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ABSTRACT 

Urea (CO(NH
2
)

2
) is a low-cost, water-soluble fertilizer that is used as the main source of 

nitrogen in agricultural production. However, urea leaching is now a major problem, which results 

in inefficient nutrient absorption, low crop yield, economic failure for farmers, as well as 

groundwater pollution due to release of excessive amounts of nitrate through irrigation. Therefore, 

recent research focuses on integrating urea into a stable matrix that releases the desired fertilizer 

with an optimal time window. Tabasheer-derived porous silicon (pSi) was chosen as the material 

of interest due to its porous surface morphology, biodegradability and biocompatibility. The 

material is believed to interact with urea via hydrogen bonds (via surface silanol species), and thus 

its porous structure is the key to trap urea particles for relatively long periods in water, while 

exposing the fertilizer to plants. In this study, urea was wet-loaded into pSi. The porosity and 

loading capacity of pSi/urea composite were characterized by Field Emission Scanning Electron 

Microscopy (FESEM), X-ray Diffraction (XRD), Thermogravimetric Analysis (TGA), and 

Differential Scanning Calorimetry (DSC), before release kinetics experiments were conducted. 

The results of the release kinetics of pSi suggest that more improvement needs to be made to 

enhance the material. 
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INTRODUCTION 

Nitrogen is one of the key components in living organisms’ bodies. Plants need to absorb 

a great amount of nitrogen to grow (Figure 1). Thus, to enhance agricultural economic yield, 

farmers apply nitrogen fertilizers to crops. Among them, urea is a low-cost, water-soluble fertilizer 

that is often utilized. However, as urea is so soluble and quickly breaks down to ammonia, it can 

be washed away from soil after a short time. The phenomenon is called leaching, in which nutrients 

in soil are rapidly drained away through rain and irrigation. Leaching results in inefficiency in 

nutrient absorption, low crop yield, poor harvest, and economic loss for farmers.1 In addition, as 

the leached urea flows into the hydrologic system, the release of excessive amounts of nitrate 

contaminates the non-rechargeable groundwater2 and causes eutrophication in lakes and rivers, a 

phenomenon in which excess nutrients causes dense growth of harmful phytoplankton such as 

blue-green algae.3 Dense algal blooms release bad tasting and smelling chemicals. They also 

increase water turbidity and deplete dissolved oxygen which can negatively impact aquatic animal 

species.4 Eutrophication not only has an ecological impact, but it also adversely affects human 

health. 

 

Figure 1. Nitrogen cycle as an important nutrient cycle for living organisms.5 
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To tackle the problem, researchers attempt to design a suitable system to prolong the 

release of urea from water in soil to improve soil fertility, agricultural economy, and water 

protection. A prospective approach is to integrate urea into a stable matrix that releases the targeted 

material within an optimal time window. Whereas standard urea is completely exposed to soil and 

water once fertilized, a controlled-release urea fertilizer can help hold nutrients in the matrix and 

protect them in soil for a longer period of time. Current slow-release models for urea fertilizers 

that are available on market, such as water-insoluble sulfur6 or polymer coated,7 work on the same 

idea. Nevertheless, they are quite expensive for large-scale general agricultural use and have yet 

to promote high yield in practical trials. A recent research using hydroxyapatite nanoparticles, 

however, has shown that nanotechnology may be able to play a major role in agricultural 

production.8 

 In this study, pSi was chosen in the hope of serving as such a desirable matrix. This is a 

nanostructured form of silicon (Si), the second most abundant element of Earth’s crust after 

oxygen.9 It has a high surface-area to volume ratio. It is non-toxic, biocompatible and 

biodegradable. pSi has been studied as the material of diverse interest, due to its surface chemistry 

and porous morphology. Since its discovery in the 1950s,10 pSi has promoted many 

nanotechnology advances, in conjunction with its biocompatibility and biodegradability.11 Several 

applications for which bioactive pSi is renowned are: tissue engineering scaffolds, 12 controlled 

drug delivery carriers,13 semiconductor materials,14 and in vivo biosensors.15 Because pSi degrades 

slowly in aqueous media and does not react with the soil component,11 it is selected to be a possible 

matrix for sustained urea release. pSi is believed to interact with urea via hydrogen bonds (via 

surface silanol species), and thus its porous structure is the key to trapping urea particles in water 

for relatively long periods of time, while exposing the fertilizer to plants. The morphology of a 
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typical pore network can be visualized and characterized by electron microscopy techniques, 

image processing of which can yield both pore size distributions and porosity (Figure 2).  

 

Figure 2. Electron microscopy image of a mesoporous Si membrane surface (topview).16 

The pSi material used for the project is derived from Bambuseae (Tabasheer), a member 

of a highly abundant and rapidly growing bamboo family. The plant has been used as a traditional 

Chinese medicine for centuries. Tabasheer carries a respectable amount of pure mesoporous silica 

from its nodal joints (Figure 3). The procedure to obtain pSi from raw Tabasheer powder as 

material for this project was based on a previously published study.17 During the extraction and 

fabrication, pSi porosity is maintained (Figure 4).  

Urea was then integrated into Tabasheer-derived pSi by wet-loading method. The 

composite was characterized by FESEM, XRD, TGA, and DSC. To test the ability of the matrix 

to sustain the release of urea in water, release kinetics experiments using Jung’s colorimetric 

method was conducted on various pSi/urea samples.  
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Figure 3. Extract of biogenic silica (Tabasheer). 

 

 Figure 4. FESEM images of Tabasheer-based pSi microparticle surface morphology.17 

  



 
 

5 
 

MATERIALS AND METHODS 

1. Synthesis of Tabasheer-derived pSi 

The procedure is summarized in Figure 5. To prepare the desired pSi material, 0.5 g of 

ground Tabasheer powder was suspended in 20 mL 10% hydrochloric acid (HCl) to wash away 

contaminants. The solution was then stirred constantly in a heat bath at 100oC for 2 hours with a 

stir bar while HCl was replenished for every 30 minutes. After that, the powder was washed with 

DI water to remove traces of HCl, filtered, and vacuum dried overnight. The dry HCl-washed 

powder was then loaded into a quartz boat and calcinated with O2 at 500oC for 2 more hours in a 

tube furnace. The removal of organic contaminants in O2 is illustrated in equation 1. 

O2(g) + Organic/SiO2(s) →   SiO2(s) + CO2(g)  (1) 

 The calcinated silica powder was then added to magnesium (Mg) powder in the molar ratio 

of 1 SiO2: 2 Mg, and the above reaction was blended with sodium chloride powder in the ratio of 

1:1 by weight. The mixture was reduced at 600oC in the presence of argon in the tube furnace for 

another 2 hours. The redox reaction is shown in equation 2. Mg residues were then washed from 

the reduced sample with 36% HCl solution at 70oC for 1 hour.  

SiO2(s) + 2Mg(s) → Si(s) + 2MgO(s)   (2) 
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Figure 5. Procedure of Tabasheer-derived pSi synthesis. 

 

 

  

 Figure 6. Fabrication route for extraction of pSi from Tabasheer.17  
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2. Fabrication of urea-loaded pSi 

 Urea was loaded into pSi using a wet-loading method, as summarized in Figure 7. The 

loading capacity of approximately 30% was used to produce the most efficient composite. In other 

words, the ratio by weight of urea and pSi should be about 1:2. Different samples with varying 

urea-pSi weights were prepared, but the particular sample used for characterization in the 

following sections is sample (5) in Table 1.  

Firstly, 9.1 mg of urea was completely dissolved in 165 µL of ethanol (EtOH) in a glass 

vial. The solution was pipetted drop by drop onto 22.1 mg of pSi in another vial. The mixture was 

left overnight at room temperature for urea to be embedded into mesopores of pSi. Then, the 

mixture was vacuum dried for 3-4 hours to allow EtOH to evaporate from the composite (Figure 

7). 

 

Figure 7.  Procedure of urea-loaded pSi fabrication. 

 

Table 1. Different sized samples prepared in these experiments. 
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3. Release kinetics experiment 

 The study of release kinetics of urea-loaded pSi in water was conducted to reveal the 

effectiveness of the matrix. A high-sensitivity assay that incorporated Jung’s colorimetric method 

was used to measure the amount of urea that is washed as a function of time. The main reagents 

are o-phthalaldehyde and N-(1-naphthyl)ethylenediamine (NED). The o-phthalaldehyde 

interaction forms either 1,3-dihydroxyisoindoline or 1-ureido-3-hydroxyphthalan as in equation 3. 

These isoindoline derivatives react with NED to produce the characteristic color of the product at 

505 nm wavelength.18 

    

  (3) 

 

 

 

 

 

 

 

 

 Static release kinetics experiment was conducted on 3 mg urea-loaded pSi over nine time-

intervals in duplicate. An aliquot of 2 mL DI water was added to the glass vial containing the 

sample, which was then centrifuged. The analyte supernatant was pipetted to a new vial, while 2 

mL DI water were replenished into the pSi/urea vial after 3, 8, 12, 16, 20, 30, 45, 60 minutes, and 

1 day.  
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To prepare a calibration curve, 0, 2, 4, 6, 8, 10 µL of the 10 mM assay-kit Urea Standard 

were added to a series of wells in a 96-well plate and volume adjusted to 50 µL/well with DI water 

to generate 0, 20, 40, 60, 80, and 100 nmol/well of Urea Standard. Then, Jung’s reagents were 

mixed in 1:1 ratio and 200 µL of the reaction mix were added to each well containing Urea 

Standard. The well plate was incubated for 1 hour, before absorbance values were measured in a 

plate reader. The analysis of urea release kinetics was carried out correspondingly: 200 µL of the 

reaction mix were added to each well containing the analyte collected after each time frame.  

4. Modifications of Urea Release Experiments from pSi 

 4a. Sand filter (Simulated Soil) 

 In a glass-wool-fitted Pasteur pipette, 250 mg sand and 3 mg of the urea-loaded Tabasheer-

derived pSi fabricated in the previous section were respectively added. Then, 2 mL of DI water 

were injected, timed, and pipetted out for analysis after 3, 5, 10, 15 minutes. Measurement of urea-

containing water aliquots was carried out using the same assay kit as described above. 

 4b. Anodized pSi 

 An alternative form of pSi used to compare with Tabasheer-derived material is anodized 

pSi, formed by the porosification of a Si wafer surface. The wafer is anodically biased in a fluoride-

based electrolyte solution, most commonly HF or AlF3. The electrolyte solution removes the native 

oxide film on the surface of the Si wafer. The average pore of anodized pSi is deeper than that of 

Tabasheer-derived pSi, typically reaching completely through a given particle.19  
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4c. Stain-etched pSi 

 Another pSi material that was used in these experiments is fabricated by stain-etching, in 

which Si is etched by positive charge (known as holes, h+) injection from sufficiently strong 

oxidants such as HF and HNO3 to form pores. Pores on stain-etched pSi are generally deeper than 

those on Tabasheer-based material, but relatively less deep than anodized pSi.20   
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RESULTS AND DISCUSSION 

1. Characterization of newly synthesized plant-derived pSi 

 1a. Field Emission Scanning Electron Microscopy (FESEM) 

 In order to characterize the microparticle morphology of the pSi sample, Field Emission 

Scanning Electron Microscopy (FESEM) was used to show pore structure and pore size on the 

surface of the newly synthesized Tabasheer-derived pSi. Characteristic FESEM images are shown 

in both low and high magnification in Figure 8.   

  

Figure 8.  FESEM images of plant-based pSi (scale bar of 10 µm for (a), 1 µm for (b), (c), 

and 100 nm for (d)). 

 A wide distribution of the size of freestanding pSi particles is observed. The distribution 

of the size of 170 particles from SEM was computed and graphed, as demonstrated in Figure 9. 

Most of the particles’ diameters are between 10-30 µm, with a mean diameter of 22±13 µm. The 

numbers are relatively consistent compared to the original literature morphology of 24±20 µm.17 

(a) 

(b) (c) 

(d) 
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Uniformly distributed pore sizes range from 50-200 nm, which was calculated manually from SEM 

images.  

 

Figure 9.  Diameter distribution of pSi particle size (from SEM images). 

 Energy-dispersive X-ray spectroscopy (EDX) was conducted together with FESEM on the 

sample. EDX is an analytical technique used for elemental analysis of a sample, based on the 

interaction between excited X-rays and the sample. Each element has a unique peak pattern on the 

electromagnetic emission spectrum, allowing the technique to determine the component in the 

sample. EDX illustration in Figure 10 represents the Si component of the fabricated Tabasheer-

based pSi. The fabrication is shown to have high yield of nanocrystalline Si/SiO2, deduced from 

high Si and O component in EDX analysis. 
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Figure 10.  EDX analysis of fabricated pSi from Tabasheer. 

 1b. X-Ray Diffraction (XRD) 

 To characterize the molecular structure of the pSi crystal, XRD was used as an X-ray 

scattering technique where X-ray beams are diffracted into specific directions by this crystalline 

structure. Crystallinity of pSi after fabrication is shown as three peaks consistent with a cubic unit 

cell structure [Si (111), (220), (311)]. 
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Figure 11.  XRD spectrum of fabricated pSi from Tabasheer. 

2. Characterization of urea-loaded pSi 

 2a. Thermogravimetric Analysis (TGA) 

 To retrieve the percentage of urea in pSi/urea composites, the mass of the composite was 

measured to see how it changed over time as different samples of around 7-8 mg were heated in 

N2 at a ramp rate of 10oC/min to a temperature of 400oC. Mass loss curve is shown in green (see 

Figure 12) and temperature curve in red. The first mass loss below 100oC corresponds to residual 

EtOH vaporization from the sample. Above the EtOH boiling point, there should be no EtOH 

retained. The second drop between 130-200oC represents urea mass loss, which matches the 

melting and boiling points of urea. The percentage was calculated to be 27.6% of the sample 

weight, close to the theoretical loading capacity of 29.1% mentioned earlier. Many TGA 

experiments were conducted on samples to confirm this reproducible loading capacity of pSi. Re-

analysis on the same sample after time also shows very marginal change in loading percentage, 

which ensures stability of urea content in pSi samples. 
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Figure 12.  TGA trace of pSi/urea composite. 

 2b. Differential Scanning Calorimetry (DSC) 

 DSC, a thermal analysis technique, was used to confirm that urea is confined in the pSi 

matrix. Multiple pSi/urea samples (of 2-3 mg) were analyzed with DSC, which gave reproducible 

results. One of them is shown in Figure 13. Negative displacement corresponds to the endothermic 

event of urea decomposition. Three broad peaks from 170-220oC that are likely biuret, cyanic acid, 

and ammonia – the common volatile products when urea is heated (equations 4 and 5) – were 

shifted around 50oC lower than those recorded for pure urea decomposition in the literature (Figure 

14).21 Fewer heat flow to urea peak at 132oC also supports that the amount of free urea outside pSi 

matrix is minimal. 

        (4)  
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     (5) 

 

 

Figure 13.  DSC analysis of fabricated pSi. 

 

 

Figure 14. A typical DSC curve of free urea.21 
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3. Release experiments of urea from Tabasheer-derived pSi 

 3a. pSi/urea in water 

 Reaction of urea from the analytes with Jung’s reagents resulted in a gradient of yellow to 

orange color as can be seen in Figure 15. Computing and graphing the data obtained from the plate 

reader on a calibration curve gave the results in Figure 16. A high burst release of around 80% was 

observed in both trials after 3 minutes, followed by the data consistent with equilibrium in terms 

of urea release. 

 

 Figure 15. Characteristic color of Jung’s method for urea detection (measured in well 

plate). 
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 Figure 16. Release kinetics of urea from Tabasheer-derived pSi in water. 

 3b. Sand-filtered pSi/urea in water 

 Burst release values of 92%, 92% and 80% after 3 minutes were observed for trial 1, 2, and 

3 respectively. The mass of urea released from the matrix in water over time is shown in Figure 

17.  The total amount of urea calculated after 15-minute release is marginally higher than the 

theoretical amount of urea in starting material (urea-loaded pSi). These values are in slight excess 

of the theoretical mass of loaded urea are probably due to the variation in calibration curves 

conducted at different time. 

 

 Figure 17. Release kinetics of sand-filtered pSi/urea in water. 
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 3c. Alternative morphologies of pSi/urea in water 

 The same procedure was carried out on stain-etched and anodized pSi/urea samples. 

However, the mass of urea computed from the colorimetric analysis surpassed the theoretical 

loading limit of each morphology (Figure 18). This error was suspected to be due to some 

contamination in the pSi material. The contamination affected the reaction associated with the 

colorimetric detection of urea, which resulted in more product than expected and gave artificially 

high absorbance values in the plate-reader.  

 

Figure 18. Release kinetics of anodized and stain-etched pSi/urea in water. 
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CONCLUSION 

 In this study, it was expected that pSi would trap urea particles for a relatively long time in 

water as a potential slow-release model. Results suggested that a reproducible release profile was 

observed in Tabasheer-derived pSi, but it is not efficient in terms of inhibiting burst effects (around 

80%). In order to be considered a good matrix for a slow-release, a reduction of burst release was 

expected for Tabasheer-based pSi. A possible reason for this high burst release is because of the 

extremely high solubility of urea in water. The sand-filtered modification was expected to act as 

an extra layer that simulates soil to reduce the release of urea in water. However, it did not show 

improvement over the bare pSi in sustaining release of the fertilizer.  

Because these initial results did not quite satisfy our expectation about the material, further 

urea release experiments on pSi with different morphologies, namely stain-etched and anodized 

pSi, were conducted to analyze and optimize the release kinetics of urea-loaded pSi. These two 

alternative forms of pSi were chosen because they have deeper pores that could hopefully hold 

more urea inside, and in theory they should have worked more ideally effectively than Tabasheer-

derived one in terms of sustained release profile. However, the results from experiments using the 

same procedure as the Tabasheer-derived pSi were not reproducible. Some contamination was 

suspected in the samples.  

As for future plan for the project, several steps can be taken to increase the efficacy of the 

loading capacity of urea in the pSi particles. First, a new set of experiments to reexamine anodized 

and stain-etched pSi is needed to explain the source of colorimetric interference in assays of urea 

released from these morphologies. Secondly, a different cost-effective and nonreactive material 

may be proposed as an additional filter layer to plant-based pSi matrix to delay the release of urea. 

Finally, other pSi morphologies may be identified, ideally using a similar procedure.  
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