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 Abstract 
Article Info Considering the fixation and low availability of conventional phosphatic fertilizer in 

acidic soil, zeolite based nano phosphatic fertilizer was synthesized to investigate its 
release characteristics in acidic soil system via invitro studies. Result revealed that 
surface modification through a cationic surfactant improved the adsorption capacity 
of zeolite for phosphorus by 60%. Under the incubation study, the zeolite based nano 
phosphatic fertilizer sustained the release of phosphorous up to 90 days of 
incubation against 32 days under conventional SSP. The 100% replacement of RDP 
through nano fertilizer registered the maximum release of P in soil up to 9.36 mg/kg 
which was 23.80% higher than conventional SSP (7.56 mg/kg). The study release 
kinetics also revealed parabolic diffusion equation (3.012 µg/g/day) as the most 
suitable module for describing the P release as compared to other kinetic modules. 
Thus, zeolite can be used as carrier material for preparation of nano fertilizer for 
sustainable release of P for longer period of time under acidic soil.  

Keywords: Zeolite, nano fertilizer, slow release, acid soil, parabolic diffusion, soil 
chemistry. 
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Introduction 
Phosphorus, an essential macronutrient required for agricultural production (Wahid et al., 2020) is a 
principal component of cell membrane system, chloroplast, and mitochondria (Cordell et al., 2014). The 
requirement of phosphorous for various metabolic activities including   growth of various plant parts of 
plant is already well established (Bindraban et al., 2020). Plants generally take up inorganic phosphorus 
(H2PO4

- and HPO4
2-) from soil solutions (Ibrahim et al., 2022), which accounts for about 35% to 70% of the 

total phosphorus present in soil system (Wilson et al., 2019). However, the movement of phosphorus in soil 
is subjected to different forms of losses, making it hurdle for a healthy growth of the crop. In acidic and 
highly weathered soils, 75-80% (Mahmood et al., 2021) of applied P is fixed onto the surfaces of Fe and Al 
oxides and hydroxides (Prüter et al., 2020) besides clay mineral lattices to form various complexes (Arai and 
Sparks, 2007), thereby reducing the available P concentration necessary for plant uptake. Leaching is 
another form of loss of P from the soil solution (Wakelin et al., 2017). Commercially available P sources, 
heretofore, are utilized to upgrade the agronomic production to meet the basic requirement (Sharpley et al., 
2018). These sources contain water soluble phosphate salts which hardly provide 10-25% (Tarafdar et al., 
2015) of P to the crops and the rest often wind up percolating to surface water bodies and coastal 
ecosystems through run-off or seepage, exacerbating the environmental degradation caused by 
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eutrophication (Conjin et al., 2018). Nano fertilizer shows promising outcomes to improve nutrient 
availability by exploring unique properties of nanoparticles (Poddar et al., 2018, Noruzi et al., 2023). They 
are nutrient carriers of dimensions ranging from 1-100 nm in size (Liu and Lal, 2014), having high surface 
area to volume ratio (Kumar et al., 2017). One of the major attributes is that they have small particle size 
(Chinnamuthu and Boopathi, 2009) which provides better penetration into the cell, activating plant and 
microbial functions for more plant nutrients uptake (Montalvo et al., 2015). Apart from increasing the yield 
and quality of agricultural produce, nano fertilizer improves the soil health creating favourable habitat for 
soil flora and fauna (Tarafdar et al., 2015).   

The surface modified zeolite can be explored as one of the carrier options for preparation of zeolite based 
nano phosphatic fertilizer (Bhardwaj et al., 2014) which absorbs both positive (K+, NH4+) and negative (NO3-, 
PO43-) ions for its slow release to soil system (Solanki et al., 2015). Zeolites are alumino-silicate minerals, 
which have a molecular sieve action due to their open channel network; they are composed of SiO4 
tetrahedra linked with oxygen sharing the negative charge created by the presence of AlO2- which is 
balanced by cations that neutralize the charge deficiency (Jakkula and Wani, 2018). The preferential ion 
exchange property of zeolite (Wei et al., 2011) help the plants to utilize most of the nutrients by minimizing 
waste either through leaching (Subramanian and Thirunavukkarasu, 2017), volatilization or fixation in the 
soil (Dhansil et al., 2018). Therefore, the present investigation was carried out to study and analyse the 
feasibility of zeolite enabled phosphatic nano fertilizer for P availability in strongly acidic (pH < 5.5) 
environment. The nutrient uptake capacity of the synthesized nanofertilizer was studied, followed by 
comparative assessment of nutrient leaching patterns of P from nanofertilizer and conventional fertilizer. An 
evaluation of different reduced doses of nano fertilizer was also carried out to gauge the optimum dose 
economically and ecologically important for maintaining balanced crop nutrition. 

Material and Methods 
Fertilizer preparation 

The synthesis of surfactant modified zeolite (SMZ) and zeolite based nano fertilizer for P was done following 
the standard procedure (Bansiwal et al., 2006).  As shown in Figure 1, the synthesis of the nano fertilizer, 
Zeolite A (Sigma Aldrich), hexadecyltrimethylammonium bromide (HDTMABr) (Sigma Aldrich, ≥ 98%) were 
used 1:100 ratio. The mixture was stirred with 1M concentration of KH2PO4 solution for 8 hours. A 1:10 
(solid to liquid) ratio followed by distillation and air drying. The dried sample was grounded to a finer 
particle size.  Similarly, nutrient incorporation was carried out on unmodified zeolite to study the effect of 
surface modification on nutrient uptake capacity in comparison to surfactant modified zeolite.  

 
Figure 1. Schematic representation of preparation of Zeolite based nano P fertilizer 

Characterization of the nano fertilizer 

The unmodified zeolite and surfactant modified zeolite based nano phosphatic fertilizer were characterized 
by Powder X-ray diffractometer, Scanning Electron Microscope, Transmission Electron Microscope and 
Brunauer-Emmett-Teller adsorption isotherm. Crystal phase identification was conducted by powder X-ray 
diffraction. The powder X-ray diffractometer measurement was carried out on a Rigaku Ultima IV X-ray 
diffractometer of 2θ range using a Cu-Kα source of wavelength, λ = 1.54 Å. For examining the surface 
morphology, scanning electron microscopy images were acquired using a Carl Zeiss SIGMA scanning 
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electron microscope. The compositional analysis of the synthesized nanoparticles was carried out by Energy 
Dispersive X-ray spectroscopy on an Oxford EDS attached to the same instrument. The particle size of the 
nano-fertilizer was assessed from the Transmission Electron Microscope images, which were recorded on a 
JEOL, JEM-2100 Plus Electron Microscope. Specific surface area, pore volume and pore diameter were 
analysed by Brunauer-Emmett-Teller surface area analyser on an Autosorb- iQ (Quantach – rome USA) 
adsorption analyser. The samples were degassed at 150ºC for 16 hours.   

Collection and processing of soil for experimentation 

The soil samples were collected from three different locations based on texture representing major soil 
orders of Assam, India. The vegetation cultivation area of Dhekorgorah block (Latitude: 26°82’18” N; 
Longitude: 94°31’53” E) of Jorhat district was taken for the soil order Inceptisols (silty clay loam). The rice 
cultivation area of Regional Agriculture Research Station (RARS), Titabar (Latitude: 26°34’51” N; Longitude: 
94°10’50” E) was selected for soil order Alfisols (clay loam). The alluvium rich soil of Majuli (Latitude: 
27°03’55” N; Longitude: 94°16’57” E) was taken for soil order Entisols (sandy clay loam). To conduct the 
incubation study, bulk surface soil samples (0-15 cm) from each site were collected and prepared following 
standard procedures. The analysis of initial soil parameters prior to application of fertilizers are given in 
Table 1.  

Table 1. Initial physico-chemical properties of the soils  

Parameters  Jorhat Titabar Majuli 
Soil order Inceptisol Alfisol Entisol 
pH (soil:water :: 1:2.5) 5.34 5.07 5.53 
Electrical conductivity (dSm-1) 0.02 0.03 0.03 
Particle size distribution    
Sand (%) 19.00 42.00 60.00 
Silt (%) 47.00 20.00 15.00 
Clay (%)  34.00 38.00 25.00 
Textural class Silty clay loam Clay loam Sandy clay loam 
Bulk density (g/cm3) 1.35 1.32 1.39 
Particle density(g/cm3) 2.49 2.39 2.46 
Moisture content at Field Capacity (%) 28.37 30.70 27.45 
Organic carbon (%) 0.87 0.78 0.93 
Available N (kg/ha) 347.61 298.70 361.70 
Available P2O5 (kg/ha) 25.57 19.47 38.89 
Available K2O (kg/ha) 174.18 118.51 229.28 
Exchangeable Ca2+(cmol(p+)/kg) 1.87 2.73 3.21 
Exchangeable Mg2+ (cmol(p+)/kg) 0.79 1.94 2.13 
Cation Exchange Capacity (CEC)(cmol(p+)/kg) 8.19 8.22 7.23 
Available S (mg/kg) 13.38 12.81 20.65 

Incubation study 

About 200 g of finely ground processed soil was placed in plastic containers of capacity 500 g and fertilizer 
was applied based on the recommended dose of fertilizer for maize (60:40:40 @ N: P2O5:K2O kg/ha) before 
the incubation study. Recommended dose N and K remained constant throughout the treatments and P was 
supplied as per treatment mentioned below. Soils were incubated at room temperature (± 27°C) in the 
laboratory. A total of 10 sets were prepared for each periodical assessment for better results. The containers 
were partially closed for better gaseous exchange and limiting moisture loss. Soil moisture was maintained 
at field capacity during the entire period of experimentation. The loss in water content in soil was monitored 
at 3 days interval by addition of water as determined by the loss in weight of the containers.  

Treatments included: 

T1 = Absolute control  

T2 = RDP through single superphosphate (SSP) 

T3 = RDP through nano fertilizer  

T4 = 2.5 times reduction of RDP from T3 

T5 = 5 times reduction of RDP from T3 

T6 = 10 times reduction of RDP from T3 

Samples were collected from the respective set at 0, 4, 7, 15, 22, 32, 44, 58, 74 and 90 days of incubation for 
analysis of the release pattern of P from the chemical and synthesized nano-fertilizer.  

https://ejss.fesss.org/10.18393/ejss.1585148
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Kinetic equations 

The rate kinetics of P was assessed based on first order, second order and parabolic diffusion as per the 
equations [3]:   

First order : LogCt = LogCo – kt 
Second order : 1/Ct = 1/Co + kt 

Parabolic diffusion : Ct/Co = b + kt1/2 

Where,  

Ct = cumulative concentration of available P (µg/g) 
Co = concentration of P which can be released at equilibrium (µg/g) 
k = rate constant 
b = Ct/Co when k = 0 or t = 0 (dimensionless) 
t = time (days of incubation) 

Statistical analysis 

The data obtained under different treatments of each soil was statically analysed to see the significance of 
variance using Analysis of Variance (ANOVA) at 0.05 significance using IBM Statistical Package for Social 
Sciences (SPSS) Version 20. To compare the means post hoc analysis was done using Duncan's Multiple 
Range Test (DMRT).  

Results and Discussion  
Fertilizer characterization 

The crystal phase of the synthesized nano P fertilizer was examined by the X–ray powder diffraction as 
displayed in Figure 2. The crystallinity of zeolite remained the same as diffraction peaks at 8.93° and 24.06° 
with indexes of (0 2 0) and (4 0 0) respectively, was seen in the spectrum, which is similar to parent zeolite 
(Mikhak et al., 2017). This suggests that there were no major structural changes in zeolite framework due to 
addition of HDTMABr surfactant except for minor changes in the intensity of the band’s peak suggesting the 
retention of P ion within the porous structure of zeolite (Abdul Majid et al.,2018; Mir et al., 2020). The 
surface morphology of unmodified and modified zeolite was envisaged by scanning electron microscope as 
depicted in Figure 3. It was observed that the zeolite was of cubical geometry and the crystal lattice was 
mostly bound aggregates of small cubic particles. However, this was not clearly observed in case of modified 
zeolite. The particles of the modified zeolite appeared to have broken edges and corners possibly due to 
HDTMABr coverage on the external surface area of the crystal lattice, which also depicted the adsorption of 
P and other ion. Similar observations were also reported (Bansiwal et al., 2006; Yan et al., 2014).  

 
Figure 2. XRD (Powder X-ray diffractometer) patterns of (a) synthesized nano phosphorus fertilizer and (b) parent 

zeolite (for reference) 

The elemental composition of the nano-fertilizer was acquired from the EDX pattern which established the 
existence of C, N, O, Al, Si, Br, Na, P and K in the compound. During the EDX measurement, different areas 
were focused, and the corresponding peaks are shown in the figure 4.  The addition of surfactant greatly 
increased adsorption of added P upto 7.4% in nano fertilizer which was 60% greater than the unmodified 
zeolite. This implies that the surface modification altered the surface charge on zeolite which led to better 
adsorption of the anion (Akrami et al.,2019). Adsorption of K was also noted from the spectrum of the 
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sample, probably due to presence of available exchange sites inside the crystal lattice of zeolite. Therefore, 
stacking of positively charged ions such as K in the pores can be attained together with the negatively 
charged ions such as P on their surface (Singh et al., 2018; Hagab et al .2018).  

  

Figure 3. SEM images of (a) unmodified zeolite and (b) modified zeolite fertilizer 

  

Figure 4. EDX pattern of the nano-fertilizer; (a) spectrum of unmodified zeolite loaded with phosphorus and (b) 
spectrum of surfactant modified zeolite loaded with phosphorus 

From the figure 5, it can be seen that average particle size of zeolite based nano P fertilizer < 100 nm which 
clearly falls within the nanoparticle range of 1-100 nm (Liu and Lal, 2014; Montalvo et al., 2015). The small 
black dots observed in the images (Fig. 5a & 5b) were most probably the nutrient particles. As seen in the 
Figure 5(a), the channel like structures depicted the pores of the nano zeolite particles. In the closer 
resolution of the sample clear lattice fringes were seen which assured high crystallinity of the nanostructure 
(Figure 5c). Almost all the particles had been converted to nano zeolite particles as evident from the small 
black dots found in the images.  

 
Figure 5. TEM image of the synthesized nano fertilizer 

(b). Surfactant modified zeolite

Nutrient particles 

Channels
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The data presented on Table 2 clearly illustrated that the specific surface area of the modified nano zeolite 
fertilizer comparatively less (90.07 m2/g) than the unmodified zeolite (262.72 m2/g). The specific surface 
area of zeolite was reduced due to surface modification and subsequent phosphorus loading (Salako et al., 
2020). This means that in the pore space of zeolite, P had been loaded which had decreased the pore 
diameter. Hence, there was overall reduction of surface area of the fertilizer. The pore size was found to be 
microporous (< 20 nm) in diameter. 

Table 2. Surface area, Pore volume and Pore diameter of unmodified and modified zeolite 

Sl. No. Parameters Unmodified zeolite Nano P fertilizer 
1. Surface area (m2/g) 262.72 90.07 
2. Pore volume (cm3/g) 0.129 0.016 
3. Pore diameter (nm) 6.2 1.2 

Release pattern of P 

The release pattern of P presented in Figure 6 clearly illustrated that incubation days and clay proportion of 
the soils played a significant role on release of P in the soil environment and showed a strong and positive 
interaction between level of treatments and days of incubation. The mean P concentration in control was 
seen to be declining from 0 to 22 days, then rising from 22 to 44 days, and again decreasing from 44 to 74 
days with a slight increase from 74 to 90 days. The overall P level indicated that it was in well maintained 
equilibrium with respect to the initial P concentration of the soil. The P concentration in T2 was observed to 
decrease from 0 to 7 days, with increase from 7 to 32 days. The maximum peak of P release was obtained on 
32 days of incubation, after which there was a sharp decline in the release trend which continued up to 90 
days of incubation. This might be attributed to low nutrient use efficiency (10-25%) of conventional 
phosphatic fertilizer (Tarafdar et al., 2015) where about 75-80% of the applied P is fixed by soil solids 
(Mahmood et al., 2021). Similarly, Dhansil et al. (2018) also reported that in case of chemical fertilizer, the 
availability of phosphorus greatly increased up to 30 days of incubation and declined afterwards.  

 
Figure 6. Release of P (mg/kg) as influenced by different levels of treatment over days of incubation (T1= Absolute 
control, T2 = RDP through single superphosphate, T3= RDF through nano fertilizer, T4 = 2.5 times reduction of RDP 

from T3, T5 = 5 times reduction of RDF from T3, T6 = 10 times reduction of RDP from T3) Error bars: standard 
deviation, N = 46 

On the contrary, the release of phosphorus from nano fertilizer, showed a gradual increase after 22 days of 
incubation which was sustained throughout the investigation period. Similar observations have been 
reported through investigation of nano P formulations in acidic culture media (Mahmood et al., 2021). The 
release pattern was also similar for the reduced dosages of nano fertilizer applied in the different soil types. 
The maximum value was recorded on 90 days of incubation with further increasing trend as seen from the 
Figure 6. T3 showed the highest increase in mean P levels compared to the other treatments. The slow 
release of nano-fertilizer might be attributed to the porous structural framework of the zeolite carrier (Singh 
et al., 2018). The phosphorus adsorbed onto the crystal lattice of zeolite most probably had undergone 
interaction between the surfaces inside the pores as well as surfaces outside the pores. The loosely bound 
elements and/or compounds from the top of the surface would release first, then the second layer would 
contribute and thereafter layer by layer the adsorbed phosphorus would be released by the nano-fertilizer. 
The influence of several biotic and abiotic factors of soil environment such as soil pH, temperature, humidity, 
etc., on the fertilizer allowed the zeolite to slowly detach nutrients from its structure (Bharadwaj et al., 
2014) 
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Table 3: Effect of different fertilizer levels on P release in different soil types  

Soil type Treatment P release 

 
 
 
Sandy Clay Loam 

T1 7.51 ± 0.11a 
T6 7.82 ± 0.25b 
T5 8.03 ± 0.21b 
T4 8.64 ± 0.37c 
T2 9.91 ± 0.49d 
T3 10.28 ± 1.04e 

 
 
 
Silty Clay Loam 

T1 4.81 ± 0.11a 
T6 5.07 ± 0.21b 
T5 5.28 ± 0.22b 
T4 5.88 ± 0.38c 
T2 7.08 ± 0.52d 
T3 7.42 ± 1.04e 

 
 
 
Clay Loam 

T1 3.70 ± 0.94a 
T6 3.99 ± 0.14b 
T5 4.22 ± 0.22b 
T4 4.79 ± 0.37c 
T2 5.93 ± 0.58d 
T3 6.17 ± 1.02d 

Means under the same letter in a column are not significantly different at p ≤ 0.001 
*Average ± standard error, treatment has been arranged as descending order.  

The P release pattern from the sandy clay loam textured soil presented in Figure 7a revealed highest P 
concentration in RD of P was applied through nano-fertilizer (10.28 ± 1.04) at 90 days of incubation, which 
was statistically higher than P released from SSP fertilizer (9.91 ± 0.49). Similarly, in silty clay loam textured 
soil (Figure 7b) and clay loam textured soil (Figure 7c) the mean P level of T3 (7.42 ± 1.04; 6.17 ± 1.02, 
respectively) was found to be highest amongst all the treatment levels.  

  

 

Figure 7. Phosphorus release pattern from different soil due to different treatment levels 

The variation in clay content affects the P release pattern in different types of soil as shown in Figure 8. The 
phosphorus release followed the sequence: sandy clay loam > silty clay loam > clay loam. This might be due 
to presence of higher content of clay, organic carbon and free oxides of Fe and Al in clay loam textured soil as 
compared to the other soils, which resulted in more adsorption of P by soil matrix. In contrast, the sandy clay 
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loam textured soil contained lesser amount of clay, organic carbon and free oxides of Fe and Al, thereby 
more available phosphorus concentration was being released into the soil solution. Similar observations 
were reported during other investigations (Prakash et al., 2017; Gupta et al., 2020).  

 
Figure 8. Differences in clay content influence the release of P in soil: sandy clay loam (S2) > silty clay loam (S3) > clay 

loam (S1) 

Kinetics of Phosphate release in soil 

The first order kinetic constant was found to increase from T2 to T6 in all the three types of soil as noted from 
Tables 4, 5 and 6. This might be due to less fixation of phosphorus by the sesquioxides content of the soil. 
The first order kinetic model was unable to describe the P release in soil, due to the uncertainty of the model 
to explain the concentration of P in soil – water system, whether the contribution of P was from the soil 
solution or the exchange sites on the clay surfaces (Sparks, 2003). In case of second order kinetics, there was 
a decrease in rate constant (KcII) value which probably meant that there was increase in the release of P 
which is dependent upon both soil solution and soil matrix (Sanyal, 2018). The presence of negative sign 
indicates that as it is inverse of cumulative concentration of available phosphorus (1/Ct), while plotting the 
graph, the slope is from left to right in descending order as depicted in Figure 9. Lower values of correlation 
coefficients in second order kinetic constants than first order in all the treatments might be due to 
involvement of solid matrix in regulating equilibrium P concentrations in solution (Medhi et al., 2012).   

  

 
Figure 9. Kinetics of P release in soil system: (a) first order kinetic model, (b) second order kinetic model and (c) 

parabolic diffusion kinetic model 
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In parabolic diffusion kinetic model, strong and significant positive correlation between cumulative P 
desorbed and t1/2 reflected that rate of release of P is synchronizing with time or rather a good state of 
equilibrium is achieved (Medhi et al., 2012). The rate constant of parabolic diffusion (Kcp) equation was the 
highest in treatment receiving nano-fertilizer (T3) in all the three types of soil, which indicated that there 
was sustained release of P as well as longevity of the fertilizer. The coefficient of determination was highest 
for the parabolic diffusion kinetic equation as compared to the other two kinetic models. Several authors 
have reported similar findings that parabolic diffusion was the best fit (R2> 0.95) to describe the release of 
phosphorus in soil which is a diffusion-controlled process rather than mass flow or root interception (Islas-
Espinoza et al., 2014; Singh and Prakash, 2014; Azadi and Baghernejad, 2019) .   

Conclusion  
The modified zeolite framework witnessed adsorbing both positive and negative ions for its slow release 
into the soil system throughout the incubation period which may likely be the solution to the major problem 
of phosphorus fertilization in acid soil which arises due to fixation by sesquioxides. The highest rate constant 
of parabolic diffusion model was found for the treatment receiving nano-enabled recommended P, which 
further emphasizes on the sustained release of phosphorous into the soil solution.   

Hence, it can be concluded that nutrient use efficiency of phosphatic fertilizers can be significantly improved 
by nano phosphorus. Zeolite could potentially and simultaneously adsorb both negative and positively 
charged ions that might possibly be explored as good source of nano carriers for preparation of nano-
enabled fertilizers having both positive and negative charged ions. Thus, conventional chemical fertilizers 
(SSP) can be effectively supplemented by nano phosphatic fertilizer in acidic soil environment. 
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