent with the results of LSV analysis. With the increasing of pyrolysis temperature (from 500 to 900 °C), the CV curves became steeper, indicating that the electrode has a smaller resistance, according to Reference [36]. No steep redox peak was observed in the CV curve of BC 700 and a pair of weak redox peaks were shown in the curve of BC 800. The inset in Figure 2B shows CV curves of BP and BPP, and small redox peaks could be observed. The peak height of BPP 5:1:4 is higher than that of BPP 4:1:5. The Electrochemical impedance spectroscopy (EIS) test results of six materials are listed in Figure 2C. According to the intersection of the EIS curve and X-axis, the resistances of electrodes could be inferred. The resistances of BC 700 and BC 800 were about 7 and 15 Ω, the values of BP 6:4 and BP 5:5 were about 56 and 60 Ω, and the resistances of BPP 5:1:4 and BPP 4:1:5 were about 38 and 60 Ω. Compared with BC 700, the resistance of BC 800 was smaller from the inset image, which was consistent with the CV results. The resistances of BC 800 and BC 700 were significantly smaller than the other four materials, which showed that the addition of polymer materials in the second step affected the electrochemical properties of these four materials. However, compared to another study, the resistances of pure biochar electrodes measured by the EIS test are slightly higher [37]. The reason may be that the biochar was not activated by KOH in this study. One-step molding biochar BC 800 and BC 700 may have better electrochemical performance, and these electrodes should be further tested in sediment microbial electrochemical reactors.




2.3. Performance of Sediment Microbial Electrochemical Reactors with Different Biochar-Based Materials as the Cathodes


The results of voltage generation of biochar-based materials as cathodes are shown in Figure 3A. After carbon felts were replaced by biochar-based cathodes, the voltage of the BC 800 reactor increased to 105 mV, from 75 mV, and the voltage of the BC 700 reactor increased from 70 to 100 mV. The results showed that BC 800 and BC 700 can improve the electricity generation performance of sediment microbial electrochemical systems compared with the carbon felt cathode, and these two materials have similar ability to improve the electricity generation (30 mV). The voltage of sediment microbial electrochemical systems with BP 5:5 cathode material decreased from 78 to 60 mV, and the voltage of sediment microbial fuel cell (SMFCs) with BP 6:4 cathode material decreased from 75 to 55 mV. The addition of polyethylene decreased the conductivity of electrodes and reduced the voltage outputs. The stable voltage of BPP 5:1:4 increased from 85 to 110 mV, but the stable voltage of BPP 4:1:5 decreased from 85 to 35 mV. It is inferred that the better performance of BPP 5:1:4 compared with BPP 4:1:5 was due to the changes in composition ratio of biochar-based material. BPP 4:1:5 had worse electrical performance than carbon felt, which may be caused by the higher content of hot melt adhesive. These results showed that BC 800, BC 700, and BPP 5:1:4 cathodes have better voltage generation performance.



Polarization curves and power density curves were shown in Figure 3. The power densities were significantly improved at every external resistance after the carbon felt cathodes were replaced with BC 800 and BC 700. The maximum voltage of reactor 1 (BC 800) increased from 75 to 105 mV, and the maximum voltage of reactor 2 (BC 700) increased from 70 to 100 mV. The current density of the reactors increased by 3.6 times, to 110 ± 5 mA/m2. The maximum power density of reactor 1 (BC 800) increased from 1.68 ± 0.02 to 9.15 ± 0.02 mW/m2, and the maximum power density of reactor 2 (BC 700) increased from 1.45 ± 0.1 to 7.4 ± 0.02 mW/m2. It showed that the reactors with pure biochar cathode material had small internal resistance and much better performance than carbon felt in reactors. When carbon felt was used in reactor 3, the voltage of polarization curves decreased from 165 to 10 mV with the change of external resistance, and the current density increased from 2.5 to 32 mA/m2. The maximum output power density of reactor 3 decreased from 1.75 ± 0.01 to 0.6 ± 0.01 mW/m2 after BP 5:5 replaced carbon felt, which might be due to the low content of biochar in BP 5:5. After BP 6:4 was replaced in reactor 4, the voltage range was almost unchanged, but the current density increased from 7.5 to 33 mA/m2. The maximum power density increased from 1.25 ± 0.01 to 1.56 ± 0.01 mW/m2. When carbon felt was used in reactors 5 and 6, the polarization curves were similar. After the cathode material was replaced, the voltage range of the polarization curve of reactor 5 (BPP 5:1:4) increased to 190 mV, and the current density increased to 70 mA/m2. The maximum power density of the BPP 5:1:4 reactor increased to 5.25 ± 0.1 mW/m2, which was more than two times the original power. However, the reactor with the BPP 4:1:5 cathode only had a power density of about 1 mW/m2. The voltage of the polarization curve of reactor 6 decreased from 140 to 0 mV. BPP 5:1:4 had much better performance than BPP 4:1:5 as the cathode material of sediment microbial electrochemical systems.



The results showed that BC 800, BC 700, and BPP 5:1:4 had better performance compared with carbon felt, and they had the potential to replace traditional electrode materials. Meanwhile, BC 800, BP 6:4, and BPP 5:1:4 had better performance compared with another electrode obtained by the same preparation method. These results obtained in reactors were consistent with the electrochemical analysis. In particular, BC 800 has the best performance of all six kinds of biochar-based cathodes, and the one-step preparation method was very easy to operate. The improvement degree of BC 800 relative to carbon felt was similar to a previous study, in which BC 900 electrode was used [36]. In another study, the maximum power density of the biochar cathode reached 72 mW/m2 [26]. The power density was much higher than the value of this research because these two cathode structures were totally different. Air cathodes were one of the most popular cathodes, and superior performance was usually accompanied by complex preparation methods. The one-step molding preparation method used in this study was easy to operate and no additional binder was needed. The electrode appearance could remain intact during the research. A feasible method for the one-step molding preparation of biochar-based electrode materials using non-woody plants was developed in the research, and it may be further explored in other microbial electrochemical systems.





3. Materials and Methods


3.1. Biochar Electrodes Preparation


Biochar electrodes were prepared using Phragmites australis as the precursor material. The preparation process is shown in Figure 4. After the leaves were removed, the reed stalk was cleaned and kept in the 75 °C oven for 12 h. Then, the reed was crushed and sieved using a 200 mesh strainer. A certain quality of reed powder was put into a heat-resistant corundum mold (60.0 × 30.0 × 9.0 mm) and placed in the furnace and it was preheated at 100 °C for 20 min under the protection of nitrogen, then the furnace temperature was further increased to the target pyrolysis temperature (400, 500, 600, 700, and 800 °C) at the rate of 10 °C/min and heated for 2 h. The production was denoted as BC after cooling. The four other biochar-based materials had a second manufacturing process. BC 700 (target heat temperature was 700 °C) was crushed and sieved using a 100-mesh strainer, and the biochar powder and polyethylene were mixed with a mass ratio of 5:5 or 6:4, then the mixture was heated in the furnace from room temperature to 200 °C at a rate of 10 °C/min. The reason for choosing this temperature is that polyethylene as a binder will decompose at too-high temperature. The heat lasted for 1.5 h and the production was cooled to room temperature, and BP 5:5 and BP 6:4 were obtained. The samples of BPP 5:1:4 and BPP 4:1:5 could be obtained similarly to the procedures mentioned above, while the BC 700, polyaniline, and hot-melt adhesive were mixed with the mass ratio of 5:1:4 or 4:1:5.




3.2. Determination of Physical and Electrochemical Properties of Materials


The basic physical indexes mainly include the length, width, thickness, surface roughness, burning loss rate, and resistance of materials. The physical properties of materials were determined by caliper (UT61, Dongguan, China) and multimeter (EVERPOWER557115, Shenzhen, China). The morphology of the materials was analyzed by ultra-high-resolution field emission scanning electron microscopy (Nova nanosem 450 type, Hillsboro, America). The electrochemical performance of the materials was mainly tested on the electrochemical workstation (CHI760D, Shanghai, China). All electrochemical tests were performed in a 1 mM potassium ferricyanide solution containing 0.1 M KCl. Cyclic voltammetry (CV) was performed from −0.8 to 0.8 V at a scan rate of 20 mV/s. EIS was operated over the frequency range of 100 kHz to 0.01 Hz at an amplitude of 0.007 V.




3.3. Construction and Operation of Sediment Microbial Electrochemical Reactors


For a schematic diagram of sediment microbial electrochemical reactors, the interested reader can refer to Reference [38]. Six graphite plates (60 × 60 × 5 mm) were selected as the anode materials of sediment microbial electrochemical reactors (Φ90 mm, 500 mL). The graphite plates were polished with sandpaper and heated at 450 °C for 30 min. Marine mud was collected from the lower part of the mud–water interface, and the sampling site was in Bohai Bay (40°40′15″ N, 122°9′42″ E). After pretreatment, the graphite plate anodes were placed horizontally at the center of 300 mL of marine mud. Carbon felt or the six biochar-based materials mentioned above were used as the cathode. Every cathode electrode (carbon felt in the early stage, replaced by biochar electrodes in the later stage) was fixed with two pieces of titanium mesh and the sandwich structure cathode was placed at the surface of seawater. Anode and cathode were connected with a 1000 Ω resistance. The real-time output voltage was recorded by a personal computer through a data acquisition card (PS2016V, Smacq Technologies, China).





4. Conclusions


In this study, biochar molding electrodes by reed were developed. Their basic physical properties and electrochemical properties were characterized, then selected biochar-based electrode materials were used as the cathode of sediment microbial electrochemical reactors to determine the application potential of biochar-based materials. Stable molding materials can be obtained by three preparation methods: one-step molding preparation of pure biochar, two-step molding preparation of biochar/polyethylene composite, and two-step molding preparation of biochar/polyaniline/hot-melt adhesive composite. In order to obtain better one-step molding biochar, it is necessary to select a suitable sieve to treat reed powder. Among the six materials, the BC 800 electrode had the best performance in the sediment microbial electrochemical system, and it was a litter higher compared with BC 700. There was no significant improvement in the reactor using BP 5:5 and BP 6:4 compared with carbon felt. The BPP 5:1:4 and BPP 4:1:5 prepared by the same method have different performance. BPP 5:1:4 increased the power generation, while BPP 4:1:5 inhibited the power generation performance of the reactor. The one-step molding biochar cathode had excellent performance in microbial electrochemical reactors. This one-step biochar molding method is convenient and has a wide range of raw materials, which have the potential to be used in microbial electrochemical systems.
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Figure 1. Scanning electron microscope images of (A) BC 800, (B) BC 700, (C) BP 5:5, (D) BP 6:4, (E) BPP 5:1:4, (F) BPP 4:1:5. 
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Figure 2. The Linear sweep voltammetry, Cyclic voltammetry, and Electrochemical impedance spectroscopy test results of six biochar−based electrode materials (A) Linear sweep voltammetry curves, (B) Cyclic voltammetry curves, (C) Electrochemical impedance spectroscopy curves. 
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Figure 3. (A–D) The performance of the electricity of sediment microbial fuel cell with different biochar-based materials as the cathodes. 
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Figure 4. Biochar electrodes’ preparation schematic diagram. 
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Table 1. Biochar size and yield.
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	Heating Temperature (°C)
	Size (L × W × H, ±0.1 mm)
	Resistance
	Biochar Yield (%)





	400
	54.0 × 27.0 × 4.3
	Overload
	35.4



	500
	52.0 × 26.0 × 4.2
	3.5–30 MΩ
	29.6



	600
	51.0 × 26.0 × 4.1
	400–1400 Ω
	28.0



	700
	50.0 × 25.0 × 4.0
	300–500 Ω
	27.2



	800
	50.0 × 25.0 × 3.8
	30–50 Ω
	25.1
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