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3. Results and Discussion1. Introduction

2. Method

Currently, China is the largest producer of rare earth oxides and essentially
control the global rare earth element (REE) market (Figure 1). This is largely
due to their limited environmental restrictions.1 To limit the dependence
the United States has in obtaining REEs from China, we must find a way to
recycle REE, particularly by a method of separation.

Solid-liquid extractions eliminate the need for carcinogenic, volatile, and/or
flammable organic solvents. This type of extraction employs a solid support
containing a ligand that facilitates the extraction process. One such ligand
is bis-(2-ethylhexyl) phosphoric acid (HDEHP) (Figure 2). Here, mesoporous
carbon nanomaterials (MCNs) are explored as viable solid support for
physisorbed HDEHP. MCNs are promising for this application due to their
high surface areas, large pore volume, low reactivity, and regular ordered
mesoporous morphology.

Figure 1: Since 1994, China has dominated rare earth element production.
http://geology.com/articles/rare-earth-elements/

MCNs are provided by the Trewyn Research Group at the Colorado School
of Mines. Distribution coefficients, 𝐾𝑑, for the extraction a Eu-152/154
radiotracer were found for Ln Resin (Eichrom) and two differently
templated MCNs: LP-10 and SBA-15. This was done at a constant 1 M ionic
strength while HNO3 concentrations were varied from about 0.09 M to 0.7
M. Ln Resin is well-studied, commercially available material and was used
for comparing the performance of the MCNs.

Isotherm studies for MCNs (LP-10) and Ln Resin were conducted to
determine the maximum adsorption capacity of the solids. The aqueous
solutions were of 1 M ionic strength, 0.5 M HNO3, and varying Eu(NO3)3

concentrations (0.4 μM to 40 mM). Again, the samples contained a Eu-

152/154 radiotracer which allowed for gamma counting of the

aqueous phase and the remaining concentration of Eu remaining at

equilibrium.
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Future work will involve further characterization of MCNs as a possible
solid-liquid extraction material. While physisorption of HDEHP is the
simplest method of applying a ligand to a solid support, MCNs provide the
possibility of tethering a ligand, such as tropolone, directly to the support.
Functionalized MCNs will also be explored as a chromatographic material
for the separation of REEs.
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Figure 2: Structure of bis-(2-ethylhexyl) phosphoric acid (HDEHP)
https://en.wikipedia.org/wiki/Di-(2-ethylhexyl)phosphoric_acid

Distribution coefficients, 𝐾𝑑 , were found for each material using the
following equation:
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where 𝐴° and 𝐴 are the activities of the aqueous phase before and after
equilibrium, 𝑉 is the volume of the aqueous phase (mL), and 𝑚 is the mass
of the solid support material (g). To account for the different loading
percentages of HDEHP on each material, the mass was corrected to account
only for the mass of HDEHP. Higher 𝐾𝑑 values represent greater adsorption
of Eu3+ by the material. MCNs, both LP-10 and SBA-15 templated, have
larger 𝐾𝑑 values (5800 and 4600, respectively) than Ln Resin (1900) across
all HNO3 concentrations (Figure 3). The greatest extraction of Eu3+ occurred
at ~0.09M HNO3 with 𝐾𝑑 values of 5800 for LP-10 MCN, 4600 for SBA-15
MCN, and 1900 for Ln Resin.

Isotherm studies using Ln Resin and LP-10 templated MCNs were conducted
to determine the maximum Eu3+ loading capacity, 𝑄𝑚𝑎𝑥. In an isotherm,
the concentration of analyte extracted is plotted against analyte
concentration remaining in the aqueous phase at equilibrium using the
following equations:
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where 𝐶° and 𝐶 are the molar concentrations of analyte in the aqueous
phase before and after equilibrium and 𝑞 is mg of analyte sorbed per g of
solid material at equilibrium. The Langmuir-Freundlich isotherm model
provided the best fit (Figure 4), given by

𝑞𝑒 =
𝑄𝑚𝑎𝑥 𝐾𝐶 𝑛

1+ 𝐾𝐶 𝑛

where 𝑄𝑚𝑎𝑥 is the maximum adsorption capacity (mg g-1), 𝐾 is the
heterogeneous equilibrium constant, and 𝑛 is the heterogeneity parameter.
Because the heterogeneity parameter is nearly 1 for both materials, they
are assumed to be nearly homogeneous solids (Figure 5).

Figure 3.  Uptake of Eu3+ as a function of HNO3 concentration by Ln Resin (circles), LP-10 templated 
MCNs (squares), and SBA-15 templated MCNs (triangles).  Error bars represent ±1σ.

 Parameters 

 𝑸𝒎𝒂𝒙 (mg g-1) 𝑲 𝒏 

Ln Resin 1.7×10−4 83 1.15 

MCNs 5.8×10−4 26 1.01 

 

Figure 4.  Langmuir-Freundlich isotherms for Ln Resin (squares; bottom line) and MCNs (triangles; 
upper line).  Error bars represent ±3σ.

Initial extraction studies for MCNs as a solid support for solid-liquid
extractions using HDEHP. 𝐾𝑑 values for ~0.09M HNO3 are 5800 for LP-10
templated MCNs and 4600 for SBA-15 templated MCNs, much higher than
Ln Resin with a 𝐾𝑑 value of 1900.

The isotherm studies show that the MCNs have a greater maximum
adsorption capacity (5.8 × 10−4 mg g-1) than that of the Ln Resin (1.7 ×
10−4). The isotherm also shows that the materials never quite plateaued
and that greater adsorption capacities may be possible for both materials.

Figure 5.  Langmuir-Freundlich isotherm parameters for Ln Resin and MCNs.


