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A B S T R A C T   

Soil salinity, a severe environmental factor, significantly reduces the productivity of crop plants by increasing salt 
and mineral fertilizer concentrations in the soil. As a result, the development of sustainable slow-release mineral 
fertilizers (SRFs) is critical for addressing salt-affected soils. This study aimed to synthesize struvite 
(MgNH4PO4⋅6H2O) into hydrogel beads made from sodium alginate-poly (acrylic acid) in the absence (Sa@S) 
and presence (Sa@SHa) of humic acid (HA). The optimal conditions for struvite formation were at pH 9.0, 
resulting in a remarkable 73.21 %, 98.74 %, and 99.20 % for Mg, NH4-N and P removal, respectively. The SRFs 
study demonstrated that struvite had a significant release of Mg, P, and NH4-N, notably higher (P ≤ 0.05) than 
Sa@S and Sa@SHa. Experiments on swelling and soil water loss demonstrated that Sa@S yielded higher results 
in comparison to Sa@SHa. Furthermore, an experiment was conducted to study the impact of Sa@S and Sa@SHa 
on saline soil parameters over 20 days of incubation. The results showed both encapsulated struvite hydrogel 
beads reduced soil salinity, as indicated by the sodium adsorption ratio (SAR) and exchangeable sodium per-
centage (ESP). Additionally, a significant reduction (P ≤ 0.05) in soil electrical conductivity (EC) and sodium 
(Na) was observed for both hydrogel bead encapsulation treatments compared to the control soil. However, no 
apparent variance was observed in pH and soil organic carbon (SOC). Moreover, the levels of available phos-
phorus (P), ammonium-nitrogen (NH4-N), nitrate-nitrogen (NO3-N), cation exchange capacity (CEC), and 
exchangeable cations (Ca, Mg, K) in the soil were observed to be increased (P ≤ 0.05).   

1. Introduction 

Soil salinization significantly threatens crop development and pro-
ductivity, especially in arid and semiarid regions (Qadir et al., 2017). 
The overall extent of soil salinization affects approximately 1 billion 
hectares, accounting for about 7 % of the Earth’s continental area, 
nearly ten times the size of Venezuela or twenty times France (Metter-
nicht and Zinck, 2003). Soil salinity represents a notable environmental 

stress caused by excessive salt concentrations or significant amounts of 
exchangeable sodium ions (Na) in soil contents (Shahid et al., 2018). 
The build-up of salts in soils results in the degradation of soil properties, 
leading to a decline in osmotic potential, which can restrict water 
availability to root cells, consequently hampering plant growth 
(Ahammed et al., 2020; Ashraf and Harris, 2004). Cevheri et al. (2022) 
and Leogrande and Vitti (2019) have illustrated the adverse effects of 
soil salinity on plant development, primarily ascribed to its detrimental 
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impact on organic matter and nutrient cycling. 
The solubility of chemical fertilizers is intimately tied to nutrient 

cycling processes and organic matter in the soil. Nutrient cycling in-
volves the uptake of nutrients by plants, their release into the soil upon 
the breakdown of organic matter, and their subsequent availability for 
plant use (Grzyb et al., 2020). Organic matter is vital as it stores nutri-
ents, supports microbial activity, and makes nutrients, including those in 
chemical fertilizers, more soluble and accessible to plants (Jamir et al., 
2019; Rashid et al., 2016). High levels of organic matter enhance the 
soil’s capacity to retain water and nutrients, facilitating the gradual 
release of nutrients from organic sources and chemical fertilizers. This 
improves overall nutrient availability to plants while reducing the risk of 
nutrient leaching (Malcolm et al., 2019). Additionally, organic matter 
contributes to soil aggregate stabilization, further impacting nutrient 
solubility and availability by influencing soil structure and porosity. 

Conversely, nutrient cycling may not be as efficient in soil with low 
organic matter content, necessitating a greater reliance on soluble 
chemical fertilizers to meet plants’ essential nutrient requirements. 
However, the effectiveness and solubility of these chemical fertilizers 
can be influenced by various factors, including pH level, electrical 
conductivity (EC), and the content of sodium (Na), potassium (K), 
magnesium (Mg), and calcium (Ca) (Fageria et al., 2014; Moreira et al., 
2015). Moreover, metrics such as sodium absorption ratio (SAR) and 
exchangeable sodium percentage (ESP) provide valuable insights into 
establishing optimal chemical conditions within the soil component 
(Shirokova et al., 2000). Evaluating soil salinity and sodicity typically 
involves measuring EC, SAR, and ESP parameters. Soils containing lower 
values of EC (<4 mS/cm), SAR (<13), and ESP (<15 %) are generally 
considered natural and non-sodic soil (Shrivastava and Kumar, 2015; 
Tanehgonbadi and Qaderi, 2023). EC values indicate soil salinity levels, 
while SAR and ESP values reflect the amount of Na in the soil. 

Several management strategies have been successfully employed to 
alleviate the adverse effects of salt-affected soils. For instance, Zahedifar 
(2020) demonstrated that biochar made from sugarcane bagasse could 
immobilize cadmium (Cd) under saline soil conditions. Another study by 
Zhang et al. (2020) reported that incorporating gypsum and biochar into 
salty soils improved their water properties. Liang et al. (2021) also 
discovered that biochar can improve porosity, field capacity, and plant- 
accessible water in saline-alkali soils. Abdel-Fattah (2012) has reported 
the significant impact of composts and gypsum on the restoration of 
saline-sodic soils and soil pH, EC, ESP, and SAR. But then, Elrashidi et al. 
(2010) discovered that gypsum decreases the solubility of phosphorus 
(P), iron (Fe), zinc (Zn), copper (Cu), and boron (B) in soils, limiting 
their accessibility to plants. Moreover, high concentrations of minerals 
such as Mg, Na, K, and Ca in the soil can also contribute to its salinity 
(Kumar and Sharma, 2020; Munns et al., 2020; Zhao et al., 2020). 
Therefore, there is a need for innovative approaches to delay nutrient 
release in the soil and minimize its impact on plants and the 
environment. 

Slow-release fertilizers (SRFs) have recently shown significant 
promise in enhancing fertilizer usage efficiency, delaying the nutrient 
release or increasing the availability of nutrients over time, and miti-
gating the environmental issues associated with fertilizer management 
(Qiao et al., 2016). Struvite, a well-recognized product derived from P 
recovery, is classified as SRFs because of its limited solubility and varied 
nutrient composition (Rech et al., 2018). SRFs are specifically formu-
lated to deliver nutrients slowly and steadily to plants, match their 
nutritional needs, and minimize nutrient loss. Although struvite is 
typically used as a P fertilizer, it also comprises considerable levels of Mg 
and N. According to Wang et al. (2023), struvite can reduce N loss by up 
to 58.1 % and decrease nitrous oxide (N2O) emissions, unlike traditional 
N fertilizers, which contribute to global warming (Liang et al., 2007). 

Recently, hydrogel presented a promising alternative to conven-
tional saline soil management methods (Tefera et al., 2022). It absorbs 
water and gradually releases it to the surrounding soil (Li and Zhang, 
2023). This carefully regulated water release improves water utilization 

and reduces salt build-up. Sodium alginate (Na-Alg) is a bio-based 
hydrogel with hydrophilic characteristics and a harmless polymer with 
a high swelling capacity (Satheesh Kumar et al., 2023). This property 
makes it capable of reducing the contact of Na+ and Cl- ions in the soil 
through cation exchange capacity (Niu et al., 2020). However, Na-Alg 
may not distribute uniformly throughout the soil profile when applied 
to the soil, leading to uneven water and nutrient absorption and local-
ized high salt concentrations around the hydrogel particles. In contrast, 
hydrogel beads may offer better control over soil distribution, helping 
minimize localized salt concentrations. The stability of Na-Alg hydrogel 
beads is limited in an excessive ionic interaction or the presence of 
specific ions. The use of poly (acrylic acid) (Poly-Acr) can enhance the 
stability and mechanical strength of hydrogel composite (Faturechi 
et al., 2015). Humic acid (HA) is widely recognized for its beneficial role 
in improving soil properties and enhancing the utilization rate of fer-
tilizers. It contains a significant concentration of organic carbon, which 
enhances the activities of antioxidant enzymes and alleviates the effects 
of salinity stress in soil (Chen et al., 2017). Studies have demonstrated 
that HA can enhance soil fertility, improve plant development (Li et al., 
2019) and improve soil’s water-holding capacity (Ennab et al., 2023). 
Additionally, it can improve the stability of hydrogels (Venezia et al., 
2022). 

The use of encapsulation techniques to contain chemicals such as 
fertilizers (Abd El-Aziz et al., 2022; Olad et al., 2018; Qiao et al., 2016), 
pesticides (de Oliveira et al., 2020), and herbicides (Nörnberg et al., 
2019) has been reported to reduce their volatility and minimize toxicity, 
as well as improve environmental control (Atalay et al., 2022). 
Accordingly, we hypothesize that the encapsulation of struvite within 
hydrogel beads can control nutrient release, reduce salt toxicity, and 
enhance soil properties. In this study, we employed various pH condi-
tions to synthesize struvite using solutions containing Mg, NH4-N, and P. 
Following this, the struvite was coated with hydrogel beads created from 
a combination of Na-Alg and Poly-Acr, with and without the addition of 
HA. To analyze the struvite, X-ray diffraction (XRD) was utilized, while 
scanning electron microscopy (SEM), energy dispersive X-ray spectros-
copy (EDS), and Fourier transform infrared spectroscopy (FTIR) were 
used to analyze the hydrogel beads. This study investigated a promising 
sustainable approach to managing mineral fertilizers’ discharge and 
identified environmentally acceptable alternatives to enhance and 
mitigate soil quality in saline areas. 

2. Materials and method 

2.1. Materials 

Calcium chloride (CaCl2, 99 %), hydrochloric acid (HCl, 36.5–38 %), 
sodium carbonate (Na2CO3, >99.8 %), sodium dihydrogen phosphate 
(NaH2PO4, >99.95 %), ammonium acetate (CH3COONH4, >97 %), and 
sodium hydroxide (NaOH, 99.99 %) were procured from Kanto Chem-
ical Co. Inc., Japan. Humic acid and sodium alginate were purchased 
from Wako Chemicals, Tokyo, Japan. The poly (acrylic acid) (molecular 
weight: 100,000) was obtained from Scientific Polymer Products, INC., 
New York. All the reagents were of analytical grade, and deionized 
water was used throughout the experiments. 

2.2. Preparation of struvite precipitation 

Deionized water (DI) was used to prepare stock solutions of MgCl2, 
NH4Cl, and NaH2PO4 at room temperature. These solutions were mixed 
in a ratio of 1:1:1, with equal concentrations of Mg, NH4-N, and P. The 
pH of the solution was adjusted to 8.0, 8.5, 9.0, 9.5, and 10.0 by grad-
ually adding 0.1 M NaOH solution under magnetic stirring for 15 min. 
The solution was allowed to age overnight to ensure uniformity and was 
filtered to determine the Mg, NH4-N, and P removal percentage 
(Removal, (%)) using Eq. (1) (Hidayat et al., 2023). The resulting solid 
residue was dried in an oven at 60 ◦C for 48 h for further analysis. 
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Removal, (%) =
Ci − Ce

Ci
× 100 (1)  

where Removal, (%) is the removal efficiency, and Ci and Ce are the 
initial and equilibrium phosphorus concentrations (mg/L), respectively. 

2.3. The procedure to encapsulate struvite in hydrogel bead 

This study utilized struvite obtained from a pH of 9.0 as the addi-
tional material to produce hydrogel beads encapsulation. Encapsulating 
struvite within hydrogel beads was carried out at room temperature. To 
prepare Sa@S, a combination of 6 mL of 2 wt% Na-Alg aqueous solution, 
6 mL of 5 wt% Poly-Acr aqueous solution, 1 mL of 3 M NaOH, and 0.1 g 
of struvite was mixed and agitated in bottle flasks for 1 h. The mixture 
was then slowly injected into a 10 wt% CaCl2 aqueous solution using a 
10 mL syringe. The resulting hydrogel beads were left to grow overnight 
to facilitate crosslinking. Afterward, the hydrogel beads were washed 
with ethanol, DI, and dried in an oven at 25 ◦C for 24 h. The method for 
encapsulating Sa@SHa hydrogel beads involved substituting 3 M NaOH 
with HA solution. To prepare HA, a mixture of 3 M NaOH (20 mL) and 
0.1 g of HA was allowed to react at room temperature for 24 h, after 
which the solution was filtered through filter paper. 

2.4. Characterization of hydrogel beads 

The crystalline structure of struvite was examined using powder X- 
ray diffraction (XRD) with Cr/Kα radiation (λ = 2.2909 Å, MiniFlex, 
Rigaku, Japan). The functional groups of struvite and hydrogel bead 
encapsulation were evaluated using a Nicolet iS10 FTIR analyzer 
(Thermo Fisher Scientific Inc., Waltham, MA, USA). The morphology 
structure image and chemical composition of struvite and hydrogel 
beads were analyzed using a benchtop scanning electron microscope 
(SEM) linked with energy dispersive X-ray spectroscopy (EDS) Minis-
cope TM-4000PlusII (Hitachi-Hitech, Tokyo, Japan). 

2.5. Determination of mineral release 

The quantities of Mg, Ca, P, and NH4-N released from the hydrogel 
beads were assessed via batch water shaker experiments (BW101, 
Yamato, Japan). Each set of beads (0.5 g) was placed in 50 mL of DI and 
agitated at 25 ◦C with a speed of 100 rpm. Nutrient analysis (Mg, Ca, P, 
and NH4-N) was performed at intervals of 3 hours, 3 days, 7 days, and 
14 days. 

2.6. Swelling experiments analysis 

The swelling characteristics of the hydrogel bead-encapsulated was 
assessed. In brief, dried hydrogel beads were immersed in a glass beaker 
containing 50 mL of DI.. The experiments were conducted using water 
batch shaker (BW101, Yamato, Japan) at 25 ◦C for 24 h and the swelling 
rate was calculated using the following Eq. (2) (Hidayat et al., 2024a). 

Swelling rate (%) =
Ws − Wd

Wd
× 100 (2)  

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

2.7. Soil incubation experimental design 

Soil was obtained from a store in Shobara City, with a pH value of 
5.60 ± 0.85, electrical conductivity (EC) of 119 μS/cm ± 26.87, cation 
exchange capacity (CEC) of 1.09 me/100 g ± 0.78, available phos-
phorus (P) content of 2.71 mg/kg ± 0.60, and a C/N ratio of 15.59 ±
0.17. This soil was utilized in the preparation of artificial salt-soil. A 
mixture of 1 kg of air-dried soil samples and 2 L of a 250 mM NaCl 

solution was prepared in a plastic container. The soil and solution were 
then incubated together for three days. Afterward, the soil was filtered 
and dried in an oven at 60 ◦C for three days. A soil salinity experiment 
was conducted over 20 days using an experimental design that included 
three conditions: a control group with only soil, a group with soil treated 
with 2 wt% Sa@S, and a group with soil treated with 2 wt% Sa@SHa. 
The temperature of the experimental environment was maintained at a 
constant 25 ◦C. Hydrogel bead samples were placed in plastic cups and 
soaked with deionized water to reach 25 % of the soil’s water-holding 
capacity. Around 30 g of soil samples were collected from each cup at 
intervals of 5, 10, and 20 days and dried in an oven at 60 ◦C for three 
days for further analysis. 

2.8. Soil water loss analysis 

We measured soil water loss rate (SWL rate) in the saline soil over a 
period of 7 days. 100 g of dried saline soil is placed into plastic container 
and subsequently, the dried hydrogel beads were added. The saline soil 
was then watered with DI and weighed (Wi). The containers were kept in 
the laboratory under ambient air and temperature conditions and were 
weighed from 1, 2, 4 and 7 days (Wt). The SWL rate was calculated using 
Eq. (3) (Rabat et al., 2016). 

SWL rate (%) =
Wi − Wt

Soil Weight (g)
× 100 (3)  

2.9. Determination of soil compositions 

The pH and EC was measured by mixture of soil and DI water at 
proportion of 1:5 (w/v) was agitated for 30 min. To measure the amount 
of available phosphorus, a 0.5 M NaHCO3 solution was used at a 1:20 
(w/v) ratio for 30 min according to the Olsen technique (Hidayat et al., 
2024b). The molybdenum method blue method was employed to 
determine the phosphorus content by measuring at the wavelength of 
693 nm. For determining the amount of exchangeable cations (Ca, K, 
Mg, and Na), 1 N CH3COONH4 extraction method was utilized, followed 
by adding 10 wt% NaCl to determine the soil’s CEC. The available NH4- 
N and NO3-N content in the soil was obtained using 2 M KCl at a ratio of 
1:10 (w:v) for 2 h. The determination of soil organic carbon (SOC) can be 
quantified using Walkley and Black’s wet oxidation method (Hidayat 
et al., 2024b). 

2.10. Analysis of sodium adsorption ratio and exchangeable sodium 
percentage 

The interaction between the sodium adsorption ratio (SAR) and 
exchangeable sodium percentage (ESP) and the concentration of Mg, Ca, 
and K in the water extract derived from saturated soil can be represented 
mathematically using Eqs. (4) and (5) (Tefera et al., 2022). 

SAR =
Na

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
2 (Mg + Ca)

√ (4)  

ESP =
Na

Na + K + Ca + Mg
× 100 (5)  

2.11. Statistical analysis 

Data analysis was carried out using MINITAB software, specifically 
version 21.3.1. Statistical analysis was conducted using one-way anal-
ysis of variance to examine mean values, and Tukey’s test was used to 
compare treatments (P ≤ 0.05). 
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3. Results and discussion 

3.1. Characterization of precipitation 

The experiment was conducted by mixing equal volumes and con-
centrations of Mg, NH4-N, and P solutions at various pH levels ranging 
from 8 to 10. The results showed that the highest Mg, NH4-N and P 
removal percentage at pH 9.0 with value of 73.21 %, 98.74 %, and 
99.20 %, respectively. However, as the pH increased to 10.0, the 
removal percentage decreased (Fig. 1). This suggests that there may 
have been additional compounds that precipitated alongside the stru-
vite. These results are consistent with the study conducted by (Zhou and 
Chen, 2019) which used electrochemical techniques to produce struvite 
precipitates. Fig. 2 shows SEM micrographs of the residues obtained 
from different pH conditions. Regardless of pH, each crystal possessed a 
needle-shaped structure. Moreover, pH has a particular influence on the 
size of the crystal. Due to increased nucleation density, crystals will 
typically be smaller at higher pH. The largest crystal size was recorded at 

pH 8.0, while the smallest size was observed at pH 8.5. In addition, 
Fig. 2a–e presents the SEM images and assemblies of the C, O, N, P, and 
Mg maps, respectively. Notably, the samples contain significant 
amounts of N, P, K grains, which are prominent characteristics. 
Although the elemental maps of C, O, N, P, and Mg appear similar, the 
grains exhibit varying signal intensities (Table 1). 

The XRD spectrum of the precipitate shown in Fig. 3 matched that of 
the struvite registered in the Powder Diffraction File (PDF) database 
(JCPDS 00–015-0762). The EDS data were used to examine the 
composition of the precipitation surface. The findings in Table 1 indicate 
that at pH 9.0, the maximum atom percentages of N, P, and Mg were 
obtained. This discovery corresponds to the formation of struvite pre-
cipitates (as seen in Eq. (6) and is consistent with the study reported by 
(González-Morales et al., 2021). 

Mg2+ + NH4
+ + HPO4

2− + 6H2O→MgNH4PO4 • 6H2O (6)  

3.2. Characteristics of encapsulation 

The structure of the struvite encapsulated within hydrogel beads was 
analyzed using scanning electron microscopy (SEM). Fig. 4 and Fig. 5 
corresponds to Sa@S and Sa@SHa, respectively. The hydrogel beads 

Fig. 1. Initial pH precipitation solution versus removal percentage.  

Fig. 2. SEM images and EDS mapping of solid residue in different pH conditions (a) pH 8 (b) pH 8.5 (c) pH 9 (d) pH 9.5 (d) pH 10.  

Table 1 
EDS data composition of struvite precipitation in different pH conditions.  

pH Composition (Atom %) 

C O N P Mg 

8.0 61.75 31.42 3.82 1.27 1.74 
8.5 56.90 35.00 3.97 1.84 2.29 
9.0 39.28 47.41 3.86 5.01 4.43 
9.5 51.45 38.81 3.89 2.40 3.45 
10.0 54.94 36.65 3.40 2.09 2.92  
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were microscopically tiny, exhibiting a sponge-like structure with 
interconnected pores (Fig. 4a and Fig. 5a). The size of the pores grad-
ually increased from the surface to the interior of the Sa@S hydrogel 
beads (Fig. 4b). The addition of HA was found to enhance the formation 
of hydrogel networks. The introduction of HA resulted in a change in the 
structure of the hydrogel beads, producing a smooth surface (Fig. 5a). 
Fig. 5c illustrates the fibrous morphology of the hydrogel beads, which 
have interconnected pores on both the inside and outside of the beads. 
Upon closer examination, struvite crystals were observed on the surfaces 
of both the Sa@S (Fig. 4f) and Sa@SHa (Fig. 5f) hydrogel beads 
encapsulation. The fabrication process successfully encapsulated the 
struvite within the hydrogel beads, effectively regulating the release of 
minerals from the beads. 

FTIR spectroscopy was utilized to investigate the functional groups 
within a molecule. The FTIR results for struvite, Sa@S, and Sa@SHa are 
depicted in Fig. 6a. Peaks detected between 3227 cm− 1 and 3346 cm− 1 

were attributed to the elongation of O–H bonds, as described by re-
searchers (Das et al., 2023). Peaks identified between 2896 cm− 1 and 
2924 cm− 1 indicated the stretching of N–H bonds (Valle et al., 2022). 
The bending frequency of water molecules was verified to be approxi-
mately 1650 cm− 1 (Valle et al., 2022). The peak at around 1541 cm− 1 

suggested the presence of COO groups formed by the combination of 
sodium alginate and poly (acrylic acid) (Hua et al., 2010). The wave-
numbers 1328 cm− 1 and 1028 cm− 1 corresponded to the bending vi-
brations of O–H bonds and C-O-C bond stretching, respectively (Hua 
et al., 2010). The peak at 971 cm− 1 corresponded to the symmetric 
stretching of the phosphate group, while a peak at 754 cm− 1 was 
correlated to the elongation of P-O-P bonds (Bogdan et al., 2021). The 

peak at 884 cm− 1 may have been responsible for cubic MgO (Chintha-
kuntla et al., 2016; Ding et al., 2001). Research conducted by (Chin-
thakuntla et al., 2016) revealed that the stretching vibration of Mg-O 
occurred within the spectral region 550–670 cm− 1. 

3.3. Mineralization release rate, swelling and soil water loss study 

This present study investigated the mineral release profiles of stru-
vite, Sa@S, and Sa@SHa hydrogel bead composites using distilled water 
at a controlled temperature of 25 ◦C for duration ranging from 3 hours to 
14 days. The findings demonstrate that struvite exhibits a greater ease of 
dissolution, leading to a significantly higher release of all nutrients, 
including Mg, NH4-N, and P, compared to the encapsulated formulations 
of Sa@S and Sa@SHa, as shown in Fig. 6b. The average release rates of 
struvite were 47.11 mg/L, 10.96 mg/L, and 16.95 mg/L for Mg, NH4-N, 
and P, respectively, whereas for Sa@S, they were 7.81 mg/L, 0.49 mg/L, 
and 1.64 mg/L. This indicates a difference of approximately 83.43 %, 
90.35 %, and 95.54 % in nutrient release. Similarly, for Sa@SHa, the 
average release rates were 7.81 mg/L, 0.49 mg/L, and 1.64 mg/L for Mg, 
NH4-N, and P with percentage difference of 88.14 %, 98.56 %, and 
93.55 %. These percentage differences may be attributed to the barrier 
effect of the polymer hydrogels, hindering nutrient release. Further-
more, Sa@SHa showed higher percentage difference for struvite 
compared to Sa@S. This is due to the complex and intricate structure 
formed by the layers of HA, which obstructs the movement of minerals 
through the polymer network and into the surrounding environment. 

Additionally, the concentration of Ca showed a higher rate of release 
during the initial 3-hours period but then decreased significantly over 
14 days for both hydrogel bead encapsulations (Fig. 6c). This decline 
may be due to the higher concentration of Ca observed on the surface of 
the hydrogel beads, which act as cross-linkers and allow for the faster 
dissociation of Ca from the hydrogel beads. 

The process by which minerals are released from hydrogel beads can 
be described as follows: the struvite utilized in the formulations is in the 
form of hydrogel beads. Upon adding the sample into water, the 
hydrogel undergoes water absorption and swelling, resulting in the 
dissolution of the mineral. The dissolved mineral is gradually released 
into the water thorugh the polymeric shell due to the kinetic movement 
of water in the hydrogel and release medium. The difference in the 
concentration of soluble material between the internal and external 
conditions of the hydrogel bead primarily determines the rate of mineral 
release. However, the release rate slows down as the difference de-
creases over time. 

Fig. 6d illustrates the swelling percentage of the hydrogel beads 
encapsulation. The data regarding swelling percentage indicate that 
Sa@S exhibits a higher rate of swelling than Sa@SHa. This is most likely 
due to the crosslinks formed by HA, which can constrain the movement 
of polymer chains and diminish the overall flexibility of the hydrogel 
network. Consequently, the hydrogel beads may reduce capacity to 
swell in response to water absorption. Fig. 6e presents the percentage of 
SWL rate for up to 7 days. The findings suggest that Sa@S hydrogel 
beads demonstrate significant water retention capability, with the 
lowest SWL rate recorded at 47 %. Conversely, Sa@SHa exhibits a value 
of 52 %. This showed that inclusion of HA into hydrogel beads has an 
unfavourable effect on swelling and soil water loss. In contrast, the SWL 
rate of intact saline soil was observed to be 78 %. It can be concluded 
that the introduction of hydrogel beads into the soil has a positive effect 
on water retention in the soil, as indicated by a reduction in soil water 
loss. 

3.4. Assessment of soil quality 

3.4.1. Soil pH, EC, SAR, and ESP 
Soil pH is vital in detecting soil quality because low and high pH 

levels can affect nutrient availability, soil structure, and microbial ac-
tivity, impacting the plant growth (Zhang et al., 2019). The saline soil 

Fig. 3. XRD spectra of struvite collected at pH 9.0 condition and struvite 
(JCPDS 00–015-0762). 
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incubation experiment was conducted for 20 days. The results showed 
that the soil pH remained stable and unaffected by the treatment and 
incubation conditions (p ≤ 0.05) (Fig. 7a). 

Similarly, high EC levels can hinder plant water uptake and lead to 
osmotic stress (Ding et al., 2018). The results show that there was a 
significant interaction between the treatments on EC (p ≤ 0.05) 
(Fig. 7b), which showed a substantial decline over the incubation 
period. After 5 days of incubation, using Sa@SHa in saline soil reduced 
EC from 6.09 mS/cm in the control treatment to 4.88 mS/cm and 5.41 

mS/cm for Sa@S, respectively. After the incubation period (20 days), 
the control treatment (soil) was 6.61 mS/cm, while Sa@S and Sa@SHa 
treatment reached 3.83 and 3.52 mS/cm, respectively. These values 
indicate that the soil is normal (Negacz et al., 2022), and suggest that the 
encapsulation of hydrogel beads served as a barrier, effectively inhib-
iting excessive nutrient leaching and promoting water retention, 
resulting in decreased soil electrical conductivity. 

The SAR and ESP are essential indicators of soil salinity and sodicity, 
respectively, significantly impacting crop growth (Andrade Foronda and 

Fig. 4. SEM picture and EDS mapping of Sa@S hydrogel bead.  
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Colinet, 2023; Gharaibeh et al., 2021). SAR measures the ratio of Na ions 
to Ca and Mg ions in the soil solution, and elevated SAR values indicate 
higher Na levels that can harm soil structure, reduce water infiltration, 
impede nutrient retention, and restrict root development. As shown in 
Table 2, all treatments exhibited varying SAR values. The application of 
hydrogel bead encapsulation, particularly the use of Sa@SHa, resulted 
in the most significant reduction in SAR levels, with a decrease of 60.58 
% from 27.73 to 10.93, followed by Sa@S with a reduction of 54.09 % 
compared to the soil only. 

The ESP represents the proportion of exchangeable sodium con-
cerning the total exchangeable cations (including Na, Mg, Ca and K) in 
the soil. High ESP values suggest a greater Na concentration than other 
cations, leading to soil dispersion and reduced permeability. This can 
negatively impact root penetration and nutrient absorption in crops. The 
ESP values after incubation are presented in Table 2, which indicates 
that all treatments had ESP values below 12 following the incubation 
period. However, after 20 days of incubation, the application of 
hydrogel bead encapsulation resulted in the lowest values, measuring 

Fig. 5. SEM picture and EDS mapping of Sa@SHa hydrogel bead.  
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Fig. 6. (a) FTIR spectra of struvite pH 9.0, Sa@S, and Sa@SHa (b) Comparison nutrient release from struvite pH 9.0, Sa@S, and Sa@SHa (c) Ca release from hydrogel 
beads (Sa@S and Sa@SHa) (d) Swelling rate of Sa@S and Sa@SHa (e) Soil water loss of Sa@S and Sa@SHa under salinity. *Indicates statistically significant at a 
significance level of P ≤ 0.05; ns denotes no significant difference in Tukey’s test. 
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2.65 and 2.63 for Sa@S and Sa@SHa, respectively. These values classify 
the soil as non-sodic, as described by (Tanehgonbadi and Qaderi, 2023). 
These findings align with (Abdeen and Saeed, 2019), who used hydro-
gels derived from poly (vinyl alcohol) borate to remediate saline and 
sodic conditions and restore soil to its normal state. 

3.4.2. Phosphorus and organic carbon 
P is an indispensable nutrient for the development and growth of 

plants, performing a vital function in photosynthesis, energy transfer, 
and root formation. Adequate P levels in the soil are essential for optimal 
plant growth and productivity (Bechtaoui et al., 2021; Victor Roch et al., 
2019). The results of the study demonstrated that the amount of 

available P in the saline soil increased significantly over time in all 
treatments compared to the soil (control) treatment (Fig. 7c). Statistical 
analysis showed a remarkable relationship between treatment and in-
cubation period (P ≤ 0.05). After five days of incubation, the soil 
treatment showed the lowest concentration of available P. However, the 
soil treated with Sa@S exhibited the most significant increase in avail-
able P content after incubation. The available P concentration in the 
study was primarily 2.18, 4.14, and 10.40 mg/Kg for soil, Sa@S, and 
Sa@SHa, respectively. After 20 days of incubation, the values for soil, 
Sa@S, and Sa@SHa increased to 9.23, 31.96, and 24.85 mg/Kg, 
respectively. In contrast, SOC value revealed there was no notable dif-
ference for all treatments and incubation periods (P ≤ 0.05) (Fig. 7d). 
This may be attributed to the presence of struvite-encapsulated hydrogel 
beads, which can exacerbate stress and further limit the activity of soil 
organisms involved in the decomposition of organic matter. 

3.4.3. Cation exchange capacity and exchangeable cations 
CEC refers to the capacity of soil to retain and exchange cations such 

as Ca, Mg, K, and Na. Higher CEC soil content can retain more nutrients, 
making them more fertile (Razzaghi et al., 2021). The difference in the 
soil CEC was significant (P ≤ 0.05) throughout all treatments, as shown 
in Fig. 7e. Overall, the application of both hydrogel beads showed a 
substantial increase in CEC (P ≤ 0.05) compared to soil (control) with 

Fig. 7. Soil characteristics (pH, EC, available P, SOC, and CEC) in saline soil regarding hydrogel beads application at different incubation times. The vertical bars 
indicate the mean standard error. Avail: Available. Control: soil only, Sa@S: soil + Sa@S samples, Sa@SHa: soil + Sa@SHa samples. Statistically significant at a 
significance level of P ≤ 0.05 in Tukey’s test. 

Table 2 
Effect of hydrogel bead on SAR and ESP value.  

Treatment SAR ESP 

Incubation time (days) 

5 10 20 5 10 20 

Soil (Control) 41.86 41.52 27.73 8.30 11.87 9.01 
Soil + Sa@S 17.49 22.58 12.73 5.92 6.85 2.63 

Soil + Sa@SHa 14.69 22.15 10.93 4.68 6.16 2.65  
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the following order: Sa@SHa > Sa@S > soil. This is because carboxyl 
(–COOH) and aromatic rings from polymer composites can attract and 
bind to positively charged cations. When these functional groups 
interact with soil particles, they create additional sites for cation 
adsorption, increasing CEC. 

Fig. 8a–c depicts the exchangeable Mg, K, and Ca values for all 
treatments. The data shows that hydrogel beads encapsulated-struvite 
treatment leads to a significant increase in Mg, K and Ca (P ≤ 0.05) 
compared to the control. After 20 days of incubation, the Sa@S treat-
ment exhibited the highest concentration of Mg, with a 99.31 % increase 
compared to the control, followed by the Sa@SHa treatment, with a 
97.31 % increase. The Sa@SHa treatment also showed the highest 
concentration of K and Ca after 20 days of incubation, with 49.07 % and 

46.87 % increases, respectively. These findings were due to the presence 
of struvite, a mineral complex of Mg and Ca ions, in the hydrogel beads. 
When these beads disintegrate into the soil, they release ions contrib-
uting to the soil’s exchangeable Mg and Ca pools. Because of its porous 
nature, the hydrogel absorbed and retained significant water and nu-
trients such as K ion. Consequently, when these beads are added to the 
soil, they function as containers for K ion, thereby avoiding the leaching 
process and subsequent loss of nutrients (Hidayat et al., 2024b). 

In contrast, the decrease in exchangeable Na was substantial (P ≤
0.05) after treatment with hydrogel beads encapsulated (Fig. 8d). Spe-
cifically, there was a reduction of up to 48.93 % for Sa@S and 46.09 % 
for Sa@SHa. Lowering the Na concentration in soil can positively impact 
plant growth (Almeida et al., 2017; Kronzucker et al., 2013). This 

Fig. 8. Soil characteristics (Exchangeable Mg, K, Ca, Na, Available NH4-N, and NO3-N) in saline soil regarding hydrogel beads application at different incubation 
times. The vertical bars indicate the mean standard error. Avail: Available, Exch: Exchangeable. Control: soil only, Sa@S: soil + Sa@S samples, Sa@SHa: soil +
Sa@SHa samples. Statistically significant at a significance level of P ≤ 0.05 in Tukey’s test. 
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finding agrees with the results of (Costa et al., 2022), who used a 
hydrogel composed of potassium acrylate and acrylamide to recover 
saline soil. 

3.4.4. Available NH4-N and NO3-N 
NH4-N and NO3-N are essential forms of nitrogen in soil that are vital 

for plant growth and soil fertility (Xu et al., 2012). These forms of ni-
trogen are used by plants through their roots and utilized for various 
physiological processes (Hachiya et al., 2012; Zayed et al., 2023). The 
study showed a significant increase (P ≤ 0.05) in NH4-N levels in the soil 
with treatment (Fig. 8e). After 20 days of incubation, the highest con-
centration of NH4-N was observed in Sa@S with a 26.57 % increase, 
followed by Sa@SHa with an 18.52 % increase compared to the control. 
The increase observed over incubation time suggests the conversion of 
readily convertible nutrients to minerals. Additionally, the study 
discovered a significant increase (P ≤ 0.05) in NO3-N concentration in 
soil samples incubated after the hydrogel beads encapsulated applica-
tion (Fig. 8f). After 20 days of incubation, NO3-N concentration 
increased by 92.15 % and 80.68 % for Sa@S and Sa@SHa, respectively. 
This result is similar to the findings of (Tefera et al., 2022), who reported 
that liquefied biomass hydrogel increased NH4-N and NO3-N values 
under saline soil conditions. 

4. Conclusions 

Soil salinity exerts a negative impact on crop productivity due to 
excessive nutrient levels in the soil. To address this issue, the efficacy of 
slow-release mineral fertilizers struvite encapsulated in hydrogel beads 
was investigated. In this study, a two-step process was employed to 
synthesize the hydrogel beads. Firstly, struvite was synthesized by 
mixing magnesium, ammonium-nitrogen, and phosphate in equal pro-
portions. Secondly, hydrogel beads were formed using sodium alginate- 
poly (acrylic acid) and humic acid. Subsequently, the struvite was 
combined with the hydrogel beads to create Sa@S (without humic acid) 
and Sa@SHa (with humic acid). The findings revealed that the optimal 
conditions for struvite formation occurred at pH 9.0. The study on slow- 
release mineral fertilizers indicated a significant release of nutrients 
from struvite compared to encapsulated struvite hydrogel beads (P ≤
0.05). Swelling experiments demonstrated that Sa@S exhibited higher 
water retention capacities compared to Sa@SHa. Additionally, experi-
ments on soil water loss rate (SWL rate) confirmed the ability of 
hydrogel beads to retain water in the soil, reducing soil water loss by up 
to 33.33 % compared to intact soil. Furthermore, the soil salinity incu-
bation experiment reveals a significant reduction in soil EC and Na after 
treatment with the hydrogel bead encapsulation. However, there is no 
considerable variation in pH and SOC. Additionally, there was a sig-
nificant increase (P ≤ 0.05) in the available NH4-N, NO3-N, P, CEC, and 
exchangeable Ca, Mg and K levels. These experiments suggest that the 
encapsulated struvite hydrogel beads efficiently reduce salts and 
improve soil properties. 
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