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Abstract

:

A dispersive solid-phase microextraction (DSPME) sorbent consisting of poly(1,6-hexanediol diacrylate)-based polymer microspheres, with embedded graphene microparticles (poly(HDDA)/graphene), was synthesized by microfluidic emulsification/photopolymerization and characterized by optical microscopy and X-ray fluorescence spectrometry. This sorbent was applied for simple, fast, and sensitive vortex-assisted DSPME of rare earth elements (RREs) in coal fly ash (CFA) leachate, prior to their quantification by inductively coupled plasma mass spectrometry (ICP-MS). Among nine DSPME variables, the Plackett–Burman screening design (PBD), followed by the central composite optimization design (CCD) using the Derringer desirability function (D), identified the eluent type as the most influencing DSPME variable. The optimum conditions with maximum D (0.65) for the chelating agent di-(2-ethylhexyl) phosphoric acid (D2EHPA) amount, the sorbent amount, the eluting solvent, the extraction temperature, the centrifuge speed, the vortexing time, the elution time, the centrifugation time, and pH, were set to 60 μL, 30 mg, 2 M HNO3, 25 °C, 6000 rpm, 1 min, 1 min, 5 min, and 4.2, respectively. Analytical validation of the DSPME method for 16 REEs (Sc, Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) in CFA leachate samples estimated the detection limits at the low ppt level, the recovery range 43–112%, and relative standard deviation within ± 22%. This method was applied to a water extraction procedure (EP) and acetic acid toxicity characteristic leaching procedure (TCLP) for leachate of CFA, from five different coal-fired thermoelectric power plants. The most abundant REEs in leachate (20 ÷ 1 solid-to-liquid ratio) are Ce, Y, and La, which were found in the range of 22–194 ng/L, 35–105 ng/L, 48–95 ng/L, and 9.6–51 μg/L, 7.3–22 μg/L, 2.4–17 μg/L, for EP and TCLP leachate, respectively. The least present REE in TCLP leachate was Lu (42–125 ng/L), which was not detected in EP leachate.
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1. Introduction


Rare earth elements (REEs) have recently gained an important role in various applications in hi-tech devices, specific catalysts, superconductors, telecommunications, laser technologies, etc. [1,2]. They are quite valuable due to their high conductivity and magnetism, which enable various engineering solutions.



In addition to ores, waste materials and by-products are increasingly being considered alternative sources for obtaining REEs [3,4]. Coal fly ash (CFA) is a promising source of REEs, whose potential as a source of REEs is being intensively studied [5]. REEs are found in CFA in various forms [6], so their recovery is very complex [7]. The major phase components of the CFA are quartz, mullite, hematite and amorphous glass. The rare earth elements are captured in this structure [8,9]. Therefore, the extraction of rare earth elements is very difficult.



The technology of obtaining REEs from CFA consists of several stages: mechanical grinding, magnetic separation, leaching, extraction, and refining [10]. Alkali-acid leaching is a common practice for conventional REEs recovery, while the chelating solvent extraction is usually used to separate REEs from CFA leachate. Finally, the refining stage involves electrolysis, zone melting, etc.



An important part of the REEs production from CFA is monitoring wastewater originating from CFA leaching, from both the recovery process and landfill. Two widely accepted standardized leaching testing procedures are the EN-12457-2 aqueous extraction procedure (EP) and US EPA 1311 toxicity characteristic leaching procedure (TCLP) [11].



The quantification of REEs in CFA leachate is quite challenging, consisting of several steps. Instrumental measurements for determining REEs somewhat converge towards ICP-MS [12,13]. However, even if ICP-MS is a powerful technique, it suffers from being not sensitive enough for some REEs present at a very low level [14,15] or interferences from high-matrix aqueous samples [16]. Therefore, the separation and preconcentration of REEs from a matrix solution are usually needed prior to an instrumental ICP-MS measurement [17].



Traditional methods for separating REEs include liquid–liquid extraction, ion-exchange, co-precipitation, and dry digestion [18,19,20,21]. Even if there have been tremendous advances in developing new solvents [22,23] and hybrid sorbents [24,25] for trace elements separations, these methods are somehow inconvenient, such as being time consuming, quite expensive, and not environmentally friendly [26].



One of the popular directions of research into improving the method of sample preparation is the introduction of microextraction in the field of analytical determination of trace elements [27,28]. Several microextraction sample preparation and preconcentration techniques for REEs prior to the instrumental measurements by ICP-OES and ICP-MS [29,30] have been investigated. REEs were subjected to preconcentration from groundwater by dispersive liquid–liquid microextraction (DLLME) followed by ICP-MS [31]. A few studies dealt with dispersive solid-phase microextraction (DSPME) of REEs, in which ICP-MS quantification was performed [16,32].



In most cases, the optimization of the microextraction procedure was conducted with the traditional “one-variable-at-a-time” (OVAT) approach. OVAT is an optimization technique in which one variable is changed while keeping all other variables constant. A more advanced chemometric approach using the design of experiments (DOE) enables optimization by changing all variables simultaneously. In addition to identifying the critical variables, it can also be used to achieve the desired response.



Although the chemometric optimization has been applied to the simultaneous preconcentration of several metals by microextraction prior to ICP-OES [33,34], only one study [16] has undertaken the optimization of DSPME of REEs in drinking water by using response surface methods. The chemometric approach can also be applied as a two-step optimization, consisting of a screening design followed by the response surface methodology. All cited works dealt with water samples or diluted aqueous solutions. However, microextraction from high-matrix CFA leachate could be much more difficult.



In this work, synthesized poly(HDDA)/graphene monodispersed particles were used as the sorbent in DSPME for the REEs separation from CFA leachate prior to their analysis by ICP-MS. Furthermore, since many variables in a DSPME process exist, a chemometric optimization of the experimental DSPME variables was conducted.




2. Materials and Methods


2.1. Chemicals and Reagents


The REEs’ analytical standards were prepared from a mixed multi-element ICP-MS standard PE-MECAL2-ASL-1 (Accustandard Inc., New Haven, CT, USA) containing 10 μg/mL each of all REEs. This solution was also used to make the spiked samples. Single element stocks from Merck Co. (Darmstadt, Germany) for the elements Si, Al, Fe, Ca, Na, and Cl, were added to the spiked samples to give higher concentration levels for these major elements, similar to the CFA leachate matrix. The internal standard (ISTD) solution ICP-MS-IS-IN-1 (Accustandard Inc., New Haven, CT, USA) containing 115In was used to control the instrument stability. Deionized Milli-Q water (Millipore, Burlington, USA) was used to prepare all solutions. All other chemicals used were purchased from Merck Co. (Darmstadt, Germany). TCLP extraction fluid consisted of 5.7 mL/L glacial acetic acid. Di-2-ethylhexylphosphoric acid (D2EHPA) was diluted to a concentration of 10% (v/v) in hexane. Composite polymer/graphene microspheres were produced using Darocur 1173 (2-hydroxy-2-methylpropiophenone) as a photo initiator, HDDA (1,6 hexanediol diacrylate) as a UV-curable monomer, and graphene oxide as a nanofiller used to increase the adsorption capacity of the particles, all from Sigma-Aldrich (Gillingham, UK).




2.2. Leaching of CFA Samples


A portion of 1.0 g CFA sample was mixed with a volume (20 mL) of EP or TCLP leaching fluid in a polyethylene bottle and rotary agitated at room temperature for 24 h. Then, the leachate was centrifuged at 6000 rpm for 10 min, and the supernatant was decanted. The decanted leachate was used for DSPME experiments. Since CFA is an alkaline solid, an unbuffered acetic acid (pH = 2.88) was used as the TCLP extraction fluid. Deionized water (18.2 MΩ∙cm) was used to make the EP leachate.




2.3. Synthesis of Poly(HDDA)/Graphene


Graphene-embedded polymer microspheres were fabricated in a two-phase glass capillary microfluidic device. Emulsion droplets were first produced, followed by on-the-fly photopolymerization to solidify the droplets and form poly(HDDA)/graphene microspheres. The procedure of fabricating the microsphere used in this work is described in detail elsewhere [35]. Morphological investigation of these particles was performed by OMAX (Kent, WA, USA) model OM349P polarizing microscope, while chemical purity was checked by a Thermo Niton XL3t Goldd+ X-ray fluorescence spectrometer (Thermo Fisher Scientific, Waltham, MA, USA).




2.4. Factorial Design of DSPME


A Thermo mode Orion 3 pH-meter (Thermo Fisher Scientific, Chelmsford, MA, USA), Radwag analytical microbalance model MYA 5-3Y (Radwag, Radom, Poland), Centrifuge model LACE16 (Colo lab Expert, Novo Mesto, Slovenia), Lauda model RM-6 water bath (Lauda-Brinkmann, Delran, NJ, USA), and Vortex model IKA MS2 (IKA-Werke, Staufen, Germany) were used in the DSPME experiments.



The following DSPME procedure was used: 25 mL of a spiked sample or CFA leachate was taken in a 50 mL centrifuge tube, and its pH was adjusted with HNO3 or NaOH. Then, an accurately weighted mass of poly(HDDA)/graphene sorbent and a volume of D2EHPA solution were added to form a chelating complex with REEs in the solution. Then, an emulsion was produced by vortexation. Next, the DSPME sorbent containing chelated REEs complexes was separated using centrifugation. Afterwards, nitric acid was added to the residue to release REEs. The final volume was made up to 2.5 mL with deionized water and further diluted prior to ICP-MS measurement. The experimental DSPME variables that were optimized are listed in Table 1.




2.5. ICP-MS Measurements


A Thermo Scientific ICP-MS instrument (Thermo Fisher Scientific, Waltham, MA, USA) model iCAP Q, equipped with a Cetac ASX-520 autosampler and controlled via Qtegra software was used in this work to measure the content of REEs. The sample introduction system includes a standard Peltier-cooled quartz vortex spray chamber, PFA nebulizer with removable quartz rectangular central tube (0.25 mm id) and standard nickel sampling and skimmer cones. The instrument runs in single kinetic energy discrimination (KED) collision cell mode, using pure helium as the collision gas.



Table 2 presents the ICP-MS instrument parameters and isotopes with potentially interfering masses for each REE.



A mixed-matrix-matched ICP-MS standard solution of 16 REEs was diluted with 1% nitric acid to a concentration of 0.1 ng/L to 50 μg/L. Each standard solution was spiked to contain 10 mg/L Si, 5.0 mg/L Al, 2.0 mg/L Fe, and 1.0 mg/L Ca. These standard spiked solutions were used to test the linearity and recovery.





3. Results and Discussion


3.1. Characterization of Poly(HDDA)/Graphene Particles


Optical microscopy measurements clearly indicated spherical poly(HDDA)/graphene particles (Figure 1). Four groups of particles with different diameters (A, B, C, D) are identified. It is also noticeable that there is an agglomeration of particles, in which a single particle is attracted to a neighboring one. This property is beneficial in the DSPME process, in which an aqueous solution is to be separated from particles.



A critical characteristic of a DSPME sorbent is chemical purity. In particular, the absence of trace elements in DSPME sorbent is a must when determining trace elements. Thus, the presence of elements in the sorbent, even if they are not analytes, can lead to various isobaric and polyatomic interferences in an ICP-MS measurement. Therefore, the DSPME sorbent used was checked for the presence of trace elements by x-ray fluorescence spectrometry (XRF) before use. Figure 2 shows an XRF spectrum of poly(HDDA)/graphene particles. It is obvious that no metal elements were detected. Just to note, the peaks in the spectrum belong to the instrumental blank.




3.2. Factorial Optimization of DSPME


3.2.1. Plackett–Burman Screening


PBD design was used to screen nine independent variables. The Derringer [36] desirability function (D) derived from recoveries was used as a response variable. D is obtained from individual desirabilities, i.e., recoveries, using the geometric mean and is calculated according to the following equation:


  D =   (  d 1   r 1    ·  d 2   r 2    ·  d 3   r 3    ·  d 4   r 4    …  d n   r n    )   1 /    Σ r   i     



(1)




where di represents individual desirabilities, n is the number of REEs, and ri is the coefficient of the importance of the variable compared to other variables. This coefficient can vary, but in this case, it was assumed that all coefficients are of equal importance, so that no weights were assigned to different REEs. The result of the PBD design analysis is shown in the form of a Pareto plot in Figure 3.



It is obvious that the eluting solvent used to extract REEs from the DSPME sorbent was the most influencing variable. The addition of organic solvents, such as methanol or acetone, was found to have a strong negative effect on the REEs recoveries. The variation in the amount of D2EHPA chelating agent, the vortexation time, pH, and centrifugation time were also found to be significant variables. An increase in the D2EHPA amount and pH negatively affect the DSPME process, while the decrease has an opposite effect. The remaining variables are negligible. Thus, the poly(HDDA)/graphene amount, the extraction temperature, and the centrifuge speed were set to their middle values in the experimental domain of 30 mg, 25 °C, and 6000 rpm, respectively. Vortexing and elution time were minimized to 1 min, but centrifugation time was set to the maximum (5 min). Two variables, pH and the D2EHPA amount, were selected for the subsequent step in the DSPME optimization by response surface methodology.




3.2.2. Central Composite Design Optimization


According to the CCD experiments, 13 runs were carried out, and the results of the response procedures in five different levels of the two independent variables are summarized. The effect of the amount of chelating agent D2EHPA, in the range of 20–110 μL and the pH values from 1.0 to 6.0, was investigated by unblocked CCD with axial points. Derringer aggregate response for all 16 REEs was maximized during the optimization. The response surface plot is shown in Figure 4. These data were fitted by a second-order polynomial expression model, including linear, polynomial, and cross terms, in Equation (2) for the pH values and the D2EHPA amounts.


D = −1.30 + 0.368⋅pH + 0.0357⋅Che − 0.0367⋅pH2 − 0.000251⋅Che2 − 0.00085⋅pH⋅Che



(2)







The maximum D value of 0.65 was reached for the D2EHPA amount of 60 μL and pH = 4.2. Finally, the overall optimum for the DSPME process was obtained at 30 mg, 25 °C, and 6000 rpm, 1 min, 1 min, 5 min, 60 μL, 2 M HNO3, and 4.2, for the sorbent amount, the extraction temperature, the centrifuge speed, the vortexing time, the elution time, the centrifugation time, the D2EHPA amount, the eluting solvent, and pH, respectively. These optimized values were further used for validation study and the application of the DSPME method to real CFA leachate samples.





3.3. Analytical Characteristics


In order to assess the validity of the developed method, spiked aqueous solutions with increased Si, Al, Fe, and Ca content were examined by determining the limit of detection (LOD), the linear correlation coefficients (R2), average recovery (R), and relative standard deviation (RSD). Each standard, spike, and CFA leachate sample was spiked with an internal standard used to correct for shifts in signal intensity.



Good linearity in the method was proved in the range of 0.1 ng/L–50 μg/L of REEs in the diluted spiked solutions. This range covers the LOD levels for all REEs studied at which they can be found in CFA leachates. LOD, average recovery, and RSD for each RRE are all presented in Table 3. One can see that LODs are between 0.6 and 83 ng/L, the recovery ranges from 43 and 112%, while RSD values are within ±22%. Thus, the method based on a combination of DSPME with ICP-MS may be considered acceptable to determine the REEs concentrations in these high-matrix aqueous samples.




3.4. Analytical Applications


A recent study on the extraction of REEs from CFA by sequential extraction [37] showed that most REEs are in the residual fraction, so it is necessary to use strong mineral acids for the efficient leaching of REEs. On the other hand, a significant portion of the REEs is trapped in alumina matrices, which may be more easily leached by alkaline agents [38]. Therefore, the CFA leachate from the REEs recovery process, produced by alkaline roasting [39] and followed by acid leaching [40], is likely to contain a high level of matrix elements.



The next step in the REEs recovery from CFA leachate includes removing the matrix elements (Al, Si, and Fe) with some of the separation techniques, and finally, REEs separation. These separations rely on precipitation, adsorption, ion exchange, and chelating extraction [41]. Unfortunately, these processes are characterized by high consumption of energy and reagents. Therefore, continued research is underway to make the REE recovery more economical.



From the ecological point of view, a significant amount of the CFA recovery process leachate, accompanied by the CFA landfill leachate, ending in wastewater streams, causes serious concern and needs to be monitored. In this study, the proposed DSPME-ICP-MS method was used to analyze the EP and TCLP leachates of CFA from five different coal-fired thermal power plants in Serbia (Power plants: A—Tent A; B—Tent B; C—Kolubara; D—Morava; E—Kostolac). Table 4 shows the REEs content in CFA leachates of 20 ÷ 1 liquid-to-solid (L/S) ratio. The following order of REEs in the decreasing content was observed: Ce > Y > La > Nd > Dy > Gd > Sm > Er > Pr > Tb > Eu > Ho > Yb > Tm > Sc,Lu (n.d.) for aqueous leachate, and Ce > La > Y > Nd > Er > Gd > Sm > Dy > Pr > Tm > Ho > Tb > Eu > Sc > Yb > Lu for acetic acid leachate.



The most abundant REE in studied CFA aqueous leachates was Ce (22–194 ng/L), followed by Y (35–105 ng/L) or La (48–95 ng/L). In contrast, the lowest concentrations were found for Lu (0.048–0.084 ng/L).



It is seen that the samples (CEP and CTCLP) from the Kolubara power plant have a higher REE content, while REEs’ concentrations in the Kostolac power plant samples are at the lowest level. These differences can be attributed to different coals used in the power plants.



Note that the present method detected no Sc and Lu in aqueous leachate. On the other hand, the content of REEs in TCLP leachate, by two orders of magnitude, is higher compared to the aqueous leachate. In this case, the concentrations range from 42 ng/L (Lu) to 51 μg/L (Ce). In this study, the ratio of the concentrations of REEs in the TCLP leachate to aqueous extracts ranged from 104 to 352.





4. Conclusions


A new DSPME sorbent, consisting of spherical particles of poly(HDDA) and graphene, was synthesized by microfluidic emulsification, characterized, and applied in the DSPME of REEs prior to ICP-MS. The proposed DSPME-ICP-MS method is fast, has a low-consuming sorbent, and is specifically green. The main advantage of the DSPME technique is that it provides an extensive interface between poly(HDDA)/graphene particles and the aqueous phase after a cloudy solution formation. The separation factors for REEs were efficiently maximized by applying a two-step optimization using Plackett–Burman design, central composite designs, and Derringer desirability aggregate response function. Analytical characteristics and the method robustness are acceptable for most of the studied REEs for the analysis of coal fly ash leachate for REEs. Several leachate samples from CFA from different coal-fired power plants were analyzed by the proposed method. Cerium, La, and Y were found to be the most abundant REEs in CFA leachates. A significant difference between CFA leachate samples, in terms of the REEs content, was attributed to the coal properties.
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Figure 1. Optical microscopy image of the fabricated poly(HDDA)/graphene microspheres. 
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Figure 2. EDXRF spectrum of poly(HDDA)/graphene microspheres (C—Compton peaks; Rh—Kα + Kβ Rayleigh). 
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Figure 3. Pareto plot for the Plackett–Burman screening experiments. 
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Figure 4. Response surface plot for DSPME optimization. 
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Table 1. The variables and their coded values (−1, +1) for the Plackett–Burman design.
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No.

	
Variable

	
Symbol

	
Level




	
−1

	
+1






	
1.

	
poly(HDDA)/graphene adsorbent amount (mg)

	
ma

	
10

	
50




	
2.

	
pH value

	
pH

	
3

	
11




	
3.

	
D2EHPA chelating (10%) agent content (μL)

	
Che

	
20

	
200




	
4.

	
Vortex time (min)

	
tv

	
1

	
5




	
5.

	
Extraction temperature (°C)

	
T

	
10

	
40




	
6.

	
Centrifuge time (min)

	
tc

	
1

	
5




	
7.

	
Centrifuge speed (rpm)

	
wR

	
2000

	
10000




	
8.

	
Eluent type *

	
E

	
EA

	
EB




	
9.

	
Eluent time (min)

	
te

	
1

	
5








* Eluent type: EA—2M HNO3; EB—2M HNO3 in methanol/acetone.
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Table 2. ICP-MS instrument setup and isotopes (interference) of each REE.
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ICP-MS Parameter

	
Value

	
Isotope (Interference)






	
Plasma power

	
1550 W

	
Analytes:

45Sc (COO, COOH)

89Y

139La

140Ce

141Pr

146Nd

147Sm

153Eu (BaO)

157Gd (CeOH, PrO)

159Tb (NdO)

163Dy (SmO)

165Ho (SmO)

166Er (SmO, NdO)

169Tm (SmO, EuO)

172Yb (GdO)

175Lu (GdO, TbO)

115In (I.S.)




	
Cool flow (Ar)

	
13.8 L/min




	
Auxiliary flow (Ar)

	
0.82 L/min




	
Nebulizer flow (Ar)

	
0.97 L/min




	
KED mode gas flow (He)

	
5 mL/min




	
Peristaltic pump speed

	
35 rpm




	
Injector

	
Quartz, 2.5 mm ID




	
Interface cones

	
Nickel




	
Sweeps/reading

	
20




	
Replicates

	
3




	
Points per peak

	
3




	
Dwell times

	
10–40 ms




	
Scan mode

	
Peak hopping




	
Sweps

	
30




	
Sample flush time

	
4 s




	
Read delay time

	
20 s




	
Wash time

	
60 s




	
Calibration type

	
Matrix-matched, external
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Table 3. Analytical characteristics of DSPME-ICP-MS of REEs.
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	No.
	REE
	CAS No.
	LOD

(ng/L)
	Linear Equation

(a + b·x)
	R2
	Recovery

(%)
	RSD

(%)





	1.
	Scandium (Sc)
	7440-45-1
	83
	6.55 + 7707·x
	0.9965
	59
	17



	2.
	Yttrium (Y)
	7429-91-6
	27
	730 + 76,388·x
	0.9992
	67
	8.7



	3.
	Lanthanum (La)
	7440-52-0
	2.4
	46.6 + 263,993·x
	0.9997
	96
	9.2



	4.
	Cerium (Ce)
	7440-53-1
	1.8
	230 + 328,932·x
	0.9996
	85
	8.1



	5.
	Praseodymium (Pr)
	7440-54-2
	1.5
	6.66 + 352,101·x
	0.9998
	90
	7.9



	6.
	Neodymium (Nd)
	7440-60-0
	3.1
	10.0 + 72,372·x
	0.9996
	112
	9.8



	7.
	Samarium (Sm)
	7439-91-0
	3.3
	3.33 + 64,019·x
	0.9997
	92
	6.6



	8.
	Europium (Eu)
	7439-94-3
	2.7
	3.38 + 226,836·x
	0.9997
	93
	8.7



	9.
	Gadolinium (Gd)
	7440-00-8
	2.7
	3.37 + 116,690·x
	0.9997
	94
	12



	10.
	Terbium (Tb)
	7440-10-0
	1.9
	3.31 + 603,632·x
	0.9999
	87
	13



	11.
	Dysprosium (Dy)
	7440-20-2
	2.1
	3.37 + 153,391·x
	0.9998
	79
	11



	12.
	Holmium (Ho)
	7440-19-9
	2.3
	6.67 + 641,315·x
	0.9999
	68
	13



	13.
	Erbium (Er)
	7440-27-9
	2.4
	16.7 + 222,524·x
	0.9997
	67
	14



	14.
	Thulium (Tm)
	7440-29-1
	3.6
	1.21 + 724,602·x
	0.9999
	56
	16



	15.
	Ytterbium (Yb)
	7440-30-4
	4.5
	1.03 + 177,804·x
	0.9997
	44
	19



	16.
	Lutetium (Lu)
	7440-65-5
	6.7
	1.12 + 430,574·x
	0.9999
	43
	22
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Table 4. REEs content (ng/L, except for ΣREEs is μg/L) in CFA leachate (20 ÷ 1 L/S). Leaching agents: EP—water; TCLP—acetic acid. Samples from coal-fired power plants: A—Tent A; B—Tent B; C—Kolubara; D—Morava; E—Kostolac.
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	No.
	REE
	AEP
	BEP
	CEP
	DEP
	EEP
	ATCLP
	BTCLP
	CTCLP
	DTCLP
	ETCLP





	1.
	Sc
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.
	211
	186
	172
	198
	249



	2.
	Y
	105
	56
	430
	35
	37
	10,136
	18,986
	22,716
	8958
	7343



	3.
	La
	92
	72
	101
	48
	95
	6199
	11,264
	17,285
	4235
	2465



	4.
	Ce
	194
	102
	331
	22
	39
	23,413
	39,866
	51,249
	16,625
	9660



	5.
	Pr
	25
	28
	42
	2.8
	5.2
	2977
	5181
	6338
	2168
	1206



	6.
	Nd
	97
	72
	179
	11
	20
	12,305
	21,778
	25,608
	9189
	5402



	7.
	Sm
	26
	26
	55
	6.4
	8.3
	2838
	4832
	5361
	2096
	1323



	8.
	Eu
	14
	17
	15
	6.1
	n.d.
	642
	1088
	1204
	512
	324



	9.
	Gd
	30
	25
	61
	4.3
	6.6
	2823
	4854
	5437
	2090
	1403



	10.
	Tb
	16
	13
	13
	n.d.
	n.d.
	388
	664
	764
	291
	219



	11.
	Dy
	34
	22
	84
	4.8
	7.6
	2129
	3704
	4234
	1632
	1339



	12.
	Ho
	17
	12
	17
	2.9
	n.d.
	407
	728
	844
	327
	278



	13.
	Er
	22
	14
	47
	n.d.
	6.2
	1094
	2016
	2374
	918
	819



	14.
	Tm
	12
	6.0
	5.1
	n.d.
	n.d.
	135
	253
	311
	113
	117



	15.
	Yb
	11
	6.3
	18
	n.d.
	n.d.
	598
	1405
	1829
	604
	704



	16.
	Lu
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.
	168
	125
	98
	42
	102



	17.
	ΣREEs
	0.70
	0.47
	1.40
	0.14
	0.22
	66
	117
	146
	50
	33
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