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Abstract—Urea is an important Nitrogenous fertilizer. 

However, uncoated Urea when applied to crops is prone to 

nutrient losses due to run off, volatilisation and leaching. 

Answer to this problem lies in application of controlled 

release urea which plays a dual role of enhancing nitrogen 

use efficiency by plants leading to improved crop yields and 

also controls environmental pollution by reducing 

hazardous gaseous emissions and water eutrophication. The 

present study aims to model and simulate the nutrient 

release from urea coated with Neem (Azadirachta indica) oil 

coating (NCU) unveiling the three stages of nutrient release 

as explained in literature for other coated fertilizers. Multi 

diffusion model is developed for multilayer including the 

Neem Oil coating, water domain and couples the Finite 

element approximation with 2D geometry, to improve the 

accuracy of simulation urea diffusivity in water is taken as a 

function of its concentration. The simulation results agree 

well with the experimental data with standard error of 

estimate varying from 0.016 to 0.023.  The model not only 

predicted nutrient release from NCU but also described the 

internal release mechanism from the core to coating 

interface and coating interface to water environment.  The 

model was also validated with experimental results for urea 

coated with other materials also differing from NCU in core 

and coating thickness. 

 

Index Terms—Controlled Release Fertiliser (CRF), multi-

diffusion modelling, nutrient Release, neem oil coated urea, 

urea diffusion 

 

I.  INTRODUCTION 

Soil fertility is primarily determined by three major 

elements namely Nitrogen, Phosphorus & Potassium (N, 

P, K) of which Nitrogen plays a very important role. For 

this reason, Urea (containing 46% of N) consumption is 

very high all over the world. Unfortunately, more than 

half (up to 60%) of the nitrogen leaches out or vaporizes 

in the form of nitrogen gas, ammonia & nitrous oxide due 

to the presence of denitrifying bacteria in the soil [1]-[3]. 

Therefore, Controlled Release Fertilizers (CRF) 

conceptualized and introduced by Oertli [4] in 1962, 

provides a way to increase nutrient recovery and fertilizer 

management.  In comparison to normal fertilizers, the 

nutrient release pattern from CRF meets plant 

requirement and minimizes leaching in an efficient 

manner whereby improving the overall fertilizer usage 

[5]. When uncoated urea is applied to the soil, the urea 
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(Amide) nitrogen is rapidly converted to ammonical 

nitrogen and subsequently to nitrite and nitrate forms. 

Nitrogen in these forms, besides being absorbed by plants, 

is also rapidly lost from the soil due to leaching, run off, 

volatilization and de-nitrification. When Neem Coated 

Urea (NCU) is applied to soil, the Neem Triterpenes 

inhibit the activity of nitrifying bacteria results in delayed 

transformation of ammonical nitrogen into nitrite 

nitrogen. This ensures slow and continuous availability 

of nitrogen throughout the crop growth. Coating urea 

with neem not only puts it into slow release mode but 

also prevents its misuse, nourish the saplings for a longer 

period, and helps in avoiding the repeated use of fertilizer. 

The process also reduces pollution of groundwater, 

increase the crop yield and provides an efficient pest 

control management leading to savings. It also increases 

the shelf life of the product [6]. Glaser et al. studied the 

release from polymer-coated granule and applied one-

dimensional coordinate diffusion system [7]. Gambash et 

al. used semi-empirical model in their study but the effect 

of geometry and size was ignored apart from these 

assumptions, the lag period, during which no release is 

observed, was not included [6]. Lu and Lee applied the 

Fick’s law in spherical coordinate for the release of Latex 

Coated Urea (LCU) [8]. Al-Zahrani modelled unsteady 

state release from polymeric membrane particle and 

assumed a well-mixed condition inside sphere particle [9]. 

Majority of the modelling studies were based on the 

assumption that the release of nutrients from coated 

fertilizer is controlled by simple solute diffusion. 

However, from Raban’s experiments, it is established 

that the release from a single granule of a polymer coated 

CRF consists of three stages: an initial stage during 

which no release is observed (lag period), a stage of 

constant release, and finally a stage of gradual decay of 

the release rate [10]. Lu proposed a mathematical model 

for the release nutrient from a population of polymer 

coated urea. This model was based on mass balance 

equation of pseudo-steady state of Fick’s law. However, 

the first stage of release process was neglected [11].  

Application of Finite-Element Method (FEM) for 

nutrient release modelling of CRF has been used since 

2003 [12]. However, the geometry used in their model 

was not a particle type specific. Trinh et al. [13] used 2D 

geometry and the FEM model to simulate urea release 

from coated particle but this model only explained the 

second stage of release. Therefore, the objective of the 

present study is to unveil all the three stages of nutrient 
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release. So, a multi diffusion model was developed which 

yielded a sigmoidal release profile, the model results 

were validated by comparing them with experimental 

results from NCU. To establish universality and 

robustness of the model, it was also compared with 

experimental data of nutrient release from urea coated 

with other materials.   

II.  GENERATION OF EXPERIMENTAL DATA 

A. Material 

NCU used in the present study for obtaining the 

release profile was prepared in laboratory using drum 

coating technique. Commercial urea granules with a 

nitrogen content of 46.44% and with a distribution of 

particle diameter from 0.5 mm to 2.8 mm were supplied 

from Chambal fertilizer & Chemical limited (CFCL) 

Gadepan, Kota (India). Neem oil used in coating was 

supplied by Shubhra industries, Jaipur (India). The 

particle size distribution was determined for both 

uncoated urea and NCU using sieve analysis and it was 

seen that maximum particles are available in diameter 

range of 1.7 mm and 2.0mm ( so a diameter of 2.0mm is 

used in simulation studies). Coating thickness range from 

72 to 83µm as determined by scanning electron 

microscope (SEM) (Nova Nanosem-450 FEI company 

available in Materials Research Centre at Malaviya 

National Institute of Technology, Jaipur), as shown in 

Fig. 1. So an average coating thickness of 77.5µm is used 

in simulation.   

 
Figure 1. SEM of neem oil coated urea (magnified 500x) 

B. Determination of Nutrient Release 

The release test was performed in a beaker containing 

2±0.001 gm of NCU in 250 ml distilled water at room 

temperature. At an interval of 2-4 days, urea 

concentration was measured using a UV-Vis double 

beam (Make Shimadzu, model UV-1800 available in 

research lab of the Chemical Engineering department at 

Malaviya National Institute of Technology Jaipur) at a 

wavelength of 210 nm. From this experimental data 

release profile was constructed. 

III. DEVELOPMENT OF MATHEMATICAL MODEL 

The dissolution model of a perfectly spherical urea 

particle surrounded by a water zone is shown in Fig. 2(a). 

NCU particle is divided into two regions viz. urea core 

(R0) and Neem oil coating (thickness= Δr). For time, t < 

t0 (t0, determined experimentally) which is called the lag 

period, mainly water vapour penetrates into the NCU 

granule and dissolves a small fraction of solid fertilizer. 

The driving force responsible for this process is the 

vapour pressure gradient across the Neem oil coating. 

The volume available to the condensed vapour is 

basically limited to the voids present inside the solid core 

and those between the core and the coating. A reasonable 

explanation for the lag period is that some time is needed 

to fill the internal voids of the granule with a critical 

water volume. 

The model assumes that the coating layer was 

saturated with water at the time (t0) of initial release. 

Water within the core begins dissolving the solid urea 

where urea concentration is maintained at a saturated 

level as long as solid urea exists in the core. Nitrogen is 

released through the coating layer by diffusion with a 

constant rate. Hence, it is called “constant release” stage. 

When solid urea in the core is totally dissolved, urea 

concentration decreases, and a “decay release” stage 

begins and then continues till the end of the process. 

 
(a) 

 
(b) 

Figure 2. (a) Dissolution model of a spherical urea particle in water 
environment (b) Geometry and mesh generation of a urea dissolution 

model for coated urea in COMSOL. 

Based on mass transport equation for porous medium, 

the transient stage of urea diffusion through the coating is 

represented by Eq. 1 [11]  

𝐃𝐞[
𝛛𝟐𝐂(𝐫,𝐭)

𝛛𝐫𝟐 +
𝟐

𝐫
 
𝛛𝐂(𝐫,𝐭)

𝛛𝐫
] = 𝛆

𝛛𝐂(𝐫,𝐭)

𝛛𝐭
                 (1) 

As the urea particle is motionless, it is assumed that 

urea flux from the coating interface to the liquid 
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environment is controlled by the diffusion of urea in 

liquid. Thus, diffusion is calculated on the basis of mass 

transport equation of urea in water as follows:  

𝑫𝒖𝒓𝒆𝒂
𝝏𝟐𝑪(𝒓,𝒕)

𝝏𝒓𝟐 +
𝟐𝑫𝒖𝒓𝒆𝒂

𝒓

𝝏𝑪(𝒓,𝒕)

𝝏𝒓
=

𝝏𝑪(𝒓,𝒕)

𝝏𝒕
             (2) 

Inside the water zone, urea diffusivity in liquid, Durea, 

expressed in cm
2
s

-1
 varies according to urea 

concentration as described by eq. (3) [14]. 

Durea(r,t)=(1.380- 0.0782C(r,t)+ 0.00464C(r,t)2)x10-5

       (3) 

To solve the model, Finite Element Method (FEM) 

and 2D geometry was applied. COMSOL Multiphysics 

version 5.3 was used to find urea release behaviour. 

Since NCU particle under consideration is spherical, due 

to symmetry considerations the model's geometry was 

based on one quarter of a sphere. Geometry and meshing 

for single urea particle is shown in Fig. 2b. Fluid zone 

diameter, i.e. the distance from the centre of the urea 

particle centre to the water boundary (R1), was set at 

twenty-two times of the core radius (R0) [15]. 

Parameters used in modelling for four different coatings 

namely Neem oil (NCU), Modified Polyolefin (MPO1 

and MPO2) and latex coated urea (LCU) are given in 

Table I. Initial values and boundary conditions specified 

for the model are presented in Table II. 

 At time t0 (obtained from experiment), urea solution at 

the surface of urea core is saturated, and concentration is 

zero at the outer layer of fluid field. In these simulations, 

urea release time depends on the amount of urea (size and 

shape) and coating material properties (thickness, 

diffusivity, porosity). A stop condition is specified for the 

constant release whenever solid urea core is totally 

dissolved. At this time, the whole urea core is liquid and 

equivalent to saturated urea concentration (mcore = msat). 

Mesh convergence analysis was performed to estimate 

the accuracy of simulation. Percent released converged to 

the second decimal place for mesh size factors from 0.6 

to 1.2 which is close to the accuracy achieved from 

experiments. Error between mesh size factor of 0.6 and 

1.0 was 0.0013%, hence the factor of 1.0 was chosen for 

the model. At this factor 19364 elements were chosen for 

applying backward and central difference scheme for 

discretization and solving eqns (1-3). 

TABLE I. PARAMETERS USED IN THE MODEL 

Type NCU MPO 1 MPO 2 LCU 

Data 

Source 

Experiment

ally 

Determined 

From 

Literatur

e [10] 

From 

Literature[1

0] 

From 

Literat

ure[8] Parameter 

Radius (mm), 
R0 

1.0 1.2 1.2 7.06 

Coating 

thickness 
(mm),  Δr 

0.0775  0.0375 0.0917 0.353 

Lag time, t0 

(day) 
19 1.0 5.0 25 

Effective                   
diffusivity, 

De  (m
2/s) 

3x10-14 1.2 x10-

14 
1.2 x10-14 39.5x1

0-14 

 

TABLE II. INITIAL AND BOUNDARY CONDITIONS 

Stage Constant release Decay release 

Initial 

Condition 

Cconst.(r,t0) = 0 
(R0 ≤ r ≤ R1) 

Cdecay(r,t1) = Ccont.(r,t1) 
(0 ≤ r ≤ R1)   

Boundary 

Condition -1 

C const.(R0,t) = Csat. 

(to≤ t ≤ t1) 
Durea∇Cdecay(R1, t) = 0 
(t ≥ t1) 

Boundary 

Condition -2 

C const.(R1,t) = 0 

  (to≤ t ≤ t1)  
 

where,    Cdecay (r, t1) = the initial urea concentration of decay release 
stage, mol m-3 

  C const. (r, t1) = urea concentration at the end of constant release stage, 

mol m-3 
  Csat. = saturated concentration mol m-3 

IV. RESULTS AND DISCUSSION 

Although an experimental analysis uncovers the real 

behaviour of any process, however it involves time and 

cost. So Simulation becomes an obvious choice. For ease 

of understanding and presentation, the results are 

presented in three subsections. In first subsection, the 

model validation using experimental data for nutrient 

release from NCU is presented. Second subsection aims 

to check reliability and robustness of the model, hence 

experimental results of nutrient release from urea coated 

with other materials (MPO1, MPO2 and LCU taken from 

the literature) were compared with the model. The third 

subsection, presents modelling results regarding the 

internal mechanism of nitrogen release from the NCU 

particle. 

A. Model Verification Using Experimental Data Of 

Nutrient Release From NCU 

The simulation result plotted in Fig. 3 corresponded 

well with our experimental data. The Standard Error of 

Estimate (SEE) used to determine the accuracy between 

simulation and experimental [16] results was found to be 

0.023, which is acceptable for the prediction of nutrient 

release. The small mismatch between the experimental 

and simulation results occurs due variations in particle 

shape, imperfection in coating and presence of 

surrounding particles. Both modelling and experimental 

data follows a sigmoidal release trends in agreement with 

the cited literature [8], [10], [14], [17], [18]. 

 
Figure 3. Experimental and simulation release profile for NCU 
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B. Comparison with Literature Data 

Simulation runs were also done for three samples of 

two other types of coating material also viz. Modified 

Polyolefin (two samples: MPO 1 and 2) and Latex (LCU) 

which represent both small and large particles in which 

release time ranged from hours to days. Data from 

literature was extracted using webplot digitizer 2.0. The 

results are shown in Fig. 4. 

 

 

Figure 4. Experimental and simulation release profile (a) MPO1 and 2 
(b) LCU 

Fig. 4(a) shows simulation results compared with 

experimental data from [10] for MPO1 and 2 where R0 

was taken as 1.2 mm and coating thickness as given in 

Table I. A constant release phase extends upto sixty days 

in both these case. The Standard Error of Estimation 

(SEE) ranged from 0.016 to 0.018. Thus, the model 

satisfactorily predicts the three staged release behaviour 

and proves to be sufficiently robust in estimating the 

release for coated urea particles with release time less 

than that in NCU but these release characteristics are 

shown by commercial products used. The developed 

model also proved equally suitable in explaining the 

experimental release behaviour of a large (R0 =7.06 mm) 

LCU [8], where release time extends upto 120 days 

which greater than NCU as shown in Fig. 4(b). Thus our 

model proved to be reliable and robust in accurately 

predicting the nutrient release behaviour and explaining 

the release stages from coated urea particle over a wide 

range of sizes, coating thickness and release intervals. 

C. Release of Nutrient from NCU (2D Results) 

The three staged nutrient release process from NCU 

can be more easily understood by COMSOL 2D results. 

The Lag phase or the first phase (upto 19 days) as shown 

in Fig. 5 is characterized by the feature in which the urea 

core gets dissolved while the mass of urea remains 

constant and thus very little release is observed during 

this period.  

Fig. 6 presents results for constant and decay release 

stages. Starting from 20
th

 day the release percentage rises 

rapidly and reaches to 89.65% at the end of 90
th

 day. This 

corresponds to the second stage, called the constant 

release stage, which begins when a critical volume of 

saturated solution accumulates inside the NCU granule. 

The rate remains constant as long as the saturated 

solution in the granule is equilibrated with the non 

dissolved 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. 

The release becomes somewhat slower from 90
th

 day 

to 120
th

 day, and the amount of nitrogen release reaches 

98.27% at the end of experiment. This is the third stage 

of the release and named as the decay stage.  This occurs 

due to the fact that 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.  
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Figure 5. 2D release profile in NCU during lag phase. Colour legend represents urea concentration in range of 0-10500 mol/m3 

         

         

       
Figure 6. 2D release profile in NCU during Constant and Decay release phase. Colour legend represents urea concentration in range of 0-10500 

mol/m3
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V.  CONCLUSION 

In present work the experimental and simulation study 

on nutrient release from NCU is carried out, results show 

that nutrient release follows a sigmoidal behavior, 

following a three stage process. The nutrient release data 

also shows that NCU match the requirement for 

controlled release fertilizer. The FEM based 2D model 

using COMSOL multiphysics was validated with NCU 

and other coated urea like MPO1, MPO2 and latex. This 

model successfully predicted nutrient release for most of 

the commercially used coated urea spanning over 

different sizes, coating thicknesses and release intervals. 

However, for further refinement of model is required to 

incorporate the effect of urea concentration on effective 

diffusivity as well as effect of particle shape and 

population. 
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