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Abstract

:

Nitrogen pollution in reservoirs has received increasing attention in recent years. Although a number of aerobic denitrifying strains have been isolated to remove nitrogen from eutrophic waters, the situation in oligotrophic water environments has not received significant attention. In this study, a mixed aerobic denitrifying consortium screened from reservoir samples was used to remove nitrogen in an oligotrophic denitrification medium and actual oligotrophic source water. The results showed that the consortium removed 75.32% of nitrate (NO3−-N) and 63.11% of the total nitrogen (TN) in oligotrophic reservoir water during a 24-h aerobic cultivation. More initial carbon source was helpful for simultaneous removal of carbon and nitrogen in the reservoir source water. NO3−-N and TN were still reduced by 60.93% and 46.56% at a lower temperature (10 °C), respectively, though the rates were reduced. Moreover, adding phosphorus promoted bacterial growth and increased TN removal efficiency by around 20%. The performance of the immobilized consortium in source water was also explored. After 6 days of immobilization, approximately 25% of TN in the source water could be removed by the carriers, and the effects could last for at least 9 cycles of reuse. These results provide a good reference for the use of aerobic denitrifiers in oligotrophic reservoirs.
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1. Introduction


In recent years, with the limitations of the groundwater extraction, reservoirs are gradually becoming the major water supply sources in many big cities [1]. However, human activities and economic development have led to widespread nitrogen pollution in natural waters, including lakes and reservoirs. The excess nitrogen in reservoir waters not only causes eutrophication [2], but also enhances the formation of nitrogen-containing disinfection byproducts (N-DBPs) during chlorination, which poses a great risk to human health [3,4]. In 2002, the State Environmental Protection Administration of China (SEPA) promulgated stricter Environmental Quality Standards for Surface Water (GB3838-2002), in which the concentration of the total nitrogen in Grade III source water is required to be less than 1.0 mg/L. However, most of the reservoirs in China fail to meet this standard. Therefore, removing nitrogen, especially nitrate, from natural water has become an important problem that requires solutions urgently.



For in situ nitrogen removal, compared with physical or chemical methods, bioremediation is considered to be the most cost-effective and efficient [5,6,7,8]. Generally, bioremediation involves the use of denitrifying strains to remove nitrogen. Although conventional theory suggests that denitrification is a strictly anaerobic process, an increasing number of denitrifiers have been screened under aerobic conditions in recent years [9,10,11,12,13], which suggests that it should be possible to use aerobic denitrifying strains to remove nitrogen and improve water quality.



Several aerobic denitrifiers have been isolated and identified, including Acinetobacter sp. HA2 [14], Pseudomonas stutzeri PCN-1 [15], Vibrio diabolicus SF16 [16], Enterobacter cloacae HNR [17], Pseudomonas tolaasii Y-11 [18], Pseudomonas stutzeri XL-2 [19], etc. However, these strains were cultivated in nutrient-rich medium, and thus, can only serve as a reference for wastewater treatment.



Recently, several research groups have concentrated on aerobic denitrifying strains that can adapt to oligotrophic environments. For example, Acinetobacter sp. strain Y16 could efficiently remove ammonium at a low temperature and C/N ratio [20]; Janthinobacterium sp. strain M-11 was shown to remove 98%, 89%, and 89% of the ammonia, nitrate, and nitrite under cold (2 °C), low nutrient conditions [21]; and Acinetobacter harbinensis strain HITLi7T was reported to achieve heterotrophic nitrification and aerobic denitrification at 2 °C and a low C/N ratio [22]. In our previous study, we screened and cultivated oligotrophic aerobic denitrifiers and isolated a number of denitrifiers that could remove nitrate efficiently under low nutrient conditions from reservoir source water [11,23,24,25,26,27]. But compared with pure cultured strains, the mixed cultured ones, which have seldom been investigated, may be more efficient in nitrogen removal and more adaptable to various carbon source and difficult conditions [28,29,30]. Moreover, almost all of the denitrifiers in these studies were cultivated in denitrification medium, which is quite different from actual source water.



Microbial immobilized technology has been widely used for the biological treatment of wastewater for decades [31,32,33,34], and it is believed that compared to general biological methods, immobilized microorganism treatment could be more effective and even be able to intensify the denitrification performance [35]. Some researchers have stated that the limited oxygen transfer rate inside the carriers of immobilized cells, as a deficiency of immobilized cells, could also be considered as a superiority to some degree ; the gradient concentration of dissolved oxygen in the inner spaces of the carriers would provide an effective area for accumulated nitrite reduction during aerobic denitrification [36]. However, this technology has barely been applied for improvement of oligotrophic source water, resulting in difficulties for practical engineering applications.



In this study, the denitrification characteristics of the mixed microbial consortium were studied in both oligotrophic medium and actual reservoir source water. The effects of several factors on nitrogen removal in source water were investigated, including the initial total organic carbon (TOC), low temperature, and the addition of phosphorus. In addition, the denitrification effects of the consortium immobilized in polyurethane foam cubes was studied to determine the optimal immobilized time and reusability.




2. Materials and Methods


2.1. Strains and Media


The mixed aerobic denitrifying consortium used in this study consisted of five bacterial strains isolated from the Zhoucun reservoir in Shandong Province, China (34.95° N, 117.69° E). Previous studies demonstrated that these strains, Acinetobacter sp. G107, Acinetobacter sp. 81Y, Zoogloea sp. N299, Acinetobacter sp. ZMF2, and Novosphingobium sp. ZHF2, have aerobic denitrification activity and can remove nitrate under oligotrophic conditions [37].



The oligotrophic denitrification liquid medium used in this study consisted of (g/L) CH3COONa (0.0683; equal to 20 mg/L TOC), NaNO3 (0.0152; equal to 2.5 mg/L nitrate, which is the approximate concentration in the source water), K2HPO4·3H2O (0.02), CaCl2 (0.01), MgCl2∙6H2O (0.01), and 2 mL of trace element solution, pH 7.0–7.5. The trace element solution contained (g/L) EDTA (0.5), ZnSO4 (0.1), MnCl2∙4H2O (0.05), FeSO4∙7H2O (0.1), CuSO4∙5H2O (0.1), and CoCl2∙6H2O (0.05).



The source water samples used to investigate the effects of several factors on nitrogen removal were collected from the Lijiahe reservoir in Xi’an, Shaanxi Province, China (34.00° N, 109.40° E) and pasteurized (heated at 70 °C for 30 min and then rapidly cooled at 4–5 °C) before use so as to eliminate the effects of other consortiums on changes of nitrogen. The quality of the water samples is presented in Table 1.




2.2. Nitrogen Removal Experiments


2.2.1. Nitrogen Removal in Oligotrophic Medium


A mixed consortium (24 mL) containing the five purified strains in equal proportions was inoculated into 800 mL of prepared oligotrophic denitrification liquid medium, which was sterilized at 121 °C for 30 min, in 1000-mL shaker flasks. The flasks were sealed with sterile, breathable sealing membranes and incubated on a rotary shaker at 20 °C and 130 rpm (dissolved oxygen was maintained at 8–9 mg/L). Samples were taken every 8 h to measure the concentrations of nitrate nitrogen (NO3−-N), nitrite nitrogen (NO2−-N), ammonium nitrogen (NH4+-N), total nitrogen (TN), and total organic carbon (TOC), and every 2–8 h to measure the flow cytometric total cell concentration (FCM-TCC).




2.2.2 Effects of Various Factors on Nitrogen Removal in Reservoir Source Water


The effects of a carbon source (at different concentrations), low temperature, and the addition of phosphorus on the nitrogen removal capacity of the mixed consortium in reservoir source water were investigated. Different amounts of sodium acetate were added to pasteurized reservoir source water as an extra carbon source, making the initial concentration of TOC increase 5, 10, 15 and 20 mg/L based on the original level, respectively. The adaptability of the consortium to low temperature was studied at 10 °C, and compared to the control group at 20 °C. To detect the effect of phosphorus, K2HPO4∙3H2O was added to pasteurized reservoir source water to make phosphorus concentration increase by 0.3 mg/L. All experiments used the same proportion of inoculum (about 3%, v/v), and were incubated at 20 °C (except for the temperature experiment) with shaking at 130 rpm. The concentrations of NO3−-N, TN, TOC and the total cell counts in the samples were examined at regular intervals.




2.2.3. Performance of Immobilized Strains in Reservoir Source Water


Plastic balls filled with polyurethane foam cubes were used as the carriers for the consortium (Figure 1). These carriers were stored in 12 L of oligotrophic denitrification medium, and the strains were attached to the carriers by inoculation with the activated mixed consortium at regular time intervals to maintain the nitrogen removal effects, with an aerator to maintain aerobic conditions. The nutrients were replenished every 24 h. To determine the required time for immobilization, the carrier was removed from the medium after 4–9 days of cultivation, and added to 1.2 L of fresh pasteurized reservoir source water with shaking at 130 rpm. The concentrations of NO3−-N and TN in the samples were measured respectively before and after the 24-h cultivation.



In addition, polyurethane foam cubes taken before and after the 6-day cultivation and 3 cycles of reuse were analyzed by scanning electron microscopy (SEM) to observe the changes in the surface morphology of the carrier. Moreover, the carrier that was removed on day 7 was selected to verify the reusability of the immobilized strains. After performing the procedure mentioned above, the carrier loaded with the mixed consortium was transferred to another 1.2 L of the fresh reservoir source water every 24 h for several times, with shaking at 130 rpm. The initial and the final concentrations of NO3−-N and TN in the water samples were measured.





2.3. Analytical Methods


The total cell concentrations of the samples were determined by flow cytometric analysis. In brief, 500 μL of diluted sample was stained with 5 μL of SYBR Green I nucleic acid stain (diluted 1:100 in filtered DMSO, Invitrogen, Carlsbad, CA, USA) and incubated in the dark at 30 °C for 10 min before analysis with a BD Accuri C6 flow cytometer (BD Biosciences, San Jose, CA, USA) [38,39]. The concentrations of NH4+-N, NO2−-N, and NO3−-N were measured by using Nessler’s reagent spectrophotometry, N-(1-naphthalene)-diaminoethane spectrophotometry, and ultraviolet spectrophotometric methods, respectively. TN was determined by using alkaline potassium persulfate oxidation-UV spectrophotometry method (UV2600, UNIC, Shanghai, China). The TOC concentration was determined by using a TOC-L analyzer (Shimadzu, Kyoto, Japan). All experiments were conducted in triplicate (n = 3).





3. Results and Discussion


3.1. Characteristics of Nitrogen Removal in Oligotrophic Medium


The nitrogen removal performance of the mixed aerobic denitrifying consortium in denitrification medium containing limited nutrients are presented in Figure 2. After a 24-h cultivation, the nitrate concentration decreased from 2.70 mg/L to 0.14 mg/L, while the concentration of the TN decreased from 2.67 mg/L to 0.62 mg/L. The removal efficiencies for nitrate and TN were 94.80% and 76.78%, respectively, confirming the denitrification ability of the mixed consortium in oligotrophic medium. Furthermore, nitrite and ammonia, with their concentrations kept being < 0.1 mg/L, were barely accumulated during the cultivation.



Compared with the pure cultured strain, the mixed consortium performed better on denitrification in oligotrophic environment. According to previous studies, single strain G107, 81Y, and N299 only removed 39.90%, 33.72% and 46.79% of TN, respectively, while stain ZMF2 and ZHF2 respectively reduced around 63% and 86% of the nitrate in the denitrification medium with 30 mg-C/L, which was more effective than the results obtained in this study [11,37].



The growth curve for the mixed consortium in oligotrophic denitrification medium was plotted according to flow cytometric total cell concentrations (Figure 3). The curve showed that the lag phase was about 3 h, after which an exponential phase (3–18 h) was observed, during which the total cell concentration increased rapidly from 4.0 × 106 cells/mL to 7.5 × 107 cells/mL. The growth rate was as high as 0.20 h−1. After 18 h, the density of the strains tended to remain stable, at around 7.5 × 107 cells/mL.



During microbial growth, a change in the TOC concentration was observed (Figure 3). At the end of the logarithmic growth phase and the beginning of the stationary growth phase, the TOC concentration decreased to 1.08 mg/L (from an initial concentration of 21.61 mg/L) and reached the minimum value at 24 h, with a removal efficiency of 95.00%. Combined with Figure 3, the time period of fastest TOC removal was observed at 0–8 h, while the time period of fastest nitrogen removal was at 8–24 h, indicating that the reduction in TOC occurred prior to log phase and the removal of nitrogen lagged slightly behind.



It was previously reported that 10 μg of a carbon source and 1 μg of a nitrogen source would provide adequate nutrients for the growth of approximately 108 cells [40,41]. In this study, 800 mL of denitrification medium with an initial TOC concentration of 20 mg/L (21.61 ± 1.61 mg/L in practice) contains 17.29 ± 1.29 mg of TOC. Figure 3 showed that the final concentration of TOC was 1.08 ± 0.29 mg/L (0.86 ± 0.23 mg/800 mL). Therefore, after 24 h of cultivation, the mixed consortium removed 16.43 ± 1.52 mg of carbon source, and the total nitrogen removal could be calculated similarly. Since the total cell concentration increased to 7.5 × 107 cells/mL (6.0 × 1010 cells in 800 mL of medium), the amount of carbon and nitrogen used for cell growth should be 6.00 mg and 0.60 mg, respectively. Based on the proposed pathways of nitrate removal by aerobic denitrifiers [13,21], except for the portions used for cell growth, 10.43 mg of carbon and 1.04 mg of nitrogen were used for denitrification. However, the nitrogen that was converted to gas could be described by TN removal in actual measurement (1.64 mg), which was higher than the theoretical value mentioned above, meaning that the mixed consortium required less nutrition to maintain cell growth and had better denitrification ability in oligotrophic nitrate nitrogen medium.




3.2. Nitrogen Removal in Actual Oligotrophic Reservoir Source Water


In order to examine the denitrification ability of these mixed aerobic denitrifying consortium in oligotrophic reservoir water, the effects of several factors on nitrogen removal by these strains in actual oligotrophic environment were evaluated. The mixed consortium was inoculated into pasteurized reservoir source water with different initial TOC concentrations, temperatures and phosphorus contents. The changes in the concentrations of NO3−-N, TN, total cell counts, and TOC were monitored at regular intervals.



3.2.1. Effect of Carbon Source Concentration


Different amounts of sodium acetate (5, 10, 15, and 20 mg-C/L) were added to the pasteurized reservoir source water as an extra carbon source. As shown in Figure 4a,b, optimal denitrification performance was achieved in source water spiked with 20 mg/L extra carbon source, and in this sample, the nitrate concentration declined from 2.36 mg/L to 0.58 mg/L in 16 h, while the TN decreased from 2.44 mg/L to 0.90 mg/L. Therefore, 75.32% of the nitrate and 63.11% of the TN were consumed during this period. In addition, the nitrogen removal capability was positively correlated with the initial concentration of TOC. After 16 h, due to the lack of nutrients, C/N ratio decreased obviously, and the cell growth gradually turned into the decline phase. Thus, with the self-decomposition of bacteria, part of the nitrogen synthesized by cell growth returned to the water samples, resulting in a slightly rise of nitrate and TN concentrations. A similar result was observed in the strain Sxf14 [42]. These data showed that in oligotrophic conditions, the mixed consortium could achieve remarkable nitrogen removal, and the effects could be improved by increasing the concentration of the carbon source, which served as not only a nutrient for cell growth, but also as an electron donor for denitrification [43,44].



The growth curves of the mixed consortium in different media (Figure 4c) showed similar trends to those observed in denitrification medium: the lag phase was about 3–4 h, followed by the exponential phase, which lasted until around 16 h, and then stationary phase. The initial total cell counts in the source water containing 5, 10, 15, and 20 mg-C/L were all at 3.0 × 106 cells/mL, which increased to 1.7 × 107, 4.0 × 107, 4.5 × 107, and 5.5 × 107 cells/mL at the stable phase, respectively. Compared to the cell growth in denitrification medium with the same carbon content, lower total cell counts were observed in the reservoir water at stationary phase, as the cell growth might be limited by other necessary nutrients (calcium, magnesium, phosphorus, or other trace elements). However, the duration of log phase was somewhat shortened in the reservoir water. This shorter cell growth cycle means a faster overall proliferation rate in reservoir water, where the nutrients could be regarded as constants.



The TOC-concentration curve shown in Figure 4d was in agreement with the observed changes in cell growth, i.e., with the log phase occurring in the first 16 h of cultivation, TOC concentration declined rapidly. There was a positive correlation between the carbon removal rate and the initial TOC concentration, with 84.20%, 84.98%, 76.37%, and 43.24% of the TOC decomposed by 16 h in source water spiked with 20, 15, 10, and 5 mg-C/L, respectively. Nevertheless, the carbon source was not depleted in any test medium, as 2.5–3.5 mg/L of TOC remained in each sample, which might be due to the unassimilable organic carbon in the reservoir source water.




3.2.2. Effect of Temperature


To investigate the effect of low temperature on the nitrogen removal performance of the mixed consortium, two samples of pasteurized reservoir source water were inoculated with the same volume of the mixed consortium and cultivated at 20 °C and 10 °C, respectively. The changes in the concentrations of nitrogen and TOC and the total cell counts are presented in Figure 5.



Nitrogen removal performance is shown in Figure 5a,b. During the 60-h cultivation at 10 °C, the NO3−-N concentration decreased from 2.59 mg/L to 1.01 mg/L, with a removal efficiency of up to 60.93%, whereas the TN concentration was reduced by 46.56%, from 2.47 mg/L to 1.32 mg/L. Compared with the nitrogen removal at 20 °C, in which 47.52% of the NO3−-N and 50.39% of the TN were removed, there was a slightly decrease in the nitrogen removal activity at the lower temperature condition, but the final removal efficiency of TN was not obviously different, while that of NO3−-N was even higher at the lower temperature.



A similar phenomenon was observed for cell growth and TOC removal (Figure 5c,d). At 10 °C, the lag phase was prolonged to about 10 h, and the log phase was extended accordingly; thereby, the time to reach the stationary phase was increased from 16 h to about 48 h. However, although the multiplication rate was slowed, the final total cell concentration still reached 4.5 × 107 cells/mL, which is nearly the same as that at “normal” temperature (20 °C). As for the TOC concentration at 10 °C, it decreased slowly, and the rate remained constantly for the first 48 h at about one third of the rate at 20 °C. Then, at the beginning of the stationary phase, it tended to be stable at about 5 mg-C/L. A lower temperature environment led to a lower removal efficiency of TOC but a comparable or higher removal efficiency of nitrogen, reflecting that low temperature could promote the simultaneous removal characteristics of carbon and nitrogen source to some degree, though the process might be longer.



Therefore, we concluded that the low temperature significantly affects the rates of cell growth and nitrogen and carbon removal, but without any obvious effects on the final denitrification, and it may be more suitable for nitrate removal.




3.2.3. Effect of Phosphorus Addition


In view of the low concentration of phosphorus in the actual reservoir source water, the effect of adding phosphorus on nitrogen removal and cell growth was examined. In the experimental samples, 0.3 mg/L of phosphorus was added to the reservoir source water, while nothing was added to the control samples; the results are shown in Figure 6.



The experimental group showed the same trends in nitrogen removal as the control group (Figure 6a,b), i.e., the nitrogen concentration declined significantly before 16 h, and then tended to be stable at 16–36 h. In the experimental group, which had less initial TOC, nitrate and TN decreased from 2.77 mg/L and 2.60 mg/L to 0.86 mg/L and 0.83 mg/L, respectively, with removal efficiencies of 68.92% and 68.08%, respectively. Compared with the control group, the nitrogen removal efficiencies were improved by approximately 20% in the experimental group, implying that the addition of phosphorus enhanced nitrogen removal by the mixed consortium.



The cell growth curves for the two groups are given in Figure 6c. The experimental group reached a stationary stage at around 14 h, which was earlier than the control group, perhaps because of the lower initial TOC concentration. However, the final total cell counts of the experimental group was nearly 1.0 × 108 cells/mL, which was distinctly higher than that of the control group. This result revealed that adding phosphorus properly accelerates the cell growth and intensifies the nitrogen removal performance of the consortium.





3.3. Changes in the Consumed C/N Ratio


Table 2 lists the initial C/N ratios, consumed C/N ratios (ΔTOC/ΔNO3−-N and ΔTOC/ΔTN), and nitrogen removal efficiencies of all the experimental groups described in Section 3.1 and Section 3.2. It is easy to see that there is a positive correlation between the initial C/N ratios and the consumed C/N ratio. The utilization efficiency of carbon source can also be obtained from these data.



In the oligotrophic denitrification medium, the value of ΔTOC/ΔNO3−-N at 8.02 was roughly the same as the initial C/N ratio of 8.00, while in the source water, the consumed C/N ratio appeared to be much higher than the initial C/N ratio. Relatively lower utilization efficiency of carbon source in the reservoir source water might be ascribed to the oligotrophic complex multi-component conditions. Meanwhile, as the initial TOC concentration of the source water increased, the initial C/N ratio raised, and the value of ΔTOC/ΔNO3−-N increased progressively. When the extra TOC was greater than 10 mg/L, the positive correlation between these two rates increased dramatically, but the utilization efficiency of carbon source and the nitrogen removal efficiency improved significantly with more TOC contents.



As for our studies on the effects of low temperature and phosphorus addition, several conclusions may be made. Firstly, the experimental group cultured at 10 °C showed a lower ΔTOC/ΔNO3−-N and a higher initial C/N ratio than the control group did, with comparable or better denitrification effects. This verified the adaptability of the mixed consortium to low temperature conditions, perhaps because the strains we used were isolated from a reservoir with similarly low temperature water.



Secondly, to remove 1 mg of nitrate, the experimental group with phosphorus addition only consumed 6.27 mg of TOC, which was nearly one-third of that consumed in the no phosphorus control group, and even lower than that consumed in the denitrification medium. Additionally, compared with the results of the experiments described in 3.1, the experimental group added with phosphorus still had a lower ΔTOC/ΔNO3−-N ratio than the group with 10 mg/L TOC, which had almost the same initial C/N ratio as the phosphorus-added group. This result indicated that adding phosphorus could effectively raise the carbon source utilization efficiency of the mixed consortium in reservoir source water. A similar conclusion could also apply to heterotrophic denitrification in a biofilter dealing with phosphorus-limited surface water [45].



Additionally, it is worth mentioning that an aerobic denitrification strain, HITLi7T, has been isolated that can remove nitrate under low nutrient conditions at 2 °C with a ΔTOC/ΔNO3−-N of 4.128 [22], which is much lower than the ΔTOC/ΔNO3−-N ratio examined in this study. The reason for this might be the difference in the initial C/N ratio: strain HITLi7T was cultured in medium a C/N ratio of 4, while the C/N ratio of the mixed consortium was 8. However, the denitrification effects of strain HITLi7T doesn’t perform very well, and only 7.78% of the nitrate was removed. Compared to strain HITLi7T, the strains tested in this study could also achieve a low consumed C/N ratio (ΔTOC/ΔNO3−-N = 3.19) with a low initial C/N ratio condition (C/N = 2.64) even in source water, with 35.87% of the nitrate removed. Therefore, we can conclude that the consumed C/N ratio should not be considered without the supporting evidence of the initial C/N ratio or the removal efficiency. Specifically, these three parameters should be combined to estimate the denitrification characteristics of the target strain.




3.4. Nitrogen Removal Performance of Immobilized Mixed Strains in Reservoir Source Water


To maximize the denitrification performance of the immobilized mixed consortium, the optimal immobilized time and the reusability of immobilized strains were inspected. It has been reported that, among several common carriers used for immobilized bacteria, sodium alginate beads could achieve maximum TN removal efficiency while their reusability was poor. In contrast, polyurethane foam cubes and mycelial pellets performed well both in removal efficiency and reusability [36]; therefore, polyurethane foam cubes were selected as the carriers in this study.



3.4.1. Determination of Immobilized Time


Several plastic balls filled with polyurethane foam cubes were cultured in oligotrophic denitrification medium with a suspension of the activated mixed consortium. From the fourth day of cultivation, one of the carriers was taken out every 24 h, and transferred to pasteurized fresh reservoir source water with 10 mg-C/L sodium acetate addition for three times, and its denitrification performance was recorded so as to assess the optimal immobilized time. The removal efficiencies of nitrate and TN are displayed in Figure 7.



Generally, carriers cultured for 4 days showed the capacity to remove nitrogen in source water, and nearly 15% of the TN and 30% of the nitrate was degraded in the first round. However, after two cycles of reuse, there was a significantly decline in nitrogen removal, indicating that the mixed strains were not firmly attached to the carrier balls in 4-day cultivation, and thus, that the denitrification performance of the carrier is unsustainable. With the extension of the immobilized time, the nitrogen removal effects and the reusability of the carriers were obviously improved. After 6 days (or longer) of immobilization, the carriers with adhered mixed consortium tended to perform stably in terms of denitrification, and the TN removal efficiency appeared to be stabilized at around 30%, while the nitrate removal efficiency was kept at around 35%. Therefore, we concluded that at least 6 days was required for the immobilized strains to attach to this type of carrier. Similar results (4–5 days) were observed by other research teams using strain T13 in eutrophic denitrification medium [36], and the small deviations between their studies and ours might have been caused by the large differences in nutrient conditions.



In addition, polyurethane foam cubes sampled before and after the 6-day cultivation and 3 cycles of reuse were analyzed by scanning electron microscopy (SEM). Figure 8 shows SEM micrographs of the carrier before and after immobilization.



As shown in the micrographs, the surface of the polyurethane foam cube was smooth and clean initially, while that of the “ripened” one had adhered amounts of bacteria. When viewed at higher magnification, the microgram clearly showed that most cells were adhered at the pores rather than on the surface of the polyurethane foam, which would bind the biomass more tightly to the carrier.




3.4.2. The Reusability of the Immobilized Strains


To determine the reusability of a ripened carrier that was saturated with immobilized strains, the carriers cultured for 7 days were selected for the experiment, and the nitrate and TN removal efficiencies were examined during 9 cycles of reuse.



As shown in Figure 9, the TN removal efficiencies were maintained at around 25%, while the removal efficiencies of nitrate were maintained at >25%, demonstrating that the ripened carriers still possessed relatively stable denitrification performance after multiple reuses. Other studies using another denitrifier immobilized on the same type of carrier showed that it could remove 40% of the TN in eutrophic denitrification medium [36], which was only 15% more than that removed in our study, with about 100 times higher in nutrients.



Compared to the free cells, the immobilized carriers could not only achieve significant and sustainable denitrification effects, but could also provide a comparatively centralized and stable microenvironment for cell attachment and proliferation, which could be beneficial for denitrifiers to be enriched and to become dominant flora in changeable actual reservoir water environment. As a preliminary study, the persistent activity of the ripened carriers demonstrated the denitrification ability of the immobilized strains in oligotrophic conditions, and provided the feasibility of using immobilized strains for the denitrification of oligotrophic reservoir waters in a real scale.






4. Conclusions


The main conclusions of this study are as follows:

	
The mixed aerobic denitrifying consortium used in this study had remarkable nitrogen removal effects in actual oligotrophic source water, which was limited in all types of nutrients compared to the denitrification medium, and a suitable increase in the initial TOC may be beneficial for not only the denitrification effects, but also the simultaneous removal of carbon and nitrogen.



	
In the reservoir source water, a lower temperature led to slower rates of cell growth and nitrogen removal; however, its influences on overall growth and nitrogen removal effects were small. Meanwhile, the addition of phosphorus facilitated cell growth, thus improving nitrogen removal performance.



	
There is a positive correlation between the initial C/N ratios and the consumed C/N ratio (ΔTOC/ΔNO3−-N and ΔTOC/ΔTN) in oligotrophic environment. For this consortium, the utilization efficiency of carbon source can be encouraged by more initial carbon source, lower temperature and phosphorus addition.



	
The immobilized time of the mixed consortium on carrier balls filled with polyurethane foam cubes is about 6 days, and the ripened carriers could achieve stable denitrification ability for at least 9 cycles reuse, which verified the reusability of the immobilized consortium, providing a good reference for TN removal in practical engineering applications.












Author Contributions


Conceptualization, H.W., S.Y., X.L. and T.H.; Data curation, H.W., T.W., S.Y., X.L. and L.K.; Funding acquisition, T.H. and G.W.; Investigation, H.W., T.W., S.Y., X.L. and L.K.; Resources, T.H. and G.W.; Supervision, H.W., S.Y. and X.L.; Validation, H.W., S.Y., X.L., T.H. and G.W.; Visualization, H.W., S.Y. and X.L.; Writing—original draft, H.W.; Writing—review & editing, H.W. and G.W.




Funding


This research was supported by the National Key Research and Development Program of China (No. 2016YFC0400706), the National Natural Science Foundation of China (No. 51778521, 51678472), Shaanxi Provincial Key Research and Development Project (2018ZDXM-SF-029) and the Shaanxi Science Fund for Distinguished Young Scholars (No. 2018JC-026).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Huang, T.; Chai, B. Advances in the Study of Controlling Mechanics and Technology for Source Water Reservoir Quality. Adv. Earth Sci. 2009, 24, 588–596. [Google Scholar]

	



Giannopoulos, G.; Sullivan, M.J.; Hartop, K.; Rowley, G.; Gates, A.; Watmough, N.J.; Richardson, D.J. Tuning the modular Paracoccus denitrificans respirome to adapt from aerobic respiration to anaerobic denitrification. Environ. Microbiol. 2017, 19, 4953–4964. [Google Scholar] [CrossRef] [PubMed]

	



Chu, W.; Gao, N.; Yin, D.; Krasner, S.W.; Mitch, W.A. Impact of UV/H2O2 pre-oxidation on the formation of haloacetamides and other nitrogenous disinfection byproducts during chlorination. Environ. Sci. Technol. 2014, 48, 12190–12198. [Google Scholar] [CrossRef] [PubMed]

	



Shah, A.D.; Mitch, W.A. Halonitroalkanes, Halonitriles, Haloamides, and N-Nitrosamines: A Critical Review of Nitrogenous Disinfection Byproduct Formation Pathways. Environ. Sci. Technol. 2012, 46, 119–131. [Google Scholar] [CrossRef] [PubMed]

	



Gupta, A.B.; Gupta, S.K. Simultaneous carbon and nitrogen removal in a mixed culture aerobic RBC biofilm. Water Res. 1999, 33, 555–561. [Google Scholar] [CrossRef]

	



Kim, M.; Jeong, S.-Y.; Yoon, S.J.; Cho, S.J.; Kim, Y.H.; Kim, M.J.; Ryu, E.Y.; Lee, S.-J. Aerobic Denitrification of Pseudomonas putida AD-21 at Different C/N Ratios. J. Biosci. Bioeng. 2008, 106, 498–502. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Q.; Ni, J. Ammonium removal by Agrobacterium sp. LAD9 capable of heterotrophic nitrification–aerobic denitrification. J. Biosci. Bioeng. 2012, 113, 619–623. [Google Scholar] [CrossRef]

	



Borges, M.-T.; Morais, A.; Castro, P.M.L. Performance of outdoor seawater treatment systems for recirculation in an intensive turbot (Scophthalmus maximus) farm. Aquac. Int. 2003, 11, 557–570. [Google Scholar] [CrossRef]

	



Zhou, D.D. Study on Screening Methord of Aerobic Denitrifiers. Acta Microbiol. Sin. 2004, 44, 837. [Google Scholar]

	



Ji, B.; Yang, K.; Zhu, L.; Jiang, Y.; Wang, H.; Zhou, J.; Zhang, H. Aerobic denitrification: A review of important advances of the last 30 years. Biotechnol. Bioprocess. Eng. 2015, 20, 643–651. [Google Scholar] [CrossRef]

	



Huang, T.-L.; Zhou, S.-L.; Zhang, H.-H.; Bai, S.-Y.; He, X.-X.; Yang, X. Nitrogen Removal Characteristics of a Newly Isolated Indigenous Aerobic Denitrifier from Oligotrophic Drinking Water Reservoir, Zoogloea sp. N299. Int. J. Mol. Sci. 2015, 16, 10038–10060. [Google Scholar] [CrossRef]

	



Huang, T.; Zhang, L.; Zhang, H.; Su, J.; Guo, L.; Zhao, J.; Zhang, K. Screening and nitrogen removal characteristics of a heterotrophic nitrification-aerobic denitrification strain (in Chinese). Ecol. Environ. Sci. 2015, 37, 2681–2688. [Google Scholar]

	



Kang, P.L.; Zhang, H.H.; Huang, T.L.; Chen, S.N.; Shang, P.L.; Feng, J.; Jia, J.Y. Denitrification Characteristics and Community Structure of Aerobic Denitrifiers from Lake and Reservoir Sediments. Environ. Sci. 2018, 39, 2431–2437. [Google Scholar]

	



Yao, S.; Ni, J.; Ma, T.; Li, C. Heterotrophic nitrification and aerobic denitrification at low temperature by a newly isolated bacterium, Acinetobacter sp. HA2. Bioresour. Technol. 2013, 139, 80–86. [Google Scholar] [CrossRef] [PubMed]

	



Zheng, M.; He, D.; Ma, T.; Chen, Q.; Liu, S.; Ahmad, M.; Gui, M.; Ni, J. Reducing NO and N2O emission during aerobic denitrification by newly isolated Pseudomonas stutzeri PCN-1. Bioresour. Technol. 2014, 162, 80–88. [Google Scholar] [CrossRef] [PubMed]

	



Duan, J.; Fang, H.; Su, B.; Chen, J.; Lin, J. Characterization of a halophilic heterotrophic nitrification–aerobic denitrification bacterium and its application on treatment of saline wastewater. Bioresour. Technol. 2015, 179, 421–428. [Google Scholar] [CrossRef] [PubMed]

	



Guo, L.-J.; Zhao, B.; An, Q.; Tian, M. Characteristics of a Novel Aerobic Denitrifying Bacterium, Enterobacter cloacae Strain HNR. Appl. Biochem. Biotechnol. 2016, 178, 947–959. [Google Scholar] [CrossRef] [PubMed]

	



He, T.; Li, Z.; Sun, Q.; Xu, Y.; Ye, Q. Heterotrophic nitrification and aerobic denitrification by Pseudomonas tolaasii Y-11 without nitrite accumulation during nitrogen conversion. Bioresour. Technol. 2016, 200, 493–499. [Google Scholar] [CrossRef]

	



Zhao, B.; Cheng, D.Y.; Tan, P.; An, Q.; Guo, J.S. Characterization of an aerobic denitrifier Pseudomonas stutzeri strain XL-2 to achieve efficient nitrate removal. Bioresource Technology 2018, 250, 564–573. [Google Scholar] [CrossRef]

	



Huang, X.; Li, W.; Zhang, D.; Qin, W. Ammonium removal by a novel oligotrophic Acinetobacter sp. Y16 capable of heterotrophic nitrification–aerobic denitrification at low temperature. Bioresour. Technol. 2013, 146, 44–50. [Google Scholar] [CrossRef]

	



Yang, M.; Lu, D.; Qin, B.; Liu, Q.; Zhao, Y.; Liu, H.; Ma, J. Highly efficient nitrogen removal of a coldness-resistant and low nutrient needed bacterium, Janthinobacterium sp. M-11. Bioresour. Technol. 2018, 256, 366–373. [Google Scholar] [CrossRef] [PubMed]

	



Zheng, Z.; Zhang, D.; Li, W.; Qin, W.; Huang, X.; Lv, L. Substrates removal and growth kinetic characteristics of a heterotrophic nitrifying-aerobic denitrifying bacterium, Acinetobacter harbinensis HITLi7T at 2 °C. Bioresour. Technol. 2018, 259, 286–293. [Google Scholar] [CrossRef] [PubMed]

	



Wei, W.; Huang, T.L.; Su, J.F.; Wang, C.Y.; Huang, Z.; Li, N. Isolation and identification of an oligotrophic and aerobic denitrification and its denitrification characteristics. Ecol. Environ. Sci. 2012, 19, 2166–2171. [Google Scholar]

	



Huang, T.; Li, N.; Zhang, H.; Wang, K.; Liu, T. Denitrification characters and safety of communities of cold tolerant oligotrophic and aerobic denitrifying bacteria. Chin. J. Environ. Eng. 2013, 7, 2419–2423. [Google Scholar]

	



Huang, T.; Bai, S.; Zhang, H.; Zhou, S.; He, X. Identification and denitrification characteristics of an oligotrophic heterotrophic nitrification and aerobic denitrification bacteria. Ecol. Environ. Sci. 2015, 9, 5665–5671. [Google Scholar]

	



Huang, T.-L.; Zhou, S.-L.; Zhang, H.-H.; Zhou, N.; Guo, L.; Di, S.-Y.; Zhou, Z.-Z. Nitrogen removal from micro-polluted reservoir water by indigenous aerobic denitrifiers. Int. J. Mol. Sci. 2015, 16, 8008–8026. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, H.; Zhou, S. Screening and Cultivation of Oligotrophic Aerobic Denitrifying Bacteria. In Water Pollution and Water Quality Control of Selected Chinese Reservoir Basins; Huang, T., Ed.; Springer International Publishing: Cham, Switzerland, 2016; pp. 451–473. [Google Scholar]

	



Joo, H.S.; Hirai, M.; Shoda, M. Improvement in ammonium removal efficiency in wastewater treatment by mixed culture of Alcaligenes faecalis no. 4 and L1. J. Biosci. Bioeng. 2007, 103, 66–73. [Google Scholar] [CrossRef]

	



Zhou, S.; Huang, T.; Bai, S.; He, X. Nitrogen removal characteristics of mixed aerobic denitrification bacteria under in-situ biological inoculation. Acta Microbiol. Sin. 2016, 56, 590–602. [Google Scholar]

	



Guo, Y.; Yang, R.; Zhang, Z.; Wang, X.; Ye, X.; Chen, S. Synergy of carbon and nitrogen removal of a co-culture of two aerobic denitrifying bacterial strains, Acinetobacter sp. GA and Pseudomonas sp. GP. RSC Adv. 2018, 8, 21558–21565. [Google Scholar] [CrossRef]

	



Nair, I.C.; Jayachandran, K.; Shashidhar, S. Treatment of paper factory effluent using a phenol degrading Alcaligenes sp. under free and immobilized conditions. Bioresour. Technol. 2007, 98, 714–716. [Google Scholar] [CrossRef]

	



Isaka, K.; Kimura, Y.; Osaka, T.; Tsuneda, S. High-rate denitrification using polyethylene glycol gel carriers entrapping heterotrophic denitrifying bacteria. Water Res. 2012, 46, 4941–4948. [Google Scholar] [CrossRef] [PubMed]

	



Shi, S.; Qu, Y.; Ma, F.; Zhou, J. Bioremediation of coking wastewater containing carbazole, dibenzofuran and dibenzothiphene by immobilized naphthalene-cultivated Arthrobacter sp. W1 in magnetic gellan gum. Bioresour. Technol. 2014, 166, 79–86. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, S.; Li, A.; Cui, D.; Yang, J.; Ma, F. Performance of enhanced biological SBR process for aniline treatment by mycelial pellet as biomass carrier. Bioresour. Technol. 2011, 102, 4360–4365. [Google Scholar] [CrossRef] [PubMed]

	



Wang, L.A.; Cui, Z.Q.; Qian, Z.Q.; Zheng, Y.H. Advances in Immobilized Microorganism and Its Applications of Wastewater Treatment. J. Chongqing Univ. 2004, 3, 125–129. [Google Scholar]

	



Ma, F.; Sun, Y.; Li, A.; Zhang, X.; Yang, J. Activation of accumulated nitrite reduction by immobilized Pseudomonas stutzeri T13 during aerobic denitrification. Bioresour. Technol. 2015, 187, 30–36. [Google Scholar] [CrossRef]

	



Zhou, S.-L.; Huang, T.; Bai, S.Y.; He, X.X. Isolation, Identification, and nitrogen removal characteristics of oligotrophic aerobic denitrifiers. China Environ. Sci. 2016, 36, 238–248. [Google Scholar]

	



Lautenschlager, K.; Hwang, C.; Liu, W.T.; Boon, N.; Köster, O.; Vrouwenvelder, H.; Egli, T.; Hammes, F. A microbiology-based multi-parametric approach towards assessing biological stability in drinking water distribution networks. Water Res. 2013, 47, 3015. [Google Scholar] [CrossRef]

	



Wen, G.; Zhu, H.; Wei, Y.; Huang, T.; Ma, J. Formation of assimilable organic carbon during the oxidation of water containing Microcystis aeruginosa by ozone and an advanced oxidation process using ozone/hydrogen peroxide. Chem. Eng. J. 2016, 307, 364–371. [Google Scholar] [CrossRef]

	



Wen, G.; Kötzsch, S.; Vital, M.; Egli, T.; Ma, J. BioMig—A Method to Evaluate the Potential Release of Compounds from and the Formation of Biofilms on Polymeric Materials in Contact with Drinking Water. Environ. Sci. Technol. 2015, 49, 11659–11669. [Google Scholar] [CrossRef]

	



Frederik, A.H. New method for assimilable organic carbon determination using flow-cytometric enumeration and a natural microbial consortium as inoculum. Environ. Sci. Technol. 2005, 9. [Google Scholar] [CrossRef]

	



Huang, T.; Xiuxiu, H.E.; Zhang, H.; Zhou, S.; Bai, S. Nitrogen removal characteristics of the heterotrophic nitrification-aerobic denitrification bacterium Acinetobacter sp. Sxf14. Chin. J. Appl. Environ. Biol. 2015, 21, 201–207. [Google Scholar]

	



Chen, J.; Gu, S.; Hao, H.; Chen, J. Characteristics and metabolic pathway of Alcaligenes sp. TB for simultaneous heterotrophic nitrification-aerobic denitrification. Appl. Microbiol. Biotechnol. 2016, 100, 9787–9794. [Google Scholar] [CrossRef] [PubMed]

	



Lee, K.-C.; Rittmann, B.E. Effects of pH and precipitation on autohydrogenotrophic denitrification using the hollow-fiber membrane-biofilm reactor. Water Res. 2003, 37, 1551–1556. [Google Scholar] [CrossRef]

	



Wang, Z.; He, S.; Huang, J.; Zhou, W.; Chen, W. Comparison of heterotrophic and autotrophic denitrification processes for nitrate removal from phosphorus-limited surface water. Environ. Pollut. 2018, 238, 562–572. [Google Scholar] [CrossRef]








[image: Ijerph 16 00583 g001 550]





Figure 1. Photograph of the carriers. 
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Figure 2. Changes in total nitrogen (TN), nitrate, ammonia, and nitrite concentrations of the mixed aerobic denitrifying consortium growth in nitrate nitrogen medium with adding 20 mg-C/L sodium acetate. Experimental conditions: T = 20 °C, 130 rpm, pH = 7.5. (The vertical lines mean ± standard deviations.) 
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Figure 3. Changes in flow cytometric total cell counts (FCM-TCC) and TOC concentration of the mixed aerobic denitrifying consortium growth in nitrate nitrogen medium with adding 20 mg-C/L sodium acetate. Experimental conditions: T = 20 °C, 130 rpm, pH = 7.5. (The vertical lines mean ± standard deviations.) 
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Figure 4. Effect of initial TOC concentration (adding 5, 10, 15, 20 mg-C/L) on the changes in (a) TN, (b) nitrate, (c) FCM-TCC, and (d) TOC concentration of the mixed aerobic denitrifying consortium growth in pasteurized reservoir source water. Experimental conditions: T = 20 °C, 130 rpm, pH = 7.5. (The vertical lines mean ± standard deviations.) 
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Figure 5. Effect of temperature (20 °C and 10 °C) on the changes in (a) TN, (b) nitrate, (c) FCM-TCC, and (d) TOC concentration of the mixed aerobic denitrifying consortium growth in pasteurized reservoir source water with adding 20 mg-C/L sodium acetate. Experimental conditions: T = 20 °C, 130 rpm, pH = 7.5. (The vertical lines mean ± standard deviations.) 
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Figure 6. Effect of phosphorus addition (0.3 mg/L) on the changes in (a) TN, (b) nitrate, (c) FCM-TCC, and (d) TOC concentration of the mixed aerobic denitrifying consortium growth in pasteurized reservoir source water with adding 20 mg-C/L sodium acetate. Experimental conditions: T = 20 °C, 130 rpm, pH = 7.5. (The vertical lines mean ± standard deviations.) 
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Figure 7. TN and nitrate removal efficiency in pasteurized reservoir source water with adding 10 mg-C/L sodium acetate by the carriers immobilized with mixed aerobic denitrifying consortium for 4–9 days. (The vertical lines mean ± standard deviations.) 
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Figure 8. SEM micrographs of the carriers (before and after 6-day immobilization and 3 cycles of reuse): (a) SEM micrographs of raw carrier; (b) SEM micrographs of ripened carrier (×1000); (c) SEM micrographs of ripened carrier (×3000); (d) SEM micrographs of ripened carrier (×5000). 
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Figure 9. TN and nitrate removal efficiency in pasteurized reservoir source water for 1–9 times reuse by carriers immobilized with the mixed aerobic denitrifying consortium (immobilized time is 7 days). (The vertical lines mean ± standard deviations.) 
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Table 1. Characteristics of the source water samples from Xi’an Lijiahe reservoir.
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	Index
	TN (mg/L)
	NO3−-N (mg/L)
	NO2−-N (mg/L)
	NH4+-N (mg/L)
	TP (mg/L)
	TOC (mg/L)
	CODMn (mg/L)



	Value
	2.64 ± 0.23
	2.59 ± 0.47
	0.01 ± 0.01
	0.20 ± 0.08
	0.22 ± 0.06
	2.45 ± 0.36
	5.11 ± 0.48



	Index
	Fe (mg/L)
	Mn (mg/L)
	pH
	ORP (mV)
	Conductivity (μS/cm)
	Turbidity (NTU)
	DO (mg/L)



	Value
	0.16 ± 0.06
	0.02 ± 0.02
	7.60 ± 0.15
	186 ± 11
	200 ± 2
	32.45 ± 2.74
	8.49 ± 0.48
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Table 2. Changes in carbon and nitrogen during the cultivation of the mixed aerobic denitrifying consortium growth at different media.






Table 2. Changes in carbon and nitrogen during the cultivation of the mixed aerobic denitrifying consortium growth at different media.





	
Experimental Conditions

	
Initial

	
Final

	
Removal Efficiency (%)




	
C/N (mg/mg)

	
ΔTOC/ΔNO3−-N

(mg/mg)

	
ΔTOC/ΔTN

(mg/mg)

	
NO3−-N

	
TN

	
TOC






	
Denitrification medium

	
8.00

	
8.02

	
10.03

	
94.76

	
75.83

	
95.00




	
Source water

	
5 mg/L TOC

	
2.64

	
3.19

	
3.09

	
35.87

	
33.47

	
43.24




	
10 mg/L TOC

	
5.62

	
10.31

	
9.41

	
41.59

	
39.84

	
76.37




	
15 mg/L TOC

	
7.96

	
10.50

	
10.85

	
64.44

	
57.79

	
84.98




	
20 mg/L TOC

	
9.58

	
10.71

	
12.37

	
75.32

	
63.11

	
84.20




	
20 °C / Without P

	
8.61

	
17.09

	
17.89

	
47.52

	
50.39

	
94.01




	
10 °C / Without P

	
9.25

	
11.04

	
15.33

	
63.17

	
48.64

	
79.84




	
20 °C / With P

	
5.11

	
6.27

	
6.77

	
68.92

	
68.08

	
84.60




	
HITLi7T

Denitrification medium/2 °C

	
5.30

	
4.13

	
-

	
7.78

	
-

	
5.89
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