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Research Article 

INTRODUCTION 

Sulphur is rapidly being recognized as the fourth key 

nutrient for plants after nitrogen, phosphorus, and po-

tassium. While phosphorus and sulphur are compara-

ble and critical nutrients for plant growth, sulphur got 

less attention for a long time because fertilizers and 

atmospheric inputs provided adequate soil quality. Sul-

phur is a naturally occurring element that ranks thir-

teenth in terms of abundance in the earth's crust 
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(Verma et al., 2020). Deficiency of sulphur in Indian 

agriculture was acquainted as a foremost problem after 

the green revolution owing to the application of high-

analysis fertilizers which are deficient in sulphur, low 

sulphur returns from farmyard manure, high-yielding 

crops, and intensive agriculture, decreased usage of 

sulphur fungicides, and reductions in atmospheric in-

puts as a result of tighter emission regulations (Ghosh, 

2022). Areas of sulphur deficiency have recently be-

come common across the globe (Zenda et al., 2021) 

(Scherer, 2001). 

India suffers from severe sulphur shortage, especially in 

Tamil Nadu, and it is worse in coarse-textured soils. 

The deficiency of sulphur worldwide is assessed to be 

about 20% in North America, 50–70% in Western Eu-

rope, 40–45% in India, and 30% in China. Moreover, 

mild to moderate deficiencies in arable lands exist glob-

ally (Dhaliwal et al., 2022). A deficiency of sulphur can 

harm crop yield and quality because it is essential for 

the synthesis of proteins and enzymes, metabolism of 

carbohydrates, oil content, and protein contentand be-

cause it is a component of major three amino acids me-

thionine, cystine and cysteine, chlorophyll, vitamins B, 

biotin, and thiamine. As each fertilizer unit produces 

between three and five units of edible oil, sulphur is 

considered a primary nutrient in oilseeds (Nazar et al., 

2011).  

It is well known that sulphur fertilizer increases the yield 

and quality of crops, including safflower (Debnath and 

Basu, 2013), sesame (Shah et al., 2013), and ground-

nut (Rao et al., 2013). The most affordable and effec-

tive sulphur source among several sulphur fertilizers is 

gypsum. The low sulphur utilisation efficiency in typical 

field soil conditions is between 8% and 12%. The ma-

jority of sulphur is found in organic forms. Bacteria and 

mycorrhizae play a crucial role in their conversion to 

water-soluble ions and transportation into the plant, 

which is the main cause of sulphur’s low nutrient utilisa-

tion efficiency.  

The potential for nanotechnology as a developing field 

of research in agriculture is enormous. Nano fertilizers 

may have advantages over their inorganic equivalents 

in terms of high efficacy, low ecological risks, and low 

cost. The main disadvantage of using standard inorgan-

ic fertilizers is significant nutrient loss through volatiliza-

tion and leaching, which might be significantly reduced 

by using nano fertilizers. Depending on the nutrient 

needs of plants, nano fertilizers can be created. The 

production of nano fertilizers and their formulation in-

cludes a wide variety of elements and compounds 

(Muhammad et al., 2020). 

When tested for its effectiveness in preventing the pow-

dery mildew of bhendi caused by Erysiphe cichoracea-

rum, nano sulphur of size 50-90 nm showed significant-

ly superior fungicide effects when compared to conven-

tional sulphur against the fungus Aspergillus niger. It 

was also tested for its performance in reducing the 

powdery mildew by better reducing conidial germination 

in the applied treatments as compared to those equiva-

lent. These results illustrate the tremendous perspec-

tive of sulphur nanoparticles as an environmentally 

friendly and long-term defence against crop damage 

method (Gogoi et al., 2013). 

Several chemical techniques have been used for pro-

ducing sulphur nanoparticles of specific sizes and 

shapes, including the wet chemical precipitation meth-

od (Shankar et al., 2018) (Shankar and Rhim, 2018), 

microemulsion method (Soleimani et al., 2013), electro-

chemical method (Anandgaonker et al., 2019), template 

method using an eggshell membrane (Roy et al., 

2021). Microorganisms, enzymes, and plant extracts 

can all be used in biological processes known as 

"green synthesis" to synthesize nanoparticles. Sophora 

japonica pod extracts were employed as capping, dis-

persion, and stabilising agents for bio-synthesised sul-

phur nanoparticles (Joshi, 2022). Natural clays and 

zeolites were reduced to nano-dimension for the syn-

thesis of nano-S fertilisers (1–100 nm). Compared to 

conventional fertilizers, these fertilizers deliver nutrients 

over a longer period (Subramanian et al., 2015). Alt-

hough these sorts of fertilisers are capable of controlled 

release, S usage efficiency could yet be increased. 

Numerous processes were used to create nano sulphur 

in order to boost its effectiveness in use. In this back-

ground, the present study aimed to synthesize nano 

sulphur by reverse micro emulsion technique for slow 

release and steady availability of sulphur nutrition to 

crops. 

MATERIALS AND METHODS 

Preparation of sodium polysulfide solution 

Sulphur powder was taken in a mortar and grounded 

thoroughly. 40g of grounded sulphur powder was taken 

in a beaker filled with 100 mL of 6M sodium sulphide 

solution. The reaction occurred at room temperature for 

60 minutes under constant stirring. As the reaction con-

tinued, colour of the solution slowly changed to orange 

with the dissolving of sulphur and sodium polysulfide 

(Na2Sx) solution was prepared. 

 (x-1)S +  Na2S →  Na2Sx                                     Eq. 1 

 

Synthesis of sulphur nanoparticles 

Nano sulphur synthesis involves stirring and mixing two 

reverse microemulsions. In a reverse microemulsion, 

the aqueous phase was dispersed as tiny droplets in 

the oil phase. Here, the oil phase acts as the continu-

ous phase, and the water phase acts as the dispersed 

phase.  

Stable reverse microemulsions were obtained by mix-

ing cyclohexane as oil phase, ethanol as co-surfactant, 

the non-ionic surfactant tween-80 and 6 mol/L sodium 
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polysulfide solution as aqueous phase (microemulsion 

I) or 6 mol/L hydrochloric acid solution as aqueous 

phase (microemulsion II). Cyclohexane, tween-80, and 

ethanol were mixed under continuous stirring till the 

blend turned out to be transparent. Then the appropri-

ate amount of 6 mol/L sodium polysulfide solution 

(microemulsion I) or 6 mol/L hydrochloric acid solution 

(microemulsion II) was added dropwise under strong 

stirring till the blend turned out to be transparent. 

The microemulsion II was added dropwise to micro-

emulsion I under stirring at room temperature. At the 

end of the reaction, acetone was combined with micro-

emulsion to source precipitation of sulphur nanoparti-

cles synthesized in microemulsion. The precipitate was 

removed by centrifugation and repeatedly washed with 

acetone, methanol, and water to eliminate residual or-

ganic constituents and salt formed (NaCl) from the 

product to make it pure. Finally, the product was dried 

in an oven (Fig. 1) (Soleimani et al., 2013) 

Equation depicts the reaction that resulted from the 

blending of these two microemulsions.                               

Na2Sx + 2HCl → 2NaCl + H2S + (x – 1) S              Eq. 2. 

 

Characterization of nano sulphur: 

 

Scanning Electron Microscope (SEM) 

The surface morphology of synthesized nano sulphur 

was characterized using a scanning electron micro-

scope (SEM) (Quanta 240, FEI Techni Sprit, Nether-

lands). The synthesized sulphur powder was placed in 

a vacuum chamber for sputter coating with gold (Au), 

involving a sputter coater (EMITECH SC7620 sputter 

coater). After sputter coating, the material remained 

inside the SEM's sample holder and was imaged to 

identify the area of interest  (Cheng et al., 2023). 

 

Transmission Electron Microscope (TEM) 

Using TEM (Quanta 240, FEI Techni Sprit, Nether-

lands), the morphology of nano sulphur was analyzed. 

The transmission electron micrographs were taken with 

a W-source and an ultra-high resolution pole piece 

(Laue, 2023). 

X-Ray Diffractometer (XRD) 

The lattice structure, crystalline size and d spacing of 

the synthesized nano sulphur were characterized using 

a pANALYTICAL-Xpert pro X-Ray Diffractometer with 

Cu K line as incident radiation and a filter at a scanning 

rate of 5° s-1. The powdered sample of 0.5g was used 

for XRD measurement (Shalaby et al., 2022). 

 

Fourier Transform Infrared Spectroscopy (FT-IR) 

The functional group of nano sulphur fertilizer was ob-

served using FT-IR. A Bio-Rad Excalibur 3000 MX FT-

IR spectrometer and a helium-purged MTEC 300 photo

-acoustic cell were used to gather the spectral data 

(Subramanian et al., 2022). The most useful infrared 

region used for characterization of nano sulphur lies 

between 4000 and 500 cm-1. The term infrared covers 

the range of electromagnetic spectrum between 0.78 

and 1000 µm. In Infrared spectroscopy, the wavelength 

is usually measured in wavenumbers cm-1 

(wavenumber = 1/wavelength in centimetres).  

 

Thermogravimetric analysis (TGA) 

TGA analysis is a technique for thermal analysis in 

which the mass of a sample is determined as the tem-

perature rises with time.  The TGA was performed us-

ing TG/DTA – EXSTAR/6300 thermogravimetric ana-

lyser (Sugumaran et al., 2023). The thermal stability 

and composition of materials, as well as their decom-

position mechanisms, kinetics, and thermal properties 

were determined.  

 

Percolation reactor experiment for nutrient release 

A percolation reactor was built to provide a consistent 

solution flow through a test soil column. The experi-

mental setup was basically the same as reported by 

(Thirunavukkarasu and Subramanian, 2014). The per-

colation reactor consisted of a glass column (internal 

diameter = 1.5 cm; height = 25 cm) through the top, of 

which ultrapure water was continuously supplied at a 

flow rate of 20 mL day-1. It was filled with 10 g of soil, 

and then 1.0 g of nano sulphur was dispensed on top. 

Leachates were gathered in order to figure out sulphur 

concentration. The temperature was 25°C on average 

throughout the experiment. A 25 ml volumetric flask 

was filled with 5 ml filtrate, 10 ml sodium acetate acetic 

acid buffer (pH 4.8), and 1 ml gum acacia. In a 25 ml 

volumetric flask with 10 ml of sodium acetate acetic 

acid buffer and 1 ml of gum acacia, potassium sulphate 

standard solution concentrations of 1, 2, 3, 4, and 5 

ppm were prepared simultaneously. At the time of UV-

VIS Spectrophotometer reading, 1 g of barium chloride 

was added to each volumetric flask, and the solution 

was made up to the mark. The absorbance of each 

solution was read at 420 nm on UV VIS Spectropho-

tometer after calibrating the absorbance to zero with 

blank. The sulphur standard curve calculated the sam-

Fig. 1. Synthesis of sulphur nanoparticles by microemul-

sion technique 
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ple's sulphate concentration (Chesnin and Yien, 1951).  

RESULTS AND DISCUSSION 

SEM and TEM analysis 

The surface morphology of sulphur nanoparticles was 

determined using Field Emission Scanning Electron 

Microscopy (FESEM). Nano sulphur was made homo-

geneous by sonicating and the SEM image was at-

tained (Fig. 2a). This image demonstrated that nano-

particles made using this approach were spherical in 

shape. The SEM results were similar to the findings of 

(Soleimani et al., 2013) that the aggregation of sulphur 

crystals was prevented during synthesis because the 

chemical interaction of sodium polysulfide and hydro-

chloric acid was space-confined in the water droplets of 

microemulsions. The size of the sulphur nanoparticles 

was only affected by the diameter of the water droplets. 

Micelles that entrapped reactive elements could restrict 

particle growth.  

The chemical makeup and purity of the synthesised 

nanoparticles were confirmed using energy-dispersive 

X-ray analysis (EDAX). The product's EDAX spectrum 

is shown in Fig. 2b, and the data show that it was en-

tirely free of impurities and contained only the sulphur 

element. Weight % and atomic % of sulphur were 

quantified as 54.34 % and 42.83 %, respectively, in the 

ZAF Matrix (correction matrix used to compensate for 

the atomic number (Z), absorption (A), and fluores-

cence (F) effects) (Fig. 2b). Based on the data provid-

ed. It is evident that the product consists solely of sulfur 

and contains no impurities.  

TEM was used to analyse nanostructured materials 

with atomic-scale resolution. TEM image revealed an 

average particle size between 25-47nm (Fig. 3). Its 

particle distribution and surface morphology supported 

the homogenous nature of nano sulphur. 

XRD analysis 

Using X-ray diffraction technique, synthesised nano 

sulphur's phase purity and crystallinity showed that the 

diffraction peaks reached different angles and the cor-

responding lattice planes indicated the synthesis of 

pure sulphur nanoparticles. The XRD pattern displayed 

the orthorhombic nature of sulphur nanoparticles and 

lattice face-centred. The study results were similar to 

the findings of Radhika et al. (2018) ; Paralikar and Rai 

(2018) who confirmed the crystalline nature of sulphur 

nanoparticles based on the position and intensity of 

diffraction peaks. For sulphur nanoparticles, Bragg’s 

reflections peaks at 2θ values of 23.124, 26.404, 

27.758, 31.466, 37.171 and 43.533° were referred to 

crystal planes of sulphur at 222, 224, 206, 044, 317, 

and 426, respectively, representing crystalline nature of 

sulphur nano particles (Fig. 4). These values agreed 

with Joint Committee on Powder Diffraction Standards 

(JCPDS card No. 65-1436).  

 

FT-IR analysis 

Nanosulphur was characterized using FT-IR. The FT-IR 

spectra produced strong, broad bands at 2972 cm-1 

and 2902 cm-1. These bands were associated with O-H 

stretching and N-H stretching of carboxylic acid, alco-

hol, water, phenols, and amine salt compound class, 

mostly intramolecular bonded at 3000 cm-1. The O-H 

stretching of alcohols was responsible for sharp peaks 

at 3666 cm-1. The broad band at 3381 cm-1 was due to 

N-H stretching of aliphatic primary amines. C-O stretch-

ing in aromatic rings elucidate a peak at 1253 cm-1 due 

to aromatic ester and alkyl aryl ether presence. The 

peak at 868 cm-1 relates to C-H bending of 1,2,4- tri-

substituted compounds. The strong appearance of 

spectra peaks at 1406 cm-1 was responsible for S=O 

stretching of sulphate and sulfonyl chloride compounds 

(related to sulphur vibrations). The sulfoxide group ap-

Fig. 2. Characterization of nano sulphur synthesized by microemulsion by (a) SEM, (b) EDAX to study the homogeneity 

and chemical makeup 
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peared as strong S=O stretching at 1053 cm-1 (Fig. 5). 

The functional groups related to sulphur vibrations oc-

curred in the fingerprint region of FT-IR spectra, which 

confirmed the successful synthesis and characteriza-

tion of nano sulphur. The peaks in the spectrum of the 

nano sulphur exhibit identical shapes to those observed 

by Thirunavukkarasu and Subramanian (2014), con-

firming the synthesis of sulphur. 

 

TGA analysis 

TGA analysis showed that the slight decline in weight 

at 100°C, as seen in TGA curve, was attributed to the 

loss of free water. Weight loss up to 250°C has been 

attributed to loss of constitution water paralleled with 

alteration of sulphur's crystalline character. There were 

two allotropic sulphur forms: α-form (Orthorhombic 

crystal structure) and β-form (Monoclinic crystal struc-

ture). Both allotropes were yellow, with the α-form a 

brighter yellow and the β-form a paler, whitish-yellow. 

Both rhombic and monoclinic crystalline forms of sul-

phur existed. The thermal disintegration after 100°C 

between 117°C and 122°C was also observed by 

Momoniat and Rahmanian (2022) due to the melting 

and sublimation of sulphur in rhombic crystalline form. 

The graph's trough above 170°C confirms the transition 

of sulphur into a new allotrope and the colour changed 

from yellow to red. In the DTG graph, the peak was 

also shown at this range as the rate of material weight 

changed after gradual heating.  

There were four types of sulphur: rhombic sulphur, 

monoclinic sulphur, liquid sulphur, and gaseous sul-

phur. The transition of sulphur from its rhombic to mon-

oclinic forms resulted in the first peak of DTG analysis, 

which had a temperature range of 103°C to 107°C. 

Thereafter, the monoclinic sulphur sublimed into liquid 

sulphur, transforming into a deeper colour at the sec-

ond peak, which ranged in temperature from 117 to 

122°C. The TGA graph obtained with the thermal 

breakdown peaked after 300°C was the same as ob-

tained by  Momoniat and Rahmanian (2022); and 

Shankar and Rhim (2018) due to the result of liquid 

sulphur turning into gas. Weight loss in TG% was 

44.6% between 300 – 310°C, 48.6% between 330 – 

530°C and a total of 98.7% was recorded as a thermal 

breakdown in the TGA analysis (Fig. 6). 

 

Release kinetics of nanosulphur 

Over seven weeks, periodic assessment of sulphate 

release from soil applied with conventional sulphur 

(gypsum) and nano sulphur showed that leachate sul-

phur content gradually rose while the experiment pro-

gressed until the seventh week. In contrast, as the ex-

periment further progressed, sulphur release from gyp-

sum-amended soil dropped. On the last day of the ex-

periment, the soil treated with nano sulphur had signifi-

cantly more sulphur (9.5 mg kg-1) than the soil supple-

mented with gypsum (7.4 mg kg-1), and the percentage 

increase was 22.1%. Throughout the investigation, sul-

phur content in control was recorded the least as 0.5 

mg kg−1. The use of nano sulphur produced by micro-

emulsion as a source of slow-release fertiliser is being 

investigated in this preliminary study. 

The average amount of SO4
2- emitted by gypsum as a 

source of sulphur, Nano sulphur, and control were 

Fig. 3. Characterization of nano sulphur synthesized by 

microemulsion by TEM 

Fig. 4. XRD spectra of nanosulphur 

Fig. 5. FT-IR spectra of nanosulphur 
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11.63 mg kg-1, 8.59 mg kg-1, and 1.5mg kg-1, corre-

spondingly. Gypsum's rise over control was 87.1%, 

whereas nano sulphur was 82.54% (Fig. 7). The Nano 

sulphur functioned as a slow release of sulphur nutri-

ents. Hence a modest increase was observed through-

out the experiment. Similar results were obtained by 

Lateef et al. (2019), which might be due to the small 

size (nanometer) range of nano sulphur fertilizer. The 

reduced particle size increases the surface area, allow-

ing for a larger contact area with the surrounding envi-

ronment. This increased surface area facilitates a slow-

er release of nutrients as the sulphur particles gradually 

dissolve or react with the soil components.Carmona et 

al. (2022) reported that nano sulphur particles exhibit 

higher reactivity than conventional sulphur fertilizers. 

This increased reactivity allows for gradual chemical 

reactions with the soil moisture and components, lead-

ing to a controlled release of nutrients over an extend-

ed period. By maintaining a renewable and sustainable 

nutrient supply in the rhizosphere region of the crop, 

the nano sulphur maximises nutrient retention, elimi-

nates environmental nutrient losses, and decreases 

fertilizer requirements. 

Conclusion 

The microemulsion method worked well to produce 

nano sulphur. The nano sulphur is stable, spherical, 

and uniform with a dimension of 25-47nm as imaged by 

SEM and TEM. Besides, XRD showed orthorhombic 

crystalline nature of sulphur. FT-IR, TGA and SEM-

EDAX confirmed the successful synthesis of sulphur 

nanoparticles. The nano sulphur synthesized could be 

used as a viable option for the slow release of nutrients 

to crops. The release kinetics of nutrients suggest that 

sulphate release in nano sulphur-amended soil was 

seven days longer than in conventional fertilizer-

amended soil. These results encourage that nano sul-

phur has great potential as fertilizer for the slow release 

of nutrients. 

ACKNOWLEDGEMENTS 

The authors thank the CANT- Centre for Agricultural 

Nanotechnology, Tamil Nadu Agricultural University for 

providing facilities to carry out the research. 

Fig. 6. TGA analysis curves for nanosulphur 

Fig. 7. Comparison of sulphate release from control, soil 

applied with gypsum and nano sulphur. 



 

943 

Yazhini, R. I. et al. / J. Appl. & Nat. Sci. 15(3), 937 - 944 (2023) 

Conflict of interest 
The authors declare that they have no conflict of  
interest. 

REFERENCES 

1. Anandgaonker, P., Kulkarni, G., Gaikwad, S. & Rajbhoj, A. 

(2019). Synthesis of TiO2 nanoparticles by electrochemi-

cal method and their antibacterial application. Arabian 

Journal of Chemistry, 12(8), 1815-1822. doi: https://

doi.org/10.1016/j.arabjc.2014.12.015 

2. Carmona, F. J., Guagliardi, A. & Masciocchi, N. (2022). 

Nanosized calcium phosphates as novel macronutrient 

nano-fertilizers. Nanomaterials, 12(15), 2709. doi: https://

doi.org/10.3390/nano12152709 

3. Cheng, G., Zhang, J., Su, H. & Zhang, Z. (2023). Synthe-

sis and characterization of a novel collector for the desul-

furization of fine high-sulfur bauxite via reverse flotation. 

Particuology, 79(64-77. doi: https://doi.org/10.1016/

j.partic.2022.11.012 

4. Chesnin, L. & Yien, C. (1951). Turbidimetric determination 

of available sulfates. Soil Science Society of America 

Journal, 15(C), 149-151. doi: https://doi.org/10.2136/

sssaj1951.036159950015000C0032x 

5. Debnath, S. & Basu, A. (2013). Effect of sulphur on seed 

yield and oil content in safflower. Journal of Crop Weed, 9

(2), 113-114 

6. Dhaliwal, S. S., Sharma, V., Shukla, A. K., Verma, V., 

Kaur, M., Shivay, Y. S., Nisar, S., Gaber, A., Brestic, M. & 

Barek, V. (2022). Biofortification—A frontier novel ap-

proach to enrich micronutrients in field crops to encounter 

the nutritional security. Molecules, 27(4), 1340. doi: 

https://doi.org/10.3390/molecules27041340 

7. Ghosh, G. K. 2022. "Crop Productivity and Quality via-a-

vis Sulphur Management Strategies in Indian Agriculture." 

Souvenir, National Seminar on “Recent Developments in 

Nutrient Management Strategies for Sustainable Agricul-

ture: The Indian Context. 

8. Gogoi, R., Singh, P., Kumar, R., Nair, K., Alam, I., Sri-

vastava, C., Yadav, S., Gopal, M., Choudhury, S. & Gos-

wami, A. (2013). Suitability of nano-sulphur for biorational 

management of powdery mildew of okra (Abelmoschus 

esculentus Moench) caused by Erysiphe cichoracearum. 

J. Plant Pathol. Microbiol, 4(4), 171-175. doi: http://

dx.doi.org/10.4172/2157-7471.1000171 

9. Joshi, D. P. (2022). Comparative study of green synthe-

sised sulphur nanoparticles in different acidic media. Ad-

vances in Natural Sciences: Nanoscience Nanotechnolo-

gy, 13(2), 025003. doi: DOI 10.1088/2043-6262/ac6c21 

10. Lateef, A., Nazir, R., Jamil, N., Alam, S., Shah, R., Khan, 

M. N. & Saleem, M. (2019). Synthesis and characteriza-

tion of environmental friendly corncob biochar based nano

-composite–A potential slow release nano-fertilizer for 

sustainable agriculture. Environmental Nanotechnology, 

Monitoring Management, 11(100212. doi: https://

doi.org/10.1016/j.enmm.2019.100212 

11. Laue, M. (2023). Microscopy Conference 2023 (MC 2023)

-Proceedings.  

12. Momoniat, F. & Rahmanian, N. (2022). Characterization of 

sulphur particles: prills vs. granules. Particulate Science 

Technology, 40(4), 391-400. doi: https://

doi.org/10.1080/02726351.2021.1942342 

13. Muhammad, Z., Inayat, N. & Majeed, A. (2020). Applica-

tion of nanoparticles in agriculture as fertilizers and pesti-

cides: challenges and opportunities. New Frontiers in 

Stress Management for Durable Agriculture, 281-293. doi: 

https://doi.org/10.1007/978-981-15-1322-0_17 

14. Nazar, R., Iqbal, N., Masood, A., Syeed, S. & Khan, N. A. 

(2011). Understanding the significance of sulfur in improv-

ing salinity tolerance in plants. Environmental Experi-

mental Botany, 70(2-3), 80-87. doi: https://

doi.org/10.1016/j.envexpbot.2010.09.011 

15. Paralikar, P. & Rai, M. (2018). Bio‐inspired synthesis of 

sulphur nanoparticles using leaf extract of four medicinal 

plants with special reference to their antibacterial activity. 

Nanobiotechnology, 12(1), 25-31. doi: https://

doi.org/10.1049/iet-nbt.2017.0079 

16. Radhika, G., Subadevi, R., Krishnaveni, K., Liu, W.-R. & 

Sivakumar, M. (2018). Synthesis and electrochemical 

performance of PEG-MnO2–sulfur composites cathode 

materials for lithium–sulfur batteries. Journal of Nanosci-

ence Nanotechnology, 18(1), 127-131. doi: https://

doi.org/10.1166/jnn.2018.14568 

17. Rao, K. T., Rao, A. U. & Sekhar, D. (2013). Effect of 

sources and levels of sulphur on groundnut. Journal of 

Academia Industrial Research, 2(5), 268-270 

18. Roy, A., Velusamy, S., Sundaram, S. & Mallick, T. (2021). 

Eggshell membrane assisted CdS nanoparticles for man-

ganese removal in water treatment. Advanced Materials 

Letter, 12(3). doi: https://doi.org/10.5185/amlett.2021.0 

31609 

19. Scherer, H. W. (2001). Sulphur in crop production. Euro-

pean Journal of agronomy, 14(2), 81-111. doi: https://

doi.org/10.1016/S1161-0301(00)00082-4 

20. Shah, M. A., Manaf, A., Hussain, M., Farooq, S. & Zafar-ul

-Hye, M. (2013). Sulphur fertilization improves the sesame 

productivity and economic returns under rainfed condi-

tions. Int J Agric Biol, 15(1301-1306 

21. Shalaby, M. G., Al-Hossainy, A. F., Abo-Zeid, A. M., Mo-

bark, H. & Mahmoud, Y. A.-G. (2022). Combined Experi-

mental Thin Film, DFT-TDDFT Computational Study, 

structure properties for [FeO+ P2O5] bio-nanocomposite 

by Geotrichum candidum and Environmental application. 

Journal of Molecular Structure, 1258(132635. doi: https://

doi.org/10.1016/j.molstruc.2022.132635 

22. Shankar, S., Pangeni, R., Park, J. W. & Rhim, J.-W. 

(2018). Preparation of sulfur nanoparticles and their anti-

bacterial activity and cytotoxic effect. Materials Science 

Engineering, 92(508-517. doi: https://doi.org/10.1016/

j.msec.2018.07.015 

23. Shankar, S. & Rhim, J.-W. (2018). Preparation of sulfur 

nanoparticle-incorporated antimicrobial chitosan films. 

Food Hydrocolloids, 82(116-123. doi: https://

doi.org/10.1016/j.foodhyd.2018.03.054 

24. Soleimani, M., Aflatouni, F. & Khani, A. (2013). A new and 

simple method for sulfur nanoparticles synthesis. Colloid 

Journal, 75(1). doi: DOI: 10.1134/S1061933X12060142 

25. Subramanian, K., Rajeswari, R., Yuvaraj, M., Pradeep, D., 

Guna, M. & Yoganathan, G. (2022). Synthesis and Char-

acterization of Nano-Sulfur and Its Impact on Growth, 

Yield, and Quality of Sunflower (Helianthus annuus L.). 

Communications in Soil Science and Plant Analysis, 53

(20), 2700-2709. doi: https://doi.org/10.1080/0010 

3624.2022.2072867 

https://doi.org/10.1016/j.arabjc.2014.12.015
https://doi.org/10.3390/nano12152709
https://doi.org/10.3390/nano12152709
https://doi.org/10.1016/j.partic.2022.11.012
https://doi.org/10.1016/j.partic.2022.11.012
https://doi.org/10.2136/sssaj1951.036159950015000C0032x
https://doi.org/10.2136/sssaj1951.036159950015000C0032x
https://doi.org/10.3390/molecules27041340
http://dx.doi.org/10.4172/2157-7471.1000171
http://dx.doi.org/10.4172/2157-7471.1000171
https://doi.org/10.1016/j.enmm.2019.100212
https://doi.org/10.1016/j.enmm.2019.100212
https://doi.org/10.1080/02726351.2021.1942342
https://doi.org/10.1080/02726351.2021.1942342
https://doi.org/10.1007/978-981-15-1322-0_17
https://doi.org/10.1016/j.envexpbot.2010.09.011
https://doi.org/10.1016/j.envexpbot.2010.09.011
https://doi.org/10.1049/iet-nbt.2017.0079
https://doi.org/10.1049/iet-nbt.2017.0079
https://doi.org/10.1166/jnn.2018.14568
https://doi.org/10.1166/jnn.2018.14568
https://doi.org/10.5185/amlett.2021.031609
https://doi.org/10.5185/amlett.2021.031609
https://doi.org/10.1016/S1161-0301(00)00082-4
https://doi.org/10.1016/S1161-0301(00)00082-4
https://doi.org/10.1016/j.molstruc.2022.132635
https://doi.org/10.1016/j.molstruc.2022.132635
https://doi.org/10.1016/j.msec.2018.07.015
https://doi.org/10.1016/j.msec.2018.07.015
https://doi.org/10.1016/j.foodhyd.2018.03.054
https://doi.org/10.1016/j.foodhyd.2018.03.054
https://doi.org/10.1080/00103624.2022.2072867
https://doi.org/10.1080/00103624.2022.2072867


 

944 

Yazhini, R. I. et al. / J. Appl. & Nat. Sci. 15(3), 937 - 944 (2023) 

26. Subramanian, K. S., Manikandan, A., Thirunavukkarasu, 

M. & Rahale, C. S. (2015). Nano-fertilizers for balanced 

crop nutrition. Nanotechnologies in Food  

Agriculture, 69-80. doi: https://doi.org/10.1007/978-3-319-

14024-7_3 

27. Sugumaran, V., Kamalakkannan, A. & Subramanian, B. 

(2023). Extricating the effect of sodium monovalent cation 

in the crystallization kinetics of bioactive glass and its 

influence on bioactivity. Materials Chemistry Physics, 305

(127897. doi: https://doi.org/10.1016/j.matchemphys.202 

3.127897 

28. Thirunavukkarasu, M. & Subramanian, K. (2014). Surface 

modified nano-zeolite used as carrier for slow release of 

sulphur. Journal of Applied and Natural Science, 6(1), 19-

26. doi: https://doi.org/10.31018/jans.v6i1.369 

29. Verma, J., Kushwaha, S., Singh, S. P. & Pandey, P. R. 

(2020). Effect of sulphur on oilseeds. Environment, Agri-

culture Health, 32 

30. Zenda, T., Liu, S., Dong, A. & Duan, H. (2021). Revisiting 

Sulphur—The once neglected nutrient: It’s roles in plant 

growth, metabolism, stress tolerance and crop production. 

Agriculture, 11(7), 626. doi: https://doi.org/10.3390/

agriculture11070626 

https://doi.org/10.1007/978-3-319-14024-7_3
https://doi.org/10.1007/978-3-319-14024-7_3
https://doi.org/10.1016/j.matchemphys.2023.127897
https://doi.org/10.1016/j.matchemphys.2023.127897
https://doi.org/10.31018/jans.v6i1.369
https://doi.org/10.3390/agriculture11070626
https://doi.org/10.3390/agriculture11070626

