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Abstract

:

The adsorption/desorption characteristics for light and heavy rare earth elements (REEs) on halloysite and illite (which are beneficial for the utilization of ion-adsorption RE ore) were systematically investigated and compared. Additionally, halloysite and illite were fully charactered by XRD, SEM, microscope, zeta potential, nitrogen adsorption–desorption isotherms and buffer pH to build the relationship between adsorption/desorption mechanisms and the minerals’ properties. The results of experiments show that the adsorption rate of halloysite is higher than illite, although they are both very fast and follow the pseudo-second-order kinetic model. The adsorption capacity of halloysite and illite increases with an increase in adsorption pH and remains constant when pH is higher than 4. Due to the narrow interlamellar spacing of halloysite and the fact that it is a nanotube, RE ions are adsorbed only through electrostatic attraction, whereas the adsorption and desorption pH have a significant effect on the recovery of RE ions from illite, because of the diverse adsorption mechanism. The results illustrated that the structure and surface properties of clays are also the key factors that affect RE ions leaching.
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1. Introduction


It is well-known that rare earth elements (REEs) are widely used in advanced materials and high-technology fields, including permanent magnets, luminescence, catalysts and alloys [1,2,3,4], especially for heavy REEs (Y, Tb, Dy, Ho, Er, Tm, Yb and Lu), which mainly come from ion-adsorption rare earth (RE) ore. Ion-adsorption RE ore is a unique mineral that is formed by the following processes [5]: the RE original rocks (granitic and volcanic) are weathered under humid and warm climate conditions; meanwhile, the RE ions are released from weathered original rocks and migrated with rainwater and groundwater; subsequently, the released RE ions are adsorbed onto electronegative clay mineral surfaces such as halloysite and illite [6,7,8,9]. Hence, the ion-adsorption RE ore is exploited by ion-exchange with inorganic salt solutions, such as NH+ and Mg2+ solutions [10]. A geography study revealed that the content of clay in ion-adsorption RE ore decreases in the order of halloysite > illite > kaolinite > montmorillonite [11]. However, the influence of clay mineral species is not considered during the leaching process, although there are obvious distinctions for the desorption characteristics of RE ions from different clays.



Halloysite is a hollow nanotube with a length of 600–1000 nm, and an inner and outer radius of 30 nm and 100 nm, respectively [12]. It is typically a 1:1 silicate mineral (Al2O3·2SiO2·4H2O), where tetrahedral SiO4 (Si-O layer) is in the exterior face, and the inner face has an octahedral AlO6 [13]. As for illite, which is 2:1 laminar silicate mineral, the top and bottom layers are tetrahedral SiO4 and mixed with an octahedral AlO6 in the middle [14]. There are several similar properties for halloysite and illite, such as the fact that surface hydroxyls can be protonated and deprotonated [15], which has an effect on the adsorption mechanism of RE ions on clay surfaces. Their surfaces are electronegative due to isomorphous substitution; however, the points of zero charge (PZC), buffer pH and specific surface area (SSA) of halloysite and illite would be different, which is crucial information for the adsorption of RE ions.



To better understand the mineralization process of ion-adsorption RE ore, the investigation of RE ion adsorption on raw clay minerals is an effective method [16,17,18]. Gao et al. [19] studied the influence of pH, Na+ and K+ ions on the adsorption of RE ions onto kaolinite and halloysite; they indicated that kaolinite mainly adsorbed heavy REEs while halloysite adsorbed lighter REEs, if there is K+ in solution. In addition, Yang et al. [20] investigated the adsorption of complete RE ions series on kaolinite and halloysite under different pH levels and ionic strengths, and concluded that both kaolinite and halloysite preferentially adsorbed heavy REEs at high ionic strength and high pH, while without apparent fractionation at low ionic strengths. However, this work only focused on the adsorption process, with no attention to the desorption process. Hence, Alshameri et al. [21] systematically studied and compared the adsorption/desorption for La3+ and Yb3+ of kaolinite, montmorillonite, muscovite and illite, and found that kaolinite has highest desorption efficiencies for La3+ (89%) and Yb3+ (85%) in the order of kaolinite > illite > montmorillonite > muscovite, while the presence of iron oxide in muscovite led to the low desorption efficiencies of RE ions. However, this study concentrated on single-RE ions adsorbed on clays, with little attention to the adsorption/desorption of mixed-RE ions, which would have competition effects on each other. Additionally, the adsorption/desorption characteristics of light/heavy RE ions on different clays would be different. Hence, halloysite and illite, as the dominant hosts for RE ions in ion-adsorption RE ore [11], deserve more attention.



The objective of this work is to investigate the adsorption and desorption characteristics of light and heavy RE ions from halloysite and illite, clarify the differences, and build the relationship between leaching technology of ion-adsorption RE ore and clay species, in order to form classified leaching technology based on the clay species. The adsorption capacity, adsorption kinetics, desorption rate, desorption agent concentration and effects of pH of Nd3+, Eu3+ and Lu3+ from halloysite and illite were studied. The X-ray diffraction (XRD), zeta potential, N2 adsorption–desorption isotherms and buffer pH of halloysite and illite were determined and compared to reveal the adsorption mechanism. This study obtained a new insight into the classificatory leaching technology of ion-adsorption RE ore based on clay species.




2. Materials and Methods


2.1. Materials


Halloysite and illite were sourced from Yunnan and Zhejiang provinces, China, respectively. All the chemicals used, such as neodymium chloride, europium chloride, lutetium chloride, ammonium sulfate, hydrochloric acid, sulfuric acid and sodium hydroxide, are of analytical grade.




2.2. Characterization of Halloysite and Illite


Powder X-ray diffraction (XRD) was determined between 5° to 70° (2θ) with a step size of 0.02 using a Bruker Smart Apex II with Cu-Kα (λ = 0.154 nm) radiation operating at 40 kV and 40 mA; the illite sample was prepared by side charging to avoid preferred orientation. Scanning electron microscopy (SEM) analysis was performed by FEI- MLA650F. The clays were ultrasonically for 5 min before being deposited and then were coated with a thin shell of gold by sputter deposition; images were taken in secondary electron mode with an accelerating voltage of 20.0 kV and working distance of 13.6 mm. The image of polarizing microscope was photographed by a Leica DM2700 P.



Zeta potentials were determined by a Malvern Zetasizer Nano ZS 90 instrument. A total of 5 mg of halloysite/illite was added into 50 mL of deionized water to obtain suspensions (0.1 mg/mL), and ultrasonically for 10 min; subsequently, the supernate was used for tests. Both 0.1 mol/L HCl and 0.1 mol/L NaOH solutions were used to adjust the pH of suspensions in a range of 2.5 to 6.



N2 adsorption–desorption isotherms were measured at 77 K for five hours with 0.5 g clays on a BSD 3H-2000PS2 instrument. The specific surface area (SBET) was calculated using the multiple-point Brunauer–Emmett–Teller (BET) method.



In order to investigate the buffer performance of halloysite and illite, 2 g of halloysite/illite was mixed with 16 mL of pH = 3.0, 4.1, 5.1, 6.1, 7.2, 7.9, 8.9, 10.0, 11.0 aqueous phase, respectively, and then sharked for 120 min in conical flasks in a mechanical shaker. After that, aqueous phase was separated by centrifugation at 6000 rpm for 2 min and filtered by a microfiltration membrane. The residual H+ ion was determined by a pH meter.




2.3. Batch Adsorption Experiments


Chloride neodymium, europium and lutetium were mixed in a solution with the concentration of 0.46 mmol/L for each REE. All batch adsorption experiments were carried out using conical flasks in a mechanical shaker with halloysite (or illite)/liquid ratio of 1:25. The mixtures were shaken with a constant speed of 200 rpm at a temperature of 25 °C for a given time. Subsequently, the adsorbents were separated by centrifuge and rinsed with deionized water several times. After that, the adsorbents were dissolved with nitric acid, hydrochloric acid, sulfuric acid and perchloric acid, and then the concentrations of Nd3+, Eu3+ and Lu3+ were determined by inductively coupled plasma optical emission spectrometry (ICP-OES). The equilibrium adsorption capacities (qe) of adsorbents were calculated by using the following equation:


   q e  =  m M   



(1)




where qe is adsorption capacity (mg/g), m and M are the mass of adsorbed REEs and adsorbents, respectively.



2.3.1. Adsorption Kinetics Experiments


The optimum time required for the Nd3+, Eu3+ and Lu3+ was determined as a function of contact time in the range of 1 min−240 min at a fixed pH of 5 and 25 °C. Clay samples of 0.6 g were mixed with 15 mL of Nd3+, Eu3+ and Lu3+ solution at every individual time point.




2.3.2. Influence of Initial pH on Adsorption


In order to evaluate the effect of initial pH on adsorption, the adsorbents were mixed with RE ion solution in a pH range of 2 to 6, and the equilibrium solution’s pH was determined.





2.4. Batch Desorption Experiments


The adsorption pH not only affects adsorption capacity, but also influences the adsorption stability of RE ions. Hence, the adsorbents that adsorbed RE ions in a pH rang of 2 to 5.8 were desorbed by a pH = 4 0.11 mol/L (NH4)2SO4 (solid/liquid = 1:50) solution for 240 min. Desorption efficiencies for halloysite and illite were calculated by the following equation:


   Recovery     ( % )  =   C V   m    q e    × 100  



(2)




where C is the REE concentration in solution after desorption, V is the volume of desorption solution, m and qe are the mass and adsorption capacity of adsorbents, respectively.



The effect of desorption pH, contact time and (NH4)2SO4 concentration on desorption of RE ions from halloysite and illite were investigated with a solid/liquid rate of 1:50. The adsorbents that were used in the desorption process were prepared in the same way as the adsorption test at pH = 5 and contact 240 min. In order to obtain the optimal desorption pH of RE ions from halloysite and illite, the recovery of Nd3+, Eu3+, and Lu3+ was determined as a function of desorption pH in the range of 2.5 to 6, and the equilibrium pH was determined. The influence of contact time was studied in the range of 1 min to 240 min at the optimal desorption pH. The optimal (NH4)2SO4 concentration was investigated in the range of 0 to 0.19 mol/L.





3. Results and Discussion


3.1. Characterization of Halloysite and Illite


3.1.1. XRD and SEM Analysis


XRD, SEM and polarizing a microscope were used to characterize halloysite and illite. Figure 1 shows XRD patterns of characteristic diffraction peaks (2θ) of halloysite-7 Å and illite-2M1 at 11.96°, 19.87°, 8.86° and 17.65°; the corresponding interplanar distances are 7.42, 4.46, 10.07 and 5.04, which illustrates that they are composed almost entirely of raw clay mineral [19,22]. XRD shows that the largest interplanar distances of illite (002) is higher than halloysite (001), which is beneficial for the crossing of RE ions. In order to verify the purity of clays once more, SEM and a polarizing microscope were used and the results are shown in Figure 2; it can be found that halloysite is a tubulose, which is the conspicuous distinction with kaolinite. Additionally, the polarizing microscope results (Figure 2d) of illite show that there are almost no lumps under 2 μm, implying that there is no muscovite.




3.1.2. Zeta Potential


Previous works revealed that most RE ions are adsorbed on clays by electrostatic force [23,24]; hence, the surface charge of halloysite and illite is crucial for the adsorption of Nd3+, Eu3+ and Lu3+. Figure 3 shows the zeta potential of halloysite and illite as a function of pH between 2.5 and 6. It shows that the zeta potentials of halloysite and illite decrease with an increase in pH, suggesting that higher pH contributed to negative charge on the surfaces of adsorbents. Positively charged ions prefer to adsorb on negatively charged surfaces, which provides the driving force for electrostatic interaction with RE ions [25]. Hence, the adsorption capacity of RE ions on halloysite and illite would increase with the increase in solution pH. On the other hand, zeta potentials of halloysite and illite are similar in the test pH range, and change to positive at pH 2.5, implying that the adsorption capacity of halloysite is comparable to that of illite, and low pH goes against adsorbing RE ions.




3.1.3. Specific Surface Area


N2 adsorption–desorption isotherms were applied to measure the specific surface area of halloysite and illite, and the results are shown in Figure 4. The adsorption–desorption isotherms of halloysite and illite show a characteristic hysteresis loop, which is associated with capillary condensation in the mesopores. The SBET and pore volume of halloysite are 24.87 m2/g and 0.1854 cm3/g (Table 1), which is much higher than illite (6.78 m2/g, 0.0423 cm3/g) because halloysite is hollow nanotube, while illite is a tightly stacked lamellar, as shown in SEM images (Figure 2). Generally, high SBET is beneficial for the adsorption capacity.




3.1.4. Buffer Performance


The surface hydroxyl of halloysite and illite can protonate and deprotonate depending on the solution pH, which is crucial for the adsorption of RE ions. Buffer capacity of halloysite and illite at different initial solution pH values are observed (Figure 5). It is shown that equilibrium pH levels of halloysite and illite stabilize at 5.3 and 6.7, respectively, when initial pH is in the range of 4 to 10. On the other hand, it is overflowing when initial pH levels are 3 and 11. Because the protonation/deprotonation sites of halloysite and illite were limited, plenty of H+/OH− were dissociated in the solution while initial acidity/basicity is high. These results reveal that halloysite and illite would protonate or deprotonate while solution pH levels are higher or lower than 5.3 and 6.7, respectively. The buffer pH levels indicate that halloysite and illite can almost be protonated in raw water, which goes against them adsorbing RE ions by surface complex.





3.2. Adsorption Characteristics of Nd3+, Eu3+ and Lu3+ onto Halloysite and Illite


3.2.1. Adsorption Kinetics


Figure 6 shows the qe of Nd3+, Eu3+ and Lu3+ on halloysite and illite as a function of contact time. It can be found that the qe of Nd3+, Eu3+ and Lu3+ on halloysite and illite increases quickly with an increase in contact time and reaches equilibrium in 60 min; beyond this value, there is no noticeable increase in the adsorption. Most RE ions are adsorbed within 5 min (~95%), indicating that the adsorption of RE ions on clays is quite rapid. This might be ascribed to the utilization of readily available adsorption sites of the clays, resulting in a fast diffusion and rapid equilibrium attainment [21]. The short equilibrium time indicates an excellent affinity of clays for RE ions [26]. The qe of Lu3+ is slightly higher than Nd3+ and Eu3+ due to a larger atomic weight of Lu, suggesting there is no apparent fractionation for light and heavy REEs on halloysite and illite. Despite the fact that the SBET of halloysite is larger than illite, the qe of halloysite is smaller than illite, which may be due to the narrow interlamellar spacing of halloysite (7 Å), which goes against the interaction between RE ions and active surface sites.



In order to investigate the adsorption kinetics of Nd3+, Eu3+ and Lu3+ on halloysite and illite, the pseudo-first-order [27] and pseudo-second-order [28] models were applied to simulate the kinetics behavior, and corresponding equations are shown as follows:



The pseudo-first-order model:


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



(3)







The pseudo-second-order model:


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



(4)




where qe and qt are the adsorption capacity at equilibrium and time t, respectively, and k1 and k2 are rate constants of pseudo-first-order and pseudo-second-order models, respectively.



The adsorption kinetics of Nd3+, Eu3+ and Lu3+ on halloysite and illite are shown in Figure 7 and the corresponding kinetics parameters of pseudo-first-order and pseudo-second-order models are listed in Table 2. The correlation coefficient values (R2) are 0.999 for the pseudo-second-order model, which is higher than that of the pseudo-first-order model, and the calculated qe values of the pseudo-second-order model fit well with experimental values. The results imply that the kinetics adsorptions of Nd3+, Eu3+ and Lu3+ on halloysite and illite can be described by the pseudo-second-order model very well, which means that both concentration of RE ions and the number of active sites on clays can influence the adsorption rate [29]. Meanwhile, the larger k2 values indicate that the adsorption rate of RE ions on halloysite is higher than on illite, which is attributed to outer-layer adsorptions that interact by electrostatic force.




3.2.2. Effect of pH on Adsorption Capacity


One of the vital factors which affects the adsorption behavior of RE ions is the pH of solution. The qe of Nd3+, Eu3+ and Lu3+ on halloysite and illite as a function of solution pH is shown in Figure 8. It can be seen that the qe of all RE ions on halloysite and illite increase with an increase in initial pH and nearly reaches equilibrium at a pH level of 4. The lower qe at low initial pH is caused by two reasons: one is of ZPC, which is the main driving force for RE ions adsorbed on clay surfaces, and low pH values contribute to the small absolute value of ZPC (Figure 3), which goes against RE ions adsorbing on clay surfaces; on the other hand, the presence of more H+ in an overly acidic solution leads to greater competitive adsorption between H+ and RE ions [30]. Previous analysis showed that the ZPC of halloysite and illite is similar, while the SBET of halloysite is much higher than illite, whereas the adsorption capacity of halloysite is lower than illite, which may be due to the narrow interlamellar spacing of halloysite where RE ions cannot pass through.



The equilibrium pH levels after Nd3+, Eu3+ and Lu3+ adsorb on halloysite and illite were determined (Figure 8). It shows that the equilibrium pH levels diverge from initial pH due to the buffer performance of halloysite and illite. Moreover, the equilibrium pH levels reach a platform when initial pH is higher than 4, which is same as the tendency of qe. The results indicate that qe is influenced by equilibrium pH rather than initial pH. However, the equilibrium pH levels of halloysite and illite are lower than their buffer pH (Figure 5), implying that the adsorption of RE ions is beneficial for H+ fleeing from clay surfaces.





3.3. Desorption Characteristics of Nd3+, Eu3+ and Lu3+ from Halloysite and Illite


3.3.1. Influence of Adsorption pH on RE Ion Desorption


Adsorption pH plays a vital role in the qe of RE ions on halloysite and illite; on the other hand, it also influences the adsorption mechanism [31,32]. Figure 9 shows the recovery of Nd3+, Eu3+ and Lu3+ from halloysite and illite as a function of adsorption pH. The recovery of Nd3+, Eu3+ and Lu3+ from halloysite decreases slightly with the increase in adsorption pH (100.1% at pH 2, 97.5% at pH 6), which proves that pH has negligible influence on the adsorption mechanism of RE ions on halloysite within the tested pH range. The high recovery (>96%) at all tested pH ranges reveals that RE ions are adsorbed on halloysite surfaces mainly by electrostatic attraction. However, the recovery of Nd3+, Eu3+ and Lu3+ from illite decreases with an increase in adsorption pH. This may be attributed to the different adsorption mechanisms under various pH conditions. Similar to kaolinite [33], RE ions adsorbed on illite by weakly electrostatic attraction, while illite surfaces are deprotonated at low acidic solution, and coordination bonds are formed between RE ions and illite surfaces [34].




3.3.2. Influence of pH on RE Ion Desorption


The recovery of Nd3+, Eu3+ and Lu3+ from halloysite and illite as a function of desorption pH is shown in Figure 10. Similar to the effect of adsorption pH, the recovery of Nd3+, Eu3+ and Lu3+ from halloysite decreases slightly with an increase in initial pH, while it decreases more drastically for illite. As mentioned earlier, RE ions are adsorbed on halloysite surfaces mainly by electrostatic attraction, which can be easily desorbed by ion exchange; hence, the recovery almost maintains a constant as a function of initial pH. As for illite, the desorption pH has a significant effect on the recovery of RE ions. RE ions that are adsorbed through coordination bonds are hard to be desorbed by ion exchange, but they can change to outer-layer adsorption by electrostatic attraction at low-pH solutions, which are easy to be desorbed. Hence, the recovery of RE ions increases with a decrease in pH, whereas the RE ions that recovered under the high-pH condition are adsorbed by electrostatic attraction, and the residual might be adsorbed through coordination bonds, which only desorbed with low-pH solutions. The equilibrium pH is different to initial pH due to the buffer performance of halloysite and illite; hence, solid/liquid rates need to be considered when determining desorption pH. Hence, the optimal desorption pH levels in the following desorption experiments for halloysite and illite are 4 and 3, respectively.




3.3.3. Influence of Lixiviate Concentration on RE Ion Desorption


Figure 11 shows the influence of (NH4)2SO4 concentration on the recovery of Nd3+, Eu3+ and Lu3+ from halloysite and illite. The recovery increases quickly with an increase in (NH4)2SO4 concentration. The recovery of RE ions from halloysite is only ~3% without (NH4)2SO4, while it is ~50% from illite, because the pH of the leaching agent for illite is 3, which is lower than halloysite, indicating that a part of RE ions can be desorbed by H+. The recovery of Nd3+ and Lu3+ from halloysite is 88% and 81% when (NH4)2SO4 concentration is 0.011 mol/L, and then slightly increases with an increase in (NH4)2SO4 concentration until 0.11 mol/L. As for illite, the recovery of RE ions is lower than on halloysite when (NH4)2SO4 concentration is 0.011 mol/L, implying that desorption of RE ions from illite is harder for kinetics. Based on these results, the optimal (NH4)2SO4 concentration for halloysite and illite is 0.11 mol/L.




3.3.4. Influence of Contact Time on RE Ion Desorption


The recovery of Nd3+, Eu3+ and Lu3+ from halloysite and illite as a function of contact time is investigated, and the results are shown in Figure 12. The desorption efficiencies of RE ions from halloysite and illite are very fast, most of RE ions are desorbed within 5 min (~92%), and then slightly increase with an increase in contact time. A similar study reported that the leaching kinetics were very fast, within <5 min [35]. Process kinetics were found to be very fast; this fact can be attributed to an ion-exchange mechanism. The desorption rate of Lu3+ (heavy RE) is slower than Nd3+ (light RE), which may be due to the smaller ionic radius of Lu3+.





3.4. Comparison


Based on the above results, there are obvious differences for the adsorption and desorption characteristics of RE ions from halloysite and illite, which are the primary clay minerals of ion-adsorption RE ore. Halloysite and illite are both silicate minerals, and surface hydroxyl can be protonated and deprotonated, which has a crucial effect on the adsorption mechanism of RE ions. The adsorption experiments reveal that RE ions were adsorbed on halloysite only through electrostatic attraction, while they were absorbed by electrostatic attraction and coordination bonds on illite. This may be due to the narrow interlamellar spacing of halloysite (7 Å), which prevents RE ions close to its surface from absorbing further. Hence, it is easy to desorb RE ions from halloysite, while more acidic solutions are needed for illite. The results could give some suggestions about the leaching technology of ion-adsorption RE ore: it seems possible to formulate distinctive leaching technologies depending on the clay mineral species of ion-adsorption RE ore. Since the species of clays change with an increase in depth, halloysite is usually distributed in the top (completely weathered layer), while illite appears in the bottom (partly weathered layer) [11]. If the clays of ion-adsorption RE ores are dominated by halloysite, the pH of a leaching agent can be lower than 4 and the leaching time can be very short, whereas the pH should be lower than 3 if there is a large amount of illite.





4. Conclusions


This study shows the adsorption/desorption characteristics of Nd3+, Eu3+ and Lu3+ from halloysite and illite with various experimental conditions. The zeta potential of halloysite and illite is negative, which provided the driving force for adsorbing RE ions. The buffer pH is decreased after adsorbing RE ions. The kinetics adsorption and recovery were very fast, although the adsorption rate of halloysite is higher than illite; moreover, the adsorption process follows the pseudo-second-order kinetic model. The adsorption capacity of halloysite and illite increases with the increase of adsorption pH and remains a constant when pH higher than 4. The adsorption pH has a significant effect on the adsorption stability of RE ions onto illite, while it makes no difference for halloysite. On account of the narrow interlamellar spacing and nanotube nature of halloysite, RE ions were adsorbed on halloysite only by electrostatic attraction, whereas electrostatic attraction and coordination bonds are formed between RE ions and illite, due to the deprotonation of illite surfaces. The recovery of Nd3+, Eu3+ and Lu3+ from halloysite decreased slightly with an increase in desorption pH, while it decreased more drastically for illite. The desorption efficiencies of RE ions from halloysite and illite are very fast (within 5 min).



The results of this work are of benefit for better understanding the mechanisms that influence the adsorption/desorption characteristics of the RE ions onto halloysite and illite. This study also provided a potential project: leaching RE ions from ion-adsorption RE ore depending on the species of clay minerals, which can reduce the use of leaching agents to become more eco-friendly. It seems feasible to build dumps that are composed by ion-adsorption RE ores which are unearthed in the same depth, and then use leaching technologies depending on clay species.
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Figure 1. XRD patterns for halloysite and illite. 
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Figure 2. SEM (a–c) and microscope (d) images for halloysite (a,b) and illite (c,d). 
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Figure 3. Zeta potential of halloysite and illite as a function of pH. 
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Figure 4. The adsorption–desorption isotherms of halloysite and illite. 
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Figure 5. Buffer performance of halloysite and illite at different initial solution pH values. 
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Figure 6. Effect of contact time on Nd3+, Eu3+ and Lu3+ adsorption onto halloysite (a) and illite (b). 






Figure 6. Effect of contact time on Nd3+, Eu3+ and Lu3+ adsorption onto halloysite (a) and illite (b).



[image: Minerals 12 01003 g006]







[image: Minerals 12 01003 g007 550] 





Figure 7. Pseudo-first order, pseudo-second order for Nd3+, Eu3+ and Lu3+ on halloysite (a,b) and illite (c,d). 
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Figure 8. Effect of initial pH on Nd3+, Eu3+ and Lu3+ adsorption on halloysite (a) and illite (b). 
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Figure 9. Effect of adsorption pH on the recovery of Nd3+, Eu3+ and Lu3+ from halloysite (a) and illite (b). (pH = 4.2, contact time = 240 min, (NH4)2SO4 concentration = 0.11 mol/L). 
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Figure 10. Influence of pH on the recovery of Nd3+, Eu3+ and Lu3+ from halloysite (a) and illite (b). (Contact time = 240 min, (NH4)2SO4 concentration = 0.11 mol/L.) 
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Figure 11. Influence of (NH4)2SO4 concentration on the recovery of Nd3+, Eu3+ and Lu3+ from halloysite (a) and illite (b). (Contact time = 240 min, pH levels for halloysite and illite are 4 and 3, respectively.) 
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Figure 12. Influence of contact time on the recovery of Nd3+, Eu3+ and Lu3+ from halloysite (a) and illite (b). (pH levels for halloysite and illite are 4 and 3, respectively, (NH4)2SO4 concentration = 0.11 mol/L.) 
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Table 1. Specific surface area, pore volume and pore diameter (nm) of halloysite and illite.
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	Clays
	SBET (m2/g)
	Pore Volume (cm3/g)
	Pore Diameter (nm)





	Halloysite
	24.87
	0.1854
	29.81



	Illite
	6.78
	0.0423
	24.94
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Table 2. Kinetics parameters for the adsorption of Nd3+, Eu3+ and Lu3+ on halloysite and illite.
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Species

	
Pseudo-First Order

	
Pseudo-Second Order




	
qe (mg/g)

	
k1 (min−1)

	
R2

	
qe (mg/g)

	
k2 (mg/g/min)

	
R2






	
Halloysite

	

	

	

	

	

	




	
Nd

	
0.018

	
0.0133

	
0.903

	
0.501

	
5.19

	
0.999




	
Eu

	
0.011

	
0.0129

	
0.545

	
0.488

	
11.37

	
0.999




	
Lu

	
0.018

	
0.0156

	
0.919

	
0.542

	
5.38

	
0.999




	
Illite

	

	

	

	

	

	




	
Nd

	
0.075

	
0.019

	
0.963

	
0.456

	
1.42

	
0.999




	
Eu

	
0.069

	
0.02

	
0.922

	
0.473

	
1.66

	
0.999




	
Lu

	
0.081

	
0.017

	
0.942

	
0.625

	
1.40

	
0.999
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