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 Modeling Controlled Nutrient Release from Polymer Coated Fertilizers: Diffusion Release from Single Granules AVI SHAVIV,* SMADAR RABAN, AND ELINA ZAIDEL Faculty of Civil and Environmental Engineering, Technion-IIT, Haifa, Israel
 
 A comprehensive model describing the complex and “non-Fickian” (mathematically nonlinear) nature of the release from single granules of membrane coated, controlled release fertilizers (CRFs) is proposed consisting of three stages: i. a lag period during which water penetrates the coating of the granule dissolving part of the solid fertilizer in it; ii. a period of linear release during which water penetration into and release out occur concomitantly while the total volume of the granules remains practically constant; and iii. a period of “decaying release”, starting as the concentration inside the granule starts to decrease. A mathematical model was developed based on vapor and nutrient diffusion equations. The model predicts the release stages in terms of measurable geometrical and chemophysical parameters such as the following: the product of granule radius and coating thickness, water and solute permeability, saturation concentration of the fertilizer, and its density. The model successfully predicts the complex and “sigmoidal” pattern of release that is essential for matching plant temporal demand to ensure high agronomic and environmental effectiveness. It also lends itself to more complex statistical formulations which account for the large variability within large populations of coated CRFs and can serve for further improving CRF production and performance.
 
 Introduction Controlled release fertilizers (CRFs) aim at improving plant nutrient use efficiency and minimizing nutrient losses, thus reducing environmental threats and health problems often associated with poor fertilization management (1-5). The environmental and agronomic efficiency of CRFs depends greatly on the ability to synchronize nutrient release with the pattern of plant uptake. CRFs, which provide control over release rate, duration, and pattern (parabolic, linear, or sigmoid) enable high use efficiency and minimize adverse effects on the environment (5-7). Fertilizers coated with hydrophobic materials, especially polymer coated ones, offer good control over release characteristics, as they are less sensitive to soil and environmental factors in comparison to the organically based N slow release fertilizers (5, 7, 8). The pattern of temporal release from effective polymer-coated CRFs is generally sigmoidal indicating that the release is * Corresponding author phone: 972-4-8292602; fax: 972-48221529; modem fax: 972-4-8324478; e-mail: agshaviv@ tx.technion.ac.il. 10.1021/es011462v CCC: $25.00 Published on Web 04/15/2003
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 complex and “non-Fickian” (nonlinear process). This pattern is the one that matches best with nutrient uptake by plants (4-7) and thus has a great potential in reducing environmental and health threats. When dealing with a membranecoated CRF, it is straightforward to consider some kind of diffusion control over the release process. Most of the modeling efforts done in the last two decades were based on the assumption that the release of nutrients from coated CRFs is controlled by simple solute diffusion from the fertilizer ignoring water uptake by the fertilizer or other processes that make the release complex and “non-Fickian”. Jarrell and Boersma (9) developed a mathematical model for urea release from sulfur-coated urea (SCU) granules. Since the model focused on S-coating, it did not address important factors that are relevant to diffusion from a polymer-coated granule. The diffusion was considered to occur in a onedimensional system thus ignoring the importance of geometry, size, and volume-to-surface ratio of the CRF on release rate. The diffusion of urea through the S-coating was referred to as viscous transport in water, which is not suitable for CRFs in which the release is through polymeric-membrane coatings. A major factor controlling the release from SCU is the rupture (“failure”) of the coating (8, 10). In such case the rate of pressure build-up inside the granule should be a major factor controlling the release (10, 11). Glaser et al. (12) also applied a one-dimensional coordinate system to simulate nutrient release from a polymer-coated granule. They introduced nonlinearity into the release by assuming that the diffusion coefficient, D, is time dependent. The time dependence introduced the experimentally observed lag period in the simulated release curve, which could not be predicted by simply applying Fick’s law. The mechanistic rational of the empiric time dependence was not provided by the authors. Lu and Lee (13) made one-step further by applying Fick’s law in spherical coordinates to predict urea release from latex-coated urea (LCU) granules. Like in the previous models (9, 12), they separated the release process into the two phases of linear and decaying release but did not account for the lag period that was clearly observed in their experiments. The contribution of the above-mentioned models is in the attempt to apply diffusion based mechanistic approach to describe release from a single granule. A semiempirical approach for modeling release from a group of coated CRF was suggested by Gambash et al. (14) who treated nutrient release as a first-order decay process. This is uncommon for modeling membrane processes, but it still provides a first-order solution that may practically coincide with the solution obtained for “Fickian” diffusion under certain conditions (15). Such an approach ignores the geometry and size of granules and cannot account for the lag period often observed with coated CRFs. Gandeza et al. (16) used a quadric equation to correlate cumulative nitrogen release (CNR) from a group of polyolefin-coated urea granules with the cumulative temperature in soil (CT), expressed by CNR ) a + b (CT) + c (CT)2. They used this correlation to predict nitrogen release in experiments with soil under different temperature regimes with CRFs that had linear release patterns. Despite the fact that they did not use a mechanistic model the predictions for given CRFs were fairly good, since the major factors controlling the release remained unchanged (e.g., granule size and shape, coating thickness, permeability, fertilizer and soil type), and it was thus affected mainly by time and temperature. VOL. 37, NO. 10, 2003 / ENVIRONMENTAL SCIENCE & TECHNOLOGY
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 The present work was motivated by the need to provide a comprehensive model that considers the processes involved in the release from a single CRF granule into free water which can account for the complexity and nonlinearity of the release. Emphasis was put on the chemophysical subprocesses and the measurable factors affecting release from polymer-coated CRFs. The model for a single granule was also developed with the motivation to utilize it for the practical prediction of nutrient release from a large population of granules, which often differs in nature from that of a single granule (17).
 
 Model Development Conceptual Model of Nutrient Release from Coated Fertilizers. The first stage of the release process is penetration of water (mainly vapor) through the coating (10, 18). The vapor condenses on the solid core and dissolves part of it, thus inducing a buildup of internal pressure. At this stage, two pathways are possible: If the internal pressure exceeds the resistance of the membrane the coating ruptures and the entire content of the granule is released instantaneously. This sequence is denoted “Failure Mechanism” (5). If the membrane resists the internal pressure, the fertilizer is released by diffusion driven by a concentration/chemicalpotential gradient across the coating or by mass flow driven by a pressure gradient. This is denoted “Diffusion Mechanism”. The failure mechanism is associated with fragile, nonelastic coatings such as sulfur coating (4, 8). Diffusion release is observed with polymer coated fertilizers (4, 5). For single granules: the failure mechanism yields a stepwise release curve, while the diffusion mechanism results in gradual release, with a sigmoidal pattern (5, 19). In both cases a simple diffusion process cannot account for the non fickian (nonlinear) and complex process of release. The release pattern from a plurality of granules may be considerably different from that of an individual granule due to large variation in granule and coating properties and is dealt with by Shaviv et al. (17).
 
 Stages of “Diffusion Release” Experiments of urea release into free water, at 30 °C, were performed with single granules and with populations of granules of three different urea fertilizers coated with the following polymers (19): modified polyolefin - MPO; polyurethane-like coating - PULC; and alkyd type resin - ATR. In the experiments, water penetration into the granules and urea release out was measured separately allowing evaluation of water and solute permeability. Water uptake was calculated on the basis of mass changes in granules, both in free water and in desiccators in which the CRF was equilibrated with vapor at 100% humidity (19, 20). Water uptake rates in the first days of the experiments were similar for both systems. The volume ratio of the external-water solution and that in granules was at least 50:1. The solution was replaced every few days with deionized water, and hence the concentration difference between the internal and external solutions was maintained at about 3 orders of magnitude. The release vessels were insulated and covered and gently shaken twice a day. The experiments indicated that the release consisted of three stages: i. initial stage during which practically no release is observed (lag period); ii. stage of constant release rate; and iii. stage of gradual decay of the release rate. Raban (19) found that a few days after their placement in water, CRF granules gained a few percent weight due to the net accumulation of water prior to the onset of release, without measurable volume changes. This stage was followed by additional water penetration into the granules occurring concomitantly with the release of urea, while the total volume of the granules remained practically constant. The release 2252
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 during this period was linear. An increase in granule volume during the release period was observed only with the elastic alkyd-type resin, ATR, which expanded due to the internal pressure. This effect shortened the period of linear release. Based on the findings of Zaidel (11) and Raban (19) the following conceptual model is proposed: 1. During the lag period water vapor (mainly) penetrates into the granule and dissolves a small fraction of solid fertilizer. The driving force for this process is the vapor pressure gradient across the coating. The volume for the condensed vapor is limited to the voids inside the solid core and those between the core and the coating. A possible explanation for the lag period is the time needed to fill the internal voids of the granule with a critical water volume. Alternatively, the lag can be attributed to the time needed for the establishment of a steady state between the flux of water entering the granule and the flux of solute leaving it. Once a steady state is achieved the volume change in the granule is negligible. In the terminology of irreversible thermodynamics the system can be defined as one with zero “net volume flux” (e.g., ref 21). 2. The second stage, of the constant release, starts when a critical volume of saturated solution accumulates inside the granule. The rate remains constant as long as the saturated solution in the granule is equilibrated with the nondissolved solid fertilizer. The constant, saturation concentration, yields a constant driving force for fertilizer transport since the concentration of the fertilizer in the external solution is negligible. 3. Once the solid fertilizer in the core is dissolved the concentration of the internal solution decreases due to the continuing concomitant fluxes of nutrient release out and water flow into the granule. Accordingly, the driving force for the release decreases and the release rate decays. This is the third stage of the release denoted the “decay phase”.
 
 Mathematical Model of Release The release from a spherical granule of radius r coated with a homogeneous coating of constant thickness l, into free water, is considered. It is assumed that the release starts at the end of the lag period, t′, when the internal voids in the granule are filled with a critical level, w(t′), of water
 
 w(t′) ) γFwV
 
 (1)
 
 where w(t′) is mass of water in the granule (g), Fw is water density (g/cm3), V ) (4/3)πr3 is granule volume (cm3), and γ is the critical volume fraction of voids filled with water. Based on experimental results of water uptake (19), the “effective” granule porosity was estimated around 0.05-0.1. The rate of water uptake is given by the following equation
 
 dw(t) Ph ) AFw∆P, 0 e t e t′ dt l
 
 (2)
 
 where Ph is water permeability (cm2 d-1 Pa), l is coating thickness (cm), A ) 4πr2 is granule surface area (cm2), and ∆P is the difference between vapor pressure of water and saturated urea solution (Pa). Note: due to water condensation induced by the urea inside the granule during the lag period, ∆P was assumed constant. Solution of eq 2 combined with the initial condition, w(0) ) 0, results in
 
 w(t) )
 
 Ph AF ∆Pt, 0 e t e t′ l w
 
 (3)
 
 Equating the expressions for water content in the granule (eqs 1 and 3) and isolating the time t′ provides an estimate
 
 for the duration of the lag-period:
 
 t′ )
 
 By equating the right-hand sides of eqs 9 and 10, an expression is obtained from which t* is extracted:
 
 γrl γV ) Ph 3Ph∆P A∆P l
 
 (4)
 
 The lag-period is proportional to the product of granule radius, r, and coating thickness, l, and inversely dependent on the driving force and the water permeability, Ph. Note: water permeability, Ph , for single granules or populations of CRFs can be determined experimentally (19, 20) independent of γ, as in eq 3. At the onset of the release at time t′ two concomitant fluxes prevail: water enters the granule and nutrient (solute) is released. According to Raban (19), during this period there is practically no volume change, i.e., the “net volume flux” equals zero: Jv ) 0. Under the condition of zero volume flux across the membrane and for nonswelling coatings it was assumed that solute transport/release can be simply expressed in terms of solute flux, Js omitting the contribution of the volume flux (e.g., ref 21)
 
 Js ) Ps∆F
 
 ∆Cs l
 
 (6)
 
 where ∆Cs ) Cin - Cout (g cm -3) is the difference between solute concentration within the granule, Cin, and outside the coated granule, Cout. During the second release period solute concentration in the granule is high and constant (saturation): Cin ) Csat. Due to the high volume ratio of free-water to granule solution and the fact that diffusion through the membrane is several orders smaller than in water it can be assumed that ∆Cs ∼ Csat. The rate of release can thus be defined as
 
 Ps dm(t) ) JsA ) ACsat, dt l
 
 t′ e t e t*
 
 (7)
 
 where m(t) is the fertilizer mass (g) released at time t. Since the surface area, A, is proportional to granule radius, one can define the release m(t) as a function of both radius and coating thickness - m(r,l,t). The fractional release, g(r,l,t), at time t is
 
 g(r,l,t) )
 
 m(r,l,t) Q
 
 (8)
 
 where Q ) FsV is the total fertilizer mass contained in the granule (g), Fs is fertilizer density (g cm-3), and V ) (4/3)πr3 is granule volume (cm3). Using the initial condition: m(t′) ) 0, eq 7 can be solved in terms of fractional release [8]:
 
 g(r,l,t) )
 
 PsACsat 3PsCsat (t-t′) ) (t-t′), lQ rlFs
 
 t′ e t e t*
 
 (9)
 
 At time t* all the solid fertilizer is dissolved and there is only a saturated solution left within the granule, thus
 
 g(r,l,t*) ) 1 -
 
 Csat Fs
 
 (10)
 
 )
 
 (
 
 )
 
 Csat lQ Csat rlFs ) t′ + 1 Fs PsACsat Fs 3PsCsat
 
 (11)
 
 The period of decaying release starts at t* with a driving force:
 
 ∆C )
 
 Q - m(r,l,t) Q - m(r,l,t) ) Fs ) Fs[1 - g(r,l,t)] (12) V Q
 
 Substitution of eq 12 as the driving force into eq 6 provides an expression for release rate during the third period (t g t*), which takes a form similar to eq 7. Integration of the rate over time using the initial condition given for this stage by eq 10 yields the fractional release for the decay period:
 
 (
 
 g(r,l,t) ) 1 -
 
 (5)
 
 where Ps stands for solute permeability (cm2 d-1), and ∆F is the driving force. Considering that the solute flux is driven by the osmotic gradient across the coating and in analogy with Fick’s law, it was assumed that
 
 ∆F =
 
 (
 
 t* ) t′ + 1 -
 
 ) [
 
 ] ) [
 
 Csat PsAFs (t-t*) ) exp Fs lQ Csat 3Ps 1exp (t-t*) (13) Fs rl
 
 (
 
 ]
 
 Combining eqs 8 and 13, with eqs 4 and 11, one obtains the expressions for fractional release from a single granule g(r,l,t), for the three release stages
 
 {
 
 0,t < t′ PsACsat 3PsCsat (t-t′) ) (t-t′),t′ e t < t* lQ rl g(r,l,t) ) Csat 3Ps ) 1exp (t-t*) , t g t* Fs rl
 
 (
 
 ) [
 
 (14)
 
 ]
 
 where t′ is the same as in eq 4, and t* is the duration (d) of the linear release given by eq 11. The equations above link the release with the properties of the coating material (e.g., Ph and Ps), the geometrical factors, r and l, and fertilizer properties Csat and Fs. Noteworthy is the fact that the product r × l is the significant factor affecting the release in this case. Lupo (20) investigated the effect of membrane thickness on nutrient permeability and found that coating thickness affects solute permeability inversely: the thicker the coatings the lower its permeability (due to reduction of defects in the coating)
 
 Ps )
 
 P ˜s l
 
 (15)
 
 where P ˜ s is the specific solute permeability [cm3 d-1]. Substituting eq 15 into eq 14 yields g˜(r,l,t) in which the term Ps/l (eq 14) is replaced by P ˜ s/ l2, introducing nonsymmetry between the effects of r and l on release. Due to this dependence the release becomes inversely proportional to the square of the coating thickness, l2, but remains proportional to r1. This special relation becomes particularly important when considering the realistic case of variation in release characteristics from a population of CRF granules differing in coating thickness, l, and radius r (17). The dependence of the permeability on temperature can be introduced through an Arrhenius type relation between the permeability (Ps or Ph) and the temperature for which Raban (19) and Lupo (20) developed a method for evaluating the energies of activation.
 
 Model Verification The verification of the model of release from single coated granules was based on experimental results of Raban (19). Release experiments were performed with carefully selected, VOL. 37, NO. 10, 2003 / ENVIRONMENTAL SCIENCE & TECHNOLOGY
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 FIGURE 1. Comparison of experimentally measured (open symbols) and calculated (lines and dark symbols) release from single urea granules coated with MPO (21); Obtained for three different values of the product of radius and thickness r × l ) {0.0014; 0.0018; 0.0024}.
 
 FIGURE 3. Calculated fractional release from coated urea granules as affected the product r × l. The horizontal broken lines indicate the interception of release curves with tlinear and t80% In such case the observed release represents an average behavior and due to large variation in granules properties the release pattern from the population may differ from the single granule. Yet, it is obvious that in order to achieve the desired sigmoidally shaped release from a group of granules the dominant fraction of granules in this group should have sigmoidal release.
 
 Release Sensitivity to Chemophysical and Geometrical Factors of CRF Granules
 
 FIGURE 2. Comparison of experimentally measured (open symbols) and calculated (lines with dark symbols) release from single urea granules coated with PULC (21); Obtained for three different values of the product r × l ) {0.00045; 0.0011; 0.0022}. spherical and nondamaged single granules coated with modified polyolefin (MPO) and with polyurethane-like coating (PULC), each releasing into deionized water at 30 °C. Twenty granules were tested for each CRF and the radius r (ranging between 0.12 and 0.141 cm after sieving) and thickness coating l were estimated for each granule (ranging between 0.004 and 0.0015 cm, evaluated gravimetrically after dissolution of the urea). Transport parameters estimated for the MPO and PULC CRFs (19) were as follows: water permeability, Ph, 2.6 × 10-9 and 5.0 × 10-9 (cm2 d-1 Pa), respectively; and solute permeability, Ps, 1.0 × 10-5 and 2.5 × 10-5 (cm2 d-1), respectively. The relative error in estimating the permeability values was mainly affected by that of determining the coating thickness, l, and it ranged between 10 and 20%. Comparison of the observed and calculated urea release from single granules for both coating materials, MPO and PULC, is illustrated in Figures 1 and 2, respectively. Three granules representing slow, medium, and fast release profiles, out of 20 of each population, were chosen for the demonstration. As can be seen from Figures 1 and 2 the experimentally measured release curves for the individual granules are very close to the correspondent release curves which were obtained numerically according to eqs 4, 11, and 14 particularly with the MPO coating. The range of the standard error of estimate, SEE, for the MPO was 0.013-0.018 and 0.017-0.026 for the PULC. The sigmoidal shape of the release is typical to the one observed for many of the commercial CRFs coated with organic polymers (2-6). In practice the release curves are obtained for large group of coated granules. 2254
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 The basic set of parameters (Ps, Ph, ∆P, Fs, Csat) used for testing release sensitivity to their changes was similar to the one used for the validation test. Sensitivity to changes in the product r × l, the water and solute permeability - Ps, Ph, and the ratio of fertilizer-density/saturation-concentration - Fs/ Csat was examined using eq 14 with the proper conditions for the lag period t′ (eq 4) and the period of linear release t* (eq 11). Figure 3 demonstrates the dominant role of the product r × l in increasing the lag period and the periods of linear and decaying release. These periods are, expectedly, linearly correlated with the product r × l as shown in Table 1. Table 1 shows also calculated values of t80%, t95%, and t99%, which stand for time of release of 80%, 95%, and 99% of the content of a given CRF, respectively. The value t80% is commonly used by manufacturers to characterize the release from a given CRF (5). By referring only to the time t80%, important factors such as the pattern of the release curve, the duration of the lag period and that of linear release are ignored. In the specific case of coated urea, about 50% of the content is released during the period of linear release (t* ∼ t50%). The additional time needed for release of the next 30% (up to 80%) is about the time needed for the first 50% (Table 1). The time required for the release of the next 15% (up to 95%) is longer than the time needed for the first 50% and the duration of release of the last 5% is even longer. Due to the very slow release during the second half of the decay period, planning of fertilization (timing, dosing) is practically based on t80%. This implies that for many crops the prolonged release of the last 20% of the fertilizer may occur after harvesting or when nutrient uptake rate is negligible. This fraction is thus vulnerable (particularly nitrogen) to leaching and gaseous losses, which may cause environmental problems. Proper knowledge and awareness to the need to synchronize the release pattern and rate to plant uptake should lead to improved nutrient utilization and reduced losses to the environment (5-7). Figure 4 depicts the effects of solute and water vapor permeability, Ps, and Ph, on the release. Solute permeability affects the release inversely as compared to the effect of the product r × l (eq 14). Smaller Ps values prolong (linearly) the different periods of release. Lower water vapor permeability,
 
 TABLE 1. Calculated Periods of Specific Release: tlag, tlinear, t80%, t95%, t99%a r×l values cm2
 
 tlag
 
 tlinear (t*)
 
 specific release periods, days t80%
 
 t95%
 
 t99%
 
 0.00007 0.0001 0.0005 0.001 0.0015 0.002 regression:
 
 0.1 0.2 1.0 2.0 2.9 3.9 Y ) 1961X
 
 1.1 1.5 7.6 15.2 22.8 30.4 Y ) 15195X
 
 1.9 2.7 13.7 27.5 41.2 54.9 Y ) 27462X
 
 3.2 4.6 23.0 45.9 68.9 91.9 Y ) 45946X
 
 4.7 6.7 33.7 67.4 101.8 134.8 Y ) 67405X
 
 a Obtained for coated urea as a function of changes of the product r × l in eq 14. For each specific period, a linear correlation with r × l was calculated [ti ) A(r × l)].
 
 FIGURE 4. Calculated fractional release as affected by i. changes of Ps solute permeability - indicated by solid lines and dark symbols (Ph ) 5.0 × 10-9); ii. changes of Ph - indicated by open and dark triangles and open rhombuses (Ps ) 2.5 × 10-5); and iii. the effect of reducing both Ps and Ph - indicated by open circles. Ph, prolongs the lag period (Figure 4). Obviously this delay induces a totally longer release. The ability to delay the release and thus provide a sigmoidal release pattern is very important from both agronomic and environmental points of view for many crops (5-7). Fujuta and co-workers (22) have demonstrated the importance of changing water vapor permeability of coating materials to control the lag and the length of the release period as a practical means to improve their environmental and agronomic effectiveness. Lupo (20) has shown in laboratory experiments that, Ph, can be changed independent of Ps by modifying the coating with polar additives. The feasible possibility of changing either Ph or both Ph and Ps (4, 6, 20) provides the technologist with important tools for “tailoring” the release profile of polymer coated CRFs, as indicated by the cases examined in Figure 4. Another factor significantly affecting the release is the ratio Fs/Csat (eqs 11 and 14). Figure 5 shows the increase in the total period of release and particularly that of tlinear (t*) and t80% as the ratio increases from 2.0 (corresponding with urea) to 4.6 corresponding with fertilizers in the form of salts, which have higher densities and lower solubility compared with urea (e.g., potassium nitrate, compound fertilizers). Also noteworthy is the fact that the time interval between tlinear and t80% becomes shorter as the ratio increases. Unfortunately the choice of nutrient species to be coated is fairly limited by agronomic and/or environmental constrains leaving the technologist with a relatively narrow window of possibilities. And yet, this ratio remains an important factor to be considered when designing or predicting the release of a CRF.
 
 Discussion The developed model distinguishes itself from previous models by accounting for the main subprocesses/stages that
 
 FIGURE 5. Calculated fractional release as affected by the ratio Gs/Csat. Arrows indicate the end of the linear period of release and the broken like intercepts with the curves at t80%. occur after placing a granules of a polymer coated CRF in water, allowing a quantitative description of its complex and “non-Fickian” nature. It focuses on the realistic case of release from spherical CRF granules, which release pattern is distinctly different from that of slabs, cylinders, or cones (e.g., refs 22 and 23). By doing so the model stresses the, often ignored, importance of the product r × l emphasizing the role of granule radius, r, and coating thickness, l, in determining release characteristics. Based on experimental observations, the stages of release are described as vapor or solute transport processes through the membrane-coating. These depend on physical and chemical parameters characteristic of the CRF and can be determined experimentally and in some cases be found in handbooks. The fact that the release rate inversely depends on the product of granule radius r and coating thickness l implies that increasing either one of them can reduce it. It is obvious that increasing the radius is more economical and technically feasible than thickening the coating. Yet, there exists an optimum size of granules imposed by the need of proper distribution of the nutrients in the root zone and by the big differences in factors controlling the release prevailing within a population of granules. Attention was paid to the case in which nutrient permeability was found inversely proportional to coating thickness, a phenomena associated with the larger number of membrane defects per unit area as the coating becomes thinner (20). In such a case the rate of release becomes inversely proportional to r × l2, and the role of coating thickness l in determining nutrient release becomes more important than that of the radius. This effect becomes important when considering a plurality of granules, which differ in coating thickness and granule radius (17). The model offers the possibility to design (“tailor”) and predict the length of the lag period based on the water permeability of the coating and the force driving it (e.g. vapor VOL. 37, NO. 10, 2003 / ENVIRONMENTAL SCIENCE & TECHNOLOGY
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 pressure gradient). Solute permeability and the ratio Fs/Csat can be used as parameters for controlling the periods of linear and decaying release and “specifically defined periods” such as the t80%, commonly used by manufacturers to characterize release from CRFs. The release from populations of coated granules is greatly affected by differences in the width and type of distribution of the product r × l and by differences in water and solute permeability (11, 19). The proposed model lends itself to statistically based formulations through which the release from a population of granules can be investigated and predicted (17). The model was formulated for release into free water conforming to the common practice of characterization of polymer coated CRFs (e.g. refs 3 and 5). Release into moist soils and particularly unsaturated ones may reduce the diffusion of the nutrients into the bulk solution and thus cause some reduction of the overall rate of release. On the other hand temperature and moisture gradients often prevailing under “real” field conditions may act in the opposite direction. Transformations of N-forms released into the soil may be relatively fast (e.g. urea hydrolysis, ammonium sorption or oxidation, nitrate leaching) and so is expected to be their uptake by plants. These are also expected to facilitate the release by reducing N concentration in soil solution keeping it not “too much” different from the one obtained in free water. Nevertheless, the differences are not expected to change the basic pattern of release and its main three stages and if there is a reduction it would be expected for the linear and decay periods due to changes in the nutrient concentration gradient (e.g., eq 6). The formulation of the model in terms of measurable geometric and chemophysical parameters provides manufacturers of CRFs with better tools to design fertilizers and chose coating materials, to obtain required release characteristics. The model or its modifications can be incorporated in larger models (e.g. nutrient dynamics models) to serve for better prediction of nutrient dynamics, their use efficiency, and their environmental impact.
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