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Abstract

:

Slaughterhouse waste management is an important technological, economic, and environmental challenge. Recently, more and more attention has been paid to the possibility of obtaining biogas from waste generated by slaughterhouses. The aim of the paper was to examine the effect of an emulsifier addition in the form of a carboxymethyl cellulose solution to create animal waste fermentation media based on the quantity and quality of the generated biogas. The adopted research goal was achieved based on a laboratory experiment of methane fermenting poultry processing waste. The waste was divided into two fractions: soft (tissue) and hard (bone). A fat emulsifier in a concentration of 1%, 2.5%, 5%, and 10% of fresh weight of the substrate was added to each substrate sample made from the above fractions. The emulsifier used was a 55% carboxymethyl cellulose solution, since this emulsifier is most commonly used in food production. The experiment was conducted in order to determine how the addition of an emulsifier (55% carboxymethylcellulose solution) affects the hydration of fats during methane fermentation, as demonstrated on poultry slaughterhouse waste. The samples were subjected to static methane fermentation, according to the methodology of DIM DIN 38414(DIN Deutches Institut für Normung). The experiment lasted 30 days. The total amount of biogas obtained after fermentation was 398 mL·g−1 for the soft fraction and 402 mL·g−1 for the hard fraction. In the case of the soft waste fraction, the addition of carboxymethylcellulose at 1% of the mass to the biogas process increased the amount of obtained biogas by 16%. In the case of the hard fraction, no effect of the addition of emulsifier on the total amount of biogas obtained was identified. In each case, the biogas from substrates with added emulsifier contained less methane and slightly more carbon. The emulsifier added to the soft fraction of slaughterhouse waste from poultry processing allowed cutting the process of methanogenesis by over 50% while maintaining the efficiency of biogas production. In the case of biogasification of bone tissue, no unambiguous effect of the addition of emulsifier on the improvement of process efficiency was identified.
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1. Introduction


Production of energy from biomass or organic waste materials is becoming increasingly important in developed countries. The policy on reducing greenhouse gas emissions, as well as the need to diversify energy sources, has become the foundation for the development of biomass fuel production technology [1]. One method of obtaining energy from biomass is to transform it in the process of anaerobic methane fermentation [2]. This allows obtaining energy in the form of gas, which can be used as a heat source or as a substrate for the production of electricity [3,4]. In most modern biogas plants, the input material is primarily various mixtures of manure and plants specially grown for this purpose, with the largest share of corn silage. However, the production of energy plants associated with the need to use large amounts of energy for agrotechnical treatments, to produce and use fertilizers and plant protection products, and to harvest and prepare the substrate. Therefore, the use of intentionally cultivated energy crops may be characterized by low energy efficiency and significant greenhouse gas emissions per unit of energy obtained. Therefore, the focus has recently shifted to the energy use of animal waste [5,6,7,8]. Thus far, the most common way to utilize such materials is thermal processing. However, this process is not very efficient, from both an energy and environmental point of view. The aspect of production optimization in terms of energy efficiency and environmental impact is an integral element of all modern quality management systems in primary production [9,10]. Obtaining energy from waste is a strategic element of sustainable waste management. The ecological aspect of the transformation of waste biomass using methane fermentation processes relates not only to obtaining energy from renewable sources but is also associated with the rational utilization of this waste. Moreover, it contributes to the reduction of greenhouse gas emitted from stored slaughterhouse waste and balances the production of energy from conventional sources [11,12]. The byproduct of methane fermentation is the post-fermentation sludge, which can be a valuable source of elements for plants if introduced into the soil. The use of digestate for fertilizing increases the level of carbon sequestration in the soil and is a factor supporting effective management of soil fertility. Structural and organizational changes in agriculture have led to a reduction in the use of organic fertilizers. In research related to the use of food industry waste for fertilizing purposes, special attention is paid to phosphorus, whose global resources will be exhausted by the late 21st century [13]. The use of this waste for biogas production, followed by the use of the obtained digestate for fertilization, may constitute an important link in the circulation of elements in agroecosystems as part of the implementation of rational agricultural production methods [14,15,16]. Improving the properties of the soil and enriching it with macro- and microelements reduces the demand for mineral fertilizers, the production of which also involves the emission of greenhouse gases. As a result of the methane fermentation process, the resulting digestate is free of pathogens of Salmonella and Escherichia coli bacteria, viruses, fungi, and parasites. The rate and effect of the disappearance of pathogens are affected by the parameters, such as pH, temperature, time, and level of volatile fatty acids. The sanitary aspect is an important role when the digestate is to be used for fertilizing [17].



For aquafarming and marine animal products, there is an increased risk of excessive accumulation of trace elements [18]. An important instrument supporting the development of methods of obtaining energy from waste is the EC (European Commission) legal acts, among which the most important is the Landfill Directive (1991/31/EC) [19], which imposes reduction of the amount of biodegradable waste sent to landfills, and the Framework Directive on waste (2008/98/EC) [20].



Based on the Regulation of the European Parliament and Council No. 1069/2009/EC of 21 October 2009 (1069/2009/EC 2009) [21], waste of animal origin is considered an animal byproduct. The regulation distinguishes three categories of waste in terms of animal and public health risk. Waste classified in Category 1 must be subjected to thermal utilization. Categories 2 and 3 are waste that can be used for biogas production. Waste generated during slaughter of poultry intended for food purposes is classified in Category 3. By law, such waste can be used for biogas after pasteurization at 70 °C for 60 min. The Act passed on 14 December 2012 on waste [22] does not include the provisions of the said Regulation, with the exception of products that are “intended for the landfill, for thermal transformation, or for use in a biogas plant or composting plant, in accordance with the said Regulation.” That is why waste of animal origin intended for utilization, e.g., in a biogas plant, is still considered waste under the Act.



The aim of the paper was to examine the effect of the addition in the form of a carboxymethyl cellulose solution to create animal waste fermentation media, based on the quantity and quality of biogas generated during methane fermentation.




2. Materials and Methods


The adopted research goal was achieved based on a laboratory experiment of methane fermenting slaughterhouse waste under certain technological conditions. The waste mass used in the experiment was a waste from poultry processing, code 02 02 03, in accordance with the Regulation of the Minister of the Environment on the waste catalog [23,24]. The waste used in the experiment belonged to category 3, animal byproducts, recognized as the category not posing a safety risk to people or the environment. The waste samples were divided into two groups: hard and soft tissue. The first included bone tissues (legs, heads) and cartilage and the second included stomach contents, fat, digestive tract, epithelial tissues, and muscles. The collected mass of waste was approximately 40 kg. The collected waste was homogenized, and its moisture content and dry organic matter content were determined. In soft tissues, the content of dry mass was 25.8% and in hard tissues, 31.55%. Organic dry mass in soft tissues was 83%, compared to dry mass, and in hard tissues, 79.5%, compared to dry mass. A fat emulsifier in a concentration of 1%, 2.5%, 5%, and 10% of fresh weight of feedstock was added to each substrate prepared based on these samples. The biomass was hydrated to 90% humidity, which is the optimal humidity for wet methane fermentation, and then placed in 2 dm3 fermentors, along with the inoculum. The support material was digestate from an agricultural biogas plant. The content in each of the fermentors was identical, i.e., 10% of the dry matter. Tests with such a fermentor content applied ensured that each organic molecule was surrounded with water. Each batch prepared with the addition of 55% carboxymethylcellulose solution was placed in four fermentors. The fifth fermentor, including only the inoculum, acted as the reference fermentor, against which the output from each of the four fermentors (with a batch containing the emulsifier addition in the form of 55% carboxymethyl cellulose solution) was compared.



Thus, prepared fermentors were placed in a chamber with temperature control. Next, the samples were subjected to static methane fermentation, according to the methodology of (DIN Deutches Institut für Normung) DIM DIN 38414. It consisted of a single introduction of substrates into the fermentation chambers, carrying out the process until its completion. The pH in the fermentors was maintained at 5.8–6.2 due to the alkalinity of the fats present in the fermented biomass. The appropriate pH was maintained due to the inoculation additive. Such a pH resulted from the chosen input medium, i.e., a digestate from an agricultural biogas plant, because the use of batches made from slaughterhouse waste and the fat emulsifier addition would then be tested by the authors on an industrial scale. Humidity of the digestate was approximately 96%, and its pH was approximately 6. Generally speaking, the optimum temperature of hydrolysis is between 30–50 °C and its optimum pH ranges between 5 and 7, although there is no evidence of improved hydrolytic activity below a pH of 7 [17]. The methane fermentation process lasted 30 days. The gas resulting from methane fermentation was collected in variable volume tanks for each fermentor. The NANO SENS 60 m was used to measure the moisture content of the produced biogas and to determine its chemical composition. The results of the parameters of the process carried out were read daily at the same time and automatically saved to the computer disk using a measuring software.



The Properties of the Tested Raw Materials


The components used in the research contained large amounts of protein and fats. In the raw waste of the soft fraction, the fat and protein content was 38.44 and 22.45, respectively, calculated per dry matter (Table 1). The hard fraction contained 34.39% protein and 13.22% fat. The ratio of the C:N content in the methane fermentation process is very important from the point of view of the efficiency of the methanogenesis process. The overall C:N ratio in the input material used in the methanogenesis process was 9.96 for soft tissue and 9.32 for hard tissue; the optimal C:N ratio in the methane fermentation feedstock material. The most optimal carbon to nitrogen value in the methanogenesis process ranges from 10–30:1. Values of this parameter for feedstock used in our own research were slightly below the optimal.





3. Results


The results of the conducted research indicate that the addition of a fat emulsifier had a positive effect on the total biogas yield in the methane fermentation process, both in the fermentation of soft tissue and hard tissue, containing bone fraction, with a greater impact observed in the fermentation of the former. All the results shown in the graphs are the average of the four identical batches compared against the standard batch fermentor, in which only the inoculum was fermented. The standard deviation for all tested batches was 5 mL·g−1 TS. Such a low standard deviation is due to the fact that all the repetitions were made at the same time and under the same environmental conditions and that the batch was prepared uniformly and divided into four fermenters, according to the DIM DIN 38414 methodology. ANOVA (ANalysis Of Variance) was applied to analyze the results. The significance of mean differences among the objects was tested with the multiple comparison procedure, and Tukey’s range test was applied at a significance level of α = 0.05. Analysis was performed using the statistical software package Statistica v. 12.0. The Tukey’s test was used to identify samples with homogeneous biogas yields (StatSoft Inc., Tulsa, OK, USA).



In the case of soft tissue, 398 mL of biogas per gram of dry weight of waste was obtained during a 30-day fermentation process (Figure 1). The addition of an emulsifier at 1% of the waste mass increased the total biogas yield by 16%. In this object, 465 mL of biogas per gram was obtained. Increasing the amount of emulsifier to 2.5% of the weight of the feedstock did not improve the efficiency of the process, and with the largest amount of emulsifier added, the amount of biogas was lower than in the control object. In the case of bone tissue, a smaller effect of the carboxymethylcellucose addition on the total amount of biogas obtained during methanogenesis was found (Figure 2). The total amount of biogas obtained under different amounts of the carboxymethyl cellulose addition was at a similar level.



A delay of fermentation was observed in both waste groups of objects without the added emulsifier (Figure 1 and Figure 2). Only from the 6th day, the acceleration of the biogas production process was observed. This was probably due to the start of fat emulsification in the soft fraction objects. The use of carboxymethylcellulose as a technological additive to the biogasing of slaughterhouse waste cut the methanogenesis process. On day 12 of the process, a biogas yield of 449.1 mL·g−1 of dry waste was obtained in the object with the 1% emulsifier added. In this period, only 294.7 mL·g−1 dry waste of gas was obtained from the control object. In the following days, no increase in biogas production was observed in the object, in which the technological additive was used. It can be assumed that, in the object with the smallest addition of emulsifier, the end of the methanogenesis process occurred on the 12th day. In the case of a control object, biogas production was observed until day 23, when the total biogas yield was 395.3 mL·g−1 dry weight of the waste. The results of the conducted experiment indicate that the use of a technological additive, carboxymethyl cellulose, allowed to cut the methanogenesis process of slaughterhouse waste by over 50%. In the case of the hard fraction, the addition of the emulsifier did not have such a pronounced effect on the length of the methanogenesis process. At the initial stage of the process, the process was delayed in the object with no emulsifier added, but on the 13th day of the process, the biogas yield in individual research objects was at a comparable level, regardless of the amount of emulsifier added.



The methane content is the most important parameter impacting the quality of produced biogas. The results of the conducted research indicate that the highest methane content was obtained in biogas produced from waste without the addition of an emulsifier. For both types of waste, the biogas content on the last day of the process was 75%. In the case of objects with emulsifier additives, the methane content was approximately 50%, regardless of the amount of emulsifier added (Figure 3 and Figure 4). From the point of view of the quality of the obtained biogas, the best effects were observed on day 12 of the process. The methane content in the biogas obtained in the object without the added emulsifier was approximately. 81% at the time, while in the experimental object with 1% emulsifier added the value was approximately. 70% (Figure 3 and Figure 4). With larger emulsifier additions, a lower methane content in biogas was found on the 12th day of the process, which was determined as the completion of the methanogenesis process in objects with the addition of carboxymethylcellulose.



The dynamics of carbon dioxide content in individual research objects was similar, regardless of the amount of additive. The content of this gas in the obtained biogas decreased until the 9th day of the process. Afterwards, its amount increased slightly until the end of the experiment. The lowest content of this gas was found in the biogas obtained from waste without a technological additive, while the highest was identified in the object with a 1% addition of carboxymethyl cellulose (Figure 5 and Figure 6). There were slight differences in the carbon dioxide content in individual technological variants. On the 12th day of the process, which was considered strategic for the assessment of the proposed biogas technology, 20% CO2 was identified in the biogas from the control facility, while in the object with added carboxymethyl cellulose, this value was 23%. For bone tissue, the lowest amount of CO2 on the 12th day of the process was found in the object with 2.5% carboxymethyl cellulose addition per feedstock weight and in the control object, 21%, respectively. In biogas obtained from the object with 1% emulsifier, this value was 22%. The carbon dioxide content impaired the quality of biogas both from the energy point of view and in terms of the process’ carbon footprint.




4. Discussion


Waste of animal origin is characterized by a high content of protein and fats. Fermentation of fat-containing waste is associated with technological problems affecting the methane fermentation process [25]. The inhibition of the methane fermentation process of slaughter waste may be impacted by long chain fatty acids, which may have a detrimental effect on the development of methanogenic bacteria, especially acetogens and methanogens, responsible for the dynamics of the process [26,27]. Long chain fatty acids exhibit surfactant properties, inhibiting the fermentation process by adsorbing the microorganisms that are involved in it. Due to the low solubility of fat-containing waste, there is a risk of clogging of fermentation chambers and the formation of foams during the fermentation process [28]. Luostarinen et al. [29] confirm that methane fermentation of animal waste can be problematic, but the possibility of using such waste as a co-substrate should be considered [30]. In terms of efficiency of the animal waste management process, mixing it with a plant substrate is not beneficial. Animal waste comes from slaughterhouses or other meat processing plants, which are often distant from the sources of agricultural substrates. In addition, the use of a digestive created from a biogased animal-derived substrate may be subject to specific legal or technological requirements [31,32]. In the past, animal waste was mostly processed into bone meal. For sanitary reasons, these possibilities are currently limited, and, therefore, the main method of utilizing bone meal is currently to combust it with hard coal. From the point of view of energy yield, this is a good raw material, which is pointed out by Fryda et al. [33] and Vilvert et al. [34]. This way of managing animal waste leads to loss of elements that are contained in it. Ash from coal combustion with an organic component added is generally not used in agriculture. Animal products contain large amounts of plant nutrients and organic carbon compounds, so attempting to reuse them in the production process of plants is recommended. Proper fertilization is one of the most important factors affecting soil fertility and the quality of plant products [1,9].



The rise of anaerobic digestion research was facilitated by a drive for environmentally sustainable methods for waste management, and anaerobic digestion has already demonstrated its promise as a technology with a diverse range of applications from food waste and agriculture to wastewater treatment [35,36].



Due to the aforementioned complications affecting the independent process of methane fermentation of animal waste, it is necessary to introduce measures to increase its efficiency. Wang et al. [5] indicate a significant potential to increase the efficiency of the animal waste methanogenesis process by using two-stage biogas and the use of technological additives improving the physical properties of the feedstock. In our own research, it was proposed to use technological additives responsible for emulsifying fats contained in the used substrates, which should also improve the physical parameters of the process. Many authors point to the significant potential of using slaughterhouse waste as a source of biogas, while stressing the need to use process modification to optimize it. Bücker et al. [37] stated that waste from fish processing can be a valuable input to the methanogenesis process. These authors obtained 540.5 mL of methane from 1 g of fish processing waste and 426.3 mL CH4 from 1 g of fish oil. The authors found no inhibitory effect of large amounts of fat in the feedstock within the accepted system boundaries. Amounts smaller than the above were reported by Sikora et al. [7] who biogased waste from carp processing. The authors identified a methane yield of 475 mL of biogas, with an average of 67.45% methane content in biogas. Bulak et al. [38] conducted research on the biogasing efficiency of mealworm waste. The process feedstock had a very low C:N value, 7.77, as well as a protein content of 31.98% and fat content of 4.13%, with the possibility of biogasing. Under the above conditions, the authors obtained a biogas yield of 451 mL of methane from 1 g of waste mass and an average methane content of 53.6%. Our own research found biogas yield similar to that of the authors in the object with 1% emulsifier. The results of the conducted experiments indicate a positive effect of carboxymethylcellulose on the amount of biogas obtained from the methanogenesis process. Wang et al. [39] proposed optimization of the methanogenesis process of slaughter waste with large amounts of fat by adding bamboo carriers. Due to the improvement in the conditions for microorganisms, i.e., the available surface, the efficiency of the process increased by 104%. With the introduction of a process innovation, i.e., the use of bamboo carriers, the maximum yield of biogas from blood reached 651 mL·g−1. The value of the C:N ratio for blood subjected to methanogenesis was 4.1. These authors emphasize that the use of bamboo carriers improved the ability of microorganisms to break down fat. Martí-Herrero et al. [40] increased the efficiency of biogas production from slaughterhouse waste by over 100% by increasing the surface of the walls of tubular fermentors. Earlier thermal processing may be a factor in improving the efficiency of the anaerobic digestion of animal waste [41,42,43,44,45,46,47,48]. These authors reported an approximate 300 mL methane yield in biogas from poultry slaughterhouse waste processing. Thermal processing of the feedstock at 190 °C resulted in an approximately 25% increase in biogas production efficiency. In our own research, the total amount of biogas in the control for the soft fraction was approximately 314 mL of methane per 1 g on the 30th day of the process, while for the hard fraction this value was 300 mL of methane per 1 g. With the addition of 1% carboxymethyl cellulose per weight of the feedstock, the total methane yield for the soft and hard fraction calculated on day 12 of the process was 315 and 216 mL·g−1 of CH4 per dry weigh of the waste, respectively. In the case of biogasing the soft fraction of slaughterhouse waste, the use of carboxymethyl cellulose enabled the process to be cut by 18 days while maintaining the methane yield. In the case of the hard fraction, cutting the process resulted in a reduction of the total amount of methane produced by 28%.




5. Conclusions


1. The total amount of biogas obtained after methane fermentation of slaughterhouse waste was 398 mL·g−1 for the soft fraction and 402 mL·g−1 for the hard fraction.



2. In the case of the soft waste fraction, the addition of carboxymethylcellulose at 1% of the mass to the biogas process increased the amount of obtained biogas by 16%. In the case of the hard fraction, no effect of the addition of emulsifier on the total amount of biogas obtained was identified.



3. The addition of an emulsifier reduced the methane content of biogas and increased the amount of carbon dioxide after the eighth day of fermentation, but in the media, including the carboxymethylcellulose addition, the highest daily increase of biogas was observed in the first 10 days. This decrease was caused by the mixing of nutrients for microorganisms.



4. Introduced to the soft fraction of slaughterhouse waste from poultry processing, the emulsifier, in the form of a carboxymethylcellulose addition, allowed cutting the process of methanogenesis by over 50% while maintaining the efficiency of biogas production. In the case of biogasification of bone tissue, no unambiguous effect of the addition of emulsifier on the improvement of process efficiency was identified.



5. The best biogas production effects were obtained with the addition of an emulsifier at 1% per dry weight of the feedstock. Larger concentrations of the addition did not affect the efficiency of the process or it slightly decreased it.
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Figure 1. Total biogas yield in soft fraction objects. * Different letters mean statistically significant differences at the significance level p = 0.05. 
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Figure 2. Total biogas yield in hard fraction objects. * Different letters mean statistically significant differences at the significance level p = 0.05. 






Figure 2. Total biogas yield in hard fraction objects. * Different letters mean statistically significant differences at the significance level p = 0.05.



[image: Energies 13 01825 g002]







[image: Energies 13 01825 g003 550] 





Figure 3. Methane content in soft fraction objects in the methane fermentation process. 
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Figure 4. Methane content in soft fraction objects in the methane fermentation process. 
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Figure 5. Carbon dioxide content in soft fraction objects in the methane fermentation process. 
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Figure 6. Carbon dioxide content in hard fraction objects in the methane fermentation process. 
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Table 1. Properties of the biogas process feedstock in individual research objects [%].
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Emulsifier Additive

	
C%

	
Fat%

	
N%

	
Protein%

	
C:N

	
C%

	
N%

	
Fat%

	
Protein%

	
C:N




	
Soft Fraction (Tissue)

	
Hard Fraction (Bone)






	
0

	
44.52

	
22.45

	
4.69

	
38.44

	
9.49

	
40.01

	
4.395

	
13.82

	
34.39

	
9.10




	
1

	
43.20

	
22.21

	
4.534

	
38.24

	
9.53

	
39.81

	
4.241

	
13.56

	
34.18

	
9.32




	
2.5

	
39.92

	
21.65

	
4.359

	
37.88

	
9.16

	
38.65

	
4.025

	
13.07

	
33.98

	
9.30




	
5

	
39.52

	
21.15

	
4.190

	
37.32

	
9.43

	
37.36

	
4.111

	
12.76

	
33.54

	
8.11




	
10

	
38.79

	
20.35

	
3.336

	
36.08

	
11.63

	
36.54

	
3.869

	
11.44

	
32.7

	
8.79
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