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Abstract 
By 2050, it is predicted that there will be 9.8 billion people on the planet. The 
world's population is expanding, which creates an immediate energy demand, 
the majority of which is now provided by fossil fuels. Researchers are 
becoming more interested in seaweeds because they offer a sustainable and 
viable feedstock for the manufacture of biofuels. They are a good alternative 
energy source to fossil fuels because of their readily fermentable composition, 
high availability, and good degradation potential. The current work focuses 
on the co-digestion of animal manures with Sargassum spp., namely goat, pig, 
cow, and chicken manures. The study was conducted under mesophilic 
temperature conditions, i.e., ±37℃, at a hydraulic retention time (HRT) of 25 

days. The findings were presented in terms of daily, cumulative, and total 
biogas production. From the biogas yield results obtained, it is apparent that 
the co-digestion of goat, pig, cow, and chicken manures with Sargassum spp. 
produced an improved biogas yield, unlike the substrates of sole digestion. 
Besides, the maximum total cumulative biogas yield of 3.51 m3 was obtained 
with co-digestion of chicken manure and Sargassum spp., while the least total 
cumulative biogas yield of 2.68 m3 was achieved with co-digestion of goat 
manure and Sargassum spp. Also, an optimum biogas yield was achieved with 
a mesophilic temperature of 37°C and the lowest biogas yield with a 
mesophilic temperature of 31°C. 
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1 Introduction 
Anaerobic digestion (AD) is a generally accepted method used to treat biodegradable organic wastes 
(BOWs), and wastewater [1,2]. The AD of biodegradable organic waste is considered feasible for 
recovering renewable energy and nutrients [3,4]. However, solely digesting of substrates in ADs can 
lead to unsteadiness due to the production of volatile fatty acids (VFAs), and ammonia which have 
repressive effects on methanogenic forming bacteria, thus biogas yield [5]. Co-digestion of different 
BOW substrates are considered a positive method to overcome limitations associated with the sole 
digestion of BOWs. Anaerobic co-digestion upsurges methane production due to the positive 
interactions in the acclimatization medium [6]. When dealing with animal manure, it is generally 
acknowledged that the methane produced by these organic materials is not high enough to make 
digestion profitable. The formation of nitrogen-containing substances may cause inhibition leading to 
poor performance. Consequently, adding a co-feedstock capable of balancing the Carbon/Nitrogen (C/N) 
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ratio and trace element content will meaningfully increase methane yield [7-9] and energy valorization. 
Besides, a high or low C/N ratio affect biogas production. Organic wastes differ in C/N ratio, for 
example; C/N ratio for cow manure is 19.9, goat manure is 25, chicken manure is 10, pig manure is 20, 
sheep manure is 19 and for Sargassum spp.is 14.8 [10-14]. For optimum biogas yields, adjusting C/N 
ratio is desirable and this can be achieved by co-digestion of wastes of high C/N ratio with those of 
lower C/N ratio [14]. Animal manure contains large contents of organic substances, nitrogen, 
phosphorus, and pathogens, and hence has been classified as a main source of environmental pollution. 
For instance, animal manure donates 55% of chemical oxygen demand (COD), 22% of total nitrogen 
(TN), and 32% of total phosphorus (TP) to water contamination in China [15]. Ammonia is free 
throughout the degradation of proteins, reaching a peak concentration in the reactor that may constrain 
methanogens. This is responsible for the application of co-digestion in animal farms [16,17]. The 
buffering structure generated by the presence of these substances generates an environment where pH 
is kept at levels higher than 6.4 m, ensuring suitable acid–base environments for methanogens bacteria 
to operate [18,19].  

Nevertheless, according to [20], co-digestion of pig and chicken dung with rice straw alleviated 
NH4+–N toxicity and hence upsurge methane production by 10.57%. Also, [21] reported the mixture of 
cornstalks and wheat straw with cattle manure to enhance a balanced carbon/nitrogen ratio for optimum 
methane production and digester stability. The improvement attained in their study was credited to the 
high content of cellulosic carbon and the low presence of microbial inhibitors such as NH4+–N and 
sodium ions in crop straw. Similarly, several researchers have investigated the co-digestion of animal 
dung with other lignocellulosic wastes to improve methane yield, such as spent mushroom substrate, 
durian shell, micro-algae, wastepaper, and vinasse [22-25]. Biogas production from animal remains was 
investigated by [26], and their findings revealed a methane yield of 0.47 m3 CH4/kgvs from biochemical 
methane potential (BMP) tests. Also, [27] observed in their research that co-digestion of swine manures 
with animal remains resulted in a doubling of biogas yield. Given the regulatory requirements for 
category material, [28] projected the optimization of the hydrothermal pretreatment of animal remains 
for improving biogas generation. Ammonium ions generated during protein degradation impede 
anaerobic action at concentrations close to 4.0 g/L [29]. However, numerous issues are pertinent in the 
response of the microflora to ammonium. Adaptation is crucial for enduring high levels of this cation 
in the digester liquor, along with pH and temperature. Co-digestion of feedstocks, with dissimilar C/N 
ratios, is an appropriate approach for improving degradation performance [30] and circumventing 
poisonous ammonia concentrations. Hence, the use of seaweeds as co-substrates are appropriate choice 
that has been appraised under small laboratory conditions in many cases [31].  The use of seaweeds in 
the production of bioenergy is an idea that has grown in recent years. Since 1980, an overall estimated 
1686 scientific documents have been revealed. Also, since 2010, 97% of the scientific documents have 
been published as depicted in Fig. 1.  

 
 

 
Fig. 1 Number of research articles related to seaweeds published in Web of Science from 2011–2021 [31] 
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Besides, Nigeria has an estimated 79 species of seaweed that have been recognized, with the 
majority composed of red algae (~ 38 species) [32,33]. However, Sargassum spp. (Fig. 2) form periodic 
blooms, which when cast upon the beaches places a high financial cost on the country for clearance 
[33].  

 

 
Fig. 2 Red Algae (Sargassum spp.). 

 
This alga can not only interfere with navigation activities but also clog fishing nets instigating extra 

work for fishermen [33-35]. The red algae have a chemical composition of carbohydrate (30-60%) 
[36,37], protein (10-25%) [38-40], lipid (0.6-4%) [41-43], mineral (26-48%) [43,44], and also a good 
water content (70-80%) [45] that can enhance the first phase (hydrolysis) of AD process.  High 
biomethane potential (BMP) values have been found in the brown seaweed Macrocystis (0.39-0.41 m3 
CH4/kg Volatile Solids (VS) [46,47] and the red seaweed Gracilaria (0.28-0.4 m3 CH4/kg VS) [48]. 
This study therefore examined the co-digestion of animal manures with red algae (Sargassum spp) with 
the exact objectives to: digest animal manures (i.e., cow manure, pig manure, poultry manure, and sheep 
manure) separately, digest Sargassum spp separately, co-digest animal manures and Sargassum spp., 
evaluate optimum biogas yield, and determine the best mesophilic temperature for optimum biogas 
yield.   

2 Materials and methods 
Fresh Sargassum spp. and animal manure (i.e., cow, pig, goat, and chicken manure) were collected from 
the ocean and respective farms in Nigeria. The abundance of animal manure waste and its improper 
disposal without proper treatment in the study area necessitates the development of an alternative 
management strategy, such as an AD system. Furthermore, during co-digestion, the low inhibitory 
compounds in animal manures will promote coactive effects with Sargassum spp. The experimental 
set-up as shown in Fig. 3 was to enhance biogas yield via co-digestion of animal manures and seaweed. 

The red algae (Sargassum spp.) and animal manures were mono-digested and co-digested under a 
mesophilic temperature range of 25 °C to 37 °C. The mesophilic temperature range is preferred in this 
study because anaerobic digestion performance by psychrophilic bacteria and thermophilic bacteria is 
slower than those of mesophilic bacteria [49]. Also, it is difficult to maintain anaerobic digestion plants 
under psychrophilic temperature condition due to low process temperature. Furthermore, thermophilic 
bacteria are known to be very sensitive to disturbances, which require costly process monitoring and 
control [50]. In general, optimum mesophilic temperature brings about shorter HRT (more production 
of biogas) since more methanogenic bacteria are working upon substrate [51]. A digester made of a 
plastic bottle of 25 liters capacity was used as the batch reactor. The digesters were connected with a 
displacement bottle and water collector. Rubber tubes were used to connect the reactors and the 
displacement bottles. The eight (8) batch reactors were fed manually with the same mass (15 kg) of 
feedstocks with water in a ratio of 3:2. The biogas produced were carefully monitored for 25 days to 
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determine the highest biogas yield among the eight (8) batch reactors. Table 1 shows the summary of 
experimental requirements. 
  

 
Fig. 3 Experimental setup. 

 
Table 1 Summary of experimental requirements. 

S/N Reactors Feedstocks Composition 
Quantity of 
Feedstock 

Volume of 
Water 
Used 

Biogas 
measurement 

1 ADR1 Cow manure 15 kg 10 liters 2 days 
2 ADR2 Pig manure 15 kg 10 liters 2 days 
3 ADR3 Goat manure  15 kg 10 liters 2 days 
4 ADR4 Chicken manure 15 kg 10 liters 2 days 
5 ADR5 Sargassum spp. 15 kg 10 liters 2 days 
6 ADR6 Cow manure and Sargassum spp. 15 kg 10 liters 2 days 
7 ADR7 Pig manure and Sargassum spp. 15 kg 10 liters 2 days 
8 ADR8 Goat manure and Sargassum spp. 15 kg 10 liters 2 days 
9 ADR9 Chicken manure and Sargassum spp. 15 kg 10 liters 2 days 

3 Results and discussion 
The animal manures and Sargassum spp. used in this study was digested and co-digested under 
mesophilic conditions of ±37 ℃, at a hydraulic retention time of 25 days and the results of the study on 
biogas yield are presented in Figs. 4-11. The results are presented in terms of the daily, cumulative, 
total biogas yield, and the effect of mesophilic temperature on biogas yield. The biogas yield graph for 
several samples of animal manures and Sargassum spp. over 25 days is displayed in Fig. 4. Biogas 
yields rise from the second to the eighteenth day, when they reach their peak, and then begin to fall for 
the remaining production days. The maximum biogas generation of 0.30 m3 per day was achieved with 
chicken manure (ADR4). The 18th day also saw the acquisition of 0.27 m3, 0.24 m3, 0.19 m3, and 0.11 
m3 of daily biogas for cow manure, pig manure, goat manure, and Sargassum spp. Furthermore, it was 
shown that the best daily biogas yield for digestion alone comes from chicken dung, which is followed 
in order by cow, pig, goat, and Sargassum spp. 

The low inhibitory compounds of animal manures to promote coactive effects with Sargassum spp. 
in co-digestion may be the reason for the improved biogas yields [45], as shown in Fig. 5. Because both 
substrates have excellent characteristics that make them easily biodegradable, the data displayed in 
Figure 5 clearly reveal a synergistic impact in the co-digestion of animal manures with Sargassum spp. 
The sequence of co-digestion of chicken manure and sargassum spp. > cow manure and sargassum spp. > 
pig manure and sargassum spp. > goat manure and sargassum spp. was documented in the improved 
daily biogas yield, as shown in Fig. 5. The results in Fig. 5 agreed with the research work of 
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[20,21,26,27]. In their research works, they all reported improved in biogas yield with co-digestion of 
feedstocks with animal manures.  
 

 
Fig. 4 Graph of biogas yields for different samples of animal manures and Sargassum spp. against period of 
production. 
 

 
Fig. 5 Graph of biogas yields for co-digestion of animal manures with Sargassum spp. against period of production. 

 
As shown in Fig. 6, the comparative analysis of biogas yield for sole digestion and co-digestion of 

animal manures and Sargassum spp. It was observed that improved biogas yields were achieved with 
all samples of co-digested (ADR9, ADR6, ADR7, and ADR8), unlike the samples of solely digested 
(ADR5, ADR4, ADR3, ADR2, and ADR1). The improvement in biogas yield from the co-digestion of 
animal manures and Sargassum spp. is credited to the willingly biodegradable organic content, such as 
carbohydrates, lipids, and proteins, present in the feedstocks, which plays a crucial role in their 
conversion into biogas by microbial species, as reported by [36–43, 52–55]. Also, the good moisture 
content of Sargassum spp. (70–80%) [45] was beneficial for the anaerobic co-digestion process, thus 
promoting the fast decomposition of the animal manure. 
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Fig. 6 Comparative analysis of biogas yield for solely digestion and co-digestion of animal manures and 
Sargassum spp. 

 
Also, there was a continuous increase in biogas yield solely in digestion feedstocks (Fig. 7) and co-

digestion of animal manures and Sargassum spp. (Fig. 8) throughout the hydraulic retention time of 25 
days. These are indications of good biogas potential from animal manures and Sargassum spp. These 
findings are in line with the research work of [8,9,20,21,52-55] that reported good biogas yield 
potentials from farm animal manures and seaweeds. According to [20], co-digestion of animal manure 
and Sargassum spp. alleviated NH4+–N toxicity and hence upsurged biogas production. The mixture of 
Sargassum spp. with animal manure enhances a balanced carbon/nitrogen ratio for optimum methane 
production and digester stability [21]. As reported by [8,9], adding a co-feedstock such as Sargassum 
spp. helps in balancing the C/N ratio and trace element content will meaningfully increase biogas yield. 
Thus, the improvement attained can be credited to the high content of cellulosic carbon and the low 
presence of microbial inhibitors such as NH4+–N and sodium ions. Besides, abattoir wastes, pig, cattle, 
chicken, sheep manure, and any other type of manure from livestock farms remain with a high protein 
content. When dealing with this substance, ammonia buildup may cause complications for effective 
reactor performance if a balancing carbon source is not added to balance the C/N ratio of the feeding 
recipe.  

As shown in Fig. 9, the comparison study of cumulative biogas yields for co-digestion and sole 
digestion confirmed that co-digestion produced higher biogas yields. Also, the co-digestion of chicken 
manure and Sargassum spp. (ADR9) has the optimal total cumulative biogas yield of 3.51 m3, as shown 
in Fig. 10. ADR6 (co-digestion of cow manure and Sargassum spp.) comes in second with a total 
cumulative biogas yield of 3.15 m3, and the remaining biogas yields are as follows: 
ADR7 >ADR8>ADR5>ADR4> ADR1 > ADR2 > ADR3 > ADR5. Consequently, of all the substrates 
examined in this study, the digestion of Sargassum spp. alone generated the lowest cumulative biogas 
output. Nevertheless, goat dung (ADR3) had the lowest cumulative biogas output of 1.47 m3 among the 
animal manures employed in this investigation. 
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Fig. 7 Graph of cumulative biogas yields for different samples of animal manures and Sargassum spp. 
against period of production. 

 

 
Fig. 8 Graph of cumulative biogas yields for co-digestion of animal manures with Sargassum spp. 
against period of production. 

 
 
The results of the effect of mesophilic temperature on biogas yield showed that optimum biogas 

yield was achieved with mesophilic temperatures of 37°C and 36°C, as shown in Fig. 11, and this agreed 
with the research work of [51,54]. As per reference [51], the HRT is shortened and the rate of biogas 
evacuation is higher at higher mesophilic temperatures. Additionally, the best biogas yield can be 
achieved in a mesophilic temperature range of 36–38 °C. Conversely, a mesophilic temperature that is 
lower can lengthen the HRT and cause the yield of biogas to decrease. 
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Fig. 9 Comparative analysis of cumulative biogas yield for solely digestion and co-digestion of animal manures 
and Sargassum spp. 

 

 
Fig. 10 Evaluation of total biogas yield at the end of hydraulic retention time of 25 days. 

 
 

 
Fig. 11 Evaluation of the effect of mesophilic temperature on biogas yield. 
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4 Conclusion 
The goal of this research is to increase the yield of biogas by co-digesting animal manure and seaweed 
anaerobically. An anaerobic batch reactor with a 25-day HRT was used to digest and co-digest chicken 
manure, cow dung, pig manure, goat manure, and Sargassum spp. The results showed that co-digested 
substrates yield more biogas than solely digested substrates. Co-digested chicken manure and 
Sargassum spp. were shown to have the maximum biogas production, both daily and cumulative. This 
was followed by co-digested cow manure and Sargassum spp., co-digested pig manure and Sargassum 
spp., and co-digested goat manure and Sargassum spp. For the solely digested feedstocks, their biogas 
yield potential was in this order: chicken manure > cow manure > pig manure > goat manure > 
Sargassum spp. The results also showed that mesophilic temperature had significant effects on biogas 
yield, with mesophilic temperatures of 37°C and 31°C having the highest and lowest biogas production, 
respectively. 
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