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Abstract

:

According to the characteristics of aniline dyeing wastewater, aerobic biological treatment was adopted herein, and high-throughput sequencing technology was used to analyze the changes to the microbial community structure and diversity in the aerobic sludge acclimation stage. As a result, according to the experimental study on the effects of different biomass, the initial pH value and the salinity with the aerobic biological treatment, the chemical oxygen demand (COD) degradation rate can increase linearly with the increase in biomass under different biomass conditions. The organic matter degradation rate is 6.24 mg/L COD·h−1·(mg/L·MLSS)−1, with a correlation coefficient (R2) of 0.98704. When the initial pH value is less than 7.0 ± 0.2, the COD degradation rate increases with the increase in the initial pH value and then decreases gradually. The optimal sludge concentration is 4 g/L; the optimal initial pH value is in the range of 7.0–8.0; the optimal salinity is 1.7%. When the initial concentration of COD is 3000 mg/L, the COD value gradually stabilizes and decreases to 1500 mg/L after 32 h, the degradation rate reaches 50%, and the pH decreases from 7.5 to 4.5. Sphingopyxis has been detected in sludge samples from the third cycle of acclimation, which can biodegrade aromatic compounds, anthraquinone dyes, and their intermediates, and the relative abundance of Sphingopyxis increased from 0.18% to 5.08%, indicating a potential biodegradation ability of aniline dyeing wastewater.
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1. Introduction


In China, the dyestuff industry is a traditional chemical industry, and the dye production quantity is higher than 60% of the total production of other countries. The export and consumption quantities are the highest in the world. According to research, the annual production value of the dyestuff industry in China is 100,000 tons, and production has been rising gradually, recently [1]. In the production of dyes and the use of various processes, dyeing wastewater discharge exceeds 16% of industrial wastewater, as it contains many inorganic salts, such as NaCl, CaCl2, and Na2SO4 [2,3,4,5,6], thereby causing serious pollution to the environment. In addition, the salinity in industrial wastewater has reached 10–20% [7], increasing the difficulty of treating aniline dyeing wastewater. In addition to high salinity, numerous toxic and difficult-to-degrade pollutants, such as benzene ring compounds, are present in aniline dyeing wastewater. When aniline dyeing wastewater is directly discharged into the natural environment, the soil, groundwater, and surface water are seriously polluted. Thus, the European Union issued a social convention to prevent the aquatic environment from being harmed by organic wastewater with higher salinity. In particular, high salinity increases the difficulty of biodegrading hydrocarbons and benzene ring compounds in aniline dyeing wastewater.



At present, biological treatment methods are used to treat aniline organic wastewater, and several beneficial results for engineering applications have been obtained. According to the results, the traditional activated sludge process for organic pollutant removal significantly reduces the rate when the salt content exceeds a certain range, and can even lead to a system collapse. Through the domestication and screening of microorganisms, they can gradually adapt to an environment with high salt content and organic concentration, such that they can perform normal oxidation and decomposition reactions. In the mid-1990s, the aerobic biological treatment of high-salt wastewater technology developed rapidly. Aerobic biological methods mainly include activated sludge and biofilm methods. Among them, the sequencing batch reactor activated sludge process (SBR) method has often been used to treat aniline dyeing wastewater because of its strong resistance and flexible application. Zobell et al. [8] used biological methods for the first time to treat high-salt wastewater, in which microorganisms were selected from domestic sludge, soil, and seawater. The results showed that when the salt content reached 28%, the survival rate of microorganisms was very low, at 0%, less than 1%, and less than 2%, respectively. Thus, an essential prerequisite for the biological treatment of high-salt wastewater is to screen out the salt-tolerant microorganisms with high organic pollutant degradation rates from activated sludge. Uygur et al. [9] observed that when the SBR method was used to treat high-salt wastewater, the chemical oxygen demand (COD) degradation rate decreased with the increase in salinity, which was only about 33% when the salinity exceeded 6%. Hamoda et al. [10] domesticated the activated sludge that used to treat high-salt wastewater, and the TOC degradation rate reached about 97% when the NaCl content was 3%. He Jian et al. [11] domesticated and screened out microorganisms with high salinity tolerance by gradually increasing the organic load and salt content. Their results showed that when the mass concentration of sodium chloride in the influent was within the range of 26.8–47.2 g/L, the COD degradation rate and phenylacetic acid were both above 95%.



In this study, the characteristics of aniline dyeing wastewater, the effect of biomass, initial pH, and salinity during aerobic biological treatment on organic pollutant degradation at different stages of the situation were investigated. In addition, high-throughput sequencing technology was used to study and analyze the changes to the microbial community diversity and structure at the aerobic biological treatment stage, thereby providing a theoretical basis for subsequent application of the sequencing technology.




2. Materials and Methods


2.1. Material


The test water was obtained from a dye and chemical company and had a salt content of 17%, a pH of 11.03, and a COD of approximately 30,000 mg/L. The specific water quality indexes are shown in Table 1. The aerobic sludge inoculated into the experiment was obtained from the bottom of the aeration tank of the Wulongkou sewage treatment plant in Zhengzhou City. The total solid was 5.81 g/L, and the volatile solid accounted for 54.47% of the total solid. The sludge was exposed for about 1 day before being used in the experiment; it gradually changed from black to brown.




2.2. Sludge Domesticated


A total of 2 L of activated sludge was inoculated into the reactor, and 4 L of water, with the pH value of approximately 7.5 at room temperature, was added to the reactor. During the test, the COD value in the wastewater was regularly sampled and measured until the COD gradually reached stability, which was regarded as a domestication cycle. During the process of sludge acclimation, the mixed liquor suspended solids (MLSS) of the sludge in the reactor were kept at 5 g/L by a regular sludge discharge, and the change in the COD during the acclimation process was measured.




2.3. Effects of Biomass, Initial pH, and Salinity


The quantitative domesticated and matured sludge was inoculated into reactors R1, R2, R3, and R4, and the MLSS values in the four reactors were 1, 3, 6, and 9 g/L, respectively. The influent organic matter concentration was 2700–2900 mg/L, the initial pH was 7.5, and the dissolved oxygen (DO) was approximately 4.0–6.0 mg/L. During the experiment, the COD changes at different reaction moments were measured after sampling regularly and centrifuging for 10 min. The sludge concentration of suspended solids (SS) can be considered to remain constant within an operating cycle.



Under other experimental conditions, namely the sludge concentration of 4 g/L, salinity of 1.7%, and COD of about 2800 mg/L, the initial pH value of the four reactors were 5.0 ± 0.2, 6.0 ± 0.2, 7.0 ± 0.2 and 8.0 ± 0.2. With regular sampling at different reaction times, the COD and pH changes were measured. The sludge concentration of SS can be considered to remain the same within an operating cycle.



In the case of other experimental conditions, namely the sludge concentration of 4 g/L, an initial pH of 7.0 ± 0.2, and COD of about 2800 mg/L, the salinity concentration in the four reactors were 1%, 1.7%, 2.5%, and 4%, respectively. With regular sampling at different reaction times, the COD and pH changes were measured. The sludge concentration of SS can be considered to remain the same within an operating cycle.




2.4. High-Throughput Sequencing


Sludge samples were taken from before acclimation and the third, and sixth cycles of acclimation of activated sludge and labeled as Group 1, Group 2, and Group 3, respectively. High-throughput sequencing was then performed on the three samples to analyze changes to the microbial community structure and diversity in the samples. The main test steps are as follows:




	(1)

	
Genome extraction from sludge samples;




	(2)

	
Initial PCR amplification;




	(3)

	
Second extended amplification sequencing primer;




	(4)

	
Quantitative mixing;




	(5)

	
Sample database construction and sequencing;




	(6)

	
Sequence analysis [12].









All sequences obtained after removing the primers and tags from the high-quality sequences were compared using the Mothur software. Chimeras, primers, and sequences less than 200 bp in length were removed, and the genetic distances of the sequences were calculated at a 97% similarity level to determine the operational taxonomic units. In addition, based on the analysis of species richness, the Mothur software was used to calculate the richness (Chao1 index, ACE index), the diversity index (Simpson and Shannon–Wiener indexes), and the coverage of alpha diversity index. Furthermore, the 16S rDNA gene series was compared with the silva database to determine the taxonomic status of the corresponding microorganisms. Based on the UniFrac distance, the online UniFrac program was used to perform the weighted principal coordinate analysis of the three sludge samples, and the similarity of bacterial communities in each sample was compared via a cluster analysis diagram.





3. Results and Discussion


3.1. COD Change in Each Cycle of Sludge Acclimation


Activated sludge was inoculated into the reactor, and the COD degradation in the wastewater by activated sludge at each acclimation stage was measured, as shown in Figure 1 and Table 2. As can be seen in Figure 1, in the early stages of acclimation, the COD needed a long residence time to reach stability. In the first cycle, the COD value dropped to about 2158 mg/L after the reaction time of 70.5 h, and the COD degradation rate was low, only 15.6%, indicating that the microorganisms, in the early stages of acclimation, were unable to adapt to the wastewater quality. After four acclimation cycles, the time required for the COD to reach stability was significantly shortened, and the removal rate of the COD increased gradually. In the fifth and sixth acclimation cycles, after 32 h of reaction, both the effluent COD concentration and COD degradation rate gradually reached a stable level; the degradation rate was about 50%. Moreover, the sludge flocs were compact and had good precipitation performance. It can be considered that the acclimation and maturation of sludge had the activities needed to degrade the organic pollutants in the wastewater, that is, the acclimation process of the microorganisms was basically complete.




3.2. Effect of Biomass on COD Change


Sludge concentration refers to the MLSS, including active microorganisms, organic matter adsorbed on the sludge, residues of microbial oxidation, and inorganic substances. Changes in activated sludge concentration have a significant effect on the organic pollutant degradation rate. This experiment investigated COD degradation under different biomass conditions, and the test results are shown in Figure 2.



As can be seen in Figure 2, with the increase in MLSS, the time for the COD to reach stability was gradually shortened, and the degradation rate was gradually increased. This is because, with the increase in the sludge concentration, the microbial biomass increased, and the organic matter use rate increased, that is, the degradation rate increased. When the MLSS content was 1 g/L and the reaction time was 26 h, the COD value gradually reached stability and dropped to 2368 mg/L, and the COD degradation rate was low, only 12%. This is because, in the case of low biomass, the organic substrate is relatively sufficient and the microbial enzyme is in the saturated state, thereby causing the low COD degradation rate. When the MLSS content was 3 g/L, after 31 h reaction time, the COD decreased to 1755 mg/L and still had a decreasing trend, reaching a degradation rate of 37.7%. When the MLSS content was 6 g/L and the reaction time was 29 h, the COD value gradually reached a stable level and dropped to 1500 mg/L; the degradation rate was approximately 46.7%. When the MLSS content was 9 g/L and the reaction time was 22 h, the COD value gradually reached a stable level and dropped to 1423 mg/L; the degradation rate was approximately 50.3%.



As can be seen in Figure 3A, when the MLSS content increased gradually, the COD degradation rate also increased continuously; when the MLSS content was 1, 3, 6, and 9 g/L, the COD degradation rate was 12.69, 26.40, 47.85, and 61.96 mg/L COD·h−1, respectively.



By linear fitting of the reaction rates with the MLSS content, the COD degradation rate per unit of MLSS content can be obtained (Figure 3B). Figure 3B shows the reaction rate under different MLSS contents. As can be seen in the figure, within a certain range of MLSS content, the organic matter degradation rate increased with the increase in MLSS content, and the two were positively linearly correlated. Through linear fitting, the organic matter degradation rate per unit of MLSS content was determined to be 6.24 mg/L COD·h−1·(mg/L MLSS)−1, with a correlation coefficient of (R2) = 0.98704. The results show that if the initial MLSS content is too high, it will affect the organic matter degradation rate. It will require high aeration equipment and increase the effluent suspended matter, and it will also lead to competition among the microorganisms for nutrients, resulting in a serious lack of nutrients in the water, which will affect the normal physiological activities of microorganisms and make the final treatment effect worse. The sludge concentration in the following sections of this experiment was 4 g/L.




3.3. Influence of Initial pH Value on COD and pH Change


The pH value can reduce the microbial cell activity of the enzyme, and even the deactivation, which affects the microbial metabolic activity. Different microorganisms require different pH value; a high pH value is not conducive to the growth of the sludge or damage to the sludge, and a low pH value can make the filamentous bacteria multiply, thus inhibiting more growth. For aerobic bacteria, a pH value of around 6.5–8.5 is most suitable. Under the conditions of different initial pH values, changes in the COD and pH are shown in Figure 4.



As can be seen in Figure 4B, the pH of the reaction showed an increasing trend within 3 h. A preliminary analysis showed that it was due to the oxidation of organic matter containing carbon, which was mainly oxidized into CO2 and reacted in the water to generate H2CO3, HCO3−, and CO32−, and the pKa of the buffer system comprising HCO3− and CO32− was 10.25. Thus, establishing this equilibrium caused the pH of the water to rise. After the reaction time of 3 h, the pH value gradually decreased, indicating that the organic matter in the wastewater was gradually degraded into acidic substances.



The COD changes at different initial pH values were linearly fitted to obtain the reaction rates under various reaction conditions, as shown in Figure 5 and Table 3. From Figure 5, when the initial pH value was less than 7.0 ± 0.2, the COD degradation rate increased with the increasing initial pH value, and with the initial pH value of 7.0 ± 0.2, the COD degradation rate reached a maximum of 56.64 mg/L·COD·h−1. When the initial pH value was 8.0 ± 0.2, the reaction rate was slightly lower at 53.84 mg/L·COD·h−1. Therefore, the aerobic biological treatment of the initial pH value should be controlled at about 7.0–8.0 for a better treatment effect.




3.4. Effect of Salinity on COD and pH Changes


In the aerobic activated sludge process of aniline dyeing wastewater treatment, high-salt wastewater affects microorganism growth, which has a certain degree of influence on organic matter degradation. The salinity of the biological system can be in a certain range of saline wastewater treatment to achieve good results, but the impact of different salinities will have different effects on the biological treatment. Thus, in this experiment, by taking a certain control condition, the impact of salinity and the relationship between the COD changes were investigated. The experiment results are shown in Figure 6 and Figure 7 and Table 4.



From the experiment results, when the salt concentration was 1% and 1.7%, the COD change trend was similar, and the effect of microbial degradation of organic matter was good. At the beginning of the reaction, the COD was rapidly consumed, and its degradation rate was relatively high. When the reaction had lasted about 6 h, the COD degradation began to slow down. When the reaction proceeded for about 26 h, the COD change curve gradually flattened and stabilized, dropping to about 1265 mg/L and no longer degrading. At this time, the maximum COD removal rate reached about 52.9%. With the gradual increase in salt concentration, when the salt concentration was 2.5%, the degradation effect was significantly reduced. After about 23 h, the COD concentration reached a stable level of 1727 mg/L; the COD degradation rate was 36.8%. However, when the salt concentration continued to increase to 4%, some microorganisms died because they could not adapt to the high-salt environment, and the degradation effect was dramatically reduced. After only 6 h, the COD concentration reached a stable level of about 2249 mg/L, and the COD degradation rate was only 17%, indicating that the reactor system was seriously affected by the impact of salinity. As can be seen in Figure 7, pH showed an upward trend within 3 h after the reaction and then gradually decreased, which was the same as the changing trend under different initial pH values, indicating that pollutant degradation in wastewater could be qualitatively judged by pH changes in engineering applications. When the salinity was between 1.0% and 1.7%, the degradation degree and pH value of the organic matter were relatively similar. Considering the consistency before and after this study and the convenience of comparison, 1.7% salinity was used in other experiments.




3.5. Results and Analysis of Microbial Community Structure Change


The high-throughput sequences of the three sludge samples were compared with the SILVA database with the Mothur software [13,14]. A total of 16 main bacterial phyla were detected, and the community composition percentages at the phylum and class levels are shown in Figure 8 and Figure 9. The classification levels of the phylum and the community structures of the three sludge samples changed significantly. Proteobacteria occupied a dominant position in all samples, and α-, β-, and γ-proteobacteria were the main bacterial groups. It has been shown that the main bacterial groups in freshwater and low-salt water are proteobacteria [15]. In addition to proteobacteria, Bacteroidetes, Planctomycetes, and Verrucomicrobia were detected.



As can be seen in Figure 9, the relative percentage of α-proteobacteria gradually increased, indicating that salinity had a significant effect on the composition of the bacterial community in activated sludge. Because α-proteobacteria predominantly live in saline environments [16], the relative percentage of α-proteobacteria increased with the continuous acclimation of sludge, which is consistent with the research results in the literature [17]. β-proteobacteria are mainly found in freshwater environments [18] and are typical freshwater bacteria. With the increase in the acclimation cycle, the relative abundance of β-proteobacteria first increased and then decreased, indicating that nutrient input could promote the massive proliferation of some bacterial groups.



To further explore the changes of the bacterial community in the sludge during the domestication process, the bacterial community was analyzed at the genus level, and 16 bacterial groups with relative abundance greater than 2% were obtained from the three sludge samples. The analysis results are shown in Figure 10; with the increase in the domestication cycle, the bacterial community significantly changed. α-proteobacteria can be detected and analyzed at the genus level. With the increase in the domestication cycle, Sphingopyxis, Porphyrobacter, Rhizobium, unclassified Erythrobacteraceae, unclassified Ruminococcaceae, and so forth, changed. The relative abundance of Sphingopyxis in surface and deep subsurface sediments, rivers, rhizosphere, and oceans increased from 0.18% to 5.08% with the increase in acclimation cycles because some bacterial groups are capable of biodegrading aromatic compounds, especially in the degradation of polycyclic aromatic hydrocarbons and hexachlorocyclohexane isomers, which has unique advantages. In addition, sphingosine can degrade bacterium anthraquinone dyes and their intermediates. Increasing the advantage groups could reduce microbial diversity, as is in agreement with previous studies [19]. Under pressure in a certain environment, due to certain bacteria of a special function, the material utilization ability and tolerance are strong, affecting their ability to proliferate, and thus, the diversity of the microbial community. Many bacterial groups in Erythrobacteraceae live in saline habitats [20]. Many can synthesize bacterial chlorophyll on a low nutrient medium under aerobic and semi-aerobic conditions. Many can degrade cellulose to a certain extent. Further, the genus Falsirhodobacter generally thrives at 1–3% salinity, 30 °C, and a pH of 7.0 [21], so with the domestication process, its relative abundance increased from 0% to 5.94%. The relative abundance of Pandoraea increased from 0% to 6.43% due to its resistance to antibiotics and high motility, which could adapt to the environment in wastewater.





4. Conclusions


Through the gradual acclimation of aerobic sludge, microorganisms in the sludge gradually adapted to the quality of wastewater. The effluent COD reached a stable level of about 1450 mg/L in the sixth cycle, and the degradation rate was about 50%. In addition, the time required for COD to reach a stable level in one acclimation cycle was significantly shortened, from 70.5 to 32 h, indicating that the sludge acclimated and matured.



The aerobic biological treatment experiments with acclimated and matured activated sludge showed that the COD degradation rate increased with the increase in biomass under different biomass conditions. The optimal initial pH value was in the range of 7.0–8.0, and the optimal pH value was approximately 7.0. The optimal salinity was 1.7%. Under these test conditions, when the initial COD concentration was 3000 mg/L, after 32 h of reaction, the COD value gradually stabilized and decreased to 1500 mg/L, the degradation rate reached approximately 50%, and the pH change trend decreased from 7.5 to 4.5. With different biomasses, the COD degradation rate increased linearly with the increase in biomass. The degradation rate of organic matter per unit of sludge concentration was 6.24 mg/L COD·h−1·(mg/L MLSS)−1, with R2 = 0.98704. When the initial pH value was less than 7.0 ± 0.2, the COD degradation rate increased with the gradual increase in the initial pH value and then decreased gradually.



During the aerobic sludge acclimation, the diversity of microflora decreased, indicating that water quality conditions, such as salinity and aniline, had a selective effect on functional bacteria. During the process of acclimation, halophilic bacteria, mainly metamorphic phylum, were abundant and belonged to the dominant bacteria, which reduced the diversity of bacterial communities in the water. An increase in the relative abundance of Sphingopyxis from 0.18% to 5.08% was detected in sludge samples from the third cycle of acclimation. Some of the bacterial groups are capable of biodegrading aromatic compounds and anthraquinone dyes as well as their intermediates, indicating that there are microorganisms suitable for wastewater quality in the sludge, which can be used in aerobic biological treatment experiments.
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Figure 1. COD change at each acclimation stage of activated sludge. 
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Figure 2. COD changes under different MLSS. 
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Figure 3. (A) COD changes with different MLSS contents using linear fitting; (B) COD degradation rates with different MLSS contents. 
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Figure 4. (A) Changes in COD under different initial pH values; (B) changes in pH under different initial pH values. 
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Figure 5. Changes in COD with different initial pH values using linear fitting. 
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Figure 6. COD changes under different salinity. 
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Figure 7. Effect of salinity on the pH Value by aerobic sludge. 
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Figure 8. The relative percentages of the community constitution at the phylum level. 
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Figure 9. The relative percentages of the community constitution at the class level. 
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Figure 10. Relative abundance of the dominant genus in the different acclimation cycles at a genus level. 
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Table 1. Quality of the original wastewater.
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	Item
	COD

(mg/L)
	BOD5

(mg/L)
	NH3-N

(mg/L)
	pH
	COD

(mg/L)
	Salinity (%)
	SO42− (mg/L)





	Data
	30,000
	12,000
	12.61
	11.03
	600
	17
	70,480
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Table 2. Changes in the degradation rate and average reaction rate of the COD during the acclimation.
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	Domestication Cycle
	COD Removal Rate (%)
	Average Reaction Rate

(mg/L COD•h−1)





	1
	28.0
	15.60



	2
	28.9
	16.85



	3
	30.9
	18.56



	4
	37.4
	32.76



	5
	52.6
	34.04



	6
	52.2
	46.88
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Table 3. The kinetic parameters under different MLSS.






Table 3. The kinetic parameters under different MLSS.





	
MLSS

	
Parameter

	
Measured S0 (mg/L)




	
K1 (h−1)

	
S0 (mg/L)

	
R2






	
1

	
12.69214

	
2679.3

	
0.96768

	
2692




	
3

	
26.39976

	
2737.5

	
0.96541

	
2816




	
6

	
47.85004

	
2704.4

	
0.97706

	
2816




	
9

	
61.95709

	
2766.1

	
0.98306

	
2866








K1 is the COD degradation rate, S0 is the influent COD concentration, and R2 is the correlation coefficient.
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Table 4. The kinetic parameters under different initial pH values.






Table 4. The kinetic parameters under different initial pH values.





	
The Initial pH

	
Parameter

	
Measured S0 (mg/L)




	
K1 (h−1)

	
S0 (mg/L)

	
R2






	
1

	
20.65072

	
2706.9

	
0.91887

	
15.60




	
2

	
36.83511

	
2723.5

	
0.93609

	
16.85




	
3

	
56.64190

	
2765.0

	
0.99844

	
18.56




	
4

	
53.84208

	
2908.1

	
0.97076

	
32.76




	
5

	
20.65072

	
2706.9

	
0.91887

	
34.04




	
6

	
36.83511

	
2723.5

	
0.93609

	
46.88








K1 is the COD degradation rate, S0 is the influent COD concentration, and R2 is the correlation coefficient.
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