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NANO CALCIUM PREPARATION DERIVED FROM EGGSHELL RECYCLING: ITS EFFECTS ON PEANUT PRODUCTIVITY AND THE NUTRIENT STATUS OF PLANT AND SOIL

ABSTRACT 

	Through the utilization of technology that is both cost-effective and efficient, agricultural by-products have been repurposed to produce specific chemicals, hence increasing their utilization. The purpose of this study is to synthesize and characterize nano calcium (CaO), which is produced from eggshell, along with different forms derived from it. X-ray diffraction (XRD) and particle size analysis (PSA) were employed to characterize the nano calcium that was created from eggshell. These nanomaterials were tested on peanut plants. A field experiment utilizing a split-plot design with three replications was conducted at the Ismailia Agriculture Research Station in Ismailia during the summer of 2021 to evaluate the effects of various nano calcium forms (calcium oxide, calcium acetate, calcium nitrate, and calcium phosphate) as main plots on peanut production and certain soil chemical properties in comparison to the control (gypsum). Nano-calcium and its various forms were administered at two concentrations, 1.5 and 3 g L⁻¹, in sub-main plots. The experiment's findings showed that the peanut plant's growth parameters (yield, straw, pod, and seed) rose considerably, as well as total N, P, K, and Ca content, when compared to the control. Calcium phosphates showed the highest mean value increase in crop productivity. Furthermore, various forms and rates of nano calcium applications had a favorable effect on the chemical characteristics of soil; in particular, calcium acetate at 3 g L⁻¹ decreased soil pH and raised EC, OM, and accessible NPK. Also, when the rate of nano calcium administration increased, accessible calcium, soluble calcium, and exchangeable calcium typically increased. In summary, recycling organic waste can improve plant productivity and soil fertility, thereby diminishing reliance on synthetic fertilizers. Research shows that there is little difference in how well calcium treatments work, meaning that gypsum can be replaced with other calcium sources like nano calcium oxide, nano calcium nitrate, nano calcium acetate, and nano calcium phosphate.
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1. INTRODUCTION 

Excessive volumes of waste from agriculture can harm ecosystems and the environment by releasing harmful substances. Nagalakshmi et al. (2022) report that the world produces millions of tonnes of eggshells daily as biowaste. Food industry waste produces these shells, making them more plentiful, affordable, and accessible materials. Furthermore, these eggshells are regarded as waste materials and, if they are not pretreated, can be dumped in landfills as trash from a variety of food sectors. which pollutes the environment through microbial activity. Chicken eggshells, which have high calcium carbonate content, are used as a substitute for limestone, a mineral that is mined underground and removed from sedimentary rocks. These days, scientists are more interested in turning bio-waste resources into useful goods. Eggshells may thus be recycled to create fertilizer and are beneficial for plant growth and root development. The use of eggshell powder improved the growth and productivity of several crops, including tomatoes, cowpeas, red chillies, and others (Taufique et al., 2014; Kurniastuti, 2018; Radha and Karthikeyan, 2019). To address the issue of the availability of this agricultural waste, eggshells provide a superior source of calcium in the form of calcium oxide (CaO). According to Awogbemi et al. (2020), eggshells contain around 85–95% calcium carbonate and different macro- and micronutrients, including magnesium, potassium, iron, and phosphorus. There are 381-401 mg of calcium per gram of eggshell (Brun et al., 2013). Eggshells are rich in calcium carbonate (CaCO₃), also known as calcite, which is the raw material used to make lime and limestone. CaO, also referred to as lime or quicklime, is used to make gardens and agricultural soils less acidic. The conversion of CaCO₃ to CaO and CO₂ is the total calcination process of the eggshell powder (Nuryantini et al., 2019). The benefits of using eggshell waste include replacing natural calcium sources (CaCO₃, CaO, Ca(OH)₂), reducing household waste, conserving natural resources from rock and soil, reducing global warming, and developing new green ceramic materials and products, such as dielectrics, catalysts, biomaterials, fuel cells, and fillers, according to Tangboriboon et al. (2012).	Comment by Mariam Kareem: delete	Comment by Mariam Kareem: delete	Comment by Mariam Kareem: Replace with “are often”	Comment by Mariam Kareem: Include a period before “which” and replace with “This practice”
Calcium (Ca) is important for plant growth and production because it helps build the cell wall, keeps cells balanced, activates enzymes, and helps absorb ions (Marschner, 2012). Calcium significantly influences the components of plant tissues and cell activity (Elmar et al., 2007). Calcium ions also regulate fruit ripening (Singh and Chaudharim, 2007). Since calcium is an immobile element and cannot readily travel from one section of a plant to another, direct contact with it can increase the amount of calcium in plants more quickly (Manganaris et al., 2005). Additionally, as noted by Tejashvini and Thippeshappa (2019), calcium plays a crucial role in the formation of the cell wall and calcium pectate in the middle lamella, which regulates the entry of only those nutrients that are beneficial for plants. Calcium pectate represents the type of calcium present in seeds. Calcium at the root tip is essential for meristematic activity and acts as a foundation for neutralizing organic acids and other toxins (such as aluminum) produced by plants. It helps maintain the chromosomal structure and plays a role in mitosis, or cell division. It serves as an activator or essential cofactor for various enzymes, such as hydrolases. It activates enzymes such as amylase, phospholipase, arginine kinase, and adenosine triphosphatase (ATPase). It promotes the incorporation of nitrogen into organic components. It promotes the incorporation of nitrogen into organic compounds, especially proteins. 	Comment by Mariam Kareem: From the bibliography, you referenced “Singh, A. L., & Chaudhari, V. (2007” and not Chaudharim.
Nano fertilizers, which are accessible nutrients, work with materials that are extremely small, between 8 and 10 nm in size. The use of nano fertilizers enhances plant growth, productivity, and the efficiency of nutrient absorption (Desoky et al., 2021). According to their physical and chemical properties, nanoparticles exhibit enhanced qualities. Therefore, fertilizers utilizing nanotechnology are inexpensive, environmentally benign, and less hazardous (Khan and Rizvi, 2017). The value of sprayed nano fertilizer in enhancing plant development and production for various crops, including cucumber (Cid-López et al., 2021) and peanut (Xiumei et al., 2005), has been clarified by a number of previously published studies. In this regard, Abdelghany et al. (2022) observed that shelling percentage, plant height, crop growth rate, 100-seed weight, seed yield, oil content, and seed protein in peanuts were all enhanced by calcium in nano form. Additionally, to extend the shelf life of fruits, postharvest applications of nano-calcium fertilizer are made (Cid-López et al., 2021). Furthermore, Krishnan et al. (2025) noted that nanoparticles can boost plant metabolism and have unique physicochemical properties. The usage of various fertilizers is necessary for the growth and development of plants. Most fertilizers are inefficient due to several factors, including leaching, hydrolysis, photolysis degradation, and decomposition. To increase agricultural productivity and minimize nutrient losses after fertilization, the nanoparticles must investigate novel uses for nanotechnology and nanomaterials. They could control the discharge of chemical fertilizers, improve target action, and release nutrients when needed (El Briak et al., 2002; Habte et al., 2019). 
Furthermore, one important inorganic molecule with antimicrobial qualities is calcium oxide (CaO), which is made from CaCO₃ by decomposition at temperatures higher than 900°C. Furthermore, there are several ways to make CaO nanoparticles, and each one produces nano-CaO with unique chemical and physical characteristics (Khine et al., 2022). CaO and other metal oxide nanoparticles are stable, safe, economical, easy to make, and have special optical and structural qualities. When you compare nanoparticles to larger materials, they act more like individual atoms because they have more surface area compared to their volume, better properties due to their small size and shape, increased chemical reactivity, and quicker movement. Additionally, Bano and Pillai (2020) noted that the simplicity and affordability of CaO NPs' manufacture is one of their most significant benefits.
In addition, El-Temsah et al. (2023) reported that peanuts (Arachis hypogaea L.) are a cost-effective and necessary oleaginous crop that is cultivated in tropical and subtropical areas of the world. Its seeds contain vital vitamins and minerals, making them highly nutritious for human consumption (Kassa et al., 2009). Its output must be expanded, nevertheless, because of the world's fast-growing population and the detrimental effects of climate change on field agricultural yield (Mall et al., 2017). Also, Zharare et al. (2009) reported that one of the most important variables restricting peanut development and reproduction is calcium, which eventually impacts pod and seed yields. It is necessary for structural functions in membranes and the cell wall. Furthermore, it plays a function in signaling during plant development and is necessary for cell division, extension, osmoregulation, and enzyme modulation. In the production of legumes like peanuts and soybeans, it is therefore essential to the development of pods and seeds (White and Broadley, 2003, and Hawkesford et al., 2012). This is supported by research from Mannan et al. (2022) and Swailam et al. (2021) who reported that calcium fertilizer enhances the physiological process, plant development, pod yield, seed quality, and storage potentiality. During the pod-filling stage, peanuts need more calcium than during the blooming stage. 
On the other hand, Ananthakumar et al. (2019) and Tejashvini and Thippeshappa (2019) found that the application of diverse calcium sources significantly influenced the soil pH. However, Kadirimangalam et al. (2022) observed no effect of gypsum application on soil pH. As well as, Tejashvini and Thippeshappa (2019) revealed that calcium application resulted in elevated soil electrical conductivity at the harvest stage. The spray solution may have settled on the soil surface, increasing the electrical conductivity (EC) of the soil extract while decreasing the EC in the control sample. Smith and Doran (1997) established that soil electrical conductivity (EC) serves as an indirect indicator of the nutrient availability for plant uptake. Additionally, Ananthakumar et al. (2019) found that using different sources of calcium could increase the amount of organic matter in the soil by helping roots grow more, which adds more organic material after the crops are harvested. Also, Shaban et al. (2019) noted that calcium sources influenced the availability of nitrogen, phosphorus, and potassium (mg kg⁻¹) differently in sandy soil. Azeez et al. (2021) found that adding Ca nanoparticles and Ca(NO₃)₂ increased the levels of nitrogen and phosphorus in the soil but significantly reduced the amount of potassium. In the modified soil, macro- and micronutrients such as calcium, nitrogen, and iron were more readily available.
The most popular calcium fertilizer is gypsum, which has a calcium content of 23.3% and is treated during blooming for peanuts (Kadirimangalam et al., 2022). However, it takes a long time for the root system to absorb and provide calcium to the fruit. This type of treatment is not suitable for the immediate needs of fruit development and growth. Therefore, in these circumstances, it is better to provide calcium exogenously to meet the needs of peanut plants. When compared to the traditional application, the exogenous administration enhances calcium absorption (Casero et al., 2002). Due to field crops' low nutrient usage efficiency for the most crucial components, producers use excessive amounts of fertilizer, contaminating the environment (Yin et al., 2018).
This study aims to reduce costs and improve the environment by replacing the commercial calcium source (gypsum) with a natural source (nano calcium produced from eggshells), especially nano calcium oxide (CaO) and its related forms: nano calcium nitrate (CaN), nano calcium acetate (CaA), and nano calcium phosphate (CaP). The impacts on peanut productivity, overall nutritional content of the peanut plant, and soil chemical characteristics were assessed.

2. material and methods 

The use of agricultural by-products to create nanomaterials has led to an increase in their consumption. We aim to accomplish this objective by employing a cost-effective and efficient technology that transforms eggshells into nano calcium. Synthesis of nano calcium was carried out, and X-ray diffraction (XRD) and particle size analysis (PSA) were used to characterize the material. Additionally, a field experiment was conducted to evaluate the effects of foliar treatments of nano calcium in various forms and rates on the production of peanuts under sandy soil conditions.
2.1Preparation of nano calcium oxide from eggshell. 
After being carefully cleansed with tap water, the raw eggshells were then washed with distilled water to remove any organic material that may have been present. Thirty minutes were spent bringing it to a boil with water. Following a nightlong drying process in an oven with a temperature of 110 oC, the substance was then crushed and ground into a powder using an agate mortar and pestle.
2.1.1 Calcination process 
Following the cleaning and crushing process, the raw eggshell powder was transferred to a ceramic crucible and subjected to calcination for three hours at a temperature of 900°C within a muffle furnace under an air atmosphere and the chemical transformation of CaCO₃ into CaO according to equation below. To avoid hydrolysis, the sample crucibles were taken out of the muffle furnace post-calcination and permitted to cool in ambient air according to Nagalakshmi et al. (2022). The nano calcium oxide was transformed into three forms by using acetic acid, 
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 nitric acid,and phosphoric acid to produce three derivative compounds: calcium acetate (CaA), calcium nitrate (CaN), and calcium phosphate (CaP), using the appropriate quantity of each acid, as seen in Fig. 1.
2.1.2 Characterization of nano-calcium oxide 
To examine the crystalline nature of the produced nano calcium oxide particles, only a few techniques were used, such as X-ray diffraction (XRD) (X'Pert Pro, Pan Alytical, Netherlands) with Cu Kα (λ = 1.5406 Å) as a radiation source and diffraction angles 2θ ranging from 10° to 90°. Additionally, the particle size analyzer was used to determine the average particle.
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	Fig. 1 Preparation of nano calcium oxide particles by calcination process of eggshell at   9000C and their forms.


2.2 Field experiment
	Table 1.   Certain physical and chemical characteristics of the tested soil.

	Particle size distribution %
	
	Chemical soil properties

	Coarse sand 
	60.4
	
	
	CaCO3 %
	1.4

	Fine sand
	30.4
	
	
	pH (1:2.5)*
	8.3

	Silt 
	3.2
	
	
	EC (dSm-1)** 
	0.37

	Clay
	6.0
	
	
	OM %
	0.32

	Soil texture
	Sandy
	
	
	
	

	Soluble cations       (meq L-1)

	Soluble anions          (meq L-1)

	Available nutrients (mgKg-1)

	Ca2+
	0.94
	CO2-
	-
	N
	40

	Mg2+
	0.89
	HCO3-
	1.42
	P
	15

	Na+
	1.45
	Cl-
	1.02
	K
	67

	K+
	0.45
	SO4--
	1.29
	
	

	 * Soil: water suspension              **1:5 soil: water extraction



The Ismailia Agriculture Research Station farm (ARC) in the Ismailia Governorate, Egypt, conducted a field experiment during the summer season of 2021, growing peanuts (Arachis hypogaea L. Giza 6) in sandy soil under a sprinkler irrigation system. The institution farm was located at latitude 30o 35' 41.901" N, longitude 32o 16' 45.834" E. The experimental soil's physical and chemical properties are displayed in Table 1.
















2.2.1 Experimental design and treatments




















The experimental setup utilizes a split-plot approach with three replications. The main plots included four different types of nano calcium, along with the control (CR), which is gypsum. The nano calcium treatments included nano calcium oxide CaO, calcium acetate (CaA), calcium nitrate (CaN), and calcium phosphate (CaP). The sub-main plots included two concentrations for each treatment, specifically at 1.5 and 3 g L-1.  These treatments were foliar applications four times every 15 days from planting.
2.2.2 Agricultural practices and fertilizing systems
Prior to cultivation, normal agricultural processes were implemented in accordance with crop-specific agricultural recommendations. Peanuts (Giza-6) were chosen as the test crop and planted. Mineral fertilizers (N, P, and K) were applied to all treatments at the recommended levels for peanut crops. During soil preparation, 200 kg fed-1 of calcium superphosphates (P₂O₅) was applied to the soil surface along with applied gypsum at a rate of 500 kg fed⁻¹ to the control treatment. After 10 days from sowing, nitrogen fertilizer was applied at 15 units (50 kg fed-1) from ammonium nitrate (33.5%) as a booster dose beside the rhizobium bacterial inoculation. Additionally, at the seeding stage and one month after planting, the plant received two equal doses of potassium sulfate (48% K₂O) at 50 kg fed⁻¹ in two equal doses at sowing and 30 days after planting. The plants were treated with chelated micronutrients such as Fe, Mn, Zn, and Cu, which were applied 30 and 45 days after sowing. Furthermore, standard agricultural procedures were followed in accordance with crop-specific criteria.
2.2.3 Plant and Soil Measurements

Plant samples were collected from each peanut plot at harvest following full maturation to assess yield components, including biological yield, straw, pod, and seed yield (Kg fed-1). Employing the methodology of Page et al. (1982), plant samples from each treatment were subjected to heating at 70°C for 48 hours, subsequently ground in a stainless-steel mill, and then digested with a solution of sulfuric acid and hydrogen peroxide. Subsequent to the extraction of aliquots, the Kjeldahl method was employed to analyze nitrogen content, while spectrophotometric analysis was conducted for phosphorus, and a flame photometer was utilized to quantify potassium concentration. Following the plant harvest, soil samples were collected from the experimental region (0-30 cm depth). These samples pass through 2 mm sieve pores after being air-dried. A soil/water suspension (1:2.5) was used to determine the pH, a 1:5 soil water extract was utilized to estimate the EC, and the Walkey and Black procedure was employed to determine the organic matter (OM). The available nitrogen content was determined using Kjeldahl methods (Page et al., 1982). Using sodium bicarbonate (NaHCO₃) 0.5 M at pH 8.5, available P was extracted according to Watanabe and Olsen (1965), and the ascorbic acid technique was assessed using a spectrophotometer. The available potassium was extracted with ammonium acetate and quantified using a flame photometer (Page et al., 1982).

2.3 Statistical analysis
	The methodology of Snedecor and Cochran (1980) was used to statistically examine all of the data across the season. Using a probability threshold of 0.05, the Least Significant Difference (LSD) test was employed to evaluate the significance of changes between treatments. As stated in the study by Freed et al. (1989), the "MSTAT-C" computer software was ultimately utilized for all statistical analyses. The correlations were carried out using Microsoft Excel.

3. results and discussion

3.1Characterization of nano-calcium
3.1.1 X-ray diffraction (XRD) 
 Fig. 2 displays the findings of the XRD test conducted on a nano-sized calcium oxide derived from eggshells. XRD analysis behaved and is shown in good accordance with the Joint Crystal Powder Diffraction Standard (JCPDS) card number 77–2376 to determine the truth about whether or not the synthesized sample was CaO nanoparticles and to examine the structure of nanoparticles. The peaks were found at 2𝜃= 32.2, 37.3, 58.3, 64.1, and 77.3, were correspondingly assigned to the plane phases of CaO (111), (200), (220), (311), and (222). CaO nanoparticles' excellent polycrystalline nature was demonstrated by the XRD pattern's sharp peaks and smaller spectral breadth, with the primary peak appearing at 2𝜃= 37.3. Furthermore, the outcome showed that during synthesis, the calcium carbonate, which made up the majority of the hen eggshell, was completely transformed into calcium oxide. As shown on ICDD card No. JCPDS No. 00-033-0664, the face-centered cubic structure of CaO was validated by all of these peaks. Our findings concur well with those of Alobaidi et al. (2022) and Krishnan et al. (2025).
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	Fig. 2 X-ray diffractions of powdered CaO nanoparticles following calcination at 900 °C




3.1.2 Particle size analyzer (PSA)
A material's size is ascertained using the findings of a particle size analysis. Fig. 3 displays the findings of measurements of eggshell's calcined nano calcium oxide made using a particle size analyser. A particle size analyser was used to determine the average particle. Distilled water was used to create the CaO dispersion solution. The average particle size of the particles is the mean value of the histograms. 37.4 nm is the average particle size that was determined. These findings are consistent with earlier research showing that the precipitation approach may be used to produce particles as small as nanometres (Gur et al., 2022 and Farooq et al., 2023).
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	Fig. 3 Calcium oxide nanoparticle dispersion in the particle size analyzer.



3.2 Impact of nano calcium forms, as well as varied rates on peanut yield components
Fig. 4 and Table 2 illustrate the effects of foliar application of nano calcium oxide (CaO) and its various forms calcium acetate (CaA), calcium nitrate (CaN), and calcium phosphate (CaP) at different rates (1.5 and 3 g L-1) compared to the control treatment (CR), which involved gypsum soil application, on the biological, straw, pod, and seed yields of peanuts grown in sandy soil. Comparing all studding treatments to the control treatment, peanut yield components generally increased significantly when applied in various forms and varying rates. Additionally, Fig. 4's findings showed that when compared to other forms, calcium phosphate was the best form of nano calcium. The corresponding percentages for biological, straw, pod, and seed output of peanut plants were 30, 31, 24, and 32%, respectively. Furthermore, a notable rise in peanut biological yield, straw yield, and seed yield was the outcome of increased of calcium forms rates (mean values). The greatest value, measured at 9501, 7714, 1787, and 1262 kg fed-1 for biological, straw, and seeds, respectively, was produced utilizing 3 g L-1 of nano calcium for the peanut crop.
Regarding interaction treatments, different forms of nano calcium with different rates affected biological, straw, pod, and seed yield of peanut. Table 2's findings showed the development characteristics of peanuts and the formation of CaP, with 3 g L-1 being the optimal treatment. Comparing peanut plants to the control, the relative proportion of yield components for CaP with 3 g L-1 treatment was 34, 36, 25, and 33% for biological, straw, pod and seed production, respectively. These results may be due to calcium action as the main cofactors in plants for many metabolism reactions (e.g., energy reactions in metabolism, enzymatic reactions, and synthesis of protein and nucleic acid along with certain other elements like nitrates, 




	[bookmark: _Hlk204638769][image: ]

	Fig. 4 Peanut yield components respond to various forms and rates of nano calcium in sandy soil conditions .

	CR (gypsum), CaO (Nano calcium oxide), CaA (Nano calcium acetate), CaN (Nano calcium nitrate), CaP (Nano calcium phosphate)


	Table 2.  Impact of the interaction between different forms and rates of nano calcium on peanut yield components in sandy soil.



	Nano Ca
forms
	Application rates (g L-1)
	Yield components (Kg fed-1)

	
	
	Biological
	Straw
	Pod
	Seed

	Control (gypsum)
	8064
	6608
	1456
	966

	CaO
	1.5
	8288
	6720
	1568
	1129

	
	3.0
	8344
	6720
	1624
	1202

	CaA
	1.5
	8848
	7252
	1596
	1145

	
	3.0
	9184
	7378
	1806
	1256

	CaN
	1.5
	9072
	7392
	1680
	1199

	
	3.0
	9688
	7784
	1904
	1260

	CaP
	1.5
	10192
	8400
	1792
	1197

	
	3.0
	10788
	8972
	1816
	1288

	LSD at 0.05
	695
	632
	246
	198

	CR (gypsum), CaO (Nano calcium oxide), CaA (Nano calcium acetate), CaN (Nano calcium nitrate), CaP (Nano calcium phosphate)









phosphates, and acetates) may have many benefits on peanut plant development and productivity. Our findings are consistent with those of Furio et al. (2020), who discovered that calcium phosphate is necessary for plants because it boosts nutrient absorption, reinforces cell walls, and promotes vitality. Calcium is a necessary element for plants, aiding in hormone production, enzyme activity, cell division, cell wall strength, and nutrient absorption. Another macronutrient required by plants for energy conversion and storage is phosphorus. In addition to encouraging root development, it affects crop value, disease resistance, and the early phases of plant maturity. Also, El-Ghany et al. (2021) found that foliar application of nano calcium phosphate increased plant growth parameters. The increase could be because foliar nano fertilizers affect the neuromas of vital processes inside the plant organs, increasing plant growth and nutrient absorption (El-Azizy et al., 2021). 
Additionally, Abdelghany et al. (2022) demonstrated that in sandy soil, calcium dramatically raised the number of branches, pods per plant, and biological production. Additionally, in sandy soil conditions, calcium nitrate dramatically boosted peanut output, according to Hamza et al. (2021). Furthermore, calcium nitrate fertilizer includes calcium and nitrate nitrogen, two vital nutrients for plants (Gül, 2024). One may say that top fertilization works well for all kinds of plants and soil due to the favorable interaction between nitrate and calcium. Furthermore, according to Kadirimangalam et al. (2022), calcium is a significant mineral found in soil and is essential for a number of metabolic and physiological functions. Similarly, Prasad et al. (2023) showed that plants may grow better because tiny nanoscale particles (CaO) can get in through the stomata due to their small size. These nanoparticles can reach the metabolic sites via either the apoplastic or symplastic pathways (Molnar et al., 2020; Kurczynska et al., 2021). Also, Zhang et al., 2020 and Manzer et al., 2020 added that nano CaO influenced metabolic processes, Auxin accumulation, transport, signalling, and the expression of several auxin-related genes are all by, which has an effect on plant development. 
El-Temsah et al. (2023) mentioned that gypsum was added directly to the soil near the area where peanuts grow to provide calcium (Ca2+) to the peanut fruits. However, in comparison to the other types of calcium, the gypsum that was provided from the soil demonstrated a worse agronomic performance, and the pH of the soil used for this experiment was high (8.6). A pH range of 7 to 8 is ideal for crop development and calcium availability (Gentili et al., 2018). This could potentially explain the reduced agronomic impact of the soil-provided gypsum. Furthermore, that outcome may be impacted by the difficulty of the plant's phloem and calcium absorption from the soil in comparison to the exogenously sprayed nano-calcium form. In addition, El-Temsah et al. (2023) found that exogenous calcium nanoparticle application improved peanut yield and quality while preventing calcium-deficient diseases in sandy soil conditions. By increasing the overall volume of plant root hairs, the application of nano calcium forms raised the number of siderophores in the rhizosphere, potentially increasing the soil's nutritional availability. Furthermore, calcium that was supplied foliarly was directly absorbed by leaves. Yang et al. (2022) discovered that exogenously administered calcium was more successful in preventing calcium insufficiency in peanuts. The production of nano CaO from eggshell waste enhanced seed growth more effectively than commercial gypsum and phosphogypsum (Inban et al., 2022). Janmohammadi et al. (2016) reached a similar conclusion: nano fertilizers provide readily available nutrients and promote overall plant growth and development. Krishnan et al. (2025) asserted that the enhancement in growth can be attributed to the optimal concentration of nano calcium oxide, which may facilitate nutrient absorption, water uptake, and overall metabolic functions in plants. Due to their diminutive size and larger surface area compared to bulk particles, nanoparticles can more readily penetrate plant tissues, enhancing cellular nutrition.
3.3 Macronutrient total content in peanut plant 
Fig. 5 and Table 3 illustrate the effects of foliar application of nano-calcium oxide (CaO) and its various forms, calcium acetate (CaA), calcium nitrate (CaN), and calcium phosphate (CaP), at different rates (1.5 and 3 g L⁻¹) compared to the control treatment (CR), which involved gypsum soil application, on the macronutrient total content in straw and seed of peanuts grown in sandy soil. When comparing all studied treatments to the control treatment, the uptake of N, P, K, and Ca generally increased significantly with the application of various forms and rates. Additionally, Fig. 5's findings showed that the following sequence might be used to describe the beneficial effects of the various nano calcium forms on straw and seed total content of P, K, and Ca: calcium phosphate > calcium nitrate > calcium acetate > calcium oxide > CR (gypsum). However, our findings showed that when compared to other forms, calcium nitrate was the best form of nano calcium for straw and seed total content of N. Also, Fig. 5's results show that a notable rise in peanut straw and seed total content from P, K, N, 
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	Fig 5. Response of macronutrient total content to different forms and rates of nano calcium under sandy soil conditions.

	CR (gypsum), CaO (Nano calcium oxide), CaA (Nano calcium acetate), CaN (Nano calcium nitrate), CaP (Nano calcium phosphate)




	[bookmark: _Hlk204529076]Table 3.  The macronutrient total content responded to the interaction between different forms and rates of nano calcium in peanut crops under sandy soil conditions.


	Nano CaO
forms
	Application rates (g L-1)
	Total nutrients content (Kg fed-1)

	
	
	Straw
	Seeds

	
	
	N
	P
	K
	Ca
	N
	P
	K
	Ca

	Control (gypsum)
	12.3
	5.10
	8.9
	12.9
	9.56
	11.6
	4.2
	11.6

	CaO
	1.5
	14.5
	5.48
	9.1
	13.5
	10.2
	12.3
	4.47
	12.5

	
	3
	15.4
	5.95
	10.9
	14.6
	11.1
	13.8
	4.91
	14.3

	CaA
	1.5
	16.5
	6.33
	10.4
	17.2
	11.2
	14.0
	5.36
	15.1

	
	3
	16.8
	6.77
	11.0
	19.8
	11.7
	14.3
	6.14
	17.6

	CaN
	1.5
	19.2
	7.47
	11.4
	17.8
	14.5
	15.2
	5.88
	15.7

	
	3
	21.3
	8.10
	12.5
	20.1
	16.4
	16.4
	6.56
	18.3

	CaP
	1.5
	16.9
	7.80
	11.5
	18.1
	13.5
	17. 3
	6.06
	16.5

	
	3
	17.1
	8.80
	13.9
	20.6
	15.9
	18.4
	7.09
	19.7

	LSD at 0.05
	4.0
	0.90
	3.2
	6.1
	3.0
	2.4
	2.3
	4.75

	CR (gypsum), CaO (Nano calcium oxide), CaA (Nano calcium acetate), CaN (Nano calcium nitrate), CaP (Nano calcium phosphate))























and Ca was the outcome of increased nano calcium rates (mean values). The greatest value, measured at 19.7, 12 and 19 kg fed-1 for straw and 14, 16, 6, and 17 kg fed-1 for seeds of N, P, K, and Ca total content, respectively, was produced utilizing 3 g L-1 of nano calcium.

Regarding interaction treatments, different forms of calcium nano with different rates affected the total content of N, P, K, and Ca for peanut straw and seed. Table 2's findings indicated that the formation of CaP, with a concentration of 3 g L⁻¹, was the optimal treatment for the total content of P, K, and Ca in both straw and seeds. While the highest value of N total content was obtained with CaN at 3 g L⁻¹. Comparing peanut plants to the control, the relative proportion of total content of P, K, and Ca for CaP with 3 g L⁻¹ treatment was 73, 56 and 25 % for straw and 59, 69 and 70% for seeds, respectively. The total nitrogen content was 73% for straw and 72% for seeds when the plants were treated with CaN at a concentration of 3 g L⁻¹. These findings might be the result of calcium's role as the most crucial cofactor in plants for various metabolic processes, in conjunction with certain other elements like phosphates, acetates, and nitrates, which can have a number of positive effects on peanut plant growth and productivity, as evidenced by the plants' enhanced ability to absorb and transport nutrients. Our findings are in good accord with Solanki et al. (2015), who found that the increases with nano CaP may be explained by the higher density of CaP particles in reactive regions, which led to an increase in phosphorus absorption. This, in turn, increased the leaf moisture content, total chlorophyll, total carbohydrates, crude protein, and nutrient concentration. Additionally, El-Temsah et al. (2023) reported that using nano Ca nitrate treatments improved nutrient absorption efficiency and promoted plant growth. Further, Abdelghany et al. (2022) reported that nanoparticles help plants utilize nutrients, which improve pigmentation, photosynthetic rate, dry matter accumulation, and overall plant development. Also, prior research has demonstrated that sufficient calcium enhances the effectiveness of nitrate absorption and transportation by boosting the actions of nitrogen-metabolizing enzymes and the net photosynthetic rate of the plant (Xing et al., 2022). Similarly, Marti and Mills (1991) have demonstrated that an adequate amount of nitrate enhances calcium absorption. This is because calcium activates nitrate signalling and controls the function of calcium-dependent protein kinases as a secondary messenger (Wang et al., 2020). Calcium is therefore essential for controlling nitrate transporters and signalling in the primary response to nitrate (Adavi and Sathee, 2021). The Ca nanoparticle treatment also boosted the amounts of N, P, K, and Ca in the plants. Such increases may be explained by Wang et al. (2023), where the role of calcium fertilizer to improve the buildup of nitrogen, phosphorus, and calcium throughout the entire plant and foster the accumulation of nitrogen, phosphorus, potassium, calcium, and magnesium in the kernel.
3.4 Some soil chemical characteristics and nutrients availability following peanut harvest
Initially, we identified several commonly utilized indicators of soil quality, including pH, electrical conductivity (EC), organic matter percentage (OM%), nutrient availability (nitrogen, phosphorus, potassium, and calcium), soluble calcium, and exchangeable calcium, to examine the impact of nano calcium forms at different application rates on high-quality sandy soil during the peanut growing season, as detailed in Table 4. Soil chemical quality indicators 

	[bookmark: _Hlk204529160]Table 4. Response of soil pH, EC, OM%, some nutrient availability, soluble and exchangeable calcium to different forms and rates of nano calcium under sandy soil conditions.

	Nano Ca
forms
	Application rates (g L-1)
	Chemical properties
	Available nutrients (mg Kg-1)
	**SCa
(mg Kg-1)
	***ECa
(mg Kg-1)

	
	
	pH
	EC
	OM%
	N
	P
	K
	*ACa
	
	

	Control (gypsum)
	8.03
	0.282
	0.57
	76.3
	17.3
	44.9
	1635
	290
	1345

	CaO
	1.5
	7.95
	0.324
	0.59
	88.7
	18.2
	51.4
	985
	356
	629

	
	3
	7.94
	0.355
	0.67
	95.8
	18.5
	54.6
	1050
	380
	670

	Mean
	7.95
	0.34
	0.63
	92.3
	18.4
	53.0
	1018
	368
	650

	CaA
	1.5
	7.67
	0.304
	0.65
	96.0
	18.9
	65.0
	990
	386
	604

	
	3
	7.6
	0.307
	0.71
	97.3
	19.9
	67.6
	1109
	412
	697

	Mean
	7.64
	0.31
	0.68
	96.7
	19.4
	66.3
	1050
	399
	651

	CaN
	1.5
	7.83
	0.283
	0.59
	95.2
	20.3
	55.9
	996
	392
	603

	
	3
	7.71
	0.296
	0.69
	99.5
	21.3
	56.6
	1165
	432
	733

	Mean
	7.77
	0.29
	0.64
	97.4
	20.8
	56.3
	1081
	412
	668

	CaP
	1.5
	7.92
	0.293
	0.51
	85.1
	21.3
	50.7
	930
	347
	583

	
	3
	7.89
	0.281
	0.69
	90.4
	22.0
	54.6
	980
	355
	625

	Mean
	7.91
	0.29
	0.60
	87.8
	21.7
	52.7
	955
	351
	604

	Rates mean
	1.5
	7.84
	0.30
	0.59
	91.3
	19.7
	55.8
	975
	370
	605

	
	3
	7.79
	0.31
	0.69
	95.8
	20.4
	58.4
	1076
	395
	681

	LSD at 0.05
	Forms
	0.077
	0.013
	0.077
	3.14
	0.52
	8.26
	32.7
	33.3
	62.5

	
	Rates
	0.221
	0.018
	0.077
	7.65
	0.66
	5.73
	43.6
	59.5
	73.8

	
	Forms*Rates
	0.312
	0.025
	0.109
	10.8
	0.94
	8.10
	61.6
	84.1
	104

	*Available Calcium, **Soluble Calcium, ***Exchangeable Calcium


are utilized to evaluate the soil's exchangeable cation capacity, fertility, and overall health (Mukhopadhyay et al., 2019). The availability of nutrients in the soil, microbial activity, and the mobility of harmful trace ions are all impacted by pH) Grün et al., 2019(. According to Conway and Keller (2016), nanoparticles can change the pH of soil by altering the amounts of H+ or OH− in soil pore water. According to our findings, applying nano calcium forms (CaO, CaA, CaN, and CaP) at two different rates resulted in a modest drop in soil pH as compared to CR treatment (gypsum); the lowest value was 7.6 for CaA and/or 3g L-1. Additionally, when the rates of nano calcium increased, the pH of the soil did not fall appreciably. Our findings are in accordance with those reported by Rasouli et al. (2013), who showed that the impact of calcium ions reacting with bicarbonate to form calcite and releasing protons (H+) into the soil solution that neutralise the hydroxide ions (OH-) is what causes the pH of the soil to drop. One possible explanation for the minor pH drops in the soil is the release of nitrate anions from calcium nitrate in the soil solution. Its acidic influence on soil solution is also reflected by acetate and phosphate, which lower soil pH. Furthermore, Ananthakumar et al. (2019) and Tejashvini and Thippeshappa (2019) found that the pH of the soil was significantly impacted by the application of various calcium sources. However, Kadirimangalam et al. (2022) discovered that gypsum treatment had no effect on soil pH.

In addition, Table 4 results showed that, in comparison to CR treatment, the addition of various forms of nano calcium at varying rates enhanced significantly soil EC, OM%, and availability of N, P, and K in sand soil following peanut harvest. Although the values were still lower than the initial soil EC, the lowest value of soil EC was 0.28 in the CR treatment, and soil EC did not significantly rise as nano calcium rates rose. Ca ions or other mobilised cations may be released from nano calcium forms, which might explain the rise in soil EC. Our findings are in good accord with those of Tejashvini and Thippeshappa (2019), who demonstrated that higher soil EC at the harvest stage was recorded by Ca application. It may have resulted in the spray solution falling on the soil's surface, raising the EC of the soil extract and lowering the EC in the control. Additionally, it was demonstrated by Smith and Doran (1997) that soil EC has been utilised as an indirect measure of the quantity of nutrients accessible for plant absorption.
According to Usman et al. (2020), the percentage of organic matter in soil has a direct influence on the physical, chemical, and biological characteristics of the soil, and its buildup in the soil is crucial for crop production and soil fertility. in our study, comparison to other forms, the maximum value of OM% was 0.71% following the application of CaA form and/or 3 g L-1, and the soil OM% did not substantially rise as the nano calcium rates rose. These findings align with Ananthakumar et al. (2019), who found that the application of various calcium sources may have increased the amount of organic matter in the soil by increasing the formation of root biomass, which in turn contributed more organic residues to the soil following crop harvest.  Furthermore, Shabtai et al. (2023) discovered that calcium (Ca) might mediate physico-chemical interactions between organic molecules and minerals, hence contributing to the persistence of soil organic carbon (SOC). The colonisation of plant and mineral surfaces may be impacted by Ca, which is also essential for microbial adherence. It is generally assumed that Ca influences the structure of microbial communities, changes the microbial metabolism of litter, and promotes improved stabilisation of these products through Ca-driven organo-mineral interactions. 
Also, Table 4's data demonstrated that, following peanut harvest, the availability of N, P, and K (mg kg-1) in the soil under study was impacted by nano-calcium sources at varying rates. These findings generally show that the quantity of accessible N, P, and K in the soil under study was impacted by the application of various nano calcium forms at varying rates. When compared to CR (gypsum), the soil's N, P, and K content significantly increased as a result of the interaction with nano calcium forms and their varying rates. In comparison to CR treatments, the relative increases in nano calcium forms mean values were 3, 15, 14, and 9% for N availability, 6, 25, 20, and 12% for P availability, and 6, 28, 13, and 6% for K availability in soil treated with CaO, CaA, CaN, and CaP, respectively. With regard to the proportional increases in rates, typical values for soil treated with 1.5 and 3 g L-1 nano calcium forms were 7 and 13% for N, 14 and 18% for P, and 10 and 16% for K contents, respectively. In general, the following sequence might be used to describe the beneficial effects of the various nano calcium forms on accessible N, P, and K: calcium acetate > calcium nitrate > calcium phosphate > calcium oxide > CR (gypsum). This might be because the addition of nano calcium acetate, which raised organic matter and lowered the pH of the soil in comparison to other forms, boosted nutrient availability in the sandy soil. Our results are in excellent accord with findings Shaban et al. (2019) who observed that calcium sources had varying effects on the availability of N, P, and K (mg kg-1) in sand soil.
Moreover, Tejashvini and Thippeshappa (2019) demonstrated that different sources and quantities of calcium caused variations in the amount of N available in the soil during the harvest stage. Furthermore, the lowest value of N, P, and K soil availability in our investigations was the gypsum treatment. This is in line with Pegues et al. (2019), who found that gypsum application reduced soil K and that a large amount of easily accessible Ca cations in the pegging zone caused K cations to be displaced on soil exchange sites. The findings that extractable Ca rose but extractable K decreased with gypsum treatments lend credence to this (Yang et al., 2017). According to Kadirimangalam et al. (2022), gypsum decreases the accessibility of nutrients such as K. Additionally, according to Azeez et al. (2021), adding Ca nanoparticles and Ca (NO3)2 increased the soil's level of nitrogen and phosphorus while significantly reducing its K concentrations. In the amended soil, macro- and micronutrients such as Ca, N, and Fe were more easily accessible. The utilisation of calcium nanoparticles may be responsible for this, as nanoparticles have been shown to improve the absorption of other beneficial nutrients (Upadhyaya et al, 2017). Nevertheless, our study showed that foliar application of nano calcium forms to plant leaves was better than gypsum addition because it enhanced the availability of potassium and other nutrients by blocking calcium from directly interacting with soil surface potassium adsorption sites. Also, as reported by Han et al. (2018), applying CaO has been demonstrated to raise the rhizosphere's nutrient content, including K. Last but not least, Azeez et al. (2021) discovered that Ca nanoparticles drastically changed the morphologies of soil in order to promote water absorption, stimulate nutrient and Ca nanoparticle translocation, raise porosity, and improve soil surface reactivity.
3.5 Status of calcium in soil
Table 4 showed that the utilisation of nano calcium forms reduced the mean values of exchangeable calcium (ECa) and calcium availability (ACa) in comparison to CR (gypsum); the maximum values for ECa and ACa were 1576 and 1835 mg Kg-1, respectively. The utilised nano calcium forms' effects on ACa and ECa may generally be grouped as follows: CR (gypsum) > calcium nitrate > calcium acetate > calcium oxide > calcium phosphate. Although the application of nano calcium forms raised average values for calcium solubility (SCa) in comparison to CR (Gypsum), the maximum value for CaN form was 412 mg Kg-1.  preferably, the following order might be used to describe how the used nano calcium forms affected SCa: calcium nitrate > calcium acetate > calcium oxide > calcium phosphate > CR (gypsum). For all forms under study, the rates of nano calcium also raised ACa, SCa, and ECa. CaN with 3 g L-1 was the most effective interaction therapy; the corresponding values for ACa, SCa, and ECa were 1165, 432, and 733 mg Kg-1. Our findings, which are in accordance with those of Ananthakumar et al. (2019), showed that the amount of calcium in the soil was significantly influenced by the application of various calcium sources. The ameliorants include calcium ions that are easily adsorbed to organic matter and soil particles. The use of various calcium sources has a major impact on exchangeable calcium. Because calcium is a divalent cation, its concentration on the exchange complex increased due to its greater solution concentration caused by the administration of Ca.
Further, El-Temsah et al. (2023) discovered that the application of various calcium sources had a substantial impact on exchangeable calcium. More calcium was transferred from the lime particle to the soil particle's exchange sites. Greater affinity for higher valent ions and a rise in charge density are the causes of this. Because calcium is a divalent cation, its concentration on the exchange complex rose due to its greater solution concentration caused by liming. Improvements in soil microbial activity combined with optimal soil response lead to a rise in the availability of main nutrients and exchangeable calcium levels. Moreover, Tejashvini and Thippeshappa (2019) found that the effects of treatments caused variations in the interchangeable calcium quantity in sand soil in all different types of calcium. The maximum quantity of interchangeable calcium in the soil was found in the CR Treatment. Its increased nutrient absorption and utilisation for growth and development may be the cause of this. The degree of calcium supply was directly impacted by the amount of calcium in the soil, particularly the amount of exchangeable calcium. Additionally, when measured at the end of the season, gypsum by itself did not sufficiently boost  soil [Ca] in the pegging zone when compared to no application, according to Pegues et al. (2019) and Azeez et al. (2021), who noted that the levels of Ca were substantially greater in soils by application of Ca nano particles.
3.6 Relationship between Ca uptake and peanut yield 
Fig. 6 illustrated that it was evident from the linear relationship between the amount of calcium in straw or seeds and their yield as influenced by CR (gypsum), the foliar application of nano calcium  forms (CaO, CaA, CaN, and CaP) and their rates at 1.5 and 3 g L-1 that there was a strong positive correlation (R2=0.67) between the total amount of calcium in straw (Kg fed-1) and peanut straw yields (Kg fed-1). On top of that, the Ca total contents (kg fed-1) of peanut seeds and their yields (kg fed-1) showed a high positive connection (R2= 0.80). Additionally, peanut plant productivity increased when the total calcium content of the plant was aggregated. Furthermore, it is evident that the total calcium quantity found in peanuts is highly connected with plant development and productivity on sandy soil, indicating that elevation has a far greater effect on peanut quality.

	[image: ]

	Fig. 6 the correlation coefficient between straw or seeds calcium total content and straw or seeds yields.



4. Conclusion

[Recent research has focused on nano fertilizers as a novel strategy to improve food production while reducing environmental impacts. In this investigation, nano calcium has been effectively synthesized, characterized, and used. This study compares nano calcium and its forms derived from eggshell waste with commercial gypsum, which is the most common type available on the market and is still somewhat expensive. Alternative materials may function as more economical substitutes for commercial gypsum. Researchers have examined the efficacy of these nanomaterials in enhancing peanut yield, nutrient absorption, and certain chemical properties of sandy soil. Results showed significant improvements in growth parameters and an increase in the overall content of essential nutrients. The differences in the results might be because the chemical makeup of the nano calcium forms varied, and the most effective treatment was using nano calcium phosphate. Additionally, the calcium nanoparticles, especially nano calcium acetate, improved soil fertility by increasing the availability of nitrogen, phosphorus, potassium, and calcium forms, as well as enhancing the organic matter content in the soil and its acidity level. In finalization, organic waste may be recycled to produce new compounds that increase plant production and soil fertility and lessen the need for commercial fertilizers. In addition, the results showed small differences between the nano calcium treatments for the studied parameters, indicating that other calcium forms such as nano calcium oxide, nano calcium nitrate, nano calcium acetate, and nano calcium phosphate can be used as alternatives to gypsum in peanut production.
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