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Riassunto 

L'impatto ambientale del settore zootecnico nel Nord-Est Italia colpisce direttamente 

l'acqua (accumulo di nitrati e eutrofizzazione). Le limitazioni introdotte dopo 

l’applicazione della Direttiva CE 91/676 si traducono spesso in un aumento della 

richiesta di superfici disponibili per la distribuzione dei reflui. In alcune zone, la carenza 

di terreni e l’elevato carico zootecnico hanno comportato un costo aggiuntivo che gli 

allevatori devono sostenere per potere disporre di terreni di altri agricoltori dove potere 

delocalizzare gli effluenti prodotti. Per valutare le possibilità applicative della 

fitodepurazione per il trattamento dell’azoto nella frazione liquida degli effluenti suini è 

stato condotto un monitoraggio di un impianto ibrido operante a scala aziendale.  

L’impianto ibrido di fitodepurazione occupa un’area di 130 m
2
, è costituito da tre vasche

a flusso sub superficiale verticale (VF) operanti in parallelo seguite da una vasca a flusso 

sub superficiale orizzontale (HF). Durante la sperimentazione (2010-2012) le prestazioni 

dell’impianto di fitodepurazione sono state valutate variando: condizioni ambientali, 

concentrazioni e volumi in ingresso, modalità e tempi di carico e scarico delle vasche 

verticali. Nello specifico durante il primo periodo (Aprile 2010-Luglio 2010) il sistema è 

stato caricato con 5 m
3
/giorno di liquame pre-trattato. L’unità verticale ha funzionato

come “filtro biologico”. Nel secondo periodo (Ottobre 2010-Aprile 2011) il sistema è 

stato caricato con 5 m
3
/giorno di liquame non pre-trattato in modalità sequenziale batch, 

alternando fasi di “tutto pieno” e “tutto vuoto” grazie a un sistema di temporizzatori 

modulari pausa/lavoro a tempi indipendenti. Per valutare l’influenza delle basse 

temperature sui processi di rimozione dell’azoto, nel terzo periodo (Maggio 2011-Luglio 

2012) il sistema è stato caricato con 1.7 m
3
/giorno di refluo ricostruito in modalità

sequenziale batch. Nel complesso, il sistema ibrido di fitodepurazione ha ridotto le 

concentrazioni in ingresso del COD dal 46 al 56%, del azoto totale dal 40 al 54%, del 

azoto ammoniacale dal 43 al 60%, del azoto nitrico dal 21 al 55%, del fosforo totale dal 

32 al 35% e del ortofosfato dal 24 al 34%. 
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Summary 

The environmental impact of the livestock sector in North-East Italy directly affects water 

(nitrates accumulation and eutrophication). Through the “Nitrate Directive” 

(91/676/EEC), the EU aims to reduce water pollution caused or induced by nitrates from 

agricultural sources. Disposal of animal wastewater is a common problem among local 

farmers. Land spreading is the usual disposal method but requires sufficient land area in 

close proximity to the farm. Problems associate with animal wastewater treatment and 

land application has prompted an urgency to find alternative treatment systems that are 

technically feasible and economically viable. Hybrid constructed wetlands (HCW) are 

being considered as an alternative method for livestock wastewater disposal which could 

reduce the amount of land necessary for terminal land application. This work presents 

the results of monitoring a full-scale hybrid wetland system operating on a swine farm. 

The HCW system was composed of three vertical-subsurface flow wetlands (VF) in 

parallel with a total area of 30 m
2
, followed by one horizontal-subsurface flow wetland 

(HF) connected in series (100 m
2
). During the experimentation (2010-2012), HCW 

operated under different conditions: seasonal variations (temperature), pollutants 

concentrations, hydraulic loading rate (HLR), hydraulic retention time (HRT), feeding 

mode and operational regimes. During the first period (April 2010-July 2010) the system 

was loaded with 5m
3
/d of pre-treated piggery wastewater and VF system worked like a 

“biological filter”. During the second period (October 2010-April 2011), the system was 

loaded with 5m
3
/d of raw piggery wastewater, a sequential batch (feed-stay-drain-rest) 

feed mode in VF system was used. To determine if winter climate conditions influence 

treatment effectiveness, during the third period (May 2011-July 2012) the system was 

loaded with 1.7 m
3
/d of synthetic wastewater. VF system was fed with sequential batch 

mode with two different operational regimes. Overall concentration reduction obtained 

by HCW system for COD ranged from 46 to 56%, for total nitrogen from 40 to 54%, for 

ammonia nitrogen from 43 to 60%, for nitric nitrogen from 21 to 55%, for total 

phosphorus from 32 to 35% and for orthophosphate from 24 to 34%. 
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Introduction 

In many situations the harmful environmental effects of livestock rearing are caused by the 

high concentration of effluents produced in a limited area. Animal manure nutrients in 

excess of crop uptake accumulate and even saturate soils. At saturation, nutrients are lost 

to either surface or ground waters (Martinez et al., 2009). Nitrogen and phosphorus are 

two nutrients with the greatest potential to create water pollution (EEC, 1991). Through 

the “Nitrate Directive” (91/676/EEC), the EU aims to reduce water pollution caused or 

induced by nitrates from agricultural sources. The Directive imposes the individuation of 

vulnerable zones in the different countries in which action plans have to be adopted to 

reduce nitrate losses. In these zones a maximum of 170 kg per hectare per year from 

animal wastes is allowed. The recent Derogation No. L 287/36 granted to Italy raised 

this limit to 250 kg during the 2012-2015 period in Regions on the Padana Plain 

(Piedmont, Lombardy, Veneto and Emilia Romagna) for crops with high nitrogen 

demand and long growing season (Official Journal of the European Union, 2011). 

Veneto Region is characterized by high N input farming systems, the designated 

vulnerable zones to which the action programmes apply cover about 87% of the utilised 

agricultural area (UAA) and include over 740,000 pigs that produced an average of  

1,805,000 m
3
/year of manure (ISTAT, 2011). 

Piggeries produce large volumes of manure with high nutrient concentrations and have less 

land available compared to dairy cattle or sheep farms as the animals are housed in large 

industrial units (Kumm, 2003; Healy et al., 2007; Meers et al., 2008; Harrington and 

Scholz, 2010). Low dry matter content (usually 2-5%), increases transportation costs and 

makes the application of these manures to land and crops difficult and limits the periods 

of application. 

Spreading the excess slurry over arable land may result in contamination of groundwater 

and eutrophication of surface waters (Smith et al., 2000; Martinez et al., 2009). Once 

distributed on the fields, ammonium nitrogen, which represents the main form of 

nitrogen in slurry, is readily oxidized to nitrate that is poorly absorbed by soil colloids, 

so is easily moved into surface waters (Luo et al., 2002). Land spreading is often a 
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viable option where there are large areas of farmland (Harrington and Scholz, 2010) 

however, if sufficient land is not available, pig slurries have to be treated in order to 

reduce the high nutrient concentration. 

Piggery manure management consists of three main phases: the first is solid-liquid 

separation that is the primary treatment process used to improve liquid manure handling 

properties and to generate solids (Zhang and Westerman, 1997). Several methods are 

available to separate solids from liquids, including sedimentation (solids settle by 

gravity), mechanical separation (screen separators, centrifuge, screw press and belt 

press), evaporation ponds, dehydration, coagulation and flocculation (Zhang and 

Westerman, 1997). The second phase converts the solid fraction into an exportable 

product used for composting (Brito et al., 2008; Ross et al., 2006), re-feeding, or 

generating biogas (methane) (Worley and Das, 2000; Demirer and Chen, 2005). The 

third phase aims to reduce nutrient content in the liquid fraction to meet discharge 

criteria or the remaining nutrients are spread on arable land (Meers et al., 2005). Nutrient 

content reduction in the liquid fraction can be obtained via different techniques: 

activated sludge treatment (Ten Have et al., 1994), sequencing batch reactors (Zhang et 

al., 2006), anaerobic codigestion (Verstraete and Vandevivere, 1999), reverse osmosis 

(Masse et al., 2010), or ultrafiltration (Fugère et al., 2005).  

Constructed wetlands (CWs) are engineered systems that have been designed and 

constructed to utilize the natural processes involving wetland vegetation, soils, and the 

associated microbial assemblages to assist in treating wastewaters (Vymazal, 2004). 

Since the 1990s, CWs have been used in the treatment of several wastewaters such as 

domestic sewage, urban runoff and storm water, industrial and agricultural wastewater, 

and leachate (Scholz and Lee, 2005). 

As reported by Szogi et al. (1999), CWs have the potential to remove organic compounds 

and nutrients from piggery wastewater. Indeed, over the last 25 years CWs to treat liquid 

swine slurry have been heavily researched in the United States, with several designs 

being implemented and varying results obtained. CWs provide an environment for the 

physical/physico-chemical retention and biological reduction of organic matter and 

nutrients by promoting uptake, transformation and inactivation of nutrients and 

pathogens by microorganisms and plants, filtration, adsorption and chemical 



6 

 

precipitation by contact with plants, substrate and litter, settling of suspended solids, 

chemical transformation (e.g. nitrification, denitrification), predation and natural die-off 

of pathogens. (Geary and Moore, 1999; Knight et al., 2000). Treatment efficiency differs 

for different pollutants and varies considerably spatially and temporally, depending 

predominantly on the type of CW used, its design, age of the system, feeding mode (how 

wastewater is applied), hydraulic loading rate (HLR) and hydraulic retention time (HRT) 

(Karpiscak et al., 1999). However, due to the effect of different temperatures, the 

treatment efficiency of these systems tends to change over the year (Bachand and Horne, 

2000; Healy and Cawley, 2002). 

In Italy, application of this technology is encouraged by the legislation (‘‘Water Framework 

Regulation’’, D.Lgs 152/99 and modifications), which introduced the concept of 

‘‘adequate treatment’’ (Annex 5, paragraph 3) by advising that: ‘‘for all settlements with 

population equivalent (p.e.) between 50 and 2000 p.e. the application of techniques for 

natural depuration such as long-term storage or CWs is thought to be favourable . . .’’ 

(Mantovi et al., 2003). Depuration of wastewater through a CW system is attracting 

interest for its potential application to agricultural wastewaters, although the literature 

reports only one example of the use of an FWS system to treat agricultural drainage 

waters (Borin and Tocchetto, 2007). Applications of CWs for livestock wastewater 

management are not widespread in Italy. 

Existing treatment wetlands for piggery wastewater have a wide variety of engineering 

designs, wetted areas, flow rates, inflow water qualities, plant communities, hydrologic 

regimes. A piggery wastewater treatment wetlands database (PWDB) was developed to 

summarize existing treatment wetland information about all types of treatment wetlands. 

Scientific journal articles, monitoring reports to agencies, consultant reports, private 

databases and proceedings of CW conferences have been used as sources. In particular, 

only a selection of the papers describing full-scale CW case studies for swine 

wastewater treatment was considered.  

 

Piggery wastewater treatment wetlands database (PWDB) 

The PWDB includes 13 treatment wetland sites with a total of 18 case studies, containing a 

total of 300 individual treatment cells. For each site, state, herd sizes and form of pre-
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treatment are reported. In this database case studies are defined as single or parallel 

wetland treatment areas. Information entered for each case study includes design area in 

hectares (ha), hydrologic type (surface flow-SFW, subsurface flow-SSFW or Hybrid 

system-HCW), average daily flow rate (Q) in m
3
/d, Hydraulic Retention Time (HRT) 

and number of cells. Cells are wetland areas that are clearly delineated from other 

treatment areas by dikes or uplands and that have recognizable inlet and outlet points. 

For each cell, surface area, type (vertical subsurface flow wetlands-VF, horizontal 

subsurface flow wetland-HF or marsh), plant species names for resident vegetation and 

substrate size and material are reported. Over 500 operational data records are 

summarized in the database. These data indicate for each cell, median inlet and outlet 

concentration for chemical oxygen demand (COD), total kjeldahl nitrogen (TKN), 

ammonium nitrogen (NH4-N), nitric nitrogen (NO3-N) and total phosphorus (TP). 

Concentration abatements for each cell (A%) were calculated on the second quartile 

(Q2; median) and third quartile (Q3) concentration values as: A% = [(Cin – Cout)/Cin] 

×100, where Cin is median inflow concentration (mg/L) and Cout is median outflow 

concentration (mg/L). In some cases, no published information is available for operating 

treatment wetland systems. Based on design and hydraulic wastewater flow 

characteristics, CWs treating piggery wastewater in the PWDB are classified into three 

major groups: surface flow wetland (SFW), subsurface flow wetland (SSFW) and hybrid 

CWs (HCW). Table 1.1 summarizes the key data of 18 examined case studies in the 

piggery wastewater treatment wetlands database (PWDB). It can be observed that an 

SFW system was used in fifty percent of case studies, and the rest are SSFW systems, 

with HCW being used in only one case study (Kato et al., 2010). 

 



8 

 

 

Table 1.1 – Summary of key data for 18 examined case studies in the piggery wastewater treatment wetlands database (PWDB). 

 
Median inlet and outlet concentration of COD, TKN, NH4-N, NO3-N and TP for each case study. 
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Surface flow wetland treating piggery wastewater 

Surface flow wetland (SFW) sometimes called free water surface (FWS) wetland, consists 

of a shallow basin, soil or other substrate to support the emergent wetland vegetation and 

a water control structure that maintains a shallow water depth (Lee et al., 2009) (Figure 

1.1).  

 

 
Figure 1.1 - Basic elements of an SFW system from USDA Environmental Engineering 

Handbook, 2002. 

 

The majority of SFW engineered for piggery wastewater treatment required significant land 

area with a median system size of 0.14 ha. The large pig waste treatment wetland in the 

PWDB is a combination of five SFW at the Sand Mountain Experiment Station at 

Crossville (USA), the combined treatment area of all of the cells is 0.36 ha (McCaskey 

et al., 1994). This wetland system treated 32.8 m
3
/d of diluted piggery wastewater after a 

passage through a two-stage lagoon. 

The whole surface of an SFW is generally divided in multiple cells, with a number 

comprised between 6 (median surface of 110 m
2
 each cell) (Poach et al., 2004) and 16 

(median surface 22 m
2
 each cell) (Reaves et al. 1994). The multiple cells configuration 

has the advantage of providing greater flexibility in design and operation, and of 

enhancing the performance of the system overall by decreasing the potential for short-

circuiting. SFW systems are usually used for piggery wastewater treatment to avoid 

clogging. Chen et al. (2008) assessed a conventional three-stage treatment scheme 

followed by a modified free water surface wetland (with or without plants) with a two-

day hydraulic retention time.  

The raw effluent from most swine facilities must be pre-treated, mainly to reduce the total 

solids, organic matter and nutrients concentration before entering an SFW system 
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(US.EPA, 1997). Primary settling is necessary and pre-treatment is desirable upstream 

of the wetland. All of the wetland systems in the PWDB have some form of pre-

treatment. The most widespread form of pre-treatment in examined case studies is an 

aerobic lagoon, and in order of their occurrence: storage ponds and activated sludge 

systems. Aerobic lagoons are quite deep (a few meters), typically have short residence 

times and allow settling and a significant reduction of the organic load, and are usually 

designed on a volume basis. An SFW is generally considered anoxic, with a thin aerobic 

layer at the surface due to passive aeration of the water (IWA, 2000). Aerobic lagoons 

allow nitrification and reduce ammonia volatilization to be achieved due to reduced 

concentrations of ammonia in the wastewater (Poach et al., 2003). As a result, these 

reduced concentrations help to minimize the potential risk of ammonia toxicity to 

wetland plants.  

Piggery wastewater flows across the surface at depths that typically range between 0.2 and 

0.6 m, depending on the type of vegetation and other design factors. Carty et al. (2008) 

highlighted that shallower systems help to increase nitrification by increasing the aerobic 

conditions present in the cells. The bottom slope must be flat from side to side, but may 

be flat or have a slight gradient from inlet to outlet (from 0 to 0.5%). The substrate is 

usually compacted clay or hydric soils, if available. Wastewater in the SFW wetland 

flows slowly across the surface of the bed in a horizontal direction, with a hydraulic 

flow rate that ranges from 5 to 9 m
3
/d and a hydraulic retention time from 7 (Reaves et 

al., 1994) to 36 days (Hunt et al., 2007). 

SFW systems treating swine wastewater have generally been configured either as a 

continuous marsh or a marsh-pond-marsh (m-p-m) (Figure 1.2) 
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Figure 1.2 – marsh-pond-marsh SFW configuration from Constructed Wetlands and 

Animal Wastewater Management, 1998. 

 

As the name implies, the marsh-pond-marsh design has a combination of open water and 

fully vegetated areas (marsh) with variable water depth that are usually recommended to 

create anaerobic and aerobic zones. Well-oxygenated open water enhances nitrification, 

while more anaerobic, densely vegetated areas promote denitrification, sediment settling 

and phosphorus retention (Kadlec and Knight, 1996; Braskerud, 2001; Thullen et al., 

2005). 

 Components of the marsh-pond-marsh surface flow wetland are as follows: 

1. Marsh: a shallow basin with dense emergent vegetation such as cattail (Typha 

latifolia L.). The marsh's function is the ammonification and removal of BOD5, TSS 

and pathogens. 

2. Pond: constructed pond of 0.5-1 m depth that is similar to an aerobic lagoon. 

Vegetation includes surface species such as duckweed (Lemna minor L.) and 

submerged species such as pondweed (Potamogeton spp.). The pond's purpose is to 

increase the dissolved oxygen concentration and oxidation status of swine 

wastewater and promote nitrification (Cathcart et al., 1994; Reddy et al., 2001). 

3. Meadow: overland flow system with reed canary grass (Phalaris arundinacea L.) or 

other inundation-tolerant grasses. The meadow receives effluent from the pond in a 

shallow sheet flow having a depth from 1 to 5 cm. The meadow's purpose is to 
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remove TSS and further promote nitrification and denitrification. Each cell should 

have a length to width ratio of 3-5:1 (Cronk, 1996). 

In CWs, plants provide a substrate and carbon source for microbes. Wetland plants 

oxygenate the substrate immediately adjacent to their roots and increase the aerobic 

portion of an otherwise anaerobic zone (Brix, 1993). In addition, plants remove nutrients 

from the incoming wastewater during the growing season. While plant nutrient uptake is 

usually not the major pathway of nitrogen and phosphorus removal, it has been credited 

with 16-75% of total N removal and 12-73% removal of total P in wastewater treatment 

wetlands (Reddy and DeBusk, 1987). Emergent herbaceous plants (EHPs) are the 

dominant vegetation type used in SFW for piggery wastewater treatment because they 

have high productivity, rapid nutrient uptake, rhizome colonization and finally, in order 

to survive, tolerance to high nutrient inputs (especially for ammonia nitrogen).  

SFW beds are vegetated with several mixtures of different macrophyte species. In order of 

their occurrence these are cattail (Typha spp.), bulrush (Scirpus spp.) and common reed 

(Phragmites australis (Cav.) Trin. ex Steud.), which are all water-tolerant macrophytes 

that are rooted in the soil but emerge above the water surface. 

 

SFW performance summary 

Few data are reported on changes in chemical oxygen demand (COD) through SFW 

treatment wetlands. Median concentrations decreased from 445 to 246 mg/L for an 

abatement of 44.7%, the highest median COD reductions were reported by Hunt et al. 

(2007) with values from 308 to 148 mg/L for an efficiency of 52% (Table 1.2). 

The majority of TKN in most of the piggery wastewater systems is in the ammonium form. 

At the North Carolina A&T State University farm near Greensboro, the ammonium 

fraction was 64% (Hunt et al., 2007), and at Auburn University's Sand Mountain 

Agricultural Experiment Station in Alabama averaged 82% (McCaskey et al., 1994) 

(Table 1.1). Median TKN inflow and outflow concentrations were 175 and 104 mg/L 

respectively, with a median percentage abatement of 40%. A marsh–pond–marsh site in 

Greensboro at North Carolina A&T State University reported in numerous publications 

(Hunt et al., 1994; Reddy et al., 2001; Stone et al., 2002; Poach et al., 2003; Stone et al., 

2004) had a TN concentration reduction from 36 to 51.3%. Nitrogen removal in SFW is 
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supported by means of sedimentation, adsorption, organic matter accumulation, 

microbial assimilation, nitrification, denitrification, and ammonia volatilization (Brix, 

1994; Poach et al., 2003). Hunt et al. (2002) reported that denitrifying enzyme activity in 

SFW increases over time with the maturity of constructed wetlands, an increased rate of 

nitrogen application, and water depth which leads to increased ammonia volatilization. 

Data collected by PWDB reported that median NH4-N inflow and outflow 

concentrations were 86 and 39 mg/L respectively, with a median abatement of 55%. 

Poach et al. (2004) highlighted the fact that the pond sections in SFW configured as m-

p-m had significantly higher proportions (23 to 36%) of volatilization than the marsh 

areas (<12%). Volatilization was the dominant nitrogen removal mechanism in the pond 

sections (54 to 79%). NO3-N inflow concentration was lower than the other parameters, 

and generally increased through SFW passage. Nitrogen processing in surface swine 

wetlands is quite temperature dependent. However, Maddux (2002) explained that if 

constructed properly, SFW can be used successfully in subarctic conditions during the 

unfrozen season. 

Phosphorus is partly removed in CWs by plant uptake, accretions of wetland soils, 

microbial immobilization, retention by root bed media, and precipitation in the water 

column (Reddy et al., 2001; Scholz, 2006). Kadlec and Knight (1996) reported that 

treatment efficiency for phosphorus may be higher during the initial years of operation 

and decline to a lower level at system maturity. The median concentration was reduced 

from 29 to 18.1 mg/L, with a median abatement of 38.2% (Table 1.2). 

 

Table 1.2 – Treatment performances of SFW systems for piggery wastewater. Data from 

PWDB. 

 

 

 

IN OUT A% IN OUT A% IN OUT A% IN OUT A% IN OUT A%

median 445 246 44.7 175 104 40.5 86 39 54.6 1.06 2.18 29 18.1 38.2

Q3 808 464 42.5 416 240 42.1 405 234 42.2 1.06 3.39 56 49.4 11.7

n. 14 14 43 43 45 45 27 27 49 49

SFW
COD TKN NO3-N TP

(mg/L) (mg/L) (mg/L) (mg/L) (mg/L)

NH4-N
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Subsurface flow wetland treating piggery wastewater 

Subsurface flow wetland (SSFW), sometimes called engineered reed beds, typically 

consists of a ditch or a bed, sealed by an impermeable substance to block leakage, and 

media that assist the growth of emergent plants (Lee et al., 2009) (Figure 1.3).  

 

 

Figure 1.3 - Basic elements of an SSFW from USDA Environmental Engineering 

Handbook, 2002.  

 

 

SSFW systems for piggery wastewater are primarily used in China and Europe (Lithuania 

and Spain). SSFW systems are subdivided into horizontal and vertical flow systems 

according to the flow direction of the wastewater. In the horizontal-subsurface flow 

wetland (HF) wastewater flows horizontally through the substrate, whilst in the vertical-

subsurface flow wetlands (VF) wastewater is dosed intermittently onto the surface and 

gradually drains through the filter media before collecting in a drain at the base. Among 

various types of SSFW systems, the HF type has been most commonly used for piggery 

wastewater. The oldest recorded HF system is at Cooper County Hog Farm, in Springs 

(Australia) which started in 1987 (Finlayson et al., 1987). The majority of other systems 

started operating from 2000. 

The size of a subsurface treatment for piggery wastewater is based on daily flow rate. Data 

analyzed from PWDB reported a median required land of 290 m
2
. HF systems have a 

very small external oxygen transfer and a smaller inlet compared to a vertical flow 

constructed wetland. Therefore they require a larger area. The large SSFW for swine 

wastewater treatment is reported by Junsan et al. (2000), who used a 4-stage HF 

constructed wetland with a total surface area of 449 m
2 

in China. 
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Subsurface flow systems are susceptible to clogging, the accumulation of solids shortens 

the effective life of a constructed wetland, making solids removal a necessary pre-

treatment step. Upstream storage ponds or solids separators can remove solids and 

ideally release only liquid effluent for treatment within the wetlands. Solids separators 

collect solids and pass the liquid portion of the wastewater to another treatment such as 

activated sludge reactors for additional nitrogen reduction by nitrification and 

denitrification (Meers et al., 2008). Solids separators remove 40 to 60% of solids and a 

significant fraction of the nutrients in wastewater (Zhang and Westerman, 1997). As 

reported by Harrington et al. (2005), the dilution of piggery wastewater with clean water 

is a common practice in SSFW operation. The dilution of wastewaters is important in 

promoting good nutrient removal within constructed wetlands. Moreover, if the organic 

loading rates are excessive, this can result in decreased removal performances 

(Kantawanichkul et al., 2003) and an increase in the risk of ammonia toxicity to some 

constructed wetland plants (Hunt et al., 2002, 2004). 

The average daily flow rate in SSFW vary widely, from 2.3 m
3
/d (Finlayson et al., 1987) to 

81 m
3
/d (Junsan et al., 2000), with a hydraulic retention time from 5 (Finlayson et al., 

1987) to 28 days (Sánchez-García et al., 2010). 

Faulwetter et al. (2009) classified the VF system feeding mode in three distinct categories 

depending on the wastewater management strategy: 

1. Batch feed mode: sequential process in which the VF system is filled with 

wastewater for a determined period of time (incubation time) and then completely 

drains before the next batch of effluent is applied (Caselles-Osorio and Garcia, 

2007). This method of distributing inflow favours more aerobic processes. 

Alterations to this design include reciprocating or tidal flow wetlands (Tanner et al., 

1999; Austin et al., 2003). 

2. Intermittent flow feed: similar to batch feed mode, but the VF system is not 

completely drained before a new batch of wastewater is added to the system. 

3. Continuous flow feed: this is the simplest and therefore most common technique. 

VF system is continuously fed, hence the media substrate of the system is never 

drained. This method of distributing inflow has been considered less effective than 

batch and intermittent flow mode for aerobic pollutant removal (Stein et al., 2003). 
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The filter bed used for HF system is wide and shallow with a slope of about 1%. The most 

widespread media material is gravel (ranging from 10-32 mm in diameter), used to fill 

the bed in the central area to a depth of 0.5-1 m. The inlet and outlet zone are filled with 

coarse-rock material (grain size 50-100 mm). VF systems are typically composed of 

rock or crushed gravel of 10-15mm diameter, or in various combinations with sand. 

The VF wetlands are usually planted with Phragmites spp. and Typha spp. (Scholz, 2006), 

whereas HF contain a number of other emergent macrophytes, including Iris spp., 

Shenoplectus spp., Carex spp. and Scirpus spp. Among macrophytes, Phragmites 

species are preferred due to four principal reasons: (a) resistance to environmental 

conditions (long flooding periods of the filter surface, dry periods, high organic matter 

contents) (Brix, 1987), (b) resistance at high pollutant concentrations (Jingtao et al., 

2012), (c) fast growth of aboveground biomass, (d) rigorous root penetration into the 

media (Barbera et al., 2009; Wang et al., 2012). More recently, Glyceria spp. are being 

used because of their high tolerance to the toxicity of ammonia in piggery wastewater 

(Tylova-Munzarova et al., 2005).  

 

SSFW performance summary 

Data from PWDB reported changes in chemical oxygen demand (COD) through SSFW that 

decreased from 1847 to 246 mg/L for a median abatement of 86.7%. Struseviĉus and 

Struseviĉiene (2003) presented the results from a 50 m
2
 HF constructed wetland 

designed to treat pig-breeding farm wastewaters in Lithuania. COD was abated by 68% 

(inflow 722 and outflow 374 mg/L) (Table 1.3). 

Median TKN inflow and outflow concentrations were 801 and 291 mg/L respectively, with 

a median abatement of 63.7%. High TKN concentrations in pig slurry cause problems 

with respect to oxygen supply in HF systems since these are considered as anoxic 

systems (IWA, 2000) and are generally unable to transfer oxygen at sufficient rate to 

achieve full nitrification (Cooper, 1999). According to Hunt et al. (2006), HF wetlands 

showed high efficiency in denitrification that dropped the median nitric nitrogen 

concentration from 39 to 13 mg/L. VF wetlands are generally considered to be highly 

aerobic systems, since wastewater drains vertically through the planted substrate, 

allowing for unsaturated conditions and excellent oxygen transfer (IWA, 2000). 
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Therefore, vertical flow systems have also been piloted (Kantawanichkul et al., 1999; 

Sezerino et al., 2003). Nitrification was significantly higher in vertical flow compared to 

surface and subsurface flow wetlands, but denitrification was low (Cooper et al., 1996; 

Vymazal, 2007; Li et al., 2008). Parkes et al. (1998) reported a NH4-N abatement of 

34.3% by a series of vertical flow reed beds (Table 1.3). 

Unlike nitrogen forms abatements, the phosphorus removal mechanism is mainly provided 

by HF system substrate accumulation. Median phosphorus inflow and outflow 

concentrations were 31 and 18 mg/L respectively, with a median abatement of 41% 

(Table 1.3). 

 

Table 1.3 – Treatment performances of SSFW systems for piggery wastewater. Data from 

PWDB. 

 

* Inflow and outflow concentrations data were available from HF system. 

 

 

 

 

 

 

 

 

 

 

 

IN OUT A% IN OUT A% IN OUT A% IN OUT A% IN OUT A%

median 1847 246 86.7 801 291 63.7 230 151 34.3 39 13 67 31 18 41

Q3 1865 445 76.2 2629 1506 42.7 249 238 4.42 39 23.5 40 31 20.4 33.1

n. 19 19 9 9 9 9 6 6 7 7

TP*

(mg/L) (mg/L) (mg/L) (mg/L) (mg/L)

NH4-N
SSFW

COD TKN* NO3-N*
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Hybrid constructed wetlands treating piggery wastewater 

A hybrid constructed wetland (HCW) system incorporates two or more different types of 

wetlands, frequently being comprised of VF and HF units that are arranged in a two-

stage pattern to achieve complete TN removal (Kadlec and Wallace, 2009) (Figure 1.4). 

 

 

Figure 1.4 - Sample HCW layout from Cooper and Findlater (1990) Constructed Wetlands 

in Water Pollution Control. 

 

Higher concentration reductions are obtained using the nitrification potential of a VF unit 

and the denitrification potential of an HF one. Indeed, HF units are known to usually 

achieve only limited TN removal due to a lack of oxygen flux for the nitrification step 

(Vymazal, 2005). Many combinations are possible, including vertical followed by 

horizontal flow wetlands, horizontal followed by vertical and other stages of wetlands 

including water recirculation from one stage to another (Brix et al., 2003; Kadlec and 

Wallace, 2009). 
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 VF - HF combinations. VF wetlands (often two or more stages in combination) are 

used for TSS filtration, BOD removal, and nitrification; subsequent HF stages are 

used for effluent polishing (Figure 1.5). 

 

Figure 1.5 – Hybrid wetland system scheme (VF+HF) from Kadlec and Wallace (2009). 

 

 HF - VF combinations. HF initial stage is used to remove BOD and TSS, both of 

which can be removed in an anaerobic environment. This reduces the overall 

oxygen demand on the subsequent VF stage, which is designed primarily for 

nitrification (Brix, 1998). 

HCW system has been used to treat domestic or municipal sewage (Brix et al., 2003). 

However, it has recently been used for many other types of wastewater including agro-

industrial (Comino et al., 2011) and landfill leachate (Mæhlum et al., 1999). HCW 

treating piggery wastewater is an innovative technology. The literature reports mainly 

pilot-scale and meso-scale experiments (Harrington and Scholz, 2010; Dong and Reddy, 

2010; Meers et al., 2008). Only one full-scale case study is reported.  

Kato et al. (2010) assessed the performance of a full-scale HCW system to treat raw 

piggery wastewater. The hybrid system was designed to treat 15 m
3
/d, was built in 2010 

on a private pig farm in Hokkaido, Northern Japan. The system was composed of four 

vertical-subsurface flow wetlands (VF), (VF1 of 572 m
2
, VF2 of 446 m

2
, VF3 of 184 

m
2
, VF4 of 75 m

2
) without circulating pump, working in series, followed by one 

horizontal-subsurface flow wetland (HF) connected in series (195 m
2
). All systems were 

filled with volcanic pumiceous gravel and planted with P. australis. During seven 

months of operation the HCW system average concentration reduction efficiencies were: 

COD 70%, TN 36%, NH4-N 36% and TP 77%. 

The high TN concentrations contained in swine effluents caused problems with respect to 

oxygen supply in VF cells of the HCW system for piggery wastewater. As an alternative 
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to vertical flow, a fill-and-drain mode has been employed with good success (Behrends 

et al., 2003; Rice et al., 2005). This concept involves continuously pumping wastewater 

back and forth between adjacent cells in a two-hour cycle. This vertical flow design 

provides aeration of the gravel substrate and exposes the internal biofilms to 

atmospheric oxygen. During the “drain phase” of the cycle, atmospheric oxygen causes 

enhanced oxidation of ammonia and organic matter (Kadlec and Wallace, 2009) 

A hybrid arrangement of aerated VF wetland followed by non-aerated HF wetland can 

provide substantially improved nitrogen removal rates over a single aerated wetland due 

to: (a) higher oxygenated environment of aerated VF wetland can nitrify the incoming 

NH4-N; and (b) the nitrified products can be denitrified in the following anaerobic 

environment of HF wetland. 

 

Research structure and objectives 

The main objective of this PhD dissertation is to assess, at full-scale, the performance of an 

HCW system with combined VF and HF units for treating pig farm effluents. 

 

The sub-objectives for achieving the main goal are: 

 

I. To compare the performance of the HCW with those observed in its start-up 

phase (Borin et al., 2013). 

II. To compare piggery wastewater treatment performance of VF and HF units. 

III. To evaluate if different combinations of bed media matrix and macrophyte 

plants can affect system performance. 

IV. To test and compare different wastewater feeding management (intermittent and 

batch) in order to determine optimal loading, management schemes and 

operational regimes for VF system. 

V. To determine if winter climate conditions influence treatment effectiveness, and 

clarify the effect of temperature on nitrification and denitrification process. 

VI.  To make sustainable recommendations for HCW system design, maintenance 

operations and macrophyte growth in order to optimize piggery wastewater 

treatment performance. 
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Materials and methods 

Site description 

The experiment was conducted from 2010 to 2012 at a private pig fattening farm in 

Carmignano di Brenta, Padova, in Veneto Region, NE Italy (E: 11419.58 m; N: 

453745.16; 46 m a.s.l). The piggery housed approximately 1000 pigs (with a fattening 

cycle of one year, from 15 to 175 kg of live weight). The hybrid constructed wetland 

(HCW) was built in 2008 and was designed to provide tertiary treatment of pre-treated 

liquid fraction of pig slurry effluent. The design guidelines provided by APAT were 

based on municipal wastewater (ARPAT-APAT, 2005). Starting from 2010 the HCW 

system was adjusted to the needs of the experiment. In September 2010 a mechanical 

water meter with five digit mechanical counter was installed at the inlet of each vertical-

subsurface flow wetland cell to measure the volume of wastewater applied. In October 

2010, a submersible water pump controlled by timers was placed inside the water level 

control structure of each VF cell to manage the VF system in batch feed mode. In May 

2011 water meters were also installed at the inlet and outlet of the horizontal-subsurface 

flow wetland. 

 

Hybrid constructed wetland basic configuration and characteristics 

The HCW system was composed of three vertical-subsurface flow wetlands (VF) in parallel 

with a total area of 30 m
2
 followed by one horizontal-subsurface flow wetland (HF), 

connected in series (100 m
2
) (Figure 2.1).  
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Figure 2.1 - Overhead view of HCW system.  

 

Each VF cell was built in concrete (length: 10 m; width: 0.7 m; depth: 0.7 m) (Figure 2.2a). 

Three plastic sheet liners were placed inside each cell to prevent leakage and contact of 

wastewater with groundwater. These were two layers of nonwoven geotextile sheeting 

with a basic weight of 400-800 g/m
2
 and thickness 1 mm with an interlayer EPDM geo-

membrane. The first two cells were filled with washed gravel, diameter 10–20 mm (d10 

= 8.5 mm; d60 = 9.7 mm) with porosity of 40%. The first one (VF1) was vegetated with 

Canna x generalis, the second (VF2) with Phragmites australis (Cav.) Trin. Ex Steud. 

(Common reed). The third (VF3), planted as VF2 cell, was filled with a 0.10 m deep 

gravel layer (diameter 10–20 mm) overlying a 0.10 m deep coarse sand (diameter 3–5 

mm) and zeolite (diameter 5–10 mm) transition layer and a 0.30 m deep gravel drainage 

layer (10–20 mm in size). The main components of the zeolite are: chabasite 60%, K-

feldspar 13%, phillipsite 5%, mica 5% and augite 2%. Zeolite was used by the HCW 

system owner as a test to assess if it would increase the ammonium nitrogen abatement 

performance according to what is reported in the literature (Nguyen and Tanner, 1998). 

The piggery wastewater was distributed evenly over the surface of the VF beds by a 

pressurized PVC distribution pipe 75 mm in diameter that ran along the VF wetland unit. 

A drainage pipe (diameter 75 mm, length 10 m) was located on the bottom of each VF 

cell in order to facilitate effluent collection. The drainage pipe of each VF cell was 

connected on one side to a 100 mm diameter collection pipe that discharges the effluent 
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from the bed to a manhole that has a water level control structure. The siphon 

maintained water level at 0.30 m from the surface in each VF cell allowing prevailing 

unsaturated conditions in the upper part and saturated in the lower part. The wastewater 

discharged from each VF cell was collected in a common sump (OUT VF) (length 1.2 

m, width 0.8 m, depth 0.60 m). The VF effluent was then transferred by a submersible 

sump pump with an integrated float switch to the horizontal subsurface flow wetland. 

The horizontal-subsurface flow wetland (HF) was a basin of 25 m long, 4 m wide and depth 

0.7 m with a bottom slope of 1%. The bottom and walls of the basin were waterproofed 

with the same plastic sheets as those used for VF cells. The inlet and outlet sections were 

filled using two strips of coarse-rock material (diameter 50–100 mm) along two opposite 

edges of the basin, with washed gravel: grain size 10-20 mm (d10 = 8.5 mm; d60 = 9.7 

mm) with porosity of 40% placed in the central area. At the HF inlet a distributor pipe 

was buried immediately below the surface (diameter 100 mm), placed horizontally and 

perpendicular to the direction of flow. At the outlet, a similar collector pipe was buried 

at the bottom. The HF effluents were collected in an interred tank and recycled for 

cleaning the piggery. The wetland was planted in April 2008 with Phragmites australis 

(Cav.) Trin ex. Steudel (Common reed) using 8 stems per m² (Figure 2.2b). 

 

 

Figure 2.2a - General view of VF unit and cell details Figure 2.2b - General view of HF 

unit and cell details, August 2010. 
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Experimental set up and management 

 During the experimentation, there were three distinct periods depending on: presence or 

not of specific swine slurry pre-treatment, different hydraulic loading rate (HLR), 

different hydraulic retention time (HRT), different feeding mode and operational 

regimes. 

 

1. April 2010-July 2010 (first period) 

2. October 2010-April 2011 (second period) 

3. May 2011-July 2012 (third period) 

 

April 2010-July 2010 (first period) 

During the first monitoring period, pig manure and daily yard washings passed through the 

floor of the barn that is 1/3 grid and 2/3 brick, and were collected in a central storage 

facility consisting of a holding tank where the slurry underwent some sedimentation. 

The amount of raw manure from the tank effluent treated daily was set at 8-10 m
3
. A 

mechanical separator with a rotating 120 μm mesh screen separated this into liquid (4-5 

m
3
/d) and solid fractions (4-5 m

3
/d). The liquid phase passed through a biological 

aerobic treatment with the capacity to treat up to 5 m
3
/d and a residence time of 24 h. 

During the whole investigation period this system did not seem to provide the expected 

reliability. The effluent from the reactor was collected and stored in an underground 

storage settling tank (400 m³ capacity). A submersible sump pump with an integrated 

float switch transferred pre-treated wastewater from the settling tank into the feeding 

cell (pump chamber). The feeding cell consisted of a 5 m x 1 m concrete tank 0.7 m 

deep, with a submersible sump pump inside to feed the HCW. The pump was controlled 

by two programmable timers in series installed in the service building of the farm. One 

timer dictated the time of loading cycles and was set to work twice per day, with one 

cycle in the morning from 7am to 9am and one in the evening from 6pm to 8pm. The 

other timer dictated the intermittent pulse feeding time within each loading cycle 

(alternation of one minute load and 4 minutes stop). During the rest (recuperation) 

period, the wastewater percolation favoured the transport of oxygen from the surface 

downwards. In addition, intermittent flushing allowed the surface to dry out for certain 
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periods of time (Von Felde and Kunst, 1997). Flow rate (Q) of about 2.5 m³ was evenly 

distributed to all three VF cells per loading cycle for a total of 5 m
3
/d. Hydraulic loading 

rate (HLR) was 3.8 cm/d. Hydraulic retention time (HRT) was a minimum of 4 days (an 

optimal value is between 4 and 5 days). 

The water level control structure of each VF cell was equipped with a siphon pipe (Figure 

2.3). The siphon maintained water level at 0.30 m from the surface, allowing prevailing 

unsaturated conditions in the upper part and saturated in the lower part.  

 

Figure 2.3 - Schematic representation (not to scale) of water level control structure of each 

VF cell during the first period (April 2010-July 2010). 

 

October 2010-April 2011 (second period)  

During the second period, pre-treatment consisted only of a mechanical separator which 

removed the solid phase with the largest particle size. The HCW system was fed daily 

with 5 m
3
 of liquid swine slurry. To enhance oxygen transfer for the nitrification process 

and minimize the adverse effect of clogging, a sequential batch (feed-stay-drain-rest) 

feed mode was used. This is a sequential process in which when the VF unit was filled 

with wastewater, air was repelled from the substrate and anoxic conditions developed 

over a determined period of time (incubation time). During the draining process, an 

additional flux of oxygen was sucked into the VF substrate, which aerobic treatment 

processes favoured. Sequencing batch operation has the potential to enhance the removal 

of COD through aerobic processes and the removal of ammonia nitrogen through 

nitrification, as the maximum pollutant-biofilm contact is established and the rate of 

oxygen transfer is increased during the operation (Sun et al., 1999). 
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Draining of the VF substrate was generated by submersible water pumps controlled by 

timers placed inside the water level control structure of each VF cell (Figure 2.4). 

 

 

Figure 2.4 - Schematic representation (not to scale) of water level control structure of each 

VF cell during the second period (October 2010-April 2011). 

 

The sequential batch feed mode was characterized by predetermined feeding and rest 

periods, summarized in Table 2.1. The operational regime (OR) was set as: intermittent 

pulse feeding of 4 hours to improve wastewater distribution and maintain sufficient 

aeration, followed by a fill period of 8 hours (incubation time). From 6 am to 10 am a 

draining period allowed air to be drawn from the atmosphere into the substrate of each 

VF cell. A subsequent rest (recuperation) period was initiated, in which the enhanced 

decomposition of organic particles using O2 transferred into the substrate when it was 

unsaturated with the wastewater (Zhao et al., 2004). 

 

Table 2.1 – Operational regime (OR) scheme VF unit period 2 (October 2010-April 2011). 

 

 

Step VF unit period Duration Schedule Eh range Conditions

(hour) (mV)

I feeding period 4 6 pm - 10 pm

II fill period 8 10 pm - 6 am  +30 to +40 anoxic

III draining period 4 6 am - 10 am

IV rest period 8 10 am - 6 pm  +200 to +270 oxic
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May 2011-July 2012 (third period) 

During the third period, the system was loaded daily with synthetic wastewater (a 

commercial fertilizer was used) to simulate the characteristics of pre-treated piggery 

wastewater.  The wastewater was prepared daily in the feeding tank just before the 

feeding by dissolving ammonium nitrate fertilizer 26% N (13% Nitrate and 13% 

Ammoniacal) in 1.7 m³ of freshwater maintained at a temperature above 9 °C to avoid 

freezing. The average concentration of synthetic wastewater used was 250.3 (±3.7) mg/L 

of TN, 124.5 (±2.5) mg/L of NO3-N and 124.9 (±3.2) mg/L of NH4-N. Water meters 

with a five digit mechanical counter were attached: at the inlet of each VF cell, at the 

outlet of VF common sump and at the outlet of HF unit in order to measure wastewater 

volumes. Daily flow rate (Q) of applied to HCW system was 1.7 m³ that was evenly 

distributed to all three VF cells (average flow rate of 565 L/day per VF cell). Hydraulic 

loading rate (HLR) of the entire HCW system was 1.3 cm/d and the hydraulic retention 

time (HRT) was 7 days as minimum (an optimal value is placed between 7 and 8 days). 

From May to July 2011 and from January to 11
th

 July 2012 the wastewater operational 

regime (OR1) was set as presented in Table 2.2. Intermittent pulse feeding of 2 hours 

was adopted in the wastewater application of VF cells, followed by a fill period 

(incubation time) of 6 hours. From 6 to 8 pm, VF system was drained to provide a rest 

period of 14 hours in order to assist the oxidation of accumulated organic particles 

within the substrate.  

 

Table 2.2 – Operational regime 1 scheme VF unit period 3 (From May to July 2011 and 

from January to 11
th

 July 2012). 

 

 

 

 

Step VF unit period Duration Schedule Eh range Conditions

(hour) (mV)

I feeding period 2 10 am - 12 am

II fill period 6 12 am - 6 pm  +30 to +40 anoxic

III draining period 2 6 pm - 8 pm

IV rest period 14 8 pm - 10 am  +200 to +270 oxic
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A different operational regime was used (OR2) in the last two monitored cycles of the 

investigation period (11
th 

and 18
th

 July 2012). As summarized in Table 2.3, fill 

(incubation) period was set from 12 am to 2 pm for 14 hours and rest period for 6 hours 

in order to assist the anoxic condition and promote denitrification. 

 

Table 2.3 – Operational regime 2 scheme VF unit period 3 (11
th

-18
th

 July 2012). 

 

Monitoring activities and analysis 

During the whole investigation period, wastewater samples were collected from inflow (1; 

IN), outflow of VF1 (2; OUT VF1), outflow of VF2 (3; OUT VF2), outflow of VF3 (4; 

OUT VF3), inflow of HF (5; IN HF), outflow of HF, final effluent (6; OUT HF) (Figure 

2.5). 

 

Figure 2.5 - Sampling points: (1) influent, (2) VF1 effluent, (3) VF2 effluent, (4) VF3 

effluent, (5) influent of HF, (6) HF effluent (final effluent). 

 

During the first period, wastewater samples were collected weekly, for a total of 15 

samplings with a total of 90 samples. For each sample 18 parameters were evaluated 

(Table 2.4). 

Step VF unit period Duration Schedule Eh range Conditions

(hour) (mV)

I feeding period 2 10 am - 12 am

II fill period 14 12 am - 2 pm  +0.5 to +10 anoxic

III draining period 2 2 pm - 4 pm

IV rest period 6 4 pm - 10 am  +150 to +170 oxic
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During the second period, wastewater samples were collected twice per month, for a total 

of 12 samplings with a total of 72 samples. For each sample 18 parameters were 

evaluated (Table 2.4).  

During the third period, wastewater samples were collected and volumes passed through 

HCW system were also measured. These operations were carried out weekly. The entire 

period was divided in two distinct sub-periods: the first from May to July 2011 with 11 

samplings and the second from January to July 2012 with 26 samplings, for a total of 37 

samplings and a total of 222 samples. For each sample 9 parameters were evaluated 

(Table 2.4). 

  

Table 2.4 - Parameters monitored in the three experimental periods 

Parameters Unit Period 1 Period 2 Period 3 

Wastewater  temperature (T) °C x x x 

Electrical Conductivity (EC) µS/cm x x x 

pH - x x x 

Dissolved Oxygen (DO) mg/L x x x 

Redox potential (Eh) mV x x x 

Turbidity NTU x x  

Chemical Oxygen demand (COD) mg/L x x x
a
 

Total Nitrogen (TN) mg/L x x x 

Ammonia Nitrogen (NH4-N)  mg/L x x x 

Nitric Nitrogen (NO3-N) mg/L x x x 

Nitrite Nitrogen (NO2-N) mg/L x
a
 x

a
  

Total phosphorus (TP) mg/L x x  

Ortho phosphate (PO4-P) mg/L x x  

Sodium (Na
+
) mg/L x x  

Potassium (K
+
) mg/L x x  

Magnesium (Mg
2+

) mg/L x x  

Calcium (Ca
2+

) mg/L x x  

Chloride (Cl
-
) mg/L x x  

Sulphate (SO4
2-

) mg/L x x  

a
 parameter measured occasionally 
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Water chemical analysis  

Wastewater temperature (T), pH, dissolved oxygen (DO), redox-potential (Eh) and 

electrical conductivity (EC) were tested on site at a depth of 5 cm below the water 

surface with a Hach Lange HQD 40d multi-parameter meter with interchangeable probes 

according to standards methods (APHA, 1998). Before testing, each probe was carefully 

calibrated according to the manufacturer’s procedures. Samples were collected, 

preserved at 4 °C and then analyzed within a short time. Turbidity was measured on site 

(with adequate sample dilutions) with a portable Hach Lange 2100P turbidimeter. 

Chemical Oxygen Demand (COD), total nitrogen (TN), ammonia nitrogen (NH4-N), nitric 

nitrogen (NO3-N), nitrite nitrogen (NO2-N), total phosphorus (TP) and orthophosphate 

(PO₄-P) were determined photometrically using a Hach-Lange DR-2800 

spectrophotometer and adequate cuvette test kits (cuvette-tests LCK 338, 302, 340, 414, 

342). At the exit from the biological aerobic treatment, the nitrite nitrogen (NO2-N) 

measurements were abandoned because the concentrations detected during the initial 

investigation period were negligible. The ISO 7150-1 method was used for ammonium 

analysis and the ISO 7890-1-2-1986 method for nitric analysis (Hach-Lange, 2008), 

according to DIN (1985). Adequate sample dilutions were made with a stock supply of 

deionised water. For the cations determination of Sodium (Na
+
), Potassium (K

+
), 

Magnesium (Mg
2+

), Calcium (Ca
2+

) and anions of Chloride (Cl
-
) and Sulphate (SO4

2-
), 

an Ion chromatography system (ICS-900, Dionex) equipped with an anion exchange 

column (Ion Pac AS23) and a cation exchange column (Ion Pac CS12A) was used, 

following Methods 300.0 (Pfaff et al., 1989). 

Vegetation sampling and analysis 

Vegetation was completely harvested from VF and HF units in December 2010, November 

2011 and October 2012 by cutting the stems at a height of 10 cm. The collected 

aboveground biomass was weighed on site for total fresh weight. Samples were dried at 

65 °C in a forced draught oven for 36 hours, then 1 g powered samples were dried at 130 

°C to measure the residual moisture content. Samples were then analyzed to determine 

nitrogen content using the AOAC official method (AOAC, 2002). In December 2010 a 

dry sample of aboveground biomass from HF unit was mechanically pulverized and a 
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pill of 1 g in weight was prepared for the heating value determination. The Higher 

Heating Value (HHV [MJ/Kg]) was evaluated directly with the Mahler bomb, the Lower 

Heating Value (LHV [MJ/Kg]) was estimated from the HHV and from the moisture 

content of the samples at harvest. Combustion energy (C.E.%) was calculated as: C.E. = 

[Total fresh weigh × LHV]. Experimental tests were done at the Experimental and 

Didactic Centre in Cadriano (Bologna) using a commercial boiler (Alpina 35, ALPI, 

Poggio Rusco, Italy) that can produce a thermal energy power of 29 kW.  

Tracer test with rhodamine WT 

Tracer experiments (Dierberg and DeBusk, 2005) using the organic fluorescent tracer 

Rhodamine WT (RWT) were performed during 14 days in March 2011 to describe the 

hydraulic behaviour of the HF system. The test was carried out in collaboration with 

Environmental System Analysis Lab (LASA) of Department of Chemical Processes 

Engineering of Padova University. RWT tracer has already been used in numerous 

hydrological studies (Turner et al., 1991); applications of RWT as a tracer have also 

been reported for free water surface wetlands (Lin et al., 2003) and horizontal subsurface 

flow constructed wetland (Sandoval-Cobo and Pena, 2007). The HCW system was 

loaded daily with 1.7 m
3
 of fresh water. At the beginning of the loading cycle an RWT 

tracer injection of 15 ml was performed every thirty minutes in VF system. At the end of 

the loading cycle, sixteen RWT tracer injections suitable for obtaining the desired inlet 

tracer concentration were performed (Figure 2.6).  

 

 

Figure 2.6 – Wastewater with rhodamine WT (RWT) tracer at sampling point (5) (influent 

of HF) – March 2011. 
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An ISCO® 6712 portable auto-sampler was installed at the outlet of HF unit in order to 

collect a water sample every three hours from day 0 (start of loading cycle) to day 14 

(end of tracer test). By the end of the measurement campaign 143 water samples had 

been collected at HF outlet. Each water sample was analyzed with a portable 

fluorometer (SCUFA by Turner Designs, USA) to measure the RWT concentration. The 

results are discussed in chapter IV. 

Meteorological data 

Air temperature, humidity, solar radiation, rainfall volumes, wind speed and direction were 

recorded on site, from 11th June 2010 at 24 hour intervals, using a meteorological 

station (CR 800 series, Campbell Scientific). ETO with the FAO 56 approach (Allen et 

al., 1998) for short reference crop ETos was then calculated (Allen et al., 2005). 

Microbiological analysis 

Analysis of wetland biodegradation level was evaluated following a novel method and 

using a purposely defined device (University of Padova, Italy, PCT/IB2012/001157, 

June 13, 2012, Squartini, Concheri, Tiozzo) measuring the degradation of cotton threads 

that are placed in the gravel layer of VF and HF units for a week in June 2010. A small 

vertical hole was made in the gravel with a spade, then threads (15 cm long) were 

carefully placed vertically and the hole was filled with gravel. In each VF cell and at the 

inlet and outlet sections of HF unit, three sets of cotton threads (untreated- yellow label, 

pre-treated with nitrogen- red label and pre-treated with phosphorus- green label) were 

buried for a total of 15 threads (three treatments x five points) (Figure 2.7). 

 

 

Figure 2.7 - Analysis of soil biodegradation level of hybrid system. Yellow label control, 

red label N-treated and green label P-treated. (June 2010). 
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The nitrogen or phosphorus pre-treated versions of the threads, as defined by the above 

quoted patent, are used to assess to what extent such additions can further stimulate 

microbial activity in comparison to the plain untreated threads, i.e. whether availability 

of nitrogen or phosphorus limited thread decomposition. For this purpose they had 

previously been impregnated with different solutions containing 37.5 mM NH4NO (N-

treated) or 42.3 mM Na2HPO4, 22 mM KH2PO4 (P-treated), respectively.  After a week, 

threads were gently extracted from the gravel and air-dried. Their residual resistance to 

breakage was determined using a digital dynamometer (IMAD ZP, ELIS Electronic 

Instruments and Systems, Rome, Italy) to measure the peak force required to rupture 

them by applying progressive tractional force. The following formula was adopted to 

determine the thread resistance: R = (Ri / Rni) x 100 (where: R= resistance percentage; 

Ri = rupture value of the thread buried in the soil; Rni = rupture value of a control 

filament when new). Resistance was converted into the degradation percentage (D) by 

subtracting resistance percentage values from 100.  

 

Data elaboration 

All statistical analyses were carried out using the computer software package STATISTICA 

7.0 (Statsoft Inc., 2004). The data series of the parameters did not follow normal 

distribution even after transformations. Thus, statistical analyses were carried out with 

the Kruskal–Wallis non parametric test to compare the six sampling positions (position 

1; IN), (position 2; OUT VF1), (position 3; OUT VF2), (position 4; OUT VF3), 

(position 5; IN HF) (Gilbert, 1987) and Box and Whiskers were used to present the data. 

Different letters were used to indicate significant differences at (p < 0.05) by Kruskal–

Wallis test. 

For the whole investigation period (first – second – third monitored period), pollutants 

reduction performance of the HCW system and performance comparison of each unit 

was expressed in percentage of concentration abatement (A). Concentration abatement 

was calculated on second quartile (Q2; median) concentration values as: A = [(Cin – 

Cout)/Cin] ×100, where Cin is inflow concentration (mg/L) and Cout is outflow 

concentration (mg/L). 
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During the third monitored period, the performance comparison of HCW system units was 

also based on two different approaches: 

1. Mass reduction efficiency (MRE) calculated as: MRE = [(Cin*Vin)–

(Cout*Vout)/(Cin*Vin)]×100, where Cin is the inflow concentration (mg/L), Vin is 

the average inflow volume of synthetic wastewater applied (m³/d) with daily rainfall 

volume (mm/d) included, Cout is the outflow concentration (mg/L), Vout is the 

outflow volume detected  at the outlet of the unit (m
3
/d);  

2. Surface load reduction (SLR) is the difference between inlet pollutants loading rate 

with daily rainfall volume and outlet loading rate expressed per unit of surface. TN 

concentrations associated with rainfall ranged from 2.3 to 3.5 mg/L (U.S. EPA, 

1993), with more than half present as ammonia (Kadlec and Wallace, 2009).  SLR 

is usually expressed as the removed pollutants mass per CW surface unit area and 

time (g/m
2
/d), and represents a useful parameter to assess system efficiency (Kadlec 

and Wallace, 2009).  

In the third period data set, segmented linear regression analysis (or broken-line regression) 

with a non-parametric approach developed by Pettitt (1979) was used to identify a 

change-point of wastewater temperature that caused variations in nutrient removal 

performance. Partial F-test in one-way analysis of variance was used to determine any 

significant differences at (p < 0.05). 
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Chapter III 

 

Results first period: April 2010-July 2010 
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Results 

On site parameters  

Wastewater temperatures measured through the system did not vary noticeably, the median 

value was above 15 °C. According to Reddy and Patrick (1984), water temperatures 

lower than 15 °C or higher than 30 °C can drastically reduce the growth rate of nitrifying 

bacteria, thus limiting the denitrification rate (Figure 3.1). 

pH measured at HCW influent showed values ranging from 7.5 to 8.06, (slightly alkaline 

conditions). Inflow median of 7.89 dropped to 7.6 after passage through VF cells that 

exhibited values ranging from 7.31 to 8.01, probably due to the nitrification process 

consuming alkalinity (Kadlec and Knight, 1996). The following passage to HF system 

caused a slight increase in pH to a median value of 7.81 linked to the reduction in nitrate 

(Sezerino et al., 2003) (Figure 3.1). As nitrification proceeds optimally at pH between 

7.5 and 8.5 (Platzer, 1996), the pH values were optimal in all three VF cells. Literature 

reports show that the denitrification process can be hampered at pH < 6.0 and pH > 8.0, 

with the optimal range being between 7 and 7.5 (U.S. EPA, 1975), hence the pH value 

measured in the HF unit (7.81) results as suitable for the process. Furthermore ammonia 

nitrogen loss through volatilization would probably be negligible since it generally 

requires a pH of 9.3 (Jing and Lin, 2004). 

The median inflow concentration of DO (1.87 mg/L) slightly decreased after passage 

through VF cells to 1.57 mg/L. This is surprising because it is well known that vertical 

flow systems are aerated, but could be due to the particular design and management of 

the vertical cells. In fact the presence of the syphon maintains the deepest 0.4 m of the 

bed in predominantly saturated conditions that probably ensure less than optimal 

substrate aeration (Figure 3.1). As the nitrification process only occurs under aerobic 

conditions (DO concentration at least ≥ 1.5 mg/L) (Ye and Li, 2009), DO values were 

sufficient in all three VF cells. Median DO concentration measured at HF inflow (0.04 

mg/L) was significantly lower than the previous passage, probably because the residence 

of the wastewater in the pipes connecting vertical cells and sump might have further 

decreased oxygen concentration. DO concentration then increased significantly to 0.29 

mg/L, probably linked to the P. australis root system oxygen released into the 
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surrounding rhizosphere, which facilitates aerobic degradation of pollutants (Moshiri, 

1993). Biddlestone et al. (1991) stated that P. australis has the ability to pass oxygen, 

from its leaves through stems and rhizomes and out from its fine hair roots into the root 

zone or rhizosphere. Literature reports on the oxygen release ability of P. australis give 

different value ranges. Armstrong et al. (1990) recorded oxygen release (per unit 

wetland area) by P. australis to be in the range of 5-12 g O2/m
2
/d, whereas Bavor et al. 

(1988) estimated oxygen release by P. australis species to be approximately 0.8 g 

O2/m
2
on gravel wetland substrates. 

Moderately reduced redox conditions (+126 mV) were detected at HCW inflow (Fig. 3.1). 

Median influent wastewater redox potential slightly decreased to 112 mV after VF cells 

passage, this suggests that the VF system maintains aerobic conditions suitable for 

nitrification (+100 mV < Eh < +350 mV) (Vymazal, 2005) but not for the denitrification 

process(+50 mV <Eh< -50 mV) (Knowles, 1981).The Eh value measured at HF inflow 

decreased drastically in the range from -53 to -33 mV probably due to oxygen-limited 

condition suitable for anaerobic microbial populations (Kadlec and Knight, 1996; 

Faulwetter et al., 2009) (Figure 3.1). 

Electrical conductivity (EC) of the influent varied widely from 1875 to 2670 µS/cm. The 

median value of 2240 µS/cm was significantly reduced (36%) after passage through the 

VF unit. No statistical differences were found between the three VF cells, though 

median EC values measured in VF1 and VF2 effluent were similar (1436 and 1426 

µS/cm respectively) and higher than inVF3 with 1126 µS/cm. HF unit dropped the EC 

value further to 1068 µS/cm. (Figure 3.1). 

Turbidity measured at the system inlet ranged between 250 and 540 NTU, the median value 

of 380 NTU did not differ significantly after VF unit passage, being 320 NTU. HF unit 

further reduced it significantly to 200 NTU, which might be linked to higher contact 

time between the influent and the gravel bed media in the HF unit (Figure 3.1). 
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Figure 3.1 - Box-plot diagrams of  wastewater temperature (T), pH, dissolved oxygen 

(DO), redox potential (Eh), electrical conductivity (EC) and turbidity in the sampling 

points of the hybrid system during the first monitored period (April-July 2010). 
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COD 

COD influent concentration fluctuated over time. This might be related to the low and 

unsteady pre-treatment efficiency performed by the biological aerobic treatment. At the 

lower COD input (140 mg/L) detected on 7
th

 and 14
th

 May, similar concentrations were 

measured in the effluent of both units: 100 and 73 mg/L from VF and HF respectively. 

HF unit enhanced the COD concentration reduction provided by VF cells for all the 

whole period, except on 30
th

 April when higher effluent concentration was measured 

(103.5 mg/L) (Figure 3.2). 

 

Figure 3.2 - COD concentration at the sampling points of the hybrid system during the first 

monitored period (April-July 2010). 

 

COD concentration measured at the inlet varied widely between 104 and 831 mg/L. The 

median influent value was 498 mg/L, the same order of magnitude reported by Poach et 

al. (2007) in a marsh-pond-marsh (m-p-m) constructed wetland treating pig effluent in 

Greensboro, NC, USA. VF cells gave a greater contribution to the abatement, dropping 

the median value to 330 mg/L and sharply reducing the variability. No statistically 

significant difference was found between VF cell effluent concentrations. HF cell 

reduced the concentration to a final discharge of 221 mg/L. Variability in HF was lower 

than in VF cells (Figure 3.3). 

0

100

200

300

400

500

600

700

800

900

23/4 30/4 7/5 14/5 21/5 28/5 4/6 11/6 18/6 25/6 2/7 9/7 16/7 23/7 30/7

IN OUT VF OUT HF

C
O

D
 (

m
g
/L

)



 

41 

 

 

Figure 3.3 – Box-plot diagrams of COD concentration (mg/L) in the sampling points of the 

hybrid system during the first monitored period (April-July 2010). 

 

Nitrogen forms 

TN influent concentration ranged from 203 to 668mg/L, with a median value of 416mg/L;a 

similar inlet value was reported by Reaves et al. (1994) from the Livestock Wastewater 

Treatment Wetland Database (420 mg/L) with a system composed of sixteen parallel 

unlined wetland cells. The measured values were always above 200 mg/L with 

inconstant fluctuations, the highest concentrations being measured on 4
th

 June and 30
th

 

July (>660 mg/L). These results were mainly attributable to differences in pig-waste 

composition, farm management and storage conditions (Figure 3.4a).The abatement 

achieved by VF and HF did not show a clear time pattern: on certain dates the higher 

contribution was given by the VF system, on others the two systems gave similar 

contributions and the HF only had best performance once. VF system dropped the 

median value to 290 mg/L but maintained high variability. No statistically significant 

differences were found for TN effluent concentration between VF cells. HF system 

accomplished abatement to a final discharge concentration of 198 mg/L and a marked 

reduction in the interquartile (Figure 3.5). 

As expected (Chastain et al., 2003), the ammonia form represented the major fraction 

(55%) of total nitrogen loaded in the HCW system. From 7
th

 May to 4
th

 June a 

progressive increase of NH4-N influent concentration was measured (from 110.6 to 
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398.8 mg/L). After that, the concentration followed the same time pattern shown by TN 

form (Figure 3.4b). Ammonia removal is pH and temperature dependent (Wallace et al., 

2006). During the monitored period, pH ranged from 7.5 and 8, therefore ammonia loss 

through volatilization from VF unit can be considered negligible because the 

volatilization process generally requires a pH of 9.3 (Jing and Lin, 2004). VF unit gave a 

reduction in ammonia concentration (39%) despite the limited oxygen content (1.55 

mg/L median) detected in each cell. Several studies (Yalcuk and Ugurlu, 2009; Saeed 

and Sun, 2011) reported that zeolite could be an effective substrate in terms of NH4-N 

removal from wastewater. However its presence in VF3 cell did not significantly 

enhance the ammonia nitrogen removal with respect to the other two cells. This is 

surprising because Ling et al. (2011) stated that NH4-N sorption capacity of the zeolite 

media is related to a high presence of Fe oxides and Na and Al ions which often 

promotes substantial ion exchanges. In our study median inlet Na concentration was 

high (247 mg/L). So the lack of performance enhancement was probably due to the 

undersized zeolite layer (0.10 m) that provided less surface for ion exchanges at the 

daily flow rate (5m
3
/d). This probably caused a short contact time between the zeolite 

media and the fluid. Similar observations were made by Stefanakis and Tsihrintzis, 

(2012) HF unit lowered the NH4-N median inlet concentration of 163.2 to the final 

discharge of 114.3 mg/L. Lower NH4-N concentration reduction capacity of HF than VF 

unit is probably due the continuous loading of the HF beds and the water saturated 

conditions that principally favour denitrification (Figure 3.5). 

NO3-Ninfluentconcentration was lower than 6 mg/L during the entire monitoring period; 

the highest concentration was reached on 28
th

May with 5.23 mg/L. Despite efficient 

NH4-N abatement in VF cells, NO3-N concentration did not increase, except on 19
th

 

June (Figure 3.4c). A lower denitrification rate in VF cells may result from the lack of 

availability of organic carbon or an insufficient supply of NO3-N (Spieles and Mitsch, 

2000). HF unit gave greater abatement than VF cells with a median outflow value of 

1.62 mg/L that might be due to the action of common reed, which probably provided 

wastewater oxygenation by diffusion through aerenchymatous tissues or roots (Furniss, 

1992). It also provides a substrate for the growth of microorganisms and enhances their 

contact with wastewater (Figure 3.5). 
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Figure 3.4 – Nitrogen forms concentration at the sampling points of the hybrid system 

during the first monitored period (April-July 2010). 
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Figure 3.5 – Box-plot diagrams of nitrogen forms concentration (mg/L) in the sampling 

points of the hybrid system during the first monitored period (April-July 2010). 

 

Phosphorus forms 

A fluctuating TP inlet concentration was measured from the beginning of monitoring. Inlet 

concentration did not exceed 26 mg/L, a similar finding (28.7 mg/L) was reported by 

Cathcart et al. (1994) in the Pontotoc, Mississippi experiment. TP concentration effluent 

from VF unit was generally slightly lower than at the inlet, except on 18
th

 and 25
th

 June 

2010, when 18.5 and 17.3 mg/L were measured respectively (Figure 3.6a).VF unit 

provided not statistically significant abatement that dropped the median value from 21 

to18.5 mg/L, maintaining a wide variability (from 10 to 26.4 mg/L). HF cell achieved 

the best abatement to a final discharge concentration of 14.3 mg/L (Figure 3.7). 
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Orthophosphate is the dissolved inorganic form of phosphorus (Kadlek and Wallace, 2009) 

and represented more than 90% of TP inlet concentration in this study. VF and HF 

effluent concentration of PO4-P time pattern was in accordance with TP, however lower 

concentrations were measured at different sampling points (Figure 3.6b). A statistically 

significant difference was found only between median PO4-Pconcentration from influent 

(19.6 mg/L) and HF effluent (13.2 mg/L) (Figure 3.7). This probably occurs through 

three parallel paths, with reaction rates of: sorption to substrate, biofilm assimilation and 

P. australis uptake (Lantske et al., 1999). 

 

 

Figure 3.6 – Phosphorus forms concentration at the sampling points of the hybrid system 

during the first monitored period (April-July 2010). 
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Figure 3.7 – Box-plot diagrams of phosphorus forms concentration (mg/L) in the sampling 

points of the hybrid system during the first monitored period (April-July 2010). 

 

Ions 

Swine manure contains different ions originating from the feed, supplements, medications, 

and water consumed by the animals. 

Because most freshwater wetland species have low sodium requirements, the dissolved 

sodium content of wastewater passing through wetlands changes little (Kadlek and 

Wallace, 2009). During the monitored period, the median influent concentration of 247 

mg/L passing through the HCW system decreased negligibly (Figure 3.8). The factors 

that contributed most to the failure of sodium removal were probably the solubility of 

this chemical element and the low cation association with organic material, which is 

efficiently removed by physical processes in CWs (Basil et al., 2005). Because wetland 

species have low dissolved sodium absorption this cation could be used as a 

conservative tracer for tracking groundwater discharges from wetlands, being easily 

monitored by an electrical conductivity sensor (Torrens et al., 2009). Chazarenc et al. 

(2003) used high concentrations (67,000 mg/L) of sodium chloride solution as a tracer in 

an HF system. 

Potassium concentration detected at the VF and HF effluents, 610 and 609 mg/L 

respectively, was not very different from the influent 614 mg/L. As reported by Lo 

Monaco et al. (2009), CWs are able to remove only small portions of this nutrient due to 

the high solubility of Potassium and its non-association with organic material (Figure 

3.8). 
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During the first monitored period the influent Mg
2+ 

concentration ranged from 4.8 to 7.3 

mg/L, after passage through the HCW system the outlet concentration ranged from 4.1 

to 7 mg/L. No statistically significant concentration reduction was observed. Kadlec and 

Wallace (2009) stated that Magnesium concentration in surface water almost always 

exceeds the requirements for plant growth and elevated concentrations are not affected 

when wastewater travels through wetland treatment systems (Figure 3.8).  

Calcium concentration does not change appreciably in HCW treatment system, as observed 

for Sodium, Potassium, Magnesium (Figure 3.8). 

Median Chloride inflow concentration of 439 mg/L was slightly reduced to 422 mg/L. Cl- 

is used as tracer of water movement in the wetland because it is considered conservative 

in wetland environments, and it is also commonly used in estimating evapotranspiration 

(Juang and Johnson, 1967), groundwater recharge (Allison and Hughes, 1983) and lake 

water balance (Lin et al., 1987) (Figure 3.8). 

Median inlet Sulphate concentration of 90 mg/L wasn’t reduced after passage through VF 

cells, however the HF unit slightly contributed to abating the concentration (82 mg/L). 

As reported by Eger (1994), the process of Sulphate reduction proceeds best at pH 

between 5 and 9. Hence, the measured pH range in VF and HF units were sufficient for 

Sulphate reduction. On the other hand, Sulphate-reducing bacteria are obligate 

anaerobes, and become active only under anaerobic conditions (Hao, 2003). The DO 

concentration measured at HF outflow exceeded 0.60 mg/L, which implies that the 

presence of reeds enhances the oxygen transfer to the bed, thus limiting Sulphate 

reduction (Figure 3.8). 
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Figure 3.8 – Box-plot diagrams of Sodium (Na
+
), Potassium (K

+
), Magnesium (Mg

2+
), 

Calcium (Ca
2+

), Chloride (Cl
-
) and Sulphate (SO4

2-
) forms concentration (mg/L) in the 

sampling points of the hybrid system during the first monitored period (April-July 

2010). 
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Pollutants abatement 

Percentage abatements (A) for the monitored parameters in HCW are presented in Table 

3.1. HCW systems showed a good treatment performance, despite the fact that the 

monitoring regarded its second functioning season (start-up phase from May to 

December 2009). During the start-up phase (Borin et al., 2013), median COD 

concentration decreased from 1126 at the inlet to 235 mg/L at the outlet (79% 

abatement). TN concentration was abated by 64% (671-240 mg/L). NH4-N and NO3-N 

median inflow concentrations (390 and 6.61 mg/L) were reduced by 63% and 53%, 

respectively, with median outflow concentrations of 145 and 3.14 mg/L. TP inflow 

concentration of 23 mg/L was abated by 61%. Whilst during this first monitoring period 

lower abatement performances were found: COD was abated by approx. 56%, TN by 

53%, NH4-N by 50%, NO3-N by 55% and TP by 32%. 

Kantawanichkul et al. (2001) investigated the efficiency of a pilot combined wetland 

system (VF unit followed by an HF unit) in treating raw swine waste without 

recirculation of the effluent and a hydraulic loading rate (HLR) of 3.7 cm/d. The 

combined system reduced the average COD inlet concentration from 2800 to 43mg/L, 

with an abatement of 98%. Lee et al. (2004) reported a median COD concentration 

reduction from 1160 to 264 mg/L (77% abatement) obtained with a horizontal 

subsurface wetland with an HLR of 12 cm/d fed with pig manure after pre-treatment by 

solid separation followed by anaerobic digestion and aerobic oxidation. During the 

whole monitored period HCW system reduced the median inlet COD concentration 

(about 500 mg/L) by 50 to 80%, with a median of 56% and an HLR of 3.8 cm/d. These 

findings were generally lower than those reported by Lee et al. (2004) and 

Kantawanichkul et al. (2001). The wide range of organic matter removal found in 

different studies was probably related to several reasons: (a) the great variation of pig-

waste composition, which is, in turn, highly dependent on farm management and storage 

conditions (Boursier et al., 2005), (b) different HLR and operative conditions.COD 

concentration reduction reached in the VF unit (33%) could be improved by providing 

higher oxygen availability as observed by Kouki et al.(2009). Indeed previous studies 

have demonstrated that intermittent wetland drainage improved removal of COD 
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(Tanner et al., 1999). Furthermore, increased age is also associated with an increase in 

microbial population (Kadlec, 1999). 

Nitrogen abatement within constructed wetland systems includes different processes, 

mainly: uptake from plants and other living organisms, sedimentation, nitrification, 

denitrification, ammonia volatilization, and cation exchange for ammonium (Newman et 

al., 1999; Yang et al., 2001; Wallace and Knight, 2006; Mitsch and Gosselink, 2007). 

During the monitoring period, TN abatement ranged from 50% to 71.5% with a median 

value of 53%. TN concentration reduction achieved by VF and HF units differed by just 

5%. Meers et al. (2004) observed higher TN percentage reductions ranging from 73% to 

83% for a CW treating pre-treated slurry wastewater with a residence time of 8-18 days. 

Lower TN abatement performances might result from the inadequate contact time 

between the influent and the gravel bed media of both wetland units. As supported by 

the literature on wastewater treatment in CWs, the lack of well-established vegetation 

could cause slightly lower TN treatment efficiency than that obtained in planted beds. 

The system reduced ammonia nitrogen with efficiency ranging from 40% to 68%. Despite 

the median dissolved oxygen content of 1.57 mg/L measured in the VF cells effluent, the 

unit gave a median reduction in ammonia nitrogen of 39%. Parker et al. (1998) observed 

a NH4-N reduction of 32% with a VF system planted with P. australis that treated 

diluted piggery effluent from a lagoon (inflow concentration of 242 mg/L and outflow of 

165 mg/L). 

Phosphorus removal efficiency was lower than the other constituents. TP abatement ranged 

from 20% to 44.7% with a median value of 32%. TP abatement observed in HF unit was 

higher (19%) than VF (12%), mainly due to two reasons: first through adsorption by the 

porous media as reported by Bonomo et al. (1997) and second by precipitation where 

phosphorus reacts with the porous media and with minerals such as ferric oxyhydroxide 

and carbonate (Kadlec and Knight, 1996; Yang et al., 2001). 

Orthophosphate was mainly removed by plant uptake and by adsorption on the porous 

media (Kadlec and Knight, 1996). HF unit had a high concentration reduction (24%), 

while VF only gave 11%. This was maybe linked to reducing conditions in the HF unit 

(i.e., lack of oxygen, DO concentrations below 0.5 mg/L) that can lead to solubilisation 
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of minerals and release of dissolved phosphorus (Reed et al., 1995; Kadlec and Knight, 

1996). 

In general, concentration abatement reached by the system was very low for investigated 

ions. The ion with lowest concentration reduction was K
+
 with 1%, while the highest 

was SO4
2-

 with 9%. Na
+
 and K

+
 were mainly reduced by VF cells activity with 1% and 

4% respectively, while Mg
2+ 

and SO4
2-

by the HF unit with 3% and 6% respectively. Ca
2+

 

and Cl
- 
concentrations were reduced by the same percentage in both units, 3% and 2% 

respectively. 

 

Table 3.1 – Concentration reduction efficiency calculated on median value of VF, HF unit 

and HCW system for all measured parameters – first monitored period (April-July 

2010). 

              VF   HF    HCW  

Parameter Inflow  Outflow A    Inflow  Outflow A   Inflow Outflow A 

  (mg/L) (mg/L) (%)   (mg/L) (mg/L) (%)   (mg/L) (mg/L) (%) 

                        

COD 498 336 33   336 221 34   498 221 56 

TN  417 293 30   303 198 35   417 198 53 

NH4-N 266 163 39   163 114 30   226 114 50 

NO3-N 3.58 2.67 25   2.30 1.62 30   3.58 1.62 55 

TP 21 18.5 12   17.6 14.3 19   21 14.3 32 

PO4-P 20 17.4 11   17.3 13.2 24   20 13 34 

Na
+
 247 242 2 

 
239 238 0.4 

 
247 238 4 

K
+
 614 611 1 

 
611 609 0.3 

 
614 609 1 

Mg
2+

 6.2 6.17 1 
 

6 5.8 3 
 

6.2 5.8 6 

Ca
2+

 120 116 3 
 

114 111 3 
 

120 111 8 

Cl
-
 439 432 2   430 422 2   439 422 4 

SO4
2-

 90 89.3 1   88 82.3 6   90 82.3 9 
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Analysis of wetland biodegradation level 

 
Percentage degradation measured on cotton threads placed in the gravel layer of three VF 

cells showed high activity of nitrogen microbial degradation (Figure 3.9a). There was a 

less degradation of N-treated threads (43.6 %) if compared with the untreated control 

(63.5%). This finding suggests that the substrate of VF cells was saturated with nitrogen 

pollutants due to the daily piggery wastewater load, thus a depressive effect was 

observed on N-treated threads. A higher degradation of 59.6% was obtained on P-treated 

threads, probably due to lower phosphorus retention by root bed media in VF cells. 

In HF substrate a similar depressive effect was observed on N-treated threads, whilst on P-

treated threads lower degradation than the control suggests that more phosphorus 

accumulated in the HF substrate (Figure 3.9b). 

 

 
 

Figure 3.9 – Microbial percentage degradation observed in VF and HF system 

 

 

Conclusions 

 
During the first monitoring period variable concentrations of pollutants were measured in 

the HCW influent. This might result from differences in pig-waste composition, farm 

management and storage conditions but could also be related to inefficiencies of the pre-

treatments used on the raw piggery wastewater. This fluctuation might have influenced 

the performance of the HCW. Another limiting factor for HCW abatement performance 
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was the daily flow rate of 5 m³ (HLR of 3.8 cm/d) that overloaded the system causing 

short-circuiting of the wastewater through the VF and HF units, negatively impacting the 

residence time and therefore treatment efficiency. Despite these operating conditions, 

the HCW system successfully treated piggery wastewater. 

The highest abatement efficiency was attained on COD (56%), NO3-N (55%) and TN 

(53%), TP decreased from 21 mg/L to 14.3 mg/L, achieving 32% abatement. VF system 

gave the main reduction in ammonia concentration (39%), despite a median dissolved 

oxygen content of 1.57 mg/L measured in VF cells effluent. This suggests that VF 

treatment performance could be improved with a fill-and-drain operational mode that 

provided rest periods to achieve a higher oxygen level in substrate. There were no 

significant differences in any of the measured parameters outlet concentration among 

different vegetation and substrates of the VF cells. HF unit was more efficient than VF 

in reducing TN, NO3-N, TP and PO4-Pconcentration; VF and HF gave similar 

abatements for COD of 33 and 34% respectively. Concentration abatement reached by 

HCW system was very low for the investigated ions. The preliminary tests on 

biodegradation level in VF and HF system confirmed the presence of microbial 

consortia, responsible for the removal of specific pollutants in CW. 
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Chapter IV 

 

Results second period: October 2010-April 2011  
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Results 

Meteorological data 

Average temperatures at the experimental site varied between 8.6 and 12.4°C in late 

autumn, and from 2.8 to 9.2°C in winter. Precipitation was marked by heavy rainfall in 

autumn with monthly values of 170 and 323 mm for October and November 2010, then 

decreased in December 2010. The precipitation trend decreased during the colder season 

to level around 50.6 mm in January 2011 (Figure 4.1). 

 

Figure 4.1 – Meteorological data for the test site : bars givemonthlyprecipitation in 

millimeters (left Y axis), line graph indicates average day air temperature (right Y axis). 

 

On site parameters  

Despite the low air temperatures measured in the whole investigation period (0.5-14°C) the 

wastewater inflow temperature ranged from 15.2 to 17.5 °C. Effluent measured from the 

VF system maintained a median value of 14.6°C, nevertheless at HF outlet the 

temperature decreased drastically from 14
th

 January to 25
th

 February with a median of 

11.4°C (Figure 4.2). 

Since the nitrification process consumes alkalinity (Kadlec and Knight, 1996), significant 

nitrification could have resulted in the substantial drop of pH in wastewater after VF 

passage, from 7.91 to 7.65. However, as denitrification is an alkalinity producing 

process this increased the median value to 7.74 at HF outflow (Figure 4.2). 

Median DO inflow concentration showed a slightly higher value (1.91 mg/L) than in the 

first period (1.87 mg/L). The unsaturated condition of VF system substrate provided by 
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the sequential batch feed mode promoted higher atmospheric oxygen diffusion in the 

matrix bed media (Sun et al., 1998; Noorvee et al., 2007), which probably boosted the 

nitrification process and organics removal. Indeed, median DO concentration measured 

at VF outflow showed an increase of 19% compared with the previous monitored period. 

In contrast, a lack of oxygen (0.05 mg/L) measured at HF inflow unit in conjunction 

with the high content of a carbon source, promoted denitrification. As reported in the 

first monitored period, DO concentration at the outlet of HF unit increased significantly 

to 0.60 mg/L, probably released by the common reed root system. Bavor et al. (1988) 

estimated oxygen release by Phragmites species to be approximately 0.8 g O2/m
2
 in 

gravel wetland substrates (Figure 4.2). 

Batch feeding created a temporal redox variation in VF system, as observed by Allen et al. 

(2002). There was first a major drop in the redox potential when the wastewater was 

added (131 mV) and then a gradual increase with time and pollution removal (median 

value 160 mV). The Eh median value measured at HF inflow decreased drastically from -

28 to -44 mV. The alternation between reduced and oxidized conditions probably 

influenced microbial activity by favouring robust aerobic facultative biofilms that can 

operate under varying nutrient concentrations (Stein et al., 2003) (Figure 4.2). 

EC values of the influent wastewater varied widely from 2350 to 3260 µS/cm. After 

passage through the VF unit, the median dropped from 3000 µS/cm to 2640 µS/cm. 

Statistical significant differences were found between first two VF and the third. HF cell 

further abated EC to 1965 µS/cm, which was lower than the limit for irrigation purposes 

recommended by the FAO Guidelines (1987) (Figure 4.2). 

Turbidity measured at the system inlet was higher than in the first monitored period, due to 

the higher inlet pollutants concentration and the presence of only a solid separation as 

pre-treatment. However HCW system reduced the inflow turbidity from 694 to 247 NTU 

(Figure 4.2). 
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Figure 4.2 - Box-plot diagrams of Wastewater temperature, pH, Dissolved Oxygen (DO), 

Redox potential (Eh) and Electrical Conductivity (EC) in the sampling points of the 

hybrid system during the second monitored period (October 2010-April 2011). 
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 COD   

Higher COD influent concentration than the previous period was observed. From 12
th 

November 2010 to 14
th

 January 2011, the incoming COD concentration decreased from 

1416 to 904 mg/L and subsequently from 28
th

 January 2011 to 25
th

 March decreased 

from 1148 to 702 mg/L. Figure 4.4 shows that during the beginning of the monitoring 

period till 28
th

 January 2011 a similar COD concentration reduction trend was observed 

in VF and HF system. 

 
 

Figure 4.4 - COD concentration at the sampling points of the hybrid system during the 

second monitored period (October 2010-April 2011). 

 

COD inflow concentrations varied widely between 498 and 1416 mg/L, with a median 

value of 870 mg/L (74% higher than the first monitored period). VF system reduced the 

median (656 mg/L) maintaining high variability. No difference was found among the 

three VF cells. HF cell gave a significant contribution to the abatement, dropping the 

median inflow from 656 to 465 mg/L (Figure 4.5). 
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Figure 4.5 – Box-plot diagram of COD concentration (mg/L) in the sampling points of the 

hybrid system during the second monitored period (October 2010-April 2011). 

 

Nitrogen forms  

 

Median TN inflow concentration of 692 mg/L was generally higher than that reported in 

several studies on piggery wastewater treatment in CWs (ranging from 108 to 364 mg/L: 

Meers et al., 2008; Dong and Reddy, 2010; Harrington and Scholz, 2010; Morand et al., 

2011). Highest values were measured on 12
th

 November 2010 and 28
th

 January 2011, 

with 983 and 926 mg/L respectively. TN concentration reduction achieved by VF system 

(30%) was quite constant for the whole monitored period, while from 14
th

 January 2011, 

HF cell showed lower abatement performances with a decrease from 8 to 17% (Figure 

4.6a). VF system lowered the median value to 494 mg/L but maintained a high 

variability. As reported in the first monitored period, no significant differences were 

found between VF cells for TN concentration. The HF system accomplished abatement 

to a final discharge concentration of 413 mg/L (Figure 4.7). 

Median NH4-N inflow concentration (366 mg/L) represents 53% of median TN 

concentration. A similar inlet value was reported by Knight et al. (2000) from the 

Livestock Wastewater Treatment Wetland Database (366 mg/L). Inlet concentration 

remained higher than 270 mg/L except on 22
nd

 October 2010 (195mg/L). Although the 

HCW system operated with higher ammonia nitrogen than in the first monitored period, 
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there were no signs of ammonium toxicity to plants. VF and HF effluent concentration 

trend was in accordance with the TN trend (Figure 4.6b). NH4-N concentration was 

mainly reduced by VF system (32%); the best performance was obtained by VF3 cell 

(40%), but no significant differences were found between VF cells. In VF and HF the 

pH was well buffered within a range of 7.41 to 8.36, hence, ammonia nitrogen loss 

through volatilization was negligible since this generally requires a pH of 9.3 (Jing and 

Lin, 2004). Air convection within the VF substrate is a consequence of the batch 

feeding, which is directly related to the wastewater flow within the unsaturated 

substrate. The entering wastewater pushes the gas present in the porous media and at the 

same time creates an aspiration effect of atmospheric air when the VF substrate is 

unsaturated (Forquet et al., 2009). Thus during the 8 hours rest period O2 level in the VF 

porous media was re-generated and the aerobic conditions improved nitrification process 

performance (Figure 4.7). Instead, HF system showed a very low nitrogen ammonia 

reduction probably due to the lack of dissolved oxygen measured at the outflow of the 

cell (from 0.49 to 0.68 mg/L). 

NO3-N input concentration ranged between 3.68 and 9.15 mg/L, the median value of 5.17 

mg/L was 44% higher than in the first period. Many researchers have found that high 

nitrate concentration enhances denitrification rate in wetlands (Howard-Williams and 

Downes, 1989; Hanson et al., 1994; Lowrance et al., 1995; Willems et al., 1997; Sartoris 

et al., 2000). However during the monitored period, lower NO3-N concentration 

reduction than the first period was observed in both systems from 14
th

January to 25
th

 

February 2011, probably linked to lower wastewater temperature that ranged from 11.2 

to 11.8°C at HF cell outlet. Starting from 11
th

 March 2011, with higher wastewater 

temperature (12.4°C) NO3-N concentration abatement ameliorated (Figure 4.6c). 
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Figure 4.6 – Nitrogen forms concentration at the sampling points of the hybrid system 

during the second monitored period (October 2010-April 2011). 
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Figure 4.7 – Box-plot diagrams of nitrogen forms concentration (mg/L) in the sampling 

points of the hybrid system during the second monitored period (October 2010-April 

2011). 

 

Phosphorus forms 

TP influent concentration did not exceed 34 mg/L during the monitoring. Similar 

conditions (30 mg/L) were obtained by Sànchez-Garcìa et al. (2010) from CWs 

composed by three HF units of 67 m
2 

treating 8m
3
 pig slurry per charge. On some dates 

(i.e. 12
th

 and 26
th

 November, 17
th

 December 2010) VF system reduced the median TP 

inflow concentration by 20%. HF cell abatement was higher than VF in the period 

between 22
nd

 October and 17
th

 December 2010. Starting from 14
th

 January 2011, worse 

abatement was measured in the HF system, probably due to lowering wastewater 

temperature during the cold season. Indeed, Nichols (1983) stated that phosphorus 
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adsorption to the substrate is wastewater temperature correlated due to its extreme redox 

sensitivity (Figure 4.8a). VF system provided not significant abatement that dropped the 

median value from 21.4 to 18.3 mg/L, (a similar finding was reported in the first 

monitored period). HF system achieved best abatement to a final discharge of 14 mg/L 

(Figure 4.9). 

Median orthophosphate inflow concentration (15 mg/L) was 25% lower than in the first 

period and represents 70% of median TP concentration. PO4-P time pattern was in 

accordance with TP, however as in the first monitored period, lower influent and 

effluent concentrations were measured at different sampling points (Figure 4.8b).  

 

Figure 4.8 – Phosphorus forms concentration at the sampling points of the hybrid system 

during the second monitored period (October 2010-April 2011). 
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Figure 4.9 – Box-plot diagrams of phosphorus forms concentration (mg/L) in the sampling 

points of the hybrid system during the second monitored period (October 2010-April 

2011). 

 

Ions  

Figure 4.10 reports cations and anions concentration variations provided by HCW system 

during the second monitored period. Both inflow and outflow concentrations detected 

for ions forms were higher than the previous period. Statistically significant differences 

were found between inlet and outlet of HCW system for: Mg
2+ 

(IN 7.6 mg/L; OUT 6.8 

mg/L), Ca
2+

 (IN 142 mg/L; OUT 129 mg/L), and Cl
- 
(IN 520 mg/L; OUT 495 mg/L). 
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Figure 4.10 – Box-plot diagrams of Sodium (Na
+
), Potassium (K

+
), Magnesium (Mg

2+
), 

Calcium (Ca
2+

), Chloride (Cl
-
) and Sulphate (SO4

2-
) forms concentration (mg/L) in the 

sampling points of the hybrid system during the second monitored period (October 

2010-April 2011). 

 

Pollutants abatement 

Percentage abatements (A) for the monitored parameters in HCW are presented in Table 

4.1. HCW system showed a good treatment performance, despite the absence of a 

suitable pre-treatment. The HCW system removed approx. 46% of COD, 40% of total 

nitrogen, 43% of ammonia nitrogen, 21% of nitrate nitrogen and 35% of total 

phosphorus. 

The overall COD percentage abatement achieved during the monitoring ranged between 

33.1 and 51.4%. Although in the first period the VF system was able to obtain an 

abatement of 33%, in the second one the abatement was only 25%. This is probably 
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linked to the higher concentration of recalcitrant organic matter measured at the inlet 

sampling point. The literature reports (Calheiros et al., 2007; Sun and Saeed, 2009) that 

an increasing organic loading often coincides with greater organics removal rate, 

although excessive loading rates can cause organic matter accumulation, reduction of 

void space, and lower pollutant removal efficiencies in constructed wetlands. Jia et al. 

(2010) observed that a VF system planted with P. australis with intermittent loading 

exhibited a greater COD removal performances >96% (363-14.3 mg/L) if compared 

with a continuous loading system that removed 92% (363-30 mg/L).On the contrary, in 

this study an increase of oxidizing conditions in the VF cells substrate provided by 

alternating wet and dry periods didn’t show an increasing COD reduction. A worsening 

in COD percentage abatement was also observed in HF system compared to the first 

monitoring period, probably linked to: (a) not suitable contact time between wastewater 

and attached biofilms in the root zone; (b) lower temperature (autumn-winter season). 

Stefanakis and Tsihrintzis, (2012) showed that the efficiency in reducing COD effluent 

concentrations in VF and HF units is enhanced (from 2 to 13%) as temperature 

increases. 

TN abatement ranged from 36.5% to 60.7% with a median percentage value of 40%. TN 

concentration reduction achieved by VF system was 29% and by HF 16%. These 

differences were probably related to the ammonia form representing the major fraction 

of total nitrogen loaded in the HCW system. Note that the VF system performed better 

in ammonia reduction. Increased nitrogen load typically coincides with greater removal 

rates in subsurface flow wetland systems (Lee and Scholz, 2007; Albuquerque et al., 

2009; Tuncsiper, 2009; Dan et al., 2011), within the tolerable limits. However, wetlands 

receiving well-treated wastewater tend to have a higher potential for biochemical 

removal due primarily to lower concentrations of those chemicals in the influent 

wastewater. Conversely, wetlands receiving untreated or poorly treated wastewater tend 

to have lower potential for biochemical removal due to their high concentrations in the 

influent water (Hammer and Knight, 1994; Knight et al., 2000; Knight, 2003). Indeed 

lower TN abatement percentage was obtained (40%) than in the first period (53%) 

despite higher median inlet concentration being measured. 
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The HCW system reduced ammonia nitrogen with efficiency that ranged from 30% to 57%. 

VF system was able to abate 32% of NH4-N influent compared to only 16% by the HF. 

Batch mode provided higher DO level in VF cells by increasing oxidizing conditions 

that can improve nitrification, however higher concentration level (median 360 mg/L) 

limited the removal performance. Several studies reported that excessive ammonia in 

wastewater could be toxic and could hamper growth and photosynthesis of certain 

wetland plants. Tanner et al. (1995) stated that ammonium toxicity tends to differ 

between species, although the mechanism of ammonia toxicity to wetland plants remains 

unclear. Jingtao et al. (2012) reported that P. australis grew well at ammonia 

concentrations of up to 160 mg/L, but growth was inhibited at levels higher than 640 

mg/L. 

Reduction of nitric nitrogen obtained by the HCW system was lower than the other nitrogen 

forms (21%). As reported by several studies (Huang et al., 2000; Ansola et al., 2003; 

Demin and Dudeney, 2003; Mars et al., 2003), higher hydraulic retention time (HRT) 

typically facilitates nitrogen removal from wastewater due to a longer contact period of 

nitrogen pollutants with microorganisms. HRT within the range 4-5 days was probably 

too brief to achieved high performances. HF system provided major abatement (16%) if 

compared with VF cells (8%). This finding is probably related to the aerobic-unsaturated 

substrate conditions of VF wetlands that hamper the denitrification process. 

The abatement level of phosphorus was constant (32-35%) during the first and second 

monitored periods. This suggests that, contrary to what was reported by Rustige et al. 

(2003), low temperatures decrease the TP sorption capacity of the substrate, and 

secondly that the system’s porous media was not yet saturated. Significantly higher TP 

abatement occurred in the HF unit (19-24%), probably due to a higher absorption 

capacity than that of VF (related to the higher HRT). 

For orthophosphate, HF unit gave a 24% concentration reduction, while VF cells only 11%. 

A higher result in PO4-P abatement was expected in the HF system because during the 

second period, vegetation growth was homogeneous and one of the best ways to reduce 

it is by plant uptake (Brooks et al., 2000; Vymazal, 2004). 

Similar concentration reductions of cations and anions to first period were found. Lowest 

percentage abatement was obtained for Na
+ 

and K
+ 

with 2% while the highest was 
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obtained for Ca
2+ 

with 9%.K
+
, Ca

2+ 
and SO4

2- 
were mainly abated by the VF system with 

1%, 5% and 4% respectively. Mg
2+

 was mainly abated by the HF cell with 6%. Cl
-

concentration was reduced by 1% in both systems.  

 

Table 4.1 – Concentration reduction efficiency calculated on median value of VF, HF unit 

and HCW system for all measured parameters – second monitored period (October 

2010-April 2011). 

 

  VF   HF    HCW  

Parameter Inflow  Outflow A    Inflow  Outflow A   Inflow Outflow A 

  (mg/L) (mg/L) (%)   (mg/L) (mg/L) (%)   (mg/L) (mg/L) (%) 

                        

COD 870 656 25   653 466 29   870 466 46 

TN  692 494 29   492 413 16   692 413 40 

NH4-N 366 250 32   246 207 16   366 207 43 

NO3-N 5.17 4.75 8   4.86 4.08 16   5.17 4.08 21 

TP 21.4 18.3 14   18.4 14 24   21.4 14 35 

PO4-P 15 12.8 12   12.9 11.4 12   15.0 11 24 

Na
+
 337 335 1   334 330 1.2   337 330 2 

K
+
 657 652 1   648 643 0.8   657 643 2 

Mg
2+

 7.60 7.25 5   7.20 6.80 6   7.60 7.20 5 

Ca
2+

 142 135 5   134 129 4   142 129 9 

Cl
-
 520 515 1   502 495 1   520 495 5 

SO4
2-

 123.5 119 4   119.0 116.5 2   124 116.5 6 

                        

 

Tracer test  

Figure 4.11 presents the progressively increased tracer concentration detected at HF outlet 

with a fluorescence detector from day 0 (start of loading cycle) to day 14 (end of tracer 

test). Strictly connected to the concentration, the fluctuating volumes of fresh water 

applied for each loading cycle are shown,which ranged between 1.71 to 1.79 m
3
/d. From 

the beginning of the loading cycle the first tracer concentration was detected on day 4 

with a value of 10.3 µg/L. From days 4 to 7 the rhodamine WT concentration increased 

drastically to a maximum value of 117.9 µg/L. After day 7, the concentration detected at 

HF ouflow decreased progressively until the end of tracer test on day 14 with 5.3 µg/L. 
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The tracer test result confirmed that the water remained in the HF cell for a minimum of 

7 days (an optimal value is set at between 7 and 8 days). 

 
Figure 4.11 – Tracer test in HF system: line graph indicates tracer concentration (µS/cm) 

detected every three hours at HF outlet by the fluorescence detector (left Y axis), dashed 

line indicates hydraulic loading rate (right Y axis) (March 2011). 

 

Conclusions 

 
Pig manure must be pre-treated by a primary (odour reduction, volume reduction, energy 

recovery) and a secondary treatment (nutrient reduction, adding value to the manure) 

before CWs application. With respect to the previous monitoring two external conditions 

have changed and may affect the performance: (a) higher pollutant load (the raw pig 

manure was pre-treated by only a solid-separation); (b) lower temperature (autumn-

winter season). 

To improve the performance of VF system found in the previous period, a batch feed (wet – 

dry period) was adopted. During the wet period, piggery wastewater was applied until 

the VF substrate was fully saturated, thereby allowing enhanced contact between media, 

biomass, and the bulk liquid. After the saturation phase, the wastewater was left to drain, 

thereby allowing the diffusion of atmospheric oxygen into the VF system substrate, and 

enriching the biofilms with oxygen. However as in the previous period a daily flow rate 

of 5 m³/d (HLR of 3.8 cm/d) was applied, this overloaded the system and caused the lack 

of wastewater VF treatment. A teach loading cycle of 2.5 m
3
, an average of 0.6-0.8 m

3 
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was not treated since wastewater was discharged by the syphon. Results reported by the 

tracer test indicate that HCW system has a design flow of less than 2 m
3
/d, hence a 

decrease of HLR was expected to enhance removal efficiency. In addition, a decreasing 

of HLR could prolong the contact period of wastewater pollutants with microorganisms 

in the HF substrate. Hydraulic retention time in HF system with a daily flow rate (Q) of 

5 m³/d ranged between 4-5 days, instead a Q of 1.7-1.8 m
3
/d could prolong the HRT to 

7-8 days, this operation probably facilitated nitrogen removal from wastewater. Akratos 

and Tsihrintzis (2007) reported that in an HF wetland system an 8 day HRT is required 

at above 15°C, with 14-20 days being recommended as optimal.  

Another limiting factor for HCW abatement performance was the colder temperature 

measured from January 2011 at HF outflow. Zhang et al. (2011), Zhao et al. (2011) and 

several other authors documented the negative impact of lower temperature on nitrogen 

and organics removal in treatment wetlands. 

Despite these operating conditions, the HCW system successfully treated piggery 

wastewater. The HCW system removed approx. 46% of COD, 40% of total nitrogen, 

43% of ammonia nitrogen, 21% of nitrate nitrogen, and 35% of total phosphorus. HF 

system was more efficient than VF in reducing COD, NO3-N and TP inlet concentration, 

whilst VF system gave higher concentration reduction for TN and NH4-N. Similar 

abatements (12%) were achieved for PO4-P in both wetland units. As reported for the 

first monitored period, cations and anions depuration efficiency attained in HCW was 

very low. Lowest percentage abatement was obtained for Na
+ 

and K
+ 

with 2%, while the 

highest was obtained for Ca
2+ 

with 9%. K
+
, Ca

2+ 
and SO4

2- 
were mainly abated by VF 

system with 1%, 5% and 4% respectively. Mg
2+

 was mainly abated by HF cell with 6%. 

Cl
-
 concentration was reduced by 1% in both systems.  
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Chapter V 

 

Results third period: May 2011-July 2012 



 

72 

 

Results 

Meteorological data 

During the third monitored period, average air temperatures varied between 2.3 °C 

(February 2012) and 26.3 °C (August 2011). From February to July 2012 a progressive 

increasing of air temperature was measured. Precipitation was marked by heavy rainfall 

in July 2011 with 133 mm, October 2011 with 138 mm and May 2012 with 154 mm. 

(Figure 5.1). 

 

Figure 5.1 – Meteorological data for the experimental site during the third monitored 

period (May 2011 - July 2012). Bars give monthly precipitation in millimeters (left Y 

axis), line graph indicates average daily air temperature (right Y axis). 

 

From May to July 2011, slight differences were measured between air and wastewater 

temperatures. Inlet wastewater temperature ranged between 20.5 and 22.3 °C. These 

values favour a more efficient biological N removal (range of 20-25 °C) as reported by 

Sutton et al. (1975) since warmer temperatures positively influence both microbial 

activity and oxygen diffusion rates in constructed wetlands (Phipps and Crumpton, 

1994). From January to July 2012, based on air and wastewater temperature, two 

different sub-periods could be identified: the first one from January to March 2012, with 

mean daily air temperatures between -2 and 13.8 °C. The mean inlet synthetic 
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wastewater temperature was loaded at 11.8 °C (the freshwater temperature used to 

prepare synthetic wastewater was never below 9 °C) and it was discharged at 5.4 °C. 

The second sub-period from April to July 2012 had mean air temperatures increasing 

from 13.8 to 26.7 °C and median inlet wastewater temperature of 20 °C (Figure 5.2). 

 

 

Figure 5.2 – Mean air and wastewater temperature measured at HCW system during the 

third monitored period (May 2011-July 2012). 

 

     Cumulative ETos time pattern distinguishes three sub-phases: (a) initial phase from May 

to September 2011, characterized by high temperatures and intensive plant growth; (b) 

central phase, from October 2011 to March 2012, with low air temperatures and 

quiescent plants; (c) late phase, from April 2012 until the end of the monitoring period, 

with increasing temperatures and intensive plant growth (Figure 5.3). In the first phase, 

average daily ETos was 5.90 mm; in the second one, the system consumed 1.97 mm/day 

on average. The lowest value (0.04 mm/day) was detected on 17
th

 December 2012. In 

the winter-spring phase, daily ET was 5.04 mm. The daily ETos values were not very 

different from those found in the literature in similar conditions (latitude and 

measurement method) (Salvato and Borin, 2010). 
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Figure 5.3 – Cumulative ETos during the third monitored period (May 2011-July 2012). 

 

Knowing the ET for each cell and ETos it was possible to calculate the Kc (crop 

coefficient) with a similar meaning of Kc as that for agricultural crops (Allen et al., 

1998). From May to July 2011, the Kc of VF1 cell planted with Canna x generalis, was 

higher (average of 4.20) than VF2 and VF3 (planted with P. australis) with 3.93 and 

3.97 respectively. The Kc calculated for HF unit (average 4.04) planted with P. australis 

was similar to that obtained for VF2 and VF3 (Table 5.1). 

 

Table 5.1 – Monthly Kc of VF and HF units from May to July 2011. 

 
  

Starting from January 2012, during the winter months, low Kc values were calculated in 

both VF and HF units. The minimum value was for VF3 with 0.61. The Kc values reached 

during the 2012 summer months were higher than that calculated for 2011, probably due to 

plant development. The maximum values reached by cells planted with P. australis were 

6.57 for HF, followed by 6.44 and 6.41 for VF2 and VF3 respectively. A higher Kc value 

VF1 VF2 VF3 HF

May 3.26 3.11 3.16 3.19

June 4.21 4.12 4.15 4.25

July 5.13 4.55 4.61 4.68

average 4.20 3.93 3.97 4.04
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for P. australis (7.8) was obtained by Borin et al. (2011) during the last 10 days of July 

2009 from vegetated plastic tanks in similar conditions (latitude and measurement method). 

High Kc values reached in July 2012 were probably correlated to the high ET measured for 

each cell during the month (Table 5.2). 

 

Table 5.2 – Monthly Kc of VF and HF units from January to July 2012. 

 

On site parameters  

The median influent pH was neutral or slightly alkaline (7.64) during the warm and cold 

season. VF cells treatment step caused a slight pH decrease (7.6), which is probably 

related to the nitrification process alkalinity consumption (approx. 3 g of bicarbonate is 

produced for g NO3-N reduction) (Seed and Sun, 2012). The same finding was obtained 

during the first and second monitored periods. pH measured at HF effluent exhibited 

alkaline values from 21
st
 March 2012 till the end of monitoring period (Figure 5.4). pH 

values measured at VF and HF effluent were optimal both for nitrification (7.5< pH 

<8.5) (Sanchez and Porter,1994; Platzer, 1996) and denitrification processes (7< pH 

<7.5) (U.S. EPA, 1975). No significant seasonal variations were found for pH during the 

whole investigation period, as also observed by Akratos and Tsihrintzis (2012) with a 

long-term evaluation of five HF wetlands operating for synthetic wastewater treatment. 

From May to July 2011, a high median inflow DO concentration of 2.20 mg/L was 

measured. This inflow value increased to 2.60 mg/L after passage through VF cells. This 

gain was probably due to a rest period of 14 hours (OR1) that promotes greater oxidized 

VF1 VF2 VF3 HF

January 0.84 0.67 0.61 0.71

February 1.57 1.35 1.32 1.38

March 2.49 2.31 2.33 2.36

April 3.68 3.56 3.68 3.47

May 4.23 4.18 4.21 4.27

June 5.24 5.11 5.13 5.17

July 6.77 6.44 6.41 6.57

average 3.55 3.37 3.38 3.42
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conditions in the gravel pore substrate of VF unit at each loading cycle. DO 

concentration detected in HF effluent varied from 0.47 to 0.58 mg/L, with a median 

value of 0.53 mg/L, and were in the range (<0.3-0.5 mg/L) considered optimal by 

Bertino (2010) to accomplish nitrate reduction. From January to March 2012 DO 

concentrations measured in VF (2.77 mg/L) and HF effluent (0.74 mg/L) were higher 

than values measured in the warm period. This result was probably due to oxygen 

solubility in water increasing as temperature decreases (Stefanakis and Tsihrintzis, 

2012). From the beginning of March to July 2012, DO concentration at VF and HF did 

not decrease possibly due to plant growth that enhanced oxygen transfer to the plant 

roots. Indeed, Lawson (1985) calculated a possible oxygen flux from roots of P. 

australis of up to 4.3 g/m
2
/d during the warm season. Reversing the operational regime 

(OR2) in VF system during the last two loading cycles (6 hours of rest period) caused a 

DO concentration decrease of 10% and 38% in VF and HF effluent respectively (Figure 

5.4). 

Median Eh inflow value was constant for the whole investigation period (+260 mV). From 

May to July 2011 thanks to VF passage, Eh slightly decreased to +206.6 mV maintaining 

suitable conditions for the nitrification process (+100 mV < Eh < +350 mV) (Vymazal, 

2005); whilst median Eh decreased drastically from +10 to 0 mV at HF outflow. From 

January to March 2012, with lower wastewater temperature, Eh measured at VF effluent 

was 7% higher than in the warmer period; the same pattern was measured for HF unit, 

where a five-fold increase was obtained (>53 mV). This finding was higher than the 

optimal substrate conditions required for denitrifying bacteria (+50 mV < Eh < -50 mV) 

(Knowles, 1981). Starting from 4
th

 April 2012 with a rise in wastewater temperature, 

similar Eh values were found in both VF and HF effluent. During the last two loading 

cycles of the monitored period, Eh measured in VF effluent decreased drastically (35.1 

mV) due to the prolonged full stage (14 hours) promoted by OR2 (Figure 5.4). 

During the warm season (May-July 2011), influent synthetic wastewater EC was higher 

than 1600 µS/cm, and increased after passage through VF cells. Wastewater passage 

through HF cell also slightly increased the median value to 1840 µS/cm. During the 

colder sub-period (January-March 2012), incoming EC didn’t exceed 1600 µS/cm until 

28
th

 March, when the values rose until the end of monitoring. This result is probably 
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related to freshwater temperature increasing from 12 to 18 °C, which promotes 

dissolving of ammonium nitrate in water. After 18
th

 April 2012, the same trends were 

observed in both VF and HF units (Figure 5.4). EC seasonal variations were observed 

during the summer, probably due to increasing evapotranspiration (May-September 

2011 and April-July 2012) and plant growth as reported by Hench et al. (2003). 
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Figure 5.4 – Variation of pH, DO, Eh, EC, during the third monitored period (May 2011-

July 2012) 
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COD  

  
COD inlet concentration was very low during the whole investigation period (median 6.8 

mg/L) because an organic carbon source was not added to the synthetic wastewater daily 

load. Starting from 11
th

 April 2011 an increasing COD concentration was measured at 

VF effluent. The values rose from 8.3 to 11 mg/L at the end of monitored period. A 

progressive COD concentration was measured in HF effluent from 28
th

 March 2012. The 

highest value was reached on 4
th

 July 2012 with 26.8 mg/L (Figure 5.5).  

 

Figure 5.5 – COD concentration at inlet (IN) outlet of VF unit (OUTVF) and outlet of HF 

unit (OUT HF) of the hybrid system during the monitoring period (May 2011-July 

2012). 

 

The relationship of COD concentration and temperature was linearly fitted, resulting in 

high correlation coefficients of R
2
 > 0.88 (Figure 5.6). This result was probably related 

to two main reasons: first, with warmer wastewater and air temperature P. australis 

provides carbon from root exudates (due to photosynthetically fixed carbon, within a 

range of 5-25% C) (Brix, 1997); second, the progressively decaying plant materials from 

the colder season increase the bioavailable organic carbon available to denitrifiers. 
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Figure 5.6 – Wastewater temperature and COD concentration correlation (January-July 

2012). Correlation is significant at p < 0.05. 

 

Nitrogen forms 

Daily TN inflow concentration of 250 mg/L was reduced differently during the monitored 

period. From May to July 2011, TN was abated to median values of 173.4 and 105.6 

mg/L by VF and HF units respectively. During the colder season, from January to March 

2012, TN concentration reductions accomplished by both VF and HF were negligible. 

Starting from 21
st
 March 2012 a progressive increasing of TN abatement performances 

was measured in HCW units. From 25
th

 April 2012 a TN abatement performance similar 

to the previous year was obtained. A comparison was made between two loading cycles 

(27
th

 June and 4
th

 July 2012) managing the VF unit with OR1 (fill period 6 hours) and 

another two (11
th

 and 18
th

 July 2012) managed with OR2 (fill period 14 hours) under 

similar environmental conditions. During the last two loading cycles (11
th

 and 18
th

 July) 

higher TN effluent concentrations were measured from VF (>17.2%) and HF (> 2.41%) 

(Figure 5.7a). Considering the whole investigation period TN effluent concentration 

measured for the VF unit provided a statistically significant abatement from the inlet. 

Significant differences were also found between VF1 and VF3 effluent concentrations, 

probably related to the different types of plants and substrate media. The HF system 

lowered (not significantly) the inlet median value from VF unit from 146 mg/L to a final 

discharge concentration of 114 mg/L, but with an increase in variability (Figure 5.8). 
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From May to July 2011, ammonia nitrogen concentration followed a decreasing trend for 

both VF and HF units. NH4-N concentration detected in VF unit effluent decreased 

slightly from 72 to 61.3 mg/L; the same time pattern was observed for HF unit effluent, 

with a concentration decrease from 53.8 to 40.6 mg/L. During the colder season, a drop 

of median inlet concentration trends was measured in both VF and HF cells. The effluent 

concentration from VF unit decreased from 74.3 mg/L (January 2012) to 68.6 mg/L 

(March 2012) and from HF unit from 59.6 to 50.3 mg/L. Passing from spring to summer 

a gradual decrease in NH4-N concentration was detected for VF (from 68.6 to 56.3 

mg/L) and HF units (from 50.4 to 39.5 mg/L). As a result of a change of OR in VF cells 

(on 11
th

 and 18
th

 July 2012) a drastically increasing ammonia concentration was 

measured in VF and HF effluent respectively, 17.5% and 2.2% higher than the previous 

loading cycle (Figure 5.7b). Considering the whole investigation period, NH4-N effluent 

concentration measured for the VF system provided a statistically significant abatement 

from the inlet. Furthermore, unlike in first and second years of monitoring, significant 

differences were found between the first two VF cells and the third. This was probably 

due to the contribution of the zeolite substrate medium in VF3 that could absorb NH₄+
 

(Nguyen and Tanner, 1998). An enhanced performance by zeolite substrate was 

probably reached since the average daily flow rate in the VF cell was significantly lower 

(0.56 m
3
/d) during the third monitored period than previously. HF cell passage slightly 

reduced the concentration to a final discharge of 49.6 mg/L (Figure 5.8). 

NO3-N concentration trend for the first warm season (May-July 2011) was in accordance 

with the TN and NH4-N trend. From January to March 2012, NO3-N concentration 

measured in VF and HF effluent exceeded influent. Median influent concentration was 

124.6 mg/L, while median effluent was 181 and 185 mg/L for VF and HF units 

respectively, probably due to a conversion of ammonia nitrogen into nitric nitrogen. 

From 11
th

 April 2012, the median NO3-N effluent concentration measured from VF cells 

(123.5 mg/L) decreased with the increasing wastewater temperature until 9
th

 May 2012 

(100 mg/L); after that date the concentration was constant and ranged between 95 and 

10. Instead the drop in concentration measured for HF unit continued until the end of 

monitoring, probably due to absorption of nitric nitrogen by growing vegetation. 
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During the last two loading cycles of 11th and 18th July 2012, the fill period (14 hours) in 

OR2 promoted an increase of 11% the NO3-N concentration from VF unit and a 

decrease of 30% by HF unit (Figure 5.7c). Considering the whole investigation period, 

VF system lowered the median NO3-N inlet concentration to 101 mg/L. Furthermore no 

significant differences were found between VF cells. HF unit accomplished abatement to 

the discharge value of 76.1 mg/L. An increasing of lower and upper quartiles was 

observed at HF inflow and outflow (Figure 5.8). 

 

Figure 5.7 – Nitrogen forms concentration at the sampling points of the hybrid system 

during the third monitored period (May 2011-July 2012). 
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Figure 5.8 – Box-plot diagrams of nitrogen forms concentration (mg/L) in the sampling 

points of the hybrid system during the third monitored period (May 2011-July 2012). 

 

Overall nitrogen abatement 

Percentage abatements (A) for nitrogen forms in the HCW are presented in Table 5.3. The 

system removed approx. 54% of total nitrogen, 60% of ammonia nitrogen and 39% of 

nitric nitrogen. 

TN abatement ranged from -5.3% to 63.7% with a median value of 54%.  If compared with 

the second monitored period, higher TN concentration reduction was achieved by VF 

and HF system with 30 and 34% respectively. Note that median TN inlet concentration 

during the second monitored period was 692 mg/L, instead during the third one it was 

250 mg/L.  
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Overall ammonia nitrogen reduction was 60%. VF system performed better (45%) than HF 

(27%) probably due to the OR management strategy that promoted oxygen diffusion 

through the substrate.  

NO3-N concentration reduction was lower than other nitrogen forms. The overall median 

abatement of 39% was mainly provided by HF unit with 25%. The presence of organic 

matter in wastewater is essential to drive the denitrification reaction (Beauchamp et al., 

1989), nevertheless COD concentration increased slightly from 8.3 to 11 mg/L at the end 

of the monitored period due to slow decomposition of plants. 

 

Table 5.3 – Concentration reduction efficiency calculated on median value of VF, HF unit 

and HCW system for nitrogen forms – third monitored period (May 2011-July 2012). 

  VF   HF    HCW  

Parameter Inflow  Outflow A    Inflow  Outflow A   Inflow Outflow A 

  (mg/L) (mg/L) (%)   (mg/L) (mg/L) (%)   (mg/L) (mg/L) (%) 

                        

TN  250 174 30   174 114 34   250 114 54 

NH4-N 125 68 45   68 50 27   125 50 60 

NO3-N 125 101 19   101 76 25   125 76 39 

                        

 

Effect of the operational regime 

During the two last loading cycles managed with OR1 (on 27
th

 June and 4
th

 July 2012) and 

the two managed with OR2 (on 11
th

 and 18
th

 July 2012), different concentration 

abatement was measured. As reported by several studies (McBride and Tanner, 2000; 

Austin et al., 2003), nitrogen removal through sequential nitrification and denitrification 

in a VF system are mainly based on adsorption processes. Batch operation in a VF 

system has the potential to enhance the removal of nitrogen thanks to: temporal redox 

variation (between aerobic and anoxic conditions), maximum pollutant-biofilm contact 

and increasing oxygen transfer during the operation (Sun et al., 1999). Generally 

speaking, in this study, the VF system managed with OR1 gave higher percentage 

concentration reduction for all nitrogen forms (Table 5.4). 

TN concentration abatement achieved by VF system managed with OR1 was 20% higher in 

comparison with OR2. Higher TN abatement of 48.4 and 30.5% was measured in VF3 
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with OR1 and OR2 management respectively. This finding was probably related to a 

prolonged unsaturated condition ensuring better oxygenation of substrate, which favours 

aerobic processes. 

NH4-N abatement in VF system managed with OR1 was 32.3% higher than with OR2. 

During the fill period of 6 hours in OR1, ammonium ions (NH4
+
) present in wastewater 

were probably absorbed onto a negatively charged biofilm. While, during the draining 

process, and subsequently during the rest period of 14 hours, the atmospheric oxygen 

was drawn down into the VF cell substrate, resulting in rapid aeration of the biofilm and 

NH4
+
 nitrification. The essential factor for nitrogen removal with VF system batch 

operation management is the absorption of NH4
+
 ions (McBride and Tanner, 2000; 

Austin et al., 2003). The absorption efficiency depends on different characteristics: one 

of the most important is the cation exchange capacity of the substrate used in the 

treatment system (Austin, 2006). Higher NH4-N abatement of 60.3 and 45.8% was 

measured in VF3 with OR1 and OR2 management respectively. This could be linked to 

the 0.10 m transition layer of zeolite stones used in VF3. A number of research studies 

(Yalcuk and Ugurlu, 2009; Saeed and Sun, 2011) used a zeolite substrate to optimize 

treatment performances in VF wetland systems.  

Nitrate ions rapidly desorbed from the biofilm into the wastewater during the fill period of 

the VF and they are used as an electron acceptor during denitrification (Austin et al., 

2003). VF system managed with OR2 showed no enhanced denitrification performance. 

A prolonged fill period of 14 hours did not significantly improve nitrate-nitrogen 

abatement. 
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Table 5.4 – Comparison of mean percentage abatement of TN, NH4-N and NO3-N obtained 

by three VF cells with different operational regime (values in bold are significantly 

different at p < 0.05 by Kruskal–Wallis one-way analysis of variance). 

 

    VF1   VF2   VF3 

    OR1
a
 OR2

b
   OR1

a
 OR2

b
   OR1

a
 OR2

b
 

                    

A (%)                   

TN    24.6 18.3   37.4 25.8   48.4 30.5 

NH₄-N    46.2 28.5   50.1 35.6   60.3 45.8 

NO₃-N    12.4 7.5   27.2 15.1   27.9 16.1 

                    
a
OR1 - operational regime 1 – with 6 hours of fill period (VF cell substrate saturated conditions) and 14 hours 

of rest period (VF cell substrate unsaturated conditions). 
b
OR2 - operational regime 2 – with 14 hours of 

fill period (VF cell substrate saturated conditions) and 6 hours of rest period (VF cell substrate unsaturated 

conditions). 

 

Effect of wastewater temperature 

Many individual wetland processes, such as microbially mediated reactions, are affected by 

temperature. Processes regulating organic matter decomposition and all nitrogen cycling 

reactions (mineralization, nitrification and denitrification) display cyclic seasonal 

variations (Kadelc and Reddy, 2001).  

A review of the literature illustrates that seasonal differences in CWs nitrification are 

notable (Kuschk et al., 2003; Song et al., 2006), Wittgren and Maehlum (1997) stated 

that nitrogen cycling was inhibited in colder months due to the decrease of oxygen 

availability. The optimal temperature for nitrifying bacteria is 28-36 °C, however, 

Katayon et al. (2008) stated that a temperature range between 16.5 and 32 °C is 

favourable for nitrification in CWs. Cookson et al. (2002) suggested that nitrifying 

communities can adapt to temperature changes and may maintain their activity at lower 

temperatures by metabolic adaptation. However, other studies have shown that 

nitrification is inhibited by water temperatures <10 °C (dropping off rapidly below 6 °C) 

and >40 °C (Hammer and Knight, 1994; Herskowitz et al., 1987; Werker et al., 2002 Xie 

et al., 2003). 
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Seasonal and temperature effects have also been examined on the denitrification process 

(Reddy et al., 2001; Trias et al., 2004). The activity of denitrifying bacteria in CWs 

sediments is generally more robust in spring and summer than in autumn and winter 

(Herkowitz, 1986) and the overall removal rate of nitrate is significantly higher in 

summer than in winter (Christensen and Sorensen, 1986; van Oostrom and Russell, 

1994; Stober et al., 1997). Denitrification can occur between 5 and 30 °C and the 

reaction rate increases exponentially with increasing temperature, reaching a plateau 

between 20 and 25 °C, as long as other environmental factors do not restrict the rate 

(U.S. EPA, 1975). Some researchers report that denitrification ceases below 5 °C 

(Stanford et al., 1975), others have measured some denitrification activity at 4 °C, albeit 

at much slower rates (Limmer and Steele, 1982; Pfenning and McMahon, 1996; 

Richardson et al., 2004). Summarizing, the microbial activities related to nitrification 

and denitrification can decrease considerably at water temperatures below 15 or above 

30 °C (Kruschk et al., 2003; Vymazal, 1999). 

As observed by Akratos and Tsihrintzis (2012), for all pollutants, lower temperatures 

generally correspond to lower reduction efficiency and the opposite. Correlation charts 

drawn up between percentage abatements and wastewater temperatures were linearly 

fitted, resulting in high correlation coefficients of R
2
 > 0.90 for TN and R

2
 > 0.83 for 

NO₃-N (Table 5.5). Whilst in this study, although a slightly increased NH4-N abatement 

was achieved with warmer wastewater temperature there was no significant correlation 

(R
2
 < 0.60), which implies that there was also biological activity during the cold season. 

Many researches (Akratos and Tsihrintzis, 2007; Kuschk et al., 2003 Vymazal, 1999) 

reported that at temperatures below 15 °C, neither the bacteria responsible for N removal 

nor the vegetation functioned properly. To confirm this value or individuate another 

wastewater temperature that caused variations in TN and NO3-N abatement 

performances, a segmented linear regression analysis (or broken-line regression) was 

applied to percentage abatement measured during the whole period. The analysis fits a 

least squares regression line in each segment and assumes a linear relationship between 

the independent variable and the outcome within each segment. Figure 5.9, shows the 

existence of a wastewater temperature breakpoint at 14.2 °C that caused variations in 

reduction efficiencies for TN and NO₃-N.  
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Figure 5.9 – Wastewater temperature and concentration abatement correlation charts with 

change-point for TN and NO3-N forms. Correlations are significant at p < 0.05 and 

breakpoints are significant at p < 0.05 by partial F-test. 

 

Table 5.5 – Slope and (correlation coefficient) R
2
 for the linear relationships and for values 

below and above the individuated change-point. 

 

 

 

For TN and NO₃-N, it seems that wastewater temperature of 14.2 °C is the key value to 

allow the activation of microbial processes. This value is very closed to the threshold of 

15 °C found by Akratos and Tsihrintzis (2007), who reported that with wastewater 

temperature below 15 °C the mean TN removal was 58.8% and above 15 °C 73.9%. In 

our study, with wastewater temperature below 14.2 °C, median TN abatement achieved 

by HCW system was about 4%. VF system lowered the inlet concentration by 3.5%. No 

significant differences were found among the three VF cells and VF3 reached high TN 

abatement performance (6.3%). HF system concentration reduction was negligible 

(negative values was measured) (Figure 5.10). During the colder sub-period (January-

March 2012) VF system became a net source of nitric-nitrogen, thus negative 

concentration reduction was measured (Figure 5.10). As observed in previous studies 

Nitrogen Form

Slope R² Slope R² Slope R²

TN 3.69 0.96 1.19 0.76 2.9 0.7

NO₃-N 6.62 0.83 0.49 0.21 6.64 0.62

linear relationships Values below breakpoint Values above breakpoint
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(Brodrick et al., 1988; Werker et al., 2002; Burchell et al., 2007), NO3-N negligible 

abatement was measured with wastewater temperature range 3-8 °C probably related to 

a slowdown in denitrification activity (Limmer and Steele, 1982; Pfenning and 

McMahon, 1996). Another important factor that could have limited denitrification 

activity was the lack of organic carbon in synthetic wastewater used to feed the HCW 

system (Gersberg et al., 1983; Lin et al., 2002). However Burchell et al. (2007) 

highlighted the fact that with winter temperatures (7.5 °C) denitrification activity did not 

respond to added organic matter. 

  

Figure 5.10 – Box-plot diagrams of TN and NO3-N concentration (mg/L) at the sampling 

points of the hybrid system during the colder sub-period (wastewater temperature <14.2 

°C) of the third monitored period.  

 

Higher wastewater temperature than the individuated change-point ameliorated the 

abatement of both nitrogen forms, reaching a median value of 57.5 and 45.4% for TN 

and NO3-N respectively with the HCW system (Figure 5.11). TN concentration 

reduction increased noticeable in VF system, significant differences were obtained by 

the three VF cells. As observed in TN abatement with temperature <14.5 °C VF3 cell 

reached higher abatement performance (43.2%). Significantly higher nitric nitrogen 

abatement was obtained if compared with monitoring at wastewater temperature <14.5 

°C. VF1 abatement (13.4%) was significantly lower than the other VF cells (26%). NO3-

N abatement obtained by HF cell was in accordance with that obtained by VF2 and VF3. 
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Figure 5.11 – Box-plot diagrams of TN and NO3-N concentration (mg/L) in the sampling 

points of the hybrid system during the warmer sub-period (wastewater temperature 

>14.2 °C) of the third monitored period.  

 

HCW hydraulic conditions 

The average flow rate (Q) in the HCW system during the third monitored period was 1.7 

m
3
/d, which was slightly less than the system design limit of 2 m

3
/d. The HLR for the 

entire system during the whole period was 1.3 cm/d (lower than that used for the first 

and second monitoring periods of 3.8 cm/d). The average flow rate in VF cells was 0.56 

m
3
/d. Cumulative wastewater volume discharged by HF unit from January to July 2012 

was 25.2 m
3
 (Figure 5.12). Outflow exhibited a seasonal pattern, decreasing as 

wastewater temperature increased due to evapotranspiration. Indeed during the cold 

season (January-March 2012) HF outflow decreased from 1.62 to 1.35 m
3
/d, and during 

the hot season (May-July 2012) it decreased from 0.70 to 0.51 m
3
/d. The hydraulic 

retention time (HRT) of the entire system was 7 days. 
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Figure 5.12 – Cumulative discharged wastewater volumes from HF cell during the third 

monitored period (January-July 2012). 

 

Mass reduction efficiency (MRE) 

Figure 5.13 presents mass removal efficiency of nitrogen forms obtained during the third 

monitored period. The differences between seasons may also be partly attributable to 

discharge differences. Indeed during the summer, higher evapotranspiration rate reduced 

the outflow rates as compared to winter when, with plant senescence, temporary 

sequestering of nutrients would also be released rather than taken up (Nicholson, 1983; 

Richardson and Craft, 1993). 

From May to July 2011, TN mass reduction was quite similar for both VF and HF units 

(60%), during the colder sub-period (January-March 2012) VF system provided lower 

MRE that ranged between 2 and 30%. Starting from April 2012, MRE increased 

significantly from 30 to the highest measured value of 64% (4
th

 July 2012). From 

January to February 2012, negative MRE values were obtained from the HF cell. 

However, from April to the end of monitoring the HF cell reached a similar value to VF 

system. (Figure 5.13a). 

A slightly increasing NH4-N mass reduction was observed in VF unit during the warm and 

cold sub-periods. From January to July 2012 ammonia-nitrogen MRE increased from 

40.3 to 70% but remarkable seasonal differences were not found. Instead, Song et al. 

(2006) reported that the rate of NH4-N reduction was about 40% less efficient in spring 



 

92 

 

and winter than in summer. HF unit showed lower mass reduction (8-25%) from January 

to March 2012 and ameliorated from April to July (30-55%) (Figure 5.13b). 

From May to July 2011, NO3-N mass reduction was mainly provided by HF system with a 

median value of 59.3% and VF system with 52%. During the colder sub-period, from 

January to 14
th

 March 2012 a negligible MRE was obtained from HF unit (-1.2 to 5.2%). 

After that period an increasing trend occurred, reaching the maximum MRE value of 

70%. From January to April 2012 a negative trend was measured (from -41.2 to -7.5%). 

With the increase of temperature MRE of VF unit rose to the value observed in HF 

system (Figure 5.13c). 

 

 

 

 

 



 

93 

 

 

Figure 5.13 – Nitrogen forms mass removal efficiency (MRE) at the sampling points of the 

hybrid system during the third monitored period (May 2011-July 2012). 

 

Surface load reduction (SLR) 

During the first sub-period (May-July 2011), TN load reduction obtained by the HCW 

system ranged from 2.6 to 2.91 g/m
2
/d. From 25

th
 January to 15

th
 February 2012 a 

negligible SLR (ranging from 0.14 to 0.27 g/m
2
/d) was calculated. From 22

nd
 February 

to 16
th

 May 2012 it increased noticeably from 0.41 to 2.75 g/m
2
/d; after this date the 

trend was constant till the end of monitoring (Figure 5.14) 
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No significant variation in the NH4-N load reduction trend occurred between the cold and 

warm sub-periods of 2012, however a slight increase was calculated from 0.84 to 1.52 

g/m
2
/d. Higher values were therefore reported during the warm sub-period of 2011 (1.47 

to 1.60 g/m
2
/d) (Figure 5.14). 

During the warm sub-period of 2011, a constant NO3-N SLR was obtained, the value 

ranged from 1.26 to 1.45 g/m
2
/d. Instead, from 25

th
 January to 28

th
 March 2012, SLR 

values were negative (-0.61 to -0.11 g/m
2
/d). From 4

th
 April to the end of monitoring a 

progressive SLR increasing occurred from 0.18 to 1.41 g/m
2
/d (Figure 5.14). 

 

 

Figure 5.14 – Surface load reduction (SLR) of HCW system for nitrogen forms during the 

third monitored period (May 2011-July 2012). 

 

Median TN SLR of 2.5 g/m
2
/d was obtained by HCW system throughout the investigation 

period. Median SLR obtained by VF unit was 11 g/m
2
/d; lower values (9 g/m

2
/d) of SLR 

were reported by (Stefanakis and Tsihrintzis, 2012). A higher TN load reduction (13 

g/m
2
/d) was calculated in VF2, followed by VF1 and VF3 with 11 and 10 g/m

2
/d 

respectively. HF unit removed significantly lower TN rates than VF unit, with a median 

value of 0.72 g/m
2
/d and the variability decreased (Figure 5.15). 

Ammonia nitrogen SLR obtained by HCW system ranged from 0.84 to 1.60 g/m
2
/d, the 

median value was 1.43 g/m
2
/d. This finding is in accordance with what was reported by 

different studies that demonstrated efficient wetland performance at NH4-N range 0.15 

to 30 g/m
2
/d (Farahbakhshazad and Morrison, 1997; Zachritz et al., 2008; Saeed and 

Sun, 2011). As observed for TN, VF system was able to remove a higher rate of NH4-N 



 

95 

 

than HF. Not significant differences in NH4-N SLR were found between VF cells, 

however VF2 median value (7 g/m
2
/d) was higher than VF1 and VF3, with 6.2 and 6 

g/m
2
/d respectively. HF unit provided negligible NH4-N load reduction (between 0.07 

and 0.52 g/m
2
/d) (Figure 5.15). 

Median NO3-N SLR value provided by HCW system was 1.26 g/m
2
/d. No statistically 

significant differences were found among VF cells. Higher SLR was obtained by VF2 

(5.73 g/m
2
/d), followed by VF1 and VF3 with 4.63 and 4.04 respectively. HF system 

was able to remove a median NO3-N rate of 0.31 g/m
2
/d (Figure 5.15). 

 

 

Figure 5.15 – Box-plot diagrams of surface load reduction (SLR) for nitrogen forms during 

the third monitored period (May 2011-July 2012). 
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Conclusions 

 
The observed fluctuating flow and concentrations during the two previous monitored 

periods also varied seasonally and their influence could be confused with that of 

temperature (IWA, 2000). For this reason, a synthetic wastewater was used to 

standardize the HCW system inlet in order to better study the effects of temperature 

under the same nitrogen load. The average flow rate was 1.7 m
3
/d, which was slightly 

less than the HCW system design limit. Batch feed mode was used to test two different 

operational regimes (OR). VF system managed with operational regime 1 (OR1) (fill 

period 6 hours – rest period 14 hours) promoted unsaturated condition in VF unit 

substrate that ensured better oxygenation (> 2.70 mg/L) and high Eh (> 180 mV). VF 

system managed with OR2 (fill period 14 hours – rest period 6 hours) promoted the 

lowering of DO concentration in VF and HF effluent to 2.5 and 0.35 mg/L respectively. 

Eh value measured at VF system effluent drastically decreased from 216 to 35 mV. TN 

and NH4-N concentration abatements achieved by VF system managed with OR1 were 

20% and 32.2% higher than OR2 respectively. 

Overall the HCW system abatement performances were 54% of total nitrogen, 60% of 

ammonia nitrogen and 39% of nitric nitrogen (calculated on median concentrations). In 

this third monitoring, the use of zeolite porous media as substrate material significantly 

enhanced the NH4-N concentration reduction in VF3 unit in comparison with first and 

second monitored period.  

Seasonal variations affected the HCW system performance. Higher effluent concentrations 

were observed during the cold period, especially for TN and NO3-N. NO3-N median 

outflow concentrations (181 and 185 mg/L from VF and HF unit respectively) exceeded 

influent (124.6 mg/L) between January and March 2012. The performance ameliorated 

with increasing wastewater temperature. NH4-N concentration reduction was quite 

similar in both the warm and cold season. Segmented regression analysis individuated 

14.2 °C as a breakpoint temperature that discriminated different abatement rates for TN 

and NO₃-N. With wastewater temperature lower than 14.2 °C, 4.1% and a negative 

value (-47.3%) were obtained for TN and NO₃-N. With wastewater temperature higher 

than 14.2 °C, abatement of 57.5 and 45.4% was reached by HCW system for TN and 

NO₃-N respectively. Unlike in other studies, in this case a synthetic wastewater was 
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used containing only urea as source of nitrogen. Instead, the literature reported 

(Stefanakis and Tsihrintzis, 2012; Akratos and Tsihrintzis, 2012) that in addition to the 

nitrogen source, an organic load was utilized to simulate a COD inflow. The lack of 

organic carbon availability in addition to the temperature effect could affect the 

denitrification process (Beauchamp et al., 1989; Gale et al., 1993; Weier et al., 1993). 

The differences between seasons may also be partly attributable to discharge differences. 

Indeed during the summer, a higher evapotranspiration rate reduced the outflow rates as 

compared to winter when, with plant senescence, temporary sequestering of nutrients 

would also be released rather than taken up.  

TN SLR ranged from 0.14 to 2.91 g/m
2
/d. In general, HF cell showed low TN elimination 

rates ranging from a negligible value due to the colder period (-0.20 g/m
2
/d) to 0.98 

g/m
2
/d. As reported by other studies (e.g. Canga et al., 2011), higher N elimination rates 

were attributed predominantly to VF system. Thus median VF unit SRL was 11 g/m
2
/d. 
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Chapter VI 

 

HCW vegetation 

 

 



 

99 

 

Plant development and aerial biomass production  

As suggested by Brix (1994), different species of plant were used in VF and HF systems 

taking into account factors such as the rooting depth, plant productivity and tolerance to 

high wastewater loads.  

Canna x generalis used in the first cell of VF system is a robust perennial rhizomatous 

ornamental plant; the literature (Zhu et al., 2004; Zhang et al., 2007) mentioned the use 

of this species in different VF systems according to its root growth potential. Planting 

with C. x generalis was performed in April 2010, using 40 branching rhizomes. For the 

first two weeks the water level in the vertical units was kept at a few centimetres below 

the gravel surface to allow plant development. The life cycle of Canna x generalis began 

in the first week of May 2010, when buds from underground rhizomes started to produce 

the first green leaves. The sympodial rhizome curves its direction upwards to form the 

aerial part of the plant after producing 5-6 nodes. These “active” nodes produced up to 

three aerial branches, so three new plants grew very close to each other. As documented 

in Figure 6.1, plants developed very dense, upright stems (160-180 cm tall in August 

2012) that were sturdy, glabrous and green in colour. At the end of July 2010, a 

clustered spike of flowers appeared at the top of the stalks, with petals ranging from 

blood red to orange or yellow streaked with red. pH measured in the VF substrate, 

particularly during the first and second monitored period was slightly alkaline (7.58 to 

8.36). This range of value was outside the C. x generalis optimum development range, 

which is generally considered to be between 5.5 and 7.5 (Jett, 2005). The high 

concentrations of pollutants with which HCW system was fed during the second 

monitored period did not influence plant development and propagation. 
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Figure 6.1 – Canna x generalis development during three years of monitoring in VF1 cell. 

 

As summarized in table 6.1, C. x generalis produced a large amount of aerial biomass in a 

short time. During the first and second year, fresh weight values were low (they rose 

from 7.14 to 11.8 Kg/m
2
). During the third growing season the fresh weight increased 

significantly to 14 Kg/m
2
. Dry weight

 
ranged from 1.14 during the first year, to 1.67 in 

the second and 1.96 Kg/m
2
 in the last: no significant differences were observed among 

years. However, measured dry weights were higher than the 0.67 Kg/m
2
 reported by 

Zhang et al. (2007). Dry matter percentage was not significantly different among the 

years, but values were strictly connected to harvest time and so to the water content in 

the stem and leaves. Nitrogen concentration in the aerial parts of C. x generalis was 

similar during the first and second growing seasons (1.98 and 1.8%) but an increase in 

concentration was measured (2.6%) during 2012, probably due to the different 

wastewater composition. The nitrogen accumulation by C. x generalis was relatively 

high if compared with Phragmites australis used in the other two vertical cells. 

 

Table 6.1 – Fresh biomass, dry weight, dry matter and nitrogen stored the aerial parts of 

Canna x generalis harvested form VF1 cell at the end of autumn of each year. Different 

letters indicate significant differences at p < 0.05 by Kruskal–Wallis test.  

 

 

Species Year Fresh weight Dry weight Dry matter Nitrogen N uptake in aerial part

(Kg/m
2
) (Kg/m

2
) (%) (%) (kg/m

2
)

2010 7.14 b 1.14 a 17    a 1.98 b 0.02 a

2011 11.8 b 1.67 a 15.4 a 1.8  b 0.03 a

2012 14   a 1.96 a 14.9 a 2.6  a 0.05 a

Canna x generalis
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VF2 and VF3 cells were planted in April 2010 with Phragmites australis (Cav.) Trin ex. 

Steudel at a density of 5 plants/m
2
. The plants grew in a normal way and proved to be 

extremely robust and to survive shock dosing (Figure 6.2). Regarding the effect of pH 

on the growth of P. australis, a fluctuating pH did not harm the growth of this 

macrophyte, if it is considered that the optimum pH for plant development is between 

3.7 and 8 (U.S. EPA, 2000). P. australis increasing biomass (Table 6.2) indicated that its 

development was not inhibited when exposed to high concentrations of NH4-N, 

especially during the second monitored period. 

 

 

Figure 6.2 – P. australis development during three years of monitoring in VF2 (a-b-c) and 

VF3 cells (d-e-f). 

 

During the first year, fresh weight values from VF2 and VF3 cells were low, at 0.29 and 

0.60 Kg/m
2
 respectively, probably due to the start-up period (Table 6.2). There was a 

significant difference in fresh biomass production between the first and last two years in 

VF2, instead significant differences were found in VF3 in each of the three growing 

seasons. Generally fresh weight production in VF3 (ranging from 0.6 to 2.2 Kg/m
2
) was 

higher than in VF2 (from 0.29 to 1.2 Kg/m
2
). 
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Healthy and mature reed stands are highly productive (Windham and Lathrop, 1999). 

Maximum dry weight values of aboveground P. australis biomass reported in the 

literature vary between 1.17 kg/m² (Rothman and Bouchard, 1990) to 7.70 kg/m² 

(Hartzendorf and Rolletschek, 2001). Soetaert et al. (2004) stated that typical production 

of mature P. australis is around 1 kg/m² of dry weight. In our study, lower biomass 

yields were obtained in both VF cells (0.39 – 0.79 kg/m² during the third year) probably 

due to: a) the VF unit was shaded by rows of trees; b) three to four growing seasons are 

usually needed to reach maximum standing crop, but it may take even longer in some 

systems as reported by Vymazal and Kröpfelovà (2005). Dry matter content varied from 

35.1 to 36.3%. Nitrogen stored in the aboveground biomass of P. australis harvested 

from VF2 cell was lower than VF3 during the first and second year, but the opposite 

trend occurred in the third, with 2.22% in VF2 and 1.9% in VF3. The nitrogen 

accumulation in stems and leaves ranged from 0.001 Kg/m
2 

(VF2 during the first year) 

to 0.015
 
Kg/m

2
 (VF3 during the third year). 

 

Table 6.2 – Fresh biomass, dry weight, dry matter and nitrogen stored in the aerial parts of 

P. australis harvested from VF2 and VF3 cells at the end of autumn in each year; 

different letters indicate significant differences at p < 0.05 by Kruskal–Wallis test.  

 

 

 

 

Species Year Fresh weight Dry weight Dry matter Nitrogen N uptake in aerial part

(Kg/m
2
) (Kg/m

2
) (%) (%) (kg/m

2
)

P. australis 2010 0.29 b 0.1   b 35.1 a 1.82 b 0.001 b

(VF2) 2011 1.14 a 0.38 a 35.6 a 1.85 b 0.007 a

2012 1.2  a 0.39 a 33.7 a 2.22 a 0.008 a

Species Year Fresh weight Dry weight Dry matter Nitrogen N uptake in aerial part

(Kg/m
2
) (Kg/m

2
) (%) (%) (kg/m

2
)

P. australis 2010 0.6   c 0.2   b 35.6 a 1.97 a 0.003 b

(VF3) 2011 1.24 b 0.41 b 35.4 a 1.69 b 0.006 b

2012 2.2  a 0.79 a 36.3 a 1.9  a 0.015 a
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HF unit was planted with P. australis (Cav.) Trin ex. Steudel in April 2009 (one year 

before the start of this experimentation) at a density of 8 plants/m
2
. Regional guidelines 

suggest that water levels should be maintained between 100 and 200 mm for at least the 

first 6 weeks after planting, and the wetland should not be allowed to dry out below the 

surface. However, due to HF system management problems and high evapotranspiration 

rate during the P. australis growing period shallow waters (<100 mm) restricted the 

growth of the cell vegetation. P. australis thus covered a small proportion of the HF bed 

surface (Figure 6.2a). During May 2010, an additional transplanting (about 150 mature 

plants) was therefore done to establish a dense cover. The water level for the first 4 

weeks after transplanting was raised to a few centimetres below the gravel surface. The 

reeds developed normally, without apparent disease symptoms (Figure 6.2c). 

 

 

Figure 6.2 –Vegetative growth of P. australis during three years of monitoring in HF cell.  

 

During the first year, low fresh weight was obtained (0.95 Kg/m
2
), probably due to the low 

engraftment levels (Figure 6.3). During the second and third years there was a 

progressive increase in aboveground biomass production from 1.96 to 2.76 Kg/m
2 

respectively.  A statistically significant increase in dry weight was obtained from the 

first (0.33 Kg/m
2
) to second year (0.7 Kg/m

2
), however the yield obtained in the third 

year (0.93 Kg/m
2
) suggests that one or two more years will be necessary to reach 

maximum standing crop (Kadlec et al., 2000). Dry matter was in accordance with what 

was obtained for P. australis in VF unit. Nitrogen stored in the aerial parts was slightly 

lower than that obtained from VF unit, with similar values during each of three growing 

seasons, ranging between 1.44 and 1.8%. Similar nitrogen accumulation was obtained 
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(0.016 Kg/m
2
) if compared with P. australis harvested in the third year from VF unit 

(0.015 Kg/m
2
). 

 

Table 6.3 – Fresh biomass, dry weight, dry matter and nitrogen stored in the aerial parts of 

P. australis harvested from HF unit at the end of autumn in each year; different letters 

indicate significant differences at p < 0.05 by Kruskal–Wallis test. 

 

 

P. australis heating value 

Plant harvesting can provide a possible economic profit from constructed wetlands. CWs 

provide plant biomass that could be a valuable feedstock for bioenergy. Biomass can be 

converted into energy (heat or electricity) using both thermochemical and biochemical 

conversion technologies. Combustion is the best developed and most frequently applied 

process used for solid biomass fuel because of its low costs and high reliability. Burning 

new biomass contributes no new carbon dioxide to the atmosphere, because replanting 

harvested biomass ensures that CO2 is absorbed and returned for a cycle of new growth 

(McKendry, 2002).  

Almost all kinds of herbaceous biomass feedstock used for combustion have an energy 

content that falls within the range 14-19 GJ/t (compared to the 17-30 GJ/t of coal). In 

our study, the common reed LHV (Lower Heating Value) was 10.4 GJ/t, significantly 

lower than those reported in other studies, which ranged from 15 to 20 GJ/t (Barz et al., 

2008; Gravalos et al., 2010) (Table 6.4). Moisture content essentially reduces the heating 

value of fuel, increases the volume of flue gases, and deteriorates ignition and 

combustion (Vares et al., 2005). Unsuitable climate conditions at harvesting time 

prevented getting a harvested aboveground biomass with a moisture content lower than 

64.6%. Due to these conditions, a higher LHV value wasn’t obtained. The ash amount 

obtained in the combustion tests (8.7%) was in accordance with the literature. As 

reported by Komulanein et al. (2008), when the energy content (heating value) of 

Species Year Fresh weight Dry weight Dry matter Nitrogen N uptake in aerial part

(Kg/m
2
) (Kg/m

2
) (%) (%) (kg/m

2
)

P. australis 2010 0.95 a 0.33 a 36.8 a 1.77 a 0.005 b

(HF) 2011 1.96 b 0.7   b 36.8 a 1.44 a 0.009 b

2012 2.76 c 0.93 b 34.3 a 1.8  a 0.016 a
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harvested common reed is ca.15 GJ/t at operating moisture content, the energy content 

of a one hectare reed bed can be approximately 21MW/h (with a dry matter yield of 5 

ton/ha). This is equivalent to the energy consumption of one detached house per year. 

 

Table 6.4 – Average aboveground biomass production and heating value of P. australis 

from HF cell in December 2010. 

                  

LHV: Lower Heating Value; HHV: Higher Heating Value; 

Harvested nitrogen  

As shown in Figure 6.3, from 25
th

 January to 25
th

 July 2012, for 183 days, HCW system 

was fed with a TN median inlet concentration of 250 mg/L in 1.7 m³ of freshwater. 

Nitrogen total amount was 77.7 Kg. Also taking into account the precipitation in that 

period, 78 Kg of TN entered the HCW system. 35 Kg of the total loaded 78 Kg of TN 

were discharged with the output water, and 2.19 kg were removed with the aboveground 

biomass harvested in October 2012. The missing amount of TN was about 40.8 Kg/ha. 

We can hence suppose that 47.6% of TN loaded to the system was removed via 

denitrification. 

 

Figure 6.3 – Cumulative loaded and discharged TN (Kg) during the third monitored period 

from 25
th

 January to 25
th

 July 2012, for 183 days. 

Species LHV HHV Ash Combustion energy

(GJ/t) (GJ/t) % (GJ/t)

P. australis 

(HF)
10.4 16.6 103.18.7
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Chapter VII 

 

General discussion and conclusions 
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A full scale HCW system with combined VF and HF units for treating pig farm effluents 

was tested for three years (2010-2012). During the experimentation, HCW operated 

under different conditions: seasonal variations (temperature), pollutants concentrations, 

hydraulic loading rate (HLR), hydraulic retention time (HRT), feeding mode and 

operational regimes.  

In general, the best abatement performances were achieved during the third period. This 

was probably due to several reasons: (a) steady and lower  inlet concentrations (250.3 

mg/L of TN, 124.5 mg/L of NO3-N and 124.9 mg/L of NH4-N) than the other two 

periods; (b) a lower flow rate (1.7 m
3
/d) and HLR (1.30 cm/d) than the other two periods 

(5 m
3
/d and HLR of 3.8 cm/d); (c) the sequential batch (feed-stay-drain-rest) feed mode 

for VF unit without overloading. Despite the improvements made to the VF system 

(submersible water pump placed inside the water level control structure) in the second 

period (October 2010), worse abatement performances were measured in comparison 

with the other periods. This was probably correlated to: (a) high pollutant load (caused 

by only one pre-treatment stage for processing the inflow raw pig slurry); (b) high daily 

flow rate (5 m
3
/d) that overloaded the VF unit and affected the duration of contact 

between pollutants and the microbial population in the wetland system (HRT of 4-5 

days); (c) the winter monitoring period (October 2010-April 2011). 

Comparing HCW start-up phase (May to December 2009) abatement performances (Borin 

et al., 2013) with those observed in the three years of monitoring, greater concentration 

lowering was observed for all investigated pollutants (organic matter, nitrogen and 

phosphorus). 

Regarding the comparison of VF and HF units piggery wastewater treatment performance, 

HF unit was more efficient than VF in reducing COD, TN, NO3-N, TP and PO4-P 

concentration; whilst VF gained higher concentration reduction for NH4-N. These 

findings confirmed that VF systems promote high atmospheric oxygen diffusion that 

favours aerobic pollutant removal mechanisms; on the contrary, HF systems favour 

anoxic pollutant removal mechanisms. 

Overall COD concentration reduction obtained by HCW system ranged from 46% (from 

870 to 446 mg/L, second period) to 56% (from 498 to 221 mg/L first period). Contrary 
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to what was reported in the literature (Stein and Kakizawa, 2005), HF unit showed 34% 

and 29% higher COD concentration abatement than VF unit during the first and second 

period respectively. 

Median inlet TN concentration was abated in the range between 40% (from 692 to 413 

mg/L second period) and 54% (from 250 to 114 mg/L third period). Similar abatement 

performances were obtained in the first (53%) and third periods (54%), despite different 

median inflow concentrations being measured (417 and 250 mg/L in the first and third 

period respectively). HF unit gave a greater contribution (34-35%) than VF (29-30%) to 

lowering the TN inlet concentration. This is not surprising because VF system typically 

provides little denitrification. Total nitrogen removal in these systems could 

consequently be limited (Kadlec and Wallace, 2009). 

HCW system reduced ammonia nitrogen by 43% (from 366 to 207 mg/L second period) to 

60% (from 250 to 114 mg/L third period). During the first period the inlet concentration 

of 266 mg/L was lowered to 114 mg/L with a median reduction of 50%. The majority of 

NH4-N concentration reduction occurred within the VF unit (32-45%). This was 

probably because the unsaturated media substrate conditions promote higher 

atmospheric oxygen diffusion inside the matrix pores which can boost nitrification (Sun 

et al., 1998; Noorvee et al., 2007). 

The nitric nitrogen reduction obtained with the HCW system ranged between 21% (from 

5.17 to 4.08 mg/L second period) and 55% (from 3.58 to 1.62 mg/L first period). During 

the third period, lower NO3-N abatement than in the second period was obtained (39%), 

probably due to: a) high inlet concentration (125 mg/L); b) low wastewater temperature 

(9.2-13.8 °C) applied to the system during winter that could affect denitrification rates; 

c) low organic matter concentration (from 9.6 to 26.8 mg/L). HF unit provided the major 

contribution (16-30%) to lowering median NO3-N inflow concentration. This is probably 

related to predominant anoxic conditions in conjunction with the presence of an organic 

matter source (first and second period), which can promote denitrification (Haberl et al., 

1995; Rousseau et al., 2008). 

A constant abatement level for phosphorus (32-35%) was maintained during the first and 

second period. This suggests that, contrary to what was reported by Rustige et al. (2003),  

low temperatures decrease the TP sorption capacity of the substrate, and secondly that 
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the system’s porous media were not yet saturated. Significantly higher TP abatement 

occurred in HF unit (19-24%) probably due to its higher absorption capacity than VF 

(related to the higher HRT) 

Median inlet orthophosphate concentration was abated by 24% (from 15 to 11 mg/L) to 

34% (from 20 to 13 mg/L). During the first period, HF unit had a high concentration 

reduction (24%) perhaps linked to reducing conditions (i.e., lack of oxygen, DO 

concentrations below 0.5 mg/L) that can lead to solubilisation of minerals and release of 

dissolved phosphorus (Reed et al., 1995; Kadlec and Knight, 1996), whilst during the 

second period, both systems gave the same abatement value (12%).  

In general, concentration abatement reached by the system during the first and second 

period for investigated ions was very low. The ion with the lowest concentration 

reduction was K
+
 with 1-2% while the highest was SO4

2-
 with 6-9%. Ca

2+
 was mainly 

reduced by VF cells activity with 3-5%, while Mg
2+ 

and SO4
2-

 by the HF unit with 3-6% 

and 2-6% respectively. Cl
-
 concentrations were reduced by 1-2% in both units. 

During the first two monitored periods, there were no significant differences in measured 

parameters outlet concentration among VF cells for different vegetation (Canna x 

generalis – Phragmites australis) and substrates (only gravel – gravel with sand and 

zeolite). During the third period significant differences in NH4-N effluent concentration 

were found between first two VF cells and the third one. This result was probably due to 

the use of a zeolite layer (0.10 m) in the porous media substrate of VF3 cell that 

enhanced NH4-N concentration reduction, as reported by several other studies (Yalcuk 

and Ugurlu, 2009; Saeed and Sun, 2011). The difference in performance between the 

first two periods and the third was probably correlated to the daily flow rate. With a 

daily flow rate of 5 m
3
/d used during the first and the second periods the zeolite layer 

was probably undersized, this provided less surface for ion exchanges and caused a short 

contact time between the zeolite media and the fluid. Similar observations were made by 

Stefanakis and Tsihrintzis, (2012). 

Sequential batch feed mode (feed-stay-drain-rest) was adopted during the second period in 

VF unit. This improvement: (a) promoted greater oxidized conditions ( > 19% than first 

period) allowing atmospheric oxygen diffusion inside the substrate during the rest phase; 

(b) created a temporal redox variation (stay phase + 30/40 mV and rest period +200/270 
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mV) that influenced microbial activity by favouring robust aerobic facultative biofilms; 

(c) prevented clogging of the VF media substrate. Batch feed mode ensures better 

oxygenation of VF unit substrate, which favours aerobic processes and could therefore 

ensure better organic matter and ammonia nitrogen abatement. Nevertheless, COD and 

NH4-N abatement measured in VF unit during the second period (25% and 32% 

respectively) were lower than those measured in first one (33% and 39% respectively). 

This result was probably related to the higher inlet concentrations of COD and NH4-N 

and the lower temperatures during the second period. 

An abatement performance comparison of two operational regimes (OR) was tested in VF 

unit during the third period. TN and NH4-N concentration abatement achieved by VF 

system managed with OR1(6 hours fill period-14 hours rest period) was 20% and 32.2% 

respectively higher than OR2 (14 hours fill period-6 hours rest period). VF unit managed 

with OR2 achieved low percentage reduction, which ranged from 18.3 to 30.5% for TN 

and from 28.5 to 45.8% for NH4-N. A prolonged fill period of 14 hours applied in OR2 

showed no significant improvement in nitrate-nitrogen abatement. 

A period of cold weather (January-March 2012) resulted in reduced microbial activity and 

severe die-back of the macrophytes in each unit. Nitrogen removal rates have been 

shown to be temperature dependent, thus resulting in seasonal variation (Knight et al., 

2000; Kuschk et al., 2003; Trias et al., 2004). Wastewater temperature mainly affected 

denitrification rates as demonstrated by NO3-N median outflow concentration (181 and 

185 mg/L from VF and HF unit respectively) that exceeded influent (124.6 mg/L) during 

a period in which inlet wastewater temperatures ranged from 9 to 14.2 °C. Segmented 

regression analysis individuated a breakpoint temperature at 14.2 °C that discriminated 

different abatement rates for TN and NO₃-N. With wastewater temperature lower than 

14.2 °C, 4.1% for TN and a negative value (-47.3%) for NO₃-N were obtained. With 

wastewater temperature higher than 14.2 °C, abatement of 57.5 and 45.4% was reached 

by the HCW system for TN and NO₃-N respectively. The higher nitrogen removals at 

high temperatures were probably due to: (a) plants, which are growing in spring and 

summer and block nitrogen as nitrates and ammonia; and (b) bacteria responsible for 

nitrogen removal, which work better in temperatures above 15 °C (Reed et al., 1995; 

Yang et al., 2001; Vymazal, 2002; Kuschk et al., 2003). 



 

111 

 

During three years of monitoring, both plant species (C. x generalis and P. australis) 

proved to be extremely robust and survived shock dosing, long periods of total 

immersion and cold. Fresh biomass of the aerial part, measured in the third growing 

season (October 2012 at the end of experimentation), showed that the most productive 

was C. x generalis in VF1 cell with an average weight of 14 Kg/m
2
,
 
followed by P. 

australis in VF3 and VF2 cells with 2.2 and 1.2 Kg/m
2 

respectively. Estimated fresh 

weight of aboveground P. australis biomass in HF reached 2.76 Kg/m
2
. As regards dry 

weight, for C. x generalis this ranged from 1.14 to 1.96 Kg/m
2 

and
 
for

 
P. australis from 

0.1 (initial period in VF2 cell) to 0.93 Kg/m
2
 (third growing season in HF cell). Nitrogen 

accumulation in the aboveground tissues of harvested plants showed an increase during 

the last year in comparison with the first two years. Indeed, nitrogen in C. x generalis 

increased significantly from 1.89 (average of first and second year) to 2.6% (measured 

in the third year) with an increase of 37.5% , followed by P. australis in VF2 with an 

increase of 21.3%. The amount of nitrogen removed by harvesting VF cells showed that 

the most efficient was C. x generalis in VF1 cell with an average of 0.05 Kg/m
2
 

followed by P. australis in VF3 and VF2 cell with 0.015 and 0.008 Kg/m
2 

respectively. 

Average nitrogen amount removed by harvesting aboveground biomass of  P. australis 

in HF was 0.016 Kg/m
2
. This higher value if compared with those reached by VF2 and 

VF3 cells was probably related to high aboveground biomass production and mature bed 

conditions in HF. The amount of N harvested in the aerial part of the plant is very low if 

compared to the amount of N abated by the wetland system. 

The monitoring of the HCW system performance revealed useful suggestions for optimal 

management: 

- Pig manure must be pre-treated by a primary (odour reduction, volume reduction, 

energy recovery,) and a secondary treatment (nutrient reduction, adding value to the 

manure) before CWs application. 

- The water level can affect HRT and atmospheric oxygen diffusion through the 

media substrate. When water levels are reduced to their lowest during summer, the 

water temperature is often high, maximizing plant productivity and oxygen 

diffusion rates (Kadlec and Knight, 1996). 
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- The operational regime (time between the fill and drain phase) of batch feed mode 

in the VF unit can be modified when the HCW system is used for treatment of 

heavy pollutant loads. 

- To allow bio-reaction it is necessary to foster the optimal range of process 

parameters. 

For nitrification these are: (a) wastewater temperature higher than 5 °C; (b) pH 

between 7.5 and 8.5, nitrification process can be hampered at pH below 6; (c) DO 

levels of 1.0 mg/L or more; (d) Eh value between +100 mV and +350 mV. 

For denitrification they are: (a) wastewater temperature higher than 14.2 °C; (b) pH 

between 7 and 7.5, denitrification process can be hampered at pH above 8; (c) DO 

levels lower than 0.5 mg/L; (d) Eh value between -50 mV and +50 mV. 

- For the climate conditions of the experimental site, the plants need a minimum of 

three years to reach the maximum density value. 

In conclusion, the HCW system proved to be quite efficient in reducing inlet 

concentration of the pollutants (organic matter, nitrogen and phosphorus) and could 

be an effective tertiary treatment in combination with efficient pre-treatments for the 

management of swine wastewater in small piggeries where sufficient land is not 

available for spreading. 
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