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Tailoring a bio-based adsorbent for sequestration
of late transition and rare earth elementsf

a

Troy C. Breijaert,? Tetyana M. Budnyak,? Vadim K. Kessler and

Gulaim A. Seisenbaeva (2 *@

The demand for new renewable energy sources, improved energy storage and exhaust-free transportation
requires the use of large quantities of rare earth (REE) and late transition (LTM, group 8-12) elements. In
order to achieve sustainability in their use, an efficient green recycling technology is required. Here, an
approach, a synthetic route and an evaluation of the designed bio-based material are reported. Cotton-
derived nano cellulose particles were functionalized with a polyamino ligand, tris(2-aminoethyl) amine
(TAEA), achieving ligand content of up to ca. 0.8 mmol g‘l. The morphology and structure of the pro-
duced adsorbent were revealed by PXRD, SEM-EDS, AFM and FTIR techniques. The adsorption capacity
and kinetics of REE and LTM were investigated by conductometric photometric titrations, revealing quick
uptake, high adsorption capacity and pronounced selectivity for LTM compared to REE. Molecular insights
into the mode of action of the adsorbent were obtained via the investigation of the molecular structure of
the Ni(1)-TAEA complex by an X-ray single crystal study. The bio-based adsorbent nanomaterial demon-
strated in this work opens up a perspective for tailoring specific adsorbents in the sequestration of REE

rsc.li/dalton

Introduction

Rare earth elements (REE) are critical elements for the devel-
opment of modern technology and industries."” Their appli-
cation in energy production and storage® in the form of mag-
netic materials, permanent magnets®> and as components in
NiMH batteries®” has resulted in an increased demand for
these materials.”> This has resulted in an increase in an
acquisition by mining, which is inherently unsustainable. In
that regard, recycling the existing REE-containing materials
such as common REE-based magnets needs to be
promoted.®* ' However, both mining and recycling require
the use of extraction and separation techniques involving
large amounts of hazardous reagents and solvents.>”** The
most common technology for REE separation is acidic leach-
ing with various acidic leaching agents, using several precipi-
tation steps to remove unwanted components, after which
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and LTM for their sustainable recycling.

the product can be calcined and re-dissolved.>"*** However,
most established methods require repeated steps to obtain the
desired metal purity as it is difficult to separate REE from late
transition metals (LTM, groups 8-12), which are commonly
found with REEs in REE-containing recyclable materials.'>™"”
An alternative to the use of liquid-phase extraction and
separation of REEs from late transition metals is the use of
solid adsorbent materials for the extraction of metals from
solution.”® Today a wide range of adsorbent materials are
available that can remove metals from solution, ranging from
inorganic materials such as fly ash,'® steel slag materials,*
olivine and zeolites’® to organic materials such as tree
bark,”® chitin/chitosan,”***> ion exchange resins, poly-
mers,”®*”  protein-based  adsorbents,>*?°  lignocellulosic
sources® and peat.’’ With purely inorganic materials, it can
be difficult to tune metal adsorption capacity and selectivity
beyond what is inherent to the material but in some cases, at
least with silicate materials®**>® and metal oxides,*””? it is
possible to graft the surface with organic ligands to improve
metal uptake and selectivity. Organic adsorbents naturally
contain reactive groups on the surface onto which ligands
may be grafted. By choosing an appropriate type of coordinat-
ing ligand, it is possible to increase the adsorption capacity
of the adsorbent materials and selectivity and therefore sep-
arate LTM from REE.>**” Creating a tailored ligand mono-
layer on the surface of the adsorbent opens up the possibility

This journal is © The Royal Society of Chemistry 2022
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to adjust it specifically for selective adsorption of target
metal species, realizing the so-called molecular recognition
approach.*™

Natural bio-based polymer materials are especially suitable
from an environmental point of view as they are considered
renewable resources.”>™** Cellulose, for example, is the most
abundant, renewable polymer on the planet, accounting for
several terra tons of annual biomass production.*® 1t is found
in plants as a major constituent, serving as a structural
polymer, but it can also be produced by bacteria with the
morphology depending on the source.*”*® In addition,
varying the original morphology depending on the source,
cellulose can be processed in order to form more advanced
structures such as networks, gels and fibres. In terms of the
chemical structure, it consists of polymeric p-1,4-linked
p-glucose which self-assembles into higher-order structures
which can be chemically modified for specific
applications.””*® The wide availability of cellulosic materials
in nature combined with its renewable nature and low cost
makes cellulose a very promising raw material for the prepa-
ration of advanced adsorbent materials.**™' By grafting the
surface of cellulose with ligands that have high affinity to
specific metals and preferentially binding them, the recycling
and separation of magnetic and battery materials can be
made more environmentally sustainable.”’' Amines, for
example, are well known to strongly bind to late transition
metals via the formation of coordinate covalent bonds while
specific coordination geometries are known to stabilize
certain metal cations. An example of such a ligand is tris(2-
aminoethyl)amine, which contains four amino functions,
three of which are located in freely rotating amine-containing
arms and the ligand is known to form stable complexes with
transition metals.”*>°

In this study, we present the development and characteriz-
ation of a cellulose-based nanoadsorbent material containing
tris(2-aminoethyl)amine as a ligand that can rapidly form
stable complexes with transition metals. Additionally, the
mode of surface binding and possibility of ion exchange pro-
cesses have been demonstrated by the single-crystal X-ray
study of the model compound. The adsorption capacity, kine-
tics and metal uptake selectivity of REE and LTM and the pH-
dependent desorption of metals from the produced cellulosic
material have been studied.
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Materials and methods
Synthetic procedures

Synthesis of cellulose nanocrystals. Cellulose nanocrystals
(CNCs) were synthesized according to the literature pro-
cedure.’® In short, 16 g of raw cotton was suspended in
140 mL of 64 wt% sulphuric acid at 45 °C for 45 minutes, after
which it was poured into 10-fold excess water and allowed to
settle. The supernatant was decanted and CNC suspension
was poured into dialysis bags (MCWO = 12 kDa) and dialyzed
against miliQ until the conductivity remained unchanged.

Synthesis of chlorinated nanocellulose. A CNC suspension
corresponding to 3.0 g of CNCs (18.3 mmol AGU) was lyophi-
lized and suspended in 60 mL of sieve-dried N,N’-dimethyl-
formamide (DMF, 5 wt%) in a round-bottom flask and fitted
with a reflux condenser and drierite-packed drying tube. The
mixture was heated to 80 °C before adding 10.5 mL of thionyl
chloride (145 mmol, 7-8 eq. based on AGU) dropwise over
15-20 minutes. The reaction was allowed to stir for 4 hours
and the cellulose precipitated out in water, then it was neutral-
ized with 3% ammonia solution until the pH became neutral.
The resulting suspension was homogenized using a high-shear
mixer (13 500 min™", 10 minutes). The particles were collected
via centrifugation (10 min, 10k rpm) and washed several times
with miliQ, re-suspending between each washing cycle. The
sample was lyophilized for further analysis.

Synthesis of tris(2-aminoethylJamine-cellulose. An aqueous,
chlorinated cellulose suspension (1.5 g) was centrifuged, water
was replaced with 1,4-dioxane, and washed 4 times. Particles
were allowed to stand for some time before each washing
cycle. Afterwards, the CI-CNC suspension was transferred to a
round-bottom flask, followed by the addition of 1.4 mL of tris
(2-aminoethyl)amine (TAEA, 9.3 mmol, 2.2 eq. based on Cl
content as determined by EDS), fitted with a reflux condenser
and refluxed overnight. The product was collected via centrifu-
gation, washed until the conductivity was similar to that of
miliQ and lyophilized. The amine content was determined via
conductometric titration. The approach is summarized in
Scheme 1.

Synthesis of single crystals of model compounds

[Ni(u)(TAEA)(H,0)(NO3)]NO; (1). Ni(1)(NO3),-6H,O (279.8 mg,
1 mmol) was dissolved in 4 mL of miliQ, followed by the
addition of 1 molar equivalent (143 pl) of the ligand and the

NH,
NH2 N ™
OH Cl \N HNJ "
/\/ \/\
SOCI, 7.8eq & HzN NHz‘ o
_ V
RO Q DMF, 80C, 4h |RO 1,4-Dioxane,reflux,18h  |RO
HO OR R OR R OR
OH R R
n n n
R=0OH/Cl R=0H/Cl /TAEA

Scheme 1 Preparation route to the synthesis of tris(2-aminoethyl)amine modified cellulose.

This journal is © The Royal Society of Chemistry 2022
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solutions were allowed to slowly evaporate at room tempera-
ture, yielding violet block-shaped (prismatic) crystals.

[N(C,H,NH;3)5J(NO5); (2). 1 mmol of REE(m)(NO3),-6H,0
(REE = Sm, Dy) was dissolved in 4 mL of miliQ, followed by the
addition of 1 molar equivalent (143 pl) of the ligand, and the
solutions were allowed to slowly evaporate at room tempera-
ture, yielding colorless plate-shaped crystals in a gel-like
matrix.

Characterization

Scanning electron microscopy/energy dispersive X-ray scat-
tering. Scanning electron microscopy (SEM) observations were
conducted using a Hitachi FlexSEM 1000 at an acceleration
voltage of 5 kV, a spot size of 20, and a working distance of
5 mm. For energy dispersive X-ray scattering (EDS), an accel-
eration voltage of 20 kV, a spot size of 50, and a working dis-
tance of 10 mm were used.

Atomic force microscopy. Samples were characterized using
a Bruker Dimension FastScan Atomic Force Microscope (AFM)
with a Nanoscope V controller in ScanAsyst mode using a
Fastscan-B AFM probe (silicon tip, fy: 400 kHz, k: 4 N m ™", tip
radius: 5 nm nominally) and a scan rate of 1-3 Hz. Data were
processed using Gwyddion 2.56 with an aligned row median to
remove skipping lines.

Fourier transform infrared spectroscopy. Fourier transform
infrared (FTIR) analysis was performed with a Perkin-Elmer
Spectrum 100 FT-IR spectrometer using KBr pellets.

Powder X-ray diffraction. Powder X-ray diffraction
(PXRD) data were obtained on a Bruker D8 QUEST ECO diffr-
actometer equipped with a proton area detector and graphite
monochromated sealed-tube Mo-K,, (4 = 0.71073 A) radiation
source.

Single-crystal X-ray diffraction. Data collection was carried
out with a Bruker SMART Apex-II diffractometer equipped with
a graphite monochromated sealed-tube Mo-Ka (4 = 0.71073 A)
radiation source using omega-scans to obtain full hemisphere
data down to 1.0 A resolution (2theta — 50.05°). CeH,oNgNiO-,
mol. wt = 346.97 Da, monoclinic, space group P2(1)/c, a =
8.3129(6), b = 8.3129(6), ¢ = 8.3129(6) A, = 91.8660(10)°, V =
1400.15(18) A% and Z = 4. The structure was solved by direct
methods. The coordinates of the majority of the non-hydrogen
atoms were found from the initial solution and those for the
residual non-hydrogen atoms and the hydrogen atoms of the
water molecule attached to the nickel atom were determined
in the subsequent difference Fourier syntheses. The coordi-
nates of other hydrogen atoms were calculated using opti-
mized geometric approximation. All non-hydrogen atoms were
refined first in isotropic and then in anisotropic approxi-
mation. Hydrogen atoms attached to carbon atoms were
refined isotropically, while for the H-atoms in the hydrating
water molecules, only the coordinates were refined while the
thermal deviation parameters were assumed to be equal to
1.500 times the atomic deviation parameters of the corres-
ponding oxygen atom. The refinement converged at
R, = 0.0836 and wR, = 0.1990 for 2049 observed reflections
(I > 26(D)).
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Nitrogen adsorption/desorption isotherms. The specific
surface area and pore volume/area were determined from
nitrogen adsorption/desorption isotherms on freeze-dried
samples at —196 °C (Micromeritics ASAP 2020 Surface Area
and Porosity Analyser, Norcross, GA, USA). The samples were
degassed at 120 °C for 3 h before the measurements.

Conductometric titration. Titrations were performed using a
Metrohm Titrando 888 (2.888.0310), fitted with an 856 conduc-
tivity module (2.856.0010), 800 Dosino (2.800.0010), 5-ring
conductivity measuring cell (¢ = 0.7, 6.0915.100), using TIAMO
Light 2.5 as automation software. Titers were determined
using tris(hydroxymethyl)Jaminomethane (HCI) and potassium
hydrogen phthalate (NaOH). Amine content was determined
via conductometric titration by the back titration of protonated
amine.

Photometric titrations. Metal sequestering titrations were
performed by photometric titration using 5 mM ethylenedia-
mine tetraacetic acid (EDTA). Prior to use, EDTA was standar-
dized against calcium carbonate using eriochrome-T and
ammonia buffer. Photometric titrations were performed in
either acetate buffer with Xylenol Orange (Ln**) or ammonia
buffer (pH 9) with murexide (Ni**and Co*").

Adsorption isotherms. For adsorption experiments, ami-
nated samples were suspended in miliQ and the mass content
was determined gravimetrically. 20 mg of cellulose was trans-
ferred to a 50 mL Falcon tube, followed by the addition of
20 mL of an appropriate metal stock (0.5, 1, 2, 3, 4, and
10 mM). Samples were left to equilibrate for 48 hours before
collecting the particles via centrifugation and titrating the
supernatant with 5 mM EDTA.

Adsorption kinetics. For adsorption kinetics experiments,
40 mg of an aminated cellulose sample was suspended in
40 mL of 10 mM of metal solution and samples were taken
and titrated against 5 mM EDTA at predetermined intervals
(15 min, 30 min, 1 h, 3 h, 6 h, 18 h, and 24 h).

pH-Dependent desorption. For pH-dependent desorption,
10 mg of the sample was suspended in 10 mL of 10 mM metal
solution and allowed to equilibrate for 48 hours. The sample
was centrifuged down and the metal solution was replaced
with solutions of nitric acid with a predetermined pH and
allowed to equilibrate for another 24 hours before centrifuging
the particles and the supernatant was collected and titrated
against 5 mM EDTA.5.

Results and discussion
Physical characterization of the adsorbent

Powder X-ray diffraction. The synthesis of tris-(2-aminoethyl)
amine (TAEA) modified cellulose was performed by following a
straightforward procedure. First, the substrate was made sus-
ceptible to nucleophilic substitution by chlorination with
thionyl chloride in N,N-dimethylformamide. During the
chlorination step, the accessible hydroxyl groups present on
the AGU of cellulose were converted into chlorine ones,
which then undergo nucleophilic substitution using one of

This journal is © The Royal Society of Chemistry 2022
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the amine groups present on TAEA to form the desired
product.

One potential issue, depending on the application, with
this approach, however, is that the chlorination of cellulose
leads to a reduction of hydrogen-bonding along the solvent-
accessible surface, which in turn allows the outer regions to
dissolve in DMF. This will then precipitate out when exchan-
ging solvent during washing or workup, leading to a change in
morphology and crystallinity of the cellulose samples. The
change in the cellulose structure as a result of reactive dis-
solution was clearly observed by pXRD (Fig. S1%). Here, we see
a change in crystallinity and phase between pristine cellulose
nanocrystals, composed of the Cellulose I phase, and the
chlorinated product as a result of the reactive dissolution and
subsequent regeneration of cellulose by precipitation in water.
Further reaction of the chlorinated material with tris(2-amino-
ethyl)amine leads to a certain increase in crystallinity.
X-ray patterns of modified products, as expected for a modified
less crystalline polymer, showed essentially one broad peak
with a slight shift to larger 2Theta due to the compression of
hydrogen bonding as a result of the substitution of hydroxyl
groups.

Textural characteristics of the cellulose-TAEA sample were
investigated (Fig. S31). Thus, the Brunauer-Emmett-Teller
specific surface area (Sger) was determined from the low-temp-
erature nitrogen adsorption/desorption isotherms and found
to be 11 m? g'. The shape of the isotherm confirms the non-
porous or macroporous surface of the material.>” The pore-size
distribution by volume and area was obtained using the
Barret-Joyner-Halenda (BJH) method®® by the desorption
branch of the isotherms for the cellulose-TAEA sample. The
BJH cumulative surface area and volume of pores between
1.7 nm and 300 nm were found to be 10.3 m*> g* and
0.025 cm® g7', whereas the BJH average pore width was
9.63 nm. Determination of the nano cellulose surface by nitro-
gen sorption is challenging because this material collapses,
losing porosity even on freeze-drying that was applied. The
data indicate that the surface of nano cellulose is not an active
player in the adsorption process as the uptake seems to be
related firsthand to the content of the functional ligand.

Fourier transform infrared spectroscopy (FTIR). In pristine
cellulose nanocrystals derived from cotton by sulphuric acid
hydrolysis, we can observe a strong broad peak at 3340 cm™"
(Fig. 1) which was attributed to OH stretch from hydroxyl
present in cellulose and partly to moisture. Additionally, we
observed several partly overlapping strong vibrations around
2910 cm™" which were attributed to C-H stretching vibrations
in the anhydroglucose backbone of the cellulose nanocrystals.

The relative position of most observed vibrations in the
3000-2800 cm™' window remains essentially unchanged
except for their transmission intensity, which may be attribu-
ted to the regeneration of the cellulose matrix observed via
PXRD (Fig. S1f). After chlorination, a distinctly new peak
appeared around 1725 cm™ ', which disappeared after amin-
ation. In addition, a small shift from 1650 to 1665 cm™" was
observed which may be attributed to N-H bend vibrations,

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 FTIR spectrum of pristine cellulose nanocrystals derived from
cotton by sulfuric acid hydrolysis (black), chlorinated CNCs from SOCI,
in DMF (red) and TAEA-modified cellulose (blue).

indicating the successful grafting of tris(2-aminoethyl)Jamine
onto the cellulose matrix.

Scanning electron microscopy (SEM)/energy dispersive X-ray
scattering (EDS). This change in morphology observed by
PXRD is further corroborated by AFM and SEM (Fig. 2A-F), in
which we observed clear morphological changes between pris-
tine CNCs derived from cotton and the final aminated
product. In the original pristine CNCs, the rod-shaped CNCs
(~40 x 150 nm, AFM, Fig. 2A and B) form ordered films with
the cellulose self-assembling along the longitudinal direction
of the crystal (Fig. 2A). Chlorination of the pristine CNCs by
thionyl chloride in N,N’-dimethylformamide leads to a change
in morphology where the product undergoes a transformation
from rod-shaped CNCs into global cellulose nanoparticles as a
result of reactive dissolution, followed by precipitation and

& e [ 7

g (.
FlexSEM 1000 5,008 4 90w %20, 0k

Fig. 2 AFM images of pristine CNCs derived from cotton by acid hydro-
lysis (A and B), and scanning electron microscopy images of chlorinated
CNC derived from cotton CNCs in DMF (C and D) and TAEA-aminated
cellulose (E and F).
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high-shear mixing. Energy dispersive X-ray scattering (EDS)
was used to analyse the surface composition of the materials.
EDS analysis of the intermediate chlorinated product showed
an appreciable chlorine content of approximately 2.81 + 0.04
mmol g~' for the chlorinated product. In an attempt to
maintain the original CNC structure, we attempted to chlori-
nate lyophilized CNCs in dry toluene instead; however, this
resulted in only very minor amounts of chlorine within the
sample, in the range of 0.05 + 0.02 mmol g~

The resulting chlorinated product was aminated and after
lyophilisation of the sample; the final product appeared to
consist of globular nanoparticles in the 150-250 nm range.
EDS analysis of the resulting aminated product showed an
appreciable amine content of approximately 4.67 + 1.55 mol
g~! nitrogen, corresponding to 1.17 + 0.39 mmol g~ amine.
The resulting material still contains 1.76 + 0.06 mmol g
chlorine and 0.12 + 0.02 mmol g~* sulphur in addition to the
newly installed amine. The remaining chlorine in the sample
may be attributed in part to the reaction being incomplete and
in addition, partly attributed to the internalization of chlorine-
containing cellulose chains, making it inaccessible for the sub-
sequent amination step. For metal selectivity experiments, it is
important to note the presence of elements not associated
with the ligand as these may in turn interact with metal
cations by coordinative covalent bonds or electrostatic inter-
actions. Conductometric titration of the final aminated
product leads to an amine content of 0.84 mmol g~* (Fig. S21).
The discrepancy between EDS and conductometric titrations
may be explained by the surface availability of the amine in
aqueous media after lyophilisation, requiring a longer equili-
bration time.
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Metal sequestration characterization

Adsorption characteristics. In order the evaluate the suit-
ability of the material for metal sequestering in the recycling
of REE-based materials, adsorption isotherms for the
materials were measured using REE neodymium, samarium
and the LTMs nickel and cobalt as these are commonly found
in REE-based permanent magnets. The results showed that
with the increasing initial metal concentration, the adsorption
from solution increases until a maximum is reached due to
the saturation of available surface binding sites (Fig. 3). The
maximum adsorption capacities and the corresponding ligand
stoichiometries can be found in Table 1.

Based on these results, the TAEA-modified cellulose
material is promising for metal sequestering, obtaining near
1:1 ligand to metal stoichiometry, indicating that the adsorp-
tion capacity of the material is inherently tied to the ligand
grafting, i.e. higher ligand grafting will increase the metal
adsorption capacity.

To evaluate the rate at which metals are removed from solu-
tion, the adsorption kinetics were studied (see Fig. 4), which
showed that for cobalt(u), the adsorption occurs rapidly, reach-
ing 53% within an hour and 83% within 6 hours. The next
metal with the highest rate of adsorption is neodymium,
showing 40% adsorption in 6 hours, followed by nickel(u) at
34% in 6 hours. Samarium in comparison is rather slow to
adsorb, reaching 61% adsorption in a 24-hour window. As
cobalt(u) is rapidly adsorbed by TAEA-functionalized cellulose,
it may provide some kinetic selectivity between the separation
of cobalt from samarium in CoSm magnets and materials with
similar compositions. The separation between nickel and neo-

0.0 T T
0 5 10

Concentration (mM)

0.5

Sm Adsorption (mmol/)

0.0 T T 1
0 5 10 15

Concentration (mM)

Fig. 3 Langmuir isotherms of late transition metals (A) Ni and (B) Co and rare earth elements (C) Nd and (D) Sm.
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Table 1 Adsorption capacity and metal ligand stoichiometry of tris(2-

aminoethyl)amine modified-cellulose

Adsorption capacity Metal/ligand
Metal [mmol g7 stoichiometry
Co 0.76 0.90
Ni 0.88 1.04
Nd 0.79 0.94
Sm 0.82 0.97

View Article Online
Paper
Table 2 Metal selectivity by tris(2-aminoethyl)amine modified-cell-

ulose as determined by EDS analysis of the adsorbent after equilibrating
in equimolar aqueous metal mixtures

Metal mixture Ratio
Ni: Co 1:1.1
Nd : Ni 1:5.1
Sm: Co 1:5.7
Sm: Nd 1:1.2

dymium in comparison, however, does not yield any signifi-
cant kinetic selectivity.

As the intended purpose of the material is to selectively
remove one class of metal (LTM/REE) from solution, the
adsorption selectivity between equimolar mixtures of different
metal ions by the material at a solution equilibrium was
studied by EDS spectroscopy. By looking at the elemental
ratios between metals on different spots we can estimate the
average selectivity of the material. The result of EDS analysis
can be viewed in Table 2. Briefly, when presented with an equi-
molar mixture between a lanthanide and a late transition
metal, the TAEA functionalized material has a 5:1 preference
towards the adsorption of late transition metals (Fig. S4 and
S51). When presented with an equimolar mixture of cobalt(u)
and nickel(u), the product shows negligible selectivity towards
cobalt (Fig. S6t). Similarly for a samarium(u)/neodymium(ur)
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mixture, there is a negligible preference towards neodymium
(Fig. S71), indicating that the material is suitable for selectively
adsorbing late transition metals over lanthanides from
solution.

The difference between the adsorption kinetics of Sm(ur)
and Nd(m) is difficult to explain. It might originate from
different features in the nucleation and growth of the corres-
ponding hydroxides formed on the interaction of the ions with
a local basic medium in the proximity of poly-amino ligands
(please see below).

In addition, desorption tests were performed at pH values
0, 1, 2, 3, 4 and 5 using nitric acid in 50 mL Falcon tubes. After
the samples were equilibrated for 48 hours, the samples were
centrifuged and the pH was adjusted to predetermined values.

The samples were placed on an orbital shaker for 24 hours,
after which the nanoparticles were separated by centrifugation
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Fig. 4 Adsorption kinetics of (A) Ni, (B) Co, (C) Nd, and (D) Sm by cell-TAEA in a 24 h period.
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(5500 rpm, 10 min), the supernatant was collected and the pH
was adjusted with a base and titrated against EDTA to deter-
mine the desorbed metal amount. The results of the desorp-
tion experiments can be seen in Fig. 5 and are summarized in
Table TS1.f For most metals at least 50% recovery is possible,
expect for cobalt, which appears to be more resilient to acid
treatment for recycling of the material.

Single-crystal X-ray diffraction. Aiming to get insights into
possible metal complexes that may form on the surface of the
modified cellulose in the presence of TAEA, attempts were
made to grow X-ray-quality single crystals. In order to achieve
this, solutions of the corresponding metals as nitrate salts were
prepared in miliQ water, followed by the addition of 1 molar
equivalent of the ligand and the solutions were allowed to
slowly evaporate at room temperature in ca. 50% humidity, pro-
duced in the case of Ni(u) violet block-shaped crystals. The crys-
tallization residue had a very uniform appearance, indicating
complete conversion into a single complex form.

The single crystal X-ray study revealed a molecular structure
(see Fig. 6), where the Ni(u) cation is octahedrally coordinated
with the coordination sphere composed of the four nitrogen
atoms of the TAEA ligand, one oxygen atom of the coordinated
water molecule and one more oxygen atom from the inner-
sphere coordinated nitrate ion. The bond lengths are essen-
tially equivalent for all the Ni-N contacts (Ni(1)-N(2) 2.085(6),
Ni(1)-N(3) 2.109(6), Ni(1)-N(4) 2.072(6), and Ni(1)-N(5)
2.095(6) A) and the coordinated nitrate oxygen atom (Ni(1)-O(1)
2.101(5) A). The bond to hydrating the water molecule is con-
siderably longer, Ni(1)-O(1B) 2.201(5) A, which is a commonly
observed feature. Bonding within the Ni(TAEA) fragment is
comparable with that observed earlier in the structures
of Ni(u) with this ligand such as Ni(TAEA)(NO;),>* and
[Ni(TAEA),(H,0),(TMEDA),]Cls.>® In these latter structures,
the nature of bonding was very analogous with essentially
equal bonds to the five neighbours, four N-atoms of the TAEA
ligands in both cases (Ni-N 2.055-2.095 and 2.080-2.117 A
respectively) and one more atom - either an O-atom in one of
the nitrate ligands or a N-atom of the additional TMEDA
ligand (2.075 A in both cases). The sixth bond is much longer
and stays for bonding either to an oxygen atom in an
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Fig. 5 pH-Dependent desorption of (A) Ni, (B) Co, (C) Nd and (D) Sm
from cell TAEA.
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Fig. 6 Molecular structure of [Ni(TAEA)(H,O)(NO3)I(NOs) (1).

additional nitrate ion or to that in a water molecule.
Observation of this manner of bonding actually is rather
peculiar, indicating the most probable Jahn-Teller effect in the
3d® configuration of the Ni(u) cation, resulting in the weaken-
ing of one bond in the octahedral coordination sphere permit-
ting facile ligand exchange between the hydrating water and
the nitrate ligand (Table 3).

Crystallization in a more humid environment in this case
led to a structure with the water molecule included in the
coordination sphere and “free” nitrate ion. The late transition
metal cations (an analogous Co(u) structure has been reported
with two nitrite ligands bound in the coordination sphere via
N-atoms, Co(TAEA)(NO,),>® - all bonds essentially equal in
length) are apparently forming stable complexes with the che-
lating TAEA ligand, which explains the stronger selectivity of
bonding towards Ni(u) and Co(un) compared to REE of the
reported adsorbent.

In the case of REE, the product of mass crystallization
from an equimolar mixture of metal nitrate and TAEA ligand

Table 3 Details of data collection and refinement for compound 1

Compound 1

Chemical composition CgH,oNgNiO,
Formula weight 347.09
Crystal system Monoclinic
Space group P2(1)/c (14)
R, 0.0836

WR, 0.1990
a[A] 8.3129(6)
b[A] 14.3595(11)
c[A] 11.7358(9)
a ] 90

BI°] 91.8660(10)
r[°] 90

V[A3] 1400.15(18)
T K] 296(2)

VA 4

No. of obs. independent refl., I > 26(I) 2364
Residual electron density max 1.635

This journal is © The Royal Society of Chemistry 2022
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turned out to be solely [N(C,H,NH;);](NO;); (2). The nature of
the obtained product was the same for both Dy(u) and Sm(im)
as indicated by unit cell parameter determination for multiple
single crystals from the reaction mixture (see Table TS2 and
Fig. S8%). The obtained structure is identical to that described
by Bianchi et al.®® This shows that the sorption mechanism of
REE is supposedly principally different from that for LTM and
is not involving inner sphere complexation with the grafted
poly-amino ligand. The REE sorption may involve retention of
either the hydrated cations or hydroxide forms. An additional
argument for this option is provided by the work of Roesky
et al,® where the structures of several mixed-ligand com-
plexes of Ni(u) and REE(m) with TAEA and Schiff base carboxy-
late were reported. In the competition between ligands, the Ni
(u) cations were binding exclusively to nitrogen atoms in TAEA
and REE - to the carboxylate oxygen atoms (see Fig. S97).
Such behavior is well in line with Pearson’s hard and soft
acid-base theory®® as Ni(u) is a soft acid binding to a soft
amino ligand, while REE cations are typically hard acids
binding to hard oxygen donor bases.

Conclusions

The possibility of grafting a specific ligand permitting
sequestration and separation of REE and LTM on a bio-based
adsorbent matrix of nano cellulose has been demonstrated.
Tris(2-aminoethyl)amine was attached to cellulose nanocrys-
tals via a two-step route involving chlorination and amination
steps. The morphology and crystallinity of the matrix were
preserved, as demonstrated by PXRD and microscopy tech-
niques. The produced adsorbent showed relatively quick
adsorption kinetics at room temperature and pH = 6 for
LTM, especially for Co(u), and considerably slower for REE.
The adsorption capacity achieved values of ca. 0.8 mmol g7,
corresponding to the functional ligand content and thus
demonstrating the formation of surface complexes with 1:1
composition for all studied cations. The adsorbent revealed
pronounced selectivity towards LTM compared to REE. The
desorption of target cations was investigated as a function of
pH, demonstrating comparably stronger retention of LTM
compared to REE. The X-ray single crystal studies of mole-
cular model compounds, [Ni(TAEA)(H,O)(NO;)](NO3) (1) and
[N(C,H,NH;);](NO3); (2), gave insights into the possible
mode of action of the adsorbent and its cation and anion
exchange processes.
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