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Abstract:



Novel composite magnetic nanoparticles (CuFe2O4) were synthesized from industrial sludge by acid leaching, chemical exchange, and ferrite processes in the laboratory. For the first time, these products were applied to investigate the Sr adsorption kinetics and the related thermodynamics in seawater. Rapidly enhanced Sr adsorption was observed when the solution pH changed from 2.61 to 10.25. The maximum adsorption capacity was 23.04 mg·g−1 at 318 K (pH 10.25). Sr adsorption decreased with the increase of the ionic strength from 0.01 to 0.5 mol·L−1 at pH 2.61–pH 10.25, indicating that the outer-sphere mechanism was involved in the Sr adsorption at the pH interval. This reaction is spontaneous and endothermic, as indicated by the negative change in the standard free energy (ΔG° = −5.68, −6.45, and −7.23 kJ·mol−1 at 298, 308, and 318 K, respectively) and positive ΔH° value (2.11 kJ·mol−1). The positive ΔS° (9.38 mol−1·K−1) further confirms that the randomness increased at the solid-solution interface during adsorption. These new results indicate that the composite magnetic nanoparticles can be used for the removal of radiogenic 90Sr nuclide in seawater that was released after the 3/11 earthquake offshore of Japan.






Keywords:


composite magnetic particles; industrial sludge; seawater; Sr adsorption; kinetics and thermodynamics








1. Introduction


Strontium (Sr), the fifteenth most abundant element on Earth, is one of the major fission products present in the wastewater from nuclear power plants and spent nuclear fuel reprocessing [1,2]. In addition to 31 unstable isotopes, Sr has four major naturally occurring stable isotopes: 84Sr, 86Sr, 87Sr, and 88Sr. The longest-lived unstable isotope is 90Sr, with a half-life of 28.9 years [3]. Sr has a variety of medical, commercial, and industrial applications [4]. For instance, Sr has been used in optical materials and as an oxygen eliminator in electron tubes. Nevertheless, a high Sr concentration can be detected in seawater, industrial wastewater, and even in surface water because of improper Sr-bearing waste treatment.



Moreover, owing to its chemical similarity to calcium (Ca), Sr follows the path of Ca in the food chain, enters the human body, and is incorporated into bones [5]. If radioisotope 90Sr enters bone, it irradiates localized tissues, leading to leukemia, bone sarcoma, and other chronic problems [6,7]. Therefore, Sr is considered one of the most dangerous radionuclides to human health due to its high solubility, transferability, and easy assimilation [8,9]. The removal of Sr from water is therefore a critical issue.



The average concentration of Sr in surface water, groundwater, and seawater is 1.1, 0.8, and 8.0 mg·L−1, respectively [10]. However, much higher Sr (tens of mg·L−1) can be found in aquatic systems because of anthropogenic influences, such as the wastewater generated from nuclear power plants. Hence, a rapid, effective and economical method to concentrate and separate the Sr ions from aqueous solutions is an important topic for both aquatic ecosystems and human health.



Some traditional technologies, including ion exchange, adsorption, chemical precipitation, and membrane filtration, have been proposed to remove Sr from aqueous solutions [11,12,13,14,15,16]. However, these technologies are impractical owing to the defects of low efficiency, high cost, and secondary contamination. For example, membrane technology has high treatment cost because of the frequent change of membranes. Chemical precipitation generates a large amount of fluffy sludge that consequently causes an increase of treatment cost.



“Adsorption” is regarded as a fast and effective approach to remove metal ions from aqueous solutions [17,18,19,20]. Several adsorbents have been investigated to remove Sr from water, such as ammonium molybdophosphate polyacrylonitrile [13], hydrous ferric oxide [21], and dolomite [22]. However, the low recovery of the adsorbents is a problem in the regeneration systems.



Composite magnetic particles (CuFe2O4) with the spinel structure have a cubic, close-packed arrangement of oxygen ions with Cu2+ and Fe3+ ions at two different crystallographic sites [23]. Owing to their high saturation magnetism and specific surface area, these composite magnetic particles are widely applied in contaminant removal [18,24,25]. Nevertheless, there is lack of information about Sr removal from aqueous solution by low-cost, composite magnetic particles (CuFe2O4). This process is easily controlled, and the particles can be quickly separated from the water after adsorption.



This study investigates Sr removal using composite magnetic particles manufactured from sludge from the printed circuit board (PCB) industry. The previous study noted that Cu powder could be recycled from PCB sludge through a combination of acid leaching and chemical exchange [26]. Then, a ferrite process ensures that not only the supernatant but also the sludge can meet the environmental law requirements. The sludge manufactured from the ferrite process is considered as general industrial waste because of its high stability in natural environments.



This study aims to investigate the influence of the adsorption parameters, such as competitive ions, pH, ionic strength, and temperature, on composite magnetic particles. The values from thermodynamic and kinetic studies of Sr were also investigated and discussed. The information obtained indicates great potential for developing a cost-effective adsorbent to immobilize Sr using composite magnetic particles.




2. Materials and Methods


2.1. Chemicals


All chemicals were of analytical grade and were used as received without further purification. The Sr2+ stock solutions were prepared using strontium chloride (SrCl2·6H2O), which was purchased from J.T. Baker (Phillipsburg, NJ, USA). Nitric acid (97%) and sodium hydroxide, used to adjust the pH, were obtained from Sigma-Aldrich (Darmstadt, Germany). All solution samples used in the adsorption experiments were prepared from Milli-Q water (Darmstadt, Germany).




2.2. Manufacturing of Composite Magnetic Nanoparticles


The composite magnetic nanoparticles were manufactured from PCB sludge by a combination of acid leaching, chemical exchange, and ferrite process. Our previous work provides the detailed procedure for the preparation of CuFe2O4 [26]. Acid leaching was performed using 500 g industrial sludge, and 10 L diluted sulfuric acid was added to extract Cu from the solids. Fe0 was used as the sacrificed metal to substitute Cu2+ in the liquid during chemical exchange. To ensure the supernatant qualities reached the effluent standards, the ferrite process was conducted after chemical exchange. The low-cost, composite magnetic nanoparticles of CuFe2O4 were manufactured after the ferrite process. The reactions of acid leaching, chemical exchange, and the ferrite process can be expressed as Equations (1)–(3), respectively:


Cu-sludge + H2SO4 → Cu2+ + sludge



(1)






Fe0 + Cu2+ → Fe2+ + Cu0



(2)






Cu2+ + 2Fe2+ + 6OH− + 1/2O2 → CuFe2O4 + 3H2O



(3)







The adsorbent was collected using a magnetic separation method. The CuFe2O4 was then washed with Milli-Q water several times until the solution pH was close to 7 (pH 6.80–7.20). The solids were dried at 323 K for 24 h in an oven and were stored for further tests.




2.3. Characterization of the Composite Magnetic Nanoparticles


The characteristics of the composite magnetic nanoparticles used in this study were elucidated using various technologies. The crystal phases were determined by XRD (D8 Advance, Bruker, Karlsruhe, Germany) using graphite monochromatic copper radiation over the 2θ range of 10°–80°. The particle size and the point of zero charge (PZC) of the adsorbent were obtained using a zeta meter (Zetasizer Nano ZS 90, Southborough, MA, USA). The saturation magnetization of the synthesized adsorbent was measured using a Superconducting Quantum Interference Device (SQUID, MPMS-XL7, Quantum Design, San Diego, CA, USA) at 27 °C. The Brunauer–Emmett–Teller (BET) surface areas and the porosity of the adsorbents were obtained from nitrogen adsorption isotherms at 77 K using an ASAP 2010 analyzer (Micromeritics, ASAP 2010, Norcross, GA, USA). The morphology was examined by scanning electron microscopy (SEM, JSM-6330, Tokyo, Japan).




2.4. Batch Adsorption Experiments


Batch experiments were conducted to evaluate the adsorption processes and the equilibrium states of Sr mobilization. The Sr stock solution was prepared by dissolving strontium chloride (SrCl2·6H2O) in Milli-Q water. Working solutions for the experiments were freshly prepared from the stock solution. All batch adsorption experiments were performed according to the following procedures: 10 mL Sr solution and a fixed amount of composite magnetic nanoparticles were poured into a 15 mL centrifuge tube. The centrifuge tubes were placed on a shaft of a rotary shaker after the caps were tightened.



To evaluate the influence of the solution pH and the competitive influence of positive ions on the Sr adsorption, various experiments were performed by adding 0.05 g of the adsorbent into a 15 mL centrifuge tube containing 10 mL of a 10 mg·L−1 Sr solution at 298 ± 1 K. The pH of the solutions was adjusted to the designated values (2.61 ± 0.05, 4.29 ± 0.05, 6.98 ± 0.05, 8.79 ± 0.05, 10.25 ± 0.05, and 11.36 ± 0.05) using 0.1 N HNO3 or NaOH solution. The competitive cations (Mg2+, Ca2+, Ba2+) of the solutions were set to ratios of M/Sr = 0, 5, 10, and 100 (where M represents Mg, Ca, or Ba) at an NaCl ionic strength of 0.5 mol·L−1. The ionic strength experiments were conducted under atmospheric conditions. NaCl was used to adjust different ionic strengths (0.01 to 0.5 mol·L−1). All equilibrium adsorption experiments were individually conducted by shaking 0.05 g of the composite magnetic nanoparticles with 10 mg·L−1 Sr solution using a thermostated shaker at a speed of 30 rpm for 2 h.



The adsorption kinetics for Sr were measured by mixing 10 mg·L−1 Sr solution with 0.05 g of the adsorbent and shaking the mixture at pH 10.25 and 298 ± 1 K. The Sr uptake rate of qt (mg·g−1) was determined by Equation (4):


[image: there is no content]



(4)




where C0 and Ct are the metal concentrations in liquid phase initially and at time t (mg·L−1), respectively; m is the adsorbent amount (g); and V is the volume used in the adsorption process (L).



The Sr concentrations in the filtrate were determined by inductively coupled plasma optical emission spectroscopy (ICP-OES, iCAP 6300, Dreieich, Germany). The amount of Sr adsorbed on the composite magnetic nanoparticles was determined using the differences between the initial and the equilibrium concentrations in the solutions. All experiments provided in this study were performed in triplicate. The relative standard deviation (RSD) of three replicate analyses was lower than 3%. Prior to analysis, the supernatant was acidified with concentrated HNO3 and stored in acid-washed bottles.





3. Results and Discussion


3.1. Basic Properties of the Adsorbent


The physical/chemical properties of the synthesized adsorbent are presented in Figure 1. Briefly, the XRD pattern (Figure 1a) shows that the crystalline phase of this material matched very well with the CuFe2O4 standard (Joint Committee on Powder Diffraction Standards (JCPDS) file number 00-025-0283). The SEM image (Figure 1b) shows that the primary size of the particles ranged from 20 to 120 nm. The BET surface area, pore volume, and average pore diameter of the adsorbent were 48.3 m2·g−1, 0.08 cm3·g−1, and 13.57 Å, respectively. The point of zero charge (PZC) and the saturation magnetization of the adsorbent were approximately 7.3 (at 0.1 mol·L−1 ionic strength) and 62.5 emu·g−1, respectively. It should be noted that the surface charge of the adsorbent depends on the activities of ions and electrolyte concentrations (ionic strength). No remnant was detected in the sample, confirming that the synthesized nanoparticles were superparamagnetic. In the experiments, these magnetic nano-particles could be collected within 20 s using a magnet. For more detailed information, please refer to the authors’ previous investigation [27].


Figure 1. (a) XRD spectra; and (b) SEM image of the composite magnetic nanoparticles.
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3.2. Effect of pH and Competitive Ions


3.2.1. pH Effect


The pH is a critical factor during the adsorption process [28]. The amount of Sr adsorbed onto the composite magnetic nanoparticles at various pHs and ionic strengths is illustrated in Figure 2. The results showed that the sorption curve of Sr in 0.01 mol·L−1 NaCl solution at pH ˂ 10 is the highest and that of Sr in 0.5 mol·L−1 NaCl solution is the lowest, and no sharp difference was found at pH > 10. This phenomenon indicates that Sr sorption on the composite magnetic nanoparticles is mainly dominated by ion exchange or outer-sphere surface complexation at pH < 10. The ionic strength-independent sorption at pH > 10 suggests that inner-sphere surface complexation or surface precipitation is the main sorption mechanism for Sr uptake on the composite magnetic nanoparticles at high pH values.


Figure 2. The Strontium (Sr) adsorption by the composite magnetic nanoparticles at various pH values. Conditions: Adsorbent dose 5 g·L−1, T 298 K, contact time 120 min, initial Sr concentration 10 mg·L−1.
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In addition, rapidly increased Sr removal was observed when the solution pH increased from 2.61 to 10.25 at 298 K. This phenomenon is similar to the results using waste iron oxide BT1 [29] and BT9 [30]. Sr2+ was the dominant species in solution at pH less than 11; at pH values greater than 11, Sr(OH)+ was dominant [13]. On the other hand, the speciation in solution and the surface charge of the composite magnetic nanoparticles play important roles in Sr adsorption. At higher pH values (in the pH range of 8.79–10.25), there is intrinsic attraction between hydroxyl ions (OH−) and Sr2+; strong hydroxyl ions may enhance the approach of Sr cations as a consequence of attractive forces.



Additionally, the surface of the adsorbent may be subject to protonation/deprotonation, which relies heavily on the solution pH. As indicated by the PZC of the synthesized composite magnetic nanoparticles (i.e., 7.30), the net surface charge is negative at pH > 7.30, which is beneficial for adsorbing the positive ions. This charge explains the observations of high Sr uptake in more alkaline conditions. An increase of solution pH resulted in a buildup of more negative charges on the adsorbent, leading to enhanced electric attraction between the two phases. Consequently, sharply increasing Sr adsorption was found at higher pH.




3.2.2. Effect of Competitive Ions


The presence of cations coexisting with Sr2+ produces competition for available adsorption sites. Therefore, it is important to investigate the competitive influence of positive ions, especially divalent positive ions. Figure 3 shows the potential effects of competitive ions (Mg2+, Ca2+, Ba2+) on Sr adsorption onto composite magnetic nanoparticles. The adsorption of Sr is dependent on the presence of cations and their concentrations in solution. The results demonstrated that with the increase of M/Sr (0–100), the removal of Sr2+ decreased, which indicated that Sr2+ adsorption is affected by the coexistence of other cations, especially when the M/Sr is greater than 100 (Sr removal < 20%). Furthermore, the Sr removal efficiency is dependent on the type of competing ions. For instance, at the same concentration, Mg hinders Sr uptake, whereas Ba has a lesser effect on Sr adsorption because of the size difference between the divalent ions.


Figure 3. Effects of competitive ions on the Sr adsorption by the composite magnetic nanoparticles. Conditions: Adsorbent dose 5 g·L−1, pH 10.25, T 298 K, ionic strength 0.5 mol·L−1, contact time 120 min, Sr concentration 10 mg·L−1.
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The outer sphere complex was influenced more strongly by the ionic strength than the inner sphere complex [31]. The cations adsorbed by the outer-sphere association are sensitive to the ionic strength. By contrast, the cations that formed the inner-sphere complexes show an increase or no change in adsorption capacity with increasing ionic strength. In our system, Sr adsorption decreases with the increase of the ionic strength from 0.01 to 0.5 mol·L−1 at pH < 10, indicating that the outer-sphere mechanism was involved in the Sr adsorption at pH < 10 (Figure 2).





3.3. Adsorption Kinetics


In large-scale or industrial plants, the rapid adsorption of the target element on the adsorbent is very important. Hence, the effect of contact time on the adsorption of Sr was examined to determine the time required for adsorption equilibrium. Figure 4a reveals the Sr adsorption with time at pH 10.25 and room temperature (ionic strength 0.5 mol·L−1). The uptake of Sr was rapid in the first 60 min. After 120 min, the Sr adsorption did not change. Therefore, a contact time of 120 min was sufficient to reach equilibrium. Unless stated otherwise, the contact time was 120 min in the following experiments.


Figure 4. (a) Effect of the contact time on Sr adsorption; and (b) pseudo-second-order plot. Conditions: Adsorbent dose 5 g·L−1, pH 10.25, T 298 K, ionic strength 0.5 mol·L−1.
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Two well-known kinetic models, pseudo-first-order [32] and pseudo-second-order [33], were used to fit the data shown in Figure 4a. Equations (5) and (6) present the linear forms of the pseudo-first-order and the pseudo-second-order kinetics, respectively:


ln (qe−qt) = ln qe − k1t



(5)
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(6)




where t is the contact time (min), qe (mg·g−1) and qt (mg·g−1) are the amounts of Sr2+ adsorbed at equilibrium and at time t, and k1 (min−1) and k2 (g mg−1·min−1) are the rate constants of the pseudo-first-order and the pseudo-second-order kinetics, respectively. Figure 4b shows the plot of t/qt versus t. There is good linearity in the plot, with R2 = 0.9989. This result indicates that the pseudo-second-order kinetic model yields a good fitting and suggests that the kinetics of Sr2+ adsorption on composite magnetic nanoparticles can be described by the pseudo-second-order equation.




3.4. Isotherm Modeling


Isotherm modeling is important for establishing an adsorption system and provides information on the capacity of the adsorbent or the amount required for removing a unit mass of pollutant under the designated conditions. The Freundlich [34] and Langmuir isotherms [35] are the most commonly used adsorption isotherms for describing the non-linear equilibrium of the adsorbate between the solution and adsorbent at a fixed temperature. Figure 5 presents the adsorption isotherms of Sr on the composite magnetic nanoparticles at different temperatures (298–318 K). The batch experiment data were fitted to the Langmuir and Freundlich isotherm models using the least squares method. The Langmuir isotherm model is obtained from a combination of the adsorption and the desorption rate equations, which can be written as follows [36]:
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(7)




where N is the maximum number of adsorption sites occupied by Sr and θt is the dimensionless surface coverage ratio. When the adsorption process reaches equilibrium, Equation (7) yields:
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(8)




where qm is the maximum adsorption capacity (mg·g−1), qe is the amount of Sr adsorbed at equilibrium (mg·g−1), and KL is the Langmuir constant. Equation (9) shows the rearranged form yielded from Equation (8):
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(9)






Figure 5. Sr adsorption isotherms on composite magnetic nanoparticles at 298, 308 and 318 K. Conditions: Adsorbent dose 5 g·L−1, pH 10.25.
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The Freundlich isotherm model describes the relationship between the amount of Sr adsorbed by the composite magnetic nanoparticles (qe, mg·g−1) and the equilibrium concentration of Sr (Ce, mg·L−1) in solution:


[image: there is no content]



(10)




where KF and n are the Freundlich constants related to the adsorption capacity and the adsorption intensity, respectively.



Figure 6a,b reveal linear plots of lnqe versus lnCe and Ce/qe versus Ce. For each isotherm in Figure 6a, linear regression analysis was used for the isotherm data (KF and n) treatment. A similar method was used for the values of qm and KL in Figure 6b.


Figure 6. Linearized parameters of the adsorption isotherm models for Sr on the composite magnetic nanoparticles. (a) Freundlich isotherm model; (b) Langmuir isotherm model.
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Table 1 shows the parameters of the Freundlich and Langmuir isotherm models for Sr adsorption on the composite magnetic nanoparticles at three temperatures (298, 308, and 318 K). The Langmuir model yields a better fit than the Freundlich model at the investigated temperatures. Moreover, the Sr adsorption capacity increases with temperature, suggesting an endothermic nature of the adsorption. In addition, the thermodynamic parameters can be determined from the changes of the thermodynamic equilibrium constant K and temperature [37,38]. For adsorption reactions, K is expressed as follows:
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(11)




where ae is the activity of Sr in solution at equilibrium, as is the activity of adsorbed Sr, Cs is the surface concentration of Sr (mmol·g−1) in the adsorbent, Ce is the Sr concentration in solution at equilibrium (mmol·mL−1), ve is the activity coefficient of the Sr in solution, and vs is the activity coefficient of the adsorbed Sr. As the Sr concentration in the solution decreases to zero, K can be obtained by plotting ln(Cs/Ce) versus Cs and extrapolating Cs to zero [37]. The obtained straight line is fit to the data points by the least squares analysis. The intercept at the vertical axis yields the values of K. The changes of the adsorption standard free energy (ΔG°) can be calculated from the following equation:
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(12)




where R is the universal gas constant (8.314 J·mol−1·K−1) and T is the absolute temperature (K). The average changes of the standard enthalpy (ΔH°) and entropy (ΔS°) of Sr adsorption onto the composite magnetic nanoparticles were determined by the following equation:
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(13)




where ΔH° and ΔS° were calculated from the slope and the intercept, respectively, in the plot of lnK against 1/T [39]. These data are shown in Figure 7, and the thermodynamic parameters for the Sr adsorption process on the composite magnetic nanoparticles are provided in Table 2.


Figure 7. Plot of lnK vs. 1/T for the estimation of the thermodynamic parameters for the adsorption of Sr on the composite magnetic nanoparticles.
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Table 1. Parameters of the Freundlich and Langmuir adsorption isotherm models for Strontium (Sr) on the composite magnetic nanoparticles.







	
Temperature (K)

	
Freundlich

	
Langmuir




	
KF

	
n

	
R2

	
qm

	
KL

	
R2






	
298

	
7.381

	
4.090

	
0.9788

	
19.72

	
0.248

	
0.9939




	
308

	
9.373

	
4.632

	
0.9853

	
21.05

	
0.439

	
0.9899




	
318

	
13.831

	
6.716

	
0.9744

	
23.04

	
1.130

	
0.9938










Table 2. Thermodynamic parameters for the adsorption of Sr on the composite magnetic nanoparticles.







	
Temperature (K)

	
Thermodynamic Constant




	
K (m·M−1)

	
ΔG° (kJ·mol−1)

	
ΔS° (J·mol−1·K−1)

	
ΔH° (kJ·mol−1)






	
298

	
9.88

	
−5.68

	
9.38

	
2.11




	
308

	
12.39

	
−6.45




	
318

	
15.43

	
−7.23










The negative change in the adsorption standard free energy (ΔG° = −5.68, −6.45, and −7.23 kJ·mol−1 at 298, 308, and 318 K, respectively) shows that the adsorption reaction is a spontaneous process [37]. The absolute value of ΔG° increased with the increase of temperature, indicating that the adsorption is more spontaneous at higher temperature. The positive ΔH° values (2.11 kJ·mol−1) confirm the endothermic nature of the adsorption process, which is also evidenced by the enhanced Sr adsorption at higher temperature. In addition, the positive value of ΔS° (9.38 J·mol−1·K−1) indicates that the randomness was increased at the solid-solution interface during Sr adsorption [40].




3.5. Comparison of the Sr Adsorption Capacity with Other Adsorbents


The adsorption capacity of the composite magnetic nanoparticles for the removal of Sr was compared with various adsorbents (Table 3). Our composite magnetic nanoparticles efficiently uptake Sr in aqueous solution. The maximum adsorption of Sr at 318 K on the composite magnetic nanoparticles was 23.04 mg Sr/g CuFe2O4 (calculated based on the Langmuir isotherm). This adsorption capacity is higher than several of the listed adsorbents, including ammonium molybdophosphate polyacrylonitrile (16.6 mg·g−1) [13], montmorillonite (13.3 mg·g−1) [8], phosphate-modified montmorillonite (12.6 mg·g−1) [8], magnetic Fe3O4 particle-modified sawdust (12.6 mg·g−1) [41], and hydrous ferric oxide (6.9 mg·g−1) [21].



Table 3. Comparison of the Sr adsorption capacity among different adsorbents at various temperatures.







	
Adsorbents

	
pH

	
Temperature (K)

	
Sr adsorption Capacity (mg·g−1)

	
References






	
FeOOH (BT1)

	
10.50

	
318

	
39.8

	
[29]




	
FeOOH (BT1)

	
10.50

	
303

	
38.5

	
[29]




	
FeOOH (BT1)

	
10.50

	
293

	
32.9

	
[29]




	
FeOOH (BT9)

	
11.22

	
323

	
29.9

	
[30]




	
FeOOH (BT9)

	
11.22

	
303

	
28.0

	
[30]




	
FeOOH (BT9)

	
11.22

	
288

	
27.0

	
[30]




	
Composite magnetic nanoparticles

	
10.25

	
318

	
23.0

	
This study




	
Composite magnetic nanoparticles

	
10.25

	
308

	
21.1

	
This study




	
Composite magnetic nanoparticles

	
10.25

	
298

	
19.7

	
This study




	
Ammonium molybdophosphate polyacrylonitrile

	
5.01

	
293

	
16.6

	
[13]




	
Phosphate-modified montmorillonite

	
-

	
298

	
12.6

	
[8]




	
Magnetic Fe3O4 particles modified sawdust

	
6.74

	
293

	
12.6

	
[41]




	
Hydrous ferric oxide

	
10.01

	
293

	
6.9

	
[21]




	
Dolomite

	
5.50

	
293

	
1.2

	
[22]











3.6. Sr Removal from Seawater


To evaluate the adsorption performance of Sr from real seawater by the composite magnetic nanoparticles, a sample of seawater collected in Kaohsiung, Taiwan was reacted with the adsorbents. Four pH conditions (pH 10.37, 8.21, 6.09, and 3.13) were used to test the adsorption performance of Sr from the seawater (initial pH 8.21) by the composite magnetic nanoparticles. The Sr removal reached 62.3% in actual seawater media (pH 8.21) (Table 4). The Sr removal decreased markedly, to 17.5% and 2.4%, after the pH was adjusted to 6.09 and 3.13, respectively. The Sr removal reached 86.5% when the pH was adjusted to more alkaline conditions (pH 10.37), which proved that Sr could be easily absorbed in neutral to alkaline conditions due to the electric attraction.



Table 4. Sr removal in seawater using the composite magnetic nanoparticles.







	
Matrix

	
Adsorption pH

	
Sr (mg·L−1)




	
before Adsorption (mg·L−1)

	
after Adsorption (mg·L−1)

	
Removal (%)






	
Seawater

	
10.37 (adjusted pH)

	
7.98

	
1.08

	
86.5




	
8.21 (natural pH)

	
7.98

	
3.01

	
62.3




	
6.09 (adjusted pH)

	
7.98

	
6.58

	
17.5




	
3.13 (adjusted pH)

	
7.98

	
7.79

	
2.4








Notes: Amount of adsorbent = 0.05 g, Volume = 10 mL, Temperature = 298 K, Time = 30 min. Detection limit for Sr: 0.017 mg·L−1.










4. Conclusions


The composite magnetic nanoparticles (CuFe2O4) were successfully applied to remove Sr2+ from aqueous solutions. The pH effect, influence of competitive ions, ionic strength, kinetics, isotherms, equilibrium, and thermodynamics of Sr adsorption were examined. The structural characterization indicates that the crystalline pattern of the composite magnetic nanoparticles was CuFe2O4. The SEM images and zeta meter show that the particle size of the composite magnetic nanoparticles range between 20 and 120 nm. The second-order model accurately fits the Sr adsorption kinetics for the adsorbent, and the data agree with the Langmuir adsorption isotherm model. Additionally, thermodynamic studies demonstrate that the adsorption process was endothermic and spontaneous in nature. The optimal adsorption efficiency was greater than 86.5% at pH 10.37, indicating that the synthesized composite magnetic nanoparticles have the potential for fast and effective Sr removal from seawater.
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