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High fertilizer inputs augment the reactive nitrogen level in soil, air, and 
water. Unused reactive nitrogen acts as a pollutant and harms natural 
resources. This study focused on the thermal processing of corn starch 
into a coating material using di-sodium tetraborate and urea. The 
processed corn starch was coated over granular urea in a vertical bed 
coating reactor. The chemically modified starch, when compared with 
native starch, exhibited better stability and mechanical strength over time. 
The modified starch looked like a weak gel, and its loss modulus was 
dominated by the storage modulus. However, for native starch, the viscous 
component dominated the elastic component, especially at lower angular 
frequencies. The nitrogen release from the coated urea was remarkably 
slower than the uncoated one. A small difference in the peak and final 
starch viscosities in the presence of urea and borate revealed low thermal 
cracking of the starch molecules. The surface of the granular urea that 
was coated with chemically modified corn starch was uniform, dense, 
hard, and least porous. The uncoated urea granules became released into 
water in 6 min under gentle shaking, whereas the coated urea took almost 
32 min to completely release. 
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INTRODUCTION 
 
Conventional Urea Pollution 

Urea is a nitrogen fertilizer, commonly used for the fast and healthy growth of 

crops. The Haber process is used for commercial scale manufacturing of urea from 

ammonia and carbon dioxide. Almost 450 million tonnes of nitrogen-containing fertilizers 

are produced annually through this process. Ammonium nitrate, anhydrous ammonia, and 

urea are some examples of nitrogen fertilizers. Urea fertilizer contains 46% nitrogen, which 

is required for improved plant growth (Galloway and Cowling 2002; Glibert et al. 2006; 

Naz and Sulaiman 2016a). The fast-growing population of the world needs increased 

access to food, regardless of economic status. This is a major motive for increased use in 

the global urea market over the past few decades. Even during the great recession of 2008 

to 2009, market growth was observed in this area. Presently, urea is the most popular and 

accessible fertilizer for agriculture and other end-uses including livestock feed, urea-

formaldehyde resins, and melamine. In 2013, the non-fertilizer segments consumed 

approximately 15% of the total urea demand (Xiaofei et al. 2004; Glibert et al. 2006). 

https://en.wikipedia.org/wiki/Fertilizers
https://en.wikipedia.org/wiki/Ammonium_nitrate
https://en.wikipedia.org/wiki/Ammonia
https://en.wikipedia.org/wiki/Urea
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Figure 1 provides an overview of the demand for urea from the past, the present, and the 

near future. 

 

 
 
Fig. 1. (a) The line shows the change in world consumption of synthetic nitrogen fertilizers and 
the bars give the urea consumption since 1960; (b) reports the same data as in (1a) but with urea 
as a percentage of the total demand of nitrogen 

 

Due to the large input of mineral fertilizers, the global production of crops and 

livestock has considerably increased over the past century. In response, the loss of reactive 

nitrogen to the soil, air, and water has augmented as well. Primarily, industrial nitrogen 

fixation directly contributes to the availability of nitrogen in terrestrial ecosystems. This 

increase in atmospheric nitrogen concentration also causes a high deposition of nitrogen in 

agriculture-dominated landscapes (Galloway et al. 2008). The major sources of reactive 

nitrogen include fertilizers, nitrogen in foods, and airborne nitrogen emissions. Food 

products account for a major portion of reactive nitrogen (38 to 75%) in the world. The 

airborne nitrogen emissions contribute approximately 11 to 36%, while nitrogen fertilizers 

contribute approximately 11 to 32% to the reactive nitrogen (Boyer et al. 2002). The 

surplus or unassimilated reactive nitrogen results in environmental pollution and 

consequently poor air quality, acidification of lakes and rivers, interruption of the forest 

development, and degradation of coastal water quality, as explained in Fig. 2. Nitrogen is 

exported to the aquatic ecosystem due to hydrolysis of urea in the presence of extra-cellular 

enzymes and microbial consortia. The urea hydrolyzes into NH4
+, which changes into NH3, 

NO2
−/NO3

−, N2O, and N2. The NH3 is produced during volatilization of urea, NO2
−/NO3

− is 

produced during nitrification whereas N2O and N2 are produced during denitrification. 

Reactive nitrogen can have a more severe impact on phosphorus and carbonate-rich waters. 

The reactive nitrogen supports the formation of toxic colonial cyanobacteria in the 
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phosphorous-rich water. Since bacteria control the nitrogen cycle, the nitrogen cycling rate 

can be predicted from the moisture, pH, and temperature of the soil. 

 

 
 

Fig. 2. Nitrogen cycle: Modes of formation and escape 
 

Urea Pollution Remediation 
Researchers are investigating different methods and mechanisms to minimize 

losses during fertilization for high crop yield. The urea performance may be improved by 

urease inhabitation of nitrogen, nitrification inhabitation of nitrogen, and slow-release of 

nitrogen from the fertilizer (Zarei and Ghaffarian 2013; Naz and Sulaiman 2016b). The use 

of controlled-release urea for slowing down nitrogen leaching has recently been practiced 

by farmers worldwide. Controlled-release fertilizers are generally produced by coating the 

granular fertilizer and producing a physical barrier at the surface to control the water 

penetration into the core. This released nitrogen from the core would slow down and the 

farmers can achieve good performance of the fertilizer. One determined advantage of this 

fertilizer allows nutrients in the soil to be available for longer periods of time (Suherman 

and Anggoro 2011). The density, physical properties, and compactness of the coated layer 

also need to be deliberated for an effective coating process (Du et al. 2006; Naz and 

Sulaiman 2016a).  

The release rate of coated urea specifically depends on the coating thickness, 

surface micropores, and hydrolytic and microbial degradation of the coating. Coatings are 

classified into perfect coatings, cracked coatings, and damaged coatings repaired with wax. 

Both the chemical nature and physical properties of a coating influence the release rate of 

the coated fertilizers. For the production of slow-release fertilizers, various synthetic and 

natural materials, including neem, sulfur, resins, and synthetic polymers, have been used 

(Saleh and Hemanti 2003). It has been reported that neem and sulfur coatings do not meet 

the slow-release standards. Furthermore, these materials are costly and produce 

inconsistent coatings.  
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The most effective materials for slow-release coatings are synthetic polymers. 

However, such coatings are relatively expensive, non-biodegradable, and not ecofriendly 

(Saleh and Hemanti 2003). For an effective use of the coated fertilizers, there is a need for 

low-cost biodegradable coating materials, such as carbohydrate polymers, ammonium 

chloride, zinc sulphate, copper sulphate, potassium chloride, and phosphogypsum (Saleh 

and Hemanti 2003). Being low cost and abundantly available, starches can also be used as 

biodegradable polymers for producing coated fertilizers (Naz et al. 2015). 

The use of starch has extended from a common food ingredient to many industrial 

and technological applications over the last few decades. For example, starch is used as 

biodegradable material in pharmaceutical and agro-based industries. Due to its complex 

rheological traits, modified starch polymers have been investigated by many researchers 

(Liu et al. 2009; Lu et al. 2009; Naz and Sulaiman 2016b). Native starch is regenerated 

from water and CO2 in the plant through photosynthesis. The cellulose consists of linear 

chain of D-glucose units joined in β(1,4) linkages whereas starch consists of glucose 

monomers joined in α(1,4) linkages. 

The native starches are modified with water and other chemicals to obtain liquid 

polymers for different applications (Kamoun 2016; Naz and Sulaiman 2016b). Chemical 

modification is often required to induce flexibility and specific physical and rheological 

traits in starch gel.  

After treatment with urea and disodium tetraborate, the physical and chemical 

properties of the native starch can be tailored to meet the coating requirements (Levine et 

al. 1959; Tudorachi et al. 2000; Ding et al. 2013). These additives are capable of converting 

the simple structures of starch into long-chained networks of complex rheological 

responses (Jin et al. 2012; Czech et al. 2013). Urea works as a plasticizer in this formulation 

and enables the movement of polymer chains. The borate ions, which dissociate from 

disodium tetraborate, facilitate the cross-linking of the molecules. The free sodium ions 

during the dissociation of disodium tetraborate are believed to shield the charges on the 

polymer chains (Jin et al. 2012).  

Because the degree of cross-linking governs the gelatinization rate, a small quantity 

of these additives may greatly alter the rheological traits of the starch dispersion. The cross-

linking also reduces the cracking of the starch granules at high temperature and stirring 

rates. The chemical modification process is performed to give an anionic or cationic 

character to the starches.  

Through chemical modification, starches receive additional properties enabling 

their applications in agriculture and food processing industries and various technical 

sectors. Modified starches represent an estimated worldwide volume of 6.8 million tons 

and are still a rapidly growing segment of the global starch market (Xiaofei et al. 2004; 

Glibert et al. 2006).  

In the present work, corn starch was processed in a water medium with urea and 

borate. A set of samples of pure and modified corn starch was prepared, and the rheological 

response was tested. The synthesized samples were also tested for their physical barrier to 

nitrogen release by coating over the granular urea and performing the basic nitrogen release 

experiments. 
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EXPERIMENTAL 
 
Materials 
Modification of corn starch 

The food grade corn starch was purchased from the local market of Faisalabad, 

Punjab, Pakistan. The starch was dried in daylight for 6 h. The de-ionized water was the 

major constituent of the coating formulation, whereas urea and borate were also added in 

fractional amounts. Both the chemicals were of analytical reagent grade. These chemicals 

were imported from Sigma-Aldrich, Darmstadt, Germany. The as-synthesized starch-based 

coating samples were analyzed for their rheological and coating responses. Table 1 shows 

the chemical composition of the modified corn starch. 

Starch is the major source of the nutritive energy for human being and plays 

significant role in meeting worldwide food demand. This research deals with the use of 

starch for coating, which has already finished its shelf life and remains unfit for food 

products. Since thousands of tonnes of expired starch is dumped every year, the focus 

should be on the use of bad, rotten, or spoiled starches in promoting the controlled release 

fertilizers’ industry. This particle would help ensuring the food security and preventing the 

deterioration of environment. 

 

Table 1. Chemical Composition of the Modified Corn Starch 

Sample Deionized 
Water (mL) 

Corn Starch (g) Urea (g) Borate (g) 

S-1 1000 50 - - 

S-2 1000 50 20 - 

S-3 1000 50 - 20 

S-4 1000 50 20 20 

 

The sample S-1 was prepared in a stainless-steel container with 1000 mL of de-

ionized water. The water was heated to 85 °C, and the solution was continuously stirred 

with an overhead stirrer for uniform mixing and efficient heat transfer. After attaining the 

desired temperature, 50 g of corn starch was mixed in hot water and reacted for 30 min at 

constant temperature. The native starch (S-1) sample was left to cool at room temperature. 

After 24 h of cooling, the stabilized sample was characterized and coated over granular 

urea. For preparation of sample S-2, 50 g of corn starch was prepared similarly to sample 

S-1. The heating of the starch dispersion was reacted for 10 min. Thereafter, 20 g of urea 

was added to the dispersion. A further heating of the solution was conducted for complete 

gelation. The process was repeated with the addition of 20 g of each urea and borate to 

produce samples S-3 and S-4. To evaluate the influence of chemical additives on the 

rheological response of the samples, the gelatinization time, surface tension viscosity, 

density, loss modulus, and storage modulus of the samples were measured using different 

characterization techniques.  

 

Methods 
Urea coating experiments 

Once the rheological response of the coating solutions was fully characterized, each 

was coated over granular urea using an in-house built swirling fluidized bed spray coater. 

The purpose of this test was to check the suitability of the developed materials for 
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producing slow-release-coated fertilizers. The solution atomizer was mounted just above 

the air distributor of the coating reactor. The distance between the atomizer and the swirling 

bed was varied from 10 to 160 mm to produce uniformly coated urea. Such arrangements 

help minimize the pre-coat drying of the coating solution and improve the coating 

uniformity and efficiency of the coated urea. Through pneumatic mass flow, sufficient 

kinetic energy was provided from the bottom of the bed to keep the wet particles in the 

stable state of fluidization during the coating process. Uniformly coated urea batches were 

produced under optimized bed spray coating conditions. 

The granular urea was supplied by the Fatima Group, Sheikhupura, Punjab, 

Pakistan under the brand name Sarsabz Urea. A batch of 300 g urea (with an average 

particle size of 3.45 mm) was fluidized above its minimum level of fluidization. An air 

blower (TongYang Plant, Seoul, South Korea) was used to supply bottom-up air for 

fluidization of the urea batch. The coating solutions were atomized and sprayed over the 

fluidizing urea. The solution was pneumatically delivered to the urea. The solution was 

delivered for 300 ms after every 10 s. Each urea batch was exposed to five spray injections. 

Once the coating process was over, the coated urea was dried at 60 °C to remove all 

moisture. The fully dried urea samples were stored in moisture-free containers. 

Both the uncoated and coated urea samples were inspected for coating thickness, 

percentage of coating material, coating morphology, nutrient discharge rate, complete 

dissolution time, and coating strength. Scanning electron microscopy (SEM) (Hitachi, 

Tokyo, Japan) techniques were used to elaborate on the surface morphology and coating 

thickness of the urea samples. The average of all of the size differences between the coated 

and uncoated urea particles allowed for the calculation of the average coating thickness. 

The crushing strength of the coated and uncoated urea was measured with a TBH-325-TD 

tablet tester (Erweka, Heusenstamm, Germany). The TBH-325-TD tester measures the 

crushing strength of a sample in terms of constant force (N). The force required to crack 

the coating is called coating sensitivity. This instrument can measure the coating sensitivity 

in the range of 3 to 40 N. A dissolution rate test was conducted to measure the discharge 

time of the uncoated and coated urea. In this test, the urea was released in distilled water 

under a shear rate of 200 rpm. Both the coated and uncoated urea samples were weighed 

to 5 g and placed in separate glass beakers. A total of 100 mL of distilled water was added 

to each sample, and the urea-water mixture was stirred at room temperature by using an 

overhead stirrer. The time for complete release of urea into distilled water was noted. 

 

 

RESULTS AND DISCUSSION 
 

Physical Properties of Coating Gel 
For most applications, starch is suspended in water above its gelatinization 

temperature (Overbeek 2010). The gel viscosity is influenced by numerous parameters 

including the type of the starch, concentration of solid, pH of suspension, heating rate, 

stirring rate, reaction time, temperature, and impurities (Deka and Dey 2013). The reaction 

conditions applied to a particular suspension of the starch may likewise change the 

gelatinization temperature (Yin et al. 2013; Naz and Sulaiman 2015). The practical uses of 

starches include their suspension in water at temperatures marginally over the 

gelatinization temperature (Overbeek 2010). The imposed processing conditions may 

notably change the time and temperature of gelatinization of the starch suspension (Yin et 

al. 2013). The possible changes in the viscosities of the modified and native starches is 
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reported in Fig. 3. After 15 min of heating, the S-1 sample achieved maximum viscosity at 

a constant heating temperature of 85 °C. The viscosity of the native starch suspension was 

reduced 36 points when the suspension was further heated after 15 min. After 25 min, the 

suspension viscosity remained constant and remained unchanged over time. The S-1 peak 

viscosity was measured at approximately 299 cP. Similar viscosity plots were obtained for 

samples S-2, S-3, and S-4. However, the peak viscosities of all three samples were found 

higher than the native starch. The viscosity curves of these samples attained the peak values 

slightly later than the peak value of the native starch. Likewise, the lessening of viscosity 

of the modified starch after attaining the peak value had not been as noticeable as that of 

pure starch. 
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Fig. 3. The time dependent viscosity of pure and chemically modified starch 

 

The alleviation of viscosity with time from the peak value might be ascribed to high 

process temperature and prolonged heating of the suspension. Because the temperature of 

decomposition of the starch granules is reported as lower than its melting point (Liu et al. 

2009), the granules rapidly expand and crack over time. Figure 4 depicts the swelling of 

the starch granules in the heated suspension. Upon cracking, the suspension loses its 

tightness, and consequently the viscosity becomes lower.  

The deformation and cracking of the starch particles over time is illustrated in Fig. 

5. The viscosity profile reflected the possible variations in the granule’s shape during the 

processing of the starch. Figure 5 presents the thermally processed corn starch. The 

viscosity profile exhibited a linearly increasing trend at early stages of starch processing 

due to swelling of the granules and amylose leaching. After 7 min of heating, the starch 

granules completely swelled out and the viscosity profile reached the peak point. Beyond 

this point, heat treatment of the suspension resulted in a viscosity breakdown due to the 

shear field of the instrument and consequently a decrease in viscosity. 
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Fig. 4. Pre-cracking SEM micrographs of swelled starch particles  

 

 
 

Fig. 5. Illustration of time-based starch swelling on viscosity profile of S-4 sample 

 

The suggested viscosity breakdown in Fig. 5 can be avoided by introducing cross-

linking and plasticizing agents in the suspension (Ali and Hasnain 2013; Ariyanti et al. 

2013). Figure 3 suggests that the presence of borate and urea in the formulation caused a 

small change between the peak viscosity and the final viscosity of the chemically altered 

starch. These modifiers notably improved the stability of the suspension by reducing the 

starch cracking. In response, the suspension retained its tightness and the viscosity 

breakdown was not as detrimental as it was for pure starch (S-1). The S-4 sample gained 

the highest viscosity among the investigated samples. The high viscosity was attributed to 

di-sodium tetraborate in the dispersion, which dissociated into borate and sodium ions. The 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Ibrahim et al. (2019). “Urea release from starch,” BioResources 14(4), 7775-7789.  7783 

reactive borate ions formulated the polymer chains through hydrogen bonding with the 

starch, whereas the charge on the developed chains was shielded by the free Na+ ions (Jin 

et al. 2012). The formation of a borate-polyols complex due to hydrogen bonding 

contributes to viscosity enhancement of the sample (Naz et al. 2014).  

A comparison of the storage modulus of samples S-1 and S-4 is provided in Fig. 6. 

The storage modulus is referred to the elastic response of the starch gel. The time-based 

storage modulus plots revealed good stability of the S-4 sample over the S-1 sample. The 

pure starch began to destabilize after 300 s of test time, which suggests low stability over 

time. The sharply decreasing storage modulus of the native starch suspension reflects an 

unstable gel structure (S-1 sample). The gel of native starch started to quickly break down 

over the test time. In contrast, the modified samples retained their gel structures over longer 

periods of time. The inset provides a comparison of native and chemically modified starch 

frequency sweep response at 1% strain. These frequency sweep profiles provide 

information about the storage and loss moduli with a change in angular frequency. The 

storage modulus of the modified starch was reported as higher than the loss modulus, which 

confirms the gel formation character of the modified starch and dense fluid-like character 

of the pure starch. It was worth noting that the magnitude of G’ and G’’ for strong gel 

should reach up to one million. Because the magnitude of G’ and G’’ of the modified starch 

were not as high as required for a strong gel, it was regarded as a weak gel. The unmodified 

starch sample was fluid in nature where the G’’ component dominated the G’ at lower 

angular frequencies. However, at higher frequencies, both components showed close 

agreement (Jin et al. 2010; Naz et al. 2014).  

 

-100 0 100 200 300 400 500 600

1E-3

0.01

0.1

1

0.1 1 10

1

10

M
o
d
u
lu

s 
G

' , 
G

''  (
P

a
)

Angular frequency (rad/s)

 G
'
 of S-4

 G
''
 of S-4

 G
'
 of S-1

 G
''
 of S-1

 

 
 G

'
 of S-1

 G
'
 of S-4

S
to

ra
g

e
 M

o
d

u
lu

s
 (

P
a

)

Time (s)

 

 

 
 

Fig. 6. The time-dependent storage moduli of native and chemically altered starches 

 
Coating Properties 

The response of elastic and viscous components suggests that during spray coating 

applications it would be difficult to break the modified starch into fine spray droplets at 
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low injection pressures. Therefore, the gel would break into larger droplets, which may 

result in non-uniform and thick coatings and consequently waste the material. To achieve 

a fine spray size, the gel was pre-spray heated at 80 °C to ease the flow and breakup process. 

The granular urea was coated with a fine spray of pure and modified starch samples and 

tested for its surface morphology and slow-release parameters. The surface morphology 

was elaborated from the SEM micrographs of the coated and uncoated granules. Some of 

the micrographs are shown in Fig. 7. The SEM study revealed a less dense surface 

morphology of the uncoated urea with a high degree of roughness. The porosity of the 

uncoated granules was also found quite high as compared to the coated granules. The 

surface of the coated granules was found uniform, dense, and hard with low porosity. 

 

 

  
 

Fig. 7. SEM micrographs of uncoated and coated urea granules: (7a) uncoated urea, (7b) Coated 
with sample S-4, (7c) Coated with sample S-4, and (7d) Coated with sample S-4 

 

Both the coated and uncoated granules were also analyzed for their average 

diameter, coating thickness, dissolution rate, and coating strength. The thickness of the 

coating was measured by measuring the difference between the diameters of the uncoated 

and coated granules. For thickness measurement, 10 coated and uncoated granules were 

randomly selected and their diameters were carefully measured. The difference of the 

diameters of all 10 measurements was averaged to obtain the mean coating thickness, as 

shown in Fig. 8. The smallest diameter of the coated granules was found for coating S-1 

followed by S-2, S-3, and S-4. This change in diameter with coating type was attributed to 

the coating viscosity. With the highest viscosity, the S-4 sample produced the thickest 

coating among all of the tested samples. Overall, the average coating thickness remained 

in the range of 0.6 mm to 1.05 mm.  
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Fig. 8. Average diameter of the coated granules 

 

The efficiency of the physical barrier of the coating to the water diffusion and 

nutrients’ leaching was examined through a dissolution test. A total of 10 g of both coated 

and uncoated samples was taken in separate beakers containing 100 mL of water. The 

beakers were gently shaken with a mechanical shaker, and the time of complete release of 

the coated and uncoated granules was recorded. The release time of the uncoated urea was 

approximately 6 min. Figure 9 reports the release time of the urea samples coated with S-

1, S-2, S-3, and S-4 formulations. A usual, quick release of the uncoated urea was predicted 

when compared to the coated samples. The uncoated urea was completely released into 

water after 6 min. Alternatively, the slowest release rate was predicted from the urea coated 

with the S-4 formulation followed by S-3, S-2, and S-1. It took almost 32 min for complete 

release of urea from the S-4 coating.  

The surface porosity also influenced the release of a coated urea. The SEM 

micrographs in Fig. 7 revealed high surface porosity of the uncoated urea as compared to 

the coated one. Unlike the unprocessed urea, the surface of the coated urea was denser and 

less spongy. The results were in line with the findings of Vashishtha et al. (2010). The 

borate in the coating formulation developed as a physical barrier to the water diffusion into 

the core and conversely the nutrients leaching into the water. The percent release of the 

coated urea was analyzed by considering the zero- and first-order kinetic models. Zero-

order kinetics is a process in which the release rate does not depend on nitrogen 

concentration. In first-order kinetics, the release rate depends on the concentration of the 

nitrogen. A higher nitrogen concentration results in a faster release rate. The urea release 

followed the zero-order kinetic model (Cahill et al. 2010). The release plots of urea coated 

with S-2, S-3, and S-4 formulations were segmented into three distinguishable regions: lag 

region, linear region, and complete decay region. The lag region was found between 0 to 5 

min, the linear region was designated as 5 to 11 min, and thereafter a steady stage was 

reached. 

 

Sample type 

D
ia

m
e

te
r 

(m
m

) 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Ibrahim et al. (2019). “Urea release from starch,” BioResources 14(4), 7775-7789.  7786 

0 5 10 15 20 25 30 35

0

20

40

60

80

100

 S-1

 S-3

 S-2

 S-4

R
el

ea
se

 (
%

)

Time (min)

 

 

 
 

Fig. 9. Release rate of the coated urea samples 

 

The crushing strength of the coated and uncoated urea was also investigated in this 

work. Crushing strength is the measure of the minimum force required to crush a granule. 

Ten granules were randomly selected from each sample and crushed with the tablet tester. 

The corresponding crushing strengths were averaged to obtain the mean value. The S-4 

coated granules exhibited the highest crushing strength of 30.5 N, which was considerably 

higher than the crushing strength of the uncoated urea (22.2 N). However, the crushing 

strength of the coated urea decreased slightly over time. The coated urea was packed in 

plastic bags and stored for 2 months at room temperature. After 2 months, the crushing 

strength was measured again and compared with pre-storage measurements. The pre-and 

post-storage measurements showed almost a 2.8% reduction in the crushing strength. 

Longer storage times may adversely influence the crushing strength, especially in humid 

conditions. An increase in moisture content in the coated layer with time softens the 

physical barrier of the coating and consequently the crushing strength (Lu et al. 2012). 

 

 

CONCLUSIONS 
 

1. The starches, modified with urea and borate, showed good stability and mechanical 

strength over time. A decrease in the storage modulus of the native starch showed 

unstable gel structure, which may break after some time. The modified starch was 

regarded as a weak gel, and its storage modulus dominated the loss modulus. However, 

the viscous component dominated the elastic component at lower angular frequencies 

for the native starch.  

2. A small difference between the peak and end point viscosities of the modified starch 

suggested that the presence of urea and borate in the starch suspension considerably 
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reduced the starch cracking. In response, the starch granules in the suspensions retained 

their tightness, and the breakdown was not as extensive as that of a pure starch sample 

(S-1). The S-4 sample gained the highest viscosity among the investigated samples. 

3. During study of the coating urea, SEM analyses showed a less dense surface 

morphology of the uncoated urea with a high degree of roughness. The porosity of the 

uncoated granules was also quite high compared to the coated granules. The surface of 

the coated granules was uniform, dense, and hard with low porosity.  

4. Fast release of the uncoated urea was predicted compared to the coated samples. The 

uncoated urea was completely released into water after 6 min. Conversely, the slowest 

release was predicted from the urea coated with the S-4 formulation followed by S-3, 

S-2, and S-1. It took approximately 32 min for the complete release of urea coated with 

the S-4 formulation.  

5. The S-4 coated granules exhibited the highest crushing strength of 30.5 N, which was 

noticeably higher than the crushing strength of the uncoated urea (24.2 N). Howver, 

the crushing strength of the coated urea decreased slightly over time.  
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