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ABSTRACT

Background: Phosphorus (P) deficiency is a major constraint in Indian soils, limiting crop yields. Low-grade rock phosphate (RP) is
a potential source of P but has poor solubility. Organic acids such as oxalic and citric acid improve RP solubilization through chelation,
yet their rapid microbial degradation limits persistence. Encapsulation of these acids in nano clay polymer composites (NCPC)
ensures controlled, sustained P release. As part of a maize-cowpea sequence, residual P from these treatments can be effectively
utilized by cowpea (Vigna unguiculata), a legume with efficient P uptake and N-fixation ability. This study evaluated the residual
effect of organic acid-loaded NCPC of RP on cowpea performance in a maize-cowpea cropping system.

Methods: A field experiment was conducted for two consecutive summer seasons (2023 and 2024) at Machanahalli village,
Chikkaballapura district, Karnataka, to evaluate the residual effect of organic acid-loaded NCPC of RP on cowpea [Vigna unguiculata
(L.)] grown after maize. Cowpea was cultivated as a test crop to assess the residual effect of organic acid-loaded NCPC of rock
phosphate after maize, while simultaneously contributing to soil fertility as a legume. The trial included 12 treatments arranged in RCBD
with three replications. Cowpea received the recommended N and K, while P was supplied only through residual sources from maize.
Result: Residual application of NCPC significantly improved cowpea growth, yield attributes, yield and nutrient uptake compared to
conventional sources. Among treatments, oxalic acid-loaded NCPC of nano RP (T,,) recorded the highest grain yield (1649.24 kg ha') and
haulm yield (2034.23 kg ha''), reflecting 111.5% and 81.9% increases over the control, respectively, followed by citric acid-loaded
NCPC of nano RP (T,,). These treatments also maximized NPK uptake.
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INTRODUCTION

Phosphorus (P) deficiency is one of the most widespread
constraints in Indian agriculture, with about 61% of soils
classified as low in available P (Singh et al., 2023). In
Karnataka’'s Eastern Dry Zone, encompassing Bangalore
Rural, Kolar and Chikkaballapura soil P availability often
ranges between 10-65 kg P,O, ha' (Chandrakala et al.,
2017). India’s dependence on costly imported P fertilizers
further limits their application by farmers, accelerating soil
P depletion (Sharma et al., 2003). Hence, use of indigenous
low-grade rock phosphate (RP) represents a sustainable
alternative. However, RP has poor solubility in neutral soils,
resulting in low plant availability (Sarkar et al., 2018).

To enhance RP reactivity, organic acids such as oxalic
and citric acid have been studied. These acids chelate Ca
and other ions, releasing plant-available P (Ali et al., 2014).
However, their rapid microbial degradation reduces persistence
in soil. Encapsulation of organic acids in nano clay polymer
composites (NCPC) has emerged as a promising strategy
to overcome this limitation. The clay-polymer matrix protects
acids from microbial breakdown, enabling their slow release
and sustained RP solubilization (Kumar et al., 2018; Verma
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et al.,, 2017). NCPC also minimizes fixation and leaching
losses, thereby improving nutrient-use efficiency.

Despite these advantages, not all applied P from
NCPC-treated RP is utilized in the first crop and a considerable
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portion remains as residual P (Roy et al., 2018). Efficient
utilization of this residual P is critical for system productivity.
Growing a legume such as cowpea (Vigna unguiculata)
after maize is strategic, as legumes possess extensive
root systems and efficient P-acquisition mechanisms
(Tiwari and Shivhare, 2016). Cowpea also fixes atmospheric
nitrogen, improving soil fertility and reducing the need for
synthetic inputs (Birla and Patel, 2022). Thus, evaluating
the residual impact of NCPC-treated RP in a maize-cowpea
sequence can provide insights into sustainable P management.

The present study aims evaluate the residual impact
of organic acid loaded NCPC of rock phosphate on cowpea
growth, yield and nutrient uptake as a subsequent crop
after maize. The research focus on assessing P availability,
growth and yield performance of cowpea, thereby providing
insights into the efficacy of NCPCs in sustaining long term
phosphorus supply in cropping systems.

MATERIALS AND METHODS
Experimental site and soil characteristics

Field experiments were conducted during the summer
seasons of 2023 and 2024 at Machanahalli village,
Chikkaballapura district, Karnataka, under a maize-cowpea
sequence. The soil was sandy loam with bulk density
1.42 Mg m, maximum water-holding capacity 57.46%, pH
7.18, EC 0.16 dS m™", organic carbon 5.7 g kg™ and available
N, P and K 280.87, 34.67 and 279.22 kg ha" respectively.
Exchangeable Ca and Mg were 4.81 and 3.46 C mol (p*) kg™
and DTPA-extractable Fe, Cu, Mn and Zn were 11.83, 0.74,
7.82 and 0.67 mg kg™, respectively.

Synthesis of nano rock phosphate

Nano rock phosphate was synthesized in 2022-2023 at
Department of Soil Science and Agricultural Chemistry,
College of Agriculture, GKVK, UAS, Bangalore, according
to Adhikari et al. (2014). Rock phosphate was sieved (2 mm)
and ground to < 74 ym in a high-speed vibrating sample
mill at 1500 rpm for 5 min, five times repeated. The material
was ball-milled in a mixer mill at 1500 rpm for 10 min with
2-minutes breaks.

Loading of organic acids on rock phosphate nano clay
polymer composites

The commercially available nano clay polymer composite
(NCPC) was loaded separately with two organic acids,
citric acid and oxalic acid, at 2% (w/w). For this, 2% (w/v)
aqueous solutions of ammonium citrate and ammonium
oxalate were prepared using distilled water. To achieve 2%
(w/w) loading, 10 mL of the respective solution (containing
0.2 g citrate or oxalate) was added to 9.8 g of NCPC and
mixed thoroughly. The acid-loaded NCPC was then dried
in a hot air oven at 80°C until constant weight was attained,
followed by gentle grinding. The oxalic acid-loaded (OA-
NCPC) and citric acid-loaded (CA-NCPC) composites thus
obtained were subsequently mixed with rock phosphate
(RP) or nano rock phosphate (nano RP) at a rate of 40 mg kg
soil for use in the experiment (equivalent to ~75 kg P ha™

supplied through 763 kg RP or 552 kg nano RP, along with
90 kg NCPC ha™ for acid loading) (Roy et al., 2015).
Since the experimental soil had a neutral pH (7.18),
the direct dissolution of RP was limited. To overcome this,
citric and oxalic acids were externally applied and loaded
into NCPC to enhance their persistence and create
localized acidic conditions, thereby facilitating RP
solubilization and improving phosphorus availability.

Experimental design and treatments

The experiment was laid out in randomized block design
(RCBD) with three replications and twelve treatments:
T,: absolute control, T,: 100% (75 P,0,kg ha™) phosphorus
through single superphosphate (SSP), T,: 100% phosphorus
through RP, T,: 100% phosphorus through nano RP,
T,: 100% phosphorus through oxalic acid-loaded RP (OA-
RP), T,: 100% phosphorus through citric acid-loaded RP
(CA-RP), T.: 100% phosphorus through oxalic acid-loaded
nano RP (OA- nano RP), T,: 100% phosphorus through
citric acid-loaded RP (CA-nano RP), T.: 100% phosphorus
from oxalic acid-loaded NCPC of RP (OA-NCPC-RP),
T,,- 100% phosphorus from citric acid-loaded NCPC of RP
(CA-NCPC-RP), T,;: 100% phosphorus from oxalic acid-
loaded NCPC of nano RP (OA-NCPC-nano RP) and
T,,: 100% phosphorus from citric acid-loaded NCPC of nano
RP (CA-NCPC-nano RP).

In all treatments except the control, 25:25 kg ha' of N
and K were applied at sowing. No additional P was given
and cowpea utilized the residual P from maize. Seeds were
sown at 25 kg ha™ and the crop was raised as a bulk stand
to assess yield and residual effects of the P treatments.

Collection of growth and yield parameters

Five plants per treatment in each replication were tagged
for recording growth and yield attributes at 30, 60 DAS and
harvest. Plant height, leaf number, pod length, seeds per
pod and 100-seed weight were measured using standard
procedure.

Plant analysis

Cowpea seeds and plants were collected at the time of
harvest and analyzed for total N by micro- Kjeldahl method,
total P by Vanadomolybdate yellow colour method and total
K by flame photometer (Piper, 1966).

Statistical analyses

Data were analyzed using analysis of variance (ANOVA) as
per Gomez and Gomez (1984). Treatment means were
compared using the critical difference (CD) test at 5%
probability. Standard error of mean (SEm) and CD values
are presented with tables.

RESULTS AND DISCUSSION
Growth parameters
The residual effect of organic acid-loaded NCPC of rock

phosphate significantly influenced cowpea growth
parameters, including plant height (Table 1), number of
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leaves per plant (Table 2) and dry weight (Table 3) at different
BIRR328e28888 gy growth stages.
SIRTILLRTERELRRaw Among the treatments, T consistently recorded the
highest values for plant height, leaf number and dry weight
- at 30 DAS (35.76 cm, 15.11 and 7.75 g plant™, respectively),
§ P T R O R R R 60 DAS (47.12 cm, 20.58 and 11.86 g plant”) and at harvest
fleldfassonadosae Qg (49.68 cm, 17.15 and 13.24 g plant”). However, these values
= NEe¥IITI I ITIITITBY were statistically on par with other NCPC-based treatments,
including T,,, T, and T,.. This treatment significant with T,
(100% P through SSP) and rest of treatments with
g § g % E E E g g § § é ﬁ P 8 conventional phosphorus sources. The absolute control
NN ISTISTIT TS ° (T,) had the lowest values at all growth stages.
Although SSP (T,) supplies fully water-soluble P, its
residual effect was lower, attributed to rapid precipitation
g é E, 8 % E 8 %’_ 8 8 g_ 52 ﬁ 2 52 of Ca-P complexes in neutral soil (Ali et al., 2014). In contrast,
8 CINGIFTLIIILELEE~-w organic acid-loaded NCPC formulations provided a more
2 gradual and sustained release of P. The citric and oxalic
‘g acids chelated Ca and other ions, minimized fixation and
2 T B N I I < enhanced P solubilization, while the modified clay matrix
Zlol8 R eSS aldsegelsen of NCPC allowed slow and controlled nutrient release (Roy
SV IITIIIIIIIITTT © et al., 2018). This mechanism ensured that P remained
'uf available throughout the growth stages of cowpea,
© supporting better biomass production (Kantwa et al., 2024).
§ P28 s8I CR g The nano-particle size and altered clay matrix in NCPC
§ IS c'?; {?, g ;‘ g‘ g‘ gr' 2' 2' gr' 2’? 2' f ﬁ also allowed for slow release of nutrients, resulting in
%5 enhanced growth and biomass production (Singaram and
A Kothandaraman, 1991; Jones and Darrah, 1994; Clarholm
o et al., 2015; Roy, 2015).
% g RE88I2RE8LYn g Yield parameters and yield of cowpea
g & ARS8 3F3388 -~ The residual effect of phosphorus sources significantly
© influenced cowpea yield components (Table 4). The
g absolute control (T,) recorded the lowest pod length (13.37 cm),
ol v number of pods per plant (6.5), seeds per pod (6.8) and
2 S § § g § § g E ﬁ § § § 5 E_ 25 test weight (7.2 g). Among treatments, T,, recorded the
IRV NN B owdoD®dDn®mon T Y highest values: pod length 20.2 cm (51.1% increase), pods
s per plant 13.0 (100.0% increase), seeds per pod 11.0
'é (61.8% increase) and test weight 10.2 g (41.7% increase)
JC_') over the control. T, followed closely with pod length 19.8
o Qe 3c3IISEIRN2II8Q cm (48.1%), pods per plant 12.8 (96.9%), seeds per pod
%) QRS IIAIIITEI - g 10.8 (58.8%) and test weight 10.0 g (38.9%). Conventional
3 é sources- T,, T, and T, showed moderate increases in pod
3 o length (24.1-33.7%), pods per plant (30.8-46.2%), seeds
3 f per pod (20.6-29.4%) and test weight (18.1-23.6%), with
2 & g g no significant differences among them.
2 . 2 9 S The residual effect of phosphorus sources also
S & ool S8 8' significantly influenced cowpea yield (Table 5). The control
g 9 PRI o o - (T,) recorded the lowest grain (779.58 kg ha) and haulm
kS Se 8o 5 ) 3 S 9 3 yield (1118.15 kg ha™). T,, (OA-NCPC-nano RP) produced
8 56555 % & 4 2 222 E the highest grain (1649.24 kg ha™; 111.5% increase) and
5 - g g g 2 2 2 2 o 2 2 2 g haulm yield (2034.23 kg ha™'; 81.9% increase), followed by
[ £0 00929979 '§o %’ g’ %’ 5 T,, (CA-NCPC-nano RP; 1633.31 kg ha™ grain, 109.6%
2 8 22 2 2 E 2 2 £ £ £ - and 2016.52 kg ha” haulm, 80.3%), T, (1516.44 kg ha"
A 2csces fonboamoOn g grain, 94.5%; 1957.88 kg ha™ haulm, 75.0%) and T,
2 B lsrroetx¥88 olf (1485.90 kg ha' grain, 90.5%; 1903.62 kg ha™' haulm,
o/l £E 2600088888222 u1l? 0 .
3| § |SEEE-S =SS TN E 9 E 70.3%) over the control. Conventional source.s—T2 (SSP),
Cl e IR e, R, Olo T,(RP) and T, (nano RP)-showed moderate increases in
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grain (38.5-44.8%) and haulm yield (18.7-36.7%) with no
significant differences among them. Intermediate
increases were observed for OA-RP, CA-RP, OA-nano RP
and CA-nano RP (T.-T,).

The superior performance of NCPCs is attributed to
the controlled release of P and prolonged availability
through organic acid chelation, which reduced Ca-P
precipitation in neutral soils. Nano-scale carriers further
enhanced surface area and gradual release, ensuring
continuous nutrient supply for pod initiation, seed setting
and grain filling (Biswas and Narayanasamy, 1998; Roy et al.,
2018). Nano-sized particles enhance surface area,
promoting gradual P adsorption and release, which supports
continuous P availability during critical growth stages,

resulting in improved pod formation, seed setting, grain
and haulm yield (Panhwar et al., 2013). Conversely,
conventional sources released P rapidly, followed by
fixation and limited residual availability, explaining their
poorer performance (Jones and Darrah, 1994; Sarkar and
Datta, 2014; Monika et al., 2023). The intermediate
response of OA/CA-treated RP without NCPC indicates
that although organic acids enhance solubilization, their
rapid microbial degradation limits sustained effect.

Nutrient uptake by cowpea grain and haulm

The residual effect of phosphorus sources significantly
influenced nutrient uptake by cowpea at harvest under
neutral soil conditions (Fig 1, 2 and 3). Uptake of N, P and

2 28 &5 2 3 2 8
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H2024 2609 3622 38.64 4239 49.72 48.68 5567 52.69 60.07 §7.75 6433 63.78

Fig 1: Residual effect of organic acid loaded NCPC of rock phosphate on nitrogen uptake by cowpea grain and haulm
(kg ha') at harvest.

P

P uptake by grain (kg ha'l)

T T T T T+ T T T+ Tm Tw Tn Tu
N3 AT 38 4M 435 SIS 404 589 M 685 638 175 78
BN 25 409 432 479 S5 5B 627 601 724 673 84 8

4
3
2
1
[}

P uptake by hauln (kg ha 1)

s 1
§ B

4

3

1

0

T T T T It T« Tm Tm Th Tw Tu Tu
N3 207 301 AT 407 K05 482 ST 545
BN4 225

620 565 668 639
118 381 445 499 476 603 S61 643 607 695 671

Fig 2: Residual effect

of organic acid loaded NCPC of rock phosphate on phosphorus uptake by cowpea grain and haulm

(kg ha') at harvest.
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Fig 3: Residual effect of organic acid loaded NCPC of rock phosphate on potassium uptake by cowpea grain and haulm
(kg ha') at harvest.
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K was highest in T, (128.17, 14.81 and 75.45 kg ha”,
respectively) followed by T, (126.12, 14.30 and 73.69 kg ha").
T, and T,  also showed marked improvements (112.96-
118.56 kg N, 12.41-13.41 kg P and 69.70-72.12 kg K ha™")
compared to T, (71.10, 7.04 and 42.63 kg ha™), T, (76.35,
7.61and 45.29 kg ha') and T, (80.72, 7.48 and 44.71 kg ha).
The absolute control (T,) had the lowest nutrition uptake
values for all nutrients measured.

Overall, the NCPC treatments consistently outperformed
conventional sources across all nutrients. The superior
performance of T,, and T, was due to the combined effect
of organic acid chelation and nano-scale controlled
release, which improved nutrient solubilization, minimized
fixation and sustained nutrient availability throughout the
crop growth period (Biswas and Narayanasamy, 1998;
Bansiwal et al., 2006). Organic acids improved nutrient
availability by chelating metal ions, while rock phosphate
contributed additional Ca, Mg, S and micronutrients
essential for plant growth (Biswas and Narayanasamy,
2006). The NCPC also promoted microbial activity,
enhancing nutrient mobilization in the rhizosphere (Liu and
Lal, 2014). In contrast, phosphorus fixation in SSP-treated
soil reduced the nutrient uptake (Meena and Biswas, 2013)
Thus, the synergistic action of organic acids and nano clay
polymers in NCPC treatments resulted in superior nutrient
acquisition by cowpea.

CONCLUSION

The residual effect of organic acid loaded NCPC of rock
phosphate significantly enhanced cowpea growth, yield
and residual nutrient uptake, in maize-cowpea cropping
system. The slow-release mechanism of NCPC, combined
with organic acid mediated chelation, minimized
phosphorus fixation and ensured sustained availability for
plant uptake. Treatments with NCPC nano RP consistently
outperformed conventional SSP and RP, demonstrating
greater fertilizer use efficiency and the value of low grade
rock phosphate. This technology thus represents a
sustainable strategy to optimize phosphorus utilization,
reduce reliance on imported fertilizers and maintain long
term soil fertility in lequme based cropping system.
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