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Abstract: Struvite and ammonium nitrate are products obtained from widely studied processes to
remove phosphorus (P) and nitrogen (N) from waste streams. To boost circularity in horticulture,
these recovered products should be applied to edible crops. Particularly, struvite has not been
implemented in fertigation as the unique source of P fertilizer. Therefore, a soilless system greenhouse
experiment was conducted for tomato crops during two growing seasons. This study aims to compare
the agronomic and environmental effectiveness of recovered products used in a nutrient solution
for fertigation (NS) to synthetic fertilizer treatment. Moreover, two different N concentrations of the
NS were tested to evaluate the impact on the N-leaching. Additionally, struvite dissolution tests
were performed to ensure its solubility. Satisfactory results of struvite solubilization were obtained.
Results show that both nutrient-recovered products can be used as fertilizers in NS, due to their
non-statistical significance in total yield production and fruit quality. However, ammonium nitrate
treatment, depending on the crop variety, showed a lower marketable yield. Moreover, the variation
on N concentration input exhibited leachate concentration differences, with N leached percentage
values from 36 to 13%. These results give deeper insights into the future potential utilization of
nutrient-recovered products and technical data to optimize fertigation strategies.

Keywords: phosphorous; nitrogen; struvite; ammonium nitrate; fertigation; circular economy;
resource recovery; horticulture

1. Introduction

Phosphorous (P) and nitrogen (N) are major constraints on the yield and quality of
food production. However, about 90% of commercially available P is sourced from phos-
phate rock, a non-renewable and geographically restricted resource, with no meaningful
reserves in the European Union (EU) [1]. Moreover, the production of nitrogen fertilizers
through the Haber–Bosch process is associated with a negative environmental impact due
to its high energy demand. On the other hand, wastewater streams contain large amounts
of nutrients, especially P and N, that are polluting the water bodies [2]. The production of
renewable and high-quality fertilizers from waste streams should be promoted, and the
products should be tested in field conditions in order to boost circularity in horticulture
systems. Among the most important recovering processes, the precipitation of P as struvite
(MgNH4PO4·6H2O) should be highlighted [3,4]; in the last years, the production of ammo-
nium nitrate (AN) (or ammonium sulphate) from WWTPs through liquid–liquid membrane
contactors (LLMC), where N is captured into an acid, has also been investigated [5].

In terms of application, several studies on struvite agronomic efficiency have been
focused on its potential as slow-release fertilizer applied to the soil, finding similar crop
responses to mined or synthetic fertilizers [6]. Even so, some authors have reported
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highly variable struvite dissolution rates in soils with alkaline pH [7]. Besides, some
authors [8] assessed the struvite performance as slow-release fertilizer in hydroponics.
Nevertheless, the use of struvite in fertigation as a raw material (fertilizer) for nutrient
solution (NS) manufacture has not been studied so far. Nowadays, this topic acquires
relevance in the context of the promotion of a circular economy of P by EU initiatives and
the recent publication of the new European fertilizer regulation that is setting EU-wide
quality standards for struvite and hereby facilitating its EU-wide trade [9]. In addition to
the regulation, it has been stated that physical parameters and the solubilization rate of
struvite are critical for further commercial use of struvite [10].

To date, many researchers have focused on technological aspects for N recovery, and
little has been reported on the resulting products such as recovered AN and their potential
to be used as N fertilizers [11]. Moreover, nothing has been described on its use as raw
material for a NS. Nowadays, recovered AN is a high-priority product for its potential of
replacing synthetic N fertilizers being highly dependent on science-based knowledge on
characterization and fertilizer performance of recovered end-products [12]. The effective N
is the amount of N from an applied bio-based material that is expected to be available for
crop uptake in the season of application. For AN, 100% of N-effective is accepted [13]. This
is similar to what is expected from the application of synthetic N fertilizer. The agronomic
efficiency of recovered products with different chemical characteristics must be known to
optimize their use as fertilizers.

The agrosystem vegetable crops grown with fertigation in combination with drip ir-
rigation is continually increasing and an important research effort has been developed in
fertilization management techniques to reduce leachate losses (i.e., NS management strate-
gies, planting material, models, greenhouse structures, technology (sensors, soil, and plant
monitoring)) [14,15]. Even this combination provides the technical capacity to precise N and
irrigation management especially in soilless growing [16], commonly, the N and irrigation
supplied to vegetable crops are excessive to crop requirements [17]. While this practice pre-
vents growth from being limited by nutrient supply, it exacerbates the release of nutrients into
the environment with impacts on drinking water and the eutrophication of fresh water and
marine ecosystems [18], and the increment of plant disease [19]. There are various standard
NS that are general guidelines, yet they are not adapted to specific growing conditions, which
mainly concern the climatic conditions, irrigation patterns, and the development stages of the
crop. With the climatic conditions, the light intensity and the transpiration rate are detected
as being important. With irrigation, the fraction drain to waste and the reuse rate of drain
water are the main factors. With the development stages, the change from the vegetative
to the reproductive phase is important [20]. To further hone the fertilizer recipes, periodic
sampling is a must, helping to determine the nutritional status of the plants [21]. Many field
studies have analyzed the optimum best nutrient management practices (BNMP) for the
Mediterranean region, including fertilizer rate for a variety of crops [16,22–24]. However,
choices to achieve optimal irrigation and nutrient management require complex decision-
making. Numerous factors regarding climate, substrate characteristics, field infrastructures,
and crop characteristics need to be considered [22].

Tomato cultivation is one of the major horticultural crops in Spain, in terms of area and
production [25]. The composition of NS used for intensive production of this culture is high
in nutrients; therefore, growers have increasing pressure to minimize water and nutrient
management. The horticulture sector should cope with the challenge of protecting water
bodies from nitrate and P pollution and find alternative renewable sources of fertilizers.
Although there is a need to increase crop yields to feed the growing global population, this
needs to be done in an environmentally sustainable way.

The general objective of the study is to contribute to increase the circularity and
sustainability of horticultural crops, particularly in a tomato soilless crop cultivated with
fertigation in greenhouse conditions. The specific objectives are (a) to assess the effects of
using solubilized recovered struvite and ammonium nitrate through fertigation upon the
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tomato plants and (b) to assess the feasibility of reducing the N concentration in nutrient
solution and the possible mitigation of N leaching.

The variables measured (yield, fruit quality, biomass, P and N uptake) in the treatments
with nutrient-recovered fertilizers were compared to the correspondent control treatment
(synthetic fertilizers). Moreover, two different N concentrations (10 mM and a dynamic
5-8-5 mM) of the NS were tested to evaluate the environmental impact on the N-leaching of
a tomato soilless crop. Particularly, to our knowledge, the use of struvite and ammonium
nitrate as a raw material for nutrient solution manufacture has not been studied so far.

2. Materials and Methods
2.1. Greenhouse Experimental Set-Up and Climate Data Measurement

Experiments were carried out, during two growing seasons, in a passively ventilated
multi-span single-layer polyethylene greenhouse, 200 m2 surface area, located at the
IRTA research facilities in Cabrils, Barcelona, Spain. Tomato (Lycopersicum esculentum)
seedlings were transplanted into new perlite bags (brand PERLINDUSTRIA®) of 30 L
and 0.75 × 0.25 m in length, and five bags, each providing substrate for three plants, were
placed in lines (Figure 1a). The plant density was 3.33 plants·m−2, achieved by using
a 25 cm plant-spacing and 120 cm row-spacing. Each treatment was replicated three
times, with 15 plants per replication (Figure S1). Tomato plants were cultivated during
the spring–summer season, March–August 2019 and April–August 2020. Since the used
cultivar in 2019, Bond®, produced a high number of non-commercial fruits, Egara® cultivar
was selected for the 2020 campaign. An open hydroponic system was used for irrigation,
providing the nutrient solution (NS) through one dripper of 2 L·h−1 of nominal flow per
plant. Irrigation decisions (timing and volume) were primarily based on estimation of crop
evapotranspiration (ETc), but the overriding factor was a target drainage volume of about
20%, as a surplus of 20–30% leaching fraction is commonly used to avoid salt accumulation
in the root zone [16]. The irrigation strategy was to apply the daily doses in 7–8 irrigations,
to reduce the risk of water and nutrient losses [17]. Climate data inside the greenhouse was
recorded every hour using a Hortimax sensor. Table 1 summarizes the monthly mean and
standard deviation (SD) indoor global radiation, temperature, maximum temperature, and
relative humidity during both crop periods.

2.2. Characterization of Recovered Products, Struvite and Ammonium Nitrate, Based on the
Current Legal Framework

A new European fertilizer regulation is setting EU-wide quality standards for stru-
vite [9], which defines 17 physicochemical and 5 microbiological parameters to be utilized
as a fertilizer or component material in fertilizers. P-recovered products used in this study
were recovered by Århusvand A/S company (Denmark) and Murcia Este WWTP (Spain) in
2019 and 2020, respectively, through P-elutriation at full-scale followed by a crystallization
unit from the sludge line. These samples were identified as highly pure struvite and
accomplish the new legislative requirements for precipitated phosphate salts in the revised
fertilizer directive [4] (Table S1). Moreover, N, P, and Mg2+ content of struvite are close
to the theoretical values (Table 2), within the range detected in a systemic comparison of
commercially produced struvite [26], and accomplish for the prescription of the current
legislation being the P content higher than 7% of the dry matter (DM). Furthermore, the
total organic carbon (TOC) content is below 0.25%, being 3% DW the legal limit, and
the heavy metal and the biological contaminants are well below the threshold legal limit.
Organic pollutants concentrations are also shown (Table S1).

According to the current Fertilizer regulation EU2003/2003, AN is considered a
nitrogen fertilizer solution if the N-concentration is at least 15% (w/v) [27]. The current draft
of the new European fertilizer regulation for “inorganic liquid compound macronutrient
fertilizer” proposes lower N-concentration criteria (1.5 or 3%; [28]), which could meet the
quality criteria of the products used in this study. Similar to synthetic mineral N fertilizers
produced via the Haber–Bosch process, recovered AN contains total N entirely in mineral
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form, which can be found in the form of N-NH4
+ and N-NO3

−. AN liquid batches used in
this study are an end-product of an ion-exchange with zeolites and further treated in a pilot
plant in Universitat Politècnica de Catalunya (Spain) of liquid–liquid membrane contactors
where N from wastewater is captured into nitric acid [5]. All AN batches were collected
in sampling bottles (1 L), stored (−20 ◦C), and characterized to determine the required
fertilizer dosage. These samples showed lower N content (Table 2) than ranges reported
in other studies (13.2–19.8%), with similar N-NH4

+/N-NO3
- ratios [12]. Nevertheless,

high N variability was found depending on the recovering technology used. The use of
ammonium nitrate instead of ammonium sulfate was adopted in this experiment because
of its higher N concentration. Moreover, as AN is obtained from NH3 rich air, it should not
contain contaminants associated with carbon [12].

1 
 

 
 
 
 
 

 

 

Figure 1. Tomato trial design. (a) Plants are placed in lines with five bags per replication, each
providing substrate for three plants; (b) fertigation system containing each concentrated nutrient
solution ×100 (cNS) per treatment, to be released into passing irrigation water through venturi
system with automatic control of irrigation; (c) drainage system from one replicate per treatment for
volume measurement with water-meters and sample collection.

Table 1. Average indoor global radiation (MJ·m−2·day−1), temperature (◦C), maximum temperature (◦C), and relative
humidity (%) (mean ± SD).

Campaign 2019 March April May June July August

Indoor global radiation (MJ·m−2·day−1) 9.7 ± 2 9.2 ± 3.3 11.6 ± 4.4 13.7 ± 4 12.6 ± 2.6 13.7 ± 1.9
Temp. (◦C) 16.6 ± 5.1 17.6 ± 4.2 20.1 ± 4.7 25.4 ± 5.3 28 ± 4 28.9 ± 4

Maximum temp. (◦C) 24 ± 2.2 24 ± 1.7 26.4 ± 2.6 31.3 ± 3.7 33.3 ± 1.4 33.5 ± 3
Relative humidity (%) 52 ± 18.9 58.9 ± 15.8 61.3 ± 15.5 56.1 ± 16.4 64.7 ± 13 60.3 ± 14.7

Campaign 2020
Indoor global radiation (MJ·m−2·day−1) 9.2 ± 4 11.2 ± 4.6 13.4 ± 2.4 13.1 ± 3.5 13 ± 1.6

Temp. (◦C) 19.8 ± 4 23.2 ± 5 25.6 ± 4.5 29 ± 4.3 29.8 ± 4.3
Maximum temp. (◦C) 25.7 ± 2.4 30.6 ± 3.9 31.2 ± 2.3 31.4 ± 10.6 35.6 ± 2.6
Relative humidity (%) 66.5 ± 16.6 58.9 ± 17.5 62.2 ± 14.4 58.1 ± 13.3 59.8 ± 14
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Table 2. Average phosphorous (P-PO4
3−), nitrogen (N-NH4

+), and magnesium (Mg2+) content of
struvite batches (mass%) and N-NH4

+, N-NO3
−, and N-total content of ammonium nitrate batches

(mass% w/v) (mean ± standard deviation (SD)).

Struvite Batch PO43− NH4
+ Mg2+

DK 2018 12.9 ± 0.03 7.2 ± 0.3 10.3 ± 0.6
DK 2019 10.8 ± 0.4 7.3 ± 0.2 9.8 ± 0.3
MU 2020 13.1 5.6 8.2

Ammonium nitrate
batch N-NO3

− N-NH4
+ N-total

AN 2019 6.1 ± 0.8 4 ± 0.7 10.1 ± 1.5
AN 2020 3.8 ± 1.1 3.3 ± 1.0 7.1 ± 2.1

2.3. Struvite Dissolution Assays

Struvite has low solubility in water, with published pKsp values from 9.41 to 13.36 at
25 ◦C and pH 7 [29], and its dissolution is increased with decreasing pH [30]. In order to
carry out a fertigation trial, a dissolution struvite experiment was performed to evaluate
the impact of pH solution on P release rates from the three different struvite batches. The
test was done under different pH conditions, kind of acid (citric/nitric acid), and struvite
size (granular/ground). Seven grams of struvite were suspended in 250 mL irrigation
water (Table S2) and pH was adjusted to achieve the target pH values (pH 6, 4, and 1),
being continuously stirred. The suspension concentration and pH values were chosen
due to agronomic interests. pH, electrical conductivity (CE), P, and NH4

+ content were
determined after 24 h to ensure that the equilibrium was reached. The conclusions of
these tests were used to make up a concentrated NS (cNS) that would have all nutrients
concentrated before being diluted (1:100) and adjusted to the final NS. From the practical
point of view, the use of struvite in fertigation can be performed when preparing the
fertilizers in an intermediate tank with a concentrated nutrient solution and the irrigation
water composition must be considered.

2.4. Struvite and Ammonium Nitrate Fertigation Treatments

Three different compositions of NS were tested, differing on the P and N sources:
(i) struvite (STR), with 100% and 17 ± 2% of P and N-recovered source, respectively;
(ii) struvite and ammonium nitrate (SAN), with 100% and 34 ± 6% of P and N-recovered
source, respectively; (iii) the conventional fertilization (CON) using solely synthetic fer-
tilizers. The recovered sources were the P and N from ground struvite (batches DK 2018,
DK 2019 and MU 2020) and the N-NH4

+ from liquid AN. The reference P fertilizer used
in the CON nutrient solution was KH2PO4. Other commercial fertilizers were used to
complete the NS and to lower the pH, such as nitric acid, potassium nitrate, potassium
sulfate, calcium nitrate, and micronutrients.

The fertigation system was established by 2 tanks per treatment, containing concen-
trated nutrient solution ×100 (cNS) to be released into passing irrigation water (pH 7.7 and
CE 1.3 µS·cm−1) through venturi system with automatic control of irrigation (Figure 1b).
The concentration of the different compounds that made up the cNS for each treatment is
shown in Table 3.

Regarding the dripper nutrient solution (NS), the concentration of nutrients provided
to the crops over the two growing seasons was guided by the agronomic expertise of the
authors, following similar criteria explained in previous studies. Phosphorous was tried to
adjust to 1 meq·L−1. Since the nitrogen concentration of 10 meq·L−1 used in 2019 involved
a high N runoff, in 2020 a dynamic and lower N concentration of the NS was used, starting
the first month with 5 meq·L−1, with 8 meq·L−1 during the next two months, and ending
the crop cycle with 5 meq·L−1 again, 5-8-5, as is recommended by some authors to lower
the concentration and provide dynamic responses to temporal N requirements, generally
fixed for individual phenological phases [24,31]. The maximum N concentration used in
this study of 10 meq·L−1 is similar or slightly lower than the commonly adopted for the
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cultivation of soilless tomato [16]. Since K+ concentrations in the drainage during 2019 were
high, in 2020, the concentration in the NS was reduced from 6 to a dynamic 3-5-3 meq·L−1.
As struvite is formed by Mg2+, it was considered as an extra input, so it was not matched in
the reference treatment, being 3 and 5 meq·L−1 the concentrations for CON and STR/SAN
treatments, respectively. All other micro and macro-elements (except sulfur) were prepared
for being identical for all treatments. Effects of nitrate (NO3

-) and ammonium (NH4
+)

ratio nutrition have been compared for many years with many horticultural plant species,
having effects on plant growth, development, chemical composition, and metabolism [32].
Therefore, that aims to highlight the different fraction of mineral N applied as N-NO3

- with
the NS development among treatments, being 99 ± 1, 83 ± 6, and 65 ± 3% as mean values
for CON, STR, and SAN, respectively, with the rest applied as N-NH4

+.

Table 3. Concentrated nutrient solution (cNS) composition (g·L−1) for each treatment and campaign. CON: conventional
fertilization treatment; STR: struvite fertilization treatment; SAN: struvite + ammonium nitrate fertilization treatment.

g·L−1 Concentrated Solution

Campaign 2019 Campaign 2020

Initial/Final NS Development NS

Conventional fertilizers CON STR SAN CON STR SAN CON STR SAN

Nitric acid HNO3 27.2 28.4 20.7 5.1 26.1 19.2 26.8 26.8 20.7
Potassium nitrate KNO3 39.4 30.3 20.2 23.2 10.1
Potassium sulfate K2SO4 9.1 26.1 52.2 26.1 26.1 22.6 42.6 51.3
Monopotassium

phosphate KH2PO4 13.6 13.6 13.6

Calcium nitrate Ca(NO3)2 16.4 16.4 16.4 16.4 16.4 16.4
Magnesium nitrate Mg(NO3)2 12.8

Recovered fertilizers

Struvite NH4MgPO4·6H2O 28.7 28.7 23.7 23.7 23.7 23.7
Ammonium nitrate NO3NH4 60 17.8 32

2.5. Sampling and Chemical Characterization

The principal chemical properties of the recovered products were determined by the
supplying company. The volume of the NS supplied and the drainage from one replicate
per treatment collected separately was measured with water-meters (Figure 1c). Samples
of dripper and drainage solution were collected weekly and analyzed in the laboratory
for chemical parameters (pH, EC, P, NO3

−, and NH4
+). The concentration of nitrites was

negligible (<2 mg·L−1). The total amount of nutrients leached was determined by multi-
plying the monthly drainage volume by the mean monthly nutrient concentration. The pH
and EC were determined using a selective ion analyzer (Thermo Scientific Orion model
Dual Star selective ion) and Crison conductivity meter (model GLP31), respectively. The P,
NO3

−, and NH4
+ content were analyzed by APHA Standard Method 4500-P C. Vanadate-

molybdate method, Spectroquant®Nitrate and Spectroquant®Ammonium Reagent Test,
respectively, using a SPECTROQUANT nova 60 Spectrophotometer.

2.6. Fruit Yield, Quality, Biomass, and Agronomic Efficiency

Red tomato fruits were harvested at a maximum 7-day interval, with a total of
14 harvests from June to August in both years, and fresh production was weighed to
obtain the total yield. Fruits that were deformed or showed symptoms of blossom-end
rot were weighed separately as “non-marketable yield”. Marketable fruit yield consisted
of tomato fruit that showed no signs of disease or deformation, and three samples (with
10 representative tomatoes each) per treatment, from different harvest periods, were graded
according to their caliber, total suspended solids (TSS), individual weight, and color. At
the end of the crop, the biomass (leaves, stem, and root) from five plants per repetition and
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treatment was dried at 60 ◦C after the fresh weight was determined. Three fruit and leaves
samples per treatment were assessed for the concentration of nutrients and heavy metals
by ICP-OES and Kjeldahl method. These last samples were analyzed just in one replicate
per treatment.

The parameters used to evaluate the agronomic efficiency of the two recovered treat-
ments compared with reference fertilizers were total and marketable yield, aboveground
biomass, fruit quality, fruit and leaves nutrients concentration, and P and N uptake, which
are shared among several studies. Crop N and P uptake were estimated by considering
two components: (i) the harvested fruit and (ii) the “standing” biomass. During the crop,
some pruning (removal of stems and leaves that are not part of the main stem) was not
accounted for. For each component, the N and P uptake was determined from the total
weight of yield/dry matter in kg·m−2 and the nutrient concentration in the fruit/leaves.

2.7. Statistical Analysis

The analyzed data were tested for normality and homogeneity of variance using
Shapiro–Wilk test p > 0.05 and Levene’s test p > 0.05. Once these parameters were validated,
a parametric statistical analysis was performed (one-way ANOVA and post hoc Tukey’s
test with a significance level of 5%). Alternatively, non-parametric data were analyzed
for significance using Kruskal–Wallis and Wilcoxon test (SAS version 9.4 and R-studio
software) (Table S3).

3. Results and Discussion
3.1. Struvite Dissolution Assays

Struvite dissolution assays were found to be consistent among the different struvite
batches, even the different technologies implemented to recover it and influent type may
affect struvite quality [26].

To evaluate the struvite dissolved, the concentration of phosphate (P-PO4
−3) was

used. The percentage of soluble P obtained from struvite under different sizes, pH, and
kind of acid conditions is shown in Table 4. Citric acid does not allow to achieve pH 1.
Struvite was nearly fully solubilized at pH 4 and 1 with both acids and struvite sizes, with
a mean percentage of P-obtained (percentage of P-solubilized from the total struvites’ P) of
85 ± 4%, meaning 3.1 ± 0.1 g-P·L−1 and 24 ± 1 g-struvite·L−1. They had a significantly
higher percentage than pH 6, while no differences were obtained between struvite batches
and the acid used. However, the use of citric acid allows certain microbial activity at pH 4
and nitrite formation that should be minimized to prevent plant toxicity.

Table 4. Percentage of P-solubilized from struvite under different sizes, pH, and kind of acid
conditions (mean ± SD of n = 3).

Sample pH
P-Solubilized (%)

Citric Acid Nitric Acid

Granular
6 ± 0.3

22 ± 8 20 ± 3
Ground 22 ± 5 19 ± 7

Granular
3.7 ± 0.7

86 ± 4 79 ± 9
Ground 87 ± 13 81 ± 6

Granular
1.2 ± 0.3

- 88 ± 6
Ground - 87 ± 4

3.2. Struvite and Ammonium Nitrate Fertigation Treatments

Struvite solubilization results lead to prepare a concentrated nutrient solution (cNS)
using nitric acid as acidifying agent [33], boosted by the low pH of the ammonium nitrate
in SAN treatment [34], at pH range 1–2 to obtain an appropriate pH in the final dripper NS,
considering the irrigation water properties. The cNS were kept constant during the assays,
with pH values 1.2 ± 0.4 and 1.6 ± 0.5 for STR and SAN treatments, respectively.
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Regarding the dripper NS, nutrients from recovered products (P, N, and Mg2+) were
detected and supplied to the plants, manifesting a good performance of struvite dissolution
under field conditions. However, as the dissolution of struvite is not total and the percent-
age of P-struvite can vary, is important to be aware of the P-obtained from the dripper. The
N-NO3

−/N-NH4
+ concentrations in the NS were kept constant (Table S4), which exhibits

a non-transformation of the ammonium while it is stored in the cNS. Table 5 shows the
mean measured nutrient concentration provided to the crop for each treatment and year.
In the 2019 campaign, CON treatment had some problems with the dosing dispenser over
the experiment, suppling a 9–12% less total N and P than the other treatments, showing
significant differences. Mg2+ supplied was significant for both years, due to the struvite
composition. In order to keep the same K+ concentration among the different NS of the
treatments, the use of potassium sulphate was needed; this is the reason why the different
concentration of sulphate was obtained. Results from the 2020 campaign show a better
adjustment for the NS composition among the three applied treatments; only three out of
10 parameters differ significantly.

Table 5. Average measured nutrient concentration (meq L−1), pH, and EC (dS/m) in the nutrient solution for each treatment
and year. For 2020, except for N, the values are from the development NS. Within each year letters indicate statistical
differences (p < 0.05) followed by the p-value. N.S.: not significantly different.

Treatments
Nutrient Concentration (Meq·L−1) dS/m

N H2PO4
2− K+ Ca2+ Mg2+ Na+ SO4

2− Cl− EC pH

Campaign 2019
CON 9.1 b 0.9 b 5.3 8.6 2.8 b 3.8 5.9 c 5.6 1.9 b 6.4 c
STR 10.7 a 1.2 a 6.6 8.9 5.2 a 3.8 9.1 b 5.6 2.2 a 6.5 b
SAN 10.3 ab 1.1 a 6.6 8.8 5.2 a 3.8 13.6 a 5.8 2.2 a 7.0 a

p-value 0.0058 <0.0001 N.S N.S 0.0003 N.S 0.0001 N.S 0.0023 <0.0001
Campaign 2020

CON 4, 3–8,
2–5 1 5.5 8.8 3.1 b 3.8 5.7 b 4.6 2.1 6.4 c

STR 4, 6–7,
8–5, 2 0.9 5.0 8.2 4.7 a 3.5 7.9 a 4.6 2.1 6.8 b

SAN 5–8, 1–5,
3 0.9 3.3 8.6 4.5 a 3.1 8.7 a 4.6 2.2 6.9 a

p-value N.S N.S N.S N.S <0.0001 N.S <0.0001 N.S N.S <0.0001

3.3. Leachates: Volume, Composition, and Nutrient Losses (N and P)

Considering that the fertigation management (irrigation time, water applied (834 ± 79
and 816 ± 77 L·m−2, in 2019 and 2020, respectively) and climatic conditions) were similar
for all treatments within a year, the leaching of water, P, and N concentrations were
compared. Moreover, considering the two different N concentrations (10 mM and a
dynamic 5-8-5 mM) supplied with the NS and the non-statistically significant total yield
for both crop seasons, even being different tomato varieties, the N and P dynamics were
compared between years. However, all the comparison results for the years of the study
can be the result of the genetic characteristics of the tomato varieties and other studies
should be performed to confirm the issue.

Firstly, the leached volume was 186 ± 41 and 168 ± 24 L·m−2 for 2019 and 2020,
respectively, with mean leached volumes percentage in the range of 19–31% of the water
supplied for all treatments and years. Regarding the P concentration leached within a
year, no significant differences were found, except for April 2019, with higher values in
STR treatment than SAN and CON (11 ± 4, 8 ± 3 and 4 ± 1 mg-P·L−1, respectively) and
April 2020, with higher values in SAN treatment than CON and STR (12 ± 2, 9 ± 2 and
6 ± 2 mg-P·L−1, respectively). However, when considering the total amount leached, SAN
and STR had higher values than CON in both years (3.9, 1.9, and 1.2 g-P·m−2 in 2019 and
0.8, 0.9, and 0.5 g-P·m−2, in 2020, representing 13.4, 6.7, 4.6, 3.4, 3.7, and 2.2% of the total



Agriculture 2021, 11, 1063 9 of 15

P-supplied, respectively). Data reveals that the percentage of P-leached is lower when P
concentration input is closer to 1 meq·L−1 and that most of the P has been either taken up
by the plants or remains in the substrate. Figure 2a shows the monthly mean P-percentage
leached per treatment and year, appreciating no differences among treatments.

Figure 2. (a) P and N leached percentage per treatment and year (mean ± standard error (SE) of n = 5); (b) monthly average
N concentration leached along the growing season per treatment and year (mean ± SE of n = 5 per treatment). The number
next to the treatment name indicates the year campaign.

Regarding the N concentration leached within the same year, no significant differences
were found between treatments, except for April 2019 with higher N concentration in STR
than SAN and CON, with 93 ± 36, 76 ± 35, and 54 ± 28 mg·L−1, respectively. However,
when considering the total amount of N leached in 2019, STR had the lower value with
38 g-N·m−2, followed by CON and SAN with 43 and 60 g-N·m−2, respectively, representing
28, 36, and 45 % of the N-leached. The dispersion among months is quite high, yet all
the treatments showed a higher concentration of N leached in July and June (Figure 2b;
Table S5), on fruit development stage. Nevertheless, considering the N-leached percentage,
the initial development stage (March and April) had also high values (19–37%) due to the
small size of the plant. Thus, in the 2020 campaign, the N supplied was lower and dynamic,
5-8-5 meq·L−1. In the 2020 assay, the total amount of N leached was much lower, with
values of 13, 11, and 8 g-N·m−2 for CON, STR, and SAN, respectively, representing 16, 14,
and 9% of the total N-applied. Both years followed a similar dynamic, July and April of
2020 having higher N-leached percentages. Nevertheless, in the 2020 campaign, the periods
of high N-leached were reduced in nutrient concentration and time. Figure 2a illustrates
the mean N-percentage leached per treatment and year and Figure 2b the N concentration
leached evolution along both campaigns. Vegetable crops are particularly susceptible to
having low N uptake efficiencies caused by several characteristics of vegetable cropping
(i.e., excess N input, shallow rooting, wide row spacing, short growing cycle, climate
conditions) [17,35], being associated with N losses to the environment and subsequent
negative environmental impacts. However, this study highlights the fact that N leached
may be reduced by lowering the standard N concentration in NS to approximately 8 mM
for a greenhouse soilless tomato crop under Mediterranean climatic conditions [17,24,36]
and using a dynamic nutrient solution, due to its reduction in nutrient runoff, as other
authors demonstrated [24,37]. Besides, some authors observed that a nutrient depletion at
the end of the crop drives a fruit loading at the cost of N leaves reserves, suggesting an
alternative strategy to limit N-waste [38].
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However, when recommending a N concentration, it is important to consider the
irrigation amount supplied, since it seems pointless to determine a critical N concentration
in solution since high or low rates of nutrient combined with low or high N concentrations
in solution may lead to similar plant growth rates and environmental pollution. Thus,
in our study, the mean amount of N leached was 47 ± 11 and 11 ± 3 g-N·m−2 in 2019
and 2020, respectively. Even the N leached by 10 mM-N treatment is lower than that
estimated by the regional N balance for the main greenhouse growing area in SE Spain,
which suggested that N supplied annually by all sources, in soil and soilless trials, exceeds
crop N uptake by 517–1058 kg-N·ha−1 [39,40]. In soil crops, is it suggested the use of
technology to schedule irrigation to reduce drainage amount, which substantially restricts
the N losses. However, in a soilless trial, is it important to maintain a certain percentage of
drainage to avoid salt accumulation in the “wet bulb”.

In the 2020 campaign, the N-NH4
+ was analyzed. Regarding the effects of the differ-

ent N-NO3
-/N-NH4

+ ratio applied by the different treatments in the leachates, even no
significant differences were detected except for August-20, the mean percentage of N-NH4

+

from the total N leached in 2020 was higher in SAN, followed by STR and CON, with 15, 8,
and 3.5%, respectively. These results suggest that there was a partial nitrification process of
the ammonium in the soilless cropping system, probably due to the low retention of the
perlite. However, the growing season effect is remarkable, thus, N-NH4

+ does not usually
have an adverse effect in summer weather due to rapid transformation and vigorous
plant growth [41].

3.4. Fruit Yield, Quality, and Biomass

In both years’ assays, there were no significant differences in total yield between
treatments. That means that the recovered products rich in N and P can substitute the
conventional fertilizers without bad effects in tomato production. However, the marketable
yield varies, being SAN treatment lower than CON in 2019, and STR treatment lower
than SAN (but without differences with CON) in 2020 (Table 6). Even so, no significant
differences were observed in fruit quality (g·fruit−1, caliber, and total soluble solids (SST)).
The percentage of non-marketable fruits in 2019 was remarkable, but it was not influenced
by treatment (results not showed). The tomato variety and high mean temperatures could
explain that, mostly due to blossom-end rot [24]. Moreover, a high NH4

+/NO3
- ratio

could produce a reduction in marketable fruit for SAN treatment, in agreement with
other authors [42], being important to consider the ammonium tolerance of the plant
species. As struvite use as raw material for a nutrient solution has not been investigated
to our knowledge, no comparison to other studies can be done. Still, some authors [12]
found no significant differences in respect to fertilizer performance of AN as compared
to the conventional use of synthetic N fertilizers in lettuce and maize crop, indicating
that recovered AN are valuable N sources and therefore might be used as N fertilizers in
crop cultivation.

Table 6. Total and marketable fruit yield, quality of tomato (weight, caliber (mm), and Total Soluble Solids TSS (◦Brix)) and
total biomass cv.Bond and Egara for 2019 and 2020, respectively. Average macronutrient concentration in fruits and leaves.
Within years, letters indicate statistical differences (p < 0.05) followed by the p-value. N.S.: not significantly different.

Total Fruit Marketable Fruit Biomass Fruit Leaves

Yield Yield Fruit Quality Total N P Mg K Ca N P Mg K Ca

kg·m−2 kg·m−2 g/Fruit Caliber TSS kg·m−2 mg/100 g Wet Basis %, Dry Basis

Campaign
2019

CON 22.8 14.7 a 278.8 81.5 5.3 1.16 b 110 25 7.4 199 5.8 2.2 b 0.6 b 1.3 5.6 a 4.4 b
STR 23.3 13.3 ab 253.9 79.8 5.4 1.38 a 96 22.7 6.5 183 5 2.8 a 1.2 a 1.8 3.2 b 7.8 a
SAN 21.6 12.5 b 240.9 78.0 5.5 1.20 ab 103 23.3 6.1 178 4.8 3.0 a 1.6 a 1.5 4.2 ab 5.5 b

p-value N.S 0.0455 N.S N.S N.S 0.031 N.S N.S N.S. N.S N.S 0.008 0.003 N.S. 0.013 0.004

Campaign
2020

CON 23 20.1 ab 248.5 81.4 4.5 1,08 106 22.7 6.9 b 213 7.2 2.4 0.9 1 1.7 8.8
STR 22 18.8 b 223.6 78.9 4.6 0,93 126 25.4 7.7 ab 211 6.9 2.1 0.7 1.5 1.5 8.1
SAN 23 20.7 a 230.6 79.7 4.6 0,9 135 27.3 8.3 a 226 6.3 2.4 1 1.5 1.6 8.3

p-value N.S. 0.0082 N.S. N.S. N.S. N.S. N.S N.S 0.0386 N.S. N.S. N.S. N.S. N.S. N.S. N.S.
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Regarding total biomass (Table 6), STR treatment shows more weight per unit of
surface than the rest in 2019, being the treatment that received higher N input. Moreover, in
2020, when the N input was reduced, the total biomass did too. According to these results,
several authors correlate positively the N availability with dry matter accumulation [43] and
the tendency to allocate biomass to vegetative tissue while there is no increase or decrease in
fruit production, the well-known phenomena of excess N favoring vegetative growth [44].

All the fruits’ nutrients concentrations obtained are in concordance with published
data [45,46] without detecting any type of deficiency or stress, being the magnesium the
only nutrient that showed significant differences within the same year, in the 2020 trial,
with a higher amount in recovered treatments (STR and SAN) due to struvite composition
(Table 4). However, nutrient leaves’ content exhibited more dispersion in 2019, with a
higher content of P and N in STR and SAN treatments (Table 4), probably due to the higher
amount supplied as other authors reported [8]. These results confirm a good performance
of the recovered products in the NS. Moreover, the analysis of heavy metals on fruit showed
lower values than the ICP-AES detection threshold for Cd, Cr, Hg, Ni, and Pb. For Cu and
Zn, CON had similar values than the other treatments (Table S6), evidencing the security
for health and environmental risk.

3.5. P and N Crop Uptake

P uptake by tomato plants increased significantly in STR and SAN, compared with
CON in 2019, due to a higher P concentration in the NS (Figure 3, Table S7). However,
what particularly increased was the P content in crop aerial biomass, but not in fruits, with
no effects on total yield, as reported by other authors [47]. Thus, in the 2020 campaign,
when the P concentration between treatments was similar, no differences in the amount
of P uptake were detected. Besides, the mean percentage for all treatments of P uptake
from the total P supplied in 2020 was 54 ± 9% (30 ± 6% for biomass and 24 ± 7% for fruit),
similar to other studies in hydroponics [33].

Figure 3. P (left) and N (right) allocation in fruits and aerial biomass (g·m−2) (mean ± SE of n = 3).
Within each nutrient, letters indicate statistical differences according to Tukey test (p > 0.05).

N uptake showed significant differences only in N-aerial biomass, mainly in STR
and SAN in 2019, indicating a similar tendency as P when the concentration in the NS is
higher. However, when comparing the percentage of N uptake by the biomass from the
total N applied, no differences are found within a year, meaning that the more nitrogen
is applied, the more is absorbed by the biomass. These results agree with the conclusions
obtained when comparing amongst both crop seasons, where the percentage of N uptake
by the biomass is similar, being 24 ± 4% for both years, as other authors reported for
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tomato crops [33]. However, there are significant differences among the fruits and the
total N uptake, this last with values of 42 ± 3 and 59 ± 5% for 2019 and 2020, respectively
(Figure 4), considering a better N uptake efficiency with the 5-8-5 meq-N·L−1 NS. Even
so, some studies associate environmental pollution to the limited crop uptake of applied
nutrients, often 30–40% of applied N, by fast-growing vegetable species [48].

Figure 4. Percentage of N uptake by biomass and fruits per year (mean ± SE of n = 9). Letters
indicate statistical differences according to Tukey test (p > 0.05) between years.

4. Conclusions

This study showed that struvite and ammonium nitrate products used as fertilizers
in fertigation systems for tomato crops were equally effective in total yield and quality
product compared to conventional fertilizers. For the first time, struvite has been used
in fertigation in edible crops and this use has been fully successful. However, there were
some differences in marketable yield for SAN treatment.

Furthermore, our results show that for soilless tomato cultivation under Mediter-
ranean climatic conditions, the concentration of N in the nutrient solution can be reduced
to a dynamic 5-8-5 meq·L−1 without reducing yield or physical quality, which may cause
the reduction of nitrogen leaching.

These results give insight into the urgent need for more sustainable crop management
reducing the fertilizer demand. Further studies should investigate the agronomic and
environmental fertilizer performance of struvite and ammonium nitrate under varying
plant species, substrates, climatic and geographical conditions, and keep focusing on
sustainable crop management.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/agriculture11111063/s1, Figure S1: Experimental scheme of the study; Table S1: Characteri-
zation of recovered struvite product based on the current legal framework in the revised fertilizer
directive and in the temporary STRUBIAS document; Table S2: Chemical analysis of irrigation water;
Table S3: Non-parametric variables (analyzed for significance using Kruskal–Wallis p < 0.05 and
Wilcoxon test); Table S4: N-NH4+, N-NO3-, and N-total concentration of the nutrient solutions (NS)
along the experiment (mean ± SD); Table S5: Nitrogen leached concentration measured along the
experiments (mean ± SD); Table S6: Analysis of heavy metals on fruit and leaves (n = 1); Table S7. P
and N uptake in aerial biomass (stems and leaves), fruit and both (total) for all treatments and years
(mean ± SD).
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