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Abstract

Rare earth elements (REEs) are 17 elements of the periodic table primarily consisting
of lanthanides. In modern society, the usages of REEs are ubiquitous in almost all modern
gadgets and therefore an efficient recovery and separation of REEs are of high importance.
Selective adsorption and chelation of REEs in solid sorbents is a unique and sustainable
process for their recovery. In this work, single-stranded oligos with 100 units of thymine
were grafted on carboxylated mesoporous carbon to synthesize the sorbent with
phosphorous and oxygen functionalities. The sorbent was characterized by x-ray
photoelectron spectroscopy (XPS), FTIR, and SEM-EDX. Three different REEs with varying
atomic radii and density, Lu, Dy, and La were adsorbed onto the carbon from aqueous
solutions. It was observed that the adsorbed amounts increased with the increase in atomic
radius or decreased atomic density. Calculation of the distribution coefficients for all the
equilibrium adsorption amounts suggested that adsorption is more effective in the lower
concentration region. The L3-edge X-ray absorption near edge structure (XANES) confirmed
a 3+ oxidation state of REEs in the adsorbed phase. Extended X-ray absorption fine structure
(EXAFS) confirmed the binding of REEs with oxygen functionalities in the adsorbed phase.
The radial distribution functions (RDF) calculated from the EXAFS data suggest a longer RE-
O distance for La compared to that for Lu and Dy. The coordination numbers and Debye-

Waller factors have typical values of about 8-9 atoms and 0.01-0.02 A2, respectively.

1. Introduction



Rare earth elements (REEs), often termed Rare Earth Metals (REMs), are seventeen
elements of the periodic table including fifteen lanthanides, scandium (Sc), and yttrium (Y).
With varying demands, supplies, and utilization, REEs can often be classified into lighter and
heavier rare earths!. Lighter REEs include the lanthanides from lanthanum (La) to samarium
(Sm), whereas heavier REEs include the elements from europium (Eu) to lutetium (Lu) and
yttrium (Y). Heavier REEs are relatively costlier and scarcer. In modern society, REEs are
omnipresent in various items. Different types of REEs are heavily utilized in all types of
electronic gadgets, power sources, optical devices, phosphors, and many military
applications?. Neodymium (Nd) and dysprosium (Dy) are used to produce the world’s
strongest permanent magnet, whereas Y, Ce, La, Gd, Lu, and Nd are used in manufacture
different types of sensors, fiber optics, optical devices, camera lenses, and different other
electrical accessories, like resistors and capacitors3. Four rare-earth metals, including Ce, La,
Nd, and Y, together contribute to 85% of the world’s rare earth element production?. Because
of its high overspread usages and performance, the global demand for Nd may increase to
more than 700% in the next two decades*. A part of the REEs play a major role in different
energy sectors of the United States and they have been named as energy-critical elements
(ECEs). The unavailability of such elements may limit the industrial and scientific sectors of

the U.S.5

Rare earth elements demonstrate very similar properties with each other and with
many other elements of the periodic table and therefore, it is very difficult to separate them.
In order to extract the REEs from their ores, usually, solvent extract technique is

employed®,7,8,2,1011 From a global perspective, foreign countries are the lead producers of



REEs that control over 90% of the whole world’s REE supply. Recently, a strict export
restriction of REE from foreign countries created a shortage of REEs worldwidel2. To
maintain a steady supply, recycling and recoverying the REEs from non-conventional
sources, like fly ash, acid mine drain drainage or ‘end-of-life’ REE-bearing gadgets may be
the feasible strategy. Solvent extraction, despite being used on a large scale, is not effective
to recover REEs in small amounts, like that present in the non-conventional sources.
Additionally, solvent extraction is very hazardous due to the employment of a large volume
of toxic solvents13. In addition, it is also time-consuming, labor-intensive!4,15,16 and leaves

toxic residues that are hazardous for disposal.

The adsorption-based process may be suitable alternatives over solvent extraction as
itis sustainable, benign, and inexpensive. In addition to pure physisorption, chelation-based
binding of REEs onto different types of sorbents has gained attention, especially, the
presence of oxygen and phosphorous functionalities have facilitated REE adsorption.
Phosphorous-based silical” and different types of DNA-hybridized sorbents!81° have been
utilized in the successful adsorption of different REEs. In-situ L3-edge extended x-ray
absorption fine structure (EXAFS) analysis confirmed the binding of REEs with P and O-
functionalities of the sorbent surface. The cell walls of different types of bacterial strains
have also been utilized in REE adsorption owing to their rich phosphorus contents20,21,
mesoporous silica-based adsorbents grafted with different types of oxygen-bearing
chelating agents, like bidentate phthaloyl diamide?? or phenylenedioxy diamide (PDDA)23
have been successfully utilized in REE separation. In our previous work, we have also

demonstrated that different REEs, including Nd and Dy, can be adsorbed in phosphorous



functionalized activated carbon? and DNA-grafted mesoporous carbon. Our XANES analysis
confirmed that the oxidation state did not alter in the DNA grafted carbon and EXAFS
confirmed the binding of Nd with O and P-functionalities24.

In this study, we have grafted a singled stranded oligo consisting of 100 thymine units
and amino C6 linker on the carboxylated mesoporous carbon synthesized by a soft-
templating approach. The reason for choosing mesoporous carbon is that the large (meso)
pores will facilitate both grafting and transport of oligos in the course of synthesis. In
narrower pores, the diffusion of oligo will be very sluggish resulting in very long time to
complete the synthesis process. In addition, a large oligo may block the narrower pore and
hence the REE cannot enter the pore and come in contact with the oligos. Thymine unit was
chosen as it does not have a primary amine group and hence only primary amine present on
the amino C6 linker may react with the carboxylate group of the mesoporous carbon. Three
pre-selected REE atoms with varying atomic size and density, lutetium (Lu), dysprosium
(Dy), and lanthanum (La) were adsorbed onto the carbon. In-situ X-ray absorption spectra
(XAS) and radial distribution function (RDF) were employed to understand the binding of

those REE atoms with functionalities present on the carbon.

2. Experimental
2.1 Synthesis and functionalization of mesoporous carbon

The synthesis protocol of mesoporous carbon has been obtained from our previous
publications?23,26,27, Typically, 5.0 g resorcinol as carbon precursor and 4.0 g Pluronic F127
as porogen are dissolved in a 25 mL 1:1 (v/v) mixture of DI water and ethanol. After that, 0.5

mL 36% HCl is to the mixture and stirred overnight. Then 5 mL 37% formaldehyde is added



to the mixture and stirred overnight. After that, the sticky polymer is sprayed on a Petri dish
and aged for three days. After that, the polymer is taken out from the petri dish, put in a
porcelain boat, and inserted into the Lindberg-Blue tube furnace for carbonization. The
furnace is first heated to 100 °C at the ramp rate of 10 °C/min followed by heating to 400 °C
at the ramp rate of 2 °C/min and then finally to 900 °C at the ramp rate of 10 °C/min. After
the heating profile, the furnace is cooled to room temperature. All the heating and cooling
operations are performed in nitrogen flow. Upon cooling, the porcelain boat is taken out and

the resultant mesoporous carbon ground in a coffee grinder.

In order to functionalize the mesoporous carbon with the carboxylate group, at first,
a 50 mL 3:1 mixture of concentrated H2S04 and concentrated HNO3 was prepared in a round-
bottom flask and heated to 65 °C in a silicone oil bath. After that, 1 g mesoporous carbon is
added to the heated acid mixture and stirred vigorously for 7 hours. Then, the acid mixture
is cooled, quenched in ice-cold water, and washed with DI water repeatedly. Finally, it is

filtered and dried in a muffle furnace.

2.2 Grafting of oligo on carboxylated mesoporous carbon

At first, 100 mg carboxylated mesoporous carbon is dispersed in 250 mL DI water
under vigorous stirring. After that, aqueous solutions of 50 mL 500 mM MES (2-(N-
morpholino) ethanesulfonic acid) buffer and 115 mL of 50 mg/mL N-hydroxy succinimide
were added to the mixture under stirring. Then, a freshly prepared aqueous solution of 60
mL 10mg/mL EDC (1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide) was added to the

same mixture and stirred for 30 minutes. In the end, the mesoporous carbon was allowed to



settle, the solution was decanted and the carbon was washed three times with 50 mL MES
solution. After that, the mesoporous carbon was filtered out and redispersed in 2 mL oligo
solution (100 units of thymine with amino C6 linker in 5’ end and PO+ in the 3’ end) with 1
mL 50 mL MES buffer. The suspension was stirred for an hour and then frozen in a
refrigerator at -20 °C overnight. After that, the suspension was thawed, washed with DI
water 3 times, filtered, dried, and stored in -20 °C. The overall schematic of oligo grafting

process is shown in figure 1.

2.3 Characterization of oligo grafted mesoporous carbon

As we cannot outgas and measure the porosity of the oligo-grafted mesoporous
carbon (as long exposure/heat treatment may degrade the oligo), we measured the porosity
of the pristine mesoporous carbon only. The porosity, including Brunauer-Emmett-Teller
(BET) specific surface area and pore volume, was calculated by analyzing N2 adsorption-
desorption at 77 K for larger pore widths and COz adsorption at 273 K for narrower pore
widths. Fourier-transform infrared (FTIR) spectra of pristine, carboxylated and oligo-
grafted mesoporous carbon were measured using Nicolet® Avatar FT-IR Spectrometer in
ATR mode and averaged over 30 scans. The SEM-EDX images were obtained in the JEOL
7500F HRSEM instrument with 15 kV potential. The TEM image was obtained in Carl Zeiss
Libra 120 TEM operating at 80 kV. The X-ray photoelectron spectroscopy (XPS) data were
obtained in the Thermo-Fisher K- alpha instrument using an AlLKa x-ray source (1486.7 eV)
with an overall resolution of 0.7 eV. In the course of the experiment, the charge

compensation was performed by using a combination of low-energy electrons and ions.



2.4 Adsorption of rare-earth elements

In order to perform the adsorption of rare earth elements in the aqueous phase, 10,
100, 300, and 500 ppm of Lu, Dy, and La solution was made from Lu(NOs)3, Dy(NO3)3, and
La(NOs)s, respectively. In the course adsorption, 25 mg oligo-grafted mesoporous carbon
was added to 25 mL of rare earth solution and stirred for 4 hours. After that, the carbon is
filtered out, and the solution is preserved. The concentration of REE was measured by ICP-
MS and the amount adsorbed was calculated by difference. All the experiments were
performed in duplicate and the average values were reported along with standard deviation
as error bars. ICP-MS, using 10 ppb Sn with m/z number of 118 (sigma 96215) as an internal
standard as it is compatible and has limited interference to all REEs. A trial has been done
before formal analysis and the stability ratio of Sn-118 ranges from 90-120%. The test with

aratio below 90% or higher than 120% will be excluded and rerun.

2.5 Measurement of x-ray absorption (XAS) spectroscopy

The binding nature of rare earth elements with oligo-grafted mesoporous carbon was
investigated by x-ray absorption spectroscopy (XAS); X-ray absorption near edge structure
(XANES) and Extended X-ray Absorption Fine Structure (EXAFS). 0.2 g oligo-grafted
mesoporous carbon was added to 250 mL of a 1000 ppm solution of each of Lu, Dy, and La,
and the suspension was stirred for 4 hours. After that, the carbon was separated by filtration,
dried, and preserved for XAS analysis. X-ray absorption spectra of Lu, Dy, and La adsorbed
on carbon along with pristine Lu(NOs)s3, Dy(NOs)s, and La(NO3)3 were recorded at National
Synchrotron Light Source II (NSLS-II) beamline QAS of Brookhaven National Laboratory

(BNL). All the XAS measurements were performed at room temperature. X-ray absorption



spectra (XAS) of La, Dy, and Lu rare-earth (RE) ions absorbed on oligo-grafted mesoporous
carbon (PC) and reference REE-nitrates were recorded in fluorescence and transmission
modes, respectively, at the RE Ls-edges. The synchrotron x-ray radiation was
monochromatized using double-crystal Si(111) monochromator, which was 40% detuned to
eliminate higher harmonics, mostly the third one (as the second one is almost eliminated by
the virtue of the crystal). The intensity of the x-rays before the sample was measured using
an ion chamber. The XAS of reference compounds (REE nitrates) were collected in the
transmission mode, whereas the XAS of RE ions in PC samples were recorded in the
fluorescence mode. In the transmission mode, an ion chamber located behind the sample
was used as the second detector, whereas in the fluorescence mode, PIPS (Passivated
Implanted Planar Silicon) large diode detector was employed. The energy scale of the
monochromator was calibrated using chromium foil. To improve statistics, the average
spectrum over nine experimental measurements was used in the analysis of RE ions in PC
samples. The X-ray absorption near edge structure (XANES) and extended X-ray absorption
fine structure (EXAFS) parts of the XAS spectra were extracted using a conventional
procedure. The relatively low signal-to-noise ratio of the experimental data for RE ions in PC,
especially for La, did not allow us to perform their comprehensive analysis, however, we
were able to evaluate the values of the mean RE-O distances and to estimate coordination

numbers and Debye-Waller factors for the first coordination shell of REEs.

3. Results and Discussion

3.1 Materials Characteristics



Fourier transform infrared spectra (FTIR) of pristine, carboxylated and oligo-grafted
carbons are shown in figure 2. For carboxylated carbon, the weak peak at around 1744 cm!
and a sharp peak around 1575 cm signify the C=0 stretch of the carboxylic group?2é. In DNA
grafted carbons, the peak at 1744 cm-1is slightly shifted to a lower wavelength (~1731cm-1)
that may be attributed to the possible formation of an amide bond between oligo and
carboxylate group or the presence of a similar bond in the thymine base of oligo. Due to the
presence of strong absorption peaks in the carboxylated carbons, it was not feasible to
distinctly identify the peaks associated with oligo strands in the DNA functionalized carbons.
However, the few peaks around 1366, 1200, and 1131 cm'! may be associated with the
antisymmetric stretching of phosphate groups?2°.

The total elemental composition of the DNA grafted carbon, as obtained by x-ray
photoelectron spectroscopy (XPS) is shown in table 1 and the peak fitting results of N-1s, O-
1s and P-Zp core levels are shown in figure 3.

Table 1: Elemental composition of DNA-grafted carbon

Elemental composition

P 0.7 %
0 15.0 %
S 0.3%
F 0.5%
C 80.1 %
N 3.6 %

10



The total N, P and O contents are 3.6, 0.7, and 15.0 at.%, respectively, and part of those
are attributed to the oligo strand. In the P-2p core level spectrum, the doublet centered at
134 eV is unambiguously attributed to the phosphate group of oligo. For O 1s and N 1s, the
peak fitting indicates that the components expected for the oligo are present (in red), but are
also accompanied by other species (in black). The oligo peaks intensities are fitted using the
expected N/P ratio of 2 and O/P ratio of 8. For O-1s, the peaks at 531.4 and 532.7 eV are
associated with the base/sugar and phosphate component of the oligo, respectively. For N-
1s, it is possible to fit a peak at 400.4 eV associated with the thymine base of the oligo. Three
other components at at 400.4 V, 402.3 eV and 398.6 eV may be attributed to additional N in
an environment similar to the oligo, and to the -NH3* and conjugated -N= functionalites,
respectively. The additional amounts of nitrogen may be attributed to the unreacted EDC or
part of the MES buffer left in the system. The presence of sulfur in the system corroborates
the possible presence of MES. Excess oxygen indicates that the mesoporous carbon itself
contains a large fraction of oxygen as well, as expected for air exposed samples. The SEM-
EDX mapping of the C, N, O, S, and P are shown in figure 4 (a-f). It shows that the elements
are quite uniformly distributed throughout the carbon matrix. The TEM image of the

mesoporous carbon are shown in figure S2 (a, b) of the supporting information.

The N2 adsorption-desorption plot of pristine mesoporous carbon at 77K (figure S1,
supporting information) suggested a type IV isortherm according to the [UPAC classification,
which also bears the fingerprint mesoporosity. The pore size distribution of pristine
mesoporous carbon, suggests that it had the mesopore width of 48 A along with a few

micropores. The BET specific surface area of was 605 m2/g. We could not measure the
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porosity after oligo grafting as it could not be outgassed at elevated temperature and hence

the trapped water molecules could not be removed prior to N2 adsorption.

3.2 Adsorption of rare elements

The adsorption data of Lu, Dy, and La are shown in figure 5(a) as bar plots for the
initial concentrations of 10, 100, 300, and 500 ppm. As expected, the adsorbed amounts of
REEs increase with the increase in initial concentration from 10 to 500 ppm. At 500 ppm, the
adsorbed amounts of Lu, Dy, and La are in 9.57, 38.27, and 52.15 mg/g, respectively. In
addition, it is also observed that adsorbed amount followed the trend of Lu<Dy<La. It
essentially suggests that adsorbed amount increases with the increase in atomic radius (Lu=
173 pm; Dy= 178 pm; La= 187 pm)?4. This effect has been further elaborated in figure 5(c).
It demonstrates that adsorbed amounts increase within the atomic radius for all the
concentrations. This trend is in line with our previous work?4. In addition, it has also been
noticed that amounts decrease with an increase in the density (Lu3%= 9.7 g/cm3; Dy31= 8.6

g/cm3; La32=6.18 g/cm?3) as density decreases with the increase in atomic size.

For adsorption in a liquid medium, it is a common practice to calculate the

distribution coefficient (K4) calculated as

k=(06) o

Where Ci: initial concentration; Cr: final concentration; V: volume of the solution and m: mass

of the adsorbent. The plots of the distribution coefficients of Lu, Dy, and La as a function of
initial concentration are shown in figure 5(b). The trend of Ks among the three REEs follows

the same trend that of adsorption, i.e.,, Lu<Dy<La. In addition, it is also shown that Ku

12



decreases with the increase in initial concentration suggesting that adsorption is more
effective in the lower concentration324. At 10 ppm, the Ka values for Lu, Dy, and La are 917.5,
1343.5, and 1752.5 mL/g, respectively, that change to 19.5, 829, and 116.4 mL/g,

respectively, at 500 ppm.

3.3 XAS analysis

The EXAFS contributions from the first coordination shells of REEs were isolated in
the range of about 0.8-3.0 A using the Fourier filtering procedure and best-fitted in the k-
space using the regularization method33, which was successfully applied in the past to the
study of the RE ion environment in oxide glasses343>. In this approach, one does not make
any assumptions about the shape of the radial distribution function (RDF) g(R), so that
analysis can be reliably performed for the case of a strongly disordered or distorted
environment. The contribution to the total EXAFS spectrum from the first coordination shell

located in the range from Rminto Rmax is given by36.37

l
X () = 53 e g (RY RO sin2kR + i k, R) + 264(0k)]e /2% dR. (2)

Here S¢ is a many-body reduction factor accounting for amplitude damping due to multi-
electron effects (intrinsic losses), A(k) is the energy-dependent mean free path of the
photoelectron. The backscattering amplitude f(m, k, R) and phase shift ! (m, k, R) functions
account for the photoelectron scattering by the neighboring oxygen atoms, and the final-
state phase shift 26! (k) is introduced by the absorbing RE atom (! is the orbital momentum
of an absorption edge). The last four functions were calculated within the muffin-tin

approximation using ab initio self-consistent real-space multiple-scattering FEFF8.50L

13



code3839, The calculations were performed for a cluster with a radius of 8 A representing a
fragment of the nitrate structure and centered at the required RE atom. The photoelectron
inelastic losses were accounted for within the one-plasmon approximation using the

complex exchange-correlation Hedin-Lundqvist potential40.

Normalized rare-earth Ls-edge XANES spectra in RE nitrates and oligo-grafted
mesoporous carbon (PC) are shown in Fig. 6 (a-c). The positions of the absorption edges
coincide well for the three edges suggesting the same (3+) oxidation state of rare-earth ions.
All spectra exhibit the so-called “white line” (WL), i.e., a strong absorption resonance located
just above the absorption edge. It is due to the electric-dipole allowed (Al=+1) transition
from the core state 2p3,2(RE) to quasi bound states having the 5d(RE) atomic character41. All
XANES spectra have close shapes, however, the frequency of the main oscillation above the
WL due to the nearest oxygen atoms is slightly smaller for the PC samples than for nitrates,
indicating a small difference in the mean RE-O distances. This effect is better visible in the
XANES spectra of Dy (at 7820 eV) and Lu (at 9275 eV) samples which have a better signal-

to-noise ratio.

The results of the analysis for the first coordination shell EXAFS contribution using the
method described above are shown in Fig. 7 (a-f). The model based on the RDF g(R)
reproduces well the experimental first-shell EXAFS spectra and their Fourier transforms for
all six samples. Note that in each case the k-space range used in the simulations was carefully
selected and is limited by the noise present in the experimental data. As a result, we obtained

the mean values of the interatomic RE-O distances, which are shown in Fig. 8. One can note

14



that the distance is always slightly shorter (by 0.03-0.07 A) in PC samples than in nitrates,
supporting our conclusion from the analysis of XANES. Moreover, the mean RE-O distance in
samples containing La is much larger (by ~0.2 A) than in others. Such difference correlates
with the well-known RE-O bond length variation throughout the lanthanoid(3+) series due
to a decrease of the rare-earth ionic radius#?43. Besides, the difference in the values of the
RE-O distances in the PC samples is in good agreement with the difference in the RE(3+) ionic
radii proposed by Shannon*4. Also, the absolute values of the RE-O bond lengths are close to

that found for the RE solvated ions+243,

Unfortunately, the experimental data quality did not allow us to get accurate values of
coordination numbers and Debye-Waller factors. However, we were able to estimate their
values in all samples to be equal for the coordination numbers of about N=8-9+1 and for the
Debye-Waller factor of about 62~0.01-0.02 A2. These values are typical for the RE(3+) ions

coordinated to oxygen atoms.

Conclusions

In this work, we have successfully synthesized oligo-grafted mesoporous carbons
with 100 units of thymine. This sorbent was properly characterized with XPS, FTIR and SEM-
EDX. The three different REEs with varying sizes and densities, Lu, Dy, and La were adsorbed
onto this carbon from their aqueous solutions. It was observed that adsorbed amount
increases with the increase in atomic radii or decrease in density. The analysis of the RE Ls-
edge X-ray absorption spectra suggests that La, Dy, and Lu ions in oligo-grafted mesoporous

carbon are preferentially coordinated by oxygen ions and have a 3+ oxidation state with the

15



mean interatomic RE-O distances close to that for the solvated RE ions. The mean La-O
distance is longer by about 0.2 A than that of Dy-O and Lu-O due to the difference in the RE
ionicradii. The coordination numbers and Debye-Waller factors have typical values of about
8-9 oxygen atoms and 62~0.01-0.02 A2. These results suggested that physical adsorption
onto the pores and chelation with the heteroatoms (primarily oxygen) played a role in the

uptake of REEs in our sorbent.
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Figure 1. Schematic of grafting procedure of oligo on the pore surface of mesoporous
carbon

17



Pristine Mesoporous Carbon
Carboxylated Mesoporous Carbon

— DNA-functionalized Mesoporous
Carbon

2590 2390 2190 1990 1790 1590 1390 1190 990

Wavenumber (cm)

Figure 2. FTIR of pristine, carboxylated and DNA-grafted mesoporous carbon
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Figure 3. XPS peak fitting results of DNA-grafted carbon for N-1s(a), O-1s (b) and P-2p (c).
The red curves indicate the fraction of the fitting attributed to the DNA component only.
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Figure 4. SEM image (a) EDX mapping of the mesoporous carbon, C-1K (b), N-K (c), 0-K(d),
P-K (e) and S-K (f)
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Figure 6. Normalized rare-earth Ls-edge XANES spectra for nitrates and oligo-grafted
mesoporous carbon (PC) for La (a), Dy (b) and Lu (c) .
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Figure 7. Comparison of the experimental (open circles) and best-fit (solid line) EXAFS spectra
v (k)k? (upper row; La (a), Dy (b), Lu (c) ) and their Fourier transforms (FTs) (lower row; La (d),
Dy (e), Lu (f)) for La, Dy, and Lu ions for nitrates and oligo-grafted mesoporous carbon (PC).
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