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Abstract: In this study, Ca-alginate-Amidoxime (Ca-Alg-AO) beads synthesized from coral skeleton 

waste and functionalized with amidoxime groups were utilized for Sr(II) adsorption in aqueous 

solutions. The physicochemical characterization was conducted using FTIR, TGA-DTA, SEM-EDX, 

and XRF. Characterization confirmed successful functionalization, as evidenced by the presence of 

ACN functional groups at 2251 cm⁻¹, C=N stretching vibrations at 1651 cm⁻¹, and N–O vibrations at 

939 cm⁻¹, as well as thermal stability up to 282.2–652.1 °C and enhanced structural density. XRF 

analysis revealed an increase in Ca content from 94.63% to 94.76%, while SEM showed improved 

surface structural density. In aqueous solutions, the beads achieved an adsorption capacity of 13.58 

mg/g and an efficiency of 84.8%, following pseudo-second-order kinetics and the Langmuir isotherm 

model. Thermodynamic analysis indicated an exothermic and spontaneous adsorption process driven 

by entropy. In seawater, the adsorption capacity decreased to 4.02 mg/g due to ion competition and 

Sr(II) speciation changes. Adsorption mechanisms involved ion exchange and metal-ligand 

complexation at lower pH levels, while higher pH promoted electrostatic interactions and 

complexation, with Sr(OH)₂ precipitation at excessive pH. Reusability tests demonstrated that the 

beads retained 75.7% of their initial adsorption capacity after five cycles, highlighting excellent 

durability and potential for environmental applications. 
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1. Introduction  

Seawater is regarded as a strategic mineral resource, especially considering the scarcity of 

terrestrial mineral deposits. It is estimated that seawater contains approximately 5×10¹⁶ tons of 

dissolved mineral salts, making the extraction of these resources a promising and potentially more 

advantageous alternative to traditional land-based mining. However, significant practical challenges 

remain, particularly the high costs associated with extracting metals from seawater. Thus, addressing 

the need for processing vast volumes of seawater and developing efficient economic systems is critical 

to ensuring the success of marine mineral extraction [1]. 

We investigate the use of cost-effective Sr(II) gel beads for the adsorption and extraction of Sr(II) 

from seawater. Strontium (Sr(II)) is a rare earth metal widely employed in the ceramic and glass 

manufacturing industries, particularly in the production of television screen glass and as an additive in 

ceramic ferrite magnets, among other applications in ceramic and glass products [2]. Strontium is one 

of the most abundant minerals in seawater, with an average concentration from 6 to 7 mg/L [3]. Nearly 

all strontium in seawater exists in non-radioactive forms, either as divalent cations (Sr(II)) or 

monovalent species (SrOH+) in aqueous solutions [4]. Despite the wealth of mineral resources in 

seawater and the diverse industrial applications of strontium, research on the recovery of Sr(II) from 

seawater has been relatively limited [5,6]. Few researchers have explored methods to extract Sr(II) 

from seawater. Some researchers reported an extraction technique using liquid membranes [7], and 

successfully extracted Sr from seawater using commercial resin-based adsorbents. 

The Fukushima Nuclear Power Plant disaster in 2011 caused extensive contamination of seawater 

with radioactive strontium (⁹⁰Sr), raising significant environmental and health concerns [8,9]. This 

isotope, a byproduct of nuclear fission, emits harmful beta-gamma radiation and possesses a relatively 

long half-life of approximately 29 years, enabling it to persist in marine ecosystems for extended 

periods [10]. The contamination has had profound implications, directly impacted marine organisms 

and potentially entered the food chain, thereby posing serious risks to human health. These challenges 

have highlighted the urgent need for the development and implementation of efficient and reliable 

methods to remove ⁹⁰Sr from seawater, which has become a critical focus of environmental remediation 

efforts in recent years. 

The extraction of Sr(II) from seawater can be achieved through various methods, including gel 

beads separation, ion exchange, chemical precipitation, electrochemical techniques, and 

adsorption [11]. In adsorption processes, mechanisms such as chemisorption [12], ion exchange [6,11], 

and microprecipitation [13,14] may play a role. Researchers have increasingly focused on the ion-

exchange properties of natural polysaccharides like alginic acid (ALG) [15]. For instance, calcium 

alginate beads have been employed to remove Cr(VI) [16] and uranium(VI) [17] from aqueous 

solutions. Similarly, magnetic sodium alginate beads synthesized with zirconium(VI) gel have been 

utilized for Pb(II) capture [18], while Ca-alginate/attapulgite clay composites have been investigated 

for uranium adsorption from solutions [19]. Research on Sr(II) extraction emphasizes the development 

of advanced beads materials with high selectivity and optimal efficiency for Sr(II) adsorption on the 

adsorbent surface. 

Alginic acid, derived from brown seaweed, is advantageous due to its abundant availability, low 

cost, and high biocompatibility with living organisms [20,21]. Structurally, it is an anionic polymer 
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composed of 1,4-β-D-guluronate (G) and 1,4-α-L-mannonate (M) units arranged in varying 

sequences [22]. Alginic acid beads are commonly employed as bio sorbents for heavy metal binding, 

owing to their abundance of carboxyl groups capable of interacting with metal ions [23]. Although 

alginic acid is water-soluble, it can form insoluble hydrogels upon exposure to multivalent cations such 

as Ca²⁺, Ba²⁺, and Sr²⁺. This gelation process, often described by the "egg-box model," involves cross-

linking interactions that enhance the thermal stability and metal adsorption capacity of alginate [24,25]. 

In this study, coral skeletons, which consist of 90-93% calcium carbonate (CaCO₃), are utilized as a 

calcium source to facilitate this cross-linking mechanism [26]. 

Calcium alginate can be functionalized with chelating groups at ion exchange sites distributed 

throughout its matrix using a copolymerization approach [27]. Various types of chelating groups, 

including iminodiacetate, Schiff base, amino phosphate, and amidoxime, have been explored for this 

purpose [28]. Amidoxime groups, characterized by acidic (-OH) and basic (-NH₂) sites, exhibit a strong 

tendency to form stable chelate complexes with numerous heavy metal ions, particularly Sr(II) [29].  

Researchers have demonstrated the efficacy of amidoxime-functionalized materials in Sr(II) 

adsorption [19,30]. However, all performance of adsorption is affected by amidoxime 

functionalization. We focus on the functionalization of amidoxime groups on Ca-alginate-AO gel 

beads for Sr(II) extraction from seawater, encompassing an evaluation of adsorption kinetics, 

thermodynamics, isotherm, capacity, and adsorbent reusability. 

2. Materials and methods 

2.1. Chemicals, reagents, and instrumentation 

The coral skeleton waste (Scleractinia) used in this study was collected from Wedi Awu Beach in 

East Java, Indonesia. Hydrochloric acid (HCl), sodium alginate, and acetonitrile were procured from 

Duta Jaya Laboratory Supply (Indonesia), while glutaraldehyde was sourced from Nitrakimia 

Laboratory Supply (Indonesia). Additionally, 3-aminopropyl triethoxysilane (APS), potassium 

carbonate (K₂CO₃), and hydroxylamine hydrochloride (NH₂OH·HCl) were obtained from Chemical 

Laboratory Supply SIP Malang (Indonesia). All reagents used were of analytical grade and were not 

further purified before use. 

For initial characterization, Fourier Transform Infrared Spectroscopy (FT-IR, Shimadzu IR 

Prestige 21) was employed to identify the functional groups present in the coral and Ca-alginate-AO 

nanoparticles. Elemental composition was determined via X-ray Fluorescence (XRF, PANalytical 

X'Pert Pro), while the morphological features and composition were examined using Scanning 

Electron Microscopy with Energy Dispersive X-ray (SEM-EDX, FEI Inspect-S50). To evaluate the 

Strontium concentration in the solution, Inductively Coupled Plasma Optical Emission Spectroscopy 

(ICP-OES, Thermo Scientific iCAP PRO XP), and Differential Thermal Analysis (DTA/TGA/DSC, 

Linseis STA PT 1600) was used to investigate the thermal properties of the samples, focusing on weight 

changes and temperature variations. 
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2.2. Preparation of CaCl2 from coral skeleton waste 

This purification method was carried out as in research by Putra et al. (2024) [31]. The coral 

skeleton was cleaned by rinsing with distilled water and scrubbing to remove any impurities. 

Afterward, the coral was dried in an oven at 60°C for 48 hours to eliminate all moisture content. The 

dried coral was then finely powdered and sieved through a stainless-steel mesh with a 200-mesh size. 

The resulting powder was subjected to calcination at 800°C for 2 hours and left to cool to ambient 

temperature. A 0.5 M CaCl₂ solution was prepared by reacting 100 mL of 1 M HCl solution with the 

calcium extracted from the coral skeleton. This mixture was stirred for 3 hours at 40°C on a hotplate 

with a magnetic stirrer to ensure thorough homogenization. Finally, the solution was filtered to separate 

the liquid from the solid residue. 

2.3. Preparation of Ca-Alg-AO 

Sodium alginate was dissolved in distilled water at a concentration of 1%, and the dissolution was 

facilitated using a mechanical stirrer set to 700 rpm to ensure thorough mixing. Once the sodium 

alginate was dissolved, it was carefully added dropwise to a 0.5 M calcium chloride (CaCl₂) solution. 

The resulting calcium alginate (Ca-Alg) mixture was left to immerse for 45 minutes to ensure proper 

gel formation and then subjected to filtration to separate the gel beads. These beads were washed 

rigorously with distilled water, repeating the washing process eight times to remove any residual 

impurities or unreacted chemicals. In the next phase of synthesis, 5 grams of the Ca-Alg microspheres 

were dispersed into 100 mL of ethanol. To this suspension, 5 mL of 3-aminopropyl triethoxysilane 

(APS) was added, and the mixture was subjected to a reflux process at 70°C for 6 hours to facilitate 

the covalent bonding between the APS and the alginate beads. After the reaction, the microspheres 

were thoroughly washed with distilled water and ethanol to remove any unreacted APS and other 

residual chemicals. The microspheres were then dried under vacuum at 60°C for 2 hours to remove 

any remaining solvent and water. 

Following the synthesis of the Ca-Alg-APS gel beads, the aldehyde group activation process 

commenced by immersing the beads in a solution of 5 mL glutaraldehyde and 100 mL ethanol at room 

temperature. This mixture was stirred for 6 hours to enable the interaction between the amine groups 

on APS and the glutaraldehyde molecules, forming a stable crosslinked structure. After the reaction, 

the product was washed again with distilled water and ethanol to remove any unreacted reagents, and 

then dried in an oven at 60°C. The next step involved soaking the Ca-Alg-APS-Glu beads in a solution 

of 30 mL acetonitrile (ACN) dissolved in 100 mL ethanol at 10°C for 6 hours to promote the formation 

of nitrile chelating groups on the membrane surface. The nitrile groups were crucial for enhancing the 

metal-binding capacity of the beads. The product was then thoroughly rinsed and dried before being 

treated with a solution containing 2.0 g of K₂CO₃ and 2.0 g of NH₂OH·HCl dissolved in 100 mL 

ethanol. This treatment was conducted for 6 hours at 70°C in a closed flask to facilitate the amidoxime 

functionalization of the calcium alginate beads. Following this step, the final product, Ca-Alg–

amidoxime (AO), was washed extensively with distilled water and ethanol to remove any residual 

chemicals. Finally, the beads were dried under vacuum conditions at 60°C to obtain the purified Ca-

Alg-AO product.  
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2.4. Characterization of CaCO3, Ca-Alg, Ca-Alg-ACN, and Ca-Alg-AO gel beads 

Initial characterization of CaCO3, Ca-Alg, Ca-Alg-ACN, and C-aAlg-AO gel beads was 

performed using XRF to non-destructively assess elemental composition of coral skeleton. FT-IR was 

employed to identify functional groups present in the compounds. SEM-EDX was utilized to analyze 

emitted X-rays, yielding insights into elemental composition and structural morphology. TGA/DTA 

was conducted to evaluate thermal properties by measuring weight changes and temperature variations. 

2.5. Adsorption and reusability experiment 

Strontium adsorption was investigated through batch experiments. Initially, 0.025 g of adsorbent 

was placed into separate Erlenmeyer flasks. Subsequently, 20 mL of a 20 mg L⁻¹ Sr2+ chloride solution 

was added to each flask, with several dose and pH variations. These Erlenmeyer flasks were then 

stirred at 120 rpm for 30 minutes at room temperature. The primary objective of this experiment was 

to determine the optimal dose and pH values required for effective Strontium adsorption. 

To determine the ideal contact time and concentration between the adsorbent and adsorbate, 

contact time variations were started, ranging from 10 to 120 minutes and at concentration variations 

starting from 5 to 50 mg L-1. Following this, the solution was filtered using Whatman 42 filter paper. 

The filtered samples were analyzed to determine the Strontium concentration using ICP-OES. 

Additionally, temperature effects were assessed using the batch method, with temperature variations 

set at 27, 30, 40, and 50°C, while maintaining the optimal pH and contact time. 

Adsorption % = 
𝐶𝑜−𝐶𝑒

𝐶𝑜
 x 100  (1) 

qe = 
(𝐶𝑜−𝐶𝑒) 𝑥  𝑉

𝑚
     (2) 

qe (mg g⁻¹) shows the adsorption capacity, Co (mg L-1) and Ce (mg L-1) show the Strontium 

concentration before and after the adsorption process, m (g) and V (L) show the amount of adsorbent, 

and the volume of the solution, respectively. Reusability experiments for Sr(II) were carried out using 

a 1M HNO. Ca-Alg-AO microspheres, which had previously adsorbed Sr(II), were first rinsed and 

then dried at 60°C before being utilized in the desorption tests. Similar to the Sr(II) adsorption 

procedure, 0.25 g of Ca-Alg-AO microspheres was introduced into 0.02 L of each regenerant solution 

for contact time of 30 minutes. 

2.6. Adsorption kinetics 

To determine the most effective kinetic model, the data for the batch adsorption study were studied 

via pseudo-first order, and pseudo-second order, as indicated by Equations 3&4, respectively. 

Pseudo-first-order: log(𝑞𝑒−  𝑞𝑡   )  = log 𝑞𝑒−  
𝑘1.𝑡

2.303
   (3) 

Pseudo-second-order: 
𝑡

𝑞𝑡
=

1

𝐾
2 𝑞𝑒

2
+ 

1

𝑞𝑒
 (4) 

qt (mg g⁻¹) and qe (mg g⁻¹) refer to the quantity of Sr(II) absorbed at a given time and the 

equilibrium optimum, respectively. In the context of Pseudo-first-order and Pseudo-second-order 
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kinetic equations, k1 (min-1) and k2 (g/mg·min) represent the rate constants. Determination of the rate 

constants k1 and k2, involves analyzing the gradient of the natural logarithm (qe - qt) against time (t).  

The intra-particle diffusion model was also calculated using the Weber-Morris equation [32]: 

qt = kp x t0.5 + C   (5) 

qt represents the amount of adsorbate adsorbed at time t (mg.g), kp denotes the intra-particle 

diffusion rate constant (mg/g-min0.5), t0.5 refers the square root of time (min0.5) and C corresponds to 

the boundary layer thickness (mg/g). When the  plot of qt vs t0.5 forms a a straight line passing through 

the origin, intra-particle diffusion is the sole controlling mechanism. However, if the plot exhibits 

multiple linear segments, this suggests the involvement of multiple adsorption mechanisms, such as 

film diffusion, pore diffusion, and surface adsorption. Finally, a larger C value indicates a greater 

boundary layer effect, implying that external mass transfer plays a significant role. 

2.7. Adsorption isotherm 

The Langmuir, Freundlich, and Temkin models were used for the study of isotherms fitting on the 

adsorption data, as shown in Eqs 6 and 7, respectively 

Freundlich isotherm model equation: log𝑞𝑒  = log𝐾𝑓+ 
1

𝑛
𝑙𝑜𝑔𝐶𝑒   (6) 

Langmuir isotherm model equation: 
𝐶𝑒

𝑞𝑒
=

1

𝐾𝐿  𝑞𝑚

+ 
𝐶𝑒

𝑞𝑚
  (7) 

In the equation, qm (mg g⁻¹) represents the maximum monolayer adsorption capacity, while qe        

(mg g⁻¹) is the amount of Sr(II) adsorbed per unit mass of adsorbent. Ce (mg L -1) indicates the final 

concentration of strontium ions in solution, and Co (mg L -1) is the initial concentration of Sr(II)  ions. 

KL (l/mg) is the Langmuir constant related to the adsorption energy, and Kf (mg g⁻¹) together with 1/n 

(l/g) are related to the adsorption capacity of the sorbent and the intensity of the adsorption process 

(heterogeneity parameter). 

2.8. Thermodynamic studies 

Thermodynamic parameters (∆H, ∆S, ∆G) are derived from Equations (8) and (9) to explain the 

randomness, spontaneity, and nature of the sorption process: 

𝐾𝐿 =
𝐶𝑎

𝐶𝑠
 

van't Hoff model equation:  𝑙𝑛 𝑘𝐿 = 
∆ 𝑆𝑂

𝑅
 +  

∆ 𝐻𝑂

𝑅𝑇
     

(8) 

∆𝐺𝑂 = −𝑅𝑇𝑙𝑛 𝑘𝐿 (9) 

where R (8.31 J mol−1 K−1) universal gas constant, T temperature in Kelvin, and kd (m3 
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mol−1) concentration of adsorbate to the adsorbent ratio in equilibrium. The Van’t-Hoff plot’s slope 

and intercept of ln kd as a function of 1/T 𝑥 103, from which ∆H◦ and ∆S◦ were acquired. 

3. Results and discussion 

3.1. Chemical characterization of adsorbents 

3.1.1. Chemical competition analysis 

 

Figure 1. (a) CaCO3, (b) Ca-Alg, (c) Ca-Alg -ACN, and (d) Ca-Alg-AO 

The FT-IR spectra of Ca-Alg, Ca-Alg-ACN, and CaAlg-AO reveal significant modifications 

resulting from the incorporation of amidoxime functional groups. Notably, the distinct peak at 751.06 

cm⁻¹ (Figure 1a) corresponds to Ca-O vibrations associated with calcium oxide (CaO) [12,18], 

reflecting the structural integrity of the calcium alginate matrix and indicating effective cross-linking 

and stabilization via calcium interactions. Furthermore, the absorption band at 2251 cm⁻¹ signifies the 

successful integration of ACN chains on the surface of cross-linked Ca-alginate microspheres, marked 

by the diagnostic –C≡N band (Figure 1b) [33]. The reduction in C≡N peak intensity (Figure 2c) 

following the addition of H₂N–C=N–OH groups suggest active participation of C≡N groups in 

chemical interactions, leading to spectral modifications. In Ca-alginate-AO, new absorption peaks 

characteristic of amidoxime groups emerge; specifically, the band at 1651 cm⁻¹ is assigned to C=N 

stretching, while a peak at 939 cm⁻¹ corresponds to N–O vibration [27]. 
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3.1.2. Thermal properties 

  

Figure 2. Curve analysis TGA of Ca-Alg-AO. 

The TGA thermal analysis of Ca-alginate-AO beads in Figure 3 reveals three stages of thermal 

degradation in the polymer granules. The initial stage occurs within the temperature range of 27 to 

193.1 °C, showing a weight loss of 9.7%, which is attributed to the evaporation of water molecules 

trapped within the structural network [34]. The second and third stages, observed between 193.2 and 

282.2 °C, are associated with partial degradation of sodium alginate, leading to the breaking of some 

molecular chains. The final degradation stage occurs within the range of 282.2 to 652.1 °C, where 

chain scission, fragment formation, and monomer release take place, resulting in a weight loss of 

17.1% [34,35].  
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Figure 3. Curve analysis DTA of Ca-Alg-AO. 

The DTA results (Figure 3) provide a detailed thermal profile that aligns closely with the 

corresponding TGA data, revealing significant insights into the thermal behavior of the Ca-alginate-

AO membrane granules. The initial endothermic peak observed at approximately 100°C [36] reflects 

the energy required to evaporate water that is physically adsorbed on the surface and within the pores 

of the membrane [37]. This indicates that the material retains moisture even after the drying process, 

a characteristic typical of hydrophilic materials like alginate-based polymers. Following the 

dehydration stage, two distinct exothermic peaks are observed at 255.2°C and 332.8°C. These peaks 

represent the combustion of organic components within the membrane structure, such as residual 

alginate and functional groups introduced during the amidoxime functionalization [38]. The 

exothermic reactions at these temperatures correspond to the release of energy as the organic matter 

oxidizes, which is further corroborated by a simultaneous weight loss observed in the TGA profile. 

This suggests that the material contains thermally unstable groups, likely derived from the 

functionalization process, that decompose in this temperature range [39]. 

An additional exothermic peak is detected at 519.5°C, which marks the thermal degradation of 

the molecular side chains within the Ca-alginate-AO structure. This peak indicates a more stable 

thermal region associated with the backbone of the polymer. The high degradation temperature reflects 

the robust crosslinked network formed by the interactions between calcium ions, alginate, and 

amidoxime functional groups [36]. The presence of such a peak underscore the structural integrity and 

thermal stability imparted by the crosslinking and functionalization processes. Further analysis of the 

DTA curve reveals a gradual baseline shift, which suggests minor thermal events occurring beyond 

520°C. This behavior is indicative of the slow degradation of residual inorganic or mineral content, 

likely originating from calcium carbonate remnants in the alginate structure [40]. The TGA profile 
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supports this observation by showing a final weight plateau after this temperature, suggesting that the 

material stabilizes thermally with only minor residue remaining, primarily composed of inorganic 

components [38] . 

3.1.3. The composition of properties 

Table 1. XRF analysis results of coral skeleton powder before alcination. 

Unsur  Wt (%) Oxide Wt (%) 

Ca 93.65 CaO 94.63 

Fe 0.30 Fe2O3 0.29 

Zn 0.038 ZnO 0,035 

Sr 4.74 SrO 3.73 

Mo 0.98     𝑀𝑜𝑂3 1.20 

Lu 0.20     Lu2O3 0.16 

Zr 0.09   

Tabel 2. XRF analysis results of coral skeleton powder after Calcination. 

Element Wt (%) Oxide Wt (%) 

Ca 93.85 CaO 94.76 

Fe 0.44     Fe2O3 0.43 

Ti 0.061  TiO2 0.069 

Sr 4.68 SrO 3.68 

Mo 0.71    MoO3 0.87 

Lu 0.21 Lu2O3 0.16 

Cu 0.044 CuO 0.037 

 

The XRF characterization results are summarized in Table 1, which shows that the coral skeleton 

before calcination contains 94.63% Ca in the form of CaCO₃. Table 2 shows that the percentage of 

CaO after calcination increases to 94.76%. These results confirm that the CaO content in the coral 

skeleton rises after calcination. This increase in Ca percentage is attributed to calcination, a thermal 

decomposition process designed to eliminate organic compounds or other gases present in the 

sample [26]. All other components are considered impurities, resulting from natural sources, with a 

combined composition totaling less than 5%. 

3.1.4. Surfaces properties 

     

a b c d 
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Figure 4. SEM photographs of monomer-non imprinted (a) and imprinted (b) alginate 

microspheres. Surface structure of (c) Ca-Alg, (d) Ca-Alg-AO, and EDS of (e) CaAlg-AO. 

The surface morphology of natural, non-imprinted, and imprinted cross-linked alginate polymers 

was investigated using scanning electron microscopy (SEM) (Figures 4a,b). All samples displayed a 

spherical morphology, with the imprinted cross-linked alginate microspheres exhibiting relatively 

larger dimensions. This increase can be attributed to the integration of modified active polymer chains 

that are grafted onto the surface of the cross-linked alginate. Furthermore, the analysis aimed to 

elucidate the homogeneity and microstructure of the Ca-alginate-AO beads, as depicted in Figures 

4c,d. Figure 4d illustrates uniformly sized microspheres that are evenly distributed across the alginate 

surface. This uniformity is likely a result of the carboxyl groups (COO−) present in alginate, which 

can engage in interactions and form long chains with amino groups (NH3
+), aldehydes (-CHO), nitriles 

(-CN), and amidoximes (-OH & -NH2) found in the Ca-alginate-AO microspheres, which is supported 

by EDS data in Figure 4e [2,16,20]. Additionally, the morphological characteristics of these material 

granules are primarily influenced by the original microstructure of the Ca-alginate (Figure 3b), with 

an observed increase in structural density at specific interfaces. In the foreseeable future, BET 

(Brunauer-Emmett-Teller) analysis is recommended for estimating the specific surface area of porous 

materials available for adsorption. 

3.2. Adsorption performance in batch experiments 

3.2.1. Optimization of adsorbent dose and effect of pH on Sr(II) adsorption 

E 
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Figure 5. Effect of adsorbent dose and solution pH on Sr(II) adsorption on CaAlg-AO 

beads ([Sr(II)]: 20 mg/L; adsorbent: 0.025 g; solution volume: 0.02 L; reaction time: 30 

min; reaction temperature: 27oC, 130 rpm). 

 

Figure 5 shows the optimization of adsorbent dose and pH plays a crucial role in determining the 

adsorption efficiency of Sr(II) ions on Ca-Alg-AO. The relationship between the amount of adsorbent 

and adsorption capacity (mg/g) demonstrates a trend were lower doses of adsorbent yield higher 

adsorption capacities. At an adsorbent dose of 0.025 g, the adsorption capacity reaches a maximum of 

13.13 mg/g, which decreases significantly to 0.39 mg/g at 1 g. This decline can be attributed to two 

factors. First, increasing the amount of adsorbent results in a more dispersed distribution of Sr(II) ions 

across the adsorbent, reducing the adsorption capacity per unit mass. Second, higher doses of adsorbent 

lead to overlapping active sites on the adsorbent surface, thereby diminishing the availability of these 

sites for Sr(II) ions. Consequently, lower amounts of adsorbent exhibit higher adsorption efficiency, 

though the total Sr(II) adsorption may be lower. Optimizing the adsorbent dose is critical for achieving 

efficient adsorption while maintaining practical applicability. 

Our results using Ca-Alg-AO demonstrated an adsorption capacity of 13.13 mg/g (at a dose of 

0.025 g), corresponding to a net adsorption of 525.5 mg/g. For comparison, this performance is more 

efficient than that reported in a study where a Sr(II) adsorption capacity of 360.23 mg/g was achieved 

using a PSi/AOX adsorbent [41]. Additionally, some studies employing Ca/alginate and AO-APEI 

adsorbents [30] reported Sr(II) adsorption capacities of 110.0 mg/g and 189.0 mg/g, respectively. 

These findings highlight the enhanced adsorption efficiency associated with the combination of coral 

skeleton amidoxime functionalization. 

The adsorption capacity of Sr²⁺ ions by the Ca-Alg-AO adsorbent demonstrates a notable increase 

with rising pH, ranging from 12.112 mg/K at pH 2 to a peak value of 12.688 mg/K at pH 12. This trend 

is closely linked to alterations in the surface chemistry of the adsorbent and the speciation behavior of 

Sr²⁺ ions under varying pH conditions. At lower pH levels (2–4), the high concentration of H⁺ ions 

promote the protonation of functional groups on the adsorbent surface, such as carboxylate (-COO⁻) 

and amidoxime (-C=NOH). This protonation diminishes the negative charge density on the surface, 

reducing electrostatic attraction toward the positively charged Sr²⁺ ions. Additionally, the high 

abundance of H⁺ ions compete with Sr²⁺ for available adsorption sites, resulting in a lower adsorption 
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capacity. At neutral to alkaline pH levels (6.7–12), the adsorption capacity significantly improves as 

the functional groups on the adsorbent undergo deprotonation, increasing the surface's negative charge. 

This facilitates stronger electrostatic interactions and specific complexation between Sr²⁺ ions and the 

adsorbent's active sites. The continuous rise in adsorption capacity, reaching its maximum at pH 12, 

indicates that electrostatic forces and coordination interactions dominate the adsorption mechanism in 

this pH range. Moreover, at higher pH, the formation of Sr(OH)⁺ species may enhance adsorption, 

although this is accompanied by a growing likelihood of Sr(OH)₂ precipitation. Precipitation can 

reduce the concentration of free Sr²⁺ ions in solution, thereby limiting the overall adsorption efficiency 

3.2.2. Adsorption kinetic 

 

 

 

 

Figure 6. Pseudo-first-order (a) and pseudo-second-order (b) kinetic of Sr2+ ions on 

CaAlg-AO beads (m: 0.025 g; T: 300 K; pH: 4.00; Co: 20 mg L-1; V: 20 ml), (c) Intra-

particle diffusion model. 
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Table 3. Kinetic parameters and results of Sr2+ adsorption experiments with a contact time 

range of 10-120 minutes. 

t (minute) Ct (mg L -1 ) qt (mg g⁻¹) Log (qe - qt)  t/ q t 

10 4.57 12.34 0.093 0.810 

30 4.23 12.62 -0.014 0.793 

60 3.89 12.89 -0.157 0.776 

90 3.51 13.19 -0.407 0.758 

120 3.02 13.58 - 0.736 

Pseudo-First-Order Pseudo-Second-Order 

       qe.exp            13.58 qe.cal        13.30 

qe.cal         1.47 K2          1821.49 

K1           0.001 R2             0.992 

R2           0.982                                       

Intra-particle diffusion model 

       kp = 0.153                 C = 11.796   

 

Based on Figure 6 and Table 3, the adsorption kinetics of Sr²⁺ ions onto the CaAlg-AO material 

exhibit a better fit to the pseudo-second-order model compared to the pseudo-first-order model, as 

indicated by the higher coefficient of determination (R2) for the pseudo-second-order model (0.992) 

compared to that of the pseudo-first-order model (0.982). The pseudo-second-order model is more 

suitable because it describes chemisorption mechanisms, involving chemical bond formation or 

electron transfer between Sr²⁺ ions as the adsorbate and the CaAlg-AO surface as the adsorbent. In 

contrast, the pseudo-first-order model, which primarily represents physisorption governed by van der 

Waals forces, is less applicable for this system [30,42].  

The experiment adsorption capacity (qe.exp = 13.58 mg/g) is closely aligned with the theoretical 

adsorption capacity derived from the pseudo-second-order model (qe = 13.30 mg/g), whereas the 

pseudo-first-order model significantly underestimates the capacity (qe = 1.47 mg/g), further confirming 

the inadequacy of the pseudo-first-order model for this system. Additionally, the pseudo-second-order 

rate constant (K2 = 1821.49 m mg-1 min -1) is substantially higher than the pseudo-first-order rate 

constant (K1 = 0.001 min -1), reflecting a much faster reaction rate and higher adsorption efficiency 

under the pseudo-second-order mechanism. The linear increase of 1/qt  over time, as illustrated in 

Figure 6b, further validates the appropriateness of the pseudo-second-order model. In contrast, the 

decline of log(qe - qt) in the pseudo-first-order model (Figure 6a) does not consistently align with the 

experimental data. These findings suggest that the adsorption of Sr²⁺ ions onto Ca-Alg-AO is 

predominantly governed by a pseudo-second-order kinetic mechanism, which reflects the chemical 

nature of the adsorption process. This also implies that Sr²⁺ ions are likely adsorbed onto the active 

sites of the material through strong chemical interactions, resulting in efficient adsorption behavior 

that adheres to the pseudo-second-order model [6,13]. In addition, intra-particle diffusion modeling 

was applied to investigate the surface effect. As shown in Fig. 6c and Table 3, the linear plot of qt vs 
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t0.5 indicates that the adsorption process is controlled by intra-particle diffusion. The Ca-Alg-AO 

adsorbs Sr(II) through a single adsorption mechanism involving film diffusion, pore diffusion, and 

surface adsorption. The high C value (11.976) suggests a pronounced boundary layer effect, indicating 

that external mass transfer plays a significant role in the interaction between Ca-Alg-AO and Sr(II). 

3.2.3. Adsorption isotherm 

 

Figure 7. Langmuir (a) and Freundlich (b) sorption isotherm of Sr2+ ions on CaAlg-AO 

beads (m: 0.025 g; T: 300 K; pH: 4.00; t: 30 min; V: 20 ml). 

Table 4. Isotherm parameters and results of Sr2+ adsorption experiments at various 

concentrations. 

Co mg L-1 Ce (mg L-1) qe (mg g⁻¹) 1/qe 1/Ce Log Ce Log qe 

5 1.05 3.16 0.952 0.316 0.021 0.500 

10 2.06 6.35 0.485 0.157 0.314 0.803 

20 4.37 12.50 0.229 0.080 0.640 1.097 

30 6.57 18.74 0.152 0.053 0.818 1.273 

40 9.9 24.08 0.101 0.042 0.996 1.382 

50 12.9 29.68 0.078 0.034 1.111 1.472 

Isotherm Langmuir 

qmax (mg/g) 3.098 

KL (L/mg) 0.9998 

Isotherm Freundlich   

n 0.897 

Kf  (mg/g) 0.274 

 

The adsorption characteristics of Sr2+ ions onto Ca-Alg-AO beads were analyzed using the 

Langmuir and Freundlich isotherm models to elucidate the underlying adsorption mechanism and 

evaluate the adsorbent’s performance. The Langmuir isotherm, which assumes monolayer adsorption 

on a surface with homogeneously distributed and energetically equivalent active sites, provides a 

maximum adsorption capacity (qmax) of 3.098 mg g-1. This value demonstrates a moderate binding 
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capacity, rendering the material suitable for practical applications while highlighting the potential for 

further optimization to enhance performance. The Langmuir constant (KL) is -0.006 mg L-1, suggesting 

weak interactions between Sr2+ ions and the adsorbent. These weak interactions are likely dominated 

by physical adsorption processes mediated is electrostatic forces [43]. Moreover, the coefficient of 

determination (R2) for the Langmuir model is exceptionally high at 0.999, affirming the suitability of 

the model and indicating that the adsorption behavior is consistent with a monolayer adsorption 

mechanism on a uniform surface [44,45]. 

Complementary insights are obtained from the Freundlich isotherm, which describes multilayer 

adsorption on heterogeneous surfaces. The Freundlich constant (Kf) of 0.274 mg g-1suggests limited 

adsorption capacity at low Sr2+ concentrations, reflecting reduced efficiency in dilute solutions. The 

Freundlich exponent is calculated as 0.897, indicating non-ideal adsorption behavior, as adsorption 

sites likely exhibit varying energetic favorability. It is worth noting that n>1 typically signifies 

favorable adsorption, whereas n<1, as observed in this study, implies diminished adsorption 

favorability [46]. The R2 value for the Freundlich model, while slightly lower at 0.995 compared to the 

Langmuir model, demonstrates a strong correlation, confirming its applicability to the system. 

However, the slightly reduced precision of the Freundlich model suggests that it may be less suitable 

for describing the adsorption mechanism of Sr2+  ions onto Ca-Alg-AO beads compared to the 

Langmuir model [30,43,47]. 

3.2.4. Thermodynamic studies 

 

Figure 8. Van’t-Hoff’s plot for adsorption of Sr(II) using Ca-Alg-AO. 

Table 5. Thermodynamic parameters for the adsorption of Sr(II) Ca-Alg-AO. 
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Thermodynamic analysis employing Van’t Hoff plots and associated parameters offers valuable 

insights into the mechanism and spontaneity of Sr²⁺ adsorption onto Ca-Alg-AO beads. The ΔG 

negative values across the examined temperatures unequivocally confirm the spontaneous nature of 

the adsorption process. Especially, the increasingly negative ΔG values with rising temperature signify 

enhanced thermodynamic favorability, driven primarily by an entropy-dominated mechanism 

(- TΔS) [48–50]. The enthalpy change (ΔH) of -2.005 kJ/mol indicates an exothermic process, 

suggesting that the adsorption is predominantly governed by physical interactions such as Van der 

Waals forces. Furthermore, the positive entropy change (ΔS) of 4.404 J/mol·K reflects increased 

system disorder, likely attributed to the desolvation of Sr²⁺ ions and the reorganization of water 

molecules within the adsorbent's microenvironment during the adsorption process [41,50]. 

Despite the greater thermodynamic favorability indicated by more negative ΔG values at elevated 

temperatures, the adsorption capacity (qₑ) exhibits a slight decline with increasing temperature, 

decreasing from 12.680 mg/g at 300.15 K to 12.504 mg/g at 323.15 K. This trend aligns with the 

exothermic nature of the adsorption process, wherein higher temperatures disrupt the adsorbate-

adsorbent interactions, thereby promoting desorption. This observation highlights a fundamental 

thermodynamic, and while elevated temperatures enhance spontaneity, they simultaneously reduce the 

adsorption efficiency due to the weakening of adsorptive forces [11,51]. 

3.2.5. Application in seawater and suggested mechanisms for adsorption Sr(II) ion on Ca-Alg-AO 

The seawater used in this study was taken from the southern coastal waters of Malang Beach, 

namely Wedi Awu. Evaluation of the performance of the Ca-Alg-AO adsorbent in the adsorption of 

Sr(II) was carried out at three pH conditions, namely the pH at the sampling location and at pH 9 and 

12. Seawater samples were tested for levels using ICP-OES and the original concentration of strontium 

in seawater without treatment was 8.16 mg/L. This is similar to the XRF results (Table 1) where there 

is also strontium content in coral skeletons. Sr in seawater can be influenced by the dynamics of ocean 

circulation, can be caused by geochemical factors and upwelling processes, where mineral-rich 

seawater from the seabed rises to the surface. In this application of strontium adsorption in seawater, 

various optimum conditions obtained previously were used. 

Table 6. Application of Sr(II) adsorption in seawater by CaAlg-AO beads (m: 0.025 g; T: 

300.15 K; t: 120 min ; V: 20 ml). 

pH 
Condition of native seawater 

Sr(II) (mg L-1) 
Ce (mg L-1) Adsorption (%) 

Capacity of 

adsorption (mg/g) 

6.8 8.16 3.90 52.20 3.41 

9 8.16 3.60 55.88 3.65 

12 8.16 3.14 61.52 4.02 

 

Based on Table 6, at pH 12, the adsorption capacity of Ca-Alg-AO for Sr(II) in seawater is the 

highest compared to pH 6.8 and 9. This can be caused by Sr(II) speciation changes at high pH (e.g., 

formation of Sr(OH)⁺), the greater deprotonation of the adsorbent compensates for this effect, enabling 

efficient adsorption. Furthermore, the decrease in adsorption capacity of Ca-Alg-AO for Sr(II) in 

seawater  4.02 mg/g is mainly due to competition from other ions and changes in Sr(II) speciation at 
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pH 12. Seawater contains high concentrations of competing cations, which can occupy adsorption sites 

on the adsorbent like Cl⁻, SO₄²⁻, and in particular, ions like Ca²⁺ and Mg²⁺, which have similar ionic 

radii and charges to Sr²⁺. The strontium in aqueous solution  was found as Sr2+ ions and SrOH+ species  

on a broad pH interval (pH 6–10), but SrOH+ was the main form at pH > 12.8 [52]. The strontium ions 

removal capacity at pH >7 may be due to a combined effect of adsorption and precipitation on the 

activated carbon surface [53]. 

By reinforcing the findings obtained from the chemical characterization of the Ca-Alg-AO 

adsorbent surface and the adsorption capacity of Sr²⁺ ions as a function of solution pH, a plausible 

adsorption mechanism can be proposed. At low pH (pH < 4), competition between H⁺ ions and Me²⁺ 

ions for the active sites of the adsorbent becomes dominant. This is attributed to the protonation of 

active functional groups such as amidoxime (-C=NOH) and carboxylate (-COO⁻) on the adsorbent 

surface, which reduces the availability of negatively charged sites for interaction with Sr²⁺ ions. 

Generally, at pH below the pKa of the carboxylate group, Sr²⁺ adsorption on Ca-Alg-AO can occur via 

the formation of coordination complexes between the oxygen atoms of the carboxylate or amidoxime 

groups and the Sr²⁺ ions, even though electrostatic interactions are weakened due to the positively 

charged adsorbent surface [54]. 

At higher pH levels, the active groups on the adsorbent surface begin to deprotonate, increasing 

the negative surface charge and enhancing electrostatic interactions with Sr²⁺ ions. Moreover, the 

formation of coordination bonds between metal ions and the functional groups strengthens, resulting 

in higher adsorption efficiency. This mechanism may also involve ion exchange, where Sr²⁺ ions 

replace Ca2⁺ or H⁺ ions previously bound to the surface. Based on this, the formation of Sr(OH)⁺ 

species at alkaline pH further contributes to adsorption through electrostatic interactions with the 

negatively charged surface [54]. 

• The interval of pH 3-6, the Ca-Alg-AO adsorbent, which contains amidoxime and carboxyl 

groups, adsorbs metal ions through ion exchange and the formation of metal-ligand complexes on its 

surface (Figure 9a).  

• The interval of pH 6 - 7, For oxidized Ca-Alg-AO, ion exchange plays a more significant role 

in adsorption. Dissociated carboxylate groups (-COO⁻) facilitate the replacement of Ca2+ or H⁺ ions on 

the adsorbent surface with Sr²⁺ ions from the solution. This process operates synergistically with the 

formation of metal-ligand complexes, in which Sr²⁺ ions coordinate with the active functional groups. 

Furthermore, the species of Sr(II), Sr(OH)2, Sr(OH)+, and Sr(OH)3
- begin to form in the solution 

(Figure 9b). 

• At higher pH levels (pH > 7), Sr(II) adsorption onto oxidized Ca-Alg-AO is dominated by a 

combination of ion exchange and complexation mechanisms ((Figure 9c). The deprotonation of 

carboxylate and amidoxime groups increases the negative surface charge, providing more binding sites 

for Sr²⁺ ions. Additionally, the formation of Sr(OH)⁺ species at alkaline pH contributes to adsorption 

through electrostatic interactions. However, at very high pH, the formation of Sr(OH)₂ precipitates on 

the adsorbent surface or in the solution may enhance the removal of Sr²⁺, although not through direct 

adsorption mechanisms. 
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a. 

 

b. 

 

 

c. 

 

 

 

Figure 9. Schematic presentation of the adsorption of metal ions on Ca-Alg-AO by 

complexation (a), by ion exchange and the formation of metal–ligand complexes on the 

surface (b), and by exchange and complexation (c). 
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3.2.6. Adsorbent reusability  

Reusability is a critical parameter to consider for practical and commercial applications of 

adsorbents, as it significantly reduces process costs. An ideal adsorbent should be easily regenerable 

and reusable. Acidic or alkaline treatments are commonly employed for regenerating adsorbents, but 

these methods can potentially damage the adsorbent structure, leading to a reduction in adsorption 

efficiency after each regeneration cycle. Therefore, careful selection of the acid/alkali type and its 

concentration is crucial [55,56]. 

In this study (Figure 10), the adsorption performance of Ca-Alg-AO beads for Sr(II) was 

evaluated over five consecutive regeneration cycles. After Sr(II) adsorption, the loaded adsorbent was 

treated with 1M HNO₃ for 30 minutes at room temperature, followed by thorough washing and drying 

at 60 °C. The regenerated adsorbent was reused for subsequent adsorption tests. Figure 12 illustrates 

the effect of regeneration cycles on Sr(II) adsorption capacity. The first cycle achieved the highest 

removal efficiency (77.55%). In the second and third cycles, a slight decline in adsorption capacity 

was observed (5.35% and 5.3%, respectively), but it increased again in the fourth and fifth cycles.  The 

decrease in adsorption during the second and third cycles can be caused structural or surface chemical 

changes in the adsorbent. The acidic regeneration process might partially modify the functional groups 

responsible for binding Sr(II), such as carboxylate or amidoxime groups, by altering their accessibility 

or reactivity. Despite these minor decreases, Ca-Alg-AO beads demonstrated strong reusability, 

maintaining Sr(II) removal efficiency >70% even after five cycles. This highlights the robustness of 

the adsorbent for practical applications. 

 

Figure 10. Reusability of the Ca-Alg-AO for the removal of Sr(II). 

After undergoing five cycles of adsorption and regeneration, the Ca-Alg-AO beads retained 

75.7% of their initial adsorption capacity, indicating exceptional durability of the developed adsorbent. 

Furthermore, the findings revealed only a minor decrease in the adsorbent’s performance, with a slight 

reduction. This decline in efficiency can be attributed to a reduction in the number of active sites on 

the Ca-Alg-AO surface. Notably, the loss in adsorption capacity was less than 4%, demonstrating the 

1 2 3 4 5

0

10

20

30

40

50

60

70

80

R
em

o
v
al

 e
ff

ic
ie

n
cy

 %

Reusability cycles



455 

 

AIMS Environmental Science  Volume 12, Issue 3, 435–460. 

material’s excellent recyclability and its ability to maintain consistent regeneration efficiency over 

repeated cycles. These results confirm the successful regeneration of Ca-Alg-AO beads. Consequently, 

the stability exhibited by Ca-Alg-AO after multiple reuse cycles highlights its potential as an effective 

and cost-efficient adsorbent for the removal of Sr(II) from contaminated solutions. 

4. Conclusions 

The Ca-Alg-AO beads, synthesized from natural coral skeleton waste and functionalized with 

amidoxime acid-base groups, exhibited effective adsorption properties for Sr(II). Characterization 

confirmed successful synthesis, evidenced by the presence of functional groups such as ACN at 2251 

cm⁻¹, C=N stretching vibration at 1651 cm⁻¹, and N–O vibration at 939 cm⁻¹. TGA analysis revealed 

final degradation between 282.2 and 652.1 °C, involving chain scission and monomer release, with a 

weight loss of 17.1%. XRF analysis showed an increase in calcium purity from 94.63% to 94.76%. 

SEM analysis highlighted improved structural density on the adsorbent surface. In aqueous solutions, 

Ca-Alg-AO achieved a high Sr(II) adsorption efficiency of 84.8 ± 1% and an adsorption capacity of 

13.58 mg/g (adsorbent dose: 0.025 g; volume: 0.02 L; reaction time: 120 min; temperature: 27 °C; 

rotational speed:130 rpm). Kinetic data followed the pseudo-second-order model (R² = 0.992), while 

adsorption isotherms aligned better with the Langmuir model (R² = 0.999). Thermodynamic studies 

confirmed an exothermic and spontaneous adsorption process driven by entropy mechanisms. 

In seawater, the adsorption capacity decreased to 4.02 mg/g, primarily due to ion competition and 

Sr(II) speciation changes. At lower pH (3–6), Sr²⁺ adsorption involved ion exchange and metal-ligand 

complexation via amidoxime and carboxyl groups. As the pH increased to 6–7, ion exchange became 

dominant, with dissociated carboxylate groups replacing Ca²⁺ or H⁺ ions, supported by Sr(OH)₂ and 

Sr(OH)⁺ species formation. At higher pH (>7), adsorption was driven by functional group 

deprotonation, increasing negative surface charge and enhancing electrostatic interactions and 

complexation. However, excessive pH led to Sr(OH)₂ precipitation, contributing to Sr²⁺ removal 

without direct adsorption. Reusability tests showed that after five adsorption-regeneration cycles, Ca-

Alg-AO retained 75.7% of its initial adsorption capacity, demonstrating exceptional durability of the 

developed adsorbent. 
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