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Conventional fertilizers, although widely available, are relatively low in nutrient
use efficiency and cause serious environmental concerns like eutrophication,
greenhouse gas (GHG) emissions, nitrate poisoning, and soil pollution. With this in
mind, a randomized block design (RBD) experiment was conducted in an
experimental field taking 10 treatments and 3 replications to investigate the
effects of integrated approaches of nano-formulated DAP fertilizer applications
on rice growth, yield, and nutrient use efficiency over conventional approaches.
The result revealed that plant height, panicle length, number of tillers hill−1, total
number of grain panicle−1, and root length were maximum in T10 treatment (50%
of the soil test recommended doses (STD) for N and P + seedling root dipping
(SRD) with nano DAP at 5 mL L−1 + twice foliar sprays (FS) with nano DAP at
4mL L−1 at 25 and 45 DAT (date after transplanting). The highest mean grain yields
(4.12 and 4.05 Mg ha−1) and nutrient uptake were recorded in the T2 treatment
(100% STD), but this was at par with T10 treatment. The highest benefit–cost ratio
(2.26) was recorded in T10, which was 3.5% higher than T2. N and P agronomic use
efficiency (AUE) ranged from 7.5% to 31.5% and 15% to 63%, and recovery
efficiency (RE) ranged from 30% to 94.2% and 11.2% to 90.4%. The highest
nutrient use efficiency was recorded with T10, followed by T9, and lowest in
T4. Post-harvest soil pH and available N and Pwere significantly highest in T10. Soil
MBC, MBN,MBP, urease, and phosphatase activity were found significantly higher
in T2, followed by T10. The integrated application of 50% STD for N and P + SRD
with nano DAP at 5 mL L-1 + twice FS with nano DAP at 4 mL L−1 at 25 and 45 DAT
application can be a suitable substitute for conventional DAP and urea for rice in
climate-smart agriculture as it possibly reduces environmental pollution while
undisturbing crop yield over the 100% STD.
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1 Introduction

Rice (Oryza sativa L.) is the oldest domesticated grain cultivated
around the world, with the largest growing area, which covers nearly
9% of earth’s arable land, i.e., 160 million hectares (Mha) and
493 million tons (Mt) of milled rice production (FAOSTAT,
2016). It plays an important role in the cultural history of most
Asian countries since ancient times, despite a vast range of
environmental circumstances. Irrigated rice areas account for
78% of all rice production and 55% of the total harvested rice
area, mostly concentrated in alluvial floodplains, terraces, inland
valleys, and deltas in the sub-humid and humid tropics of Asia. India
grows rice in 43Mha with the production of 112 million tons (Mt) of
milled rice and the average productivity of 2.6 t ha−1. The crop is
grownmostly in the wet season in highly diverse conditions, ranging
from hills to coasts with unpredictable rainfall distribution
(FAOSTAT, 2016; Bal et al., 2023). Hence, the tagline “Rice is
Life” highlights rice’s role as a way to eradicate hunger, fight
poverty, and improve people’s diets across Asia and the rest of
the world.

Nitrogen (N) and phosphorous (P) are essential macronutrients
that play a crucial role in promoting optimal growth and yield in rice
(Zhu et al., 2008). India consumed 19.44 and 7.83 mt of total N and
P2O5 fertilizers, respectively, during 2021–22 (FAI, 2022). Farmers
usually apply excess N in the form of granular urea and DAP to
ensure higher grain yield (Kaufman et al., 2013). Although the
application greatly increases the grain yield, still the low N and P use
efficiency of 35%–40% and 15%–20%, respectively, possesses a
major constraint in rice cultivation as huge amounts of nutrients
are lost (Alam et al., 2023; Qiao et al., 2022; Tarafdar, 2020). The
indiscriminate use of nitrogenous fertilizers causes serious
environmental issues like eutrophication, intensified ammonia
(NH3) volatilization, and increased nitrous oxide (N2O) and
methane emissions from transplanted paddy fields (Mboyerwa
et al., 2022; Zhang et al., 2023). In addition, P adsorption in
tropical soil is a major limitation, hindering plant uptake and
polluting aquatic ecosystems through acidification, toxic algal
bloom formation, fish mortality, and increased pollution of
nearby rivers and wells (Hanyabui et al., 2020). The frequent use
of inorganic fertilizers in paddy fields leads plant tissues to assemble
heavy metals, which therefore affects their nutritional quality
(Maqbool et al., 2020). Therefore, we should adopt alternative
types and techniques of fertilizer application to maintain
adequate plant nutrition without causing pollution to the
ecosystem (Mejias et al., 2021).

The N- and P-based fertilizer management is currently regarded
as a highly complex task under field conditions, where nano-based
fertilizers used in rice could make a significant contribution by
addressing the issue of sustainability and help in unlocking the next
revolutionary step in precision farming (Xia et al., 2020; Samreen
et al., 2022). Nanotechnology involves the synthesis, design,
fabrication, manipulation, and use of materials at the nanometer
scale. These materials possess one or more dimensions that are less
than 100 nm (Lee and Moon, 2020). Nanomaterials exhibit distinct
characteristics compared to their parent materials, resulting in
modifications to their physiochemical properties. These
adjustments confer remarkable traits, functionalities, and
heightened reactivity, which can be attributed to very a high

surface-to-volume ratio (Joudeh and Linke, 2022). Its application
ensures slow availability, resolves the issue of low fertilizer use
efficiency, and allows the release of active ingredients to meet
plant nutrient demands (Tarafdar, 2020). Foliar application of
nano N and P facilitates optimal management of N (Mejias et al.,
2021), as well as P, which minimizes N losses to the environment
along with P immobilization in the soil. Astaneh et al. (2021) stated
that the use of nano fertilizers has the potential to enhance crop
productivity and concurrently ameliorate soil fertility. Furthermore,
this innovative approach can mitigate pollution levels and foster a
conducive habitat for soil microorganisms. According to a field
experiment conducted by Burhan and Al-Hassan (2019), the
application of nano fertilizers has been found to significantly
enhance the productivity of wheat. The study reported an
increase in approximately 48.9% in grain yield, along with
notable improvements in various quality parameters. In a recent
study conducted by Poudel et al. (2023), it was observed that the use
of 100% nitrogen–potassium (NK) along with 75% of the
recommended dose of nano P, supplemented by two foliar
applications of nano P, resulted in a 25% reduction in the
required amount of phosphorus when compared to conventional
DAP supplementation. Deo et al. (2022) reported that a
combination of 50% phosphorus (P), 100% nitrogen–potassium
(NK), and root dipping, along with two foliar sprays of nano-
DAP at 20–25 days after transplanting (DAT) and 45–50 DAT,
resulted in improved nutrient utilization efficiencies and production
responses. With the emerging years and gradual improvement in
people’s economic level, research on rice has shifted to the
nutritional quality aspect, but the nutrient use efficiency is still
an aspect that we cannot ignore. Now, we need to shift our focus to
achieve higher-scale of rice yield production with maximum
nutrient use efficiency, low eutrophication, greenhouse gas
(GHG) emissions, and soil pollution while ensuring our national
food security, ecology, and environment.

The novelty of this study is to standardize the rate, methods, and
timing of nano fertilizers, which could improve rice productivity and
N and P use efficiency with minimal loss, which opens up
opportunities to assess the feasibility and advantages of nano N
and P fertilizers in the climate change era. With this in mind, the
current study was conducted to determine the behavior of nano
DAP on yield and yield-attributing rice, as well as the nutritional
quality of rice grain and post-harvest soil properties.

2 Materials and methods

2.1 Site specification and characteristics

The present experiment was conducted during consecutive
kharif (July to December) seasons of 2021–2022 at the
experimental farm, Department of Soil Science and Agricultural
Chemistry, OUAT, Bhubaneswar, (20.2961°N, 85.8245°E) in East
and South Eastern Coastal Plain agro-climatic zones of Odisha. The
climate of the experimental site is characterized by a warm andmoist
climate distinguished by a hot, humid summer and a mild winter.
The monthly weather parameters during the cropping season (kharif
2021–22) were recorded at the meteorological observatory of
Central Research Station, OUAT. The monthly mean maximum
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temperature fluctuated from 26.8°C to 34°C, with an average value of
31.8°C, during the crop growing season, whereas the average weekly
mean low temperature was 23.6°C, with a range from 26.3°C to
15.2°C. The monthly mean relative humidity varied from 93.3% to
91% in the morning, with an average of 92.1%, and from 69% to 73%
in the afternoon, with an average of 72.6%. Moreover, the mean
monthly bright sunshine hours ranged from 4.1 to 4.8 h, and the
mean evaporation ranged from 6 to 3 mm. The experimental plot
has a sandy loam texture (sand, 71.2%; silt, 14.0%; and clay, 14.8%),
moderate acidic in reaction (pH 5.19), slightly alkaline in electrical
conductivity (0.28 dS m−1), and medium organic carbon content
(6.9 g kg−1). The available nitrogen, phosphorus, and potassium
contents of initial soil were 151, 13.3, and 82 kg ha−1, respectively.

2.2 Experiment details

The study was carried out by employing various methodologies
and utilizing a combination of traditional fertilizers and nano-
formulated DAP on rice (cv. MTU-1001) during its active
growth stages. This experiment was done in randomized blocks
design (RBD) by taking 10 treatments, with 3 replications conducted
consecutively over a span of 2 years (Table 1). MTU 1001 (Vijetha) is
a semi-dwarf (115 cm), medium-duration (120–125 days) variety
with the potential of 9.7 Mg ha−1 and tolerant to BPH and blast with
a higher yield stability ratio (84.5) (Mohapatra et al., 2021). It has
wide adoptability in Odisha. The nursery was prepared using the
wet-bed method, where seeds were soaked for 24 h and then
incubated in moist gunny bags for 2 days after being treated with
Vitavax Power 3 gm/kg−1 of seed. Pre-germinated seeds were
broadcast uniformly on nursery-raised beds (4–5 cm high,
1–1.5 m wide). The soil:farmyard manure mixture (1:1) was
spread in a thin layer over the seeds with proper space and
management. The beds were irrigated daily and thoroughly
before lifting the seedlings (Munda et al., 2018).

In the main experimental field, primary tillage was done using a
mold board plough, followed by cultivation. After ploughing twice,
the experimental field was divided into 30 plots with 3 replications,
each containing 10 plots for the imposition of treatments and proper

drainage facility. The net plot size was 26.5 m2 (5.9 m × 4.5 m). The
main field was puddled just before transplanting.

Nutrients were applied as per the soil test dose 100:50:50 (STD),
i.e., 100 kg of N (50:25:25::three splits), 50 kg of P2O5 (basal), and
50 kg K2O (25:25::two splits) per hectare according to the treatment
plan using urea, DAP, MOP, and nano DAP, respectively. Foliar-
spraying of nano-DAP was done between 25 and 45 days after
transplanting (DAT). Nano DAP supplied by Indian Farmer
Fertilizer Co-operative Limited (IFFCO) contains 8% N and 16%
P with a particle size of <100 nm. The rice seedlings of 27 days were
transplanted after a root dip using 5 mL L−1 of nano DAP with the
spacing of 10 cm × 20 cm on 27.07.2021 and 12.08.2022. For
effective weed control, pretilachlor 50% EC at 625 g ha−1 was
applied, followed by first and second hand weeding done after
20 and 40 DAT, respectively. For effective management of leaf-
eating caterpillars, 40% of profenophos and streptocycline were
sprayed for the management of BLB diseases.

2.3 Agronomic performance and yield data
collection

Randomly, five plants were sampled from each treatment in the
early morning for the assessment of chlorophyll (Lichtenthaler,
1987) and phosphorous (Jackson, 1973) at 30, 37, 54, and
61 DAT. The growth-attributing parameters such as the root
length (cm), plant height (cm), panicle length (cm), number of
effective tillers hill−1, total numbers of grain panicle−1, and test
weight were documented by averaging the values of randomly
tagged five plants from each plot.

Plant height was measured using a graduated straight scale from
the base of the shoot at the soil surface to the tip of the tallest leaf,
while the number of tillers was counted from each plant. Moreover,
the number of effective tillers per plant was also determined by
counting the number of tillers with panicle bearings, which are
referred to as effective tillers. An average was found for each
parameter and recorded (Mboyerwa et al., 2021). The rice
panicles with spikelets were collected to measure the panicle
length. Then, grains were separated from the panicle and

TABLE 1 Treatment details.

Treatment Treatment detail

T1 Control (No N and P)

T2 100% of soil test dose (STD) for N and P

T3 75% of STD for N and P

T4 50% of STD for N and P

T5 T3 + seedling root dipping (SRD) with nano DAP at 5 mL L−1 + once foliar spray (FS) with nano DAP at 2 mL L−1 at 25 days after
transplanting (DAT)

T6 T3 + SRD with nano DAP at 5 mL L−1 + FS with nano DAP at 4 mL L−1 at 25 DAT

T7 T4 + SRD with nano DAP at 5 mL L−1 + Once FS with nano DAP at 2 mL L−1 of at 25 DAT

T8 T4 + SRD with nano DAP at 5 mL L−1 + Once FS with nano DAP at 4 mL L−1 at 25 DAT

T9 T4 + SRD with nano DAP at 5 mL L−1 + twice FS with nano DAP at 2 mL L−1 at 25 and 45 DAT

T10 T4 + SRD with nano DAP at 5 mL L−1 + twice FS with nano DAP at 4 mL L−1 at 25 and 45 DAT
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grouped into unfilled and filled grains. A measure of 1,000 filled
grains from the sampled panicles were counted, and weight was
measured using the weighing balance.

Moreover, at physiological maturity (95 DAT), plants per
1 m2 area were randomly selected from three placed in one
treatment and harvested manually, where the grain and straw
samples were collected and labeled for further analysis. Grain and
straw yields were recorded after harvesting and mechanical
threshing from each plot individually, then air dried for
5 days, and converted into Mg ha−1 at 14% (average) moisture
content (Jatav et al., 2022). Samples were then ground into a fine
powder to estimate total nitrogen (N), phosphorous (P), and
potassium (K) contents, and the uptake was calculated. The
harvest index of rice was estimated using Equation 1. The
nutrient use efficiency, like the agronomic use efficiency
(AUE) (Yoshida, 1981), i.e., the additional increasing yield per
unit of input as influenced by kg of grain per kg of supplied
nutrient, is calculated using Equation 2. Apparent recovery
efficiency (RE) specifies the proportion of nutrients absorbed
from externally applied nutrient or fertilizer sources. It is
expressed in terms of kg of nutrient uptake per kg of nutrient
applied. It is calculated as per Equation 3 (Mitra et al., 2023).
Relative agronomic efficiency (RAE) was estimated as the ratio of
the yield response with the test nutrient to the respective yield
responses of the reference (100% N through STD) nutrient
(Akinrinde et al., 2005), and it was calculated using Equation 4.

Harvest index %( ) � Grain yield
Biological yield

× 100, (1)

AUE �
Grain yield in the treated plot kg ha−1( )
−Grain yield in control plot kg ha−1( )
Quantity of nutrients applied kg ha−1( )

, (2)

RE �

Total Nutrient uptake in
the treated plot kg ha−1( ) − Total nutrient uptake in

the control plot kg ha−1( )
Quantity of nutrients applied kg ha−1( )

x 100,

(3)

RAE �
Yield in the treated plot kg ha−1( )
−Yield in control plot kg ha−1( )
Yield in STDplot kg ha−1( )

−Yield in control plot kg ha−1( )

x 100. (4)

2.4 Economy

The total cost of cultivation, net return, and benefit cost ratio (B:
C ratio) of rice cultivation in all fertilizer management practices was
calculated using the following equations (Mohapatra et al., 2023):

Total cost of cultivation � ∑
n

i

QIPI × ∑
n

i

OCI, (5)

Gross return � ∑
n

i

YI PrI , (6)

Net return � Gross return − Total cost of cultivation, (7)
B: C ratio � Gross income

Total Cost of cultivation
, (8)

where Qi is the quantity of the agricultural input used, Pi is the
market price of agricultural input, OCi is the agricultural operational
cost, YR is the yield of rice grain and straw yield (Mg ha−1), and Pr is
the minimum support price (MSP) for rice grain and market price
for straw.

2.5 Soil properties

Post-harvest soil was sampled from each treatment using a spade
at a depth of 0–15 cm, followed by soil processing using a standard
protocol for studying soil’s physical and chemical characteristics
(Page et al., 1982). The alkaline KMnO4 method (Subbaiah and
Asija, 1956), Bray’s P method (Bray and Kurtz, 1945), and neutral
normal ammonium acetate method (Jackson, 1973) were employed
to estimate the available N, P2O5, and K2O, respectively, of the post-
harvested soil sample (Page et al., 1982). The collected fresh soil
samples (during the maturity stage at a depth of 0–15 cm) were store
immediately in a refrigerator at 4°C for biological parameter
analysis. Soil urease activity was determined using THAM buffer
(Tabatabai and Bremnar, 1972), by estimating the difference in the
production of NH4-N between control and treated samples.
Phosphatase activity involves the colorimetric estimation of
p-nitrophenol released by phosphomonoesterase activity
(Tabatabai and Bremnar, 1972). Microbial biomass carbon
(MBC) and microbial biomass nitrogen (MBN) were determined
via the chloroform fumigation extraction technique (Vance et al.,
1987), where the amount of carbon and nitrogen generated due to
the death of microorganisms was determined. Microbial biomass
phosphorus (MBP) was quantified using fumigation–extraction
procedures (Brookes et al., 1982), and P concentration was
determined via a modified ammonium molybdate blue ascorbic
acid technique (Joergensen, 1996).

2.6 Statistical analysis

The data regarding different parameters obtained from this
study were analyzed by the method of analysis of variance
(ANOVA) given by Gomez and Gomez (1984), and the effects
were determined by the value indicated by the “F” test at a 5% level
of significance. The data for each parameter were analyzed using R
4.3.3 software and MS-Excel 2016.

3 Results

3.1 Chlorophyll and phosphorus contents

Total chlorophyll and phosphorus (P) contents of rice leaves at
30, 37, 54, and 61 DAT were determined and are mentioned in
Figure 1. It was found that the highest mean total chlorophyll
contents of 3.39, 4.19, 4.98, and 4.46 mg g−1 of fresh weight at
30, 37, 54, 47, and 61 days after transplanting (DAT) were recorded
with T2, which was at par with T10 values of 3.26, 3.68, 4.48, and
4.83 mg g−1, respectively. However, the lowest chlorophyll contents
of 2.87, 3.02, and 3.1 mg g−1 of fresh weight were recorded with T1 at
respective intervals. Moreover, the significantly highest mean total P
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contents of 0.26, 0.28, 0.31, and 0.3% at 30, 37, 54, and 61 days after
transplanting (DAT) were recorded with T2, which was at par with
T10 values of 0.23, 0.25, 0.32, and 0.30%, respectively. However, the
lowest P content was recorded with T1 at respective day intervals.

3.2 Growth and yield attributes

The growth attributes, viz., root length, plant height, panicle length,
and number of effective tiller hill−1 of rice are presented in Table 2. It
was observed that the soil application, along with seedling root dipping
and foliar sprays of nano DAP, significantly improved the growth
parameters in rice. The highest root length of 25.7 cmwas recordedwith
T10, followed by T2 treatment (24.4 cm), which was 5% less than T10,
whereas the lowest was perceived in treatment T1 (16.4 cm) i.e., control.
It was noticed that the highest plant height of 147 cmwas recorded with
treatment T10, which was statistically at par with treatment T2 (145 cm),

T6 (144 cm), and T9 (143 cm), respectively, and the significantly lowest
plant height was recorded with treatment T1 (122 cm) as compared to
other treatments, indicating the vital role of N and P in plant growth.
Similarly, treatment T10 was found significantly higher than the rest of
the treatments, having a panicle length of 29.1 cm, while the minimum
was recorded in treatment T1 (24.6 cm). Moreover, in the case of the
number of effective tillers, the treatments T2 (12.5) and T10 (12.3) were
statistically at par with each other. However, the total number of grain
panicle−1 varied from 94 to 145 with the highest value in treatment T2

involving 100% STD, but it was at par with T10, whereas the lowest value
was found in treatment T1.

3.3 Grain and straw yield

The data on yield represented that soil application and seedling
root dipping followed by foliar spraying of nano DAP caused a

FIGURE 1
Effects of nano DAP on total chlorophyll contents (mg g−1) and P contents (%) of rice at different growth stages.

TABLE 2 Effects of different doses of nano-formulated N and P fertilizers on plant height and yield attributes of rice.

Treatment Root length (cm) Plant height (cm) Panicle
length (cm)

Number of
effective tiller

hill−1

Total number of
grain panicle−1

2021 2022 2021 2022 2021 2022 2021 2022 2021 2022

T1 16.8 16.1 124 122 25.8 23.5 8.7 9.0 94 91

T2 24.4 22.1 140 145 28.3 29.0 12.5 12.2 145 139

T3 18.0 17.3 136 133 26.9 26.2 11.6 11.1 128 125

T4 17.2 16.6 133 125 26.0 24.7 10.5 10.4 118 120

T5 19.1 19.4 137 139 27.2 27.0 12.0 11.7 137 134

T6 20.5 21.2 138 144 27.8 28.5 12.4 12.6 139 137

T7 19.2 18.7 135 133 26.2 25.8 10.7 10.7 120 126

T8 21.6 21.9 136 137 26.4 26.4 11.2 11.0 135 137

T9 22.8 22.7 137 143 27.7 28.0 11.6 11.7 137 138

T10 25.1 25.7 140 147 29.1 28.9 12.0 12.3 144 141

CD 1.75 2.53 4.36 6.84 1.13 2.22 1.09 1.44 6.02 9.09

SEM(±) 0.60 0.85 1.50 2.3 0.38 0.75 0.36 0.48 2.02 3.06
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significant impact on grain and the straw yield of paddy compared to
soil application alone (Table 3). The maximum mean grain and
straw yields were recorded at T2 (4.09 and 5.21Mg ha−1), which were
at par with T10 (4.05 and 5.19Mg ha−1), whereas the minimummean
grain and straw yields were recorded in T1 (2.42 and 3.61 Mg ha−1).
However, the treatment T10 with a mean grain yield of
(4.05 Mg ha−1) significantly excelled over the rest of the
treatments, but it did not show a significant difference between
the treatments, viz., T6 (3.8 Mg ha−1), T9 (3.77 Mg ha−1), and
T2 (4.09 Mg ha−1).

3.4 Nutrient concentration, uptake, and use
efficiency of rice

The concentrations of N, P, and K in rice grain and straw were
estimated and are provided in Table 4. Soil application, seedling root
dipping, and foliar fertilization of nano-formulated DAP resulted in
the significantly increased concentrations of N, P, and K in grain and
straws compared to the soil application alone and control in
2021–2022. The maximum nitrogen (1.43% and 0.77%)
concentrations along with the phosphorous concentrations

TABLE 3 Effects of different doses of nano-formulated N and P fertilizers on yields of rice.

Treatment Grain (Mg ha−1) Straw (Mg ha−1) HI (%)

2021 2022 2021 2022 2021 2022

T1 2.51 2.34 3.70 3.53 40.3 39.9

T2 4.12 4.05 5.27 5.16 43.9 44.0

T3 3.30 3.17 4.63 4.46 41.6 41.5

T4 2.88 2.92 4.07 4.35 41.4 41.6

T5 3.50 3.43 4.69 4.57 42.7 42.8

T6 3.77 3.83 4.92 5.00 43.4 43.3

T7 2.95 3.02 4.23 4.15 41.0 42.2

T8 3.19 3.22 4.50 4.45 41.4 41.9

T9 3.80 3.74 5.03 5.16 43.0 42.0

T10 4.08 4.02 5.13 5.25 44.3 43.3

CD (p ≤ 0.05) 0.354 0.448 0.443 0.51 NS NS

SEM (±) 0.119 0.151 0.149 0.17

TABLE 4 Influence of different doses of nano-formulated N and P fertilizers on nutrient concentrations (%) of rice.

Treatment Nitrogen (%) Phosphorus (%) Potassium (%)

2021 2022 2021 2022 2021 2022

Grain Straw Grain Straw Grain Straw Grain Straw Grain Straw Grain Straw

T1 0.83 0.39 0.88 0.43 0.18 0.09 0.15 0.08 0.36 0.74 0.38 0.79

T2 1.30 0.68 1.43 0.77 0.26 0.16 0.27 0.16 0.49 0.96 0.57 1.29

T3 1.02 0.51 1.05 0.53 0.21 0.14 0.16 0.14 0.38 0.86 0.43 0.84

T4 0.87 0.41 0.89 0.44 0.21 0.12 0.16 0.12 0.36 0.77 0.40 0.79

T5 1.10 0.52 1.13 0.52 0.22 0.14 0.24 0.14 0.39 0.88 0.45 0.87

T6 1.15 0.64 1.21 0.66 0.25 0.14 0.25 0.16 0.41 0.90 0.47 0.93

T7 0.91 0.45 0.94 0.46 0.22 0.13 0.21 0.125 0.37 0.88 0.40 0.86

T8 0.95 0.51 0.96 0.52 0.22 0.14 0.21 0.135 0.38 0.84 0.44 0.83

T9 1.24 0.63 1.30 0.64 0.25 0.15 0.27 0.16 0.42 0.98 0.48 1.12

T10 1.24 0.67 1.36 0.7 0.27 0.16 0.28 0.17 0.45 1.08 0.51 1.22

CD (p ≤ 0.05) 0.14 0.08 0.23 0.068 0.04 0.02 0.05 0.03 0.05 0.12 0.10 0.18

SEM (±) 0.05 0.027 0.078 0.023 0.013 0.007 0.016 0.009 0.016 0.040 0.035 0.062
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TABLE 5 Effects of different doses of nano-formulated P and N on nutrient uptake (kg ha−1) of rice.

Treatment N (kg ha−1) P (kg ha−1) K (kg ha−1)

2021 2022 2021 2022 2021 2022

Grain Straw Total Grain Straw Total Grain Straw Total Grain Straw Total Grain Straw Total Grain Straw Total

T1 20.7 14.4 35.1 20.6 15.2 35.7 4.6 3.3 7.9 3.4 2.9 6.3 8.9 27.3 36.2 8.8 27.8 36.6

T2 53.6 35.8 89.3 57.5 39.9 97.4 10.6 8.3 18.9 10.9 8.5 19.4 20.2 50.9 71.1 22.8 67.0 89.8

T3 33.7 23.6 57.5 33.4 23.8 57.3 7.0 6.4 13.4 5.2 6.1 11.3 12.4 39.7 52.1 13.6 37.5 51.1

T4 25.1 16.7 42.0 25.9 19.1 45.0 6.1 4.9 11.0 4.6 5.1 9.7 10.5 31.6 42.1 11.6 34.1 45.7

T5 38.5 24.4 62.7 38.6 23.9 62.5 7.6 6.7 14.2 8.1 6.6 14.7 13.5 41.4 54.9 15.4 39.7 55.1

T6 43.4 31.5 74.9 46.3 33.3 79.6 9.2 7.1 16.3 9.7 7.8 17.5 15.3 44.5 59.8 18.0 46.4 64.4

T7 26.8 19.0 45.9 28.4 19.0 47.4 6.5 5.6 12.1 6.4 5.1 11.5 10.9 37.4 48.3 12.3 35.7 48.0

T8 30.3 23.0 53.1 30.7 23.4 54.1 7.2 6.3 13.4 6.9 6.0 13.0 12.3 37.9 50.2 14.0 37.1 51.1

T9 47.1 31.7 78.9 48.8 32.9 81.8 9.5 7.4 16.9 10.0 8.2 18.2 15.8 49.5 65.3 17.9 58.2 76.1

T10 50.6 34.4 85 54.7 36.7 91.4 10.8 8.5 19.3 11.2 8.7 20.0 18.5 52.4 70.9 20.3 64.1 84.4

CD(p ≤ 0.05) 6.05 4.56 7.55 9.06 5.03 7.44 1.59 1.21 1.57 1.52 1.09 2.13 2.23 7.42 7.32 3.89 10.8 13.2

SEM (±) 2.037 1.53 2.54 3.05 1.69 2.50 0.53 0.41 0.529 0.51 0.36 0.71 0.75 2.49 2.42 1.3 3.6 4.4
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(0.27% and 0.16%) in both grain and straw, respectively, were
observed in T10. The highest mean K concentrations of 0.57%
and 1.29% in grain and straw, respectively, were recorded in T2,
whereas the lowest concentration was shown in T1.

Based upon the findings of different levels of nano N and P
applications, a beneficial effect on the mean uptake of major
macronutrients is elucidated in Tables 5. The total N, P, and K
uptakes in rice during 2021–2022 varied from 33.2 to 95.5, 7.9 to 20,
and 36.2–84.4 kg ha−1, respectively. The significantly higher total N
uptake of 89.3–97.4 kg ha−1 was obtained in T2 than that of control
and others but at par with a value of 86.9–95.5 kg ha-1 in T10,
followed by T9 of 78.9–81.8 kg ha−1. Similarly, treatment T10 had a
higher total P uptake, i.e., 19.3–20 kg ha−1, followed by T2

(18.9–19.4) and T9 (16.9–18.2), respectively, which was at par
among each other but significantly higher than other treatments.
The higher total K uptake of 89.8 kg ha−1 was obtained in T2, which
was at par with T10 (84.4). Moreover, the result specified that nano N
and P fertilization treatments were found to be statistically superior
in total macronutrient uptake by rice in T9 and T10 compared to
other treatments.

The relative agronomic efficiency was achieved to be maximum
(100%) for T2, which was not significant with T10 (97.7%) (Figure 2).
The higher N and P use efficiencies of 33.5 (N) and 67(P)% were
obtained in treatment T10, followed by 28 (N) and 56.1(P) % in T9,
respectively, which is statistically more over all other treatments.
The maximum N and P recovery values of 99.8% and 45.6%,
respectively, were recorded with T10, followed by values of
87.26% and 36% of N and P, respectively, with T9.

3.5 Economy

A detailed breakup of the total cost of cultivation and return per
hectare of each treatment is provided in Table 6. The highest mean
cost of cultivation amount of 40,209₹ was observed in treatment T2,
whereas the lowest amount of 35,086₹ was observed in T1 (Control).
However, an amount of 39,017₹ and 38,854₹ was recorded in T6,
followed by T10. The Gross return was calculated by adding return
from both grain and straw. The MSP price for grain was 19,400 ₹

Mg−1 in 2021, followed by 20,400 ₹Mg−1 in 2022, and for straw, the
local price was 1,200 ₹ Mg−1 in 2021, followed by 1,000 ₹ Mg−1 in

2022, respectively. The highest mean return amount per hectare of
87,016₹ was recorded in T2, followed by the amount of 85,783₹ in
T10, whereas the lowest mean return was recorded in T1 (52,195₹).
Moreover, the B:C ratio of all the 10 treatments was above 1, as
shown in Table 6, which indicates that treatment imposition in rice
was on a positive trend. The highest benefit–cost ratio value of
2.26 was observed in treatment T10, which indicated that the average
net return is 1.26₹ on an average investment of 1₹, followed by T2

(2.19) and T9 (2.18), whereas the lowest B: C ratio of 1.47 was
recorded in T1.

3.6 Post-harvest soil properties

The post-harvest properties of soil under the experiment are
enlisted in Table 7. The highest soil pH (5.68) in post-harvest soil
was recorded in T10, and the minimum, in T5 (5.13). The soil
applications of N and P, along with foliar fertilization of nano N and
P treatments, resulted in a forward trend for soil pH, as compared to
no foliar spray. For electrical conductivity (EC), a significant
reduction was recorded in treatment T10 (0.24 ds m−1), whereas
highest EC was observed in T5 (0.36 ds m

−1). The available N content
ranges from 112 to 186 kg ha−1. The lowest was observed in T1,
whereas a significantly highest value of 186 kg ha−1 was recorded
with T10 among all treatments. Similarly, soil available P content was
influenced by different levels of P fertilization with ranges from
3.7 to 21 kg ha−1. A significantly highest available P content of
21 kg ha−1 was observed in T10, and the lowest value of 3.7 kg ha−1

was obtained in T1. However, the highest available K content of
86.2 kg ha−1 was estimated in treatment T1.

Experimental results pertaining to soil microbial biomass in
2021–22 are depicted in Figure 3. The data demonstrated that the
application of nano N and P posed a significant impact on the
microbial biomass carbon (MBC), microbial biomass nitrogen
(MBN), and microbial biomass phosphorous (MBP). Perusal of
results revealed that microbial biomass carbon (MBC) was higher in
T2 (117.4–118.4 μg C g−1 soil), followed by T10 (109.2–113.2 μg C g−1

soil), which is significantly at par. Whereas the lowest value of
(52.8–53.1 μg C g−1 soil) in unamended control plot T1. The highest
MBN content in soil ranged from the highest values of
76.1–78.4 μg N g−1 in treatment T2, whereas the lowest values of

FIGURE 2
Effects of nano DAP on the mean use efficiency for nutrients of rice crop. *Agronomy use efficiency (AUE), apparent recovery efficiency (ARE), and
relative agronomic efficiency (RAE).
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21.6–21.7 μg N g−1 soil in treatment T1 (control). T10 possesses
ranges from 60 to 60.7 μg N g−1 soil. It was observed that the MBP
content in different treatments was in the range of 2.3–7.3 μg P g−1

soil. Highest MBP was estimated in treatment T2 (9.6–9.8 μg P g−1

soil), whereas the lowest was estimated in control (2.3–2.4 μg P g−1

soil). Soil urease enzyme acts upon urea and organic N to release the
plant available end product NH4

+ through the process of
mineralization. From the analysis of soil urease activity in
2021–2022, the result showed that urease activities were highest

in T2 (66.8–67.7 μg NH4
+-N g−1 soil hr−1), which was at par with T10

(60.8–61.7 μg NH4
+-N g−1 soil hr−1), whereas the lowest activity was

observed in control T1 (30.5–34.06 μg NH4
+-N g−1 soil hr−1). Soil

phosphatase enzyme acts upon the organic form of P and releases
the end product of plant-available phosphate through the process of
mineralization. Results pertaining on the phosphatase activity
showed that it ranged between 127.1 and 156 μg p-nitrophenol
g−1 soil hr−1. The highest phosphatase activity in 2021–22 was found
in the treatment T2 (153.7 and 156 μg p-nitrophenol g−1 soil hr−1)

TABLE 6 Effects of different doses of nano-formulated P and N on economics of rice crop.

Treatment Cost of cultivation (₹ ha−1) Gross return (₹ ha−1) B:C ratio

2021 2022 2021 2022 2021 2022

T1 35,234 34,939 53,134 51,256 1.51 1.47

T2 40,289 40,129 86,252 87,780 2.14 2.19

T3 37,757 37,763 69,576 69,128 1.84 1.83

T4 36,938 36,454 60,756 63,918 1.64 1.75

T5 38,787 38,677 73,528 74,543 1.90 1.93

T6 39,208 38,827 79,042 83,132 2.02 2.14

T7 37,169 36,739 62,306 65,758 1.68 1.79

T8 37,573 37,409 67,286 70,138 1.79 1.87

T9 37,667 37,448 79,756 80,789 2.12 2.18

T10 39,035 38,673 84,641 86,925 2.19 2.26

CD (p ≤ 0.05) 639.1 514.3 4,995.7 6,382.0 0.037 0.048

SEM (±) 215.1 173.1 1,681.6 2,148.2 0.012 0.016

TABLE 7 Effects of nano-formulated P and N on post-harvest soil properties.

Physicochemical property Chemical property

Treatment pH ECW (dS m−1) OC (g kg−1) Mineralizable
N (kg ha−1)

Bray P
(kg ha−1)

Available K
(kg ha−1)

2021 2022 2021 2022 2021 2022 2021 2022 2021 2022 2021 2022

T1 5.17 5.26 0.28 0.31 6.6 6.4 112.0 115.7 3.7 4.0 86.2 82.7

T2 5.25 5.19 0.34 0.32 7.6 7.9 171.7 174.0 16.4 17.8 61.5 62.3

T3 5.13 5.11 0.31 0.31 7.4 7.5 162.1 165.1 12.7 13.2 79.1 70.3

T4 5.26 5.28 0.28 0.25 6.8 6.7 156.7 158.7 9.5 10.2 80.4 85.5

T5 5.13 5.19 0.33 0.36 7.2 7.0 166.1 168.1 14.4 14.8 75.5 79.1

T6 5.27 5.29 0.31 0.32 7.1 7.3 170.8 172.5 16.7 17.6 69.4 73.8

T7 5.28 5.22 0.28 0.24 7.0 7.3 160.9 163.9 10.0 10.8 79.6 78.3

T8 5.31 5.35 0.27 0.29 6.9 7.1 166.0 167.4 12.2 13.5 78.6 76.4

T9 5.54 5.51 0.26 0.30 7.2 7.2 171.1 175.1 15.3 15.9 65.3 67.9

T10 5.68 5.57 0.24 0.29 7.4 7.6 182.0 186.0 19.9 21.0 58.1 65.6

CD (p ≤ 0.05) NS NS NS NS NS NS 8.33 9.921 2.61 2.784 11.6 10.3

SEM (±) 0.183 0.171 0.022 0.019 0.04 0.04 2.8 3.32 0.9 0.937 3.90 3.49
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and the lowest in control T1 (127.1 and 128.7 μg p-nitrophenol g−1

soil hr−1).

4 Discussion

It was observed that the total chlorophyll content of rice leaves
was found to be increased from 30 DAT to 54 DAT, irrespective of
the nutrient doses. After 54 DAT, the chlorophyll content was
decreased in all treatments except in T9 and T10, and this might
be due to the comparative addition of more N and P for a longer
period through a second foliar spray of nano DAP, which delayed
the reproductive process, whereas the vegetative phase stretched
beyond 54 DAT. Thereafter, the chlorophyll content was reduced
where N and P was utilized for grain production during reproductive
stages. The reason may be due to the utilization of nutrients for the
production of total chlorophyll which were diverted toward the
production of grains at the time of reproductive stages (Monica
et al., 2020; Tari et al., 2013; Pramanik and Bera, 2013). A higher
photosynthetic rate was acquired by applying 50% of the STD for N
and P with nano DAP foliar spray than that of 100% of N and P from
conventional fertilizer sources because of the higher amount of N
and P obtained from foliar sprays of nano DAP (Villagomez et al.,
2019). Higher growth and yield-attributing characteristics were
recorded in T10 than that in T2 treatment. This might be due to
improved nutrient absorption by plant cells, resulting in the optimal
development of plant parts (Upadhyay et al., 2023) and metabolic
processes such as photosynthesis, which result in increased
photosynthates accumulation and translocation to plant’s
economic portions (Benzon et al., 2015; Chavan, 2019; Monica
et al., 2020). Two foliar sprays of nano DAP facilitated more
nutrient absorption through the opening of stomata and nutrient
translocation inside the plant, which enhance the yield attributing
characteristics of rice. Nano fertilizers enhanced the activity of
chloroplast, and the antioxidant enzyme system affects the yield
attributing characteristics (Prusty et al., 2022; Hong et al., 2005;
Nekrasova et al., 2011; Upadhyay et al., 2023).

The highest mean grain yield of T2 was due to the application of
more amounts of N and P through soil application. The grain yield
was increased in T10 due to the combined application of nitrogen
and phosphorous through a foliar application of nano DAP and soil
application. This might be due to improved absorption and
translocation of nano forms of N and P, which creates a
conducive environment for the higher production of rice grains
(Deo et al., 2022; Poudel et al., 2023). The availability of N and P was
enhanced due to the foliar application of nano DAP and soil
application of N and P at 50% of the STD along with the
seedling root dip, which facilitates the availability, translocation,
and production of biomolecules such as proteins and carbohydrates
and also helped in efficient root establishment (Chavan, 2019).
Moreover, the highest straw yield was recorded with only soil
application of inorganic fertilizers at 100% of STD for N and P
due to the higher availability of nutrients for plant uptake. On the
other hand, the straw yield was increased in T9, followed by T10. This
might be due to the accessibility of nutrients by rice at various
growth stages for a longer period through twice foliar applications of
nano DAP, from which N and P can be easily taken up by plants
(Poudel et al., 2023). In addition, the growth hormone,
photosynthetic activities, and metabolic process enhance due to
nano forms of fertilizers, resulting in increased biomass (Sivaleela
et al., 2018; Kunta and Thatikunta, 2011; Valojai et al., 2021;
Upadhyay et al., 2023).

The significantly highest nitrogen uptake in T2 and T10 was
because of the higher and effective availability of N along with
effective usage due to the soil application of nutrients in T2.
However, in T10, availability of N and P was increased for a
longer period due to the foliar application of nano DAP (Poudel
et al., 2023). Similarly, phosphorus and potassium uptake was
enhanced because of more availability and efficient utilization of
nutrients through the application of nutrients as per 100% of STD or
the addition of nano DAP. A positive interaction between
phosphorus and nitrogen enhances the availability of other
nutrients by creating a conducive environment for the better
uptake of nutrients (Soliman et al., 2016). The increase in

FIGURE 3
Effects of nano DAP on soil biological properties. * MBC, microbial biomass carbon (μg C g−1 soil); MBN, microbial biomass nitrogen (μg N g−1 soil);
MBP, microbial biomass phosphorus (μg P g−1 soil); urease (μg NH4

+-N g−1 soil hr−1); and phosphatase (μg p-nitrophenol g−1 soil hr−1).
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nutrient uptake might be due to the synchronization of the release of
nutrients with the active crop growth stage for a longer release
period, which leads to the effective utilization of nutrients through
nano fertilizers (De Rosa et al., 2010; Chavan, 2019).

Different efficiencies of nitrogen and phosphorous concerning
rice crops indicated that higher relative agronomic efficiency (RAE)
based on grain yield, higher agronomic use efficiency (AUE) for
nitrogen and phosphorus, and higher recovery efficiency of nitrogen
and phosphorous were recorded in T10 (Deo et al., 2022; Hagab et al.,
2018; Mejias et al., 2021). This might be due to the productive and
coherent utilization of nutrients by plants due to the application of
nano DAP. The nutrients smaller than the stomatal pore with a
higher surface area are available to the plant for a longer period of
time, for which its productivity was increased (Patil et al., 2020;
Talboys et al., 2020).

The highest B:C ratio is obtained in T10, followed by T2. This
might be due to the higher yield recorded with the soil application of
nitrogen and phosphorous at 50% STD along with twice foliar sprays
of nano DAP, whereas in T2, nitrogen and phosphorous were
applied at 100% of STD to the soil, which leads to greater cost of
cultivation, as compared to gross income.

The enrichment in available nitrogen and phosphorous levels in
post-harvest soil could be attributed to decreased nutrient uptake
from the soil as a result of the utilization of nano-formulated N and P
fertilizer by crops, resulting in an increased amount of nutrients in soil
after harvest (Soliman et al., 2016; Hasaneen et al., 2016). The nano
fertilizers uplifted nutrient concentrations in the soil solution,
developing higher osmotic potential of soil and reduction in
nutrient absorption and resulting in leftover nutrients in the soil
after harvesting (El-Azizy et al., 2021; Patil et al., 2020). The gradual
increase in soil microbial biomass and enzyme activity is due to
seedling root dipping with 5 mL L−1 nano N and P during
transplanting, combined with 50% soil application of granular
fertilizers at active growth stages, which improved root
development and rhizosphere activity while also favoring the soil
enzymatic activity (Maloth et al., 2024). A significant increase inMBC,
MBN, and MBP was seen with the combined application of nano N
and P compared to soil application. Furthermore, phosphatase activity
was closely associated with the favorable properties of nanomaterials
(Sahu et al., 2023). The gradual decomposition of nano fertilizers
enhances the diversity and quantity of microbes, consequently
enhancing enzymatic activity and minimizing loss.

5 Conclusion

Based on the abovementioned findings, it may be concluded that
the application of nano-formulated N and P fertilizers combined with
seedling root dipping and soil application has immense impact on
yield, nutrient uptake, soil microbial biomass, and enzyme activity, as
well as post-harvest soil properties of rice. The application of 50% STD
+ SRD with 5 mL L−1 nano DAP + twice foliar sprays of nano N and P
at 25 and 45 DAT (T10) validated superior efficacy for achieving higher
growth, yield, and yield-attributing properties and simultaneously
conserved 50% soil application of conventional fertilizer. The
findings suggested that nano DAP formulation of N and P as a
novel liquid fertilizer could serve as a promising substitute for
traditional DAP in precision agriculture due to its improved

fertilizer use efficiency. Additionally, it is worth noting that the unit
cost of nano fertilizers is comparatively low. Further research trials
need to be conducted to gain a better standardization of nano DAP
doses and its application, as well as effectiveness of foliar fertilization.
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