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Abstract 

This work aimed to demonstrate the feasibility of nitrification applied to the treatment of 

leachates formed during composting of cattle and pig manure in order to promote their 

further use as liquid fertilizer in horticulture. Nitrification trials were successfully conducted in 

summer and winter seasons under Mediterranean climate conditions. Subsequently, effect of 

using the nitrified effluents as nutritive solution in the fertigation of lettuce (Lactuca sativa L.) 

was assessed in terms of productivity and nutrient uptake. Similar productivities were 

obtained when using the nitrified effluents and a standard nutritive solution. However, results 

also evidenced high nutrient uptake, which indicates that dosage should be adjusted to 

culture requirements. 

 

Keywords: composting leachate; nitrification; nitrate; lettuce; nutrient uptake; horticultural 

value. 
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1. Introduction 

The intensive livestock production substantially contributes to the economics of most 

developed countries (FAOSTAT, 2015). This productive sector is responsible for several 

issues which can affect the environment, including the generation of solid and liquid organic 

waste. Thus, appropriate waste management is needed to ensure the feasibility of this 

industry, and research can help in optimizing the agricultural use of such by-products. 

Concerning horticulture, potential targets to be studied are the organic amendment, 

fertilization, biostimulation against plant stress, correction of crop deficiencies, and 

production of growing media (Cáceres et al., 2013; Marfà et al., 2009; Polo et al., 2006). 

Particularly, manure processing through composting has extensively been investigated as a 

method for producing a value-added product (compost) for the recycling of organic matter 

and nutrients (Bernal et al., 2009). However, this treatment may involve formation of leachate 

because of several reasons: (i) the high moisture content of manure and the compression 

caused by the overlying material column (Mason et al., 2004); (ii) the application of water to 

maintain the moisture content of the material that is being composted within an appropriate 

range (Cáceres et al., 2015; Tejada et al., 2008); and (iii) rainfall events -in uncovered 

composting systems- (Parkinson et al., 2004). 

 

Composting leachate is a complex type of wastewater with high organic and mineral load 

(Gagnaire et al., 2011; Trujillo et al., 2006; Vázquez et al., 2013; Zhou et al., 2010). In 

composting facilities, leachate should be properly collected, stored, and managed in order to 

avoid negative environmental impacts such as aquatic eutrophication. Different alternatives 

have already been proposed for treating composting leachate targeting reduction of 

potentially polluting compounds (nutrients included), which are encompassed in two different 

sets of technologies; i.e., physicochemical technologies (Gagnaire et al., 2012; Liu and Lo, 

2001; Trujillo et al., 2006), and biological technologies (Savage and Tyrrel, 2005; Tyrrel et 
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al., 2008; Vázquez et al., 2013; Zhou et al., 2010). However, nutrient-rich wastewaters are 

broadly available for potential reuse as liquid fertilizer in crop production systems. Such 

reuse can reduce water consumption, the cost of the fertilizer, and the cost of leachate 

treatment/disposal, while resulting in environmental benefits (Chong et al., 2008). Several 

works have already described the agricultural use of this kind of effluents for crop production 

as foliar fertilizer for vegetables (Singh et al., 2010; Tejada et al., 2008), as well as fertilizer 

for cereals (Gutiérrez-Miceli et al., 2008), ornamental plants (Gils et al., 2005; Zhou et al. 

2010), and trees (Justin et al., 2010). It was also reported that certain pre-conditioning 

treatment of the leachate (dilution, addition of microorganisms, storage, etc.) can favor such 

reuse (Gutiérrez-Miceli et al., 2008; Zhou et al., 2010). On the other hand, the main 

deterrents against using composting leachate in plant cultivation are nutrient imbalances, 

high salinity, and variability in the physiological response depending on the particular crop 

(Chong et al., 2008; Gils et al., 2005). Concerning the edible horticulture, the study of heavy 

metals and nutrient uptake as well as the translocation of undesirable substances to the plant 

is mandatory in order to assure not transferring these elements into the food chain (Al-

Lahham et al., 2007). 

 

Nitrogen (N) content in composting leachates is relatively high, and mainly in form of 

ammonium (NH4
+). This is quite similar to the case of livestock slurries produced in cattle and 

swine farming (Flotats et al., 2009). High NH4
+ concentrations may become phytotoxic in 

crop fertigation (Britto and Kronzucker, 2002; Bugarín M. et al., 1998). However, if NH4
+ is 

previously transformed into nitrate (NO3
-) the resulting effluent will be potentially usable for 

fertigation without toxicity risk for plants. In other words, such conversion will imply the 

production of a nitrogenous form easily assimilable by plants (Bugarín M. et al., 1998) while 

maintaining the fertilizing value of the leachate in terms of N units. In addition, by converting 

NH4
+ into NO3

- it is possible to prevent N loss due to volatilization during storage. This is 

because the NH4
+ ion and ammonia (NH3) are in chemical equilibrium depending on the pH 

and temperature (T) of the medium, and NH3 is a volatile form of N (Ndegwa et al., 2008). 
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Nitrification is a two-step biological reaction catalyzed by autotrophic microorganisms. It 

consists in the oxidation of NH4
+ into nitrite (NO2

-) by ammonium-oxidizing bacteria (AOB), 

and subsequently, the oxidation of NO2
- into NO3

- by nitrite-oxidizing bacteria (NOB). The 

process basically requires appropriate T and pH, dissolved oxygen (DO) supply, and good 

substrate-to-biomass contact ratio. Since nitrifying microorganisms use inorganic carbon as 

carbon source, availability of organic matter, i.e., chemical oxygen demand (COD), is not 

necessary. According to the US EPA (1993), the complete nitrification reaction can be 

expressed as: 

 

4 2 3 5 7 2 3 2 2 31.89 1.98 0.0161 0.984 1.032 1.899NH O HCO C H O N NO H O H CO                    (1) 

 

where C5H7O2N is the molecular expression for the nitrifying microorganisms. In accordance 

with this stoichiometry, bicarbonate (HCO3
-) requirement during nitrification is equivalent to 

1.98 mol HCO3
- per mol of NH4

+ oxidized (7.07 g CaCO3 g
-1 NH4

+-N). Such alkalinity 

consumption usually results in a decreased pH of the treated effluent. Technical feasibility of 

the nitrification process coupled to a denitrification strategy was already demonstrated in 

many studies targeting N removal from wastewaters derived from livestock activities (Deng et 

al., 2007; Magrí and Flotats, 2008; Magrí et al., 2012; Vázquez et al., 2013). However, 

nitrification alone can also become a chance for the valorization of these liquid effluents as 

nitrogenous fertilizer. 

 

The objectives of this work are: (i) to assess the feasibility of nitrification applied to the 

treatment of leachates from cattle and swine manure composting, under Mediterranean 

climate conditions, in order to promote their subsequent use as liquid fertilizer, and (ii) to 

study the effect of this use in a horticultural culture of lettuce focusing on the evaluation of 

productivity and nutrient uptake. 
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2. Materials and methods 

 

2.1. Composting leachates 

 

Raw leachates were collected in a collective composting plant located in the Osona county 

(Catalonia, Spain), which processes manure coming from nearby cattle (C) and pig (P) 

farms. Cattle and pig manures were composted separately; therefore, two different kinds of 

leachate were obtained. The composting process was carried out in an open facility using 

windrows. Physicochemical characterization of the leachates (Table 1) evidenced basic pH 

and high electrical conductivity (EC) -particularly in the case of leachate P-. High NH4
+-N 

concentrations (600-900 mg N L-1) make unfeasible direct leachate use in horticultural 

fertigation since it would lead to phytotoxicity issues. The carbon-to-nitrogen (C/N) ratio was 

estimated within the range of 3.2 to 4.6, which suggests potential coexistence of organic 

degradation and nitrification during aerobic treatment. Owing to the high level of total 

suspended solids (TSS) in leachate C (3.2 g L-1), both leachates were subjected to gravity 

settling during 2 days and subsequent decanting prior to aerobic treatment. 

 

>> Table 1 located here 

 

2.2. Setup for leachates nitrification 

 

Nitrification of the composting leachates as well as subsequent tests concerning use of the 

nitrified effluents in horticulture were both conducted in a glass greenhouse located in the 

experimental facilities of IRTA Cabrils (Catalonia, Spain; latitude 41º 25’ N, longitude 2º 23’ 

E, and height above sea level of 85 m) (Figure 1). 

 

>> Figure 1 located here 
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The nitrification assays were carried out in three different time periods. The first trial 

“nitrification preliminary test” (section 2.2.1) was performed using two reaction tanks. On the 

other hand, the second and third trials (concerning summer and winter seasons; sections 

2.2.2 and 2.2.3, respectively) were both performed using four reaction tanks. Thus, two 

different dilutions were considered at most for each type of leachate. All the tanks used were 

identical; i.e., tanks were made of polyethylene plastic, with cylindrical shape (56 cm 

diameter and 105 cm high) and total volume of 260 L. Tanks were empty at the beginning of 

a new experiment and then filled up with leachate and the corresponding amount of tap 

water needed for dilution (the working volume was set at 210 L). Tap water was added in 

order to decrease the salt content of the leachate, as it will be detailed later. The resulting 

solutions were aerated in batches during time enough to achieve complete oxidation of NH4
+ 

into NO3
- (tanks were not covered during this period). Aeration was provided through a 

turbofan (power of 1.5 HP; nominal air flow rate of 150 m3 h-1) placed inside of the 

greenhouse and connected to perforated plastic pipes (40 mm diameter) identically installed 

at the bottom of all tanks. This turbofan was powered cyclically by means of a time 

programmer (model JuniorTM MAX, Irritrol Systems, Riverside, CA, USA). 

 

2.2.1. Nitrification preliminary test 

 

This initial trial was carried out during the month of June and lasted ~ 1 month. It aimed to 

verify the nitrification potential of leachates from manure composting under the 

aforementioned conditions. Owing to the high NH4
+ load and salinity of the leachates, dilution 

with water was considered in order to decrease the EC below a predefined threshold; i.e., < 3 

dS m-1, taking into account the tolerance to salinity of the lettuce plants (Ayers and Westcot, 

1987). According to their composition (Table 1), leachate C needed lower dilution than 

leachate P; i.e., it should be noted that the EC of the raw leachates was measured after 1/5 

(w/w) dilution, whereas measurement in the diluted leachates was carried out without 
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pretreating the sample. Thus, leachate C was diluted at a rate 1/7 whereas leachate P was 

diluted at a rate 1/15 (these proportions are referred to volumes of leachate and water, 

respectively). Diluted solutions were aerated until it was evidenced a substantial decrease of 

the NH4
+ concentration and the consequent increase of the NO3

- concentration. Aeration was 

supplied according to a progressive strategy; during the first week the turbofan was powered 

2 seconds per hour (low aeration rate - L), during the second week it was powered 10 

seconds at intervals of 5 minutes (intermediate aeration rate - I), and from the third week 

onwards it was powered 5 seconds per minute (high aeration rate - H). 

 

2.2.2. Nitrification during the summer season 

 

The nitrification trial in the summer season was carried out during the months of July and 

August. In order to decrease salinity, two dilutions of each leachate were performed. The 

targeted EC after dilution was ~ 1-3 dS m-1. Thus, dilution rates applied to leachate C were 

1/7 (C1) and 1/10 (C2), whereas dilution rates applied to leachate P were 1/15 (P1) and 1/20 

(P2) (these proportions are referred to volumes of leachate and water, respectively). The 

aeration rate in the nitrifying tanks was fixed as H (high aeration rate, according to the 

nitrification preliminary test) throughout the experimental period. T and DO were monitored 

regularly. Water samples were collected in order to follow the evolution of the N forms. 

Alternatively, water samples were also taken for the analysis of other parameters. 

Nitrification was considered to be completed when NH4
+-N was no longer present and the 

NO3
--N concentration had increased significantly and maintained a constant value along 

time. 

 

2.2.3. Nitrification during the winter season 

 

The nitrification trial in the winter season was carried out during the months of November and 

December. The operating conditions were identical to those applied during the summer 
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season. However, less analytical control was performed in this case. Monitored parameters 

were T, pH, EC, and the N forms. 

 

2.3. Use of the nitrified effluents for the fertigation of lettuce 

 

The nitrified effluents obtained in the summer and winter trials (procedure described in 

sections 2.2.2 and 2.2.3) were used as nutritive solution for the cultivation of lettuce (Lactuca 

sativa L.). Seedlings of the cultivar Arena® (Vilmorin Clause & Cie, Paris, France) type 

Batavia (Maravilla) were used. Lettuce was chosen because it is a vegetable that may 

accumulate relatively large amounts of nutrients and heavy metals (Jordão et al., 2007). Five 

fertigation treatments were applied (Table 2). Four of these treatments consisted on the 

continuous supply of the nitrified effluents available after the summer and winter season trials 

without any extra mineral addition (C1, C2, P1, and P2), and the fifth consisted on the 

continuous supply of a reference nutritive solution (FERT), which is similar to the procedure 

followed by Chong et al. (2008). As aforementioned, cultivation was performed inside a glass 

greenhouse. Individual benches (110 cm wide x 150 cm long x 40 cm high) filled with natural 

sandy-loam soil were used. Thus, five experimental plots were established, each one 

containing 20 lettuce plants (distance between plants was 30 cm). Lettuces were planted in 

November and were harvested three months later. Irrigation was provided by dripping at a 

nominal flow rate of 4 L h-1, which resulted in a daily water supply of 200 mL per plant. Thus, 

the mean daily mineral N supplies for C1, C2, P1, P2, and FERT were 22.0, 15.9, 11.2, 6.5, 

and 21.5 mg N plant-1 day-1, respectively. According to Rincon Sánchez (2005), the 

recommended N supply through fertigation in commercial lettuce cropping in Mediterranean 

areas is 19.1 mg N·plant-1·day-1. 

 

>> Table 2 located here 

 

2.4. Chemical analyses 
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2.4.1. Raw composting leachates 

 

Analyses of the raw leachates (and water samples) were basically conducted according to 

the Standard Methods for the Examination of Water and Wastewater (APHA et al., 2005). 

The pH of fresh samples was measured using a specific probe (model ROSS Ultra® pH/ATC 

Triode, Thermo Scientific Orion, Nijkerk, Netherlands) plugged to an expandable ion analyzer 

(model EA 920, Orion Research Inc., Beverly, MA, USA). The EC (referred to 25ºC) of fresh 

samples was measured using a platinum conductivity cell (model 52 92, Crison Instruments 

S.A., Alella, Spain) plugged to a conductivity meter (model GLP 31, Crison Instruments S.A.). 

Total solids (TS) were determined after sample drying to constant weight at 105ºC, and 

volatile solids (VS) were determined after further ignition in a muffle furnace at 470ºC for 5 h. 

TSS were measured analogously to TS but after filtration through a glass fiber filter. Organic 

N (Org-N) was determined using the Kjeldahl method based on the digestion of a dry 

sample, distillation, and final measurement using a NH4
+ selective electrode. NH4

+ and NO3
- 

were measured using selective electrodes (models 95-12 and 9307BNWP, respectively, 

Orion Research Inc.) plugged to the aforementioned expandable ion analyzer. The C/N ratio 

was estimated considering C as organic-C (0.58*VS) and N as Org-N plus NH4
+-N (Magrí 

and Teira-Esmatges, 2015). Chloride (Cl-) was measured by ion chromatography (761 

Compact IC, Metrohm AG, Herisau, Switzerland). Total phosphorus (P), potassium (K), 

sodium (Na), calcium (Ca), iron (Fe), magnesium (Mg), sulfur (S), copper (Cu), and zinc (Zn) 

were determined after micro-wave assisted acid digestion (using aqua regia) of a dry sample 

by an inductively coupled plasma-optical emission spectrometer (model ICP-OES-730-ES, 

Varian Inc., Santa Clara, CA, USA). 

 

2.4.2. Water samples 
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Alkalinity was determined by acid titration to an end-point of pH 4.5 and expressed as 

CaCO3. COD was determined by the dichromate method using a photometer (model 

CheckitDirect COD Vario, Tintometer GmbH, Lovibond Water Testing, Dortmunt, Germany). 

Org-N was determined by digestion of a dry sample, distillation, and final titration. NO3
- was 

determined using Merckoquant® nitrate test strips (Merck KGaA, Darmstadt, Germany) and a 

meter (model Nitrachek 404, KPG Products Ltd., Hove, UK) as frequently referred in the 

literature (Cossani et al., 2012; Sall and Vanclooster, 2009). In order to avoid interferences 

caused by NO2
-, several drops of amidosulfuric acid solution (10%) were added to the 

samples. In addition, the NO3
- and NO2

- content in some samples was determined using ion 

chromatography (761 Compact IC, Metrohm AG). Other analyses were carried out according 

to the procedures described in section 2.4.1. 

 

2.4.3. Nitrifying tanks 

 

During the summer and winter season tests, T in the liquid bulk was measured using 

thermocouple sensors and recorded continuously (every 10 minutes) by means of a data 

logger (model 177, Testo AG, Lenzkirch, Germany). Greenhouse ambient T was also 

recorded using the same device. Data were analyzed off-line using mean and standard 

deviation. DO concentration was periodically measured using a specific probe (model 

9009/2, Schott-Geräte, Mainz, Germany) plugged to a meter (model Consort Z 621, DESIN® 

Instruments, Turnhout, Belgium). 

 

2.4.4. Lettuce plants 

 

The relative amount of chlorophyll in leaves was determined by direct measurement using a 

soil plant analysis development (SPAD) chlorophyll meter (model SPAD-502, Konica Minolta, 

Osaka, Japan) as described by Gholizadeh et al. (2011). After plants harvesting, fresh and 

dry weights (60ºC for 72 h) were recorded. The NO3
- content in leaves was determined using 
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dry samples that were ground using a mortar grinder (model RM 100, Retsch GmbH, Haan, 

Germany). Processed samples were mixed with distilled water and the resulting solutions 

were shaken and filtered to obtain water extracts. NO3
- was then measured using ion 

chromatography (Cáceres et al., 2012). Boron (B) and Manganese (Mn) were measured after 

micro-wave assisted acid digestion (using aqua regia) of a dry sample by ICP-OES. Other 

analyses were carried out according to the procedures described in section 2.4.1. Eight 

replicates were considered for each treatment. 

 

2.5. Statistical analyses 

 

Data concerning productivity and nutrient uptake for the lettuce culture were subjected to 

analysis of variance (ANOVA) using the statistical package SAS v9.1 (SAS Institute, Cary, 

NC, USA). Averages of the quantitative factors under evaluation were compared by means of 

the Tukey’s test. 

 

 

3. Results and discussion 

 

3.1. Leachates nitrification 

 

3.1.1. Nitrification preliminary test 

 

In order to ensure good aeration of the leachates, air flow rate in the nitrifying tanks was 

progressively increased from 0.20 L-air L-liquid-1 h-1 during the first week to 11.9 L-air L-

liquid-1 h-1 during the second week, and finally to 29.8 L-air L-liquid-1 h-1 from the third week 

onwards. This increase in the air flow supply throughout the experimental period did not 

result in problems linked to foam formation. No significant changes in the N forms were 

observed during the first days of experiment (Fig. 2) although the environmental parameters 
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were favorable for the nitrification process, i.e., T = 25-30ºC and pH = 8.0-8.4 (Grunditz and 

Dalhammar, 2001). After 9 days of experiment, NH4
+-N began to decline in leachate P. 

Similar trend was observed in leachate C after 12 days (Fig. 2a). Thus, NH4
+-N was 

completely removed after 15 days of experiment. However, NH4
+-N decrease was not 

proportional to NO3
--N increase initially because of NO2

--N accumulation, which was semi-

quantitatively detected between days 10 and 25, using the Nitracheck® strip test. Finally, 

after 26 days of experiment all NO2
--N was oxidized, and the final NO3

--N concentration 

matched the initial NH4
+-N concentration (Fig. 2b). 

 

>> Fig. 2 located here 

 

Results obtained in this preliminary test showed the feasibility of promoting nitrification by 

means of intermittent aeration of diluted leachates without using nitrifying inoculum (only 

considering growth of indigenous microorganisms). The initially low aeration intensity applied 

could result in a longer time needed to complete nitrification. A priori, the basic pH ( 8.0) 

and moderate EC ( 2.5 dS m-1) of the aerated effluents did not seem limiting concerning a 

subsequent use in fertigation. The NO2
- ion, which can become phytotoxic (Ezzine and 

Ghorbel, 2006), did not accumulate in the final effluent. Final NO3
--N concentration in the 

nitrified effluents (~ 70 mg N L-1) was similar to the concentration in nutritive solutions 

regularly used for lettuce cropping in natural soils (Rincón Sánchez, 2005). Results obtained 

in this preliminary test suggested that the intermediate (I) or high (H) aeration rates were the 

best options for a fast oxidation of NH4
+-N. 

 

3.1.2. Nitrification during the summer season 

 

Four nitrification trials were performed involving use of two types of leachate (leachates C 

and P) and two dilution rates (rates 1 and 2); i.e., trials were named C1, C2, P1, and P2. 

According to the results obtained in the preliminary test (section 3.1.1), air supply in the 
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nitrifying tanks was fixed at the H rate (14.9 L-air L-liquid-1 h-1). Greenhouse ambient T was 

27.5 ±4.5ºC. Otherwise, T in the liquid bulk ranged from 24ºC to 36ºC (30.6 ±2.4ºC) 

throughout the experimental period, which is appropriate for the process performance. 

Indeed, nitrifying activity is expected to increase exponentially within this range but to stop 

above 35ºC (Cáceres et al., 2006; Grunditz and Dalhammar, 2001). Owing to the dilution 

rates applied, initial NH4
+-N concentration was higher in those tests processing leachate C 

(89-100 mg N L-1) than in those others processing leachate P (38-57 mg N L-1) (Fig. 3 and 

Table 3). 

 

>> Fig 3 located here 

>> Table 3 located here 

 

Concerning the evolution of the N forms, the same pattern was evidenced in all the cases; 

i.e., NH4
+-N decrease was followed by a transient NO2

--N increase, and finally by a complete 

oxidation into NO3
--N (Fig. 3). The NH4

+-N conversion was faster in those cases with lower 

dilution, becoming complete at the third day for leachate C1 and at the fourth day for 

leachate P1 (Fig. 3). In those treatments with higher dilution, NH4
+-N was completely 

removed after 6-7 days. Finally, 5, 9, 14, and 19 days were needed to complete nitrification 

in the treatment of leachates P1, C1, C2, and P2, respectively (Fig. 3 and Table 3). The 

aforementioned transient accumulation of NO2
--N could be caused by one, or a combination, 

of the following factors advantageous for AOB with respect to NOB: (i) low concentration of 

DO; (ii) mild T of operation; (iii) high concentration of free ammonia (FA, NH3). Concerning 

DO, lower affinity for DO of NOB makes possible NO2
- accumulation when concentration is 

below 1-1.5 mg O2 L
-1 (Ciudad et al., 2005; Magrí and Flotats, 2008; Zeng et al., 2009). 

However, in this experiment DO was not limiting and even reached values higher than 5 mg 

O2 L
-1 once NH4

+ was totally consumed (air supply could be thus optimized according to a 

predefined DO set-point). Concerning T, the NOB activity has been reported to be slower 

than the AOB activity at temperatures higher than 15-20ºC. Otherwise, the reverse is true at 
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lower temperatures (Hellinga et al., 1998). In this experiment T of the liquid bulk fluctuated 

daily with an average value of 30.6 ±2.4ºC. Finally, concerning FA, concentrations higher 

than 0.8 mg NH3-N L-1 may completely inhibit the oxidation of NO2
- into NO3

- (Anthonisen et 

al., 1976). In our experiment even higher levels were reached; e.g., 60 mg N L-1 of total 

ammonium at 30ºC and pH 8.4 are equivalent to 10 mg N L-1 of FA. 

 

The Org-N content in the aerated leachates increased throughout the experiment on dry 

weight basis (Fig. 4) which could be partly justified due to the growth of the microbial 

community (heterotrophs and nitrifying bacteria) during the aeration process. In this regard, 

the biomass yields (conversion into biomass of substrates) proposed by Henze et al. (1999) 

are 0.62 g COD-formed g-1 COD-oxidized for heterotrophs and 0.24 g COD-formed g-1 N-

oxidized for nitrifying bacteria, respectively. Assuming the composition of the new cells as 

C5H7NO2 (Eq. 1), a mass equivalence ratio of 0.086 g Org-N g-1 COD-formed should be 

applicable. 

 

Finally, the N mass balance considering initial and final composition of the nitrified leachates 

is presented in Fig. 5, which shows that the N concentration was mainly conserved in the 

aqueous solutions at the end of the nitrification period. In spite of this fact, lack of gas 

emissions monitoring prevented experimental quantification of NH3 volatilization. The authors 

hypothesize that some N losses could occur during the experiment according to the initial pH 

and T. However, such losses are not evidenced in the mass balance because of the slight 

evaporation of water, and consequent concentration of dissolved compounds, observed at 

the end of the experimental period. Thus, the experimental management of this research 

could have partly masked the dynamics of the N species, although is clearly demonstrated 

that NH4
+-N was mainly transformed into NO3

--N throughout the nitrification process. Fig. 3 

helps supporting this evidence, including experimental points at different times. On the other 

hand, NO2
--N concentrations were negligible at the end of the experiment (Fig. 5). 
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>> Fig. 4 located here 

>> Fig. 5 located here 

 

Nitrification involved a decrease in the pH and final values were within the range of 7.3 to 

7.9, which are not limiting for the nitrification process. Indeed, the degree of acidification is 

expected to depend on the initial NH4
+ concentration and the buffer capacity of the medium 

(Chen et al., 2006; Daumer et al., 2007). The on-line evaluation of the pH trend can also be 

used in order to identify the NH4
+ oxidation end-point (Gu et al., 2012). High alkalinities were 

measured in the diluted leachates (310-900 mg CaCO3 L
-1) whereas final values ranged from 

150 to 410 mg CaCO3 L
-1 (Fig. 6), which implies significant consumptions during treatment 

(Fig. 6a). Thus, ratios between alkalinity consumption and NO3
--N production on 

concentration basis were within 4.5 and 6.0 g CaCO3 g
-1 NO3

--N (Fig. 6b), which is below the 

ratio derived from Eq. 1 (7.07 g CaCO3 g
-1 NH4

+-N) and can be partly attributed to the slight 

evaporation of water observed at the end of the treatment. Concerning salinity, although it 

may limit nitrification at high levels (Sudarno et al., 2011), the dilution rates applied in this 

study allowed to work within a suitable range, with EC values ranging from 1.28 to 2.62 dS 

m-1. 

 

>> Fig 6 located here 

 

Initial COD values for the diluted leachates ranged from 550 to 1647 mg O2 L
-1 (Table 3). 

However, such COD was demonstrated to be partly non-biodegradable (removal efficiencies 

were lower than 25%). Under aerobic conditions, the heterotrophic microorganisms 

responsible for the biodegradation of organic compounds compete for oxygen and space 

with the nitrifying bacteria, which are known to be less competitive. In this regard, 

heterotrophic bacteria have maximum growth rates ~ 6 times higher, and yields ~ 3 times 

higher, than nitrifying bacteria (Henze et al., 1999). Thus, a pre-treatment of the leachates in 

order to promote energetic valorization of the organic load as proposed by Romero et al. 
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(2013) may be also advantageous for a subsequent treatment of nitrification, since it would 

help in reducing competence of heterotrophic bacteria. In addition, lower availability of 

biodegradable organic-C could prevent potential undesired events of heterotrophic 

denitrification during intermittent aeration, and the consequent loss of N as dinitrogen gas 

(N2). 

 

Regarding the use of the nitrified effluents for the fertigation of lettuce, final NO3
- 

concentration was appropriate in all the treatments except for P2 -i.e., lowest concentration- 

(Rincón Sánchez, 2005) (Table 2), with the highest concentrations measured in the aerated 

leachates C1 and C2. NH4
+ was almost inexistent, and presence of Org-N could benefit 

fertilization because of its slow release (Table 3). The pH and EC of the nitrified effluents 

were relatively high in comparison to the values of the standard nutritive solution FERT. 

Alkalinity (including bicarbonates) was lower than 420 mg CaCO3 L
-1, and thus similar to the 

values proposed by Gils et al. (2005) in nutritive solutions with moderate acidity. Concerning 

other elements, concentrations could be lower (e.g., P), similar (e.g., Mg), or higher (e.g., K, 

Na, Cl, and Ca) than in the reference solution FERT (Table 2) depending on the particular 

case. Thus, globally the nitrified effluents presented an unbalanced composition, which is 

otherwise usual when working with wastewater reuse in fertigation (Chong et al., 2008). 

 

3.1.3. Nitrification during the winter season 

 

The same trials performed during the summer season were repeated during the winter 

season in order to evaluate effect of T. Greenhouse ambient T throughout the experimental 

period was 15.1 ±5.2ºC whereas T in the liquid bulk averaged 15.8 ±2.8ºC. Indeed, T in the 

liquid phase ranged from 15ºC to 20ºC (17.9 ±1.9ºC) during the first 34 days but then 

progressively decreased to 10-15ºC (13.3 ±1.4ºC) during the following 21 days. An extension 

of the time needed for completing NH4
+-N oxidation was observed, since it was not achieved 

until 14-24 days after starting up the process (data not shown). In addition, significant 
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formation of NO3
--N (above 45 mg N L-1) took 40 days or longer (treatment of leachate P1 

was the fastest). Thus, time needed to achieve complete nitrification during the winter 

season was at least double than during the summer season (section 3.1.2). However, 

nitrification was still feasible at ~ 10ºC in agreement to previous works reported in the 

literature (Guo et al., 2010; Kim et al., 2006; Weon et al., 2004). Final pH of the nitrified 

effluents was 8.1-8.2 concerning leachate C and 7.0-7.3 concerning leachate P, whereas 

final EC of the nitrified effluents was similar to the values reached in the summer season 

(1.17-3.31 dS m-1). 

 

3.2. Use of the nitrified effluents for the fertigation of lettuce 

 

3.2.1. Productivity and quality parameters 

 

Results showed that lettuces fertirrigated with nitrified effluent C2 weighted more on fresh 

basis (fw) than lettuces fertirrigated with nitrified effluents P1 and P2. However, no significant 

differences were observed with respect to those lettuces cropped using nitrified effluent C1 

and the reference nutritive solution FERT (Table 4). On the other hand, no significant 

differences were found between treatments when dry weight was evaluated. Thus, it can be 

concluded that differences in the chemical composition of the nutritive solutions used for 

fertigation did not affect lettuce productivity. 

 

>> Table 4 located here 

 

NO3
- content in the nitrified effluents appeared to be high enough to compete with other ions 

such as Cl- for uptake (Gils et al., 2005) (Table 2). On the other hand, NO3
- content in leaves 

was higher when applying nitrified effluents from leachate C than when applying nitrified 

effluents from leachate P (Table 4). Thus, there was a clear correlation between the NO3
- 

content in the fertilizing solution and the NO3
- content in leaves (Fig. 7). This correspondence 
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had already been reported in previous studies (Cáceres et al., 2012; Khoshgoftarmanesh et 

al., 2011; Pavlou et al., 2007). Despite this fact, NO3
- concentrations measured in lettuce 

leaves were much lower than the threshold of 3500 mg NO3
- kg-1 fw laid down by the 

Regulation 1881/2006 (Commission of the European Communities, 2006). It is well-known 

that NO3
- plays a key role in the function and nutrition of plants and that accumulation can 

occur in leaf crops such as lettuce and spinach. It has also been demonstrated that NO3
- 

accumulation in lettuce leaves can occur under continuous supply of NO3
- because of the low 

activity of the nitrate reductase enzyme in the latter stages of the plant growth (Pinto et al., 

2014b). In this regard, NO3
- is relatively non-toxic for humans, but this may not be the same 

case of other derived compounds and metabolites; e.g., NO2
-, nitric oxide, and nitrosamines 

(Pinto et al., 2014b). 

 

>> Fig. 7 located here 

 

Statistical analysis of the SPAD measurements only showed significant differences between 

plants irrigated with the nitrified effluents C2 and P2 (Table 4). The SPAD measurements 

inversely correlated with the NO3
- content in leaves. Higher NO3

- uptakes could have 

promoted higher expansions of the lettuce leaves in terms of leaf area index (LAI) that would 

have resulted in decreased chlorophyll contents. Indeed, it has already been described that 

as N supply is increased, a higher proportion of assimilated N can be stored in leaves without 

affecting the photosynthesis (Marschner, 1986). In addition, the SPAD measurements 

positively correlated with the Fe content in leaves (R = 0.6707; Tables 4 and 5), which was 

described to occur under availability of oxidized forms of this metal. In this regard, the 

leachates could have contained chelate that would have ameliorated the Fe uptake by 

complexation (He et al., 2015; López, 2007). 

 

3.2.2. Mineral content in leaves 
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Significant differences between treatments were found when assessing the mineral content 

in leaves (Table 5). Total N and P were significantly higher in the case of using the nutritive 

solution FERT. The lower pH of this nutritive solution (Table 2) may have influenced in the 

higher P uptake. However, this fact did not result in a higher productivity. Thus, from an 

agronomic point of view, this extra nutrient uptake could be considered as a luxury uptake. 

The K content in leaves was not significantly different in case of using nutritive solutions such 

as nitrified effluents C1, C2, and FERT, but it was lower when using the nitrified effluent P2. 

In general terms, the K content in leaves was very high for all the treatments, and clearly 

above the N levels, as previously reported elsewhere (Baslam et al., 2013; Maroto Borrego 

et al., 2000). 

 

>> Table 5 located here 

 

Results concerning Na were also meaningful. Concentration in the nitrified effluents doubled 

concentration in the solution FERT (Table 2). According to this, those treatments that 

entailed use of nitrified effluents resulted in Na contents in leaves clearly higher than in case 

of using the reference solution (Table 5), and which can be considered as very high with 

respect to other studies (Baslam et al., 2013). Content in leaves of other micronutrients such 

as Fe, Cu, and Zn could be also moderately high with respect to reference levels detailed 

elsewhere (Baslam et al., 2013; Maroto Borrego et al., 2000; Pinto et al., 2014a), but for Fe 

and Zn were still below the toxic thresholds stated by Rincón Sánchez (2005). It is interesting 

to highlight that the highest Cu and Zn uptakes were measured when using the nitrified 

effluent P1 (Table 5). These heavy metals may be present at significant levels in pig manure 

and may translocate into the plant when the pH of the soil is relatively low (Loué, 1988). In 

this regard, in a field study performed with tomato plants irrigated with water containing high 

levels of potentially toxic elements, Al-Lahham et al. (2007) observed how at high 

concentrations these elements may translocate into the fruit at a ratio dependent on the 

cultivar used. Thus, it could be advisable to extend the use as nutritive solution of nitrified 
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leachates formed during manure composting to non-alimentary crops such as ornamental 

crops in order to minimize human health risks. In some works dealing with the use of 

composting leachates as foliar fertilizers, significant enhancements (with respect to exclusive 

water supply) were evidenced in terms of plant productivity. However, authors mainly 

attribute such positive physiological response not to the high nutrient concentration, but to 

the presence of humic substances (Tejada et al., 2008). It has been demonstrated that humic 

acids may increase the number of roots thereby stimulating nutrient uptake and plant growth 

and development (Singh et al., 2010). 

 

 

4. Conclusions 

 

Technical feasibility of nitrifying leachates formed during composting of cattle and pig manure 

was demonstrated. Nitrification was particularly tested under greenhouse conditions, using 

diluted leachates, and without supplying any external microbial inoculum. Process rates were 

significantly higher during the summer season because of the higher temperatures. Hence, 

longer processing periods were necessary during the winter season in order to achieve 

complete nitrification. Extended aeration avoided NO2
- accumulation in the treated effluents. 

Final NO3
- concentrations were similar to those in standard nutritive solutions used in lettuce 

cropping. 

 

The nitrified effluents were suitable for lettuce fertigation despite showing certain imbalances 

with respect to a synthetic mineral solution. The productivity gained using these nitrified 

effluents was similar to the productivity gained using a standard nutritive solution. Results 

also demonstrated the need to be cautious in the use of nitrified effluents for the fertigation of 

edible crops due to nutrient uptake. Under the irrigation flow rate provided, the higher the 

NO3
- content in the nutritive solution used, the higher the NO3

- content in the lettuce leaves. 

Thus, dosage should be adjusted to meet culture requirements. 
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The experiments presented here are a first approach on the reuse of composting leachates 

for horticulture irrigation. Further research should be carried out before promoting a full-scale 

application. This study provides new scientific information concerning the valorization of 

leachates from cattle and pig manure composting as liquid fertilizers. Nitrification of the 

leachates was accomplished by taking into account field conditions in Mediterranean climate 

regime, and after appropriate dilution. The use of the nitrified effluents for the fertigation of 

lettuce was satisfactorily assessed, and results demonstrated the feasibility of using this type 

of nutrient-rich wastewater in horticultural fertigation. Overall, this may imply a lower 

dependence on synthetic fertilizers, and represents an opportunity for the environmentally 

friendly reuse of the leachates formed in manure composting plants while promoting lowering 

water consumption and practical application of nutrient recycling strategies in agriculture. 
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Tables 

 

Table 1. Composition of the raw leachates coming from cattle manure composting (leachate 

C) and pig manure composting (leachate P). Results are referred to fresh sample except 

when otherwise indicated. 

 

Parameter Units Leachate C Leachate P 
pH (1/5) a - 8.4 8.4 
EC (1/5) b dS m-1 2.80 4.05 
TS % 1.8 2.0 
VS %, dry weight 48.9 45.2 
TSS mg L-1 3176 105 
Org-N mg L-1 486 720 
NH4

+-N mg L-1 614 894 
NO3

--N mg L-1 1.7 14.7 
C/N ratio g g-1 4.6 3.2 
P mg L-1 113 32 
K mg L-1 3429 4734 
Cl- mg L-1 918 2133 
Na mg L-1 630 1044 
Ca mg L-1 614 102 
Fe mg L-1 131 40 
Mg mg L-1 153 58 
S mg L-1 135 164 
Cu mg L-1 2.14 0.38 
Zn mg L-1 3.24 1.72 
a pH and EC were measured after dilution 1/5 (w/w; proportions referred to fresh leachate and distilled water, 
respectively). 
b EC: electrical conductivity, TS: total solids, VS: volatile solids, TSS: total suspended solids, Org-N: organic 
nitrogen. 
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Table 2. Physicochemical characteristics of the nitrified effluents (C1, C2, P1, and P2) and 

reference nutritive solution (FERT) used in the fertigation experiment with lettuce. 

 

Nutritive pH EC NH4
+ NO3

- PO4H2
- K+ Cl- SO4

2- Na+ Ca2+ Mg2+ 
solution (-) (dS m-1) (meq L-1) (meq L-1) (meq L-1) (meq L-1) (meq L-1) (meq L-1) (meq L-1) (meq L-1) (meq L-1) 

C1 7.88 2.59 0.06 7.79 0.44 11.05 6.37 3.26 5.73 11.59 3.37 
C2 7.87 2.00 0.03 5.64 0.32 8.06 5.61 3.39 4.88 10.85 3.00 
P1 7.32 1.92 0.07 3.94 0.06 7.65 7.11 3.50 5.30 8.63 2.19 
P2 7.92 1.28 0.04 2.28 0.05 5.85 6.27 3.55 4.67 8.68 2.15 
FERT 6.51 1.83 0.81 6.86 1.30 2.54 3.58 4.67 2.63 5.00 3.88 
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Table 3. Initial (I) and final (F) composition of the nitrified leachates (summer season). 

 

Parameter a                   Stage C1 C2 P1 P2 
pH 
(-) 

I 8.10 8.16 8.07 8.02 
F 7.88 7.87 7.32 7.92 

EC 
(dS m-1) 

I 2.62 1.91 1.78 1.28 
F 2.59 2.00 1.92 1.28 

Org-N 
(mg L-1) 

I 69.6 41.6 54.8 17.7 
F 102.0 37.2 84.4 37.5 

NH4
+-N 

(mg L-1) 
I 100.0 89.0 57.0 38.0 
F 0.9 0.4 1.0 0.6 

NO2
--N 

(mg L-1) 
I 0.7 0.6 4.6 0.2 

F 0.5 0.4 0.5 0.2 

NO3
--N 

(mg L-1) 
I 0.4 0.5 7.2 3.7 

F 109.1 79.0 55.5 32.0 
Alkalinity 
(mg CaCO3 L

-1) 
I 900 630 440 310 
F 410 220 150 150 

COD 
(mg O2 L

-1) 
I 1647 1158 941 550 

F 1242 1248 725 463 

Elapsed time (days)  9 14 5 19 
T ±SD (ºC)  30.8 ±2.5 30.5 ±2.3 30.4 ±2.4 30.4 ±2.6 
a EC: electrical conductivity, Org-N: organic nitrogen, COD: chemical oxygen demand, T: temperature, SD: 
standard deviation. 
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Table 4. Biometric parameters concerning lettuce plants depending on the nutritive solution 

supplied (C1, C2, P1, P2, and FERT). 

 

Nutritive Fresh weight (fw) a Dry weight (dw) SPAD b measurements NO3
- NO3

- 
solution (g) (g) (-) (mg kg-1, fw) (mg kg-1, dw) 
C1 422 ab 14.5 24.2 ab 389 a 11322 a 
C2 531 a 17.3 25.3 b 320 b 9848 a 
P1 389 b 14.1 27.9 ab 217 ab 5996 bc 
P2 399 b 14.6 29.8 a 210 c 5743 c 
FERT 480 ab 15.4 26.9 ab 314 ab 9811 ab 
p 0.016 0.2653 0.0031 0.0002 0.0002 
Significance ** ns *** *** *** 
a Values are means of eight replicates; Values in a column followed by the same letter are not significantly 
different (p ≤ 0.05); Symbols used in ANOVA are: p = probability, ns = not significant at p ≤ 0.05, ** = significant at 
p ≤ 0.02, *** = significant at p ≤ 0.01. 
b SPAD: soil plant analysis development. 
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Table 5. Mineral composition of the lettuce leaves depending on the nutritive solution 

supplied (C1, C2, P1, P2, and FERT). Results expressed on dry weight basis. 

 

Parameter C1 C2 P1 P2 FERT p s 
N (%) 3.50 b 3.40 b 3.38 b 3.33 b 3.72 a <0.0001 *** 
P (%) 0.41 bc 0.48 b 0.41 bc 0.40 c 0.80 a <0.0001 *** 
K (%) 10.18 ab 10.44 a 8.19 c 9.03 bc 9.55 ab <0.0001 *** 
Na (%) 0.86 ab 0.89 ab 0.95 a 0.81 b 0.46 c <0.0001 *** 
Ca (%) 1.41 ab 1.27 bc 1.26 bc 1.23 c 1.58 a <0.0001 *** 
Mg (%) 0.36 b 0.29 c 0.42 a 0.39 ab 0.36 b <0.0001 *** 
S (%) 0.32 0.31 0.30 0.30 0.32 0.4862 ns 
B (mg kg-1) 58.2 ab 62.5 a 45.4 c 47.5 c 50.5 bc <0.0001 *** 
Fe (mg kg-1) 317 448 422 483 345 0.8973 ns 
Mn (mg kg-1) 77.6 a 57.1 bc 73.2 ab 76.0 a 43.0 c <0.0001 *** 
Cu (mg kg-1) 23.5 b 21.8 b 65.2 a 19.4 b 22.1 b 0.0114 ** 
Zn (mg kg-1) 140 ab 115 b 230 a 143 ab 82 b 0.0026 *** 
Values are means of eight replicates; Values in a row followed by the same letter are not significantly different (p 
≤ 0.05); Symbols used in ANOVA are: p = probability, s = significance, ns = not significant at p ≤ 0.05, ** = 
significant at p ≤ 0.02, *** = significant at p ≤ 0.01. 
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Figure captions 

Fig. 1. Diagram of the experimental setup (summer and winter experiments). 

 

Fig. 2. Time course of (a) NH4
+-N and (b) NO3

--N during the nitrification preliminary test. 

Aeration rate: L, low; I, intermediate; H, high. 

 

Fig. 3. Time course of NH4
+-N (o), NO2

--N (■), and NO3
--N (▲) during the nitrification study in 

the summer season. 

 

Fig. 4. Time course of Org-N (expressed on dry weight basis) during the nitrification study in 

the summer season. Org-N, organic nitrogen. 

 

Fig. 5. Nitrogen mass balance considering initial and final composition of the nitrified 

leachates. 

 

Fig. 6. (a) Time course of alkalinity (CaCO3) during the nitrification study in the summer 

season and (b) ratios between alkalinity consumed and NO3
--N produced (on concentration 

basis). 

 

Fig. 7. Correlation between the NO3
- concentration in the nutritive solutions and the NO3

- 

content in the lettuce leaves (on dry weight basis). 
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