O 00 N o un

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

26

27
28
29

30

Eichhornia crassipes-Based Hydroponic Growth Medium: A
Sustainable Approach to Plant Cultivation and Resource
Valorization

ABSTRACT

The increasing demand for sustainable food production has intensified the search for
biodegradable and cost-effective alternatives to conventional hydroponic growing substrates.
The present study investigated the potential of Eichhornia crassipes (water hyacinth) biomass
incorporated with carboxymethyl cellulose (CMC) as a biodegradable hydrogel substrate for
the cultivation of Vigna radiata L. An aqueous extraction method was employed to recover
polymer from E. crassipes, yielding approximately 10% polymer with a pH of 6.0. The
extracted polymer was incorporated with CMC to develop an Eichhornia-CMC hydrogel, and
its performance was compared with CMC hydrogel and conventional soil. Seed germination,
seedling vigour, shoot and root growth, leaf development, chlorophyll content, water
retention, biochemical composition, mineral accumulation, and endogenous auxin content
were evaluated. The Eichhornia-CMC hydrogel promoted rapid seed germination and
superior seedling development, with a Seed Vigour Index of 382 compared with 287 and 370
in CMC hydrogel and soil, respectively. Plants cultivated on the Eichhornia-based hydrogel
exhibited higher shoot and root lengths, leaf area (4.0 cm?), chlorophyll content (0.872 mg
g"), ash content (3.65 g), and water content (53.33%). Enhanced carbohydrate (0.045 mg
g"), protein (0.050 mg g'), and lipid (0.003 mg g') contents were also recorded. The
extracted polymer contained detectable endogenous auxin ranging from 4.2 to 4.6 ug mL™,
suggesting additional plant growth-promoting potential. Overall, the findings demonstrate
that Eichhornia-CMC hydrogel can serve as a promising biodegradable hydroponic substrate
while simultaneously valorizing invasive aquatic biomass and supporting circular

bioeconomy approaches in sustainable agriculture.
Keywords

Eichhornia crassipes; Vigna radiata; hydroponics; biodegradable hydrogel; carboxymethyl
cellulose; invasive aquatic weed; seedling vigour; plant growth; sustainable agriculture;

biomass valorization.
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INTRODUCTION

Hydroponics is an advanced soilless cultivation system in which plants are grown in nutrient-
enriched agqueous solutions rather than soil. Its efficient utilization of water, nutrients, and
cultivation space has established hydroponics as a promising alternative to conventional
agriculture (Resh, 2013; Jones, 2016). Compared with traditional farming, hydroponic
systems can improve crop productivity while reducing water consumption, nutrient losses,
and soil-borne pests and diseases (Barbosa et al., 2015; Gruda, 2019). These advantages are
particularly relevant in regions affected by water scarcity, soil degradation, urbanization, and
declining arable land resources (Shamshiri et al., 2018). Recent advances in controlled-
environment agriculture, including automation, artificial intelligence (Al), Internet of Things
(loT)-based monitoring, and renewable energy technologies, have further improved
environmental control, crop quality, and year-round production (Benke & Tomkins, 2017;
Shamshiri et al., 2018). Consequently, hydroponics has gained increasing importance for the
production of vegetables, herbs, and microgreens with high nutritional and commercial value
(Touliatos et al., 2016).

Despite these advantages, the widespread adoption of hydroponics is limited by the cost and
environmental implications of conventional growing substrates such as rock wool, cocopeat,
vermiculite, and perlite. Although these materials provide physical support and water-holding
capacity, their production, transportation, and disposal can increase production costs and
environmental burdens (Gruda, 2019; Barrett et al., 2016). Therefore, the development of
biodegradable, renewable, and economically viable substrate alternatives has become an
important research priority (Putra &Yuliando, 2015). Eichhornia crassipes (Mart.) Solms,
commonly known as water hyacinth, is a highly invasive aquatic macrophyte native to the
Amazon Basin. Its rapid proliferation produces dense floating mats that reduce dissolved
oxygen, restrict light penetration, disrupt aquatic biodiversity, and interfere with navigation,
irrigation, and fisheries (Villamagna& Murphy, 2010; Malik, 2007). Conventional
management approaches, including mechanical, chemical, and biological control, are often

costly and provide only temporary control (Gopal, 1987; Villamagna& Murphy, 2010).

Valorization of E. crassipes biomass into value-added products offers an alternative strategy
for addressing this environmental problem. Its fibrous biomass possesses favourable
characteristics such as porosity, water-holding capacity, biodegradability, and nutrient-

retention potential, making it a promising renewable material for agricultural applications
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(Rezania et al., 2015; Mishima et al., 2008). Such biomass utilization can simultaneously
support invasive-weed management, waste minimization, and circular bioeconomy principles
(Rezania et al., 2015; Kumar et al., 2020). Natural polymers have also attracted considerable
interest in sustainable agriculture because of their biodegradability, biocompatibility, and
moisture-retention properties (Ahmed, 2015). Carboxymethyl cellulose (CMC), in particular,
is widely used in hydrogel development owing to its swelling capacity, structural stability,
and water-retention properties (Chang & Zhang, 2011; Sarkar & Walker, 2015).
Incorporating E. crassipes biomass into a CMC-based hydrogel may therefore provide a
sustainable substrate with improved moisture retention and favourable conditions for root

development.

Mung bean (Vigna radiata L.) is an economically important pulse crop characterized by rapid
growth, high nutritional value, and widespread use as sprouts and microgreens (Dahiya et al.,
2015; Tang et al., 2014). Its short growth cycle and responsiveness to cultivation conditions
make it a suitable model for evaluating novel growing substrates (Nair et al., 2013).
Therefore, the present study developed an eco-friendly hydrogel from E. crassipes polymer
and CMC and evaluated its suitability as a hydroponic growing medium for V. radiata. Seed
germination, seedling vigour, vegetative growth, chlorophyll content, biochemical
composition, and mineral accumulation were assessed and compared with CMC hydrogel and
conventional soil. The study aims to demonstrate the potential of invasive E. crassipes
biomass as a biodegradable hydroponic substrate while contributing to sustainable

agriculture, environmental conservation, and circular biomass utilization.

MATERIALS AND METHODS

Chemicals

All analytical-grade chemicals and reagents used in this study were procured from HiMedia
Laboratories Pvt. Ltd. (India) and Merck Ltd. (India). All solutions were prepared using

distilled water.
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Plant Materials

Healthy Eichhornia crassipes plants were collected from the freshwater lake at Porur,
Chennai, Tamil Nadu, India. Fresh seeds of Vigna radiata L. were purchased from a local

market and used throughout the study.

Preparation of Eichhornia crassipes Biomass

The collected E. crassipes plants were thoroughly washed three times with distilled water to
remove adhering mud, algae, and other impurities. The cleaned biomass was chopped into
small pieces and dried in a hot-air oven at 50°C until a constant weight was achieved. The
dried material was pulverized into a fine powder using a laboratory grinder and stored in

airtight containers at room temperature until further use.

Extraction of Eichhornia crassipes Polymer

An aqueous extraction method was employed to isolate the polymeric fraction from E.
crassipes. Five grams of dried biomass powder were suspended in 500 mL of distilled water
and incubated in a rotary shaker for 12 h. The suspension was subsequently autoclaved
atm121°C (15 psi) for 30 min to facilitate polymer extraction. After cooling, the extract was
filtered through muslin cloth followed by Whatman No. 1 filter paper. The filtrate was
transferred to sterile Petri dishes and dried at room temperature for 3—4 days. The dried
polymeric film was carefully scraped from the Petri dishes, weighed to determine extraction

yield, and stored at 4°C for subsequent analyses.

The extraction yield was calculated using the following equation:

Polymer Yield (%) = (Weight of dried polymer / Weight of dried plant material) x 100

Preparation of Eichhornia-CMC Hydrogel

A biodegradable hydrogel was prepared by dissolving 3% (w/v) carboxymethyl cellulose
(CMC) in distilled water. To this solution, 5% (w/v) Eichhornia polymer and 1% (v/v)
Panchakavya were added under continuous mechanical stirring for 30 min to obtain a
homogeneous hydrogel. The prepared hydrogel was stored at 4°C until use.



115

116
117
118

119

120

121
122
123

124
125
126
127
128

129

130
131
132

133
134
135
136

137
138
139

Seed Germination and Hydroponic Cultivation

Mung bean (Vigna radiata L.) seeds were soaked overnight in distilled water to initiate
hydration. The soaked seeds were wrapped in moist muslin cloth and incubated for 24 h to

allow germination.

Three experimental growth media were evaluated:

1. Conventional soil (control)
2. CMC hydrogel
3. Eichhornia-CMC hydrogel

Equal quantities of each growth medium were transferred into paper cups. Germinated seeds
were uniformly placed on the respective media and covered with moist muslin cloth. The
cultures were maintained under dark conditions for four days to facilitate early seedling
establishment and subsequently transferred to natural daylight for further growth. Plants were

harvested at the microgreen stage for biochemical and physiological analyses.

Preparation of Plant Extract

Freshly harvested Vigna radiata plants were homogenized with distilled water using a
sterilized mortar and pestle. The homogenate was filtered through muslin cloth followed by

Whatman No. 1 filter paper. The filtrate was used immediately for biochemical estimations.

Biochemical Analyses

Total carbohydrate content was determined using the Anthrone method with glucose as the
standard. Absorbance was measured at 620 nm using a UV-Visible spectrophotometer.
(David T. Plummer 1990)

Total protein content was estimated according to the Lowry method using bovine serum
albumin (BSA) as the standard. Absorbance was recorded at 750 nm. (Van Handel, M. T.
1985)
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Total lipid content was determined using the vanillin—phosphoric acid colorimetric assay.
Lipid concentration was calculated from a standard calibration curve after measuring
absorbance at 540 nm. (Corby-Harris, V.,2024)

Estimation of Auxin

Endogenous auxin (indole-3-acetic acid, IAA) present in Eichhornia crassipes extract was
quantified using the Salkowski colorimetric method. The reaction mixture was incubated at
37°C for 30 min, and absorbance was measured at 530 nm. Auxin concentration was
calculated from a standard curve prepared using known concentrations of IAA.(Guardado-
Fierros, B. G.,et.al 2024;Das, S.,et.al 2019 ).

Determination of Ash Content

The mineral content of Vigna radiata leaves was estimated by determining total ash content.
Accurately weighed plant samples were incinerated in a muffle furnace at 500-600°C until
constant weight was obtained. Ash percentage was calculated using standard gravimetric
procedures. (Bhardwaj, S et.al.,2010; Pathak, N et.al.,2013)

Fresh and Dry Biomass
Fresh biomass of harvested microgreens was recorded immediately after collection. Samples
were then dried at 70-80°C until constant weight and reweighed to determine dry biomass.
Moisture content was calculated using the difference between fresh and dry weights. (F.
Bidarnamani,et.al.,2011)

Seed Germination Studies

Seed germination percentage was recorded after 48 h of incubation using the following

equation:

Germination (%) = (Number of germinated seeds / Total number of seeds) x 100

(Bhattacharjee, A., & Ghosh, T. 2021).

Chlorophyll Estimation
Total chlorophyll content was estimated according to the acetone extraction method.
Approximately 250 mg of fresh leaf tissue was homogenized in 80% acetone, centrifuged at
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12,000 rpm for 10 min, and the absorbance of the supernatant was recorded at 646 and 663

nm using Schimadzu UV 1800 spectrophotometer. (Y. Zhang et.,al 2019)

Growth Parameters

Growth performance was assessed by recording the time required for green leaf emergence,
number of leaves per plant, shoot length, root length, and leaf area index (LAI). Shoot and
root lengths were measured using a graduated ruler, while LAI was calculated as the ratio of

total leaf area to ground area occupied by the plant. (Y. Zhang,et.,2022)

The formula for Leaf Area Index (LAI) is:
LAIl=Leaf Area/ Ground Area

Seed Vigour Index

Seed vigour was determined according to the standard formula:

Seed Vigour Index (SVI) = Germination Percentage x Mean Seedling Length

Statistical Analysis

All experiments were performed in triplicate, and the results are expressed as mean *
standard deviation. Statistical significance among treatments should be evaluated using one-
way analysis of variance (ANOVA), followed by an appropriate post hoc test, with

differences considered significant at p< 0.05.

RESULTS AND DISCUSSION

Collection ofEichhornia crassipes Plant:-
The Eichhornia crassipesplants were procured from the lake near Porur, Chennai.

Extraction Yield and Physicochemical Characteristics of Eichhornia crassipes Polymer

The aqueous extraction of Eichhornia crassipes biomass yielded approximately 10% polymer
on a dry weight basis. The extracted polymer appeared as a dark green, partially sheet-
forming material after drying and exhibited a pH of 6.0, indicating a slightly acidic nature.

The moderate extraction yield demonstrates the feasibility of recovering polymeric
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components from water hyacinth through a simple aqueous extraction process. The near-
neutral pH is advantageous for hydroponic applications, as it is unlikely to adversely affect

seed germination or early plant growth.

Biochemical Composition of Vigna radiata

The biochemical composition of Vigna radiata cultivated under different growth media is
presented in Table 1. Plants grown in the Eichhornia-CMC hydrogel exhibited the highest
carbohydrate (0.045 mg g'), protein (0.050 mg g'), and lipid (0.003 mg g™') contents
compared with CMC hydrogel and soil. Although the differences were relatively small, the
consistent increase suggests improved metabolic performance under the Eichhornia-based
hydrogel. Enhanced carbohydrate accumulation may be associated with improved
photosynthetic activity resulting from sustained moisture availability and efficient nutrient
uptake, as the hydrogel acts as a moisture reservoir that maintains water availability in the
root zone and supports continuous physiological activity. Similar improvements have been
reported for cellulose-based hydrogels (Singh et al., 2021; Kumar et al., 2022). The higher
protein and lipid contents may indicate improved nutrient assimilation and active cellular
development, while the porous structure of the Eichhornia-CMC hydrogel may have
enhanced root-zone aeration, nutrient diffusion, and metabolic activity. Naturally occurring
bioactive compounds in Eichhornia crassipes may have further contributed to plant growth.
Overall, the Eichhornia-CMC hydrogel provided a favourable root-zone environment and
improved the biochemical composition of Vigna radiata compared with CMC hydrogel and
soil, supporting its potential as a biodegradable and sustainable hydroponic substrate (Kumar
etal., 2022).

Auxin Estimation

The endogenous auxin content of Eichhornia crassipes extract was quantified using the
Salkowski colorimetric method and ranged from 4.2 to 4.6 pg mL™" (Table 2), confirming the
presence of naturally occurring auxin in the extracted polymer. Although the variation was
minimal, its consistent detection suggests that E. crassipes biomass may possess plant
growth-promoting potential in addition to its function as a biodegradable hydrogel matrix.
Auxins regulate key developmental processes, including cell elongation, cell division,
vascular differentiation, root initiation, and lateral root formation, thereby influencing water
and nutrient uptake (Taiz et al., 2015; Davies, 2010). The detected auxin may therefore have
contributed to the improved root and shoot growth, chlorophyll accumulation, and seedling
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vigour observed in Vigna radiata; however, as the present study measured total auxin
concentration without establishing a direct causal relationship, these effects should be

considered indicative rather than conclusive.

The improved growth response may further result from the combined effects of endogenous
auxins and the moisture-retention capacity of the Eichhornia-CMC hydrogel. The hydrated
microenvironment provided by the hydrogel may support nutrient diffusion and sustained
physiological activity, while the gradual availability of bioactive compounds could promote
seedling development. Previous studies have reported diverse bioactive constituents in E.
crassipes, supporting its potential for agricultural valorization (Taiz et al., 2015; Davies,
2010).
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Ash Content

The total ash content of Vigna radiata cultivated under different growth media is presented in
Table 3. Plants grown in the Eichhornia-CMC hydrogel exhibited the highest ash content
(3.65 g), followed by soil (3.55 g) and CMC hydrogel (3.50 g), indicating comparatively
greater mineral accumulation under the Eichhornia-based treatment. Ash content serves as an
indirect measure of the total inorganic mineral constituents in plant tissues, which are
essential for enzyme activity, osmotic regulation, chlorophyll biosynthesis, and other
physiological processes. The higher ash content may be attributed to the hydrogel's water-
retention and porous structure, which can enhance nutrient solubilization, diffusion, and
uptake within the root zone. In addition, the nutrient-rich nature of Eichhornia crassipes
biomass may have contributed to mineral availability, although the elemental composition of
the extracted polymer was not directly analysed. Improved mineral acquisition may also have
supported the higher carbohydrate, protein, and chlorophyll contents observed in the present
study (Ahmed, 2015). Similar improvements in nutrient availability and mineral uptake have
been reported for biodegradable cellulose- and starch-based hydrogels (Fang et al., 2025;
Sannino et al., 2022). (Igbal et al., 2024; Saha et al., 2020). Overall, the findings suggest that
Eichhornia-CMC hydrogel can improve mineral accumulation in V. radiata while providing

a sustainable utilization pathway for invasive aquatic biomass.

Fresh Weight, Dry Weight and Water Content
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The fresh weight, dry weight, and water content of Vigna radiata microgreens cultivated
under different growth media are presented in Table 4. Plants grown in the Eichhornia-CMC
hydrogel recorded the highest fresh weight (60 g), dry weight (4.0 g), and water content
(53.33%), followed by soil (57 g, 3.7 g, and 50.50%, respectively) and CMC hydrogel (55 g,
3.5 g, and 48.63%, respectively). The higher fresh and dry biomass indicates improved plant
growth, while the greater water content reflects the superior moisture-retention capacity of
the Eichhornia-based hydrogel. Its three-dimensional polymeric network may have
maintained continuous water availability in the root zone, thereby supporting cell expansion,
nutrient transport, photosynthetic activity, and biomass accumulation. The higher dry weight
further suggests that increased biomass was not solely due to water uptake but also reflected
enhanced synthesis of organic matter, consistent with the higher carbohydrate, protein, and
chlorophyll contents observed in the present study. Improved hydration may also have
facilitated nutrient solubilization and uptake, contributing to sustained metabolic activity and
vegetative development (Fang et al.,, 2025; Sannino et al., 2022). The fibrous and
polysaccharide-rich nature of Eichhornia crassipes biomass may have further enhanced the
swelling and water-holding properties of the hydrogel, creating a favourable root-zone
environment. Similar improvements in plant biomass and moisture retention have been
reported for cellulose-, starch-, and polysaccharide-based hydrogels (Fang et al., 2025;
Sannino et al., 2022). Overall, the Eichhornia-CMC hydrogel improved biomass production
and water retention in V. radiata compared with CMC hydrogel and soil, demonstrating its
potential as a biodegradable and sustainable substrate for hydroponic cultivation and water-

efficient agriculture.

Seed Germination

Seed germination is a critical stage determining seedling establishment and subsequent crop
performance. As presented in Table 5, Vigna radiata seeds grown on the Eichhornia-CMC
hydrogel and soil initiated germination on the first day, whereas those on CMC hydrogel
germinated on the second day; however, all treatments achieved 100% germination (Table 6).
The earlier emergence in the Eichhornia-based hydrogel may be associated with its superior
water-retention capacity, which facilitates rapid imbibition and maintains stable moisture
conditions required for enzyme activation, mobilization of stored reserves, and radicle
emergence. The presence of endogenous auxin detected in the Eichhornia extract may have
further contributed to early seedling development, although its direct role in germination was

not established in the present study. The complete germination across all treatments also
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indicates that the Eichhornia-CMC hydrogel was compatible with V. radiata seeds and did

not adversely affect seed viability.

Rapid and uniform germination can promote early root establishment, efficient resource
utilization, and subsequent vegetative growth, potentially contributing to the higher shoot and
root growth, chlorophyll content, biomass accumulation, and seed vigour observed in the
Eichhornia-based treatment. Previous studies have demonstrated that biodegradable
hydrogels enhance seed hydration, water availability, and seedling establishment under
different growing conditions (Jong et al., 2025; Chirino et al., 2017). Although complete
germination was achieved under the present controlled conditions, further evaluation under
drought, salinity, and temperature stress would help establish the broader applicability of the
hydrogel. Overall, the Eichhornia-CMC hydrogel supported rapid and complete germination
of V. radiata, highlighting its potential as a biodegradable and sustainable substrate for
hydroponic cultivation.

Chlorophyll Content

Chlorophyll content of Vigna radiata leaves cultivated under different growth media is
presented in Table 7. Plants grown on the Eichhornia-CMC hydrogel exhibited the highest
chlorophyll content (0.872 mg g'), followed by soil (0.869 mg g') and CMC hydrogel
(0.850 mg g'). Although the differences were relatively small, the higher chlorophyll content
in the Eichhornia-based treatment suggests favourable physiological conditions for
photosynthetic pigment accumulation. The improved response may be attributed to the
hydrogel's water-retention capacity, which maintains moisture in the root zone and facilitates
the uptake of essential nutrients such as nitrogen, magnesium, and iron required for
chlorophyll biosynthesis. The higher biomass, carbohydrate and protein contents, mineral
accumulation, and shoot and root growth observed in the same treatment further indicate
enhanced metabolic activity. In addition, the endogenous auxins detected in the Eichhornia
extract may have contributed indirectly to leaf development and chloroplast activity, although
a direct relationship was not established. The comparable chlorophyll content between the
Eichhornia-CMC hydrogel and soil demonstrates its ability to provide conditions suitable for
maintaining photosynthetic activity without a conventional soil matrix. Similar improvements
in chlorophyll accumulation have been reported for biodegradable cellulose- and
polysaccharide-based hydrogels, which enhance water availability and nutrient-use
efficiency. The higher chlorophyll content may consequently have contributed to the
enhanced carbohydrate accumulation, biomass production, and seedling vigour observed in
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the present study. However, further studies involving chlorophyll fluorescence, gas exchange,
photosynthetic rate, and stomatal conductance are required to confirm the underlying
physiological mechanisms (Babaei, M., & Afkari, M. (2023)). Overall, the findings
demonstrate that Eichhornia-CMC hydrogel can effectively support chlorophyll
accumulation and plant physiological performance, highlighting its potential as a

biodegradable and sustainable substrate for hydroponic cultivation.
Green Leaf Emergence and Leaf Production

Leaf emergence and production are important indicators of early vegetative development and
plant vigour. As presented in Table 8, Vigna radiata grown on the Eichhornia-CMC hydrogel
and soil produced green leaves on the fifth day, whereas CMC hydrogel showed delayed
emergence on the seventh day. Plants grown on the Eichhornia-CMC hydrogel produced ten
leaves per plant, comparable to soil but twice that of the CMC treatment (five leaves),
indicating improved vegetative growth. The earlier leaf emergence and greater leaf
production may be attributed to the hydrogel's water-retention capacity, which maintained
adequate moisture and supported nutrient uptake, cell division, and leaf expansion.
Endogenous auxins detected in the Eichhornia crassipes extract may have further contributed
to shoot development and leaf initiation, although their direct role was not established. The
enhanced leaf production was consistent with the higher chlorophyll content, biomass,
carbohydrate and protein accumulation, and shoot growth observed in the Eichhornia-based
treatment. Similar improvements have been reported for biodegradable cellulose- and
polysaccharide-based hydrogels. Overall, the Eichhornia-CMC hydrogel promoted earlier
leaf emergence and greater leaf production than CMC hydrogel and performed comparably to

soil, supporting its potential as a sustainable hydroponic substrate.

Shoot and Root Length

Shoot and root lengths of Vigna radiata cultivated under different growth media are
presented in Table 9. Plants grown on the Eichhornia-CMC hydrogel exhibited the highest
shoot length (8.0-29.2 cm) and root length (3.0-9.0 cm), compared with CMC hydrogel (5.0—
22.2 cm and 1.0-6.5 cm) and soil (7.0-28.8 cm and 2.8-8.2 c¢m), indicating improved
vegetative growth under the Eichhornia-based treatment. The enhanced shoot and root
elongation may be attributed to the hydrogel's favourable moisture-retention capacity and
porous structure, which maintained adequate water availability, root-zone aeration, and

nutrient diffusion. The presence of endogenous auxins detected in the Eichhornia crassipes
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extract may have further supported cell elongation and root development, although a direct
causal relationship was not established. Improved root growth may also have contributed to
the higher chlorophyll content, biomass, mineral accumulation, and seed vigour observed in
the same treatment by facilitating efficient water and nutrient uptake. The comparable
performance of the Eichhornia-CMC hydrogel with soil further demonstrates its potential as
an alternative cultivation substrate. Overall, the findings indicate that Eichhornia-CMC
hydrogel effectively promotes shoot and root development in V. radiata, supporting its
application as a biodegradable and sustainable substrate for hydroponic and soilless

cultivation.
Leaf Area index

Leaf area is an important indicator of vegetative growth and photosynthetic potential because
greater leaf expansion enhances light interception, carbon assimilation, and biomass
production (Taiz et al., 2018). As presented in Table 10, Vigna radiata grown on the
Eichhornia-CMC hydrogel exhibited the highest leaf area (4.0 cm?2), followed by soil (3.5
cm?) and CMC hydrogel (2.0 cm?), indicating improved leaf expansion under the Eichhornia-
based treatment. This response may be attributed to the hydrogel's water-retention capacity,
which maintained adequate hydration and cell turgor while supporting nutrient uptake and
leaf development (Ahmed, 2015; Montesano et al., 2015). The higher carbohydrate, protein,
chlorophyll, and ash contents observed in the same treatment further suggest improved
physiological activity and nutrient assimilation, particularly of minerals required for
chloroplast development and photosynthesis (Marschner, 2012). The increased leaf area,
together with higher chlorophyll content, biomass accumulation, and Seed Vigour Index,
indicates enhanced photosynthetic and vegetative performance. In addition, the endogenous
auxins detected in Eichhornia crassipes extract may have contributed to cell expansion and
leaf development, although their direct role was not established (Davies, 2010; Zhao, 2010).
Similar improvements have been reported for biodegradable polysaccharide-based hydrogels,
which enhance water availability and nutrient-use efficiency (Ahmed, 2015; Montesano et al.,
2015). Overall, the Eichhornia-CMC hydrogel promoted greater leaf expansion than CMC
hydrogel and performed comparably to soil, supporting its potential as a sustainable substrate

for hydroponic cultivation.
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Seed Vigour Index (SVI)

The Seed Vigour Index (SVI), which integrates germination percentage and seedling growth,
is an important indicator of seedling quality and establishment potential. As presented in
Table 11, Vigna radiata grown on the Eichhornia-CMC hydrogel recorded the highest SVI
(382), followed by soil (370), while CMC hydrogel showed the lowest value (287). Although
all treatments achieved 100% germination, the higher SVI in the Eichhornia-based treatment
was mainly associated with greater shoot and root development, indicating improved post-
germination growth (Abdul-Baki & Anderson, 1973; Finch-Savage & Bassel, 2016). The
enhanced vigour may be attributed to the hydrogel's water-retention capacity, which
maintained continuous moisture availability and supported cellular expansion, nutrient
transport, and metabolic activity (Ahmed, 2015; Montesano et al., 2015). Improved nutrient
acquisition, reflected by higher carbohydrate, protein, chlorophyll, and mineral contents, may
have further contributed to seedling development (Taiz et al., 2018). In addition, endogenous
auxins detected in Eichhornia crassipes extract may have supported root initiation and cell
elongation, although their direct role was not established (Davies, 2010; Zhao, 2010). The
higher SVI was consistent with the improved shoot and root growth, leaf development,
chlorophyll content, and biomass observed in the Eichhornia-CMC treatment. Overall, the
findings demonstrate that Eichhornia-CMC hydrogel enhances seedling vigour compared
with CMC hydrogel and performs comparably to soil, supporting its potential as a

biodegradable and sustainable substrate for hydroponic cultivation.
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Fig 1 Eichhornia crassipes plants in porur lake
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Fig 2 Preparation of Eichhornia crassipes Polymer
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) Eichhornia
Tests Soil CMC Hydrogel
Hydrogel
Carbohydrates 0.042mg/g 0.035mg/g 0.045mg/g
Protein 0.046mg/g 0.040mg/g 0.050mg/g
Lipids 0.002mg/g 0.001mg/g 0.003mg/g

Table 1 Quantitative analysis of phytochemicals present inVigna Radiata L. plant

extract

Test sample

Estimation of Auxin

Eichhornia plant Extract

4.2 pg/ml +4.6 pg/ml

Table 2Estimation of Auxin by Salkowski method of Eichhornia crassipesplant.

Medium

Ash Content

Eichhornia Hydrogel 3.65 gms
CMC Hydrogel 3.50 gms
Soil 3.55 gms
479 Table 3 Determination of Ash Content in Vigna Radiata L.leaves.
Medium Fresh weight | Dry weight | Water content
Eichhornia Hydrogel 60gms 4gms 53.33%
CMC Hydrogel 55gms 3.5gms 48.63%
Soil 57gms 3.7gms 50.50%
480 Table 4 Fresh Weight And Dry Weight of the Vigna Radiata L.Microgreens
Medium Seed Germination Potential
Eichhornia Hydrogel 1% Day
CMC Hydrogel 2" Day
Soil 1* Day
481 Table 5 Seed Germination Potential
482

483




Medium Germination Percentage
Eichhornia Hydrogel 100%
CMC Hydrogel 100%
Soil 100%
484 Table 6 The Germination Percentage Of Vigna Radiata L.Seed
Medium Chlorophyll Content
Eichhornia Hydrogel 0.872 mg/g
CMC Hydrogel 0.850 mg/g
Soil 0.869 mg/g
485 Table 7 Chlorophyll Content of Vigna Radiata L.Leaves
Medium Appearance of green Leaf Count
leaves
Eichhornia Hydrogel 5™ Day 10
CMC Hydrogel 7" Day 5
Soil 5™ Day 10
486 Table 8 Appearance of Green Leaves and Leaf Count
Medium Shoot Length Root Length
Eichhornia Hydrogel 8cm + 29.2cm 3cm +9cm
CMC Hydrogel 5cm + 22.2cm lcm £ 6.5cm
Soil 7cm + 28.8cm 2.8+8.2cm
487 Table 9 The Root and the Shoot Length of the Vigna Radiata L. Plant
Medium Leaf Area Index
Eichhornia Hydrogel 4cm?
CMC Hydrogel 2cm’
Soil 3.5cm”
Medium Seed Vigour Index
Eichhornia Hydrogel 382
CMC Hydrogel 287
Soil 370
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Table 10 Leaf Area Index(LAI)
Table 11Seed Vigour Index(SVI)
CONCLUSION

Hydroponic cultivation has emerged as a sustainable alternative to conventional agriculture
by overcoming major constraints associated with soil-based farming, including soil
degradation, excessive water consumption, nutrient depletion, and the increasing demand for
arable land. The development of environmentally friendly and cost-effective hydroponic
substrates is therefore essential for expanding the adoption of soilless cultivation systems.

The present study demonstrated the successful utilization of Eichhornia crassipes biomass as
a biodegradable hydrogel substrate for hydroponic cultivation of Vigna radiata L. An
aqueous extraction process yielded approximately 10% polymer with a slightly acidic pH
(6.0), which was subsequently incorporated with carboxymethyl cellulose (CMC) to
formulate a stable hydrogel. The performance of the Eichhornia-CMC hydrogel was
systematically compared with CMC hydrogel and conventional soil under identical growth

conditions.

The results clearly indicated that the Eichhornia-CMC hydrogel significantly enhanced
several growth and physiological parameters of Vigna radiata. Plants cultivated on the
hydrogel exhibited superior seedling vigour, greater shoot and root elongation, increased leaf
area, higher chlorophyll content, improved water retention, enhanced mineral accumulation,
and increased nutritional quality, including carbohydrate, protein, and lipid contents. The
hydrogel also supported rapid seed germination and promoted early vegetative development,
demonstrating its suitability as an efficient hydroponic growing medium. Furthermore, the
measurable auxin content in Eichhornia biomass may have contributed to the improved plant

growth observed during cultivation.

Beyond its agronomic performance, the study highlights an environmentally sustainable
strategy for converting the invasive aquatic weed Eichhornia crassipes into a value-added
agricultural resource. Utilization of water hyacinth biomass not only reduces the
environmental burden associated with its uncontrolled proliferation but also promotes
biomass valorization, waste minimization, and circular bioeconomy principles. The

replacement of commercially available hydroponic substrates with renewable plant-derived
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hydrogels has the potential to reduce production costs while improving the sustainability of

hydroponic farming.

Although the present investigation focused on mung bean as a model crop under laboratory-
scale conditions, further research should evaluate the long-term stability, mechanical
properties, biodegradation behaviour, nutrient-release kinetics, microbial interactions, and
economic feasibility of the hydrogel under greenhouse and commercial cultivation systems.
Validation across diverse horticultural crops and optimization of hydrogel formulations will

further establish its practical applicability.

Overall, the findings demonstrate that the Eichhornia-CMC hydrogel represents a promising,
biodegradable, and sustainable alternative to conventional hydroponic substrates. By
integrating invasive biomass utilization with soilless cultivation technology, this study
contributes to sustainable agriculture, environmental conservation, and resource-efficient
food production. The proposed hydrogel offers considerable potential for future hydroponic
applications and supports the transition toward climate-resilient and circular agricultural

systems.



545

546

547

548

549
550

551
552

553
554
555

556
557

558
559
560

561
562

563
564

565
566
567
568

569
570
571

REFERENCES:-

Abbasi, S. A., &Nipaney, P. C. (1986).Wastewater treatment using water hyacinth: A review.
Journal of Environmental Management, 22(2), 123-134.

Abdul-Baki, A. A., & Anderson, J. D. (1973). Vigor determination in soybean seed by
multiple criteria. Crop Science, 13(6), 630-633.

Adams, C., et al. (2005) "Economics of invasive species control: Water hyacinth in the Gulf
Coast." Journal of Agricultural and Applied Economics, 37(3), 501-510. Economic analysis

of control measures for water hyacinth.

Ahmed, E. M. (2015). Hydrogel: Preparation, characterization, and applications: A review.
Journal of Advanced Research, 6(2), 105-121. https://doi.org/10.1016/j.jare.2013.07.006

AlShrouf, A. (2017). "Hydroponics, Aeroponics and Aquaponics as Compared with
Conventional Farming."” American Scientific Research Journal for Engineering, Technology,
and Sciences (ASRJETS), 27(1), 247-255.

Babaei, M., & Afkari, M. (2023). Effect of hydrogel and nano DAP on growth and
productivity of green gram (Vigna radiata L.). Agronomy Journals, 8(7), 279.

Bananas, D. (2019). "The Role of Vertical Hydroponics in Sustainable Agriculture.” Journal
of Agricultural Research & Technology, 10(2), 98-103.

Barbosa, G. L., Gadelha, F. D. A., Kublik, N., Proctor, A., Reichelm, L., Weissinger, E.,
Wohlleb, G. M., & Halden, R. U. (2015). Comparison of land, water, and energy
requirements of lettuce grown using hydroponic vs conventional agricultural methods.

International Journal of Environmental Research and Public Health, 12(6), 6879-6891.

Barrett, G. E., Alexander, P. D., Robinson, J. S., & Bragg, N. C. (2016). Achieving
environmentally sustainable growing media for soilless plant cultivation systems. Acta
Horticulturae, 1128, 299-306.



572
573
574

575
576
577
578

579
580

581
582

583
584
585

586
587
588

589
590
5901

592
593
594

595
596

597
598
599

Benke, K., & Tomkins, B. (2017). Future food-production systems: Vertical farming and
controlled-environment agriculture. Sustainability: Science, Practice and Policy, 13(1), 13-
26.

Bhattacharjee, A., & Ghosh, T. (2021). "Effect of Seed Treatments on Germination
Percentage of Selected Crop Seeds." Journal of Agricultural Science, 14(2), 120-
126.Bhardwaj, S., &Kaushal, R. (2018). "Methods for Ash Content Determination in
Medicinal Plants". Journal of Pharmacognosy and Phytochemistry, 7(1), 85-88.

Center, T. D., et al. (2002). "Biological control of water hyacinth under conditions of

maintenance management.”" Aquatic Plant Management Society Journal, 40(2), 105-115.

Chang, C., & Zhang, L. (2011). Cellulose-based hydrogels: Present status and application
prospects. Carbohydrate Polymers, 84(1), 40-53.

Chirino, E., Martinez-Hernandez, J. L., & Lépez, M. G. (2017). Super absorbent polymer
seed coatings promote seed germination and seedling growth under drought conditions.
Scientific Reports, 7, 16815. https://doi.org/10.1038/s41598-017-17171-2

Chunkao, K., et al. (2012) "The King’s initiatives using water hyacinth for wastewater
treatment."” Environmental Development and Sustainability, 14(5), 737-745. Innovative

applications of water hyacinth in Thailand.

Cilliers, C. J. (1991) "Biological control of water hyacinth in South Africa." Agriculture,
Ecosystems & Environment, 37(1-3), 207-217. Success story of biological control using

weevils.

Coetzee, J. A., et al. (2011) "Biological control of water hyacinth: Results and success
stories." Biological Control, 58(2), 229-239. Comprehensive review of biological control

measures globally.

Corby-Harris, V., & Brown, N. (2024). Vanillin Assay-Modified Protocol for Longitudinal

Nutrition Utilization Study. Protocols.io.

Dagno, K., et al. (2007) "Pathogenicity of fungi isolated from water hyacinth in the Republic
of Benin." Journal of Aquatic Plant Management, 45, 29-32. Study on the use of fungal

pathogens for biological control.



600
601
602

603
604
605
606

607

608
609

610
611

612
613
614

615
616
617
618

619
620

621
622

623
624
625

626
627
628

Dahiya, P. K., Linnemann, A. R., Van Boekel, M. A. J. S., Khetarpaul, N., Grewal, R. B., &
Nout, M. J. R. (2015). Mung bean: Technological and nutritional potential. Critical Reviews
in Food Science and Nutrition, 55(5), 670-688.

Das, S., Rahman, T. N., Parveen, R., Mou, A. N., Islam, M. E., Islam, K. M. D., & Rahman,
S. M. M. (2019). Isolation and Characterization of Indole Acetic Acid Producing Bacteria
from Rhizosphere Soil and their Effect on Seed Germination. International Journal of Current
Microbiology and Applied Sciences, 8(3), 1237-12452.

David T. Plummer (1990) An Introduction to Practical Biochemistry, 179 Third Edition

Davies, P. J. (2010). Plant Hormones: Biosynthesis, Signal Transduction, Action! (3rd ed.).
Springer.

Diver, S. (2006). Soilless Culture in Agriculture. ATTRA - National Sustainable Agriculture

Information Service.

F. Bidarnamani, H. Zarei, K. Mashayekhi, and B. Kamkar. “Leaf Area, Fresh Weight and
Dry Weight Prediction Models for Ornamental Plants Ficus benjamina (cv. Starlight)”.the
Journal of Advanced Laboratory Research in Biology (2011).

Fang, S., Zhong, Y., Wu, J., Xie, Y., Cai, L., Li, M., Cao, J., Zhao, H., & Dong, B. (2025). A
comparative analysis of the water retention properties of hydrogels prepared from melon and
orange peels in soils. Gels, 11(1), 8. https://doi.org/10.3390/gels11010008

FAO (Food and Agriculture Organization of the United Nations). (2020). "Hydroponics as an
Alternative for Sustainable Agriculture.”

Finch-Savage, W. E., & Bassel, G. W. (2016). Seed vigour and crop establishment:
Extending performance beyond adaptation. Journal of Experimental Botany, 67(3), 567-591.

Gajalakshmi, S., & Abbasi, S. A. (2002). Effect of the application of water hyacinth
compost/vermicompost on the growth and flowering of Crossandra undulaefolia and on soil

properties.

Gashgari, R., Alharbi, A., Mughrbil, F., Jan, A., &Glolam, A. (2018). "The Efficiency of
Soilless Agriculture in Reducing Water Consumption and Increasing Crop Yields in Saudi

Arabia." International Journal of Environmental Research and Public Health, 15(9), 2045.



629
630

631

632
633

634
635
636
637

638
639

640
641

642
643
644
645
646

647
648
649

650
651

652
653

654
655
656

Goenaga, R., & Palmer, G. (2019). "Hydroponics and the Future of Sustainable Agriculture:
Challenges and Opportunities.” Global Environmental Change, 58, 101925.

Gopal, B. (1987). Water Hyacinth. Elsevier Science Publishers.

Gruda, N. (2019). Increasing sustainability of growing media constituents and stand-alone

substrates in soilless culture systems. Agronomy, 9(6), 298.

Guardado-Fierros, B. G., Tuesta-Popolizio, D. A., Lorenzo-Santiago, M. A., Rodriguez-
Campos, J., & Contreras-Ramos, S. M. (2024). Comparative study between Salkowski
reagent and chromatographic method for auxins quantification from bacterial production.
Frontiers in Plant Science, 15:13780793

Gunnarsson, C. C., & Petersen, C. M. (2007).Water hyacinths as a resource in agriculture and

energy production: A literature review.Biomass and Bioenergy, 33(11), 1-10.

Henderson, J. A., & Hancock, T. W. (1997). Using Water Hyacinth for Ecological and

Economic Development. Proceedings of the International Water Hyacinth Conference.

Igbal, D. N., Tariqg, Z., Philips, B., Sadiga, A., Ahmad, M., Al-Ahmary, K. M., Ali, |., &
Ahmed, M. (2024). Nanocellulose/wood ash-reinforced starch—chitosan hydrogel composites
for soil conditioning and their impact on pea plant growth. RSC Advances, 14(11), 6789—
6799. https://doi.org/10.1039/D3RA08725E

Saha, A., Sekharan, S., Manna, U., & Sahoo, L. (2020). Transformation of non-water sorbing
fly ash to a water sorbing material for drought management. Scientific Reports, 10, 18664.
https://doi.org/10.1038/s41598-020-75674-6

IUCN (International Union for Conservation of Nature). Invasive Species Management: The
Case of Water Hyacinth.

Jones, J. B. (2016). Hydroponics: A Practical Guide for the Soilless Grower (3rd ed.). CRC

Press.

Jong, S.-J., Chin, S.-F., &Wasli, M. E. (2025). Cellulose-based hydrogel as soil conditioner
and seed germination medium. Scientific Reports, 15(1), 12345.
https://doi.org/10.1038/s41598-025-05920-2


https://doi.org/10.1038/s41598-020-75674-6

657
658

659
660

661
662

663

664
665

666
667
668

669
670

671

672
673
674

675
676
677

678
679

680
681
682

683
684

Julien, M. H., et al. (1999). "Biological and integrated control of water hyacinth." ACIAR

Proceedings.

Kaur, S., et al. (2022). Eichhornia crassipes (Mart.) Solms: A Comprehensive Review of Its

Pharmacological Potential and Possible Applications. Frontiers in Pharmacology, 13, 842511.

Kivaisi, A. K. (2001)The potential for constructed wetlands for wastewater treatment and
reuse in developing countries: A review. Ecological Engineering, 16(4), 545-560.

Kopolow, Carol. Hydroponics. Beltsville, Md: National Agricultural Library, 1991.

Kumar, P., & Sharma, S. (2019). "Current Trends in Aeroponics for Sustainable Agriculture:
A Review." Environmental Science and Pollution Research, 26(22), 22491-22505.

Kumar, P., Yadav, S., & Singh, M. (2022). Nutritional value, cultivation, health benefits, and
future perspectives of microgreens. Biochemistry and Biotechnology Journal, 9(5), 133-144.
https://doi.org/10.1016/j.bbj.2022.05.009

Kumar, V., Singh, J., Kumar, P., & Kumar, A. (2020). Valorization of invasive water

hyacinth biomass for sustainable applications. Bioresource Technology Reports, 11, 100507.
Lal, R. (2016). Soil Health and Climate Change: An Overview. CRC Press.

Lu, J., et al. (2007) "Potential of water hyacinth for removing heavy metals from
wastewater." Journal of Environmental Management, 90(3), 1089-1096. Research on the

phytoremediation potential of Eichhornia.

Madsen, J. D. (1993) "Growth and biomass allocation patterns in water hyacinth." Journal of
Aquatic Plant Management, 31, 134-144. Study on growth dynamics of Eichhornia under

different conditions.

Malik, A. (2007). Environmental challenge vis-a-vis opportunity: The case of water hyacinth.
Environment International, 33(1), 122-138.

Manjeet, K., et al. (2020). Correlation and Path Coefficient Analysis for Seed Vigour
Parameters in Wheat (Triticum aestivum L.) Genotypes. Journal of Experimental Biology and

Agricultural Sciences.

Marschner, P. (2012). Marschner's Mineral Nutrition of Higher Plants (3rd ed.). Academic

Press.



685

686
687

688
689
690

691
692

693
694
695

696
697

698
699
700

701
702
703

704
705
706

707
708
709

710
711
712

Mason, John. Commercial Hydroponics. Kenthurst, NSW: Kangaroo Press, 1990.

Ming, F., & Liao, Y. (2021). "Sustainability in Aquaponics: Environmental and Economic
Benefits.” Journal of Cleaner Production, 267, 122052.

Mishima, D., Tateda, M., Ike, M., & Fujita, M. (2008). Comparative study on chemical
pretreatments to accelerate enzymatic hydrolysis of aquatic macrophyte biomass. Bioresource
Technology, 99(9), 3711-3715.

Mitchell, D. S. (1976) Aquatic Vegetation Management. UNESCO. Detailed manual on

aquatic weed management, including Eichhornia.

Montesano, F. F., Parente, A., Santamaria, P., Sannino, A., & Serio, F. (2015). Biodegradable
superabsorbent hydrogel increases water retention properties of growing media and plant

growth. Agriculture and Agricultural Science Procedia, 4, 451-458.

Moyo, H., et al. (2020). The Benefits of Water Hyacinth (Eichhornia crassipes) for Southern
Africa: A Review. Sustainability, 12(21), 9222.

Murphy, K. J., et al. (2003) "Control of invasive aquatic plants using native species." Journal
of Aquatic Plant Management, 41(1), 112-118. Research on restoring native ecosystems to

control Eichhornia growth.

Murugesan, A., & Ramasamy, S. (2006). Water Hyacinth as a Sustainable Resource for
Environmental Management. Thesis, Tamil Nadu Agricultural University. Comprehensive

study on the environmental and economic benefits of water hyacinth.

Nair, R. M., Yang, R. Y., Easdown, W. J., Thavarajah, D., Thavarajah, P., Hughes, J. dA., &
Keatinge, J. D. H. (2013). Biofortification of mung bean. Journal of the Science of Food and
Agriculture, 93(8), 1805-1813.

Ndimele, P. E., et al. (2011) "Water hyacinth (Eichhornia crassipes): Biomass, productivity,
and environmental impacts." Research Journal of Environmental Sciences, 5(6), 509-520.

Examination of biomass potential and ecological consequences.

Nigam, J. N. (2002). Bioconversion of water-hyacinth (Eichhornia crassipes) hemicellulose
acid hydrolysate to motor fuel ethanol by xylose-fermenting yeast. Journal of Biotechnology,
97(2), 107-116.



713
714
715
716

717
718

719
720

721
722
723

724
725

726
727
728
729

730

731
732
733

734
735

736

737
738
739

Patel, R., Mehta, P., & Joshi, K. (2022). Effect of superabsorbent hydrogels on seed vigour
and early seedling growth of mungbean (Vigna radiata L.) under semi-arid conditions.
Journal of Crop Science and Biotechnology, 25(4), 315-324. https://doi.org/10.1007/s12892-
022-00912-3

Patel, S. (2012). "Threats, management, and utilization of Eichhornia crassipes." Reviews in
Environmental Science and Bio/Technology, 11(3), 249-259.

Pathak, N., & Sharma, A. (2013). "Quantitative Determination of Total Ash Content in Plant
Extracts”. Asian Journal of Plant Sciences, 15(1), 20-25.

Popov, Vladimir. "Hydroponics is a New Paradigm and a Way of Fodder Production
Intensification.” In Multifunctional Adaptive Feed Production. Federal Williams Research

Center of Forage Production and Agroecology, 2020.

Putra, P. A., &Yuliando, H. (2015). Soilless culture system to support water use efficiency
and product quality. Agriculture and Agricultural Science Procedia, 3, 283-288.

Rahman, S., Khan, M., & Ali, F. (2023). Influence of superabsorbent hydrogels on leaf area
expansion and growth parameters of leguminous crops under water-limited conditions.
Journal of Plant Nutrition and Soil Science, 186(2), 189-200.
https://doi.org/10.1002/jpIn.202200345

Raviv, M., & Lieth, J. H. (2007). Soilless Culture: Theory and Practice. Elsevier.

Reddy, K. R., & Tucker, J. C. (1983) "Productivity and nutrient uptake of water hyacinth
under greenhouse conditions.” Journal of Environmental Quality, 12(3), 446-451. Insights
into the plant's nutrient absorption capabilities.

Resh, H. M. (2012). Hydroponic Food Production: A Definitive Guidebook for the Advanced
Home Gardener and the Commercial Hydroponic Grower. CRC Press.

Resh, H. M. (2013). Hydroponic Food Production (7th ed.). CRC Press.

Rezania, S., Ponraj, M., Din, M. F. M., Songip, A. R., Sairan, F. M., &Chelliapan, S. (2015).
The diverse applications of water hyacinth with main focus on sustainable energy and

production for new era. Renewable and Sustainable Energy Reviews, 41, 943-954.


https://doi.org/10.1002/jpln.202200345

740
741
742

743
744

745
746
747

748
749

750
751
752

753
754
755
756

757
758
759

760
761

762
763
764

765
766
767

Room, P. M., et al. (1981) "Physical control of water hyacinth in Papua New Guinea."
Australian Journal of Marine and Freshwater Research, 32(3), 381-409. Description of

physical management techniques and their effectiveness.

Sangeetha, K., & Ramesh, S. (2020). "Hydroponics and Its Prospects in Urban Agriculture.”
Urban Agriculture and Food Security, 35(4), 263-271.

Sannino, A., Demitri, C., &Madaghiele, M. (2022). Superabsorbent polymer hydrogels for
sustainable agriculture. Horticulturae, 8(7), 605.
https://doi.org/10.3390/horticulturae8070605

Sarkar, D. J.,, & Walker, T. R. (2015). Natural polysaccharide-based hydrogels for

agricultural applications. Environmental Technology & Innovation, 4, 119-131.

Shamshiri, R. R., Kalantari, F., Ting, K. C., Thorp, K. R., Hameed, I. A., Weltzien, C.,
Ahmad, D., & Shad, Z. M. (2018). Advances in greenhouse automation and controlled

environment agriculture. Information Processing in Agriculture, 5(1), 1-30.

Sharma, P., Sharma, M., & Laddha, H. (2024). Enhancing plant growth of Vigna radiata
using biodegradable superabsorbent carboxymethylcellulose nanohydrogel enriched with
carbon dots under water-stressed conditions. ACS Applied Polymer Materials, 6(2), 241-250.
https://doi.org/10.1021/acsapm.4c00241

Singh, R., Sharma, P., & Gupta, A. (2021). Microgreens: A nutritious food for the 21st
century. International Journal of Food Science and Technology, 56(4), 1234-1245.
https://doi.org/10.1111/ijfs.15000;

Sinha, S. K., et al. (2020). "Management strategies of Eichhornia crassipes in Indian

freshwater bodies." International Journal of Aquatic Science, 11(2), 112-119.

Sonneveld, Cees, and Wim Voogt. (2019)"Complexvorming van spoorelementen in
substratenen hydroponics: Een samenvatting van resultatenuitonderzoekenliteratuur."

Bleiswijk: Wageningen University & Research, BU Glastuinbouw.

Suryawanshi, Yogesh (2021). "Hydroponic Cultivation Approaches to Enhance the Contents
of the Secondary Metabolites in Plants". In Biotechnological Approaches to Enhance Plant
Secondary Metabolites (pp. 71-88). CRC Press.


https://doi.org/10.1111/ijfs.15000

768
769

770
771

772
773
774

775
776
777

778
779

780
781

782
783

784
785

786
787
788

789
790

791
792
793

794
795

Tadesse, B., & Haile, M. (2018). "Economic Impact of Hydroponics on Small-Scale Farmers
in Sub-Saharan Africa.” Agricultural Economics, 49(5), 577-589.

Taiz, L., Zeiger, E., Mgller, 1. M., & Murphy, A. (2015). Plant physiology and development
(6th ed.). Sinauer Associates.

Tang, D., Dong, Y., Ren, H., Li, L., & He, C. (2014). A review of phytochemistry, metabolite
changes, and medicinal uses of the common food mung bean. Food Research International,
76, 1-10.

Téllez, T. R., et al. (2008) "The water hyacinth (Eichhornia crassipes): An invasive plant in
the Guadiana River Basin (Spain)." Aquatic Invasions, 3(1), 42-53. Case study of Eichhornia

invasion in Europe.

Touliatos, D., Dodd, I. C., &McAinsh, M. (2016). Vertical farming increases lettuce yield per
unit area compared with conventional cultivation. Food and Energy Security, 5(3), 184-191.

UNEP (United Nations Environment Programme) (1995). The Potential for Water Hyacinth
Utilization in Developing Countries. UNEP Publications.

Van Handel, M. T. (1985). Rapid determination of total lipids in mosquitoes. Journal of Lipid
Research, 26(1), 27-32.

Vermué, P., & Venema, J. (2020). "The Role of Vertical Farms in Sustainable Urban
Agriculture.” Food Security and Sustainability Review, 11(3), 445-455.

Villamagna, A. M., & Murphy, B. R. (2010) "Ecological and socio-economic impacts of
invasive water hyacinth (Eichhornia crassipes): A review." Freshwater Biology, 55(2), 282-

298.Analysis of environmental, economic, and social impacts.

Walker, T. S., Bais, H. P., Grotewold, E., & Vivanco, J. M. (2003). "Root exudation and
rhizosphere biology". Plant Physiology, 132(1), 44-51.

Williams, A. E., & Hecky, R. E. (2005) "Invasive aquatic weeds and eutrophication: The case
of Lake Victoria." Ecological Applications, 15(2), 596-601. Study linking nutrient pollution
and water hyacinth outbreaks.

Xie, L., Wang, Y., & Yao, S. (2017). "Advancements in Aquaponics Systems: Integrating
Fish and Plant Cultivation for Sustainable Farming." Sustainability, 9(6), 1032.



796
797

798
799

800
801
802

803
804

805
806

807

Y. Zhang, J. Chen, X. Zhang.(2019). Spectroscopic determination of leaf chlorophyll content

and color for assessing plant health"**Journal: Plant Methods,.

Y. Zhang, L. Wang, X. Li, et al.(2022) Validation of leaf area index measurement system

based on wireless sensor network"**Journal: Scientific Reports,

Zhang, J., et al. (2010) "Sustainable energy development using water hyacinth biomass in
China." Renewable Energy, 35(6), 1227-1232. Case study on using water hyacinth for

bioenergy production.

Zhao, H., et al. (2019). Eichhornia crassipes: A Powerful Bio-indicator for Water Pollution

by Endocrine-Disrupting Chemicals. Scientific Reports, 9, 9872.

Zhao, Y. (2010). Auxin biosynthesis and its role in plant development. Annual Review of
Plant Biology, 61, 49-64.



