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Abstract

:

In deep underground environments, temperature is one of the key factors affecting the geochemistry behaviors of rare earth elements (REE) in organic-rich fluid. However, the influence of temperature on the interaction between humic acids (HA) and REE is not well known. In the present study, the influence of temperature on the HA–REE-binding behavior was evaluated based on heating experiments of REE-doped HA solution. Lignite-extracted HA and REE-binding experiments were conducted over a temperature range of 20 to 200 °C to quantify HA–REE complexation and the influence of temperature on HA binding sites. Results showed that increasing temperature and decreasing [REE]/[HA] ratio cause an increase of Kd value (the partition coefficient of REE between HA and aqueous solution). During heating   K d  REE      K d  REE    patterns gradually change from middle REE-enriched-type (M-type) at 20 °C to light and middle REE-enriched-type (L-M-type) at 50 and 100 °C, and to light REE-enriched-type (L-type) at 150 °C and 200 °C. The increase of REE bonded with HA and modifications of   K d  REE    patterns during the thermal treatment may be attributed to the increase of REE-binding sites, especially carboxylic sites, as a consequent of HA decomposition. This study provides a glimpse into the HA–REE-binding behaviors in the deep underground environment, which may shed light on the geochemical characteristics of REE in some organic-bearing rocks, and their changes during the coalification process.
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1. Introduction


Rare earth elements (REE), defined as a group of 14 elements with atomic number 57 (La) through 71 (Lu), are a highly coherent series of elements typically having an ionic charge of +3 and with chemical properties varying regularly along the series [1,2,3,4,5]. REE can be subdivided into light REE (LREE, La-Nd), medium REE (MREE, Nd-Tb) and heavy REE (HREE, Dy-Lu), based on their atomic masses [6,7]. Their similar charge combined with their systematic decrease in ionic radius with increasing atomic number allow them to be excellent probes for petrogenetic sources and fractionation processes [1,2], as well as depositional environment and regional tectonic history [8]. They can also provide information on chemical processes in aquatic environments [9,10].



Humic substances comprise complex polydisperse molecules formed in natural waters, soils, sediments, peat, and other chemically and biologically transformed materials, as well as in lignite and oxidized bituminous coal [11,12]. Humic substances can be divided into three main fractions according to their water solubility [13,14,15]: the humic acid (HA) faction, which is insoluble below pH ~2 but becomes soluble under higher pH values; the fulvic acid (FA) fraction, which is soluble at all pH values; the humin fraction, which is insoluble in water under any pH conditions. From these definitions, the extractable humic substance consists of the HA and FA fractions that are the most studied humic substances [16].



Studies on REE–HA interactions are sparse [3,4,5,7,15,17,18,19,20,21,22,23,24,25,26,27,28]. Humic acids are complex macro-molecules that contain a large variety of functional groups allowing them to be potent ligands of metal cations such as REE [2,3]. There is now ample evidence that HA controls REE speciation in natural organic-rich waters [4,11,26]. When HA are ubiquitous in natural waters, most of the REE occur as REE–HA complexes [3,9,23,29]. The predominant HA–REE-binding sites are deduced to be the carboxylic and phenolic groups [3,21]; however, less abundant softer Lewis bases (e.g., N- and S-containing groups) [23,30] also contribute to HA–REE complexation. The relative affinity of REE with HA functional sites can be visualized in plots of the intrinsic stability constants (Kc) or the partition coefficient between two phases (Kd) versus the REE atomic number [3,21,22]. Plots of REE Kd or Kc versus atomic number (the so-called REE partition-coefficient/stability-constant pattern), which are highly sensitive to the heterogeneity of HA binding sites, can be used to quantify the HA–REE complexation processes [3,4,22].



Modeling and experimental studies have revealed that HA–REE complexation is largely affected by the metal loading (REE/HA ratio) and pH condition [3,20,23,30], as well as presence of competitor ions [4,7,22]. The REE–HA complexation constants (Kc) obtained by Pourret et al. [17] show a general middle-REE (MREE) downward pattern in a high REE loading complexation experiment. By contrast, the Kc patterns exhibit a regular and progressive increase from La to Lu (so-called lanthanide contraction effect) under low REE loading condition [5,27]. The effect of metal loading on the binding of REE to HA was systemically investigated by Marsac et al. [21]. The results highlighted that under acidic conditions (pH = 3), the relative amount of REE bound to HA strongly increases with decreasing REE loading, and the   K d  REE    patterns (the partition coefficient of REE between HA and aqueous solution versus atomic number) change from a MREE downward concave distribution to a pattern displaying the lanthanide contraction effect with a decrease of REE loading [21]. Similar experiment results are also obtained by Yamamoto et al. [19]. One possible explanation for this difference is that the binding of the REE with HA occurs on multiple binding sites [21]. At high REE loading, REEs are mainly bound to low affinity but high density sites such as carboxylic groups [3,19,31]. These sites would complex the MREE much more efficiently [21]. The preferential binding of MREE to monocarboxylic ligands is mainly due to the large outer-sphere contribution in LREE- and MREE- ligand complexation [7]. At low REE loading, REEs are bound to functional groups with strong affinity but low density such as phenolic sites [3,19,31], whose binding strength regularly increases with the REE atomic number [21].



The pH condition is also one of the factors that could influence HA–REE interaction. The amount of REE bound to HA commonly increases with increasing pH [3,4,17,25], which likely owes to deprotonation of the functional group (e.g., carboxylic), making them available for REE sorption [25]. The carboxylate contribution increases with increasing pH [32]. Modeling calculations have revealed that LREE are mainly bound by weak carboxylic sites at pHs ranging between 3 and 6, while HREE are preferentially bound to strong multidentate sites (which can be carboxylic, phenolic or carboxy-phenolic) at pH = 3 and to phenolic groups at pH = 6 [3,4,25]. By contrast to metal loading, the pH condition appeared to have a less effect on HA–REE complexation. For instance, in REE–HA binding experiments performed under high REE/HA conditions, all patterns exhibit a MREE downward concavity, whatever the pH value [4,17,33].



The presence of competitor ions would influence the REE–HA complexation as well. The partition coefficients of REE between HA and aqueous solution (Kd) are highly sensitive to the heterogeneity of HA binding sites, which can generate partition coefficient (  K d  REE   ) patterns with specific shapes depending on the nature of the functional group involved [4,22]. The ability of the   K d  REE    patterns to elucidate the REE–HA binding processes has been used to investigate the cation competitive effect of Al(III) and Fe(III) on REE–HA complexation, through combining laboratory experiments and modeling calculations [4,22]. The results showed that at pH 3, Fe(III) competes more efficiently with HREE than with LREE, indicating that Fe(III) is bound to the few strong HA multidentate sites; while at pH 6, Fe (III) shows a similar competitive effect for every REE, suggesting that Fe(III) has the same relative affinity for HA carboxylic and phenolic sites [4,7]. As for Al, Al(III) is more competitive for HREE under acidic (pH = 3) and low [REE]/[HA] concentration ratio conditions, indicating that Al(III) has a high affinity for the HA multidentate sites; while under pH 5-6 and high [REE]/[HA] conditions, Al(III) is a stronger competitor for LREE, indicating that Al(III) is held by carboxylic HA sites [22]. Furthermore, an advanced humic ion binding model (Model VII) calculation shows that Cu displays no competitive effect on HA–REE-binding at pH 3, and weak and similar competition with all REE at pH 6 [7]. This model calculation also reveals that Ca might have a very limited effect on HA–REE complexation [7].



Temperature may also be an important factor affecting HA–REE complexation. However, the exact role of temperature plays in the HA–REE-binding process has not been fully explored. Under deep underground conditions, temperature may be one of the vital factors that would influence the stability and transport of REE in organic-rich fluids, which may be of significance for understanding the REE geochemical characteristics of organic-rich rocks. In the present study, HA (extracted from lignite) and REE-binding experiments were performed over a range of heating conditions (from 20 to 200 °C). The aim is to experimentally reveal the HA–REE complexation behaviors observed at different heating stages, while attempting to use REE as a fingerprint to identify the changes of HA binding sites involved in the heating processes. This study may provide insight into modifications of organic-associated REE during the coalification process.




2. Materials and Methods


Deionized water was obtained from a Milli-Q (Millipore) purification apparatus. All reagents used were of analytical grade or better. All experimental solutions were prepared with deionized water. Synthetic REE solution was prepared from a nitrate REE standard solution (100 mg/L, Reference Standard GSB04-1789-2004) and diluted to a REE concentration of 10 mg/L.



2.1. Lignite Samples


The raw materials used in the extraction of HA were lignite samples collected from the Miocene Xiaolongtan Formation of the Puyang Mine, Yunnan, southwestern China. Approximately 24 lignite samples (6 from the M2 coal seam and 18 from the M3 coal seam) were collected from the coal outcrop. From top to bottom, the lignite samples obtained from M2 and M3 coal seams were numbered as M2-1 to M2-6, and M3-1 to M3-18, respectively. Each lignite sample was collected from every 50 cm thick coal section. In the present study, the lignites used for HA extraction includes 2-2, 2-4, 3-2, 3-4, 3-6, 3-7, 3-8, 3-10, 3-12, and 3-14, which are all demineralized to reduce the influence of minerals before suffering from HA extraction. The detailed demineralization procedures were as follows. About 15 g of the lignite powder (about 200 mesh) was weighed, placed into a beaker, and wetted with 5 mL anhydrous ethanol before the addition of 80 mL of hydrochloric acid (HCl, 12 mol/L). The mixture was left to react for 3 h at 60 °C with occasional stirring. This was followed by centrifugal separation, during which the supernatant was decanted. The residue was then reacted with 80 mL of hydrofluoric acid (HF, 28.9 mol/L) for 3 h at 60 °C with occasional stirring, and then re-centrifuged. The lignite residue was then washed to a neutral pH value using deionized water. The final resultant sample (demineralized lignite) was dried at 75 °C overnight to a constant weight (Figure 1).




2.2. Humic Acid Extraction


The extraction of HA from the demineralized lignite was carried out using sodium hydroxide solution in the present study. About 5g of each demineralized lignite sample was treated with 1 mol/L NaOH in a proportion of 1: 20 (coal: extractor). The mixture was shaken for 2 h at a temperature of 80 °C. The non-dissolved fraction was separated. The supernatant was acidified using HCl (6 mol/L) with constant stirring to pH = 1 and the suspension was allowed to settle for 12 to 16 h before centrifuging and discarding the supernatant. The HA precipitate was next suspended in HCl (0.1 mol/L) and HF (0.3 mol/L) solution and shaken overnight at room temperature to remove minerals. The precipitated HA was washed several times with deionized water until it was free of chlorine (Cl−). The purified HA was then freeze-dried, weighed, and stored in a glass container (Figure 1).




2.3. Complexation Experiment


Each purified HA sample was dissolved overnight with 0.01 mol/L NaOH solution to obtain a 1000 mg/L HA solution. A REE solution with a concentration of 10 mg/L was used in this experiment. Four batches of experiments (named as experiments 1, 2, 3, and 4, respectively) were carried out under different REE loading (REE to HA concentration ratio [REE]/[HA] ranging from 2 * 10−3 to 3 * 10−2). Portions of 50 mL of solutions were prepared with 0.25, 0.25, 2.5, and 2.5 mL of HA solution, mixed with 0.75, 0.25, 1.25, and 0.5 mL of REE solution for experiments 1 2, 3, and 4, respectively. Concentrations of HA and REE in the final solution are 5 and 0.15, 5 and 0.05, 50 and 0.25, 50 and 0.1 mg/L for experiments 1, 2, 3, and 4, respectively (Figure 1). This concentration range is similar to that reported in the previous study of HA-REE complexation at high metal loading [17]. The solution pH was adjusted to 3 using 0.1 mol/L HCl/NaOH. This acidic pH was chosen to avoid total complexation of REE with HA, and to prevent complexation of the REE inorganic fraction by OH− and CO32− [21]. Experimental solutions were stirred for at least 48 h to allow equilibrium distribution of REE between the aqueous solution and HA; 48 h is the equilibrium time determined from preliminary kinetic experiments [9,17,21,24,26].



The heating effects on the HA–REE-binding were experimentally evaluated. For each batch of experiments, about 10 mL of the above REE-doped HA solution was taken and heated at temperatures 50, 100, 150, and 200 °C, respectively (Figure 1), in a high- pressure vessel for 48 h. After cooling and standing for at least 12 h, the solution was put into a 15 mL ultrafiltrate tube with a 5 kDa (kilodalton) membrane, which was then followed by centrifugation at a high speed of 4000 rpm for 0.5 h. HA has a mean molecular weight of 23 kDa [9,17,24], and is considered to be impossible to pass through the 5 kDa membrane. All the retentate REE caught up by the 5 kDa membrane are assumed to have been complexed by HA [17], while the <5 kDa ultrafiltrates contain the free inorganic REE [17].



The ultrafiltrates were collected for REE concentration determination. The REE measurements were performed with a Perkin–Elmer SCIEX ELAN DRC II inductively coupled plasma mass spectrometry (ICP-MS). The ICP-MS instrumental operating conditions are as follows: RF power, 1250W; nebulizer gas flow, 0.80 L/min; auxiliary gas flow, 1.20 L/min; plasma gas flow, 15 L/min; sampler cone (platinum), 1.10 mm; skimmer cone (platinum), 0.90 mm. The interferences of Ba on Sm and Eu, more specifically, the interferences of 136Ba16O on 152Sm and 135Ba16O on 151Eu, were corrected through BaO+/Ba+ coefficient, which was obtained from the Ba standard solution (10 mg/L). The selected REE isotopes and detection limit of each REE are listed in Table 1. For quality control, multi-element standards (GBW07315, GBW07316, GSR-1, BHVO-2, AGV-2, and GSP-2) were used. Furthermore, one duplicate sample was analyzed every 10 samples, in order to check the stability during REY determination by ICP-MS. The analytical precision for all REE in filtrate samples was better than 5% relative standard deviation (RSD).



The amount of REE complexed with aqueous HA corresponds to the difference between the initial amount of REE and the remaining amount of REE in the <5 kDa filtrate. The complexation behavior of REE with HA is described using the apparent partition coefficient Kd (in L/g) [9,22,25,34], expressed as follows:


Kd (REEi) = (μg REEi sorbed/g HA)/(μg/L REEi in filtrate)








where REEi refers to an REE from La to Lu.





3. Results


All the experimental data can be found in the Supplementary File (Tables S1–S4, Supplementary Electronic File 1). REE complexation by HA is examined by considering variation of the REE distribution coefficient (  K d  REE   ) patterns formed at various temperatures and [REE]/[HA] ratios.



3.1. HA–REE Complexation Characteristics at Room Temperature (about 20 °C)


Results of HA–REE-binding at room temperature (about 20 °C) are shown in Figure 2. For experiment 1 ([REE]/[HA] = 0.03, concentrations of REE and HA are 0.15 and 5 mg/L, respectively), the whole   K d  REE    pattern shows a MREE-enriched type (M-type; Figure 2A). Some Kd data for LREE and HREE are missing, probably indicating that the [REE]/[HA] ratio of 0.03 is too high for some LREE and HREE to complex with HA.



In comparison to experiment 1, the distribution coefficient value Kd for each sample in experiment 2 ([REE]/[HA] = 0.01, concentrations of REE and HA are 0.05 and 5 mg/L, respectively) becomes greater (Figure 2A,B), indicating that the fraction of REE bound to HA increases with decreasing [REE]/[HA] ratios, and the   K d  REE    patterns are characterized by a MREE enrichment (Figure 2B), which is consistent with the previous results [4,5,19,21,34].



Experiments 3 and 4 ([REE]/[HA] = 0.005 and 0.002, with concentrations for REE and HA of 0.25 and 50 mg/L, and 0.1 and 50 mg/L, respectively), both display a M-type   K d  REE    pattern as well (Figure 2C,D). Compared with experiment 3, there is also a common increase of Kd value for experiment 4 (Figure 2C,D), further suggesting that decreasing metal loading could lead to an increase of complexing ability of REE to HA.



It is important to note that the [REE]/[HA] ratio is not the only factor that would influence the REE–HA complexation behavior; the absolute concentration of REE should also be taken into consideration. For instance, although experiment 3 has a lower [REE]/[HA] ratio (0.005) than experiments 2 (0.01) and 1 (0.03), the Kd values for experiments 1 and 2 are commonly greater than that for experiment 3 (Figure 2). It may be due to the higher REE concentration (0.25 mg/L) for experiment 3 than for experiments 1 (0.15) and 2 (0.05 mg/L).



Overall, the   K d  REE    patterns exhibit a MREE downward concavity shape (M-type) for experiments 1 to 4 (Figure 2), with   K d  La   /  K d  Sm    and   K d  Gd   /  K d  Yb    ratios <1 and >1, respectively. These results are consistent with previously published data. The   K d  REE    patterns at high metal loading show typical MREE downward concavity [17,21].




3.2. HA–REE Complexation Characteristics during Heating


During the heating processes, the Kd value and the   K d  REE    pattern change with various [REE]/[HA] ratio. The increase of temperature and decrease of [REE]/[HA] (referring mostly to a constant concentration of HA accompanied by decreasing concentration of REE, for instance, experiments 1 vs. 2, experiments 3 vs. 4) commonly lead to an increase of Kd value (there are some differences at the heating temperatures 150 and 200 °C; see the following text for more details), and generally promote the   K d  REE    pattern to change from a M-type to a LREE and MREE-enriched type (L-M-type) and LREE-enriched type (L-type) (Figure 2, Figure 3, Figure 4, Figure 5 and Figure 6).



3.2.1. HA–REE Complexation Characteristics at 50 and 100 °C


At both the heating temperatures 50 and 100 °C, the Kd value generally increases as the [REE]/[HA] decreases. More specifically, experiment 2 has greater Kd value than experiment 1 (Figure 3 and Figure 4), and experiment 4 has greater Kd value than experiment 3 (Figure 3 and Figure 4), which are consistent with the results obtained at 20 °C.



The   K d  REE    pattern also changes during the heating processes. At 50 °C, the   K d  REE    pattern for experiments 1–3 is MREE-shape (M-type; Figure 3A–C). However, the   K d  REE    pattern becomes L-M-type for experiment 4 (Figure 3D). At 100 °C, the   K d  REE    pattern for experiments 1 and 2 is mainly M-type (Figure 4A,B), and become L-M-type for experiments 3 and 4 (Figure 4C,D). It seems that both high temperature and low [REE]/[HA] favor the change of   K d  REE    pattern from M-type to L-M-type.




3.2.2. HA–REE Complexation Characteristics at 150 and 200 °C


At 150 °C and 200 °C, the Kd values do not show a uniform increase or decrease trend varying with [REE]/[HA] for experiments 1 to 4. Moreover, the Kd values obtained at higher temperatures are generally greater than those at lower temperatures (Figure 2, Figure 3, Figure 4, Figure 5 and Figure 6).



As for   K d  REE    pattern, at 150 °C, a small proportion of samples display a M-type pattern, while most samples show a L-type pattern for experiments 1 and 2 (Figure 5A,B). The studied samples are characterized by L-type and L-M-type   K d  REE    patterns for experiments 3 and 4 (Figure 5C,D), respectively. At 200 °C, the   K d  REE    patterns for the experiments 1–4 are all typical L-type shapes, with a very steep slope (Figure 6).






4. Discussion


The present study demonstrates that with increasing temperature   K d  REE    patterns shift from M-type to L-M- to L-types, commonly accompanied by increases of Kd values (Figure 2, Figure 3, Figure 4, Figure 5 and Figure 6).



Previous studies have confirmed that changes in the binding capacity of HA are expected to result in modifications in the REE patterns [4], which can be used as a fingerprint of the dominant HA binding sites in given conditions [22]. The different effects on HA–REE complexation are anticipated depending on the variations of two kinds of binding sites, carboxylic groups and carboxy–phenolic groups [25]. At acidic pH, La is mainly bonded with carboxylic sites, while Lu is bound to both carboxylic sites and strong multidentate sites [4]. The increase of Kd values and modifications of   K d  REE    patterns probably indicate that there are more HA binding sites for REE, especially for LREE, during heating.



The HA structural modifications during heating may involve changes of the functional groups and REE-binding sites, which may regulate the behaviors of HA–REE complexation. Based on electron spin resonance (ESR) and infrared spectroscopy (IR) spectra, an early study about the structural modifications of soil HA during heating showed that heating led to partial dehydroxylation and/or decarboxylation, vaporization of low-boiling volatiles, oxidation, and solid state transition, as well as an increase of the free radical content [35]. However, the maximum weight loss was 20% after heating to 200 °C, while heating HA from 200 to 400 °C caused great structural changes and a loss of weight of about 90% [35]. Similarly, Francioso et al. [36] also noted that HA samples extracted from peat, leonardite, and lignite all showed obvious structural changes at temperatures > 200 °C during the thermal treatment from 30 to 700 °C. A study carried out by treatment of HA samples at different temperatures under nitrogen atmosphere indicated a decomposition of the different functional groups with increase in temperature with carboxylic acids decomposing at lower temperatures (200–400 °C), and phenolic groups at much higher temperatures (about 600 °C and above) [37].



In contrast, some studies revealed that decomposition of HA could occur at temperature below 200 °C. Yang et al. [38] reported that thermal treatment of HA at 180 °C for about 30 min led to reduction in HA molecular size, with the median value of the molecular weights decreasing from 81 to 41 kDa. Prado et al. [39] highlighted that the HA samples showed a single characteristic decomposition stage starting at around 160 °C, which is assigned to the decomposition of the chain end-groups of HA (including carboxylic acid, aldehyde, amide, amine, alcohol, and phenol groups). Fekete et al. [40] revealed that progressive decomposition of organic matter in water resulted in an increase of dissolved aromatic compounds with an increase in water temperature. Aromatic hydrocarbons appeared at a threshold temperature of ∼80 °C, then phenols at ∼90 °C, and fatty acids in the hottest waters (>90 °C).



It seems that the understandings about the chemical structure modifications of HA during thermal treatment are not consistent, which is also true for the understandings about the behaviors of some organic binding elements during heating. Some researchers stated that thermal treatment would lead to the release of the organic binding elements. For instance, Schwieger et al. [41] reported that thermal treatment of the lignite shows a loss of mercury of 87% up to 200 °C. Mercury is assumed to bind with functional groups like the carboxyl group, hydroxyl group and thiol group in lignite, and the thermally treated lignite (at 200 °C) shows a marked loss of thiol group [41]. Nakada et al. [42] found that heating from 40 to 160 °C increased the release of REEs from HA, which was associated with a decreased concentration of carboxyl groups in HA. Other studies found that some organic binding elements bound more strongly to HA during heating. For instance, Prado et al. [39] revealed that HA gains additional thermal stability when complexed with metal ions. Cornu et al. [43] reported that heating could increase the aromaticity of soil dissolved organic matter (DOM), which exhibited a higher Cd complexation affinity.



The above inconsistent understandings may depend on the variability of organics (HA) to some extent. Katsumi et al. [15] noticed that the heat-induced changes in the HA chemical structure depended on the source plant. Francioso et al. [36] found that there were structural differences between HA samples in relation to their coalification rank, and in comparison to peat HA and leonardite HA, lignite HA was characterized by a more stable chemical composition during heating (>200 °C).



In the present study, the HA–REE complexation experiments show that during the thermal treatment the Kd values commonly increase, suggesting that the amount of REE complexing with HA increase with increasing temperature. One possible explanation for the increased amount of REE bound to HA during heating may be HA decomposition. During thermal treatment HA may decompose into smaller molecules that may have more binding sites for REE. These newly formed REE-binding sites are assumed to be dominated by carboxylic sites, which have a stronger complexation capacity for LREE, causing the   K d  REE    patterns shifting from M-type to L-M- to L-types during heating. However, to address this problem clearly, in-depth research work is required to figure out the exact binding sites of REE complexing with HA at different heating stages.



The results obtained provide valuable information for the geochemical behavior of REE during their interaction with lignite HA in the deep underground environment. This may shed light on the study of interaction between REE and organic matter during the coalification process. Great care should be taken when predicting the complexation behavior of ions with HA during heating, since the binding capacity of HA mixtures may vary substantially.




5. Conclusions


Experimental studies of the influence of thermal treatment on HA–REE complexation were carried out for the 14 REE simultaneously at temperatures 20, 50, 100, 150, and 200 °C. The results showed that at 20 °C the fraction of REE bound to HA enhances with decreasing [REE]/[HA] ratios. MREE have a stronger binding capacity than LREE and HREE, with the   K d  REE    pattern exhibiting a MREE downward concavity shape. The increase of temperature and decrease of [REE]/[HA] generally result in an increase of Kd value. During heating, the   K d  REE    patterns gradually change from M-type at 20 °C to L-M-type at 50 and 100 °C. High temperature and low [REE]/[HA] are both in favor of this change. At 150 °C the   K d  REE    patterns show diverse shapes of M-, L-, and L-M-types. At 200 °C, the   K d  REE    patterns are all typical L-types, displaying a very steep slope. The increasing amount of REE bound to HA and changes of   K d  REE    patterns during heating may be due to HA decomposition. REE-binding sites are assumed to be dominated by carboxylic sites. However, further in-depth studies are required to confirm the accuracy of these predictions.
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Figure 1. Diagram showing the lignite demineralization, HA extraction, and HA–REE complexation procedures. 
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Figure 2. REE distribution pattern of Kd obtained at 20 °C and various [REE]/[HA] ratios. (A), Experiment 1, performed at a [REE]/[HA] concentration ratio of 0.03 ([REE]/[HA] = 0.03); (B), Experiment 2, performed at [REE]/[HA] = 0.01; (C), Experiment 3, performed at [REE]/[HA] = 0.005; (D), Experiment 4, performed at [REE]/[HA] = 0.002. 
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Figure 3. REE distribution pattern of Kd obtained at 50 °C and various [REE]/[HA] ratios. (A), Experiment 1, performed at a [REE]/[HA] concentration ratio of 0.03 ([REE]/[HA] = 0.03); (B), Experiment 2, performed at [REE]/[HA] = 0.01; (C), Experiment 3, performed at [REE]/[HA] = 0.005; (D), Experiment 4, performed at [REE]/[HA] = 0.002. 
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Figure 4. REE distribution pattern of Kd obtained at 100 °C and various [REE]/[HA] ratios. (A), Experiment 1, performed at a [REE]/[HA] concentration ratio of 0.03 ([REE]/[HA] = 0.03); (B), Experiment 2, performed at [REE]/[HA] = 0.01; (C), Experiment 3, performed at [REE]/[HA] = 0.005; (D), Experiment 4, performed at [REE]/[HA] = 0.002. 
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Figure 5. REE distribution pattern of Kd obtained at 150 °C and various [REE]/[HA] ratios. (A), Experiment 1, performed at a [REE]/[HA] concentration ratio of 0.03 ([REE]/[HA] = 0.03); (B), Experiment 2, performed at [REE]/[HA] = 0.01; (C), Experiment 3, performed at [REE]/[HA] = 0.005; (D), Experiment 4, performed at [REE]/[HA] = 0.002. 
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Figure 6. REE distribution pattern of Kd obtained at 200 °C and various [REE]/[HA] ratios. (A), Experiment 1, performed at a [REE]/[HA] concentration ratio of 0.03 ([REE]/[HA] = 0.03); (B), Experiment 2, performed at [REE]/[HA] = 0.01; (C), Experiment 3, performed at [REE]/[HA] = 0.005; (D), Experiment 4, performed at [REE]/[HA] = 0.002. 
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Table 1. Selected REE isotopes and their detection limits (μg/g).
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	Isotope
	Detection Limit





	La
	139
	0.002



	Ce
	140
	0.004



	Pr
	141
	0.001



	Nd
	146
	0.004



	Sm
	147
	0.001



	Eu
	151
	0.001



	Gd
	157
	0.001



	Tb
	159
	0.001



	Dy
	163
	0.001



	Ho
	165
	0.001



	Er
	166
	0.001



	Tm
	169
	0.001



	Yb
	172
	0.001



	Lu
	175
	0.001
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