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Abstract

The drought is characterized by a low water precipitation rate, with strong impact on crop
productivity, threatening global food production. In this context, the use of soil amendments,
such as superabsorbent hydrogels constitute a potential technology for better water use
efficiency and higher crop yields. In this work, we synthesized cellulose-based hydrogels,
characterized their physical and functional properties, evaluated their impact on the
environment, and their potential to be used as a soil amendments. The hydrogel showed pH
of 6.0 to 7.5 and conductivity below 10.0 uS cm-1. The Fourier-transform infrared
spectroscopy (FTIR) showed a low intensity peak in the crystallinity region, which was
supported by the low crystallinity index (27.3% + 0.6) verified by Powder X-ray diffraction
(PXRD) analysis. The swelling capacity reached more than 200 g of water, the hydrogel
showed good resistance to osmotic pressure and high thermostability, which favours the
application in hot and arid areas. In addition, no potentially hazardous compound was
detected, nor was there any adverse effect on soil microorganisms. Further, the hydrogel was
found to be safe for use during seed sowing and for promoting seedling development. In the
greenhouse pot experiment, the hydrogels showed a significant increase in maize shoot and
root biomass, demonstrating their ability to contribute to the overall water holding capacity
of the soil, thereby influencing nutrient availability for more efficient plant growth. In

conclusion, the superabsorbent hydrogel exhibited promising characteristics for use as a soil
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amendment, scalability potential and constitutes a sustainable alternative for agricultural
applications.
Keywords: Nutrient release; Biopolymers; crop production, soil amendment; drought; ; bio-

based materials; delivery systems.

1. Introduction

Water scarcity is a major environmental problem that has been exacerbated in the last
decades by climate change [1]. Drought is among the worst natural disasters that occur in the
world, characterized by a low water precipitation rate. Its effects have far-reaching
consequences, causing severe impacts on human health, economy, and agriculture [2]. More
than 50 million people around the world have been suffering because of droughts every year
[2]. Besides, several countries are facing more frequent and severe droughts, which seriously
hamper crop productivity and threaten the sustainability of agriculture and food production
worldwide [3]. Indeed, 83% of damages and losses caused by drought affect agriculture
directly [4]. In the last 40 years, the number of plants affected by droughts doubled, with a
significant reduction in the production of the main crops (e.g., 40% in maize production).
Additionally, almost 12 million hectares of land have been lost each year due to water scarcity
[5-7].

Under this context, it became mandatory and urgent to develop water-saving strategies in
the agricultural sector. These strategies are essential for the sustainable and efficient
management of water resources, allowing the production of more food, while using less land
and water [7]. One of the strategies to mitigate the problems related to drought is through
soil amendment [5]. In this regard, the use of superabsorbent hydrogels (SAP) constitutes a
potential technology for improving water use efficiency in agricultural soils and increasing
crop yields [8—10]. The SAP are synthetized, aiming a high-water absorption and retention
into their three-dimensional networks. A global meta-analysis concluded that SAP effectively
improves crucial parameters in plant cultivation, such as growth and yield of various crops,
namely wheat, maize, rice, soybean, and cotton [11].

Biopolymers, which are polymeric materials produced from renewable resources such as
plants, animals, and microorganisms, have been explored for SAP synthesis. For instance, El-
Aziz et al. [12] used a pectin and starch-based hydrogel in a greenhouse experiment for

tomato fruit production, and Mazloom et al. [6] explored a lignin-based hydrogel as a soil



additive in maize cultivation. However, the commercially available hydrogels are mostly
synthetic or semi-synthetic, based on acrylic acid or acrylamide, which can present
environmental issues if not disposed of properly. Some of these products include the Pusa
hydrogel, which consists of a derivatized cellulose-grafted-anionic polyacrylate product; and
Alsta Hydrogel, Polyter®, TrueHydrogel® and SocoPolymer®, which are potassium
polyacrylate derivative hydrogels. Therefore, due to their chemical composition, it is highly
recommended the replacement of this type of hydrogels by greener substitutes [13,14].

The analysis of 129 articles concerning natural and synthetic SAP for agricultural application
demonstrated that these two types of hydrogels improved the crop yield in a similar way.
However, natural hydrogels were presented as lower-cost alternatives with reduced time of
biodegradation, suggesting the potential of natural SAP to dominate the market in the near
future [15]. The SAP based on polymers from waste or by-products have been indicated as
promising products since they are readily available, cheap, environmentally sustainable,
biodegradable and promote circular economy in agriculture [16,17]. Among the natural
polymers used to synthetize hydrogels, cellulose is the most abundant natural polysaccharide
found in waste and by-products. Cellulose advantages include biodegradability, non-toxicity,
biocompatibility, and low cost [18]. Thus, the development of hydrogel using cellulose from
by-products, such as sugarcane bagasse, presents several beneficial aspects. These
advantages include the eco-friendly synthesis process, a sustainable approach due to the use
of renewable starting materials, and the possibility of becoming a greener alternative to
synthetic hydrogels. In addition to their water absorption and retention capabilities, SAP
enables the incorporation of nutrients. Nitrogen (N), phosphorus (P), and potassium (K) stand
out as the three primary nutrients that offer valuable contributions to crop production, with
Nitrogen being the most sought-after nutrient. Urea holds a pivotal position as the most
significant commercially available compound serving as a source of Nitrogen. Its prominence
is attributed to its high Nitrogen concentration, safety, ease of transport, and stability [19,20].
In this way, cellulose-based hydrogels loaded with urea could be used as an environmentally
friendly N fertilizer and a water source for drought-affected areas, reducing the urea pollution
in the field and protecting the water resources.

The most reported SAP for agricultural application are complex and present a multi-step
reaction synthesis, as oxidation, irradiation, and chemical cross-linking [15,21]. However,

these authors rarely evaluated if there any remaining residues left from the synthesis process
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or addressed any other environmental safety assessment with the use of the hydrogels. In
fact, only a few articles reported the effect of hydrogel application on the soil bacterial
community [22,23]. The use of synthetic hydrogels can lead to modifications in the
physicochemical characteristics and an increase of soil salinization, which could affect the soil
microbiome [23]. Additionally, there is a limited number of articles describing the impact of
hydrogels on soil physical properties [24]. Considering the lack of a complete study of
cellulose-based SAP, the present work aimed to perform a detailed description of the
hydrogel synthesis to be used as a soil amendment for maize growth under different irrigation
regimes in a greenhouse experiment. This includes the loading of nutrients, the detection of
potential undesired compounds from the synthesis reaction, and their effects on seed
germination and soil bacteria. By conducting this study, it will be possible to understand the
bottleneck of hydrogel production, address concerns regarding the presence of undesired
compounds, and explore the beneficial effects of natural SAP on plant growth compared to

synthetic counterparts.

2. Materials and Methods

2.1. Chemicals

The reagents carboxymethylcellulose (CMC), cellulose, urea, hydrogen peroxide and
epichlorohydrin were purchased from Sigma-Aldrich (St. Louis, MO, USA); sulfuric acid and
sodium chloride were purchased from Fluka (Steinheim, Germany); sodium hydroxide and
citric acid monohydrated were purchased from LabChem (Pennsylvania, USA). The Celluclast®
1.5 L was purchased from Novozymes (Norway). Phosphate buffer saline tablets Dulbecco A
(PBS), Nutrient broth (NB) and Muller Hinton Agar (MHA) were purchased from Oxoid
(England). All chemicals were analytical-grade and used without further purification. Polyter®

was purchased from Green Tech Novation company (France).

2.2. Synthesis of Hydrogels

For the hydrogel synthesis, the cellulose was solubilized in NaOH/urea solvent system and
mixed with epichlorohydrin, used as crosslinker, under mechanical stirring conditions
referred in Table 1. The solutions were then kept overnight for hydrogels curing. To remove
any non-reactant compounds, the hydrogels were exhaustively washed with deionized water.

Then, the hydrogels were kept in acidified water (pH 3-4) overnight to reach a final pH
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between 6-7, and a maximum conductivity of 10 uS cm™. Afterwards, the hydrogels were
dried at 50-60°C using a vacuum oven, after its desiccation in phase inversion induced by the

sample immersion in ethanol 96% (v v) for 2 hours at room temperature (20-25°C) [25].

Table 1. Reaction conditions and chemical composition of the cellulose-based hydrogels.

Hydrogel . . -
ydrog Raw material Solvent system Crosslinker Conditions

H1 Formulation 1:
CMC(3wv?Y)+
Cellulose from bagasse NaOH (7%, w v'l)  Epichlorohydrin 200 rpm/60°C/ 1h
(autohydrolysis + bleaching) ~ Urea (12%, w v'?) (7.5%, v v?) 60°C/24h
Bwv?l
(9:1, ww?)
H2 Formulation 2:
CMC(3wv?)+
Commercial cellulose NaOH (7%, w v!)  Epichlorohydrin 200 rpm/60°C/ 1h
(Sigma-Aldrich) Urea (12%, w vl) (7.5%, v v?) 60°C/ 24h
(Bwv?
(9:1, wwl)

The hydrogel yield was calculated considering the quantity of each reagent used in the initial
synthesis and the total mass obtained after the curing period [26], following the Equation 1:

sumof massof reagents
hydrogelmass after curing process

100

Eq.1 Yield (%) =

2.3. Characterization of Hydrogels
2.3.1. Biophysical Properties

pH/conductivity

The pH and electrical conductivity of hydrogels were measured at 22°C using a portable
benchtop pH/conductivity meter (Meter S210, Mettler Toledo Seven Compact™, Japan). The

measurements were conducted in triplicate.

Optical properties

The absorbance spectra of hydrogels were measured from 250 to 800 nm on an UV-visible
spectrometer (Shimadzu model UV-1900, Japan) equipped with deuterium and tungsten
lamps from 200 to 900 nm. The transparency-opacity of hydrogels was verified in the
maximum wavelength (A) detected in the spectrum [27]. The measurements were conducted

in triplicate.

2.3.2. Morphological Properties



The morphology of hydrogels was evaluated through an optical microscope (AxioLab A1-Carl
Zeiss, Germany) in contrast mode and images were recorded with a digital camera (Axiocam
305 color). The measurements were conducted in duplicate. In addition, the microstructure
of hydrogels was observed through scanning electron microscope (SEM, JSM-5600 LV from
JEOL, Japan). Prior to analysis, the dried samples were placed in observation stubs (covered
with double-sided adhesive carbon tape (NEM tape, Nisshin, Japan) and coated with Aug/Pd
using a Sputter Coater (Polaron, Bad Schwalbach, Germany). All observations were performed
in high-vacuum with an acceleration voltage of 20 kV, at a working distance of 18-19 mm and

a spot-size of 4. The measurements were conducted at least in duplicate.

2.3.3. Structural Properties

FT-IR spectroscopy

The FT-IR spectra of each hydrogel was recorded using the Frontier™ MIR/FIR spectrometer
from PerkinElmer (Massachusetts, USA) in a scanning range of 550-4000 cm™ for 16 scans at

a spectral resolution of 4 cm™. All analyses were done in triplicate.
Powder X-ray diffraction analysis (PXRD)

Powder X-Ray Diffraction Analyses were performed on Rigaku MiniFlex 600 diffractometer
with Cu ka radiation, with a voltage of 40 kV and a current of 15 mA (3° < 26 > 60°; step of

0.01 and speed rate of 3.0°C min™).
Tensile strength

The tensile strength of hydrogels was evaluated resorting to a Texture Analyzer TA.XT plus
(Stable Micro System, London, UK) using a cylinder probe (P/0.5R; contact area: 126.68 mm?)
and compression test mode. The test was conducted with pre-test and test speed of 1.0 mm
s, pos-test speed of 100 mm s, and 5 mm of distance target and 500 pps of data acquisition

rate. The measurements were conducted in triplicate.
Rheological evaluation

The storage (G") and loss (G™*) moduli of hydrogels were calculated using a controlled stress
rheometer model CS-50 (Bohlin Instruments, Cranbury NJ, USA), equipped with a Peltier
system for temperature control, using a cone-plate geometry of 4°/40mm (rotating plate
diameter of 40 mm, and gap of 150 um). Testing was made at low strain amplitude (0.05%)
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and low frequency (0.01-10 Hz) at isothermal mode at 25°C, within the linear viscoelastic

range — as assessed by stress and frequency sweep experiments.

2.3.4. Thermal Properties

Differential scanning calorimetry (DSC)

Thermal analyses were performed resorting to a differential scanning calorimeter (DSC) (204
F1 Phoenix®, NETZSCH-Geratebau GmbH). Calibration of temperature and enthalpy scale was
carried out using an indium/zinc standard. Hydrogels (i.e., weight of about 3-5 mg) and
reference (i.e., empty pan) were hermetically sealed, with pierced lids, and heated in
aluminum pans over a range of 25-500°C at a constant rate of 10°C minl. The inert

atmosphere was maintained by purging nitrogen gas at a flow rate of 40 mL min.
Thermogravimetry analysis (TGA)

TGA were performed with a STA 449 F5 Jupiter (NETZSCH-Geratebau GmbH). The samples
were placed in the balance system and heated from 30 to 1550°C at 10°C min, under
nitrogen atmosphere. The samples were pre-weighed (10 mg) in aluminum pans using an
empty pan as reference. The initial decomposition temperature (Tdi), the derivate maximum
decomposing rate temperature (DTGmax) and the corresponding weight loss, as well as the

residual mass were all determined. The measurements were performed in duplicate.

2.3.5. Functional Properties

Swelling in deionized water

The water absorption of the hydrogels was determined as follows: a weight of approximately
100 mg (Wd) of each hydrogel was placed in the tea bag nylon and then immersed in
deionized water (pH between 6.0-6.5 and conductivity between 0.8-1.5 pS cm™) at 25°C. After
24 h, the hydrogel was removed from water, and the excess of solvent was gently drained
with a paper towel and the mass was weighted (Wh). The water absorption was calculated

using the Equation 2:

(Wh—wd)
— X
wd

Eq.2 Swelling capacity (%) = 100

Swelling affected by salinity



Dried hydrogels (30-50 mg) were weighted (Wd) and placed in contact with salt solutions (200
mL of 0.1 M NaCl, 0.1 M KCI and 0.1 M Na;SO4). The mixture was kept for 72 h at room
temperature (20-25°C) without mechanical agitation, after this time, the excess of salt
solution was drained. The hydrogel was weighted (Whs) and dried at 50°C until constant
weight. The swelling capacity of dried hydrogel in the presence of salt solution was calculated

using the Equation 3:

Eq.3 Swelling capacity of salt solutions (%) = (Wh;/—yd) x 100

Water absorption in loam and sandy soil

The water absorption of hydrogels in the presence of a loam and sandy soil, simulating their
use in agriculture, was performed according to EN 1097-6: 2022 [28] with some modifications.
Briefly, about 30 mg of grounded dried hydrogel was mixed with 30 g of loam and sandy oil
(dried at 105°C until constant weight). The dried mixture of soil and hydrogel (Md) was fully
immersed in 25 mL of deionized water (pH 7.0, conductivity 0.7 uS cm) for 24 h at room
temperature without agitation. After this period, the mixture was filtered using a vacuum
system. Loam and sandy soils without hydrogel were used as a negative control, while a
commercial water retainer product - Polyter® - was used as positive control. The hydrated

mixture (Mh) was weighted, and the water absorption was calculated following Equation 4:

Eq. 4 Water absorption in soil (%) = % X 100

Loading capacity

The capacity of hydrogels to load urea was determined for 72 h as follows: about 50 mg of
dry hydrogel (Mh) was weighted and placed in contact with 200 mL of urea solution (5%, w v°
1), for 72 h at room temperature. Then, the excess of urea was drained, and the hydrogel was
rinsed with deionized water to remove unreacted urea. After this step, the hydrated hydrogel
was weighted (Mhu) and dried at 50°C until constant weight (Mhud) [29]. The mass of urea
absorbed by the hydrogel (g/per gram of dried hydrogel) was calculate using the Equation 5,
while the hydrogel swelling capacity in the presence of urea solution was calculate using the

Equation 6:

(Mhud—-Mh)

Eq.5 Urea absorption = o



Eq. 6 Swelling capacity (urea solution) (%) = W X 100

2.4. Environmental and Biological Safety

2.4.1. Residual epichlorohydrin after hydrogel degradation

To evaluate the potential release of epichlorohydrin from hydrogel, hydrogels H1 and H2 were
enzymatically hydrolyzed and the epichlorohydrin that could be released was quantified by
gas chromatography-mass spectrometry (GC-MS). The hydrolysis of the hydrogel base
material was carried out according to the procedure described by Kono (2014) [26], with slight
modifications. Briefly, about 100 mg of each hydrogel (H1 and H2) was soaked in 19 mL of 25
mM citrate buffer (pH 4.5) for 24 h. The Celluclast® enzymatic preparation was dissolved in 1
mL of the same buffer to obtain the final pH of 4.5, and it was added to the suspension to a
final concentration of 10 units/mL. Then, the mixture was incubated at 40°C for complete
hydrogel degradation. The suspension obtained was then used for epichlorohydrin extraction
and quantification to verify if any of it was released from the hydrogel matrix. To do so, 200
mL of sample solution was transferred into 500 mL of separation funnel, 10 g of NaCl was
added and after the complete salt dissolution, 10 mL of methylene chloride was added. The
funnel was shaken for 2 min, kept for 2-5 min for layers separation, and the organic layer was
collected. The extraction process was repeated twice with fresh solvent, and the combined
organic extracts were concentrated in K-D tube using speed vacuum equipment. The
concentrated extracts were dissolved in 1 mL of methylene chloride and analyzed by GC-MS
for epichlorohydrin detection, and quantification using the method described by Cai & Zou
(2010) [30]. A GC-QgQ model EVOQ (Bruker, Karlsruhe, Germany) mass spectrometer
instrument equipped with split capillary system, and Restek Rxi®-5Sil MS, 30 x 0.25 mm, 0.25
pum column were used. The injector was set at 250°C with a split mode 5:1 using helium as
carrier gas at constant flow mode (1 mL min). The oven temperature started at 30°C with a
hold period of 2 min, then it was raised at 10°C min* until 100°C with a hold period of 2 min,
and then increased to 120°C with a hold period of 2 min. The compound identification was
based on the information available on the NIST library, and the quantification was performed
using an epichlorohydrin calibration curve from 0.001 g L to 0.5 g L with correlation

coefficient of 0.998. All samples were analyzed in triplicate.



2.4.2. Impact of Hydrogels on Soil Microorganisms

The potential negative effect of hydrogels on soil microorganisms was evaluated based on the
Kirby Bauer susceptibility protocol [31-33]. The agar disk-diffusion method (or Kirby Bauer
method) is a well-known method to test the susceptibility of pure culture of microorganisms
against a compound or drug [33,34]. All the variables, namely temperature, inoculum size,
and incubation time are standardized, and the qualitative results classified the
microorganisms as susceptible, intermediate and resistant in relation to the tested compound
or material [33,34]. Pure cultures of five bacterial strains, Arthrobacter nicotinovorans EAPAA,
Rhodococcus sp. EC35, Bacillus megaterium ST2-3, Pseudomonas brassicacearum ZR 2-4 and
Pseudomonas azotoformans IR1-11, previously isolated from soil and plant tissues [35,36],
were grown in Nutrient Broth overnight at 30°C, under agitation 120 rpm. The diluted
bacterial suspension (i.e., 0.5 McFarland standard) was inoculated in Muller Hinton Agar
plates. In parallel, the hydrogels were soaked in sterile Phosphate-Buffered Saline (osmolality
280-315 mOsm Kg, pH 7.4), the excess of buffer was drained, and the hydrogels were
sterilized under UV-radiation for 4 h. About 100 mg of each sterilized hydrogel was gently
placed directly on the surface of the previously inoculated MHA plates which were and
incubated at 30°C for 24 h. After this period, the presence of inhibition hale around the

hydrogel was verified [31]. All samples were analyzed in duplicate.
2.4.3. Impact of Hydrogels loaded with urea on Maize Seed Germination

Different concentrations of urea (i.e., 0.1, 0.2, 0.5, 1, 2, and 5%) were pre-screened on maize
germination to select the optimal concentration (i.e., the maximum concentration of urea
that does not inhibit the maize seed germination) to be loaded in the hydrogels. Therefore, 6
mL of each urea solution or 6 mL of sterile deionized water (used as control) were added to
120 mm square Petri dishes containing a sterilized filter paper (Whatman No. 1). Ten maize
seeds (Zea mays) var. Deckalb were previously sterilized with 0.5% (v v'!) NaOCl for 10 min,
followed by several washes with deionized-sterilized water and then placed in each Petri dish.
After 7 days of incubation in the dark, the germination rate, and root and shoot length of
maize seedlings were measured. Three petri dishes containing 10 seeds each were used for
each treatment.
The maximum concentration of urea that did not inhibit the maize seed germination was used
to load H1 and H2. For this purpose, 25 mL of each hydrated hydrogel (0.02%) was added to
10



Petri dishes, on which ten maize sterilized seeds were placed. A similar amount of a
commercial hydrogel product (Polyter ®) having in its composition some nutrients, namely
0.03% of magnesium oxide (Mg0), 0.5% of nitrogen (N), 0.2% of potassium oxide (K.0), and
0.8% of phosphate (Polyter, 2019) was used. Root and shoot length of maize seedlings and
germination rate were determined after 7 days of incubation in the dark at room

temperature. Three petri dishes containing 10 seeds each were used for each treatment.

2.5. Greenhouse Pot Experimental Design

A greenhouse pot experiment was assembled in a controlled growth room (12 h photoperiod,
450 pmol m™? s photosynthetically active radiation, 18—21°C temperature range, 50-60%
relative humidity range) at Centro de Biotecnologia e Quimica Fina, Universidade Catdlica
Portuguesa, Porto, Portugal. For the greenhouse experiment a factorial design with 3
hydrogels (H1, H2 and Polyter (P)) and 3 irrigation regimes (100%, 75%, and 50% of maize
irrigation needs) was used. Each treatment was replicated 5 times. The soil used in this study
was collected randomly in an agricultural area in northern Portugal (41°10°N, 8°33'W; NW
Portugal). The soil properties were as follows: pH (H20) of 6.5; pH (CaCl;) of 5.8; conductivity
of 0.148 mS cm; texture loamy-sandy (sand 66%, clay 18%, loam 16%); organic matter
content of 5.72%; total N of 0.27%; extractable P,0s of 2581 mg kg; extractable K,O of 122
mg kg1; extractable CaO of 3452 mg kg!; extractable MgO of 134 mg kg™

Maize seeds were surface sterilized as previously described and germinated in water-agar for
5 days. Three maize seedlings were then transferred and sown in plastic pots containing 500
g of soil or 500 g of soil amended with 0.2% of hydrogels H1 or H2, both loaded with 0.1% of
urea, or in alternative 0.2% of Polyter (commercial hydrogel product used as control). After 1

week, seedlings were thinned to 2 per pot.

2.5.1. Plant Analysis — Biometric Parameters

Plants were harvested after 42 days. Shoot elongation was evaluated by measuring the height
of each plant. Fresh biomass of shoots and roots was weighted. Dry biomass was determined

after oven drying shoots and roots at 65°C until constant weight.
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2.5.2. Plant Analysis — Nutritional Parameters

Shoots and roots were then ground to powder using a grind mill. For nitrogen determination,
150 mg of roots and shoots were weighted and analyzed on the Dumatec™ 8000/FOSS
equipment (He flow rate: 195.0 mL min~! and O flow rate: 400 mL min, pressure: 1200
mBar). Ethylenediaminetetraacetic acid (EDTA) was used as a N calibration curve (10.9 mg—
150.2 mg). For the quantification of P and K, about 150 mg of each sample was weighed into
the Teflon digestion vessel and mixed with 4.5 mL of H,SO4 mL concentrate (98%) and 4.5 mL
of hydrogen peroxide solution (30%). The suspension was agitated and after 20 min, the
vessel was closed and submitted to a cycle at 190°C for 30 min in a microwave digestion
system (Model Speedwave®Xpert, Berghof, Germany). Afterwards, the solution was cooled,
transferred to a volumetric flask, and added ultrapure water totaling 25 mL. The final solution
was analyzed by an Inductively Coupled Plasma Optical Emission Spectrometry ICP-OES
spectrometer (Optima 7000 DV). The total concentrations of N, P and K in the plants were
used to calculate the physiological nutrient use efficiency (pNUE) for these elements,

according to the Equation 7 and Equation 8 [37]:

Total dry biomass (g)
Total nutrient absorbed (g)

Eq. 7 pNUE =

Eq.8 Total nutrient absorbed =

Nutrient concentration in the plant x Total dry biomass
2.5.3. Soil Analysis

Soil moisture was assessed at harvest by oven drying 5 g of soil of each pot at 105°C until
constant weight. The pH value and conductivity were determined according to Houba et al.

(1955) [38].

2.6. Statistical Analysis

Statistical analyses were performed in R Software version 2023.06.0+421. One-way ANOVA
with Duncan post hoc analysis was performed to assess the effects of treatments on the
different plant parameters. Pearson correlation (r) was used to measure the linear

dependences between variables.
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3. Results and Discussion

3.1. Synthesis of Hydrogels and Yield

The synthesis of cellulose-based hydrogels followed three main steps: the cellulose
dissolution, the crosslinking reaction using epichlorohydrin for 3D network formation, and the
rinsing with tap water for the hydrogels to reach neutral pH and low conductivity.

Hydrogel 1 (H1) was synthesized using fibers of natural cellulose extracted from sugarcane
bagasse. The addition of cellulose fibers improves the mechanical strength of hydrogels as
can be seen in the rheological assessment (Section 3.2.3), which could help their structural
stability. This is described as essential for hydrogels to be used as carriers of nutrients,
reducing the frequency of its replacement [15]. For comparison purposes, Hydrogel 2 (H2)
was synthesized using the same conditions and reagents but a commercial high-pure cellulose
from Sigma-Aldrich-Aldrich was used instead of a cellulose from sugarcane bagasse (Table 1).
The sugarcane bagasse, the most available by-product of the sugarcane industry, presents a
high percentage of polysaccharides, namely cellulose, which can be used to produce
hydrogels for different applications. However, the main obstacle is the extraction and efficient
solubilization of cellulose. In this way, the method explored to extract cellulose from
sugarcane bagasse was the autohydrolysis process at 170°C for 1 h followed by a bleaching

step [39].

Regarding cellulose solubilization, the polymer is insoluble in water and exhibits poor
reactivity, mainly due to its strong inter- and intramolecular hydrogen bonds and high degree
of crystallinity. Cellulose can be dissolved in the presence of aqueous-alkaline conditions and
co-solute (e.g., poly- (ethylene glycol), thiourea, urea) [40]. Urea promotes the weakening of
hydrophobic interactions, consequently, enhancing cellulose solubility [41]. Considering that,
the dissolution of cellulose fibers was performed using an aqueous NaOH/urea solvent system
(Table 1). The alkaline medium based on NaOH/urea proved to be also appropriate for the
cellulose-epichlorohydrin crosslinking, since the hydrogel synthesis was successfully achieved
resulting in a homogeneous, transparent to slightly opaque hydrogel (Fig.1). Chemical
crosslinking among cellulose and epichlorohydrin was also successfully obtained, leading to a
strong and permanent gel-like structure (Fig.1). This result is in agreement with the results

obtained by Palanivelu et al. [42].
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Figure 1. Images of aH1) cellulose-based hydrogel synthesized using natural cellulose fibers extracted
from sugarcane bagasse (H1) and of aH2) cellulose-based hydrogel synthesized using commercial
cellulose from Sigma-Aldrich (H2). b) Absorbance profile of Hydrogels H1 and H2.

The yield of cellulose hydrogels obtained after the synthesis was 27.5 + 3.4% and 29.2 + 3.8%
for H1 and H2, respectively. It is important to highlight that the synthesis was performed with
a simple process and relatively low-cost reagents, using low-to-moderate temperature (i.e.,
60°C) to promote the hydrogel polymerization, thus indicating the scalability potential of this

process for industrial production of a competitive product.
3.2. Characterization of Hydrogels

3.2.1. Biophysical Properties

pH and conductivity

The hydrogels, after washing and neutralizing, presented a pH value ranging from 6.0 to 7.5
and a conductivity below 10.0 puS cm™, which is within the safe range parameters for
agriculture products. The pH is considered an important factor in the soil microbiome, mainly
because bacterial communities present low tolerance to pH variation [43]. Thus, it is crucial
to ensure a neutral pH of hydrogels to guarantee that their use will not impact the soil pH.
Additionally, the low conductivity values found for both hydrogels indicate the low or even
the absence of residual non-reactant compounds, such as NaOH, urea, epichlorohydrin, or its

derivatives.
Optical properties

Through the optical observation of hydrogels (Fig. 1), it was possible to see that H1 and H2
were translucent when hydrated. The high transparency of both H1 and H2 can be verified by
the low absorbance recorded between 250-800 nm. When analyzing the optical properties,

H1 showed a maximum absorbance of 0.762 between 240-280 nm and 0.146 around 450 nm.
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H2 showed a maximum absorbance of 0.568 at 200-280 nm and 0.078 at 450 nm. The slightly
superior absorbance for H1 mainly in the region of 200-280 nm, may be explained by the less
purity of cellulose likely due to the presence of lignin traces remaining from the extraction
process from sugarcane bagasse. Lignin is reported to present high absorbance in the region
between 240 to 280 nm, which is derived from the aromatic ring and the free and etherified

hydroxyl groups [44,45].
3.2.2. Morphological Properties

Through the optical microscope inspection (Fig. 2a and 2b), it was possible to observe the
presence of small fibers in both hydrogels (H1 and H2), which helps to increase the mechanical
strength. Mechanical fragility is one of the main concerns in hydrogels use for agricultural
application, since they may have a limited sustain capacity and short-term stability [21].
Additionally, the contrast between bright and dark zones reflects where the light was able to
cross the gel structure, thus indicating that shadows represent the intense crosslinked
polymeric network that is not crossed by light. On the other hand, the presence of bright
areas may indicate the presence of pores and channels into the hydrogel network. The
porosity and the pore magnitude, observed through the microscopic evaluation (Fig. 2a and
2b), can exert direct influence in the water absorption profile, increasing the surface area
which promotes capillary effect [46]. In this way, water, nutrients and even microorganisms,
can be entrapped in the 3D network and be released from hydrogel in response to gradient

condition changes.
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Figure 2. a) and b) Optical microscopy of H1 and H2, respectively. c) and d) Scanning electronic
microscopy of H1 at x150 and at x450-500 magnification. e) and f) Scanning electronic microscopy of
H2 at x150 and at x450-500 magnification. Note: H1 — cellulose-based hydrogel synthetized using
natural cellulose fibers extracted from sugarcane bagasse; H2 — cellulose-based hydrogel synthetized
using commercial cellulose from Sigma-Aldrich.

Structural morphology of both hydrogels was investigated via SEM, enabling the visualization
of smooth and homogeneous surface, with the presence of multilayers in the transversal
cutting in both dried hydrogels, after drying process (Fig. 2c, 2d, 2e, and 2f). The use of
cellulose materials obtained from sugarcane bagasse showed similar morphology in the
organization of 3D structure compared to the hydrogels manufactured from commercial

cellulose from Sigma-Aldrich.
3.2.3. Structural Properties
FT-IR

FT-IR was performed to characterize and identify the main functional groups of both cellulose
materials used in the development of hydrogels, before and after the chemical crosslinking
with epichlorohydrin. Both hydrogels presented very similar FT-IR spectrum as shown in Fig.
3a. It was possible to observe a similar band at 3356 cm 2, assigned to OH stretching vibration,
and at 2924 cm™ attributed to the CH stretching of the polymer [46]. Around 1593 cm™, a
vibration band is observed related to carbonyl stretching of —COO- group, which is
characteristic of CMC [46,47]. Additionally, the absorption band at 1347 cm™ reflects the CH>

bending of scissoring type, which is reported in the CMC spectrum [47].
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Figure 3. a) FTIR spectra of cellulose-based hydrogel prototype 1 (H1) and 2 (H2). b) Powder X-ray
diffraction patterns of hydrogel prototypes H1 and H2. Note: H1 — cellulose-based hydrogel
synthetized using natural cellulose fibers extracted from sugarcane bagasse; H2 cellulose-based
hydrogel synthetized using commercial cellulose from Sigma-Aldrich.

The chemical crosslinking between epichlorohydrin and hydroxyl groups of cellulose resulted
in ether-based linkage. This type of functional group (C-O vibration) appeared as a band in
1328 cm™ in both hydrogels, indicating the effectiveness of crosslinking reaction [48]. In
addition, a decrease in the band intensity at 1430 cm™, known as crystallinity region, can be

verified in both hydrogels, thus suggesting an increased capacity to absorb water [48].
PXRD

The cellulose extracted from sugarcane bagasse, used in the development of hydrogel H1,
presented a predominant crystalline type cellulose I, which is the most abundant type found
in nature [49]. In the cellulose mercerization (under alkaline conditions) or in the regeneration
process (dissolution and recrystallization), a shift from type | to type Il occurs, resulting in a
decrease of cellulose crystallinity [49]. In the present work, both dried hydrogels showed a
PXRD pattern similar to crystalline structure of cellulose Il (Fig. 3b). The diffraction peak
appeared at 20 20.9° and 39.9° for H1 and at 20 was 21.3° and 39.7° for H2, with crystallinity
index of 27.3% + 0.6 and 28.3% + 0.7 for H1 and H2, respectively. These results indicate that
cellulose fibers in hydrogels possess crystalline and amorphous domains [45]. The crystalline
regions of cellulose hydrogels have a more ordered and tightly packed arrangement of
polymeric chains, providing structural integrity and mechanical strength of the hydrogel. On
the other hand, the amorphous domains are randomly oriented and have less ordered

molecular arrangements, given to hydrogel matrices more accessible spaces and free volume
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for water molecules to penetrate and interact with, leading to an increased water absorption

capacity [47].
Tensile strength

The gel strength was measured as the force in compression, using a cylinder probe that
penetrates 5 mm into the swollen hydrogel. The prototype H1 exhibited slightly superior gel
strength (7.8 £ 0.3 g) than H2 (7.4 £ 0.4 g). The results of gel strength were in accordance with
the rheological evaluation, showing that the addition of cellulose fibers from the sugarcane
bagasse improves the overall mechanical properties of cellulose hydrogel crosslinked with
epichlorohydrin. Additionally, this result reinforces that these prototypes could keep the
structural properties under stress and consequently favor their nutrient slow-release, and

their long-term stability, thus reducing the necessity of often use (i.e. reapplication) [50].
Rheological evaluation

The rheological evaluation of hydrogels, referring to storage and loss modulus (G* and G™,
respectively) and viscosity (complex and instantaneous) are shown in Fig. 4a-e. The storage
modulus (G°) refers to the elasticity of the material, also denominated as dynamic rigidity,
and reflects the reversible energy stored in the system [51]. Prototype H1 showed higher G’
than H2 when submitted to increasing frequency (Fig. 4a). Thus, H1 presented higher
elasticity than the hydrogel formulated with commercial cellulose from Sigma-Aldrich.
Generally, the addition of fibers in hydrogels can have the purpose of improving the
mechanical characteristics [52]. Therefore, the addition of cellulose extracted from bagasse
fulfilled the objective, promoting a positive impact on the mechanical properties of the

hydrogel.
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Figure 4. Rheological behavior of cellulose-based hydrogels H1 and H2. a) Elastic modulus as function
of frequency of H1 and H2. b) Viscous modulus as function of frequency of H1 and H2. c) Complex
viscosity as function of frequency of H1 and H2. d) Shear stress as function of shear rate of H1 and H2.
e) Instantaneous viscosity as function of shear rate of H1 and H2. Note: H1 — cellulose-based hydrogel
synthesized using natural cellulose fibers extracted from sugarcane bagasse; H2 cellulose-based
hydrogel synthesized using commercial cellulose from Sigma-Aldrich.

The G modulus is a measure of the viscosity of a solid-like material, which means that a
viscous solid material will not change readily its form when submitted to shear. The prototype
H1 showed higher G than H2, regardless of the frequency applied (Fig. 4b). This is most likely

to the addition of cellulose pulp, which presents more fibers in the structure of cellulose.

Regarding the steady-state viscosity versus shear rate, both hydrogels showed a similar Non-
Newtonian behavior profile, with the decrease in viscosity as the shear rates increased. A
similar behavior was also reported for acrylamide hydrogel reinforced with silica [53]. The

proof that both hydrogels present a true gel-like structure was evident by the decrease of the
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complex viscosity as function of frequency (Fig. 4c), since the Cox-Merz theoretical rule
indicates that in the structure of the gels, the response of improving the frequency is the

decreasing of complex viscosity [51].
3.2.4. Thermal Properties
DSC and TGA

DSC and TGA were performed in order to provide complementary information about the
thermal events and stability of cellulose-based hydrogels. The results are summarized in Table
2 and Fig. S1 (Supplementary Materials).

Table 2. Thermal profile of hydrogels H1 and H2 determined by Differential Scanning Calorimetry (DSC)
and Thermogravimetric analysis (TG).

Hydrogels DSC TG
Water Loss | Decomposition Water Loss Decomposition
H1 77.8°C 318.0°C 100.0°C/9.9% 160.0°C/8.8% | 299.4°C/45.3%
H2 67.9°C 310.0°C 56.0°C/11.4% 290.6°C/50.3%

Note: H1 —cellulose-based hydrogel synthetized using natural cellulose fibers extracted from sugarcane bagasse;

H2 cellulose-based hydrogel synthetized using commercial cellulose from Sigma-Aldrich.

Differential scanning calorimetry analysis was performed to understand the thermal behavior
of hydrogel formulations. Fig. S1 illustrates two endothermic events, the first at 77.8°C for
prototype 1 (H1) and at 67.9°C for prototype 2 (H2), which corresponds to the desorption of
moisture in the polysaccharide structure [47]. For both samples, it was recorded a
considerable shift for higher temperatures for prototype H1, with the highest enthalpy (i.e.,
194.6 J g%). This is likely due to a higher content of intrinsic bonded water which may be
related to the lower size of cellulose particles composing these hydrogels or to the lower
purity of cellulose fraction obtained from bagasse, in comparison to the cellulose from Sigma,
which may contribute to retain water. This first event is followed by a second endothermic
peak about 220°C and 218°C for prototype 1 and 2, respectively. This secondary endothermic
peak was attributed to the disintegration of glycosidic linkages and cellulose
depolymerization. After the two endothermic events, it was possible to observe an
exothermic transition about 318°C for H1 and about 310°C for H2, which is attributed to
decomposition cellulose, suggesting that the prototype H1 may be more stable than the

prototype H2 [47].
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The thermal behavior of the cellulose-based hydrogels was also evaluated by means of TG
analysis response and their corresponding first derivative curves. Thermogravimetric analysis
of the H1 presented the peak of the first weight loss around 100°C (9.9%), which corresponds
to the presence of water molecules, and the second weight loss event with a peak at 160°C
(8.8%). Contrarily, the H2 presented the first weight loss event in a lower temperature (56°C;
11.4%), which indicates lower thermal stability of prototype 2, but on the other hand, it could

facilitate the water release in drought conditions.

The H1 showed a significant weight loss at 299.4°C (45.3%) and H2 at 290.6°C (50.6%), which
was attributed to the decomposition of CMC [48,54], i.e., loss of CO; from the polymeric
backbone [47]. Cellulose-based hydrogels showed proper thermal stability and resistance to
degradation, with superior stability exhibited by prototype 1 (H1), which can be explained by
the difference in the pristine celluloses [48]. The chemical crosslinking performed seems to
have generated strong intermolecular interaction within the cellulose network, thus providing
structural integrity that prevents the hydrogel from collapsing or deforming at higher
temperatures, making them promising prototypes for applications in arid and stressed

environmental conditions.
3.2.5. Functional Properties
Swelling and water absorption capacity

The swelling and absorption profile of hydrogel plays an essential role for its efficient
application in the agriculture field. Consequently, the determination of these characteristics
is crucial to understand the potential of these prototypes. All the results obtained for swelling

capacity, including water and urea solution absorption, are shown in Table 3.

Hydrogel H1 showed a water absorption capacity of about 160 g of water per g of dried
hydrogel after 1 h of contact, whereas H2 reached about 200 g of water per g of dried
hydrogel in the same period. These rapid water absorption rates suggest that these hydrogels

can be used to absorb rapidly the water from occasional rain.

Table 3. Hydrogel swelling capacity by time of exposure in deionized water, type of salt, and urea
concentration.
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Salt solutions (w w?) of Sandy soil Urea
Hydrogel Deionized H20 (w v?) hydrated hydrogel g of dried (% H20) solution
prototype hydrogel ! 0.1% (w v?)
1h 24h 48h NaCl KCl Na2S04
H1 160.9 = 1705+ 220.0 £ 39.7+ 36.7t 33.2¢ 1533+ 56.5 %
354 29.3 34.1 5.3 4.5 7.6 53.9 2.3
H2 1925+ 195.1+ 2124 + 53.3¢ 522+ 46.7 £ 1759+ 67.6t
6.4 37.5 12.8 1.7 2.4 6.8 35.8 6.7

Note: H1 — cellulose-based hydrogel synthetized using natural cellulose fibers extracted from
sugarcane bagasse; H2 cellulose-based hydrogel synthetized using commercial cellulose from Sigma-
Aldrich.

After 48h of contact, the swelling capacity reached more than 200g of water per gram for
both dried hydrogels (i.e. 220 and 212 g of water per gram for both dried H1 and H2,
respectively), which enables the classification of both prototypes as superabsorbent
hydrogels [55]. The hydrogels reached the water absorption saturation within 4-5 days (data
not shown), and after this period, both prototypes were able to hold the water without losing
their form or leaking. The results obtained for both prototypes are in the line with the
obtained with synthetic polymers and suggest that can be commercialize in semi-hydrated or
hydrated form. In fact, Cheng et al. (2015) [56] and Nascimento et al. (2021) [9] reported that
anionic cross-linked acrylamide and potassium acrylate copolymers can absorb approximately
260 to 400 g of water per gram of gel, respectively. Also, a commercial product available in
the marked, i.e., STOCKOSORB® 660 (Evonik®), is reported to absorb up to 400 g of water per

gram of gel.

With regards to the effect of ionic strength on the water absorption capacity of hydrogels, it
has been reported that the water absorption/swelling rate is highly affected by the ionic
strength of salt solution. Zhang et al (2019)[57] reported that the way and extension of salt
solutions impacted mechanical behavior and water swelling by hydrogels were dependent of
several factors, and the interactions among the hydrogel and the ions can happen under
unexpected mechanism. Navarra et al (2015)[58] and Zhang et al (2019)[57] suggested that
ions, such as the kosmotropic SO42, possess stronger interaction with water rather than the
water-water self-interaction, leading to the solvation/hydration layer around the ions, making
the water molecules unavailable to interact with the hydrogel matrix. In fact, the water
absorption capacity of cellulose prototypes was impacted by the NaCl (0.1 M), KCI (0.1 M) and
Na;S04 (0.1 M) salt solutions (Table 3). However, they were still able to absorb more than 40-

50 times the weight of water per gram of dried hydrogels, which allows their use in soils with
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strong ionic profile. A similar cellulose hydrogel crosslinked with epichlorohydrin was
synthetized by Navarra et al. (2015) [48], and the authors reported a swelling rate around
2500% in the presence of Na S04 solution (0.5 M), which is significantly inferior to the swelling
rates obtained for H1 and H2 (i.e., 3300 and 4600%, respectively, Table 3. Apparently, the
presence and concentration of ions in the solution, reduced the swelling kinetics of both
prototypes and the type of salt did not exert a significantly effect on the water uptake of the

hydrogels.

Regarding the water absorption in sandy soil, this type of soil presents low natural capacity
for water retention, which results in a negative impact on crop cultivation. These soils present
naturally a great quantity and variety of ions, which influence the water absorption by
hydrogels. The developed prototypes showed an improvement in water absorption around

150% and 200% for soils containing the H1 and H2 respectively (Table 3).

Superabsorbent hydrogels are classified as soil amendments as they absorb water and
nutrients and facilitate their controlled release, a critical goal in the application of hydrogels
in agriculture. In this context, urea is one of the most important fertilizers, mainly due to its
high nitrogen content (up to 50%) and low cost [59]. However, it is not recommended to
apply urea directly to the soil due to nitrogen leaching, and ammonia volatilization [59,60].
Therefore, the development of eco-friendly hydrogels that could facilitate a controlled
release of urea, represents an interesting approach for agriculture applications [60].
Regarding the loading of urea solution, both hydrogels' prototypes presented high loading
capacity, even at the highest urea concentration tested (5%, w v!) (data not shown). The
presence of higher urea concentration (5%, w v'1) had a more pronounced effect on the H2
prototype, as its loading capacity was around 1100%, in contrast with H1, which was by 510%,
in comparison with swollen hydrogels with pure water. The hydrogels, after urea solution
loading, were able to keep the form and did not present leaking signals, showing the

commercialization potential of hydrogels for urea-controlled release.
3.3. Environmental and Biological Safety

To evaluate the potential release of harmful compounds, e.g., derivatives of epichlorohydrin
reaction with cellulose matrix, from the hydrogel prototypes, we developed a degradation

procedure using Celluclast® commercial preparation to promote the degradation of both
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hydrogels. The Celluclast® preparation is composed by a blend of cellulolytic enzymes from
microbial fungi, and it was chosen due to its capacity to decompose lignocellulosic materials
in nature [61]. This experiment was performed to mimic the natural degradation of this type
of products (i.e., cellulose based-SAP hydrogels) in the soil environment to ensure the
ecological safety of cellulose hydrogels. According to the results, no free residue of
epichlorohydrin was released from the hydrogels H1 and H2, as can be seen in the
chromatograms in Fig. 2S. The other components used in the hydrogel's synthesis, such as
cellulose and urea, are not a target of concern, since the polymer is biodegradable and is
found in nature, and the nitrogen compound is already commercialized as a soil nutrient.
Additionally, as mentioned before, the pH and conductivity values of the hydrogels showed a
low probability of the presence of non-reactant compounds, since the pH is neutral, and the
conductivity is below 10.0 uS cm™. Therefore, regarding potentially hazardous chemical

compounds released to the environment, the synthesized hydrogels can be considered safe.

In addition to this safety evaluation, the impact of adding the hydrogels to soil was also
evaluated upon the microorganisms usually present there to assure the safety concerning soil
microorganisms. Maintaining the natural microbiome is vital for promoting plant growth,
efficient nutrient uptake, resistance to external factors, and other positive effects [43]. The
results showed that hydrogels H1 and H2 did not negatively affect bacterial growth since no
halos of inhibition were observed in MHA plates (Fig. S3). These findings suggest that the

impact of hydrogels on soil microbial communities is likely to be minimal.

In relation the impact of urea-loaded hydrogels on maize seed germination, it was possible to
verify that germination was completely inhibited when exposed to urea concentrations
exceeding 2%, and it was reduced at 1% (about 10-40% of germination rate) and 0.5% (about
80%). On the other hand, at a concentration of 0.1% all maize seeds germinated (data not
shown). As a result, this concentration was used to load hydrogels H1 and H2 to assess
seedling growth and maize vigor index under their exposure. Results showed that H1 and H2
loaded with 0.1% of urea significantly increased root length and vigor index (Table 4). These
results underscore their safety for application during sowing and their ability to promote

seedling development.
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Table 4. Effect of hydrogels H1 and H2 loaded with 0.1% urea on seedlings' root and shoot length, and
Vigor index.

Treatment Root length (mm) Shoot length (mm) Vigor index*
C 75.50+0.59 ° 41.78+3.40° 11731+ 301°
H1 88.78+6.74° 42.83+3.66° 13375+ 499°
H2 90.92+1.35° 49.67 +4.94° 13845+ 419°
**F=13.15 NS F=3.511 **F=21.56

Note: Results are expressed as mean + SD. One-way ANOVA was performed to determine the
influence of hydrogels on root and shoot seedlings' length and on vigor index, with deionized water
used as a control - "C". Means in the same column with different letters are significantly different from
each other according to the Duncan test. The test results are shown with the test statistic and as NS
non-significant p>0.05, ** significant at p<0.01; *** significant at p<0.001.* Vigor index = (seedling
root length + seedling shoot length) * % germination rate. The germination rate was 100% in all
treatments.

3.4. Greenhouse Pot Experiment
Shoot elongation and biomass

From the results presented in Fig. 5 and Fig. S4, it is possible to observe that shoot elongation
generally decreased with reduced irrigation in the control pots. However, under 75 and 50%
irrigation, the use of hydrogels generally resulted in an enhanced shoot elongation (Figure
5a). In addition, the shoot elongation of plants grown with hydrogels under 75% water
irrigation was identical to those grown under full irrigation (Figure 5b). Both dry and fresh
shoot biomass also showed a decline along the irrigation water gradient in the control pots
(Fig. 5Figure 5b-d). Conversely, the use of hydrogels led to a significant increase in maize
biomass. Although on fresh biomass this effect was more pronounced under 75% irrigation,
on dry biomass an increase was observed in all treatments regardless of the irrigation regime
and surpassed the biomass of non-amended plants grown under full irrigation. Root biomass
was also significantly increased by hydrogels irrespective of the irrigation regime (Figure 5d).
At 75% irrigation, treatments with H1 and H2 presented root biomasses approximately four
times higher than in control pots and showed a higher positive effect than the commercial

hydrogel (P).
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Figure 5. Shoot elongation (a), fresh biomass (b), and shoot (c) and root dry biomass (d) of maize plants
grown in agricultural soil amended with a commercial hydrogel (P) and with hydrogels loaded with
0.1% urea (H1 and H2) under different irrigation regimes (100 - full irrigation; 75 - irrigation at 75% of
maize needs; 50 - irrigation at 50% of maize needs. The error bar represents the SD (n=5). Means for
the different treatments with different letters are significantly different from each other (p<0.05)
according to the Duncan test. For shoot fresh biomass and elongation, shoot and root dry biomass,
the F values of one-way ANOVA, were respectively *** F=42.12, ***F=39.79, ***F=44.98 and
***F=63.74. The test results are shown with the test statistic and as *** significant at p<0.001.

The increase in maize biomass in response to hydrogel treatments under water deficit could
be attributed to their capacity to retain and release water when required by plants [62]. A
significantly higher water retention in the plants treated with the hydrogels was observed,
with control plants under full irrigation (C 100) having lower water content than plants treated
with hydrogels at 75% water irrigation (data not shown; F=40.58, p<0.001) (Fig. S4). This
observation is supported by the soil moisture data from the control pots (Table 6). In the cases
of both full and 75% irrigation regimes, they demonstrated greater water retention in soil,
compared to the hydrogel-treated pots, thereby highlighting the hydrogels' capacity to

augment water absorption by plants.
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The increase in maize biomass can also be attributed to the fertilizing role of the hydrogels
(Fig. S5). The urea solution loaded in hydrogels H1 and H2 was likely released from their
structure to the soil matrix [63] and converted into readily assimilable N forms, such as
ammonium (NH4*) [64]. This was also reflected in the heightened physiological nitrogen use
(PNUE_N) among plants grown with the hydrogel (Table 5). The increase in the pNUE_N was
particularly noteworthy in plants treated with H1 and H2 at 75% irrigation, as well as under
H2 treatment at 50% irrigation. Nitrogen is recognized as one of the essential nutrients for
plant growth, playing a critical role in many biological processes, including stress resilience

[65].

Hydrogels also exhibit the potential to serve as a reservoir for soil nutrients, including
phosphorous (P) and potassium (K), facilitating their uptake by plants. In fact, the pNUEs of
these elements were also increased in plants under hydrogels treatments, following the trend
observed for N, irrespective of the irrigation system (Table 5). The results are therefore in
accordance with the often-reported positive impacts of hydrogels on plant growth promotion

under water stress conditions [66—68].

Table 5. Physiological nutrient (N, P and K) use efficiency (pNUE) of maize plants grown in agricultural
soil amended with a commercial hydrogel (P), and with hydrogels loaded with 0.1% urea (H1 and H2)
under different irrigation regimes (100 - full irrigation; 75 - irrigation at 75% of maize needs; 50 -
irrigation at 50% of maize needs).

Treatment PNUE_N pPNUE_P PNUE_K

C 100 12476 £7.92°¢ 141.51+3.31°¢ 40.25+2.56 ¢
C75 130.70£3.47°¢ 139.1+2.66°¢ 42.14+4.02¢
C50 116.41+£6.29°¢ 147.29 £ 10.55 ¢ 47.76 + 3 ¢
H1 75 275.03£73.54° 294.47 +£23.24° 119.58 +16.83°
H2 75 208.26 +38.25° 266.26 +30.57° 119.00 £ 38.34°
P75 153.23 +49.64 ¢ 213.60 + 18.74 « 55.94 +11.29 «
H1 50 123.02+4.89°¢ 193.15+7.87¢ 73.04 +3.55 ¢
H2 50 169.26 + 77.68 *© 220.08 +34.81 81.6+12.79°
P50 133.77£50.1°¢ 224.31+16.83°¢ 61.25+10.13 b«

*¥% F=5.999

*** F234 42

*** £=16.95

Note: Means in the same column with different letters are significantly different from each other according to
the Duncan test. The test results are shown with the test statistic and as *** significant at p<0.001.

Soil pH and EC are important factors in soil chemical and biological properties. The use of urea
can lead to a reduction in soil pH due to the release of ammonium (NH4*) [69], but despite its
use in H1 and H2, no significant changes in soil pH were observed across the treatments (Table
6). Conversely, a significantly higher EC was detected in soils containing the commercial
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hydrogel (P50 and P75). Shahid et al. (2012) [70] and Pavarthy et al. (2014) [71] reported an
increase in soil EC upon the application of synthetic hydrogels, which was attributed to the
contained ions. The EC was also significantly higher in C50 than in the other treatments,
indicative of a higher concentration of elements in the soil likely due to the lower moisture

levels (Table 6). In fact, EC was negatively correlated (data not shown) with soil moisture.

Table 6. Soil moisture, pH, and EC at the end of the greenhouse pot experiment.

Treatment Moisture pH EC
C 100 30+3.7° 6.8+0.1° 288.2+56°¢
Cc75 11.6+1.2° 6.8+0.1° 299.8 +12.6 %
C50 6+0.3% 6.7+0.1° 324.2+19.4%
H1 75 85+1° 6.8+0.1° 290.4+11°
H2 75 7.9+05°¢ 6.8+0.1° 285+7.8¢
P75 7.2+1.2¢ 6.5+0.1° 328.2+6.3°
H1 50 54+07°¢ 6.7+0.1° 309.2+6.5
H2 50 6.2+0.3¢% 6.7+0.1° 288+59°¢
P 50 53+0.5°¢ 6.6+0.1° 359.4+19.1°
*ERF=111.2 NS **¥*F=7) .86

Note: Means in the same column with different letters are significantly different from each other (p <0.05)
according to the Duncan test. The test results are shown with the test statistic and as NS non-significant at
p>0.05, and *** significant at p<0.001.

4. Conclusion

The results demonstrate that the sugarcane-based hydrogels exhibit promising characteristics
for use as soil amendment or as biofertilizers. They present high water swelling capacity,
resistance to high osmotic pressure solutions and great urea absorption capabilities. These
hydrogels were able to load up to 67 times their own weight of urea solution, underscoring
their potential to be used as superabsorbent amendments. Additionally, the eco-friendly
approach used in the synthesis process, which excludes acrylates and acrylamide from the
composition, allows our hydrogels to be an interesting and more sustainable alternative for
agricultural applications. This was also supported by the greenhouse pot experiment, where
the plants grown with H1 and H2 (loaded with 0.1% of urea solution), under two levels of
irrigation (75 and 50% of irrigation), showed a similar development when compared to those
grown with the commercial hydrogel. It is crucial to highlight that our hydrogels were
developed mainly with bio-based raw materials, without epichlorohydrin in the leaching

liguid, and with no impact on soil bacteria, which strongly indicates the environmental safety
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of our products. Regarding production costs, H1 probably is a more economically feasible

option since it is made with carboxymethyl cellulose and cellulose extracted from sugarcane.
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