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Abstract

Groundnut (Arachis hypogaea L.) is an important legume crop cultivated for its oil and protein content and widely used for human
consumption and animal feed. However, its productivity is often limited by micronutrient deficiencies, particularly zinc (Zn) and iron (Fe),
especially in calcareous soils. This investigation was conducted to determine the effect of foliar application of zinc and iron nanoparticles on
the growth and yield of groundnut to identify the optimal concentration under field conditions. A field experiment was conducted at the
Bangladesh Institute of Nuclear Agriculture (BINA), Sub-station Sunamganj, following a randomised complete block design (RCBD) with
17 treatments and 3 replications. The treatments consisted of different concentrations and combinations of Zn and Fe nanoparticles applied
as foliar sprays. Growth parameters and yield attributes were recorded and analysed statistically. The results showed that foliar application of
Zn and Fe nanoparticles significantly influenced growth and yield parameters. The combined treatment Znio + Feso mg L (Ts) produced the
highest biomass accumulation, pod number and grain yield compared to other treatments. Higher concentrations did not result in further
yield improvement, indicating a concentration-dependent response. These findings suggest that moderate combined application of Zn and
Fe nanoparticles may enhance growth and yield performance of groundnut under the tested conditions. Further studies incorporating
detailed soil and nanoparticle characterisation are recommended to strengthen mechanistic understanding.
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drought stress are key factors causing nutrient deficiency in many
arid regions where alkaline pH is common (6, 7). Micronutrients
are essential for physiological processes for many functions such as
respiration, cell elongation, cell maturity, meristematic tissue
formation and protein synthesis (8). Zinc is a vital element for
biomass production, which necessitates it to enable the
production of chlorophyll, functionality and fertilisation of pollen
(9). Zinc is involved in auxin metabolism, membrane stabilisation
and enzyme activation, while iron is essential for chlorophyll
synthesis, electron transport and nitrogen metabolism. Like Zn, Fe
is necessary for all forms of life and required in many processes
(10). Deficiency of these micronutrients in groundnut results in
reduced growth, chlorosis, impaired pod development and
ultimately lower yield. Iron is an essential component of numerous
proteins, plant pigments (11) and cellular functions such as
chlorophyll synthesis, photosynthesis, chloroplast development
and dark respiration. Iron activates several metabolic pathways

Introduction

Groundnut (Arachis hypogaea L.) is an important oilseed and
protein-rich legume widely cultivated in tropical and subtropical
regions (1). Peanut kemels are rich in oil (44-55 %), protein
(22-30 %), carbohydrate (20 %) and fiber content (5 %) which make
an excellent source of nutritional value for both human and animal
consumption (2). Its productivity is frequently limited by
micronutrient deficiencies, particularly zinc (Zn) and iron (Fe), which
are common in calcareous and alkaline soils. Moreover, groundnut
restores nitrogen into the soil by fixing it without affecting
unrenewable resources or troubling balance in the environment and
thus is predicted as one of the most crucial legume crops (3).
Worldwide, groundnut is cultivated in 30.54 Mt ha with a total
production of 54.23 Mt and average productivity of 1.7 t ha? (4). In
Bangladesh, according to BBS 2021-2022, 97874.91 acres land used
to produce 75030.85 Mt of groundnuts (5).

Micronutrient deficiency is one of the important reasons
for poor groundnut yield. For calcareous soils, the restricted use of
fertiliser and poor organic matter condition, soil salinity and

and it is a central element in electron chains and co-factor of
numerous essential enzymes. The iron starvation induces structural
and functional modifications of the entire photosynthetic
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apparatus in higher plants with disturbance in photosystems
stoichiometry and lipid composition, as well as modification of
chlorophyll a:b ratio (12). Iron is also required for the function of
rubisco and functions in stomatal closure (13). Restricted Fe
availability in the soil is a primary restriction to yield and quality of
agricultural crops all over the world, especially in alkaline and
calcareous soils in semi-arid regions (14). To address the rising
food requirements for rising population, production and
productivity need to be enhanced. Improving micronutrient use
efficiency is therefore critical for enhancing groundnut productivity.

Nanotechnology has been extensively used for the source
of fertilisers due to the high competency and homogenous
settlement of nano form of the nutrients within the plants.
Nanoparticles are being widely applied to enhance crop resistance
to abiotic and biotic stresses and are used in nano fertilisers. They
influence plants on morphological, physiological, biochemical,
genetic and molecular level (15). Nanotechnology boosts crop
yields by improving water use, nutrient uptake, pest and disease
resistance, pathogen detection and environmental protection (16).
Furthermore, nanoparticles improve the uptake and transport of K,
P and N, highlighting nanotechnology's potential to advance
agriculture rapidly (17). Nanotechnology can address nutrient
deficiencies by converting chemicals into more bioavailable form
(18). Zinc application significantly increases plant height, dry matter
accumulation and overall growth in groundnut (19, 20). Foliar and
soil Zn application improves leaf chlorophyll content and
physiological performance (13). Therefore, nano fertilisers can
boost crop yields and enhance nutrient content in edible parts by
improving the absorption of ions, water and nutrients (21). Zinc
significantly improves pod vyield, kernel weight, oil content and
protein content (22, 23). Iron increases nodulation and supports
nitrogen fixation in groundnut (24-26). The use of nanoparticles can
enhance agricultural productivity by reducing fertiliser overuse and
improving resource efficiency. Metallic nanoparticles have been
shown to boost photosynthesis, stress tolerance and increase
redox potential, proline, chlorophyll and photosynthesis levels (27).
Although several studies have examined individual applications of
Zn and Fe nanoparticles in different crops, limited field-based
evidence exists regarding their combined dose-dependent effects
on groundnut under Bangladesh agro-ecological conditions.
Therefore, the present study was conducted to evaluate the effects
of different concentrations of foliar-applied zinc and iron
nanoparticles on growth and yield attributes of groundnut
(Arachis hypogaea L.) under field conditions, with the objective of
identifying an optimal concentration range.

Materials and Methods

A field experiment was done at the experimental farm of the
Bangladesh Institute of Nuclear Agriculture (BINA), Sub-station
Sunamgan;. The experiment aimed to assess the outcome of foliar-
applied Fe and Zn nanoparticles on the growth and vyield of
groundnut. The plot size was 3 x 2 m. The experiment was carried
out with the variety Binachinabadam-8. Groundnut variety
Binachinabadam-8 was sown on 26 January 2025 during the rabi
season under typical subtropical climatic conditions. During the crop
growth period, average temperatures ranged approximately
between 18-30 °C with relatively low rainfall, which is characteristic
of the dry winter season. Seeds were planted at a spacing of 30 cm
between rows and 15 cm between plants. The recommended dose
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of fertilisers (RDF) was applied as basal dose at the rate of
18 kg N ha, 79 kg P,O5 ha' and 78 kg K,0 ha™. Irrigation was
provided as required, with major irrigations applied at flowering and
pod development stages to ensure optimal crop growth. Standard
intercultural operations such as weeding and pest management
were performed uniformly across all treatments. The study was
conducted using a randomised complete block design (RCBD) with
3 replications and 17 treatments, including various concentrations
and combinations of Fe and Zn nanoparticles. Randomised
complete block design was chosen to minimise the effects of field
variability on treatment comparison. Total plots were (17 x 3):
51 and treatments were To = Control, T, = RDF, T, = RDF +
Znw mg L* foliar spray, Ts = RDF + Zms mg L* foliar spray,
Ta = RDF + Znyo mg L* foliar spray, Ts = RDF + Feso mg L* foliar
spray, Te= RDF + Feio mg L™ foliar spray, T7 = RDF + Feiso mg L foliar
spray, Ts = RDF + Znyo+ Fes mg L foliar spray, Ts = RDF + Znjo+
Fewo mg L* foliar spray, Tw= RDF + Znyw+ Feiso mg L* foliar spray,
T = RDF + Zniset+ Fesy mg L? foliar spray, T, = RDF + Znusot
Feio mg L* foliar spray, Tis = RDF + Znyso+ Feiso mg L foliar spray,
Tis = RDF + Znyot Feso mg L* foliar spray, Tis = RDF + Znyeo+
Feio mg L foliar spray, Tis= RDF + Znynt+ Feiso mg L™ foliar spray.

Growth parameters such as plant height, branches per
plant, number of leaves, root length, plant fresh weight, plant dry
weight and yield parameters including number of pods per plant,
pod length and yield were recorded and analysed. Iron and zinc
nanoparticles were prepared at BINA Sub-station Sunamganj. Iron
oxide (FeO) or zinc oxide (ZnO) nanoparticles were prepared by
dissolving 0.1 M ferrous sulfate (FeSOs for iron oxide) or zinc sulfate
(ZnS0O4 for zinc oxide) in 25 mL of distilled water. To this solution,
0.1 M polyethylene glycol (PEG) was added, followed by the
addition of 25 mL of 0.2 M sodium hydroxide and 0.1 mL of 0.1 M
sodium borohydride (28). The mixture was vigorously stirred at
room temperature, resulting in the formation of a black precipitate
for FeO and a white precipitate for ZnO. The precipitates were then
washed with distilled water and dried in a vacuum oven at 70 °C.
The resulting nanoparticle samples were stored in distilled water.
The concentration of the nanoparticles was determined through
differential weight analysis. Foliar sprays of Zn and Fe nanoparticles
were applied during the active vegetative and early reproductive
growth stages. Two foliar applications were conducted at 15 days
intervals, starting from the early vegetative phase through to the
onset of flowering. Sprays were applied in the morning (8:00-10:00
AM) to minimise evaporation and maximise leaf uptake, using a
hand sprayer to ensure uniform foliar coverage.

Nanoparticle size distribution and surface charge (zeta
potential) could not be measured due to limited access to DLS/
SEM/TEM facilities during the experimental period. Therefore,
detailed physicochemical characterisation (particle ~size,
morphology and zeta potential) was not performed. Similarly, initial
physico-chemical properties of the experimental soil, including pH,
texture, organic matter content and baseline available Zn and Fe,
were not analysed prior to treatment application due to
unavailability of soiltesting facilities. These limitations are
acknowledged in the present study and future experiments will
include comprehensive nanoparticle characterisation and
complete baseline soil analysis to strengthen interpretation and
reproducibility of results.

Data were analysed using R software (version 4.5.2).
Analysis of variance (ANOVA) was performed following the RCBD
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model to determine the effects of treatments on growth and yield
parameters. Treatment means were compared using the least
significant difference (LSD) test at the 5 % level of significance
(p=0.05). Results are presented as mean values of 3 replications.
Coefficient of variation (CV %) was calculated to assess
experimental precision.

Results
Growth parameter

The growth parameters of groundnut exhibited considerable
variance under different treatments involving various
concentrations of iron (Fe) and zinc (Zn) nanoparticles (Table 1).
Values presented in Tables 1 and 2 represent means of
3 replications and treatment differences were determined using
LSD at p<0.05. The results showed that the tallest plants were
observed in treatment T (RDF), with a height of 63.20 cm, which was
statistically comparable to Ts and Ts according to LSD grouping at
p =< 0.05. The number of branches per plant was highest in treatment
Tu (Znoo + Fes, mg L), with 12.67 branches, followed by Ts
(11.90 branches). The control treatment (To) had the highest leaf
count (100 leaves plant?), though this was associated with lower
fresh and dry weights, indicating nutrient stress. In contrast,
treatment Ts exhibited fewer leaves but higher biomass production,
suggesting more efficient nutrient utilisation. Root length was
significantly greater in Treatments Ts (17.60 cm) and Tis (17.40 cm),
indicating enhanced root development under specific nanoparticle
applications. Treatment Ts also recorded the highest fresh weight
(194.67 g) and dry weight (93.33 g), which were significantly superior
to most other treatments based on LSD comparison. These findings
suggest that foliar application of zinc and iron nanoparticles,
particularly in combination (Ts), can significantly enhance growth
parameters, contributing to better nutrient uptake and efficient
biomass partitioning in groundnut cultivation.

Yield and yield contributing characters

Iron and zinc nanoparticles at different doses influence the yield
parameters of groundnut in different treatments (Table 2). The
highest number of pods per plant was recorded in Ts (RDF + Znio +
Feso mg L), followed by Ts 33.90 pods) and Tu (33.77 pods). The
longest pod length recorded was in treatments T, and Tw with a
value of 3.17 cm each, whereas the lowest pod length was observed

under control treatment (To= 2.67 ¢cm). In yield terms, treatment Tg
also presented with the highest yield (3.00 t ha?), which was
significantly higher compared to all other treatments. The second
optimal results were in the treatments T, (273 t ha') and Ty
(2.70 t ha). The enhancements in pod number, pod length and
total yield of Ts are probably due to the combinational effect of Fe
and Zn nanoparticles application that promoted plant growth and
nutrient uptake. These findings further highlight the possibility of
utilising nanoparticle-based fertilisers for enhancing growth and
yield of groundnut crops, which might provide an innovative
alternative for enhancing crop yields by nanotechnology.

Table 2. Effect of iron and zinc nanoparticles on different yield
parameter

Treatment  No. of pod plant? Pod length (cm) Yield (tha?!)
To 27.80 2.67d 2.50 efg
T, 28.90 2.93 abcd 2.70 bc
T 30.87 3.17a 273 b
T3 28.67 2.97 abcd 2.33 hi
Ta 26.10 2.70 cd 2.23 i
Ts 25.00 2.87 abcd 2.53 ef
Te 33.90 2.97 abcd 2.57de
T; 31.43 2.70 cd 2.67 bed
Ts 34.00 2.73 bed 3.00a
To 26.10 3.10 abc 2.43 fgh
Two 33.67 2.83 abcd 2.43 fgh
Tu 33.77 3.13ab 2.53 ef
T 32.43 2.83 abcd 2.60 cde
Tz 31.90 2.93 abcd 2.70 bc
Tia 32.33 3.17a 2.37h
Tis 26.20 3.00 abcd 2.37h
T 29.90 3.13ab 2.40 gh
CV (%) 9.98 8.75 2.78

Means within a column followed by the same letter(s) do not differ
significantly according to the LSD test at p<0.05. Where no letters are
shown, treatment effects were non-significant (NS).

Analysis of multivariate data

The cluster heatmap representing the associations between
different treatments (To to Ti) and the growth/yield parameters of
groundnut is shown in Fig. 1. Hierarchical clustering grouped
treatments according to similarity in trait responses. Fresh weight,
dry weight, pod number and grain yield clustered closely together,
indicating positive associations among these parameters.
Ts clustered with treatments showing higher biomass and yield
traits, whereas higher concentration treatments formed separate
clusters, reflecting distinct response patterns. The colour scale is

Table 1. Effect of iron and zinc nanoparticles on different growth parameter

Treatment Plant height (cm) Branches plant?! No. of leaves plant? Root length (cm) Plant fresh weight (g) Plant dry weight (g)
To 59.03 9.80 b 100.00 a 15.63 ab 148.77b 80.00 abc
T 63.20 11.53 ab 97.67 ab 16.00 ab 173.47 ab 90.00 ab
T, 59.67 10.77 ab 69.00 cd 15.97 ab 165.37 ab 70.00 bc
T3 60.80 10.53 ab 75.33 bed 17.07 ab 163.77 ab 86.67 abc
Ts 57.43 10.10 ab 73.00cd 16.10 ab 147.47b 80.00 abc
Ts 60.30 9.70b 78.00 abcd 14.70b 144.13b 66.67 ¢
Te 59.90 11.53ab 77.67 abcd 17.60a 178.53 ab 86.67 abc
T7 56.17 11.47 ab 91.33 abc 16.40 ab 165.67 ab 86.67 abc
Ts 59.10 11.90 ab 85.00 abcd 15.50 ab 194.67 a 93.33a
Ty 61.57 10.47 ab 67.00d 15.77 ab 157.23 ab 80.00 abc
Tao 59.23 11.00 ab 84.33 abcd 15.67 ab 178.97 ab 90.00 ab
Tu 59.57 10.57 ab 83.00 abcd 16.00 ab 174.57 ab 83.33 abc
T 58.43 10.00 ab 66.33d 16.67 ab 158.57 ab 76.67 abc
Ti3 60.73 11.43 ab 77.00 bed 17.40a 169.13 ab 80.00 abc
Tia 60.13 12.67 a 90.33 abc 16.77 ab 171.10ab 90.00 ab
Tis 59.30 9.53b 69.33 cd 16.50 ab 156.00 ab 73.33 abc
T 56.63 10.33ab 74.33 cd 16.33 ab 163.20 ab 76.67 abc
CV (%) 8.12 15.66 16.87 8.94 14.32 16.89

Means within a column followed by the same letter(s) do not differ significantly according to the LSD test at p<0.05 Where no letters are shown,

treatment effects were non-significant (NS).
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Fig. 1. Heatmap visualisation of treatment responses across growth and yield variables.

relative from blue to red and represents poor-to-good performance
of a treatment on each parameter which denotes the lower and
higher values being displayed by blue and red, respectively. It can
be seen from the heatmap that Ts treatment (RDF + Znio +
Fess mgL?) exhibited same behaviour and has repeatedly
performed well in most of the parameters having the deeper red
colour especially in yield, plant fresh weight and number of pods per
plant. This indicates that Ts brings important advances with respect
to vegetative and reproductive traits. To and T- (on the other
extreme) appear more blue, in which there is lower mean
performance compared to others particularly for the plant fresh
weight and number of pods per plant. The clustering of treatments
also provides insight into how different nanoparticle combinations
(Znand Fe) affect the plants. Treatments like T, (RDF), Tsand Tz also
show promising results in certain parameters, but Ts stands out as
the most effective across the majority of traits. The hierarchical
clustering further emphasises the relationships between the
treatments and parameters, with treatments that share similar
nanoparticle combinations or concentrations clustering together.
Overall, the heatmap reinforces the potential benefits of optimising
the concentration of Fe and Zn nanoparticles for enhancing
groundnut growth and yield.

Discussion

Among a variable range of possible applications of nanotechnology
in agriculture, development of novel nano-agrochemicals is one of
the most prominent areas (29). Use of the nanoforms of elements,
as a fertiliser, to alleviate its deficiency effects on plants is
considered to be a sustainable way years for their ratio correction
in plants besides betterment in quality. In general, nanoparticles
performance depends on several properties including the size of

particles, their chemical structure, surface coating agent and rate as
well as doses of administration (30). Both Zn and Fe are critical
plant growth nutrients (31). Both of the microelements are also
required in activation of various enzymes which predicate in
photosynthetic tissues and fundamental for chlorophyll formation
(32). The present results demonstrated a clear dose-dependent
response of groundnut to foliar application of Zn and Fe
nanoparticles. Among all treatments, Ts (RDF + Znio + Feso mg L?)
consistently produced superior fresh weight, dry weight, pod
number and yield compared to other treatments (Tables 1 and 2).
This indicates that moderate concentrations of Zn and Fe
nanoparticles provided an optimal balance for nutrient uptake and
physiological activity. Zinc is a necessary element; however, at
phytotoxic levels, it can negatively impact the health and vitality of
plants. Symptoms of Zn toxicity are characterised by decreased
growth and plant biomass, cell elongation/transverse cell division
arrest, wilting (33), curling and rolling of young leaves, chlorotic/
necrotic leaf tips (34) and root growth restriction (35). The present
study observed reduced performance at higher concentrations such
as Tis (Znso + Fewso mg LY) and Tis (Znoo + Fewso mg L) may be
attributed to possible micronutrient toxicity. Excess Zn can interfere
with Fe uptake and vice versa, resulting in nutrient imbalance within
plant tissues. Elevated nanoparticle concentrations may also induce
oxidative stress, disrupt membrane integrity or impair enzymatic
functions, thereby limiting growth and yield despite increased
nutrient availability. Zinc is a cofactor for carbonic anhydrase
enzyme, which accumulates CO, in the chloroplast and
consequently raises the carboxylation efficiency of rubisco enzyme
(36). Zinc may influence the absorption of various macro and
micronutrients (37). The superior biomass accumulation observed
under Ts may be explained by the synergistic interaction between Zn
and Fe at moderate doses. Zinc supports auxin metabolism and
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membrane stability, while iron plays a central role in chlorophyll
synthesis and electron transport in photosynthesis. Their combined
application at optimal levels likely enhanced photosynthetic
efficiency, assimilate production and translocation toward
developing pods. The observed improvements in growth and yield
under optimal nanoparticle concentration are consistent with
enhanced micronutrient use efficiency and improved physiological
functioning as evidenced by increased biomass and pod production.

Zinc and iron transport have been mainly described as
taking place via the symplast pathway by specific transporters (38).
They are also efficient to translocate into the apoplastic spaces in
the roots or other organs prior to them reaching the Casparian
strip (39) and then enter to the water system. Leaf of Zn uptake and
translocation were also observed. Zinc nanoparticles generally,
enter into the leaf system through stomata, cuticle penetration,
hydathodes and wounded tissue (40). Specifically, the majority of
the Zn types are taken up through cuticle and stomates. Growth
parameters of the plant were significantly affected by Fe and Zn
nanoparticles (Table 1). Although the control treatment recorded a
higher number of leaves, it exhibited lower fresh and dry weights.
This suggests that leaf proliferation alone did not translate into
effective biomass accumulation. In contrast, Ts showed improved
biomass partitioning and source-sink balance, leading to enhanced
reproductive performance. The treatments differed significantly
with regard to growth parameters (Table 1). Maximum height of
the plants was attained within RDF, which was statistically similar to
Ts (61.57 cm) and Ts (60.80 cm). The combined effect of ZnO and
FeO on plant height of carrot was also found to be significant (28).
It is rather advantageous for the root’s growth and shoots of
plants, which canimprove cell permeability, provide plant nutrients
(41). The application of high dose of N could have facilitated high
chlorophyll content. Thus, high chlorophyll induces biosynthesis of
cell division and a greater number of tissues leading to lush
vegetative growth and subsequently increased plant height. This
suggests that the recommended dose of particles offered better
availability and possibly a greater uptake of nutrients which
consequently favored growth of shoots.

Number of branches per plant was significantly highest in
Tu (Znxo + Fess mg LY) with 12.67 branches, followed by Ts
(11.90 branches plant?). Also, optimum levels of Fe and Zn
nanoparticles increased the number of branches in carrot, likely
due to improved chlorophyll synthesis and enzymatic activity (28).
Leaf production per plant was highest in To (100 leaves plant),
although it corresponded with lower fresh weight and dry matter
accumulation, indicating a possible nutrient stress and poor
translocation efficiency under control conditions. In contrast, Ts
recorded comparatively fewer leaves but higher biomass
production, implying efficient nutrient utilisation and partitioning
towards economic vyield. A positive correlation found between
agronomic traits as plant height, leaf area and root diameter and
dry weight with Zn and Fe content in radish plant (42). These results
established by previous studies in different crops (23, 28). Root
length was significantly enhanced in T¢ (17.60 cm) and Ti3 (17.40cm)
compared to other treatments. Similar result was observed where
peanut seeds were separately treated with nanoparticles and these
particles (Fe, Zn) proved effective in increasing stem and root
growth (23). Enhanced root development under Fe and Zn
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nanoparticle treatments might be attributed to better auxin
metabolism as growth regulator substance in plants and cell
elongation (43). Fresh weight and dry weight of plants were also
significantly affected by the treatments. Ts exhibited the maximum
plant fresh weight (194.67 g) and dry weight (93.33 g), showing
superior vegetative growth. These results corroborate with a report
who found that nanoparticle supplementation at optimal
concentration enhances photosynthetic efficiency and biomass
accumulation (44). Similar result found by another report that net
photosynthetic rate increased 55 % in response to Zn nanoparticles
treatment at the end of experiment when compared to control
along with DW increase was 28, 85 and 20 % in roots, stems and
leaves respectively (45).

Yield components also responded positively to nanoparticle
application (Table 2). The number of pods per plant was maximum
in Ts (34.00 pods plant?), followed by Ts (33.90 pods plant?) and Tu
(33.77 pods plant?). Pod length was significantly longest in T, and Twu
(3.17 cm), whereas minimum pod length (2.67 cm) was observed in
To. Seed treatment with Fe and Zn nanoparticles promotes the
number of pods per plant of groundnut, may be characterised to Fe
which is known to increase the nitrogenase activity resulting in the
better nodule and peg formation thereby increasing the production
of number of pods per plant (46, 47). Grain yield was significantly
affected by various treatments and the highest grain yield
(3.00 t ha?) was produced with treatment Ts which was statistically
better than all other treatments (Table 2). T, (2.73 t ha?) and Ti3
(2.70 t ha') were best next treatments. The higher yield under
Ts could be attributed to enhanced growth traits, good rooting and
pod setting. These particles also demonstrated good effect on
growth, development and yield of the plant (48). The highest grain
yield recorded under Ts confirms that moderate combined
application of Zn and Fe nanoparticles enhances nutrient use
efficiency. However, increasing concentrations beyond the optimal
range did not result in proportional yield gains, reinforcing the
importance of dose optimisation in nano-fertiliser applications.
Bioavailability of the nanoparticle is better due to smaller size, higher
surface area and less water solubility which enables increased
uptake. This increased Zn uptake was responsible for high yields
and biomass (48). Grain yield increased upon foliar application of Fe,
which could be due to better carbon and protein synthesis and
photosynthesis rate. Further, Fe is involved in the synthesis of
growth hormones like auxins, seed maturation, nucleic acid
metabolism and chlorophyll formation. Improved growth
parameters also contributed to higher grain yield.

The interpretation of treatment effects is constrained by the
absence of baseline soil physico-chemical properties and the lack of
nanoparticle physicochemical characterisation. Environmental
variation and withinfield heterogeneity, although minimised by
RCBD, may also have influenced treatment response. The observed
treatment effects may vary under different seasonal or climatic
conditions, as the present study was conducted during a single
growing season. Therefore, while the observed dose-dependent
pattern strongly suggests an optimal concentration range, future
studies need to include complete soil analysis, nanoparticle
characterisation and additional physiological measurements to
strengthen mechanistic inference and address potential
contradictory outcomes reported under different soils and climates.
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Conclusion

The application of Fe and Zn nanoparticles as foliar spray
significantly improved growth and yield parameters in groundnut.
Among the treatments, Ts (RDF + Znyo + Fes, mg L) proved to be the
most effective, indicating that moderate levels of both
micronutrients in nanoparticle form provided superior results under
the tested conditions. The results demonstrated a clear dose-
dependent response, where moderate combined concentrations
were more effective than higher levels, highlighting the importance
of concentration optimisation in nano-micronutrient application.
This finding provides field-based evidence supporting the combined
foliar use of Zn and Fe nanoparticles in groundnut under practical
cultivation conditions. Furthermore, no toxicity was observed in
any treatment. Based on these findings there is potential for Zn and
Fe nanoparticles to have an effect on groundnut pod number and
quality. Further multi-location trials and comprehensive soil and
nanoparticle characterisation studies are recommended to validate
the consistency and long-term applicability of these findings.
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