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Abstract

:

The low nitrogen utilization efficiency (NUE) of commercial fertilizers is one of the main hurdles in higher crop production and reduction of fertilizer N losses to the environment. However, interactions between most the macronutrients could have synergistic outcomes that affect crop NUE. The coating of urea with macronutrients and biopolymers may control N release and synergistically impact its crop NUE. In this study, urea was coated with 3% of different polymers, combined with 5% potassium iodide (KI) (i) Gum Arabica (GA + KI), (ii) polyvinyl alcohol (PVA + KI), and (iii) gelatin (Gelatin + KI) to control its N release, leaching, and increase of wheat NUE. Scanning electron microscopy, Fourier Transform Infrared spectroscopy (FTIR), and X-ray diffraction (XRD) analyses confirmed the successful coating of all KI and biopolymer combinations on urea granules. All coating combinations slowed down urea release in water and reduced its leaching from the soil, but the highest reduction in both parameters was observed with the GA + KI treatment, compared to the uncoated urea. After soil application, GA + KI decreased urea leaching by 26% than the uncoated urea in lysimeter. In the field, soil mineral N remained significantly high with the GA + KI and PVA + KI treatments at the wheat tillering, booting, grain filling and maturity stages, compared to the uncoated urea. However, K content was only high (28%) with the GA + KI treatment at final harvest. Likewise, microbial biomass N was only high with GA + KI at grain filling (20%) and maturity stages (24%) than the uncoated urea. Such synchronized N availability led to high wheat grain yield (28%), N (56%) uptake, and apparent N recovery (130%) with the GA + KI treatment, compared to the uncoated fertilizer. The increment in NUE with GA + KI could be due to the synergistic effect of K on N availability; therefore, we observed higher wheat yield and N utilization efficiency with this treatment. Hence, urea coated with macronutrient (K) plus biopolymer is recommended to improve wheat yield, NUE, and for reduction of environmental N losses.
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1. Introduction


Improving nutrient use efficiency and decreasing nutrient losses from fertilizers are mandatory for increasing crop productivity and conserving environmental sustainability. Among the nutrients required for normal plant growth, nitrogen (N) is the most limiting nutrient worldwide [1]. Synthetic N fertilizers are used in agriculture to cope with this problem. According to an estimate, the use of synthetic N fertilizers enhanced global food production by 30–50% [2]. Consequently, N fertilizers’ demand increased globally by 6.67% from 2016 to 2022 [3]. Among N fertilizers, urea is predominantly used (73.4% of the N fertilizer) [4]. The dynamic nature of N in urea and other N fertilizers makes it susceptible to environmental losses; therefore, effective management is required to keep this nutrient in the soil–plant system. Under favorable conditions, more than 50% of the applied N from urea is volatilized [5], 30% can be leached down, runoff, or nitrified [6], and a further ˃30% is denitrified to the environment [7]. Hence, plants use only 30–60% of N applied through urea [6,8]; therefore, N use efficiency (NUE) of crops from conventional urea varies from 30–60%, which is very low [6,8] and could lead to economic losses for farmers.



The adoption of optimal management practices and new approaches can maximize NUE and crop productivity [9]. Therefore, researchers particularly engaged in businesses related to fertilizers are introducing new technologies for reducing N losses and improving NUE from applied urea [10]. Controlled N release from urea can increase the efficient use of fertilizer by plants, as well as reduce the negative effects that are damaging to the ecosystem [8,11,12]. A slow release urea fertilizer was purposely designed to release N in a controlled and delayed manner, one that could synchronize with plant N need [13]. By using the aforesaid fertilizers, expected crop yield can be achieved, even by reducing recommended fertilizer rate by 20–30% [14], which is economically beneficial by saving time, energy, and labor [15]. Thus, urea encapsulation (coating) can be suitable for minimizing N losses through NH3, N2O, and NO3 leaching and improving crop NUE [16].



Coating materials behave as a sealing agent since they form a physical barrier on the surface of the fertilizer granule, preventing water penetration into its center, and controlling the urea/N release from the fertilizer [17]. Therefore, various coating materials i.e., bio-based polyurethane [18], starch [17], cellulose [19], and lignin [20], are being utilized for coating on urea and other chemical fertilizers. However, due to poor thermo-physical and mechanical properties, the modification of these products with a suitable stabilizing or plasticizing agent is compulsory [21]. Polymer coating materials i.e., polystyrene [22], polyurethane [18], polyethylene [23], polyether sulfone [24], and polyacrylamide [25] are considered promising stabilizing or plasticizing agents and utilized for improving the controlled release of urea. However, decomposition of these plasticizing compounds in the soil is problematic; therefore, these compounds persist for a longer time period and become a source of soil pollution [26]. To avoid this problem, biopolymeric compounds like lignin [20], starch [17], cellulose [19], Gum Arabica, honey wax, and paraffin oil are being utilized as coating materials [10,11,21,27,28]. However, many of these compounds are costly, non-resilient, and do not offer any additional benefits to the soil or plants.



Inorganic materials such as sulfur and zinc are also being utilized for coating purposes [29,30]. Sulfur has the ability to decrease urea dissolution [30], is essential for crop growth, and can also decrease the alkalinity of the soil [10]. However, its non-uniform coating surface, low granular adhesion, wettability, and acidity causing nature makes it an ineffective coating material, prompting scientists to look for the alternative solutions to overcome sulfur coating associated problems [10,12]. Equally, the utilization of Zn as a coating material is also beneficial since this can also serve as a crop micronutrient and at the same time inhibit urease enzyme activity to slow release of N from urea fertilizer [29]. Like micronutrients, macronutrients can also be used as coating material for commercial fertilizers. This is because the interaction between two or more nutrients could have a synergistic (positive), antagonistic (negative), or no influence on the availability and crop uptake of the other nutrients [31,32]. Consequently, a coating macronutrient i.e., P or K, on urea may synergistically influence the availability of N in the soil and synchronize that with crop uptake. The macronutrient K is an essential nutrient required for crop growth and development, like micronutrients zinc and sulfur [33,34]. Therefore, like Zn and S [30,35], K can also be used as a coating agent to supply this macronutrient with urea. However, to the best of our knowledge, a macronutrient such as potassium (K) has not been tested as a coating agent for urea or other chemical fertilizers. Moreover, no single study has tested the development of the combination of bio-degradable polymer and macronutrient coating on N and K release rate and their plant uptake at the lab and field scales.



The objective of this study was to explore the effectiveness of the combination of cheap and eco-friendly new polymeric coating materials and macronutrients (K) in controlling N release from urea granules with the provision of macronutrients such as K to improve wheat NUE. The specific objectives are (i) to quantify the nutrient (N) release rate from a biopolymer plus K coated urea fertilizer, (ii) to investigate the role of a coated urea fertilizer on soil N, K release, microbial biomass C, N, and N uptake by wheat crops. We hypothesized that the polymer plus K coating makes a smooth surface layer on granules and fills their porous surfaces. Thereby, it can control the N release rate from urea and synchronize N release with the wheat crop’s N requirement. Hence, wheat N uptake and yield will be higher with coated than uncoated urea treatment. Controlled release urea fertilizers were prepared using the fluidized bed coating technique. The coated and uncoated urea was characterized by fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), and scanning electron microscopy (SEM). Release rate and soil leaching rate of urea from coated granules were evaluated by using a UV-visible spectrophotometer. NUE of coated and uncoated urea was tested on a wheat crop in the field study.




2. Material and Methods


2.1. Materials


Urea granules of commercial grade containing 46% nitrogen content were purchased from a local market (Fauji Fertilizer, Bin Qasim Limited, Karachi, Pakistan). Granular urea was sieved to attain uniformity (4 mm) in diameter. Analytical grade materials for the coating test i.e., Gum Arabica (GA), potassium iodide (KI), gelatin, and polyvinyl alcohol (PVA) were acquired from Daejung Chemicals and Metals Co.,Ltd., Shiheung-city, Korea. The molecular weight of PVA, gelatin, and Gum Arabica was 13,000–23,000, 10,000, and 250,000 g·mol−1, respectively.



2.1.1. Composition of the Coating Solution


The polymeric coating solution was prepared by mixing 15 g of potassium iodide with 200 mL of deionized water for 30 min at a constant temperature of 80 °C. After that, three different coating solutions were prepared by adding 9 g of GA, PVA, and gelatin. The temperature (80 °C) was retained for 24 h with constant stirring. A fluidized bed coater was used for coating. The same method was adopted for the preparation of other compositions of coating materials. The experimental design to make a biopolymer and K combination for coating solutions was carefully thought though, based on previous reported studies [8,11,21,36,37,38]. The coating combinations were (i) GA + KI: urea coated with 3% Gum Arabica and 5% KI, (ii) PVA + KI: urea coated with 3% Polyvinyl Alcohol and 5% KI, and (iii) Gelatin + KI: urea coated with 3% Gum Arabica and 5% KI.




2.1.2. Coating Apparatus


The synthesis of a novel urea-coating fertilizer with slow-release properties was carried out using a fluidized bed granulator. A mini spray granulator (model: YC-1000) manufactured by Shanghai Biotech Instrument and Equipment Company Limited, Shanghai, China, was used for coating of the urea granules. A spray nozzle was installed below the fluidized bed, where a batch of 300 g urea granules was placed and run at a time.



After fluidizing the granular urea by using hot fluidization air (quantity exceeding the minimum requirement), a peristaltic pump was used for the steady flow of hot solution at 5.0 rpm. Pressurized air (0.2 MPa) from an air compressor was used for atomization of the hot coating solution, then using a spray nozzle, an atomized coating solution was launched from the bottom at a pressure of 4-bar on the granular urea. The process of coating was initiated when steady temperature conditions were achieved and ended after 15 min of drying. Finally, the coated urea granules were removed from the bed and characterized using various techniques.





2.2. Characterization of the Prepared Urea Granules


2.2.1. Fourier Transform Infrared (FTIR) Spectroscopy


The bonding nature and chemical structure of the uncoated and coated urea was evaluated by utilizing Fourier Transform Infrared Spectroscopy (FTIR; 100 Spectrometer, Perkin Elmer, Shelton, CT, USA) absorption spectra. For this purpose, urea granules were converted into powder form by crushing and the powder was subjected to spectral analysis through an FTIR spectrometer in the wavelength range of 400–4000 cm−1.




2.2.2. Scanning Electron Microscopy (SEM)


The surface morphology of the uncoated and coated granules of urea was studied using a SEM (S-4700, Hitachi, Tokyo, Japan). For this purpose, a JEOL JFC-1500 ion sputtering machine (Jeol, Tokyo, Japan) was used for carrying out gold sputtering on urea granules before examination. Granules were coated with up to 250 angstroms. Analysis of the surface of the sample granules was carried out using a secondary electron detector utilizing accelerating voltage of 20 Kilovolts.




2.2.3. X-ray Diffraction (XRD) Characterization


To examine the crystallinity of the polymeric surface formed on the coated and uncoated urea granules, XRD analysis was conducted using equipment STOE from Darmstadt, Germany. Step time and step size for X-ray diffraction were taken as 1 s and 0.4°, respectively. The radiation used for characterization was Cu k α-1, while scan angle ranged from 20°–70°.




2.2.4. Crushing Strength


Crushing strength of the coated urea granules was carried out using AGX Plus (Shimadzu, Kyoto, Japan), a universal testing machine. The test was conducted to ensure that the coated granules are capable of withstanding any physical injury—from the manufacturing phase of the product to their sale (the urea dust (fines) formed by excessive physical impact is useless in agriculture). For this test, a random selection of coated granules was made from the sample batch. During the test, a metal plunger was used to apply stress on the coated urea granules. The force at which the granules cracked open was recorded as a measure of its strength.




2.2.5. Urea Release Rate


The release rate and efficiency of the coated urea was identified by the P-methyl amino benzaldehyde method. First, a GENSYS TM20 UV-visible spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) was used to draw a calibration curve using urea granules of analytical grade (i.e., having 99.9% purity). To obtain the slope of the calibration curve, standardized solutions of urea (20, 40, 60, 80, and 100 ppm) were prearranged. Absorbance of the standard solution mentioned above was measured using UV-visible spectrophotometry. Subsequently, a calibration curve between two known variables (absorbance and urea concentration) was drawn. For this purpose, initially, 10 g urea was placed in a 500 mL beaker containing de-ionized water. Then, 10 mL sample aliquots were collected from the center of the beaker at time intervals of 3, 6, 9, 12, 15, 30, 60, and 120 min. After that, each sample was diluted to 50 mL for absorbance measurement using a UV-visible spectrophotometer. Before sample collection, the beaker was stirred for 15 s. A 10 mL sample was collected again from the diluted solution (50 mL), then transferred into another volumetric flask (50 mL) in which 5 mL p-dimethyl benzaldehyde solution and 1 mL HCl (1:1) were added and mixed. To bring the final volume to 50 mL, de-ionized water was used. Finally, absorbance was measured using a wavelength of 418 nm and an unknown concentration of the test batch (coated urea) was calculated using Equation (i). Then using Equation (ii), urea release efficiency was calculated.


  U r e a   c o n c e n t r a t i o n    (  p p m  )  = A b s o r b a n c e − Y × I n t e r c e p t / C a l i b r a t i o n c u r v e   s l o p e  



(i)









Urea release efficiency (%) = (Cu − Cpcu/Cu) × 100



(ii)




where Cu = concentration of urea (ppm) in the uncoated samples after 120 min, Cpcu = concentration of urea (ppm) in the coated samples after 120 min.




2.2.6. Urea Leaching Rate


A soil leaching column made of polytetrafluoroethylene (PTFE) with 150 mm height and 30 mm diameter was used to measure the urea leaching rate in soil. A soil column was filled with oven dried soil. One gram of urea (coated and uncoated) was placed in the center of the column (75 mm depth) in the soil. The bottom of the column was covered with cellulose acetate filter paper, which allows only water to pass through. In 1 L deionized water, 1 g copper sulphate was added to prevent the risk of nitrification by urea. This water was passed through the column from the top at flow rate of 3 mL minute−1 and collected in a beaker from the bottom. Water samples were collected from the beaker every 30 min for almost 8 h. Absorbance of leached urea was measured from the samples at wavelength of 430 nm using a GENSYS TM20 UV-visible spectrophotometer, after drawing a calibration curve.





2.3. Field Experiment


A field experiment was conducted at the University Research Farm at Koont (Chakwal), Pakistan (latitude: 33.68° N, longitude 73.03° E and altitude: 1643.7 feet), to study the effect of coated urea on the growth and yield of wheat crop. The soil in the field was clay loam [39] and belonged to Udic Haplustalf Alfisol (Rawal series) category (Govt. of Pakistan, 1974) [39]. Initial soil pH, electrical conductivity, total organic carbon, dissolved organic carbon, mineral N, and plant available P and K were 8.32 ± 0.02, 0.19 ± 0.01%, 0.61 ± 0.1 dSm−1, 0.0034 ± 0.0002%, 15.6 ± 0.97 kg ha−1, 5 ± 0.3 mg kg−1, and 94 ± 3.8 mg kg−1, respectively. Mean rainfall during the experimental period ranged between 0.5–29.5 mm/month (National Agriculture Research Center, Islamabad, Pakistan, metrological data observatory).



In total, five treatments with three replications (15 plots) were used in the experiment. The treatments were arranged in a randomized complete block design (RCBD). The size of each plot was 2 m × 3 m, where 8 rows of wheat were sown at a distance of 23 cm. The uncoated urea was applied at a rate of 130 g (recommended dose: 100 kg N ha−1) per plot while coating increased the quantity of the urea to 148 g. The treatments in this study were (i) C: Control (unfertilized soil), (ii) Un-U: Uncoated urea, (iii) GA + KI: urea coated with 3% Gum Arabica and 5% KI, iv) PVA + KI: urea coated with 3% Polyvinyl Alcohol and 5% KI, and, (v) Gelatin + KI: urea coated with 3% Gum Arabica and 5% KI. Wheat seeds (variety: Borlaug) purchased from NARC, Islamabad, Pakistan, were used in the experiment. Manual weeding was performed periodically to avoid wheat infestation.



2.3.1. Analysis of Soil Samples


Soil was sampled five times during this experiment. An initial sample was taken before application of the fertilizer and then sampling was done after 45 days of sowing at tillering, booting (120 days), grain filling (145 days), and maturity stages (200 days). The purpose of sampling five times was to study the mineral N, microbial biomass C, and N content of the soil with time. Each time, three soil samples (random) were collected at a standard soil sampling depth of 0–30 cm [8,38,39,40,41] from all plots, which were mixed properly to form a composite sample. Half of each soil sample (fresh) was used for the determination of microbial biomass C and N content of soil, while the remaining half was oven dried for 2 days at a temperature of 45 °C to analyze soil pH, EC (electrical conductivity), TOC (total organic carbon), available C, Nmin (mineral nitrogen) and plant available P and K.



Soil pH and EC was determined by preparing a soil-water suspension at ratio of 1:2.5. This suspension was shaken for one hour and left at room temperature for 30 min to homogenize. A pH-meter (inoLab pH meter level 1, WTW GmbH & Co. KG, Weilheim in Oberbayern, Germany) and multi-meter (Ino-Lab® Multi 9430 IDS, WTW, GmbH & Co. KG, Weilheim in Oberbayern, Germany) were used to measure pH and EC, respectively. Soil dissolved organic C was determined using the method described by Altaf and Rashid [42]. Mineral N of soil was determined using the AB-DTPA method as described in Aziz, Shah, and Rashid [40]. Plant available P and K in soil were determined using a procedure described by Houba et al. [43]. Soil bulk density was measured using the soil core method [44].



Microbial Biomass


The fumigation extraction method as described in Aziz, Shah, and Rashid [40] was used for measuring microbial biomass Nmb and Cmb of the soil [45,46]. A 10 g fresh soil sample was taken for this purpose. Half of it (5 g) was fumigated for 24 h using ethanol-free CHCl3 at 25 °C. The fumes from these samples were removed by placing them in a hot water bath (80 °C) for 2 h. An extract of fumigated and non-fumigated soil (remaining 5 g) was prepared by shaking them with 20 mL K2SO4 solution (0.5 M) for 30 min. Subsequently, this solution mixture was filtered out to obtain the extract. Total carbon (TC) was determined using a TOC Analyzer (TNM1; Shimadzu, Kyoto, Japan), while total nitrogen (TN) was measured through with the Kjeldahl digestion method.


  C   o r    N  m b   = T C   o r   T  N  f u m   − T C   o r   T  N  n f u m   / k  E x  C   o r   k  E x  N  



(1)




where, TCfum and TCnfum represent total C in the fumigated and non-fumigated samples of soil, respectively, while TNfum and TNnfum indicate total N in the fumigated and non-fumigated soil samples, respectively. To calculate Cmb and Nmb, 0.45 [47] and 0.54 [45,48] were used as kExC and kExN coefficient, respectively.





2.3.2. Plant Analysis


Wheat crop growth and yield parameters such as plant height, number of tillers plant−1, number of leaves tiller−1, number of spikelets panicle−1, panicle length, number of grains panicle−1, 1000 grains weight, grain yield, biological yield, root biomass, and harvest index were determined.



Wheat was harvested from an area of 1 m2 at the physiological maturity stage. Biological yield was measured by weighing the above-ground parts of all the plants harvested, after drying the samples in an oven at 70 °C for 48 h. Ten plants from each plot were randomly selected to measure other parameters in the maturity stage. A meter rod was used to measure plant height and panicle length in cm. Besides, the number of tillers plant−1 was counted. Spikelets from the panicles of the selected plants were counted and crushed to record the number of grains per panicle. A digital balance was used to determine 1000 grain weight and total grain weight per m2 after crushing all the panicles obtained from the mentioned area.




2.3.3. Apparent N Recoveries


Plant N apparent recovery was calculated using Equation (2):


  A N R  ( % )  =   (  N  c u   × D  M  c u   ) −  (   N  c o n t   × D  M  c o n t    )    T  N  a p p     × 100  



(2)




where, Ncu and Ncont are N content of wheat plant (g N 100 g−1 DM) in the fertilized and control treatments, respectively. DMcu and DMcont indicate the wheat DM yield (kg ha−1) in the above-mentioned treatments. TNapp is the total N applied (kg ha−1) per treatment.




2.3.4. Statistical Analysis


The plant and soil data were analyzed statistically through analysis of variance technique using IBM SPSS statistics 20 (New York, NY, USA). In case of significant difference among treatments, their means were compared with Tukey’s honest significance test (HSD) test at the 5% probability level.






3. Results


3.1. Morphological and Spectral Characterization of Uncoated and Coated Urea


The surface morphological analysis of the uncoated and coated urea granules indicated a significant difference among the treatments (Figure 1 and insets). Large crystals of potassium were visible on the surface of the coated granules in all potassium iodide (KI) and biopolymer combinations (Figure 1B–D). The use of biopolymers (i.e., Gum Arabica, polyvinyl alcohol, and gelatin) significantly reduced the gaps or pinholes present on the urea granule surface. The coating formulation i.e., KI and Gum Arabica was able to create a uniform surface layer on the granule and crystals of KI were visible on the surface compared to the surface of the granules coated with the PVA + KI and Gelatin + KI combinations (Figure 1B vs. Figure 1C,D; insets). The surface of granules coated with Gelatin + KI still had some small pores and PVA + KI had large KI crystals, making them non-uniform (Figure 1C,D and insets).



The Fourier Transform Infrared (FTIR) spectral analysis showed no significant differences in the peaks’ location or intensity between the uncoated and coated urea treatments (Figure 2A). All spectra showed transmittance peaks at 3450 cm−1, showing the presence of the amine (NH2) group. Similarly, a peak appeared at 2400 cm−1, displaying the stretching vibration of the O–H group. Likewise, the transmittance at 1600 cm−1 expressed the occurrence of the carbonyl (C=O) group; the peaks at 1650 cm−1 indicated N–H and C–H stretching vibrations, whereas the transmittance at 1450 cm−1 and 1260 cm−1 indicated C–N and C–C–C vibrational stretching. The carbonyl and C–H stretching indicated the presence of organic compounds i.e., PVA, starch, and gelatin in the coated urea treatment whereas N–H and C–N stretching showed the presence of N in the samples. Moreover, the O–H group signified the presence of water in the samples. These spectral analyses confirmed no great changes in the chemical and bonding structure of the coated and uncoated urea treatments.



The X-ray diffraction analysis of the uncoated and coated urea treatments is presented in Figure 2B. This analysis indicated no major shifts in the location or strength of the diffractograms of the uncoated and coated urea treatments. However, a slight difference was observed in the intensities of the diffractogram peaks of the coated treatments, compared to the uncoated one. This advocates that the coating materials did change the structure of the urea granules and were able to make physical bonds with the granules; therefore, the granule structure was not changed greatly. The 2θ Braggs’ reflection was observed at 22°, 24.5°, 29.5°, 32.3°, 35.4°, 42.0°, and 49.8°. The XRD analysis shows the crystalline nature of the material. The well-defined peaks in all coated urea treatments indicated the presence of KI crystals, compared to uncoated urea granules. The KI exhibits a peak at 2θ = 23° [49]. In our study this peak appeared at 24.5° in all KI coated urea treatments (Figure 2B). The appearance of well-defined peaks in the aforesaid treatments are in line with the KI spectra observed by Singh et al. [50]. Interestingly, the GA peak is observed at 2θ = 22.29° with very low intensity, indicating its amorphous nature [51]. That is why we did not observe a visible peak in the GA + KI treatment (Figure 2B). The shoulder peak at 22.4° corresponds to PVA, showing the zig-zag nature of the crystals [51] on coated urea. Overall, all urea coating treatments had sharp peaks presenting high crystallinity of the urea granules and showing that the coating was successfully done on the granule surface.




3.2. Effect of Coating on Urea Release, Efficiency, Leaching Rate, and Crushing Strength


The highest urea release was observed with the uncoated urea treatment, where urea was released completely in water after 15 min. The lowest release was observed with GA + KI, which released 74% of urea in 15 min. On the other hand, urea release was found to be 78% and 82% with the PVA + KI and Gelatin + KI treatments after 15 min of water immersion. Therefore, urea release efficiency did not differ statistically among the coated urea treatments (Figure 3B). The urea leaching rate is presented in Figure 3C. It is obvious that 95% of the urea leached down from the soil after 120 min. However, in comparison, only 21%, 33%, and 36% urea was leached with the GA + KI, PVA + KI and Gelatin + KI treatments respectively. After 480 min, 100% of urea leached with the uncoated urea treatment, whereas it was 92%, 89%, and 79% for the Gelatin + KI, PVA + KI, and GA + KI treatments. This showed that GA + KI released the lowest amount of urea in this time duration (Figure 3C). Crushing strength is an important parameter that shows the stability/resistance of the urea granules to damage during transport or storage. The highest crushing strength (2.5 N mm−2) was observed with the GA + KI and PVA + KI treatments, followed by Gelatin + KI (2.1 N mm−2). The uncoated urea granules had a crushing strength of 1.9 N mm−2 (Figure 3D).




3.3. Effect of Coated and Uncoated Urea on Soil Properties


Soil pH was significantly affected by the treatments (Figure 4A). Coated urea treatments significantly decreased soil pH compared to uncoated or control treatment. Among the coated treatments, GA + KI decreased soil pH by 8%, whereas this decrease was 4% in the case of Gelatin + KI. The uncoated urea also decreased soil pH and this decrement was 2% compared to the control (unfertilized) treatment. Coated urea significantly increased dissolved organic carbon (DOC) content in the soil over the uncoated one or the control (p < 0.05; Figure 4B). This parameter was significantly higher with the GA + KI treatment (32% = 21.8 vs. 16.5 kg ha−1) than the control (p < 0.05) and 22% higher than the uncoated urea treatment. This parameter was 16% and 7% higher with the PVA + KI and Gelatin + KI treatments, respectively.



In general, uncoated and coated urea treatments significantly increased the mineral N content in soil (p < 0.05), compared to the control (Figure 5A). The effect of time on this parameter was also significant. The highest increment in mineral content was observed with the GA + KI treatment across all the time intervals. The highest increment in mineral N content was observed after 45 days when this parameter was 121% (38 vs.17 kg ha−1) with the GA + KI treatment, 89% (32 vs. 17 kg ha−1) with PVA + KI, 70% (29 vs.17 kg ha−1) with the Gelatin + KI, and 56% (26 vs.17 kg ha−1) with the Un-U treatment, compared to the control (p < 0.001). All urea treatments maintained this increment in soil mineral N content till the end of the experiment, compared to the the control (p < 0.001); however, higher increment was observed with coated treatments than the uncoated one. Among the coated treatments, mineral N in the GA + KI treatment was 30 and 17% higher than that of the Gelatin + KI and PVA + KI treatments, respectively, on day 45 (Figure 5A).



Remarkably, the coated urea treatments showed significantly higher mineral N content in soil than the uncoated urea, except Gelatin + KI, from day 45 till end of the experiment. The latter was not significantly different from uncoated urea 200 days after the experiment. At the end, the increase in soil mineral N was 42% and 22% higher with GA + KI and PVA + KI, respectively, compared to the uncoated urea treatment. Soil available P in GA + KI was 23% higher than that of the control (p < 0.05; Figure 5B). However, the effect of other treatments on this parameter was not significant. Similarly, soil-available K also only increased with the GA + KI treatment, compared to the control (p < 0.05; Figure 5C).



The effect of time and treatment on soil microbial biomass carbon (MBC) was significant; however, their interaction did not differ significantly (Figure 6A). After 45 days, all coated urea treatments increased MBC and this parameter was 18% (306 vs. 260 mg kg−1), 12% (290 vs. 260 mg kg−1), and 6% (275 vs. 260 mg kg−1) higher than that of the uncoated urea. A continuous increase in soil MBC was observed in all uncoated and coated urea treatments during the experimental period. GA + KI increased the MBC compared to the uncoated urea and this increment remained till the end of experiment. The MBC in PVA + KI was only significantly higher than that of the uncoated urea 120 days after the experiment, whereas there was no difference in this parameter between the Gelatin + KI and uncoated urea treatments throughout the experiment. At the final soil sampling, the increment in soil MBC was 35% for GA + KI and 26% for PVA + KI, compared to the uncoated urea treatment (p < 0.05).



Similarly, microbial biomass nitrogen (MBN) was also significantly affected by the treatment and time; however, their interaction effect was not significant (Figure 6B). On the 45th day, there was no difference in soil MBN among the coated and uncoated urea treatments, but after 120 days, GA + KI and PVA + KI increased MBN by 9% and 10%, respectively, than the uncoated urea (p > 0.05; Figure 6B). The MBN only remained higher in the GA + KI treatment compared to the uncoated urea after 120, 145, and 200 days. However, there was no difference in MBN among PVA + KI, Gelatin + KI, and uncoated urea treatments during all sampling events. After 200 days, soil MBN was 24% higher in the GA + KI treatment compared to the uncoated urea, but the effect of the PVA + KI and Gelatin + KI treatments on soil MBN was not different from that of the Un-U treatment (Figure 6B).




3.4. Wheat Growth and Yield Parameters


Plant height was the highest with GA + KI, followed by PVA + KI, Gelatin + KI, Un-U, and the control. This parameter was 6% higher in GA + KI than the Un-U treatment (Table 1). However, the difference between the Gelatin + KI, PVA + KI, and Un-U treatments was not significant (p > 0.05). With respect to the number of tillers, only the GA + KI treatment performed best by showing a significant increase (27% = 14 vs. 11 no. plant−1), compared to the control. There was no difference in the number of leaves per tiller of the wheat crop among the coated and uncoated urea treatments (Table 1). Panicle length and number of spikelets plant−1 was not significantly affected by the treatments (p > 0.05). Among the coated urea treatments, only GA + KI significantly increased the number of grains plant−1 compared to the uncoated urea (p > 0.05; Table 1) and this increment was 17% (47.8 vs. 40.7 grains panicle−1). Likewise, 1000 grains weight was significantly affected by the treatments (p < 0.05). This parameter was 36% (55 vs. 40 g), 26% (51 vs. 40 g), and 14% (46 vs. 40 g) higher with the GA + KI, PVA + KI, and Gelatin + KI treatments, respectively. However, this parameter with the Un-U treatment was not significantly different than that of the control (Table 1).



Root biomass was the highest with GA + KI and lowest in the control. A 70% (1584 vs. 932 kg ha−1) increase in root biomass was observed in the case of GA + KI treatment compared to the control and this increase was 47% (1367 vs. 932 kg ha−1), 37% (1272 vs. 932 kg ha−1), and 17% (1089 vs. 932 kg ha−1) for PVA + KI, Gelatin + KI, and Un-U treatments, respectively (Table 1). Biological yield was also significantly affected by the treatments; however, this parameter in the Un-U treatment was not significantly different from that of the control. The application of the GA + KI, PVA + KI, and Gelatin + KI treatments significantly increased this parameter by 28% (15087 vs. 11713 kg ha−1), 17% (13805 vs. 11713 kg ha−1), and 15% (13503 vs. 11713 kg ha−1), respectively, compared to the control (Table 1). Among the coated treatments, biological yield was 19% higher with GA + KI than the Un-U treatment; however, this parameter in other coated treatments was not different from that of Un-U. Harvest index was not significantly affected by the treatments (p > 0.05; Table 1).



The treatment effect on grain yield was also statistically significant. The highest grain yield was observed with the GA + KI treatment, which was 49% (6897 vs. 4622 kg ha−1) higher than that of the control. This was followed by PVA + KI and Gelatin + KI, which increased grain yield by 28% (5934 vs. 4622 kg ha−1) and 22% (5634 vs. 4622 kg ha−1), respectively, compared to the control. The grain yield was 28%, 10%, and 5% higher with GA + KI, PVA + KI, and Gelatin + KI treatments, compared to the Un-U treatment. The Un-U treatment also increased grain yield, but it was lower than the coated urea treatments (Table 1).




3.5. Shoot and Root N uptake


Both root and shoot N uptake was significantly affected by the treatments (Figure 7A). The highest wheat N uptake was observed with the GA + KI treatment, followed by PVA + KI. There was no difference in shoot N uptake between Gelatin + KI and Un-U. This parameter was 173% (99 vs. 36 kg ha−1), 142% (88 vs. 36 kg ha−1), 87% (68 vs. 36 kg ha−1), and 75% (63 vs. 36 kg ha−1) higher with the GA + KI, PVA + KI, Gelatin + KI, and Un-U treatments, as compared to the control (p < 0.001; Figure 7A).



This parameter was 56% and 38% higher in GA + KI and PVA + KI, respectively, than the uncoated urea treatment. A similar trend was observed in root N uptake, where GA + KI treatment performed best, compared to the other treatments. Shoot and root N uptake did not differ between the Gelatin + KI and Un-U treatments (p > 0.05). Similarly, significant difference was observed in the case of plant ANR among the coated and uncoated urea treatments (p < 0.001; Figure 7B). This parameter was 130% (63% vs. 27%) higher for shoot and 184% (7% vs. 2%) for root with the GA + KI treatment, as compared to the Un-U treatment (Figure 7B).





4. Discussion


According to our expectation, we observed that all combinations of biopolymers (Gum Arabica, polyvinyl alcohol (PVA) and gelatin) and potassium iodide (KI) coating materials covered the granules’ surface and removed gaps or pinholes (Figure 1). Interestingly, Gum Arabica was able to homogeneously distribute the KI crystals on the granule surface (Figure 1B). However, in the case of PVA or gelatin, KI crystals were non-homogeneously distributed, making the granule surface rough; therefore, invisible small fractures appeared on the surface of the granules with these coating treatments (Figure 1C,D). The main reason for non-homogenous distribution of KI crystals might be the agglomeration of the material during the coating process. This could have taken place by the weak dispersal and local deposition of the coating liquid, which reduced the drying ability of the fluidizing gas [21,52]. This agglomeration can be decreased or avoided by decreasing the coating solution viscosity at higher temperatures [21]. Azeem, KuShaari, Naqvi, Kok Keong, Almesfer, Al-Qodah, Naqvi, and Elboughdiri [21] decreased the viscosity of citric acid/polyvinyl alcohol/starch solution from 500 to 300 µ(cp) when they increased the temperature of the solution from 50 to 110 °C. Liquids with low viscosity make fine droplets that uniformly spread the solution during the coating process and help in quick drying on the surface of the granule, hence, causing less material agglomeration. In our study, the starch or polyvinyl alcohol solution might have been more viscous [21] as we retained the temperature of the fluidized bed at 80 °C. Consequently, a high temperature during the coating produced a low viscous solution, which was important for uniform spraying of the coating solution; this resulted in non-homogenous distribution of KI crystals. In an earlier study, the combination of Gum Arabica and gelatin was unable to repair surface cracks when mixed with other polymers such as paraffin wax and molasses; however, PVA made a uniform coating layer when mixed with these polymers [11]. On the other hand, a combination of gelatin, molasses, and Gum Arabica was able to make a uniform coating layer on urea [11]. Similarly, in our study, Gum Arabica with KI formed a uniform coating layer on the granule surface. However, gelatin and PVA did not make a dense, compact, and uniform coating layer with KI, as also observed by Beig, Niazi, Jahan, Kakar, Shah, Shahid, Zia, Haq, and Rashid [11]. The FTIR analysis of the granules also confirmed that there was not much difference in the spectra of the coated and uncoated urea, except for slight differences in the location or intensity of peaks among these treatments (Figure 2A). In all the spectra of the coated and uncoated treatments, a transmittance peak was observed at 3450 cm−1 due to the amine (−NH2) groups in urea [11,29]. Similarly, the spectral peak of aldehyde observed at 2802 cm−1 indicated the presence of Gum Arabica [8,11]. The spectral peak observed at 1600 cm−1and 1260 cm−1 designated –CO and C–C–C vibrational stretching indicating the presence of carbonyl and alkyne groups that might be attributed to gelatin, Gum Arabica. In line with FTIR, XRD diffractograms showed no difference in peak intensity or location among the uncoated and coated urea treatments (Figure 2B). On the other hand, slight changes in the intensity of peaks in GA + KI, PVA + KI, and Gelatin + KI advocated that biopolymers were present on the granules. However, they were not able to modify the overall chemical characteristics of the granules. Sharp peaks appeared on the granules of the coated treatments, revealing the high crystalline nature of the coated urea and signifying the formation of a clear coating surface on the urea granules [8,11,29].



In line with our hypothesis, we observed that all coating treatments decreased N leaching from urea compared to the uncoated ones (Figure 3C). These results are in accordance with Yang et al. [53], who observed in a global meta-analysis study that controlled release urea reduces N leaching from urea by 24.3%. They explained that controlled release urea synchronizes N release that matched up with crop N demand; this decreased the ample amount of N in the soil and the N leaching risk [54]. Chen et al. [55] also observed a 28.6% decrease in N leaching from sulfur-coated urea, compared to normal chemical fertilizer treatment. They explained that the higher solubility of common fertilizers in water caused less absorption of large amounts of NH4+–N by crop rooting systems [55]. On the other hand, coated urea was more conducive to plant root absorption and hence utilization by plants, compared to uncoated urea treatment. Yang, Zhu, Bai, Sun, Zou, Fang, and Zhang [53] also indicated that coated urea hindered urea hydrolysis to NH4+; therefore, in their meta-analysis study, coated urea was found to decrease NH4+–N in the soil by 8.2%. The less availability of these ions leads to lower nitrification and controlling this process is a potential pathway to reduce NO3−–N leaching and improve crop NUE [56]. Therefore, in our study, controlling urea N release and lowering urea dissolution to NH4+ might be the pathways that reduce N leaching from coated (Figure 3C).



The results of N release kinetics confirmed our hypothesis that all coatings decrease N release rate after urea water dissolution (Figure 3A). Coating materials such as Gum Arabica, polyvinyl alcohol, and gelatin are known to make a good, smooth, and reliable coating surface on the granules [8,10,11]. Therefore, these biopolymer coatings have the ability to withstand water dissolution for longer periods and can decrease urea hydrolysis [10]. Among these, Gum Arabica made a uniform coating with KI on the urea granule surface since it possesses good properties of polymeric substance [57] and therefore controlled the N release better than all the other coated combinations. Beig, Niazi, Jahan, Kakar, Shah, Shahid, Zia, Haq, and Rashid [11] also observed that Gum Arabica, when mixed with molasses and paraffin wax was able to decrease the urea release rate, compared to uncoated urea. Consequently, we also observed controlled N release from all coated treatments, but the highest was observed in Gum Arabica plus KI (Figure 3A).



In accordance with our final hypothesis, we observed high mineral N content in the soil of the coated urea treatments at the tillering, booting, and maturity stages of wheat, compared to the uncoated urea treatment. Among the coated ones, GA + KI had higher mineral N content at all crop growth stages (Figure 5); therefore, we observed higher wheat grain yield, N uptake, and apparent crop N recovery from the coated treatments , compared to the uncoated urea treatments, especially GA + KI (Figure 6, Table 1). Our results show that there was plentiful concentration of N present in the soil with this treatment at each crop growth stage for optimum crop growth and N uptake. This was also confirmed by the controlled/slower N release from coated urea treatment in water (Figure 3A). Both N release observations in water and soil confirmed that coated urea treatments slowly release N, which was potentially available at each critical stage of the crop and hence it synchronized with plant N uptake. Therefore, we observed higher N uptake (Figure 7) and lower N leaching losses with the coated urea treatments (Figure 3C). These effects can also be explained by the presence of high microbial biomass C and N with the GA + KI treatment than the uncoated urea, signifying that high mineral N and DOC in the soil of this treatment (Figure 4B and Figure 5C) supports microbial growth (Figure 6). Microbial biomass N was only high with GA + KI at the grain filling (20%) and maturity stages (24%), compared to the uncoated urea. This increase in microbial biomass N could be related to ample availability of mineral N in the soil with GA + KI treatment, which was the highest after 120 days and remained higher than all other treatments after 145 and 200 days of crop sowing (Figure 5A). According to Zhu et al. [58], high N application rate/soil N availability increased bacterial abundance in the soil and root exudation in maize crop. Application of the C rich root exudate in soil enhanced microbial biomass compared to the N rich root exudate [59]. Consequently, soil C is the most limiting element affecting microbial biomass [60]. Therefore, the addition of labile C source in the soil offset the microbial C limitation and increased the microbial biomass [61]. In our study, the GA + KI treatment had higher DOC (Figure 4B) and mineral N (Figure 5A) compared to all the treatments, especially the uncoated urea at grain filling and maturity stages. Therefore, microbial biomass was not limited by soil DOC and N; hence, we observed higher microbial biomass N at these stages of crop growth. According to Montaño et al. [62], high soil dissolved organic N and C in the soil favored microbial biomass and activity. In fact, urea-induced changes in the microbial community are closely associated with soil DOC and nutrient cycling [63]. As a result, higher nutrient availability in the soil with GA + KI treatment (Figure 4B and Figure 5A–C) might have proliferated microbial biomass C and N (Figure 6) and therefore affected the nitrogen cycling [63] and crop yield in our study.



The higher N uptake with the GA + KI treatment, compared to the uncoated urea, can also be explained by nutrient synergism or antagonism interactions in the soil and plant N uptake. This is because these interactions influenced the crop yield and nutrient utilization efficiency of the applied fertilizer [32,64]. For instance, increment in K concentration in the nutrient solution enhanced the availability of N, P and Zn whereas it suppressed/decreased Ca and Zn availability for tomato uptake [64]. On the other hand, N fertilizer application decreased leaf K, P, and B contents, but K fertilization did not influence the N, P, or B content in the leaf of a cherry tree [65]. Similarly, in winter wheat, grain proportion of N was negatively correlated with grain K content; however, in vegetation parts, most macro and micronutrients increased with increasing N uptakes [66]. Thus, such K and N application influenced the nutrients in the soil that are available for plant nutrient uptake. In line with these studies, ample K availability during all growth stages of wheat crop with the GA + KI treatment may synergistically increase mineral N and P availability, which was the highest in the soil with this treatment, compared to the others (Figure 5), and therefore increase wheat N uptake in our study.



The increase in grain yield (Table 1) and N uptake (Figure 7) with the GA + KI treatment can be further explained by the expected high translocation of photosynthates to wheat grains. According to Hou et al. [67], the combined use of N and K increased grain yield, which was mainly explained by the higher number of spikelets per panicle. Similarly, in a literature review, Duncan et al. [68] found that nitrogen utilization efficiency of crops was significantly improved by N and K interaction and grain yield was usually increased by application of N + P + K or N + P + K + S nutrients. They suggested that the balanced availability of P and K in soil potentially reduces the N application rate in crops. The co-application of N and K significantly increases the seed yield of oilseed rape by increasing the pods per pods numbers per plant [69]. A similar synergistic effect might be observed with GA + KI treatment in our study, where controlled release of N synergistically increased P and K availability in the soil (Figure 5B,C) and such synergistic interactions led to high tillers plant−1, spikelets and grains per panicle, and ultimately grain yield (Table 1).




5. Conclusions


This is the first detailed study investigating the role of macronutrients (i.e., K) plus biopolymer coatings on slow release of N, N leaching, soil N, P and K content, and wheat N uptake from commercial urea in a field experiment. All coatings with biopolymer plus KI combinations significantly decreased the urea release rate after water dissolution and leaching in the lysimetric, compared to uncoated urea. However, the highest controlled release and lowest leaching was observed in urea coated with Gum Arabica plus potassium iodide. Gum Arabica plus KI coated urea controlled the N release from urea, decreased N leaching losses, and synchronized N with wheat N demand at its growth stages; therefore, higher wheat biomass, grain yield, and N uptake was observed with this treatment, compared to uncoated urea. This could be credited to Gum Arabica’ adhesion ability as a coating agent, which, in combination with KI, might cause urea hydrolysis, synergistically affecting soil N and P availability and wheat N uptake. Hence, fertilizer companies can utilize Gum Arabica and KI as a coating agent for urea to improve its N utilization efficiency, reduce N leaching, and meet crop N and K demand.
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Figure 1. Scanning electron microscopy micrographs of granular urea: (A) Un-U: Uncoated, and coated with (B) GA + KI: 3% Gum Arabica + 5% potassium iodide; (C) PVA + KI: 3% polyvinyl alcohol + 5% potassium iodide; (D) Gelatin + KI: 3% Gelatin + 5% potassium iodide. Inset shows the granular image of each treatment. 
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Figure 2. FTIR spectra (A) and XRD pattern (B) of uncoated and coated urea formulations. 
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Figure 3. Mean (n = 3) urea release (A), urea release efficiency (B), N leaching rate (C), and crushing strength (D) of granular urea. Abbreviations of fertilizer treatments are presented in Figure 1. Error bars show standard errors (±1 SE) of the mean. Different small letters in figure D illustrate significant differences among treatments at a 5% probability level after the Tukey-HSD test. The inset table representes the outcomes of the analysis of variance (ANOVA). 
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Figure 4. Mean (n = 3) Soil pH (A) and dissolved organic carbon (B) after 200 days of the application of uncoated and coated urea fertilizers. Abbreviations of fertilizer treatments can be seen in Figure 1. Different small letters illustrated significant differences among treatments at a 5% probability level after the Tukey-HSD test. C stands for untreated control treatment. Error bars showed standard errors (±1 SE) of the mean. Inset table represented the outcomes of analysis of variance (ANOVA). 
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Figure 5. Mean (n = 3) (A) soil mineral N on day 45, 120, 145, and 200 (B) plant available P and (C) K after 200 days of the application of uncoated and coated urea fertilizers. Abbreviations of fertilizer treatments can be seen in Figure 1. C stands for untreated control treatment. Error bars show standard errors (±1 SE) of the mean. Different small letters illustrate significant differences among treatments at a 5% probability level after the Tukey-HSD test. The inset table represents the outcomes of the analysis of variance (ANOVA). 
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Figure 6. Mean (n = 3) (A) Microbial biomass carbon (MBC) and (B) nitrogen (MBN) after application of uncoated and coated urea fertilizers at different time intervals during wheat growing season. Abbreviations of fertilizer treatments can be seen in Figure 1. Different capital or small letters illustrate significant differences among treatments at a 5% probability level after the Tukey-HSD test. The inset table represents the outcomes of analysis of the variance (ANOVA). 
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Figure 7. Mean (n = 3) wheat plant N uptake (A), and apparent N recovery (ANR) (B) from uncoated and coated urea fertilizers. Abbreviations of fertilizer treatments can be seen in Figure 1. C stands for untreated control treatment. Error bars show standard errors (±1 SE) of the mean. Different capital or small letters illustrate significant differences among treatments at a 5% probability level after the Tukey-HSD test. The inset table represents the outcomes of the analysis of variance (ANOVA). 
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Table 1. Mean (n = 3) physiological and yield attributes of wheat crop as influenced by the control (unfertilized), uncoated urea (Un-U), and urea coated with Gum Arabica and potassium iodide (GA + KI), polyvinyl alcohol and potassium iodide (PVA + KI), and gelation and potassium iodide (Gelatin Gelatin + KI). Different small letters in a row illustrated significant differences among treatments at a 5% probability level after the Tukey-HSD test.
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	Parameters
	Units
	Control
	Un-U
	GA + KI
	PVA + KI
	Gelatin + KI





	Plant height
	cm
	105.9 ± 2.3 c
	109 ± 1.6 bc
	115.2 ± 0.7 a
	111.5 ± 0.9 b
	111.4 ± 0.7 b



	Tillers
	No. plant−1
	9.7 ± 0.3 b
	10.9 ± 1.3 b
	13.8 ± 1.4 a
	11.6 ± 0.9 ab
	11.5 ± 1.1 ab



	leaves
	No. tiller−1
	4.3 ± 0.1 NS*
	4.2 ± 0.1
	4.5 ± 0.1
	4.5 ± 0.1
	4.4 ± 0.2



	Panicle length
	cm
	10.1 ± 0.2 b
	10.4 ± 0.5 ab
	11.4 ± 0.3 a
	10.8 ± 0.6 ab
	10.8 ± 0.3 ab



	Grains
	No. panicle−1
	38.7 ± 2.7 b
	40.7 ± 2.9 b
	47.8 ± 2.7 a
	44 ± 2.6 ab
	42.4 ± 1.2 ab



	Spikelets
	No. panicle−1
	17.9 ± 0.6 b
	18.2 ± 1.1 ab
	21.1 ± 1.3 a
	20.5 ± 1.0 ab
	18.3 ± 0.1 ab



	1000 grain weight
	g
	40.5 ± 1.4 d
	43.8 ± 0.5 cd
	55.2 ± 2.0 a
	50.9 ± 1.4 ab
	46.1 ± 1.9 bc



	Grain yield
	kg ha−1
	4622 ± 83 e
	5374 ± 96 d
	6897 ± 80 a
	5934 ± 27 b
	5634 ± 39 c



	Root biomass
	kg ha−1
	932 ± 75 e
	1089 ± 61 d
	1584 ± 58 a
	1367 ± 77 b
	1272 ± 78 c



	Biological yield
	kg ha−1
	11713 ± 562 c
	12659 ± 369 bc
	15087 ± 272 a
	13805 ± 455 ab
	13503 ± 334 b



	Harvest index
	%
	39.6 ± 1.4 NS*
	42.6 ± 2.0
	45.8 ± 1.3
	43.1 ± 1.5
	41.8 ± 1.0







* NS = Non-significant.
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