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Abstract
Biochemical methane potential (BMP) tests are extensively used in many studies related to anaerobic co-digestion (AcoD) to evaluate biogas production and determine the potential methane yield between various substrates at specific retention times and parameters. AcoD is a process of mixing two or more substrates in a digester that could help to improve the methane yield as compared to mono-digestion with the same substrates. This study evaluates the methane production efficiency via AcoD of food waste and thickened sludge by using the BMP tests. The substrates used for this study were wastes from non-dairy creamer, coffee, and mixed food waste with sludge. Additionally, thickened sludge as an inoculum was used for the BMP test. The samples characterisation was analysed according to standard and HACH methods. The thickened sludge was set up at a ratio of 1:1 as a control, while the food wastes sample with sludge was set up at a ratio of 1:2. The initial pH was adjusted in a range of 6.5-7. The BMP test setup was done using a 125mL serum bottle in triplicates for 31 days in an incubator at 37oC. The results showed that the highest methane production of the BMP was from thickened sludge itself which is 18.275 ± 3.3 mL CH4/gVS, followed by non-dairy creamer waste with thickened sludge, mixed food waste with sludge and coffee waste with thickened sludge which are 17.865 ± 6.2 mL CH4/gVS, 17.825 ± 0.05 mL CH4/gVS and 14.797 ± 0.01 mL CH4/gVS respectively. In conclusion, the pre-treatments process is highly recommended in order to improve biogas production.
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Abstrak
Ujian potensi metana biokimia (BMP) digunakan secara meluas dalam banyak kajian berkaitan penghadaman bersama anaerobik (AcoD) untuk menilai pengeluaran biogas dan menentukan potensi hasil metana antara pelbagai substrat pada masa dan parameter pengekalan tertentu. AcoD merupakan suatu proses mencampurkan dua atau lebih substrat dalam pencerna yang boleh meningkatkan hasil metana berbanding mono-pencernaan dengan substrat yang sama. Kajian ini bertujuan menilai kecekapan pengeluaran metana oleh AcoD bagi sisa makanan dan enap cemar pekat menggunakan ujian BMP. Substrat yang digunakan untuk kajian ini ialah sisa daripada krimer bukan tenusu, kopi, dan sisa makanan yang bercampur dengan enap cemar. Enap cemar pekat digunakan untuk ujian BMP sebagai inokulum. Pencirian sampel dianalisis mengikut kaedah standard dan HACH. Enap cemar yang menebal telah disediakan dalam nisbah 1:1 sebagai kawalan, manakala sampel sisa makanan dengan enap cemar disediakan dalam nisbah 1:2. Nilai pH awal diselaraskan dalam julat 6.5–7. Persediaan ujian BMP dilakukan menggunakan botol serum 125mL sebanyak tiga kali ganda selama 31 hari dalam inkubator pada suhu 37oC. Hasil kajian menunjukkan bahawa pengeluaran metana BMP tertinggi adalah daripada enap cemar pekat itu sendiri, iaitu 18.275 ± 3.3 mL CH4/gVS, diikuti sisa krimer bukan tenusu dengan enap cemar pekat, sisa makanan bercampur dengan enap cemar, dan sisa kopi dengan enap cemar pekat, masing-masing 17.865 ± 6.2 mL CH4/gVS, 17.825 ± 0.05 mL CH4/gVS, dan 14.797 ± 0.01 mL CH4/gVS. Kesimpulannya, proses pra-rawatan amat disyorkan untuk meningkatkan pengeluaran biogas.

Kata kunci:  pencernaan bersama anaerob, potensi metana biokimia, kaedah eksperimen, sisa makanan, penghasilan metana
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Introduction
The amount of sewage sludge is continuously increasing as a surplus of the wastewater treatment process due to increased population. The higher percentage of households connected to the main wastewater treatment plants (WWTPs) also contributes to the higher production of sewage sludge [1, 2]. Nevertheless, improper handling and untreated sewage sludge may lead to environmental impacts and public health problems. This is because sewage sludge is characterised by its high concentrations of solids and organic matter, with the presence of nutrients, organic and inorganic pollutants and pathogens that create odour problems. Nowadays, there are several alternative techniques which are applied for sewage sludge disposal, such as incineration, landfills, compost, recycling, and anaerobic digestion (AD). AD is a proven technology and one of the most feasible techniques applied for the treatment of sewage sludge in many countries due to its lower operational cost, reduced chemical oxygen demand (COD), decreased pollutants discharged into the environment, and production of energy-rich biogas [3, 4, 5].

Besides that, anaerobic digestion (AD) is also known as the most efficient process for the treatment of municipal solid waste and wastewater sludge [6, 7]. In general, anaerobic digestion (AD) is the process in which organic waste such as bio-waste, animal manure, sludge, crops, and other biomasses are biologically degraded  in the absence of oxygen and converted into a form of  biogas  and  other  organic compounds as end products [6, 7]. The food waste also can be characterised by its high percentage of biodegradability, moisture content around (˃ 70%), volatile solids (˃ 95%), with numerous amounts of lipids [8] that will enhance the AD performance. Other than that, the methane gas obtained from the AD process can be used to generate electricity and for heating purposes. Sewage sludge is characterised by its high concentration of solids and organic matter, with the presence of nutrients, organic and inorganic pollutants, and pathogens.  According to Appels et al., [6], fuels can be produced by using sewage sludge. It can also be used as an inoculum in the anaerobic digestion process by considering its characteristics. Thus, anaerobic co-digestion (AcoD) is the process of mixing two or more substrates in a digester that could improve methane production from 25% to 400% as compared to the mono-digestion [9-13] of the same substrates [14,15].

Non-dairy creamer (NDC) and coffee are from the food and beverages industry. However, the NDC contains no lactose. It is a substitute product for milk or cream in the form of a liquid or powder which produces high water dissolved fat emulsion that is made up from vegetable oil (30% hydrogenated coconut or palm oil) for the purpose of reducing the amount of milk or replacing the milk powder in oatmeal, baked goods, coffee and others [16]. Huang et al.,[17] stated that NDC is made up of 60-65% glucose or corn syrup, 2-5% sodium caseinate, stabilisers, and emulsifiers [18], and it contains about 1.2% of minerals, 8.5% of protein, 32.5% of fat, and the highest percentage is carbohydrate at 58%. The liquid waste and sewage sludge are the by-products of the NDC industry. The improper processing of the NDC wastewater will affect the environment. The sewage sludge and wastewater from NDC contains high organic matter such as proteins, lipids, and carbohydrates [19-21] While the coffee processing effluent is highly acidic, has high chemical oxygen demand (COD), and also contains a high amount of organic matter and suspended solids [22-23], the foul odour and eutrophication occurs due to the dark brown colour of the effluent which was produced from the coffee processing plants due to the decomposition of lignin (humic acid, tannin) with different macromolecules such as caffeine and polyphenols (melanoidins). Cardenas et al., [24] cited that melanoidins consist of ligands (polysaccharides, tannins), which hardly degrade biologically [25]. Thus, AD is considered as an alternative method to treat both NDC and coffee waste.

In addition to that, AD can be applied experimentally via the biochemical methane potential (BMP) test by determining the biodegradability of waste biomass and wastewater and also the methane potentiality [26]. The BMP experimental test is usually suitable for small-scale (batch) analysis (lab-work) which is costly, and time-consuming, with analysis within 20 to ˃100 days [27] compared to the BMP theoretical test. Several parameters influence the determination of BMP experimental tests such as the inoculum-substrate ratio, pH, temperature, retention time, chemical oxygen demand (COD), total solids (TS), moisture content, volatile solids (VS), and others [28]. The objective of this study is to evaluate the methane production via anaerobic co-digestion of food waste and sludge by using the BMP experimental method.

Material and Methods
Sample collection
Substrate and inoculum
Food waste samples as substrates (coffee, non-dairy creamer waste and mixed food waste) were obtained from the food manufacturing industry and the IWK sludge (thickened) was used as inoculum. All food wastes and thickened sludge were supplied by Indah Water Konsortium Sdn. Bhd (IWK), whose WWTP plant is located at Pantai 2, IWK Sewage Treatment Plant at Kuala Lumpur. Then, the collected samples were degassed or pre-incubated to deplete the residual biodegradable organic material present in them [29]. Table 1 presents the setup of substrates used for this study.
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Table 1.  Substrates for BMP, and S/I ratio
	Inoculum & Substrates
	Label
	Substrate/inoculum Ratio, S/I

	Thickened sludge (inoculum)
	IWK Sludge
	1:1

	Non-dairy creamer waste + inoculum
	Co-digestion 1
	1:2

	Coffee waste + inoculum
	Co-digestion 2
	1:2

	Mixed food wastes + inoculum
	Co-digestion 3
	1:2











Analytical method
Sample characterization
The characterisations of the substrate (food waste) and inoculum (thickened sludge) conducted for this study are the moisture content, Volatile Matter, pH, temperature, Total Solid (TS) and Volatile Solid (VS), chemical oxygen demand (COD), alkalinity and volatile fatty acid (VFA). Thus, all these parameters were measured according to the Standard Methods [30] except for the alkalinity and VFA, which used the HACH method. About 200mL of the sample was placed in a 500 mL beaker. The pH meter was calibrated first at pH 4, 7 and 10, and then the pH of the samples was measured by using the pH meter (Orion Star A111 pH meter). In order to do that, moisture and TS were determined by drying the samples at 105 °C overnight and for 4 hours at a constant weight [30]. While the previous sample from the moisture content and TS was heated by furnace at 550 °C for 2 hours and 15 minutes to measure the volatile matter and VS. Chemical oxygen demand (COD) was performed by using and preparing the high range COD standard reagents (200-15000 mg/L), blank, and samples. Each sample was diluted by 1:10 time’s dilution, and about 2.0 mL of the sample was filled into the high range COD reagent vial. Thus, the samples were placed into the COD reactor within 2 hours at 150 °C. Then, the readings of the COD were analysed by using the spectrophotometer. 

However, for alkalinity, the digital titration cartridge, sulfuric acid 1.600±0.008 N was used (based on the HACH method procedure). About 10mL of the sample volume was titrated with a digital titration cartridge, and the titration was stopped at a pH 4.5. Then, the counter (at the digital titrator) showed the digits for the first endpoint, and the digits were multiplied with the digit multiplier (x10) for samples in the range of 1000-4000 (mg/L as CaCO3). Thus, the exact volume (mg CaCO3/L) total alkalinity was recorded. Lastly, for the VFA test method, about 0.5 mL of deionized water and samples (the filtrate or supernatant) were placed separately on a sample cell. An amount 1.5 mL of ethylene glycol was added to each sample cell, and then it was swirled, followed by adding 0.2 mL of 19.2N sulfuric acid. Then, the sample cell was boiled for 3 minutes. The sample cell was immersed into cool water at 25 °C (until the cells feel cold). 0.5 mL of Hydroxylamine hydrochloride solution, 2.0 mL of 4.5N sodium hydroxide standard solution, 10 mL of ferric chloride sulfuric acid solution, and 10 mL of deionized water was added to each sample cell and the cell was inverted to mix. 10 mL of the blank solution and prepared sample were transferred to a clean sample cell. The sample cell was inserted into the cell holder and the results were shown in mg/L HOAC.

Sample preparation
BMP experimental test
The BMP experimental test was performed in 125 mL serum bottles for the AD process [31] with a working volume of 70% and 30% remaining for the gas production as shown in Figure 1 [32]. Food waste samples such as coffee and non-dairy creamer were used as a substrate, while the IWK sludge (thickened sludge) was an inoculum. The initial pH was adjusted at a range of 6.5-7. After mixing and adding the samples into the serum bottle, the nitrogen gas was purged immediately in the headspace of the bottles for 3 minutes to remove the presence of air, which creates an anaerobic condition in the system [33], prior to sealing the serum bottles. All serum bottles were placed into an incubator at 37 °C, which is the optimum temperature for microbial activities [34] within the retention period of 31 days [35]. Every batch of AD was set up according to a 1:1 ratio for control and a 1:2 ratio of food waste to sludge. The serum bottles were placed into a rotary shaker once a day for 15 minutes to ensure the mixtures were well shaken. All experiments were performed in triplicate. An inoculum filled with water, with no substrate added, was used as a blank assay for the background of the methane yield. The gas sample produced was abstracted from the serum bottle and was then analysed by Gas Chromatography (GC) Agilent 7890A (30m x 32 μm x 0.25 μm).
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Figure 1.  125 mL of serum bottles set up [31]

Results and Discussion
Sample characterization
The results of the characterization of all samples are summarized in Table 2. The pH for non-dairy creamer waste (NDC), coffee waste, thickened sludge, and mixed food waste with sludge was in the range of slightly neutral to alkaline. The highest pH observed was in coffee waste. During the methanogenesis stages of AD, the methanogenic bacteria are highly sensitive to pH, so the optimum pH for methanogenic bacteria activities is within a range of 6.8-7.2 [36-37], as supported by Lusk [38]. The digester should be maintained at a pH near 7.0 to enhance biogas production, while a low pH would create the accumulation of volatile fatty acids (VFA) which results in the inhibition of the digestion process [39-40]. For a proximate analysis, the information on the moisture content (MC), volatile matter (VM) and others were obtained, which is important to determine the potentiality and suitability of the biomass [41]. From the results in Table 2, the MC for all raw samples is more than 90%, which shows that the water content of each sample was high, which means the raw materials have sufficient MC for anaerobic digestion, as the moisture content of the food waste in the substrate is between 95 - 97% from his study [42]. The volatile matter (VM) for all the samples was in the range of 66-80%. Thus, the fraction of VM for all the samples showed its potential to produce higher biogas production [43-44]. The thickened sludge and mixed food waste produced the higher chemical oxygen demands (COD) with 18790 ± 96.44, and 12,516 ± 92.38 mg/L respectively. According to Treagust [45], the COD of coffee wastewater reaches up to 50,000 mg/L. Toxic chemicals such as tannis, alkaloids (caffeine) and polyphenolics can be found in coffee wastewater in small amounts. The COD values measured the oxygen needed to oxidize all organic material present within substances [46]. The higher the COD values, the higher the potential of substances to produce methane. 

The total solids (TS) of the substrates mainly started from ˂ 7%. TS measures the suspended and dissolved solids in water. Coffee waste has the greater TS value, with 7.32%, compared to others. Volatile solids (VS), are described as the organic matter present in the wastewater which is important for AD performances that would enhance the higher production of methane. The VS value for food waste and sludge is at a range of 40-70%. Alkalinity is a very important parameter in the AD process. Alkalinity helps to avoid the failure of the digester and causes the inhibition of methanogenic bacteria activities by preventing the pH drop. The alkalinity of NDC, coffee waste, thickened sludge, and mixed food waste with sludge was 900 ± 1.48, 794.83 ± 1.56, 3012.5 ± 1.75 and 3337.5 ± 0.89 mg CaCO3/L.  Volatile fatty acid (VFA) is another option to justify the availability of the raw materials used in AD for the production of methane. Like other common factors of AD such as pH, alkalinity, and COD, the VFA gives information on the process status [47]. The hydraulic loading, temperature, and organic loading might affect the concentration of VFA. According to Yu et al. [48], the accumulation of VFA will interrupt the digester buffer capacity, leading to acidification and the failure of system performance by inhibiting the methanogenic bacteria activities. Thus, the VFA readings for all the samples were 6510 ± 25.39, 2410.33 ± 27.94, 211 ± 23.81, and 707.33 ± 57.66 mg/L which represents the NDC, coffee waste, thickened sludge, and mixed food waste with sludge. There are many studies on the effects of VFA content that might affect AD efficiency. 
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Table 2.  The results of the characterization of samples
	            
Parameters         
	Non-Dairy Creamer waste (NDC)
	Coffee waste
	Mixed Food waste with sludge
	Thickened sludge

	pH
	7.46 ± 0.01
	11.55 ± 0.08
	7.07 ± 0.03
	7.09 ± 0.03

	Moisture Content (%)
	99.34 ± 0.02
	90.05 ± 0.03
	95.53 ± 0.02
	96.21 ± 0.01

	Volatile Matter (%)
	80.03 ± 1.82
	73.59 ± 1.18
	66.07 ± 2.08
	68.97 ± 0.002

	Chemical Oxygen Demands (mg/L)
	8400 ± 52.92
	7843.33 ± 32.15
	12516.67 ± 92.38
	18790 ± 96.44

	Total Solid (%)
	0.68 ± 0.18
	7.32 ± 0.02
	4.49 ± 0.03
	4.11 ± 0.06

	Volatile Solid (%)
	70.84 ± 0.08
	44.68 ± 0.002
	67.11 ± 0.06
	69.18 ± 0.001

	Alkalinity (mg CaCO3/L)
	900 ± 1.48
	794.83 ± 1.56
	3337.5 ± 0.89
	3012.5 ± 1.75

	Volatile Fatty Acids, VFA (mg/L)
	6510 ± 25.39
	2410.33 ± 27.94
	707.33 ± 57.66
	211 ± 23.81
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BMP experimental test
The BMP experimental test was performed in 125 mL serum bottles for the AD process [31] with a working volume of 70% and 30% remaining for the gas production as shown in Figure 1. Constant BMP experimental results were achieved for all samples after the retention time of 31 days for the anaerobic digestion process took place. The BMP assays are assumed to be finished when the daily production is less than 1% or when the cumulative graph shows a constant trend of methane production which indicates the organic substances are fully degraded. The microorganisms no longer have enough nutrients for digestion purposes. Figure 2 shows the methane production of co-digestion 1, co-digestion 2, co-digestion 3, and thickened sludge. The lag phase, which is the time of adaptation for inoculum to a new environment or medium, stopped around 7 days, in this study. According to the curves in Figure 2, it can be observed that the methane production was initially slow, but continuously increased at around 20 days. There was a constant production of methane from day 20 until day 31. Thus, it took almost 20 days for all the methane to be produced from the substrates. It can be seen that the highest methane production was from the thickened sludge which is 18.275 ± 3.3 mL CH4/gVS, followed by the non-dairy creamer waste with sludge (co-digestion 1) that is 17.865 ± 6.2 mL CH4/gVS and mixed food waste with sludge (co-digestion 3) at 17.825 ± 0.05 mL CH4/gVS. While, the lowest methane production is from coffee waste with sludge (co-digestion 2) which is 14.797 ± 0.01 mL CH4/gVS. 

Co-digestion 2 shows the lowest production of methane compared to co-digestions 1 and 3. The coffee waste itself is characterized as lipids, cellulose, lignin-rich biomasses. Lignin (humic acid, tannin) has different macromolecules such as caffeine and polyphenols (melanoidins). Cardenas et al.,2009 [24] cited that, melanoidins consist of ligands (polysaccharides, tannins), which hardly degrade biologically [24]. The cellulose and lignin make the lignocellulosic biomass a great prospect for biogas production through AD. However, it is still considered difficult for  it  to be degraded and digested. Somehow, the study also highlighted that lower methane potentials of about 0.16 - 0.35 CH4 m3/kg VS of food waste are rich-lignocellulosic fractions and have low lipids content, such as fruit and vegetable residues and brewery waste. Moreover, the coffee waste shows that the highest pH, which is 11.55 ± 0.08, is very alkaline. It will affect biogas productivity. As mentioned before, it has been proved that the optimum pH for methanogenic bacteria activities is within a range of 6.8-7.2, which will give a significant effect on biogas yield [36-37]. Co-digestion 1 shows that the second-highest methane yield is 17.865 ± 6.2 mL CH4/gVS. This is because NDC contains high organic matter with about 1.2% minerals, 8.5% protein, 32.5% fat, and the highest percentage is carbohydrates (58%) [18-21]. Protein and carbohydrate-rich substrates are considered to be easily degradable, and lipids have less of a hydrolysis rate [48]. Thus [42, 49], higher methane yields can be achieved from food wastes rich in lipids, such as easily degradable carbohydrates.

The reading of the methane yields for co-digestion 3 (mixed food waste with sludge) is slightly similar to co-digestion 1 which is 17.825 ± 0.05 mL CH4/gVS. The COD of co-digestion 3, which is 12516.67 ± 92.38 mg/L, is higher compared to co-digestion 1 and co-digestion 2. However, the COD for the thickened sludge, which is 18790 ± 96.44 mg/L, shows the highest yield compared to the others. This shows that most of the organic matter is contained in both co-digestion 3 and the thickened sludge. It can be summarised from Figure 2, that the solely thickened sludge has the potential to produce a higher methane yield without adding any substrate. As we informed, the mixed food waste with sludge consists of coffee and non-dairy creamer waste. Thus, there is the mixing of protein, carbohydrates, and lipids with lignin groups of waste within it. These can act as a reason for the lower methane yield of co-digestion 3 compared to the inoculum which is solely thickened sludge. Therefore, the pre-treatment to the substrate is suggested either by biological, chemical, or thermal treatments to improve the substrate’s potential in producing methane. This study has proven different substrates have different characteristics, as can be seen in the proximate analysis of the raw materials. Thus, pre-treatment approaches can be taken to enhance the efficiency of methane generation.
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Figure 2.  The cumulative BMP experimental test of methane production for co-digestions and inoculum



Conclusion
The NDC and coffee industry play an important role by providing good handling and processing wastewater management in order to achieve and maintain environmental stability. Nevertheless, the BMP experimental test results indicate that there is a potential for a single inoculum (thickened sludge), and the co-digestion of different wastes such as coffee waste, non-diary creamer waste, and the sample of mixed food waste with sludge would produce a methane yield within the 31 days of the AD process. However, it is also possible to inhibit the AD process if the nutrients are imbalanced. For further observation, an effective and environmentally friendly pre-treatments process is highly recommended to improve biogas production.
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Co-digestion 1	0	7	10	14	20	23	27	31	0	2.1800000000000002	5.726	9.75	14.704000000000001	15.382999999999999	16.234999999999999	17.864999999999998	Co-digestion 2	0	7	10	14	20	23	27	31	0	0.38300000000000001	2.0779999999999998	5.8220000000000001	11.28	11.981	12.904	14.797000000000001	Co-digestion 3	0	7	10	14	20	23	27	31	0	1.839	3.6339999999999999	9.2550000000000008	14.419	15.122	16.018000000000001	17.824999999999999	Thickened sludge	0	7	10	14	20	23	27	31	0	1.3759999999999999	4.032	8.1440000000000001	13.093999999999999	14.77	16.657	18.274999999999999	Days

The Cumulative of Methane Production, CH4 (mL/gVS)
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