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Abstract

:

Soluble phosphates are the most common sources currently used in crop production in tropical soils; however, they present low efficiency and are more expensive than natural rock phosphates. The objective was to develop new phosphate fertilizers with slow solubility through the partial acidification of rock phosphates (RPs), incorporating materials with adsorption characteristics to favor slow dissolution and prevent phosphorus (P) fixation in the soil. Three rock phosphates, Araxá (ARP), Bayovar (BRP) and Morocco (MRP), were evaluated at two acidulation levels (25 and 50% Ac.) and two additives; pillared clays (PILC) and zeolites (Zeo), plus triple superphosphate (TSP) and a control (nil-P). The soil diffusion was evaluated in concentric rings in Petri dishes. Solubility was evaluated in leaching columns and sampled in layers from surface for P forms in the soil profile. The relative agronomic efficiency (RAE) was evaluated in maize. Greater diffusion was provided by TSP, followed by BRP and MRP both with 50% Ac. + Zeo, and MRP with 50% Ac. + PILC. Percolated P was more pronounced under TSP, followed by RPs (BRP and MRP) with 50% Ac. + Zeo. BRP and MRP + 50% Ac. were the most promising sources with RAE above 74% compared to TSP.
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1. Introduction


Phosphorus (P) plays an important role in plant metabolism, since it is involved in processes such as cell energy transfer, respiration and photosynthesis [1], making it an essential and irreplaceable element. Plants absorb P from the soil solution as phosphate ions, mainly H2PO4− [2]. However, soils usually have low levels of plant-available P, especially in tropical regions. This is a result of adsorption and precipitation reactions, and its high affinity with soil constituents [3]. Given this limited P availability, agricultural production is highly dependent on the use of fertilizers.



Phosphate fertilizers are produced from rock phosphate (RP), a natural non-renewable resource. About 80% of the RP mined annually is used for fertilizer production and, considering the current level of consumption, it is expected that reserves will vanish in three centuries time [2,4]. The possibility of exhaustion of this resource may compromise global food production [5]. The most used phosphate sources in agriculture are those that are highly water soluble, with fast dissolution in the soil which favors precipitation and adsorption. Approximately three days after the application of these sources in the soil, a large part of their P (more than half in some cases) is transformed into non-labile forms [6,7], substantially reducing their efficiency when applied to crops. Therefore, the future availability of P depends on the development of new technologies or soil management practices to improve its efficiency.



Considering this reference to the motivation to improve P efficiency, partial acidulation of RP is a technological development already in existence [8] that can be of help. In the processing of partially acidulated phosphates, a small amount of sulfuric or phosphoric acid reacts with RP in order to breakdown part of the hydroxyapatite (insoluble P) into monocalcium phosphate (soluble P), and thereby obtain a fast dissolution product [9]. Moreover, the incorporation of minerals with high phosphate adsorption capacity and/or high cation exchange capacity (CEC), such as pillared clays (PILC) and zeolites, into partially acidulated phosphates shows promise to improve agronomic efficiency [10,11]. The premise is that the initial P release will saturate the acidic sites of the PILC before adsorption, which act as a vehicle for slow and gradual dissolution into soil solution. Furthermore, when calcium (Ca) from RP is released after dissolution, it can be held by negative charges of the PILC or zeolites, favoring the solubilization of acid-unreacted RP, which also prevents Ca-P retrogradation [10,11].



Thus, we hypothesized herein that new phosphate fertilizers with slower and more synchronized solubility according to plant demand are more efficient than completely acidulated commercial sources. This study aimed to develop new crop efficient sources of phosphate fertilizers with gradual solubility using partial acidulation (25 and 50% of total solubilization) in the following distinct rock phosphates—Araxá (ARP), Bayovar (BRP) and Morocco (MRP)—and also adding high reactivity minerals such as pillared clay (PILC) and zeolites (Zeo), thus enabling the evaluation of the potential pH change in the soil, soil P diffusion; P solubilization and P agronomic efficiency.




2. Materials and Methods


2.1. Phosphate Rocks and Additives


Two high-reactivity sources of RP (Bayovar from Peru and BG4 from Morocco) and one low-reactivity source (Araxá from Brazil) were used as raw material for the production of partially acidulated phosphate fertilizers. Their chemical parameters and composition and total P2O5, 2% citric acid soluble P (PCA 2%) and water soluble concentrations of each RP are presented in Table 1. Additionally, zeolites and pillared clay (PILC) were used as additives in the phosphate fertilizers for improving the dissolution, also characterized in Table 1.



Natural zeolite, a mineral composed of intertwined tetrahedra, was obtained from Slovakia, provided by the Celta Brazil company. The zeolites were ground and passed through a 60 mesh sieve to increase the specific surface area. The clays used for pillarization came from a natural rock rich in montmorillonite (bentonite), supplied by Bentonit União Nordeste S.A., commercially known as Brasgel. For the pillarization process, the bentonite was finely milled, fractionated and purified in order to eliminate its coarser fractions and decrease its impurities. Purification of the material was carried out by removing iron oxides following the dithionite-citrate-bicarbonate method [15]. Next, the material was dispersed with Na2CO3 0.1 g L−1 solution with continuous stirring for approximately 12 h and fractionated by sedimentation to obtain the clay fraction (<2 μm).



The purified clay was pillared based on the methodology described by Narayanan and Deshpande [16]. The pillaring solution was obtained by using constant dripping of 0.4 mol L−1 NaOH in a solution of 0.2 mol L−1 AlCl3·6H2O under constant stirring at room temperature. At the end of the drip, the solution remained under stirring for a period of 15 h, with the first two hours at a temperature of 60 °C and the remaining time at room temperature (25 °C). For clay intercalation, the pillaring solution was then dripped at a maximum rate of 5 mL min−1 in a clay suspension of 1% (w/w), under vigorous stirring. After this, the material was continuously stirred for a period of 20 h. The resulting product was washed with deionized water to remove all free chlorine, oven dried at 60 °C and calcinated at 350 °C. In order to confirm pillarization, the final product was submitted to X-ray diffractometry (XRD), in a Miniflex II Desktop X-Ray Diffractometer Rigaku apparatus, with CuKα radiation, using the powder blade method. When saturated with sodium, the natural clay had a basal spacing of 1.4 nm. After the intercalation of aluminum polyhidroxication (pillarization) and calcination at 350 °C, it was observed that the clay reached a basal space of 1.8 nm, evidencing that the pillarization had been effective (Figure 1).




2.2. Fertilizer Production


Both minerals, PILC and zeolites, were mixed with each RP in a proportion of 9% of the final volume, followed by partial acidification with sulfuric acid corresponding to 25 and 50% of the proportional commercial acidulation of soluble phosphates, such as simple superphosphate. The resulting mixture was cured for seven days, then oven dried, ground and passed through a 60 mesh sieve and granulated in a wet dish granulator, which consisted of the application of a dextrin-based binder solution (10% w/v) to the dry blend to obtain the granules. The final products were oven dried at 45 °C until reaching a constant weight and then standardized into granules of 2–3 mm diameter.




2.3. Chemical Analysis


Twelve new products were obtained with the combinations mentioned above, which were characterized in terms of total P2O5 extracted with concentrated nitric acid + hydrochloric acid, and P2O5 soluble in water (H2O), soluble in neutral ammonium citrate + water (NAC + H2O) and soluble in 2% citric acid (PCA), according to the methodologies of the Brazilian Ministry of Agriculture, Livestock and Supply [17] (Table 2).




2.4. X-Ray Diffraction Analysis


All the final products (phosphate fertilizers) were characterized in terms of the mineralogical composition and structural changes that occurred in the RPs after acidification by means of X-ray diffraction (XRD). For this purpose, the powder blade method was used and the diffractograms were generated using the Miniflex II Desktop X-Ray Diffractometer Rigaku, with CuKα radiation, with an analysis interval of 5° to 60° 2θ.




2.5. Phosphorus Diffusion in Petri Dishes


Phosphorus diffusion from fertilizer granules was evaluated in plastic Petri dishes (8.6 cm in diameter and 1.1 cm tall) containing 78 g of dry soil with four replications, following a methodology described by Degryse and McLaughlin (2014) [18]. The soil was a loamy sand Hapludox [19] or Latossolo Vermelho Amarelo distrófico according to the Brazilian classification system [20]. In order to increase the soil base saturation to 70%, CaCO3 and MgCO3 were applied at a ratio of 3:1, respectively. The soil properties after liming are listed in Table 3.



Soil in Petri dishes was moistened with deionized water up to 60% of the soil water holding capacity. Plates were then sealed with plastic film, covered with aluminum foil and left to equilibrate the soil solution for 24 h at 26 °C. The next day, they were opened and a granule of each fertilizer, corresponding to each treatment (Table 2) containing about 5.0 mg P, was placed exactly in the center of the plate, and lightly pressed into the soil. Next, they were again sealed with plastic film and covered with aluminum foil to prevent water loss and light incidence. They were then incubated at a temperature of 26 °C, for five weeks. One no-P fertilizer treatment and one treatment containing triple superphosphate (TSP) were also incubated as controls. Each treatment was replicated four times.



After incubation, Petri dishes were dismantled and the soil was sampled in concentric circles around the granule. The radii of the soil layers sampled were 0–7.75; 7.75–13.5; 13.5–25.5 and 25.5–43 mm, starting from the center (granule). Samples were dried at 40 °C and sieved (<2 mm) to determine the total and available P and the pH in water (ratio 1:10). Total P was determined by acid digestion with H2SO4 + H2O2, following the methodology proposed by Olsen and Sommers [21]. Available P was determined by anion exchange resin (membranes), following the first step of the procedure proposed by Hedley et al. [22]. Concentration of P in the extracts was colorimetrically determined by the blue-molybdate method [23].




2.6. Soil Columns P Solubilization


Fertilizer solubility was evaluated in leaching thermoplastic acrylic columns with an internal diameter of 2.1 cm and a height of 25 cm. Nylon caps were fitted to the bottom of the column with a hole in the center where plastic hoses were attached to collect leaked water. Above each column, 300 mL bottles were attached, adapted to drip water constantly, controlling the flow. Fifty grams of dry soil were added to each column equivalent to reaching up to nearly 10 cm in height in the column. Original soil properties are presented in Table 4. Next, it was saturated with distilled water. Subsequently, fertilizers corresponding to each treatment were added at 100 mg P per column to the top soil surface. The treatments evaluated herein were: T1–12 (Table 2) as well as pure phosphates ARP(T13); BRP(T14); MRP(T15); TSP(T16) and a control (T17). Deionized water was percolated through the columns at a rate of 20 mL day−1 in the first 25 days. After that, the same amount was used every three days until 60 days had elapsed. The content of P was determined in leachates by the blue-molybdate method, following Murphy and Riley [23].



At the end of the incubation period, the columns were disassembled and the soil sampled in the following layers of 0–1; 1–2; 2–3; 3–6 and 6–10 cm, starting from the top. Samples were oven dried at 40 °C and sieved (<2 mm) and chemical P fractionation was performed according to the methodology proposed by Hedley et al. [22], with modifications by Condron et al. [24]. The last extractor (0.5 mol L−1 NaOH), because of lack of interest for our purpose, was skipped. The P concentration in extracts was determined by the blue-molybdate method [23]. The compartments estimated with the respective fractions were as follows: labile, which includes the inorganic P extracted by anion exchange resin (PiAER) plus inorganic and organic P extracted by 0.5 mol L−1 NaHCO3 (PiBIC and PoBIC); moderately labile, which includes the inorganic and organic P extracted by 0.1 mol L−1 NaOH (PiHid0.1 and PoHid0.1) more inorganic P extracted by HCl (PiHCl); and non-labile, composed of the residual acid digestion (Presidual).




2.7. Plant Growth-Pot Experiment


The agronomic efficiency of the phosphate fertilizers generated in our lab was evaluated in a greenhouse pot study using a maize (Zea mays L.) hybrid 2B587 from Dow Seeds as a test crop. Soil and treatments used here were the same from the previously mentioned column P solubilization test. The experimental design was completely randomized with four replicates, in plastic pots with 3 L capacity, coated with plastic bags containing 3 kg of soil.



Phosphate treatments were added at the rate of 60 mg kg−1 soil, based on the total P content of each fertilizer. The basic sowing fertilization for all pots consisted of 20 mg kg−1 of N as ammonium nitrate (32% N) and 60 mg kg−1 of K2O as polyhalite (14% of K2O) in a uniform hand mixture in the total soil volume. Thirty milliliters per pot of micronutrients solution were added containing: 0.81 mg kg−1 B (H3BO3 p.a.), 1.56 mg kg−1 Fe (Fe (NO3)2.9H2O p.a.), 3.66 mg kg−1 Mn (MnSO4.H2O p.a.), 4.0 mg kg−1 Zn (ZnSO4.7H2O p.a.), 1.33 mg kg−1 Cu (CuSO4.5H2O p.a.) and 0.15 mg kg−1 Mo ((NH4)6Mo7O24.4H2O p.a.). Twenty days after sowing, this was complemented with 40 mg kg−1 of N as ammonium nitrate solution and another 30 mL per pot of the same micronutrient solution.



Each pot was sown with five maize seeds, later leaving the two best plants growing for 45 days. At the end, maize shoots and roots were harvested. Roots were washed in distilled water. Both plant parts were oven dried at 65 °C until constant dry mass (DM). After determining the DM of the shoot and root, the tissue was ground to determine the foliar P content through nitric-perchloric digestion [25] and to estimate accumulated total P.



The agronomic efficiency of the phosphate fertilizers was estimated in relation to the high water solubility commercial source (TSP), and therefore named, relative agronomic efficiency (RAE), obtained from the following equation:


RAEi = (Yi − Y0/YTSP − Y0) ∗ 100



(1)




where Yi is the DM produced by source i, YTSP the DM produced by the commercial source (TSP) and Y0 is the DM produced by the control treatment (no P addition).




2.8. Statistical Analysis


All data were submitted to normality analysis (Shapiro–Wilk test) and homoscedasticity (Barlett’s test) at 5% of error probability and then to variance analysis (ANOVA). The Scott–Knott test at 5% was used for comparisons between treatments. Statistical analysis was performed using the ExpDes statistical package [26] in the R computational statistical environment [27].





3. Results and Discussion


3.1. Mineralogical and Structural Changes in Fertilizers


X-ray diffraction was performed to visualize changes in the mineral structure and its arrangement in RPs after partial acidification and incorporation of PILC and zeolites. Notably, in pure phosphates (ARP, BRP and MRP), there was a dominance of apatite, with some quartz present only in MRP. After acidulation, the intensity of the apatite peaks and the appearance of calcium sulfates, such as gypsum and bassanite, were observed. In RPs treated by 25% acidulation, the decrease in apatite peaks was less intense than those treated by 50% acidulation. Furthermore, calcium sulfate peaks became more intense under the highest acidification level, as a consequence of the sulfuric acid reaction (Figure 2). When the reaction was 100%, it was described as follows:


Ca10(PO4)6F2 + 7H2SO4 + 6.5H2O → 3Ca(H2PO4)·H2O + 7CaSO4·1/2H2O + 2HF



(2)







When the amount of acid used was not sufficient to react 100% of the apatite, we obtained the so-called partially acidulated phosphates [9], as obtained in this study, and the apatite peaks did not disappear completely. Aside from this, the presence of zeolites or PILC as additives did not interfere in the phosphate peaks presented in diffractograms (Figure 2).



The BRP diffractogram showed apatite peaks of lower crystallinity when compared to other pure phosphates (ARP and MRP). This is evidenced by wider peaks and lower intensity due to the occurrence of isomorphic substitutions of phosphate by carbonate in the mineral structure [28]. As a consequence, BRP was more susceptible to solubilization, with apatite peaks almost disappearing after its partial acidification, even at the lowest rate (25% ac.) (Figure 2). These results are in accordance with Mattiello et al. [28] and Santos et al. [29], who both studied the generation of phosphate fertilizers from the acidic residues of the metallurgical industry and different RPs, including BRP and ARP, and observed the greater vulnerability of BRP to acidulation when compared to other non-reactive RPs such as ARP.



According to Dorozhkin [30], several factors may influence the solubility of apatite and among them the most relevant are the composition of the rock, the particle size and the strength and composition of the acid used to solubilize. In this study, the smaller amount of sulfuric acid used (25%) was enough to alter the crystalline structure of all RPs, generating calcium sulfates (gypsum and bassanite) and transforming part of the apatite into more soluble forms (e.g., monocalcium phosphate). The presence of more soluble forms of P in these partially acidulated products was detected by the greater solubility in water (Table 2) when compared to the pure RPs, whose solubility in water was nearly zero (Table 1). Thus, even under less acidulation, increments in agronomic efficiency according to the structural changes promoted in relation to the pure phosphates were expected and will be discussed below.




3.2. Phosphorus Diffusion


3.2.1. Changes in Soil pH by Phosphate Fertilizers


All treatments, including TSP, increased the pH around the granule in relation to control (Figure 3). In the first layer, where the effect was more pronounced, the greatest increases were observed under TSP and almost all reactive RPs (T5, T6, T7, T9, T11 and T12), with the exception of treatments 8 and 10. Therefore, the capacity of these fertilizers to change the soil pH does not seem to be related to the presence of PILC and zeolites in their formulation, but to the higher solubility of phosphates. In corroboration, Cesar [31], when evaluating the diffusion of P from several phosphate sources in two contrasting textured tropical soils, observed that all phosphate sources, including pure TSP and those associated with BRP, were able to increase the pH close to the fertilizer granule.



According to Hettiarachchi et al. [32], after soluble or partially soluble phosphate fertilizer deposition in the soil, the granules’ first action is to absorb water. This water moves towards the pores of the granules predominantly by capillarity flow and vapor transfer, and from there a series of reactions begins and one of the first items to change is the pH. Commonly, it is expected that partially acidulated phosphates and TSP decrease soil pH near the granule because of the acidic nature of their saturated solution [33], and the displacement of H+ from the surface of the colloids to the soil solution caused by the increase in Ca concentration [34]. This acidifying effect of the dissolution of fertilizers containing monocalcium phosphate has already been reported in other studies. Lombi et al. [35], studying the lability, mobility and solubility of different phosphate fertilizers in calcareous and non-limestone soils, observed a significant decrease in soil pH up to a distance of 13.5 mm from the granule. Similar results were reported by them in another study carried out only on calcareous soils [36]. Silva [37] evaluated the diffusion of P from traditional fertilizers with reduced solubility in Entisol and observed that all fertilizers containing monocalcium phosphate were able to decrease the soil pH near the application point. Nascimento et al. [38] when studying the diffusion of P from calcium, magnesium and ammonium phosphates in soils of Brazil (Ultisol) and the United States (Mollisol), observed that calcium phosphate (TSP) was able to decrease the pH in all situations; however, this decrease was more significant in the soil with an initial pH of 8.0 (alkaline). In addition to the acidic characteristics of this source and the displacement of H+ from the CEC to the soil solution induced by the increase in Ca concentration, the authors explain, based on the work of Cerozi and Fitzsimmons [39], that phosphate ions present three protonation constants (pH 2.1, 7.2 and 12.6). Thus, when the phosphate ion is added to soils with a pH higher than 7.2, there is a tendency for this ion to deprotonate, i.e., to donate H+ to the solution, leading to a decrease in soil pH.



Giving due credit to substantial evidence that the soil pH around the granule would decrease with the dissolution of phosphate fertilizers, the contradictory results observed here can be explained by the specific adsorption reactions of P on the surface of Fe and Al oxides, which potentially released OH− into the soil solution [40]. It is important to highlight that the majority of the soils in which there was a decrease in pH around the granules were calcareous or alkaline soils, with distinct characteristics from our study. Thus, the contrasting results can be attributed to these differences, since in soils with high pH, the precipitation of P with Ca becomes one of the main mechanisms of P immobilization [32], which does not release OH− into the soil solution, as is the case with adsorption to Fe and Al oxyhydroxides [40].




3.2.2. Available and Total P after Fertilizer Diffusion


TSP was the source with the highest soil available P content up to 25.5 mm from the granule (Figure 4a). Partial acidulated fertilizers (50% ac.) produced from BRP and MRP containing PILC and zeolites in the formulation (T5, T7, T9 and T11) also presented superior values of available P in the first layer (<7.75 mm) compared to other sources. According to Williams [41], soil P movement depends, among other factors, on the composition of the fertilizer granule. Thus, in the second layer (7.75–13.5 mm), fertilizers from BRP and MRP containing zeolite resulted in higher P resin contents when compared to the same phosphates containing PILC, within the same level of acidulation (T5 < T7; T6 < T8; T9 < T11; T10 < T12). In the third layer (13.5–25.5 mm), this behavior was observed only in phosphates produced from BRP at 50% acidulation (T5 < T7) (Figure 4a). The highest P diffusion under products containing zeolite is attributed to its lower MPAC (31 mg kg−1) when compared to PILC (5527 mg kg−1). In the case of products containing PILC, the P released by acidulation may possibly have bound to its clay acidic sites, inhibiting P movement in the soil.



No difference in available P was observed between control (T14) and the sources produced (T1–T12) in the last layer (25.5–43 mm), except for treatments T1, T4 and T7 whose differences are most likely due to small analytical variations (Figure 4a). Hardly any P from fertilizers would reach this distance and still remain available due to their strong interactions with the soil clay minerals [18]. In general, the phosphates produced from ARP with 50% ac. containing PILC or zeolites (T1 and T3) provided the lowest levels of available P up to a distance of 13.5 mm when compared to BRP and MRP, at the same level of acidulation (T5, T7, T9 and T11). However, within the less acidulated group (25% ac.), there were no major differences between them (T2, T4, T6, T8, T10 and T12), especially in the first layer (0–7.75 mm) (Figure 4a).



All the RPs with 50% ac. presented higher available P up to 13.5 mm from the granule when compared with 25% ac. Apatite is the main mineral present in RPs (Figure 2), and its dissolution is facilitated in acidic medium [42]; thus, the more H+ enters the system, the greater its dissolution. More than 65% of the available P from our fertilizers was restricted to the first layer (<7.75 mm), similar to TSP although a completely soluble source (Figure 4c). In general, the available P in soil decreased gradually with the distance from the granule. Overridingly, in the literature, there are reports of small movements of P from phosphate fertilizers in soil [18,35,36,43,44], confirming that only a small portion of the soil (few millimeters) is actually influenced by P fertilizers.



The results of total P content in each distance from the granule represent the diffusion of P from fertilizers in five weeks of incubation (Figure 4b). In general, the phosphate sources that resulted in the lowest total P in the first layer (<7.75 mm), regardless of the control, were also the ones that resulted in the highest P content in the adjacent layer (7.75–13.5 mm) (T7, T11 and TSP). More than 90% of total P from phosphate sources derived from ARP at both acidulation levels (T1–T4) and from reactive RP (BRP and MRP) with 25% ac. (T6, T8, T10 and T12) was restricted to the first 7.75 mm from the granule. The source with the greatest diffusion was TSP, even though more than 60% remained close to the granule (<7.75 mm) (Figure 4d).



In general, partially acidulated phosphates containing zeolite promoted more total P diffusion when compared to the same phosphates containing PILC, at the same level of acidulation (T1 < T3; T2 < T4; T5 < T7; T6 < T8; T9 < T11; T10 < T12) (Figure 4d). As already mentioned, this greater diffusion with zeolites is attributed to its smaller MPAC. Possibly, P released from the dissolution of RPs + PILC was potentially bound to the acidic sites of its own clay, limiting P movement in the soil. Silva [37] evaluated the diffusion of P from reduced solubility phosphate fertilizers in Cerrado soil using the SEM-EDXA (Scanning Electron Microscope with Energy Dispersive X-ray Analyzer) technique to determine the elemental composition of the granules before and after a period of soil contact. The results show that approximately 50% of P remained within the fertilizer granule even after five weeks of incubation in most of the evaluated products. He also verified the presence of ions such as Ca, Fe and Al in the constitution of these granules after the incubation, which may explain their small dissolution.



A certain level of soil moisture is fundamental to adequate fertilizer dissolution. However, once the fertilizer granules are in contact with the soil, two forces will regulate P availability; firstly, the water flows towards the granule by negative osmotic potential, carrying with it numerous chemical species such as Ca2+, Al3+, Fe2+, Mg2+, etc. This explains the presence of several elements inside the granules after incubation which were not part of their original composition, as observed by Silva [37]. Secondly, dissolved elements from the granule move to outside the surrounding areas of lower concentration. At this time, due to the high affinity of P with various metals, insoluble compounds such as P-Al and P-Fe precipitates, for example, may form [32,37], which justifies the weak diffusion and great permanence of P close to the fertilizer granule (<7.75 mm). Another fact is the movement of the companion ion [45], in this case especially Ca. For more intense P diffusion into the soil solution, more Ca dissolution and movement is required, preferably outside the granule region, which was not intensified in our study because of the static incubation, without solution flow, in agreement with the results already reported by Silva [37].



Moreover, the movement of P depends on fertilizer characteristics, such as the size of their particles/granules and their composition, and a series of soil properties, such as compaction, moisture level and mineralogical composition [41]. Thus, Benbi and Gilkes [46] studied the movement of P from TSP in two soils with high and low MPAC. After four weeks of fertilizer application, the added P was retained up to 80 mm away from the fertilizer granule in both soils. Within this 80 mm boundary, they also observed that P retention occurs in three different zones; one refers to the local of fertilizer granule, another one to the region next to the granule where precipitation and adsorption reactions predominate near the maximum limits, and the last is the most external where P is adsorbed to the soil at lower levels than its MPAC. These different zones of P accumulation are in agreement with the restricted available P diffusion observed here in our study.





3.3. Solubilization of Fertilizers in Soil Columns


3.3.1. Leaching Potential


The presence of P in leached solution was not detected in the control treatment. Moreover, no P was detected in the leached solutions containing pure RPs (ARP, BRP and MRP), which testifies to the zero water solubility of these sources (Table 1). Therefore, it is assumed that all the P contained in the leached water derives from the lab treatments applied to these RPs (Figure 5).



According to the acidulation level and additives incorporated in each source evaluated herein, distinct amounts of P were detected in the leachate through the soil columns over the 60 days’ incubation period (T1–T12) (Figure 5a). In total, five groups were identified; the first group, involving treatments T2, T4, T6 and T10, was classified as insoluble phosphates, meaning that these treatments were not able to promote leaching of P sufficient to differentiate from pure RPs and control, varying from 1.2 to 3.5 mg P per column over the 60 days’ incubation period. The second group, consisting of treatments T1, T3, T8 and T12, represented fertilizers with reduced solubility, sufficient to be different from the insoluble ones, with the P leached ranging from 7.4 to 10.0 mg P per column. The third group consisted of treatments T5 and T9, whose leaching was 18.0 and 17.5 mg of P per column, respectively, and the fourth group, composed of treatments T7 and T11, registered 25.2 and 23.0 mg of P per column, respectively. These last two groups, involving treatments with high reactive RPs, are potentially viable alternatives for overcoming the totally soluble sources due to the slower dissolution of P into solution. TSP, the one with the highest P loss in leached solution (64 mg of P per column), constituted the fifth and last group (Figure 5b).



According to the P solubilization and leaching patterns observed for all the fertilizers evaluated here (except for the insoluble ones—group 1), it is possible to identify two distinct phases (Figure 5a). The first phase consisted of the first 10 days, when more than 50% of P had already leached. From the 10th day onwards, there was a significant decrease in the P content in the leaching solution, comprising a second leaching phase. These two phases are explained by the high P affinity to the soil constituents. When released from fertilizer, the P will potentially bind to the surface of Fe and Al oxides. Initially, the soft energy of these bonds still allows for P percolation through the profile (first phase). Subsequently, the concentration of P in leachate decreases due to the increase in energy (“aging”) of P linkage (bidentate and binucleate bonds), inhibiting P leaching in the solution [44].



Clearly, the acidulation levels were the major factors responsible for the dissolution of RPs and, consequently, for the differences in P levels detected in leachate (Figure 5b). However, the presence of PILC restricted the leaching of P, mainly in the treatments from reactive RPs (T5, T6, T9 and T10), due to its high MPAC (5527 mg kg−1) when compared to treatments with Zeolite in the same RPs (T7, T8, T11 and T12).




3.3.2. Phosphorus Lability


For better comprehension of the P dynamics and its accumulation in soils, sequential extraction with distinct strength solutions has become a fundamental tool [47,48,49,50]. The “P fractionation” procedure allows for evaluating the forms and distribution of this nutrient in the soil according to the fractions extracted, as well as the fate of P applied via fertilizers, in order to identify changes in soil nutrient dynamics. All the fertilizers studied, including pure RPs, were able to increase the labile P fractions in the soil profile after 60 days of incubation. In the first layer (0–1 cm) ARP + PILC + 50% ac. (T1) provided the highest levels of labile P when compared to other sources, in the following decreasing sequence: T1 > TSP = T3 = T5 = T9 > T2 = T4 = T7 = T9 > T6 = T10 > T8 > T12 > T14 = T15 > T13 > T17 (Figure 6a and Appendix A). In deeper layers, in general, sources with 50% ac. recorded the highest increases in soil labile P pool, but were much less expressive than in the 0–1 cm layer (Figure 6b–e).



There was great accumulation of moderate labile P throughout the profile under our fertilizer sources (T1–T12), detaching the first layer (0–1 cm), where it represented more than 88% of the total P (Figure 6a and Appendix A). In general, it was observed that 50% ac. resulted in higher contents of P extracted by 0.1 mol L−1 NaOH and lower contents of P extracted by 1 mol L−1 HCl when compared to 25% ac. (Appendix C). Based on these observations, it is clear that P solubilized from fertilizers was rapidly bound to mineral compounds in our test soil. Thus, its availability over time will be compromised by the strength of the reaction (monodentate, bidentate and/or binucleate bonds). Nevertheless, the sources produced from the same RPs containing incorporated PILC had a higher content of P extracted with 0.1 mol L−1 NaOH than those containing zeolites at the same level of acidulation (25 or 50% ac.) (Appendix C). This is mainly due to the presence of AlOH and AlOH2 groups in PILC that are able to adsorb a large amount of P (PILC MPAC = 5527 mg kg−1) [51]. Some plant species are capable of acquiring P from this moderately labile inorganic P fraction via different mechanisms such as mycorrhizal association or P-solubilizing rhizosphere exudates [52,53].



In the first soil layer (0–1 cm), the total P content ranged from 2.007 (T15) to 13.242 (T6) mg kg−1 (Figure 6a). The residual fertilizer granules were homogenized to the soil at this layer when sampling, justifying this large amount of total P. According to Silva [37], after a short time in contact with the soil, approximately 50% of the P remains inside the fertilizer granule. The permanence of P within or surrounding the granule, as observed in this study, was due to the incomplete dissolution of the partially acidulated phosphates, proved by the significant participation of P extracted by HCl, which refers to Ca-phosphates (Appendix C). The formation of insoluble compounds such as P-Al and P-Fe or the adsorption of P onto the surface of Fe and Al sesquioxides also contributed to this accumulation, evidenced by the Pi fraction extracted by 0.1 mol L−1 NaOH (Appendix C). Under TSP, although a soluble source, P accumulation was also observed in this top layer due to its high affinity to the surface of Fe and Al sesquioxides. The retrogradation process (P-Ca) also restricted the movement of P from TSP, but to a lesser extent than the other sources (Figure 6a, Appendix C).



The non-labile P pool was the least influenced by our treatments (Figure 6). When analyzing the participation of each compartment in the total P in our soil, it was observed that under no fertilizer (control), the non-labile P represented the greatest part of the total P throughout the profile (74–89%). Several studies in tropical soils similarly reported this expressive proportion of non-labile P due to the high energy binding between phosphate and functional groups of Fe and Al sesquioxides [47,48,49,54,55,56]. Although there was an accumulation of non-labile P in the 0–1 cm layer under fertilizer application, its proportion to the total P was very small (3.2–13.4%) compared to other layers evaluated, and the sources that provided the highest accumulations were those produced from ARP (T1–T4), given its much lower reactivity compared to other sources (BRP and MRP) (Figure 6a). For other layers, non-labile P participation varied from 25 to 44.3% of the total P, but was not clearly influenced by any specific source/treatment (Figure 6b–e).





3.4. Agronomic Efficiency


At maize harvest (45 days after sowing), plants had typical symptoms of P deficiency under control (T17) and under pure RP treatments ARP (T13) and MRP (T15). Reduced growth and purplish, dark brown or dried leaves were the main symptoms observed (Appendix E). The difference in development between treatments was expressive, plants that received TSP looked healthy and better than other treatments, but all the partially acidulated phosphate sources with the incorporation of PILC and zeolites were able to promote greater maize growth than control and pure RPs.



Pure sources of ARP (T13) and MRP (T15) did not provide sufficient P for maize plants to express their initial growth potential, showing performances similar to the control for all the parameters evaluated (shoot and root DM, and accumulated P in shoot and root), resulting in very low RAE (0.8 and 10.6%, respectively) (Table 5). Therefore, the use of these RPs for direct application as fertilizer is not feasible. Partial acidulation (25 or 50% ac.) and incorporation of PILC or zeolites into their formulations resulted in significant increases in all plant parameters, with RAE ranging from 26.8 (T2) to 85.4% (T11).



The pure source BRP (T14) was able to differentiate from the control in plant growth parameters, with an RAE of 36.6% (Table 5). When BRP was acidulated by 25% (T6 and T8), it was not enough to significantly increase plant response. Similar results were also detected for ARP and MRP under 25% ac. (T2, T4, T10 and T12). However, it is worth mentioning that there was a physical difference between these fertilizers when BRP was applied in the powder/bran form, the same way that it is commercialized, and the phosphates that received 25% acidulation were applied as granules. The higher the phosphate contact with the soil, i.e., the greater its specific surface area, the greater its dissolution due to the higher contact of phosphate with the H+ protons present in the soil [57,58,59,60].



Among the lab fertilizers produced in our study, treatments T5 and T11 were the ones that provided RAE nearly similar to TSP (89 and 85%, respectively). Both received 50% acidulation, but T5 was produced from BRP with PILC and T11 was produced from MRP with zeolites. Treatments T7 (BRP + Zeo + 50% Ac.) and T9 (MRP + PILC + 50% Ac.) also resulted in good RAE indexes (74 and 76%, respectively). In view of these results, 50% acidulation may be a profitable alternative to improve fertilizer efficiency when using sedimentary RPs for crop production. Otherwise, additives PILC and zeolite do not seem to be effective in increasing P agronomic efficiency (Table 5).



Numerous published research studies on the effectiveness of partially acidulated phosphate fertilizers found conflicting results [57,61,62,63,64,65,66]. This is attributed to differences in the physical form of application (powder versus granular), the products used for acidulation, the type of soil used to test the fertilizers and the doses tested [57,67]. From our study, it is possible to confirm that the type of RP used as raw material for the production of a partially acidulated phosphate also influences its effectiveness.



In fact, our previous incubation experiments (diffusion and solubilization) showed better results from sources containing zeolites (greater P diffusion and solubilization). This high P availability of fertilizers containing zeolite reflected in higher RAE only for MRP under 50% ac. (T11). In sources under 25% ac., the difference between zeolite and PILC products in similar RP sources was negligible. However, as solution soluble P can be easily adsorbed in a short period of time, the slower solubilization under the presence of PILC or even zeolite may play an important effect for better plant P utilization over time.



We confirmed here the very low diffusion of P in the soil. Therefore, we can say that the phosphate fertilizer placement can strongly influence its agronomic efficiency, and application techniques should be considered when thinking about improving the phosphate fertilizer use efficiency. A study conducted by Nkebiwe et al. [68], summarizing current techniques for N and P fertilizer placement in soil, showed that overall, fertilizer placement led to 3.7% higher yield, 3.7% higher nutrient concentration and 11.9% higher nutrient content in above-ground parts than fertilizer broadcast in soil surface. In fact, understanding the dynamics of P when fertilizers are applied in soil by different placement strategies and the use of new technologies may help to utilize P more efficiently.





4. Conclusions


The highest values of relative agronomic efficiency (>74%) were obtained with 50% acidulation of reactive RPs from Peru (BRP) and from Morocco (MRP) (T5, T7, T9; T11). Thus, these sources can be considered as being better suited alternatives for overcoming high solubility sources when searching for a product with more gradual P release into the soil. In the same trend, fertilizers produced from BRP and MRP with 50% acidulation containing zeolite in the formulation (T7 and T11) provided the highest diffusion and percolation of P in the soil profile, although still much lower than TSP. Otherwise, even zeolite and PILC seem not effective in increasing P agronomic efficiency.



All the fertilizers were able to increase the labile and moderately labile P fractions in the soil profile after 60 days of incubation. However, in the top layer, close to the fertilizer (0–1 cm), the sources containing PILC with 50% acidulation provided higher labile P contents when compared to zeolite, at the same level of acidulation and even RP source (T1 > T3, T5 > T7, T9 > T11). TSP was the most effective in percolating P in the soil profile, even in labile or moderate labile pools.
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Table A1. Labile, moderately labile and non-labile P pools in the surface soil layer of the column in response to phosphate fertilizer application after 60 days.






Table A1. Labile, moderately labile and non-labile P pools in the surface soil layer of the column in response to phosphate fertilizer application after 60 days.





	
Treatments

	
Labile P

	
Moderately Labile P

	
Non-Labile P




	
mg Kg−1




	
0–1 cm






	
T1

	
709.6 a

	
10618.3 b

	
620.6 a




	
T2

	
555.2 c

	
11779.9 a

	
654.2 a




	
T3

	
647.9 b

	
10206.3 b

	
600.1 a




	
T4

	
588.6 c

	
10268.8 b

	
705.1 a




	
T5

	
609.3 b

	
9797.2 c

	
387.8 c




	
T6

	
479.8 d

	
12343.4 a

	
419.2 c




	
T7

	
583.3 c

	
7776.2 c

	
395.4 c




	
T8

	
390.4 e

	
10360.9 b

	
392.1 c




	
T9

	
624.7 b

	
7840.0 c

	
357.4 c




	
T10

	
520.6 d

	
11000.6 b

	
499.3 b




	
T11

	
567.0 c

	
8171.4 c

	
396.4 c




	
T12

	
329.3 f

	
10381.0 b

	
380.2 c




	
T13

	
140.5 h

	
6152.8 d

	
573.0 b




	
T14

	
191.0 g

	
2773.1 e

	
300.0 d




	
T15

	
213.6 g

	
1523.4 f

	
269.7 d




	
T16

	
638.8 b

	
3548.3 e

	
361.8 c




	
T17

	
21.9 i

	
41.4 g

	
197.9 d








Mean values followed by the same letter do not differ by t-test (Scott-Knott, P < 0.05). ns, not significant. T1 = ARP + PILC + 50% Ac.; T2 = ARP + PILC + 25% Ac; T3 = ARP + Zeo + 50% Ac; T4 = ARP + Zeo + 25% Ac.; T5 = BRP + PILC + 50% Ac.; T6 = BRP + PILC + 25% Ac.; T7 = BRP + Zeo + 50% Ac; T8 = BRP + Zeo + 25% Ac; T9 = MRP + PILC + 50% Ac.; T10 = MRP + PILC + 25% Ac.; T11 = MRP + Zeo + 50% Ac.; T12 = MRP + Zeo + 25% Ac.; T13 = ARP (Araxá rock phosphate); T14 = BRP (Bayovar rock phosphate); T15 = MRP (Morocco rock phosphate); T16 = TSP (triple superphosphate); T17 = control. PILC = pillared clay; Zeo = zeolite.
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Table A2. Labile fractions of inorganic and organic P in the soil extracted by anion exchange resin (PAER) and 0.5 mol L−1 NaHCO3 (PiBIC and PoBIC) in different layers of the columns according to the sources of phosphate fertilizers.






Table A2. Labile fractions of inorganic and organic P in the soil extracted by anion exchange resin (PAER) and 0.5 mol L−1 NaHCO3 (PiBIC and PoBIC) in different layers of the columns according to the sources of phosphate fertilizers.





	
Sources

	
Labile P (mg kg−1)




	
PRTA

	
PiBIC

	
PoBIC




	
0–1 cm

	
1–2 cm

	
2–3 cm

	
3–6 cm

	
6–10 cm

	
0–1 cm

	
1–2 cm

	
2–3 cm

	
3–6 cm

	
6–10 cm

	
0–1 cm

	
1–2 cm

	
2–3 cm

	
3–6 cm

	
6–10 cm






	
T1

	
220.7 a

	
132.6 a

	
139.5 b

	
129.7 b

	
89.6 d

	
400.9 a

	
74.2 b

	
75.3 c

	
80.2 a

	
51.1 d

	
88.6 a

	
42.9 a

	
16.8 a

	
14.5 b

	
10.6 a




	
T2

	
183.9 b

	
108.0 b

	
95.7 c

	
93.3 c

	
72.7 e

	
322.3 c

	
70.7 b

	
61.6 d

	
49.6 b

	
39.3 e

	
48.8 b

	
30.0 b

	
3.7 b

	
17.6 a

	
14.9 a




	
T3

	
190.6 b

	
132.5 a

	
151.4 b

	
132.1 b

	
107.1 b

	
396.2 a

	
81.0 a

	
86.0 b

	
76.6 a

	
59.8 b

	
61.0 a

	
32.2 b

	
20.1 a

	
11.9 b

	
14.5 a




	
T4

	
184.6 b

	
111.6 b

	
106.1 c

	
98.6 c

	
83.5 d

	
336.5 b

	
68.8 b

	
66.5 d

	
51.4 b

	
42.1 e

	
67.3 a

	
31.3 b

	
12.4 b

	
13.4 b

	
14.4 a




	
T5

	
208.1 a

	
133.1 a

	
154.8 b

	
140.0 b

	
123.8 a

	
369.7 b

	
79.5 a

	
80.9 c

	
77.5 a

	
59.1 b

	
61.1 a

	
32.4 b

	
19.7 a

	
24.6 a

	
19.6 a




	
T6

	
157.4 b

	
106.4 b

	
104.5 c

	
98.6 c

	
097.6 c

	
269.8 d

	
59.5 c

	
62.6 d

	
54.4 b

	
50.7 d

	
52.5 b

	
25.9 b

	
12.9 b

	
18.4 a

	
15.4 a




	
T7

	
207.0 a

	
132.0 a

	
137.0 b

	
132.8 b

	
113.1 b

	
280.8 d

	
72.2 b

	
76.3 c

	
76.1 a

	
58.6 b

	
95.4 a

	
27.9 b

	
7.7 b

	
19.1 a

	
13.8 a




	
T8

	
139.9 c

	
88.6 c

	
96.6 c

	
98.3 c

	
86.2 d

	
156.4 e

	
60.4 c

	
61.0 d

	
55.4 b

	
48.1 d

	
94.0 a

	
18.5 c

	
2.8 b

	
14.2 b

	
10.8 a




	
T9

	
245.7 a

	
137.8 a

	
143.1 b

	
130.7 b

	
112.5 b

	
312.8 c

	
74.4 b

	
70.2 d

	
67.8 a

	
53.4 c

	
66.0 a

	
10.2 d

	
26.4 a

	
15.9 b

	
11.0 a




	
T10

	
171.2 b

	
83.0 c

	
86.0 c

	
89.7 c

	
71.3 e

	
296.6 c

	
50.9 d

	
50.0 e

	
50.3 b

	
35.7 f

	
52.6 b

	
5.0 d

	
10.2 b

	
21.0 a

	
15.2 a




	
T11

	
217.0 a

	
140.3 a

	
186.6 a

	
137.4 b

	
119.8 a

	
269.0 d

	
72.1 b

	
76.7 c

	
74.1 a

	
54.3 c

	
80.9 a

	
7.8 d

	
16.4 a

	
10.5 b

	
14.2 a




	
T12

	
136.6 c

	
88.3 c

	
77.7 c

	
92.3 c

	
92.7 c

	
120.8 f

	
46.0 e

	
38.0 f

	
49.8 b

	
41.1 e

	
71.7 a

	
7.0 d

	
26.5 a

	
18.7 a

	
13.5 a




	
T13

	
72.4 d

	
50.2 d

	
55.4 d

	
67.3 d

	
76.0 e

	
34.7 g

	
35.4 f

	
33.6 f

	
39.8 c

	
39.8 e

	
33.3 b

	
5.1 d

	
20.1 a

	
28.4 a

	
12.2 a




	
T14

	
100.4 d

	
39.0 d

	
49.1 d

	
63.9 d

	
70.2 e

	
51.3 g

	
31.0 f

	
36.1 f

	
42.9 c

	
39.5 e

	
39.1 b

	
5.3 d

	
13.8 b

	
17.4 a

	
10.7 a




	
T15

	
134.2 c

	
39.3 d

	
49.1 d

	
57.5 d

	
67.0 e

	
37.1 g

	
31.0 f

	
33.3 f

	
39.5 c

	
39.5 e

	
42.1 b

	
6.4 d

	
11.5 b

	
14.6 b

	
12.9 a




	
T16

	
229.7 a

	
130.5 a

	
139.4 b

	
157.4 a

	
128.8 a

	
361.2 b

	
72.3 b

	
94.0 a

	
87.9 a

	
63.5 a

	
47.8 b

	
9.6 d

	
15.4 a

	
26.4 a

	
12.9 a




	
T17

	
0.7 e

	
0.5 e

	
0.2 e

	
0.3 e

	
0.4 f

	
4.0 h

	
3.7 g

	
5.4 g

	
6.0 d

	
2.3 g

	
17.0 b

	
1.1 d

	
8.1 b

	
3.5 b

	
2.7 b








Means followed by the same letter in the column do not differ from each other by the Scott-Knott test at 5% probability. T1 = ARP + PILC + 50% Ac.; T2 = ARP + PILC + 25% Ac; T3 = ARP + Zeo + 50% Ac; T4 = ARP + Zeo + 25% Ac.; T5 = BRP + PILC + 50% Ac.; T6 = BRP + PILC + 25% Ac.; T7 = BRP + Zeo + 50% Ac; T8 = BRP + Zeo + 25% Ac; T9 = MRP + PILC + 50% Ac.; T10 = MRP + PILC + 25% Ac.; T11 = MRP + Zeo + 50% Ac.; T12 = MRP + Zeo + 25% Ac.; T13 = ARP (Araxá rock phosphate); T14 = BRP (Bayovar rock phosphate); T15 = MRP (Morocco rock phosphate); T16 = TSP (triple superphosphate); T17 = control. PILC = pillared clay; Zeo = zeolite.
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Table A3. Moderately labile fractions of inorganic and organic P in the soil extracted by 0.1 mol L−1 NaOH (PiHid0.1 and PoHid0.1) and 1 mol L−1 HCl (PHCl) in different layers of the columns in function sources of phosphate fertilizers.






Table A3. Moderately labile fractions of inorganic and organic P in the soil extracted by 0.1 mol L−1 NaOH (PiHid0.1 and PoHid0.1) and 1 mol L−1 HCl (PHCl) in different layers of the columns in function sources of phosphate fertilizers.





	
Sources

	
Moderately Labile P (mg kg−1)




	
PiHid0.1

	
PoHid0.1

	
PHCl




	
0–1 cm

	
1–2 cm

	
2–3 cm

	
3–6 cm

	
6–10 cm

	
0–1 cm

	
1–2 cm

	
2–3 cm

	
3–6 cm

	
6–10 cm

	
0–1 cm

	
1–2 cm

	
2–3 cm

	
3–6 cm

	
6–10 cm






	
T1

	
2227.6 b

	
91.9 b

	
92.8 a

	
82.5 c

	
66.8 e

	
771.3 a

	
22.0 c

	
49.3 b

	
36.9 b

	
31.9 b

	
7619.2 b

	
3.0 a

	
1.7 c

	
1.5 b

	
5.5 a




	
T2

	
1348.3 c

	
89.6 b

	
77.3 c

	
69.5 e

	
57.6 f

	
302.1 c

	
18.6 c

	
36.0 c

	
29.2 b

	
23.2 c

	
10129.4 a

	
3.1 a

	
1.3 d

	
1.4 b

	
3.5 a




	
T3

	
2690.5 a

	
99.5 a

	
100.8 a

	
90.2 b

	
78.5 c

	
831.9 a

	
10.2 d

	
51.9 b

	
38.9 b

	
28.3 b

	
6683.8 b

	
3.6 a

	
1.7 c

	
1.7 b

	
4.6 a




	
T4

	
914.8 d

	
89.7 b

	
87.1 b

	
72.0 d

	
63.5 e

	
414.5 c

	
4.8 d

	
38.8 c

	
27.5 b

	
20.1 c

	
8939.4 a

	
2.9 a

	
1.2 d

	
1.5 b

	
4.9 a




	
T5

	
1340.6 c

	
99.8 a

	
102.1 a

	
91.7 b

	
76.3 c

	
518.5 b

	
16.8 c

	
49.4 b

	
39.1 b

	
22.0 c

	
6879.2 b

	
3.5 a

	
1.8 c

	
2.0 b

	
5.2 a




	
T6

	
907.1 d

	
90.7 b

	
82.1 b

	
73.3 d

	
72.6 d

	
264.8 c

	
1.2 d

	
35.2 c

	
28.2 b

	
21.6 c

	
11171.3 a

	
2.6 a

	
1.5 c

	
2.2 a

	
4.5 a




	
T7

	
677.2 d

	
99.9 a

	
97.0 a

	
87.2 b

	
88.7 b

	
308.5 c

	
11.2 d

	
42.7 c

	
35.4 b

	
22.6 c

	
6790.4 b

	
3.2 a

	
1.8 c

	
1.9 b

	
1.6 b




	
T8

	
359.4 e

	
87.0 b

	
84.1 b

	
77.2 d

	
87.8 b

	
292.3 c

	
8.2 d

	
37.3 c

	
42.2 b

	
22.8 c

	
9709.0 a

	
2.0 b

	
1.7 c

	
1.5 b

	
1.0 b




	
T9

	
1049.0 d

	
96.3 a

	
104.6 a

	
84.0 c

	
88.6 b

	
261.0 c

	
53.2 a

	
37.5 c

	
31.0 b

	
29.8 b

	
6529.9 b

	
1.8 b

	
2.0 b

	
2.9 a

	
1.0 b




	
T10

	
850.0 d

	
82.0 c

	
78.3 c

	
72.4 d

	
74.1 d

	
222.4 c

	
37.8 b

	
41.9 c

	
26.7 b

	
32.9 b

	
9928.1 a

	
0.7 c

	
1.4 d

	
1.7 b

	
0.7 b




	
T11

	
307.0 e

	
90.7 b

	
97.0 a

	
88.4 b

	
90.7 b

	
357.6 c

	
58.7 a

	
50.0 b

	
31.3 b

	
34.6 b

	
7506.7 b

	
1.2 c

	
2.0 b

	
2.0 b

	
1.2 b




	
T12

	
186.6 e

	
73.6 d

	
75.2 c

	
73.7 d

	
79.0 c

	
343.1 c

	
35.7 b

	
37.7 c

	
30.2 b

	
34.1 b

	
9851.1 a

	
0.7 c

	
1.3 d

	
1.4 b

	
0.9 b




	
T13

	
66.2 f

	
62.6 e

	
64.2 d

	
64.3 e

	
77.8 c

	
296.5 c

	
38.9 b

	
37.3 c

	
31.9 b

	
34.9 b

	
5789.9 b

	
1.7 b

	
2.6 a

	
2.8 a

	
2.0 b




	
T14

	
57.6 f

	
54.7 f

	
61.7 d

	
67.2 e

	
77.1 c

	
276.3 c

	
33.8 b

	
44.7 c

	
29.4 b

	
39.7 b

	
2439.1 c

	
2.1 b

	
2.7 a

	
2.9 a

	
2.2 b




	
T15

	
45.5 f

	
54.1 f

	
59.8 d

	
64.1 e

	
72.9 d

	
282.0 c

	
29.5 b

	
38.5 c

	
35.0 b

	
47.6 a

	
1195.8 d

	
1.9 b

	
2.5 a

	
2.7 a

	
2.3 b




	
T16

	
2136.6 b

	
97.3 a

	
101.2 a

	
99.4 a

	
96.5 a

	
511.7 b

	
45.3 a

	
72.3 a

	
57.0 a

	
49.7 a

	
899.8 d

	
1.8 b

	
2.4 a

	
2.6 a

	
1.9 b




	
T17

	
12.4 f

	
12.3 g

	
10.3 e

	
11.3 f

	
10.6 g

	
28.5 d

	
0.3 d

	
14.9 d

	
2.6 c

	
0.0 d

	
0.5 e

	
0.1 c

	
0.1 e

	
0.3 c

	
0.3 b








Means followed by the same letter in the column do not differ from each other by the Scott-Knott test at 5% probability. T1 = ARP + PILC + 50% Ac.; T2 = ARP + PILC + 25% Ac; T3 = ARP + Zeo + 50% Ac; T4 = ARP + Zeo + 25% Ac.; T5 = BRP + PILC + 50% Ac.; T6 = BRP + PILC + 25% Ac.; T7 = BRP + Zeo + 50% Ac; T8 = BRP + Zeo + 25% Ac; T9 = MRP + PILC + 50% Ac.; T10 = MRP + PILC + 25% Ac.; T11 = MRP + Zeo + 50% Ac.; T12 = MRP + Zeo + 25% Ac.; T13 = ARP (Araxá rock phosphate); T14 = BRP (Bayovar rock phosphate); T15 = MRP (Morocco rock phosphate); T16 = TSP (triple superphosphate); T17 = control. PILC = pillared clay; Zeo = zeolite.
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Table A4. Residual fraction (Presidual) of P in the soil, considered non-labile, in different layers of the columns according to the sources of phosphate fertilizers.






Table A4. Residual fraction (Presidual) of P in the soil, considered non-labile, in different layers of the columns according to the sources of phosphate fertilizers.





	
Sources

	
Non-Labile P (mg kg−1)




	
Presidual




	
0–1 cm

	
1–2 cm

	
2–3 cm

	
3–6 cm

	
6–10 cm






	
T1

	
620.6 a

	
122.5 ns

	
128.6 b

	
138.8 a

	
133.0 a




	
T2

	
654.2 a

	
122.3

	
123.7 b

	
142.7 a

	
99.0 b




	
T3

	
600.0 a

	
126.5

	
130.6 b

	
146.4 a

	
107.4 b




	
T4

	
705.1 a

	
122.8

	
129.0 b

	
127.2 b

	
104.1 b




	
T5

	
387.7 c

	
125.8

	
131.3 b

	
148.5 a

	
112.6 a




	
T6

	
419.1 c

	
129.5

	
129.7 b

	
137.6 a

	
123.4 a




	
T7

	
395.3 c

	
125.3

	
138.3 b

	
149.9 a

	
116.3 a




	
T8

	
392.1 c

	
123.0

	
133.9 b

	
142.5 a

	
118.9 a




	
T9

	
357.4 c

	
135.0

	
148.0 a

	
149.4 a

	
114.4 a




	
T10

	
499.3 b

	
128.1

	
155.0 a

	
129.7 b

	
115.1 a




	
T11

	
396.4 c

	
136.0

	
155.4 a

	
141.3 a

	
117.5 a




	
T12

	
380.1 c

	
118.6

	
147.8 a

	
138.1 a

	
117.0 a




	
T13

	
572.9 b

	
128.1

	
144.5 a

	
149.4 a

	
121.0 a




	
T14

	
300.0 d

	
127.2

	
146.2 a

	
141.1 a

	
119.1 a




	
T15

	
269.7 d

	
129.3

	
136.0 b

	
138.3 a

	
120.5 a




	
T16

	
361.7 c

	
133.0

	
138.1 b

	
149.4 a

	
119.8 a




	
T17

	
94.8 d

	
111.4

	
113.5 b

	
109.8 c

	
106.7 b








Means followed by the same letter in the column do not differ from each other by the Scott-Knott test at 5% probability. ns = not significant. T1 = ARP + PILC + 50% ac.; T2 = ARP + PILC + 25% ac.; T3 = ARP + Zeo + 50% ac.; T4 = ARP + Zeo + 25% ac.; T5 = BRP + PILC + 50% ac.; T6 = BRP + PILC + 25% ac.; T7 = BRP + Zeo + 50% ac.; T8 = BRP + Zeo + 25% ac.; T9 = MRP + PILC + 50% ac.; T10 = MRP + PILC + 25% ac.; T11 = MRP + Zeo + 50% ac.; T12 = MRP + Zeo + 25% ac.; T13 = ARP (Araxá rock phosphate); T14 = BRP (Bayovar rock phosphate); T15 = MRP (Morocco rock phosphate); T16 = TSP (triple superphosphate); T17 = control. PILC = pillared clay; Zeo = zeolite.
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Figure A1. Maize plants at harvest (45 days growth) showing the differences between treatments. (A) 1 = Control (T17); 2 = ARP (T13); 3 = ARP + PILC + 25% ac. (T2); 4 = ARP + PILC + 50% ac. (T1); 5 = TSP (T16). (B) 1 = Control (T17); 2 = ARP (T13); 3 = ARP + Zeo + 25% ac. (T4); 4 = ARP + Zeo + 50% ac. (T3); 5 = TSP (T16). (C) 1 = Control (T17); 2 = BRP (T14); 3 = BRP + PILC + 25% ac. (T6); 4 = BRP + PILC + 50% ac. (T5); 5 = TSP (T16). (D) 1 = Control (T17); 2 = BRP (T14); 3 = BRP + Zeo + 25% ac. (T8); 4 = BRP + Zeo + 50% ac. (T7); 5 = TSP (T16). (E) 1 = Control (T17); 2 = MRP (T15); 3 = MRP + PILC + 25% ac. (T10); 4 = MRP + PILC + 50% ac. (T9); 5 = TSP (T16). (F) 1 = Control (T17); 2 = MRP (T15); 3 = MRP + Zeo + 25% ac. (T12); 4 = MRP + Zeo + 50% ac. (T11); 5 = TSP (T16). ARP = Araxá rock phosphate; BRP = Bayovar rock phosphate; MRP = Morroco rock phosphate; TSP = triplo superphosphate; PILC = pillared clay; Zeo = zeolite. 
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Figure 1. X-ray diffractograms of natural clay and pillared clay after calcination at 350 °C. 
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Figure 2. X-ray diffractograms of pure and acidulated RP (25 and 50% ac.) with the incorporation of pillared clay (PILC) or zeolite (Zeo), powder blades. ARP = Araxá Rock Phosphate; BRP = Bayovar Rock Phosphate; MRP = Morocco Rock Phosphate; PILC = pillared clay; Zeo = zeolite. Identified minerals: Ap = apatite; Qz = quartz; Gy = gypsum; Ba = bassanite. 
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Figure 3. Soil pH as function of fertilizer source and soil layer after five weeks of incubation. Mean values followed by the same letter in the same layer do not differ by t-test (Scott-Knott, P < 0.05). T1 = ARP + PILC + 50% Ac.; T2 = ARP + PILC + 25% Ac; T3 = ARP + Zeo + 50% Ac; T4 = ARP + Zeo + 25% Ac.; T5 = BRP + PILC + 50% Ac.; T6 = BRP + PILC + 25% Ac.; T7 = BRP + Zeo + 50% Ac; T8 = BRP + Zeo + 25% Ac; T9 = MRP + PILC + 50% Ac.; T10 = MRP + PILC + 25% Ac.; T11 = MRP + Zeo + 50% Ac.; T12 = MRP + Zeo + 25% Ac.; T13 = TSP (triple superphosphate); T14 = control. ARP = Araxá rock phosphate; BRP = Bayovar rock phosphate; MRP = Morocco rock phosphate; PILC = pillared clay; Zeo = zeolite. 
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Figure 4. Soil available P (resin) (a) and total P content (b) in samples at distinct distances from the fertilizer granule application (radii of 0–7.75, 7.75–13.5, 13.5–25.5, and 25.5–43 mm) after five weeks of incubation. Mean values followed by the same letter for each soil layer do not differ by t-test (Scott–Knott, P < 0.05). Percent distribution of available P (c) and total P (d) from fertilizer in each layer (% PfS1–4) calculated according to the equation proposed by Lombi et al. [35]: %PfSi = [(Pf)Si ∗ Wi/Σi = 1 − 4((Pf)Si ∗ Wi], where i is the layer of the petri dish (1 to 4); (Pf)Si is the content of available or total P as a function of the fertilizer addition; and Wi the mass of soil in a particular layer. (Pf)Si was calculated by subtracting the mean of the control treatment of the other treatments with fertilizers. T1 = ARP + PILC + 50% Ac.; T2 = ARP + PILC + 25% Ac; T3 = ARP + Zeo + 50% Ac; T4 = ARP + Zeo + 25% Ac.; T5 = BRP + PILC + 50% Ac.; T6 = BRP + PILC + 25% Ac.; T7 = BRP + Zeo + 50% Ac; T8 = BRP + Zeo + 25% Ac; T9 = MRP + PILC + 50% Ac.; T10 = MRP + PILC + 25% Ac.; T11 = MRP + Zeo + 50% Ac.; T12 = MRP + Zeo + 25% Ac. TSP = triple superphosphate; CONT = control; ARP = Araxá rock phosphate; BRP = Bayovar rock phosphate; MRP = Morocco rock phosphate; PILC = pillared clay; Zeo = zeolite. 






Figure 4. Soil available P (resin) (a) and total P content (b) in samples at distinct distances from the fertilizer granule application (radii of 0–7.75, 7.75–13.5, 13.5–25.5, and 25.5–43 mm) after five weeks of incubation. Mean values followed by the same letter for each soil layer do not differ by t-test (Scott–Knott, P < 0.05). Percent distribution of available P (c) and total P (d) from fertilizer in each layer (% PfS1–4) calculated according to the equation proposed by Lombi et al. [35]: %PfSi = [(Pf)Si ∗ Wi/Σi = 1 − 4((Pf)Si ∗ Wi], where i is the layer of the petri dish (1 to 4); (Pf)Si is the content of available or total P as a function of the fertilizer addition; and Wi the mass of soil in a particular layer. (Pf)Si was calculated by subtracting the mean of the control treatment of the other treatments with fertilizers. T1 = ARP + PILC + 50% Ac.; T2 = ARP + PILC + 25% Ac; T3 = ARP + Zeo + 50% Ac; T4 = ARP + Zeo + 25% Ac.; T5 = BRP + PILC + 50% Ac.; T6 = BRP + PILC + 25% Ac.; T7 = BRP + Zeo + 50% Ac; T8 = BRP + Zeo + 25% Ac; T9 = MRP + PILC + 50% Ac.; T10 = MRP + PILC + 25% Ac.; T11 = MRP + Zeo + 50% Ac.; T12 = MRP + Zeo + 25% Ac. TSP = triple superphosphate; CONT = control; ARP = Araxá rock phosphate; BRP = Bayovar rock phosphate; MRP = Morocco rock phosphate; PILC = pillared clay; Zeo = zeolite.



[image: Agronomy 10 00918 g004]







[image: Agronomy 10 00918 g005 550] 





Figure 5. Phosphorus leaching from phosphate fertilizers over time (a) and accumulated leached P after 60 days of incubation (b). Mean values followed by the same letter do not differ by t-test (Scott–Knott, P < 0.05). T1 = ARP + PILC + 50% Ac.; T2 = ARP + PILC + 25% Ac; T3 = ARP + Zeo + 50% Ac; T4 = ARP + Zeo + 25% Ac.; T5 = BRP + PILC + 50% Ac.; T6 = BRP + PILC + 25% Ac.; T7 = BRP + Zeo + 50% Ac; T8 = BRP + Zeo + 25% Ac; T9 = MRP + PILC + 50% Ac.; T10 = MRP + PILC + 25% Ac.; T11 = MRP + Zeo + 50% Ac.; T12 = MRP + Zeo + 25% Ac.; ARP = Araxá rock phosphate; BRP = Bayovar rock phosphate; MRP = Morocco rock phosphate; TSP = triple superphosphate; CONT = control. PILC = pillared clay; Zeo = zeolite. 
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Figure 6. Labile, moderately labile and non-labile P pools in different soil layers of the column, 0–1 (a), 1–2 (b), 2–3 (c), 3–6 (d) and 6–10 cm (e), in response to phosphate fertilizers application after 60 days. Mean values followed by the same letter do not differ by t-test (Scott–Knott, P < 0.05). ns, not significant. T1 = ARP + PILC + 50% Ac.; T2 = ARP + PILC + 25% Ac; T3 = ARP + Zeo + 50% Ac; T4 = ARP + Zeo + 25% Ac.; T5 = BRP + PILC + 50% Ac.; T6 = BRP + PILC + 25% Ac.; T7 = BRP + Zeo + 50% Ac; T8 = BRP + Zeo + 25% Ac; T9 = MRP + PILC + 50% Ac.; T10 = MRP + PILC + 25% Ac.; T11 = MRP + Zeo + 50% Ac.; T12 = MRP + Zeo + 25% Ac.; T13 = ARP (Araxá rock phosphate); T14 = BRP (Bayovar rock phosphate); T15 = MRP (Morocco rock phosphate); T16 = TSP (triple superphosphate); T17 = control. PILC = pillared clay; Zeo = zeolite. 
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Table 1. Chemical characteristics of the rock phosphates (RPs) used and total chemical composition by X-ray fluorescence, cation exchange capacity (CEC) and maximum P adsorption capacity (MPAC) of pillared clays and zeolites.
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Rock Phosphate

	
Phosphorus (P2O5)




	
Total

	
PCA 2% (1:100; w/v)

	
H2O




	
%






	
Araxá (ARP)

	
29.9

	
5.7

	
0.03




	
Bayovar (BRP)

	
28.9

	
14.8

	
0.02




	
Morocco (MRP)

	
30.0

	
9.0

	
0.08




	
Additives

	
SiO2

	
Al2O3

	
K2O

	
Fe2O3

	
MgO

	
TiO2

	
Na2O

	
CEC

	
MPAC 3




	
%

	
mmolc kg−1

	
mg kg−1




	
Pillared clay

	
35.7

	
23.7

	
0.2

	
6.6

	
4.0

	
0.5

	
0.04

	
676 1

	
5527




	
Zeolite

	
51.3

	
14.6

	
1.5

	
1.9

	
3.3

	
0.2

	
0.9

	
1450 2

	
31








1 Determined according to the USDA-NRCS [12]; 2 determined according to Farkaš et al. [13]; 3 determined according to Alvarez et al. [14].
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Table 2. Characterization for the total P2O5, water soluble, neutral ammonium citrate + water (NAC + H2O) and 2% citric acid (PCA 2%) soluble P of phosphate fertilizers partially acidulated plus the additives pillared clay (PILC) and zeolite (Zeo).






Table 2. Characterization for the total P2O5, water soluble, neutral ammonium citrate + water (NAC + H2O) and 2% citric acid (PCA 2%) soluble P of phosphate fertilizers partially acidulated plus the additives pillared clay (PILC) and zeolite (Zeo).





	
Fertilizers

	
Treatment

	
Phosphorus Level (P2O5)




	
Total

	
H2O

	
NAC + H2O

	
PCA 2%




	
%






	
ARP + PILC + 50% acidulation

	
1

	
20.1

	
2.6

	
7.6

	
5.5




	
ARP + PILC + 25% acidulation

	
2

	
23.3

	
1.4

	
5.0

	
4.7




	
ARP + Zeo + 50% acidulation

	
3

	
20.3

	
2.1

	
9.2

	
5.6




	
ARP + Zeo + 25% acidulation

	
4

	
23.5

	
1.4

	
5.0

	
4.8




	
BRP + PILC + 50% acidulation

	
5

	
21.7

	
3.3

	
6.9

	
8.1




	
BRP + PILC + 25% acidulation

	
6

	
23.6

	
1.3

	
4.6

	
8.4




	
BRP + Zeo + 50% acidulation

	
7

	
21.2

	
6.3

	
8.0

	
11.0




	
BRP + Zeo + 25% acidulation

	
8

	
23.7

	
1.7

	
3.9

	
6.2




	
MRP + PILC + 50% acidulation

	
9

	
21.6

	
3.6

	
6.4

	
8.9




	
MRP + PILC + 25% acidulation

	
10

	
23.7

	
1.1

	
3.6

	
7.8




	
MRP + Zeo + 50% acidulation

	
11

	
22.0

	
6.1

	
6.1

	
9.6




	
MRP + Zeo + 25% acidulation

	
12

	
24.0

	
2.2

	
3.2

	
7.4








ARP = Araxá rock phosphate; BRP = Bayovar rock phosphate; MRP = Morocco rock phosphate.
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Table 3. Chemical, physical and mineralogical characteristics of the soil used in diffusion study.
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Granulometry

	
CBD

	
Oxalate

	
MPAC




	
Clay

	
Silt

	
Sand

	
Fed

	
Ald

	
Feox

	
Alox






	
g kg−1

	
mg kg−1




	
75

	
37

	
888

	
5.13

	
0.99

	
0.31

	
1.39

	
157




	
pH

	
P resin

	
S

	
H + Al

	
Ca2+

	
Mg2+

	
K+

	
BS

	
CEC

	
V




	
CaCl2

	
mg dm−3

	
mmolc dm−3

	
%




	
5.2

	
4

	
142

	
12

	
21

	
6

	
1.7

	
28.7

	
40.7

	
71








MPAC = maximum phosphorus adsorption capacity; CBD = citrate-bicarbonate-dithionite; Fed and Ald = iron and aluminum, respectively, extracted by the dithionite-citrate-bicarbonate method; Feox and Alox = iron and aluminum, respectively, extracted by the acid ammonium oxalate method; BS = base sum; CEC = cation exchange capacity; V = base saturation.
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Table 4. Chemical, physical and mineralogical characteristics of the soil used in the column solubilization study.
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Granulometry

	
CBD

	
Oxalate

	
MPAC




	
Clay

	
Silt

	
Sand

	
Fed

	
Ald

	
Feox

	
Alox






	
g kg−1

	
mg kg−1




	
180

	
90

	
730

	
9.11

	
1.99

	
0.27

	
1.41

	
295




	
pH

	
OM

	
P resin

	
Al3+

	
H + Al

	
Ca2+

	
Mg2+

	
K+

	
BS

	
CEC

	
m

	
V




	
CaCl2

	
g dm−3

	
mg dm−3

	
mmolc dm−3

	
%




	
5.1

	
3

	
<3

	
<2

	
11

	
9

	
3

	
<0.9

	
12.1

	
23.1

	
14

	
52








MPAC = maximum P adsorption capacity; CBD = citrate-bicarbonate-dithionite; Fed and Ald = iron and aluminum, respectively, extracted by the dithionite-citrate-bicarbonate method; Feox and Alox = iron and aluminum, respectively, extracted by the acid ammonium oxalate method; OM = organic matter; BS = base sum; CEC = cation exchange capacity; m = aluminum saturation; V = base saturation.
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Table 5. Dry matter yield and accumulated P content in shoot and root of maize under phosphate sources partially acidulated with incorporation of pillared clays or zeolites.
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Treatments

	
Dry Matter (g)

	
Accumulated P (mg pot−1)

	
RAE (%)




	
Shoot

	
Root

	
Shoot

	
Root






	
T1

	
7.8 d

	
4.5 b

	
3.7 c

	
2.6 c

	
56.9




	
T2

	
4.1 e

	
3.0 c

	
2.1 c

	
1.5 c

	
26.8




	
T3

	
5.8 e

	
5.6 b

	
3.2 c

	
4.5 b

	
40.7




	
T4

	
4.4 e

	
3.7 c

	
2.4 c

	
2.1 c

	
29.3




	
T5

	
11.8 b

	
6.8 a

	
6.4 b

	
3.6 b

	
89.4




	
T6

	
5.7 e

	
4.7 b

	
2.8 c

	
2.3 c

	
39.8




	
T7

	
10.0 c

	
7.0 a

	
4.8 b

	
6.5 a

	
74.8




	
T8

	
5.9 e

	
4.8 b

	
3.2 c

	
2.2 c

	
41.5




	
T9

	
10.2 c

	
7.8 a

	
5.9 b

	
4.8 b

	
76.4




	
T10

	
4.9 e

	
3.7 c

	
2.7 c

	
1.9 c

	
33.3




	
T11

	
11.3 b

	
7.2 a

	
4.9 b

	
4.2 b

	
85.4




	
T12

	
5.0 e

	
4.1 c

	
2.6 c

	
1.6 c

	
34.1




	
T13

	
0.9 f

	
0.9 d

	
0.5 d

	
0.4 d

	
0.8




	
T14

	
5.3 e

	
3.9 c

	
3.0 c

	
1.8 c

	
36.6




	
T15

	
2.1 f

	
2.1 d

	
1.2 d

	
0.9 d

	
10.6




	
T16

	
13.1 a

	
5.8 b

	
14.3 a

	
3.9 b

	
100.0




	
T17

	
0.8 f

	
0.6 d

	
0.3 d

	
0.1 d

	
--








Means followed by the same letter in the column do not differ from each other by the Scott–Knott test at 5% probability. RAE = relative agronomic efficiency. T1 = ARP + PILC + 50% Ac.; T2 = ARP + PILC + 25% Ac; T3 = ARP + Zeo + 50% Ac; T4 = ARP + Zeo + 25% Ac.; T5 = BRP + PILC + 50% Ac.; T6 = BRP + PILC + 25% Ac.; T7 = BRP + Zeo + 50% Ac; T8 = BRP + Zeo + 25% Ac; T9 = MRP + PILC + 50% Ac.; T10 = MRP + PILC + 25% Ac.; T11 = MRP + Zeo + 50% Ac.; T12 = MRP + Zeo + 25% Ac.; T13 = ARP (Araxá rock phosphate); T14 = BRP (Bayovar rock phosphate); T15 = MRP (Morocco rock phosphate); T16 = TSP (triple superphosphate); T17 = control. PILC = pillared clay; Zeo = zeolite.
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