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Abstract

:

In rural toilets, black water still remains polluted by nitrogen and phosphorus after being pre-treated by septic tanks. This study uses aerated biofilters to purify black water, screen the biofilter filler, and determine its effect on nitrogen and phosphorus purification in rural black water. This study introduced the concept of the “shape factor” into the Langmuir and Freundlich equations and optimized the isotherm adsorption model to better fit the actual dynamics of nitrogen and purification in black water. Combined with the first-order kinetic equation, the double constant equation, and the Elovich equation, the adsorption performance of seven kinds of biofilter fillers (i.e., zeolite, volcanic rock, sepiolite, ceramsite, anthracite, vermiculite, and peat) was studied. Then, the biofilter was constructed using a combination of fillers with better adsorption properties, and its ability to purify rural black water was studied. Results showed that vermiculite and zeolite had little effect on nitrogen and a high saturated adsorption of 654.50 and 300.89 mg·kg−1, respectively; peat and ceramsite had little effect on phosphorus and a high saturated adsorption of 282.41 mg·kg−1 and 233.89 mg·kg−1, respectively. The adsorption rate of nitrogen from fast to slow was vermiculite > peat > zeolite > volcanic rock > sepiolite > ceramsite > anthracite. The adsorption rate of phosphorus from fast to slow was peat > ceramsite > zeolite > sepiolite > vermiculite > volcanic rock > anthracite. Four combined biological filter fillers aided the removal of nitrogen and phosphorus from rural high-concentration black water. The combination of zeolite and ceramsite filler had a good nitrogen and phosphorus removal effect in high-concentration black water. After the system was stable, the nitrogen removal rate attained 71–73%, and the phosphorus removal rate attained 73–76% under the influent condition of total nitrogen and phosphorus concentrations of 150–162 and 10–14 mg·L−1, respectively. This study provides technical support and reference for the purification and treatment of rural black water.
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1. Introduction


Blackwater refers to toilet fecal sewage, including human urine, feces, and sewage from toilet flushing [1]. Blackwater is a major part of the domestic sewage. Approximately 1.4 billion people in China, and 800 million farmers live in rural areas. The annual production of domestic sewage in rural China is estimated to exceed 9 billion tons, and the annual output of human excrement and urine reaches 260 million tons, most of which have not been safely disposed of. The problem of toilet manure pollution control in a rural living environment cannot be ignored. It is directly related to the residents’ health and environmental conditions [2]. The pollutant components in blackwater account for a very high proportion of the total load of domestic sewage pollution. TN (total nitrogen), NH4+–N (ammonia nitrogen), and TP (total phosphorus) account for >84%, and are the main components of pollutants [3]. The septic tank connected to the toilet can effectively decompose the organic matter in blackwater through long-term anaerobic fermentation [4]. However, the septic tank effluent still contains high nitrogen and phosphorus concentrations due to insufficient nitrogen and phosphorus removal conditions. A direct discharge will cause not only large non-point source pollution, water eutrophication, and biological hypoxia, but also affect human health [5,6]. Therefore, in China, where the rural population accounts for a large proportion, research on nitrogen and phosphorus purification in rural blackwater is highly significant.



Presently, the secondary treatment of effluent from rural septic tanks is mostly based on soil infiltration, constructed wetlands, and other land treatment technologies [7,8]. Although the land treatment system can achieve a certain effect, it has many drawbacks; for example, the soil infiltration system has a low environmental carrying capacity, covers a large area, and is easily blocked; the constructed wetland technology has problems, such as a low environmental pollution load and difficult operation in winter. Compared with land treatment technology, an aerated biological filter has the advantages of a small footprint, simple operation and maintenance, easy replacement of fillers, and high efficiency [9,10,11,12]. It has a good application prospect in rural decentralized domestic sewage treatment.



A biofilter is an artificial biological treatment technology developed based on the principle of soil self-purification through an intermittent sand and contact filter [13]. The filler is an important part of the biofilter. Studies have shown that the biofilter with traditional crushed stone or sand as the filler can effectively remove organic pollutants; however, the removal rate of nitrogen and phosphorus is low [14]. The biological filter itself belongs to the biofilm process, the treatment load is relatively low, and the upper limit of influent quality should not be too high. Nitrogen and phosphorus absorption by filter media includes the physical adsorption of a specific surface area and chemical adsorption in the form of ion interaction, and the filter media significantly affect the formation and shedding of biofilm. Moore et al. [15] studied the effect of filter media size on nitrogen and phosphorus removal in a biological filter, and found that small particle filter media (1.5~3.5 mm) is beneficial for nitrogen removal but unsuitable for a high hydraulic load, whereas large particle filter media (2.5~4.5 mm) improve filter operating conditions, but are unconducive to nitrogen removal and SS removal. As the gap between the traditional single filter media is too small, when the filter load is too high, the excessive biofilm growth will cause the blockage of the filter, causing a short flow phenomenon, greatly reducing the effluent quality. Therefore, most biological filters are presently mainly used in water bodies with a low nitrogen and phosphorus concentration load. For example, Liu et al. [16] used a biologically aerated filter to purify naturally polluted river water, while Huang et al. [17] used a biological filter to purify domestic municipal sewage. Generally, the nitrogen and phosphorus concentration in the influent concentration of the biological filter does not exceed 50.0-mg/L and 6.0-mg/L, respectively. However, the concentration range of nitrogen and phosphorus in rural blackwater is generally 150-mg/L and 15-mg/L, respectively. There are few studies on biological filters teaching how to purify the water bodies with high nitrogen and phosphorus concentrations in rural blackwater. Given the problem of the high pollution of nitrogen and phosphorus in rural blackwater after septic tank treatment, this paper (1) introduced the concept of the “shape factor,” conducted optimization of the isotherm adsorption model combined with the kinetic equation to screen the biofilter fillers with better performance; (2) used an optimized combination of fillers to construct a biofilter to study the treatment effect of high-concentration blackwater. This work may provide technical support and reference for purifying and treating rural blackwater.




2. Materials and Methods


2.1. Experimental Materials


Experimental materials: zeolite, volcanic rock, sepiolite, ceramsite, anthracite, specific gravity > 1, granular, particle size after sieving was 2–5-mm; vermiculite, peat, specific gravity < 1, granular, particle size after sieving was 1–3-mm. All materials utilized were washed with clean water and dried before use. The blackwater used in the test was obtained from the septic tanks of farmers in Ninghe District, Tianjin, China. The distribution of sampling points is shown in Figure 1, and the water quality indicators are shown in Table 1.




2.2. Experimental Methods


2.2.1. Biofilter Filler Comparison Test


	(1)

	
Isothermal adsorption test of nitrogen and phosphorus by filler







NH4Cl (ammonia chloride) (KH2PO4 (potassium dihydrogen phosphate)) solutions with concentrations of 10, 20, 40, 60, 80, 100, 150 and 200-mg·L−1 were prepared in a 250 mL conical flask. Approximately 10-g filler was added, and the flask was placed in a thermostatic oscillator to shake for 24 h at 25 °C and 125 r·min−1. After removing the conical flask, 50-mL shaken liquid was transferred into a centrifuge tube and centrifuged for ten minutes at 4000 r·min−1. The supernatant was filtered with a 0.45-μm microporous water-based filter membrane. The filtered liquid was subjected to nitrogen and phosphorus mass concentration determination, and the adsorption capacity of the filler was calculated. Three groups of parallel tests were established for each filler.



	(2)

	
Adsorption kinetics test for fillers for nitrogen and phosphorus







The NH4Cl (KH2PO4) solution with a 50 mg·L−1 concentration was prepared and placed in six 250-mL conical flasks. Each flask was added with 10-g filler and placed in a thermostatic oscillator for 24 h at 25 °C and 125 r·min−1. The six conical flasks were removed after 10, 20, 40, 60, 120 and 240 min. About 50-mL shaken liquid was placed into a centrifuge tube and centrifuged for ten minutes at 4000 r·min−1. The supernatant was filtered with a 0.45-μm microporous water-based filter membrane. The filtered liquid was subjected to nitrogen and phosphorus mass concentration determination, and the adsorption capacity of the filler was calculated. Three groups of parallel tests were established for each filler.




2.2.2. Removal of Nitrogen and Phosphorus from Blackwater by the Biological Filter


The comparison of fillers revealed that vermiculite and zeolite are fillers with better nitrogen adsorption while peat and ceramsite, are fillers with better phosphorus adsorption. These fillers were combined in pairs, meaning that vermiculite + peat, zeolite + peat, zeolite + ceramsite, and vermiculite + ceramsite were used to construct aerated biofilters (the device is shown in Figure 2). The test device was a plexiglass column with a diameter of φ0.4 m × 0.5 m, the water flow direction was an upward flow, and an aeration pump performed the aeration method at the bottom of the device for blast aeration. The air-water ratio of the device was 1:1, and the filler in the filter tank was filled with two different combinations of fillers evenly mixed at a volume of 1:1. The operating parameters of the aerated biofilter for purifying the actual blackwater were a hydraulic retention time of two hours, a hydraulic load Pof 2 m3/m2/h, and an aeration volume of 25 L/h. After the system was stable, the inflow and outflow water samples were obtained daily to determine the nitrogen and phosphorus contents.




2.2.3. Required Model Method for Fillers


	(1)

	
Optimization of the isotherm adsorption model







	
Basic model






For the adsorption phenomenon on the solid surface at a constant temperature, the Langmuir and Freundlich equations are often used to express the relationship between the adsorption amounts on the surface and the equilibrium concentration of the solute in the medium [18,19]. The distribution of adsorption sites during the nitrogen and phosphorus adsorption process by different materials was assessed following the fitted correlation coefficient.



The equilibrium adsorption capacity Qe (mg·kg−1) of the filler for nitrogen and phosphorus was calculated using the following formula:


   Q e  =   V (  C 0  −  C e  )  M   



(1)




where V is the volume of the solution, L; C0 is the nitrogen and phosphorus content in the initial solution, mg·L−1; Ce is the nitrogen and phosphorus content in the filtered liquid, mg·L−1; and M is the amount of filler, kg.



The Langmuir and Freundlich equations fitted the adsorption isotherm equations.



Langmuir equation:


   Q e  =   K  Q m   C e    1 + K  C e     



(2)







Freundlich equation:


   Q e  = k   C e    1 n     



(3)




where Qe is the adsorption amount of nitrogen and phosphorus by the filler, mg·kg−1; K is a constant that varies with the properties of the material; Qm is the theoretical maximum nitrogen and phosphorus adsorption capacity by the filler, mg·kg−1; Ce is the equilibrium mass concentration of the solution, mg·L−1; k is the equilibrium adsorption coefficient reflecting the adsorption capacity of the filler; and n is the constant representing the adsorption strength of the filler.



	B.

	
Optimization model







The Langmuir and Freundlich equations are the gas–solid adsorption models derived by the physical chemist Langmuir based on the data results and the kinetics of adsorption when the physical chemist Langmuir studied the adsorption of low-pressure gases on metals. Researchers refer to this equation to explain the application of liquid–solid adsorption. This equation describes the adsorption state of the adsorbate on the pure substance and the equilibrium adsorption state without external interference. In this experiment, nitrogen and phosphorus adsorption by different materials was affected by the physical and chemical properties of many materials and the surrounding environmental factors, causing complex adsorption mechanisms and processes, which were difficult to quantify.



Thus, the concept of “shape factor” was introduced based on the Langmuir equation. “Shape factor” comes from population ecology. In population ecology, the logistic model is often used to describe the dynamic characteristics of the population. However, population growth is affected by several factors, so the model cannot fit the actual dynamics of the population properly [20]. Therefore, the concept of “shape factor” was introduced based on the logistic model [21]. Similarly, the adsorption model formed by introducing the “shape factor” into the Langmuir equation is as follows:


    Q  e  =        m K   C  e    1 + K   C  e        d   



(4)




where d is the shape factor introduced to reflect the influence of the physical and chemical properties of the adsorbent and environmental factors on the shape of the adsorption isotherm; m is a parameter related to the saturated adsorption capacity; K is a constant that varies with material properties; and Ce is the equilibrium mass concentration of the solution, mg·L−1.



When the shape factor was 1, the constructed adsorption model was transformed into the Langmuir equation; when K was small, i.e., 1 + KCe ≈ 1, the constructed adsorption model was transformed into the Freundlich equation. The optimized new equation model can determine the comprehensive influence degree of the material itself on the adsorption process according to the fitted d value. When the d value significantly deviates from 1, it indicates that the material significantly influences the adsorption process.




2.2.4. Adsorption Kinetic Analysis Method


The first-order kinetic equation, the double constant equation, and the Elovich equation are often used to describe the adsorption kinetics of the adsorbent on the adsorbate. The first-order kinetic equation is based on the regulation relationship between reactant concentration and reaction rate. The double constant equation reflects the complex kinetic fitting of the adsorption process. The Elovich equation reflects several reaction mechanisms in the adsorption process, and the activation energy changes significantly during the adsorption process. Using the kinetic equations mentioned above to simulate the kinetic process of nitrogen and phosphorus adsorption by the filler, the specific kinetic behavior of the filler in nitrogen and phosphorus adsorption can be assessed [22,23,24]. The specific equations are as follows:



First-order kinetic equation:


  In  Q e  = a + k t  



(5)







Double constant equation:


  In  Q e  = a + k In t  



(6)







Elovich equation:


   Q e  = a + k In t  



(7)




where Qe is the equilibrium adsorption capacity of nitrogen and phosphorus by the filler, mg·kg−1; t is the adsorption time, min; a is a constant related to the initial concentration; and k is the rate constant related to the activation energy of adsorption.




2.2.5. Determination Method of Indicators


TN was determined using alkaline potassium persulfate spectrophotometry, ammonia nitrogen was determined using Na reagent spectrophotometry, nitrate-nitrogen was determined using ultraviolet spectrophotometry, and TP was determined using ammonium molybdate spectrophotometry. The fillers’ surface area and pore size distribution were determined by a specific surface area and pore size analyzer. The fillers’ surface characteristics were analyzed using scanning electron microscopy. The elemental composition of the material surface was determined using X-ray diffraction.




2.2.6. Data Analysis Method


The experimental data were sorted using Microsoft Excel 2019 (Microsoft, Redmond, WA, USA) and analyzed using Origin 2019. The Origin 2019 software was used for drawing.






3. Results and Discussion


3.1. Analysis of the Physical and Chemical Properties of Fillers


The seven materials’ physical and chemical properties were analyzed and compared. The SEM (scanning electron microscope) analysis results of the fillers (Figure 3) show that the surfaces of zeolite, volcanic rock, ceramsite, peat, and vermiculite were relatively loose and rough, with numerous uneven folds and similar irregular scales on the surface, indicating that the materials had many active sites and could be used as the carriers for microbial attachment. The seven materials’ chemical properties also differed. From the energy spectrum analysis of the seven materials (Figure 4), the surface of zeolite, volcanic rock, ceramsite, and vermiculite had several types of elements, while the surface of sepiolite, anthracite, and peat had few types and contents of elements. Volcanic rock had the highest C content of 5.73%, followed by zeolite, ceramsite, and vermiculite (1.73–2.64%). The content of the O element in zeolite, volcanic rock, and ceramsite was 41.35–52.20%, followed by vermiculite (34.75%). The Si content of zeolite, ceramsite, and vermiculite was high, ranging from 18.56% to 35.05%. The content of Al in ceramsite reached 11.59%, followed by zeolite, volcanic rock, and vermiculite (7.77–9.02%). Additionally, the surface of volcanic rock, ceramsite, and vermiculite contained small amounts of elemental Fe, Mg, and Ca. The microstructures of the seven materials (Table 2) revealed that zeolite and vermiculite had the largest specific surface areas, which were 8.56 m2/g and 8.62 m2/g, respectively. The larger specific surface area could provide more adsorption sites for the filler, which benefited the physical adsorption of nitrogen and phosphorus elements in the water body. Ceramsite, zeolite, vermiculite, and the peat had a large pore volume and size.




3.2. Isothermal Adsorption Characteristics of the Seven Fillers for Nitrogen and Phosphorus


The isotherm adsorption curves were drawn based on the adsorption capacity and equilibrium concentration of nitrogen and phosphorus by each filler under different nitrogen and phosphorus solution concentrations (Figure 5). There were large differences in the adsorption capacity of nitrogen among the seven fillers. The adsorption trend increased with an increasing initial concentration, among which the adsorption capacities of vermiculite and peat were the largest. The nitrogen adsorption capacity of the seven materials was ranked as follows (from strong to weak): vermiculite > peat > zeolite > volcanic rock > sepiolite > anthracite > ceramsite. The adsorption isotherm curve of vermiculite had the largest slope, and the adsorption rate of nitrogen was also large. A 23.5-mg·L−1 equilibrium concentration could still show a strong nitrogen adsorption capacity; the lower nitrogen adsorption capacity of peat compared to vermiculite may be due to the existence of other forms of nitrogen in peat, which interfered with the adsorption of nitrogen in the added liquid by peat [22]. Nitrogen removal using the filler is mainly through physical adsorption and ion exchange. The former occurs on the surface of the aluminosilicate structure, and the latter occurs in the interior of the aluminosilicate structure. Nitrogen removal using ion exchange has strong stability [23]. In this study, vermiculite, peat, and zeolite presented high adsorption performance for nitrogen. The high adsorption performance of vermiculite and zeolite for nitrogen may be attributed to their rough surfaces and being porous, as well as their large specific surface area, which could benefit adsorption. Moreover, they could exchange ions with NH4+ (ammonia ion) in water without altering their crystal structure [24]. Both vermiculite and peat have a porous aluminosilicate crystal structure, containing many cavities and pores; its surface, with a strong dispersion force and cation exchange performance for NH4+, demonstrates strong adsorption. However, in this experiment, the volcanic rock also had a rough surface and a large specific surface area, but a low adsorption performance for nitrogen, which may be because the volcanic rock will increase its pH when it is transferred into a water body, so OH− (hydroxide ion) combined with NH4+ in the water body weakens the exchange capacity of cations inside the material and affects NH4+ adsorption [25].



The adsorption capacity of the seven fillers to phosphorus increased with the increased initial concentration; the adsorption capacity of the peat to TP was the largest, because the specific surface area of the peat was large, and the adsorption performance was high (Figure 5). Additionally, the groups on the surface of peat displayed a certain chemical adsorption on P, and the ion exchange of Ca2+ (calcium ion) and K+ (potassium ion) on phosphate in peat increased the adsorption capacity of phosphorus. The phosphorus adsorption capacity of the seven materials was ranked as follows (from strong to weak): peat > ceramsite > vermiculite > zeolite > sepiolite > volcanic rock > anthracite. The adsorption capacity and the adsorption rate of peat and ceramsite were basically similar when the equilibrium concentration of TP was <9.5 mg·L−1; when the equilibrium concentration was higher than 9.5 mg·L−1, the adsorption rate of peat was gradually higher than that of ceramsite with an increased phosphorus equilibrium concentration. The phosphorus removal using fillers was through surface adsorption and precipitation [26,27]. The Ca2+, Fe2+ (iron ion), Mg2+ (magnesium ion), and Na+ (sodium ion) plasmas contained in the filler were released into the water body and formed a poorly soluble compound with phosphorus in the water body; phosphorus was exchanged with the abovementioned metal ions hydrated on the surface of the material and bound into the crystal lattice of the material [28,29]. Ceramsite contains a large amount of Ca2+, Fe2+, Mg2+, and Na+ so the removal effect of the collar in the water body was better [30]. The removal effect of peat on phosphorus was better than that of other materials, partly because peat has a rough surface and a large specific surface area, causing greater physical adsorption. A high physical adsorption was more conducive to phosphorus adsorption in water on its surface and promoted the physicochemical role of relevant metal ions and phosphorus. Some studies have also shown that crystalline soil minerals, iron and aluminum oxides, organic matter, and other substances in peat have a high affinity for PO43− (phosphate ion). Particularly, amorphous iron and aluminum oxides have a strong adsorption effect on phosphorus [31,32].



The isotherm adsorption curves of nitrogen and phosphorus by each filler were fitted with the basic and optimized model. The results are shown in Table 3. In the basic model, the K value represents the adsorption and binding capacity of the material, and the adsorption and binding capacity of the filler for nitrogen was as follows: peat > vermiculite > volcanic rock > zeolite > anthracite > sepiolite > ceramsite; Qm represents the theoretical adsorption saturation of nitrogen, and the theoretical adsorption saturation of nitrogen from large to small was as follows: vermiculite > zeolite > peat > sepiolite > volcanic rock > ceramsite > anthracite. K is a constant that reflects the nitrogen adsorption capacity of the filler. Theoretically, the larger the k value, the better the nitrogen adsorption capacity of the filler. Among the seven fillers, vermiculite and peat had higher k values, followed by zeolite and volcanic rock. To summarize, vermiculite and peat exhibited better nitrogen adsorption among the seven fillers. In the isotherm fitting of phosphorus adsorption, the Freundlich (R2 > 0.90) equation could better fit the phosphorus adsorption characteristics of the seven fillers, while the Langmuir (R2 > 0.90) equation only fitted the adsorption characteristics of phosphorus on five fillers, except for vermiculite and anthracite. These findings indicated that the adsorption characteristics of vermiculite and anthracite were more inclined to multilayered molecular adsorption. In the phosphorus Langmuir equation, the K values of the seven fillers from large to small were as follows: sepiolite > vermiculite > anthracite > zeolite > ceramsite > peat > volcanic rock; the order of Qm was peat > ceramsite > volcanic rock > vermiculite > zeolite > sepiolite > anthracite. In the Freundlich equation, the k value of ceramsite, peat, and vermiculite was large; that is, the adsorption capacity of phosphorus was large. Hence, among the seven fillers, ceramsite and peat exhibited a better adsorption performance for phosphorus.



Based on the adsorption test results of nitrogen and phosphorus on seven different materials, nonlinear parameter estimation was conducted on Origin software using the optimized isotherm adsorption model (Table 4). In the new adsorption equation model, each material’s correlation coefficient of nitrogen and adsorption could reach a significant level. The average value of the correlation coefficient in Table 3 was 0.984, which showed that the new adsorption equation model demonstrated a good fitting degree. The new isothermal adsorption equation could assess the comprehensive influence of the material itself on the adsorption process following the fitted d value. The greater the deviation of d from 1, the greater the comprehensive influence of the nature of the filler itself on the adsorption process to further screen the materials with better adsorption performance. In this experiment, given that the environmental conditions of different materials in the adsorption process were similar, the fitted d value of the properties of zeolite (1.037) and vermiculite (0.995) minimally affected nitrogen adsorption, while ceramsite (1.034) and peat (0.944) slightly affected phosphorus adsorption.



Vermiculite and zeolite, with a better nitrogen adsorption effect, and the ceramsite and peat, with a better phosphorus adsorption effect, were subjected to SEM analysis after their adsorption, and the results are shown in Figure 6. After vermiculite adsorbed nitrogen, a large amount of particulate matter aggregated on its surface and appeared as a spiderweb-like polymer. Compared with the unabsorbed zeolite, its surface voids were basically filled, and many white particulate matter clusters were attached to its surface. Similarly, the voids on the surface were largely covered for ceramsite and peat with a remarkable phosphorus adsorption effect, and more particulate matter was attached after phosphorus adsorption. Conversely, the metal ions and functional groups in the gap or surface of the filler had an exchange adsorption reaction with the nitrogen and phosphorus in the water. Alternatively, many particles attached to the surface of the filler played a strong ion physical adsorption role using the adsorption site of the filler itself.




3.3. Adsorption Kinetics of Nitrogen and Phosphorus with Seven Fillers


Under different nitrogen and phosphorus concentrations, the dynamic change process of nitrogen and phosphorus adsorption by different materials with time is shown in Figure 7. The adsorption amount of nitrogen by the seven fillers changed with time, showing a trend of first increasing and then decreasing until a slow equilibrium was reached. From 10–60 min, the adsorption rate of nitrogen to each filler was fast. At this time, many idle adsorption sites were found on the surface of the filler, and nitrogen in the solution could quickly occupy the idle sites to show a rapid adsorption rate. In 60–120 min, except for the increase in the sepiolite adsorption rate, the nitrogen adsorption rates of the other fillers decreased to varying degrees. With the progress of the adsorption process, the free adsorption sites were gradually occupied, and the filler could only increase the adsorption amount by replacing the ammonium ions in the solution with exchangeable cations in its spatial structure, causing a gradual slowdown of the adsorption rate. In 120–240 min, the adsorption rate of nitrogen on the seven fillers gradually decreased to 0, when the space sites on the surface of the fillers were all occupied, and the exchangeable cations in the space structure were all replaced to achieve the adsorption dynamic equilibrium. The change in the nitrogen adsorption rate with time for the seven fillers was consistent with the results obtained by Zhu et al. (2011) [33]. The kinetic adsorption process of phosphorus on the seven fillers exhibited the same three stages of fast, medium, and slow, indicating high, medium, and low energy adsorption sites on the surface of the fillers. Among the seven fillers, ceramsite had the fastest adsorption rate of phosphorus, followed by peat and zeolite.



The dynamic adsorption test data of seven fillers for nitrogen and phosphorus were analyzed using the first-order kinetic equation, double constant equation, and Elovich equation. Table 5 shows that the double constant equation and the Elovich equation could fit the nitrogen adsorption process of the seven fillers in the experiment sufficiently, and the fitting correlation coefficients all reached more than 0.80. The first-order kinetic equation only fits the adsorption process of ceramsite to nitrogen well, and the fitting coefficient could reach 0.959, indicating that the six materials except for ceramsite did not conform to the kinetic process of a single matrix reaction, but were more in line with the adsorption process, which is determined by multiple factors. The constant k in the double constant and Elovich equation represents the adsorption rate. The fitting results demonstrated that the adsorption rates of the seven fillers to nitrogen were as follows: vermiculite > peat > zeolite > volcanic rock > sepiolite > ceramsite > anthracite. The double constant and Elovich equation could better fit the adsorption process of phosphorus on the seven fillers, and the fitting coefficients could all be above 0.820. The first-order kinetic equation could only fit the adsorption process of peat on phosphorus well, and the fitting coefficient was 0.937, which was larger than the two other equations. Thus, the adsorption process of peat on phosphorus was more consistent with the kinetic process of the single-substrate reaction, and the adsorption process of phosphorus on the six other fillers was a reaction mechanism with a more complex reaction and a large change in activation energy during the reaction. The k value in the fitting equation indicated that the adsorption rates of phosphorus on the seven fillers from large to small were as follows: peat > ceramsite > zeolite > sepiolite > vermiculite > volcanic rock > anthracite.




3.4. Removal Effect of Four Combined Fillers of Biofilter on Nitrogen and Phosphorus in Black Water


The fitting results of the adsorption saturation value of the filler and the adsorption rate showed that the fillers with better removal effects of nitrogen and phosphorus were vermiculite, zeolite, peat, and ceramsite. The four fillers were compounded and combined (vermiculite + peat, zeolite + peat, zeolite + ceramsite, and vermiculite + ceramsite) to construct a biofilter. The removal effect of nitrogen and phosphorus in blackwater is shown in Figure 8. In the first five days of each group of packed biofilters, the nitrogen removal rate showed a gradually increasing trend; from five days to 16 days, the nitrogen removal rate decreased and fluctuated to a certain extent; after 16 days, the nitrogen removal rate began to increase and basically stabilize. After a stable operation, the influent TN concentration of each combination of fillers was 152–160 mg·L−1. The average effluent TN concentrations were 120.28, 58.88, 44.89 and 90.77 mg·L−1, and the average removal rates of TN were 22.72%, 63.16%, 71.28% and 41.79%, respectively. The combination of zeolite + ceramsite had the best removal effect of nitrogen. In Section 3.1, vermiculite demonstrated the best adsorption performance for nitrogen. However, in actual sewage treatment, the combination of fillers mixed with vermiculite is not as good as the combination of fillers mixed with zeolite for nitrogen treatment. Vermiculite has a strong cation exchange performance, and the ion exchange process is mainly used in the adsorption test process, which can better adsorb NH4+ [34]. However, nitrogen in the actual blackwater exists in various forms, such as organic nitrogen, nitrate nitrogen, nitrite nitrogen, and ammonia nitrogen, which can have an unsatisfactory effect of vermiculite on nitrogen removal in actual sewage treatment. Moreover, zeolite has a higher porosity and larger specific surface area than vermiculite [35,36]; in actual sewage treatment, the combination of fillers mixed with zeolite has a better TN removal effect. The filler combination of zeolite + ceramsite also showed the best removal effect of ammonia nitrogen in blackwater. The influent ammonia nitrogen concentration was 126–133 mg·L−1, and the average removal rate of ammonia nitrogen was 78.92%, which was 58.89%, 12.05%, and 53.06% higher than other combinations, respectively. In blackwater with a high phosphorus concentration influent TP of 12 mg·L−1, the average TP concentration in the effluent after the combined treatment of zeolite + ceramsite was 1.80 mg·L−1. When the system ran stably, the TP removal effect was stabilized at 73–75%, which was significantly higher than the biofilter with the three other combined fillers.



Presently, most biofilter technologies are used to treat rural domestic sewage with a low pollution load, as shown in Table 6. The concentration ranges of nitrogen and phosphorus in the influent were 9–50 mg/L and 1.3–4.0 mg/L, respectively, and the removal rates of nitrogen and phosphorus were 68–90% and 78–95%, respectively. This study used a biological filter to treat blackwater with a high pollution load in rural areas. Under the influent conditions of TN and phosphorus concentrations of 150~162 mg/L as well as 10~14 mg/L, the removal rates of nitrogen and phosphorus reached 71% and 73%, respectively. Thus, it can be seen that the biological filter packing combination selected in this study can carry a higher nitrogen and phosphorus load. The treated water could be directly used in forestry and animal husbandry in rural areas. Additionally, the effluent water quality could meet the secondary discharge standard of “Pollutant Discharge Standard for Urban Sewage Treatment Plant” (GB18918-2002) and the nitrogen as well as phosphorus requirements in the “Surface Water Environmental Quality Standard” (GB 3838-2002) Class IV. Water resources can also be recycled. Subsequent experiments will continue to track and monitor the changes in the treatment effect of the biofilter under long periods. Additionally, the process operating parameters of the biofilter, such as the hydraulic retention time, gas–water ratio, and C/N ratio, can be optimized to further study the purification effect of a biological filter on blackwater.





4. Conclusions


The adsorption rates of the seven fillers for nitrogen from high to low were vermiculite > peat > zeolite > volcanic rock > sepiolite > ceramsite > anthracite. The order of the adsorption rate of phosphorus was peat > ceramsite > zeolite > sepiolite > vermiculite > volcanic rock > anthracite. Additionally, vermiculite and zeolite slightly affected the adsorption process of nitrogen, and the theoretical saturated adsorption capacity was high at 654.50 and 300.89 mg·L−1, respectively. Peat and ceramsite had little effect on the phosphorus adsorption process and high theoretical saturated adsorption, namely, 282.41 and 233.89-mg·L−1, respectively. In the biofilter with four combined fillers, the filler combination of zeolite + ceramsite had a better removal effect of nitrogen and phosphorus in high-concentration blackwater; the removal rate of the system could attain 73–76%, and the nitrogen and phosphorus indicators in the effluent of the system could meet the requirements of general industrial water, recreational water, landscape water, forestry, and animal husbandry water standards in rural areas.
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Figure 1. Distribution of collecting black water in villages. 
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Figure 2. Biofilter test device. 
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Figure 3. SEM (scanning electron microscope) images of the seven fillers. 
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Figure 4. EDS (energy dispersive spectrum) spectrogram of the seven fillers. 
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Figure 5. Isothermal adsorption curves of the seven fillers for nitrogen and phosphorus; (a) nitrogen, (b) phosphorus. 
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Figure 6. Surface characteristics of different fillers after adsorption of nitrogen and phosphorus; (a) before and after nitrogen adsorption by vermiculite, (b) before and after nitrogen adsorption by zeolite, (c) before and after phosphorus adsorption by ceramsite, (d) before and after phosphorus adsorption by peat. 
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Figure 7. Adsorption kinetics curves of nitrogen and phosphorus by the seven fillers; (a) nitrogen, (b) phosphorus. 
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Figure 8. Adsorption kinetics curves of nitrogen and phosphorus by the seven fillers; (a) TN effluent concentration, (b) TN removal rate, (c) TP effluent concentration, (d) TP removal rate, (e) NH4+–N effluent concentration, (f) NH4+–N removal rate. 
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Table 1. Influent (blackwater) quality of Biofilter.
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	Water Quality Index
	TN (Total Nitrogen)

(mg·L−1)
	NO3−-N (Nitrate Nitrogen)

(mg·L−1)
	NH4+-N (Ammonia Nitrogen) (mg·L−1)
	TP (Total Phosphorus)

(mg·L−1)
	COD (Chemical Oxygen Demand)

(mg·L−1)
	pH





	Zhang laozhuang village

(117°49″ E, 39°44″ N)
	133 ± 5.4
	1.3 ± 0.5
	125 ± 6.4
	7.8 ± 1.0
	346 ± 9.4
	7.5 ± 0.2



	Da zhangzhuang village

(117.45″ E, 39°42″ N)
	151 ± 7.3
	2.7 ± 0.4
	137 ± 5.7
	9.6 ± 0.8
	354 ± 10.3
	7.6 ± 0.3



	Dong tazhaung village

(117°47″ E, 39°43″ N)
	127 ± 6.7
	3.1 ± 1.2
	115 ± 6.7
	8.4 ± 1.1
	369 ± 6.1
	7.8 ± 0.3



	Mao jiazhuang village

(117°47″ E, 39°42″ N)
	146 ± 10.3
	1.5 ± 0.7
	141 ± 9.6
	12.5 ± 2.3
	351 ± 7.2
	7.2 ± 0.1



	Dong guanzhuang village

(117°48″ E, 39°40″ N)
	151 ± 9.9
	2.6 ± 1.1
	135 ± 5.1
	13.3 ± 1.6
	367 ± 3.6
	7.5 ± 0.4



	Dong huaizhuang village

(117°46″ E, 39°41″ N)
	146 ± 5.7
	2.1 ± 0.8
	132 ± 7.2
	6.7 ± 1.4
	344 ± 5.6
	7.6 ± 0.2



	Dong mazhuang village

(117°46″ E, 39°40″ N)
	154 ± 8.3
	3.5 ± 0.5
	139 ± 5.8
	13.8 ± 0.9
	337 ± 4.2
	7.9 ± 0.2



	Lang erwo village

(117°48″ E, 39°40″ N)
	136 ± 6.5
	1.6 ± 0.6
	124 ± 4.4
	10.7 ± 2.4
	361 ± 5.1
	7.9 ± 0.1



	Dong baizhuang village

(117°50″ E, 39°41″ N)
	142 ± 7.2
	1.8 ± 0.4
	122 ± 10.1
	6.5 ± 1.2
	358 ± 4.3
	7.6 ± 0.3



	Influent concentration
	145~156
	1.5~3.4
	126.4~137.1
	8.9~12.1
	341~362
	7.2~7.9
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Table 2. Physical and chemical properties of fillers Physic.
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	Parameter
	Zeolite
	Volcanic Rock
	Sepiolite
	Ceramsite
	Anthracite
	Peat
	Vermiculite





	specific surface area (m2/g)
	8.56
	5.25
	0.71
	7.66
	3.81
	2.67
	8.62



	Micropore volume (cm3/g)
	2.08 × 10−2
	1.67 × 10−2
	8.26 × 10−4
	7.15 × 10−2
	3.58 × 10−3
	2.85 × 10−2
	2.26 × 10−2



	micropore size

(nm)
	9.75
	12.75
	4.68
	9.24
	3.76
	8.74
	9.86



	pH
	7.68
	10.58
	8.87
	9.54
	7.82
	6.67
	7.35
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Table 3. The isotherm adsorption equation of 7 kinds of fillers for nitrogen and phosphorus.






Table 3. The isotherm adsorption equation of 7 kinds of fillers for nitrogen and phosphorus.





	
Filler

	
Langmuir Adsorption Model

	
Freundlich Isotherm Adsorption




	
Qm (mg·kg−1)

	
K

	
R2

	
k

	
n

	
R2






	
TN

	
Zeolite

	
300.885

	
0.028

	
0.981

	
10.568

	
1.269

	
0.982




	
Volcanic rock

	
179.279

	
0.037

	
0.978

	
8.770

	
1.371

	
0.981




	
Sepiolite

	
276.860

	
0.007

	
0.951

	
1.920

	
1.080

	
0.930




	
Ceramsite

	
145.711

	
0.004

	
0.954

	
0.505

	
1.022

	
0.932




	
Anthracite

	
94.308

	
0.017

	
0.975

	
2.251

	
1.284

	
0.968




	
Peat

	
290.062

	
0.131

	
0.960

	
48.993

	
1.981

	
0.974




	
Vermiculite

	
654.496

	
0.129

	
0.973

	
147.694

	
1.320

	
0.979




	
TP

	
Zeolite

	
90.404

	
0.159

	
0.960

	
17.511

	
2.095

	
0.967




	
Volcanic rock

	
218.068

	
0.010

	
0.963

	
2.644

	
1.129

	
0.965




	
Sepiolite

	
46.155

	
0.428

	
0.928

	
17.931

	
3.382

	
0.916




	
Ceramsite

	
233.884

	
0.129

	
0.972

	
34.517

	
1.853

	
0.973




	
Anthracite

	
23.303

	
0.163

	
0.853

	
5.338

	
2.463

	
0.952




	
Peat

	
282.409

	
0.088

	
0.939

	
31.475

	
1.644

	
0.950




	
Vermiculite

	
94.873

	
0.289

	
0.878

	
29.105

	
2.781

	
0.940
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Table 4. The isothermal adsorption equation of nitrogen and phosphorus by 7 kinds of fillers under the new equation model.
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Filler

	
TN

	
TP




	
m

	
K

	
d

	
R2

	
m

	
K

	
d

	
R2






	
Zeolite

	
289.76

	
0.036

	
1.037

	
0.999

	
157.21

	
0.012

	
0.978

	
0.998




	
Volcanic rock

	
32.70

	
0.022

	
1.534

	
0.987

	
1034.14

	
0.009

	
0.832

	
0.975




	
Sepiolite

	
74.92

	
0.034

	
1.275

	
0.994

	
967.31

	
0.017

	
0.773

	
0.943




	
Ceramsite

	
4217.62

	
0.006

	
0.703

	
0.973

	
193.44

	
0.008

	
1.034

	
0.998




	
Anthracite

	
967.34

	
0.004

	
0.671

	
0.981

	
12.71

	
0.021

	
1.231

	
0.977




	
Peat

	
133.92

	
0.031

	
1.125

	
0.998

	
319.61

	
0.008

	
0.944

	
0.998




	
Vermiculite

	
1367.95

	
0.002

	
0.995

	
0.998

	
612.34

	
0.032

	
0.729

	
0.981
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Table 5. Fitting results of the adsorption kinetics of seven kinds of fillers on TN and TP.
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Filler

	
First-Order Model

	
Double Constants

	
Models of Elovich




	
a

	
k

	
R2

	
a

	
k

	
R2

	
a

	
k

	
R2






	
TN

	
Zeolite

	
49.681

	
0.205

	
0.3608

	
3.668

	
0.054

	
0.807

	
36.198

	
3.963

	
0.847




	
Volcanic rock

	
44.362

	
0.159

	
0.407

	
3.426

	
0.083

	
0.857

	
228.727

	
3.556

	
0.869




	
Sepiolite

	
18.021

	
0.022

	
0.758

	
1.001

	
0.354

	
0.879

	
−3.836

	
3.267

	
0.832




	
Ceramsite

	
6.503

	
0.019

	
0.959

	
−0.271

	
0.402

	
0.909

	
−2.463

	
1.649

	
0.938




	
Anthracite

	
12.066

	
0.249

	
0.361

	
2.32

	
0.04

	
0.987

	
10.054

	
0.47

	
0.987




	
Peat

	
125.144

	
0.254

	
0.35

	
4.674

	
0.036

	
0.908

	
106.008

	
4.464

	
0.915




	
Vermiculite

	
96.955

	
0.125

	
0.773

	
4.111

	
0.101

	
0.877

	
54.102

	
9.468

	
0.909




	
TP

	
Zeolite

	
27.218

	
0.095

	
0.466

	
2.607

	
0.152

	
0.939

	
10.102

	
3.772

	
0.942




	
Volcanic rock

	
16.397

	
0.044

	
0.787

	
1.633

	
0.233

	
0.859

	
0.776

	
3.148

	
0.897




	
Sepiolite

	
23.524

	
0.11

	
0.218

	
2.475

	
0.153

	
0.899

	
9.133

	
3.254

	
0.873




	
Ceramsite

	
44.607

	
0.029

	
0.593

	
2.314

	
0.286

	
0.872

	
−2.45

	
8.927

	
0.828




	
Anthracite

	
3.764

	
0.035

	
0.761

	
−0.054

	
0.272

	
0.943

	
−0.185

	
0.777

	
0.947




	
Peat

	
37.007

	
0.03

	
0.973

	
2.038

	
0.305

	
0.881

	
−7.314

	
8.662

	
0.957




	
Vermiculite

	
17.31

	
0.052

	
0.707

	
1.768

	
0.222

	
0.953

	
1.77

	
3.216

	
0.966











[image: Table] 





Table 6. Fitting results of the adsorption kinetics of 7 kinds of fillers on TN and TP.
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	Filler
	Types of Sewage
	Influent TN/TP

Concentration (mg/L)
	Removal Rate (%)
	Reference





	quartz sand
	secondary effluent of municipal sewage treatment plant
	15.0 (TN)
	89.4
	[37]



	gravel and immobilized biochar beads
	simulated wastewater
	13.0 (TN)
	86.2
	[38]



	sulfur autotrophic denitrification composite
	simulated wastewater
	9.0–12.0 (TN)
	81.1
	[39]



	ceramsite
	urban sewage
	40.0 (TN)
	75.0
	[40]



	clay
	simulated wastewater
	35.0 (TN)
	68.3
	[41]



	organic suspended
	landfill leachate
	35.0 (TN)
	81.5
	[42]



	ceramisite and sulfur
	synthetic municipal wastewater
	50.0 (TN)
	90.2
	[43]



	ZVI (zero-valent iron)/PHBV (3-hydroxybutyric acid-co-3-hydroxyvaleric acid copolyester)/sawdust composite
	simulated wastewater
	1.6 (TP)
	98.5
	[44]



	quartz sand
	simulated wastewater
	4.0 (TP)
	78.1
	[45]



	soil, plant detritus and eutrophic lake sediment
	stormwater
	1.3 (TP)
	88.6
	[46]
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