
Formulation and Characterisation of Polyester-
Lignite Composite Coated Controlled-Release
Fertilisers
Abhiram Gunaratnam  (  gabhiram004@gmail.com )

Uva Wellassa University https://orcid.org/0000-0002-5400-3368
Peter Bishop 

Massey University
Paramsothy Jeyakumar 

Massey University
Miles Grafton 

Massey University
Clive E. Davies 

Massey University
Murray McCurdy 

GNS Science Ltd

Research Article

Keywords: Calcium carbonate, controlled-release fertiliser, lignite, linseed oil, polyester

Posted Date: February 16th, 2022

DOI: https://doi.org/10.21203/rs.3.rs-1352279/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-1352279/v1
mailto:gabhiram004@gmail.com
https://orcid.org/0000-0002-5400-3368
https://doi.org/10.21203/rs.3.rs-1352279/v1
https://creativecommons.org/licenses/by/4.0/


1 
 

Formulation and characterisation of polyester-lignite 

composite coated controlled-release fertilisers 

 

Abhiram Gunaratnam1, 2 *, Peter Bishop1, Paramsothy Jeyakumar1, Miles Grafton1, Clive 

E. Davies3, Murray McCurdy4,5 

1 Environmental Sciences, School of Agriculture & Environment, Massey University, 

Private Bag 11 222, Palmerston North 4442, New Zealand. 

2 Department of Export Agriculture, Faculty of Animal Science and Export Agriculture, 

Uva Wellassa University, Badulla, Sri Lanka. 

3 School of Food and Advanced Technology, Massey University, Private Bag 11 222, 

Palmerston North 4442, New Zealand. 

4 Verum Group, Lower Hutt, New Zealand. 

5 GNS science, Lower Hutt.  

*Email: abhiram@uwu.ac.lk 

 

Corresponding Author: Abhiram Gunaratnam 

Corresponding Author’s email: abhiram@uwu.ac.lk 

ORCID of corresponding author: https://orcid.org/0000-0002-5400-3368 

 

 

 

 

 



2 
 

Ownership 

The authors declare that the submitted work is our own and that copyright has not been 

breached in seeking its publication. 

 

Originality 

The submitted work has not previously been published in full and is not being considered 

for publication elsewhere.  

 

 

 

Highlights 

 Polyester-lignite composite has potential as a coating membrane. 

 Lignite performed better as a filler compared to CaCO3 for CRFs formulation. 

 The developed CRFs significantly (P<0.05) prolonged the urea release compared 

to uncoated urea. 

 Application of linseed oil overcomes the burst effect of polyester-lignite coated 

CRF.    
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Abstract 

Two polyester-lignite composite coated urea controlled-release fertilisers (CRFs; Poly3 

and Poly5) were developed and their physicochemical properties were studied. Both 

these CRFs significantly (p<0.05) extended the urea release compared to uncoated urea; 

Poly3 and Poly5 by 117 and 172 hours, respectively. The urea release characteristics of 

Poly5 were further enhanced by linseed oil application (Poly5-linseed). The SEM images 

demonstrated the coatings were in contact with the urea and encase urea particles 

completely with the average coating thickness of 167.2 ± 15 µm. The new interactions 

between polyester and lignite in the composite coating were confirmed by the FTIR 

analysis. Polyester-calcium carbonate (Polyester-CaCO3) coated CRFs (Calc3 & Calc5) 

were developed using CaCO3 as a filler in place of lignite and the urea dissolution rate 

was compared with Poly3 and Poly5. The urea release times for the polyester- CaCO3 

formulations, 48h and 72h, were significantly (P<0.05) lower than the polyester-lignite 

formulation, showing that lignite imparted greater control over release time than CaCO3. 

Findings from this work showed that polyester-lignite composites can be used as a 

coating material for CRFs.        

Keywords: Calcium carbonate, controlled-release fertiliser, lignite, linseed oil, polyester. 

 

1. Introduction 

Plants uptake only a small fraction of the applied fertiliser in an agricultural land use [1]. 

The large quantity of unused fertiliser is generally lost and it causes adverse effects to 

the environment. The inefficiency of fertiliser use is associated with a lack of 

synchronisation between plant demand and fertiliser supply [1]. Conventional nitrogen 

fertilisers release surplus amounts of phytoavailable ammonium or nitrate ions to the soil 

in a short period after the application, with a significant proportion not utilised by the plant. 

The excess ammonium is volatilisable, and nitrate leaches as it is highly mobile due to its 

high solubility and low affinity to soil. Controlled-release fertilisers (CRFs) are being used 

successfully as an effective way to control nitrogen losses by increasing the release 

duration to synchronise supply with plant demand [1, 2]. Polymer coated fertilisers are the 
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most widely used CRFs since the release rate can be predefined at the formulation stage 

[1]. The direct physical contact of the active ingredient (N fertiliser) with water is prevented 

by applying a coating around the granule as a barrier. The diffusion of water into the 

coating membrane dissolves the nutrient and releases it slowly out of the membrane.  

Several inorganic and organic polymer coating membranes have been employed in CRF 

formulation and reported in literature such as polyurethane (diisocyanate), epoxy, 

polyester, linseed oil, calcium carbonate, sulphur, etc. [3]. Cured polyester resins have 

desirable characteristics such as better mechanical, chemical and heat resistance 

properties [4, 5]. An unsaturated polyester (UP) is a thermosetting polymer with excellent 

abrasion resistance, hydrophobic and mechanical properties. Different types of petroleum 

and bio-based polyester resins have been used for CRF formulation. For example, a 

waterborne polyester was synthesized using a poly-condensation technique from citric 

acid, glycerol, and dimer acid, and used for coating urea [4]. This polyester coating 

showed high tensile strength, impact resistance, fracture strain, thermal stability and good 

control over urea release. However, the use of these polymers is limited by long curing 

times, high cost and they are not environmentally friendly materials [6]. Developing 

composite polymer coatings could be a solution to overcome the limitations of polymer 

resins. These composite polymers are made by mixing additives with the polymers to 

reduce the polymer content, cost of coating material and increase biodegradability , while 

sustaining the beneficial properties of the polymer as a coating material [7].  

It is proposed to use lignite as an environmentally friendly organic additive or filler in 

polymer composite coating. In agriculture, lignite has been used as a soil amendment for 

various purposes such as; increasing soil pH and decreasing aluminium solubility [8], 

reducing the solubility and plant availability of heavy metals by binding them on to active 

sites [9, 10]. This improves soil fertility by adding organic matter [11], increases water 

retention capacity, decreases moisture loss [12], decreases the ammonia losses from 

cattle feedlots [13], and improves pasture growth [14]. Moreover, lignite was employed in 

the formulation of CRFs. For instance, a granular slow-release fertiliser was developed 

by mixing the urea-formaldehyde polymer with KOH-activated lignite which prolonged the 

N release up to 90 days [15]. Brown coal-urea blended granular CRF was developed 
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using the pan granulation method and it decreased the ammonium and nitrate losses by 

40% and 20%, respectively, compared to urea [16].  

Although lignite was employed in the CRF synthesis in different ways, the polyester-lignite 

composite has not been tested as a coating material. Therefore, a research study was 

conducted to (a) develop different new polyester-lignite composites, (b) characterise the 

physical and chemical properties of synthesised coating materials, and (c) investigate the 

slow-releasing behaviour of newly developed CRFs.  

 

2. Materials and Methods 

2.1 Preparation of CRFs 

Lignite and polyester resin were used to prepare a composite coating for urea in two 

different thicknesses. The NORSKi® polyester resin with polyester catalyst 55 (Methyl 

ethyl ketone peroxide) was used for this study. The lignite from Kai Point mine (Clutha 

District, Otago), New Zealand was used   and the basic physiochemical properties of the 

lignite are described in Table 1. Fine lignite powder was prepared by sifting ground lignite 

through a 200-micron sieve. Lignite was used as an organic amendment and filler to 

overcome the surface stickiness of polyester. The viscosity of polyester resin was not 

decreased using any solvents as it can cause the release of toxic gases and therefore, 

was used in its original high viscous form. 

[Table 1] 

Urea (100 g) was mixed with polyester resin (2 g) in a rotating drum coater (30 rpm), and 

fine lignite powder (3 g) was sprinkled on top of the mixture. Lignite powder can easily 

bind to the surface as the polyester resin is sticky. The mixture was allowed to cure for 

30 minutes on a flat tray at room temperature. A similar coating was repeated three times 

and this CRF is referred to as Poly3. The method was repeated with another 100 g urea, 

but it was coated five times with polyester-lignite composite and it is referred to as Poly5. 

In the Poly5 formulation, 3.5 g lignite was applied (instead of 3 g) only in the last two 

coatings to overcome the burst effect found in Poly5. A 50 g portion of Poly5 was coated 

with linseed oil (2 g) and it is referred to as Poly5-linseed.   



6 
 

Calcium carbonate (CaCO3) is a common filler used in polymer composite synthesis [17]. 

For comparing the effect of lignite as a filler, urea was coated with polyester-CaCO3 

composite. The CaCO3 fine powder was prepared by sifting the ground powder through 

a 200-micron sieve. Polyester-CaCO3 coating was applied for urea using CaCO3 as the 

filler instead of lignite with polyester resin. The three and five times coated CRFs are 

referred to as Calc3 and Calc5, respectively. The corresponding amounts of CaCO3 used 

in these coatings were similar to the lignite used in Poly3 and Poly5, respectively.       

 

2.2 Static urea release in water 

The dissolution test was carried out to measure the urea release from the uncoated and 

coated urea CRFs. A 20 g sample of uncoated and coated urea was weighed and placed 

in 250 ml deionised water separately. Another 20 g of coated and uncoated urea were 

crushed and put into 250 ml deionised water to measure the available urea in each. The 

uncoated urea was used as the control. All the treatments were conducted in triplicate. 

An aliquot of samples (1 ml) was collected at different time intervals and nitrogen content 

was measured using an auto analyser for total nitrogen. The urea releasing percentage 

was calculated using the following Eq. (1): 

 

Urea release % =  N in noncrushed sample N in crushed sample  × 100 

(1) 

 

2.3 Coating percentage, coating efficiency, nitrogen percentage and 

composition of the coating 

The theoretical coating percentage of the CRF was calculated by the weight ratio of the 

coating material used for the coating to the total weight of the CRF. The actual coating 

percentage of CRF was measured by the following method: A 10 g portion (Mt) of triplicate 

samples were crushed and kept in 100 ml water at room temperature. After complete 

dissolution of urea, the polymer coating was filtered using a 0.45-micron filter paper and 
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washed carefully with deionised water to remove the urea. The coating was dried at 40°C 

for approximately 6 hours and the residual was weighed (Mc). The coating percentage, 

coating efficiency and nitrogen percentage were calculated using the following Eq. (2), 

Eq. (3) and Eq. (4), respectively: 

Actual coating percentage =  𝑀𝑐𝑀𝑡  × 100% 

(2) 

Coating efficiency = Actual coating weightTheoretical coating weight  × 100% 

(3) 

Nitrogen % =  [(𝑀𝑡 − 𝑀𝑐) × 46𝑀𝑡 ] × 100 

(4) 

Where Mt and Mc are CRF samples taken and residual samples, respectively.   

 

The actual composition (ratio of polyester and lignite) in the coating was determined by 

elemental analysis. The nitrogen level of both polymer and lignite is a constant. The 

nitrogen level in the coating membrane, polymer and lignite were measured and the 

composition was calculated by the following Eq. (5):  

𝑀𝐿 = 𝑀𝑆(𝑁𝑆 − 𝑁𝑃)𝑁𝐿 − 𝑁𝑃  

(5) 

Where ML and Ms are the weight of lignite in the membrane and sample taken for 

elemental analysis, respectively. NP, NL and NS are the nitrogen percentage of polyester, 

lignite and sample measured in elemental analysis, respectively.  
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2.4 Characterization of the coating 

2.4.1 Morphological features 

The surface and cross-section of the coated urea CRFs were analysed using a scanning 

electron microscope (SEM) at different magnifications. Randomly selected CRFs were 

cut in half and samples were sputter-coated with gold in an IB-5 ion coater and SEM 

images were obtained.  

The images of surface and cross-sectional view of CRFs were taken under a polarized 

light microscope (PLM) to visualize the relative distribution of the lignite and polymer in 

the coating. The SEM image of the cross-section at 250 magnification was used to 

measure the coating thickness. The thickness was measured at 25 random points of the 

coating and the average was calculated.   

An image processing method was employed for further analysis of the coating surface 

morphology using ImageJ software [18]. The SEM (x 500) and PLM (x 100) images were 

selected to visualize the smooth and coarse regions of the coating, respectively. Both 

images were converted to 32-bit colour depth mode and an Interactive 3D Surface Plot 

plug-in was deployed in the selected region of the images. The 5% smoothness was 

applied for SEM images whereas a higher level of smoothness (50%) was applied to PLM 

images to visualise the large undulation of the surface. The outputs were saved as surface 

plot images.    

 

2.4.2 Fourier transform infrared spectroscopy (FTIR) analysis 

Fourier transform infrared (FTIR) is a technique used to identify the bonds in a compound. 

The new bond formations between polyester and lignite was characterised using a FTIR 

spectrophotometer with a wavenumber range from 4000 to 500 cm−1.  
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2.4.3 Thermogravimetric analysis (TGA) 

The thermal stability of the coatings was analysed using TGA (Discovery TGA 55, New 

Castle, DE) under a nitrogen atmosphere (60 cm3 min−1). The samples were heated from 

room temperature to 600°C with an increasing heating rate of 10°C min−1.    

 

2.5 Physical characteristics 

2.5.1 Particle size distribution and circularity  

The particle size distribution of the coated and uncoated urea was analysed using ImageJ 

software [18]. Five grams of coated CRF and uncoated urea were measured and 

uniformly spread on a flat surface to avoid contact between granules. Contrast colour 

sheets were used as the background; a white sheet for coated granules (since they are 

black in colour) and a black colour board for uncoated urea granules. The images were 

taken using a 7.2 MP camera (Sony) in a dark place using flashlights. The colour images 

were converted to binary images and an Analyse Particle Function was used to measure 

the area of each granule. The 0.01-pixel threshold value was applied for the size to 

exclude the fine particulates that are not objects of interest. The circularity option was 

selected in full range (0 – 1) to include granules of different shapes. The diameter was 

calculated from the cross-sectional area of the particle generated by the software 

assuming all the particles were spherical. For the same binary image, a range of circularity 

values with an increment of 0.1 from 0 to 1 were applied and the number of particles 

belonging to each range was recorded. The particle count for each circularity value was 

plotted.   

2.5.2 Abrasion resistance 

The strength of the coating material for abrasion was measured by a modified method 

from [19]. Briefly, a 10 g portion of coated urea granules was placed in a No 6 sieve (3.36 

mm) with 10 metal balls (1.5 cm diameter and 16 g weight each) and a pan was kept 

underneath it to collect the sieved particles. The sample was shaken for 10 minutes and 

the weight of the sample remaining in the sieve and collected in the pan were weighed. 

The abrasion resistance was measured using the following Eq. (6): 
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Abrasion resistance % =  Weight of the sample remaining on No 6 sieve10 g  x 100 

(6) 

 

2.5.3 Water absorbance of the coating 

One and a half gram of coating material (Mo) in triplicate was kept in 100 ml of water for 

90 minutes at room temperature. The water-soaked sample was filtered carefully using a 

177-micron sieve to remove the surface water and the final weight (M) was measured. 

The water absorbency was calculated using the following Eq. (7): 

Water absobancy (%) =  [𝑀 −  𝑀𝑂𝑀𝑂 ]  × 100 

(7) 

2.5.4 Coating porosity measurement 

The amount of water absorbed by the coating was used to measure the coating porosity 

using a modified method from [20]. Ten similar size granules were selected and soaked 

in water in triplicate until the urea completely released out of the granule. Thereafter, 

surface-bound water on the coating was removed using blotting paper and the wet weight 

was measured (Mw). The coating was dried in an oven at 30 °C until a constant weight 

was obtained (Md). The volume of coating (Vc) was calculated using the thickness of 

coating obtained from the SEM images and it was assumed that the coating was spherical 

and the coating thickness was uniform. The density of water (ρw) is 1 g cm-3. The porosity 

(Ɛ) was calculated using the following Eq. (8):  

Ɛ =  𝑀𝑤 − 𝑀𝑑𝜌𝑤𝑉𝑐  × 100% 

(8) 
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2.6 Modelling of release kinetics 

Nutrient release can be governed by various mechanisms such as dissolution, diffusion, 

portioning, osmosis, swelling and erosion. Mathematical modelling helps to understand 

the nutrient releasing mechanism from a coated CRF. Therefore, experimental results 

were fitted with selected mathematical models; Korsmeyer–Peppas model and Peppas–

Sahlinmode model.  

 

2.6.1 Korsmeyer–Peppas Model 

The semi-empirical model [21] explains the nutrient release behaviour of a polymer 

coating for an unknown or a complex-releasing mechanism [22]. 𝑄𝑡 = 𝑘 𝑡𝑛 

(9) 

Where Qt is the fraction of solvent released at time t, K is a distinctive constant for the 

filler–polymer system, and n is the diffusion exponent. The n value determines the 

releasing mechanism; n < 0.45 indicates a Fickian diffusion mechanism, 0.45 < n < 0.89 

shows non- Fickian transport, n = 0.89 belongs to Case II (relaxation) transport, and n > 

0.89 to super case II transport [23].  

2.6.2 Peppas–Sahlin Model 

The Peppas–Sahlin model [24] describes the contribution of diffusion, and coating matrix 

swelling and relaxation in the anomalous nutrient release process.  𝑄𝑡 = 𝑘1𝑡𝑚 + 𝑘2𝑡2𝑚 

(10) 

Where Qt is the fraction of nutrient release at time t, k1 and k2 are Fickian diffusion 

contribution coefficient and relaxation contribution coefficient, respectively and m is the 

Fickian diffusion exponent.  

The first and second terms of the equation describe the diffusion contribution and 

relaxation contribution, respectively. If k1 > k2, the dominant factor in nutrient release is 
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Fickian diffusion and vice-versa also true. When k1 = k2, both contribute equally to the 

nutrient release.  

The initial diffusion coefficient (Df) was calculated using the following Eq. (11) [25].  

𝑄𝑡 = 4√𝐷𝑓 × 𝑡𝜋𝑙2  

(11) 

Where Qt is the fraction of nutrient release, Df is initial diffusion coefficient, l is thickness 

of the coating and t is time. 

 

2.7 Statistical analysis 

Minitab 18 was used for the statistical analysis. The results were tested at 0.05 

significance level with one-way analysis of variance (ANOVA) and the results are 

presented as mean ± standard deviation. The significant difference between mean values 

was tested with Tukey honest significant difference (HSD) post hoc test at 0.05 probability 

level. The model fitting of urea release from the CRFs was performed using Origin 8.5 

software (OriginLab Corporation, Northampton, MA, USA). Non-linear curve fitting was 

performed to fit the experimental results with the model.  

 

 

 

3. Results and Discussion 

3.1 Urea release characteristics in static water 

The urea dissolution behaviour of uncoated urea, polyester-lignite (Poly3 & Poly5) and 

polyester-calcium carbonate (Calc3 and Calc5) coated CRFs were tested in deionised 

water. All the CRFs significantly (P<0.05) extended the urea release compared to 

uncoated urea. The complete urea dissolution took place at 120, 175, 48 and 72 hours 

for Poly3, Poly5, Calc3 and Calc5, respectively, while urea was completely dissolved at 



13 
 

3 hours (Fig. 1). The corresponding values for 75% release of urea from these four CRFs 

were 30, 125, 20 and 28 hours, respectively. The urea release was significantly (P< 0.05) 

higher for Poly5 compared to Poly3 and for Calc5 compared to Calc3. Results showed 

that around 9% increment of polyester-lignite coating thickness in Poly5 from Poly3 

increased the urea release time by 46%. The poly5 showed a rapid release after 120 

hours (green shaded area in Fig. 1), and the last 25% urea release occurred in just 10 

hours, suggested that the coating membrane possibly ruptured and exhibited failure 

release. A double layer linseed coating was applied for the Poly5 as a sealant to 

overcome the failure release due to rupture. The sealant has prevented the failure release 

and significantly (P<0.05) improved the uniformity of urea release rate. The 75% release 

time was increased by 25 hours after the addition of linseed coating (Fig. 1). 

 

[Fig. 1] 

 

The urea release time was significantly (P<0.05) higher for polyester-lignite coated CRFs 

compared to polyester-CaCO3 coated CRFs. This result highlights that lignite can be a 

better filler than CaCO3 for controlled-release fertiliser formulations. The fast urea release 

of polyester-CaCO3 coated CRFs could be due to ionic nature of CaCO3 which possibly 

attracted more water on the coating surface thus increasing the urea dissolution. Whereas 

the lignite has moderate level of hydrophilicity due to large nonpolar carbon bulk 

compared to the oxygen-containing functional groups [26], which possibly limited the 

interaction with water.      

Further characterisation of polyester-calcium carbonate coated CRFs (Calc3 and Calc5) 

was not performed since they showed poorer urea release characteristic than polyester-

lignite coated CRFs (Poly3 and Poly5).   

 

3.2 Coating characteristics 
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Coating percentage, efficiency, nitrogen percentage of CRF and composition of the 

coating membrane are shown in Table 2. Increasing the number of coatings (from 3 to 5) 

significantly (P<0.05) increased the coating percentage and coating efficiency by 8% and 

13%, respectively (Table 2). The coating percentage and efficiency of Poly5 and Poly5-

linseed were statistically similar to the Poly5. All CRFs showed a high nitrogen percentage 

ranging from 36 - 41% (Table 2). The nitrogen content of the CRF significantly (P<0.05) 

decreased with increasing coating thickness, as the coating materials (polymer or lignite) 

have low nitrogen content, however incorporation of linseed did not influence the N%.    

[Table 2] 

 

The N content of lignite and polyester is a constant for the same raw materials and 

therefore, it was used to calculate the composition of the coating membrane. The lignite 

and polyester content were not significantly changed when the polyester-lignite coating 

number increased from 3 to 5. The lignite: polyester ratio of Poly3 and Poly5 were 5.3 

and 5.0, respectively (Table 2).  

 

  

3.3 Morphology of Polyester-lignite coated CRF 

The coating surface and cross-section were investigated using SEM and PLM images 

under different magnifications. The surface of the polyester-lignite coating was coarse 

and grainy (Fig. 2 – a, b, e & f). The fine lignite particles were stuck to the surface and 

fully covered it. The coating made good physical contact with the urea core with no 

obvious boundary separation in cross-sectional view (x 250 magnification) (Fig. 2 - c). 

However, there were microlevel gaps and pockets that can be seen under high 

magnification (x 1000) (Fig. 2 - d). The average thickness of the coating was 167.2 ± 15 

µm (Fig. 2 - c) and the coating thickness was reasonably uniform throughout the granule.   

 

[Fig. 2] 
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The 3D-surface image obtained from SEM image (x 500) showed that surface irregularity 

exists all over the coating surface and ranged from 60 – 220 pixels (Fig. 3). However, the 

majority of the coating was between 60 – 120 and only a small portion in 200 – 220 pixels 

range.  

[Fig. 3] 

 

3.4 FTIR analysis of coating membrane 

The FTIR analysis was employed to determine the new bond formation in polyester-lignite 

composite after mixing the polyester with lignite. There are four major regions of coal and 

its derivatives that can be classified by FTIR spectrum analysis; aromatic substitution 

region (900 – 700 cm-1), O-containing group (1800 – 1000 cm-1), aliphatic structures (3000 

– 2800 cm-1) and hydrogen bond region (3700 – 3000 cm-1) [27]. The broad strong peak 

found in 3400 cm-1 wavelength region was attributed to hydroxyl group (– OH stretching) 

(Fig. 4-b). The weak sharp peaks around 2900 cm-1 wavelength belong to the aliphatic 

group (-CH2) (Fig. 4-b). The aromatic sp2 hybridized carbon-carbon bond was 

characterised by the sharp peak at 1621 cm-1 wavelength [28]. The weak absorption 

peaks at 1440 and 1369 cm-1 were hydroxyl stretching of carboxylic functional group and 

sp3 hybridized carbon (C-C) stretching, respectively (Fig. 4-b) [28].  

The absorbance at around 3500 cm-1 was not prominent which suggests that the hydroxyl 

group was absent in polyester (Fig. 4 - b) [29]. The weak absorbance at 2916 and 2844 

cm-1 were attributed to -CH2 and -CH stretching, respectively [29]. The characteristic 

functional group of polyester resin was an ester bond. The sharp peak at 1726 cm-1 

belongs to the C=O bond stretching of ester and peak at 1378 cm-1 was represented by 

COOˉ bonds [30]. The C – O – C peaks were identified at 1281, 1163 and 1121 cm-1 (Fig. 

4 - b). The aromatic ring structure stretching was presented by the peaks at 1600 and 

1452  cm-1 wavelengths [31]. The band at 1069 cm-1 was due to unsaturated in-plane 

deformation which indicates it was an unsaturated polyester [31]. Out-of-plane stretching 

of aromatic C-H bonds was represented by 744 cm-1 [31, 32]. The absorption of aromatic 

groups can be assigned to the peak at 700 cm-1.   
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[Fig. 4] 

 

The polyester-lignite coatings (Poly3 & Poly5) showed a modified spectrum of polyester 

wherein the influences of lignite also can be noticed. The overall absorbance of the 

coating decreased compared to polyester resin. A new peak appeared around the 3000-

3500 cm-1 region, possibly the hydroxyl group due to interactions between the lignite and 

polyester (Fig. 4 - a). The weak –CH2 and –CH peaks of polyester resin disappeared in 

the coating. Further, a new broad peak appeared at around 1500 – 1700 cm-1 belongs to 

the aromatic stretching of sp2 hybridized carbon (c=c), possibly from the lignite [28]. A 

sharp peak at 700 cm-1 was missing in the coating spectra (Fig. 4 - a). These modifications 

in the spectra of the polyester-lignite composite are possibly due to the chemical 

interactions between polyester and lignite.      

 

3.5 Thermogravimetric analysis (TGA)  

The TGA and derivative thermogravimetric analysis (DTG) showed the thermal 

degradation of lignite, polyester resin and polyester-lignite composite coating materials; 

Poly3 and Poly5 under elevated temperature in nitrogen atmosphere (Fig. 5).  

 

[Fig. 5] 

 

All the samples lost mass with increasing temperature in two stages; at 100 °C and 220 - 

265 °C. The first mass losses were 22%, 81% and 75% for lignite, Poly3 and Poly5 

samples, respectively, which corresponded to losses of moisture and volatile substances. 

However, polyester resin didn’t show a considerable mass loss at this stage (Fig. 5 - a). 

The observed high moisture losses in samples Poly3 and Poly5 were due to moisture 

absorbed by coating during the washing process on urea removal. The second mass 

losses were 30%, 88%, 14% and 13% for lignite, polyester, Poly3 and Poly5 samples, 

respectively (Fig. 5 - a). The mass loss for unit temperature change in the following order; 
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polyester > lignite > Poly3 = Poly5. The Tmax values for lignite, polyester, Poly3 and Poly5 

were 430, 365, 305 and 326 °C, respectively (Fig. 5 - b). This suggests that composite 

coatings had lower thermal stability than raw materials. Poly3 showed a lower Tmax value 

than Poly5 which could be attributed to the high polyester content in Poly3 coating.      

 

3.6 Physical properties 

3.6.1 Particle size distribution and circularity  

The particle size distribution and circularity of uncoated urea and CRFs were analysed 

using images of these fertilisers by ImageJ software. The d50 values (medium value of 

the particle size distribution) of Poly3, Poly5 and urea were 1.75, 1.83 and 1.8 mm, 

respectively. The uncoated urea and Poly5 particle size distribution were closer to the 

d50 value, whereas Poly3 showed a skewed distribution (Fig. 6 - a, b & c). The obvious 

changes in particle size possibly changed the distribution of coated CRFs. 

[Fig. 6] 

 

The particle circularity is an important shape parameter that influences the spreading of 

fertilisers onto the field [33]. The circularity range between 0.8 – 1.0 shows the high 

circular shape of the granules. The percentage of granules in this range were 98%, 96% 

and 98% for Poly3, Poly5 and urea, respectively (Fig. 6 - d, e & f). Circularity value 

decreased only by a 2% for Poly5 compared to uncoated urea. This small decrease was 

attributed to many reasons such as fusion of particles, protruded lignite edges on the 

surface, and polymer-lignite clumps stick to the surface of the coating.   

  

3.6.2 Water absorbency and coating porosity 

The water absorbency was significantly (p<0.05) influenced by the coating thickness. The 

greater the coating thickness, the lower the water absorbency; Poly5 > Poly3 (Table 3). 

The water absorbency decreases with increasing hydrophobicity, the elasticity of polymer 

and polymer crosslinking density [34]. The lower water absorbency in thick coatings was 
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associated with the amount of polymer which was greater in the thick coating which resists 

water diffusion into the coating material. Other studies also reported that increased 

polymer content and coating thickness decreased the water absorbency [35, 36].  

   

[Table 3] 

The effective porosity (EP) of a coating directly influences the nutrient releasing 

characteristics of a CRF. The EP only includes the pores in which the water can penetrate. 

Increased EP facilitates water diffusion into the CRF granule and reduces the controlled 

release behaviour. Therefore, a low level of EP is preferred for a coating material to 

improve the nutrient releasing property. Increasing coating thickness significantly 

(p<0.05) decreased the EP by 13% (Table 3). This finding aligns with a study that reported 

the porosity decreased by 8% when the polymer concentration was increased [37]. In the 

present study, increasing coating thickness improved the abrasion resistance by 1% for 

polyester-lignite composite coating (Table 3), however it was not significant.  

 

3.7 Modelling of release kinetics 

The urea release data were fitted against the Korsmeyer-Peppas and Peppas–Sahlin 

models (Fig. 7) and the derived values are summarized in Table 4. Although many studies 

suggest only 60% release shows the best fit with these models [22], the data in this study 

used 100% release as it improved the model fit with the observed values (Fig. 7).  

 

[Fig. 7] 

 

The n values for both Poly5 and Poly5+Linseed were 0.58, suggesting that the nutrient 

release was non-Fickian anomalous transport (0.45 < n < 0.89). Whereas, Poly3 showed 

Fickian diffusion release (n = 0.42) according to the Korsmeyer-Peppas model (Table 4). 

The values of k1 < k2 (Peppas–Sahlin model) for all CRFs indicated that the primary 

nutrient releasing mechanism was erosion and relaxation [22]. Except for Poly3, the 
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results obtained from Peppas–Sahlin model agreed with the results of the Korsmeyer-

Peppas model. For Poly3, the former model suggested the Fickian release and the latter 

model suggested polymer coating relaxation. A similar contradicting prediction between 

these models was reported in other studies [38, 39]. This could be ascribed to multiple 

mechanisms involved in the nutrient release, other than those investigated by these 

models [40].   

 

[Table 4] 

 

The initial coefficient of diffusion (Df) was linked to the coating thickness and decreased 

with increasing thickness for all CRFs. Increasing the coating thickness was not effective 

for Poly5 as only a small increment in Df (0.03 hr-1) was observed. This can be associated 

with the burst effect and subsequent quick release of urea. The addition of linseed sealant 

coating decreased the Df by 0.07 hr -1 when compared to Poly5.  

 

 

4. Conclusions 

The focus of this study was to develop new controlled-release fertilisers using polyester-

lignite composites and characterise the physiochemical properties. Two different 

controlled-release fertilisers (CRFs) were developed by coating the granular urea with 

polyester-lignite composite and one of those (Poly5) was strengthened with linseed oil 

coating (Poly5-linseed) to overcome the burst effect. Similarly, polyester-calcium 

carbonate coated CRFs were developed (Calc3 and Calc5) using calcium carbonate 

(CaCO3) as a filler in place of lignite for comparing the effect of filler. The physiochemical 

properties and urea releasing behaviours of developed CRFs were studied. The Poly3 

extended the urea release by 72 hours compared to Calc3 whereas Poly5 significantly 

(P<0.05) increased by 103 hours compared to Calc5. This showed that lignite can be a 

better filler than CaCO3. The modified spectra of polyester-lignite composite could be 

ascribed to the chemical interactions. The urea releasing behaviour was dependent on 
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coating thickness for all CRFs where release rate decreased with increasing coating 

thickness. The poly5-linseed was the best product which extended the urea release for 

210 hours in static water. The nutrient release kinetic models suggest that the primary 

mechanism governing the nutrient releases were erosion and relaxation of the coating 

membrane. Future work is required to improve the coating system by increasing the 

hydrophobicity of the lignite using hydrothermal treatment.    
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Figures

Figure 1

The cumulative release of urea from uncoated urea, two polyester-calcium carbonate coated CRFs (Calc3
& Calc5), two polyester-lignite coated CRFs (Poly3 & Poly5) and linseed sealant coated CRF
(Poly5+Linseed). The green shade shows the failure release of Poly5 due to rupture of the coating
membrane



Figure 2

The SEM (a - d) and PLM images (e - h) of Poly5 CRF. Images a, b, e and f show the surface of the
coating and c, d, g and h are the cross-section of Poly5 at different magni�cations



Figure 3

(a) The SEM image of Poly5 CRF surface at x 500 magni�cation and (b) 3D-surface image of the surface
obtained from the image analysis using ImageJ software



Figure 4

The FTIR spectrum of (a) Poly3 & Poly5 CRFs and (b) Lignite & polyester resin



Figure 5

(a) The TGA and (b) Derivative thermogravimetry (DTG) curves of lignite, polyester and polyester-lignite
composite coating materials; Poly3 and Poly5 (inset graph shows magni�ed view of the graph in dashed
rectangle) 



Figure 6

The particle size distribution (a-c) and circularity (d-f) of the uncoated and coated (Poly3 and Poly5) urea
granules



Figure 7

Model �tting of urea release from (a) poly3, (b) poly 5, and (c) poly5+linseed CRFs. The equation 1, 2 and
3 stands for Korsmeyer–Peppas model, Peppas–Sahlin model and initial coe�cient of diffusion (Df)
equations
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