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Abstract

:

The potassium (K) sorption characteristics with three adsorbents, natural zeolite, ammonium acetate-treated zeolite, and manganese nodule, were studied and compared to see the potential use of manganese nodule as an alternative K adsorbent. In general, the Langmuir isotherm could fit the K sorption in the KCl solutions at different pH conditions better than the Freundlich isotherm. Based on the Langmuir parameters, the maximum K sorption was greater for the zeolite-based adsorbents (i.e., 40–42 mg g−1) than the manganese nodule (i.e., 2.0 mg g−1) at acidic conditions, while the manganese nodule (i.e., 9.7 mg g−1) showed better K sorption at neutral conditions. With the seawater samples, the zeolite-based adsorbents showed higher K recovery (4–14%) than the manganese nodule (0–8.8%). The K sorption on the zeolite-based adsorbents followed the pseudo-second-order kinetics and the K sorption rates were higher for the treated zeolite than the natural zeolite. The repeated sorption tests showed that the natural zeolite could potentially be reused up to three times without any significant loss of K sorption capacity, while the ammonium acetate-treated zeolite lost its K sorption capacity after the single sorption test. Overall, the results show that the manganese nodule may potentially be the alternative to zeolite for K recovery under certain conditions, yet the zeolite-based adsorbents are generally better than the manganese nodule. Thus, more studies to enhance the K recovery using zeolite, including surface modified zeolite, are recommended.
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1. Introduction


The adsorption process has been widely applied to recover valuable elements, such as lithium (Li), potassium (K), uranium (U), and strontium (Sr) from seawater, wastewaters, or concentrated brines produced in the desalination process [1,2,3]. Among many methods for mining elements from seawater, the adsorption process is a relatively economic and simple process. Due to the vast amount of seawater, the presence of elements at very low concentrations in seawater can provide useful amount of elements [2]. Seawater contains cations such as sodium (Na), magnesium (Mg), calcium (Ca), K, and Sr in decreasing order of amount in seawater [2].



Potassium can be used for the production of fertilizers, but the terrestrial K resources are limited compared to K in seawater. Thus, previous studies tried to recover K from seawater, both synthetic seawater and real seawater, at a laboratory scale [4,5]. Different methods, such as precipitation and extraction [6,7], membrane separation [5], and adsorption on sorbents [1,4] have been used to recover K. With adsorption, K-selective adsorbents have been synthesized to enhance the K recovery from seawater [4,8].



In previous studies, zeolite has been used to recover K from seawater by sorption process, and these studies synthesized or modified zeolite for better K uptake [1,4,9]. With surface modification of zeolite, the K adsorption capacity was increased [9]. Similarly, the sodium ion sorption capacity of zeolite increased after treatment with ammonium acetate [10,11]. Moreover, the synthesized adsorbent (i.e., zeolite W) showed a higher selectivity to K [4].



Manganese nodule residue that is generated during the processing of manganese nodules has been used for adsorption of heavy metals, such as chromium and lead (Pb) [12,13]. Moreover, one previous study used ocean manganese nodules to make a K ionic sieve for K recovery from seawater [14]. However, ocean manganese nodule has not been studied for its sorption capacity of K.



The sorption-based K recovery studies are largely limited to using zeolite as an adsorbent, and other types of adsorbents have not been explored much. Thus, there is a need for more studies on other possible adsorbents for K recovery from seawater. Therefore, this study was set to study and compare the adsorption characteristics of different adsorbents for K recovery from seawater. The zeolite-based adsorbents, both natural zeolite (i.e., clinoptilolite) and modified natural zeolite, and manganese nodule, a potential adsorbent, were used in this study to explore and compare the K recovery potential. The natural zeolite was treated with ammonium acetate to prepare the modified natural zeolite in this study.




2. Materials and Methods


2.1. Preparation of Adsorbents


In this study, three types of adsorbents were used—natural zeolite (i.e., clinoptilolite), ammonium acetate-treated natural zeolite, and manganese nodule. Clinoptilolite (1–3 mm diameter), a natural zeolite, was purchased from the Handu Trade (Duksan, South Korea), and the major components of the natural zeolite include SiO2 (69.8%), Al2O3 (13.2%), CaO (2.31%), Na2O (2.18%), and K2O (3.10%). Prior to sorption experiments, the natural zeolite was ground (<0.5 mm diameter), washed with deionized water, and dried at 105 °C for 24 h. To prepare the ammonium acetate-treated zeolite, the natural zeolite (40 g) was placed and stirred in 1 M ammonium acetate (NH4C2H3O2; Reagents grade, Duksan, South Korea) solution for 24 h [10]. The treated natural zeolite was rinsed three times with deionized water. The liquid phase and solid phase were separated by filtration and the solid phase was dried at 105 °C for 24 h before use. Ocean manganese nodules, sampled from the Clarion-Clipperton Zone (i.e., CC zone) of the Pacific Ocean, were provided by the Korea Institute of Geoscience and Mineral Resources. The manganese nodules consisted of 8.85% Fe, 0.73% Cu, 0.97% Ni, 0.18% Co, and 22.35% Mn [15]. Prior to sorption experiments, the manganese nodule was ground to <2 mm. The specific surface areas and porosities of the natural zeolite, ammonium acetate-treated zeolite, and manganese nodule were analyzed using the Brunauer–Emmett–Teller (BET) surface area and porosimetry analyzer (ASAP2420, Micromeritics Instrument Corporation, Norcross, GA, USA). The SEM images of the three adsorbents used can be found in the supplementary material.




2.2. Sorption Experiments with KCl Solutions


2.2.1. Batch Sorption Experiments with KCl Solution


Batch sorption tests were conducted at room temperature (21–23 °C) to investigate the K sorption characteristics of the prepared adsorbents. The K stock solution (1000 mg L−1) was prepared from KCl (Yakuri Pure Chemicals Co. Ltd., Kyoto, Japan, Guaranteed Reagent), and the solution pH was adjusted to pH 4.57 ± 0.03 and pH 6.99 ± 0.04 with a pH 4 buffer solution (CH3COOH-CH3COONa) and a pH 7 buffer solution (NaH2PO4-Na2HPO4), respectively. The K stock solution was diluted to prepare solutions with different initial K concentrations (0–200 mg L−1 for tests at pH 4 and 0–150 mg L−1 for tests at pH 7). The prepared adsorbents (0.1 g) were placed in a 100 mL polypropylene bottle and the K solutions of different initial concentrations (100 mL) were added. The bottles were then shaken at 100 rpm on a shaker (SH30L, FinePCR, Seoul, Korea). Duplicate samples were used for each condition. After 48 h, the samples were filtered using 0.45 um syringe filters. The K concentrations of the filtrates were analyzed by using ICP-OES (iCAP 7400 Duo, Thermo Fisher Scientific, Waltham, MA, USA).



With the zeolite-based adsorbents, the K sorption kinetics were studied at the average pH of 4.4. The natural zeolite or ammonium acetate-treated zeolite (0.1 g) was placed in a 100 mL polypropylene bottle and the K solution (100 mL, initial concentration = 170 ± 0.084 mg L−1) was added. The bottles were then shaken at 100 rpm in a shaking incubator (SH30L, FinePCR, Seoul, Korea). During the 48 h sorption tests, samples were taken at 0, 2, 4, 6, 8, 10, 24, and 48 h. Duplicate samples were used for each condition.




2.2.2. Sorption Isotherm and Kinetic Models


The K sorption test results were fitted to the Langmuir (Equation (1)) and Freundlich (Equation (2)) isotherm models to characterize the sorption potential of the different adsorbents. The Langmuir constant related to the maximum K sorption capacity, qm (mg g−1), and the affinity of the binding sites, Kd (mg L−1), derived from the Langmuir isotherm model and the constants related to the sorption capacity, KF, and magnitude of the sorption driving force, n, derived from the Freundlich isotherm model were compared for the different adsorbents.


   q e  =    q m   C e     (   K d  +  C e   )     



(1)






   q e  =  K F   C e   1 n     



(2)




where qe (mg g−1) and Ce (mg L−1) are the K sorbed per unit mass of adsorbents and K concentration at equilibrium, respectively.



The sorption kinetics data were fitted to the pseudo-first-order kinetics (Equation (3)) and the pseudo-second-order kinetics (Equation (4)) equations.


  ln  (   q e  −  q t   )  = ln  q e  −  k 1  t  



(3)






   t   q t    =  1   (   k 2   q e 2   )    +  t   q e     



(4)




where qe and qt are the amounts of K sorbed (mg g−1) at equilibrium and time t, respectively, and k1 and k2 are the pseudo-first-order (h−1) and pseudo-second-order (g mg−1 h−1) rate constants, respectively.





2.3. K Sorption Experiments with Seawater


The seawater sample was provided by the Doosan Heavy Industries & Construction (Changwon, Korea). The seawater samples with different K concentrations were prepared by concentrating or diluting the original seawater sample. The concentrated sample was prepared by reducing the sample volume by about 50% via evaporation, while the diluted sample was prepared by adding deionized water to double the sample volume. The initial pH values of the seawater samples were 8.33 ± 0.15. Moreover, the seawater pH was adjusted to pH 5.08 ± 0.04 to study the effect of pH conditions on K recovery from seawaters. The average initial K concentrations of the diluted, original, and concentrated seawater samples were 23, 50, and 120 mg L−1, respectively. For comparison of K recovery at different pH conditions, the initial K concentrations of 23 mg L−1 were used. The batch sorption tests were conducted by placing each of the three adsorbents used in this study (0.1 g) and the prepared seawater samples (100 mL) in a 100 mL polypropylene bottle. Duplicate samples were used for each condition. The sorption tests were carried out for 72 h, and the residual K concentrations in the supernatants were measured after filtration.




2.4. Regeneration Study Using Natural Zeolite


The potential for reusing the adsorbents was assessed by running repeated sorption-regeneration tests using the KCl solution and the natural zeolite as an adsorbent. After the 72 h sorption tests, the natural zeolites were separated from the supernatants. The recovered K sorbed adsorbents were placed in 20 mL of 0.5 N HCl solution and shaken for 3 h at 100 rpm in a shaking incubator. Then the adsorbents were rinsed with deionized water until the pH reaches >4.5, and dried at 60 °C in an oven. The regenerated adsorbents were used for the sorption tests and the sorption tests were repeated four times. For each sorption test, more than triplicate samples were used to measure the K sorption potential.





3. Results and Discussion


3.1. K Sorption by Different Adsorbents


3.1.1. K Sorption Isotherms Using KCl Solutions


Figure 1 shows the sorption isotherms of K on three different adsorbents under acidic conditions (i.e., pH = 4.57). The K sorption capacities, indicated by qe, increased with increasing initial K concentrations (Figure 1a). The sorption data were fitted to the linearized forms of the Langmuir and Freundlich isotherm models (Figure 1b,c). Table 1 shows the parameters for the Langmuir and Freundlich isotherms derived from the experimental data using Equations (1) and (2) and the regression coefficients (R2).



The K sorption on the adsorbents tested can be described by the L-type sorption isotherm, which suggests no strong competition between solvent and sorbate for the sorption sites [3]. Considering the R2 values, the Freundlich isotherm model (i.e., R2 = 0.92) could fit the K adsorption on the natural zeolite better than the Langmuir isotherm model (i.e., R2 = 0.77), while the Langmuir isotherm model could fit the K adsorption on the ammonium acetate-treated zeolite and, in particular, the manganese nodule, better than the Freundlich isotherm model (Table 1).



The qm values, related to the maximum K sorption capacity, derived from the Langmuir isotherm model show that the ammonium acetate-treated zeolite has the greatest K adsorption capacity among the adsorbents studied, followed by the natural zeolite and manganese nodule (Table 1). However, the Kd value indicating the affinity of the binding sites of the manganese nodule was higher than that of the ammonium acetate-treated zeolite (Table 1). These results suggest that the manganese nodule has the higher affinity for K sorption than the ammonium acetate-treated zeolite, but there may be less binding sites available for K sorption on the manganese nodule than the ammonium acetate-treated zeolite. The Freundlich isotherm model parameters showed similar results. For example, the KF value related to the sorption capacity of the ammonium acetate-treated zeolite was higher than the other KF values (Table 1). The n value related to the sorption driving force of the manganese nodule was also higher than the n values of the other adsorbents (Table 1).



When the natural zeolite and the ammonium acetate-treated zeolite are compared, the K sorption capacities indicated by the qm values and KF values were greater for the ammonium acetate-treated zeolite (Table 1). This agrees with previous studies where the ammonium acetate-treated zeolite showed an improved Na sorption capacity over the untreated natural zeolite [10]. The greater K sorption capacity of the ammonium acetate-treated zeolite than the natural zeolite is also supported by the higher specific surface area and pore volume. The specific surface areas of the natural zeolite and the ammonium acetate-treated zeolite were 29.2 and 33.0 m2 g−1, respectively, and the pore volumes of the natural zeolite and the ammonium acetate-treated zeolite were 0.088 and 0.10 cm3 g−1, respectively.



Figure 2 shows the sorption isotherms of K on three different adsorbents under neutral conditions (i.e., pH = 6.99). The sorption data were fitted to the Langmuir and Freundlich isotherm models (Figure 2b,c), and the parameters calculated are shown in Table 1.



The K sorption capacities (i.e., qe) increased with increasing K concentrations at equilibrium (i.e., Ce) (Figure 2a). Considering the R2 values, the Freundlich isotherm model fitted the K adsorption on the natural zeolite and manganese nodule better than the Langmuir isotherm model, while the Langmuir isotherm model fitted the K adsorption on the ammonium acetate-treated zeolite better than the Freundlich isotherm model (Table 1). The maximum sorption capacity (i.e., qm) derived from the Langmuir isotherm was greater for the manganese nodule (i.e., 9.7 mg g−1) than the zeolite-based adsorbents than the (i.e., 5.8 and 8.1 mg g−1). However, the affinity of the binding sites (i.e., Kd) was greater for the zeolite than the other adsorbents (Table 1).




3.1.2. Effect of pH on K Sorption


In this study, pH conditions were changed to find out the effect of pH on K sorption with three adsorbents. Figure 3 compares the maximum K sorption capacity of the three adsorbents used in this study derived from the Langmuir isotherm model.



The maximum K sorption capacity was greater under acidic condition for the zeolite-based adsorbents, while it was greater under neutral condition for the manganese nodule (Figure 3a). On the other hand, the affinity of the binding sites increased with increasing pH for the natural zeolite, while the opposite was observed with the treated zeolite and the manganese nodule (Figure 3b).



Adsorption process can be affected by several factors including temperature, pH, and contact time [3]. As pH increases, the sorbent surface becomes more negatively charged resulting in more metal uptake [16]. Previous study reported a positive linear relationship between the ammonium ion (NH4+) sorption on natural zeolite and the pH condition [17]. The NH4+ sorption capacity increased by about 30% as pH increased from 4 to 7. Moreover, the sorption of lead (Pb) and copper (Cu) on zeolite increased with increasing pH from 3 to 5 [16,18]. However, the opposite was observed with K in our study (Figure 3a). The K sorption capacity decreased with increasing pH from 4.57 to 6.99 (Figure 3a). The presence of other ions such as sodium (Na+) ion and lithium ion (Li+) can compete with K+ ions for sorption sites. A recent study reported that, under the coexistence of Li+, K+, and Na+ ions, EAB zeolite showed higher selectivity towards sorption of Na+ and K+ ions over Li+ ions, and the sorption of K+ ions was preferred over Na+ ions [19]. In this study, when pH was adjusted to neutral pH conditions, phosphate buffers (NaH2PO4-Na2HPO4) were used, and the Na+ ion added with the buffers may compete with K+ ion in K sorption.





3.2. K Sorption Kinetics


The K sorption kinetics were studied in order to find out information about the rate of K adsorption on the natural zeolite and the ammonium acetate-treated zeolite, since they were better adsorbent than the manganese nodule. With the natural zeolite, the equilibrium reached approximately after 24 h (indicated with the dashed line in Figure 4a). With the ammonium acetate-treated zeolite, the equilibrium almost reached within 2 h (indicated with the dashed line in Figure 4a).



The K sorption was fitted to the pseudo-first-order kinetics equation (Equation (3)) and the pseudo-second-order kinetics equation (Equation (4)). The pseudo-first-order kinetics equation, written by Lagergren and modified by Na and Park, can demonstrate the relationship between adsorption amount at equilibrium and the reaction rate of absorbents and adsorbate, in the aqueous solution [20,21]. The pseudo-second-order kinetics equation, written by Ho and Mckay and modified by Na and park, can represent surface adsorption including chemisorption [21,22,23]. The qe values obtained in 3.1.1 were used in the kinetics equation.



For both the natural zeolite and the ammonium acetate-treated zeolite, not a single straight line could fit all the K sorption data over 48 h with the pseudo-first-order kinetics, since no further sorption was observed after 2 h. Thus, only the initial three data were fitted to the pseudo-first-order kinetics to derive the parameters (Figure 4b). This means that the pseudo-first-order kinetics are not suitable for predicting the K sorption on zeolite over the entire sorption period (i.e., 48 h). The pseudo-second-order kinetics equation could fit a straight line to the entire K sorption data over 48 h (Figure 4c). Moreover, the R2 values indicate that pseudo-second-order kinetics are more suitable than pseudo-first-order kinetics for K sorption with both the natural zeolite and ammonium acetate treated-zeolite (Table 2). This suggests that the rate-controlling step during the K sorption reaction on zeolite was the chemical sorption [3]. Both the pseudo-first-order rates and the pseudo-second-order rates show that the K sorption on the ammonium acetate treated-zeolite was faster than that on the natural zeolite (Table 2).




3.3. K Recovery from Seawater


K adsorption experiments using seawater were carried out to verify the effects of different K concentrations and pH conditions on K recovery from seawater using natural zeolite, ammonium acetate-treated zeolite, and manganese nodule. The K recovery on natural zeolite generally increased with increasing initial K concentration at pH 8.33 (Figure 5a). The K recovery from seawater by natural zeolite ranged 4–14% (Figure 5a). The ammonium acetate-treated zeolite also showed increasing K recovery with increasing K concentration from 23 mg L−1 to 50 mg L−1 at pH 8.33; however, further increase in the K concentration did not increase the K recovery (Figure 5b). The ammonium acetate-treated zeolite showed approximately 5–12% of K recovery. The manganese nodule showed a different trend with other adsorbents and had the highest recovery at the lowest concentration used at pH 8.33 (i.e., 23 mg L−1) (Figure 5c). The manganese nodule had the K recovery of 0–22%, and the maximum recovery was observed with the diluted seawater sample (i.e., initial K concentration of 23 mg L−1) at pH 8.33. Except for this condition (i.e., initial K concentration of 23 mg L−1 at pH 8.33), the zeolite-based adsorbents showed higher K recovery than the manganese nodule, and the K recovery was not affected by the pH conditions.



The results observed are similar to that observed with the KCl solutions (see Section 3.1.2). With the KCl solution, the zeolite-based adsorbent adsorbed more K than the manganese nodule at acidic pH condition, while the manganese nodule adsorbed more K at neutral pH condition (Figure 3a). With the seawater, regardless of the initial K concentrations, more K was recovered using the zeolite-based adsorbents at acidic pH condition (Figure 5). At alkaline pH condition, the zeolite-based adsorbents were better for K recovery than the manganese nodule, except at the initial K concentration of 23 mg L−1 (Figure 5).



Figure 6 compares the K sorption ability of three adsorbents in the KCl solutions and seawater. At low K concentrations (i.e., 23 mg L−1), the K sorption was the greatest with the ammonium acetate-treated zeolite in the KCl solution at pH 4.57 (Figure 6a). However, with the KCl solution at pH 6.99 and seawater at pH 8.33, the manganese nodules generally showed higher sorption capacities than the others (Figure 6a). At K concentrations of 50 and 120 mg L−1, the zeolite-based absorbents were more effective in K recovery from the acidic KCl solutions and seawater, while the manganese nodules were more effective for the neutral KCl solutions (Figure 6b,c). Except for the K recovery from the acidic KCl solution, the manganese nodules can be a comparable or better K adsorbent.



Based on the K sorption on each adsorbent, the K recovery from the seawater was generally less than that from the KCl solutions (Figure 6). This could be attributed to the interference of other ions such as chlorine and Na, which account for more than 80% in seawater. As the K concentration in seawater increases, so do the other ions in seawater, and they will compete with K for adsorption. Considering such competition between mixtures of ions, K from waters and seawaters containing K and other ions can be more efficiently recovered using zeolite-based adsorbents than manganese nodule.




3.4. Regeneration Study with KCl Solutions


Figure 7 shows the changes in the amount of K sorbed on the natural zeolite and ammonium acetate-treated zeolite with respect to the number of repeated sorption tests. The average amounts of K sorbed on unit mass of both zeolites tend to decrease with the increasing number of repeated sorption tests (Figure 7). However, the reduction in the K sorption capacity was not statistically significant up to the third sorption test with the natural zeolite (Figure 7a), while the first and the fourth tests showed a statistically significant difference (p-value = 0.013). With the ammonium acetate-treated zeolite, the K sorption capacity of the first test was significantly greater than the following sorption tests (p-value < 0.05), but the K sorption capacities of the second and the third sorption tests and the third and the fourth tests were statistically similar (p-value > 0.05) (Figure 7b).



The decreasing trend in the average K sorption capacity may be explained by the partial desorption of K during the regeneration process [3]. The K sorption capacity was greater for the ammonium acetate-treated zeolite than the natural zeolite (Figure 7); however, the natural zeolite tends to maintain its K sorption capacity up to three times of reuses, while the ammonium acetate-treated zeolite tends to reduce its K sorption capacity after the first use. This may be due to the loss of the effect of ammonium acetate treatment after repeated regeneration processes.





4. Conclusions


The K sorption characteristics with three adsorbents, natural zeolite, ammonium acetate-treated zeolite, and manganese nodule, were studied and compared to see the potential use of manganese nodule as an alternative K adsorbent. The amounts of K adsorption with all three absorbents increased with increasing initial K concentration. However, these three absorbents showed different sorption characteristics depending on pH conditions. The manganese nodules show a comparable and, sometimes, better K recovery than the zeolite-based absorbents under certain conditions; however, zeolite-based absorbents were generally still more suitable for K recovery considering competition between mixtures of ions in waters and seawaters. In particular, the natural zeolite can potentially be reused up to three times without losing its K sorption capacity. The K sorption capacity of the ammonium acetate-treated zeolite was higher than that of the natural zeolite, but the loss of K sorption capacity with the repeated uses was greater with the ammonium acetate-treated zeolite. Overall, the results show that the manganese nodule can potentially be used to recover K under certain conditions, but the zeolite-based absorbents are generally better for K recovery from K-containing waters. This suggests that more studies on the K recovery using zeolite, including surface modified zeolite, are necessary to enhance the K recovery from seawater. Furthermore, studies on other alternative adsorbents are required.
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Figure 1. (a) Adsorption isotherm; (b) Langmuir isotherm; and (c) Freundlich isotherm of potassium (K) in potassium chloride (KCl) solutions on natural zeolite (zeolite), ammonium acetate−treated natural zeolite (Treated zeolite), and manganese nodule (manganese nodule) at pH 4.57. 
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Figure 2. (a) Adsorption isotherm; (b) Langmuir isotherm; and (c) Freundlich isotherm of potassium (K) in potassium chloride (KCl) solutions on natural zeolite (zeolite), ammonium acetate−treated natural zeolite (treated zeolite), and manganese nodule (manganese nodule) at pH 6.99. 
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Figure 3. (a) Maximum potassium (K) sorption capacity (qm) and (b) the affinity of the binding sites (Kd) of the natural zeolite (NZ), ammonium acetate-treated zeolite (ATZ), and manganese nodule (MN) at pH 4.57 and 6.99 derived from the Langmuir isotherm model. 
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Figure 4. (a) Adsorbed amounts of potassium (K) on zeolite−based adsorbents with respect to time, (dashed line: the moments where each system reaches equilibrium); (b) the pseudo−first−order kinetics equation fitted to the 4 h K sorption data (solid line: ammonium acetate-treated zeolite, dashed line: natural zeolite); and (c) the pseudo−second−order kinetics equation fitted to the 72 h K sorption data (solid line: ammonium acetate−treated zeolite, dashed line: natural zeolite). 
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Figure 5. Recovery rate of potassium (K) by (a) natural zeolite (NZ), (b) ammonium acetate−treated zeolite (TZ), and (c) manganese nodule (MN) at various initial K concentrations (i.e., diluted seawater (23 mg L−1), raw seawater (50 mg L−1), and concentrated seawater (120 mg L−1)) at different pH conditions (i.e., pH 5.08 ± 0.04 and pH 8.33 ± 0.15). 
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Figure 6. Sorption of potassium (K) on different adsorbents (i.e., natural zeolite (NZ), ammonium acetate-treated zeolite (ATZ), and manganese nodule (MN)) at average K concentration of (a) 23 mg L−1, (b) 50 mg L−1, and (c) 120 mg L−1 at KCl pH 4.57, KCl pH 6.99, and seawater pH 8.33. Note that the absence of bar graphs in NZ and MN implies that there was no adsorption to those absorbents. 
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Figure 7. Changes in the potassium (K) sorption capacity with repeated sorption tests: (a) natural zeolite; (b) ammonium acetate−treated zeolite. The adsorbents were regenerated after each sorption test with 0.5 N HCl. 
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Table 1. Langmuir and Freundlich isotherm parameters for potassium sorption at pH 4.57 and 6.99.
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pH

	
Adsorbent

	
Langmuir Isotherm

	
Freundlich Isotherm




	
qm (mg g−1)

	
Kd

	
R2

	
KF

	
n

	
R2






	
4.57

	
Natural zeolite

	
40

	
0.011

	
0.77

	
0.80

	
1.4

	
0.92




	
Ammonium acetate-treated zeolite

	
42

	
0.057

	
0.93

	
2.9

	
1.8

	
0.90




	
Manganese nodule

	
2.0

	
0.17

	
0.80

	
0.84

	
5.2

	
0.14




	
6.99

	
Natural zeolite

	
5.8

	
0.045

	
0.54

	
0.55

	
2.0

	
0.77




	
Ammonium acetate-treated zeolite

	
8.1

	
0.037

	
0.66

	
2.2

	
4.9

	
0.30




	
Manganese nodule

	
9.7

	
0.018

	
0.11

	
2.1

	
3.8

	
0.14
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Table 2. Parameters of kinetic models for K adsorption by natural zeolite and ammonium acetate-treated zeolite.
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Adsorbent

	
Pseudo-First-Order

	
Pseudo-Second-Order




	
k1

(h−1)

	
qe

(mg g−1)

	
R2

	
k2

(g mg−1 h−1)

	
qe

(mg g−1)

	
h

(mg g−1 h−1)

	
R2






	
Natural zeolite

	
0.249

	
39.9

	
0.857

	
0.0266

	
31.0

	
25.7

	
0.996




	
Ammonium acetate-treated zeolite

	
0.480

	
42.0

	
0.852

	
4.46

	
3.75

	
62.6

	
0.997
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