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ARTICLE INFO ABSTRACT
Keywords: Energy cane (Saccharum spp.) bagasse, a type of biomass waste, is often underutilized, burned, or
Saccharum spp. left to dispose of itself. This research aimed to evaluate the potential of converting this bagasse
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into high-value cellulosic microfiber hydrogels (CMH) for water conservation and potted chili
(Capsicum annuum) plant growth. CMH offers a biodegradable alternative to synthetic poly-
Soil moisture acrylamide (PA) hydrogels and provides the dual benefit of improved water use efficiency and
Water holding capacity reduced environmental impact due to their ability to naturally break down in the soil. In this
Root-to-shoot ratio study, CMH and PA hydrogels were compared for water retention value (WRV), and reswelling
kinetics (RK), as well as their effects on plant height, leaf count, root-to-shoot ratios (R:S ratio),
and soil moisture retention. Two versions of CMH, CMH65 and CMH60, were prepared with
varying cellulose-chitosan ratios: 65:35 and 60:40, respectively. The hydrogels were tested at four
concentrations (0, 0.5, 1.0, and 2.0% w/w) by being mixed in Promix® soil. Observations were
recorded over a 16-day period without additional water. Also, the WRV of hydrogels at 240 min
and RK (10-180 min) were compared over three swelling-deswelling cycles. The PA hydrogel
exhibited higher WRV (exceeding 450%) compared to CMH (45%). However, PA led to reduced
plant height, leaf count, and R:S ratio when compared to higher concentrations of CMH65 and
CMH60. In general, CMH60 (0.5% and 2%) exhibited superior plant growth. All hydrogels
exhibited a significant decrease (p < 0.05) in WRV across successive cycles. Notably, during cycle
2, both CMH65 and CMH60 peaked in WRV at 10 and 20 min, respectively, compared to cycle 1.
This study demonstrates the potential of bagasse-derived hydrogels as a value-added product for
water conservation and crop growth.

1. Introduction

Energy cane (Saccharum spp.), a perennial lignocellulosic crop, thrives on marginal lands and delivers high biomass yield with
minimal inputs [1]. This crop boasts numerous benefits, including bioenergy generation, carbon sequestration, soil improvement, and
economic prospects [2,3]. In 2020, global energy cane biomass production increased to 1.6 billion tons, significantly contributing to
the renewable energy landscape with an impressive energy potential of 17 GJ per ton [4,5]. However, this bioenergy production
generates non-economic by-products, leading to substantial biomass waste. An estimated 140 billion metric tons of biomass waste
accumulates annually [6]. This cellulose-rich waste, containing 38-50% cellulose, is often underutilized, burned, or left to decompose,
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contributing to climate change, soil and water contamination, and air pollution, with crop residue burning accounting for 18% of
global CO5 emissions [7,8].

To address this pressing issue, cellulose-based hydrogels (CMHs) emerge as a promising waste-management solution due to their
biodegradability and biocompatibility [9,10]. Energy cane bagasse, the fibrous residue after juice extraction, is a valuable resource
rich in cellulose and abundant OH groups, making it ideal for high-value CMH production [11,12]. The presence of hydrophilic groups
such as -OH, -CONH-, -CONH3-, and -SOsH groups enables hydrogels to absorb and retain water, rendering them beneficial for various
applications by forming a three-dimensional cross-linking polymer network structure [13,14]. Due to these unique properties,
hydrogels are insoluble in water but can absorb and retain large amounts of water—several hundred times their dried weight-even
under pressure while maintaining stability and network structure [15,16]. This remarkable versatility translates into a diverse range of
applications, from supporting crop growth in agriculture [17] to aiding wound healing in healthcare [18] and enhancing everyday
products like diapers and insoles [19].

In agriculture, CMHs serve as soil conditioners, enhancing soil structure and aeration, facilitating improved root penetration and
nutrient uptake, resulting in increased crop yields [17,20]. For instance, CMHs have been applied as soil amendments to promote the
growth of maize, wheat, and okra [21,22, 23]. Furthermore, these hydrogels also function as carriers for controlled-release fertilizers
and pesticides, ensuring gradual chemical release, minimizing environmental impact, and providing sustained support for crop growth
[24,25]. Notably, the water-retention property of these hydrogels holds immense potential for reducing irrigation frequency in arid
and semi-arid regions facing water scarcity challenges [9,25].

Recognizing the potential ecological drawbacks associated with the use of synthetic hydrogels, despite their attractive qualities of
low cost and high efficiency, this study proposes a sustainable alternative: a cost-effective and energy-efficient method for extracting
cellulose micron-sized fibers [26,27]. The innovative approach of utilizing energy cane bagasse in hydrogel preparation not only offers
a sustainable solution for biomass waste management but also paves the way for developing functional materials with diverse ap-
plications. Though promising, the production and application of hydrogels derived from energy cane bagasse remain underexplored,
particularly regarding their impact on plant growth and water conservation.

Therefore, this study aims to bridge this knowledge gap by producing hydrogels using cellulosic microfibers extracted from energy
cane bagasse. Additionally, the study aimed to investigate the potential of CMH as a soil amendment to enhance water use efficiency
and promote the growth of chili peppers (Capsicum annuum) in potting soil. A comparative analysis was conducted between CMHs and
commercially available polyacrylamide hydrogels, considering factors such as water retention values (WRV), reswelling kinetics (RK)
and growth characteristics, including chili plant height, leaf count, root-to-shoot ratios (R:S ratios), and moisture retention in potting
soil. This comprehensive approach positions the study as a valuable contribution to understanding the application of energy cane
bagasse-derived hydrogels in the realm of plant growth and soil enhancement.

2. Materials and methods
2.1. The synthesis of cellulosic microfiber hydrogels (CMH)

Energy cane bagasse was obtained from field experiments conducted at the Agricultural Research Station at Fort Valley State
University (FVSU). Fig. 1 illustrates the flow diagram depicting the methodology employed in this study. The bagasse samples were
dried at 55 °C in an oven for 60-72 h until a constant weight was achieved. Subsequently, the dried sample was ground to a particle size
of 1-5 mm using a Thomas Wiley Laboratory Mill. According to the protocol outlined by Zhang et al. (2014) [28], acid and alkaline
delignification of the bagasse sample were performed using nitric acid and potassium chlorate, respectively. The extracted cellulose
microfibers were then purified and neutralized by thorough washing and filtering with distilled water until achieving a neutral pH.
Finally, these cellulose microfibers were stored.

The extracted cellulose fibers were first modified according to the Bruneel and Schacht (1993) methodology [29], followed by
further functionalization using the Pagliaro (1998) protocol [30] to produce reactive cellulose. The reactive cellulose fibers were
washed with acetone twice and dried at room temperature [27].

Two ratios of reactive cellulose and carboxymethylated chitosan were mixed to assess their impact on the formation of cellulose-
chitosan cross-linked gels, as well as their water retention values and reswelling kinetics. The carboxymethylated chitosan was syn-
thesized following the methodology described by Yang et al. (2016) [31]. To prepare the cellulose-chitosan hydrogels, a 1 wt% so-
lution of reactive cellulose was heated together with a 1 wt% solution of chitosan at two different ratios: CMH65 (cellulose = 65% and
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Production of Production of and purification
Hydrogels Reactive of cellulose
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Fig. 1. Flow diagram illustrating the methodology.
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chitosan = 35%) and CMH60 (cellulose = 60% and chitosan = 40%). The mixture was stirred at a temperature of 60 °C for 1 h,
followed by magnetic stirring at 500 rpm for 1 min. Subsequently, the samples were left undisturbed at room temperature for a period
of 4-6 h to facilitate the formation of a cross-linked polymer gel comprising cellulose and chitosan, which was referred to as the
cellulosic microfiber hydrogel (CMH).

2.2. Assessment of water retention values (WRV) of hydrogels

Assessment of the water retention value (WRV) of the hydrogels is important for determining their capacity to absorb and retain
water. To evaluate the WRV, the CMH65, CMH60, and polyacrylamide (PA) hydrogels were dried at 50 °C for 12 h, followed by
additional drying and weighing of the hydrogels at 1-h intervals until a constant weight (dry weight = Wy4) was reached. Subsequently,
these dried hydrogels were submerged in water for 240 min. After removing the swollen hydrogels from the water, any excess water on
the gel surface was carefully removed, and the weight of the soaked hydrogel was measured as the wet weight (W;). The swollen
hydrogels were then dried overnight at 50 °C in an oven until a constant weight was attained. This soaking and drying process was
repeated for a total of three cycles.

Polyacrylamide hydrogels have been extensively studied for agricultural applications due to their high-water retention capabilities,
particularly in areas like soil hydration, plant growth, and controlled release of plant nutrients [32]. Therefore, comparing the water
retention values (WRVs) of polyacrylamide hydrogels, a commercially available standard, with those of cellulose microfiber hydrogels,
which are naturally biodegradable, is a valuable exercise for assessing the trade-off between performance and sustainability. Un-
derstanding the swelling-deswelling kinetics of the hydrogels is crucial for most of these applications, as it directly influences the
release and delivery of nutrients, pesticides, and other important compounds.

The water retention value (WRV) is typically expressed as a weight or volume ratio of absorbed water to dry hydrogel (calculated
using Equation (1)), revealing its capacity for water storage and sustained release, making it crucial for applications like soil condi-
tioning and promoting plant growth.

WRV = (W, — W,)/Wy x 100 (€}

where,
WRYV = Water retention value.
W4 = Dry weight of the hydrogel.
W, = Wet weight of the wet hydrogel at time t.

2.3. Assessment of water reswelling kinetics (RK) of hydrogels

Reswelling kinetics (RK) refers to the rate at which a hydrogel can reabsorb water after being dried. It is a crucial property of
hydrogels as it determines their reusability. The assessment of the re-swelling dynamics of crosslinked hydrogels at different time
intervals is essential for gauging their ability to regain their original swollen state after dehydration. This property holds particular
significance in applications where sustained water uptake and release are critical.

To assess the reswelling kinetics, CMH65, CMH60, and PA hydrogels were dried overnight at 50 °C in an oven until a constant
weight was reached (Wy). Subsequently, these dried hydrogels were immersed in water for specific time intervals ranging from 10 to
180 min. After each time interval, the soaked hydrogels were removed from the water, excess water on the gel surface was carefully
eliminated, and their wet weights (W) were measured. The W, was recorded at intervals of 10, 20, 30, 60, 120, and 180 min. The wet
hydrogels were then dried overnight at 50 °C in an oven until a constant weight was attained. This process of soaking (at pre-
determined intervals) and drying was repeated for a total of three cycles. The WRYV of the hydrogels at each time frame was calculated
using Equation (1).

Both WRV and RK are vital properties of hydrogels, but they assess different aspects of their interaction with water: WRV measures
the equilibrium amount of water a hydrogel can hold, revealing its capacity for storing and releasing water over time. This is valuable
for applications like soil conditioning, where sustained moisture release is crucial. Conversely, RK measures the rate at which a
dehydrated hydrogel reabsorbs water, providing insights into water diffusion within its network. This property is key for controlled-
release applications like pesticide or nutrient delivery, where precise timing is essential [32].

2.4. Assessment of hydrogels’ impact on soil moisture and plant growth in potting soil

To investigate the effects of hydrogel amendment on moisture retention and chili plant growth in potting soil, four concentrations
(0, 0.5, 1.0, and 2.0% (w/w)) of CMH65, CMH60, and PA hydrogels were mixed with Promix® potting soil. A total of ten treatments
were established, including three hydrogels at three different concentrations, along with a control. Before adding the hydrogels, the
soil was thoroughly saturated with water, and chili plants of the same age and approximately uniform height were carefully selected
and placed in each pot. Observations were then recorded for moisture retention and plant growth parameters, such as plant height, leaf
number, and root-to-shoot ratio (R:S ratio), for 16 days without the additional supplement of water.

The moisture retention (%) in the potting soil was determined by calculating the percentage decrease in pot weight after 16 days of
plant growth compared to the initial pot weights on day 0. Additionally, the difference in moisture retention between consecutive days
was calculated by subtracting the pot weight of each day from the pot weight of the previous day (data not shown).



J.S. Gosukonda et al. Heliyon 10 (2024) e28972

The height of chili plants (in inches) was measured daily using a ruler. The increase in plant height (%) was calculated by sub-
tracting the plant height on day 0 from the plant height on day 16. Leaf count was recorded daily, but for comparative analysis, the leaf
count on the 16th day was utilized. To calculate the R:S ratio, the roots (below ground portion) and shoots (above ground portion) of
each plant were separated on the 16th day of plant growth. The fresh weights of the roots and shoots for each plant were individually
measured and recorded (data not shown). Subsequently, the fresh root and shoot materials were placed in separate brown bags and
dried using a commercial dryer. The dried root and shoot materials were then weighed separately, and the data were recorded. A
higher R:S ratio indicates a greater root density and root interception for nutrient uptake. The root-to-shoot ratio was calculated using
Equation (2):

Root Shoot Ratio (R : S Ratio) = root dry weight + shoot dry weight (2)

2.5. Statistical analysis

Statistical analyses were conducted using Statistical Analysis System (SAS) software (version 9.4 by SAS Institute in Cary, NC, USA).
A completely randomized design (CRD) with a factorial arrangement of treatments was employed for the experiments in this study. The
sample size for measuring plant growth parameters, water retention values, and reswelling kinetics was six (6). Analysis of variance
(ANOVA) was performed using the “proc mixed” and “proc GLM” procedures, with a significance level of 5%. Tukey’s post hoc tests
were conducted to compare treatment means, with a statistical significance threshold set at 0.05. The data were presented as mean +
standard error (SE). Box and whisker plots were generated using Excel software to compare the distribution of plant growth properties
among different hydrogels and their concentrations.

3. Results and discussion
3.1. Water retention value (WRV) and reswelling kinetics (RK) of hydrogels

The analysis of variance indicated a significant (p < 0.05) difference in the average water retention value (%) among the three
different hydrogel types. The mean WRV (%) values observed for PA, CMH65, and CMH60 hydrogels were 451.71 + 3.49, 39.23 +
3.10, and 33.16 + 1.51, respectively (Fig. 2A and B). These findings align with a study conducted by Alam et al., 2019 [33], where
CMH demonstrated lower WRV% compared to PA hydrogels. Despite having lower WRV (around 45%), CMH65 and CMH60 hydrogels
are still preferred over PA hydrogels (exceeding 450%) due to their natural biodegradability, which eliminates the potential for
environmental concerns associated with synthetic, non-biodegradable materials.

Despite lower initial water uptake, both CMH65 and CMH60 outperformed PA in maintaining moisture over three cycles of
swelling and deswelling (Fig. 2A and B). PA hydrogels lost a substantial amount of their water-holding capacity, dropping by 46% from
the first to the second cycle and a further 71% by the third. In contrast, CMH65 and CMH60 lost only 56.78% and 48.32% water in the
first two cycles, respectively, and maintained better water retention even by the third cycle (38.92% and 52.84% loss). This suggests
that CMH hydrogels offer a more reliable long-term water retention capability.

According to published reports, several factors are likely to contribute to these differences. PA hydrogels, being synthetic, can be
engineered to have a highly hydrophilic surface and a dense, highly cross-linked structure, which maximizes water absorption [33,34].
On the other hand, CMHs have a fibrous and porous nature, which may limit their overall water uptake and retention compared to PA
hydrogels [34].

The reswelling kinetics (RK) were significantly (p < 0.05) impacted by soaking times among the three hydrogels. In cycle one, all
hydrogels reached their maximum wet weight (W) after 60 min of soaking, beyond which the percentage increase in their Wt value
became minimal (Figs. 3-5). Similar to the trend observed in WRYV, the reswelling kinetics (RK) values of the hydrogels also decreased
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Fig. 2. A-B: Water retention values (%) of polyacrylamide (A) and cellulosic hydrogels, CMH65 and CMHG60 (B), after soaking for 240 min in three
repeated cycles.
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from cycle one to cycle three (Figs. 3-5).

Interestingly, in cycle two, both CMH65 and CMH60 exhibited higher wet weight values at the 10-min and 20-min time frames,
respectively, compared to the corresponding time frames in cycle one (Figs. 4 and 5). Incomplete recovery after drying and reswelling
cycles is a known phenomenon in hydrogels, similar to the observations reported by Ceylan et al. (2004) where their hydrogels also
reswelled quickly (within 1 min) but the final wet weight remained significantly lower than the initial state [35]. This behavior is
observed in the CMH hydrogels in this study as well, and further investigation is needed to understand the underlying mechanisms.

It is generally acknowledged that the water-holding capacity of hydrogels is influenced by swelling and deswelling kinetics. In this
study, the drying of wet gels from cycle 1 at an elevated temperature of 50 °C could have reversed the osmotic pressure difference,
causing water to exit and resulting in shrinkage. The shrinkage process likely caused some loss of structural integrity, such as a less
stable cross-linking network or reduced pore sizes, affecting water absorption. Upon reintroduction to water at room temperature, the
osmotic pressure difference may have increased, leading to rapid water inflow and a faster swelling rate [36]. This accelerated water
absorption could have contributed to the higher wet weight values observed in cycle 2.

Despite having a lower chitosan content (35%), the CMH65 hydrogel matched the water retention and reswelling performance of
the CMH60 hydrogel (40% chitosan). This finding opens the door to optimizing chitosan content for efficient water management while
potentially lowering production costs. However, published reports have indicated that hydrogels with higher cellulose to lower chi-
tosan ratios tend to exhibit improved water retention and slower rehydration rates [37]. For instance, hydrogels crosslinked with 25%
chitosan exhibited a WRV of approximately 600 g water/g material. When the chitosan content was increased to 35%, there was a
decrease in the WRV. On the contrary, hydrogels prepared with 15% chitosan displayed an unstable physical appearance and were
unable to retain water due to their less stable network structure [33].

3.2. Moisture retention (%) in potting soil

Moisture retention was evaluated by calculating the percentage reduction in pot weight between day 0 and after 16 days of plant
growth. All pots displayed a noticeable weight decrease, indicating moisture loss during the 16-day period (Fig. 6A and B). The
hydrogel-amended soils retained moisture more effectively than the control, as evidenced by their smaller weight reductions (Table 1
and Fig. 6A and B). This suggests that adding hydrogels can significantly reduce moisture loss in potted plants.

While this study observed no consistent pattern in moisture retention across the three hydrogel types and concentrations, research
by Hafiz-Afham et al. (2023) [38] demonstrated that cotton-based hydrogels (40% hydrogel and 60% topsoil) effectively retain water,
circulate it within the planting medium, and enhance water use efficiency in pepper crops without impacting plant growth. A study by
Joseph (2020) [39] reinforced the potential of hydrogels and showed that they can significantly enhance plant growth. By retaining
more moisture and nutrients within the soil, a minimal 0.2% hydrogel mix in soil was found to reduce water consumption by up to 50%
compared to plants in normal soil without compromising crop yield [39]. For optimal CMH performance, careful consideration of
factors like concentration, environment, and soil composition is crucial [32,40].

3.3. Plant height

In this study, the incorporation of CMHs as a potting soil supplement had a significant impact on chili plant growth and devel-
opment, particularly in terms of height (Fig. 7). CMH60 hydrogel at concentrations of 0.5% (56.74 + 2.51) and 2% (58.06 + 3.02)
resulted in higher average plant heights compared to the control and pots containing CMH65 or PA hydrogels. However, there were no
significant differences in height increase between plants grown in the control soil and those with any of the three concentrations of PA
hydrogels (Table 1). The lowest height increase was observed in pots with 1% CMH65 hydrogel. Our findings align with Hafiz-Afham
etal. (2023) [38], who reported that soil enriched with 40% hydrogel exhibited the highest mean plant height (67.33 cm), followed by
60% hydrogel (62.22 cm). This suggests, as concluded by the authors that specific concentrations of CMH may create an ideal
environment for efficient water and nutrient uptake, ultimately leading to enhanced plant growth [38]. The correlation between plant
height and its ability to absorb water and nutrients effectively was highlighted [38]. This study demonstrates that incorporating 0.5%
and 2% CMHG60 effectively promotes chili plant height growth by optimizing water uptake and cell growth, likely resulting in
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Fig. 3. Reswelling kinetics of polyacrylamide hydrogel (PA) measured as percent wet weight increase at 10 min-180 min soaking intervals, for
three cycles.
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Fig. 4. Water retention values (%) of CMH65 hydrogel at different soaking intervals from 10 min to 180 min, repeated for three cycles.
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Fig. 5. Water retention values (%) of CMH60 hydrogel at different soaking intervals from 10 min to 180 min, repeated for three cycles.
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Fig. 6. A-B: Moisture retention (%) from potting soils amended with PA, CMH65, and CMH60 hydrogels (A) at doses 0, 0.5, 1, and 2% (w/w) (B),

after 16 d plant growth.

Table 1
Effects of hydrogel amendment in potting soil on moisture retention, plant height, leaf count, and root-to-shoot ratio in chili plant growth over a 16-
day period*.
hydrogels moisture retention plant height leaf count R:S ratio
type conc. (% w/w) mean =+ se mean + se mean =+ se mean =+ se
CMH65 0.5 41.43 + 4.63% 49.47 +1.27% 14.00 + 0.58%° 22.27 + 1.35%
1.0 46.99 + 1.33% 32.51 + 3.48° 13.33 + 0.88%° 17.98 + 4.10%°
2.0 43.96 + 4.18° 38.95 + 3.79° 18.33 + 1.20%° 17.08 + 0.90%°
CMH60 0.5 45.09 + 1.8° 56.74 + 2.51% 15.67 + 2.33% 20.12 + 1.03*
1.0 45.38 + 4.64° 43.86 + 3.02% 11.33 + 0.88° 24.21 + 1.19%
2.0 44.44 + 2.64° 58.06 + 3.02° 18.67 + 1.86° 20.55 + 3.13%°
PA 0.5 44.15 + 3.03* 40.60 + 4.21% 14.33 + 1.76%° 12.95 + 1.19°
1.0 49.00 + 4.20% 45.62 + 2.07° 15.67 + 1.86°° 20.69 + 1.95%
2.0 44.77 + 3.80° 38.87 + 2.86™ 15.00 + 1.00?° 14.77 + 1.46%°
control 42.96 + 2.15% 40.90 + 1.39" 12.67 + 0.88%° 19.57 + 1.70%®

«8 b ¢ Apy two means with the same superscript are not significantly different at the five (5) percent level of probability using Tukey’s post hoc test.
SE = Stard Error. PA = Polyacrylamide. R:S ratio = root-to-shoot ratio.
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Fig. 7. Distribution of chili height increase (%) after 16-day growth in potting soils amended with PA, CMH65, and CMH60 hydrogels at con-
centrations 0, 0.5, 1, and 2% (w/w).

significantly increased plant height compared to the control and other concentrations.

The 2% CMHG60 treatment likely facilitated optimal cell expansion and elongation, promoting greater height development. Sasmal
and Patra (2020) [41] reported that the quantity of water retained in the soil increased significantly with CMH inclusion, resulting in
controlled water release under dry conditions. This observation aligns with Azeem et al. (2023) [42], who attributed plant growth to
CMH’s effective water retention and gradual release capabilities, ensuring a consistent and controlled moisture supply to plant roots.
Similarly, Prisa and Guerrini (2022) [43] reported increased Solanum lycopersicum plant height, vegetative growth, seed germination,
and microbial colonization of the substrate with two or three hydrogel (Hydro Start) capsules under drip irrigation. Importantly, these
reports observed no differences in substrate pH between the control and hydrogel-amended soils. In contrast to our findings, Fernandez
et al. (2017) [44] reported that five pre-hydrated gel doses (0.5, 1.0, 1.5, 2.0, and 2.5 g/plant) did not significantly (p > 0.05) affect
Capsicum annuum plant height, although the numerical values varied. However, the authors report that CMH hydrogels, like those used
in our study, were safe for promoting plant growth and did not negatively impact plant height [44].

3.4. Total leaf count

The results indicated that both the type and concentration of hydrogel in the soil had an impact on the total leaf count of chili plants
(Table 1). Among the three dosages tested, CMH60 at a 2% concentration exhibited the highest mean leaf count (18.67 + 1.86). On the
other hand, the lowest mean leaf count was observed in soils mixed with 1% CMH60 (11.33 + 0.88) (Fig. 8A and B). Notably, the total
leaf count was consistently higher in soils amended with CMHs compared to synthetic PA hydrogels.

Hafiz-Afham et al. (2023) [38] reported similar findings, with soil containing 40% hydrogel exhibiting the highest mean leaf
number (73.77 + 2.43), followed by 60% hydrogel (64.33 + 3.03). Interestingly, the 100% hydrogel treatment resulted in the lowest
mean leaf count (28.44 + 2.24). This study aligns with Ekebafe et al. (2013) [45], who observed significant increases in okra plant
height, stem diameter, leaf area, and biomass accumulation when soils mixed with hydrogels. In their study, authors identified the
optimal application rate as 6.0 kg ha™!, as it maximized growth while maintaining proper soil nutrient balance [45]. Similarly,
Didgenes et al. (2022) [46] concluded that employing an appropriate hydrogel concentration can significantly enhance water
availability for plants, leading to improved growth parameters like leaf count and height. Peyrusson’s (2021) [47] study using
cellulose-based hydrogels further underscored this, with spearmint biomass more than doubling (110% increase) in clay-rich soils and
increasing by 78% in sandier soils, highlighting the significant potential of hydrogels for enhancing plant growth even in challenging
soil conditions.
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Fig. 8. A-B: The leaf count on chili plants after 16-day growth in potting soils amended with PA, CMH65, and CMH60 hydrogels (A) at concen-
trations (%) of 0, 0.5, 1, and 2 (B).
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3.5. Root-to-shoot ratio (R:S ratio)

The results indicated a clear trend in root-to-shoot ratios (R:S) across different hydrogel treatments (Table 1, Fig. 9A). Plants grown
in PA hydrogel-amended soils displayed the lowest R:S values, indicating less root development relative to shoot growth. Conversely,
plants treated with CMH60 hydrogel exhibited the highest R:S ratios, suggesting an enhanced root system compared to the control and
CMHG65 treatments. Interestingly, within each hydrogel type, the 1% concentration yielded a higher R:S ratio than the 2% concen-
tration (Fig. 9B). This observation hints at a potential threshold effect, where lower hydrogel concentrations promote enhanced root
development relative to shoot growth, suggesting the need for further investigation to optimize concentrations for balanced growth.
Notably, the lowest R:S ratio (12.95 + 1.19) occurred in plants grown with 0.5% PA hydrogel, while the highest value (24.21 + 1.19)
was observed in those soils mixed with 1% CMH60 hydrogel.

The observed variations in R:S may be a consequence of the diverse ways hydrogels enhance root development, including alle-
viating water stress and promoting root respiration. Acting as tiny reservoirs [15,40], these hydrogels provide readily accessible water,
minimizing the need for plants to invest energy in excessive root growth and allowing them to prioritize shoot development. Patra et al.
(2022) [48] further highlights the role of porous structures in hydrogels- promoting healthy root respiration and building a stronger
system to support increased shoot growth through improved soil-air circulation. Contributing to this, Yangyuoru et al. (2009) [49]
report on the direct water uptake from hydrogel particles by plants when required, while Mu et al. (2021) [50] emphasize the
hydrogels’ ability to buffer soil conditions during stress, further supporting the function of both roots and shoots [51].

Additionally, cellulose-based hydrogels (CMHs) have been shown to stimulate beneficial microbial activity [52], leading to
enhanced nutrient decomposition and availability for plants [53]. This improved nutrient acquisition, likely due to better root-to-soil
contact facilitated by CMHs [53], benefits both root and shoot development. Supporting this explanation, Thomas (2005) [54] found
that hydrogels enhance moisture and root-soil contact, improving eucalypt seedling survival. Similarly, Kalaleh (2018) [55] observed a
positive correlation between hydrogel use and higher root-to-shoot ratios (R:S), indicating improved overall onion plant health. These
findings suggest that CMHs hold promise for promoting balanced and vigorous plant growth by both optimizing nutrient absorption
and enhancing root-soil interactions [56].

In this study, incorporating CMHs into the planting media likely alleviated water stress in chili plants through several mechanisms.
As proposed by Wang and Geng (2019) [57], the hydrogel may have enhanced cell membrane stability, increased relative water
content in leaves, and reduced blockage in the xylem and phloem, ultimately facilitating efficient water and nutrient translocation.
This suggests that CMHs can not only improve nutrient uptake but also help chili plants manage water stress more effectively, leading
to optimal growth and yield.

This research explored the impact of incorporating cellulose-based hydrogels (CMHs) and a synthetic counterpart (PA) into potting
soil on chili pepper growth and development. Key findings reveal the promising potential of CMHs, particularly CMH60, in optimizing
water management and promoting robust plant growth. Cellulose based hydrogels, despite absorbing less water initially (in cycle 1)
compared to PA hydrogels, exhibited remarkable resilience across three cycles of swelling and deswelling, losing significantly less
water (38.92%-52.84% vs. 71% for PA). This suggests a more stable, sustained water-holding capacity, likely due to their fibrous,
porous structure [52]. This finding aligns with previous studies, highlighting the suitability of CMHs for long-term irrigation strategies
[17]. Interestingly, both CMH hydrogels exhibited a surprising surge in water absorption (within 10-20 min) during the second cycle,
surpassing their initial values of cycle 1. This phenomenon, attributed to potential structural changes during the drying process,
underlines the dynamic nature of hydrogels and their ability to adapt to repeated wetting and drying cycles [48,58]. Additionally,
chitosan content within CMHs seems to play a crucial role in WRV, with optimal water retention observed at 35% chitosan in CMH65.
However, exceeding this level can diminish water-holding capacity [33].

In relation to plant growth, CMH60, at specific concentrations (0.5% and 2%), emerged as the leader in promoting chili plant
growth. This hydrogel facilitated optimal water availability and potentially cell expansion/elongation, leading to a significant increase
in plant height compared to the control and CMH65. Similar trends were observed for leaf count, with CMH60 at 2% promoting the
highest leaf production, highlighting its potential for enhanced photosynthesis and biomass production [17].

In this study, CMH60, with a higher chitosan ratio (40% compared to 35% in CMH65), exhibited superior water absorption and
retention. This advantage stems from both the increased percentage of chitosan and its unique properties, including abundant amine
groups that attract and bind water [9,35], a more porous network for enhanced absorption, additional ionic interactions with cellulose
(cationic chitosan with anionic cellulose) for improved water retention, and viscoelasticity that forms a gel-like barrier, further slowing
water loss [33,34]. Collectively, these properties are known to promote plant growth, making CMH60 an efficient water reservoir for
plants and ensuring an ample water supply even under harsh conditions.

Additionally, the results in this study show variability in plant responses based on different concentrations of hydrogels, indicating
that the effectiveness of hydrogel applications may be dose dependent. This highlights the importance of optimizing hydrogel con-
centration for specific plant species and growth conditions. Furthermore, CMHs offer a sustainable alternative to synthetic PA
hydrogels due to their biodegradability, minimizing environmental concerns associated with biomass bagasse and synthetic waste [59,
60]. The integrated analysis underscores the relevance of these insights for optimizing agricultural practices and resource
management.

4. Conclusions

This study establishes that hydrogels produced from energy cane bagasse cellulose microfibers have promising applications in
water conservation and plant growth. A comprehensive analysis of WRV, RK, soil moisture retention, plant height, total leaf count, and
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Fig. 9. A-B: The root-to-shoot ratios (R:S ratio) of chili plants after 16 days of growth in potting soils supplemented with PA, CMH65, and CMH60
hydrogels (A) at concentrations (%) of 0, 0.5, 1, and 2 (B).

root-to-shoot ratio (R:S) in the context of CMHs (CMH60, CMH65) provides valuable insights with both scientific and practical
implications.

The study’s key findings on WRV highlight the environmentally friendly nature of CMHs compared to synthetic PA hydrogels.
Despite lower initial WRV, CMHs exhibit remarkable long-term water retention, making them a reliable alternative for sustainable
applications. Furthermore, the dynamic patterns observed in RK shed light on the intricate interplay between soaking times and the
reswelling process. This contributes to our understanding of hydrogel structural changes during deswelling, influencing water ab-
sorption and providing a foundation for further research into optimizing chitosan content for efficient water management.

The effectiveness of hydrogel-amended soils in moisture retention, as evidenced by reduced weight reductions in potted plants,
underlines the practical application of CMHs in agriculture. However, the inconsistent moisture retention patterns across hydrogel
types and concentrations suggest the need for careful consideration of various factors, including environment and soil composition, to
achieve optimal performance. The substantial impact of CMHs on chili plant growth, particularly in terms of height and leaf count,
signifies their potential as effective soil supplements. Notably, the study identifies specific concentrations (0.5% and 2% CMH60) that
effectively promote plant growth, offering practical guidance for agricultural practices.

The observed variations in R:S ratios across different hydrogel treatments suggest a potential threshold effect, urging further
investigation into the optimal concentrations for balancing root and shoot development. Additionally, evaluating the long-term effects
of CMH60 and CMH65 hydrogels on soil properties and microbial activity is crucial. Investigating the applicability of CMHs to other
crops under diverse environmental conditions, like arid regions or different soil types, would broaden its potential impact. Exploring
the combined use of CMHs with other sustainable practices like organic fertilizers could further enhance agricultural efficiency and
resource conservation.

Overall, this study makes significant contributions to sustainable agriculture by providing valuable insights into the effectiveness of
CMHs in promoting chili plant growth and water use efficiency. Addressing limitations and pursuing future research directions will
further strengthen the scientific value of this work and pave the way for the wider adoption of hydrogel technology in agricultural
practices.
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Notations

CMH Cellulosic microfiber hydrogels

CMH65 Cellulosic microfiber hydrogel with 65% cellulose and 35% chitosan
CMH60 Cellulosic microfiber hydrogel with 60% cellulose and 40% chitosan
CONH  Amide group (Carbonyl group attached to a nitrogen

—OH Hydroxyl group

SOsH Sulfonic acid

Wq Dry weight of the hydrogel

Wi Wet weight of the wet hydrogel at time t
RK Reswelling kinetics

R:S Root-to-shoot ratio

PA Polyacrylamide

WRV Water retention value
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