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Abstract 1 

High presence of seaweed in marine environments and coastal areas can cause serious hygienic 2 

and environmental problems. Anaerobic digestion could provide a solution being beneficial at 3 

producing bioenergy and fertilizer. However, AD of algae biomass has some limitations and 4 

consolidation of the process is required. To so increase the process efficiency, batches of 350 mL 5 

of feedstocks contained seaweed biomass (Sargassum sp.), inoculum and different dosages of 6 

sludge from drinking water treatment (DWTS as a micronutrient source to improve biogas 7 

production) were digested in 500 mL glass reactor and at mesophilic conditions, leading to 8 

significantly enhanced methane production. The highest methane yield (199 Nml g-1 VS) was 9 

observed when 6 mg L-1 DWTS was added, which showed a 30% improvement compared to 10 

control digester and accounted for 249.4 kWh increase in net energy per ton. Furthermore, the 11 

biodegradability index following DWTS addition also increased by 10% compared with the 12 

control. 13 

Keywords: anaerobic digestion, biodegradability index, drinking water treatment sludge, algae, 14 

trace element 15 

 16 
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1. Introduction  1 

Seaweed is a type of multicellular algae, which is highly spread in marine environments (1). 2 

On average, photosynthesis efficiency of terrestrial plants is around 0.5%, which is considerably 3 

lower compared to most species of seaweeds. Photosynthetic efficiencies of marine plants vary 4 

between 3% to 8% (2, 3). Furthermore, excess wealth of nutrients in coastal areas usually causes a 5 

dense growth of algae (phenomena called algal blooms). If these algae are not collected, serious 6 

hygienic and environmental issues might arise (1). For instance, the recreational use of the beaches 7 

will be very hard or even impossible. On the other hand, disposal of the collected algae is 8 

environmentally and economically challenging (4, 5) which requires deliberate measures.  9 

Seaweed (or macroalgae) biomass mainly contains of easily biodegradable carbohydrates 10 

and a low portion of lignin (5). Additionally, for the most of countries seaweed does not compete 11 

with food production and land use. These features make seaweed a suitable feedstock for anaerobic 12 

digestion (AD) (6). AD is a capable technology to help address issues related to the environment 13 

and energy associated with waste disposal, whilst simultaneously producing a valuable energy 14 

carrier (biomethane) (7, 8). Several studies on lab scale have examined the AD of macro-algae. 15 

Considering the variable composition of algae, how much biomethane is producible has been the 16 

main question of the most of them.  Mhatre at al. (9) explored that the biomethane potential of green 17 

macroalgae Ulva lactuca is 211 mL CH4 g−1 VS and after treatment and removal of ‘sap’ (a 18 

mineral-rich extract) and ulvan, it reaches 408 mL CH4 g−1 VS (70.9% of maximum theoretical). 19 

Tedesco and Daniels (10) also examined AD of five different species of brown seaweed and 20 

concluded that seaweed residues have a great potential to produce methane. They found the highest 21 

biomethane potential for L. saccharina sp. peaking at 535 mL CH4 g−1 VS and after solvent 22 

extraction.  23 

Digestion of macroalgae however, might exhibits some limitations with the AD process 24 

requiring consolidation (15). In this respect, the challenges involve the presence of recalcitrant 25 

compounds with very low biodegradability. These organics cannot be degraded through 26 

conventional AD due to the low conversion rate and, consequently, high retention times are 27 

required. Also, the low C:N ratio typically found in algal biomass would likely lead to ammonia 28 

inhibition (NH4
+). Another common issue is its high sensitivity to fluctuations in operational 29 

parameters such as digesting temperature, which extremely reduces the methane formation 30 
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efficiency (16). Finally, AD of algal biomass is also highly affected by microorganism adaptation to 1 

salinity levels (17) and any nutrients imbalance in the reactor could result in inhibition and AD 2 

failure (18). 3 

Stable methane production from seaweed can be enabled by micro- and macro-nutrients (19), 4 

particularly metal nutrients since they act as major elements of enzymes’ active sites (19-21). Many 5 

researchers examined the biomethane production in relation to the presence of one or two metals. 6 

Synergism of multiple trace elements supplementation can be better interpreted through 7 

comparison of impact levels of single trace element addition showing better AD performances.  (20, 8 
22). Interrelated effects of trace elements occur simultaneously in all stages of AD, and collaborative 9 

supplementation is needed to prevent negative effects on performance (23). Therefore, the correct 10 

combinations of trace elements could lead to a more effective digestion. Identifying such  11 

interactive effects between and among the different trace elements is one of the research gaps that 12 

must be bridged for a more effective process performance (24). At the same time, the extensive 13 

addition of micro-nutrients is limited by their high cost. Hence, adding these elements to the 14 

digester will be economically feasible if inexpensive sources are available (25). The source should 15 

contain micro-nutrients in a suitable range of concentration, which will otherwise result in 16 

inhibition (26). Interplays of these elements should be fully understood because of the probability of 17 

existence of antagonistic or synergistic effects between them (27-29). The authors have previously 18 

found that drinking water treatment sludge (DWTS) could play such a role in anaerobic digestion 19 

{Ebrahimi-Nik, 2018 #25}. DWTS is characterized by the presence of different trace elements, 20 

which remain in the residual effluent after treatment of drinking water, where a portion of sludge 21 

is generated (30). This comprises mostly alkaline compounds, trace elements, heavy metals and clay 22 
(31, 32). Current DWTS management methods (e.g., disposal in sanitary landfills or burring in 23 

deserted soil) causes serious environmental and health problems. Land and groundwater pollutions 24 

are the main environmental issues derived from such disposal routes (33, 34).  Diverting DWTS from 25 

landfill to use in AD digesters would provide an inexpensive solution for nutrients recovery and 26 

trace elements addition to supplement AD microbial consortia, while avoiding pollution of land 27 

and water. Many researchers have utilized this waste to improve the AD process. For instance, Wu 28 

et al., (35) declared that DWTS can boost total dissolved nitrogen and dissolved phosphorus removal 29 

efficiencies in AD of excess activated sludge. The release of dissolved organic matter by DWTS 30 

may raise the concentration of dissolved organic carbon, resulting in the accumulation of non-31 
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biodegradable acid-like substance in aerobic and anaerobic digestion liquid. Therefore, the 1 

knowledge on the effect of DWTS on AD of algae is not yet clear. The aim of the present work 2 

was to examine whether this additive can improve the AD performance from algae (Sargassum 3 

sp.). To estimate the conversion performance a number of indicators such as methane yield, net 4 

energy, biodegradability index and volatile solids (VS) destruction rates were investigated. 5 

2. Materials and Methods 6 

2.1 Seaweed, inoculum, and micronutrients 7 

Sargassum sp. of seaweed (SSW) was collected from Southeast shores of Iran (Chabahar 8 

port) in winter 2017. The algae were sun dried and then transferred to the biogas laboratory of 9 

Ferdowsi University of Mashhad for further process. The samples were then milled to 0.15-0.63 10 

mm, using a grinder model Rqueen, Iran, and stored at 4 °C in a refrigerator. Volatile solids of the 11 

substrate in the digester was 49.6 g L-1, which is within the recommended range of 20-60 g L-1 (36). 12 

In addition, digestate from a laboratory scale digester fed with cow manure was used as inoculum. 13 

Prior to the experiments, it was kept in a water bath for 2 weeks at 37 °C (36). Also, DWTS from a 14 

water treatment plant [water treatment plant (number 1) in Mashhad, Iran] was air dried and then 15 

grinded to 0.63 mm followed by 2h of calcining at 550 ºC (31). Tables 1 and 2 summarize the 16 

substrates characterization. 17 

2.2 AD and experimental design 18 

Batch AD experiments were done in glass jars (volume of 500 ml and effective volume of 19 

350 ml) as bioreactors and in mesophilic condition (37°C). In order to evaluate the biomethane 20 

potential from SSW, digestion of 350 mL of feedstocks was carried out. Five levels of DWTS 21 

addition were examined as 0, 2, 6, 12, and 18 mg L-1 and were labelled as B (control), D2, D6, 22 

D12, and D18, respectively. The ratio of inoculum to substrate was fixed to 2:1 as is suggested by 23 

Holliger et al., (2016). Therefore, each reactor contained 26 g seaweed residual, 324 g  inoculum 24 

and a defined proportion of DWTS. Also, digestion of microcrystalline cellulose (Sigma-Aldrich) 25 

in the same experimental condition was performed (the positive control test), which it helps to 26 

confirm the ‘’viability of methane potential test’’ of the AD experiments (36).  27 

Biogas produced from each reactor was bubbled through a bottle containing 3M NaOH solution to 28 

absorb carbon dioxide content. The bubbled-through gas (which should contain mostly of methane) 29 

was collected in a Tedlar Bag. Measurement of daily methane production were conducted until the 30 
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cumulative total volume of gas was lower than 1% (36). The measured gas volumes were converted 1 

to their equivalent methane volume at standard conditions using the method described by (31). The 2 

ambient temperature and pressure, which are needed to calculate the biomethane yield based upon 3 

standard temperature and pressure (STP), were recorded daily. The data reported correspond to the 4 

averaged amount of three identical tests for each set of experimental conditions. Completely 5 

randomized design were used to statistically analyze the data. 6 

2.3 Analytical method 7 

 Compositional characteristics such as total solids (TS) and volatile solids (VS) of the raw 8 

materials were determined through proximate analysis   in agreement with the standard of the 9 

American Public Health Association (37). Other feedstocks properties such as carbon, nitrogen, 10 

sulfur, and hydrogen content were measured through ultimate analysis and using CHNS Elemental 11 

Analyzer (Flash EA 1112). Presence of different oxides and elements in DWTS was identified by 12 

X-ray fluorescence (XRF) analysis. 13 

2.4 Theoretical methane potential and biodegradability index 14 

Theoretical methane potential (TMP) at the standard condition for temperature and pressure 15 

was calculated (38, 39). Equation 1 is based on the elemental composition (CaHbOcNd).  16 

TMP = 
�a2+

b
8−

c
4−

3d
8 �×22400

12a+b+16c+14d
  mL g-1 VS                   (1) 17 

The biodegradability index, as defined in equation 2, was used to evaluate the efficiency of 18 

digestion using biochemical methane potential (BMP). The BMP was calculated as percentage of 19 

TMP yield of the extracted feedstock achieved at the end of the digestion period. 20 

BI% = 
BMP
TMP

 × 100                               (2) 21 

 22 
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Besides, VS per liter content of the reactor were measured before and after digestion to 1 

get to the measure of VS destruction in each experiment. 2 

2.5 Energy balance 3 

A theoretical energy balance was carried out to establish the technical viability of digestion 4 

of algae with DWTS. The AD efficiency after addition of DWTS was evaluated considering 5 

speculative energy equilibrium for a pilot-scale analysis   using experimental data achieved in the 6 

present study. For pilot-scale analysis, the macroalgal biomass was assumed to be one ton, based 7 

on the work of (40). 8 

Energy required to prepare the AD feedstock and energy spend during the digestion were 9 

considered as input energy (Ei). As Ei was equal in all the treatments, its calculation was not 10 

accounted. Output energy was calculated as per Equation (3): 11 

Eo = ME × HVm                                     (3) 12 

where Eo is the output energy (kWh), ME is the methane yield based on the laboratory tests 13 

(m3), HVm is the heating value of methane (9.3 kWh m-3 (41)). 14 

The difference between the input and the output energies is the net energy (EN) defined by 15 

Eq. (4). 16 

EN = Ei - Eo                                     (4) 17 
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3. Results and discussion 1 

3.1 DWTS and Substrates characterization 2 

The main constituents of DWTS were Fe2O3, SiO2, CaO, and Al2O3, respectively (Table 1). 3 

It is worth  mentioning that despite sampling occurred in different year periods, the values of the 4 

aforementioned compounds were found to be approximately the same as those reported by the 5 

authors (42). The water treatment plant in Mashhad, Iran, adds ferric chloride for water cleanup and 6 

calcium carbonate for pH adjustment. High quantity of Fe2O3 in DWTS is therefore mainly due to 7 

the mentioned chemical addition for the plant operations. Another widely present component in the 8 

water is SiO2 which is used to enhance the suspended solids removal. Small quantities of other 9 

oxides and some trace elements were also found in DWTS (Table 1). 10 

It can be seen that the C:N ratio is in lower optimum range as proposed by (43) for the 11 

digestion of seaweed. Composition of macroalgae are varied based on several environmental 12 

factors such as season, growth condition, geographical location (44), and water pollution (45). 13 

Therefore, environmental variations could extremely affect the elemental composition of 14 

Sargassum. As reported by (46), C:N ratio for SSW is between 12 and 22, where the ranges for 15 

Carbon and Nitrogen are 12-40% and 0.6-2.0%, respectivelly. 16 

3.2 Biomethane potential from SSW and the effect of DWTS addition 17 

Positive control set up generated a biomethane volume of 360 Nml g-1 VS. This result aligns 18 

with the normal range mentioned in a guideline by (36), which demonstrates the sustainability of the 19 

utilized inoculum and the accuracy of employed biomethane measurement method. 20 

 21 

  22 

 23 
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As can be seen in Figure 1 and Figure 2, the methane yield of D6, was significantly higher 1 

than the other digesters. Table 3 illustrates the variance analysis to evaluate the effect of addition 2 

of 6 mg L-1 DWTS to the SSW feedstock (D6) on the cumulative methane production. According 3 

to the results, methane production had a significant difference (at the level of 5%) and led to a 1.31-4 

fold increase in methane volume compared to the control. Among the various levels of DWTS, D2, 5 

D12, and D18 did not have any significant improvement in comparison to the control (B). The 6 

highest methane yield was recorded in D6 and was around 200 mL g-1 VS. It resulted a total 7 

production yield of around 1.31 times than the control reactor (B). In this reactor, daily methane 8 

was much greater relative to the control, which exhibits two perceptible peaks at around days 3-4 9 

and 5 - 6 (Figure 1). The second highest peak occurred at day 5 and was also significantly higher 10 

than the control. 11 

We envisage the first peak could be due to digestion of low-carbon organic compounds, 12 

whilst degradation of poorly biodegradable matters would be responsible for the following peak, 13 

which shows that an enhancement in digestion of SSW with poor biodegradability can occur by 14 

adding small amount of DWTS.  15 

However, the higher concentration of DWTS introduced on the other hand has caused a 16 

reduction in methane yield, which could be an indication of proximity to toxic levels of DWTS 17 

concentration for the microbial consortium. Identifying the optimal range of the DWTS additive is 18 

vital for optimization of the AD and preventing the inhibitory effects. A previous study by the 19 

authors on AD of food waste also reported 6 mg L-1 of DWTS as a suitable concentration (31). 20 

Further research is needed to confirm if this concentration is the maximum possible regardless of 21 

the substrate. 22 

A prevalent trace element of the DWTS is ferric oxide (Fe2O3), with almost 40 wt. % (Table 23 

1). Fe2O3 is one of several semi-conductive iron oxides, which are reported to improve the 24 

methanogenesis step in AD. Ferric iron is a key element in the iron cycle and can oxidize various 25 

organic substances when acting as an electron acceptor (47). From the literature, three main 26 

mechanisms are identified for the improvement of biogas production in the presence of iron oxide, 27 

these are dissimilatory iron reduction (DIR), direct interspecies electron transfer (DIET) and 28 

extracellular polymers substances (EPS).  29 
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DIET is an intrinsically faster mechanism of electron transfer than interspecies H2 transfer (48), and 1 

is promoted by semi-conductive oxides, which might be the reason of higher methane yield (49-51). 2 

DIR affects iron-reducing bacteria (IRBs) (52). Despite not having direct involvement in anaerobic 3 

transformation pathway and not being essential microorganisms in AD, IRBs can improve AD 4 

performance remarkably by using surplus H2 and acetate (53). On the other hand, IRBs can compete 5 

with methanogenic microorganisms in term of nutrients (acetate and H2) consumption (54). Finally, 6 

iron oxide can also positively impact anaerobic process via a mechanism that alters the properties 7 

of extracellular polymers substances (EPS) (55). It has been proved that EPS had more noticeable 8 

stimulatory effects on DIET processes after addition of Fe2O3 (56). The degradation of organic 9 

matter increases because of enhancement in electron transfer rate from secondary fermenting 10 

bacteria to methanogens (50). However, if Fe accumulation in the cells increases and exceeds 11 

tolerated levels, it may bring the cell to death (57). 12 

Baek, Kim (53) showed that co-digestion of waste activated sludge and iron oxyhydroxides 13 

increases methane production by accelerating the decomposition of complex substances, 14 

mentioning a boost to DIET could be given by semi-conductive iron oxides. Wang, Zhang (51) 15 

evaluated the positive effects of Fe2O3 Nano particles (NPs) in term of methane production of waste 16 

activated and granular sludge. At the end, addition of Fe2O3 NPs resulted in more methane 17 

production in compare to the control test, reporting a negligible ions diffusion from Fe2O3 NPs. 18 

Also, another study by Lu, Zhang (49) showed increased accumulation of methane from AD of 19 

swine manure in presence of Fe2O3. 20 

Theoretical methane production of Sargassum sp. was estimated to be 448 mL g-1 VS and 21 

by using theoretical methane potential (TMP) procedure. Biodegradability index (BI) is the ratio 22 

between the experimental methane production and the theoretical methane production. The BI 23 

value for control sample was 34% while for D2, D6, D12 and D18 were 36, 44, 38 and 33%, 24 

respectively. As indicated in Figure 3, the differences in the final volatile solids (the weight of 25 

DWTS was subtracted when calculating the removal efficiencies) between Control (B) and D6 was 26 

not significant (p > 0.05). Nevertheless, adding 12 and 18 mg L-1 DWTS reduced the final VS. 27 

However, no significant difference in methane volume produced between the control and D12 and 28 

D18 reactors was observed. Therefore, D6 constituents greatly stimulated the methanogenic 29 

activity and contributed to better methane production efficiency. 30 
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3.3 Effect of DWTS on energy considerations 1 

Various pretreatments have been proposed to improve the methane efficiency from 2 

macroalgal biomass (58, 59). However, often the high energy consumption of these methods makes 3 

them economically difficult to apply. Large industrial applications of these techniques is limited 4 

due to the issue of cost (60). A mixture of cheap or even free of charge micronutrient like DWTS, 5 

which can improve methane production without extra energy input could be a promising solution. 6 

It was found that DWTS can significantly enhance methane yield and net energy (EN). As 7 

mentioned earlier, the highest methane yield (199 Nml g-1 VS) was observed when 6 mg L-1 DWTS 8 

was added. While the methane production of control (B in Figure 3) was 152 Nml g-1 VS. This 9 

shows an increase of 31% in comparison with the control digester. The net energy of D6 is greater 10 

than control, as the input energy is the same in all treatments. The output energy calculated for D6 11 

was 1057.5 kWh per ton of SSW, and it was 807.8 kWh for the control (Table 1). This shows a net 12 

energy increase of 249.7 kWh per ton of seaweed biomass. Its result is reduction of environmental 13 

issues related to water treatment sludge without any increase in input energy and cost. Mechanical 14 

pretreatment mostly result in a negative net energy obtained like the report from Tamilarasan, 15 

Kavitha (61) where a net energy production of -2531 kWh per ton was achieved. Overall, using 16 

DWTS as an additive to AD of algal biomass is economically as well as environmentally more 17 

beneficial than using algal biomass alone. 18 

4. Conclusion 19 

DWTS was applied as a cheap additive for biogas production from algal biomass 20 

(Sargassum sp.). DWTS which contained essential nutrients for the anaerobic digestion showed a 21 

significant improvement on biomethane production by stimulating the methanogenic activities. A 22 

maximum methane yield of 199 Nml g-1 VS was observed by adding 6 mg L-1 DWTS. This was 23 

44% of theoretical methane potential and showed an increase of 249.7 kWh in net energy per ton 24 

of macroalgae biomass. In conclusion, adding DWTS to algal biomass leads to reduction of 25 

environmental impacts of sludge from water treatment without any increase in input energy and 26 

cost. 27 
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Table 1. The components of sludge from drinking water treatment 1 

Components Quantity [wt. %] Elements Quantity [ppm] 

Fe2O3 39.96 Ba 749 

SiO2 24.51 Co 93 

Al2O3 7.01 Cr 127 

CaO 9.61 Cu 93 

LOI 11.17 Ni 89 

MgO 2.22 Zr 107 

K2O 2.47 Cl 990 

TiO2 0.45 Zn 1803 

MnO 1.03 Rb 75 

Na2O 0.4 Sr 282 

P2O5 0.38 V 123 

  S 1283 

  Ce 85 

 2 

 3 
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Table 2. The composition of Sargassum sp. 1 

Parameter Sargassum sp. 

TS [%] 88.5 

VS [%] 64.5 

Nitrogen [%] 2.23 

Carbon [%] 34.39 

Hydrogen [%] 4.66 

Sulphur [%] 0.98 

C:N ratio 15.42 

2 
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Table 3. The one-way ANOVA table for the effect of DWTS addition on AD 1 

 df Sum of Squares 
(SS) 

Mean Sum of Squares 
(MSS) 

F-value P-value 

Effect of DWTS addition 4 4844 1210.9 5.87 0.011* 

Error 10 2063 206.3   
Total 14 6907    

* a significance level of 0.05 2 
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