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A B S T R A C T   

Hydrogel beads, composed of polymers, possess the ability to absorb substantial quantities of water simulta
neously and gradually release it in dry conditions. In this work, hydrogel beads were synthesized using sodium 
alginate (S-Alg) and poly (acrylic acid) (P-Acc), either in the absence or presence of phosphate (PO4

3− ) (S-Alg/P- 
Acc@PO4

3− ) and carbonate (CO3
2− ) anionic ions (S-Alg/P-Acc@CO3

2− ). Subsequently, these beads were cross
linked with Ca2+ ions. The scanning electron microscopy (SEM) images demonstrated that the presence of 
anionic ions has an impact on the structure of the hydrogel beads and enhances porosity expansion while 
concurrently reducing the concentration of carboxyl (COOH) groups. The hydrogel beads exhibited a great 
swelling behavior, with S-Alg/P-Acc@CO3

2− capable of absorbing up to 73.5 % of water in acidic conditions, but 
decreased under neutral and basic conditions. Soil water loss (SWL) experiments confirmed the ability of 
hydrogel beads to retain water in the soil. Additionally, observations of soil characteristics after a 14-day 
treatment revealed no significant difference in pH and C/N ratio (P-value <0.05). However, soil’s available Fe 
and N–NO3

- significantly reduced (P-value <0.05) while substantially promoting soil N–NH4
+, available phos

phorus (P), cation exchange capacity (CEC), soil organic carbon (SOC), and exchangeable cation (Ca2+, K+ and 
Mg2+). The presence of hydroxyl (-OH) and –COOH groups was found to be crucial for enhancing soil properties.   

1. Introduction 

The global agricultural landscape confronts significant challenges 
arising from the increase in global population and the growing impact of 
climate change. This has resulted in a rising need for innovative ap
proaches to tackle the interconnected problems of water scarcity and soil 
degradation [1]. The productivity of agricultural food production is 
heavily dependent on soil quality and the availability of sufficient water. 
Human activities, such as unsustainable agricultural practices, defores
tation, and soil pollution, can lead to soil mismanagement, erosion, and 
diminishing fertile land, which may negatively impact the production of 
food [2]. Inadequate rainfall and ineffective utilization of accessible 

water substantially affect the quantity and quality of food produced. 
Consequently, crop productivity is declining annually, endangering the 
global food security. To ensure sufficient availability of food, it is crucial 
to rehabilitate deteriorating soils and optimize the utilization of limited 
natural resources, such as rainfall. A key research challenge involves 
devising innovative solutions to overcome existing limitations and 
enhance soil quality and yield to meet global demands [3,4]. In this 
context, hydrogels have emerged as a revolutionary technology with the 
potential to address the aforementioned issues, as evidenced by recent 
advancements in materials science. 

Hydrogels are hydrophilic polymer material networks cross-linked in 
three-dimensional (3D) structures consisting of physical, chemical, or 
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dual cross-links. In physical cross-linking, a reversible network is 
assembled by various non-covalent interactions such as electrostatic 
interactions, hydrogen bonding, hydrophobic interactions, and molec
ular entanglements [5]. In chemical cross-linking, a permanent network 
is formed by covalent bonds between polymer chains using reactive 
cross-linking agents, such as glutaraldehyde [6] and epichlorohydrin 
[7], or the formation of strong ionic bonds using polyanions such as 
sodium triphosphate, sodium oxalate, and sodium citrate [8]. Hydrogels 
have the ability to absorb a significant quantity of water inside their 
frameworks and act as hydration packs, taking in water through osmotic 
pressure caused by the hydration of the polymer chains [9–12]. Upon 
integration into the soil, they form a complex structure that increases air 
circulation, mitigates soil compression, and increases the capacity to 
retain nutrients. On the other hand, hydrogel beads offer a more 
controlled and targeted approach to water retention, as a way to 
enhance the fertility of the soil and stimulate the development of better 
root systems, which eventually resulting in more vigorous plant growth 
[13]. The use of hydrogel beads for soil conditioning has emerged as a 
promising technology for revitalizing degraded land and fostering sus
tainable agricultural practices. 

Sodium alginate (S-Alg) is a non-toxic and environmentally 
degradable copolymer polysaccharide composed of linear chains of β-D- 
mannuronic acid and α-L-guluronic acid connected by (1− 4) linkages. S- 
Alg is usually extracted from brown algae and has been used for 
extensive applications such as the controlled release of diclofenac so
dium [14], arsenic reduction [15], removal of copper and lead [16], and 
dye adsorption [17]. The ionotropic gelation of S-Alg using divalent 
metal ions, namely Ca2+, is a simple and efficient technique for creating 
spherical hydrogel beads. Meng et al. demonstrated that metal ions 
exhibit stronger attractive interactions with carboxylic group compared 
with other functional sites on polysaccharides [18]. This interaction may 
have promoted the gel formation of polysaccharides on the membrane 
surfaces. Another study reported that the presence of carboxylic groups 
in the soil may improve its properties and regulate the distribution and 
availability of micronutrients to plants [19]. Additionally, carboxylic 
groups can control the levels of organic carbon in the soil [20] and boost 
the biological activities within the soil [21]. Poly (acrylic acid) (P-Acc) 
polymer is well recognized for its functional carboxylic groups [22] and 
capacity to enhance the mechanical strength of hydrogels [23]. 

Phosphate (PO4
3− ) anions are one of the major macronutrients 

essential for crops to promote healthier root systems and to improve 
overall plant growth and stability. Carbonate (CO3

2− ) anions can 
contribute to soil aggregation, improve soil structure, facilitate water 
retention, and act as a soil buffer. Other than supplying mineral source, 
CO3

2− may also improve the morphology, structural stability, and 
strength, as well as increase the porosity of the hydrogel beads [24]. The 
hydrogel bead structure with these anions allows for the absorption and 
slow release of water, contributing to consistent soil moisture levels for 
plant roots. 

In this study, we synthesized S-Alg/P-Acc-cross-linked hydrogel 
beads with and without PO4

3− and CO3
2− anions. The hydrogel beads 

were characterized using scanning electron microscopy (SEM), Fourier 
transform infrared spectroscopy (FTIR), titration (carboxyl group), and 
porosity analysis. The swelling behavior, soil water retention, and soil 
characteristics were also examined. The hydrogel beads functioned as 
storage medium for water by absorbing and retaining water inside the 
polymer network. This can efficiently reduced irrigation and improved 
soil characteristics, which are potentially useful for soil reformulation. 

2. Materials and method 

2.1. Materials 

Calcium chloride (CaCl2, 99 %), hydrochloric acid (HCl, 36.5–38 %), 
sulfuric acid (H2SO4, 95 %), potassium chloride (KCl, 99.5 %), sodium 
carbonate (Na2CO3, >99.8 %), sodium hydrogen phosphate (NaHPO4, 

>99.95 %), sodium bicarbonate (NaHCO3, >99.5 %), ammonium ace
tate (CH3COONH4, >97 %), potassium dichromate (K2Cr2O7, 99.5 %) 
and sodium hydroxide (NaOH, 99.99 %) were purchased from Kanto 
Chemical Co. Inc., Japan. Sodium alginate (S-Alg) was purchased from 
Wako Chemicals, Tokyo, Japan. Poly (acrylic acid) (P-Acc) (molecular 
weight: 100.000) was purchased from Scientific Polymer Products, INC., 
New York. 

2.2. Preparation of hydrogel beads 

Hydrogel beads were formed by combining 6 mL of 1 wt% S-Alg 
aqueous solution, 6 mL of 5 wt% P-Acc aqueous solution, 1 mL of 3 M 
NaOH, and 1 mL of distilled water (DW) for the base S-Alg/P-Acc. To 
create functionalized variants, S-Alg/P-Acc@PO4

3− and S-Alg/P- 
Acc@CO3

2− , 1 mL of 2000 mg/L PO4
3− and 1 mL of 2000 mg/L CO3

2− were 
added, respectively, in place of DW. The samples were placed in bottle 
flasks and shaken on a rotary shaker (Rotator RT-50) for 1 h at room 
temperature (25◦–30 ◦C). Then, the solution was injected slowly using a 
10 mL syringe, one drop at a time, into a pre-prepared 10 wt% CaCl2 
aqueous solution. Subsequently, the hydrogel beads were allowed to 
grow for 90 min to obtain the resultant hydrogel beads. The hydrogel 
beads were then washed with ethanol and DW, and then let to dry in an 
oven at 60 ◦C for 24 h. 

2.3. Determination of the porosity 

Porosity was measured using the water displacement technique, 
following a previous study [25]. The hydrogel beads (1g) were 
immersed in ethanol for 24 h to remove unreacted monomers and create 
pores. The weight of the hydrogel beads was then measured with an 
electronic balance, and the porosity was determined using the following 
Eq. (2). 

V s =V -
(

W2 - W1 -W0

ρ

)

(1)  

Porosity (%)=
(Ws- Wd)/ρ

Vs
(2)  

where Vs is the volume of the hydrogel beads (cm3), V is the volume of 
the ethanol solution (mL), W2 is the weighted sum of the empty beaker, 
ethanol, and hydrogel beads (g), W1 is the weight of empty beaker (g), 
W0 is the weight of dried beads (g). ρ is the density of ethanol (0.7892 g/ 
cm3). where Wd is the dry weight of the beads, and Ws is the weight of 
the beads filled with ethanol. 

2.4. Carboxyl groups analysis 

The carboxyl content inside the cross-linked hydrogel beads was 
measured using conductometric titration [26]. In brief, ~25 mg of dried 
hydrogel bead composite was mixed with a 20 mM NaCl solution (2.5 
mL), and the mixture was agitated for 30 min to achieve a uniform 
distribution. Subsequently, HCl (100 mM) was gradually introduced into 
the mixture to reach a pH value of 3.0. The suspension was then incre
mentally adjusted using a 10 mM NaOH solution to attain a pH of 11.0. 
The content of carboxyl group in the crosslinked hydrogel beads was 
quantified using Eq. (3). 

COOH (mmol / g)=
VNaOH × MNaOH

Wd
(3)  

where COOH (mmol/g) is the carboxyl content of the cross-linked 
hydrogel beads. VNaOH (mL) represents the volume of NaOH required 
to deprotonate COOH groups. MNaOH (mol/L) represents the molarity of 
the NaOH. where Wd (g) is the weight of the initial dry hydrogel beads. 
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2.5. Swelling experiments 

The swelling characteristics of the hydrogel beads and the influence 
of pH were assessed. In brief, dried hydrogel beads were immersed in a 
glass beaker containing 25 mL of aqueous solution at pH 4, 7, and 9, 
prepared from DW and adjusted with 0.01 M NaOH and HCl solutions. 
The experiments were conducted at 25 ◦C for 24 h and the swelling ratio 
was calculated using the following Eq. (4). 

SR (%)=
Ws-Wd

Wd
× 100 (4)  

where Ws is the weights of swollen hydrogels and Wd is the weights of 
dried hydrogels. 

2.6. Determination of soil water loss (SWL) 

We measured soil water loss (SWL) in the soil over a period of 14 
days. Soils were purchased from a shop market in Shobara City. Initially, 
the soils were dried by placing in an oven at 60 ◦C for 48 h. Then, 100 g 
of dried soil is placed into plastic container and subsequently, the dried 
hydrogel beads (1 g) were added. The soil was then watered with 100 ml 
of DW and weighed (Wi). The containers were kept in the laboratory 
under ambient air and temperature conditions and were weighed for up 
to 14 days (Wt). The SWL was calculated using Eq. (5) [27]: 

SWL (%)=
Wi-Wt

Soil Weight (g)
× 100 (5)  

2.7. Characterization of hydrogel beads 

The functional groups on the hydrogel beads were analyzed using a 
Thermo Scientific Nicolet iS10 FTIR instrument (Thermo Fisher Scien
tific Inc., Waltham, MA, USA). The morphology of the hydrogel beads 
was examined using a benchtop SEM Miniscope TM-4000PlusII (Hita
chi-hitech, Tokyo, Japan). 

2.8. Determination of soil properties 

To determine the pH and electrical conductivity (EC) of the soil, 
laboratory equipments including pH and EC meters, were utilized. 
Before analyzing the pH and EC, the soil and water were mixed at a ratio 
of 1:5 (w/v) and shaken for 30 min [28]. The C/N ratio was determined 
using a Macro-Corder JM1000 CN autosampler (JMA 1000). The Olsen 
technique [29] was used to quantify the available phosphorus (P) using 
a 0.5 M NaHCO3 solution. Soil samples (1 g) were mixed with 20 mL 
NaHCO3 and shaken for 30 min. Exchangeable cations (Ca2+, K+ and 
Mg2+) were assessed using the 1 N CH3COONH4 extraction method, 
after which 10 wt% NaCl was added to the soil to determine its cation 
exchange capacity (CEC) [30]. The soil available N-NH4

+ and N-NO3
– 

were extracted using 2 M KCl. One gram of soil sample was shaken for 2 
h at room temperature [31]. Soil organic carbon (SOC) was determined 
using the Walkley and Black wet oxidation method. Soil samples (0.5 g) 
were placed in a 100 mL beaker. Then, 5 mL of 1 N K2Cr2O7 (98.1 po
tassium dichromate + 900 mL distilled water + 100 mL H2SO4) was 
added, shaken for a while and then 7.5 mL H2SO4 was added, and the 
mixture was allowed to stand for 30 min. Subsequently, the solution was 
subjected to distilled water up to a volume of 100 mL. Then, it was 
allowed to stand overnight and measured using a UV–Vis Spectropho
tometer (JASCO V-530) at λ = 561 nm. Glucose was used as the standard 
organic carbon source. To estimate exchangeable Fe, the soil was treated 
with 20 mM CaCl2 at a 1:5 ratio. After 30 min of shaking, the mixture 
was centrifuged at 5000 rpm for 10 min before being filtered. The Fe 
content was determined by pack testing at Kyoritsu Chemical-Check 
Lab., Corp. Kanagawa, Japan, using the reduction and o-phenanthro
line methods. 

2.9. Statistical analysis 

Data analyses were performed with MINITAB software (version 
21.3.1). Mean values were subjected to one-way analysis of variance 
(ANOVA), and treatment comparisons were conducted using Tukey’s 
test (P-value <0.05). 

3. Results and discussion 

3.1. Characteristics of hydrogel beads 

Fig. 1 displays the photograph of the dried hydrogel beads and 
impact on the absence and presence of PO4

3− and CO3
2− ions on the 

surface morphology. Based on top surface view, the dried hydrogel 
beads exhibited a rough surface with angular components for all 
hydrogel bead samples. The surface of hydrogel beads S-Alg/P- 
Acc@PO4

3− (Fig. 1c2) and S-Alg/P-Acc@CO3
2− (Fig. 1d2) have finer and 

smaller pore compared to S-Alg/P-Acc (Fig. 1b2). In cross-section view 
of Fig. 1b3-1b4, the images show that S-Alg/P-acc has smooth and 
compact structure with less pore visibility. In contrast, hydrogel beads 
with the presence of PO4

3− (Fig. 2c3-2c4) and CO3
2− (Fig. 2d3-2d4) have 

rather coarse surface and visible image of pore with porosity opening up 
to 12 μm in size, with filamentous formations inside the hollow spaces of 
the hydrogel beads. Clearly, the presence of anionic ions influences the 
structure of hydrogel beads. 

Table 1 displays the percentage of porosity and the number of 
carboxyl groups in the hydrogel beads. Results show that the S-Alg/P- 
Acc@CO3

2− and S-Alg/P-Acc@PO4
3− composites had maximum poros

ities of 14.3 % and 10.9 %, respectively, while the S-Alg/P-Acc com
posite had a porosity of 9.5 %. The presence of anionic ions increased the 
porosity by 14.7–50.5 %, probably owing to the reinforcement of 
polymer networks resulting from the crosslinks between carboxylic 
acids bridged with calcium cations. The stiff polymer network retained 
the volume shrinkage of the beads during the drying process, main
taining a higher porosity. Meanwhile, the presence of anions may have 
led to a reduction in the carboxyl content of the S-Alg/P-Acc@CO3

2− and 
S-Alg/P-Acc@PO4

3− hydrogel beads because calcium ion capped some of 
the carboxyl groups, rendering them inactive for neutralization re
actions. To confirm this hypothesis, the number of active carboxyl 
groups was quantitatively evaluated by titration method. The carboxyl 
groups possess a proton (H+) that can be released by deprotonating the 
carboxyl group to form anions. This neutralization process decreases the 
concentration of carboxyl groups in the solution. Anions can be con
stituents of robust bases or other compounds that receive protons. For 
instance, the interaction between a carboxylic acid (RCOOH) and hy
droxide ion (OH− ). 

RCOOH + OH- → RCOO- + H2O (6) 

During this chemical reaction, carboxylic acid (COOH) transfers its 
proton to the hydroxide ion (OH− ), resulting in the formation of a 
carboxylate anion (RCOO− ) and water (H2O). This decreases the con
centration of the COOH groups in the solution. As indicated in Table 1, 
the increased porosity of S-Alg/P-Acc@CO3

2− led to a reduction in free 
carboxylic groups, supporting the molecular model suggesting that the 
polymer network is reinforced by the bridging of calcium ion between 
carboxyl groups. 

Fig. 2 shows the FTIR spectra of the hydrogel beads. The peaks at 
3362 cm− 1, 3364 cm− 1 and 3365 cm− 1 are ascribed to O–H stretching 
[32]. The absorption peaks at 1541 cm− 1 from S-Alg/P-Acc decreased to 
1539 cm− 1 and 1538 cm− 1 for S-Alg/P-Acc@PO4

3− and 
S-Alg/P-Acc@CO3

2− , respectively, possibly due to interaction of anionic 
ions with the -COO- groups in S-Alg and P-Acc. The bands detected 
around 1418 cm− 1, 1329 cm− 1, and 1026 cm− 1 are due to 
symmetric-COO-, O–H bending vibrations, and C–O–C, respectively 
[14]. 
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3.2. Swelling behaviour 

Hydrogel beads utilized for soil conditioner purposes must undergo 
water absorption during swelling [33]. In this step, water is absorbed 
without hindrance, resulting in the dissociation of the ionic groups, 
charged groups repulsion, and swelling of the polymer chains to create 
volumes filled with water molecules [34]. The primary aim was to 
analyze the swelling characteristics of the hydrogel beads at pH 4, 7, and 
9 (Fig. 3). The swelling percentage of S-Alg/P-Acc was higher under 
acidic conditions (pH 4) than that of S-Alg/P-Acc@PO4

3− and 
S-Alg/P-Acc@CO3

2− , but lower under neutral and basic conditions. The 
lowest swelling percentage observed was a consequence of the proton
ation of the COOH groups, lead to the formation of COOH and a 
reduction in the repulsion between PO4

3− and CO3
2− anions. Simulta

neously, this process strengthens the –OH-bonding contact between 

carboxylate groups, causing the shrinkage of the hydrogel [35,36]. 
The maximum swelling for S-Alg/P-Acc@CO3

2− and S-Alg/P- 
Acc@PO4

3− occurred at pH 7, likely due to steric hindrance or repulsion 
generated by the anions (CO3

2− and PO4
3− ) near the hydrophobic part of 

the polymer chains. The hydrophobic portions of the hydrogel beads 
were transformed into hydrophilic elements through ionic effects, 
selectively interacting with nearby water molecules [3]. At a higher pH 
beyond 7 led to a reduction in the swelling percentage of 
S-Alg/P-Acc@PO4

3− and S-Alg/P-Acc@CO3
2− . This reaction may be due 

to the formation of a screening effect by the additional Na+ cations, 
which shielded the charges on the COOH groups. Thus, the electrostatic 
repulsion between effective anions are weakened, leading to a decrease 
in water absorption [37]. 

Fig. 1. (a) photograph of dried hydrogel beads. SEM images of morphology dried hydrogel beads (b1-b4) S-Alg/P-Acc (c1-c4) S-Alg/P-Acc@PO4
3− (d1-d4) S-Alg/ 

P-Acc@CO3
2− . 
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3.3. Soil water loss studies 

Fig. 4 shows the soil water loss (SWL) percentage over the 14-day 
period, including soils with hydrogel beads. The results indicated that 
S-Alg/P-Acc@PO4

3− hydrogel beads exhibited great water retention 
capability and the lowest soil water loss, with a SWL value of 48 %. The 
SWLs of the S-Alg/P-Acc@CO3

2− and S-Alg/P-Acc demonstrated values 
of 51 % and 49 %, respectively. In contrast, the SWL of soil was 

approximately 68 %. 
Initially, the incorporation of phosphate and carbonate ions into the 

hydrogel beads were expected to affect water retention via changing the 
distribution of pore sizes and improved the surface area and pore vol
ume [38–40]. This can be proven by the percentage of porosity of the 
hydrogel beads as shown in Table 1. These ions normally can form 
multidirectional crosslinking with polyacrylic acid and lead to a better 
network flexibility and water storage capacity [41]. However, based on 
the graph shown in Fig. 4, the effect of phosphate and carbonate ions 
does not seem to be significant. Furthermore, hydrogel beads with the 
highest porosity percentage (Table 1) showed lower efficiency in water 
absorption under the investigated soil conditions. These phenomena 
could be caused by the density of the hydrogel beads and environmental 
factors, such as humidity and air temperature, which may have influ
enced the beads` water-holding capacity [27]. Importantly, all the soils 
containing the hydrogel beads had significantly reduced water loss in 
soil by approximately a 30 % smaller SWL compared to that of the intact 
soil. 

3.4. Response of soil properties to hydrogel beads application 

Figs. 5 and 6 demonstrated the effects of the hydrogel beads on the 
soil characteristics. The addition of hydrogel beads did not significantly 
impact the soil pH (Fig. 5a) and C/N ratio (Fig. 5b) (P-value <0.05). In 
contrast, there was a significant increase (P-value <0.05) in soil EC with 
the addition of hydrogel beads (Fig. 5c). The maximum EC of the soil 
was observed in the following order: S-Alg/P-Acc@CO3

2− > S-Alg/P-Acc 
> S-Alg/P-Acc@PO4

3− . The increase in soil EC is attributed to the release 
of salt ions as hydrogel beads react with soil water. 

Phosphorus (P) is a crucial element of soil and plant growth and 
cannot be replaced by any other elements [42]. A significant increase 
(P-value <0.05) in available P (0.50 ± 0.03 mg/g) was confirmed by the 
use of hydrogel beads for S-Alg/P-Acc@PO4

3− , whereas there was a 
reduction in the application of S-Alg/P-Acc and S-Alg/P-Acc@CO3

2−

compared to the intact soil (Fig. 5d). P is known to have low mobility 
because it tends to precipitate, adsorb, and convert into organic forms 
[43]. It is critical to consider the possible effects of nutrient leaching 
using hydrogel beads. In this study, the available P content was expected 
to decrease because of the adsorption of the hydrogel beads (S-Alg/
P-Acc and S-Alg/P-Acc@CO3

2− ) since the soil pH is approximately 5.5, 
causing P to be present in the form of H2PO4

− . Electrostatic interactions 
may possibly form between the negatively charged H2PO4

− and the 
hydrogel beads. Fig. 5e shows that the use of hydrogel beads signifi
cantly increased soil CEC compared with the intact soil, as the hydrogel 
beads may contain –OH and –COOH functional groups, which have the 
potential to enhance soil CEC [44]. The application of hydrogel beads 
substantially enhanced SOC compared to the intact soil (P-value <0.05) 
(Fig. 5f). The SOC of the soil was the highest in the following order: 
S-Alg/P-Acc > S-Alg/P-Acc@PO4

3− > S-Alg/P-Acc@CO3
2− . This may 

imply that the hydrogel beads retained water and able to help to 
maintain soil moisture at an appropriate level which might indirectly 
boost microbial activity by altering oxygen penetration into the soil, 
contributing to organic matter degradation and organic carbon pro
duction [45]. Soil Fe availability decreased considerably (P-value 
<0.05) in the following order: control > S-Alg/P-Acc@PO4

3− > S-Alg/
P-Acc@ CO3

2− > S-Alg/P-Acc, with a reduction of up to 89.86 % 
(Fig. 5g). These findings suggest that hydrogel beads have a beneficial 
effect on Fe immobilization in soil. 

Furthermore, the addition of hydrogel beads considerably enhanced 
the available N–NH4

+ level in the soil (P-value <0.05) (Fig. 6a). S-Alg/P- 
Acc@PO4

3- had the highest concentration after treatment, up to 89.16 % 
of the intact soil. This was followed by S-Alg/P-Acc@CO3

2- (79.72 %) and 
S-Alg/P-Acc (67.92 %). Moreover, the hydrogel bead applications 
significantly decreased the content of N–NO3

- in soils, and it decreased 
from 79.00 ± 1.41 mg/Kg (soil) to 4.30 ± 0.42 mg/Kg (S-Alg/P- 
Acc@CO3

2-) (P-value <0.05) (Fig. 6b). It might be indicated that 

Fig. 2. FTIR spectra of hydrogel beads (i) S-Alg/P-Acc (ii) S-Alg/P-Acc@PO4
3−

(iii) S-Alg/P-Acc@CO3
2− . 

Table 1 
Porosity percentage of hydrogel beads.  

Samples Porosity (%) COOH (mmol/g) 

S-Alg/P-Acc 9.54 25.87 ± 10.18 
S-Alg/P-Acc@PO4

3- 10.90 25.02 ± 14.83 
S-Alg/P-Acc@CO3

2- 14.31 3.23 ± 0.98  

Fig. 3. Initial pH versus swelling properties of hydrogel beads.  

Fig. 4. Contact time effect of hydrogel beads versus soil water loss.  
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Fig. 5. Effect of hydrogel beads on soil pH, C/N ratio, electrical conductivity, available phosphorus, cation exchange capacity, soil organic carbon, and available Fe.  

Fig. 6. Effect of hydrogel beads on soil available N–NH4
+ and N–NO3

- , and exchangeable Mg2+, Ca2+ and K+.  
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hydrogel beads application inhibit the transformation of N–NH4
+ from 

oxidized into N–NO3
- in soils. These results demonstrated similar trends 

with Zhang et al. [46] who used hydrogel-biochar composites for 
simultaneous enhancement and immobilization of nitrogen use and 
heavy metals, respectively. The hydrogel bead treatment resulted in 
considerably higher exchangeable Ca2+, K+, and Mg2+ levels compared 
to the intact soil (P-value <0.05) (Fig. 6c–e). Hydrogel beads may have 
the potential to absorb and retain water and assist in the transportation 
of ions in the soil, resulting in enhanced cations contents. It is interesting 
to note that exchangeable Mg2+ has a greater value for S-Alg/P-Acc 
compared to S-Alg/P-Acc@PO4

3− , and S-Alg/P-Acc@CO3
2− . This might 

indicated that the presence of PO4
3- and CO3

2- anionic ions from hydrogel 
beads may compete with Mg2+ ion for binding sites on soil particles 
through cation exchange process. 

4. Conclusion 

This study demonstrated the synthesis of hydrogel beads using so
dium alginate (S-Alg) and poly (acrylic acid) (P-Acc) as the major 
components, with Ca2+ ions serving as an effective cross-linking agent. 
Hydrogel beads, both in the absence (S-Alg/P-Acc) and presence of PO4

3−

(S-Alg/P-Acc@PO4
3− ) and CO3

2− (S-Alg/P-Acc@CO3
2− ) were examined in 

terms of swelling behavior, soil water loss (SWL), and soil properties. 
Hydrogel beads showed better water absorption properties and 30 % 
suppression of SWL capabilities compared with the control (intact soil). 
There were no significant changes in the soil pH and C/N ratio after the 
application of hydrogel beads. Nevertheless, the N–NH4

+ concentration 
increased while N–NO3

- decreased. Hydrogel bead treatment may hinder 
the conversion of N–NH4

+ to N–NO3
- via nitrification in soils. In addition, 

there was a simultaneous improvement in the levels of available phos
phorus (P), cation exchange capacity (CEC), soil organic carbon (SOC), 
exchangeable cations (Ca2+, K+, and Mg2+), and immobilization of Fe by 
up to 89.86 %. The presence of hydroxyl (-OH) and carboxyl (-COOH) 
groups is essential for improving soil characteristics and facilitating 
water retention. 
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