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Abstract

:

The impact of attrition ball-mill pretreatment on food waste particle size, soluble chemical oxygen demand (SCOD), biochemical methane potential, and microbial community during anaerobic digestion was investigated based on milling speed and time. The uniformity of particle size improved with increasing milling speed and time. The SCOD of the pretreated samples increased to 4%, 7%, and 17% at the speeds of 150, 225, and 300 rpm, respectively, compared to the control. Milling time did not significantly change the SCOD. The cumulative methane productions of 430, 440, and 490 mL/g-VS were observed at the speeds of 150, 225, and 300 rpm, respectively, while the untreated sample exhibited the cumulative methane production of 390 mL/g-VS. Extended milling time did not improve methane production much. When the milling times of 10, 20, and 30 min were applied with the milling speed fixed at 300 rpm, the methane productions of 490, 510, and 500 mL/g-VS were observed respectively. Ball-mill pretreatment also increased the total volatile fatty acids. During the anaerobic digestion (AD) of ball-mill treated food waste, acetoclastic methanogens predominated, with a relative abundance of 48–49%. Interestingly, hydrogenotrophic methanogens were 1.6 times higher in the pretreated samples than those in the control. These results showed the potential of attrition ball milling as a food waste pretreatment for improving methane production.
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1. Introduction


Globally, more than a billion tons of essential, nutritious, and life-supporting food is wasted every year [1]. Food waste is not only an economic waste, but also a direct cause of environmental pollution. In landfills, greenhouse gases, such as methane, are exhausted. The Waste and Resource Behavior Program estimated that the annual amount of greenhouse gases generated by landfilled food waste worldwide is approximately 3.3 billion tons, which accounts for 7% of the total global greenhouse gas emission [2]. In this situation, the problem of disposal is emerging because of strengthened regulations on landfills or marine dumping of food waste. Although a variety of regulations are being implemented to reduce the quantity of food waste generated, it is expected to increase by 2030 [3]. To resolve this issue of ever-increasing food waste, research on food waste recycling is being actively conducted by the scientific community.



Over the past decades, anaerobic digestion (AD) has been globally applied in both large and small scales to treat organic wastes because it can degrade the wastes and simultaneously produce energy (i.e., CH4) [4]. The methane produced from the anaerobic digestion plant can be used for generating heat, electricity, and transportation fuel [5,6]. It can also be used as a biochemical like methanol after reforming [7]. In fact, a variety of organic wastes have been used as a feedstock of AD; for example, municipal solid wastes including food waste, agricultural and animal wastes, sewage sludge, and slaughterhouse effluents [8,9,10,11]. Among the various wastes, food waste is an excellent raw material for AD process to produce biogas because of its organic content and wide availability [12,13,14]. AD process is composed of three steps: hydrolysis, acidogenesis, and methanogenesis. Hydrolysis is the rate determination step in the AD process, which is slower than the other steps. As the hydrolysis rate increases, the decomposition of organic matter is accelerated. Therefore, as hydrolysis rate accelerates, anaerobic digestibility increases, finally increasing biogas production. To accelerate the hydrolysis rate, food waste pretreatment is usually performed before AD is applied.



Pretreatment technologies applicable for biomass like food waste can be categorized into four types depending on their mode: biological, chemical, thermal, and mechanical. Biological pretreatment usually involves the use of specially designed microorganisms (e.g., Bacillus licheniformis) [15] or enzymes (e.g., mushroom compost extract) [16]. Often activated sludge is added to improve the AD of food waste [17]. In chemical pretreatment, alkalis (e.g., NaOH, KOH) or oxidants (e.g., ozone) are used [16,18,19]. Usually, alkali treatment is used with thermal or mechanical treatment [20]. Alkali pretreatment has been applied for pretreating pulp and paper sludge [21]. When it is applied for food waste, alkali pretreatment can increase soluble organics and AD of food waste. Ozone breaks down the cell wall and increases soluble chemical oxygen demand (SCOD), resulting in improved sludge digestion [22]. Thermo-oxidative pretreatment is a popular method and has been applied to municipal waste activated sludge [23]. Food waste pretreatments should improve surface area for enhancing microbial accessibility. Sometimes, food waste contains toxic (e.g., aflatoxins) [24] or hardly degradable compounds (e.g., lignin or cellulose rich compounds) [25], and thus pretreatments should reduce the effects of toxic compounds during AD. The composition of food waste varies depending on the region, which determines its characteristics. Therefore, an all-round pretreatment applicable for all types of food wastes is not possible. However, the mechanical reduction of particle size is the most important step for improving AD of food waste regardless of food waste composition [26]. Reducing the particle size of food waste increases its surface area and microbial accessibility. However, most pretreatments previously studied have been performed at lab-scale and are not applicable in scale-up processes because of their low treatment capacity and high operational cost [27,28].



Previously, we used an attrition ball-mill to pretreat lignocellulosic biomass to improve fermentable sugar production [29]. Attrition mill is a principle in which grinding balls are moved by rotating the impeller, and biomass is crushed by the impact and shear actions exerted by the grinding balls. Crushing and dispersion times are significantly faster than those of general ball mills. In particular, attrition-type mills can be rather easily scalable for industrial application [29]. The objective of this study was to investigate the effects of ball-mill pretreatment on food waste particle size, the content of soluble COD and total volatile fatty acids, and methane production. Moreover, to clarify the effects of the ball-mill on the AD of food waste, the microbial community was also analyzed. Ultimately, this study evaluated the feasibility of applying the ball-mill process for food waste pretreatment on an industrial scale.




2. Materials and Methods


2.1. Preparation of Food Waste and Seed Sludge


In order to objectively evaluate the effects of the ball-mill pretreatment, standard food waste was used in this study [30]. The composition of the standard food waste used in this study is presented in Table 1. Standard foods consisted of vegetables 50, fruits 18, fish meat 16, and cereals 16 wt%. The total solid (TS) content of the food waste samples was adjusted to 20 wt% by adding the appropriate amount of tap water. Vegetables, fish meat, and cereals were heated at 100 °C for 10 min in an autoclave (Daihan Scientific Co. Ltd., Seoul, Korea) before use, and fruits were used without heating. The food waste was ground for 30 s using a home blender.



Digested sludge was used as an inoculum source and was obtained from a local wastewater treatment plant (WWTP) located in Seoul, Korea. This sludge was directly used without any further treatment and was stored at 4 °C prior to use.




2.2. Attrition Mill Pretreatment


Food waste was pretreated using an attrition-type ball-mill device (Korea Pulverizing Machinery, Incheon, Korea). The device had a 2.4 L inner jar where steel balls (Φ = 10 mm) crushed the food waste particles. Based on a previous study [31], 70% of the total volume of the jar was filled with food waste and grinding steel balls in equal volumes. The balls were forced to randomly move inside the jar by rotating the impeller. Rotation speed and milling time were set to 150, 225, and 300 rpm, at 10, 20 and 30 min, respectively. During the milling, the temperature inside the jar was not controlled. After crushing the food waste, it was transferred to a shaking sieve (Analysette3, Fritsch GmbH, Idar-Oberstein, Germany).




2.3. Biochemical Methane Potential (BMP) Test


The methane production potentials of each treatment were measured using an Automatic Methane Potential Test System (AMPTS II) (Bioprocess Control AB, Lund, Sweden). Inoculum and substrate were mixed at a ratio of 2.67 (inoculum/substrate). The mixture pH was adjusted to 7.0 ± 0.2 using 6 M NaOH and 1 M HCl. The mixture was then added to batch test bottles with 400 mL working volume and 100 mL headspace. The bottles were purged with N2 for 5 min at 1 bar to create anaerobic conditions. AD was performed at 37 °C with the stirring rate of 80 rpm. The blank contained only sewage sludge without food waste. The total amount of methane produced from a treatment was subtracted with that of the control to give the actual methane production of the treatment. All samples were processed in triplicates.




2.4. Analytical Methods


The particle size of the pretreated food waste was analyzed using a particle size analyzer (LA-960; Horiba, Kyoto, Japan). Total chemical oxygen demand (TCOD), SCOD, TS, and VS were measured as per the standard methods [32]. Volatile fatty acids (VFAs) were analyzed using a gas chromatograph (6890N, Agilent, Santa Clara, CA, USA) equipped with a flame ionization detector and peak column (RESTEK stabilwax). Total volatile fatty acid (TVFA) was calculated using conversion factors of 1.07, 1.51, and 1.82 for acetic acid, propionic acid, and butyric acid [33]. Nitrogen was used as the carrier gas at 2 mL/min. Injector, oven, and detector temperatures were set at 250, 180, and 250 °C, respectively.



To analyze the changes in the microbial community, DNA was extracted from the samples using a PowerMax soil DNA isolation kit (Qiagen, Hilden, Germany). The extracted DNA was used as a template to amplify the V3–V4 region of the bacterial 16S rRNA gene using a primer set (341F and 805R) [34]. The specific primer set, Arch519F (5′-CAGCCGCCGCGGTAA-3′) and Arch934R (5′-GTGCTCCCCCGCCAATTC-3′), was used to detect the methanogen species [35]. Illumina library generation methods were subsequently used to generate DNA sequences [36] and conducted by ChunLab, Inc. (Seoul, Korea) using an Illumina/MiSeq platform (San Diego, CA, USA) following the protocol specified by the manufacturer. Sequence similarity was analyzed using the EzBioCloud server (www.ezbiocloud.net, accessed on 10 September 2020) for species level identification (97% cutoff).





3. Results and Discussion


Table 2 shows results of food waste and seed sludge characteristics. Food waste and seed sludge have a similar TCOD. However, seed sludge has a lower SCOD than the food waste. The VS/TS was 93.8 and 71.5% for food waste and seed sludge, respectively. The food waste contained more volatile matter compared to the seed sludge, indicating that the food waste was more biodegradable than the seed sludge.



3.1. Effects of Ball-Mill Pretreatment on Food Waste Properties


Attrition ball-milling mainly reduces the size of food waste and, subsequently, improves microbial accessibility. Table 3 presents the mean particle sizes of the food waste after ball milling. Two variables, i.e., milling speed and time, were used to investigate their effects on size reduction. The untreated food waste had a mean diameter of 834 μm. As the milling speed increased, the mean particle size decreased. Milling time is a critical parameter for reducing particle sizes. As the milling time was increased at 300 rpm, the mean diameter of the food waste was reduced. As the milling time was increased by 10 min, the particle size of the food waste was reduced by approximately 12~17%. As shown in Table 3, the smallest particle size was obtained when milling speed and time were 300 rpm and 30 min, respectively. However, BMP of the feedstock was not much improved by enhancing the milling speed and/or extending milling time, which is more discussed below.



As expected, the uniformity of particle size improved with increasing milling speed and time. Figure 1 presents the distribution of the pretreated food waste sizes based on the milling conditions. Particle distribution of untreated food waste showed a bimodal curve, with the highest peak being observed at approximately 1754 µm. Interestingly, the highest peak in the particle size distribution occurred at the same size (260 µm) regardless of the rotational speed (Figure 1a). However, the peak that occurred at larger particle diameters gradually disappeared when the speed was raised. After the milling, the peak around 1754 µm reduced and shifted to 260 µm as rotation speed increased. At 300 rpm, the peak at 1754 µm completely disappeared. From this result, it was concluded that the food waste had become more homogenized by the ball-milling. Figure 1b shows the effects of milling time on the particle size distribution of food wastes; in this specific experiment, the milling speed was set at 300 rpm. Unlike the case of milling speed, the length of milling time did not result in much difference in the particle size distribution. All the milling times showed similar single modal profiles. It may be due to the milling speed applied for this specific experiment; for all the milling times, the same milling speed of 300 rpm was used. From this observation, it is hypothesized that food waste can be well homogenized with a short milling time if a sufficient milling speed is applied.



Ball-mill pretreatment also affected the SCOD. Untreated sample was found to have 19.1 g O2/L SCOD (Table 3). All pretreated samples exhibited an increased SCOD compared to the control. The SCOD of samples ball-milled at 150, 225, and 300 rpm showed 4%, 7%, and 17% higher values, respectively, comparing to that of the control. However, no significant difference was found in the SCOD values of the samples ball-milled at a fixed speed of 300 rpm for different milling times (i.e., 10, 20, and 30 min). It appeared that milling speed is more important than milling duration in the case of food waste.




3.2. Effect of Ball-Mill Pretreatment on the BMP of Food Waste


The ultimate purpose of pretreatment is to increase methane production by improving solubility of food waste and the microbe accessibility to it. Figure 2 shows the BMPs of food waste pretreated under the milling conditions. Samples without pretreatment exhibited a cumulative methane production of 390 mL/g-VS after 10-d incubation. As the case of SCOD, ball-mill pretreated food waste showed higher methane production than the control. The cumulative methane productions of 430, 440, and 490 mL/g-VS were observed for M1, M2, and M3, respectively (Figure 2a); methane productions of M1, M2, M3 were 8%, 10%, and 22%, respectively, higher than that of the control. The increased BMP values of the ball-milled food waste can be explained with their increased SCOD and particle-size uniformity after ball-milling, comparing to the control. Figure 2b presents the effect of milling time on the BMP of food waste. The milling times of 10, 20, and 30 min at 300 rpm resulted in methane productions of 490, 510, and 500 mL/g-VS, respectively. This result indicates that an extended milling-hour might not be necessary for food waste as long as a sufficient milling speed is applied. Nonetheless, the methane production could be increased by 27% through the ball-milling process (Figure 2b). This result demonstrates the applicability of the attrition ball-mill for improving the methane production from food waste. However, energy consumption and process capacity should be considered and optimized before applying on the industrial scale.



In this study, the maximum methane production was 510 mL/g-VS at 300 rpm for 20 min. From the methane production point of view, the ball-milling shows a superior performance than other physical pretreatment technologies. Zhang et al. [37] treated food waste with 600 W microwave to increase the temperature of food waste to 100 ℃ and to increase soluble COD. As a result, they obtain the methane production of 316 mL/g-VS (6.4% higher amount than the control). Naran et al. [21] also applied thermal pretreatment to improve BMP of food waste. The thermal condition of 120 °C for 30 min could result in 481 mL/g-VS methane production. They also applied the ultrasonic pretreatment for food waste. Application of 360 kJ/L ultrasonic wave for 30 min showed 424 mL/g-VS methane production.



Total volatile fatty acids (TVFAs) of food waste were also measured before and after pretreatments. After ball-mill pretreatment, the quantity of TVFAs increased, compared to the control (Table 4). This indicated that the ball-mill pretreatment used in this study would have a beneficial impact on hydrolysis of organics to VFAs by increasing particle size uniformity and SCOD. Typically, the TVFAs of ball-mill-treated food waste on day 1 were significantly higher than those of the untreated sample.




3.3. Microbial Community Analysis


Microbial community was analyzed to understand the differences in the BMP after the attrition ball-mill pretreatment. The microbial composition was similar between the control and treatments. However, microbial abundances between the control and treatments showed an obvious difference at the family level (Figure 3). Clostridiaceae was found to be the predominant family with a relative abundance of 12.6% and 16.9% under the untreated and ball-mill pretreated conditions, respectively, after 1 d of inoculation. Clostridiaceae was reported to be able to anaerobically grow by utilizing solubilized carbohydrates and produce VFAs, such as acetate, propionate, and butyrate [38]. These VFAs may become the substrate of acetoclastic methanogen [39,40]. When Clostridiaceae was scrutinized at the species level, the major species were found to be Clostridium butyrium, C. chromireducens, C. tertium, C. perfrigens, and C. beijerinkii (Figure S1a). In particular, the relative abundance of Clostridium butyricum increased to 7.33% and 5.1% under the pretreated and untreated conditions, respectively, which indicated that ball-mill affected the proliferation of bacteria producing VFAs. As shown in Figure S1, ball pretreatment resulted in a higher TVFA production, which was consistent with the increase observed in the relative abundance of bacteria related to VFA production. On day 7 after inoculation, while the relative abundance of Clostridiaceae family significantly decreased, Anaerolinaceae was observed to be the predominant family, followed by Porphyromonadaceae, with a relative abundance of 18.2–18.8% under both conditions (Table S1). Anaerolinaceae can grow fermentatively from a recalcitrant carbon source and Porphyromonadaceae can grow even under non-fermentative conditions [41,42,43]. Therefore, they were considered to have grown from the remnants after the easy-to-use carbon sources were depleted. Porphyromonadaceae and Anaerolinaceae families have been reported to provide acetate for methanogen, therefore, they were suggested to have syntrophic cooperation with acetoclastic methanogen [44].



As observed on day 7, shown in Figure 3, the examination of archaeal community showed Methanosaetaceae as the predominant family. The relative abundance of Methanosaetaceae increased to 48–49% under both conditions (Figure 3). Methanosaeta concilii was the most dominant species observed under both conditions, with its relative abundances increased to 30.2% and 30.3%, respectively. In addition, considerable uncultured Methanosaeta species were observed, and these species also seemed to play a role as a methanogen using an acetoclastic mechanism [45]. Interestingly, the relative abundance of hydrogenotrophic methanogen was observed to be 13.5% in the untreated sample on day 7, whereas for the ball-mill treated sample, it increased up to 21.7% (Figure S2 and Table S1). Most hydrogenotrophic methanogens were composed of Methanobacterium species and this genus can produce methane mainly using carbon dioxide and hydrogen [46]. Carbon dioxide and hydrogen have been considered as the final metabolites of anaerobic bacteria, such as Clostridium, which was considered to increase the growth of hydrogenotrophic methanogen. Consequently, the ball-mill pretreatment increased the activity of methanogenic Archaea using the end-products of bacteria by allowing food waste to be readily available via softening and breaking processes.





4. Conclusions


To improve the AD of food waste, the effects of attrition mill were investigated in this study. The attrition ball-mill reduced the particle size and improved size uniformity and SCOD. Change in food waste characteristics increased the BMP of the food waste, maximally 27%. During AD, the attrition of milled food waste produced higher TVFAs. Microbial community led the ball-mill treatment to allow VFA-producing bacteria and hydrogenotrophic methanogens to proliferate with significantly abundant acetoclastic methanogen during the BMP test. Therefore, we found the attrition mill pretreatment to be effective in improving methane production from food waste. The energy required for the attrition ball-mill was not estimated in this study, since the focus of the current study was evaluating the effects of the attrition ball-milling on the BMP of food waste. In order for the technology to be implemented at full scale, the economic feasibility of the ball-milling will be investigated in future studies.
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Figure 1. Size distributions of pretreated food waste based on (a) milling speed and (b) milling time. 
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Figure 2. Cumulative methane productions from the food waste based on (a) milling speed and (b) milling time. The error bars indicate standard deviation. 
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Figure 3. Microbial community structure of (a) bacteria and (b) Achaea during methane production from ball-mill treated and untreated food wastes. Operational Taxonomic Units (OTUs) were classified at the species level (97% sequence similarity). The data shown were binned at the family level. 
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Table 1. Composition of food waste used in this study.
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	Classification
	Percentage

(% Wet Weight)
	Content in Each Category

(% Wet Weight)





	Vegetables
	50
	Chinese cabbage (50), cabbage (25), lettuce (25)



	Fruits
	18
	Apple (25), mandarin (25), pear (25), persimmon (25)



	Fish meat
	16
	Ham (40), fish cake (30), sausage (30)



	Cereals
	16
	Rice (50), pasta (25), ramen (25)
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Table 2. Chemical characteristics of food waste and seed sludge.
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	Food Waste
	Seed Sludge





	TCOD (g/L) 1
	30
	28.4



	SCOD (g/L) 2
	19.1
	0.727



	TS (g/L) 3
	30
	16



	VS (g/L) 4
	28.1
	12



	VS/TS (%)
	93.8
	71.5



	pH
	-
	8.23







1 Total chemical oxygen demand. 2 Soluble chemical oxygen demand. 3 Total solid. 4 Volatile solid.













[image: Table] 





Table 3. Mean particle sizes of food waste depending on pretreatment conditions.
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	Speed (rpm)
	Time (min)
	MPS 1 (µm)
	SCOD (g O2/L)





	Untreated
	0
	0
	834 ± 162
	19.1 ± 0.1



	M1
	150
	10
	550 ±177
	19.8 ± 0.3



	M2
	225
	10
	479 ±149
	20.5 ± 0.1



	M3
	300
	10
	241 ± 16.9
	22.4 ± 0.0



	M4
	300
	20
	212 ± 9.83
	22.2 ± 0.2



	M5
	300
	30
	176 ± 15.6
	24.6 ± 0.2







1 Mean particle size. ± indicates standard deviation among three independent samples.
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Table 4. TVFAs of food waste based on pretreatment conditions (unit: mg COD/L).
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	0 Day
	1 Day
	4 Day
	7 Day





	Untreated
	100
	1130
	655
	145



	M1
	185
	1596
	518
	22



	M2
	101
	1798
	594
	391



	M3
	103
	1832
	629
	460



	M4
	98
	1867
	613
	489



	M5
	113
	1921
	639
	592
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