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Abstract

Large amount of algae has been significantly increased due to eutrophication of water bodies. However, algae is rich in bio-active compounds, such as vitamins, proteins, polysaccharides, unsaturated fatty acids, nucleic acids, minerals and pigments. In the study, spirulina was proved to be an novel and appropriate co-metabolic substance in enhancing the anaerobic degradation of quinoline and indole. When the dosage of Spirulina powder was 1.0 mg/L, reactor showed the highest degradation efficiency, with ratios of 99.77% and 99.57%, respectively. Further, the addition of Spirulina powder led to the increase of MLSS, MLVSS, proteins, and polysaccharides concentration of sludge. Finally, the addition of Spirulina powder resulted in the decrease of Acinetobacter and the enrichment of Aminicenantes, Levilinea, and Longilinea. The reactor with Spirulina powder had richer and more diverse archaea community.
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Introduction

Coal pyrolysis wastewater (CPW) can lead to serious deterioration to the environment owing to its high concentrations of toxic and recalcitrant compounds (Wang et al., 2012). The degradation of toxic and recalcitrant compounds cannot be rapid transformation, and the compounds will be a long-term retention in the environmental medium. Because the enrichment of the content is increased, which will cause very serious influence on the human health and ecological environment. Therefore, more efforts are essential to be focused on the treatment of CPW. In CPW, about 60% of recalcitrant organics were nitrogenous heterocyclic compounds (NHCs), which has a strong negative effect on human health and environment (Shi et al., 2019a).

Shi et al. (2019b) has described that some toxic and recalcitrant compounds cannot be microbial degradation directly, but the addition of biodegradable substance can improve biodegradablity of refractory materials. In the appearance of co-metabolic substances, microorganism could detoxify and decompose the recalcitrant organic compounds. Nowadays, co-metabolism technologies have been widely developed to treat the recalcitrant and toxic wastewater (Zhang et al., 2008).
Common co-metabolic substances includes sodium acetate, glucose, methanol, etc. Microalgae are rich in bio-active compounds, such as vitamins, proteins, polysaccharides, unsaturated fatty acids, nucleic acids, minerals (such as iodine, potassium, iron, etc.) and pigments (Matos et al., 2017). Microalgae contain a lot of protein, especially Spirulina and Chlorella. When cultured under appropriate conditions, the lipid content (55%-70%) and carbohydrate content (up to 70%) of microalgae were very high (Vítová et al., 2015). Proteins, polysaccharides, and unsaturated fatty acids are suitable sources of carbon and energy for microbial utilization. In addition, proteins can also be used as a source of nitrogen for microorganisms. These characteristics suggest that microalgae is a suitable co-metabolic substance in the treatment of CPW. 

Fig. 1 shows a green cycle of resources. Firstly, the digested effluent of anaerobic process can be used to cultivate the Spirulina. In this period, element C and N can be further utilized with the growth of Spirulina. Carbon dioxide in the air can also be used by Spirulina, which can reduce the amount of greenhouse gases in the air. Then the cultured Spirulina is dried and dehydrated for long-term preservation. Finally, the dried powder of Spirulina is used to enhance the degradation of the recalcitrant compounds. The above idea can realize a green cycle of resources.
This study attempts to investigate the feasibility of enhanced biodegradation of the typical NHCs with Spirulina powder. The microbial commuity was identified through high-throughout sequencing to explore the effect of Spirulina powder on community of bacteria and archaea. Furthermore, the enhanced degradation mechanism was explored. 

Materials and methods

Characteristic of wastewater

A mineral salts medium was used in the experiments (Shi et al., 2019c). Different dosages of quinoline and indole were added in the mineral salts medium as the typical pollutants. The mineral salts medium included (g/L): KH2PO4 (0.025), K2HPO4 (0.025), NH4Cl (0.10), KCl (0.1), and trace elements (1 mL). The mineral salts medium was controlled at pH 7.0. The ingredients of trace elements was referred to Shi et al. (2019c).
Reactor setup and operation

The anaerobic sludge (from a coal gasification plant) after acclimation was transferred to anaerobic sequencing batch reactor (250 mL). In each reactor, initial mixed liquor suspended solids (MLSS) was 10 g/L. R1 (Reactor 1) and R2 (Reactor 2) were cultivated in a series orbital shaker incubator (30 ℃, 135 r/min, HRT 48 h). Table 1 shows the operation conditions of two reactors in different phases. 

2.3. Test method
Values of MLVSS and MLSS were measured according to the standard (APHA, 1998). Concentrations of quinoline and indole were analyzed via a lultra-high performance liquid chromatography (Zhu et al., 2017). Values of proteins (PN) and polysaccharides (PS) were measured based on Shi et al. (2019c). Granulometric distribution of sludge from two reactors was measured via laser particle size analyzer. Sludge samples from R1 and R2 were collected to were collected to evaluate microbial diversity through Illumina MiSeq sequencing.

Result and discussion

Operation of reactors
Different concentrations and degradation ratios in two reactors are shown in Fig. 2. In the whole operation periods, without the addition of Spirulina powder in R1, the degradation ratios were 84.45% (quinoline) and 79.44% (indole), respectively. When the addition concentration of Spirulina powder from 0.5 to 3.0 mg/L, degradation ratios in R2 showed a huge difference in different phases. In phase 1, from the initial addition of Spirulina in first day, the concentration of typical pollutants in R2 effluent showed an tendency of decrease. From the beginning to the final of phase 1 in R2, degradation ratio of quinoline was increased from 85.80% to 96.45% (Fig. 2-a2), indole was increased from 74.66% to 90.51% (Fig. 2-b2). In phase 2, with the addition of 1.0 mg/L Spirulina powder, R2 showed the optimal degradation efficiency, with the ratios of 99.77% and 99.57%, respectively. Whereas, in phase 3 and 4, the concentrations of typical pollutants in R2 showed a tendency of rapid increase. In the final of phase 3 in effluent of R2, quinoline concentration was 17.23 mg/L, which was similar with that in R1; Indole concentration was 25.45 mg/L, which was higher than that in R1. In phase 4 when the Spirulina powder was 3.0 mg/L, the pollutant concentrations in R2 effluent were 32.30 mg/L (quinoline) and 35.34 mg/L (indole), respectively, which were both higher that that in the effluent of R1.

Some recalcitrant organics cannot be degraded under normal conditions, but can be easily degraded under the condition of co-metabolic matrix. Spirulina has high content of protein, low contents of fat and cellulose. In addition, polysaccharide is main form of carbohydrate in Spirulina (Muys et al., 2019). These nutrients are readily available to anaerobic microorganisms. The results above proved that Spirulina powder was an suitable co-metabolic substance. In addition, some studies have described that the concentration of co-metabolic matrix is the key factor for the effective degradation of recalcitrant materials (Xiao et al., 2019). In phase 1 and 2, Spirulina powder played a role in strengthening the degradation. Whereas, in phase 3 and 4, as the concentration of Spirulina powder increased, the degradation effect decreased. This may be because the high concentration of Spirulina had a competitive inhibitory effect on the degradation of recalcitrant organic matter, and more anaerobic microorganisms would use the more easily degraded nutrients, so the utilization ratio of recalcitrant pollutants would decrease in high concentration of co-metabolic matrix.
Effect of Spirulina powder on anaerobic sludge

Fig. 3a shows that the MLSS in two reactors were 10.9 and 16.5 g/L, respectively after 120 days of operation, which meant that with the Spirulina powder, sludge concentration in R2 increased a lot. The MLVSS in R1 and R2 were 11.7 and 12.7 g/L, respectively, which indicated that R2 had more biomass than R1. EPS mainly consisted of PN and PS. Wang et al. (2018) have proven that the EPS could improve the ability of microorganisms to cope with the adverse environments. The PN and PS in R2 were higher that that in R1 (Fig. 3a), which indicated that R2 had more potential in the degradation of pollutants with the adverse environments.

Table 2 and Fig. 3b show the characteristics and granularity distribution. In two reactors, the mean surface area particle sizes were 68.537 and 67.747 μm, the mean volume particle sizes were 181.767 and 177.858 μm, respectively. In total, with the addition of Spirulina powder, anaerobic sludge particle size in R2 had slight decrease (Fig. 3b). The cage construction of activated sludge is trichobacteria (Shi et al., 2019b). It guessed that the dosage of nutrients (Spirulina powder) led to the increment of trichobacteria, which would decrease the size of activated sludge. Excessive nutrients increase the trichobacteria, which would lead to the expansion of sludge and adverse degradation of pollutants, which also verified the conclusions in section 3.1. The specific surface areas were 0.0875 and 0.0886 m2/g, respectively. It depicted that R2 had higher specific surface area than R1, which could increase the chance of contact between anaerobic sludge and pollutant so as to degrade the pollutant.
Bacterial community analysis

Fig. 4a shows the bacterial community analysis at genus level. Acinetobacter occupied the percents of 13.98% and 1.71% in two reactors, respectively, which indicated that with the Spirulina powder, the proportion of Acinetobacter decreased rapidly. Sun et al. (2012) have revealed that genera Acinetobacter could use alkanes and phenolic compounds as carbon and energy source for growth. Fig. 4e also shows that genera Aminicenantes, Longilinea, Levilinea, Desulfomicrobium, Smithella, and Syntrophus were enriched in R2 with the addition of Spirulina powder. It has been demonstrated that the Aminicenantes was a dominant genus in wastewater of high temperature oilfield and could degrade the hydrocarbon compounds (Xu et al., 2019). Zhu et al. (2018) have proven that Levilinea and Longilinea could degrade NHCs and phenolic compounds in CPW. 
Archaea community structure

The sequencing of archaea community is shown in Table 3. The data depicted that R2 had higher OTU num, Chao1, and Shannon index, and lower Simpson value than R1. All the data above proved that with the addition of Spirulina powder, the archaea community became richer and more diverse.   
The archaea community analysis at the genus level is shown in Fig. 4b. The data showed that Methanothrix was the predominant archaea, with percents of 65.43% and 58.37% in two reactors. Methanothrix used acetate as growth substrate and was sensitive to the high concentration of volatile fatty acids. It was guessed that the addition of Spirulina powder could lead to an increase in the concentration of VFAs, thus in R2 the percent of Methanothrix was lower. The data also showed that the percents of Methanolinea and Methanomassiliicoccus had different degrees of increase in R2. Li et al. (2018) have demonstrated that genus Methanolinea had strong resistance to acid environment, thus this genus could grow better in R2. Methanomassiliicoccus had the potential to produce energy with acetate and the high relative abundance of Methanomassiliicoccus in R2 maybe owing to its strong tolerance of acid environment. 

Enhanced mechanism

The possible enhanced mechanism of typical NHCs with Spirulina powder is shown in Fig. 5. The Spirulina has high protein (60%-70%), low fat (5%-6%) and cellulose (2%-4%) (Costa et al., 2019). Macromolecular organics cannot penetrate the cell membrane, thus they cannot be used by anaerobic bacteria directly. They are hydrolyzed into small molecules by bacterial extracellular enzymes during anaerobic hydrolysis. For example, proteins are hydrolyzed into amino acids by protease, fats into fatty acids by lipase, and cellulose into glucose by cellulase. These hydrolyzed products can penetrate the cell membrane and be used by the anaerobic bacteria. In the experiments, high concentration of pollutants inhibited the bacterial growth and proliferation. The high concentration of NHCs cannot be used effectively by microorganisms, thus the anaerobic microorganisms in the system are short of effective carbon and nitrogen sources. Fortunately in R2, the dissolved amino acids, fatty acids, and glucose hydrolyzed from Spirulina powder can provide enough carbon and nitrogen sources for the anaerobic microorganisms, which can promote the bacterial growth and proliferation. Shi et al. (2019c) have shown that in the degradation, NHCs ring was opened firstly, then the ammonia nitrogen was released, benzene ring was opened finally. The addition of Spirulina powder promotes the growth and proliferation of anaerobic organisms and further improves the degradation efficiency of the typical NHCs.
4. Conclusion

The concentration of Spirulina powder was the key factor affecting the degradation efficiency of the typical NHCs pollutants. High concentration was not conducive to the effective degradation of pollutants, which was mainly due to the competitive inhibition function and the proliferation of trichobacteria. Spirulina powder led to the enrichment of functional bacteria, such as Aminicenantes genera incertae sedis, Levilinea, and Longilinea. In addition, archaea community structure was richer and more diverse with the Spirulina powder. Finally, Spirulina powder could be used as a suitable co-metabolism substrate to enhance the degradation of other recalcitrant materials.
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Fig. 1. A green cycle of resources.

Fig. 2. The operation performance of R1 and R2. (a1) Variation in quinoline concentration. (a2) Degradation ratio of quinoline. (b1) Variation in indole concentration. (b2) Degradation ratio of indole.

Fig. 3. (a). MLSS, MLVSS, PN and PS of anaerobic sludge in R1 and R2. (b). Granularity distribution of anaerobic sludge in R1 and R2. 

Fig. 4. (a) Analysis of the bacteria community structure in R1 and R2 at genus level. (b) Analysis of the archaea community structure in R1 and R2 at genus level. “Other” represented all classified taxa that were <1% in all samples.

Fig. 5. Enhanced anaerobic degradation mechanism of typical NHCs with Spirulina powder.



