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Abstract

:

In order to improve the removal efficiency of refractory organic matters in micro-polluted source water, biological manganese oxides (BMOs) were generated in situ in the biological aerated filter (BAF) (BAF 2#), which could oxidize the refractory organic matters into biodegradable organic matters. CODMn and NH4+-N in the effluent of BAF 2# both stabilized on the 39th day, while CODMn and NH4+-N in the effluent of the control BAF (BAF 1#) stabilized on the 38th and 42nd days, respectively. In the steady phase, the removal rates of CODMn and NH4+-N in BAF 1# were 41.51% and 94.79%, respectively, while in BAF 2#, they were 54.52% and 95.55%, respectively. BMOs generated in BAF 2# evidently improved the efficiency of CODMn removal. With the increase in the influent Mn2+ in BAF 2#, the rate of CODMn removal was gradually improved to 63.60%, while the efficiency of NH4+-N removal was slightly improved, CODMn was evidently removed in each section of the filter layer, and ammonia was mainly removed in the 0~0.8 m layer of the filter. CODMn was evidently removed in each section of the filter layer, and NH4+-N was mainly removed in the 0~0.8 m layers of the filter. Biological CODMn, Mn2+, and NH4+-N removal all followed the first-order kinetic reaction. As the influent Mn2+ gradually increased from 0 to about 0.5, 1, and 2 mg/L, the efficiency of CODMn removal along the filter layer was significantly improved, but the efficiency of NH4+-N removal was slightly improved. The kinetic constant k of biological CODMn removal significantly increased, while the kinetic constant k of biological Mn2+ and NH4+-N removal gradually increased.






Keywords:


micro-polluted source water; organic matter and ammonia; biological manganese oxides; biological aerated filter












1. Introduction


With the use of great amounts of pesticides and fertilizers in industrial and agricultural production and the discharge of domestic sewage and industrial waste without strict treatment, the number of organic pollutants detected in surface water, including pesticides, chemical raw materials, medicines, personal care products, and endocrine disruptors, is increasing [1,2,3]. Among them, although the concentrations of many pollutants are low, they are difficult to biodegrade and are extremely harmful [4,5,6]. According to the 2020 “Communique on the State of China’s Ecological Environment”, the main pollutants of lakes, rivers, and reservoirs are organic compounds, including those containing NH4+ nitrogen. Permanganate index (CODMn) and NH4+-N are the main pollutants of rivers, lakes, and reservoirs. Some organic substances in micro-polluted source water are carcinogenic or even toxic to the human body [1,7]. In addition, in the process of chlorination, organic substances produce disinfectant byproducts, which are reproductive toxins and carcinogens [7,8,9]. If the ammonia nitrogen in micro-polluted source water cannot be effectively removed, it will enter the pipe network, posing a threat to human health [10]. When ammonia nitrogen in water is converted into nitrite nitrogen, it will have a strong carcinogenic effect when combined with protein in the human body. At the same time, nitrite nitrogen can be combined with hemoglobin in the human body and lead to hypoxia, especially in infants and young children, who are particularly sensitive to hypoxia caused by nitrite nitrogen [11]. Therefore, organic matter and ammonia nitrogen in micro-polluted source water must be efficiently removed.



Biological manganese oxides are produced following the oxidation of bivalent manganese using manganese-oxidizing bacteria [12] which have a large specific surface area and a strong oxidizing ability [13,14,15]. Using the strong oxidizing properties of biological manganese oxide, the refractory organic matter in slightly polluted source water can be catalytically oxidized into easily degradable organic matter, which can be further metabolized and degraded by microorganisms [16]. Biological manganese oxides are reduced to divalent manganese ions after the catalytic oxidation of organic matter, and the divalent manganese ions can be oxidized to high-valent manganese oxides using manganese-oxidizing bacteria, thus realizing the continuous catalytic oxidation of organic matter. Forrez et al. [17] found that the oxidative degradation rate of diclofenac using biological manganese oxide was much faster than the oxidative degradation rate of diclofenac using manganese dioxide produced via chemical methods. Biological manganese oxide was found to efficiently remove 14 drugs, including ibuprofen, triclosan, and ultravist solution [18]. Therefore, in this study, two biological aerated filter columns were assessed for the removal of organic matter and ammonia nitrogen, and biological manganese oxide was formed in the filter layer of one of the columns. The effect of biological manganese oxide on the use reduction in CODMn and ammonia nitrogen in the start-up process was investigated, and the changes in the CODMn and ammonia nitrogen removal efficiency with an increasing manganese concentration in the influent were also investigated.




2. Experimental Methods


2.1. Testing Device


The #1 and #2 aeration biofilter systems are shown in Figure 1. The height and inner diameter of aeration biofilters #1 and #2 were 2.5 m and 0.1 m, respectively, and the filter material was quartz sand, with a particle size and thickness of 4~6 mm and 1.5 m, respectively. The upper parts of aeration biofilters #1 and #2 were equipped with mixers for mixing tap water with lake water + ammonium chloride and tap water with lake water + ammonium chloride + manganese sulfate. Aeration heads were installed at the bottom to provide dissolved oxygen. Water sampling ports were sequentially arranged at 0.1 m vertical intervals along the column layers of aeration biofilters #1 and #2. Water tanks 1 and 2 contained lake water + ammonium chloride and lake water + ammonium chloride + manganese sulfate, respectively, and the volume of both water tanks was 500 L.




2.2. Inlet Water Quality


The influent water of this experiment was simulated with micro-polluted source water, which was obtained by mixing lake water, manganese sulfate, ammonium chloride, and tap water based on certain proportions; the lake water was collected from an artificial lake on campus. The test water temperature was 18~25 °C, and the inlet water quality is shown in Table 1.




2.3. Test Methods


In this experiment, the #1 aerated biofilter was used as the control, and the effects of biological manganese oxide, generated after the oxidation of bivalent manganese in the influent, on the use reduction in CODMn and ammonia nitrogen were investigated in the start-up stage and the stages with increasing influent manganese concentration. The filter material of the #1 aeration biofilter was new quartz sand, and the influent water was prepared by mixing lake water + ammonium chloride and tap water in a mixer according to certain proportions. The upper 20 cm layer of the #2 aeration biofilter was quartz sand containing manganese-oxidizing bacteria, and the lower 130 cm layer was new quartz sand. The influent water was prepared by mixing lake water + ammonium chloride + manganese sulfate with tap water in a mixer, according to certain proportions. After the start-up stage, aerated biofilters #1 and #2 were inoculated twice a week for 3 weeks with sludge from a sewage treatment plant and sludge from lake water, with an inoculation amount of 2~3 L. When the removal rates of CODMn and ammonia nitrogen using aerated biofilters #1 and #2 were stable for approximately one month, the manganese concentration in the influent of aerated biofilter #2 was increased to approximately 1 mg/L. After the removal rates of CODMn and ammonia nitrogen had remained stable for one month, the manganese concentration in the influent water was again increased to approximately 2 mg/L. During the experiment, the dissolved oxygen concentration of aerated biofilters #1 and #2 was 2~3 mg/L, and the water temperature was 18~25 °C. In the start-up stage, the filtration rate of aerated biofilters #1 and #2 was 3 m/h, the backwashing intensity was 6~8 L/(s·m2), the backwashing time was 3 min, and the backwashing period was 14 days. In the stable stage, the backwashing intensity was 10 L/(s·m2), the backwashing time was 4 min, and the backwashing period was 10 days. Every day, the CODMn, ammonia nitrogen, manganese, and temperature levels in the inlet and outlet water of aerated biofilters #1 and #2 were recorded. The concentrations of CODMn, ammonia nitrogen, and manganese along the treatment path were measured twice a week.




2.4. Detection Methods


The pH was measured with a pH meter (HQ30d-HACH). DO was detected using a portable dissolved oxygen analyzer (Oxi 315i-WTW). COD, NH3-N, and manganese were detected in accordance with standard methods [19].




2.5. The Kinetics of Biological CODMn, NH4+-N, and Mn2+ Oxidation


The determination of the empty bed contact time (EBCT) was based on the following equation:


EBCT = filter bed (m)/linear velocity (m/h)



(1)







The CODMn, NH4+-N, and Mn2+ removal from the BAF was evaluated using the following equation:


    d       COD   Mn   /    N H   4 +  − N /    M n    2 +      t    d t   = − k   [   COD   Mn   /    N H   4 +  − N /    M n    2 +   ]  t   



(2)




where k is the rate constant, min−1.



After the separation of variables and integration of Equation (2), the following Equation (3) was obtained:


  ln         COD   Mn   /   NH  4 +  − N /   Mn   2 +      t          COD   Mn   /   NH  4 +  − N /   Mn   2 +      0    = - kt  



(3)




where [CODMn/NH4+-N/Mn2+]0 is the influent concentration and [CODMn/Mn2+]t is the concentration at the EBCT of t.





3. Results and Discussion


3.1. The Impact of Biological Manganese Oxide on CODMn and Ammonia Nitrogen


3.1.1. The Impact of Biological Manganese Oxide on the Use Reduction in CODMn


The removal effect of CODMn using the aerated biofilter #1 column in the start-up process is shown in Figure 2; the concentration of CODMn in the influent was approximately 7 mg/L. At the beginning, the removal rate of CODMn greatly fluctuated, but the removal rate was only approximately 10%. This was because new quartz sand was used in this experiment, and there was little heterotrophic bacteria-oxidizing organic matter in the filter layer. As the heterotrophic bacteria in the filter layer gradually adapted to the new environment, grew, and reproduced, and with the continuous inoculation of new sludge, the removal rate of CODMn gradually increased, starting on the 10th day. On the 38th day, CODMn decreased from 7.22 mg/L to 4.18 mg/L, and the removal rate of CODMn increased to 42.14% and then remained stable at approximately 40%. In the stable stage (38~92 days), the average concentration of CODMn in the effluent was 4.20 mg/L and the average removal rate was 41.51%.



The removal effect of CODMn using aerated biofilter #2 in the start-up process is shown in Figure 3; the concentration of CODMn in the influent was slightly lower than that of aerated biofilter #2. At the initial stage, because the filter layer of aerated biofilter #2 lacked heterotrophic bacteria that oxidized the organic matter, the use reduction in CODMn was poor, and the removal rate was only approximately 10%, similar to that of aerated biofilter #1. Through continuous inoculation, domestication, and cultivation, the heterotrophic bacteria gradually grew and multiplied in the filter layer. As of the 10th day, the removal rate of CODMn began to gradually increase. The removal rate of CODMn began to notably increase, starting on the 20th day. On the 39th day, the effluent CODMn decreased to 3.06 mg/L, and the removal rate increased to 52.85% and then stabilized at approximately 54%; the removal effect was substantially better than that of aerated biofilter #1. Although the start-up time of aerated biofilter #1 was 38 days, which was one day less than that of aerated biofilter #2, the removal rate of the latter was considerably higher than that of the former. In the stable stage (39~70 days), the average concentration of CODMn in the effluent of aerated biofilter #2 was 3.11 mg/L, and the average removal rate was 54.52%. This was considerably better than the removal effect of aeration biofilter #1, indicating that the bivalent manganese in the influent of the aerated biofilter column is oxidized by the manganese-oxidizing bacteria, and that the biological manganese oxide produced after oxidation has a strong oxidizing ability [12] which could catalyze and oxidize the refractory organic matter in the influent into easily degradable organic matter, thus improving the removal effect of CODMn [20]. When the influent manganese concentration increased to about 1 mg/L and 2 mg/L on days 71 and 117, respectively, in the stable stage (82nd~116th days and 130~162 days), the average concentrations of CODMn in the effluent were 2.57 and 2.47 mg/L, and the average removal rates were 59.56% and 63.60%. When the concentration of manganese in the influent gradually increased from 0 mg/L to approximately 0.5, 1, and 2 mg/L, the average removal rates of CODMn increased by 13.01%, 5.04%, and 4.04%, respectively, and the removal effect of CODMn noticeably improved after the biological manganese oxide was produced in the filter layer. With an increasing concentration of bivalent manganese in the influent, the amount of biological manganese oxide in the filter layer notably increased, and the removal effect of CODMn was improved, but the removal rate of CODMn was limited.




3.1.2. The Effect of Biological Manganese Oxide on Ammonia Nitrogen Removal


The removal effect of ammonia nitrogen using the #1 aerated biofilter column during the start-up stage is shown in Figure 4; the concentration of ammonia nitrogen in the influent was approximately 1.2 mg/L. The sludge inoculated with nitrifying bacteria originated from a sewage treatment plant and contained great amounts of nitrifying bacteria. The inoculated nitrifying bacteria grew and propagated rapidly after acclimation and culture in the #1 aerated biofilter column. Therefore, the ammonia nitrogen removal rate increased from approximately 8% to 15% at the initial stage; by day 15, it began to rise significantly. With the continuous growth and reproduction of nitrifying bacteria in the filter layer, when nitrifying bacteria accumulated to a certain degree (28th day), the ammonia nitrogen concentration of the effluent began to rapidly decrease. On the 42nd day, the ammonia nitrogen in the effluent decreased to below 0.1 mg/L, and the removal rate increased to 94.19%. After that, the ammonia nitrogen in the effluent fell below 0.1 mg/L. In the stable stage (from the 42nd day to the 92nd day), the average concentration of ammonia nitrogen in the effluent was 0.064 mg/L and the average removal rate was 94.79%. Aeration biofilter #1 had a good removal ability for ammonia nitrogen.



The ammonia nitrogen removal effect of aerated biofilter #2 during the start-up stage is shown in Figure 5, and the influent ammonia nitrogen concentration in the #2 aerated biofilter column is almost the same as that in the #1 aerated biofilter column. In the first 15 days of the start-up stage, the removal effect of ammonia nitrogen was poor, and the removal rate fluctuated greatly because this was the adaptation period for newly inoculated nitrifying bacteria. When the inoculated nitrifying bacteria entered the logarithmic growth period, the ammonia nitrogen in the effluent rapidly decreased, and the ammonia nitrogen removal rate correspondingly increased. On the 39th day, the ammonia nitrogen in the effluent decreased to 0.082 mg/L, and the removal rate increased to 92.81%. Compared with that in aerated biofilter #1, the time required for the ammonia nitrogen in the effluent to drop below 0.1 mg/L was shortened by 3 days, which indicates that the existence of biological manganese oxide can promote the nitrification of ammonia nitrogen. In the stable stage (from the 39th day to the 70th day), the ammonia nitrogen in the effluent was lower than 0.1 mg/L, the average concentration was 0.054 mg/L, and the average removal rate was 95.55%. The removal effect of ammonia nitrogen was considerably better than that of aerated biofilter #1, and the catalytic oxidation of biological manganese oxide could improve the removal effect of ammonia nitrogen. When the influent manganese concentration increased to 1 and 2 mg/L, the ammonia nitrogen in the effluent (82nd~116th day and 131st~162nd day) decreased to 0.041 and 0.038 mg/L and the ammonia nitrogen removal rate increased to 96.74% and 97.02%, respectively. The start-up period of ammonia nitrogen could be shortened after biological manganese oxide was generated in the filter layer of the aeration biofilter, the removal effect of ammonia nitrogen was improved, and the removal effect of ammonia nitrogen increased with the increase in influent manganese concentration.




3.1.3. The Removal Effect of Manganese Using the Aerated Aeration Biofilter #2 Column


The removal effect of ammonia nitrogen using aerated biofilter column #2 during the start-up stage is shown in Figure 6; the manganese concentration of the influent water in this stage was approximately 0.5 mg/L. The concentration of manganese in the effluent was lower than 0.1 mg/L on the first and second day of the start-up stage. This was because aeration biofilter #2 was inoculated with 20 cm of mature filter material containing manganese-oxidizing bacteria, which could oxidize the divalent manganese in the influent, and the new quartz sand filter material had a certain adsorption capacity for manganese [21]. As the adsorption of manganese using the quartz sand increased the saturation and manganese-oxidizing bacteria had not yet adapted to the new environment, the manganese in the effluent notably increased. On the seventh day, the manganese in the effluent rose to 0.35 mg/L. After that, the manganese-oxidizing bacteria gradually adapted to the new environment, and the manganese concentration in the effluent fluctuated at approximately 0.3 mg/L. When the manganese-oxidizing bacteria in the filter layer entered the logarithmic growth period, the effluent manganese began to decline rapidly from the 15th day and decreased to less than 0.1 mg/L on the 22nd day, and the aeration biofilter had a good removal effect on the manganese. However, on the 29th day, the manganese content in the effluent increased to 0.14 mg/L; on the 30th day, it continued to increase to 0.21 mg/L, and then it dropped to below 0.1 mg/L on the 33rd day. This is because ammonia nitrogen is quickly nitrated and removed during this period, and the oxidation of ammonia nitrogen is divided into two stages. In the first stage, ammonia nitrogen is oxidized to nitrite nitrogen using ammonia-oxidizing bacteria, and, in the second stage, nitrite nitrogen is oxidized to nitrate nitrogen using nitrosating bacteria. The first step is faster than the second, which leads to the accumulation of nitrite nitrogen in the filter layer. The accumulation of nitrite nitrogen can affect the oxidation of divalent manganese using manganese-oxidizing bacteria [22,23]. As the manganese-oxidizing bacteria gradually adapted to the environment with nitrite nitrogen, the manganese content in the effluent dropped below 0.1 mg/L. When the concentration of manganese in the influent increased to approximately 1 or 2 mg/L, the ammonia nitrogen in the effluent increased, and the ammonia nitrogen in the effluent continued to increase the next day. This is because quartz sand filler has a certain adsorption capacity for manganese. With the rapid growth and reproduction of manganese-oxidizing bacteria in the filter layer, the manganese content in the effluent dropped below 0.1 mg/L after a few days.





3.2. Changes in and Kinetic Analysis of CODMn, Ammonia Nitrogen, and Manganese along the Filter Layers


3.2.1. Along-Filter Changes in CODMn and Kinetic Analysis


The removal effect of CODMn using aeration biofilters #1 and #2 in different stages is shown in Table 2. On the 86th day, the concentration of CODMn in the influent of aeration biofilter #1 was 6.81 mg/L, which decreased to 6.23 mg/L and 5.14 mg/L at 0.4 and 0.8 m, respectively. The removal amount of CODMn at 0~0.4 m (0.58 mg/L) was significantly less than that at 0.4~0.8 m (1.09 mg/L), possibly because the water intake is composed of tap water and lake water + ammonium chloride, and because the tap water contains a certain amount of residual chlorine, which will inhibit the growth of heterotrophic bacteria in the oxidized organic matter. Down the filter layers, the CODMn concentration gradually decreased, alongside the removal amount. On the 69th day, the concentration of CODMn in the influent of aeration biofilter #2 was 6.82 mg/L, and the removal amounts of CODMn in the 0~0.4 and 0.4~0.8 m layers of the filter were 0.92 mg/L and 1.38 mg/L, respectively. The amount of CODMn removed in the 0~0.4 m layer was significantly lower than that in the 0.4~0.8 m layer. The removal amounts in aeration biofilter #2 in the 0~0.4 and 0.4~0.8 m filter layers were significantly higher than the removal amount from the #1 aerated biofilter column on the 86th day. Down the filter layers, the concentration of CODMn on the 69th day was considerably lower than that on the 86th day, which indicates that after biological manganese oxide is formed in the filter layer, the biological manganese oxide can catalyze and oxidize the refractory organic matter in the influent into easily degradable organic matter that can then be used by heterotrophic bacteria. On the 101st and 159th days, the removal amounts in the 0~0.4 and 0.4~0.8 m layers of aerated filter #2 were 1.18, 1.26, 1.42, and 1.57 mg/L, respectively, and the removal amount in the 0~0.4 m layer considerably increased because heterotrophic bacteria gradually adapted to the influent water which contained residual chlorine. On the 101st day, the CODMn in the 0.4~0.8 m layer was slightly lower than that on the 69th day because the influent CODMn was low on the 101st day. From the 86th day of the #1 biofilter column to the 69th, 101st, and 159th days of the #2 biofilter column, the removal effect of CODMn along the route was gradually improved, which was attributed to the catalytic oxidation of biological manganese oxides in the filter layer.



The kinetic analysis of pollutants in water bodies is of great significance because it can establish the time needed to effectively remove specific pollutants, thus providing a basis for the selection of pollutant treatment units and methods [24]. In order to better guide the design of water plants containing CODMn and ammonia nitrogen micro-pollution sources, the kinetic characteristics of the removal of CODMn, ammonia nitrogen, and manganese using an aeration biofilter under different influent manganese concentrations were studied by assessing the simulated lake water containing CODMn and ammonia nitrogen. On the 86th day of treatment in aerated biofilter #1, and on the 69th, 101st, and 159th days of treatment in aerated biofilter #2, the biological removal of CODMn followed a first-order kinetic reaction (Table 3), with kinetic constant k values of 0.0194, 0.0297, 0.0323, and 0.0376 min−1, respectively, and half-reaction times t1/2 of 35.73, 23.34, 21.46, and 18.43 min, respectively. The half-reaction time t1/2 of the biological removal of CODMn was greatly shortened with an increasing manganese concentration in the influent. In the filter layer, the heterotrophic bacteria and biological manganese oxides matter corresponded to the oxidized organic matter, potentially effectively improving the removal effect of CODMn.




3.2.2. Changes in and Kinetic Analysis of Ammonia Nitrogen along the Treatment Path


The removal effects of ammonia nitrogen along aeration biofilters #1 and #2 at different stages are shown in Table 4. On the 86th day, the concentration of ammonia nitrogen in the influent of the #1 aeration biofilter was 1.29 mg/L. The amount of ammonia nitrogen decreased to 0.65, 0.28, and 0.16 mg/L at 0.4, 0.8, and 1.2 m of the filter layer. In the 0.4, 0.4–0.8 m, and 0.8~1.2 m layers of the filter, respectively, the removal amounts of ammonia nitrogen were 0.64, 0.37, and 0.12 mg/L, and were mainly removed in the 0~0.8 m layer of the filter. Down the filter layers, the amount of ammonia nitrogen removal gradually decreased, which was inconsistent with the removal amount of CODMn, indicating that nitrifying bacteria have strong adaptability to residual chlorine in the influent. On the 69th day, the concentration of ammonia nitrogen in the influent of aerated biofilter #2 was 1.37 mg/L, which was slightly higher than that on the 86th day. The removal amounts of ammonia nitrogen in the 0~0.4, 0.4~0.8, and 0.8~1.2 m layers were 0.79, 0.34, and 0.12 mg/L, respectively. Compared with the values taken on the 86th day, the removal amount of ammonia nitrogen in the 0~0.4 m layer notably increased, which indicates that the removal effect of ammonia nitrogen using the aerated biofilter was substantially improved after the biological manganese oxide was generated in the filter layer. On the 101st and 159th days, the removal amounts of ammonia nitrogen in the 0~0.4, 0.4~0.8, and 0.8~1.2 m layers of the #2 aeration biofilter were 0.70, 0.32, 0.088, 0.77, 0.35, and 0.087 mg/L, respectively. In this study, we found that the maximum removal was achieved in the 0–0.4 m section of the aeration biofilter. Compared with that on the 69th day, the removal amount in the 0.4~0.8 m layer was similar, but the removal amount in the 0.8~1.2 m layer was notably reduced. With a further increase in the manganese concentration in the influent, the removal effect of ammonia nitrogen along the treatment path did not substantially improve.



The concentration of ammonia nitrogen in the influent of this experiment was low, so the first-order kinetic model was used to fit the nitrification of ammonia nitrogen in different stages. The fitting results show that the biological removal of ammonia nitrogen in aerated biofilters #1 and #2 followed a first-order kinetic reaction, with kinetic constant K values of 0.1007, 0.1059, 0.1096, and 0.1162 min−1, and half-reaction time t1/2 values of 6.88, 6.55, 6.32, and 5.97 min, respectively (Table 5). With an increasing manganese concentration in the influent, the nitrification rate of ammonia nitrogen gradually increased, the kinetic constant K gradually increased, and the half-reaction time t1/2 was gradually shortened. We found that the existence of biological manganese oxide in the filter layer can improve the nitrification efficiency of ammonia nitrogen to a certain extent.




3.2.3. Changes in and Kinetic Characteristics of Manganese along the Treatment Pathway


The removal effect of manganese using aeration biofilters #1 and #2 in different stages is shown in Table 6. On the 69th, 101st, and 159th days, the concentrations of manganese in the influent were 0.55 mg/L, 1.13 mg/L, and 2.03 mg/L, respectively. With an increasing concentration of manganese in the influent, the concentration of manganese in the effluent decreased to below 0.05 mg/L. The removal amounts of manganese in the 0~0.4 m filter layer were 0.31 mg/L, 0.57 mg/L, and 0.72 mg/L, and the removal amounts of manganese increased in turn, which indicates that the aeration biofilter has a strong removal ability for manganese. On the 69th day and the 101st day, the removal amounts of manganese in the 0.4~0.8 m layer were 0.13 mg/L and 0.32 mg/L, respectively, which were considerably lower than those in the 0~0.4 m layer, but on the 159th day, the removal amount of manganese in the 0.4~0.8 m layer (0.77 mg/L) was close to that in the 0~0.4 m layer.



Several studies have shown that the biological removal of manganese in biofilter columns follows a first-order kinetic reaction [20,24,25]. In this study, the first-order kinetic model was used to fit the biological manganese removal data in different stages, and the results show that biological manganese removal in aerated biofilter #2 also conformed to the first-order kinetic reaction. On the 69th, 101st, and 159th days, the kinetic constants k of biological manganese removal were 0.114, 0.1579, and 0.1668 min−1, respectively (Table 7), and the half-reaction time t1/2 values were 6.08, 4.39, and 4.16 min, respectively. With an increasing manganese concentration in the influent, the kinetic constant K gradually increased, and the half-reaction time t1/2 gradually shortened. Compared with the literature [20,24,25], the kinetic constant K values in this study were smaller, and the half-reaction time t1/2 values were greater. For example, the K value reported by Cheng et al. [20] was 0.687, and the half-reaction time t1/2 was only 1.010 min, which is due to the smaller particle size of the filter media (0.8~1 mm). A smaller particle size leads to a larger specific surface area, more manganese-oxidizing bacteria becoming attached to the filter material, and a stronger manganese removal ability [26].






4. Conclusions


In the start-up stage, compared with aerated biofilter #1, the time required for the removal rate of CODMn in aerated biofilter #2 to reach the stable stage was prolonged by 1 day, but the removal rate of CODMn in the latter was increased by approximately 10%. The time for ammonia nitrogen in the effluent of aerated biofilter #2 to drop below 0.1 mg/L was shortened by 3 days. In the stable stage, compared with aerated biofilter #1, the removal rates of CODMn and ammonia nitrogen using aerated biofilter #2 increased by 13.01% and 0.76%, respectively. With a further increase in the manganese concentration in the influent, the removal rate of CODMn using aerated biofilter #2 further increased, and the removal rate of ammonia nitrogen slightly increased. The analysis along the way showed that CODMn was evidently removed in all sections of the filter layer, and the removal amount in the 0~0.4 m section was less than that in the 0.4~0.8 m section. Ammonia nitrogen was mainly removed in the 0~0.8 m section of the filter layer. With an increase in the manganese concentration in the influent, the biological manganese oxide produced in the filter layer can catalyze and oxidize the refractory organic matter in the influent into easily degradable organic matter and it can then be utilized by heterotrophic bacteria. The use reduction in CODMn along the way evidently increased with increasing influent manganese. The biological manganese oxide produced in the filter layer had a limited effect on the removal of ammonia nitrogen along the way. Kinetic analysis showed that the biological removal of CODMn, the nitrification of ammonia nitrogen, and the biological removal of manganese at different stages all conformed to a first-order kinetic reaction. As the manganese concentration in the influent gradually increased from 0 mg/L to approximately 0.5, 1, and 2 mg/L, the kinetic constant k of CODMn biological removal evidently increased, and the half-reaction time t1/2 was greatly shortened. The kinetic constant k of nitrification and biological manganese removal gradually increased, and the half-reaction time t1/2 gradually decreased.
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Figure 1. A schematic diagram of the systems with aeration biofilters #1 and #2. 
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Figure 2. CODMn use reduction in aeration biofilter #1. 
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Figure 3. CODMn use reduction in aeration biofilter #2. 
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Figure 4. Ammonia use reduction in aeration biofilter #1. 
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Figure 5. Ammonia use reduction in aeration biofilter #2. 
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Figure 6. Manganese use reduction in aeration biofilter #2. 
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Table 1. A schematic diagram of aeration biofilters #1 and #2.
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Item

	
CODMn (mg/L)

	
NH4+-N (mg/L)

	
Mn (mg/L)

	
pH






	
Intake water quality

	
range

	
5.82~8.23

	
0.98~1.42

	
0.42~2.21

	
6.79~7.94




	
average value

	
6.83

	
1.24

	
1.12

	
7.28
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Table 2. Variations in CODMn along the filter layer at different stages.
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Filter Layer Thickness (m)

	
CODMn (mg/L)




	
#1/86 Days

	
#2/69 Days

	
#2/101 Days

	
#2/159 Days






	
0

	
6.81

	
6.88

	
6.22

	
6.91




	
0.4

	
6.23

	
5.96

	
5.04

	
5.49




	
0.8

	
5.14

	
4.58

	
3.78

	
3.92




	
1.2

	
4.47

	
3.71

	
2.95

	
2.87




	
1.5

	
4.05

	
3.07

	
2.47

	
2.42
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Table 3. Linear regression analysis of biological CODMn removal at different stages.
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	Filter/Time
	Kinetic Constant k (min−1)
	Half-Reaction Time t1/2 (min)
	Formula
	R2





	#1–86 days
	0.0194
	35.73
	y = −0.0194x + 0.0511
	0.992



	#2–69 days
	0.0297
	23.34
	y = −0.0297x + 0.0861
	0.998



	#2–101 days
	0.0323
	21.46
	y = −0.0323x + 0.0360
	0.998



	#2–159 days
	0.0376
	18.43
	y = −0.0376x + 0.0521
	0.995
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Table 4. Variations in ammonia along the filter layer at different stages.
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Filter Layer Thickness (m)

	
Ammonia Nitrogen (mg/L)




	
#1–86 Days

	
#2–69 Days

	
#2–101 Days

	
#2–159 Days






	
0

	
1.29

	
1.37

	
1.19

	
1.28




	
0.4

	
0.65

	
0.58

	
0.49

	
0.51




	
0.8

	
0.28

	
0.24

	
0.17

	
0.16




	
1.2

	
0.16

	
0.12

	
0.082

	
0.073




	
1.5

	
0.064

	
0.053

	
0.042

	
0.038
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Table 5. Linear regression analysis of biological ammonia removal at different stages.
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	Time
	Kinetic Constant k (min−1)
	Half-Reaction Time t1/2 (min)
	Formula
	R2





	#1–86 days
	0.1007
	6.88
	y = −0.1007x + 0.1383
	0.981



	#2–69 days
	0.1059
	6.55
	y = −0.1059x − 0.0070
	0.994



	#2–101 days
	0.1096
	6.32
	y = −0.1096x − 0.0762
	0.994



	#2–159 days
	0.1162
	5.97
	y = −0.1162x − 0.0792
	0.992
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Table 6. Variations in manganese along the filter layer at different stages.
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Filter Layer Thickness (m)

	
Manganese (mg/L)




	
69 Days

	
101 Days

	
159 Days






	
0

	
0.55

	
1.13

	
2.03




	
0.4

	
0.24

	
0.56

	
1.30




	
0.8

	
0.11

	
0.24

	
0.53




	
1.2

	
0.051

	
0.049

	
0.12




	
1.5

	
0.019

	
0.019

	
0.034
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Table 7. Linear regression analysis of the biological manganese removal at different stages.
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	Time
	Kinetic Constant k (min−1)
	Half-Reaction Time t1/2 (min)
	Formula
	R2





	#2–69 days
	0.114
	6.08
	y = −0.114x + 0.1819
	0.983



	#2–101 days
	0.1579
	4.39
	y = −0.1579x + 0.713
	0.987



	#2–159 days
	0.1668
	4.16
	y = −0.1668x + 1.0812
	0.982
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