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Anaerobic Digestion of Fruit Waste Mixed With Sewage Sludge Digestate Biochar: Influence on Biomethane Production
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The main aim of this study was to evaluate the biomethane potential (BMP) of fruit waste by incorporating additives such as sewage sludge biochar at different inoculum-to-substrate ratios (ISRs) of 2, 1.5, and 1 (wt./wt.). The results showed an improvement in the maximum methane production by 13, 20, and 27% upon the addition of sewage sludge biochar produced at 350°C for ISR of 2, 1.5, and 1 (wt./wt.), respectively, and an increase 12, 18, and 22% for the added biochar produced at 550°C for ISR of 2, 1.5, and 1 (wt./wt.), respectively, compared to the BMP tests performed without the addition of biochar (i.e., the control). Biochar addition reduced volatile fatty acid (VFA) formation during the digestion of fruit waste as compared to the control reactor, which is a strong indication that the metabolic process of the system was streamlined to methanogenesis. The maximum methane yield for the tested fruit substrates was 285.7 mL CH4/g in the presence of biochar prepared at a low temperature (350°C). This value is higher than one obtained with same amount of biochar prepared at a higher temperature (550°C). The results from this study showed that the effectiveness of the anaerobic digestion process depends on the ISR, biochar dose, and the pyrolysis temperature used for the production of the sewage sludge digestate biochar.
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GRAPHICAL ABSTRACT. FW, Fruit waste; BC, biochar.



HIGHLIGHTS

– Addition of biochar to an anaerobic fruit waste digestion process was evaluated.

– Addition of biochar increased the CH4 production rate and yield.

– Biochar shortened the lag phases of CH4 production.

– Biochar enhanced volatile fatty acid degradation during the CH4 production phase.



INTRODUCTION

The amount of municipal solid waste increases with economic development as well as population growth. Food waste (FW) is one of the municipal solid waste fractions, which adds pressure on the existing solid waste treatment facilities as well as on the waste management process (collection, treatment, landfilling), which in turn may potentially deteriorate the environment due to landfill leachates and greenhouse gases emissions. The unrestrained discharge of large amounts of FW may become the cause of severe environmental pollution especially in developing countries where solid waste management procedures are poorly implemented. Also, in developed countries such as the Netherlands (i.e., a relatively small country with a high population density), FW has become a challenging problem in terms of solid waste management (Chen et al., 2008; Zhang et al., 2014). Dutch people throw away an average of 135 kg of FW per person per year, which results in a total amount of nearly 2 billion kg of FW per total population per year (NOS Annual Report, 2016). The environmental impact (contribution to global warming and climate change) of FW is estimated to be 20–30% worldwide, whereas for the Netherlands it is >50% (NOS Annual Report, 2016). Therefore, one of the great challenges for governmental bodies is to reduce FW production by 20%, whereas the United Nations sustainable development goals set an objective of 50% reduction of FW production by 2030 (Milios and Reichel, 2013; Ariunbaatar et al., 2017). The traditional approaches for FW treatment are mainly landfilling and incineration, which are environmentally unfriendly and energy-intensive methods (Tiwary et al., 2015). Therefore, an effective and environmentally friendly approach is needed for FW treatment where resource recovery strategies are included.

Anaerobic digestion (AD) processes are employed for bioenergy production from organic waste streams including solid organic waste and high-strength wastewater. The application of AD for FW valorization has become an intensive field of research since the organic contents in FW are well-suited for anaerobic microorganism growth while the environmental concerns are tackled (Montecchio et al., 2017). During the AD process, FW is biologically degraded and converted into clean biogas/biomethane (Zhang and Jahng, 2012). Food waste contains different organic and inorganic materials. The critical parameters for optimal operation of AD on FW include the supply of well-balanced substrate composition (with respect to bioaccessibility and biodegradability, C/N (Carbon/nitrogen) ratio, and the supply of bioavailable trace elements), as well as the maintenance of stable parameters including pH, temperature, organic loading rate, the reactor type, and other related characteristics (Hagos et al., 2017). Among the FWs, common fruits and vegetables seem to have a composition suitable for AD, as investigated by Ji et al. (2017). However, properties such as TS, pH, volatile solid (VS), C/N ratio, and moisture content of such type of waste may pose challenges in the effective implementation of AD. This type of waste has >80% moisture content, ~10% total solid (TS), and ~6–18% VS content. Moreover, it has a pH value of 4.0 and a C/N ratio of 20 (Ji et al., 2017). The organic components for such wastes typically consist of 75% fructose, 5% cellulose, and 1% lignin (Ji et al., 2017), which is different from other FW types as reported by Mata-Alvarez et al. (2014). Because of the low content of cellulose, the substrate can easily be hydrolyzed and leads to acidic conditions in digesters, which results in the inhibition of the methanogenic activity and consequently to low biogas/biomethane production and system failure. To address these issues, the codigestion with other materials and/or the supply of additives such as biochar were reported (Ji et al., 2017). Biochar is a carbon-rich and porous solid produced during the pyrolysis of biomass (such as wood materials, crop residues, dairy manure, wastewater sludge, etc.), that is, the thermal degradation of biomass under inert atmosphere between 300 and 700°C. Depending on the heating rate, pyrolysis can be slow, fast, and flash with a heating rate (Yuan et al., 2011; Lehmann and Joseph, 2015).

The use of biochar in the AD process has recently received increased attention as it could enhance the recovery rate of the process during substrate-induced inhibition and decrease the loss of nutrients in the whole process (Sunyoto et al., 2016). It potentially improves the operation of monosubstrate AD. It also increases the availability of nutrients when the digestate is applied to the land, thereby minimizing the impact of pollutants and decreasing nutrient leaching to the environment (Fagbohungbe et al., 2017). By counteracting the process inhibitors, enhancing the quality of the digestate through the retention of nutrients, and improving the system's buffering capacity, biochar addition may provide another potential for AD processes operated on FW. Another advantage of biochar in AD is the improvement of the surface area for the colonization of the methanogenic microorganisms. Indeed, this would result in a decrease in the microbial lag phase (Fagbohungbe et al., 2016, 2017). Biochar added in the AD can also optimize and balance the trace minerals, micronutrients and macronutrients, buffering agents, compounds able to mitigate ammonia inhibition, and substances with high biomass immobilization capacity; remove the toxic materials; and enhance the degradation rate of dissolved organics and VFAs (Cai et al., 2016). Moreover, the direct addition of biochar would enhance significantly the production rate of H2, which favors the hydrogenotrophic methanogenic route of the AD process (Sunyoto et al., 2016). This is of high interest because the hydrogenotrophic methanogenic route is exothermic, thermodynamically more favorable, and a more stable process compared to the acetoclastic route. The hydrogenotrophic methanogenesis is the most common route of hydrogen (H2) in the anaerobic process. It has a high rate of growth, and the microorganisms are less sensitive to microbes (Wise et al., 1978; Luo and Angelidaki, 2012; Huang et al., 2015; Xu et al., 2015).

Recently, efforts have been made to produce biochar from sewage sludge. According to Agrafioti et al. (2013), the production of biochar from sewage sludge using pyrolytic process is a promising technique for waste management because it can be used for the remediation of contaminated soils, as well as to increase the productivity of the crops. In addition, the sludge from wastewater treatment plants can also serve as a source of nutrients (N, P), organic matter, and other micronutrients that can directly affect the properties of soil–plant interaction (Pathak et al., 2009). On the contrary, Lester et al. (1983) reported that sludge-derived biochar can have heavy metals such as copper, chromium, nickel, lead, and other metals, and their presence can restrict its application in soil amendment for crop productivity. Thus, it has been argued in the literatures that, in order to apply sewage sludge biochar for soil remediation, it requires more investigation about its environmental impact such as its mobility, solubility, and fate of the heavy metals in soils. Several authors have focused their research on sludge-derived biochar for soil application by performing vigorous laboratory tests to understand the leaching of heavy metals, soil–metal–biochar interactions, and their binding patterns. In some reports, it has been shown that the heavy metals present in biochar derived from sewage sludge are rather stable and immobile, and the leaching property of heavy metals to soil depends primarily on the pyrolysis temperature for the conversion of sewage sludge to biochar (Kistler et al., 1987; Hwang et al., 2007; He et al., 2010).

Hence, the main objective of this study was to evaluate the effectiveness of sewage sludge biochar prepared during slow pyrolysis at 350 and 550°C and its optimal dosage, as well as the effect of the inoculum-to-substrate ratio (ISR) on the AD of fruit wastes to enhance biogas production.



MATERIALS AND METHODS


Substrates

Four different fruit waste substrates were used in this study, namely, mango, banana, tomato, and papaya at a ratio of 50, 25, 15, and 10 weight%, respectively. In order to choose the right composition, screening test for the feedstock was done. The results of the screening test are reported in the Supplementary Information. The fruit solid substrates were obtained from a fruit wholesale market in Delft (the Netherlands), and the sewage sludge digestate was obtained from an urban wastewater treatment plant in France. Biochar from sewage sludge digestate was industrially pyrolyzed at 350 or 550°C, for 15 min using the Biogreen® Technology [ETIA Ecotechnologies (Compiégne, France); Wongrod et al., 2018]. The physicochemical properties of the crushed biochar and the substrates, such as their TS concentration, pH, VSs concentration, and chemical oxygen demand (COD), were determined according to standard methods. The substrate was stored at −20°C before use.

The activated sludge digestate inoculum for this study was obtained from a wastewater treatment plant (Harnaschpolder, Delft, The Netherlands) operating at mesophilic temperature (38 ± 1°C). The inoculum was prepared for the experiments by conditioning at 25°C for 2 days for stabilization. The activated sludge digestate characteristics are shown in Table 1.


Table 1. Physico-chemical characteristics of the activated sludge digestate inoculum.
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Experimental Design and Setup

The VS of the inoculum and the COD of the substrate were first determined. In all experiments, the volume of sludge added to the bottles was determined from the concentration of VS. A total volume of 400 mL in 650 mL digester bottles was used to prevent problems associated with foaming. The ISRs tested in this study were 2, 1.5, and 1 (based on the VS of the inoculum and COD values; Cai et al., 2016). Equations (1) and (2) were applied to calculate the volumes of inoculum and substrate required for the different tests (Table 2).

[image: image]

where ISR has a value of 2 or 1.5 or 1.
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The experimental procedure was conducted according to the biochemical methane potential equipment (AMPTS II; Bioprocess Control AB, Lund, Sweden). The total volume was 650 mL with a working volume of 400 mL. All the reactors were placed in a thermostatic water bath maintained at 37 ± 0.5°C, at an agitation speed of 100 rpm and operated for ~50 h until gas production remained stable. The overhead space (250 mL) was flushed with 99.9% N2 to be prepared for AD. Thirty-two tests were performed and in triplicate bottles, according to the experimental design reported in Table 2. To evaluate the effect of biochar addition at various weight ratios with FW, treatment groups A, B, C, D, E, and F were prepared; 0, 0.5, 1, 1.5, and 2 g of biochars were added to the 400 mL working volume of the reactor, respectively. The initial pH solution was adjusted to be ~7.0 using 2 M sodium bicarbonate solutions as required in all biomethane potential (BMP) tests (Cai et al., 2016).


Table 2. Experimental conditions used for anaerobic batch experiments.
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Analytical Methods

The TSs and VSs were measured according to the standard methods (APHA et al., 2012). The COD (mg/L) was determined using closed reflux, colorimetric method. The concentration of methane was determined using gas chromatography (GC) (SP-6890 gas chromatograph, Markham, ON, Canada), and the concentration of VFA was determined using a GC (Varian 430-GC, 25 m wax58FFAB column and FID detector). Total ammonia nitrogen NH[image: image]-N of the sample was measured following the acid digestion method using an ultraviolet spectrophotometer (UV-vis lambda 365, Waltham, MA, USA; PerkinElmer, 2016). Nutrients and trace metals of the feedstock and biochar samples were measured by wet acid-extraction method followed by ICP-MS (Inductively Coupled Plasma Mass Spectroscopy, Thermo Scientific, PerkinElmer, Inc., Waltham, MA, USA) in accordance with EPA method 3050B and Toxicity Characteristic Leaching Procedure Protocol: Method 1311 by SW-846, respectively. The pH was measured using a pH meter (Xinksite Inc., Mainz, Germany).



Kinetic and Methane Yield Calculation

The AD process can be modeled using a first-order kinetic model (Mahmoud et al., 2004; Thangamani et al., 2010; Priyadarshini et al., 2015). According to this model, the rate of conversion of substrate to biogas/methane is directly proportional to the concentration of substrate, and the volume of gas produced is proportional to the mass of the substrate consumed, according to the following equations:
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where k is the overall rate constant (day−1), G is the cumulative gas production (L), C is the yield constant or methane yield (L/g), V is the volume of the reactor (L), Bo is the initial substrate concentration (initial VS) (g/L), and B is the final substrate concentration (final VS) (g/L).

Integration of Equation (4) gives

[image: image]

where t0 is the lag time days and t > t0.

Substituting B in Equation (5) gives
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Rearranging Equation (6), gives the following expression:

[image: image]

The methane yield (YCH4), C, was calculated from the experimental data (L/g), whereas the overall rate constant degradation “k” was calculated from Equation (7).

[image: image]
 

Theoretical Methane Production Potential

The maximum methane production potential can be calculated from the amount of material and the COD concentration using Equation (9), assuming that this equation is valid for any substance or product (Nielfa et al., 2015). This equation gives the theoretical value of methane at laboratory conditions:

[image: image]

where BMPthCOD is the theoretical production at laboratory conditions (L/g), R is the gas constant (R = 0.082 atm L/mol K), T is the temperature of the glass bottle (308 K), p is the atmospheric pressure (1 atm.), VSadded (g) are the VSs of the substrate, and nCH4 is the amount of molecular methane (mol) determined from Equation (10).
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Statistical Analysis

The statistical difference of the methane production was determined using OriginLab Corporation, Northampton, MA, USA (version 8.0773) analysis. All treatment effects were considered to be significant at P < 0.05.




RESULTS AND DISCUSSION


Characteristics of the Feedstock

The physicochemical characteristics of the substrate containing a mixture of the four fruit wastes are summarized in Table 3. The considered FW had >80% moisture content, ~10% TS, and ~90% VS content. Moreover, it had a pH value of 5.8 and a C/N ratio of 16. The total macronutrient and micronutrient contents in fruit waste (FW) samples are presented in Table 3.


Table 3. Physico-chemical characteristics of the fruit waste (n = 3).
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A shortage of trace metals in the feedstock could cause slowness or instability of biogas production (Fermoso et al., 2008; Pobeheim et al., 2010). In general, anaerobic microorganisms also require macroelements (such as hydrogen, oxygen, nitrogen, carbon, phosphorus, sulfur, potassium, calcium, iron, and magnesium) at a concentration higher than 10−4 mol/L. A number of micronutrients such as Co and Ni must also be present at concentrations <10−4 mol/L. Some studies have indicated that supplementation of Ni and Co stimulates anaerobic processes (Speece et al., 1983; Frosteil, 1995).

In this study, as presented in Table 3, the FW has the only limited amount of macronutrients and micronutrients, indicating that additional macronutrients and micronutrients are needed for better biogas production. The feedstock used in this study contains 0.5 mg/g of Fe, but it did not contain detectable Co and Ni. It clearly shows that FW is deficient from key trace elements, which are essential to stabilize and maintain the efficiency of the system. Inhibition of the microbial activities and ultimately the failure of the digestion process may occur due to increased VFAs caused by the deficiency of some trace elements (Shen et al., 2016). The increase of VFA concentrations can also result from the high ammonia content of FW. This ultimately inhibits the digestion process and the activity of methanogenic microorganisms, finally leading to system failure (Shen et al., 2016).

Therefore, to obtain an efficient biogas production from FW, the FW must be rich in the specific elements such as Fe, Co, Ni, Se, and Mo to obtain an optimal bacterial growth (Table 4).


Table 4. Crucial role of important ion channels in the growth of methanogenic microorganisms (Somitsch, 2007; Fermoso et al., 2008; Pobeheim et al., 2010; Demirel and Scherer, 2011; Banks et al., 2012; Goswami et al., 2016).
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Many studies have shown that the addition of trace elements improved the AD process. It improves the digester stability; it enhances the degradation of organic matter, and it results in lower VFA generation and higher biogas yield (Rajagopal et al., 2013; Wang et al., 2016). An adequate amount of trace elements must be present to support the metabolism of microorganisms, thereby maintaining an effective digestion process. For instance, according to Demirel and Scherer (2011), in their research to improve the efficiency of food digestion mixed with cosubstrate of wine, wastewater shows that the trace elements that can be found in the cosubstrate of swine waste can decrease the accumulation of VFA, and this leads to enhanced biogas production when compared with reactor that contains only FW. In addition to this, the same result also reported by Zhang et al. (2011), in their research to compare the efficiency of the biogas production of FW mixed with piggery wastewater as codigestion in AD, shows that the reactor that contains FW mixed with piggery wastewater as codigestion resulted in high methane production and less accumulation of VFA as well as high stability of the process when compared with reactor that has FW with controlled pH. This is due to the piggery wastewater containing adequate trace elements such as Fe, Mo, and Ni that support the metabolism of the microorganism in the AD process. Moreover, they claimed that adding the trace elements as a supplement in the anaerobic codigestion was one of the main parameters in the methanogens stage to improve the methanogens. In a study by Banks et al. (2012), 0.16 and 0.22 mg/kg of Se and Co, respectively, were added to an AD with a VFA concentration of 5,000–6,100 mg/L and total ammonia concentration (TAN) concentration of 5,000 mg/L. However, the concentration of TAN in the reactors without these elements (control) was increased up to 6,100 mg/L. Trace elements, such as selenium (Se), molybdenum (Mo), and tungsten (W), are very important for methanogens as it helps in the oxidation of formate by enzyme formate dehydrogenase (Banks et al., 2012). Moreover, trace elements can enhance the metabolic and growth of microbes (Appels et al., 2008), as summarized in Table 4. In general, the fruit waste is rich in the conventional elements (e.g., K, Ca, and Mg), but it has a deficiency in the main trace elements such as Fe, Co, Ni, Se, and Mo. Hence, adding biochar as an additive to FW with other organic substances has been a promising way for improving the performance of AD, as confirmed by numerous studies (Luo et al., 2013; Zhao et al., 2015; Fagbohungbe et al., 2017). Many studies have shown that higher buffer capacity along with an optimum nutrient balance enhances the biogas/methane yields of the system.



Characteristics of the Biochar
 
Physicochemical Properties

The physicochemical properties of the sewage sludge digestate biochar prepared at two different pyrolysis temperatures are summarized in Table 5.


Table 5. Physico-chemical properties of sewage sludge digestate biochars produced at different temperatures (n = 3)*.
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The physical and chemical properties of the biochar mostly depend on the type of feedstock and pyrolysis conditions such as the speed of temperature increase, pyrolysis pressure, pyrolysis temperature, residence time, feedstock type, and heat transfer rate (Ahmad et al., 2014). According to Fagbohungbe et al. (2017), the most important properties of biochar to be used as an additive in AD process are the ion-exchange capacity, the surface microstructure, the pore size, the pore volume, and the hydrophobicity, which are strongly influencing the immobilization of microorganisms, enhancing the direct interspecies electron transfer (DIET), contributing to the increase of alkalinity and cation exchange of AD and therefore the stability and performance of AD. As reported by Masebinu et al. (2019), the addition of biochar can mitigate the operation challenges of AD due to the following properties of biochar: (i) immobilization of bacterial cells, (ii) increasing the buffering capacity of AD, and (iii) sorption of inhibitors, but the amplitude of the mitigation is strongly affected by the properties of the biochar, which depends on the pyrolysis temperature and feedstock origin.

The results reported in Table 5 indicate that there is an increase in pH and a decrease in electrical conductivity (EC) with an increase in pyrolysis temperature. Similar observations were reported by Deressa (2015). The increase in pH at increased pyrolysis temperature was ascribed mainly to the minerals present such as Ca2+ that increased in concentration at higher pyrolysis temperature, and this led to an increase in pH value. Such a pH increase is induced by the alkalization effect of these cations. As a result, the pH value of sludge biochar, which was pyrolyzed at 550°C (9.5), was higher than that of sludge biochar pyrolyzed at 350°C (6.4). The increase in the ash content with the increase in pyrolysis temperature results from the progressive concentration increase of inorganic constituents with more organic material decomposition.

The fixed carbon content at the two pyrolysis temperatures (350 and 550°C) was 13.2–15.3%, respectively, indicating a slightly increasing trend with an increase in temperature. Higher ash content and lower VSs were obtained at the highest pyrolysis temperature. Higher ash content and lower VSs were obtained at the highest pyrolysis temperature, which leads to the volatilization of inorganic oxides such as Si, Al, and Fe (Lu et al., 1995). Another factor that affects the properties of biochar is EC values, which relate to the concentration of total dissolved salts that could be used to describe the variation in the organic and inorganic ions. The decrease in EC at increased pyrolysis temperature could be due to the decrease in the concentration of leached minerals such as K+ and Na+ (Zhang et al., 2015) as shown in Table 7.



Amount of Trace Elements in the Digestate Biochar

As can be seen from Table 6, there is an increase in the total concentration of trace metals with an increase in pyrolysis temperature. This can be explained by the fact that organic material decomposition is more complete when temperature increases, while metals remain stable in the solid. However, the biochar with low pyrolysis temperature (350°C) can release more trace metals by leaching than that produced at higher pyrolysis temperature (550°C) (Table 7).


Table 6. Total element composition of sewage sludge biochars produced at 350 and 550°C using wet acid-extract method followed by ICP-OES in accordance with EPA method 3050B (n = 3)*.
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Table 7. Amount of trace elements leached from sewage sludge biochars at 350 and 550°C in the water extract according to the Toxicity Characteristic Leaching Procedure (TCLP) Protocol: Method 1311 by SW-846 (n = 3)*.

[image: Table 7]

In general, the pyrolysis process brought a major variation in the sludge-derived biochar fixed carbon content and influenced the changes in the apparent nutrient concentration such as sodium, potassium, iron, copper, and zinc. Particularly, the leaching of nutrients into the AD system was found to decrease with biochar pyrolysis temperature.




Effect of Biochar Addition on Methane Production

The current study shows that the AD of fruit wastes was enhanced by the additions of sewage sludge biochar. Figures 1A–C show the cumulative methane production over 50 h of operation in the first phase with and without the different ratios of biochar addition. A comparison between experimental results and estimated maximum biodegradability methane yields for the fruit waste shows that the maximum biodegradability for the tested fruit substrates was 285.7 mL CH4/g COD, and this value is comparable to the experimental result that was 249.3 mL. This result indicated that fruit waste subjected to AD can be a useful source for biogas production.


[image: Figure 1]
FIGURE 1. Cumulative methane production in different AD treatments upon addition of different amounts of sludge biochar produced at: 350°C and 550°C, for (A) ISR = 2; (B) ISR = 1.5; (C) ISR = 1. Data are given as the arithmetic mean ± standard deviation.


In all treatments under every ISR scenario, the addition of biochar enhanced methane production, but at different yields. When the ISR was 2 (Figure 1A), the p-value of paired t-tests was lower than 0.01, showing a significant effect of biochar addition on digestion between 0 and 0.5 g biochar, 0 and 1 g biochar, 0 and 1.5 g biochar, and 0 and 2 g of biochar pyrolyzed at 350 and 550°C treatment, respectively. Biochar additions of 1 and 1.5 g pyrolyzed at 350 and 550°C enhanced methane production by 25 and 20.6%, respectively, when compared to the control. However, for ISR = 2, biochar has less impact on methane production when compared to other for ISR (i.e., 1 and 1.5).

For treatment with ISR 1 (Figure 1C), biochar addition of 0.5 and 1.5 g of biochar that was pyrolyzed at 350 and 550°C could be regarded as an optimal dose to enhance methane production by 44 and 33%, respectively, when compared to the control. Considering the p-value of each paired t-test (p < 0.002), the results showed a statistically significant difference between treatments on the methane production of 0 and 0.5 g biochar, 0 and 1.5 g biochar, and 0 and 2 g of biochar pyrolyzed at 350 and 550°C biochar dose, respectively. However, there was only a slight change in 0.5 and 1 g and 0.5 and 1.5 g for digesters treated with biochar (550°C). Therefore, for ISR = 1, the amount of biochar added in the reactor had a higher impact on biochar efficiency than the one reported for ISR = 2.

When the ISR was 1.5 (or FW 237 mL and 163 mL inoculum) (Figure 1C), the p-value of each paired t-test was < 0.01 (p < 0.01). Therefore, the difference in the production of methane of 0 and 0.5 g biochar, 0 and 1.5 g biochar, 0 and 1.5 g biochar, and 0 and 2 g of biochar pyrolyzed at 350 and 550°C, respectively, was significant. For ISR 1.5, biochar pyrolyzed at 350 and 550°C displayed a significantly positive effect only when its dose reached 0.5 and 1.5 g, and it improved the methane maximum production by 42 and 30%, respectively, as compared to the treatment without biochar.

The results shown in Figures 1A–C indicate that the reactor containing biochar pyrolyzed at a lower temperature (350°C) produced more methane than the reactor containing biochar pyrolyzed at a higher temperature (550°C). One of the reasons could be that the trace elements contained in sludge biochars were in a poorly leachable chemical form (Table 7) so that they cannot be released in the AD reactor, leading to a decrease in methane production. This statement is in agreement with the data reported by Mukherjee and Zimmerman (2013). These results showed that the amount and pyrolysis temperature of biochar added as well as the inoculum amount added affect biochar efficiency. In the case of low ISR, the addition of biochar was effective. But the addition of biochar was not necessarily efficient for high ISR. It was expected that a small biochar amount has more impact, and as the ISR decreases, the biochar (350°C) demand decreases, and it was the opposite for the biochar (550°C) demand. Therefore, in the BMP test, the addition of biochar varies with the amount of inoculum added in the BMP tests.



Effect of Biochar Addition on pH in the Digester

One of the important parameters that can control as well as influence the microbial activity of the AD process was pH (Ward et al., 2008; Weiland, 2010; Franke-Whittle et al., 2014; Gomez-Romero et al., 2014; Shi et al., 2014; Sawatdeenarunat et al., 2015).

In this study, it was expected that the pH of the digester could increase with the addition of biochar owing to the alkaline nature of biochar samples. For all treatments (ISR 2, 1.5, and 1) in AD, despite the pH decrease after the AD of FW, the initial pH was maintained in a slightly neutral range by the biochar-amended digesters (6.8–7.2 for all treatments). There was no significant difference among the different treatment groups with regard to the initial pH (p > 0.01 for all conditions). The highest final pH was found in the ISR treatment with FW + 2 g BC (8.6 ± 0.1), and the lowest pH (4.5 ± 0.1) was in the control treatment without biochar. The result showed no statistically significant difference according to the ISR and types of biochar (Figure 2). This is in agreement with the results reported by Mumme et al. (2014), Shen et al. (2015), and Wang et al. (2017). Moreover, they claimed that digesters without supplement of the biochar can seriously inhibit the methanogenic activity at a pH lower than 6.6, and this leads to a decline in the methane yield. Therefore, the alkaline nature of biochar may enhance methane production by an increase in pH resulting from the conversion of CO2 to HCO[image: image] or CO[image: image]. Improved buffering capacity can improve reactor stability through alleviation of pH drop caused by the accumulation of VFAs.


[image: Figure 2]
FIGURE 2. Initial and final pH of the different AD treatments upon addition of different amounts of sludge biochar produced at: 350°C and 550°C, for ISR 2 (A), ISR 1.5 (B), ISR 1 (C) experiments. Averages of triplicate measurements are displayed, and error bars correspond to standard deviations.




Effect of Biochar Addition on VFA Concentration in the Digester

Another most essential intermediate product of AD during the production of methane was VFAs. However, high accumulation of the VFAs in the digester can lead to the failure of the digestion process so that controlling and evaluation of the amount of VFAs in the anaerobic reactor process were considered as important parameters in the AD process (Zamanzadeh et al., 2016). The VFA concentration is displayed in Figures 3A–C. In all cases, VFA concentration increased quickly during the treatment with no biochar and gradually decreased to very low values afterward in the treatment with biochar, in accordance with the changing trend of pH as shown in Figures 3A–C.


[image: Figure 3]
FIGURE 3. Volatile fatty acid (acetic acid) concentration in anaerobic digestion for ISR 2 (A), ISR 1.5 (B), ISR 1 (C) and the addition of different amounts of sludge biochar obtained at 350 and 550°C. Data are means of triplicates and error bars show standard deviations.


For ISR = 2 (Figure 3A), only acetic acid was detected. The maximum VFA concentrations were 2,587, 387, 1,196, 1,465, and 1,594 mg/L for sewage sludge biochar (350°C) additions of 0, 0.5, 1, 1.5, and 2 g, respectively, and 2,943, 1,196, 1,821, 646, and 1,142 mg/L for sewage sludge biochar (550°C) additions of 0, 0.5, 1, 1.5, and 2 g, respectively. In the experiments having ISR 0.5 and 1.5 g of biochar prepared at 350 and 550°C, the VFA concentrations decreased faster than that for the other digesters.

For ISR = 1 (Figure 3C), acetic acid was detected (as for ISR 2). The maximum VFA concentration were 3,407, 473, 678, 1,120, and 1,390 mg/L for sewage sludge biochar (350°C) additions of 0, 0.5, 1, 1.5, and 2 g, respectively, and 4,885, 2,932, 959, 1,767, and 1,943 mg/L for sewage sludge biochar (550°C) additions of 0, 0.5, 1, 1.5, and 2 g, respectively, and in accord with the change trend of pH showed in Figure 2 with biochar than in the control (no biochar added). However, for the dose of the biochar treatment with 0.5 and 1 g of biochar prepared at 350 and 550°C pyrolysis conditions, respectively, the VFA concentrations decreased faster than for the other digesters, and this shows that the degradation of VFAs in the treatment with biochar was faster than that in the control (without biochar).

For ISR = 1.5 (Figure 3B), only acetic acid was detected as well. The maximum VFA concentration was 3,515 mg/L in the control without the biochar, whereas in the digester mixed with the biochar it was 1,573, 419, 1,174, and 1,444 mg/L for sewage sludge biochar (350°C) additions of 0.5, 1, 1.5, and 2 g, respectively, and 4,809, 3,062, 851, 2,415, and 2,199 mg/L for sewage sludge biochar (550°C) additions of 0, 0.5, 1, 1.5, and 2 g, respectively. For this ISR(1.5), the dose of biochar with 1 and 1.5 g of biochar prepared at 350°C and 550°C pyrolysis conditions, respectively, the VFA concentrations decreased is lower than for the other digesters.

In this study, only one VFA compound was detected and that is acetic acid. Acetate is an important intermediate product for methane production and has a crucial impact on acetotrophic methanogens. However, the growth of Methanosaeta bacteria favored the low concentration of acetate. Therefore, with the rapid accumulation of VFAs, AD of fruit waste usually results in process inhibition, and an increase of the VFA concentration occurred while decreasing the ISR. However, the inhibition can be alleviated by adding biochar.



Impact of the Biochar Dose on Methane Production Rate and Yield of Anaerobic Digestion Fruit Waste

The performance of the codigestion process with sewage sludge biochar produced at 350 and 550°C was evaluated by determining the methane yield and the first-order rate constant of the kinetic model. The comparison of methane yield and rate parameters with and without biochar of cosubstrate after the AD retention time of 50 h is reported in Table 8.


Table 8. Methane yield (YCH4) and rate constant (k) for different AD conditions for ISR 2, 1.5, and 1.

[image: Table 8]

For ISR 2, the yield of methane and the kinetic behavior of the sewage sludge biochar at 350 and 550°C in AD are summarized in Table 8. The biochar (350°C) amendment raised the methane yield (YCH4) of the digesters by 7.7, 22.6, 17.2, and 4% with FW and 0.5, 1, 1.5, and 2 g of BC treatment, respectively, compared to the control. However, the methane yield with the biochar (550°C) amendment raised the methane yield (YCH4) of the digesters by 8.3, 15.4, 31.3, and 12% with 0.5, 1, 1.5, and 2 g of BC treatment, respectively, compared to the control. These results were in accordance with the CH4 volume production data. The 1 and 1.5 g doses of biochar 350 and 500°C lead to the highest cumulative CH4 volume production, respectively.

For ISR 1 (Table 8), the biochar (350°C) amendment raised the methane yield (YCH4) of the digesters by 52, 25, 20, and 17% with FW and 0.5, 1, 1.5, and 2 g of BC treatment, respectively, compared to the control. However, the biochar (550°C) amendment raised the YCH4 of the digesters by 16, 41, 17, and 11% with 0.5, 1, 1.5, and 2 g of BC treatment, respectively, compared to the control. These results were consistent with the CH4 volume production data. The 0.5 and 1 g doses of 350 and 550°C digester lead to the maximum cumulative CH4 volume production, respectively.

At ISR 1.5 (Table 8), the sewage sludge biochar (550°C pyrolysis) raised the methane yield (YCH4) of the digesters by 4.9, 14.6, 23.8, and 6.8% with FW + 0.5, 1, 1.5, and 2 g of BC treatment, respectively, compared to the control. At 350°C pyrolysis, the sewage sludge biochar raised the methane yield (YCH4) of the digesters by 38.7, 13.9, 6.3, and 4.1% with FW + 0.5, 1, 1.5, and 2 g of BC treatment, respectively, compared to the control. The reactor flask mixed with a lower biochar dosage (0.5 g) led to significantly higherYCH4 values than the control for 350°C pyrolysis temperature, whereas 1.5 g dose for 550°C pyrolysis of biochar led to the maximum methane production. This result corresponds to the finding reported by Shen et al. (2016) that showed the kinetic yield and methane production are dependent on the dose of the biochar and its pyrolysis temperature. In contrast, according to Bai et al. (2013), in their research to compare the kinetic degradation of hydrochar and pyrolytic biochar in AD, the digester that contains hydrochar can easily degrade, whereas the digester that contains pyrolytic biochar was more stable, and this shows less degradation kinetics than hydrochar and moreover, they claimed that the type of biochar can also affect the kinetics degradation in AD.

The reaction rate coefficient (k) values for ISR 2, the biochar pyrolyzed at 350 and 550°C with doses of 0.5, 1, 1.5, and 2 g were in the range of 0.4–0.53 d−1. However, the differences between biochar (350 and 550°C) amended digester and the control with regard to the k values were not significant (p > 0.01 in all conditions). For ISR 1, the kinetic values (k) of the biochar (350°C) with doses of 0.5, 1, 1.5, and 2 g achieved significantly higher k values (0.50–0.64 d−1) than the control (0.49 d−1). However, the differences between biochar (550°C) treatment reactors and the control with regard to the k values were not significant (p > 0.2 for all conditions).

At ISR 1.5, the sewage sludge biochar at 350°C pyrolysis mixed faster degradation k values 0.55, 0.49, 0.48, and 0.47 d−1 for FW + 0.5, 1, 1.5, and 2 g BC treatment, respectively. Digesters FW + 0.5 g BC, FW + 1 g BC achieved significant difference higher than the control (p < 0.001). Similarly, in a batch test in a digester blended with 550°C sludge biochar, the degradation k values of 0.53, 0.52, 0.51, and 0.50 d−1 for the reactor flask containing FW + 0.5, 1, 1.5, and 2 g BC treatment, respectively. Treatment with FW + 0.5, 1, 1.5, and 2 g BC therefore showed significant difference, namely, higher than the control (p < 0.001).

In this study, the biochar at a higher dose increases the stability of the system by increasing alkalinity; however, it leads to inhibitory effect for kinetic degradation and methane yield in both types of biochar; therefore, that microbial activity and kinetics may be inhibited by the addition of a high amount of biochar in all treatment conditions and at both pyrolysis temperatures of the biochar. Shen et al. (2016) reported when monitoring the methane production using woody biochar under thermophilic and mesophilic conditions, the addition of biochar increases degradability of sludge biomass generated from the municipal wastewater treatment plants to a certain level. However, the study came up with a conclusion that adding the biochar beyond a certain limit does not contribute to improving further the degradability. Rather, it constrains the growth of microorganisms and makes the biomass be inhibited, which is in agreement with the present study.




CONCLUSIONS

The effects of supplementing sewage sludge biochar pyrolyzed at 350 or 550°C on the AD of fruit wastes with 2, 1.5, and 1 ISR were investigated. The first-order kinetic analysis model was used to determine the kinetic parameters of the process. In addition, the concentration of macro and micronutrients of the biochars was measured to analyze the nutrient leaching from the system to the AD. The digestion performances in the treatments at ISR = 2 with an added concentration of biochar of 1 and 1.5 g/g VS-fruit waste at a temperature of 350 and 550°C, respectively, gave the best results. In treatments with biochar concentrations 0.5 and 1.5 g/g VS fruit waste for 350 and 550°C correspondingly, a decrease in ISR to 1.5 resulted in good digester performance. In treatments with biochar concentrations 0.5 and 1 g/g VS fruit waste for 350 and 550°C, respectively, the use of a very low ISR value (ISR = 1) results in a better digestive performance. The addition of biochar prepared at a low pyrolysis temperature (350°C) slightly increased the methane production as compared to high temperature (550°C) likely due to a better release of micronutrients into digestate. The kinetic analysis models revealed that the degradation rate of dissolved organics was inhibited as a result of adding biochar beyond the optimum level. It was observed that biochars reduced VFA formation upon the digestion of fruit waste as compared to the control reactor, which indicated that the metabolic process of the system was improved. This study suggested that the utilization of biochar in the AD for CH4 production is a promising technology, which needs further investigation for its economic feasibility for large-scale biogas plants.
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