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Abstract:



In this work, a loofah sponge was used as the solid carbon source and the carrier in a biofilm reactor. Simultaneous nitrification and denitrification (SND) technology was used to achieve nitrogen removal in low-carbon municipal wastewater in a sequencing batch biofilm reactor (SBBR). At room temperature, the effects of filling ratio, dissolved oxygen (DO), pH, C/N(CODCr/TN), and aeration time on the removal of nitrogen were systematically studied. In addition, the removal efficiency of total nitrogen (TN) was used as the evaluation index in response surface models (RSM) for optimization of nitrogen removal. The results showed that DO, pH, and aeration time affected nitrogen removal significantly. Therefore, DO, pH, and aeration time were used as the independent variables in RSM. The optimum conditions for nitrogen removal were found to be as follows in RSM: DO = 4.09 mg/L, pH = 7.58, aeration time = 10.47 h. Under the optimum conditions, the maximum TN removal efficiency reached 86.27%. The results also demonstrated that the deviation between the experimental and predicted TN removal efficiency was only 0.58%, the predicted model was reliable for future application.
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1. Introduction


In Southern China, the municipal wastewater is low in carbon, which limits nitrogen removal efficiency during biotreatment due to a lack of carbon source. Several methods have been used for treating low-carbon urban sewage, including external carbon source addition [1,2,3] and some new biological nitrogen removal technologies such as Anammox and SND via nitrite [4,5,6,7,8]. However, an additional carbon source could increase the operational costs and the carbon footprint. Anammox technology has a slow start-up and poor stability of partial nitrification. Simultaneous nitrification and denitrification (SND) is an attractive pathway for nitrogen reduction in comparison with the traditional method because of saving carbon source and reducing aeration consumption [9,10,11]. Zhao et al. [12] found that the nitrogen loss due to SND in the aeration tank contributed 10% to 50% of the total Kjeldahl nitrogen to the overall nitrogen removal. Furthermore, it has been reported that DO, pH, C/N ratio, reaction time, and microbial floc structure greatly influence the performance of SND process [13,14,15,16]. Additionally, the solid carbon source has many advantages compared with the traditional liquid carbon source [17,18]. In recent years, some scholars have used the insoluble carbon source (also known as the solid carbon source) as an additional carbon source for removing nitrogen from municipal wastewater [19,20]. Effects of solid carbon on denitrification process were studied and the removal efficiency of total nitrogen was below 83% [21]. As shown in our previous research [22], a loofah sponge was a good solid carbon source in the SND process and could also be used as a biofilm carrier. The results showed that the TN removal efficiency in startup of the reactor was 70%. It is necessary to improve the nitrogen efficiency of solid carbon source SND.



The response surface methodology (RSM) is the product of a combination of mathematics and statistics, and was proposed by Box and Wilson in 1951. The methodology is especially useful when the response value is affected by a number of variables. The purpose is to investigate the relationship between various variables and the response value, and to finally optimize the response value [23]. The RSM has been widely used in modeling, analysis, and optimization of scientific fields [24,25]. It has been successfully applied to optimize the solutions of a variety of biological processes in the design of statistical experiments [26,27]. Currently, RSM is widely used in bio-chemical, meteorological, and other industries [28,29,30]. The use of RSM method is scarce in the field of water treatment, and is mainly concentrated in studies involving coagulation and sludge-mixed urban wastewater treatment [31,32,33,34,35]. However, to the best of our knowledge, the optimization of the efficiency of nitrogen removal in SND involving solid carbon source has not been reported in the literature.



In the present study, an SBBR containing a loofah sponge was used to enhance the efficiency of nitrogen removal in low-carbon municipal wastewater. The effects of five different factors, DO, water pH, filling ratio, reaction time, and C/N ratio, on the efficiency of nitrogen removal were studied. Finally, RSM was used to optimize the values of the three most influencing factors for the wastewater treatment system.




2. Materials and Methods


2.1. Experimental Materials and Devices


Loofah sponges were purchased from a farmers’ market in Guangzhou, China. The impurities were removed, and the sponge was cut into square blocks with a length of 2 cm (Figure 1). The sponge was dried at 105 °C and then preserved in the refrigerator after cooling down. The inoculated sludge was obtained from the concentration tank of Lijiao Wastewater Treatment Plant in Guangzhou City, China. The concentrated sludge was filtered to remove the impurities, and added to the reactor after settling for 1 h.


Figure 1. Square cut pieces of loofah sponge.
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SBBR was made of organic glass and had three compartments. The effective volume was 6 L. The schematic of SBBR is shown in Figure 2.


Figure 2. Schematic of SBBR. (1) Peristaltic pump; (2) Wastewater tank; (3) Stationary grid; (4) Supporting grid; (5) Aeration tray; (6) Loofah sponge; (7) Electromagnetic valve.
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The experiments were carried out in a laboratory in Guangzhou University and lasted for eight months (April to December 2016).




2.2. Sample Analysis


The synthetic water was used as an influent for SBBR, which was prepared in the laboratory and had the same characteristics as those of the municipal sewage in Guangzhou, China [36]. The characteristics of the synthetic sample are given in Table 1. Trace elements (magnesium sulfate, calcium chloride, ferrous sulfate, and sodium bicarbonate, etc.) were used as nutrients. Glucose was used as the carbon source, whereas ammonium chloride and potassium hydrogen phosphate were used as the nitrogen and phosphorus sources, respectively.


Table 1. Characteristics of the synthetic water sample.





	Index
	CODCr (mg/L)
	TN (mg/L)
	[image: ] (mg/L)
	[image: ] (mg/L)
	[image: ] (mg/L)
	pH-inf





	Range
	90.5–150
	24.2–31.2
	22.9–30.2
	0.1–0.2
	0.1–0.8
	7.0–7.5









The wastewater sample was analyzed based upon the methods detailed in Water and Wastewater Monitoring and Analysis Method (4th edition), which was published by China Environmental Science press [37].




2.3. Experimental Design


While studying the effects of various factors, it was observed that some factors significantly affected the efficiency of nitrogen removal, while others had a relatively weak effect. The former were defined as significantly influencing factors, while the latter were defined as insignificantly influencing factors. The factors were screened before applying RSM, so that only the significantly influencing factors were considered in RSM. In the current work, the effects of DO, pH, filling ratio, reaction time, and C/N ratio were studied individually before being screened for further optimization using RSM. The ranges of each factor were as follows: filling ratio from 20% to 40%, DO from 1 to 6 mg/L, pH from 6.0 to 8.0, C/N ratio from 0 to 10, and aeration time from 0 to 10 h. It should be noted that the pH value of the influent was adjusted by hydrochloric acid and sodium bicarbonate, and the C/N ratio was the ratio between CODCr and TN. That the C/N ratio was 0 meant no carbon source was added to the influent, i.e., CODCr was 0 in synthetic water.



2.3.1. Experimental Design for Studying Individual Factors


The effect of each factor on the nitrogen removal process was analyzed under room temperature (the average temperature was about 25 °C). The operating cycle of SBBR for each factor was same, which consisted of four steps, instantaneous filling, 10 h of aerobic aeration, 1 h of sedimentation process, and decanting (100% replacement of drainage). After the reactor startup (about 21 cycles) [22], the effect of each factor was studied individually while keeping all other parameters constant. To study the effect of each factor, the reactor was run under stable conditions for at least five days. More than 15 effluent samples were conducted for studying the effect of each factor, and average values were used for further analysis. The experimental conditions used for studying the effect of each factor are shown in Table 2.


Table 2. Experimental conditions to study the effect of individual factor.





	Test Name
	Filling Ratio
	DO
	pH
	C/N
	Aeration Time





	Filling ratio
	20–45%
	4.0 ± 0.2 mg/L
	7.0 ± 0.2
	5 ± 1
	10 h



	DO
	optimized value by filling ratio test
	1.0–6.0 mg/L
	7.0 ± 0.2
	5 ± 1
	10 h



	pH
	optimized value by filling ratio test
	optimized value by DO test
	6.0–8.0
	5 ± 1
	10 h



	C/N
	optimized value by filling ratio test
	optimized value by DO test
	optimized value by pH test
	0–10
	10 h



	Aeration time
	optimized value by filling ratio test
	optimized value by DO test
	optimized value by pH test
	optimized value by C/N test
	0–10 h










2.3.2. Modeling Established by RSM


The model of RSM was established and the experimental data were analyzed using Minitab R16 software. The model was set according to the Box–Behnken design. The significantly influencing factors were selected through the results of single-factor experiments, and used as independent variables in the modeling. In order to conveniently analyze the model, the low, medium, and high experimental levels for each factor were encoded as −1, 0, and 1, respectively. The total nitrogen (TN) removal efficiency was used as the response value R.



According to the design method of RSM, different series of independent variable combinations were obtained. Under the conditions of each combination, experiments were carried out to achieve TN removal efficiency. Moreover, five tests were performed as replicates to decrease the practical error; the average values were used as R values for each series.




2.3.3. Analysis Method of RSM


The analysis process was divided into five parts, namely the fitting of the selected model, performing the residual diagnosis, improving the model, explaining the selected model, and conducting a verification test to confirm the target was achieved. The analysis process was presented in Figure 3.


Figure 3. RSM analysis procedure.
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Finally, a stable and reliable model can be obtained. The model was used to optimize the nitrogen removal efficiency in solid carbon source SND process, and the combination of factors to achieve the optimized nitrogen removal was obtained by RSM.






3. Results and Discussion


3.1. Single Factor Test Analysis


As shown in Figure 4a, the average TN removal rate increased with the increase of filling ratio. The highest average TN removal efficiency was obtained when the filling rate was 40%. With the increase of filling ratio to 45%, the TN removal efficiency tended to stabilize. That is, after 40%, the filling ratio affected TN removal efficiency insignificantly.


Figure 4. Effect of different factors on the efficiency of nitrogen removal. (a) Effect of filling ratio; (b) effect of DO; (c) effect of pH; (d) effect of C/N ratio.



[image: Water 10 00827 g004]






Figure 4b,c showed that, when DO and pH value were about 4.0 mg/L and 7.5, respectively, the highest nitrogen removal efficiency was achieved. Both DO and pH variance affected the nitrogen removal efficiency significantly. Therefore, both DO and pH were categorized as significantly influencing factors.



It could be seen from Figure 4d that the C/N ratio had little effect on the TN removal efficiency. The average TN removal was around 69.8% when the C/N ratio was 0, while under other C/N ratios no significant difference was observed in TN removal efficiency (80–85%). Thus, C/N was not considered a significantly influencing factor. This also demonstrated that a loofah sponge could supply enough carbon for a biofilm; even with no carbon source in the influent (C/N was 0), TN removal efficiency could reach nearly 70%.



As shown in Figure 5, the aeration time was a significant influencing factor for the removal efficiency of TN. At the 9th hour, the average concentrations of NH4+–N and TN were less than 5 mg/L and 7.17 mg/L, respectively, which met with class IA of the Chinese discharge regulations [38].


Figure 5. Effect of aeration time on the efficiency of nitrogen removal.
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It should be noted that the content of CODCr was lower than 30 mg/L at the 3rd hour, after which the content of CODCr was found to be in dynamic balance and remained stable at around 20 mg/L. These phenomena indicated that the treatment of low-carbon municipal sewage by solid carbon source does not involve a high concentration of effluent CODCr.



All these results have shown that DO, pH, and aeration time are significantly influential factors on TN removal and are also considered independent variables in the RSM model.




3.2. RSM Analysis


What distinguishes RSM from the general test design method is the option of a regression equation. The quadratic surface was fitted using the RSM model. The basic principle of the RSM model is that the quadratic polynomial equation was fitted using the least squares method. The regression equation of RSM model is represented by Equation (1):
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(1)




where “R” is the response value, xi, and xj (i ≠ j) are the independent variables, and a0, ai, aj, and aij (i ≠ j) are the constants.



3.2.1. Selection and Determination of the Analysis


Based upon the analysis of individual factors, DO, influent pH, and reaction time were taken as the independent variables in the RSM model. On the basis of Box–Behnken test design principle, the independent variables were encoded as low (−1), medium (0), and high (1) experimental levels. The TN removal rate was taken as the response value R. Table 3 lists the design factors and their levels in RSM model.


Table 3. Factors and their levels in the response surface design of nitrogen removal rate.





	
Factor

	
Code




	
−1

	
0

	
1






	
DO (mg/L)

	
3.5

	
4.0

	
4.5




	
pH

	
7.2

	
7.5

	
7.8




	
Aeration time (h)

	
9

	
10

	
11











3.2.2. RSM Model Establishment and Improvement


The RSM model was based on the Box–Behnken design, and was established using Minitab R16. Table 4 lists the results from the RSM model.


Table 4. Response surface design arrangement and modeling results.





	Series Number
	DO
	pH
	Aeration Time
	TN Removal Rate (R)





	1
	3.5
	7.5
	9
	67.0%



	2
	4
	7.5
	10
	84.4%



	3
	4.5
	7.2
	10
	79.6%



	4
	3.5
	7.5
	11
	82.7%



	5
	4.5
	7.5
	11
	81.0%



	6
	4
	7.8
	9
	75.0%



	7
	3.5
	7.8
	10
	76.5%



	8
	3.5
	7.2
	10
	71.5%



	9
	4
	7.2
	11
	78.5%



	10
	4
	7.8
	11
	83.4%



	11
	4.5
	7.8
	10
	82.0%



	12
	4
	7.5
	10
	85.4%



	13
	4
	7.5
	10
	83.9%



	14
	4
	7.2
	9
	69.5%



	15
	4.5
	7.5
	9
	77.4%









Using the Minitab R16 software analysis (Version 16.1.0, Minitab Inc., State College, PA, USA), the model was improved twice, and the insignificant items of regression equations were deleted. Consequently, a reliable model was obtained, the analysis of which is listed in Table 5.


Table 5. Comparison of the results before and after the modification of RSM model.





	Analysis
	Original Model

Final Model
	Change





	R-Sq
	98.73%

98.34%
	Decreased



	R-Sq (adjusted)
	96.45%

96.68%
	Increased



	R-Sq (predicted)
	83.24%

89.23%
	Increased



	S
	0.0107184

0.0103679
	Decreased



	PRESS
	0.0075865

0.0048770
	Decreased







PR = 0 and PLack of fit = 0.344 of the final model.








As shown in Table 5, PR = 0, which shows that the model was effective in general. The PLack of fit = 0.344 is much higher than 0.05, indicating that the model did not cause any mismatch. The coefficient of significance of regression model was R-Sq = 0.9834, which indicates that the fitting results were satisfactory. The difference between the modified model’s R-Sq and the R-Sq (adjusted) was reduced, which shows that the model became more accurate and the level of fitting was superior after the modification. The values of S and PRESS decreased, while R-Sq (predicted) increased. These changes indicate that the overall regression process improved significantly.



Figure 6 showed the residual diagnostic results for the improved model of TN removal. The results show that the residuals do not have any anomalies. As seen in Figure 6a,c, the residual distribution conformed to the normal distribution. Figure 6b showed that the residual distribution did not appear obvious “funnel-shaped” or “trumpet-shaped.” Figure 6d is a scatter diagram of the residuals with the observation sequence as horizontal axis, and it could be seen that the residuals fluctuated irregularly along the horizontal axis and there was no obvious “U” shape or “inverted U” shape. It is concluded that the error in the model mainly consisted of systematic error, and was within the acceptable range. Therefore, the model can be used to analyze and predict the TN removal efficiency of low-carbon municipal wastewater treated with a solid carbon source through SND technology.


Figure 6. Residual plots of the nitrogen removal efficiency. (a) Normal distribution of the residuals; (b) fitted values of the residuals; (c) histogram correlating the frequency and residuals; (d) observation order.
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Table 6 lists the regression coefficients of the quadratic polynomial regression equations of the model and the p values corresponding to the regression coefficients.


Table 6. Analysis of variance (ANOVA) for the fitted quadratic polynomial model.





	Project
	Coefficient
	p





	Constant
	−32.86
	0.000



	A
	1.73
	0.001



	B
	6.4
	0.000



	C
	1.12
	0.000



	A2
	−0.42
	0.000



	B2
	−0.04
	0.000



	C2
	−0.06
	0.000



	AC
	−0.13
	0.001







Note: “A” stands for DO, “B” stands for pH, and “C” stands for the aeration time.








The results presented in Table 6 show that the p value of each coefficient was less than 0.05, which indicated that, in the quadratic polynomial regression equation of the model, each had a significant impact on the response value R. The quadratic polynomial regression equation of the model is represented by Equation (2):


[image: ]



(2)




where “A” stands for DO, “B” stands for pH, and “C” stands for the aeration time.




3.2.3. Response Surface Analysis of Nitrogen Removal Efficiency


A contour map of TN removal efficiency and the response surface graph for the regression model (Figure 7) could be obtained using Minitab R16 software, which presented the relationship between the response variable (TN removal efficiency) and the selected main factors (DO, pH, and aeration time).


Figure 7. Relationship between the TN removal efficiency and different selected main factors. (a) Relationship between the TN removal efficiency, the aeration time and the DO; (b) contour map of TN removal efficiency with the aeration time and DO; (c) relationship between the TN removal efficiency, the aeration time, and the pH; (d) contour map of TN removal efficiency with the aeration time and pH; (e) relationship between the TN removal efficiency, the DO, and the pH; (f) contour map of TN removal efficiency with DO and pH.
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As shown in Figure 7, the TN removal efficiency increased with the increase in aeration time, while it first increased with the increase in DO and pH, and then decreased. The results showed that the aeration time had the greatest influence on the removal efficiency of TN, followed by DO and pH. Therefore, the effects of various factors on the TN removal efficiency of SND process using a solid carbon source were found to be in the following descending order: aeration time > DO > pH. Meanwhile, within the range of the selected RSM design (DO ranging between 3.5 and 4.5 mg/L, pH ranging in 7.2–7.8, aeration time ranging between 9 and 11 h), the removal efficiency of TN had a maximum value for optimum values of DO, pH, and aeration time. The optimized TN efficiency was achieved up to 86.27%, when DO, pH, and aeration time were 4.096 mg/L, 7.5879, and 10.47 h, respectively, by Minitab R16 optimizer in RSM software.




3.2.4. Verification and Analysis


According to the best response value calculated in the RSM model, the possible variation range of this value was calculated. Then the reliability of the model was verified through several verification tests under the optimum conditions.



The Interval Estimate


There are two kinds of interval estimates. One is the confidence interval (CI), which is the prediction of the theoretical average when the number of verification tests is unlimited. The other is the prediction interval (PI), which is the prediction of a single test result. Minitab R16 automatically gives the predictive values, which are presented in Table 7.


Table 7. Interval estimate for the optimal TN removal efficiency.





	(95% CI)
	(95% PI)





	(0.849668, 0.875642)
	(0.834912, 0.890398)









Table 7 shows (95% CI) is (0.849668, 0.875642), which indicates that 95% of the results fall into this interval when the test was conducted for infinite time, or the average value has a 95% probability within this interval. A single test prediction interval (95% PI) is (0.834912, 0.890398), which indicates that, when a test is carried out, the probability that the result will fall within the interval is 95%, and therefore, can be used as a short-term verification test.




Test Verification


Taking into account the errors caused by limited number of tests and uncontrollable factors, the test will be conducted several times in parallel, and the average value is taken as the experimental result for verification.



Validation tests were conducted using the Test Group 2, as listed in Table 4. The tests were carried out according to the optimization results obtained by the model (DO = 4.09 mg/L, pH = 7.58 and aeration time = 10.47 h), the results of which are shown in Figure 8. In the first seven cycles, microorganisms are in the adaptive stage, and the removal efficiency of TN was not up to the theoretical value. However, the removal efficiency of TN was observed to be increasing. After seven cycles, the TN removal efficiency tended to stabilize. Therefore, the removal efficiency of TN during the 7–10 cycles was used as the validation result of the test. The removal efficiencies of TN were 0.859 (7th cycle), 0.839 (8th cycle), 0.86 (9th cycle), and 0.871 (10th cycle), with an average of 0.857, which was within 95% CI. The results also showed that the deviation between the experimental and predicted TN removal efficiency (0.862) was only 0.58%.


Figure 8. Changes in denitrification in validation test.
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4. Conclusions


In an individual factors study, when the filling ratio and C/N reached 40% and 2.5, respectively, the effects of filling ratio and C/N on nitrogen removal were insignificant. The effects of DO, pH, and aeration time on the removal efficiency of nitrogen were significant. Therefore, DO, pH, and aeration time were selected for the RSM model.



The model determined the coefficient R-Sq = 0.9834, which indicated a reliable model. The two regression equations of the TN removal rate for various values of DO, influent pH, and aeration time were obtained using the model.



Under the selected parameters of the model, the effects of DO, pH value, and aeration time on TN removal efficiency in the SND process were in the order: aeration time > DO > pH.



The theoretical optimum based on the model obtained was: DO = 4.09 mg/L, pH = 7.58 and aeration time = 10.47 h, which led to a TN removal efficiency of 86.2%. The difference in the TN removal rate obtained between experiments and the model was only 0.58%.
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