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Abstract

:

Bis(2-ethylhexyl)phosphoric acid (HDEHP) is frequently used as an extractant in the separation and recovery of lanthanides by solvent extraction and extraction chromatography, where HDEHP (stationary phase) is fixed on an inert support and the mobile phase is an aqueous solution. Because the results of extraction chromatography strongly depend on the support material, in this study, we aim to prepare solid extractants (extraction chromatography materials) with different inorganic supports impregnated with HDEHP for the adsorption of Gd and Tb from HCl solutions, putting emphasis on the effect of the supports on the solid extractant behavior. Gd and Tb partition data were determined in HCl solutions from the prepared extraction chromatography materials using elution analysis. Solid extractants were characterized by X-Ray diffraction, electron microscopy, and infrared spectroscopy in order to determine their properties and to explain their extraction behavior. The characterization of the solid extractants showed a heterogeneous distribution of the HDEHP on the surfaces of the different supports studied. The irregular shape of the support particles produces discontinuous and heterogenous silanization and HDEHP coatings on the support surface, affecting the retention performance of the solid extractant and the chromatographic resolution.
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1. Introduction


Extraction chromatography combines the selectivity of liquid–liquid extraction with the multistage character of chromatography. In this method, the stationary phase is an organic liquid (extractant) fixed on an inert support, and an aqueous solution is used as the mobile phase. Therefore, many extractions and re-extractions occur during the extraction chromatography process [1,2].



In most of the methods of synthesis of the materials for extraction chromatography, which is used to remove and recover metals from aqueous solutions, the support (inorganic materials or porous polymeric) is in contact with a solution of extractant in a suitable solvent. Then, the solvent is evaporated, leaving the pores of the support material filled with the extractant. Therefore, the extraction mechanism is considered to be similar to conventional solvent extraction [2,3].



A wide variety of extraction agents can be used in the separation of chemical elements by extraction chromatography since there is a direct correlation between liquid–liquid extraction and chromatographic systems. Hence, it is possible to qualitatively predict the retention capacity of a chemical element in an extraction chromatography column from its distribution coefficients obtained by liquid–liquid extraction in the extracting agent loaded on the support and the aqueous solution used as the stationary and mobile phases, respectively [2,3].



Extraction chromatography is frequently used as a pretreatment or separation technique because it is simple, rapid, highly efficient, has low organic solvent consumption, is easily automated, generates less waste than other separation techniques, and is usually applied to separate elements with similar distribution coefficients, such as lanthanides [4,5].



Lanthanides are used in medicine, nuclear fuel control, metallurgy, lasers (Nd, La), and electronic devices, to name a few application areas. In the nuclear industry, radiolanthanides are one of the main fission products in the waste of nuclear reprocessing plant. Gadolinium (Gd) is mainly used as shielding and fluxing devices in nuclear power reactors; therefore, its content is considerable in nuclear waste [6]. Moreover, 147Pm (t½ 1.6 y) and 151Sm (t½ 90 y) pure beta emitters need radiochemical separations to be quantified [7]. In medicine, radioactive lanthanides such as 161Tb (T1/2  =  6.89 days; Eβ͞max  =  0.593 MeV), 149Pm (T1/2  =  2.21 days; Eβ͞max  =  1.07 MeV), 166Ho (T1/2  =  1.11 days; Eβ͞max  =  1.855 MeV) or 177Lu (T1/2  =  6.73 days; Eβ͞max  =  0.492 MeV), conjugated to chemically-guided agents such as labeled monoclonal antibodies or isotopically-labelled polypeptides are applied in radiotherapy because of their advantageous nuclear properties: half-lives long enough to allow preparation and distribution of the radiopharmaceuticals, high LET (linear energy transfer) particle emissions, photon emissions for monitoring therapy with imaging, follow-up as well as adsorbed dose distributions, and they can be produced at high specific activities (carrier-free) via the    L    Z A  n ( n , γ )  L    z  A + 1   n →  L     Z + 1   A + 1   n   nuclear reaction [4,8,9].



The difficulty in separating adjacent lanthanides and micro- from macro-amounts of lanthanides for radiopharmaceuticals production, and in their recovery in nuclear waste management is particularly arduous because rare earths present significant similarities in their chemical properties due to lanthanide contraction [4,8]. To successfully separate or recover lanthanides, numerous extractants used as stationary phases have been investigated and tested. Among others, the most commonly used are: (1) acid phosphorus compounds [(RO2)PO(OH) or (RO)PO(OH)2] such as HDEHP (di(2-ethylhexyl) phosphoric acid), or HEHΦP (2-ethylhexyl phenyl phosphonic acid); (2) neutral phosphorus compounds [(RO3)PO or R3PO] such as TBP (dibutyl phosphate), P350 (dimethyl methyl phosphate heptyl ester), or TOPO (trioctylphosphine oxide); (3) organic amines such as Aliquat-226 (methyl-tricaprylyammonium), N1923 (se-carbon primary amine), N235 (trialkylamine), N263 (chloride methyl trialkyl amine), or TNOA (tri-n-octylamine); (4) neutral oxygen-containing compounds such as naphthenic acid, MIBK (methyl isobutyl ketone), or sec-caprylic alcohol; (5) chelates such as TTA (thenoyltrifluoroacetone) or PMBP (1-phenyl-3-methyl-4-benzoyl-pyrazolone), and (6) supramolecules such as crown ethers and calixarenes [1,3,5,9,10]. However, the higher separation factors (>2.5) between adjacent lanthanides have been obtained with HDEHP, because the H’s of their hydroxyl groups are easily substituted by Ln3+, exhibiting good extraction ability for lanthanide ions either under low-acidity or high-acidity conditions [5]. Additionally, the low cost and high availability of HDEHP have made it one of the most widely used extractants.



HDEHP has been usually supported on silanized kieselguhr (Celite, Filter Cel, Chromosorb Anakrom, Chromaton, Porokhrom), hydrophobized silica gel (Silikagel Merck 7754, Bio-Sil A, Whatman Silica Gel SG32) and Kel-F (polytrifluorochloroethylene) for lanthanide separation [3,11,12,13,14]. Other supports, such as Corvic (vinyl chloride–vinyl acetate copolymer), cellulose powder, PVDF (polyvinylidene difluoride), aluminum oxide, or PTFE (polytetrafluoroethylene), have also been tested [3,15,16,17]. More recently polymeric supports have been developed and applied. Wei et al. coated HDEHP onto XAD-7 (polystyrene with divinylbenzene) to investigate kinetic differences and distribution ratios of Am, Gd, Eu, Ce, and Nd [14,18]. McAlister and Horwitz used HDEHP coated onto AMBERCHROM™ CG71M (polymethacrylate) to determine distribution ratios and capacity factors for Am Al, Ga, Sr, Y, Ac, La, Ce, Pr, and Nd [14,19]. Zhang et al. studied HDEHP supported on macro-porous silica-polymer (SiO2-P) to separate rare earth elements from Sc [20]. Sasaki et al. reported the fixation of HDEHP on the dodecylamino group of a polymer chain grafted onto a 6-nylon fiber to separate Dy and Nd [21]. Momen and Dietz prepared polysulfone macro- and microcapsules impregnated with HDEHP and evaluated their performance in the extraction of europium (Eu3+) from nitric acid solution [22], whereas Eichrom’s commercial Ln Resin, developed by Horwitz and his group, comprises HDEHP-loaded poly (methyl methacrylate) beads [14,23]. Even if the polymeric supports used to prepare extraction chromatography materials allow the preparation of a whole range of extraction chromatography materials combining diverse polymeric supports and liquid extractants, the main disadvantage of these resins is the loss of the extractant due to its solubility in the aqueous phase and, as a consequence, a loss of adsorptive capacity towards metals ions in aqueous solution rendering the resin ineffective after several cycles of application [10].



It is known that extraction chromatography behavior depends on the nature of the support employed. However, no specific works are available on the comparison of different supports in regard to their adsorptive properties, capacity for the extractant, specific surface area, or the method for extractant loading under identical experimental conditions [2,3,6,24]. For this reason, this work presents a study of the effect of the support on the extraction chromatography behavior of solid extractants prepared with six inorganic supports loaded with HDEHP tested on the separation of gadolinium and terbium.




2. Materials and Methods


2.1. Preparation of Solid Extractants (HDEHP + Supports Silanized)


HDEHP (2-ethylhexyl) phosphoric acid) from Fluka Biochemika was used as an extractant agent and six powdered materials were used as supports: Kieselguhr, alumina, fluorite, and three volcanic rocks from Mexico: tezontle, chiluca, and cantera.



Ln spec resin (50–100 µm) from Eichrom Industries of Darien, IL (USA), constituted of HDEHP (40% by weight) loaded onto Amberchrom™ CG-71 (60% by weight), was also tested to compare the performance of this commercial resin and our solid extractants.



2.1.1. Support


Kieselguhr was supplied by Sigma Aldrich and neutral alumina by Fluka Biochemika. The natural fluorite was donated by Fluorita de México S.A. de C.V., and the volcanic rocks tezontle, chiluca, and cantera were purchased from local distributors. The volcanic rocks were crushed and ground and the particle diameters of all supports, including kieselguhr, alumina, and fluorite, were standardized by sieving to 52–73 μm.



Kieselguhr (52–73 μm) was dried by heating to 100 °C for 24 h. Alumina, fluorite, tezontle, chiluca, and cantera were washed with 10% v/v H2O2 for 2 h, distilled water for 1 h, and 0.1 M HNO3 for 2 h, and finally dried at 100 °C for 48 h. The powdered supports were filtered after each washing stage.




2.1.2. Hydrophobization of Supports


Deactivation and hydrophobization of the supports were achieved by silanization with dimethyldichlorosilane (DMCS).



Dried support particles were exposed to DMCS vapors for 4 days; the dried supports and DMCS were poured into Petri dishes and placed on a desiccator. Vacuum was applied to remove air and to saturate the desiccator with DMCS vapors. Once a day the formed HCl and the excess DMCS vapors were pumped off and fresh DMCS was added. The support was dried at 100 °C for 1 h after the silanization process.



Kieselguhr was also hydrophobized with DMCS diluted in heptane. Silanization in the DMCS/heptane solutions was performed as follows: kieselguhr was mixed with DMCS/heptane (1:30 v/v) solution. The resulting slurry was heated to gentle boiling with continuous swirling for 24 h. The support was then filtered and washed twice with acetone and twice with methanol before being dried at 100 °C for 24 h.




2.1.3. Loading of Silanized Supports with HDEHP


The solvent evaporation technique was used for loading the HDEHP on the silanized kieselguhr with the DMCS/heptane solution. Dry silanized kieselguhr was slurried in HDEHP dissolved in acetone at different ratios (see Table 1). The acetone was then evaporated by gentle stirring and heat until the mixture was completely dry. The resulting solid extractant was finally dried by heating to 40 °C for 24 h.



The loaded packed columns technique was used for loading the HDEHP on to the silanized supports with DMCS vapors. The dry silanized supports were introduced into chromatography columns in small amounts. The columns were vertically tapped on the table after each addition of silanized support to ensure a dense packing. Then, a surplus of HDEHP dissolved in acetone (see Table 1) was added to the column and the flow of the HDEHP/acetone solution was maintained until all air bubbles disappeared. The surplus HDEHP was then removed by rinsing the column with acetone and the solid resulting extractant was dried to 100 °C for 24 h.





2.2. Extraction Capacity of Solid Extractants


The extraction capacity (distribution coefficient Kd) of the prepared solid extractants was tested for two adjacent lanthanides, gadolinium and terbium, using the radiotracer technique and elution analysis in chromatography columns.



2.2.1. Radiotracer Production


Radiolanthanides were produced by irradiation of 10 mg Gd2(NO)3 in the TRIGA MARK III Reactor at the National Institute of Nuclear Research (ININ) in Mexico to a neutron fluence rate of 1.68 × 1012 n·cm−2·s−1. Gadolinium salt was irradiated for 15 min, producing Gd-153 (241.6 d), Gd-159 (18.6 h), and Gd-161(3.2 min) (see Table 2). The latter disappeared after 30 min and Gd-153 required longer counting times for its half-life. Therefore, Gd-159 was used as a radiotracer for gadolium and Tb-161 (17.6 h) was used for terbium, as only one terbium radioisotope is produced by Gd irradiation and its decay [8]. The irradiated gadolinium nitrate salt was dissolved in 300 μL of 0.15 mol/L HNO3 with a specific activity of 0.148 kBq/μL.




2.2.2. Column Packing


Dry solid extractant (1 g) was suspended in a surplus of 0.15 M HCl or 0.15 M HNO3 and stirred until all air bubbles disappeared. Small portions of the well-stirred slurry were then poured in a Wheaton (12 × 80 mm2) glass column. The solution in the column was gently stirred during the settling of the solid extractant, and after addition and settling of each of slurry, the bed was gently tamped with a glass rod and supported by a wool plug to prevent disturbances of the solid extractant by the entrance of solutions to the bed. The flow rate was controlled by a stopcock placed after the column outlet to prevent the bed from running dry. Columns were then preconditioned with 0.15 M HCl or 0.15 M HNO3, and 50 μL of the radioactive gadolinium (Tb-161) solution was introduced into the column. Columns were then eluted using 0.8M HCl for Gd and 3M HCl for Tb to construct the respective elution profiles. Collected fractions of the eluates were measured under a coaxial gamma detector HPGe (Canberra 7229P) connected to a PC-multichannel analyzer (ACCUSSPECT-A, Canberra, Australia). Gamma-ray spectra were analyzed using the gamma software for “Genie 2000” Canberra Acquisition and analysis with fixed geometry at 300 s, using the photopeaks 363.64 keV for Gd-159 and 74.6 keV for Tb-161.




2.2.3. Distribution Coefficients


Elution analysis was applied for the determination of the distribution coefficients (Kd) which were calculated from Equation (1) [8]:


  Kd =  [     V  max   −  V i   m   ]   



(1)




where Vmax is the eluate volume to the peak maximum or retention volume, vi is the mobile phase volume (void volume), and m is the solid extractant mass.



The separation resolution of the parent/daughter pair Gb/Tb was determined by Equation (2) [8]:


  α = 2  (     V  max Tb   −      V    max Gd     ∆  V  Gd   − ∆  V  Tb      )   



(2)




where VmaxTb and VmaxGd are the retention volume of Tb and Gd, and ΔVGd and ΔVTb the widths of the elution peaks of Tb and Gd.





2.3. Characterization of Solid Extractants


Raw supports and the prepared solid extractants were analyzed by infrared spectroscopy (IR), scanning electron microscopy (SEM), X-ray diffraction (XRD), and surface area analysis. The infrared measurements were taken on a Nicole Mgna-IR™ spectrometer 550 with the samples pressed in KBr pellets. The spectra were measured with 40 scans per measurement between 4000 and 390 cm−1 normalized and baseline corrected before evaluation. The X-ray diffraction patterns were obtained on a Siemens D5000 diffractometer with a Cu anode X-ray tube. Samples were scanned from 2.5° to 70° with a step size of 0.02°, step time 1 seg, range time 1, and rotation of 15 rpm. The morphology of the supports and solid extractants was observed from SEM micrographs obtained with a Philips SL30 scanning electron microscope. Samples were previously sputtered with gold (layer thickness of 4 nm) in a Denton Vacuum Desk II Microsystems sputter coater. Digital images were obtained at 100×, 500×, 1000×, 2000×, and 5000× magnifications in randomly selected areas. Only the alumina-based solid extractant was analyzed by high-resolution transmission electron microscopy (HRTEM) in a TITAN (FEI Company) microscope at 300 kV. The surface area analysis was performed with a Micromeritics Gemini Surface Area Analyzer. The sample was degassed with nitrogen (15–20 lb/in2) for 30 min at 200 °C and then analyzed using the multipoint analysis protocol.





3. Results


The HCl concentrations used as the mobile phase in the determination of the extraction capacity from the prepared solid extractants were selected from the Gd and Tb distribution coefficients determined by our group (Figure 1, in triangles) and by Horwitz and Bloomquist (Figure 1 in squares) with the commercial resin Ln spec resin from Eichrom. The Kd values of Gd and Tb decreased with an increase in HNO3 concentration. The distribution coefficients of the lanthanides substantially increased with Z (atomic number) and the concentration of nitric acid [4,8,25].



Note that the partition data reported in these works are from experiments that were performed in HNO3 solutions, while HCl was used to determine the extraction capacities of the solid extractants prepared for Gd and Tb in this work because, in nuclear medicine, the chemical state of the isolated radionuclides plays a major role in all further labeled processing. Lanthanide chloride salts (LnCl3) are the salts that are most commonly used as the starting point of many lanthanide-radiolabeling processes, largely because of their good solubility in water and in polar solvents [26]. It is possible to remove the HNO3 of the radiolanthanide solutions by evaporating to dryness; however, this process consumes time, requires the installation of heating equipment inside the hot cell, and produces highly corrosive vapors (NOx) by the decomposition of nitric acid. To avoid these drawbacks, HCl was chosen as the elution media in this work.



Kd values for Gd and Tb (see Table 3), determined from the elution curves shown in Figure 2 with Ln spec resin using HCl and HNO3 as mobile phases, and the separation resolutions obtained with HNO3 are approximately twice that obtained with HCl, while the FWHM (Full Width at Half Maximum) values of the Gd and Tb elution curves are lower in HNO3 than in HCl. These results indicate that there is a slight effect of the anion (Cl− or NO3−) associated with the acid used as a mobile phase in the retention and separation resolution of the extraction system (Table 3 and Figure 2). Therefore, the stability constant of the complex Ln(Cl)3 3HDEHP is less than that of the complex Ln(NO3)3∙3HDEHP and, consequently, the distribution coefficients in chloride medium are lower than in nitrate. The extraction mechanism of Ln3+ by HDEHP can be represented as shown in Reactions (3) and (4), in the case of moderate or high acid concentrations of both the mineral acid and the lanthanide salts. In these reactions, the inorganic anions of HCl or HNO3 neutralize the charge of the lanthanide cation and the HDEHP behaves as a neutral extractant [3,9]:


    Ln   3 +   + 3  X −  + 3 HDEHP ↔    Ln     ( X )   3  3 HDEHP  



(3)






  Ln    ( X )   3  3 HDEHP ↔   Ln    ( X )   3  3 HDEHP  ¯   



(4)







Barred symbols denote the organic phase, Ln denotes lanthanides (III), and X denotes the inorganic anion of the mineral acid (NO3− or Cl−).



The Kd values for Gd and Tb obtained with the Ln resin in HNO3 provide an acceptable guide for reckoning the performance of the solid extractants prepared with HDEHP on different supports, using HCl as the mobile phase. This is probably due to the similar performance of the Ln resin in HNO3 and HCl (Figure 2 and Table 3).



3.1. Solid Extractant Prepared with Kieselguhr


3.1.1. Silanization of Kieselguhr


Kieselguhr is composed of diatomaceous skeletons (frustules) and belongs to the group of near pure sedimentary silica rock and consists predominantly of opal-CT (cristobalite (C) and tridymite (T)), as shown in Figure 3, ergo the kieselguhr structure is basically constituted of silicon oxide [27,28]. The silanization of kieselguhr by DMCS vapors or liquid solutions produces an increase in XRD peak intensities relative to those of pure kieselguhr. This increase is greater in kieselguhr silanized with DMCS vapors and, in particular, the proportions of its XRD peaks: 25.8, 27.6, 30.2, 49.5 and 54.4° 2θ, assigned to the tridymite, and the 15° 2θ unidentified peak, are different from those of pure kieselguhr and the kieselguhr silanized with DMCS liquid, thus indicating slight changes in kieselguhr structure by its silanization with DMCS vapors. The morphology of the pure kieselguhr and kieselguhr silanized with DMCS vapors and liquid revealed that DMCS is heterogeneously deposited on the frustules (Figure 3) and that the shape of the deposit depends on the silanization process. The treatment with DMCS vapors formed thin, uniform deposits, and with DMCS dissolved in heptane, the deposit was thick, probably formed by several layers of DMCS on the frustules. Note that the majority of identified frustule species presented perforated linear and isopolar valve mantles, with more or less pointed ends, probably from the family Fragilariopsis. The apical axes were around 10 μm, the transapical axes were around 3 μm, and there were 7–8 transapical striae. The striae were straight, curved toward the ends, and each of them contained two rows of poroids which become incomplete or irregular toward the center of the valve [29].



The spectra FTIR from pure kieselguhr and kieselguhr silanized with DMCS vapors and liquid (Figure 3) displayed bands at 3440 and 1632 cm−1 which were assigned to the -OH bending vibrations; at 1090, 795, and 620 cm−1 and attributed to the Si−O−Si asymmetric stretching vibrations at 473 cm−1 due to O−Si−O bending vibrations, respectively (Figure 3) [30,31]. The presence of DMCS was confirmed only in the FTIR spectrum of the kieselguhr silanized with DMCS vapors, which displayed two new bands at 2972 and 1267 cm−1 related to the C–H asymmetrical stretching vibration in –CH3 and the symmetrical bending vibrations in Si–CH3 from DMCS, respectively. Additionally, the spectrum showed an increase in the intensities of 1100, 790, and 480 cm−1 bands from kieselguhr (Si–O–Si) due to the addition of bending vibration in Si–CH3 from the absorption peaks at 1260, 802, and 530 cm−1 from DMCS [32]. These validate that the dimethyl silane groups exist in the kieselguhr silanized with DMCS vapors. However, these changes were not present in the infrared spectrum of the kieselguhr silanized with DMCS liquid.




3.1.2. HDEHP-Impregnated Kieselguhr Silanized with DMCS Vapors


The capacity of kieselguhr silanized with DMCS vapors to load HDEHP is around 0.1 g HDEHP/g kieselguhr (see Table 3), i.e., 10% of the kieselguhr contains HDEHP, and is practically independent of the HDEHP concentration used for the preparation of solid extractants at an HDEHP:acetone ratio less than 1:30. When the ratio HDEHP:acetone is at 1:40, the amount of HDEHP loaded on the silanized kieselguhr is at 0.04 g HDEHP/g kieselguhr. Consequently, Kd values of Gd and Tb in these solid extractants (<1:30) should be similar since they have practically the same amount of HDEHP impregnated on kieselguhr. However, these Kds showed variations between 8.5 and 3.2 cm3/g (Table 3) that could be associated with Kd’s calculation errors (Equations (5) and (6)), which are significant at low Kd values, and mainly linked to the estimation of Vmax due to the uncertainty in the measurements of the volumes of each elution fraction, the activity, and the fit mathematical models [33].


  ∆ Kd =  |    ∂ Kd    V  max      |  ∆  V  max   +  |    ∂ Kd    V i     |  ∆  V i  +  |    ∂ Kd  m   |  ∆ m  



(5)






  ∆ Kd =   ∆  V  max    m  +   ∆  V i   m  +  (     V  max   −  V i     m 2     )  ∆ m  



(6)







However, the separation resolution and FWHM values of the Gd and Tb elution curves in these solid extractants, shown in Figure 4, present significant differences. Particularly, the solid extractant prepared with HDEHP at a 1:4 ratio showed the lowest separation resolution (0.58) and the highest FWHM for Gd (8.78 mL), while the solid extractant prepared at a 1:20 (HDEHP:acetone) ratio showed the highest separation resolution (1.23) and the lowest FWHM for Gd (4.6 mL).



It is known that chromatographic column dimensions and the speed of the mobile phase significantly influence the characteristics of the elution peaks. The increase in the diameter and length of the column produces an increase in the retention and the elution volumes and consequently in the FWHM and generates a decrease in the heights of the peaks. Meanwhile, an increase in the speed of the mobile phase causes an increase in the elution volume and therefore the FWHM, keeping the retention volume constant, and a decrease in separation resolution [33,34].



Considering that the extraction capacity tests of the solid extractants prepared from kieselguhr silanized with DMCS vapors and impregnated with HDEHP at different concentrations were performed with the same chromatography columns, amounts of solid extractants, and particle size (52–73 μm), the differences in their separation resolutions, peak height, and peak broadening (FWHM) (Figure 4, Table 3) are then associated with the elution velocity of the mobile phase, and therefore with the plate number of the chromatography column (efficiency).



Peak height and peak broadening are governed, in terms of the Van Deemter model, by kinetic processes in the column such as Eddy diffusion, longitudinal diffusion and mass transfer [1,35]. Under these concepts, the dispersion or widening (peak-broadening) of the elution peaks for Gd and Tb from these solid extractants (Figure 4) is the sum of these processes. Taking into account that these solid extractants contained the same amount of HDEHP loaded in the kieselguhr (<1:30) and that all the chromatography columns were packed and eluted at similar speeds, it would then be expected that these three kinetic factors (Eddy diffusion, longitudinal diffusion, and mass transfer) were similar. However, the variations in the elution curves, the Kd values, FWHM, and the separation resolutions of these solid extractants reflect that the characteristics of these materials are not similar, as is evident from the X-ray diffraction patterns, the infrared spectra, the microphotographs of these materials, shown in Figure 5, and data from the elemental analysis (Table 4).



Kieselguhr X-ray diffraction patterns present the XRD peak characteristics of the cristobalite (C) and tridymite (T) crystalline phases, as shown in Figure 3 and Figure 5 [27,28]. Note that the XRD peak intensities of silanized kieselguhr are twice those of solid extractants prepared with different concentrations of HDEHP.



The variations in the HDEHP concentration on the silanized kieselguhr produce changes in the structure of these solid extractants, as evidenced in their infrared spectra, with the appearance and increase of the band intensities at 1230 cm−1 and 1466 cm−1 and the broadband from 2847 to 2978 cm−1. The latter is the conjunction of the stretch vibrations P=O and C–H stretch (sym and antisym) from HDEHP [6]. The broadening of the 1090 cm−1 band was attributed to asymmetric stretching vibrations Si−O−Si from kieselguhr [30], due to the presence of the 1230 cm−1 band from HDEHP. In addition to the above, the elemental analysis made by the energy-dispersive X-ray spectroscopy (EDS) in micro-areas on the surface of the solid extractants (Table 4) shows that the P concentration on kieselguhr increase with augmented concentrations of the HDEHP used in the preparation of the solid extractant. This increase of the HDEHP concentration on kieselguhr is clearly shown in the brightest areas of the photomicrographs of these extractant solids (Figure 5). This confirms that the HDEHP exists in the kieselguhr. However, the incongruity between the amount of HDEHP impregnated on kieselguhr, similar in all solid extractants prepared at concentrations lower than 1:30 (HDEHP:acetone), and the variations in the Kd values, separation resolution, and FWHM of these materials (Table 3) could be explained by the HDEHP distribution on the kieselguhr surface. As can be seen in the photomicrographs of Figure 5, only in certain areas is HDEHP embedded and an increase in its concentration causes over-deposition of the extractant in these same areas until it reaches saturation, while at lower concentrations of HDEHP its distribution is more homogeneous (see photomicrograph 1:20).



Therefore, these solid extractants present the same amounts of g HDEHP/g kieselguhr. Alternatively, EDXA (energy dispersive spectroscopy X-ray analysis) analyses indicate an increase in the P concentration on kieselguhr with an increase of HDEHP. However, given the heterogeneity of the HDEHP deposition on kieselguhr, these results could be considered semi-quantitative because they were measured at only about 400 μm.




3.1.3. HDEHP-Impregnated Kieselguhr Silanized with DMCS Liquid


The solid extractants prepared with kieselguhr silanized with DCMS liquid presented an oily, pasty, and very viscous consistency which increased with the HDEHP concentration used for loading the kieselguhr. Therefore, the use of these solid extractants in the chromatography columns was technically not feasible, except for the solid extractant prepared with the lowest concentration of HDEHP (1:30). Hence, only the results of this material are reported in Table 3. The amount of HDEHP loaded on the kieselguhr silanized with DMCS liquid was 0.089 g HDEHP/g kieselguhr, 10% less than that obtained in the extractive solids prepared with kieselguhr silanized with DMCS vapors loaded also with HDEHP 1:30. Even when these solid extractants were compared under two different mediums (HCl, HNO3), it was assumed that in HNO3 the separation performance between Gd and Tb was better, given that the Ln(NO3)3∙3HDEHP complexes are more stable than Ln(Cl)33HDEHP (see Figure 2), as previously discussed. However, the separation factors of HDEHP impregnated into kieselguhr silanized with DMCS liquid (KSL) were lower by 23% than those of HDEHP impregnated into kieselguhr silanized with DMCS vapor (KSV), and the values of FWHM and Kd in KSL were practically double that in KSV (see Figure 6). Note that the Tb eluates collected from KSL still carried Gd, which means that it was not completely eluted in the first phase of separation (3M HNO3) and that the Gd elution peak is even wider, possibly due to a slow mass transfer between the stationary phase (KSL) and the mobile phase (HNO3) because the HDEHP is mainly impregnated on the kieselguhr surface and, to a lesser extent, in its pores.



The bands associated with HEDHP present in the KSL and KSV spectra FTIR (Figure 7)—2850 to 2992 cm−1 assigned to C–H stretching (sym and antisym), 1638 cm−1 ascribed to the P–O–H group, and 1472, 1227, and 1034 cm−1 stretching vibrations of the P=O and P–O–(C) [6] clearly show a greater definition in the spectrum FTIR of KSL; however, the intensities of these peaks are greatest in the KSV spectrum. The KSL spectrum FTIR is closer to the pure HDEHP spectrum, while the KSV spectrum FTIR amalgamates the bands at 1227 cm−1 and 1034 cm−1 from HDEHP with that at 1090 cm−1 attributed to the Si−O−Si from kieselguhr [30]. The elemental analysis of these materials indicated a concentration of P three times higher in KSL with respect to that present in KSV, and the microphotographs of these extractant solids clearly showed that the impregnation of HDEHP was heterogeneous, particularly in KSL, and the extractant was preferentially located in certain areas. KSL and KSV X-ray diffraction patterns showed a drastic decrease in their intensities as compared to those of pure and silanized kieselguhr. The XRD peaks at 14.9 and 31.9 2θ disappeared and those at 11.7 and 6.95 2θ appeared from the KSL XRD pattern, while that of KSV retained a similar XRD pattern to those of silanized kieselguhr.



According to these data, the kieselguhr hydrophobization methodology has a direct effect on how HDEHP is loaded on the support and consequently on the extraction performance of the solid extractant in the chromatographic process. The HDEHP loaded on the support was more uniform and homogeneous when the silanization process was carried out with DMCS vapor, producing a higher chromatographic resolution (greater number of theoretical plates), while the treatment with DMCS liquid solutions produced a non-homogeneous distribution of the HDEHP on the kieselguhr. In this case, the extractant agglomerated in some areas of the kieselguhr surface and caused a decrease in the separation resolution and a widening (peak-broadening) of the elution peaks.





3.2. Solid Extractant Prepared with Volcanic Rocks


The amount of HDEHP loaded in the cantera and tezontle (0.02 g HDEHP/g support) was around 5 times less than those obtained in kieselguhr, and in the case of chiluca (0.01 g HDEHP/g support) 10 times lower (Table 3). The elution of Gd and Tb was performed only with 0.8 M HCl (Figure 8) since both elements were eluted at about the same time from the first elution volumes, hence the low values of Kd and separation resolution, particularly in the tezontle. There was practically no retention of Gd and Tb in these extractant solids.



Cantera, tezontle, and chiluca (volcanic rocks) are constituted of feldspars (see Figure 9, Figure 10 and Figure 11): cantera contains albite (NaAlSi3O8), chiluca contains albite and quartz (SiO2), and tezontle contains albite, anorthoclase (Na,K)(AlSi3O8), and hematite (Fe2O3). Feldspars are anhydrous three-dimensional aluminosilicates of linked SiO4 and AlO4 tetrahedra, with the Si ions in the center of such tetrahedra being partly replaced by Al ions, which contain cavities within the framework to accommodate Na+, K+, or Ca2+ for maintaining electroneutrality [36]. Water reacts with the surfaces of oxide minerals such as feldspars, silicate minerals, or hematite, adding hydrogen to their oxygen atoms, and hydroxyls to the metals, resulting in a surface of metal-hydroxides and bridging oxygen. These hydroxyls participate in acid–base reactions and ion exchange, so these volcanic rocks display adsorptive properties. These supports were then hydrophobized by DMCS to depress these adsorptive properties and convert surface silanol groups (Si–OH) of these materials to silyl ether groups (–Si–O–Si–(CH3) 2-) by silanization with DMCS.



The silanization and loading of HDEHP on the three volcanic rocks do not produce a modification of their structures, only changes in its XRD peak intensities. In the cantera, a somewhat amorphous material, the intensities of the XRD peaks increased with silanization and additionally with loading of HDEHP (Figure 9). In chiluca, the intensities of the XRD peaks decreased with silanization and increased with the HDEHP loading (Figure 10), and in tezontle, the intensity of the XRD peaks decreased with silanization and also with the loading of HDEHP (Figure 11).



The most significant spectral bands of albite in cantera, assigned to the following vibrations: 3434 cm−1 structural hydroxyl groups, 1054 cm−1 Si-O, 784 cm−1 O–Si–O, 724 cm−1 O–Si–O, 588 cm−1 O–Al–O, 546 cm−1 Al-O-Si, and 470 cm−1 Si-O-Si [37,38], are also present in the infrared spectra of the albite silanized and loaded with HDEHP. The silanization of albite is manifested with the appearance of the small band at 365 cm−1 belonging to the vibration νSi-Cl [39], also present in the spectrum of the extractant solid (HDEHP-impregnated kieselguhr silanized with DMCS vapor). Moreover, the HDEHP deposition on silanized albite is expressed by the presence of the broad band from 3008–2898 cm−1 assigned to C–H stretching from HDEHP and the better definition of the 1230 cm−1 band from HDEHP in the broadband of the 1054 cm−1 from albite [6].



The following stretching modes were observed in the FTIR spectrum of pure chiluca: stretching vibration of OH at 3432 and 1635 cm−1, Si–O–Si vibration in the doublet 1107 and 1025 cm−1, vibration stretching of Si–O at 770 cm−1, O–Si–O and O–Al–O bending vibrations at 689, 633, and 582 cm−1 and vibrations of Al–O–Si at 540 cm−1 [37,38]. The chiluca that was silanized and loaded with HDEHP presented the same infrared pattern as the pure form, but the band intensities of the silanized chiluca were approximately 6 times greater than those of the pure form and that with HDEHP. The presence of DMCS in the silanized chiluca was manifested by the band at 1889 cm−1, and the HDEHP was exhibited by the broadband of 3002–2852 cm−1.



The spectrum FTIR of pure tezontle (Figure 11) presents characteristic bands at 3440 and 1633 cm−1 assigned to the adsorbed water and vibration of the OH groups, the band of strong absorption between 1215 and 836 cm−1, and the bands at 631 and 581 cm−1 attributed to O–Si–O and O–Al–O due to the stretching vibration of both SiO4 and AlO4 tetrahedron of albite and anorthoclase, and the three vibration modes of Fe(II)-O at 544, 473, and 434 cm−1 are attributed to hematite [38]. The silanization of tezontle was corroborated with the presence of bands at 2965, 1270, and 807 cm−1 associated with C–H and Si–CH3 vibrations of the DMCS [32], while the loading of HDEHP was manifested by the bands at 2968, 1389, 1274, and 802, cm−1 and the fusion of bands at 1089 cm−1 (Si–O–Si) of the tezontle and at 1100 cm−1 (P–O–(C)) of HDEHP (Figure 11).



These XRD and FTIR data are congruent with the elemental analyses of the silanized cantera, chiluca, and tezontle (Table 4). This analysis showed a slight increase in Si concentration in relation to the pure volcanic rocks due to the presence of DMCS, and when HDEHP is loaded on the silanized cantera and chiluca a decreased of Si concentration and the P presence were observed. Phosphorus concentration in these cases was lower than that obtained in the solid extractants prepared with kieselguhr, hence the lower retention of Gd and Tb. Note that, in the tezontle, there was no presence of P, that is, the HDEHP did not deposit on the surface of this support, therefore there was no extraction of Gd and Tb (see Figure 8) and both elements were practically eluted immediately.



Volcanic rocks have morphologies similar to that of glass. Cantera is a practically amorphous material (see the XRD pattern), and presented sets of conglomerated particles with dimensions smaller than 5 mm where DMCS and HDEHP were preferably deposited, manifesting in the brightest areas of the photomicrographs shown in Figure 9, Figure 10 and Figure 11. As in the case of kieselguhr, the deposition of these materials was heterogeneous.




3.3. Solid Extractant Prepared with Alumina


The amount of HDEHP loaded on the alumina was 0.07 g HDEHP/g alumina, 30% less than the amount present in the solid extractants prepared with kieselguhr. Alumina impregnated with HDEHP silanized with DMCS vapors showed the highest Kd values of Gd and Tb, the highest separation resolutions, and the lowest values of FWHM from the Gd and Tb elution curves (Figure 12) of all the extractant solids prepared in this work and even of those obtained with the commercial resin Ln spec from Eichrom (Table 3).



Pure and silanized alumina (aluminum oxide) presented an amorphous halo pattern (Figure 13), with some XRD peaks characteristic of boehmite (γ-Al2O3) at 37.9, 45.17, and 67.3 2θ. While alumina loaded with HDEHP additionally showed an XRD peak at 5.8 2θ and a thick amorphous peak around 19 2θ [40]. The infrared spectrum of pure alumina strongly exhibited changes in its structure when it was silanized and loaded with HDEHP. The characteristic vibration bands of pure alumina present at 3446 cm−1 were assigned to OH stretching vibration that binds Al3+, 1637 cm−1 corresponding to physisorbed water, 1427 cm−1 due to deformation vibrations of the water, 1040 cm−1 attributed to the symmetrical bending of Al–O–H, 882 cm−1 assigned to the bending vibration of the Al–O bond and 563 cm−1 attributed to the Al–O stretch mode in the octahedral structure [40]. The infrared spectrum of silanized alumina clearly showed the incorporation of DMCS into alumina, given the presence of the absorption peaks at 1260, 802, and 530 cm−1 that corresponded to the Si–CH3 bending vibrations from DMCS [32,41]. The FTIR spectrum of the alumina loaded with HDEHP (solid extractant) presented the bands at 1464, 1388, 1196, 1138, 1038, 869, and 735 cm−1, corresponding to the vibrations of the functional groups associated with HDEHP [6], shown in Figure 14, and ratifying the deposition of HDEHP in alumina.



Because of the amorphous nature of alumina (see X-Ray diffraction patterns), its morphology is similar to that of glass, as can be seen in SEM microphotographs, where the presence of DMCS and HDEHP are reflected on whiter surfaces. The morphological analyses carried out by HRTEM showed how the molecules of DMCS (white lumps) adhered to the alumina (black area of the microphotograph) and the molecules of HDEHP (dark circles) were fixed on these lumps in the form of small droplets. Not all of the surface containing the DMCS was impregnated with HDEHP.



The presence of Cl and the decrease in the percentage of Al and O in the silanized alumina indicated the presence of DMCS on the surface of the alumina (Table 4). HDEHP is expressed on silanized alumina by the P presence, the decrease of the Al and O percentage, and the C increase in this solid extractant.




3.4. Solid Extractant Prepared with Fluorite


The solid extractant supported by fluorite presented the lowest Kds and separation resolution for Gd and Tb; therefore, the elution curves of both elements were practically together, as shown in Figure 14. This solid extractant did not retain these lanthanides. This was consistent with the low amounts of HDEHP contained in the support (0.010 g HDEHP/g fluorite) and the characterization results of the fluorite samples: virgin, silanized, and loaded with HDEHP (see Figure 15).



The XRD pattern of the fluorite (Figure 15) shows the characteristic XRD peaks of the CaF2 at 28, 47, 55, 58, and 68 2θ [42,43]. The XRD pattern of silanized fluorite also shows the characteristic peaks of fluorite, but the XRD peak at 58° 2θ disappeared and were from 3 to 8 times lower than that of pure fluorite, meaning there is a change in the structure of the fluorite by adding the DMCS. In the case of the solid extractant (silanized fluorite and loading with HDEHP), its XRD patterns were similar to that of virgin fluorite but with intensities on average 2 times lower. The intensity ratios between the most intense XRD peaks of fluorite (28° and 47° 2θ) varied from 12 in the virgin fluorite, to 4 in the silanized fluorite, and 6 in the solid extractant.



The infrared spectrum of the fluorite exhibited the characteristic bands 3432, 2362, 1634, 1430, 1044, and 884 cm−1 of CaF2, [42,43,44], two additional small bands at 1413 and 668 cm−1 associated with the asymmetric stretching and deformation vibrations of carbonate (CO32−) groups [45], and an intense band at 401 cm−1. The bands at 3432, 2360, and 1636 cm−1 were assigned to the stretching vibration absorption of –OH and bending vibration absorption of H2O, respectively. The silanized fluorite exhibited the following bands of very low intensity: 2962 cm−1 related to the asymmetric -CH3 stretching vibration band, 1267 cm−1 associated with the Si–C asymmetric stretching vibration of the Si–CH3 bond, 1110–1024 cm−1 attributed to Si–O asymmetric vibration of the Si–O–Si bond, and 805 cm−1 associated with the Si–C symmetric vibration (Si–CH3) [46], and the decrease of the intensities of the bands at 1633 and 3452 cm−1 due to the reduction of silanol groups [41]. The IR spectrum of solid extractant (silanized fluorite with HDEHP) displayed a multi-peak at 2979–2867 cm−1 attributed to Si–CH3 bond, and the characteristic bands at 1238 and 1030 cm−1 assigned to P–O and P–O–C groups, respectively, from HDEHP [6]. However, the elemental characterization of this solid extractor (see Table 3) did not contain P, indicative of the presence of HDEHP, and included Cl, associated with DMCS from the silanization process. The Ca percentage decreased slightly in silanized fluorite, which suggested that DMCS would bind to Ca, although a very low concentration, considering that the silanized fluorite with HDEHP practically did not extract Gd and Tb, given its low Kd and separation resolution values. The presence of Si and Al presumed the content of impurities in the fluorite, possibly alumino-silicates.



Fluorite has a compact, glass-like surface that contains small white-encrusted grains. The fluorite that was silanized and loaded with HDEHP did not have embedded grains, but particles of various sizes and shapes deposited on its surface. However, the microphotographs did not reveal any evidence of anchoring of DMCS in fluorite or HDEHP in silanized fluorite.



In conclusion, fluorite is silanized by DMCS, but its low content could be explained by the fact that DMCS does not find anchor sites in the structure of CaF2, where HDEHP can be additionally fixed. The presence of DMCS and HDEHP in the support could be associated with its fixation in Si and Al compounds, such as quartz or alumino-silicates present as impurities in fluorite.





4. Discussion


HDEHP is predominantly hydrophobic. Consequently, it is difficult to fix it on hydrophilic materials such as kieselguhr, volcanic rock (cantera, chiluca, tezontle), or alumina. Therefore, these materials must be made hydrophobic before loading of HDEHP and deactivating its adsorption and ion exchange properties, which can also reduce the extraction properties of HDEHP.



The density and homogeneity of the DMCS coating on the kieselguhr particles depend on the silanization method applied. Liquid treatment allows to coverage of a greater quantity of kieselguhr particles, apparently even by several DMCS films (Figure 3). However, the low permeability of the resulting silanized kieselguhr (viscous and sticky) obstructs the flow of the mobile phase and it is impossible to use on chromatography columns. In this case, the DMCS was diluted in heptane, and perhaps another solvent such as hexane could increase the permeability of the silanized kieselguhr. The silanization treatment with DMCS vapors produces materials coated with a thin layer of DMCS in some areas of the kieselguhr particles, as can be seen in the microphotographs of Figure 3.



This discontinuous DMCS coating on the support surface is probably caused by the irregular shape of the kieselguhr particles, which may limit the availability of sites where DMCS can attach to the kieselguhr (see Figure 16). This same effect can also limit the anchoring of HDEHP on DMCS and of the metal ion (Ln3+) on HDEHP. This heterogeneous distribution of the HDEHP into the supports causes anomalous diffusion effects in the chromatographic column, directly linked to the chromatographic resolution (theoretical plates). Thus, the elution curves and the chromatographic properties of the extractant solids prepared with kieselguhr using different concentrations of HDEHP (Figure 4 and Table 3) show differences, even when these solids have been loaded with the same amount of HDEHP.



Therefore, even when the HDEHP concentration increases during the preparation of the solid extractant, HDEHP will only be able to anchor to the hydrophobic surfaces. This factor limits the maximum concentration of extractant that can be loaded in the silanized support and, in consequence, the capacity of our extraction chromatography system. For this reason, the amounts of HDEHP loaded on to kieselguhr presented in Table 3 are similar to the solid extractants prepared with HDEHP:acetone between 1:4 and 1:30. Therefore, there is an optimal extractant concentration to use for the preparation of the solid extractants. This same concept can be applied to the rest of the studied supports (volcanic rocks, alumina, and fluorite), which also present irregular morphologies and as a result the silanization of their surfaces is limited to certain areas.



The characterization of the supports and the solid extractants (Figure 3, Figure 5, Figure 7, Figure 9, Figure 10, Figure 11, Figure 13 and Figure 15) shows the heterogeneous distribution of the HDEHP on the surfaces of the different supports studied. This is mainly the cause of the differences between the P concentrations listed in Table 4, linked to the presence of HDEHP loaded into the supports, obtained by EDAX analysis in areas of a few micrometers, and the amounts of HDEHP loaded to these supports reported in Table 3, carried out by gravimetry.



The surface area of the support has an important influence on the chromatographic capacity of the prepared extractant solid [31]. A greater surface area provides a greater surface where the extractant can be anchored and therefore a greater chromatographic capacity of the solid extractant. The surface areas of the supports used in this study (Table 3) show that alumina and fluorite have the highest and lowest surface area, separation resolution, and Kd values of Gd and Tb, respectively. However, the porosity of the support also influences the chromatographic separation parameters (Kd values, separation resolution, FWHM), because even when the pore surface provides more sites to interact with the silanization agent (i.e., the extractant and the analyte) the size of the pores can also limit access, first for DMCS, then for HDEHP, and finally for the lanthanide. Thus, cantera has a lower capacity and resolution chromatographic than kieselguhr, although its surface area is twice that of kieselguhr, because its total pore volume is less than that of kieselguhr (see Table 3).



Therefore, it is possible that DMCS can be anchored to the support, but not HDEHP, due to problems of access or pore size (steric effects), or both DCMS and HDEHP can be anchored, but not the analyte (Figure 16). Thus, the support capacity to fix the silanization and extractant agents and to retain the analyte will depend on its shape, specific area, porosity, pore size, and the accessibility of these pores. Additionally, the irregular particles of the support can reduce the packing density, which could decrease the reproducibility of the chromatographic process.



The evaluation of partition data from elution curves resulted in the separation coefficients for several species in one single operation. Different oxidation states or complexes of an element or contamination can be reveled in elution curves with more than one peak, and kinetically labile species by the distortion or tailing of the peak [3]. Thus, the tailing of the elution curves shown in Figure 4, Figure 6 and Figure 8 were mainly associated with the resistance to mass transfer of Gd and Tb from the solid extractant to the mobile phase in the chromatography column. This could be due to the irregularity of the size and shape of the support, the heterogeneous distribution of HDEHP, and to the intrinsic adsorption properties of each support.




5. Conclusions


This paper presents a systematic examination of Gd and Tb behavior on a series of extraction chromatography materials prepared with different supports silanized with DMCS and impregnated with HDEHP as an extractant agent. The change in the nature of the support produced a variation in the extraction capacity and in the chromatographic resolution of the solid extractant. The amount of HDEHP loaded and its distribution on support particles determines the chromatographic capacity. The irregular shape of the support particles produces discontinuous and heterogenous DMCS and HDEHP coatings on the support surface, allowing the active sites of the supports to interfere with the retention performance of the solid extractant and the chromatographic resolution. These factors are the reason for most of the observed differences in chromatographic performances (Kd, separation resolution, FWHM) of the solid extractant prepared in this study.



The specific surface area and the size and pore shape of the support also affects the extraction capacity of the prepared solid extractant. Supports with large surfaces retain a greater amount of HDEHP (extractant). However, the size and pore shape of the support play key roles in the performance of the silanization, HDEHP loading amount, and the resolution of the separation process. The accessibility to the area to be silanized, and subsequently loaded with HDEHP, is a determining factor in defining the performance of the extractive solid. If the DMCS or HDEHP cannot enter into the support pores, they can only be anchored on the support surface, inducing the broadening of the elution peaks.



DMCS vapor or liquid silanization methods do not lead to uniformly coated substrates. DMCS liquid treatment allows deposition of a greater amount of DMCS on the support but produces silanized supports with low permeability that are difficult to use in column chromatography. The use of DMCS vapor increases the reproducible of this technique and the amount of HDEHP anchored in these materials strongly depends on the silanized sites.



Future studies will be aimed to improve the silanization performance of the supports, a determinant procedure to increase the chromatographic capacity of solid extractants, paying special attention to the size and shape of the support particles and their pores, in order to also increase the resolution of the chromatographic process.
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Figure 1. Effect of HNO3 concentration on the distribution coefficients of Gd and Tb in Ln SPS Eichrom resin [8,25]. 
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Figure 2. Elution curves of Gd and Tb separation from Ln SPS resin using HNO3 and HCl as the mobile phases. 
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Figure 3. X-ray diffraction patterns, infrared spectra, and morphology of kieselguhr and kieselguhr silanized with DMCS vapors and DMCS liquid. 
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Figure 4. Elution curves of Gd and Tb separation from HDEHP-impregnated kieselguhr silanized with DMCS vapors as a function of the [HDEHP] using HCl as the mobile phase. 
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Figure 5. Morphology, X-ray diffraction patterns, and infrared spectra of HDEHP-impregnated kieselguhr silanized with DMCS vapors as a function of the [HDEHP]. 
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Figure 6. Elution curves of Gd and Tb separation from HDEHP-impregnated kieselguhr silanized with DMCS vapors and DMCS liquid using HCl as the mobile phase. 
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Figure 7. X-ray diffraction patterns, infrared spectra, and morphology of HDEHP (1:30)-impregnated kieselguhr silanized with DMCS vapors (KSV) and DMCS liquid (KSL). 
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Figure 8. Elution curves of Gd and Tb separation from HDEHP (1:20)-impregnated volcanic rocks silanized with DMCS vapors using HCl as the mobile phase. 
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Figure 9. X-ray diffraction patterns, infrared spectra, and morphology of cantera, silanized cantera with DMCS vapors, and HDEHP (1:20)-impregnated cantera. 
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Figure 10. X-ray diffraction patterns, infrared spectra, and morphology of chiluca, silanized chiluca with DMCS vapors, and HDEHP (1:20)-impregnated chiluca. 
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Figure 11. X-ray diffraction patterns, infrared spectra, and morphology of tezontle, silanized tezontle with DMCS vapors, and HDEHP (1:20)-impregnated tezontle. 
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Figure 12. Elution curves of Gd and Tb separation from HDEHP (1:20)-impregnated alumina silanized with DMCS vapors using HCl as the mobile phase. 
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Figure 13. X-ray diffraction patterns, infrared spectra, and morphology of alumina, silanized alumina with DMCS vapors, and HDEHP (1:20)-impregnated alumina. 
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Figure 14. Elution curves of Gd and Tb separation from HDEHP (1:20)-impregnated fluorite silanized with DMCS vapors using HCl as the mobile phase. 
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Figure 15. X-ray diffraction patterns, infrared spectra, and morphology of fluorite, silanized fluorite with DMCS vapors, and HDEHP (1:20)-impregnated fluorite. 
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Figure 16. Mechanisms of hydrophobization, silanization, and loading of HDEHP on to supports. 
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Table 1. Preparation conditions of solid extractants.
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	Support
	Silanization Method
	Loading of HDEHP

Technique
	HDEHP/Acetone





	Kieselguhr
	DMCS solution
	Evaporation
	1:4



	Kieselguhr
	DMCS solution
	Evaporation
	1:8



	Kieselguhr
	DMCS solution
	Evaporation
	1:15



	Kieselguhr
	DMCS solution
	Evaporation
	1:20



	Kieselguhr
	DMCS solution
	Evaporation
	1:30



	Kieselguhr
	DMCS vapors
	Packed column
	1:4



	Kieselguhr
	DMCS vapors
	Packed column
	1:8



	Kieselguhr
	DMCS vapors
	Packed column
	1:15



	Kieselguhr
	DMCS vapors
	Packed column
	1:20



	Kieselguhr
	DMCS vapors
	Packed column
	1:30



	Kieselguhr
	DMCS vapors
	Packed column
	1:40



	Alumina
	DMCS vapors
	Packed column
	1:20



	Fluorite
	DMCS vapors
	Packed column
	1:20



	Tezontle
	DMCS vapors
	Packed column
	1:20



	Cantera
	DMCS vapors
	Packed column
	1:20



	Chiluca
	DMCS vapors
	Packed column
	1:20
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Table 2. Nuclear reactions of the gadolinium target irradiation [8].
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	Target
	Nuclear Reaction





	152Gd 0.2%
	152Gd(n, γ)153Gd(241.6 d)→ 153Eu (stable)



	154Gd 2.18%
	154Gd(n, γ) 155Gd(stable)



	155Gd 14.8%
	155Gd(n, γ) 156Gd(stable)



	156Gd 20.47%
	156Gd(n, γ) 157Gd(stable)



	157Gd 15.6%
	157Gd(n, γ) 158Gd(stable)



	158Gd 24.84%
	158Gd(n, γ) 159Gd(18.6 h) → 149Tb(stable)



	160Gd 21.86%
	160Gd(n, γ)161Gd(3.7 min) → 161Tb*(17.6 h) → 161Dy (stable)
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Table 3. Distribution coefficients, separation resolution, and FWHM for Gd and Tb on solid extractants prepared with HDEHP on different supports.
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	Solid Extractant
	g HDEHP/

g Support
	KdGd

HCl

(0.8 mol/L)
	KdTb

HCl

(3 mol/L)
	Separation Resolution
	FWHM

Gd

(mL)
	FWHM

Tb

(mL)
	Surface Area (m2/g)
	Total Pore Volume (cm3/g)





	Kieselguhr/DMCS vapor/

HDEHP: 4 Acetone
	0.1016 ± 0.0036
	8.5 ± 1.3
	2.8 ± 0.7
	0.59 ± 0.02
	8.78 ± 0.36
	1.65 ± 0.06
	2.8064 ± 0.0281
	0.6445 ± 0.019



	Kieselguhr/DMCS vapor/

HDEHP: 8 Acetone
	0.1045 ± 0.0037
	5.9 ± 1.4
	1.5 ± 0.4
	1.02 ± 0.03
	7.82 ± 0.64
	1.78 ± 0.07
	2.8064 ± 0.0281
	0.6445 ± 0.019



	Kieselguhr/DMCS vapor/

HDEHP: 15 Acetone
	0.1138 ± 0.0040
	3.2 ± 0.9
	1.8 ± 0.6
	0.77 ± 0.02
	4.65 ± 0.15
	1.87(9.6) ± 0.14
	2.8064 ± 0.0281
	0.6445 ± 0.019



	Kieselguhr/DMCS vapor/

HDEHP: 20 Acetone
	0.1051 ± 0.0037
	4.0 ± 0.8
	1.3 ± 0.4
	1.23 ± 0.04
	4.64 ± 0.17
	1.44 ± 0.04
	2.8064 ± 0.0281
	0.6445 ± 0.019



	Kieselguhr/DMCS vapor/

HDEHP: 30 Acetone
	0.1070 ± 0.0038
	4.8 ± 0.9
	4.8 ± 1.2
	1.2 ± 0.04
	4.84 ± 0.26
	1.7 ± 0.39
	2.8064 ± 0.0281
	0.6445 ± 0.019



	Kieselguhr/DMCS vapor/HDEHP: 40 Acetone
	0.0474 ± 0.0017
	3.4 ± 1.0
	5.7 1 ± 1.6
	0.29 ± 0.01
	3.65 ± 0.38
	5.2 ± 0.32
	2.8064 ± 0.0281
	0.6445 ± 0.019



	Kieselguhr/DMCS liquid/HDEHP: 30 Acetone
	0.0888 ± 0.0031
	9.9 2 ± 1.7
	2.7 3 ± 0.9
	0.92 ± 0.03
	10.99 ± 0.65
	3.12 ± 0.17
	2.8064 ± 0.0281
	0.6445 ± 0.019



	Ln SPS eluted with HCl
	–
	6.7 ± 1.9
	2.2 ± 0.8
	0.98 ± 0.03
	5.39 ± 0.22
	0.64 ± 0.08
	–
	–



	Ln SPS eluted with HNO3
	–
	14.3 ± 2.2
	8.0 ± 2.2
	1.58 ± 0.05
	3.29 ± 0.19
	2.23 ± 0.12
	–
	-–



	Alumina/DMCS vapor/

HDEHP: 20 Acetone
	0.0711 ± 0.0025
	14 ± 2.1
	13 ± 2.9
	3.15 ± 0.1
	0.59 ± 0.06
	0.69 ± 0.04
	193.1729 ± 1.9327
	0.8864 ± 0.0227



	Chiluca/DMCS vapor/

HDEHP: 20 Acetone
	0.0100 ± 0.0004
	4.9 ± 1.1
	7.4 1 ± 1.5
	0.27 ± 0.01
	2.94 ± 0.18
	5.90 ± 0.23
	2.1730 ± 0.0217
	0.0025 ± 0.00012



	Cantera/DMCS vapor/

HDEHP: 20Acetone
	0.0273 ± 0.001
	7.9 ± 1.4
	12.3 1 ± 2.5
	0.31 ± 0.01
	2.15 ± 0.32
	7.6 ± 1.39
	5.8283 ± 0.0583
	0.0650 ± 0.0026



	Tezontle/DMCS vapor/

HDEHP: 20Acetone
	0.0193 ± 0.0007
	2.8 ± 0.7
	3.2 1 ± 1.2
	0.03 ± 0.003
	3.35 ± 0.29
	3.79 ± 0.36
	1.7738 ± 0.0177
	0.0036 ± 0.00012



	Fluorite/DMCS vapor/

HDEHP: 20Acetone
	0.0102 ± 0.0004
	1.6 ± 0.6
	1.7 1 ± 0.6
	0.03 ± 0.003
	0.98 ± 0.06
	1.02 ± 0.19
	0.0204 ± 0.0002
	0.0002 ± 0.00001







1 in 0.8 M HCl, 2 in 0.8 M HNO3 3 in 3M HNO3.
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Table 4. Elemental analysis of supports pure silanized and loaded with HDEDHP (solid extractants) by EDXA.






Table 4. Elemental analysis of supports pure silanized and loaded with HDEDHP (solid extractants) by EDXA.





	
Kieselgurhr (K) HDEHP:Acetone

	

	

	

	
Cantera

(CA)

	

	

	
Chiluca

(CH)

	

	

	
Tezontle

(TE)

	

	

	
Al2O3

(AL)

	

	

	
CaF2

(FL)

	




	
Element

	
K

	
DMCS

Vapour

(KSV)

	
KSV

1:4

	
KSV

1:8

	
KSV

1:15

	
KSV

1:20

	
KSV

1:30

	
KSV

1:40

	
DMCS

Liquid

(KSL)

	
KSL

1:30

	
CA

	
DMCS

Vapour

(CAS)

	
CAS

1:20

	
CH

	
DMCS

Vapour

(CHS)

	
CHS

1:20

	
TE

	
DMCS

Vapour

(TES)

	
TES

1:20

	
AL

	
DMCS

Vapour

(TES)

	
1:20

	
FL

	
DMCS

Vapour

(FL)

	
1:20






	
Si

	
31.1 ± 0.34

	
34.85 ± 0.46

	
31.26 ± 0.28

	
32.81 ± 0.35

	
40.25 ± 0.38

	
31.32 ± 0.36

	
30.13 ± 0.31

	
43.31 ± 0.41

	
36.03 ± 0.44

	
24.27 ± 0.29

	
30.23 ± 0.29

	
32.57 ± 0.31

	
28.53 ± 0.26

	
24.45 ± 0.27

	
23.95 ± 0.25

	
20.52 ± 0.21

	
21.98 ± 0.21

	
23.94 ± 0.23

	
21.74 ± 0.20

	

	

	

	
3.13 ± 0.09

	
3.10 ± 0.08

	
3.02 ± 0.07




	
C

	
22.1 ± 0.62

	
22.89 ± 0.79

	
25.30 ± 0.51

	
24.10± 0.61

	
14.04 ± 0.61

	
25.86 ± 0.69

	
25.90 ± 0.62

	
12.80 ± 0.62

	
16.41 ± 00.77

	
34.88 ± 0.59

	
12.35 ± 0.56

	
11.22 ± 0.61

	
19.08 ± 0.54

	
22.50 ± 0.62

	
22.85 ± 0.63

	
20.07 ± 0.56

	
8.51 ± 0.08

	
7.97 ± 0.09

	
6.75 ± 0.09

	
17.53 ± 0.34

	
15.45 ± 0.38

	
39.37 ± 0.43

	
7.62 ± 0.26

	
7.57 ± 0.25

	
7.51 ± 0.22




	
O

	
42.8 ± 0.49

	
39.15 ± 0.60

	
36.43 ± 0.39

	
37.35 ± 0.47

	
40.86 ± 0.44

	
38.19 ± 0.50

	
39.73 ± 0.46

	
40.11 ± 0.44

	
44.15 ± 0.57

	
35.75 ± 0.52

	
40.38 ± 0.42

	
42.53 ± 0.43

	
39.70 ± 0.41

	
39.76 ± 0.41

	
41.57 ± 0.47

	
40.87 ± 0.44

	
51.24 ± 0.41

	
49.53 ± 0.46

	
49.09 ± 0.42

	
43.31 ± 0.45

	
41.94 ± 0.47

	
32.85 ± 0.5

	
3.51 ± 0.88

	
3.48 ± 0.87

	
3.25 ± 0.84




	
P

	

	

	
2.52 ± 0.09

	
2.36 ± 0.11

	
1.19 ± 0.09

	
1.25 ± 0.08

	
1.07 ± 0.07

	

	

	
3.16 ± 0.11

	

	

	
0.69 ± 0.06

	

	

	
0.2 ± 0.04

	

	

	

	

	

	
2.90 ± 0.1

	

	

	




	
Na

	
0.82 ± 0.07

	
0.58 ± 0.08

	
0.60 ± 0.05

	
0.69 ± 0.07

	
0.68 ± 0.07

	
0.56 ± 0.06

	
0.58 ± 0.05

	
0.69 ± 0.07

	
0.79 ± 0.09

	
0.45 ± 0.07

	
1.54 ± 0.07

	
1.82 ± 0.08

	
1.60 ± 0.07

	
2.67 ± 0.08

	
2.28 ± 0.07

	
2.57 ± 0.07

	
1.88 ± 0.06

	
2.12 ± 0.07

	
1.72 ± 0.07

	

	

	

	

	

	




	
Al

	
0.63 ± 0.06

	
0.65 ± 0.08

	
0.57 ± 0.05

	
0.50 ± 0.06

	
0.65 ± 0.06

	
0.54 ± 0.05

	
0.47 ± 0.05

	
0.69 ± 0.06

	
0.66 ± 0.08

	
0.48 ± 0.06

	
10.90 ± 0.13

	
6.44 ± 0.1

	
5.54 ± 0.08

	
6.98 ± 0.12

	
5.56 ± 0.09

	
5.73 ± 0.08

	
6.49 ± 0.06

	
7.58 ± 0.07

	
6.75 ± 0.09

	
39.16 ± 0.53

	
38.84 ± 0.45

	
22.99 ± 0.51

	
1.91 ± 0.07

	
1.90 ± 0.07

	
1.88 ± 0.07




	
S

	
0.44 ± 0.06

	
0.37 ± 0.07

	
0.82 ± 0.05

	
0.38 ± 0.06

	
0.49 ± 0.06

	
0.33 ± 0.05

	
0.4 ± 0.04

	
0.46 ± 0.06

	
0.31 ± 0.07

	
0.12 ± 0.05

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
K

	

	

	

	

	

	

	

	

	

	

	
3.65 ± 0.08

	
4.04 ± 0.08

	
3.59 ± 0.07

	
1.51 ± 0.04

	
2.16 ± 0.06

	
1.20 ± 0.04

	
0.91 ± 0.07

	
1.12 ± 0.07

	
1.18 ± 0.07

	

	

	

	

	

	




	
Ca

	
0.82 ± 0.07

	
0.61 ± 0.08

	
1.71 ± 0.06

	
0.82 ± 0.07

	
0.88 ± 0.07

	
0.72 ± 0.06

	
0.68 ± 0.05

	
0.82 ± 0.07

	
0.75 ± 0.08

	
0.28 ± 0.06

	
0.27 ± 0.04

	
0.42 ± 0.05

	
0.35 ± 0.04

	
1.41 ± 0.04

	
0.76 ± 0.04

	
1.36±0.04

	
2.22 ± 0.07

	
3.31 ± 0.07

	
4.36 ± 0.06

	

	

	

	
41.28 ± 0.51

	
40.98 ± 0.47

	
41.19 ± 0.5




	
Fe

	
0.86 ± 0.13

	
0.90 ± 0.16

	
0.78 ± 0.10

	
0.98 ± 0.13

	
0.97 ± 0.12

	
1.11 ± 0.12

	
0.92 ± 0.1

	
1.11 ± 0.13

	
0.89 ± 0.15

	
0.60 ± 0.12

	
0.67 ± 0.06

	
0.84 ± 0.08

	
0.66 ± 0.06

	
0.40 ± 0.06

	
0.65 ± 0.06

	
0.37±0.05

	
4.33 ± 0.07

	
2.29 ± 0.06

	
5.12 ± 0.07

	

	

	

	

	

	




	
Ti

	

	

	

	

	

	
0.12 ± 0.06

	
0.12 ± 0.05

	

	

	

	

	

	

	
0.31 ± 0.06

	
0.22 ± 0.04

	
0.1±0.03

	
0.54 ± 0.04

	
0.42 ± 0.03

	
0.48 ± 0.03

	

	

	

	

	

	




	
Cl

	

	

	

	

	

	

	

	

	

	

	

	
0.14 ± 0.04

	
0.26 ± 0.04

	

	

	

	
–

	
0.63 ± 0.05

	
1.02 ± 0.05

	

	
3.76 ± 0.07

	
1.88 ± 0.04

	

	
0.71 ± 0.05

	
0.55 ± 0.04




	
F

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
42.56 ± 0.54

	
42.26 ± 0.53

	
42.6 ± 0.54




	
Mg

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
1.94 ± 0.06

	
1.52 ± 0.07

	
1.77 ± 0.06
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