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Abstract:



Contrary to the constraints in time, investment, and management of the traditional technology for waste water treatment, this paper seeks to propose a more advanced, reliable, and affordable new technology to restore urban polluted rivers to pristine quality levels. The paper also presents new ideas on the selection and use of microbial agents to improve the efficiency of pollution removal. It presents the successful implementation of microbial technology (MT) on Chengnan River, which was heavily polluted before MT implementation. Without artificial aeration, sediment dredging, or complete sewage interception, we directly sprayed a previously configured HP-RPe-3 Microbial Agent into the water body and sediment. We considered the feasibility of MT for treating polluted urban rivers from the perspective of several water quality indices evaluation methods. After the treatment, the concentration of dissolved oxygen (DO) reached 5.0 mg/L, the removal rates of ammonia nitrogen (NH3-N) and chemical oxygen demand (COD) reached 20% and 38% respectively, and the average degradation rate of total phosphorus (TP) along river was close to 15%. Also, the Nemerow Index of the river was reduced from 2.7 to 1.9. The Fuzzy Comprehensive Index shows a tendency for improvement from Inferior Grade V to a better grade (approximately Grade III). The color of the river water changed, from black or dark green, to its original color. The results indicate that the bioremediation technology of directly adding microbial agents mainly aimed for the degradation of NH3-N can preliminarily eliminate the black-odor phenomenon of urban rivers, and improve their water quality. It is expected that the MT application, and the concept of how to select the corresponding microbial agents according to main pollutants, can be widely accepted and applied to similar cases.
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1. Introduction


According to the United Nations Educational Scientific and Cultural Organization (UNESCO), water covers 72% of the earth surface; however, freshwater only accounts for 0.5% of all the water resources [1]. Despite the vast in quantity of water on earth, the portion which can be directly used is very small. In the 21st century, water is becoming a precious scarce resource. Problems with water resources are not only a problem of resources; they are also a major strategic issue related to the sustainable development of a country’s economy, society, and long-term stability [2,3,4]. With the global population explosion and rapid economic development, the demand for industrial water, agricultural water, and domestic water has increased rapidly, and the shortage of fresh water is becoming more and more serious [5,6]. At the same time, the deterioration of water quality is exacerbating the shortage of water resources. Indeed, quality-induced water shortages have recently been a matter of great concern at local, regional, and global levels, especially in developing countries [5,7,8]. Therefore, water resources protection and rational utilization, and the efficient restoration of polluted water, have become majors focuses of the world.



In China, freshwater resources total 2.8 trillion m3, or 6% of the global water, placing China 6th in the world, next to Brazil, Russia, Canada, USA and Indonesia. However, China’s per capita water resources only stand at 2100 m3, 28% of the world average, making China one of the most water scarce countries in the world [9]. Meanwhile, the deterioration of the aquatic environment has become more and more serious due to accelerated economic growth [10]. An increasing number of rivers and lakes have been under great threat of contamination, mainly due to the discharge of untreated wastewater, including industrial wastewater, agricultural pollution, domestic sewage, and the fragmentation of aquatic ecosystems [11,12]. A glance at the China Water Resources Bulletin published by the Ministry of Water Resources over the past twenty years from 1997 to 2016 showed that the proportion of the total river length in Inferior Grade V is first rising to 21.8%, and then gradually falling; it has been reduced by half in the past ten years. It has achieved tremendous improvements, but the proportion is still high, remaining at nearly 10% in 2016; the river pollution problem is still serious [13]. In 2016, rivers with a combined length of 235,000 km nationwide were monitored and assessed for their water quality. The findings indicated that, in terms of water quality, 76.9% of the total river length fell in Grade I-III, and the rest (23.1%) in Grade IV or below. For the whole year of 2016, water function zones achieved a water quality compliance rate of 58.7%, and provincial sections with Grade I-III water quality took up 67.1% of the total assessed sections [14]. All the above data indicate that water pollution control in China has made certain achievements, but the current situation of severe water pollution still cannot be ignored. The main causes of serious pollution in urban rivers are large sewage discharges and concentrations of pollution sources with the characteristics of slow velocity and small flow [15,16]. The deterioration of water quality makes the river body black and smelly, and the aquatic life around has trouble surviving, causing serious consequences on the lives of the residents on both sides of the rivers [12]. Therefore, finding ways to restore these heavily polluted rivers to relieve water pressure is essential in the present scenario.



There have been three kinds of methods to restore the water quality of polluted rivers at home and abroad. The first comprises physical methods, including artificial aeration [17,18], sediment dredging [19], water diversion [20], and mechanical algae removal [21], which are basic and traditional methods which take a lot of human, material, and financial resources, as well as time. They basically focus on treating symptoms but ignore the root causes of the pollution to some degree. Therefore, pollutants are not removed from the water body efficiently. The second approach comprises chemical methods [22,23], including chemical oxidation, enhanced flocculation, chemical precipitation, and chemical algae removal [24]. These methods are aimed at removing target pollutants, such as suspended solids and dissolved phosphorus and nitrogen, and improve the transparency of water. This process may need the aid of a large number of chemical agents, including coagulants such as iron and aluminum salts, oxidizing agents such as hydrogen peroxide, and precipitants such as lime, etc. Using these methods, there is no need for long-term maintenance. They are also applicable for emergency treatment. However, it is inevitable that secondary pollution is produced; thus, hidden dangers for the ecosystem remain [25]. The third approach comprises biological-ecological methods [26,27,28], including plant purification technology [29], microbial technology [30,31,32,33], biofilm technology, artificial wetland technology [34], and combinatorial biotechnology [35,36,37], which are all environmentally-friendly and aimed at enhancing the self-purification capacity of the river, and restoring its ecosystem. However, these methods still can be improved. For example, biofilm technology, artificial wetland technology, and combinatorial biotechnology are all effective, but the costs of implementation of such technology are high. We need to overcome technical difficulties and reduce costs in the future.



Among all the methods introduced above, microbial technology stands out for its advantages: high efficient degradation ability, low energy consumption, no secondary pollution, simple technical operation, long-term viability, and absence of need for additional constructions. It has been widely and successfully implemented for various purposes in many countries. The field treatment, carried by Sheng Yanqing, etc., showed that adding two kinds of microbial agents into heavily polluted tidal river could efficiently improve water quality where the removal rates of pollutants such as COD and BOD could reach 70% with the help of engineering initiatives [38]. Liu Junzhuo, etc. summarized attached microalgae-bacteria consortium for advanced nutrient removal from surface water [39]. The author in this research presented and reviewed the application of photosynthetic bacteria in bioremediation, which was confirmed to have both environmental and economic benefits, while expressing his concerns on the choice of easily grown, viable, and effective naturally occurring microorganisms a cleaning agents when applied to other cases [40]. All the treatments listed above demonstrate that microbial technology is indeed an effective and promising method for controlling river pollution, especially when combined with other measures. However, there are few studies on the field applications of microbial technology.



In view of the discussion above, this paper selects the heavily polluted Chengnan River as the object of research, whose management target is to promote water quality by directly adding into the river the microbial agents that were independently developed for specific pollutants, in order to verify whether the new ideas on the selection are suitable. Based on the governance concept, we first make a comprehensive diagnosis of the Chengnan River from several aspects, such as appearance, smell, monitoring data analysis, etc. The results show that the river is heavily polluted, with a black color and bad smell, most probably because the concentration of ammonia nitrogen seriously exceeds the standard. Then we selected the HP-RPe-3 compound microbial agent, designed for degradation of ammonia nitrogen, nitrate, and nitrite, as the main therapeutic reagent in this research. This agent was chosen from among all microbial agents which are produced for different purposes in our laboratory, such as HP-RPeII for the removal of COD and effective degradation of cellulose, HP-RPeIII for the effective removal of TP and etc. This paper proposes the new idea that applying MT with the selection of corresponding agents under the guidance of traditional Chinese medicine concepts for heavily polluted rivers, and preliminarily verifying its feasibility by practical application and corresponding analysis and evaluation. The findings are replicable for other urban polluted rivers in China and around the world.




2. Materials and Methods


2.1. Study Area


Chengnan River is an urban river located in Pukou District, northwest of Nanjing City, Jiangsu Province, China. The total length of the river is about 12 km, and it has a catchment area of 62.8 km2 (Figure 1). The upstream West Branch water supplement channel is from Yushan Road to Wende Road, and the upstream East Branch water supplement channel is from the Xiangshan reservoir to Yanshan Road. These two tributaries converge into the main channel Chengnan River at Shanghe Square, which then winds its way to Yangtze River. The river shows a Y- shaped. A schematic map of the Chengnan River position is shown in Figure 1. The Pukou District is in the transition zone between the north subtropical zone and the warm temperate zone, with high temperatures and rainy seasons in sync. The Meiyu period, which lasts about 20 days at the beginning of summer, is the main precipitation period. The area has abundant rainfall and four distinct seasons. The annual average sunshine is 1987 h, the annual average temperature is 15.4 °C, and the annual total precipitation is 1149.8 mm.


Figure 1. The Location of the Chengnan River.
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The Chengnan River runs through the main city of Pukou District. Along the river, there are: 1 flood discharge trench, 3 drainage drains, 8 public toilets, 9 drainage pumping stations, and more than 100 sewage outlets. The population is concentrated, and the building density is high. Streams have always been the recipient of waste related to of human activities [41]. Most of the sewage and production wastes from the residential areas, schools, toilets, and three production services are directly discharged into the river. In particular, in the non-flood season, the upland water of Chengnan River is very small; thus, its fluidity is relatively low. As a result, pollutants cannot be washed away and are always deposited. With an increasing number of sewage discharged continuously and sludge precipitated, the river becomes black and malodorous, the water quality shows an increasing trend of deterioration, and its ecosystem has been seriously damaged.



The Chengnan River may be taken as representative case for urban polluted rivers which are in the Inferior Grade V (Table 1), and whose concentration values of NH3-N, TP and COD frequently exceed 2.0, 0.4 and 40 mg/L respectively; these are the standard limited values of water quality grade V for potable water sources, according to China Environmental Quality Standards for Surface Water (GB3838-2002) (Table 2). This means that the water is extremely unsuitable for any purpose, and is in dire need of treatment.


Table 1. Background Values of Water Quality of Chengnan River.





	Number
	Sampling Points
	DO

mg/L
	NH3-N

mg/L
	TP

mg/L
	COD

mg/L





	F
	Shanghe Square
	3.2
	4.37
	0.237
	22.57



	E
	Caihong Bridge
	3.5
	4.68
	0.345
	67.72



	D
	Jiangpu Bridge
	3.4
	4.18
	0.330
	64.71



	C
	Rubber Dam
	6.1
	5.00
	0.357
	57.19



	B
	Pubing Bridge
	7.5
	4.11
	0.250
	72.24



	A
	Longwang Temple
	9.0
	4.11
	0.141
	87.29








Table 2. China Environmental Quality Standards for Surface Water (GB3838-2002).





	
Classification

	
DO

mg/L

	
NH3-N

mg/L

	
TP

mg/L

	
COD

mg/L

	
PH






	
Grade I

	
7.5

	
0.15

	
0.02

	
15

	
6~9




	
Grade II

	
6

	
0.5

	
0.1

	
15




	
Grade III

	
5

	
1.0

	
0.2

	
20




	
Grade IV

	
3

	
1.5

	
0.3

	
30




	
Grade V

	
2

	
2.0

	
0.4

	
40











2.2. Main Microbial Agent


2.2.1. HP-RPe-3 Microbial Agent


The HP-RPe-3 compound microbial agent (National patent number: 2017114193785) is a kind of indigenous microorganism agent which is composed of bacillus, micrococcus, photosynthetic bacteria, nitrifying bacteria, denitrifying bacteria, lactic acid bacteria, yeasts, enzymes, bacterium pseudoanthracis, actinomycetes, acetobacter, and other 100 kinds of microorganisms which are all selected from nature and are prepared by domestication technology and unique enzyme treatment technology in the laboratory. In this research, we select the parent microbial agent taken from the place above the Tibetan Plateau snow line (altitude 4650 m), with the characteristics of extreme cold resistance, high enzyme activity, high value of target metabolite, phage resistant ability, and short training cycles, and then screen, domesticate, and cultivate them again. The maximum density of living bacteria of the HP-RPe-3 microbial agent can reach up to 2.1 × 108/mL, which has strong adaptability to polluted water in different regions of China, and whose use can therefore be popularized. The HP-RPe-3 microbial agent can efficiently degrade and absorb ammonia nitrogen, nitrite, and nitrate, and improve the efficiency of nitrification and denitrification and maintain the long-term stability of the nitrification system. Depending on the propagation of the HP-RPe-3 microbial agent, degradation of NH3-N organic matter in water and sediment was rendering organic matter, inorganic, and toxic substances harmless, so as to achieve the purpose of degradation and reduction of NH3-N. More surprising that this is the fact that this compound is removes ammonia nitrogen, and also has a comprehensive effect on other parameters of water quality, such as TP and COD. The result of its toxicity test shows that the HP-RPe-3 microbial agent does no harm to human beings.




2.2.2. Microbial Accelerating Agent


A microbial accelerating agent is made up of a variety of enzymes, vitamins, amino acids, trace elements, and humic acid, in a specialized proportion which can provide nutrients to microorganisms to effectively stimulate and accelerate natural biological reactions. In this regard, it would stimulate the activity of indigenous microorganisms to promote the proliferation of effective microorganisms, such as aerobiotic and faculative aerobic bacteria, while inhibiting the metabolism of harmful microorganisms and the anaerobic decomposition of pollutants. At the same time, it remains harmless to plankton and the environment [42].





2.3. Methods


Water is the source of life, the key of production, and the foundation of ecology. Rivers nurture civilization, but at present, many small and medium rivers are suffering different degrees of pollution. With the release of the “Water Pollution Control Action Plan” or “Water Ten Item”, the state has invested vast sums in dealing with polluted rivers. The goal is to eliminate black and odorous rivers by 2020. The general idea of the government in this research is as follows (Figure 2).


Figure 2. Integrated management ideas in combination with traditional Chinese Medicine.
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According to field investigation and background values of the river, the main cause of water quality deterioration is domestic pollution; addistionally, obviously the ammonia nitrogen index seriously exceeds standards. Besides, considering its relatively low fluidity, the Chengnan River is suitable for treatment with microbial remediation technology. So, HP-RPe-3 microbial agents were specially prepared for the Chengnan River; they were inoculated into the river directly, without any other supporting measures. Finally, we need to continuously monitor water quality, and record and analyze the changes of several main water quality indexes in order to master the treatment effects of the bacteria, and determine whether we need to add HP-RPe-3 microbial agents or inoculate for other kinds of microbial agents for better treatment. In this research, we exclusively used the HP-RPe-3 microbial agents to achieve the treatment goals.



2.3.1. Microbial Technology Treatment Process


Product preparation



Firstly, 350 kg HP-RPe-3 microbial agent which was stored as a powder was chosen for use in this research. This microbial agent and 1400 kg of deionized pure water were mixed at a ratio of 1:4 in a filter tube, before eluviation into a compound bacterial liquid.



Secondly, this bacterial liquid was filtered under normal pressure in order to gradually remove the supernatant (of which 250 kg was retained in other container for later use). Finally, the pure bacterial liquid was left at the bottom, and amounted to about 350 kg, 1/5 of total amount.



Thirdly, the reserved 250 kg supernatant was mixed and stired well with 100 kg microbial accelerating agent for HP in powder form for easy storage and transportation. Then, the 350 kg nutrient solution was formed. After that, pure bacteria was mixed with the nutrient solution for strain rejuvenation.



Finally, 700 kg of the bacteria liquid was mixed, after rejuvenation, with 300 kg of sludge water, collected from Chengnan River. Then, with continuous stirring and domesticating for about 15 days (depending on temperature and weather), the 1.0 t HP-RPe-3 microbial agent was in a liquid state, and was easy to directly inoculate into the polluted river.



(2) Water Quality Monitoring



Monitoring points were set up at Shanghe Square, Caihong Bridge, Jiangpu Bridge, Rubber Dam, Pubing Bridge, and Longwang Temple from upstream to downstream (numbered F~A in turn in Figure 3). The Longwang Temple Section is the provincial section, and the ultimate goal of the study was to improve water quality in the Longwang Temple Provincial test section, to Grade V in one month. We labeled this section “Section A” and numbered it from this point to the upstream points successively. Water quality monitoring factors involve DO, NH3-N, TP, and COD. The test methods were: DO, the electrochemical probe method, NH3-N, spectrophotometric method with salicylic acid, TP, the ammonium molybdate spectrophoto metric method, and COD, the acidic potassium permanganate method. The test times were from 9:30 to 11:00 every working day, from April to December, 2017. In this research, the most important period for the treatment was from 15 April to 2 May 2017.


Figure 3. The Location of Monitoring Sections in the Main Channel of Chengnan River.
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2.3.2. Water Quality Indices Evaluation Methods


A comprehensive evaluation of water pollution impact on the environment needs to integrate a number of water quality observation indices from the complex system of a water environment, and reduce them into a single index. It should be concise, exact, and representative to express the water quality status for a certain time and space range, so as to facilitate public understanding of water environmental problems, and to help the public participate in the work of water environmental protection. At the same time, the quantitative index also allows decision-makers to carry out more targeted water environmental protection work [43].



(1) Nemerow pollution index method



The concept of the “Nemerow pollution index method” was put forward for the first time in the book called “Scientific stream pollution analysis”, written by professor Nemerow in 1974 [44]. The Nemerow pollution index method is widely used in the field of water quality evaluation, and is one of the commonly used methods of comprehensive pollution index calculation at home and abroad; it has the advantages of a simple evaluation process and highly pertinent evaluation results.



This evaluation process is easy to operate; the method calculates the WQI as follows.



(1) Single factor evaluation index ([image: ]): It is a dimensionless number that represents some evaluation factor to the extent to which its observational values in the environment are relative to the assessment criterion for environmental quality assessments.


[image: ]



(1)




where, [image: ]= the observational value of the i evaluation factor in the environment;[image: ]= the evaluation criteria of the i evaluation factor in the environment.



The DO evaluation index uses the following formulas:


[image: ]



(2)
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(3)






[image: ]



(4)




where, [image: ]= the concentration of saturated dissolved oxygen (mg/L);[image: ] = the evaluation criteria of dissolved oxygen in the surface water (mg/L); and t = water temperature (°C).



(2) The Nemerow pollution index ([image: ]) may be calculated using the following equation:


[image: ]



(5)
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(6)




where, [image: ] = the maximum value in[image: ]; [image: ] = the average value of[image: ]; and m = the number of evaluation factors.



(3) By comparing the calculated Nemerow pollution index with the standard pollution index classification table, the water quality classification is determined. The classification of Nemerow pollution index is shown below (Table 3).


Table 3. The Classification of Nemerow Index.





	Classification
	Clean
	Light Pollution
	Moderate Pollution
	Heavy Pollution
	Malignant Pollution





	Pollution Index
	≤1
	1~2
	2~3
	3~5
	>5









(2) Fuzzy comprehensive evaluation method



In many cases, the evaluation grade is difficult to represent with a simple numerical value. Based on the fuzzy mathematics theory, the fuzzy comprehensive evaluation method transfers the qualitative evaluation to the quantitative evaluation, and determines the water quality type by the calculation of the membership degree [45]. Using the membership degree to describe the evaluation grade can cause the depicted fuzziness at the boundary. When put into practical application, it can better demonstrate its objectivity and rationality. The specific steps of the method are as follows.



(1) Establish the factor set of the evaluation object U,


[image: ]



(7)




where [image: ] is the numerical index (i is from 1 to n) involved in the evaluation.



(2) Determine the weight for each factor in U, then get a fuzzy subset A on U,


[image: ]



(8)




where[image: ].



(3) Select the reasonable and accurate membership function and obtain the fuzzy relation matrix R. A fuzzy evaluation model B for compound calculation between weighted vectors and fuzzy relation matrix was established.


[image: ]



(9)




where “[image: ]” can broadly understood as any of four kinds of fuzzy compound operations.



(4) Calculate the degree of membership B, obtain the comprehensive evaluation results of water quality, and further determine the water quality category according to water quality evaluation criteria. In the research, we selected GB3838-2002 as the standard.






3. Results and Discussion


3.1. Analysis of Single Factor of Water Quality


The pollutant removal rate was determined by the average concentrations of the major water quality parameters before and after the microbial treatment, which can be calculated by the following equation:


[image: ]



(10)




where, [image: ] = the concentration at time t after the microbial treatment (mg/L); [image: ] = the initial background concentration before the microbial treatment.



Taking the DO into consideration, its improved rate can be calculated by the following equation:


[image: ]



(11)




where, [image: ] = the concentration at time t after the microbial treatment (mg/L); [image: ] = the initial background concentration before the microbial treatment.



The changes of DO, NH3-N, TP and COD concentrations and their respectively improved rates and removal rates before and after the microbial treatment are summarized in Figure 4. The effects of microbial treatment on pollutant removal are shown below.


Figure 4. The changes of four major water quality parameters before and after microbial treatment: (a) The changes of DO concentration and its improved rate over 18 days; (b) The changes of NH3-N concentration and its removal rate over 18 days; (c) The changes of TP concentration and its removal rate over 18 days; (d) The changes of COD concentration and its removal rate over 18 days.
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(1) Analysis of DO from upstream to downstream



Before treatment, the concentration of DO at all the points was greater than 3 mg/L, reaching Grade IV of the surface water DO standard. It provided a good aerobic environment for the microbiological treatment applied in the black-odor river. After the microbial treatment, the values of DO of nearly 80% of the river were greater than 5 mg/L (Figure 4a), reaching Grade III of surface water DO standard. We can see that the dissolved oxygen increased steadily from upstream to downstream, reaching up to 10.5 mg/L at section A, far more than 7.5 mg/L, which is Grade I of the surface water DO standard. The average rising rate was up to 20%, and even reached 60% at section D. Without doubt, the application of the microbial technology used in bioremediation of Chengnan River showed a positive effect on DO treatment.



(2) Analysis of NH3-N from upstream to downstream



The background values of NH3-N were above 4.0 mg/L before treatment (Figure 4b) at each point, far exceeding the Inferior Grade V of surface water NH3-N standards; the concentrations of NH3-N stayed high and had a tendency to increase with the flow direction. After the microbial treatment, section E became a turning point where the concentration of NH3-N increased point, and then began to decline. Its average degeneration rate was close to 16%, most likely because the HP-RPe-3 compound microbial agent began to take effect after being poured into the river. The average removal rate of NH3-N reached more than 20%, and had a gentle upward trend in the flow direction. It even achieved up to 49% at section A. The minimum NH3-N value was up to 2.08 mg/L, close to 2.0 mg/L, which is Grade V in the surface water NH3-N standards. It can be seen that the effects of the microbial treatment on ammonia nitrogen in the whole river are relatively remarkable.



(3) Analysis of TP from upstream to downstream



Taking microbiological accelerating agents and temperatures into consideration, the trend shown in the Figure 4c can easily be understood. On the one hand, in the early stage of the treatment, the HP-RPe-3 microbial agent needed nutrition to adapt and survive in the river. This may be addressed by mixing it with an accelerating agent that is full of nutrition, and then putting the compound products into the river. On the other hand, the monitoring water temperature was higher than background values, as was the level phosphorus released from sediment to water body more frequently as the temperature increased. Inevitably, the TP concentrations were higher than the background values before treatment. However, the average degradation rate of TP after treatment was close to 15%, and TP decreased much more rapidly than before. The TP concentration was still below 0.4 mg/L, reaching Grade V of the TP surface water standard. This probably means that the river had a much greater capacity to decompose phosphorus after introducing microbial agent into it. From the decreasing trend of the TP along the river, we can predict that in the foreseeable future, the degradation of the phosphorus will be far more effective, without adding new compound products.



(4) Analysis of COD from upstream to downstream



The concentration of COD showed an overall upward trend, and stayed high before treatment, as shown in Figure 4d. As we can see, the values of COD were all greater than 40.0 mg/L, reaching almost 90.0 mg/L. However, after the treatment the concentration of COD declined significantly. In the process, average removal rates can reach 38% along the river, and the maximum removal rate of COD can reach 58% at section E. The values of COD remained in a low concentration state: all of them were below 40.0 mg/L, reaching Grade V of the surface water COD standard. Through a comparison before and after the treatment, we can conclude that the application of microbiological technology on the treatment of COD on Chengnan River was successful.



(5) Analysis of the provincial section A



The Longwang Temple Section is the provincial section. The ultimate goal of the treatment is to improve water quality, which mainly means reducing the NH3-N values in the provincial section to Grade V in one month. We got the mission in late March and began to make a comprehensive diagnosis of the river to get its background values. After that, we spent the first two weeks of April preparing the corresponding microbial agents. We then made use of the last two weeks of April to achieve the treatment goal. Figure 5 shows the changes of the NH3-N in Section A during the microbial treatment; the concentration of NH3-N is in an overall downtrend, as shown. The treatment therefore achieved its goal. The third-party institution, Nanjing Monitoring Center, provided its monitoring data (Table 4), which shows that the water quality in Section A was enhanced by at least 2 levels, and the concentration of NH3-N is relatively low, preliminarily proving that the microbial technology applied in the heavily polluted river was very successful, and that it demonstrates a durable sterilizing effect.


Figure 5. The changes of NH3-N in section A and its trend line.
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Table 4. The monitoring data in Section A from Nanjing Environmental Monitoring Center.





	
Date

	
NH3-N

	
DO

	
TP

	
COD

	
PH

	
Evaluation Results




	
(mg/L)

	
(mg/L)

	
(mg/L)

	
(mg/L)

	
6~9






	
2 May 2017

	
1.36

	
5.28

	
0.160

	
5.80

	
7.77

	
GB3838-2002 Grade IV




	
2 June 2017

	
0.30

	
7.20

	
0.160

	
4.40

	
7.65

	
GB3838-2002 Grade IV











3.2. Analysis of Nemerow Index


Based on the Nemerow pollution index method and standard of classification, this part evaluates the comprehensive effects of the microbial technology on the river odor, from 15th April to 2nd May, and screens out major pollutants. During the process, firstly we evaluated each section from upstream to the downstream, and then calculated the water quality of the whole river. Additionally, in this part, we selected SDO = 3.0 mg/L, SNH3-N = 1.5 mg/L, STP = 0.3 mg/L and SCOD = 30.0 mg/L, which corresponds to Grade IV of surface water standard. Because more than 90% of the concentration of DO was greater than 3.0 mg/L, there was no need to calculate the DO pollution index there. The calculation of the results is listed as follows.



From the comparison of the two tables (Table 5 and Table 6) and the analysis of the figure (Figure 6), it was concluded that the pollution index remained at a high level before the treatment, and that there was no significant downward trend along the river. The Nemerow Index of Chengnan River was 2.7, which shows that the water quality of the river could be categorized as showing moderate pollution, and that its main pollution factors are NH3-N and COD, according to their pollution indexes. After the treatment, the Nemerow Index showed an overall downward trend, except for section B. The Nemerow Index of Chengnan River was 1.9, which is considerably lower than the value of 2.7 that was recorded before treatment. It shows that the water quality of the river may be categorized as demonstrating light pollution (therefore, an improvement of one rank). Thus, the application of the microbial technology achieved preliminary success, and the selection of the microbial agents was shown to be reliable for the current scenario.


Figure 6. The changes of Nemerow pollution index before and after the microbial treatment.



[image: Water 10 00643 g006]





Table 5. Water Quality Evaluation of Chengnan River with Nemerow Index Method before treatment.





	
Number

	
Sampling Points

	
Single Factor Evaluation Index

	
Section Pollotion Index

	
Classification




	
NH3-N

mg/L

	
TP

mg/L

	
COD

mg/L






	
F

	
Shanghe Square

	
2.9

	
0.8

	
0.8

	
2.3

	
Moderate




	
E

	
Caihong Bridge

	
3.1

	
1.2

	
2.3

	
2.7

	
Moderate




	
D

	
Jiangpu Bridge

	
2.8

	
1.1

	
2.2

	
2.4

	
Moderate




	
C

	
Rubber Dam

	
3.3

	
1.2

	
1.9

	
2.8

	
Moderate




	
B

	
Pubing Bridge

	
2.7

	
0.8

	
2.4

	
2.4

	
Moderate




	
A

	
Longwang Temple

	
2.7

	
0.5

	
2.9

	
2.5

	
Moderate




	
River pollution index

	
3.1

	
1.1

	
2.5

	
2.7

	
Moderate









Table 6. Water Quality Evaluation of Chengnan River with Nemerow Index Method after treatment.





	
Number

	
Sampling Points

	
Single Factor Evaluation Index

	
Section Pollotion Index

	
Classification




	
NH3-N

mg/L

	
TP

mg/L

	
COD

mg/L






	
F

	
Shanghe Square

	
2.1

	
1.4

	
1.4

	
1.9

	
Light




	
E

	
Caihong Bridge

	
2.5

	
1.3

	
0.7

	
2.1

	
Moderate




	
D

	
Jiangpu Bridge

	
2.4

	
1.3

	
0.9

	
2.0

	
Light




	
C

	
Rubber Dam

	
1.7

	
1.5

	
0.8

	
1.6

	
Light




	
B

	
Pubing Bridge

	
2.4

	
0.8

	
0.5

	
1.9

	
Light




	
A

	
Longwang Temple

	
1.1

	
0.7

	
0.5

	
0.9

	
Clean




	
River pollution index

	
2.3

	
1.3

	
1.1

	
1.9

	
Light











3.3. Analysis of Fuzzy Comprehensive Evaluation Index


Based on the Fuzzy Comprehensive Evaluation Index method, this part evaluates the comprehensive effects of the microbial technology applied to the river odors. The calculation procedures use the equations from (12) to (24); the results are listed as follows.



(1) Establishment of the index set U:



In this part, four major water quality parameters were selected which are the most common monitoring indicators for measuring the quality of an aquatic environment.


UWater = (DO, NH3-N, TP, COD)



(12)







(2) Establishment of the evaluation set V:



The Chinese Environmental Quality Standards for Surface Water (GB3838-2002) were selected as the evaluation standard.


V = (I, II, III, IV, V, Inferior V)



(13)







(3) Establishment of the weight coefficient fuzzy subset A:



The following equations used to determine the weight for each factor in U.


[image: ]



(14)
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(15)
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(16)
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(17)




where, [image: ]; [image: ] the j evaluation standard value of the i index. Take the section F Shanghe Square as an example. The ultimate calculation process and the results are listed in the following tables.



The fuzzy subset A of the Section F was calculated, as shown below:


[image: ]



(18)







These steps were repeated with the rest of the section’s before and after the treatment, and the following results were summarized as follows from Table 7, Table 8 and Table 9.


Table 7. Weight coefficient of water quality evaluation of Section F before treatment.













	Parameters
	DO

mg/L
	NH3-N

mg/L
	TP

mg/L
	COD

mg/L
	Sum





	Ci
	3.2
	4.37
	0.237
	22.57
	



	Si
	4.7
	1.03
	0.204
	24
	



	Wi
	1.47
	4.24
	1.16
	0.94
	7.81



	ai
	0.19
	0.54
	0.15
	0.12
	1.0








Table 8. The calculation results of weight coefficient of six sections before treatment.





	
Number

	
Sampling Points

	
DO

mg/L

	
NH3-N

mg/L

	
TP

mg/L

	
COD

mg/L

	
Sum






	
F

	
Shanghe Square

	
0.19

	
0.54

	
0.15

	
0.12

	
1.0




	
E

	
Caihong Bridge

	
0.13

	
0.44

	
0.16

	
0.27

	
1.0




	
D

	
Jiangpu Bridge

	
0.14

	
0.41

	
0.17

	
0.28

	
1.0




	
C

	
Rubber Dam

	
0.08

	
0.50

	
0.18

	
0.24

	
1.0




	
B

	
Pubing Bridge

	
0.07

	
0.45

	
0.14

	
0.34

	
1.0




	
A

	
Longwang Temple

	
0.06

	
0.45

	
0.08

	
0.41

	
1.0




	
Average

	
0.11

	
0.46

	
0.15

	
0.28

	
1.0









Table 9. The calculation results of weight coefficient of six sections after treatment.





	
Number

	
Sampling Points

	
DO

mg/L

	
NH3-N

mg/L

	
TP

mg/L

	
COD

mg/L

	
Sum






	
F

	
Shanghe Square

	
0.12

	
0.40

	
0.26

	
0.22

	
1.0




	
E

	
Caihong Bridge

	
0.13

	
0.49

	
0.26

	
0.12

	
1.0




	
D

	
Jiangpu Bridge

	
0.11

	
0.48

	
0.26

	
0.16

	
1.0




	
C

	
Rubber Dam

	
0.13

	
0.39

	
0.33

	
0.15

	
1.0




	
B

	
Pubing Bridge

	
0.09

	
0.59

	
0.21

	
0.11

	
1.0




	
A

	
Longwang Temple

	
0.14

	
0.42

	
0.26

	
0.18

	
1.0




	
Average

	
0.12

	
0.46

	
0.26

	
0.16

	
1.0










From the tables above, we concluded the weight coefficient fuzzy subset A of the six monitoring sections respectively before and after the MT treatment. The results are summarized and shown in the following table (Table 10).


Table 10. The weight coefficient fuzzy subset A of the six monitoring sections.





	
Number

	
Sampling Points

	
A




	
Before Treatment

	
After Treatment






	
F

	
Shanghe Square

	
(0.19, 0.54, 0.15, 0.12)

	
(0.12, 0.40, 0.26, 0.22)




	
E

	
Caihong Bridge

	
(0.13, 0.44, 0.16, 0.27)

	
(0.13, 0.49, 0.26, 0.12)




	
D

	
Jiangpu Bridge

	
(0.14, 0.41, 0.17, 0.28)

	
(0.11, 0.48, 0.26, 0.16)




	
C

	
Rubber Dam

	
(0.08, 0.50, 0.18, 0.24)

	
(0.13, 0.39, 0.33, 0.15)




	
B

	
Pubing Bridge

	
(0.07, 0.45, 0.14, 0.34)

	
(0.09, 0.59, 0.21, 0.11)




	
A

	
Longwang Temple

	
(0.06, 0.45, 0.08, 0.41)

	
(0.14, 0.42, 0.26, 0.18)




	
Average

	
(0.11, 0.46, 0.15, 0.28)

	
(0.12, 0.46, 0.26, 0.16)










(4) Select membership function and obtain the fuzzy relation matrix R.



As above, the China Environmental Quality Standards for Surface Water (GB3838-2002) was selected as the classification standard, and used to determine the membership function of various factors to various water quality levels using the following general formula.



(1) For the water quality belonging to Grade, that is j = 1, the membership function is:
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(19)







(2) For the water quality belonging to Grade II to Grade, that is j = 2~4, the membership function is:
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(20)







(3) For the water quality belonging to Grade, that is j = 5, the membership function is:


[image: ]



(21)







(4) For the water quality belonging to the Inferior Grade, that is j = 6, the membership function is:
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(22)







From this, we can get the following fuzzy relation matrix R:
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(23)







According the equations above, these steps were repeated to obtain the fuzzy relation matrix R of six monitoring sections which were just listed, as follows (Table 11).


Table 11. The fuzzy relation matrix R of the six monitoring sections.





	
Number

	
Sampling Points

	
R




	
Before Treatment

	
After Treatment






	
F

	
Shanghe Square

	
[image: ]

	
[image: ]




	
E

	
Caihong Bridge

	
[image: ]

	
[image: ]




	
D

	
Jiangpu Bridge

	
[image: ]

	
[image: ]




	
C

	
Rubber Dam

	
[image: ]
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B

	
Pubing Bridge

	
[image: ]

	
[image: ]




	
A

	
Longwang Temple

	
[image: ]

	
[image: ]




	
Average

	
[image: ]
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(5) The degree of membership B was calculated by the following equations:
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(24)







The Model M(·,⊕) was selected as the fuzzy compound operation. We then obtained the membership, and determined its corresponding water quality level as follows (Table 12).


Table 12. The degree of membership before and after treatment.





	
Number

	
Sampling Points

	
B




	
Before Treatment

	
After Treatment






	
F

	
Shanghe Square

	
[image: ]
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E

	
Caihong Bridge
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D

	
Jiangpu Bridge

	
[image: ]

	
[image: ]




	
C

	
Rubber Dam
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B

	
Pubing Bridge
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A

	
Longwang Temple

	
[image: ]

	
[image: ]




	
Average

	
[image: ]
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From the analysis of the table above, before the treatment, we can see that the degree of membership to Inferior Grade V is always the highest, and shows a general upward trend from section F to section A. After treatment, the degree of membership to the Inferior Grade V was still highest, except for section A, it was relatively smaller and showed a general downward trend along the river. Section A, where the degree of membership belonging to Grade IV was highest in the provincial test section. The treatment achieves a great success in this respect.



In this research, we discussed several existing mature evaluation methods from different perspectives, and the feasibility of microbial technology as a means of bioremediation for urban polluted rivers without artificial aeration, sediment dredging, or complete sewage interception. Additionally, we examined the question of whether the concept of microbial agent selection merits inclusion.



From the analysis of four single parameters, DO, NH3-N, TP and COD, we can generally perceive both the changes of the water quality parameters along the river before and after the treatment, and the means by which the microbial agent affects them. After the treatment, the average concentration of DO was up to 6.8 mg/L and its average improved rates reached up to 30%. The DO values for corresponding monitoring sections were all greater than before. Furthermore, for pollutant removal, the average removal rates of NH3-N were up to 20%, and the values of corresponding monitoring sections were all smaller than before. Also, the concentration of NH3-N showed a downward trend from section E to A, with an average degradation rate of about 16%, i.e., far beyond the natural degradation rate of NH3-N in river course. The average removal rates of COD were up to 38%, and the values of corresponding monitoring sections were all below 40.0 mg/L, i.e., much smaller than before treatment, except at section F. Finally, perhaps at first glance, the effect of microbial technology on TP treatment might appear to be no better than the other three indicators, for it introduces nutrients at the beginning in order to keep indigenous microorganisms alive and in proliferation in river. Furthermore, the water temperature rises. The concentration of TP is a little higher than before. In spite of this, the concentration of TP is still controlled at below 0.40 mg/L, and showed a downward trend, with an average degradation rate close to 15% in the flow direction, i.e., far beyond the natural degradation rate of TP in river course. From these analyses, it was concluded that the microbial agent did not completely disappear, but rather, diffused along with the movement of the water. It might be accumulated more downstream, since the application results become much better with flow. All the results indicate that the black-odor pollution of Chengnan River has been preliminarily eliminated, and that the river has become, in effect, a natural sewage treatment plant.



From the analysis of Nemerow pollution index, we can screen out major pollutants and remedy seriously polluted sections of the selected river. The most important pollutant was NH3-N, which affects water quality most, and needs to be eliminated. This provides a hopeful direction for water pollution elimination which is problem-oriented, for subsequent decision making. Therefore, to minimize the concentrations of NH3-N, we used specific microbial agents which have no adverse effects on other indicators, so as to improve the overall level of water quality. After the treatment, the Nemerow Indices of corresponding monitoring sections were all much smaller than before; the Nemerow Index of the whole river reduced from 2.7 to 1.9, which indicates that the classification of water quality improved by one rank. All results show that the capacity of dirt-admittance and self-purification of the river had been increased, and that its ecosystem had been restored.



From analysis of the Fuzzy Comprehensive Evaluation Index, both before and after treatment, the weight coefficient of NH3-N was exceeded on overall. This result is in accordance with the previous one, as determined by the Nemerow Index, which indicates that the concentration of NH3-N plays an important role in the overall water quality, and needs to be controlled. Accordingly, we selected the HP-RPe-3 microbial agent as the first-period treatment agent.



As we all know, there are many existing methods, and there will no doubt be countless new methods for water pollution control. Here, we will simply discussed some biological-ecological methods. Mei, etc. found that the biofilm technique would be more effective in purifying black-odor water with the application of sediment aeration techniques beforehand, through a laboratory experiment which showed that the removal rates of NH4+-N and COD reached up to 63.25% and 53.06% respectively [46]. Yucong Zheng, etc. showed that hybrid constructed wetland (HCW) systems had a higher treatment efficiency for organics and suspended solids than nutrients, with the average removal rates of NH3-N, COD were 74.5% and 57.5% respectively; these results were highly seasonal [34]. Y. Zimmels, etc. showed that naturally growing plants could enhance the removal of pollutants. Water hyacinths, with the characteristic of extensive roots and rapid growth rate, and duckweeds, with lower sensitivity to cold climates, were used extensively. The author indicated that this method could not be used in fresh water, but that it can be applied in small communities for the reduction of pollutants such as BOD, TSS, COD, and turbidity [47]. In this paper, we have discussed the field application of MT with the selected HP-RPe-3 microbial agent over 18 days, without any supporting measures. The results have shown that the average removal rates of NH3-N and COD were up to 20% and 38%. These methods are all eco-friendly. If we focus only on the removal rates, the 18-days application of MT is not ideal; however, everything taken into consideration, you may find that it is cost effective, energy saving, low-maintenance, effective, stable, and durable. We just used just one HP-RPe-3 microbial agent and achieved our treatment goals. In this research, the treatment concept is far more important. We treated polluted rivers and sought to restore the river ecosystem step by step. It is generally known that microorganisms have the characteristics of small volumes and large surface areas, greater absorption and faster transformation, vigorous growth and rapid propagation, strong adaptability and easy variation, wide distribution and diverse in terms of species. This is beneficial for the mass and energy exchange between microorganisms and their surrounding environment. In theory, microorganisms can decompose all pollutants. We should do what we can to make the best use of these microorganisms. In view of the river control targets, we can dynamically adjust treatment plans by selecting of microbial agents or combinations of selected microbial agents. Then, we can meet treatment goals and ensure that MT is affordable, environmentally sustainable, and socially acceptable, so as to promote the spread and application of this technology.





4. Conclusions


In this research, we are aimed to propose and promote the use of an affordable, simple, effective, and environment-friendly method for treating polluted urban rivers, coming up with the innovative idea for selecting the right microbial agents based on the concept of traditional Chinese medicine. We have prepared particular microbial agents for several basic pollutants, which also have positive effects on other pollutants in the river; e.g., the HP-RPe-3 microbial agent for the degradation of NH3-N; HP-RPeII for the removal of COD and effective degradation of cellulose; HP-RPeIII for the effective removal of TP, etc. In this field application, firstly we decided to use microbial technology due to the pollution source observed in the waterway, and on account of other basic parameters, such as flow velocity, discharge, etc. Then, we selected treatment agents according to an evaluation of the river pollution. Here, we selected the HP-RPe-3 microbial agent as a first-period treatment agent on account of the urgent need to degrade NH3-N; we also prepared HP-RPeII microbial agents in case of need. While, luckily, the HP-RPe-3 microbial agent worked well, it also has a certain effect on other indicators while reducing the concentration of NH3-N at the same time, thus restoring the ecosystem of the river and enabling its degradation systems to function. The field experiment shows the feasibility and validity of MT, i.e., applying microbial agents to treatment concepts in order to remediate heavily-polluted urban rivers. The Chengnan River also sets a good example of how to apply microbial technology. It is helpful for decision and policy makers who wish to design their specific biodegradation water management projects. It can also provide more choices for managers, yielding better decisions, especially under the circumstances of contrained time frames and low budgets.



In China, the release of the Water Pollution Control Action Plan has highlighted the responsibilities of local governments, strengthened the cooperative prevention and control of watershed water pollution and ecological conservation, improved the supervision and management system for water pollution control, highlighted the measures for prevention and control of water pollution in key areas, enhanced the drinking water safety support system, and specified more rigorous legal liabilities. The water treatment industry will usher in a golden period of development, especially with eco-friendly and cost-effective treatment technologies such as MT. In addition, One Belt And One Road foreign policy provides us a golden opportunity to popularize and export microbial technology to the world, especially to developing countries, seeking to help them to restore river systems. Water pollution is a global problem, and poor people from developing countries suffer most. Both policies provide a good environment for the research and development of microbial technologies. Therefore, further study should include more scenarios and elements, in order to improve the conditions which can more efficiently determine the input pollutants. Furthermore, we should continuously develop more microbial agents to meet various treatment requirements, and should show models supported by more theoretical components.
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