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The excessive use of chemical fertilizers has caused major environmental issues, emphasizing the need for sustainable nutrient delivery
systems. In this work, copper and ferric alginate beads were synthesised using the ionotropic gelation method and analysed through UV-
DRS, FTIR, FE-SEM, TGA, DSC and AAS techniques. The results showed that Cu?* and Fe®* ions had been successfully added. The
copper beads had porous surfaces and the ferric beads had solid structures. Thermal studies showed that the material was more stable and
AAS measured the metal contents at 18.2% Cu and 14.6% Fe. Pot experiments on black gram (Vigna mungo L.) showed that ferric
alginate beads significant improved plant height (26.5 cm), pod number (32) and seed yield (6.82 g) compared to copper beads. Ferric
beads also helped the roots grow better (8.8 cm, 0.75 g dry weight). Based on studies, ferric alginate beads demonstrate strong potential
as eco-friendly slow-release fertilizers, while copper alginate beads provide comparatively moderate performance in supporting nutrient
release.
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INTRODUCTION

Agriculture stands at the crossroads of producing food
for the growing global population and at the same time, main-
tain the ecological balance. Copper and iron are the two
crucial micronutrients for plant growth and metabolic activi-
ties. Copper is essential for several enzymatic processes invo-
Ived in the photosynthesis, respiration and lignin synthesis,
and it also plays a defensive role against fungal and bacterial
pathogens [1,2]. Similarly, iron is essential for chlorophyll
synthesis, electron transport and enzyme activation [3]. How-
ever, all these traditional methods of soil/foliar applications
of copper and iron salts are inefficient, resulting in leaching,
precipitation, low uptake by plants and have low nutrient use
efficiency and environmental pollution [4,5]. The overuse of
copper-based pesticides, for example, have resulted in large
amounts of copper entering to soils and water, causing phyto-
toxicity, dysfunction of soil microbial ecosystem and long-
term ecological risks [6,7]. These issues demand smarter delivery
systems for the release in a sustained manner, the minimizing
of losses and enhancement of bioavailability [6].

Over the past few years, carriers of biopolymers have
received attention as alternative fertilizers [8,9]. Sodium alginate
is a naturally occurring polysaccharides extracted from brown
seaweeds, which has the advantage of biocompatible, biode-
gradable and ionotropic gelation [10,11]. Sodium alginate also
undergoes the formation of beads containing 3D interconn-
ected microporous structure when crosslinked with bivalent or
trivalent ions for the entrapment and release of active subst-
ances in a controlled fashion [12,13]. Copper and ferric ions in
particular are tightly held to the alginate carboxylate groups
which in turn forms highly stable crosslinked networks with
a greater structural rigidity [14]. These beads function as micro-
reservoirs that release nutrients to the rhizosphere over time,
allowing for a more uniform concentration of nutrients over
extended periods compared to traditional fertilisation. It has
recently been demonstrated that such micro-nutrient-laden
alginic acid beads do not only enhance nutrient uptake effici-
ency, but also decreases leaching losses and with it reduced
the risk of groundwater pollution [15].

The importance of copper and ferric alginate beads goes
beyond just providing nutrients. Encapsulating copper in algi-
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nate has been demonstrated to improve antimicrobial and anti-
fungal effects against common crop pathogens like Fusarium
species and Cercospora beticola. This dual role, serving as
both a nutrient provider and a protective agent, makes copper
alginate beads especially valuable for sustainable crop manage-
ment [16]. Ferric-alginate beads have been shown to promote
vegetative growth, biomass accumulation and yield with
legumes, especially black gram (Vigna mungo L.), because
iron is required for nodulation and nitrogen fixation [17].
Controlled studies comparing plants treated with ferric-
alginate-loaded beads with those treated with copper or left
untreated demonstrated that the ferric-alginate-bead-treated
plant had greater height, leaf area and dry weight than either
untreated or copper-treated plants. This shows that iron plays
a bigger role in improving photosynthesis and energy meta-
bolism [18]. Another aspect of these beads is their use in
environmental applications. Copper alginate beads are being
extensively studied as effective adsorbents for extracting heavy
metals and surplus copper from polluted soils and water
sources [19,20]. Recently, researchers developed a “remediate-
and-sense” system in which alginate-derived beads were used
to adsorb copper ions, while electrochemical sensors provided
real-time information on the amount of copper being removed.
This system was able to achieve over 90% adsorption of
copper ions even with very low concentrations of copper in
the solution [21]. Furthermore, alginate beads when mixed with
ferric ions have been utilised as a magnetic composite for
removing contaminants from water. The iron oxide contained
within the bead creates a strong enough magnetic attraction
to allow easy collection of the alginate beads after they have
adsorbed contaminants from the water using magnetic fields
[22].

This study employed the ionotropic gelation method to
synthesize copper- and ferric-alginate beads, in which sodium
ions in sodium alginate were replaced by copper and ferric
ions to form stable, cross-linked structures suitable for agric-
ultural applications. The prepared beads were characterized
using UV-DRS, FTIR, FE-SEM, TGA, DSC and AAS tech-
niques. Pot-culture experiments using black gram (Vigna
mungo L.) demonstrated their potential as effective and environ-
mentally friendly carriers for micronutrient delivery in sust-
ainable agriculture.

EXPERIMENTAL

Copper sulphate pentahydrate (CuSO4-5H,0), iron chloride
hexahydrate (FeCls-6H,0) and sodium alginate, were pro-
cured from Sigma-Aldrich, India and used without any addi-
tional purification.

Sodium alginate solution: For the preparation of sodium
alginate solution, 1 g of sodium alginate powder was dissolved
in 20 mL of distilled water (at room temperature) by continu-
ous stirring with a magnetic stirrer until completely dissolved,
obtaining a homogeneous clear solution. This resulted in a
5.0% (w/v) sodium alginate solution, which was used imme-
diately for the bead preparation.

Synthesis of alginate beads: Separate metal salt solution
was prepared by dissolving CuSO4-5H,0 and FeCls-6H20
each in 100 mL of distilled water followed by the addition of

sodium alginate solution was added in a dropwise manner to
each metal salt solution, resulting in instantaneous ionotropic
gelling and producing spherical beads. The wet beads were
then allowed to cure in the metal salt solution for about 10 min
to ensure fully crosslinked. Following curing, the wet beads
were filtered and rinsed with distilled water to eliminate any
excess metal ions were subsequently placed in an oven (50-
70 °C) until completely dry.

Characterisation: The formation of the alginate beads
with copper and ferric ions was confirmed by UV-visible
spectrophotometer (Shimadzu UV 5600 plus, Japan) by anal-
ysing the absorption bands. The stretching of the M—O bonds
and functional groups was analysed using FTIR (Perkin
Elmer Spectrum 2, USA). The surface morphology of the
alginate beads was observed by FE-SEM (ZEISS SIGMA
300, Germany). Thermal stability and phase transitions were
tested by TGA and DSC (TA Instruments, USA) in nitrogen
with a heating rate of 10 °C min™. After acid digestion, AAS
(Perkin-Elmer PinAAcle 900T, USA) measured the amount
of metal (Cu, Fe).

Pot culture experiment: Pot culture experiments were
taken up in green house to investigate the influence of micro-
nutrient-loaded alginate beads on black gram (V. mungo L.).
There were treatments of soil application, foliar application
and a combination of soil with foliar applications of Cu and
Fe alginate beads was placed along with control, in three
replications. Clay pots (8 kg capacity) were filled with known
soil conditions (consumer available baseline, pH 6.2), ade-
quate moisture and baseline nutrients, followed by sowing of
sterilised seeds. Germination was observed a few days after
sowingand plants were thinned later to one per pot. The micro-
nutrient beads were manufactured by ionotropic gelation of
sodium alginate wherein solution was dripped into CuSO4
and FeCls solutions, followed by curing, washing and drying.
Beads were buried 2 to 3 cm below the seeds for soil treat-
ments; foliar treatments were applied at 30 and 45 days after
sowing; combination treatments were subjected to a dual
application. All pots were watered equally and no other ferti-
lizers were used. Measurements were taken on growth para-
meters (plant height, number of leaves, leaf size), reproduce-
tive characteristics (flowering, pod and seed counts), yield
components (weight of 100 seeds, seed yield per plant),
biomass (dry matter) and root traits.

RESULTS AND DISCUSSION

UV-DRS studies: Fig. 1a shows the UV-visible spectrum
with a distinct absorption peak around 278 nm, attributed to
n—7* transitions in the alginate polymer backbone. An addi-
tional broad absorption band between 450 and 600 nm corres-
ponds to d-d transitions of Cu?* ions, indicating coordination
between copper ions and oxygen-containing functional groups
in the alginate matrix and confirming successful incorpora-
tion of copper into the beads [23]. Similarly, Fig. 1b shows that
ferric alginate beads exhibit a strong absorption peak at appro-
ximately 230 nm, associated with n—n* transitions of alginate.
A broad absorption band in the 600-800 nm region is attri-
buted to ligand-to-metal charge-transfer interactions between
Fe®* ions and alginate functional groups, along with possible
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Fig. 1. UV-DRS spectra of (a) copper alginate and (b) ferric alginate beads

d-d transitions. These spectral features confirm the coordina-
tion and incorporation of ferric ions within the alginate struc-
ture [24].

FTIR studies: FTIR spectroscopy was conducted to
examine the functional groups in copper and ferric alginate
beads and to verify their effective interaction between alginate
and metal ions. Fig. 2 shows that the spectrum was recorded
between 4000 and 400 cm™. A wide absorption band found
between 3000 and 3600 cm is due to the stretching vibra-
tions of —OH groups, which means that alginate has hydroxyl
groups. A distinct band observed between 1625 and 1600 cm™
is attributed to the asymmetric stretching vibration of carb-
oxylate groups, while the peak appearing in the 1450-1410
cm* region corresponds to the symmetric stretching vibration
of carboxylate groups [25]. Other peaks observed between
1200-1000 cm are linked to the C-O—C and C-O stretching
vibrations of the polysaccharide. Peaks appear in the 600-800

cm range are related to M—O interactions, indicating the
successful incorporation of Cu?* and Fe3* ions into the alginate
matrix [26,27].

Morphological studies: The surface morphology of the
prepared copper and ferric alginate beads was analysed using
FE-SEM technique. The FE-SEM images of copper alginate
beads (Fig. 3a-b) reveal predominantly spherical structures
with rough and uneven surfaces. This morphology likely results
from the formation of three-dimensional coordination net-
works between Cu?* ions and the carboxylate groups of
alginate creating a porous structure that increases surface area.
Minor cracking and shrinkage are also observed, possibly due
to moisture loss during the drying process [28]. The EDX
spectrum of copper alginate beads (Fig. 3c) confirms the
presence of Cu (6.97%), O (60.07%), S (9.84%), Na (8.29%),
and C (14.83%), verifying successful incorporation of copper
ions into the alginate matrix.
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Fig. 2. FTIR spectra of (a) copper alginate and (b) ferric alginate beads



646 Joyal et al.

Asian J. Chem.

[ Vg S St

Vi SimSpecn

Fig. 3. FE-SEM images of (a,b,c) copper alginate and (d,e,f) ferric alginate beads

Similarly, FE-SEM images of ferric alginate beads (Fig.
3d-e) show nearly spherical particles with a comparatively
smoother, denser and more compact surface than copper alginate
beads. This morphology suggests stronger crosslinking inter-
actions between Fe®* ions and alginate carboxylate groups.
Few surface cracks and slight shrinkage are also visible, likely
resulting from water evaporation during drying [29]. The
EDX analysis of ferric alginate beads (Fig. 3f) indicates the
presence of Fe (14.03%), O (21.66%), Ca (0.18%), Cl (28.37%)
and C (35.77%). Thus, the morphology result demonstrated
that copper and ferric alginate beads were fabricated success-
fully, exhibiting a high degree of strength as well as the ability
to resist deformation. The inclusion of Cu?* and Fe3* ions

resulted in bead structures with improved integrity and lower
porosities.

Thermal studies: The TGA curve (Fig. 4a) reveals a
multi-step degradation pattern. The initial weight loss below
150 °C is due to the evaporation of physically adsorbed and
bound water molecules. A significant weight loss between 200
and 350 °C corresponds to the decomposition of the alginate
polymer backbone. The breakdown of crosslinked structures
and the burning of carbonaceous residues causes the extra
weight loss between 350 and 600 °C. The weight loss at 700 °C,
leaving behind an inorganic residue is due to the formation
of stable CuO, which confirmed the presence of copper in the
alginate matrix. Fig. 4b shows the DSC curve, which supp-
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Fig. 4. (@) TGA and (b) DSC curves of copper alginate and ferric alginate beads
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orts these thermal changes. An endothermic peak below 150 °C
is attributed to dehydration, while the exothermic peaks bet-
ween 200 and 350 °C correspond to thermal decomposition and
oxidation of the alginate matrix. A broad exothermic transi-
tion observed above 500 °C is associated with the oxidation of
residual carbonaceous material and the stabilization of CuO
[30].

The TGA curve of ferric alginate beads shows an initial
weight loss below 150 °C, attributed to moisture evaporation,
followed by a significant weight reduction between 150 and
300 °C due to decomposition of the alginate backbone. Gradual
mass loss continues up to 600 °C, associated with the break-
down of crosslinked structures and combustion of carbona-
ceous material. Above 700 °C, the mass remains nearly
constant, indicating the formation of iron oxide as the final
residue. The DSC curve shows an endothermic peak below
150 °C corresponding to the moisture removal, the exother-
mic peaks between 200 and 350 °C related to polymer decom-
position and oxidation, and a broad exothermic transition
above 500 °C attributed to oxidation of residual carbon and
stabilization of Fe,O3 [31]. These results confirm the succe-
ssful incorporation of Fe3* ions into the alginate matrix and
demonstrate the characteristic multistage thermal decompo-
sition behaviour with improved thermal stability compared to
pure alginate.

Environmental analysis: Atomic absorption spectroscopy

(AAS) was used to quantify metal loading in the alginate beads.

The results confirm the successful incorporation of metal ions
into the alginate matrix. Copper alginate beads contained
18.2% copper, while ferric alginate beads consist of 14.6%
iron. The higher copper content suggests stronger interaction
or binding affinity of Cu?* ions with alginate functional
groups compared to Fe** ions, likely due to differences in ionic
characteristics and coordination behaviour. These findings
demonstrate the effective entrapment of metal ions within the
polymer network and indicate the potential of copper and
ferric alginate beads as carriers for controlled micronutrient
delivery in agricultural applications [32,33].

Germination and early growth: The effects of copper
and ferric alginate beads on the vegetative growth of black
gram (V. mungo L.) were evaluated by measuring plant height,
leaf length, and leaf width at 20, 40, and 60 days after sowing.
The results in Table-1 show that ferric alginate beads helped
seeds germinate and plants grow better than copper beads.
The mean values clearly show this difference. Plants treated

with F/Fe and SF/Fe reached the greatest heights, averaging
18.4 cm and 17.9 cm. In contrast, the S/Cu and F/Cu treat-
ments produced shorter plants, with mean heights of 11.2 cm
and 12.4 cm. A similar trend was observed in leaf size. Ferric
treatments produced noticeably longer leaves, measuring 10.9
cm (F/Fe) and 10.8 cm (SF/Fe), compared with 8.5 cm (S/Cu)
and 8.8 cm (F/Cu) observed under copper treatments. Leaf
width followed the same pattern, with SF/Fe (5.1 cm) and
F/Fe (4.6 cm) producing the widest leaves, clearly outperfor-
ming the copper treatments. Copper-treated plants, on the
other hand, had narrower leaves, with S/Cu (3.2 cm) and F/Cu
(3.7 cm) having the narrowest leaves. These mean values
confirm that iron plays a more significant role in promoting
vegetative vigor through enhanced chlorophyll synthesis,
photosynthetic efficiency and enzyme activation, resulting in
greater biomass accumulation [34]. In contrast, copper treat-
ments provided only moderate improvements over the control
(mean plant height 9.6 cm, leaf length 8.1 cm and leaf width
3.9 cm). In terms of consistent, uniform growth from both a
soil application and a foliar application, the use of ferric beads
was shown to allow plants to utilize nutrients more efficiently
or to have an increased ability to take up nutrients [35]. Alth-
ough copper treatments did produce some level of increase in
growth over that of untreated controls, it was not as clearly
defined and did not remain evident in later stages of plant
growth. Thus, the superiority of ferric beads in promoting
plant growth is due in part to their ability to facilitate proce-
sses that are essential for plant growth such as the transport
of electrons, respiration and the synthesis of chlorophyll (all
processes that require iron) as opposed to processes that require
copper alone [36-38].

Flowering: Table-2 presents the impact of copper and
ferric alginate beads on the time to 50% flowering and the
number of flowers per black gram (V. mungo L.) plant. The
reproductive characteristics of black gram were significantly
affected by ferric alginate beads, with plants flowering earlier
and producing more flowers than those treated with copper.
The average time it took for F/Fe to flower was 35 days, for
SF/Fe it was 37 days, for S/Cu it was 39 days and for F/Cu it
was 37 days. The experimental plants flowered 50% in an
average of 38 days indicated that ferric treatments accelerated
the reproductive transition, allowing for earlier flowering than
plants treated with copper and untreated plants. The mean
number of flowers per plant for the F/Fe and SF/Fe treatments
was 25, while the S/Cu and F/Cu treatments produced mean

TABLE-1
EFFECT OF COPPER AND FERRIC ALGINATE BEADS ON PLANT HEIGHT, LEAF
LENGTH AND WIDTH AT 20, 40 AND 60 DAYS OF BLACK GRAM (Vigna mungo L.)

Plant height (cm) Leaf length (cm) Leaf width (cm)

Treatment 20days 40days 60 days \'\//;?32 20 days 40days 60 days VM;SQ 20days 40days 60 days \'\//;?32
S/Fe 10.4 18.7 24.7 17.9 9.0 9.8 9.4 9.4 35 5.0 45 4.3
S/Cu 6.2 11.2 16.3 11.2 7.4 9.2 8.9 8.5 25 3.8 BI5 3.2
SF/Fe 8.6 18.7 26.5 17.9 8.8 12.7 11.1 10.8 4.0 54 59 51
SF/Cu 8.4 15.9 20.4 14.9 8.8 9.1 9.9 9.2 3.5 5 3.3 39
F/Fe 115 19.2 245 18.4 8.4 12.3 12.2 10.9 3.8 5.5 4.6 4.6
F/Cu 59 13.2 18.3 12.4 7.5 10.8 8.3 8.8 3.7 4.1 35 3.7

Control 5.8 10.9 12.3 9.6 7.4 8.2 8.8 8.1 3.5 5.0 3.3 3.9
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TABLE-2
EFFECT OF COPPER ALGINATE AND FERRIC ALGINATE BEADS ON DAYS TO 50%
FLOWERING AND NUMBER OF FLOWERS PER PLANT OF BLACK GRAM (Vigna mungo L.)
50% of flowering (days) Number of flowers per plant
Treatment
R1 R2 R3 Mean value R1 R2 R3 Mean value
S/Fe 40 42 43 41 22 35 14 23
S/Cu 37 40 42 39 20 11 13 14
SF/Fe 42 35 36 37 21 24 30 25
SF/Cu 37 36 36 36 28 19 8 18
F/Fe 36 35 35 35 21 24 30 25
F/Cu 37 34 40 37 13 21 17 17
Control 38 38 39 38 19 15 6 13

flower counts of 14 and 17, respectively. The control plants
produced the fewest flowers per plant, with an average of 13.
Moreover, individual observations showed that SF/Fe plants
produced up to 30 flowers, demonstrating the superior influ-
ence of ferric beads on flower initiation, abundance and reten-
tion. Copper treatments did make more flowers than the control,
but they didn’t reach the same levels as ferric treatments [39].

Pod development and yield performance: Table-3
presents the effects of copper and ferric alginate beads on the
number of pods per plant, pod length and seeds per pod of
black gram (V. mungo L.). The patterns for pod formation and
seed formation were the same where ferric bead treatments
had more pods and seeds than copper bead treatments. The
largest average number of pods per plant occurred with SF/Fe
(27), followed by F/Fe (21) during the experimental period.
The averages for copper treatments were lower: S/Cu (12)
and F/Cu (14) and similar to or just slightly higher than the
average for the control (10). The mean pod length was also
higher in ferric treatments, with SF/Fe (5.4 cm) and F/Fe (5.3
cm) having the longest pods. In copper treatments, S/Cu (4.7
cm) and F/Cu (4.8 cm) had the shortest pods. This trend also
held true for the average number of seeds per pod, which was
7 seeds per pod in F/Fe and S/Fe, 5-6 seeds in copper alginate
treatments and only 4 seeds in the control. These findings

validate that ferric alginate beads (SF/Fe and F/Fe) substan-
tially improved the reproductive performance, pod develop-
ment and seed formation, presumably due to enhanced iron
availability that promoted more effective enzyme activation,
energy metabolism and nutrient transport during reproductive
growth. In contrast, copper beads offered only modest and
inconsistent benefits, particularly in pod number and seed
formation [40].

Table-3 also illustrates the effects of copper and ferric
alginate beads on seed yield per plant and the weight of 100
seeds in black gram. The average seed yield per plant was
highest for SF/Fe (5.76 g) and F/Fe (5.55 g), followed closely
by S/Fe (4.98 g). On the other hand, copper-based treatments
like S/Cu (3.34 g) and F/Cu (2.67 g) produced much lower
yields. The control group had the lowest average yield of 2.74 g
per plant, which shows that plants don’t grow well without
extra micronutrients. The mean 100-seed weight was also
much higher in plants that had been treated with ferric. The
treatments of SF/Fe (5.66 g) and F/Fe (4.91 g) produced the
heaviest and most consistent filling of grains, while the aver-
age weights produced by the sectors used in the copper treat-
ments were in the range of 4.15-4.27 g, whereas the control
had a yield of 4.14 g. Furthermore, this demonstrates that ferric
beads are beneficial as they enhance seed numbers, but also

TABLE-3
EFFECT OF COPPER ALGINATE AND FERRIC ALGINATE BEADS ON NUMBER OF PODS PER PLANT, POD LENGTH,
SEEDS PER POD, SEED YIELD PER PLANT AND 100 SEEDS WEIGHT OF BLACK GRAM (Vigna mungo L.)

Treatment Pods per plant Pod length (cm) Seeds per pod
reatmen R1 R2 R3 Mean value R1 R2 R3 Mean value R1 R2 R3 Mean value
S/Fe 25 18 17 20 5.15 5.38 5.06 5.20 7 7 7 7
S/Cu 24 10 3 12 4.84 4.67 4.60 4.70 5 5 5 5
SF/Fe 32 27 23 27 5.36 5.28 5.56 5.40 6 6 6 6
SF/Cu 24 9 10 14 5.04 4.83 5.13 5.00 6 6 6 6
F/Fe 27 20 16 21 5.24 5.37 5.28 5.30 7 7 7 7
F/Cu 14 16 12 14 4.77 4.70 4.94 4.80 6 6 6 6
Control 10 15 6 10 4.90 4.65 4.55 4.70 4 4 4 4
Treatment Seed yield per plant (g) 100 seeds weight (g)
R1 R2 R3 Mean value R1 R2 R3 Mean value
S/Fe 5.38 4.40 5.17 4.98 4.86 4.70 4.75 4.77
S/Cu 3.14 2.70 4.17 3.34 4.19 4.16 4.09 4.15
SF/Fe 5.05 6.46 5.78 5.76 5.52 5.77 5.70 5.66
SF/Cu 2.96 4.91 2.61 3.49 4.27 4.26 4.28 4.27
F/Fe 4.12 6.82 5.71 5.55 4.87 4.94 4.92 491
F/Cu 2.27 2.99 2.76 2.67 4.15 4.17 4.21 4.18
Control 2.92 2.75 2.54 2.74 4.10 431 4.01 4.14
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in terms of grain filling and size of seed, as well as overall
quality, creating a more marketable product. Copper alginate
beads showed a slight improvement in yield compared to the
control to the control, but their performance was inconsistent,
with average yields ranging from 2.67 g to 3.34 g per plant.
The continual advantages of ferric beads are due to iron’s
critical role in the formation of chlorophyll, breathing and
moving energy to improve the process of photosynthesis,
supporting and concentrating nutrients to help seed produc-
tion. Copper participates in oxidoreductase systems and redox
reactions, but it was not able to produce a reliable yield
increase across various replications. The mean values confirm
that ferric alginate beads (SF/Fe and F/Fe) provided greater
and more reliable productivity in terms of both yield quantity
and grain quality, whereas copper beads functioned primarily
as supplementary micronutrient sources with limited impact
on overall yield outcomes [41,42].

Root growth and biomass: Table-4 presents the impact
of copper and ferric alginate beads on the root characteristics
(length, width and dry weight) and dry matter production of
black gram (V. mungo L.). Plants treated with ferric and copper
alginate beads exhibited distinct differences in roots traits and
biomass production. The longest roots were in SF/Fe (8.70
cm) and F/Fe (8.30 cm), followed by S/Fe (8.10 cm). The
shortest roots were in copper treatments like S/Cu (7.20 cm)
and F/Cu (7.40 cm). The control plants had the shortest mean
root length, which was 7.00 cm. Similarly, the mean root width
was higher in ferric-treated plants 12.60 cm (SF/Fe) and
12.50 cm (F/Fe) compared to 11.00 cm (S/Cu) and 11.30 cm
(F/Cu) among copper-treated plants. The control group had
the smallest mean width (8.00 cm) again, which shows that it
didn’t take in enough nutrients and water. Regarding root dry
weight, ferric treatments showed the highest mean values of
0.75 g for both SF/Fe and F/Fe, followed by S/Fe (0.73 g),
whereas copper treatments such as S/Cu (0.52 g) and F/Cu
(0.54 g) had lighter roots, close to the control (0.51 g). These
results clearly suggest that iron supplementation more effect-
ively promotes root elongation, thickness and biomass accum-
ulation than copper treatments, which provided only modest
improvements [43,44].

Furthermore, Table-4 also illustrates the effect of copper
and ferric alginate beads on the dry matter production (DMP,
g/plant) of black gram. The mean DMP was highest in SF/Fe
(17.50 g/plant), then in F/Fe (15.05 g/plant) and finally in

S/Fe (13.37 g/plant). The mean DMP was much lower in
copper-treated plants (S/Cu (8.25 g/plant) and F/Cu (9.31
g/plant). The control group had the least amount of biomass,
with an average of 7.66 g/plant. These average values show
that ferric beads (SF/Fe and F/Fe) were much better than
copper beads at improving photosynthetic efficiency, assimi-
late allocation and total biomass accumulation. Therefore,
Iron plays an important role in chlorophyll synthesis, enzyme
activation, and electron transport, processes that support
carbohydrate production and its translocation to roots and
shoots. Copper alginate beads produced a moderate increase
in root growth and biomass compared to the control, but the
improvements were lower than those observed under ferric
treatments in terms of overall growth and productivity. Hence,
ferric alginate beads worked much better than copper beads
to improve root strength, nutrient uptake and overall plant
productivity in black gram [45].

Conclusion

This study reports the preparation and evaluation of copper
and ferric alginate beads as slow-release micronutrient ferti-
lizers for black gram (V. mungo L.). Characterization results
confirmed the successful incorporation of Cu?* and Fe®* ions
into the alginate matrix. Growth and yield assessments showed
that ferric alginate bead treatments (F/Fe and SF/Fe) were
more effective than copper alginate beads in promoting both
vegetative and reproductive development. Plants treated with
ferric beads exhibited greater plant height, larger leaves, higher
pod number, increased seed yield and greater dry biomass
compared with copper-treated and control plants. The impr-
oved performance of ferric beads is attributed to the essential
role of iron in chlorophyll formation, enzyme activity, and
energy metabolism, which support photosynthesis and nutrient
utilization. Copper alginate beads produced moderate imp-
rovements in growth, indicating their potential as supplemen-
tal micronutrient carriers, although their effectiveness was
lower than that of ferric formulations. Thus, the ferric alginate
beads were better at encouraging growth and productivity,
while copper beads can be used to add nutrients.
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TABLE-4
EFFECT OF COPPER ALGINATE AND FERRIC ALGINATE BEADS ON ROOT TRAITS (LENGTH, WIDTH AND
DRY WEIGHT) AND DRY MATTER PRODUCTION (DMP, g/plant) OF BLACK GRAM (Vigna mungo L.)

Root length (cm) Root width (cm) Root dry weight (g) Dey matter production (g/plant)

Treatment o1 R2 R3 Vel R1 Rz R3 MM gy Ry R3 MM gy Ry g e
S/Fe 787 816 827 810 |1241 1169 1190 1200 | 0.73 0.73 0.73 0.73 | 13.09 1328 13.74 1337
S/Cu 748 7.13 699 720 | 1101 1095 11.04 110 | 051 051 055 052 | 841 812 821 825
SF/Fe 8.66 8.87 857 870 | 1232 1267 1281 1260 | 0.74 0.78 0.73 0.75 | 17.68 1746 17.37 17.50
SF/Cu 770 735 745 750 | 12.01 1137 11.12 1150 | 056 0.56 0.56 0.56 9.77 9.57 10.26 9.87
F/Fe 801 820 868 830 | 1282 1208 1261 1250 | 0.75 0.75 0.75 0.75 | 1491 14.64 1559 15.05
F/Cu 728 736 756 740 | 1135 1145 1110 1130 | 054 053 056 054 | 963 941 890 9.31
Control 695 685 720 7.00 | 805 7.79 816 800 | 052 052 048 051 | 7.70 789 738 7.66
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