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The usefulness of a nutrient-enriched zeolite (NEZ) obtained from simultaneous ammonium (NH4
+) 18 

and phosphate (PO4
3-) recovery from urban wastewaters was evaluated as soil amendment through 19 

the early growth of sunflower (Helianthus annuus). The NEZ systems were applied to sandy (acid) 20 

and clayey (basic) soils from Mediterranean agricultural areas (Spain). Some plant growth indicators 21 

were measured: evapotranspiration, plant moisture content, plant biomass, root/shoot ratio, nitrogen 22 

and phosphorous uptake and the C/N ratio. The experimental data exhibited differences in the growth 23 

indicators for un-amended and amended soils. The addition of the NEZ system increase the plant 24 

water content of sunflowers grown on clay soils. The plant biomass of sunflower was improved by the 25 

incorporation of NEZ system in all treatments for the two soils studied. A reduction of the root/shoot 26 

ratio for the treatments of clay soil by application of NEZ systems were observed. The content of 27 

ammonium and phosphorous in tissues increased considerably with the addition of amendment 28 

material. Besides, the ammonium, nitrate and inorganic phosphorous in the post-test soils revealed 29 

that nutrients were still available for a second growth cycle. As demonstrated in previous work, the 30 

NEZ system releases nutrients continuously controlled by soil pH and mineral composition as well as 31 

the irrigation conditions provided. Therefore, this approach of amendment materials for soil seems to 32 

be a promising alternative for agricultural practice, where the dose selection must be balanced 33 

according to the plant's nutrient needs and soil properties by adjusting the growth conditions. 34 

Keywords: wastewater treatment; nutrient-enriched zeolite; amended soil; sunflower; plant biomass 35 

 36 

1. Introduction 37 

Nowadays, soil and water are non-renewable resources (FAO, 2015). The United Nations 38 

Organisation has established the objectives for sustainable development of the world, among which it 39 



is worth highlighting: “end hunger, achieve food security and improved nutrition and promote 40 

sustainable agriculture” and “ensure access to water and sanitation for all”. A sustainable food 41 

production system requires the implementation of agricultural practices that increase soil productivity 42 

and food production (United Nations, 2018). A strategy to improve agricultural production is through 43 

the incorporation of crop management practices that allow soil function in optimal conditions 44 

(Desavathu et al., 2018). However, soil fertility and production are affected by soil management: i) 45 

rapidly losing nutrient elements ii) excessive use of inorganic fertilisers and organic manure, iii) lack 46 

of soil pH regulation, iv) inadequate soil moisture management for the proper plant nutrient uptake 47 

and v) use of poor tillage practices (Regional Land Management Unit (RELMA), 2003). Besides, the 48 

use of amendments play a critical role in soil management, but there are estimates that the existing 49 

phosphatic rock reserves may be depleted within decades (Cordell et al., 2009). Potential responses 50 

to P scarcity may include increased cost, more efficient P use as well as P recovery and re-use 51 

(International Fertiliser Industry Association, 2009). 52 

With this background, nitrogen (N) and phosphorus (P) can be considered the main threats to natural 53 

water-receiving bodies because they promote the deterioration of water quality. Phosphorous exists 54 

as the anionic form of phosphates (H2PO4-HPO4
2-) and nitrogen exists as the cationic form (NH4

+) in 55 

municipal effluents (Guaya et al., 2016a; 2016b) and the excessive application of fertilisers promotes 56 

the leaching of these nutrients, promoting the reduction of soil fertility and rapid acidification (Pratiwi 57 

et al., 2016). Therefore, it is necessary to make drinking water safe, affordable and accessible for all 58 

by reducing untreated wastewater and ensuring safe reuse because poor water quality and 59 

inadequate sanitation also negatively affect food security. Phosphorus and nitrogen are the most 60 

important nutrients for growing plants (Marshner, 2012). The recovery and re-use of P within hitherto 61 

unexploited secondary streams (e.g. urban wastewaters) may reduce pressure on limited phosphatic 62 



rock primary reserves and the dependence on third markets. The dramatic increase in the use of 63 

mined phosphatic rock for food production enhanced vulnerability in terms of food security. The 64 

development and utilisation of efficient, cost-effective techniques for P recovery from solid and liquid 65 

waste materials is mandatory in several EU countries (Nättorp et al., 2019). It has been demonstrated 66 

that inorganic-phosphorous (PO4
3-) may be recovered from aqueous waste streams via selective 67 

sorption to a solid phase and direct use as a soil conditioner or in fertiliser formulation (Notario del 68 

Pino et al., 1995). Alternatively, the sorbed P may subsequently be stripped from the solid sorbent 69 

and chemically precipitated as a high-purity fertiliser (Hermassi et al., 2019). 70 

Zeolites are low-cost sorbents with high cation-exchange capacities and specific surface areas, and 71 

they are highly selective toward cationic species. Zeolites have been largely used for soil applications 72 

where nutrients (NH4
+ and K+) can be exchanged and slowly released for plant uptake, thus avoiding 73 

the runoff of groundwater. Nutrient-enriched zeolites (NEZ) have been studied since the 1970s, but 74 

they are probably the only materials that have been proven and demonstrated effective for a variety 75 

of productive end-uses through many laboratory and field experiments (Ming and Allen, 2001). The 76 

use of modified zeolites has been demonstrated to simultaneously adsorb phosphate due to the 77 

incorporation of hydrated metal oxides (HMOs) as functional groups (Guaya et al., 2017), and 78 

zeolites also have ammonium sorption by ion exchange (Guaya et al., 2015). The recycling of 79 

nutrients such as nitrogen, phosphorous and potassium from wastewaters is proposed to become a 80 

secondary source for obtaining amendments that can be used to improve soil fertility (Guaya et al., 81 

2018). This alternative is proposed to reduce the depletion of natural sources of phosphorous that is 82 

expected to occur within the next decades and could become an efficient way to contribute to the 83 

closure of biological cycles of P and N in nature (Yin et al., 2018).  84 



The novelty of this work is the use of these nutrient-enrich zeolites (NEZ), obtained as by-products 85 

from a wastewater treatment process, as an additive for soil amendment applications for plant 86 

growth. There is an antecedent of a previous study (Guaya et al., 2018). The main outcomes of the 87 

previous work were: i) protocols to prepare zeolites for the simultaneous N and P recovery from 88 

urban wastewater, ii) release of macro- and micronutrients to soil systems with negligible contents of 89 

toxic elements and iii) slow release of exchangeable N, P, K elements with potential for cultivation. 90 

Therefore, this work aims to evaluate, at a laboratory scale, the nutrient-enriched zeolites (NEZ) 91 

obtained from urban wastewater as inorganic amendments for agricultural applications. The specific 92 

objectives of this study are to i) modify natural zeolites for simultaneous ammonium and phosphate 93 

adsorption, ii) obtain NEZ systems from an effluent from a wastewater treatment plant and iii) 94 

evaluate sunflower (Helianthus annuus) early plant growth indicators to compare the additions of 95 

phosphate and ammonium through NEZ systems and without application of them.  96 

2. Materials and methods 97 

2.1. Preparation of K-zeolites forms 98 

A natural clinoptilolite (NC) from Zeocem Company (Slovak Republic) was ground until particles 99 

below 74 μm. The NC samples were treated separately in 50 g amounts in 250 mL of 0.1 M AlCl3, 0.1 100 

M FeCl3 and 0.1 M MnCl2. In this study, Fe3+, Al3+ and Mn2+ were used to enhance the phosphate 101 

adsorption by impregnation on natural zeolite for obtaining a simultaneous sorbent for both nutrients 102 

(NH4
+ and PO4

3-) (Guaya et al., 2018). Fe3+ and Mn2+ are important micronutrients, Al3+ is a beneficial 103 

element and all are essential nutrients for crops. The incorporation of these soil elements (Fe3+, Al3+ 104 

and Mn2+) would not represent the adulteration of the soil environment. The pH values of solutions 105 

were adjusted at pH 7 ± 0.5 using 10 M KOH (KNC) within the initial 20 minutes of treatment. The K-106 



zeolite: aluminium (KAlC), iron (KFeC) and manganese (KMnC) forms of zeolite were obtained under 107 

reflux during 3 h by two consecutive times. After treatment, samples were washed until no chloride 108 

was detected by the AgNO3 test and dried at 80°C for 24 hours. 109 

2.2. Preparation of NEZ systems 110 

A secondary effluent from the El Prat wastewater treatment plant (WWTP) in Barcelona, Spain was 111 

used for phosphate and ammonium sorption by K-zeolites forms, obtaining the NEZ system. The 112 

chemical composition of the treated wastewater used is shown in Table 1. Weighted amounts of K-113 

zeolites (6 g of KAlC, KFeC, KMnC) were equilibrated in 500 mL of the effluent stream from 114 

secondary treatment at the El Prat WWTP at pH 7.5 ± 0.5 to obtain nutrient-enriched zeolites or NEZ 115 

systems (NEZ-Al, NEZ-Fe and NEZ-Mn). Nutrient load was enhanced by increasing the ammonium 116 

(500 mg N-NH4
+/L) and phosphate (500 mg P-PO4

3-/L) concentratios in the wastewater effluent (by 117 

addition of NH4Cl and NaH2PO4·2H2O, respectively). Experiments were performed at 500 rpm and at 118 

room temperature (21 ± 1°C). The concentratios of ammonium and phosphate ions were determined 119 

initially and remaining aqueous solution was tested at different periods to determine the sorption 120 

capacities until equilibrium (Qe), as described by Eq 1. Samples were filtered (45 μm) before analysis. 121 

Studies were performed in triplicate for each K-zeolite sample and the average Qe values are 122 

reported for the two final batches obtained.  123 

  (Eq 1.) 124 

where Ci is the total initial (mg/L) and Cf is the total remaining concentration (mg/L) of solution, V is 125 

the solution volume (L) and m is the NZE mass (g).  126 



Table 1 Chemical composition of the effluent stream from the secondary treatment at the El Prat 127 

WWTP (Barcelona, Spain) used for kinetic studies. 128 

 

ICP - MS elements 

 

Na Ca S K Mg Sr Al Si Fe Ba 

 mg/L 246.3 127.0 81.5 35.7 34.5 1.3 0.2 0.03 0.03 0.02 

 

 
Li B Ti V Cr Mn Co Ni Cu Zn As 

μg/L 19.1 257.3 5.8 12.3 0.9 3.1 1.5 28.2 4.5 58.3 2.7 

 
Se Rb Sr Mo Sn Sb Ba W Pb U 

 μg/L 2.6 16.0 1091 15.3 0.3 3.4 19.2 3.0 0.2 1.7 

 

 

Be, Sc, Ga, Ge, Y, Zr, Nb, Cd, Cs, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, 

Ta, Tl, Bi, Th 

μg/L <0.2 

 

TOC elements 

 

NPOC NT TOC TC IC 
 

mg/L 11.76 295.70 10.4 50.0 41.6 
 

 

Ionic Elements 

 

NH4
+ PO4

3- NO3
- Cl- 

  
 mg/L 30.1 13.5 51.3 541.9 

   Standard methods were used for phosphate and ammonium quantification (M.H. McCrady. American 129 

Journal of Public Health and the Nation’s Health, 2011). The P concentration was analysed by the 130 

vanadomolybdophosphoric acid colourimetric method (4500-P C) and N was determined by the 131 

ammonia-selective electrode method (4500-NH3 D). A Thermo Scientific Ionic Chromatograph 132 

(Dionex ICS-1100 and ICS-1000) was also used for ion determination. The non-purgeable organic 133 



carbon (NPOC), total carbon (TC), total organic carbon (TOC), inorganic carbon (IC) and total 134 

nitrogen (NT) were determined in a total organic carbon analyser (Shimadzu, TOC-VCPH). Finally, an 135 

elemental analysis including traces existent in the treated wastewater effluent was performed by 136 

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) at CSIC, Barcelona, Spain. 137 

2.3. Soil sampling 138 

Surface (plough layer) soil samples (top 30 cm) were collected from agricultural field locations of NE 139 

Spain sampling locations as shown in Figure 1. Two soils with contrasting textures were selected for 140 

this study; they were used as representative of agricultural areas of the Mediterranean region. A clay 141 

texture soil (CS) was obtained from Samitier, Huesca (Longitude -1.4863; Latitude 0.0000), and 142 

sandy texture soil (SS) was obtained from Sant Celoni, Barcelona (Longitude 2.5258; Latitude 143 

41.6592). The CS soil is located in the northern limit of the Ebro Depression. This is an agricultural 144 

soil developed over marls in a dry continental Mediterranean climate (annual temperature of 11.4°C 145 

and 660 mm of precipitation). As soil texture is the common soil criteria used by scientists, in this 146 

study it was used as the key soil property for sample selection because it determines the chemical, 147 

physical, and biological properties of soil (e.g. soil aggregation, structure, permeability, crop 148 

productivity, nutrient availability and recycling, and geochemical processes, among others) 149 

(Rodríguez-Lado and Lado, 2017). On the other hand, the CS soil is located in the Litoral Catalan 150 

mountain range and developed over granites of the Paleozoic. The CS and SS were classified into 151 

the Xerorthent group, Entisol order (USDA, 1999). The visible impurities were removed from soil 152 

samples before sieving to < 2 mm. Soils were characterised for pH, bulk density, carbon, nitrogen, 153 

phosphorus and calcium carbonate content  as well as the sand, silt and clay percentages. The soil 154 

pH was measured using a 1:1 (w/v) soil-water suspension that was shaken for 1 h based on ASTM 155 

D4972-13 (standard test method for pH of soils). Bulk density was determined using the method 156 



described by ASTM D4531-15 (standard test methods for bulk and dry density of peat and peat 157 

products). The moisture was determined by drying soil for 24 h at 105°C based on ASTM D2974-14 158 

(standard test methods for moisture, ash and organic matter of peat and other organic soils). In 159 

addition, the organic matter content (SOM) was determined by using the loss on ignition method at 160 

600°C for 8 hours and calculated by Eq 2.  161 

   (Eq 2.) 162 

where wi is the soil weight (g) before calcination, and wc is the soil weight (g) after calcination. 163 

 164 

Figure 1 Geographical description of the locations where the soil samples were used in the study: a 165 

sand soil from Sant Celoni (Barcelona), and a clay soil in Samitier (Huesca), Spain. 166 



2.4. Characterisation of zeolites and soils 167 

A powder X-ray diffractometer was used for X-ray diffraction (XRD) characterisation of zeolite 168 

samples (KAlC, KFeC, KMnC and NEZ systems) and of soil samples (CS and SS). The chemical 169 

composition and morphology of the of KAlC, KFeC, KMnC samples were determined by a field 170 

emission scanning electron microscope coupled to an energy dispersive spectroscopy system. The 171 

nitrogen gas adsorption method was used for the specific surface area determination of KAlC, KFeC 172 

and KMnC samples on an automatic sorption analyser. The acid-base properties of the KAlC, KFeC, 173 

KMnC samples were determined. The K-zeolite samples were equilibrated at different ionic strengths 174 

(25 mL of deionised water; 0.01, 0.05 and 0.1 M NaCl) at 200 rpm and 21 ± 1°C. The pH drift method 175 

was used for point of zero charge (PZC) determination in the range of pH 2 to 11 (Villanueva et al., 176 

2014). All analyses were performed by replicating three times for each sample and the average 177 

values are reported. 178 

2.5. Fertiliser efficiency test in soil-plant systems: Experimental design  179 

The fertiliser efficiency test was assessed by studying the plant growth and nutrient uptake in 180 

controlled conditions in soils amended with NEZ. First, the soil samples (CS and SS) were sieved to 181 

< 2 mm and divided into different 500 g portions. The NEZ systems (NEZ-Al, NEZ-Mn and NEZ-Fe) 182 

were added to each soil sample (CS and SS) and mixed thoroughly to obtain the doses commonly 183 

used to cover N and P crop needs: 150 kg N ha-1 and 80 kg P ha-1 (Marshner, 2012). Particularly, for 184 

sunflower sowing, previous studies have reported amendment doses with values ranging from150–185 

200 kg N ha-1, 50–100 kg P ha-1 and 50 kg K ha-1. (Ebrahimian et al., 2019; Heidari and Karami, 186 

2014; Sahoo et al., 2018). The amendment doses (kg ha-1) provided for each soil pot are 187 

summarised in Table 2. 188 



Table 2 Data of phosphate and ammonium content on NEZ systems and soil amendment doses 189 

applied to clay and sandy soils. 190 

Soil NEZ Batch 
Nutrient content Amendment 

mg NH4
+/ g mg PO4

3-/ g kg N.ha-1 kg P.ha-1 

CS 

Control 0 Soil only (No zeolite) 

NEZ-Al 
1 5.7 3.7 

148 ± 15 90 ± 5 

2 5.0 3.6 

NEZ-Mn 
1 8.8 12.8 

160 ± 12 253 ± 9 
2 6.4 11.0 

NEZ-Fe 
1 5.7 4.6 

144 ± 10 120 ± 8 
2 4.7 4.0 

SS 

Control 0 Soil only (No zeolite) 

NEZ-Al 

1 5.7 3.7 

131 ± 10 89 ± 4 
2 5.0 3.6 

NEZ-Mn 
1 8.8 12.8 

158 ± 9 250 ± 10 
2 6.4 11.0 

NEZ-Fe 

1 5.7 4.6 

127 ± 9 106 ± 5 
2 4.7 4.0 

  191 

The experiment was performed using polyethene containers (300 mm length × 111 mm internal 192 

diameter) to simulate the natural ploughing layer for sowing purposes (supplementary information 193 

Figure S1). The system is a funnel where either the soils (no zeolite) or amended soil is contained 194 



(soil sample mixed with nutrient-enriched zeolite) and a base-collector where the leachates from 195 

irrigation are recovered. The plant used for the growing experiments was Helianthus 196 

annuus, (sunflower). This plant was used for its fast-growing, high nutrient absorption and easy 197 

harvest in controlled climatic conditions characteristics (Gholamhoseini et al., 2013). Furthermore, 198 

sunflower is a model plant in plant physiology studies (Taiz and Zeiger, 1998). The experimental 199 

design was a complete factorial design with two factors: a soil factor with two levels (clay type (CS) 200 

and sand type (SS)) and a zeolite factor with four levels (control (un-amended soil: no zeolite), NEZ-201 

Al, NEZ-Mn and NEZ-Fe); six-pot replicates were made per treatment (48 pots in total) and average 202 

values are reported. 203 

At the beginning of the experiment, the study soils were wetted until reaching field capacity. Two 204 

seeds of sunflower (Helianthus annuus) were sown in each treatment pot. All pots were placed in a 205 

growing chamber with 16 hours of light at 25°C and 8 hours of darkness at 22°C and 90% relative 206 

humidity. From the third week until the last week of the experiment, the temperature was adjusted to 207 

16 hours of light  at 23ºC and 8 hours of darkness et 20ºC, and the light intensity was reduced to 208 

slightly lower the evapotranspiration rate, thus keeping the crop properly watered. 209 

2.5.1. Plant growth and productions 210 

The plant growth was measured for forty-four days from January to February 2016 during the 211 

vegetative growth period. The early plant growth was evaluated; this vegetative stage includes: a) 212 

start planting and b) heading. During the first week, plants were watered daily with 50 mL of 213 

deionised water. From the second until the last week, plants were watered twice per week with an 214 

average of approximately 125 mL per event, so it was possible to satisfy the evapotranspiration and 215 

maintain the crop at field capacity while ensuring good soil water conditions.  216 



Two samples of the effluent from each pot were collected per week to monitor nutrient leaching. 217 

Evapotranspiration was assessed twice a week by the mass difference between the amount of water 218 

used for irrigation of the system and the water drained from each device over time. In addition, the 219 

growth of the plant (height and leaves emergence and expansion) was measured twice a week. The 220 

plant height was measured from the base to the apical bud.  221 

2.5.1.1. Above-ground and below-ground biomass and C, N and P content in plant tissues 222 

At the end of the experiment, the aboveground biomass and belowground biomass from the six 223 

replicates of each treatment (48 pots) were collected separately for individual further chemical 224 

analysis. The mass of aboveground biomass (stems and leaves) was registered immediately for 225 

obtaining the fresh weight. Afterwards, the aboveground biomass was dried at 70°C until constant 226 

weight.  227 

Plants were harvested after 44 days of growth, before reaching the flowering stage. The fresh and 228 

dry weight of each aboveground and belowground plant sample was recorded. Dry weight was left at 229 

70°C until constant weight according to the Standard Test Methods for Direct Moisture Content 230 

Measurement of Wood and Wood-Base Materials (ASTM D4442–07). C and N content were 231 

determined using dry powdered samples with vanadium pentoxide catalyst in a Carlo Erba Elemental 232 

Analyzer (CHNS). The plant samples were wet digested in nitric and perchloric acid using an 233 

aluminium block for phosphorous quantification by inductively coupled plasma spectrometry (ICP-234 

MS). 235 

2.5.1.2. NH4
+, NO3

- and P content in substratum post-test 236 



The ammonium and nitrate determination of each sample of soil was extracted by agitation in 0.5 M 237 

K2SO4 (3:25, fresh weight: volume) at room temperature for 1 h. Then, the extract was centrifuged 238 

and filtered for further analysis by the sodic salicylate and sodic nitroprussiate method (Baethgen and 239 

Alley, 1989). The nitrates were determined by the sodic salicylate method (Cataldo et al., 1975). In 240 

addition, the phosphorous extraction from soil in 0.5 M H2SO4 (1:20 dry weight: volume) at room 241 

temperature for 16 h was performed. Then, the extract was centrifuged and filtered for further 242 

analysis 243 

2.6. Data statistical processing 244 

The results were validated by a two-factor analysis of variance (ANOVA). Differences between 245 

groups were analysed by Duncan's "post hoc" test, using the statistical tool SPSS Statistics software, 246 

v.22. 247 

3. Results  248 

3.1. Zeolites and soils characterisation 249 

Natural zeolite was characterised mainly as clinoptilolite containing traces of quartz and albite 250 

(supplementary information Figure S2). The XDR analysis revealed the lack of a pure crystalline 251 

structure in NC (supplementary information Figure S3). The reduction of sodium, magnesium and 252 

calcium content was determined in K-zeolites in comparison to NC (supplementary information Table 253 

1) due to ion exchange reactions.  254 

The mineralogical phases and physical properties of both soil samples are summarised in Table 3. 255 

The clay soil (SC), with pH 8.4 ± 0.3, is described as mixed calcareous soil due to its high contents of 256 

calcium, aluminium, iron and magnesium with high contents of quartz and illite (Gunkel-Grillon et al., 257 



2015). It contains 27% of CaCO3, a medium content of organic matter (8%) from agricultural 258 

practices leaving harvest residues on the topsoil, a silty-clay texture and a Ca-dominated cation 259 

exchange complex with values of 25 cmol(+) kg-1. In contrast, the sandy soil sample (SS) was 260 

characterised as a slightly acidic soil with pH 6.0 ± 0.3, so it is considered a typical ferralitic soil with 261 

higher contents of iron, aluminium and manganese, and it was rich in albite and quartz. This soil has 262 

a sandy loam texture (7% clay) and a Ca cation exchange capacity of 12 cmol (+) kg-1. 263 

Table 3 Chemical and physical characterisation of soils (CS and SS). 264 

Properties CS SS 

Minerals 

Quartz SiO2, Calcite CaCO3, Illite 

(K,H3O)Al2Si3AlO10(OH)2, Clinochlore 

(Mg,Fe)5Al(Si3Al)O10(OH)8), Microcline 

(KAlSi3O8) Albite (NaAlSi3O8) 

Quartz SiO2, Albite 

(Na,Ca)Al(Si,Al)3O8, Microcline 

(KAlSi3O8), 

Nontronite 

(Na0.3Fe3+
2Si3AlO10(OH)2.4(H2O)) 

pH 8.4 ± 0.3 6.0 ± 0.3 

Moisture (%) 3.3 ± 0.3 2.4 ± 0.2 

Bulk density 

(g/cm3) 
1.2 ± 0.3 1.3 ± 0.3 

Organic matter 

(%) 
8.8 ± 0.5 5.4 ± 0.4 

Carbon (%) 1.1 ± 0.1 1 ± 0.1 

Nitrogen (%) 0.8 ± 0.1 0.7 ± 0.1 

CaCO3 (%) 27.0 ± 3.0 <l.q. 



Phosphorus 

(mg/g) 
0.32 ± 0.04 0.25 ± 0.06 

Silt (%) 34.0 ± 0.8 14.0 ± 0.8 

Clay (%) 45.0 ± 1.0 7.0 ± 0.4 

Sandy (%) 21.0 ± 1.0 79.0 ± 4.0 

( ± ) The plus-minus sign has been used to denote the standard deviation 265 

<l.q. Below the limit of quantification 266 

3.2. NEZ systems preparation 267 

Two batches of nutrient-enriched zeolite systems were obtained by phosphate and ammonium 268 

sorption from wastewater treated effluent. A selective ammonium and phosphate sorption was 269 

performed by the K-zeolites even though the existence of ions (e.g., Na+, K+, Ca2+, Mg2+, SO4
2-, 270 

HCO3
-, NO3

-, Cl-) in wastewater treated effluent as is depicted in the supplementary material Figure 271 

S4. The sorption kinetic data determine that ammonium sorption equilibrium was reached within 15 272 

minutes; however, more than 60 minutes were necessary for the phosphate sorption by K-zeolites 273 

due to a slow sorption mechanism supporting the ion exchange and complexation reactions. The 274 

NEZ systems (NEZ-Al, NEZ-Mn and NEZ-Fe) have specific phosphate and ammonium contents due 275 

to the sorption mechanisms involved in each case and which have been discussed in the subsection 276 

3.3.3. and are summarised in Table 2. In particular, the NEZ-Mn was the only system in which there 277 

was identified a precipitation reaction that was characterised by the highest values of phosphate and 278 

magnesium sorption capacities. In this case, a new mineral phase was found on the NEZ system 279 

identified as ammonium manganese phosphate hydrate oxide (NH4MnPO4·H2O) through the XRD 280 

patterns.  281 



3.3. Plant growth  282 

The leaf formation and sunflower development is determined mainly by the N, P, K fertilisation 283 

conditions provided by the NEZ system, according to the information depicted in Figure 2. A brief 284 

photographic register of sunflower growth monitoring and control is compiled in supplementary 285 

information Table S2 and Figure S5. 286 

287 
Figure 2 Content of ammonium and inorganic phosphorus for both amendment soil and non-288 

amendment soil used for plant growth. 289 

3.3.1. Evapotranspiration 290 

The evapotranspiration is defined as the combination of evaporation and transpiration, which refers 291 

to the release of water from the soil and plants to the atmosphere (Song et al., 2013). The curve of 292 

the average accumulated evapotranspiration during the amendment of clayey and sandy soils is 293 

shown in supplementary information Figure S6 a, b and c. Evapotranspiration follows the trends of 294 

plant growth dynamics. When plants are small, the evapotranspiration is low and similar for both 295 

soils. However, in the later samplings, the evapotranspiration increased due to the plant growth. 296 



Moreover, the incorporation of NEZ systems did not modify the evapotranspiration on both clayey 297 

and sandy amended soils (supplementary information Figure S6 a and b).  298 

3.3.2. Plant Moisture content 299 

The average moisture content for each zeolite treatment and the control as reference is depicted in 300 

supplementary information Figure S7. All the treatments showed good hydration conditions, as 301 

expected in a system watered to supply evapotranspiration losses. The addition of the NEZ system 302 

changed the plant water contents of sunflowers grown on clay soils but for sandy soils the water 303 

content was the same in all treatments.  304 

3.3.3. Plant Biomass  305 

The average total plant dry mass obtained from each type of amendment used in clay and sandy 306 

soils is summarised in Figure 3.  307 

 308 



Figure 3 Average total dry mass and increase of total biomass for each type of amendment used in 309 

soils in comparison to the control soil sample. Mean values and standard deviation (n = 6). CS: Clay 310 

soil and SS: Sandy soil. Averages with different letters represent significant differences (p <0.05). 311 

The lowercase letters indicate significant differences among treatments. The capital letters indicate 312 

differences between soil types for the same treatment. 313 

The final biomass for the different treatments analysed is shown in Figure 3. The application of 314 

zeolites increased the crop production in all the treatments applied and for the two contrasted studied 315 

soils. At the end of the cropping period, the biomass in the control soil was 0.77 g per test for the clay 316 

soil and 1.27 g per test in the sandy soil, being higher in the latter soil. The effect of NEZ system 317 

application was higher on the clay substrate compared to in the sandy soil and had a common 318 

pattern with respect to the response level of the different treatments applied. 319 

The highest yield on both soils was when under the ZMn treatment, with a value of 3.86 g per pot for 320 

clay soil and 2.89 g per pot for sandy soil, thus increasing plant productions by a 401% and 131%, 321 

respectively. ZMn is followed by the ZAl treatment, with values of 2.84 g per pot and 2.27 g per pot 322 

for clayey and sandy soil, respectively (269 and 77% respectively). Finally, the ZFe treatment had a 323 

biomass of 2.28 g per pot for clay soil and 1.82 g per pot for sandy soil (95 and 50% increase with 324 

respect to control). These results are in line with the amounts of amended nitrogen and phosphorous 325 

used for the study (according to the data collected in Table 1). This is because the highest contents 326 

of kg P ha-1 and kg N ha-1 amended to soils followed the sequence in NEZ-Mn > NEZ-Al > NEZ-Fe, 327 

which is this same trend for biomass results.  328 

The natural zeolites used in this study revealed a typical characteristic plate-like morphology with 329 

networks of crystal clusters with cavities and entries to the channels (Nguyen et al., 2015). The 330 



surfaces of the K-zeolites were covered by uniformly distributed small particles and crystals; 331 

however, no new mineralogical phases were found (Zhang et al., 2015) which suggest Al3+, Fe3+ and 332 

Mn2+ ions were dispersed in the zeolite framework, forming hydrated metal oxides (Benaliouche et 333 

al., 2012).  334 

The ammonium sorption was explained in terms of ion exchange reaction with potassium ions, as is 335 

described by Eq 3.  336 

Z-K+ +NH4
+↔ K+ + Z-NH4

+  (Eq 3) 337 

where Z- represents the zeolite structure. 338 

The acid-base characterisation of zeolites forms determined a point of zero charge (pHpzc) of 5.2 ± 339 

0.4 for NC in comparison to K-zeolites pHpzc 7.3 ± 0.4 for KAlC, 6.4 ± 0.4 for KFeC and 6.9 ± 0.4 for 340 

KMnC. The increase of the pHpzc of the sorbents is associated with the surface’s incorporation of Al3+ 341 

Fe3`and Mn2+ due to the existence of new functional groups on the active sites of the sorbent (Rida et 342 

al., 2013). The K-zeolites (KAlC, KFeC and KMnC) revealed the existence of positive charges below 343 

pHpzc, so considering the common pH of real municipal wastewater (pH ~7.5), it favours the physical 344 

adsorption of orthophosphate anions (Ortega-Gómez et al., 2014). Over the pHpzc, negative charges 345 

are obtained on the sorbent surface where the phosphate oxyanions (H2PO4
- - HPO4

2-) sorption 346 

occurred through a chemical reaction via formation of complexes with the @MOH functional groups 347 

of the hydrated metal oxides. The phosphate removal patterns expected in this pH range could be 348 

explained by Eqs. 4 and 5:  349 

The formation of outer-sphere complexes with @MOH2
+ surface groups can be described by Eq 4: 350 

@MOH2
+X- + (H2PO4

-/HPO4
2-)« @MOH2

+(H2PO4
-/HPO4

2-) + X-  (Eq 4) 351 



The formation of inner-sphere complexes with @MOH surface groups can be described by Eq 5: 352 

@MOH+H2PO4
-/HPO4

2-« @MH2PO4
-/HPO4

2-+OH-  (Eq 5) 353 

3.3.4. Root/shoot (R/S) ratio  354 

The average R/S ratio for each type of amendment used in the study for clay and sandy soils is 355 

represented in Figure 4. 356 

 357 

Figure 4 Average of R/S ratio for each type of amendment used for soils. Mean values and standard 358 

deviations (n = 6). CS: clay soil and SS: sandy soil. Averages with different letters represent 359 

significant differences (p <0.05). The lowercase letters indicate significant differences among 360 

treatments. The capital letters indicate differences between soil types for the same treatment. 361 

The un-amended clay soil exhibited 44% of R/S ratio more than the un-amended sand soil. The R/S 362 

ratio of the different treatments changed after the incorporation of the NEZ system to the un-363 

amended clay and sandy soils. In fact, the incorporation of NEZ system to clay soil reduced the R/S 364 

ratio (NEZ-Al: 47%; NEZ-Mn: 13%; NEZ-Fe: 21%); and in sandy soil the R/S ratio increased (NEZ-365 



Mn: 34%; NEZ-Fe: 17%) except for NEZ-Al which revealed a reduction of 12% in comparison to the 366 

un-amended soils. 367 

3.3.5. Plant uptake of nitrogen and phosphorous  368 

The nitrogen and phosphorous contents in biomass at harvest are shown in Figure 5 and Figure 6, 369 

respectively.  370 

 371 

Figure 5 Plant uptake of nitrogen of amended soils compared to non-amended soil. Mean values and 372 

standard deviation (n = 6). CS: clay soil and SS: sandy soil. Averages with different letters represent 373 

significant differences (p <0.05). The lowercase letters indicate significant differences among 374 

treatments. The capital letters indicate differences between soil types for the same treatment. 375 

The nitrogen tissues content in contrasted soils for the different treatments are shown in Figure 5. 376 

The nitrogen uptake by plants was the same for un-amended clay and sandy soils. However, the 377 

nitrogen content in plant tissues increased when NEZ systems were applied in comparison to the un-378 

amended clay (NEZ-Al: 19%; NEZ-Mn: 44%; NEZ-Fe: 43%) and un-amended sandy soil (NEZ-Al: 379 



17%; NEZ-Mn: 45%; NEZ-Fe: 5%). As expected, the system with a higher content of nitrogen (Z-Mn) 380 

resulted in the highest tissue content of nitrogen. 381 

 382 

 Figure 6 Plant uptake of phosphorous of amended soils compared to non-fertilised soil. Mean values 383 

and standard deviations (n = 6). CS: clay soil and SS: sandy soil. Averages with different letters 384 

represent significant differences (p <0.05). The lowercase letters indicate significant differences 385 

among treatments. The capital letters indicate differences between soil types for the same treatment. 386 

The phosphorous contents in the biomass of contrasted soils for the different treatments are depicted 387 

in Figure 6. The phosphorous content in plant biomass was 34% higher for un-amended clay than 388 

un-amended sandy soil. The incorporation of NEZ systems to un-amended soils increased the 389 

content of phosphorous in the biomass of crops from amended clay soil (NEZ-Al: 110%; NEZ-Mn: 390 

77%; NEZ-Fe: 54%) and sandy soil (NEZ-Al: 210%; NEZ-Mn: 174%; NEZ-Fe: 140%). It is worth 391 

mentioning that the highest content of phosphorus was reported by the Z-Al system, which contained 392 

a lower amount of phosphorus. 393 

3.3.6. Carbon to nitrogen (C/N) ratio 394 



The average C/N ratio for each type of amendment used for clay and sandy soils is shown in Figure 395 

7. 396 

 397 

Figure 7 Average of C/N ratio of vegetable materials for each type of amendment used for soils. 398 

Mean values and standard deviations (n = 6). CS: clay soil and SS: sandy soil. Averages with 399 

different letters represent significant differences (p <0.05). The lowercase letters indicate significant 400 

differences among treatments. The capital letters indicate differences between soil types for the 401 

same treatment. 402 

The C/N ratio of the biomass is considered an indicator for the effective nitrogen uptake. Besides, 403 

this parameter has been used to analyse the state of the growth of plant organs, to evaluate the 404 

impact to the environment and to assess the quality of plant tissues (Royer et al., 2013). The 405 

incorporation of NEZ systems reduce the C/N ratios obtained in crops from un-amended soils 406 

compared with both amended clay soil (NEZ-Al: 1%; NEZ-Mn: 21%: NEZ-Fe: 24%) and amended 407 

sandy soil (NEZ-Al: 10%; NEZ-Mn: 38%; NEZ-Fe: 10%). Sunflowers from clay soils had higher C/N 408 

ratios than those from sandy soils.  409 



3.4. Nutrient content in soils and amended soils at harvest 410 

3.4.1. Moisture 411 

The average moisture content of substratum post-test for each type of amendment used for clay and 412 

sandy soils is shown in Figure 8.  413 

 414 

Figure 8 Average of moisture content of substratum at the end of the experiment for each type of 415 

amendment used for clay and sandy soils. Mean values and standard deviations (n = 6). CS: clay soil 416 

and SS: sandy soil. 417 

The soil moisture is maintained close to the field capacity in both soils, which reveals that good 418 

irrigation conditions were maintained during the assays. The sandy soil shows lower moisture values 419 

according to its lower water holding capacity. Clays and sandy soils revealed similar moisture 420 

contents at all treatments. The experimental data provide evidence that the incorporation of NEZ 421 

system did not change the clay soil moisture. Thus, there was not an increase or reduction of soil 422 

water holding capacity by the addition of the NEZ system to clay or sandy soils. 423 

3.4.2. Ammonium and nitrate 424 



The average of NH4
+ and NO3

- contents in soils at the end of the experiments for each type of 425 

amendment used for soils are represented in Figure 9.  426 

a)   427 

b)  428 

Figure 9 Average of a) NH4+ and b) NO3- substratum residual content for each type of amendment 429 

used for clay and sandy soils. Mean values and standard deviations (n = 6). CS: clay soil and SS: 430 

sandy soil. Averages with different letters represent significant differences (p <0.05). The lowercase 431 

letters indicate significant differences among treatments. The capital letters indicate differences 432 

between soil types for the same treatment. 433 



The amendment of clay and sandy soils using NEZ systems increased the contents of ammonium 434 

(CS: NEZ-Al: 20%; NEZ-Mn: 372%; NEZ-Fe: 560% and SS: NEZ-Al: 536%; NEZ-Mn: 709%; NEZ-Fe: 435 

809%) and nitrate (CS: NEZ-Al: 140%; NEZ-Mn: 165%; NEZ-Fe: 173% and SS: NEZ-Al: 610%; NEZ-436 

Mn: 590%; NEZ-Fe: 610%) in the substratum. Ammonium and nitrate contents in residual un-437 

amended clay soil were 127% and 160% higher than in un-amended sandy soil; respectively.  438 

3.4.3 Inorganic phosphorous 439 

The average of inorganic phosphorous in soils at the end of the experiment is shown in Figure 10.  440 

 441 

Figure 10 Average of inorganic phosphorous residual content for each type of amendment used for 442 

clay and sandy soils. Mean values and standard deviations (n = 6). CS: clay soil and SS: sandy soil.  443 

Averages with different letters represent significant differences (p <0.05). The lowercase letters 444 

indicate significant differences among treatments. The capital letters indicate differences between 445 

soil types for the same treatment. 446 

The phosphorous content in sandy soil was 60% greater than clay soil. The incorporation of NEZ 447 

system increase the phosphorous content of amended clay soil (NEZ-Al: 420%; NEZ-Mn: 140%; 448 



NEZ-Fe: 100%) and amended sandy soil (NEZ-Al: 244%; NEZ-Mn: 50%; NEZ-Fe: 25%) in 449 

comparison to un-amended soils. Although the largest addition of phosphorous was incorporated 450 

through the NEZ-Mn amendment, which provided the highest sunflower biomass in comparison with 451 

the two other treatments, this specific amendment had a low residual phosphorous content in soils.  452 

4. Discussion 453 

The response of plants to the application of zeolites is discussed later; however, it is remarkable that 454 

the temperature and light length used in this study were reported to be optimal for the obtaining of 455 

good growth rates (Grains Research & Development Corporation, 2017).  456 

Evapotranspiration in clay soil is higher than sandy soil, which is in agreement with the previous 457 

reports (Hillel and van Bavel 1976). Also, the soil texture has a profound effect on evapotranspiration, 458 

due to the higher water-retaining capacity of fine-grained soils (clay) than coarse-grained soils 459 

(sandy), which do not retain water (Noy-Meir, 1973). In addition, the initial soil moisture seems to be 460 

related to the lower humidity (sandy soil 2.4%) in comparison to the clay soil (3.3%) as has been 461 

reported by Song et al. (2013). In this study, the weight of the NEZ system incorporated to soils was 462 

low, so it did not affect the evapotranspiration. However, some laboratory experiments reported that 463 

the incorporation of the amendments promotes the increase of evapotranspiration due to a great 464 

advection heat effect; but in field experiments, this event is not so clearly observed (Viets, 1962).  465 

In the study, the differences of plant water contents between clay and sandy soils is in agreement 466 

with the report of Zhang et al. (2018), who reported that the water available for crops is dependent on 467 

the texture of the soil. It should be noted that soil moisture is an indicator of the ability of soil to 468 

provide water to crops, but it is not determinant for the water status of the crop (Zhang et al., 2018). 469 

Therefore, in this context, the irrigation provided to the sunflower during the study was determinant 470 



for the growth and development of the crop, as well as for quality production and physiological status 471 

(Sun et al., 2016).  472 

In plants, biomass is affected by the influence of the soil texture; biomass production is higher in 473 

amended clay soil compared to amended sandy soil. Taking into account the existence of a previous 474 

study in which the release of macronutrients from clay and sandy soils was evaluated by the effect of 475 

the NEZ systems incorporation, the results of this study can be explained in terms of the release of 476 

both forms of nitrogen, ammonium and nitrate, which were higher in CS than SS (Guaya et al., 2018). 477 

Ammonium was released by mineral soil dissolution reactions that promote ion-exchange reactions 478 

between K+, Ca+ and Mg2+ from calcite and illite, the main mineralogical phases of soils, while nitrate 479 

release is due to the effect of the high soil pH. However, under the same conditions, the opposite 480 

effect occurs for the phosphate released, because the lowest availability of this species was obtained 481 

in CS due to the phosphate fixation by metal (oxy)hydroxides existing in soil as well as its limited 482 

solubility in saturated calcite solutions. In conclusion, it seems the major availability of nitrogen in the 483 

CS is a determinant for the biomass obtained. At the same time, it is also influenced by the effect of 484 

the phosphorous released in these conditions. Therefore, a combined action of both elements of 485 

nitrogen and phosphorus is obtained due to their release from nutrient-enriched zeolites (taking into 486 

account the differences of soil pH and its mineralogical composition), which determined the uptake by 487 

plants and the biomass productivity increase. Some examples of this positive effect have been 488 

reported for corn, sorghum and wheat yields due to the synergistic action of nitrogen and phosphorus 489 

fertilisers (IPNI, 1999). This is because of a better solubility of phosphorus, resulting in it being better 490 

absorbed by plants and improving crop growth. In addition, the plant production increased by 491 

incorporating the amendments used in this study. The best results of biomass productivity were 492 

provided by NEZ-Mn in both soil types in comparison to the two other materials following the 493 



tendency NEZ-Al > NEZ-Fe. Therefore, based on the previous study of the interaction between soils 494 

and amendment materials (Guaya et al., 2018), the release of Mn2+, Al3+, and Fe3+ cations from soils 495 

occurred by irrigations and the lixiviation liberation is potentiated in the presence of amendment 496 

materials. The lower biomass content obtained in the sandy soil in comparison to clay soil seems to 497 

be associated with the existence of Al, which comes from the soil and from NEZ (aluminium silicates). 498 

According to previous reports, this element that is abundant in acid soils becomes a problem due to 499 

the inhibition of normal plant development (White and Brown, 2010). On the other hand, the highest 500 

biomass content in clay and sandy soils amended by NEZ-Mn seems to be associated to the greatest 501 

availability of both nutrients: nitrogen (NH4
+ and NO3

-) and phosphorous (inorganic forms) in the 502 

absence of reactions that favoured their uptake by plants. In particular, the existence of mainly Fe 503 

and Al oxides in both clay and sandy soils seems to be associated with the ability of soils to retain 504 

nitrogen and phosphorous, making them less accessible for plant uptake. Singh and Schulze (2015) 505 

reported that nitrogen forms NH4
+ and NO3

- are fixed to soils due to ion exchange reactions. In the 506 

case of inorganic phosphorous, H2PO4- and HPO4
2- forms are also fixed to soils through sorption that 507 

involves complexation reactions through monodentate and bidentate bonds with surface mineral sites 508 

as well as precipitation reactions obtaining low solubility mineral phases (Singh and Schulze, 2015). 509 

Besides, another factor that should be considered is the higher sunflower biomass obtained is the 510 

irrigation conditions used in the study, which allowed a good mobility of nutrients (phosphorous and 511 

nitrogen) for below-ground biomass absorption due to the easy release from clay soil particles in 512 

comparison to sandy soil (Jalil Sheshbahreh et al., 2019) 513 

The R/S ratio represents the relation between the belowground and aboveground biomass as well as 514 

being an indicator for the estimation of carbon storage in landscape (Haolin et al., 2008). In this 515 

study, it was observed a reduction of R/S ratio of amended clay soil in comparison to un-amended 516 



clay soil which is agreement whit a previous report. The decrease of R/S ratio when the amount of 517 

available nutrients increased in the substrate was explained in terms that roots developed faster and 518 

largely searching nutrient richer zones (Mašková y Herben, 2018). R/S ratio can be also explained in 519 

terms of the height of aboveground biomass of plant growth in amended clay soils, which is higher 520 

than in un-amended soil (supplementary information Figure S5). An opposite relation between the 521 

R/S ratio and the biomass was obtained, which is explained in terms of the plant height. At highest 522 

biomass (equivalent to the highest plant height), the lower R/S ratio was obtained and vice versa. 523 

Sunflowers are taller in sandy soils than in clay soils, so the R/S ratio was lower in sandy soil than in 524 

clayey soil. Some studies about other types of plants, such as those in natural grasslands, reported 525 

that the relationships between the R/S ratio are influenced by changes in plant sizes; as well is 526 

strongly influenced by soil chemical properties, especially by total soil nitrogen (Yang et al., 2018). 527 

The ammonium amended trough NEZ systems to clay soils is higher than the one provided to sandy 528 

soils (Figure 2). The plant uptake of nitrogen is consequence of the incorporation of nitrogen through 529 

NEZ systems in the amendment soils may occur in both contrasting soils. Similar results have been 530 

reported for other types of crops that leaf nutrient content is an effect of nitrogen fertilisation (Koning 531 

et al., 2015). 532 

The crops from sandy soil revealed a higher increase of phosphorous biomass content in comparison 533 

to crops from clay soil. This phenomenon could be explained by sandy soils not having functional 534 

groups on the soil surface layers that avoid P fixation (Guaya et al., 2018). Therefore, phosphorous 535 

would be available for plant uptake and could be used during the different growing stages. Besides, 536 

an inverse relationship was found between the amounts of phosphorous in biomass in comparison to 537 

the phosphorus amended to soils. According to Figure 2, the initial phosphorus amended to clay soils 538 

was higher than sandy soils; however, the phosphorous tissue content was higher in sandy soils. 539 



This fact has been reported for other crop studies; when the highest phosphate dose was added to 540 

soil, the lowest leaf phosphorous biomass content was obtained (Koning et al., 2015). 541 

This study reveals that the C/N ratio for both clay and sandy soils was > 45, but higher C/N ratio 542 

values were reported by Rosolem et al. (2017), which seems to be related to the higher uptake of 543 

nitrogen by plants (Rosolem et al., 2017). However, other works also reported that C/N ratios < 30 544 

are optimal for a good nitrogen mineralisation, so nitrogen is released for plant uptake, but C/N ratios 545 

> 30 revealed that nitrogen was immobilised and not available for plants (Brust, 2019). Finally, the 546 

C/N ratios were related to other conditions such as high water availability, high soil fertility, an 547 

increased rate of plant growth and efficient N‐use (Luo et al., 2017).  548 

At the end of the experiment, the residual nitrate content in soils was much higher than ammonium 549 

with a 10:1 ratio, although nitrate was the nitrogen form that was better adsorbed (Moradzadeh et al., 550 

2014). This fact could be explained in terms that the ammonium provided through soil amendment by 551 

NPK zeolites is released from zeolites to soil solutions and that became nitrified. Therefore, the 552 

resultant nitrate, which is a dynamic and mobile element, could be sorbed by soil. Therefore, it was 553 

retained by soil for a longer time, and it could be available for plant uptake (Teutscherova et al., 554 

2018). However, both ammonium and nitrate species are taken up from plants, and the amount will 555 

depend on plant types and environmental factors (Wang et al., 2015). The magnitude of ammonium 556 

nitrification will determine the amount of nitrate in the soil, which has been demonstrated to have a 557 

higher fertiliser yield than ammonium (Wang et al., 2016). In conclusion, in this study and as it has 558 

been reported in other works, ammonium and nitrate have a synergistic effect on uptake by plants 559 

(Heidari and Mohammad, 2012). 560 



In addition, at the end of the experiment inorganic that phosphorous was more consumed by plants 561 

during growth stages. It is worth mentioning that phosphorous is the second growth-limiting 562 

macronutrient for plants, which can be in inorganic as well as in organic forms, and its availability for 563 

plants will depend on soil pH and mineralogy, since it may be present in free, labile-form or bound, 564 

forming P compounds with low solubility (Alharbi et al., 2018). The higher soil availability of P from 565 

Mn-modified zeolites, in comparison with Al- and Fe-modified zeolites is because the sorption affinity 566 

of phosphate onto Fe and Al hydroxides is higher than for Mn hydroxide groups (Guaya et al., 2017) 567 

(Guaya et al., 2015). 568 

5. Conclusions  569 

The addition of the NEZ system promoted a meaningful increase of plant water content for 570 

sunflowers cropped on clay soils, but it was not meaningful for sandy soils. The R/S ratios of crops 571 

from clay soil treatments were reduced by the incorporation of NEZ systems. The amendment using 572 

nutrient-enriched zeolite increased the phosphorous and nitrogen content in the biomass of crops 573 

from amended clay and sandy soils. Besides, the ammonium, nitrate and inorganic phosphorous 574 

contents in the residual substratum revealed these macronutrients were mostly taken up by plants. 575 

Consequently, there is an important nutrient reserve in soil that can be used for the development of a 576 

second crop cycle for both soil types. However, it may be necessary to add a new amendment. 577 

Taking into account the main findings of the previous study, NEZ systems could be used as a slow 578 

nutrient release by avoiding nutrient leaching and the subsequent environmental problem. Then, in 579 

this approach, NEZ systems could be considered amendment material for clay and sandy soils that 580 

improve plant growth. Furthermore, the results validate the use of NEZ systems as nutrient carriers 581 

for a single application, thus being a promising alternative to promote an environmentally friendly 582 



solution for resource recovery from WWTP and promoting circularity and the improvement of 583 

agricultural management.  584 
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