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Rare earth elements (REEs) are critical in modern electronics, yet sustainable, effective recovery techno-
logies for REEs are scarce. Herein, we develop a sustainable and cost-effective neodymium (Nd) extraction
technology from electronic waste using a carboxylate functionalized nanocellulose (CFNC). We demonstrate
a solution-processed synthesis of CFNC from a cost-effective, readily available cellulose precursor without
harsh conditions or complicated procedures. We show that Nd precipitates as Nd-CFNC complex, which
can be easily separated from the solution by centrifugation. As low as 150 ppm of Nd** concentration is
sufficient to form the precipitate instantaneously. We observe the removal of ~252 + 5 mg of Na** per gram
of CFNC, which, to our knowledge, provides the highest removal capacity at the shortest contact time of a
few seconds. We explore the effect of ionic strength, pH, and temperature on the performance of CFNC. As
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a real-time application, we demonstrate Nd recovery from a NdFeB magnet present in waste electronic
equipment. The removal using CFNC is speedy, efficient, and selective. Solar-driven electrodeposition is
used to recover Nd/Nd,Os. We envision that our material will provide a low-cost, promising, sustainable
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Introduction

Neodymium (Nd) is one of the most critical rare earth
elements (REEs) whose demand has increased over the
decades due to its unique properties.” It is essential for critical
technologies such as wind turbines,' electric vehicles,> and
next-generation electronics.>* Due to rapid urbanization and
advancement in science and technology, the consumption of
Nd-based electronic equipment has increased exponentially.
As a result, a huge amount of electronic waste is generated.
The global e-waste generated during 2019 was estimated to be
53.6 million metric tons.” Yet, merely 17.4% of all global
e-waste is collected correctly and recycled.” The e-waste is a
concentrated source of many transition and rare earth metals.®
The content of these metals is significantly higher in the
e-waste than in natural minerals.” Recycling of Nd (or any
REE) from e-waste will lead to active use of the valuable metal
and result in overall economic benefits.

Nd is primarily used in these critical technologies as neody-
mium-iron-boron magnets (NdFeB). These magnets are
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technology for removing other RREs from e-waste, mines, and industrial wastewater.

important in electronic devices, motors, magnetic resonance
imaging (MRI) scanners, and green energy sectors such as
wind turbine generators and solar panels.®® The demand for
Nd has increased significantly due to the rapid growth of these
industries.® Nd has been identified as critical material by the
U.S. Department of Energy because of its importance to
technology.'® According to a recent United States Geological
Survey (USGS) report, nearly 70% of the total mine production
of raw rare earths occurs only in China."

The shortage of diverse supply chains and the ongoing
demand for REE have significantly enhanced prices. The
average price of Nd has increased from $10 per kg in 2001 to
$130 per kg in 2022, a nearly 1200% increase in the last two
decades."?° The lack of diversification and monopoly in the
supply of this element can halt the technological advancement
of various countries. A decline in the uninterrupted supply of
this critical material could lead to a geopolitical conflict and
may negatively impact the global economy.>’ As minerals and
metals are non-renewable resources, a sufficient supply of rare
earths will be challenging. To address these challenges, sus-
tainable recycling technologies are highly desirable. The use of
sustainable technologies for the recovery of Nd from e-waste
may be a viable alternative to the mining of Nd.*?

Several methods such as chemical precipitation,* liquid-
liquid extraction (LLE),** ion exchange,” solid-liquid extrac-
tion (SLE)*® have been extensively used to separate Nd and
other REE. At present, solvent extraction is the widely used
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technique available for separation.?” However, the technique is
expensive, time-consuming, lacks selectivity, and needs to be
more sustainable as it requires substantial quantities of toxic
organic solvents, that causes a negative impact on the environ-
ment.?® To counter these challenges, adsorption processes are
the recent focus to achieve affordable, efficient, and environ-
ment-friendly techniques that provide better removal
capacities. As a result, sustainable material such as cellulose,
one of the most abundant biopolymer, has gained remarkable
attention.””

Cellulose is a polysaccharide easily obtained from wood
pulp that consists of f (1—4) linkage of p-glucose units. The
glucose units contain many hydroxyl groups, which may be uti-
lized for chemical modification depending on the requirement
of the adsorbates.>® Previous reports suggest cellulose has
been modified with poly(hydroxamic acid)/poly(aldoxime), and
thiourea to remove Nd** from the aqueous solution via
adsorption.*'* Although cellulose-based adsorbents have
many advantages, limited accessibility of the inner crystalline
region of cellulose reduces the density of functionalities, hin-
dering the evolution of a high-capacity and rapid rare earth
adsorbent.**** The literature agrees that cellulose nanofibrils
consist of alternating crystalline and amorphous cellulose
regions.>® Selective oxidation of the amorphous region of cell-
ulose nanofibrils could improve the functional group accessi-
bility of the inner crystalline region.

In this work, we selectively oxidize the amorphous part of
the cellulose fibrils, resulting in the formation of two anionic,
water-dispersible carboxylate functionalized nanocellulose
(CFNC), namely carboxylate functionalized cellulose nanocrys-
tals (CFCNC) and dicarboxylate functionalized cellulose (DFC).
The structure of CFCNC is different from that of conventional
cellulose nanofibrils. CFCNC has a crystalline body similar to
conventional cellulose but sandwiched between the highly
functionalized amorphous cellulose chains protruding from
each end.’® The structure of DFC consists of an amorphous
region of cellulose functionalized with carboxylates at each
end. Both these DFC and CFCNC, collectively termed CFNC,
has a high density of carboxylate functionalities that forms
hydrogen bond with water and describes their water-dispersi-
ble nature. Due to the higher magnitude of functional group
density, CFNC can adsorb and efficiently remove higher quan-
tities of rare earths from aqueous solution. Herein, we utilize
CFNC to remove Nd** from an aqueous solution, measure the
high removal capacity, and investigate the effects of physico-
chemical parameters on Nd*" precipitation. Besides, we have
shown the selective extraction of Nd from NdFeB magnet
(removed from e-waste) using CFNC as a real-time application.

Methodology
Materials required

The cellulose used for the synthesis of CFNC, neodymium/(m)
chloride hexahydrate (NdCl;-6H,0, 99.9% trace metal basis),
sodium chloride (NaCl, >99.5%), calcium chloride dihydrate
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(CaCl,2H,0, >99.0%), aluminum chloride (AICl;), sodium
(meta)periodate (NalO4, >99.0%), sodium chlorite (NaClO,,
80%), hydrogen peroxide (H,O,, 30 wt%), ethylene glycol
(Reagent  plus  >99%), hydroxylamine hydrochloride
(NH,OH-HCl), nitric acid (HNO3, 99.9% trace metal basis) and
iron(n) sulfate heptahydrate (FeSO,-7H,O, ACS reagent,
>99.0%) were all purchased from Sigma-Aldrich. Hydrochloric
acid (HCl), sodium hydroxide (NaOH), and dimethyl sulph-
oxide (DMSO) were obtained from Fischer Scientific. Ethanol
(95% vol) was purchased from Commercial Alcohols by
Greenfield Global (Canada). All the glassware is cleaned
thoroughly with aqua regia, washed with distilled water, and
dried before use. All the chemicals are used without further
purification. Sample preparation for all the experiments is dis-
cussed in detail in ESL.}

Experimental procedure

Measurement of aldehyde content of AFNC

0.1 g of AFNC was added to 50 mL of Milli-Q water, and the
pH of the solution was adjusted to 3.5 by adding 0.1 M HCI.
To this solution, 10 mL of hydroxylamine hydrochloride was
added and stirred continuously for 10 min. Due to hydroxyl-
amine-aldehyde reaction, hydrochloric acid was released that
resulted in the decrease in pH of the solution. To measure the
aldehyde content, the resulting solution was titrated against
NaOH (10 mM) until the pH was adjusted to 3.5 (initial
value).*

Measurement of carboxylate content of CFNC

For carboxylate content measurement, conductometric titra-
tions were performed. 0.02 g of CFNC was added to 140 mL of
Milli-Q water. To this, 2 mL of NaCl (20 mM) was added and
pH was adjusted to 3 by addition of 0.1 M HCI. The solution
was titrated with NaOH (10 mM) until the pH reached 11. The
CFNC charge density was calculated based on the volume of
NaOH consumed to neutralize the carboxylate group (weak
acid).*

Neodymium ion (Nd**) removal experiments

A stock solution of NdCl; with concentration 10 mM
(1442 ppm) was prepared by dissolving NdCl;-6H,0 in Milli-Q
water. To prepare different concentrations, the stock solution
was further diluted. To perform the precipitation experiment,
NdCl; solution was added to the CFNC dispersion which
results in the formation of Nd-CFNC precipitate. The precipi-
tate formed is due to the Nd(COO); complex formation of the
Nd** ions with the carboxylate group of CENC. The precipi-
tation reaction is performed at pH at 5. The supernatant was
separated from the Nd-CFNC precipitate by centrifugation at
4000 rpm. The equilibrium concentration (Ce) of Nd** ion in
the supernatant was measured using inductively coupled
plasma mass spectrometry (ICP MS). Each precipitation experi-
ment is performed three times. The Nd*" removal capacity (g.)

This journal is © The Royal Society of Chemistry 2024
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in mg g~" and removal percentage were calculated from the fol-
lowing equation.

Removal percentage = [(Cy — C.)/Co] x 100 (1)
ge = [(Co — Ce)/m] x V (2)

where C, is the initial concentration of Nd**, C. is the equili-
brium concentration of Nd**, m is the dry mass of CFNC, and
V is the volume of the total solution.

Effect of contact time on Nd** removal

For Nd** removal experiment, 500 ppm of CFNC was incubated
with 200 ppm of Nd** solution. For all the experiments, the
concentration of CFNC was taken as 500 ppm. The precipi-
tation reaction is performed at pH at 5. After the immediate
addition of Nd** solution (200 ppm) into CFNC, the solution
was vortexed for 5s,10 s, 30 s, 60 s, 120 s, and 300 s and then
centrifuged at 4000 rpm for 5 min. The concentration of Nd**
precipitated can be calculated by subtracting the equilibrium
concentration (C.) of Nd** present in the supernatant (using
ICP MS) from the initial concentration (C,) of the Nd** solu-
tion (200 ppm) used for the experiment.

Effect of initial concentration (C,) on Nd** removal

To 500 ppm of CFNC, varied Nd** concentrations of 10 ppm,
50 ppm, 100 ppm, 200 ppm, 500 ppm, 800 ppm, and
1000 ppm were added (pH = 5). The total volume of each of
the mixed solution was 5 mL. After mixing, the solution was
vortexed for 1 min followed by centrifugation at 4000 rpm for
5 min. The equilibrium concentration (C.) of the Nd*" ion in
the supernatant was measured by ICP MS.

Effect of CFNC concentration on Nd** removal

The as-synthesized CFNC solution has a concentration of
500 ppm. To prepare different concentration of CFNC, the as-
synthesized CFNC was first freeze dried. The freeze dried
sample was then used to prepare CFNC concentrations of
100 ppm, 200 ppm, 300 ppm, 400 ppm, 500 ppm, and
600 ppm (pH = 5). The CFNC solutions were prepared by using
Milli-Q water. 200 ppm of Nd*' solution was used in this
experiment. After mixing, the solution was vortexed for 1 min
and centrifuged at 4000 rpm for 5 min. C. of the Nd** ion in
the supernatant was measured by ICP MS.

Effect of ionic strength on Nd** removal

The effect of monovalent, divalent, and trivalent ions on CFNC
mediated Nd** precipitation were studied using NaCl, CaCl,,
and AICI; salt solutions, respectively. 200 ppm of Nd** solution
was added to each salt solutions such that the final concen-
trations of the salt solution become 100, 200, 300, 400 ppm
and 500 ppm (pH = 5). CFNC (500 ppm) was added to the final
solutions, followed by vortexing for 1 min and centrifuging at
4000 rpm for 5 min. The total volume of the solution was kept
at 5 mL and C. of the supernatant was measured by ICP MS.

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

Effect of temperature on Nd** removal

200 ppm of Nd** solution was prepared and heated at different
temperatures. CFNC (500 ppm) dispersion was added to the
Nd** solution to make up the total volume 5 mL (pH = 5).
Nd** solution temperature was adjusted such that addition of
CFNC adjust the final temperatures to 10, 20, 30, 40, 50, 60,
70, and 80 °C. The temperature was measured using a thermo-
meter. The mixture was vortexed for 1 min, then centrifuged at
4000 rpm for 5 min. Similar experiments were performed with
prior heating of CFNC followed by the addition of Nd** solu-
tion. The effect of temperature (10 °C-80 °C) was also investi-
gated on the already formed Nd**-CFNC precipitate. At last, C.
of the supernatant containing Nd** ion was measured using
ICP MS.

Effect of pH on Nd** removal

The CFNC-Nd** precipitation experiment was carried out using
200 ppm of Nd*" solution, with pH ranging from 1.5 to 7. The
pH of the solution was adjusted by using HCl and NaOH solu-
tions. To this solutions, 500 ppm of CFNC dispersion was
added and the mixture was vortexed for 1 min and then centri-
fuged at 4000 rpm for 5 min. The total volume of the solution
was 5 mL and C. was measured using ICP MS. The pH > 7 was
not studied due the formation neodymium hydroxide.

Selective removal of Nd** from the NdFeB magnet

NdFeB magnet from an electronic waste was crushed, made to
powder form and demagnetized at 750 °C using a tube
furnace. 0.5 g of the demagnetized powder was added to
30 mL of conc. HNO; and continuously stirred at room temp-
erature for 40 min to completely dissolve the magnet.*® The
pH of the solution was adjusted to 3 because we have observed
Nd*" shows better removal capacity in the pH range 3-7.
Therefore, most of our experiments containing Nd**, Fe**, B**,
Pr’* and Dy*" were conducted at 3. The CFNC dispersion was
added to the solution, vortexed for 1 min and centrifuged at
4000 rpm for 5 min. The C. of Nd**, Fe**, B**, Pr*" and Dy’*
were measured using ICP MS.

Instrumentation

Transmission electron microscopy (TEM) data are obtained
using Thermo Scientific Talos F200X G2 (S) TEM equipped
with Super-X Windowless Energy Dispersive Spectrometer
(four quadrants in-column SDD detector) operating at 200 kV.
Scanning electron microscopy (SEM) measurements are per-
formed using FEI Quanta 450 Environmental Scanning
Electron Microscope operating at 30 kV equipped with EDAX
Octane Super 60 mm? SDD. X-ray photoelectron spectroscopy
(XPS) measurements were carried out using a Thermo Fischer
Scientific Nexsa G2 spectrometer with monochromatic Al Ka
X-rays (ho = 1486.6 V). Dynamic light scattering (DLS)
measurements are carried out using Malvern NanoSight NS
500 with a laser wavelength of 532 nm equipped with a CCD
camera (temperature, 25 °C; scan, 100; dispersant, water;
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refractive index, 1.33; viscocity, 0.08872 cP; dielectric constant,
78.5).

A PerkinElmer FTIR Infrared spectrometer Spectrum II
equipped with attenuated total reflectance (ATR) accessory
with diamond crystal, LiTaO; MIR detector, ZnSe 200 pm
windows is utilized for recording the FTIR spectra (range:
4000-400 cm™%; scan: 32; resolution: 4 cm™"). All the photo-
graphic images are taken with a Nikon D5100 DSLR camera. A
Thermo Finnigan iCapQ Inductively Coupled Plasma Mass
Spectrometry (ICP-MS) coupled with an autosampler is
employed to determine the concentration of metal ions
present in the solution. A silicon solar cell (100 W) obtained
from Eco Worthy Solar with dimensions 101 x 3.5 x 46 cm”® is
connected to a MotoMaster Eliminator portable power pack
and battery booster for power supply. The electrodeposition
experiment is performed by using a TENMA digital DC power
supply (60 V, 2A).

Results and discussion
Synthesis of CFNC and quantification

For the synthesis of CFNC, the first step was to prepare alde-
hyde-functionalized nanocellulose (AFNC). For this synthesis,
5 g of cellulose was mixed with 350 mL of Milli-Q water and
stirred continuously. To this cellulose dispersion, 21.5 g of
NaCl, and 7.15 g of NalO, was added and allowed to react for
96 h at room temperature. The reaction was carried out in a

Cellulose
nanofibers

OH OH
B) OH O\ o]
- o0 oi oy 0&0 %oi clo,”
o o
OH n o/ \o n
OH OH

Fig. 1
ways of cellulose nanofibers with periodate and chlorite.
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500 mL beaker covered with aluminum foil to stop the de-
activation of periodate in presence of light. The reaction was
stopped by adding 3 mL of ethylene glycol by quenching the
unreacted periodate. AFNC was washed several times with
Milli-Q water and vacuum-filtered. To prepare CFNC, the next
step was to convert the aldehyde groups of AFNC into the
dicarboxylate group. Consequently, 5 g of solid AFNC was
added to 275 mL of Milli-Q water. To this, 13.25 g of NaCl,
7.45 g of NaClO,, and 4.8 mL of H,0, were added and stirred
for 24 h at room temperature. During the reaction, the solution
turned acidic (pH < 5), which was adjusted to pH 5 for a
minimum of 6 h by sporadic addition of 0.5 M NaOH solution.
The resulting solution was centrifuged at 10000 rpm for
10 min to remove non-disintegrated fibers. CFNC was precipi-
tated by adding ethanol to the supernatant and centrifugation
at 3000 rpm for 5 min. The resulting CFNC was dispersed in
Milli-Q water and purified by dialysis (Mw cut off 12-14 kDa)
for 96 h to remove unwanted chemicals and salts.*>?7*

The amorphous and crystalline region of cellulose fibrils
and the synthetic procedure used to prepare CFNC are schema-
tically illustrated in Fig. 1A. The chemical structure and poss-
ible reaction pathways of cellulose with periodate and chlorite
are depicted in Fig. 1B. Periodate allows oxidative cleavage of
vicinal diols, breaking the C-C bond, followed by the oxidation
of the hydroxyl group to dialdehydes (AFNC). Further, the dia-
ldehyde moieties of AFNC in the presence of chlorite and
hydrogen peroxide were selectively oxidized to dicarboxylates
(CFNC). The synthesized CFNC is a transparent, water-dispersi-

1. NaClO,
2. H,0,

Carboxylate functionalized
nanocellulose (CFNC)

(A) Schematic representation of carboxylate functionalized nanocellulose (CFNC) synthesis from cellulose nanofibers. (B) The reaction path-
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ble, and electrostatically stabilized colloidal cellulose. Fig. S1t
shows the image of AFNC and CFNC dispersion.

The amount of aldehyde and carboxylate content is essen-
tial to quantify the CFNC required to precipitate a given con-
centration of Nd*" ions. The aldehyde group content of AFNC
was estimated using a hydroxylamine hydrochloride reaction.
The initial pH of the solution before the reaction was 3.5.
During the reaction, hydrochloric acid release further
decreased the solution’s pH below 3.5. The resulting solution
was then titrated against the sodium hydroxide (NaOH), and a
change in pH was noticed during the titration (Fig. S21). Based
on the amount of NaOH required to bring back the pH to an
initial value of 3.5, the aldehyde content of AFNC was calcu-
lated. The aldehyde content was found to be 7.67 mmol per
gram of AFNC. The carboxylate content of the CFNC was
obtained using conductometric titration that shows two equiv-
alence points on the addition of NaOH (Fig. S3t). These two
equivalence points correspond to the pK, of dicarboxylates
(PKa,~4.9, pK,~7.8) (Fig. S4t), which is beneficial in under-
standing the effect of pH on the adsorption of Nd**. The car-
boxylate content was found to be 6.1 mmol per gram of CFNC
from the conductometric titration.

Characterization of CFNC and Nd-CFNC

CFNC consists of two types of cellulose dicarboxylates: CFCNC
and DFC. These CFCNC and DFC can be separated by gradual
precipitation in ethanol solvent. Fig. S5t shows the CFNC pre-
cipitation as a function of ethanol concentration. With the
increase in ethanol concentration, CFNC starts precipitating
and continues until an ethanol concentration of 150% w/w. At
150% w/w concentration, CFNC precipitation stops, corres-
ponding to the precipitation of CFCNC. Beyond 150%, the pre-
cipitation formation was observed again till ethanol concen-
tration reached 300% w/w, corresponding to the precipitation
of DFC. We have separated the CFCNC and DFC to study the
structure and morphology of these cellulose-based adsorbents.

The TEM images of the dried dispersion of cellulose nano-
fibers before the oxidation reaction (Fig. 2A). The image
depicts a rod-like crystalline morphology of the cellulose nano-
fibers. The morphology of CFCNC was obtained by TEM, as
shown in Fig. 2B. CFCNC presents a rod-like structure, indicat-
ing a crystalline structure similar to cellulose nanofiber. The
crystalline nature of the CFCNC is supported by the HRTEM
image in the inset of Fig. 2B, which displays the crystalline lat-
tices with a lattice distance of 0.39 nm corresponding to the
(200) plane of cellulose.?® Besides, selected area electron diffr-
action (SAED) performed on the sample shows distinct bright
spots (Fig. S6Aft), indicating the material’s crystallinity. This
suggests that after two-step oxidation, cellulose does not
notably disrupt the crystalline nature of CFCNC. The TEM
image of DFC is displayed in Fig. 2C, with the inset unveiling
the SAED pattern. No bright or concentric spots on the SAED
pattern point out the amorphous nature of DFC (Fig. S6BY). As
CFCNC and DFC both contain carboxylate groups and precipi-
tate Nd**, we have not separated them for our experiments and
use the as-synthesized CFNC for the precipitation of Nd**.

This journal is © The Royal Society of Chemistry 2024
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However, if required, these can be separated using the
ethanol-based precipitation method.

Neodymium removal is done by a simple method of adding
CFNC dispersion to NdCl; solutions. Fig. 2D shows the images
of Nd-CFNC precipitates obtained when CFNC was added to
various concentrations of Nd*" ions; the precipitate forms at
an Nd*" concentration of 150 ppm or above. No deposit is
observed below 150 ppm, ie., at 100 ppm, 50 ppm, and
10 ppm. The possible interactions between the Nd*" ion and
CFNC could explain this. The Nd** and CFNC are charged
species, and the interaction is likely electrostatically driven,
and a stable Nd-CFNC complex in solution does not lead to
precipitation. The concentration of Nd** that is required to
neutralize CFNC (500 ppm) is theoretically ~166 ppm (based
on the molar ratio calculation of COO™ : Nd** = 3:1). Beyond
this concentration, CFNC is completely neutralized, and
further addition of Nd*" will lead to the formation of a visible
white color Nd-CFNC precipitate. An increase in Nd** concen-
tration leads to an increase in the precipitate formation until
CFNC is saturated. We have experimentally observed the pre-
cipitate at 150 ppm or above (Fig. 2D), which is slightly lower
than the theoretical value and could be due to the self-aggrega-
tion of a few CFNC molecules in the dispersion. Self-aggrega-
tion of the charged CFNC molecules hinders the carboxylate
groups from participating in the precipitate formation and
lowers the concentration of CFNC available for complex
formation.

The nature of CFNC during the precipitation can be under-
stood in terms of the hydrodynamic size (HDS) of Nd-CFNC
aggregates in the supernatant. Fig. S7At display the DLS
measurement that shows the change in HDS of the super-
natant at various Nd** concentration and Fig. S7Bf shows the
graph of HDS of Nd-CFNC aggregates in the supernatant
against varying C,. The hydrodynamic size does not change
significantly until C, ~ 75 ppm, suggesting no aggregation
occurs up to 75 ppm. After 75 ppm, the HDS increases until
150 ppm, reaching a maximum value of 350 nm. Beyond this
concentration, significant precipitation takes place. Further
increasing C, ~ 165 ppm decreases the HDS because the larger
size aggregates are precipitated out, leaving the smaller aggre-
gates in the solution. When C, ~ 175 ppm, most of the CFNC
precipitated, and the HDS should reach close to zero. However,
the HDS value at C, ~ 175 ppm is 50 nm, and beyond this con-
centration, the HDS is almost unchanged, corresponding to
self-aggregated unreacted CFNC left in the supernatant.

To acquire molecular information on the adsorption of
Nd*" on CFNC, FTIR spectra show the Nd-CFNC complex
along with CENC (Fig. 2E). CFNC shows a peak at 3363 cm™*
due to the vibration stretching of ~-OH bonds. Similarly, fea-
tures at 1417 cm™', 1121 ecm™, 992 cm™, and 1626 cm™'
correspond to -CH, bending, C-OH stretching, -CH,-O-CH,
stretching (pyranose ring), and -COO vibration (-COO™Na'),
respectively.*®**° After adsorption of Nd**, the peaks due to
—-OH stretching, -CH, bending, C-OH stretching, -CH,-O-CH,
stretching were shifted to 3323 cm™, 1421 em™, 1111 cm ™,
and 1001 cm™, respectively. Interestingly, we have observed

Green Chem., 2024, 26, 3909-3925 | 3913


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3gc03756h

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 23 February 2024. Downloaded on 12/5/2025 2:14:24 PM.

[{ec

View Article Online

Paper Green Chemistry

25 50 100 150 200 400 500 600 8001000 =
C, (ppm) 5
=

E) ——Nacine| 2%

——CFNC
528 530 532 534 536 538 540
Binding energy (eV)
100k:
G) o=c ——Nd-CFNC

— 80k
=
8

B‘SOK-
2

8 40k
£

417" 990 20k

1626
4000 3500 3000 2500 2000 1500 1000 508 530 532 534 536 538 540
Wavenumber (cm™) Binding energy (eV)
Fig. 2 (A) TEM image of the cellulose fibers before the oxidation reactions. (B) TEM image of CFCNC with insets showing the lattice distance and

SAED to confirm the crystalline nature. (C) TEM image of DFC with inset presenting the SAED that verifies the amorphous nature. (D) Photographic
image of Nd-CFNC precipitate formation at various Nd>* initial concentrations. (E) FT-IR spectra of CFNC and Nd-CFNC precipitate. (F) O 1s spectra
of CFNC (G) O 1s spectra of Nd-CFNC precipitate. FTIR and XPS were measured at a Nd** concentration (C,) of 200 ppm. The CFNC concentration

was 500 ppm and pH of the solution was 5.

the -COO peak which was previously present at 1626 cm

(-COO™Na") is now shifted to 1601 cm™'. The shift in the
-COO peak confirms the interaction of Nd** with the carboxy-
late group of CFNC.*!

We performed the XPS of CFNC before and after Nd(m)
adsorption to observe any changes in the C and O signature.
Before complex formation, the XPS feature of O 1s shows
peaks at 531.3 eV, 533.0 eV, 533.6 eV, and 535.8 eV due to
O=C, O-H, O-C, and OH,, respectively. After complex for-
mation, the O 1s of the complex display peaks at 531.5 eV,
533.1 eV, 533.9 eV, and 536.2 eV that could be attributed to

3914 | Green Chem, 2024, 26, 3909-3925

C=0, O-H, 0-C, and OH,, respectively (Fig. 2F).** The O 1s
peaks are slightly shifted to higher binding energies after
complex formation. This shift could be due to the increase in
electropositive character of the carboxylate oxygen by sharing
the electron density to the attached Nd*' ion. Besides, an
addition feature at binding energy 529.5 eV was observed.
Such features were obtained when a metal oxide bond exists in
the system. Hence, the peak at 529.5 eV could be assigned to
the O-Nd bond.”> C 1s peaks show similar shifts towards
higher binding energy. C 1s peak of CFNC show C-O and
C=0O0 features at 286.2 eV and 288.3 eV (Fig. S8At) which after

This journal is © The Royal Society of Chemistry 2024
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complex formation with Nd** shifts to 286.4 eV and 288.5 eV,
respectively (Fig. S8Bt).** The C 1s and O 1s features confirm
the attachment of carboxylate oxygen to Nd*" in the Nd-CFNC
complex.

We also investigated the XPS to know the binding of Nd**
with CFNC. Fig. S8Ct shows the XPS spectra of Nd** before
adsorption (from NdCl;-6H,O solution) along with the adsorbed
ion in the Nd-CFNC complex. Before adsorption, XPS shows a
doublet corresponding to 3ds, and 3ds, core levels of Nd
because of the spin-orbit coupling.*® The separation between
the doublets is around 22.4 eV. The peaks appearing at binding
energies of 983.3 and 1005.7 eV correspond to a characteristic
Nd** feature.*® The deconvolution of 3ds,, and 3ds,, peaks indi-
cate the presence of several peaks. The shoulders observed on
the lower binding energy of Nd 3ds,, and both sides of Nd 3d;/,
correspond to the shake-off and shake-up satellite peaks.*”"*®
After complex formation, the XPS feature for Nd*" is slightly
shifted to lower binding energy. A shift of ~0.4 eV in the
binding energy of Nd 3ds,, and Nd 3d;/, was noticed. This could
be due to the attachment to carboxylate groups which shares
the electron density and reduces the positive charge on Nd**. As
a result, the binding energy shifts towards a lower value.

Neodymium removal studies using CFNC

The Nd** removal capacity of CFNC initial concentrations (C,)
varied from 150 ppm to 1000 ppm, as shown in Fig. 3A. At this
concentration range, CFNC is saturated and does not show a
significant change in the removal capacity upon varying the
concentration. The average removal capacity observed was 252
+ 5 mg of Nd** per gram of CFNC, represented as 252 + 5 mg
g~ '. Fig. 3B displays the Nd** removal capacity of CFNC as a
function of contact time. Nd*" addition to CFNC, precipitation
occurred instantly in 5 s, presenting a fast and facile Nd**
removal technology. The equilibrium is achieved in 5 s,
beyond which an increase in contact time does not increase
the removal capacity significantly and remains almost con-
stant. A maximum removal capacity of 251 + 8 mg g ' is
observed for a contact time of 5 s.

A contact time of 5 s suggest the exceptional precipitating
ability of CFNC. A comparison of the solubility product (Kjp,) of
CFNC with other dicarboxylate such as oxalic acid is necessary
to understand the superior precipitating ability CFNC. The
solubility product of Nd-CFNC and Nd-oxalate were calculated
using the conductivity method at room temperature (295 K).
The K, of Nd-CFNC was found to be 5.02 x 10~'* mol® L™°
and Ky, of Nd-oxalate was calculated as 5.73 x 10~'° mol® L™°.
(KSP)Nd-CFNC < (Ksp)Nd-Oxalate by ~10° times, suggesting CFNC is
a better precipitating agent than oxalate. The main advantage
of CFNC relative to other carboxylate-based precipitating
agents such as oxalic acid is the lower solubility of CFNC in
water. CFNC has a cellulose backbone, a macromolecular
structure with large number of hydrophobic units that limit
the solubility in water as compared to oxalic acid. Lower solu-
bility favors the gravimetric factor, and it precipitates easily
with Nd**. Therefore, although both forms precipitate with
Nd**, CENC is more selective towards Nd** than oxalate.
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Fig. 3C depicts the plot of the removal percentage of Nd**
as a function of CFNC concentration. 200 ppm of Nd*" mixed
with varying concentrations of CFNC from 100 to 600 ppm.
The as-synthesized CFNC has a concentration of ~500 ppm.
The synthesized CFNC (solution phase) is first dried and pow-
dered to prepare different concentrations. The powdered CFNC
is utilized to prepare solutions of the desired concentration.
From Fig. 3C, it is clear that, as we increase the CFNC concen-
tration, the removal percentage of Nd** increases. The increase
is linear up to 600 ppm, suggesting a stoichiometric removal
of ~180 ppm (90% removal percentage) of Nd** by 600 ppm of
CFNC (~COO™:Nd** = 3:1). Beyond a concentration of
600 ppm for CFNC (700 ppm or more), the concentration of
Nd** (200 ppm) used is not able to saturate the CFNC. As a
result, no precipitate formation is observed, and removal per-
centage cannot be determined. Fig. 3D plots the removal per-
centage of Nd*" as a function of initial concentration (C,).
Fig. 3D indicates a gradual decrease in the removal percentage
with the increase in the initial concentration (C,). As CFNC
concentration is constant throughout the experiment
(500 ppm), an increase in Nd*" concentration beyond a certain
point saturates all the active sites present in CFNC, decreasing
the removal percentage. The maximum removal obtained was
95% at C, ~ 150 ppm. The removal percentage at C, <
150 ppm was not studied because, below 150 ppm, Nd** forms
an electrostatically charged and stable Nd-CFNC complex in
the solution that does not lead to precipitation.

Fig. 3D is useful to calculate the thermodynamic para-
meters of the Nd** adsorption on CFNC. Fig. 3D shows a
maximum removal percentage of 95% at C, ~ 150 ppm.
Substituting these values eqn (1), the equilibrium concen-
tration (C.) was calculated to be 7.5 ppm which is same as
obtained using the ICP MS. To calculate thermodynamic para-
meters, determination of equilibrium constant (K.) is essen-
tial. K, can be calculated using the following equation.**~>*

Ke=Cs/Ce = Cy — Ce/Ce (3)

where Cs = concentration of the adsorbate (Nd**) in the solid
phase, C, is the initial concentration of Nd**, and C. is the
equilibrium concentration of Nd**. At C, ~ 150, and C. ~
7.5 ppm, K. value was found to be 19. Now, the Gibbs free
energy can be estimated using the relation,

AG° = —RT In K, (4)

At room temperature (295 K), AG® value was calculated to
be —7.173 k] mol™". As AG° for an adsorption system is nega-
tive, one can say that adsorption process is favorable. Thus,
the larger the K, value from unity, the system has more nega-
tive AG° and, consequently, the larger is the tendency of the
system to go toward the forward (adsorption) direction. In the
case of having an equilibrium constant smaller than unity, the
value of AG° calculated from eqn (4) would have a positive
value. Therefore, it is obvious that having a positive AG° (or K,
value lower than 1) does not permit the system to be pro-
gressed to the forward direction too much and the amount of

Green Chem., 2024, 26, 3909-3925 | 3915


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3gc03756h

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 23 February 2024. Downloaded on 12/5/2025 2:14:24 PM.

(cc)

Paper

300
250-§§-i""§ ---------------- S e B
200

150

e (mg/g)

100 ~

50

400 600 800 1000

C, (ppm)

0 200

160 2(|)0 360 460 560 660
Concentration of CFNC (ppm)

View Article Online

Green Chemistry

B) P IR0 2 S0 SR S— - SR — 3
200

150

(mg/g)

o 100 4

50

0 50 100 150 200 250 300
Contact time (sec)

()]
o
1

Removal (%)
N
o

N
o
1

200 400 600 800 1000

C, (ppm)

Fig. 3 (A) Nd** removal capacity of CFNC as a function of initial concentration (C,) (CFNC = 500 ppm, pH = 5). (B) Nd** removal capacity of CFNC
as a function of contact time (C, = 200 ppm, CFNC = 500 ppm, pH = 5). (C) Nd** removal percentage against the concentration of CFNC (C, =
200 ppm, pH = 5). (D) Nd** removal percentage of CFNC as a function of initial concentration (CFNC = 500 ppm, pH = 5).

adsorbate adsorbed on the adsorbent would not be significant
at all. Therefore, in such situations, it is said that the adsorp-
tion is not a favorable process. Thus, a negative AG® means
that the adsorption is thermodynamically favorable to takes
place (K. > 1). On the other hand, the adsorption process
would not be favorable when AG° has a positive value (K. < 1).

The equilibrium constant is a temperature dependent prop-
erty and increase in temperature decreases the equilibrium con-
stant. As the K. at 295 K is already known, K. value at different
temperature is required to calculate the enthalpy of adsorption
(AHP). The K, value at 305 K was found to be ~15. AH® can now
be determined using integrated van’t Hoff equation.

ln(K305/K295) = AH° (TZ — Tl)/RTlTZ (5)

Using the above equation, AH° value comes out to be
—11.93 k] mol™'. Once AG® and AH° are known, the

3916 | Green Chem., 2024, 26, 3909-3925

entropy of adsorption (AS°) can be easily calculated from the
equation:

AGP® = AHC — TAS® (6)

At 295 K, AS° value is equal to —16.13 JK 'mol~". AS° value
for Nd** adsorption on CFNC is negative. A negative value of
AS° is expected, as the adsorption process results in the
decrease of disorder nature or randomness in the system.
During the reaction, formation of a solid precipitate from
aqueous reactants understandably decreases the entropy of the
system. Since AS° is negative, TAS® is also negative and the
second term of eqn. (6) becomes positive. For the overall
process to be feasible (AG° negative), |AH°| must be greater
than |TAS°|. From the calculation we observed the same.
Thus, one can say that adsorption of Nd** on CFNC is thermo-
dynamically feasible and enthalpy driven.

This journal is © The Royal Society of Chemistry 2024
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Effects of physicochemical conditions

Effect of pH. The Nd*" removal by CFNC and the effect on
precipitation of CFNC at lower pH (pH < 1.5), is illustrated in
Fig. 4A. The chemical structure of CFNC, Nd-CFNC, and CFNC
at lower pH (pH < 1.5) are shown in Fig. 4B. The studies on
pH-dependent removal capacity are essential to understanding
the mechanism of adsorption of Nd*". Fig. 4C displays the
variation of removal capacity as a function of pH. At pH > 3,
the removal capacity reaches its maximum value, attributed to
sufficient deprotonated carboxylates at pH > 3, which have
adequate binding sites for Nd*" adsorption. At pH < 3, most of
the dicarboxylates get protonated, reducing surface charges for
binding Nd**. At pH ~ 1.5, the removal capacity is diminished
by >3 times compared to the removal capacity at pH ~ 2. It
also confirms the electrostatic interaction between Nd** and
CFNC upon adsorption. When the pH is less than the pK, of
dicarboxylates (pK, 4.8, K, -7.6), the carboxylate groups are
more protonated, which affects their removal capacity. As a
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consequence, the removal capacity should decrease signifi-
cantly at lower pH. We observe a decrease in the removal
capacity at pH ~ 1,5. However, at pH ~ 2 or 3, the experimental
removal capacity is higher than expected. The removal capacity
almost reaches its maximum value at pH ~ 3, although pH is
less than the pK,, of the dicarboxylates. It can be explained by
the following equilibrium reaction using Le Chatelier’s
principle.

Nd** + COO™ = Nd(C00), (7)

COO™ +H* = COOH (8)

The better removal capacity at pH ~ 2 or 3 is likely due to
the high concentration of Nd**, which will shift the equili-
brium in eqn (7) towards the right-hand side, increasing COO™
concentration. As a result, the precipitation reaction occurs
readily, enhancing removal capacity. At pH < 2, the H' ion con-
centration dominates, and an increase in the H' shifts the
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Fig. 4 (A) Schematic of Nd*>* removal using CFNC and the effect on precipitation at lower pH (<1.5). (B) Chemical structure of CFNC, Nd-CFNC, and
protonated CFNC at lower pH. (C) Effect of pH on the removal capacity of Nd** by CFNC. (D) Effect of temperature on the Nd** removal capacity of
CFNC (pH = 5). (E) Effect of monovalent (Na*), divalent (Ca®*), and trivalent (Al>*) ions on the removal capacity of Nd** using CFNC (pH = 5). All the
measurements were done at Nd** concentration (C,) of 200 ppm, and CFNC concentration of 500 ppm.
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equilibrium in eqn (8) towards the right-hand side, increasing
protonation and lowering free COO~ concentration.
Consequently, the adsorption of Nd** and removal capacity is
reduced. The pH above 7 was not investigated in our experi-
ment owing to the precipitation of neodymium hydroxide in
an alkaline medium.>

Effect of temperature. We study the adsorption of Nd** on
CFNC at different temperatures (10 to 80 °C). The variation in
the removal capacity of Nd** as a function of temperature is
depicted in Fig. 4D. We performed three different sets of
experiments to check the effect of temperature on removal
capacity. In the first case, the Nd*' solution is heated to
different temperatures, and CFNC is added subsequently. We
measured the final temperature of the solution by inserting a
thermometer into the solution. When heated Nd** solution is
added to CFNC dispersion, the adsorption of Nd** does not
change significantly up to 50 °C under our experimental con-
ditions. Beyond 50 °C the adsorption properties decrease
rapidly possibly due to the temperature-induced self-aggrega-
tion of CFNC (Fig. S9At). The average removal capacity until
50 °C is 235 mg g~ ', slightly lower than that of the experi-
mental removal capacity of 252 mg g ' without heating.
Although the precipitation occurs as fast as 5 s, we speculate
that in this time scale, the solution temperature causes aggre-
gation of CFNC to a smaller extent, leading to a slight
reduction in the removal capacity.

The second case involves the heating of only CFNC dis-
persion at various temperatures followed by Nd** addition.
The addition of Nd*" shows a sufficient diminution in the
average removal capacity (220 mg g~') compared to the
unheated sample until 50 °C. Heating CFNC dispersion before
adsorption allowed substantial aggregation, resulting in fewer
binding sites available for the adsorption reflected in the
removal capacity. After 50 °C, further heating steers to
enhance aggregation, and the removal capacity is reduced sig-
nificantly (Fig. SO9BY). In the third case, the already formed Nd-
CFNC precipitate was heated at various temperatures to study
the effect of temperature after adsorption. When heating was
done after adsorption, the removal capacity did not change
considerably (up to 60 °C). At higher temperatures (above 60
C), the average removal capacity reduced significantly, possibly
due to the temperature-induced desorption of Nd** from the
Nd-CFNC complex (Fig. S9Ct).

Effect of ionic strength. We explore the effect of ionic
strength on the adsorption of Nd** using monovalent (Na*),
divalent (Mg®"), and trivalent (AI*") ions. Fig. 4E displays the
removal capacity of CFNC due to Nd*" adsorption as a function
of Na*, Mg>*, and AI** concentrations. To nullify the effect of
anions, only chloride salt solutions are used. The Na* ion con-
centration increasing up to 500 ppm does not significantly
affect the Nd>* removal capacity. It is likely related to Na* ions
that do not occupy the dicarboxylate groups rather it is associ-
ated with the charge screening of the dicarboxylated hairs of
CFNC that resulted in the precipitation of CFNC. However,
Mg>" and AI** reduce the Nd*" adsorption and thereby the
removal capacity. However, Mg>" and AI*" reduce the Nd**

3918 | Green Chem., 2024, 26, 3909-3925
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adsorption and removal capacity. The Mg®" and AI** ions act
as a bridge to neutralize the charge on the dicarboxylate ion
and interfere in the Nd** adsorption, reducing removal
capacity. AI>* shows more interference than Mg>* owing to a
higher stability constant for the AI**-CFNC complex than that
of the Mg>*-CFNC complex (smaller size and higher charge
lead to more stable complexes).”>>* These experiments prove
that Nd** shows high selectivity towards CFNC even at extre-
mely high concentrations of Ca®>" and AI**. The high selectivity
of Nd*" is due to the strong binding energy of Nd-O over the
Mg-O or Al-O bond.”® We also investigate the effect of anions
such as CI7, F~, and SO,>~ and no significant impact on the
removal capacity of CFNC is observed (Fig. S107).

Nd** removal using seawater, tap water, and DI water

The total volume of water on Earth is estimated to be 1.386
billion km?, out of which 97.5% comes from saline water and
only 2.5% is fresh water.”® As per USGS (United States
Geological Survey), only 16% of all water used in the U.S.A. in
2015 is saline.”” About 97% of the country’s saline water is
used for the thermoelectric power industry and the rest 3% is
used for mining and other industrial processes.>” Thus, the
direct use of seawater as an alternative to freshwater increases
the utility of saline water for industrial processes and brings a
cost-effective solution for many industries.

Sea water, without further purification, if used as a replace-
ment for ultrapure water (Milli-Q), could reduce the overall
cost of Nd and other REEs extraction, making it more afford-
able and sustainable. We have used ultrapure water (Milli-Q)
for most of our experiments, which contains very few ions. Our
experiments showed that Nd*' displays selectivity towards
CFNC even in a considerable salt concentration. We performed
our experiments with artificial seawater to check whether it
can be used as an alternative to Milli-Q water for Nd** extrac-
tion. Artificial seawater contains NaCl (24.53 g L), NaF
(0.003 g L"), Na,SO, (4.09 g L), KCl (0.695 g L"), KBr
(0.101 g L), MgCl, (5.20 g L"), CaCl, (1.16 g L"), SrCl,
(0.0025 g L), NaHCO; (0.201 g L™%), H3BO; (0.027 g L), and
H,O (988.968 g L™").°® 200 ppm of Nd*" solution was made
using artificial seawater to check the removal capacity of
CFNC. Nd*" removal capacity using artificial seawater was
~150 mg g ', about 60% of the removal capacity obtained
using Milli-Q water (Fig. S11}). The artificial seawater also
gives a reasonable removal capacity and could be used as an
alternative to Milli-Q water. We have also tested the removal
capacity in the presence of deionized (DI) water and tap water,
which shows fairly good values of 230 mg g~ and 205 mg g7,
respectively (Fig. S131). The interfering ions content in DI
water and tap water is less and therefore shows higher removal
capacity than seawater.

Selective extraction of Nd** from NdFeB magnet using CFNC

NdFeB magnet contains 20-30 wt% of REEs, 60-70 wt% of Fe,
1 wt% of B, and mixtures of some other metals in minor quan-
tities.”® To show a real-time application, we have used a NdFeB
magnet extracted from an unusable Home Theatre speaker

This journal is © The Royal Society of Chemistry 2024
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(electronic waste) and performed Nd removal experiments
using it. The details of the acid digestion procedure to prepare
metal ion solution are mentioned in the ESL{ The B*', Pr*",
and Dy** ions do not significantly affect the Nd** removal
process owing to their minimal concentration in the solution.
Therefore, our primary focus was on the selective and sustain-
able removal of Nd over iron (Fe), which is a severe challenge
of recycling the Nd from the magnet.

Fig. 5A shows the image of the speaker containing the
NdFeB magnet from where the magnet was extracted. Fig. 5B
depicts the photographic embodiment of the extracted magnet
from the speaker. The same magnet was utilized for preparing
the metal ion solution. The as-prepared solution was adjusted
to prepare a stock solution containing 1000 ppm of Nd**. The
stock solution is diluted to form various concentrations of
Nd** for concentration-dependent measurements. The
minimum concentration of the sample was adjusted up to
200 ppm of Nd** to observe the precipitate formation visibly,
as CFNC shows clear precipitation at C, ~ 150 ppm or above.
Therefore, all the measurements were done at C, > 200 ppm.
Since each of the concentrations of B**, Pr**, and Dy*" is <500
ppb in the solution, they do not affect the Nd** precipitation
significantly.

The Nd*" removal capacity as a function of the concen-
tration of Nd** ions is presented in Fig. 5C. We performed pre-
cipitation experiments with the as-synthesized CFNC
(500 ppm). Nd** concentration is varied in the range of
200 ppm to 1000 ppm. CFNC is saturated in the operating con-
centrated range and the removal capacity is unaltered upon
varying concentrations. An increase in the concentration of
Nd** will likely increase the amount of Fe*" in the solution.
The average removal capacity observed is 245 + 8 mg g~ which
is quite close to the value when no other interfering ions
present 252 + 5 mg g~ ' (Fig. 3B), under our experimental con-
ditions. This suggests that the presence of Fe*" ions in the
solution has negligible interference with the removal capacity
of Nd*" and 97% of the removal capacity is retained even in
the presence of other interfering ions. Most of the CFNC selec-
tively precipitates Nd** leaving Fe** ions in the solution. These
studies suggest CFNC is a promising material suitable for
selective Nd** removal from solutions, which may enable re-
cycling of Nd from e-waste and help address environmental
issues.

Since the solution is prepared from the magnet, it contains
a fixed proportion of Nd** and Fe**, and changing the concen-
tration of one of them automatically changes the concen-
tration of the other. Therefore, it does not give any idea of the
removal capacity of Nd*" up on varying concentrations of Fe**
and vice versa. To understand the effect, we manually prepared
Nd** and Fe®" solutions and mixed the solutions at various
Fe** concentrations to measure the Fe** removal capacity.
Fig. 5D presents the variation of removal capacity Fe** as a
function of Fe*" concentration. The adsorption properties of
Fe®" on CFNC are tested in the presence and absence of Nd**.
In the absence of Nd* in the solution, the removal capacity
shows a significant increase with increasing the concentration
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of Fe**. The Fe** removal capacity reaches from ~58 mg g~ at
100 ppm of Fe** to ~185 mg g~ * at 600 ppm of Fe*" without
Nd**. As the Nd*' concentration increases from 50 ppm to
150 ppm, the Fe*" removal capacity decreases gradually. When
Nd** concentration is 50 ppm, the Fe** removal capacity shows
~35 mg g " at 100 ppm of Fe** to ~100 mg g~ at 600 ppm of
Fe”*, whereas at Nd*>" concentration of 150 ppm, the Fe*"
removal is substantially reduced to ~6 mg g~ " at 100 ppm and
almost remains constant at Fe* > 100 ppm (~20 mg g~ ' at
600 ppm). The results can be since the carboxylate groups on
CENC preferred Nd** over Fe** for binding, leaving fewer
binding sites for the removal of Fe’*. The higher binding
energy between Nd*" and COO~ compared to Fe** and COO~
could be the reason for such behavior.”® Due to the oxidizing
nature of HNO;, there is a possibility that some of the Fe**
gets oxidized to Fe’" during the course of digestion. To check
the oxidation, we have performed UV-Vis measurement of the
leachate solution after 5 min as well as after 120 min digestion
with acid. Even after 120 min we have not observed significant
changes in the UV-Vis features (Fig. S121) indicating a very
little conversion of Fe*" to Fe’" during that period. We com-
pared removal capacity of both the Fe*" ions (Fig. 5D) and Fe’*
ions (Fig. S137). However, we noticed a negligible change in
the removal capacity on changing from Fe®" to Fe*". A slight
increase in the removal capacity of Fe*" is possibly due to its
higher charge and binding energy with CFNC as compared to
Fe”" ion. Therefore, we can clearly say that although there is
possibility that Fe** might get oxidized during acid digestion
but does not significantly impact the removal capacity of Nd**.
Repeatability of the Nd** removal by CFNC is performed on
the solution prepared from the magnet, showing a reasonably
consistent removal percentage throughout different experi-
ments (Fig. 5E). The removal percentage was 85-95%, indicat-
ing a high reproducibility of the material.

To check whether the precipitation occurs in the absence of
CFNC or not, removal capacity was checked in the presence as
well as in the absence of CFNC. In presence of CFNC, precipi-
tation occurs at all pH, but the removal capacity is less a lower
pH whereas it increase 5 times when the pH is in the range
3-7 similar to that of Fig. 4C. However, in the absence of
CFNC, no precipitate formation was noticed due to the
absence of Nd-CFNC interaction. Therefore, the removal
capacity value is zero as at all pH (Fig. S141). No pH induced
precipitation of the leachate solution was noticed in the
absence of CFNC, which also suggest pH (in the range 1-7)
has no impact on the stability of the leached NdFeB magnet
solution.

To know the electrodeposition potential cyclic voltammetry
experiments were performed. During cyclic voltammetry
experiments, platinum disk of 1 mm diameter was used as a
working electrode. As a counter electrode platinum wire was
used. A silver wire was used as pseudoreference electrode and
ferrocene was added as internal standard. The ferrocene/ferro-
cenium (Fc/Fc') redox potential was recorded against the Pt
pseudoreference electrode after the direct dissolution of
10 mM of ferrocene in DMSO and was used as the reference
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Fig. 5 (A) The image of an unused Home Theatre speaker from where the NdFeB magnet was removed. (B) The image of the NdFeB magnet
extracted from the speaker. (C) Nd** removal capacity of CFNC as a function of Nd** concentration. Different concentrations of Nd** were prepared
from the acid-digested solution of NdFeB powder. (D) Fe?* removal capacity of CFNC in the absence and presence of various concentrations of
Nd** (CFNC = 500 ppm, pH = 5). (E) Repeatability experiment of the Nd** removal percentage using CFNC. (F) Schematic of the solar-driven electro-
deposition performed to extract Nd from Nd-CFNC complex. (G) The image of electrodeposited Nd/Nd,Osz on a copper plate. (H) XPS spectrum of
the electrodeposited Nd/Nd,Os. (I) High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) image of the electro-
deposited Nd/Nd,O5 along with the elemental mapping of Nd and oxygen. (J) Energy dispersive spectroscopy (EDS) along with the elemental com-
position of the electrodeposited material.
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potential. Nd-CFNC precipitate obtained from the leachate
solution was dissolved in dry DMSO and Tetrabutylammonium
hexafluorophosphate (TBAPFs, 0.1 M) was employed as sup-
porting electrolyte. Fig. S157 presents the cyclic voltammo-
grams recorded with a scan rate of 20 mV s~ at room tempera-
ture for the pure DMSO and Nd-CFNC in DMSO. The cyclic vol-
tammogram of the Nd-CFNC solution in DMSO presents a
reductive loop that begins when scanning the potential to
values more cathodic than —2.5 V and shapes a peak at —2.8 V
against the reference (Fc/Fc'), which is attributed to the
reduction of Nd trivalent cations to the zerovalent state.
Moreover, an oxidative peak is observed in the reverse scan at
—1.5 V that is ascribed to the oxidation of the deposited metal-
lic Nd, implying that the overall reaction is irreversible.

For electrodeposition, the set up was almost identical with
the only difference being the use of copper sheet as working
electrode and the Ag/C electrode was used as reference elec-
trode. We avoid the use of Fe/Fc' for the solar electrodeposi-
tion due to the toxicity of ferrocene to humans and aquatic
life. Since the Nd*" reduction occurs at —2.8 V against Fc/Fc*
reference and the E;;, of Ag/Ag" (pseudoreference electrode)
against Fc/F¢' in DMSO was found to be —211 mV (Fig. $167),
the Nd*" reduction against Ag/Ag® will occur at ~—3.0
V. Therefore, for the electrodeposition experiment a potential
of —3.0 V was applied.

Upon precipitation, the centrifuged material (Nd-CFNC
complex) is accumulated and dissolved in DMSO, and electro-
lysis is performed using solar energy to collect metallic Nd.*
The entire experiment was set up inside a glove box under
inert conditions to minimize oxygen and moisture contami-
nation. Dry DMSO was chosen as the best solvent to carry out
the electrolysis because of the solubility of the material (Nd-
CFNC) in it, polarity of the solvent that will help to ionize the
material and facilitate electrolysis, stability, high reducing
potential. Besides, dry DMSO has negligible moisture that will
prevent the oxidation of metallic Nd formed during the electro-
deposition. A solar-driven generator can supply power to a DC
power supply, eventually used for the electrodeposition. After
the electrolysis ends, the cathode is thoroughly rinsed with
acetone to remove the electrolyte (DMSO), and the cathode is
weighed. The difference in the mass of the cathode before and
after the electrolysis is considered the mass of the electrode-
posited material.

The schematic of the solar-driven electrodeposition setup
for the Nd extraction is displayed in Fig. 5F. The solution is
continuously stirred at room temperature during the electroly-
sis process to obtain better electrodeposition. A potential of
—3.0 V (current ~—2 mA) was applied to the solution for 3 h
for Nd electrodeposition.®* After 3 h of electrolysis, 0.25 mg of
the material was deposited on the cathode. After electrodeposi-
tion, the material was removed from the glove box to perform
spectroscopic and microscopic analysis to confirm the metallic
nature of the deposited material. However, the contact with
ambient conditions results in the surface oxidation of the de-
posited material forming a greyish colour film as shown in
Fig. 5G.°° An SEM image of the deposited thin film shows irre-
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gular morphology, porous nature, and non-uniform distri-
bution of material on the copper surface (Fig. S177).

The metallic nature of the electrodeposit was investigated
by XPS measurements. Fig. 5H presents the XPS spectrum of
the deposited material. The XPS spectrum shows the presence
of Nd 3ds/, peaks corresponding to metallic Nd and Nd,O; at
978.6 eV and 983.5 eV, respectively.®’ The 1001.3 eV and
1005.9 eV features represent the 3ds, peaks of Nd (0) and
Nd,O3;, respectively. Besides, C 1s spectra show a feature at
284.8 eV that corresponds to the C-C peak from the adventi-
tious carbon (Fig. S18Af). A peak at 530.8 eV of the O 1s
spectra suggests an oxide (O>”) feature from the Nd-O bond
(Fig. S18Bt).** The survey spectrum suggests the absence of
any impurity (Cl7) in the electrodeposited sample, shown in
Fig. S18C.{

A high-angle annular dark-field scanning transmission elec-
tron microscopy (HAADF-STEM) is used to investigate the dis-
tribution of Nd and O in the electrodeposited samples. The
STEM mapping shows that Nd and O are homogeneously dis-
tributed throughout the sample (Fig. 5I), suggesting that Nd is
not only present as pure metal but also that some Nd gets oxi-
dized under ambient conditions to form Nd,0O;. The EDS ana-
lysis shows a high mass percentage (90.9%) and high atomic
percentage (52.2%) of Nd present in the sample (Fig. 5]). The
presence of oxygen is ascribed to oxidation under ambient
conditions during the transfer of the material to the TEM
chamber despite the use of protective conditions. A slight
impurity from chloride could be coming from CFNC and can
be neglected. The atomic ratio of Nd and O is 1.09: 1 (52.2%/
47.8%) in the electrodeposited sample, which is different from
that of pure Nd,O;. The atomic ratio of Nd and O in Nd,O; is
2:3 or 0.6: 1. The higher atomic percentage of Nd in the elec-
trodeposited sample suggests that not all the Nd is involved in
oxidation but also the metallic form.

We precipitate 10 mL of 200 ppm Nd*" solution using
CFNC, and the Nd-CFNC precipitate is used for electrodeposi-
tion. 10 mL of 200 ppm Nd** solution contains 2 mg of Nd**
ion. Assuming that all the Nd** ions are electrodeposited on
the cathode. Theoretically, 2 mg of Nd should be deposited on
the cathode. Upon applying a potential of —3.0 V (=2 mA) and
running the electrolysis for 24 h, we observed a deposition of
1.95 mg of the material. Beyond 24 h, no further deposition of
Nd is observed (Fig. S191), suggesting that almost all the Nd is
deposited and only CFNC remains in the solution, which was
used again for Nd*" removal. After Nd electrodeposition, the
DMSO solvent was removed using a strong vacuum pump. To
evaporate DMSO rotary evaporator was kept at 2 mbar pressure
to reach a boiling point 30 °C. In such condition, it was kept
overnight to remove the solvent and the dried CFNC was again
dispersed in water for reuse. We also test the reusability of
CFNC for Nd*' adsorption; we observe the performance of
CFNC decreases to a smaller extent after a few cycles. After 5
cycles, nearly 60% of the activity of CFNC is retained
(Fig. S207). The idea behind the recycle technique was to show
that CFNC can be further used for Nd extraction and reduce
the overall cost enhancing the sustainability of the method.
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The reduction in adsorption activity after a few successive
cycles may be due to the lack of availability of surface binding
sites owing to substantial aggregation. Besides, repeated cycles
could result in the loss of CFNC, which also reduces adsorp-
tion activity. A loss in the quantity of CFNC impacted the elec-
trodeposition of the material, and a gradual decrease in depo-
sition was noticed after successive cycles (Fig. S21t). Although
the adsorption properties of CFNC are reduced marginally
after a few cycles, it can still be used for industrial applications
owing to its biocompatibility, huge availability, and cost-effec-
tiveness. Future work will include removal experiments using
industrial permanent magnet leachates to understand the
CFNC selectivity towards other rare earths and transition
metals.

Comparison of our material with the other reported materials

We compare the Nd** removal of CFNC with different adsor-
bents reported in the literature. Previously, a variety of
materials such as charcoal,’® magnetic oxide nanoparticles,®®
metallic organic frameworks (MOFs),** graphene oxide,*
biopolymers,**%*” algae,*® and cellulosic materials®™* are
explored for the Nd** removal studies. Fig. 6 presents the
removal capacity of these materials, which ranges from 16 mg
27! to 240 mg g~'. To our knowledge, CFNC has the highest
removal capacity compared to the materials reported in the lit-
erature. Besides, the removal time using our material is con-
siderably lower compared to the reported adsorbents,
suggesting the advantages of using CFNC as a sustainable
adsorbent for removing Nd** due to its high electrostatic
charge content and selectivity. Removal of Nd** by CFNC

Je (Mg/g)

0 50 100

150
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opens the possibility of sustainable removal of other rare
earths using modified cellulose or related materials.

Cost analysis

We have performed a cost-benefit analysis that will give an
idea about the potential benefits from the proposed approach.
Since the electrodeposited Nd surface gets oxidized in pres-
ence of air, the electrodeposited material contain both Nd and
Nd,0s;. Assuming 30% of the electrodeposited Nd get oxidized,
a cost analysis was performed for the production of a total 1
ton of electrodeposited material (70% Nd + 30% Nd,O; =
700 kg of Nd + 300 kg of Nd,05).

From our experimental analysis we found that nearly
500 ppm of CFNC is required for the precipitation of 150 ppm
of Nd**. Taking into consideration, the recyclability and
decreasing efficiency after 5 successive cycles, it was calculated
that 500 ppm of CFNC can precipitate 630 ppm of Nd*'. As
630 mg of Nd (assuming 100% reduction of Nd** to Nd after
electrodeposition) requires 500 mg of CFNC, precipitation of 1
ton of Nd roughly require 0.8 ton of CFNC. From lab scale syn-
thesis, it was observed that 5 g of cellulose produces 4.5 g of
CFNC. Thus, for the production of 0.8 ton of CFNC, 0.9 ton of
cellulose is required as a starting material. The industrial
prices of wood pulp cellulose in Canada is $ 752 per ton.”* The
cost of 0.9 ton of cellulose is around $ 677. Current industrial
production of cellulose in Canada is about 14.2 million tons,
by paper and pulp industry alone.”® Since cellulose production
and processing are integral parts of the paper and pulp, textile,
food processing, and pharmaceutical industries, we can esti-
mate the annual cellulose production by observing output

200 250

Surik | I S SR N S S e PR S S RS S S T | c.:Fr.\jC.
Rahman et al., 2017 | N Kenaf cellulose-based poly (hydroxamic acid)
Rahman et al., 2019 [ NG Kenaf cellulose-based poly (amidoxime)
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Fig. 6 Comparison of removal capacity of our materials with other adsorbents reported in the literature.
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capacities of the aforementioned industries. Hence, our cell-
ulose requirement as a raw material can be met easily. Based
on our calculation, the production of 0.8 ton of CFNC from
cellulose requires $41 384 of other materials for the synthesis.
The total cost of equipment that includes apparatus and
instrument charges is around $2132. The environmental cost
such as vegetation restoration and water treatment combined
is approximately $1200. Few other costs include labour
($2500), electricity ($500), water ($50), and combined tax
(82468). The total cost involved in the production of 1 ton of
electrodeposited material (700 kg Nd + 300 kg Nd,O;) is
$51001. Table S1 in ESIt presents the total production cost
breakdown for 1 ton of electrodeposited material. The market
value of Nd is $123 kg™' and Nd,O; is $50 kg™'. The total
market value for 700 kg of Nd and 300 kg of Nd,O; is
$101100. Thus, the profit in the production of 1 ton of the
electrodeposited material is $50 099. The market value for the
material produced is twice as the production cost whereas the
net profit is similar to the production cost. The major cost
drivers for the production are materials required for the syn-
thesis that constitutes ~82% of the total cost. Affordable
alternatives of the materials could bring the production cost
even lower making the proposed project more beneficial and
sustainable.

Conclusion

In summary, we demonstrate a solution-processed synthesis of
CFNC from a cost-effective, readily available precursor, cell-
ulose, without harsh conditions or complicated procedures.
The CFNC precipitates Nd** ions of concentration as low as
150 ppm or above and shows an Nd*" removal capacity of 252
+ 5 mg g . The adsorption capacity of CFNC does not show a
significant change in temperature up to 60 °C. CFNC acts as
an effective adsorbent at pH as low as 3 and shows uniform
removal capacity up to pH 7. The Nd*" removal capacity of
CFNC is quite efficacious, even in the presence of ions with
high ionic strength. Selective removal of Nd** in the presence
of Fe*" and other ions is successfully done from an NdFeB
magnet using CFNC. Nd is successfully recovered as Nd/Nd,O3
from the Nd-CFNC complex using solar-driven electrodeposi-
tion. The reusability of CFNC for Nd** adsorption makes it a
suitable candidate for industrial applications. We recommend
future works in green ionic liquids (deep eutectic solvents) as
a replacement for acids and organic solvents for dissolving
metals and metal-CFNC complexes that could enhance sus-
tainability in various domains of green technology.
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