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Simple and suitable treatment of swine slurry from small farms is paramount especially in sensitive areas. This paper evaluates the viability of an innovative nature-based technology hybrid system (a Vertical Flow Constructed Wetland followed by a Horizontal Flow Constructed Wetland both planted with reeds – Phragmites australis) to treat swine slurry for further land application or discharge in water bodies with reduced nitrogen impact. Physicochemical parameters, bacterial indicators, surface deposits and biomass inside the filters were monitored. The hybrid configuration offered a dual function for simultaneous solid-liquid separation and biological treatment. Removal of organic matter and suspended solids was very high (>80% for SS and >75% for COD and BOD5) while the overall nitrogen load removal was 65%, due to the combined nitrification/denitrification processes, thus effectively reducing swine slurry nitrogen content. The influence of temperature and design and operational parameters on the treatment efficiency and the hydraulic behavior were also studied. The vertical constructed wetland achieved good hydraulic performance with no clogging problems, despite high pollutant loads. Some of the pollutants were retained and mineralized in the surface deposit layer, increasing around 20 cm each year. This organic biosolid layer improved filtration efficiency. The high ammonia contents interfered with the growth of Phragmites australis, while the high concentration of suspended solids and organic matter determine the operation and design to be implemented.
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INTRODUCTION
Agro-food activities, especially intensive livestock farming can produce high-strength wastewater with marked seasonal fluctuations in terms of quantity and quality. The composition of swine slurry varies greatly, although its component of main concern is nitrogen. Especially, untreated swine slurry contains considerable amounts of non-stabilized organic matter and high concentrations of ammonium that can reach values of 8 g/L, depending on the farm characteristics (Torrens, 2016). Spreading excess slurry over croplands may result in pollution, mainly by nitrates, of groundwater and eutrophication of surface waters also due to phosphorous contents (Armengol and Salgot, 2011). Swine slurry nutrients in excess of crop uptake can accumulate in soils, reaching an oversaturation of nitrates which afterward infiltrate and percolate. At saturation, nutrients are lost to either surface or ground waters (Martinez et al., 2009).
In many areas of Europe, disposal of swine slurry is a serious problem for farmers. In many cases, the harmful environmental effects of pig farm effluents are caused by the high concentration of animals in a limited area and the defective management of the wastes produced. Through the “Nitrate Directive” (91/676/EEC), the EU seeks to reduce water pollution caused or generated by nitrates from agricultural sources. The Directive imposes on the EC Member States the identification of sensitive zones in those countries where action plans must be adopted to reduce nitrate leaching, either to surface water or groundwater. The sensitive areas are those zones where special measures may be given to protect the natural habitats which present a high level of vulnerability. In these territories a maximum of 170 kg of N from animal wastes per hectare per year is allowed.
Large swine slurry volumes are currently generated throughout the world. In 2019 Spain has surpassed Germany as the leading pork producer in the EU. The latest data provided by the Spanish Ministry of Agriculture's statistics service estimates pork production in 2019 at 4.627.179 tonnes, an increase of 2.13% over 2018. By autonomous communities, Catalonia was the largest producer of pork, with a total of 1.89 million tonnes. Catalonia’s region pig density reaches more than seven heads per hectare, with a total of almost eight million heads (Statistical Institute of Catalonia, 2020), equivalent to an annual production of over 1,000 tons of meat. In vulnerable areas, applying discharge limits, 1 hectare of land can accommodate a maximum of about 50 heads’ slurry. In areas of intensive production, the number of heads sometimes exceeds 1,000 per hectare of available land. In such circumstances, there is a surplus of manure, whose application to agriculture is not possible without pre-treatment. The pig industry in many regions of the Mediterranean, including Catalonia, is partially based on hundreds of small farmers, whose limited production and low annual budgets do not allow for implementation of advanced technological waste treatment. This high number of small or medium size piggeries has created the need for a simple, suitable waste disposal technology capable of reducing the nitrogen load applied to land. Small industries, as well as small towns, encounter problems when choosing treatment plant methods that have similar fixed costs regardless of population size and the industry they serve. The high concentration of N in slurry makes treatment costs too high and sometimes limits the sector’s development (Vidal et al., 2018).
Building alternative storage and treatment units or additions to traditional treatment and operational methods is required to abide by the Nitrates Directive (Henkens and van Keulen, 2001). Swine slurry treatment is intended largely to solve this overproduction of nutrients in order to adjust the amount and quality to farmers’ demand for organic matter and fertilizer. Swine slurry management usually consists of three main phases. The first-one is the solid-liquid separation, the primary treatment process used to improve liquid manure handling properties and to generate solids. Several methods are available to separate solids from liquids, including sedimentation, mechanical separation, evaporation ponds, dehydration, coagulation and flocculation (Borin et al., 2013). The second phase is converting the solid fraction into an exportable product used for composting or generating biogas. The last phase is usually the reduction of nutrient contents in the liquid fraction to meet discharge criteria or spreading the remaining nutrients on arable land. Nutrient contents reduction in the liquid fraction can be achieved by different techniques: anaerobic co-digestion, activated sludge treatment, batch sequencing reactors, ultrafiltration, reverse osmosis or natural technologies such as CWs (Borin et al., 2013). Technically complex systems to reduce nitrogen are not viable at the small and medium scale owing to installation and maintenance (Torrens, 2015).
The lack of solutions for sustainable and cost-effective treatment of agro-industrial wastewater in small-medium farms is a widespread problem. Therefore, there is a need for low energy consumption technologies like nature based technologies easy for the farmer to manage and maintain, and having low construction, operation and maintenance costs. Nature Based Technologies for wastewater treatment use natural, commonly occurring self-treatment processes that take place in soil, water and wetland environments (Torrens, 2015). These technologies (like ponds, constructed wetlands or infiltration-percolation systems) are being used nowadays as a solution for wastewater treatment from different sources (including swine). Constructed wetlands (CWs) have been in use for about 30 years as a sustainable option for treating domestic and urban wastewater. Although they are mainly used for this purpose, CWs are starting to be adopted as nature-based solutions for swine wastewater treatment. as they efficiently remove suspended solids, biodegradable organic matter and pathogenic microorganisms. Nitrogen removal depends on the system’s design, process configuration and loading rates (Kadlec et al., 2000). Detoxification is another important issue, as CWs can remove heavy metals, persistent organic substances and emergent pollutants (Reyes-Contreras et al., 2011). Swine slurry is high-strength wastewater, so treatment with CW has usually required the implementation of pre-treatment operations or even influent dilution (Hunt and Poach, 2001). Treatment efficiency varies for different pollutants and changes considerably in space and time, depending mostly on the type of CW used, its design, age of the system, feeding mode (how wastewater is applied), hydraulic load (HL) and hydraulic retention time (HRT). Under the effect of different temperatures, treatment efficiency tends to change during the year (Politeo, 2013). Politeo (2013) has compiled experiences using CWs for pig farm effluents and created a “piggery wastewater treatment wetlands database” (PWDB).
Existing treatment wetlands for swine slurry have a wide variety of configurations, designs, flow rates, and inlet qualities (Luo et al., 2018; Vidal et al., 2018; Mendieta-Pino, 2019). The majority of these case studies use free water flow systems to avoid clogging, but require a significant land area. Subsurface systems for piggery wastewater are primarily used in China and Europe. Within SSFCWs type, the Horizonal Flow Constructed Wetlands (HFCWs) are the most used system (Borin, et al., 2013; Vidal et al., 2018). However theses CWs requires very effective pre-treatments since they are susceptible to clogging. Most of the these experiments treat “pre-treated” swine slurry, as can be noticed with the inlet organic matter and nitrogen concentrations (<100 mg/L COD and <100 mg/L TKN). Hence, these CWs are supplementary treatments of ponds, anaerobic digesters or activated sludge reactors meant to reduce nitrogen by nitrification and denitrification. In order to reduce the inlet loads, some studies treat swine slurry by recirculation or adding runoff or tap water for diluting the ammonium content than can be toxic for plants (Harrington and Scholtz, 2010). Vertical Flow Constructed Wetlands (VFCWS) or hybrid systems (combination of different types of CWs) are being applied more recently to treat pig slurry (Liu et al., 2015). Kato et al. (2010), and Klomjek (2016) studied the performance of a hybrid system treating very concentrated pig slurry. In the Kato’s study the high TN concentration in swine effluents caused problems with respect to oxygen supply in the plant’s vertical filters. In Klomjek’s study (2016) experiment Napier grass showed their suitability to be used in the VFCW for swine wastewater treatment, but. However, the TKN of influent swine of the VFCW was 70 mg/L on average in Klomjek’s study compared to more than 2000 mg/L in this study. In general, a good solid removal prior wetland treatment is necessary to assure a long term functionality, however, if a CW is designed following the concept of French Reed Beds or dewatering reed beds, higher SS charges could be applied to the CW. French Reed Beds are a particular CW solution which receives raw wastewater, hence can receive high SS, organic matter and nutrients loads.
In this context, an innovative CW hybrid system (a new design of VFCW based on French Reed Beds and dewatering reed beds followed by a HFCW, both planted with Phragmites australis) was designed and constructed at a pig farm in Viver i Serrateix (Barcelona province, Catalonia). The main purpose of the study was to evaluate the viability of the hybrid CW to directly treat swine slurry for further land application or discharge in water bodies with reduced nitrogen impact. This paper presents the study of the effectiveness of the hybrid pilot, and evaluates the influence of design (type of flow, presence of Phragmites) and operational parameters (dosing and feeding modes) on treatment efficiency and hydraulic behavior. The nitrogen dynamics to study the capacity of nitrification/denitrification of the CWs is also presented.
MATERIAL AND METHODS
Study Site
The study was carried out at a private pig farm, Can Corominas, in Viver i Serrateix, in the Berguedà region of Catalonia (Spain), at an altitude of 606.4 m above sea level, with a Mediterranean climate and an average annual temperature of 12.9 °C and average daily temperatures ranging from 1 to 29 °C. Annual rainfall is 660 mm. The farm has an area of 1 ha, and it accommodates approximately 580 sows and 2000 piglets up to 18 kg in closed bays. The manure is stored in pits down the ground, and once they fill up, it is emptied into two storage ponds with depths between 3 and 5 m. Filling usually happens every 15 days, and the ponds are emptied twice a year by towed cisterns transporting slurry as organic fertilizer to adjacent field crops. The pilot plant for this project was designed, built and operated based on modular systems (Plantdepur) designed by Spanish company MOIX (MOIX, Obres i Serveis, SL) together with the University of Barcelona. This modular system allows for transport and easy installation without much civil work, as well as easily extending the system´s capacity. The pilot plant is a hybrid CW made up of a vertical and a horizontal flow connected in series. The general design diagram of the pilot wastewater treating plant is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Layout of the constructed wetland pilot plant treating swine slurry.
The pilot plant receives slurry from an accumulation pond with anaerobic nature. The slurry is pumped into the VFCW, whose waters are directed toward the HFCW. Finally, the treated water from the HFCW is diverted into a big slurry accumulation pond. The main design parameters of the hybrid pilot plant are shown in Table 1.
TABLE 1 | Main design parameters for the hybrid Constructed Wetland.
[image: Table 1]The vertical system was designed based on the model developed by the IRSTEA (now INRAE) in France (with several beds in parallel and operated intermittently and sequentially), and it can treat raw wastewater without pre-treatment as long as rest periods and intermittent feeding are applied to prevent clogging (Molle et al., 2006; Morvannou et al., 2015). The tank is divided into three equal, independent, isolated units with an area of 3.2 m2 each (4.7 × 0.7 × 0.6 m). The filling media is the same for the three units and consists of this vertical section:a filtering layer of 30 cm of 2–8 mm gravel, a transition layer of 20 cm of 20–30 mm gravel and a drainage layer 10 cm deep, with 20–60 mm gravel. One of the units is not planted with Phragmites australis to check the effect of macrophytes. Swine slurry is supplied by means of a pump regulated by a timer. An overflow pipe was installed to control the hydraulic load (HL). The swine slurry is directed to a distributor where water is sent to any of the three distribution pipes that feed each VFCW unit (Figure 2). A tile is placed on the bed down the pipe outlet to prevent local erosion and help distribute water evenly across the surface. Water flows vertically and is collected at the bottom. The water from the VFCW is directed to the horizontal module by gravity through a pipe. In the second HFCW module (4.7 × 2.3 × 0.6 m), water, which sequentially enters as it receives the effluent from the vertical filter, flows in a 14.1 m circuit (Figure 3). The tank is filled with crushed brick between 20 and 80 mm in diameter and planted with Phragmites australis. The outlet consists of a flexible pipe that controls the water column level in the wetland bed. Finally, the effluent exits through a pipe to a big swine slurry storage pond.
[image: Figure 2]FIGURE 2 | VFCW pilot: general view, distribution pipe and Phragmites australis detail.
[image: Figure 3]FIGURE 3 | HFCW pilot: general view and Phragmites australis detail.
Operation
The pilot plant was constructed in 2011 and has been in operation until 2019. A summary of the operation parameters is shown in Table 2. The VFCW pilot received a HL of 5.6 cm/day (180 L/day). For the same 5.6 cm/day HL, two dosing regimens were applied varying the feeding schedule in order to study the effect of fractionation on filter performance. Thus, two operating periods were established: the first period applying 1batch per day (180 L/batch), and the second period applying five batches per day (36 L/batch). Filters were fed for 7 days and left resting for 2 weeks. The way water entered the HFCW depended on the HRT of the VFCW units.
TABLE 2 | Operation parameters of the hybrid Constructed Wetland.
[image: Table 2]Water Quality Monitoring
Physicochemical parameters were evaluated in each pilot plant (VFCWS inlet, VFCWS outlet, HFCW inlet and HFCW outlet). Analysis of weekly, biweekly or monthly grab samples was performed from 2013 until 2016 (n = 78). EC, pH, COD, dCOD, TKN, N-NH4+, N-NO3-, and P-PO43- were analyzed according to the Standard Methods (APHA et al.2012). Microbiological parameters were evaluated in each pilot plant component (VFCWS inlet, VFCWS outlet, HFCW inlet and HFCW outlet). The bacteriological indicator (E. coli) was evaluated according to the Standard Methods protocol (APHA et al., 2012).
Sludge Deposit Monitoring
Samples of sludge accumulated on the surface of the VFCWs were collected every 3 months (n = 16) from 2014 to 2016 to monitor the degree of mineralization and composition as fertilizer. Dry Matter (DM), Organic Matter (OM)%, N% and p% were analyzed according to MAPA, 1994.
Hydraulic Monitoring
In the VFCWs units, Infiltration Rates (IR) per filter were quantified by measuring the level of the surface water with an ultrasound probe during all the operation period (2012–2018). The water level increases during the feeding period and then decreases. During this decreasing period, the IR was calculated in relation to the measurement period by determining the slope rate of change in the height of the water curve of the filter over time. All data were recorded on a data logger minute by minute. Every week, the recorded data were downloaded for evaluation.
Temperature Monitoring Inside the Filters
Two temperature sensors placed at a depth of 15 cm were also installed in a planted VFCW unit and in the unplanted VFCW unit. The temperature sensors would contribute to explain the differences caused by the presence of vegetation. These data were recorded on a data logger minute by minute during all the operation period. Every week, the recorded data were downloaded for evaluation.
Biomass Inside the Filters
Ammonium and nitrite oxidizing bacteria inside the VFCW units were identified by using the Nitri-Vit (Vermicon) test kit. Samples (3 samples per VFCW filter) were collected from the filter at 15 cm depth after one week of operation and analyzed with this Nitri-Vit test using fluorescent microscopy.
Statistical Analysis
Statistical analysis of the raw data was done using the statistics computer packages Excel 2010 and SPSS 16.0. for Windows. Excel 2010 was used for descriptive statistics (i.e. averages, SD) and to perform simple regression analysis. SPSS 16.0 was used to analyze variance (two-way ANOVA) to study the effect of variables (presence of Phragmites australis and feeding modes) on the VFCW percentage removals. The level of significance (p) was established at p ≤ 0.05. The data from these test parameters were tested for normal distribution with box-plot and were log-transformed it they were not normally distributed.
RESULTS AND DISCUSSION
Influent Characterization
The average, maximum and minimum concentrations of VFCWs influent pollutants are shown in Table 3. Influent wastewater presented the typical characteristics of swine slurry (Lee et al., 2014; Vidal et al., 2018), with high concentration of SS, organic matter, nitrogen and phosphorous. However, most CW studies, as shown in Table 3, present lower influent pollutant concentrations (most CWs operate with pre-treated wastewater). Only Sánchez-García et al. (2010) and Kato et al. (2010) apply a similar high-strength influent.
TABLE 3 | Hybrid CW performance: average, maximum and minimum influent and effluent concentration and % removal of pollutants (n = 78).
[image: Table 3]The influent presents high variability. The average SS content was 4,000 mg/L with high variations (from approximately 1,500–10,000 mg/L) as a result of each bed (filter in operation) receiving an average of 230.8 g of SS/m2·day, and 76.9 g of SS/m2·day for the whole VFCW pilot, which represents approximately 28 kg of SS/m2·year. This value is similar to SDRBs applied with primary or secondary sludge (Troesch, 2009; Arroyo et al., 2018). French VFCWs treating raw wastewater receive much lower loads (about 150 g of SS/m2·day with the filter in operation). Most of the CWs experiences treating swine slurry also applies lower SS surface loading rates than this study. The average value of influent DM was 12 g/L. Similar concentrations of DM are found in the literature for different types of sludge applied to SDRBs: Koottatep et al. (2005) applied sludge from emptying septic tank (with a DM content of 12 g/L) to SDRBs in Thailand, and Burgoon et al. (1997), describes in his study with SDRBs the application of sludge from an aerated pond with a DM content of 14 g/L. The DM value of 12 g/L represents 87 kg of DM/m2 per year (filter on operation) and 27 kg of DM/m2 per year (entire VFCW). These values are similar of those applied in SDRBs. Nielsen et al. (2005) recommend a maximum of 60 kg of DM/m2 per year for the all SDRBs. SDRBs are implemented to treat sludge from activated sludge systems, primary sludge and sludge from emptying septic tanks (Molle, 2014). Organic loads presented a high variability in the study, ranging from 3,600 to 14,000 mg/L of total COD with a very high average organic load of 391.2 g of COD/m2·day (filter in operation) and 130.4 g of COD/m2·day (the whole system) depending, again, on the farm operation and storage conditions. About 50% of the COD was dissolved COD. The BOD5/COD ratio presented values of 0.25–0.42 which represents a moderate biodegradability (Tchobanoglous et al., 2003). The influent entering the VFCWs presents intermediate biodegradability. Regarding nitrogen forms, influent is characterized by high N-NH4+ concentration (most of the nitrogen is ammonium, typical in raw swine slurry). As shown in Table 3, during the monitoring period, TKN influent concentration ranged from 1,100 to 270 mg/L, with a median load of 131.3 g TKN/m2·day (filter in operation) which was higher than almost all the values reported in the literature for CWs (Borin et al., 2013; Mendieta et al., 2019). Only Sánchez-García et al. (2010) and Kato et al. (2010) presents similar values. N-NH4+ influent concentration ranged from 1,000 to 2,100 mg/L, which represents a load of 105.1 g N-NH4+/m2·day, again, higher than almost all the values reported in the literature. The high concentration of ammonium caused problems for plant development, so the filters performed almost like unplanted filters. Sánchez-García et al. (2010) also report problems in macrophyte growing in their studies. It seems that the ammonium content was toxic for the Phragmites, which barely developed. Hunt et al. (2004) indicate that high organic loading rates can increase the risk of ammonium toxicity in some constructed wetland plants. The most commonly used macrophytes for all type of wastewaters and in the studies of CWs treating swine slurry are Phragmites and Typha (Scholz, 2006). More recently, Glyceria has being used because of its high tolerance to ammonium toxicity (Tylova-Munzarova et al., 2005). Also, Klomjek (2016) performed an study using Giant Napier grass (Pennisetum purpureum) and Dwarf Napier grass (Pennisetum purpureum) in a VFCW in Thailand, and both species of Napier grass showed their suitability to be used in the VFCWs for swine wastewater treatment. Wastewater dilution with clean water, or recirculation to improve nutrient removal, is a common practice in constructed wetland operation, particularly if the wastewater can be slightly toxic for plants. Heavily polluted wastewater can also be diluted by less contaminated waters such as roof runoff. Phosphate variability was very high and may be attributable to storage conditions and farm management. The concentration of E. coli was high (Table 4), around 6.3 ULog, slightly higher than in urban wastewater.
TABLE 4 | E. coli concentration (Log CFU/100 ml) and removal (Ulog) (n = 78).
[image: Table 4]Performance of the Hybrid Pilot: Effluent Quality and Removal of Pollutants
The average, maximum and minimum influent and effluent concentration (mg/L) and removal efficiency (%) in the hybrid CW for the physico-chemical parameters are presented in Table 3. The VFCWs presented good removal percentages, in general, for all the parameters. The SS concentration in the filters ‘outlet was lower, confirming the filtering capacity of VFCW, with removal rates of about 75%. HFCW after the vertical filters upgraded the quality of SS, thus reaching a final quality of approximately 230 mg/L. The long HRT of the HFCW allowed sedimentation of almost all SS. Organic matter removal (BOD5 and COD) was about 50% in the VFCW, despite the high influent load. Oxidation of organic matter was very high, despite the big organic loads. The HFCW received average organic matter loads of 15.7 g BOD5/m2·day and 54 g COD/m2·day. The HFCW after the VFCW also had good removal rates (about 50% on average), thus reaching a final removal rate for the whole system of 74% for dCOD and 64% for COD. The vertical flow filters also nitrified the piggery wastewater, with TKN and N-NH4+ removal of about 40% and producing high concentration of nitrates, thus confirming the filters oxidation capacity thanks to batch feeding and resting periods. The HFCW received average nitrogen loads of 22.3 g/m2·day for TKN and 18.8 g/m2·day for N-NH4+. HFCW reduced total nitrogen, as the system partially denitrified the HFCW inlet nitrates (VFCW inlet). The average removal rates for the HFCW were 46.8% for TKN, 38.3% for N-NH4+ and 64.9% for N-NO3−. The final effluent contains an average 598 mg/L of N-NH4+, 715 mg/L of TKN and 154 mg/L of N-NO3−, despite the high inlet concentration of swine slurry. Next section (nitrogen compounds profile) details the behavior of nitrogen compounds in the hybrid pilot. Phosphorus was reduced averaging 86% removal. It is noteworthy that after 10 months of operation, removal decreased to 30% due to saturation of phosphorus adsorption, so it is expected that such reduction will decrease more in the next few years. A longer monitoring period is needed to study the efficiency of phosphorus removal in these systems. Phosphorus removal is closely related to the physical, chemical and hydrological properties of the filtering material, as it is physically or chemically adsorbed mainly by ligand exchange. However, a decrease in the concentration of soluble inorganic phosphorus is linked to biological activity, either by macrophyte assimilation or removal through microbiological processes (Molle, 2003). In both processes, adsorption and biological phosphorus uptake, accumulation capacity is finite. As the wetland reaches its stable state, when it is no longer capable of adsorbing if plants are not removed any more phosphorus, elimination decreases dramatically (Vymazal, 2007; Torrens, 2015). Removal of phosphorus by the plants (plant uptake) in the VFCWs can be considered negligible as the plants developed poorly. Part of the phosphorus was also retained and accumulated in the sludge on the top of the filters, as will be discussed following.
Regarding bacterial indicators (Table 4), the average E. coli VFWC inlet and outlet concentration (n = 78) were 6.3 Log CFU/100ml and 5.3LogCFU/100 ml respectively with one Ulog removal. Similar reductions were found in the other studies with VFCWs of 65–100 cm depth (Torrens, 2015). However, filters of 30 cm with fine sand (Torrens et al., 2009b) presented lower removal rates than these VFCWs. Those shallow filters always showed removal rates <1 Ulog. The higher removals observed in the case of the VFCWs could be explained because of sludge accumulation on the top of the filters. This sludge layer diminishes infiltration rate thus increasing retention time. Hydraulic retention time is a key factor in removal of bacterial indicators. The higher the retention time, the higher the removal (Torrens et al., 2010; Torrens, 2015). Moreover, this sludge layer can increase filtration capacity, thus enhancing E. coli removal by filtration The average E. coli HFWC outlet concentration (n = 78) was 3.6 Log CFU/100 ml with 1.7 Ulog removal, being the total removal was 2.7 Ulog. The HFCW removed 1.7 Ulog E. coli, which is within the usual range of HFCW removal (between one to two Ulog) (Huertas, 2009; Sasa, 2014). The combination of HFCW and VFCW reached 2.7 Ulog in total, providing an outlet quality of about 3 × 103 CFU/100 ml of E. coli.
Effluent quality of the hybrid system was not suitable for discharge in water bodies (EU directive 91/271/CEE), but important elimination of nitrogenous components, as well as of organic matter, phosphorus, and even some disinfection, is achieved. To fulfill the quality levels required to discharge in sensitive water areas (BOD5 25 mg/L, COD 125 mg/L, TN 15 mg/L, TP 2 mg/L) a modification of the design and operation strategy is required.
Nitrogen Compounds Profiles
In terms of nitrogen, the influent is basically composed of ammonium and a small part of organic nitrogen. Around 80% of the nitrogen present in the slurry is in the form of ammonium. Figure 4 shows the average hybrid CW influent and effluent nitrogen forms.
[image: Figure 4]FIGURE 4 | Average nitrogen forms in the hybrid system (n = 78).
In the VFCWs effluent, the content of ammonium and organic nitrogen has decreased considerably. Part of the influent nitrogen is retained in the sludge accumulated on the filter surface. Plant uptake could also be considered negligible as the plants did not properly develop. Moreover, the results shown in next section do not show any differences in nitrogen removal rates. The main nitrogen removal in these VFCWs is achieved by biological processes that convert organic and ammonium nitrogen into nitrate in an aerobic environment (nitrification). To be really efficient in nitrification, the filters should be in fully aerobic condition, which means that the sand must be kept quite continuously unsaturated and drained. To distribute the effluent evenly over the whole filter surface, a batch feeding system must be installed together with a distribution network. This ensures that the effluent to be treated will reach all filter points as fast as possible to avoid both over and under loaded areas. There is proof that batch feeding enhances aeration by convection, which acts as a plug flow to push the gas below the water level and aspirate the air from the atmosphere over it, once the filter surface is free of water. The batch operation provides aeration of the gravel substrate and exposes the internal biofilms to atmospheric oxygen. During the cycle’s drain phase, atmospheric oxygen causes enhanced ammonium and organic matter oxidation (Kadlec and Wallace, 2008). The Nitri-vit kits analysis showed the presence of ammonium oxidizer and nitrite oxidizers microrganisms (Figure 5) inside the VFCW filters, demonstrating the filters’ oxidation capacity despite the high organic loads applied.
[image: Figure 5]FIGURE 5 | Fluorescence image (ammonium oxidizers and nitrite oxidizers).
Nitrifying bacteria are sensitive to environmental changes. Among the inhibiting factors are high concentrations of ammonium, low temperatures, a pH out of the range between 6.5 and 8.6 and an amount of dissolved oxygen below 1 mg/L (Ogden and Campbell, 1999). It is well known that temperature plays a critical role in metabolism rate of the bacterial species and is a limiting factor in the transformation processes of nitrogen compounds. Nitrification was affected by temperature, as shown in Figure 4. The correlation of nitrification and temperature results in higher percentages of elimination with increasing temperature. Figure 6 shows TKN removal (g TKN/m2·day removed) of the VFCWs (Filter 1) filter according to two temperature ranges (<10°C and >10°C). The slope for the >10°C range is higher than for the <10°C, confirming that TKN removal is much higher at temperatures inside the filters >10°C. Numerous studies have shown that average TKN removal in winter are lower than in summer, most likely because of the lower winter temperature, which was well under optimal temperature for nitrifying activity (Pascual et al., 2018). In the area of the study, winter temperatures are very low, reaching easily 0°C in winter time. Therefore, these systems can operate much more efficiently in warmer areas, where a filter with similar characteristics and operation would remove much more TKN/m2·day. If such high TKN removal is not required, the total filter area could be smaller. HFCWs remove the total nitrogen by nitrifying and denitrifying reactions. (Platzer, 1999; Cooper, 2005). Almost all organic nitrogen entering in the HFCW is removed (92%) and a 38% of the entering ammonium. More than 50% of nitrates are denitrified in the HFCW (Figure 7).
[image: Figure 6]FIGURE 6 | Correlation of N-NH4+ removal with temperature inside the filter and effect of temperature on TKN removal in the VFCW (Filter 1, HL = 5.6 cm/day, one batch/day).
[image: Figure 7]FIGURE 7 | Nitrate load per m2 in the influent and effluent HFCW (HL = 5.6 cm/day, one batch/day).
Denitrification is a sequential process in which nitrates are gradually transformed into nitric oxide, nitrous oxide, and finally, molecular nitrogen that is liberated into the atmosphere. Heterotrophic microorganisms responsible for this process are mainly aerobic facultative, able to adapt to the environmental conditions in which they find themselves. Heterotrophic microorganisms need a source of organic carbon to oxidize. A proper ratio of C/N and readily biodegradable organic matter are essential for good kinetics of the reaction. These nitrification-denitrification processes are possible in the HFCW thanks to the presence of enough organic matter (and that carbon source) in the VFCW effluent. The optimum pH for denitrification is between 7.0 and 8.5 (the average pH in the inlet HFCW was 8, with a minimum of 7.3 and maximum of 8.3). Therefore, the pH conditions were favourable for the denitrification process in the HFCW. Average total removal of TKN and N-NH4+ by the hybrid CW was 69.5% and 62.8%, respectively. Similar yields were found by Borin et al. (2013) in a hybrid system with notable TKN and N-NH4+ reductions of 64 and 63%. This is significant, but in our case study, nitrogen and organic loads/m2. day were much higher. Total nitrogen reduction (TKN + N-NO3-) was, on average, 63.4%. Therefore, the results show that nitrogen removal by the hybrid CW has effectively reduced the nitrogen content of the pig slurry, thus reducing existing production surplus in this farm. The percentage of this pollutant reduction reached in the study would allow a higher volume of effluent application to agricultural land and enabled more sustainable management of swine slurry in the farm.
Considering a 63.4% reduction of total nitrogen, the hybrid CW surface required per pig head was roughly estimated. Assuming an average volume of swine slurry of 2 m3/year with 3 kg/m3 of nitrogen, the required hybrid CW surface would be approximately 0.11 m2 per head. As indicated above, the percentage of nitrogen removal is strongly related to temperature, so the value obtained can be reduced with the increase of average temperature. Apart from land application, there is another scenario to consider that is to obtain a quality of effluent that could be able to discharge into bodies of water. For discharge in sensitive areas the quality required is <15 mg/L for Total Nitrogen (EU Directive 91/271/CEE). This could be achieved in several ways. With the C and N concentration of the HFCW effluent, another module of HFCW could be incorporated in series to reduce the total nitrogen and achieve limits close to those of discharge into bodies of water. Another option is to dilute the influent by recirculation to reduce the ammonium content that can be toxic to the plants, like the Harrignton and Scholz (2010) experience in Ireland. At present, a study to improve the effluent quality with a second HFCW and recirculation trials is being conducted to explore the capacity of the system to provide an effluent with suitable quality for disposal on water bodies or reuse. Moreover additional experiments are being carried out to recover N and p from the CW effluent and the VFCWs sludge, in order to use it as a slow-release fertiliser (struvite).
Vertical Flow Constructed Wetland Hydraulics
During all operation period the VFCW pilot received an average HL of 5.6 cm/day (180 L/day for a batch height of 5.6 cm). For most of the study, the filters received 5.6 cm/day in one application. For 12 months, the same HL was applied fractioned into five applications of 36 L each, for a batch height of 1.9 cm. Filters were fed during 7 days and left resting for 2 weeks throughout the study. Continuous monitoring of IRs was a very useful and practical tool to study the filters’ hydraulic behavior. The three VFCWs beds presented similar average IRs, ranging from 10–4 to 10–7 m/s depending on the day of feeding, operation and temperature. Similar values (though slightly higher) ranging from 10–4 to 10–6 m/s were found SDRBs treating primary non-digested sludge (Torrens, 2015). During one week of feeding, the IRs decreases (Figure 8). The same phenomenon was observed in SDRBs treating primary non digested sludge or with the IRs studies of VFCWs treating pond effluent (Torrens, 2015). Fast infiltration at the beginning of each feeding period can be related to differences due to the low humidity conditions inside the filter beds after resting. While filters are fed and become humid, the infiltration rates decrease. In the studied operation conditions, no clogging problems were detected thanks to fixed feeding/resting periods established. With the studied organic loads, the filters’ filtration capacity was good for 7 days in winter periods. However, more than 7 days of feeding reduced infiltration capacity to values in the range of 10–7 m/s, as shown in Figure 6. Hence, the feeding/resting cycle of 1 week/2 weeks seems to be well adapted for the studied conditions, with seven being the maximum number of feeding days for VFCWs with air temperature between 1 and 15°C for the applied organic loads. In warmer periods (with air temperatures between 15°C and 30°C), the infiltration capacity during the seven feeding days remained good (about 10–5 m/s) (Figure 8). The high temperatures allow better drying and mineralization of the organic deposits, so that water can infiltrate better. In summer, infiltration capacity was not reduced as much in the seven feeding days, so in areas with higher temperatures, feeding periods could be slightly longer with no risk of clogging.
[image: Figure 8]FIGURE 8 | Infiltration rates during one week in the VFCWs (1 batch/day, winter and spring).
Effect of the Presence of Phragmites australis
As reported above, Phragmites australis hardly developed at all in the VFCWs, so no statistically differences were found between the planted and unplanted beds (in removal efficiency and hydraulics).
Effects of the Dosing and Feeding Modes
Figure 9 shows the effects of feeding mode on infiltration rates (1 batch/day or five batches/day). For the same hydraulic load of 5.6 cm/day, when fractionation is higher (5 batches/day), infiltration rates were lower. When fractionation is higher, the water pressure is lower due the lower batch volume, and moreover, humidity is higher inside the filter because the time elapsed between applications is shorter resulting in lower infiltration rates as the water percolates slowly.
[image: Figure 9]FIGURE 9 | Effects of fractionation of the HL on infiltration rates.
Figure 10 presents the effects of fractionation of the HL on COD removal efficiency (HL = 5.6 cm/day) (temperatures between 5–10°C). Only COD removal was significantly affected (p < 0.05) by the fractionation of the HL, COD removal was better at higher load fractionation. These results match the results of Torrens et al. (2009a) and Torrens et al. (2018): COD removal and nitrogen oxidation appeared to be highly dependent on fractionation. In both studies for the same HL, with higher fractionation by decreasing the batch volume, retention time is increased, and there is greater exchange of the less mobile fraction of the pore water. This circumstance affords closer and longer contact between media and pollutants and results in higher purification. Nevertheless, nitrification was not affected by fractionation of the HL in the studied system. Although fractionation can increase retention time in the filters, it can diminish oxygenation, so the removal of nitrogen compounds is not affected.
[image: Figure 10]FIGURE 10 | Effects of fractionation of the HL on COD removal efficiency (HL = 5.6 cm/day) (temperatures between 5–10°C).
Characterisation and Effects of Deposits on the Surface of the Vertical Flow Constructed Wetlands
Part of the dry matter, organic matter and nutrients contained in the applied slurry is retained on the vertical filter surface. The sludge on top of the vertical filters was dried and mineralized in the bed, as happens in the first stage of the French VFCWs treating raw wastewater (Molle, 2014) or SDRBs (Troesch, 2009). This biosolids organic layer appears to be a key component that can favor treatment performance or limit some processes. Indeed, this layer can improve filtration efficiency and, thus, solids removal, water retention time into the system and treatment performance, as long as the media stay in aerobic conditions, and it can reduce permeability of the filter and improve water distribution on the filter’s surface. It also allows water to flow in the entire filter volume at lower velocity, favoring ammonium adsorption nitrified between batches or during resting periods, and it is the place of major biological activity, once its thickness becomes significant (Molle, 2014). Nevertheless, hydraulic and organic loads, as well as operating conditions (batch feeding, alternation between feeding and resting periods), have to be closely controlled to encourage deposit mineralization. Otherwise, the deposit layer can generate process limitations, such as waterlogging, oxygen transfer limitation (convection and diffusion) and decreasing biosolids mineralization. All these processes are interdependent. Dry matter content of the accumulated sludge varied from 40 to 60% depending on the season (40% of DM in winter and 60% in summer). However, the quality of the sludge was stable, with contents in the range of 40 Vs, 3% TKN, and 1% P2O5 (Table 5).
TABLE 5 | Sludge composition (average and SD) throughout the period (samples taken one week after resting) (n = 16).
[image: Table 5]Percentages of VS, TKN and P2O5 were constant during the study. DM content varied, mainly depending on the temperature and the loads applied. Percentage of DM contents in other studies is reported as: 30% DM and 40–50% VS, with SDRBs treating sludge from activated sludge systems (Uggeti, 2011). Nutrient values of 2–3% of TKN and around 1% of TP are found in the sludge accumulated on the surface of SDRBs treating primary sludge from a settling tank (Torrens, 2015). This residue accumulates (and dries and mineralizes) over time, generating a volume that directly affects the system’s hydraulics, so it is an important aspect to take into account in the evolution of treatment system design and management for possible final application of this sludge. Dry sludge, which is about 1% of the total mass of the fresh slurry, could be used for compost or applied to the land as fertilizer with additional analysis. After 2 years of operation, about 25 cm of sludge were accumulated on the filters.
The values registered by the installed sensors, in addition to providing information about the hydraulic system performance (IRs), have allowed us to estimate the amount of sludge accumulated on the surface of the vertical filter, and the slope of the regression line is identifiable as the ratio of deposit accumulation on the surface (approximately 19.4 cm/year). This value matches the observed values using a ruler placed on the filters’ wall (around 1–2 cm/month). The deposit layer created in the first stage of the French VFCW accumulates at an average rate of 2.5 cm/year at nominal load. Koottatep et al. (2005) reports accumulations of 12 cm/year for SDRBs treating sludge from septic tank emptying. Troesch (2009) displays a compilation of experiences with SDRBs treating different sludge’s or wastes and reports accumulations per year ranging from 15 to 60 cm/year, depending on design, load, operation and type of sludge or influent.
CONCLUSION
Nature-based technologies, like Constructed Wetlands, have demonstrated their suitability to treat swine slurry from small farms once design and operation has been optimized. The Constructed Wetlands have shown resilience to load and hydraulic fluctuations, to extreme and variable conditions, etc., being simple to operate and maintain with null or minimum energy requirements and with an added aesthetical value. The hybrid system has a dual function (solid-liquid separation and biological treatment), achieving a significant removal of nitrogen (65%), as well as of organic matter, phosphorus, suspended solids and partial disinfection. The use of a hybrid system (vertical + horizontal flow) allowed for a reduction of the overall nitrogen load for the swine slurry, thanks to the combined nitrification/denitrification processes, effectively reducing swine slurry nitrogen content and the volume of effluent applied in agricultural land can significantly increase. Despite the high percentage removal the effluent was not suitable to discharge into water bodies. To fulfill these discharge quality limits an enhanced design/operation would be required. The VFCW, operated intermittently and with sequential feeding (1 week feeding/2 weeks resting), had good hydraulic performances without clogging problems, despite high pollutant loads. The control of HL, SS surface loading rates, organic loading rates and the feeding and resting periods was of a great importance to avoid clogging and achieve good removals of pollutants. The maximum number of feeding days for VFCWs depended on the organic load, hydraulic load, fractionation of the HL and temperature. Some of the contaminants were retained, dried and mineralized in the surface of the VFCW. This biosolid organic layer improved filtration efficiency, water retention time, treatment performances and could be reused as a sub-product for compost or fertilizer.
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