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Abstract


Constructed wetlands (CWs) represent a green technology for digestate liquid fraction (DLF) treatment. However, previous research has warned about their performance when treating wastewater with high suspended solid and organic loads. In addition, the high NH4-N concentration typical of this wastewater can compromise vegetation establishment and activity. In view of this, a digestate pretreatment is needed. This study aimed to test the performance of filters filled with recovery materials, such as brick and refractory material, for DLF pretreatment. The effect on DLF physical (electrical conductivity, pH, dissolved oxygen, and temperature) and chemical (total nitrogen, ammonia–nitrogen, nitrate–nitrogen, total phosphorus, soluble phosphorus, and chemical oxygen demand) characteristics was monitored during eight weekly cycles. The effect of filtration on total nitrogen and ammonia–nitrogen removal began after about one month of loading, suggesting that an activation period is necessary for bacteria. For effective N removal, the presence of multiple digestate recirculations per day through the filters appears mandatory to guarantee the alternation of nitrification and denitrification conditions. For P removal, filling material particle size appeared to be more important than its composition. Unclear performances were observed considering chemical oxygen demand. Further studies on filling media and microbial community interactions, and the long-term efficiency of filters, are desirable.
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1. Introduction


Electricity production from biogas plants in the European Union (EU) has grown rapidly during the past 25 years, accounting for half of the global biogas production (ca. 650 PJ) in 2015 [1]. The biomass of digestate, the by-product of anaerobic digestion, is quantitatively similar to the inlet raw materials. Indeed, during anaerobic digestion, a fraction of organic carbon is transformed into methane (CH4) and carbon dioxide (CO2), whereas for most of the other elements, particularly nitrogen (N) and phosphorus (P), there is no material loss but rather a form change [2,3]. The N recovery in the digestate is close to 100%, whereas P, calcium (Ca), magnesium (Mg), and manganese (Mn) are partially crystallized in substituted phosphate form, which can be used as P fertilizer [4]. Generally, digestates are characterized by a higher ammonium (NH4+)-to-total-N (TN) ratio; stable organic matter (OM) and pH; and lower easily degradable OM, total and organic carbon (C) content, biological oxygen (O2) demand (BOD5), C-to-N ratio, and viscosity compared with undigested raw materials [5]. Nonetheless, digestate composition is a function of incoming biomass [6,7]. For example, the NH4+-N content is directly related to feedstock total N content. Indeed, feedstock-derived digestates are characterized by a high NH4+-N-to-TN ratio and a low C-to-N ratio [8,9] due to the high degradability of the raw materials (e.g., cereal grains). In contrast, cattle manures or fibrous feedstocks with low N content (e.g., silage maize) lead to a low NH4+-N-to-TN ratio digestate [10].



Digestate is commonly recycled as fertilizer [11], but if its total N content is expected to be higher than the EU Nitrates Directive limits per spreading unit surface, it has to be treated for N reduction [12,13] before agriculture use. Different types of digestate treatment are reported in the literature, from liquid/solid separation to membrane filtration [14,15]. However, these are expensive to realize and maintain. Separation creates two outputs—a solid and a liquid fraction—that need to be stored and handled separately [16]. The former represents about 15% of the raw digestate and is concentrated in organic matter, as organic N and P, and is a valuable and easily manageable soil amendment [17]. The liquid fraction, which represents about 85% of the raw digestate, is rich in nitrogen (about 0.5% of fresh weight), mainly as ammonium (about 70%) [18]. Considering the European Nitrates Directive limits (from 170 to 340 kg N ha−1 in relation to vulnerability of spreading area) and taking into account the liquid fraction characteristics, its management is more difficult than that of the solid fraction and requires a large land area for spreading. In addition, its management implies the costs of transportation and distribution. For these reasons, the reduction in the N content in this fraction is of crucial importance to reduce the required land area and related costs of distribution.



Constructed wetlands (CWs) represent a green technology for digestate treatment [19,20]. They are engineered systems that exploit natural processes to remove organic compounds and nutrients from wastewater [21,22,23,24] and provide effective, low-cost, low-maintenance, and environmentally beneficial alternatives to traditional systems [25,26]. Despite the numerous reported benefits, previous research has warned about the long-term function of CWs as a form of treatment for wastewater characterized by high organic and suspended solid loads [27,28,29] as digestate [19,30] due to substrate clogging. Additionally, the high NH4+-N and salinity content may compromise the plant survival in CWs [26]. In several papers, the digestate liquid fraction (DLF) was diluted (from 1:2 to 1:20 DLF:water) before CW treatment, and in some cases it was additionally subjected to a residence time in a sediment tank [13,19,20,31] with the aim to reduce the suspended solids and NH4+-N concentration. However, dilution may not be considered a suitable solution in practical conditions because it implies higher volumes to store and manage. For this reason, a digestate pretreatment able to reduce the pollutant load before CW treatment is needed. Different pretreatment technologies are available, such as ultrafiltration, reverse osmosis, and stripping, that also allow nutrient recovery, but these are relatively complex and expensive [32] from both economic and environmental perspectives. Therefore, interest in exploring more environmentally friendly pretreatment solutions remains. A possible low-cost pretreatment system, already used for other effluents, is aerobic filtration [33,34]. Although sand-filled filters are the most commonly used approach [35,36,37,38,39], several investigations of on-farm and/or low-cost filtering media have been undertaken, such as wood chips, wheat straw [40], oyster shells [41], semisoft plastic media [34], rockwool [42], and materials from the recirculation of subproducts of different industrial processes (e.g., laterite [43], zeolite, and zeolitite [44,45]). In this context, the individuation of low-cost and easily available filling materials is a target that can combine the needs of developing filters for DLF pretreatment and fostering the circular economy of farms [46,47]. However, to our knowledge, no studies have been conducted on the use of recovery materials for filtration before DLF CW treatment.



Therefore, the aim of this study was to test the effects of recovery materials used as filtering media, such as fragmented bricks and refractories, on the main DLF chemical–physical characteristics and to evaluate whether the resulting wastewater presents adequate characteristics to be treated with CWs.




2. Materials and Methods


2.1. Filter Structure and Composition


The experiment took place indoors from March to May 2013 and involved four aluminum filters composed of two modules each (0.48 m height, 0.48 m diameter, 0.08 m3 volume) (Figure 1). The upper module was a real filter containing the filling medium held by a steel plate mesh and covered with a plastic cap to prevent evaporation. The lower module was a tank in which the DLF was stored after filtration. Upper and lower modules were connected through a vacuum pump, which was controlled by a timer set to a 3 h timespan, allowing eight filtration cycles per day.



The filters were filled with three different materials, namely, brick (BRICK), porous refractory material (REFR), and gravel (GRAVEL) (Table 1). BRICK was derived from a demolition recovery industry and composed mainly of brick tiles, roof tiles, and pottery, with an average size in the 50–70 mm range. REFR was derived from blast furnace demolition and mainly composed of aluminum silicon oxide (51%), magnesium aluminum silicate (19%), and aluminum oxide (14%), with smaller percentages of andalusite (8%), alpha-quartz (3%), cristobalite (4%), and zirconium silicate (1%). REFR presented two different dimensions: 20–30 mm (REFR 20–30) and 30–50 mm (REFR 30–50). GRAVEL was a building material of fluvial origin composed of 52% dolomite, 17% potassium aluminum silicate hydroxide, 13% calcium carbonate, 8% albite calcian, and 5% each of magnesium iron aluminum silicate hydrate and silicon oxide. Filters contained 40–89 kg of filling material to cover the upper module internal volume and presented a porosity between 41% (GRAVEL) and 55% (REFR 30–50).




2.2. Filter Loading


Each week, the DLF filtered in the previous week was discharged from the lower module and a new quantity of fresh DLF was loaded in the upper module. The filter loading took place manually by removing the plastic cap and gently pouring 20 L of DLF into the upper module. The DLF residence time was in the 15–22 min range, but the quantity of DLF percolation was not regular during this period. Irrespective of the filling material, about 90% of DLF came out in the first 2 min. The DLF was collected at the Bondeno (FE, Italy) biogas plant and fed with a mixture of pig slurry (8%) and energy crops (e.g., silage maize) (92%).




2.3. Chemical–Physical Analysis


Monitoring took place each week for a total of eight weeks, collecting both inlet and each filter outlet. Electrical conductivity (EC), pH, dissolved oxygen (DO), and temperature (T) were measured directly inside the lower module using a Hach Lange HQD 40d multiparameter (Hach Lange GmbH, Berlin, Germany) with interchangeable probes according to standard methods [48]. Representative samples were collected and analyzed on-site to obtain total nitrogen (TN), ammonia–nitrogen (NH4-N), nitrate–nitrogen (NO3-N), total phosphorus (TP), soluble phosphorus (PO4-P), and chemical oxygen demand (COD) with a Hach-Lange DR-2800 spectrophotometer (Hach Lange GmbH, Berlin, Germany) and adequate cuvette test kits (LCK 014, 338, 340, 348, 350, 514) [49] according to Din [50]. Turbidity was measured with a portable HI83414 turbidimeter (HANNA Instrument, Smithfield, RI, USA) as an indirect measure of suspended solids in the digestate. DLF samples were diluted before measurements to allow parameter values to enter into the measuring ranges. The DLF inlet and outlet volumes were measured with a graduated cylinder to allow the calculation of inlet and outlet mass as inflow or outflow concentration (mg L−1) multiplied by inflow or outflow volume (L). These values were used to represent the daily mass trend of cumulative nitrogen forms.




2.4. Statistical Analysis


The data series parameters did not follow a normal distribution and, thus, were tested using the Kruskal–Wallis nonparametric test using weekly measurements as replicates. Statistical analysis was performed on parameters of both concentration and mass balance for nitrogen and phosphorus forms and COD, comparing the inlet and filter outlets. For EC, pH, DO, T, and turbidity, only inlet and filter outlet values were compared. Correlations between monitored wastewater parameters were evaluated using the Spearman rank correlation. Statistical analysis was performed with Statistica software (Stat Soft. Inc., Tulsa, OK, USA), version 10.





3. Results and Discussion


3.1. Digestate Physical Characteristics


The inlet DLF EC values ranged between 24.8 and 28.4 mS cm−1 with a median value of 27.5 mS cm−1 (Table 2). This is in accordance with the literature, in which digestate from anaerobic digestion of pig slurry (digested alone or codigested with other matrices) is characterized by 20–30 mS cm−1 EC. After filtration, considering the whole experimental period, the EC median value was significantly (Kruskal–Wallis p < 0.05) reduced (−26.5%) by BRICK, REFR 20–30, and GRAVEL (Table 2). It is worth noting that, although reduced by filtration, the EC value did not reach the 4 mS cm−1 considered to be the EC threshold for CW plant survival [51]. As is well known, the reduction in EC is related to lower ion concentration. However, in our experiment, considering the N and P forms, only NH4-N significantly influenced the EC value with a positive effect as demonstrated by the Spearman correlation (R = 0.910, p < 0.001).



The pH of the inlet DLF was steady over time, with values between 7.6 and 7.8, a range slightly lower than that reported in the literature for animal-slurry-derived digestate (around 8) [52,53,54]. Aerobic filtration significantly (Kruskal–Wallis p < 0.05) increased pH in all filtering materials, with the exception of GRAVEL (Table 2), which showed higher variability, ranging from 7.5 to 8.8. The pH increase after filtration was probably due to both (i) the formation of ammonium carbonate ((NH4)2CO3) [55] and the removal of CO2 as a result of the transformation of CO32− and 2H+ to CO2 and H2O [56], and (ii) the reduction of multivalent ions as SO42− [2]. It is worth nothing that nitrification and denitrification work optimally in the 7.5–8.5 and 6.5–7.5 ranges, respectively [57,58]. Thus, it is speculated that filtration allows the formation of optimal conditions for nitrification while also avoiding the possible environmental drawbacks linked with denitrification conditions (e.g., N2O emissions). The pH increase observed in the wastewater after filter pretreatment is not considered to compromise the subsequent CW treatment. In fact, the values are well tolerated by the main macrophytes used in the CWs [59], and the high CO2 partial pressures arising in the rhizosphere due to plants and microbial respiration [60,61] are expected to reduce the pH value [13]. Finally, the pH values of DLF filter outlets were within the range obtained by Comino et al. [19] and Zhou et al. [20].



As expected, the DLF DO content was very low before filtration, with values ranging from 0.13 to 0.25 mg L−1. After filtration, all filtering materials demonstrated a significant (Kruskal–Wallis p < 0.05) DO increase, reaching a median value between 0.20 and 0.30 mg L−1 (Table 2). The low oxygen conditions inside the filter may favor the production of nitrite from ammonia rather than of nitrate [62]. Moreover, decreased nitrification as a result of low DO may represent a major obstacle to achieve high N removal in CWs [63]. It is worth noting that the tested filters were intended to be pretreatment for CWs; thus, a DO increase and, in turn, COD and N removal are expected in the subsequent CW treatment step [64]. The still-low DO content after pretreatment may suggest that DLF would require, as a subsequent treatment step, a vertical subsurface flow CW and/or intensified CWs (e.g., aeration, waterdrop influent, and tidal operation). Indeed, the DO concentration inside the substrate can reach 8 mg L−1 in an aerated CW, therefore creating optimal conditions for the nitrification–denitrification process, which needs a high O2 level, thus determining the COD consumption [65].



The temperature depended on the room temperature and was not affected by filtering materials, ranging from 12.2 to 22.0 °C during the experimental period (Table 2). These temperatures fell within the optimal range for nitrifying bacteria growth, according to Reddy and Patrick [66].



The turbidity of the inlet DLF was higher than 30,000 NTU and ranged between 31,540 (first cycle) and 42,360 NTU (sixth cycle). No significant turbidity reduction was observed with BRICK and REFR 30–50 filling materials, whereas a significant (Kruskal–Wallis p < 0.05) reduction was found with REFR 20–30 and GRAVEL media. Considering the behavior of the filters during the experiment, the turbidity was lowered after filtration until the seventh cycle, which was in the range of 30,000–35,000 NTU. On the contrary, during the last monitoring cycle, the turbidity increased to 45,000 NTU in all filters. This behavior can be explained as the release of suspended solids previously accumulated around filling material particles, suggesting that a cycle of filter washing would be required. Although a few filters significantly reduced turbidity, its value remains high (Table 2). However, this parameter is usually highly abated in subsurface flow CWs (from 70% to 85%) [67], suggesting the use of this kind of CW after filter pretreatment. In addition, a correlation between turbidity and TP presence in wastewater has been reported [68].



3.1.1. Nitrogen


During the experimental period, the DLF TN concentration ranged between 3030 and 4980 mg L−1 in the inlet. Taking into account the supplied DLF quantity, the cumulative filter load ranged from 108 to 178 g m−3 d−1. Considering the median values, the inlet DLF TN content was formed by 72% of NH4-N and 7% of NO3-N, confirming the review of Möller and Müller [2], who observed that 45–80% of TN is present in ammonia form in the DLF. Considering the whole monitoring period, the DLF TN concentration did not show significant changes after filtration (Table 3). Regarding TN dynamics, all filters reduced the TN concentration and mass after the fourth week (Figure 2a,b). A different trend was instead observed for NH4-N, in which the inlet increased from the first (429 mg L−1) to the fourth week (3070 mg L−1) and then showed a steady concentration around 3000 mg L−1.



The NH4-N filter load ranged from 58 to 121 g m−3 d−1 (Figure 2d). Considering the whole experimental period, the NH4-N concentration and absolute DLF content were significantly reduced by filtration only when using REFR 20–30 (−67.0% and −77.0%, respectively) as the filter medium. However, from the fourth experimental week, different cumulative abatement behaviors were observed among filters, ranked as follows: REFR 20–30 > GRAVEL > BRICK > REFR 30–50. In addition, regarding NH4-N concentration dynamics, a general and consistent decreasing trend was visible after the fourth week in all filters (Figure 2), in which concentrations in the DLF outlet around 400–500 mg L−1 were obtained. Ammonia dynamics are pH and temperature dependent [69]. In this study, pH ranged from 8.3 to 8.6 throughout the treatment period. Therefore, ammonia loss through volatilization from filters was negligible because NH4–N is generally insignificant below 7.5 pH and losses are often not serious around 8.0 pH [66]. The values measured at the filter outlets are similar to those obtained in studies in which DLF was diluted before CW treatment (from about 65 to 500 mg L−1) [13,19,31] and do not compromise vegetation establishment and wetland functioning [24]. Thus, for NH4-N, filtration pretreatment can be a valuable alternative to DLF dilution before CW treatment.



In contrast, the NO3-N concentration and its absolute presence in the inlet DLF were more stable over time and ranged between 200 and 314 mg L−1 (median value 276 mg L−1), whereas a specific dynamic was observed at each filter outlet (Figure 2e,f). Considering the whole monitoring period, neither NO3-N concentration nor NO3-N absolute content was significantly different between inlet and filter outlets (Table 3). Although not significant for NO3-N, an opposite trend was observed between NO3-N (i.e., increase) and NH4-N (i.e., decrease) during the fourth to sixth week period, probably due to nitrifying bacteria growth, which implies a start-up period of about 40 days [70]. Subsequently (sixth to eighth week), the NH4-N mass content in the treated DLF was stable (Figure 2d), whereas the TN decreased (Figure 2b) and NO3-N slightly increased (Figure 2f) compared with the inlet. Considering that filters were not vegetated, N removal should have been achieved through microorganisms. In addition, it can be speculated that the NO3-N mass content decrease in the last two monitoring cycles was due to denitrification. Indeed, denitrification occurs when O2 levels are depleted (<0.5 mg L−1) and NO3− becomes the primary oxygen source for microorganisms [63,71]. In this study, the DLF DO content was always below 0.5 mg L−1 and N form dynamics indicate that four weeks is the time period required for biological activation of the proposed filters.




3.1.2. Phosphorus


The inlet DLF TP concentration and weekly absolute load median values were 411.5 mg L−1 and 8.2 g filter−1, respectively. Among the studied filtering media, only GRAVEL was able to significantly reduce both TP concentration (−17%) and mass balance (−23%) (Figure 3a,b).



The PO4-P concentration in the inlet DLF represented 85% of the TP. Its concentration and weekly absolute load median values were 351.5 mg L−1 and 7.0 g filter−1, respectively. PO4-P showed the same behavior observed for TP; only GRAVEL significantly reduced its content, by 29% and 34%, for concentration and mass balance, respectively (Figure 3c,d). P removal in natural-like systems is a critical issue that has not yet been sufficiently solved and is closely associated with the properties of the filter material [72]. Indeed, P removal is mainly achieved via precipitation or sorption on filtering media [72], the latter being controlled by the properties of physical–chemical substrates [73]. In addition, a microbial P uptake has also been observed [63]. In CW systems, P removal is also a critical issue because the major removal processes (i.e., adsorption on the substrate surface and precipitation) are saturable and decrease over time [63]. However, in these systems, plant uptake represents one of the key levers to improve P removal efficiency but with a species-specific effect [74]. Taking into account the high P concentration still present after filtration, plants characterized by high P uptake should be chosen to vegetate CWs used to treat DLF filter outlets.



In this experiment, the best performance was achieved using GRAVEL substrate, probably due to the higher specific surface area, which increases as the particle size decreases. Indeed, GRAVEL was the material with the lowest particle size, from 2.5 to 7.5 times lower than that of all other substrates. Consequently, as already reported by Henderson et al. [75], it may be speculated that the microbial population linked to the P cycle may have a much greater surface area to colonize in gravel than in other substrates. Additionally, digestate recirculation through the filter led to a slight increase in O2 availability, which may have fostered microbial P uptake [76].




3.1.3. Chemical Oxygen Demand (COD)


The COD concentration in the inlet DLF during the monitoring period ranged between 40,620 mg L−1 (first cycle) and 71,170 mg L−1 (fourth cycle), with a median value of 59,035 mg L−1. The COD quantity loaded in each filter with DLF was in the 812–1423 g range per monitoring cycle, with a median value of 1181 g. The statistical analysis of COD concentration and mass balance did not show differences among filters, probably due to the high variability of the dataset, particularly in REFR 30–50 (Figure 3e). Indeed, removing the latter from the database, significant (Kruskal–Wallis p < 0.05) COD mass removal was found in REFR 20–30. Trends of the COD mass absolute value (Figure 3f) were very similar to the concentration trends. In this study, the low COD abatement may be due to (1) the preservation of recalcitrant material during anaerobic digestion that, in turn, leads to a high content of biologically stable organic carbon (similar to that of compost) in the DLF [77], and (2) the low O2 available and high COD/TN ratio (about 15.2). The latter represents the relative quantity of carbon sources able to affect the decomposition of organics by microorganisms, as well as the microbial processes of nitrification and denitrification [78,79]. Therefore, the influent COD/N ratios can promote or inhibit the microbial activity affecting the pollutant removal performance [80,81]. Despite the filters’ effect, the COD concentration was still too high in DLF, most likely due to the high quantity of suspended solids. Therefore, the effect of filtration, as managed in this research, is not yet sufficient to prepare wastewater for subsequent wetland treatment. Different options may be suggested: enhanced filtration by more recirculation and/or intensified wetlands, as previously mentioned.






4. Conclusions


The aerobic filters tested in this study showed encouraging results in DLF treatment, suggesting that recovery materials might also be suitable for agricultural wastewater treatment and may provide new insights into the circular economy. Although the monitoring period was limited, some preliminary results were obtained:




	-

	
DLF turbidity was lowered only by REFR 20–30 and GRAVEL filtering materials.




	-

	
EC was only slightly abated by filters, and thus remains a challenge for the establishment of CW vegetation.




	-

	
The effect of filtration on TN and NH4-N removal began after about one month of loading, suggesting that this is the period after which bacterial activation occurs.




	-

	
REFR 20–30 was the only filtering material able to significantly remove TN and NH4-N from the DLF to values suitable for CW vegetation.




	-

	
For P removal, filling material particle size appeared more important than its composition. Indeed, the best performances were observed with GRAVEL.









The filters demonstrated insufficient performance for COD; therefore, further studies may verify if a smaller (e.g., <1.5 cm) particle size may be more effective. For efficient N removal, the presence of multiple digestate recirculations per day through the filters appears necessary to guarantee the alternation of nitrification and denitrification conditions. Further studies elucidating the interactions between filling media and microbial communities, and the long-term efficiency of filters, are required.
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Figure 1. Description of filter structure: (a) upper (UM) and lower (LM) filter modules; (b) modules’ internal structure with dimensions expressed in mm; (c) vacuum pump; (d) plastic cap; (e) timer. 
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Figure 2. Total nitrogen (TN), ammonia–nitrogen (NH4-N), and nitrate–nitrogen (NO3-N) during the eight-week experiment. Values are expressed as concentration (a,c,e) and cumulative mass balance (b,d,f). 
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Figure 3. Box plot of total phosphorus (TP), soluble phosphorus (PO4-P), and chemical oxygen demand (COD) expressed as concentration (a,c,e) and mass balance (b,d,f). Different letters indicate significant differences according to a Kruskal–Wallis test with p ≤ 0.05. ns = not significant difference. 
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Table 1. Composition and characteristics of filters.
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	Filter Name
	Size (mm)
	Total Weight (kg)
	Porosity (%)
	Residence Time (min)





	BRICK
	50–100
	60
	53
	17 1



	REFR 30–50
	30–50
	61
	47
	21 1



	REFR 20–30
	20–30
	40
	55
	22 1



	GRAVEL
	8–15
	89
	41
	15 1







1 90% of digestate exits after 2 min.













 





Table 2. The eight-week median values of electrical conductivity (EC), pH, dissolved oxygen (DO), temperature (T), and turbidity of digestate at the inlet (IN) and filter outlets. Different letters indicate significant differences at p < 0.05 using the Kruskal–Wallis test.
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	Property
	Unit
	IN
	BRICK
	REFR 30–50
	REFR 20–30
	GRAVEL





	EC
	mS cm−1
	27.5 a
	20.8 b
	21.6 a
	18.7 b
	21.5 b



	pH
	-
	7.7 a
	8.6 b
	8.5 b
	8.5 b
	8.3 a



	DO
	mg L−1
	0.18 a
	0.30 b
	0.21 b
	0.20 b
	0.26 b



	T
	°C
	18.9 ns
	19.9 ns
	18.9 ns
	19.2 ns
	19.2 ns



	Turbidity
	NTU
	38,265 a
	33,330 a
	32,040 a
	32,040 b
	31,190 b







ns: not significant; REFR: porous refractory material













 





Table 3. The eight-week median values of total nitrogen (TN), ammonia–nitrogen (NH4-N), and nitrate–nitrogen (NO3-N) at the inlet (IN) and filter outlets. Different letters indicate significant differences at p < 0.05 by Kruskal–Wallis test. ns: not significant.
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	Parameter (mg L−1)
	IN
	BRICK
	REFR 30–50
	REFR 20–30
	GRAVEL





	TN
	4035 ns
	3290 ns
	3050 ns
	2870 ns
	2940 ns



	NH4-N
	2910 a
	1643 a
	2124 a
	960 b
	1398 a



	NO3-N
	276 ns
	305 ns
	302 ns
	280 ns
	304 ns



	Parameter (g filter−1)
	
	
	
	
	



	TN
	80.7 a
	62.5 a
	57.0 a
	51.5 b
	52.8 a



	NH4-N
	58.2 a
	30.8 a
	38.2 a
	13.4 b
	22.6 a



	NO3-N
	5.5 ns
	5.7 ns
	5.7 ns
	5.3 ns
	5.6 ns
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