Foliar Nano-Sulphur Application Enhances Growth Performance and Yield Formation in Sunflower (Helianthus annuus L.)

Abstract
Sunflower productivity is often limited by sulphur deficiency, which affects growth, yield, and oil quality, making proper nutrient management essential. Recent advances show that sulphur nanoparticles applied through foliar spray with surfactants improve nutrient uptake and enhance crop performance sustainably. A pot culture experiment was conducted at College of Agriculture, Rajendranagar, PJTAU, Hyderabad during the kharif season of 2024 to evaluate the effect of foliar application of green synthesized sulphur nanoparticles, prepared using pomegranate peel extract, with and without surfactant (Tween 20 @ 0.5 mL L-¹) on growth, physiological traits, yield attributes and seed sulphur content in sunflower. The experiment was laid out in a Completely Randomized Design with ten treatments and three replications. The results revealed that foliar application of sulphur nanoparticles significantly improved plant growth, chlorophyll content, yield and seed sulphur content compared to control and zinc sulphate application. Among the treatments, sulphur nanoparticles at 500 ppm along with Tween 20 recorded the highest plant height (199.4 cm), leaf area per plant (213.7 cm²), SPAD value (46.53), head diameter (14.67 cm) and seed yield per plant (73.1 g) and was statistically superior to most treatments. Seed sulphur content increased with increasing nanoparticle concentration, with the highest value (0.62%) observed at 1000 ppm with surfactant. The study indicated that the optimum concentration of sulphur nanoparticles (500 ppm) combined with enhances growth and yield performance in sunflower, whereas higher concentrations are more effective for sulphur enrichment rather than yield improvement.
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1. Introduction
Sunflower (Helianthus annuus L.) is one of the most important oilseed crops cultivated globally due to its high-quality edible oil and adaptability to a wide range of agro-climatic conditions. Despite its economic importance, sunflower productivity is often constrained by inadequate and imbalanced nutrient management, particularly of secondary nutrients such as sulphur. Sulphur is an essential macronutrient involved in the synthesis of sulphur-containing amino acids, proteins, enzymes and vitamins and it plays a critical role in chlorophyll formation and oil biosynthesis (Priya and Brar, 2020; Bahadur et al., 2025). In oilseed crops, adequate sulphur supply has been reported to significantly enhance growth, photosynthetic efficiency, seed yield and oil quality (Shah et al., 2022; Kumari et al., 2025). However, intensive cultivation practices and the widespread use of sulphur-deficient fertilizers have led to increasing sulphur deficiency in agricultural soils, thereby limiting crop productivity (Kamal et al., 2025).
Recent advances in nanofertilizers have opened new avenues for improving nutrient use efficiency and sustainable crop production. Nanofertilizers, owing to their nanoscale size, high surface area and enhanced reactivity, enable controlled and targeted delivery of nutrients, resulting in improved nutrient uptake and reduced losses (Kah et al., 2018). Among them, sulphur nanoparticles (SNPs) have gained considerable attention as an efficient source of sulphur due to their ability to enhance nutrient availability and plant physiological responses. Studies have demonstrated that nano-sulphur application improves plant growth, photosynthetic activity and nutrient assimilation compared to conventional sulphur sources (Ningthi et al., 2024). The improved performance is attributed to the enhanced mobility and interaction of nanoparticles with plant tissues, which facilitates better absorption and utilization. Green synthesis of nanoparticles using plant extracts has emerged as an eco-friendly and sustainable alternative to conventional chemical methods. Plant-derived biomolecules act as natural reducing and stabilizing agents, enabling the formation of nanoparticles without the use of hazardous chemicals. Pomegranate peel extract, rich in polyphenols and antioxidants, has been widely recognized as an effective medium for nanoparticle synthesis (Monika et al., 2024; Shaban et al., 2024), ensuring environmental safety and enhanced compatibility with plant systems (Salem et al., 2016).
Foliar application of nutrients is an efficient method for supplying essential elements directly to plant tissues, particularly during critical growth stages. It ensures rapid nutrient absorption and minimizes losses associated with soil application. However, the effectiveness of foliar fertilization is often limited by poor adhesion and restricted penetration through the leaf cuticle. The use of surfactants plays a crucial role in improving spray characteristics by enhancing wetting, spreading and retention of the spray solution, thereby increasing nutrient uptake efficiency (Fernández and Eichert, 2009; Fernández and Brown, 2013). Non-ionic surfactants such as Tween 20 are particularly effective in improving foliar spray efficiency due to their ability to reduce surface tension and enhance cuticular permeability.
Despite the established importance of sulphur in crop nutrition and the emerging potential of nanofertilizers, limited information is available on the use of green synthesized sulphur nanoparticles, particularly in combination with surfactants, in sunflower cultivation. In addition, the influence of such formulations on crop performance under foliar application remains inadequately explored. Therefore, the present study was conducted to assess the effect of foliar application of green synthesized sulphur nanoparticles, prepared using pomegranate peel extract, with and without Tween 20, on growth, physiological parameters, yield and seed sulphur content in sunflower.
2. Materials and methods:
During the 2024 kharif season, a pot culture experiment was carried out in the Horticultural Garden, College of Agriculture, Rajendranagar, Professor Jayashankar Telangana Agricultural University, Hyderabad, India. The experimental farm is situated 523 meters above mean sea level in latitude 17°19′15.24′ N and longitude 78°25′1.85′ E. The experimental site is located in the Southern Telangana Agro-climatic zone of Telangana. According to Troll’s climate classification, it falls under semi-arid tropic region. The experimental soil is characterised as sandy loam in texture with neutral pH (7.20), low electrical conductivity (0.40 dSm-1), low organic carbon (0.38 %), low available nitrogen (200.52 kg ha-1), high phosphorous (33.61 kg ha-1), medium available potassium (181.25 kg ha-1) and medium sulphur content (11.58 ppm). Sunflower (Helianthus annuus L.) variety NDSH-1012 was used in the experiment. Ten treatments with three replications made up the completely randomized design of the trial. At a rate of 75:90:30 kg ha⁻¹ of N, P2O5 and K2O, respectively, the recommended dose of fertilizers (RDF) was applied. Urea, diammonium phosphate and muriate of potash provided nitrogen, phosphorus and potassium. Additionally, for the irrigated crop in all treatments, boron was sprayed on the leaves for proper seed setting and yield formation as borax @ 0.2% at the ray floret opening stage.  
In addition to a control and zinc sulphate as a foliar spray treatment, the treatments included varying concentrations of SNPs made from the green synthesis approach using pomegranate peel extract and delivered as foliar sprays with or without surfactant (Tween-20 @ 0.5 mL L-¹). T₁: Control (RDF NPK), T2: ZnSO4 @ 0.5%, T3: SNPs @ 250 ppm, T4: SNPs @ 250 ppm + surfactant, T5: SNPs @ 500 ppm, T6: SNPs @ 500 ppm + surfactant, T7: SNPs @ 750 ppm, T8: SNPs @ 750 ppm + surfactant, T9: SNPs @ 1000 ppm and T10: SNPs @ 1000 ppm + surfactant were the treatments. A manually operated hydraulic sprayer was used to apply synthesized SNPs as foliar sprays given as two sprays during the crop growth period: the first spray at the head initiation stage and the second spray at 15 days after the first spray. The parameters viz., plant height (cm), leaf area (cm2 per plant) SPAD readings @ flowering, head diameter (cm), seed yield per plant (g) and sulphur content in seed (%) were recorded during the investigation.
3. Results and discussion:
The results of the present investigation clearly demonstrated that foliar application of green synthesized sulphur nanoparticles (SNPs), prepared using pomegranate peel extract, with and without surfactant (Tween 20 @ 0.5 ml L-¹), significantly influenced growth, physiological traits, yield attributes and seed sulphur content in sunflower. The variation in crop performance across treatments indicates the combined effect of nanoparticle concentration and efficiency of foliar absorption (Table 1).
Plant height was significantly influenced by the treatments, with the maximum height (199.4 cm) recorded under foliar application of SNPs at 500 ppm along with Tween 20, which was statistically on par with SNPs at 500 ppm without surfactant and SNPs at 250 ppm with surfactant, but significantly superior to all other treatments. The enhancement in plant height may be attributed to the role of sulphur in the synthesis of essential amino acids such as cysteine and methionine, which are fundamental for protein formation and cell division. Sulphur also plays a key role in enzyme activation and chloroplast development, thereby promoting vegetative growth. The improved performance of nanoparticle based sulphur over conventional sources may be due to their higher surface area and reactivity, leading to better absorption and utilization by plants, as reported by Salem et al. (2016), who observed enhanced growth in crops due to nanoparticle-mediated nutrient delivery. The additional benefit of Tween 20 could be attributed to its ability to reduce surface tension and enhance cuticular penetration, thereby increasing nutrient uptake efficiency (Fernández and Eichert, 2009).
Leaf area per plant was also significantly improved, with the highest value (213.7 cm²) recorded under SNPs at 500 ppm with Tween 20, which was significantly superior to all other treatments. The increase in leaf area may be due to enhanced cell elongation and division facilitated by improved sulphur nutrition and better metabolic activity. Sulphur is known to influence the synthesis of coenzymes and vitamins that regulate plant growth processes. Increased leaf area contributes to higher photosynthetic surface, thereby improving dry matter accumulation (Wang et al., 2003; Ahmad and Abdin, 2010). Similar findings were reported by Scherer (2001) and Kumar et al. (2021), who emphasized the importance of sulphur in promoting leaf development and overall plant growth. The superior performance of surfactant treated plants further supports the role of adjuvants in enhancing foliar nutrient absorption and distribution.
The SPAD values, representing chlorophyll content, were significantly higher under SNP application, with the maximum value (46.5) recorded at 500 ppm with Tween 20, which was on par with 500 ppm without surfactant. The increase in chlorophyll content can be attributed to the involvement of sulphur in chlorophyll synthesis and stabilization of chloroplast structure. Sulphur is also essential for the formation of ferredoxin and activation of enzymes involved in photosynthesis. Enhanced chlorophyll content leads to improved photosynthetic efficiency and biomass production. These findings are in agreement with those of Marschner (2012), who reported that sulphur deficiency directly reduces chlorophyll formation and photosynthetic capacity. The decline in SPAD values at higher concentrations (1000 ppm) suggests that excess sulphur may disrupt physiological balance, possibly due to oxidative stress or nutrient antagonism.
Head diameter and seed yield per plant were significantly influenced by SNP application. The maximum head diameter (14.7 cm) and seed yield (73.1 g plant-¹) were recorded under SNPs at 500 ppm with Tween 20, which was statistically superior to most treatments. The increase in yield attributes may be attributed to improved source-sink relationship, enhanced photosynthetic efficiency and better translocation of assimilates towards reproductive organs. Sulphur plays an important role in oilseed crops like sunflower by enhancing oil synthesis and seed development. The positive effect of nanoparticles on yield may also be linked to their ability to facilitate controlled nutrient release and improved nutrient use efficiency. Similar results were reported by Thirunavukkarasu et al. (2018) and Yadav et al. (2026), who highlighted that nano sulphur improve crop productivity through enhanced nutrient uptake and reduced losses. However, higher concentrations (750 and 1000 ppm) resulted in comparatively lower yield, indicating that excessive nanoparticle application may lead to toxicity or metabolic disturbances, reducing productivity.
Seed sulphur content increased progressively with increasing SNP concentration, with the highest value (0.62%) recorded under 1000 ppm with Tween 20, which was on par with 1000 ppm without surfactant. This suggests that higher concentrations of SNPs enhance sulphur accumulation in seeds due to increased availability and absorption of sulphur. Sulphur is a key component of storage proteins and contributes to improved seed quality. However, the lack of corresponding increase in yield at higher concentrations indicates that while nutrient enrichment is enhanced, it may occur at the cost of overall plant performance. This phenomenon may be explained by the fact that excessive nutrient availability can lead to metabolic imbalance or feedback inhibition of growth processes (Shafqat et al., 2023; Gowtham et al., 2024). Across all parameters, the inclusion of Tween 20 significantly enhanced the effectiveness of SNP application. This may be attributed to improved wetting, spreading and retention of spray droplets on leaf surfaces, leading to increased nutrient absorption. The findings are consistent with the observations of Fernández and Brown (2013), who reported that surfactants enhance the efficiency of foliar fertilization by improving nutrient penetration through the cuticle. 
The simultaneous improvement in growth parameters (plant height and leaf area), physiological efficiency (SPAD values) and yield traits indicates a positive crop response at multiple levels, resulting in higher productivity under optimum treatment (T6). The superior performance at 500 ppm SNPs with Tween 20 @ 0.5 ml L-¹ reflects a favourable condition for balanced growth and efficient functioning, leading to increased yield. In contrast, higher concentrations enhanced seed sulphur content without corresponding improvement in growth and yield, indicating that while nutrient enrichment increased, it did not translate into better productivity. These findings highlight that optimizing nanoparticle dosage is essential to achieve both maximum productivity and improved nutritional quality in sunflower.
4. Conclusion
Green synthesized sulphur nanoparticles proved to be an effective foliar nutrient source for enhancing growth, physiological performance and productivity of sunflower. The response of the crop was strongly influenced by nanoparticle concentration as well as the efficiency of foliar application, with the inclusion of Tween 20 markedly improving nutrient uptake through better spreading and penetration on the leaf surface. An optimum concentration of 500 ppm of sulphur nanoparticles was found to be critical for achieving maximum productivity, as moderate levels ensured efficient nutrient utilization and improved physiological functioning. Although higher concentrations enhanced sulphur accumulation in seeds, they did not correspond to increased yield, indicating that excessive nutrient availability may lead to reduced efficiency or physiological imbalance. The combined use of green synthesized nanoparticles and surfactant highlights a promising approach for improving nutrient use efficiency in oilseed crops. These findings underscore the importance of optimizing nanoparticle dosage and application strategy for achieving a balance between yield enhancement and nutrient enrichment. Further validation under field conditions and across varying environments would be essential to establish the practical feasibility and long-term sustainability of this approach in sunflower cultivation.
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	Table 1. Influence of foliar spray (FS) of synthesized SNPs and surfactant on growth, physiological trait, yield attributes and seed sulphur content in sunflower.

	Treatments
	Plant height (cm)
	Leaf area (cm2 per plant)
	SPAD @ flowering
	Head diameter (cm)
	Seed yield per plant (g)
	S content in seed (%)

	T1: Control (RDF NPK)
	141.9
	112.3
	34.2
	11.1
	41.7
	0.23

	T2: FS of ZnSO4 @ 0.5 %
	158.5
	151.1
	39.9
	12.3
	50.2
	0.39

	T3: FS of SNPs @ 250 ppm
	150.7
	140.1
	37.6
	11.8
	45.8
	0.32

	T4:  FS of SNPs @ 250 ppm with surfactant
	180.0
	176.1
	41.9
	13.3
	60.6
	0.36

	T5: FS of SNPs @ 500 ppm
	185.5
	180.0
	45.0
	13.7
	59.6
	0.38

	T6:  FS of SNPs @ 500 ppm with surfactant
	199.4
	213.7
	46.5
	14.7
	73.1
	0.45

	T7:  FS of SNPs @ 750 ppm
	160.7
	160.3
	39.9
	12.1
	50.3
	0.49

	T8:  FS of SNPs @ 750 ppm with surfactant
	165.4
	150.3
	39.6
	12.7
	51.9
	0.54

	T9:  FS of SNPs @ 1000 ppm
	150.0
	125.9
	35.6
	11.5
	44.0
	0.57

	T10:  FS of SNPs @ 1000 ppm with surfactant
	151.8
	129.5
	36.4
	11.9
	50.1
	0.62

	SEm±
	6.3
	7.1
	1.8
	0.7
	3.5
	0.02

	CD 5%
	18.7
	7.1
	5.5
	2.0
	10.5
	0.05

	CV (%)
	6.6
	8.0
	8.0
	9.5
	11.6
	7.01




