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ABSTRACT

The separation and recovery of rare earth elements (REEs) from leachates of
bauxite residue has attracted increasing attention. Yet, the characteristics of bauxite
residue leachates (low pH, low concentration of REEs, and co-existence of other
trivalent ions) results in a longstanding challenge in the recovery of REEs. Here, we
reported on the development of polyethylenimine (PEI) modified chitosan materials
as efficient adsorbents for REE, La(Ill). The introduction of PEI brought abundant
protonatable amino nitrogen atoms, which endows materials with excellent buffering
capacity at extremely acidic pH. The PEI-chitosan materials can easily separate La(IIl)
from AI(IIl), a major co-existing ion, with a separation factor of 3.1. The single-metal
adsorption behavior showed fast and efficient adsorption capacity of 2.015 mmol/g for
La(III). In binary systems, La(IIl) was preferentially adsorbed over AI(III) due to the
higher degree of association with PEI. The FT-IR, XPS and EDS mapping results
revealed that in the binding mechanism the N atoms form coordination bonds with
La(IIT) by sharing an electron pair, resulting in eight-membered chelate rings. The
PEl-chitosan materials also exhibited an excellent reusability with regeneration
efficiency of 90% after 4 recycles. Overall, PEI-chitosan demonstrates that it is a
viable and economical material for the separation and preconcentration of REEs from

leachates of bauxite residue.

Key words
Rare earth elements, polyethylenimine, chitosan, preconcentration, bauxite residue,

selective adsorption, La(III)
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1. Introduction

The recovery of critical metals from stocks of landfilled industrial residues such
as mine tailings, non-ferrous slag and bauxite residue (BR) is of beneficial both
economically and for sustainability [1]. Particularly, the separation and recovery of
rare earth elements (REEs) from secondary resources has attracted great attention in
recent years due to the increasing REEs demand in many high-tech and futuristic
applications [2]. Bauxite residue, also known as red mud, is a waste byproduct of the
production of alumina from bauxite through the Bayer process [3]. Based on the
current metallurgical technologies and bauxite composition, the alumina industry
produces 45 million tons of bauxite residue per year worldwide [4]. The huge amount
of bauxite residue stocks not only requires large areas of land as reservoirs, but also
exhibits adverse effects to land ecosystem due to its high alkalinity [5,6]. However,
bauxite residue contains critical and valuable REEs such as lanthanum (La(III)) after
extraction [7]. Although at low concentrations, bauxite residue could still be
considered as a highly potent source for valorization because of the huge existing
stock and high production rate [3]. While Europe initiated Zero-Waste Valorization of
Bauxite Residue (REDMUD) in Horizon 2020, which targets the vast new and
stockpiled bauxite residues in the EU-28 countries [7], separation and recovery of the
REEs from bauxite residue would be an important supplement to the supply of REEs.

There are many approaches to recover La(Ill) and other REEs from bauxite
residue [8,9], but most need “dirty” acid leaching process to dissolve the REEs [10].
These leachate solutions possess three characteristics: low pH, low concentration of
REEs, and other co-existing trivalent ions such as AI(IIl) and Fe(Ill), posing
significant challenges in the recovery of La(IIl) [11]. Adsorption is considered as one

of the most promising approaches to recover the very dilute La(Ill) from the leachate
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with severe pHs, due to its low cost, ease of operation, pH tolerance, and possible
selectivity [12]. Recently, various materials, such as carbon nanotube [13], silica [14],
graphene [15], bentonite [16], clay [17], hydroxyapatite [18], CuFe,O4 [19], layered
double hydroxide (LDH) [20], chitosan [21], cyclodextrin [22], and cellulose [23]
have been employed as adsorbents for REEs recovery from diluted solutions.
Chitosan, a linear polysaccharide obtained from the exoskeleton of crustacea, showed
excellent performance in adsorption applications due to its high hydrophilicity (-OH
groups) and good metal chelation ability (-NHz groups). More importantly, the
abundant reactive amine and hydroxyl groups enable the easy modifications of
chitosan structure by specific functional groups [24]. In our previous studies, we have
modified chitosan by using Ethylenediaminetetraacetic acid (EDTA) [25],
ethyleneglycol tetraacetic acid (EGTA) [26], and diethylenetriamine pentaacetic acid
(DTPA) [24] as functional groups for enhanced heavy metal adsorption. Recently,
Roosen et al. reported EGTA- and DTPA-modified chitosan-silica for selective
scandium(III) adsorption [3]. However, these modifications occurred with the amine
groups on chitosan, which are considered as the reactive adsorption sites for metal
chelation [27]. Thus, the modifications would significantly reduce the intrinsic
adsorption ability of chitosan. Therefore, to tackle the amine loss problem, a viable
alternative would be to graft amino-rich macromolecules onto chitosan.
Polyethylenimine (PEI), a sterically branched polymer with larger numbers of
amino groups, has high affinity towards REEs [28]. More importantly, one third of the
atoms of PEI are protonatable amino nitrogen atoms, which endows the branched
macromolecule with excellent buffering capacity at virtually any pH [29], even the
severely acidic pH of bauxite leachates. These advantages show a great deal of

potential for La(Ill) adsorption. Noted, PEI usually has to be immobilized on
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substrates for water treatment application owing to its water solubility [30]. Recently,
we have reported a PEI-modified cellulose nanocrystals (CNCs) for the highly
efficient recovery of REEs from waters [23]. In that work, cellulose was first
carboxylated through oxidation and further modified with PEI via
carbodiimide-mediated amidation reaction. Despite the observed good performance,
the synthesis of the CNCs was complicated and expensive (carbodiimide used [25]),
due to the fact that functional groups (mainly hydroxyl) on pristine cellulose are
relatively inert [31]. Together with the structural features of chitosan, we hypothesized
that chitosan could be considered a better substrate for the immobilization of PEI [32].
Recently, several researchers have successfully utilized PEI-chitosan materials, which
were prepared via self-assembling, for the controlled delivery of genes [33-35]. You
et al. [36] synthesized a magnetic chitosan-PEI adsorbent for Congo red removal by
using toxic epichlorohydrin [37] as cross-linker. More recently, Zeng et al. reported a
PEI functionalized carboxymethyl chitosan composite adsorbent for selective removal
of mercury [38]. In their study, relatively expensive carboxymethyl chitosan was
selected as the substrate. To date, no studies extending the PEI-immobilized chitosan
for the recovery of REEs have been reported.

Herein, we described a series of PEI-modified chitosan materials for the recovery
of lanthanum from leachates of bauxite residue. The synthesis of PEI-chitosan using
EDTA dianhydride as cross-linker was based on the design that EDTA dianhydride
contains two anhydrides, one of which reacts with the amino of PEI while the other
reacts with the amino of chitosan (Fig. 1). In this study, the selectivity for the uptake
of La (III) from nitrate leachates which contain equimolar La(Ill) and AI(III), the
major cation in the leachates, was studied at various pHs and different initial

concentrations. Further, the recovery kinetics and isotherms of the targeted REE by
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PEI-chitosan materials in single-component system, the selective recovery of La(III)
in binary systems, and the regeneration were all evaluated, aiming to shed light on the

selective adsorption mechanisms.

2. Materials and methods
2.1. Materials

All regents were purchased from Sigma-Aldrich, and were used as received
without further purification. Chitosan flakes, 80~90% deacetylated, showed a
molecular weight (MW) ranging from 200,000 to 350,000 g/mol and a viscosity of
200-1800 MPa. The branched PEI had a MW of 70,000 g/mol in 50 wt% of water.
Stock solutions of 1,000 mg/L. were prepared by dissolving the appropriate amounts
of La(NO3)3-6H20 (>99.0% pure) and AI(NO3)3-9H>0 (analytical grade) in deionized
(DI) water. Working solutions ranging from 5-500 mg/L were diluted from the stock
solutions. The adjustment of pH from 2 to 7 was conducted by using 0.1 M NaOH and
0.1 M HNOs, while working solutions at pH 0.5 and 1 were prepared by diluting the
stock solutions with 1 M HNOs. Prior to use, all breakers, flasks, and other glassware

were immersed in 10% HNO3 overnight for cleaning.

2.2. Synthesis of PEI-modified chitosan

The anhydride-mediated amidation reaction was used for grafting PEI onto
chitosan [24]. A series of PEI-chitosan were synthesized by reacting 1.0 g chitosan
with specified amounts of branched PEI at designated PEI:chitosan ratios (w/w), i.e.,
0:1, 0.2:1, 0.5:1, 0.8:1, and 1:1. First, 1.0 g of chitosan and the specified amounts of
PEI were dissolved in 20 mL of 10% (v/v) acetic acid and then diluted five times with

methanol. Afterwards, 1.6 g of EDTA dianhydride synthesized according to Repo and
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Sillanpdd [24] was well suspended in methanol, then the suspension was added
dropwise into the chitosan and PEI solution. The mixture was stirred at 300 rpm for 1
hr and then aged for 24 hr at room temperature. The resulted yellowish gel was
filtered and mixed with ethanol under continuous stirring for another 5 hr. The
residual EDTA was removed by washing the gel with excess NaOH solution (0.01 M).
The product was successively rinsed with DI water and 0.1 M HCI to remove any
unreacted PEI, followed by dialysis in DI water. Finally, the resulting swollen
hydrogels were quick-frozen in liquid nitrogen and dried in a freeze-dryer (FreeZone,
Labconco) under a high vacuum at -42 °C for 48 h. The detailed experimental

conditions and yields are presented in Table S1 in the supplementary information (SI).

2.3. Characterization

The elemental compositions of the materials were examined by a 2400 Series I
CHNS/O Analyzer (PerkinElmer, USA). A Fourier transform infrared (FT-IR)
spectrometer, Vertex 70 (Bruker, Germany) with a platinum ATR accessory, was
employed to qualitatively determine the functional groups on the materials.
Solid-state carbon-13 (!3C) magic angle spinning (MAS) NMR spectra were recorded
with a 3C frequency of 125.76 MHz on a Agilent-NMR-vnmrs 600 MHz
spectrometer. A metrohm 809 Titrando autotitrator (Switzerland) was applied to
quantitatively identify the amounts of the functional groups through a
conductometric-potentiometric titration method. The morphologies of chitosan,
PEI-modified chitosan materials before and after La(IIl) adsorption were observed by
using a Jeol JSM-5800 scanning electron microscope (SEM) at an acceleration
voltage of 20.0 kV. To investigate the La(Ill) distribution on the surface of

PEI-chitosan materials, Elemental Mapping was simultaneously conducted during
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SEM characterization by Thermo Scientific Ultra Dry SDD energy-dispersive X-ray
spectroscopy (EDS) at an acceleration voltage of 5.0 kV. Thermogravimetric analyses
(TGA) and derivative thermogravimetry (DTG) were performed using a NETZSCH
TG-DTG STA449 F3 (Germany) at a heating rate of 10 °C per minute under a
nitrogen atmosphere from 30 to 900 °C. X-ray photoelectron spectroscopy (XPS) was
applied to identify the quantitative elemental, chemical state and functional group that
exist within the PEI-chitosan materials by a Thermo ESCALAB 250XI (Thermo

Fisher Scientific, UK).

2.4. La(IIT) and AI(IIT) uptake experiments

Batch La(Ill) and Al(III) adsorption experiments were conducted by mixing 10
mg of the adsorbent materials with 10 mL of La(IIl) or AI(II) solutions (dosage of 1
g/L) at designated initial concentrations ranging from 5 to 500 mg/L. The pH effect
was investigated at an initial concentration of 1 mM in the pH range of 0.5-6.5. Strong
alkaline solution was not studied to avoid the formation of La(III)/Al(IIT) hydroxides.
The effect of contact time was studied at an initial La(III)/Al(III) concentration of 100
mg/L at pH 3.5. After each adsorption test, the adsorbent was separated from the
aqueous solution using a 0.45 pum polypropylene syringe filter. The metal ion
concentrations of the filtrates were analyzed at a wavelength of 333.749 nm (La) and
308.215 nm (Al) by an inductively coupled plasma emission spectrometer (ICP-OES)
Model iCAP6300 Radial (Thermo Scientific, USA). All the uptake experiments were

conducted in duplicate, and the uptake capacities (mmol/g) were calculated as:
Co—Ce
ge = 2V (1)

where Co and C. are the initial and equilibrium concentrations (mM) of the metal ions,

respectively, while M (mg) and V' (mL) represent the adsorbent weight (10 mg) and
8
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the solution volume (10 mL), respectively.

2.5. Recovery of La(Ill) in binary La(I1I)-Al(III) systems

AI(IIT) is one of the dominant coexistent ions in the leachates of bauxite residue.
The similarity of chemical properties between the trivalent metal ions raises the
challenge to separate La(Ill) from the mixture of La(IIl) and AI(III) [10]. The
competitive adsorption of La(IIl) and AI(IIl) onto PEI-chitosan was performed in
binary systems, containing the equimolar La(IIl) and Al(III) ranging from 0.04 to 1.44
mM. An optimized pH of 3.5 was applied based on the results from single uptake
results and an excessive contact time of 6 hr was used for the recovery of La(Ill) in

binary systems.

2.6. Regeneration and preconcentration of La(IIl) in bauxite leachates

The regeneration and preconcentration of La(IIl) was also conducted in a native
bauxite residue leachate, which was sampled at Xunwu county, Jiangxi province,
China. The bauxite residue leachate sample was first membrane-filtered (0.45 pm) to
remove the solid particles. The native bauxite residue leachate contained Na" (826
mg/L), Ca®* (652 mg/L), AI** (330 mg/L), Fe** (52 mg/L), and La** (4 mg/L), with an
initial pH of 2.0. Aliquots of 500 mL native bauxite residue leachate were mixed with
1 g of adsorbents (dosage of 2 g/L) and agitated in a rotary oscillator at 200 rpm at
room temperature for 6 hr. Subsequently, the solutions were separated by vacuum
filtration, and the metal concentration in the filtrates were analyzed by ICP. The
collected adsorbents were regenerated by using 10 mL of 1 M HNOs3 for 10 min, and
then reused for La(IIl) uptake in succeeding cycles. All the uptake experiments were

conducted in duplicate and the regeneration efficiency (RE%) of the adsorbent
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materials were calculated as follows:
RE% = ;’— X 100% )
0

where go and ¢: are the La(IIl) uptake amounts (mmol/g) of the adsorbents before and
after regeneration, respectively. The eluates (10 mL of 1 M HNO3) which contained
La(IIT) were directly reused for the next run regeneration to further enrich La(IIl). An
enrichment factor was introduced to evaluate the La(IIl) preconcentration properties
in the leachates of bauxite residue:

Enrichment factor = Cp/Co 3)
where Co and C, are the initial La(IIl) concentrations in feed solution (4 mg/L) and

the final preconcentrated La(IIl) concentration in the eluate, respectively.

2.7. Breakthrough experiments

Two grams of PEI-chitosan(0.5:1) was packed into a column with inner diameter of
12 mm and the packed sample length was about 70 mm. An aqueous solution
containing 330 mg/L of AI(IIT) and 4 mg/L of La(Ill) at pH 3.5 was then passed
through the column with a flow rate of 1 mL/min at room temperature. The metal

concentrations of the filtrates were measured by using an ICP-OES.

3. Results and discussion
3.1. Characterization

PEI-chitosan materials were prepared via an anhydride-mediated amidation
reaction. The hypothesis was that the immobilization of PEI ligands on chitosan
would result in hydrogel materials with high selectivity for La(Ill). The
immobilization of the PEI ligands on chitosan proceeded by using EDTA dianhydride

as a cross-linker, where one anhydride group of EDTA dianhydride reacts with the

10
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available amino groups on chitosan moieties while the other reacts with the primary
amino groups of PEI. To investigate PEI-chitosan ratio effects on the La(Ill) uptake
performance, five PEl-chitosan materials labelled as PEI-chitosan(0:1),
PEI-chitosan(0.2:1), PEI-chitosan(0.5:1), PEI-chitosan(0.8:1), and PEI-chitosan(1:1),
were fabricated by varying their mass ratios.

A summary of the synthesis and elemental analysis is given in Table S1. The
mass yield increased with the amount of PEI, and reached a maximum at
PEI-chitosan(0.5:1) (79.35%, Table S1). The product weight decreased when
PEI-chitosan ratio was above 0.5:1 g due to the fact that the excessive PEI might
generate the byproduct PEI-EDTA which is water soluble, leading to a lower mass
yield. As shown in Fig. S1, the color of the generated PEI-chitosan hydrogels
increased with the PEI amount from light to dark yellowish. As presented in Table S1,
the significant difference in the nitrogen content between PEI-chitosan(0:1) and
PEI-chitosan materials verified the successful introduction of PEI into the materials,
since nitrogen is abundant in PEI (ca. one third of atoms in PEI are nitrogen) [39]. It
was clearly observed that the nitrogen content dramatically increased from
PEI-chitosan(0:1) to PEI-chitosan(0.5:1), but the increase from PEI-chitosan(0.5:1) to
PEI-chitosan(1:1) was not significant, even though the PEI dosage of the latter was
twice that of PEI-chitosan(0:1). As shown in Table S2 and S3, a cost analysis based on
the raw material cost and yield was further carried out. The cost analysis results
suggest that the pilot-scale cost of PEI-chitosan(0.5:1) is the lowest (6.63 $/kg) among
the four PEI-chitosan materials. Therefore, from an atom economy perspective,
PEI-chitosan(0.5:1) could be considered as the most cost-effective among the
PEI-chitosan products.

The morphologies of the series of PEI-chitosan hydrogels were characterized by

11
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SEM (Fig. 2). All these hydrogels showed porous structure with typical network of
two-dimensional sheet-like pore walls, which were similar to other cross-linked

polysaccharide hydrogels after freeze-drying as previously reported [23,28,40].

Notably, the porous structure started to collapse at the dosage of 0.8 g PEI (Fig. 2d),

and became totally loose structure in PEI-chitosan(1:1) (Fig. 2e). Further, the

PEI-chitosan hydrogel after freeze-drying was light enough to stand on the stamens of
a flower due to the porous structure (Fig. S2a). The highest yield hydrogel,

PEI-chitosan (0.5:1), showed a dense and orderly network structure with smooth pore

wall (Fig. S2b-d).

FT-IR spectra were used to confirm the anhydride-mediated amidation reaction

and the presence of the additional functional groups on the modified chitosan (Fig. 3).

In comparison with the pristine chitosan, PEI-chitosan(0:1), namely EDTA-modified

chitosan, showed characteristic features at 1634 and 1731 cm’!, which are assigned to

the carbonyl groups of the amides and carboxylic groups, respectively [24]. Notably,

three intense peaks at 1640, 1564, and 1446 cm™ in the spectra of PEI-chitosan(0.2:1,

0.5:1, 0.8:1 and 1:1) (Fig. 3 and S3) verified the presence of the amide bond and
amino groups [41,42]. In addition, PEI-chitosan materials exhibited wider bands than

pristine chitosan in the range of 3050-3650 cm™, due to the coexistence of O-H and
N-H groups in the PEI-chitosan materials [43]. The '*C solid-state-MAS NMR spectra

of chitosan and PEI-chitosan(0.5:1) are presented in Fig. 4. The top spectrum (Fig. 4a)
is the one for pristine chitosan. The signals at 55.6, 59.1, 83.2, and 103.1 ppm were

assigned to C2, C6, C4, and C1 of the pyranose ring, respectively. A strong peak at

74.9 ppm could be assigned to overlapping C3 and C5 [44]. After immobilization of
PEI onto the chitosan backbone, new resonances were observed (Fig. 4b). The strong

signal at 164.2 ppm can be attributed to the amidic carbons (C9). Further, a new

12
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signal at 36.8 ppm is ascribed to the CH> carbons (C10/11) of the grafted PEI. The
observed C9, C10, and C11 signals were consistent with the reported PEI-modified
cellulose [28], indicating the successful amidation reaction and the presence of PEI in
the synthetic product. All these facts confirmed the successful introduction of PEI
groups in the materials through an anhydride-mediated amidation reaction.

The surface chemical property changes of chitosan during EDTA- and
PEI-modification were analyzed by XPS (Fig. 5). The carbon core line measured for
chitosan (panel C 1s, Fig. 5) showed three splitting peaks of binding energy (BE) at
287.86, 286.3, and 284.84 eV, which could be assigned to the carbonyl (C=0), carbon
bound to oxygen (C-O) and nitrogen (C-N), respectively [45]. The presence of
carbonyl in chitosan could be attributed to the residual N-acetyl groups after 80-90%
deacetylation of chitin. After EDTA-modification (PEI-chitosan(0:1)), it is clearly
observed that both C=0 and C-O peaks were enhanced, suggesting the successful
introduction of -COOH groups in the PEI-chitosan(0:1). In the C 1s spectrum of
PEI-chitosan(0.5:1), the BE peak at 284.81 eV for C-N was found to be significantly
increased, in comparison with PEI-chitosan(0:1). This was in a good agreement with
the other PEI-modified materials [46]. Moreover, the successful immobilization of
PEI could also be clearly seen from the nitrogen core lines (panel N 1s, Fig. 5). The
splitting of BE peaks at 399.83 and 399.02 could correspond to the typical imine and
tertiary amine groups in PEIL in good agreement with literature [46,47]. Importantly,
the much sharper BE peaks at 401.51 eV for PEI-chitosan(0.5:1) compared to both
pristine chitosan and PEI-chitosan(0:1), could be assigned to the protonation of the
abundant aliphatic amines in PEI [46].

In order to determine amounts of weak acid and weak base in polysaccharide

materials, the quantitative analyses of the amounts of specific carboxylic and amine

13
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groups in each material were conducted by conductometric—potentiometric titration.
The titration curves are shown in Fig. 6 and Fig. S4. Different numbers of titration
end points were found in various materials. For example, PEI-chitosan(0.5:1) showed
four end points, which divided the conductivity curve into five regions: strong acid
neutralization, weak acid neutralization, primary amine dissociation, secondary amine
dissociation, and excessive strong base (Fig. 6d, from left to right). Based on the
amounts of NaOH titrated in each stage, the specific amounts of the functional group
could be estimated and the results were summarized in Table 1. In PEI-chitosan(0:1),
the high amount of -COOH (5.38 mmol/g) could be due to the modification by only
EDTA ligand. When PEI were introduced, the -COOH amounts were dramatically
reduced to 1.4-1.9 mmol/g, since a larger number of carboxylic groups were involved
in the amidation reaction with amino groups. The total amino groups increased greatly
from PEIl-chitosan(0.2:1) to PEI-chitosan(0.5:1), but the increase from
PEI-chitosan(0.5:1) to PEI-chitosan(1:1) were not significant. The titration result was
in a good agreement with the results of elemental analyses. Interestingly, there are
many more primary amino than secondary amino groups in the pristine PEI, but the
difference between the two were not pronounced in PEI-modified chitosan materials.
A similar phenomenon was observed in the reported PEI-CNCs due to the fact that
primary amino groups react with carboxylic groups in the amidation reaction [23,28].
The PEI-modified chitosan materials also displayed obviously different thermal
behaviors compared to pristine chitosan and EDTA-modified chitosan. As shown in
Fig. S5, the pristine chitosan exhibited a characteristic decomposition with an onset
temperature of 242 °C and an end temperature of 379 °C (a sharp DTG peak at
292 °C), consistent with previous reported chitosan [25]. For PEI-chitosan(0:1), the

weight loss started at a lower temperature, 165 °C, and ended at 362 °C with a DTG
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peak of 201 °C, suggesting that the modification by only EDTA ligands significantly
reduced the thermal stability of chitosan. Similar reduced stability phenomenon was
also observed in the other carboxylic group modified polysaccharide materials
(TEMPO-CNCs) [23]. Besides the typical chitosan pyrolysis (242-379°C),
PEI-modified chitosan displayed a new degradation at higher temperatures of
306-452 °C, due to the decomposition of the PEI macromolecule chains, same as the
reported PEI membrane [43]. This indicated that the PEI-functionalization might

enhance the thermal stability of chitosan.

3.2. Effect of pH and selectivity

Prior to the adsorption tests, blank control experiments (i.e., experiments without
absorbent materials) were conducted to investigate the losses of metal ions during the
sample filtration procedure. As shown in Fig. S6, after filtration, the losses of both of
AI(IIT) and La(IIT) were less than 2% in the pH ranging from 1 to 3.6. Thus, the effect
of the filtration procedure is negligible during the adsorption procedure. This could be
attributed to the low affinity between the pristine polypropylene and metal ions. A
similar phenomenon has been reported by Mostafa et al. [48].

The recovery of La(Ill) was investigated as a function of pH, since pH is a
significant factor for adsorption. The pH affects not only the protonation of the
functional groups immobilized on the surface of the sorbents but also the speciation of
metal ions in aqueous media [37]. It is well known that the precipitation of AI(OH);
and La(OH); would occur when pH increased. In order to eliminate the interference of
precipitation on the calculation of adsorption amount, the pH at which precipitation
occurs was calculated based on their respective solubility product constants

(Ksp[Al(OH)3] = 2.0 x 103! and Ksp[La(OH)s] = 2.0 x 1072!) [49-51]. As shown in
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Text S1, based on the K, calculations, the precipitation pH values were estimated to
be 3.88 for AI(OH)3 and 7.26 for La(OH)s, respectively. At pH above these values,
precipitation has to be taken into account in the removal efficiency. The influence of
the equilibrium pH was firstly investigated in single-metal solutions of Al(III) and
La(III), and the results were shown in Fig. S7. For most of the studied adsorbents, the
AI(IIT) removal efficiency increased from pH 0.9 to 3 reaching an asymptotic value.
Notably, a quite significant increase of Al(IIl) removal efficiency was observed at pH
beyond 3.5 for all the five investigated materials (Fig. S7a-e). This could be attributed
to the fact AI(OH); precipitation occurs at pH 3.88. A similar increase trend and
asymptotic plateau were observed in La(Ill) removal, but the precipitation increase
was not found due to the fact that the La(OH)3 precipitation pH (7.26) was larger than
the tested pHs. Further, the asymptotic values of La(IIl) were much higher than those
of AI(III), indicating the potential for separation of La(IIl) from AI(III).

To verify the selectivity towards lanthanum, the adsorption of metal ions were
carried out in a binary and equimolar solution of AI(IIT) and La(IIl) (Cinitia = 1 mM
for each metals). In Fig. 7, metal removal is presented as a function of the equilibrium
pH for both PEI-chitosan(0:1) (Fig. 7a) and PEI-chitosan(0.5:1) (Fig. 7b). It is clear
that the affinity of PEI-chitosan(0:1) towards AIl(IIl) and La(IIl) are quite close,
leading to difficulty in the separation of these ions. This could be attributed to their
close stability constants with EDTA (EDTA-AI(III) 16.13, EDTA-La(IIl) 15.50) [52],
which is the major functional group in PEIl-chitosan(0:1). In the case of
PEI-chitosan(0.5:1), about 70% of La(IIl) removal was obtained at pH 1.9, a pH at
which almost no AI(IIT) was adsorbed. The maximal adsorption for La(IIl) was
reached at pH 3.5, a pH at which almost four times more La(Ill) was adsorbed

compared AI(IIT). This significant difference in the adsorption efficiencies for La(IIl)
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and AI(III) reveals that PEI-chitosan(0.5:1) can be used for separation. The selectivity
behavior of PEI-chitosan(0.5:1) should be attributed to the introduction of PEI in the
materials, which contains large numbers of amino groups with high affinity towards
REEs [53,54]. The pH for maximal La(IIl) adsorption, pH of 3.5, was selected for the
further adsorption experiments.

It should be admitted that one could consider adjusting pH as an alternative to
separate AI(III) and La(IIl), since AI(IIl) precipitation starts at lower pH in
comparison with La(IIl). However, the hydrolysis of AI(III) results in AI(OH)3, which
is an efficient inorganic coagulant and is able to capture La(Ill) via coagulation. This
would make the separation of Al(IIT) and La(IIl) even more difficult. Further, in the
practical leachates of bauxite residue, the relative amount of Al(III) is significantly
larger than that of La(IIl). It is therefore expected that the coagulation of La(III) will
be more pronounced in environmental samples, indicating that precipitation would not
be considered as an appropriate method to isolate La(Ill) from AI(III). Thus, the

selectivity feature of our PEI-chitosan materials will be more desirable.

3.3.Adsorption Kinetics

The kinetics of La(Ill) adsorption were investigated with the PEI-chitosan
materials in single-metal nitrate solutions of La(Ill) and AI(IIT), with contact time
ranging from 5 to 600 min. As shown in Fig. 8a, equilibrium was reached within 120
min, which was observed as the beginning of a plateau in the adsorption curve. The
adsorption in the initial stage was fast due to the abundant vacant adsorption sites [24].
The plateau values for PEI-chitosan materials were found as following order:
PEI-chitosan(0.5:1) > PEI-chitosan(1:1) > PEI-chitosan(0.8:1) > PEI-chitosan(0.2:1) >

PEI-chitosan(0:1). This order are in good agreement with the amount of amino groups
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(-NH2) (Table 1, 4.53 mmol/g for PEIl-chitosan(0.5:1), 4.44 mmol/g for
PEI-chitosan(1:1), 4.24 mmol/g for PEI-chitosan(0.8:1), 2.01 mmol/g for
PEI-chitosan(0.2:1), and 0 mmol/g for PEI-chitosan(0.5:1), respectively), indicating
that the amino groups play dominant roles in the uptake of La(Ill) during the
adsorption. Similar phenomenon was also observed in previously reported
PEI-modified cellulose nanocrystals [23]. The time effect on AI(II) was also
compared with that of La(IIl). As shown in Fig. S8, the adsorption of Al(III) was also
fast and plateaued after 120 min. However, only 20%-40% of Al(III) was adsorbed,
which is significantly lower than that of La(IIl) (60%-90%). This might be due to the
higher affinity of amino groups towards La(Ill) in comparison with Al(III) [55]. To
fully ensure adsorption equilibrium, a contact time of 360 min was chosen for all the
following experiments [52,56].

In order to elucidate the adsorption rate constants, the kinetic data were further
fit by using the pseudo first-order and pseudo second-order models. The pseudo
first-order model, which is widely used for the adsorption in liquid/solid systems, is

expressed as [26,57]:

Ky
2.302

log(qe — q¢) = log(qe) — 4)

The pseudo second-order model, which assumes that the chemical surface
reaction is the rate-limiting step, is expressed as [58]:

t 1

1
= —t 5
4 k292 + de )

where ¢¢ and g. (mmol/g) are the uptake amounts of La(IIl) at time ¢ (min) and at
equilibrium, respectively, while k1 (/min) and k> (g/mmol min) are the adsorption rate
constants of the pseudo first-order and pseudo second-order models, respectively. As
shown in Fig. S9 and Table S4, the pseudo first-order model did not fit the adsorption

of La(IIT) well. The calculated g. values could not match with the experimental values,
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and all the correlation coefficients (R?) were less than 0.9. However, according to Fig.
8b and Table S5, it is evident that the pseudo second-order model gave the perfect fit
to the experimental data of La(Ill) onto PEI-chitosan materials. The goodness of fit
was reflected by the fitting curves and the high correlation coefficient of R? values.
These all indicate that chemical surface adsorption is the rate-limiting step [23,59,60]
in La(IIl) adsorption recovery for all studied materials. Importantly, the rate constant
of PEI-chitosan(0.5:1) towards La(IIl) (0.372 g/mmol min) was almost three times
higher than that of PEI-chitosan(0:1) (0.134 g/mmol min), suggesting that the
introduction of PEI not only enhanced the La(Ill) adsorption efficiency, but also

accelerated the adsorption kinetics.

3.4. Adsorption isotherms

To elucidate the adsorption characteristics of metals onto PEI-chitosan materials,
such as uptake capacity and interactions between the metals and adsorption sites, two
classic isotherm models (Langmuir and Freundlich) were applied to fit the
experimental data. The Langmuir model, which assumes that monolayer adsorption

occurs on a homogeneous surface, is given as [26]:

_ qmKLCe
qe = 1+K1.Co (©)

The Freundlich isotherm predicts a heterogeneous adsorption and an energetically
heterogeneous surface without a saturation of adsorption sites [37]:

Ge = KeCo'/™ (7)
where ge (mmol/g) and C. (mM) are the metal uptake amount and equilibrium metal
concentration, respectively, while gm (mmol/g), K. (L/mmol), and K¢ (mmol'™L"g)
represent the maximum metal adsorption capacity, the Langmuir energy constant, and

the heterogeneity factor obtained after nonlinear fitting, respectively.
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The isotherm fitting by the two models and the isotherm constants determined
are presented in Fig. 9 and Table S6, respectively. Obviously, the experiment data fit
better to the Langmuir model with correlation coefficient R*> values of 0.995-0.996,
higher than the Freundlich model (0.949-0.973), suggesting that the adsorption of
AI(IIT) and La(Ill) onto PEI-chitosan(0.5:1) was better described by the Langmuir
model. The Langmuir model possesses a finite saturation limit, which could calculate
the maximum adsorption capacity gm.cal. As shown in Table S6, the Langmuir model
calculated gmcal and the experimental gmexp Were quite similar to each other (£0.03
mmol/g), suggesting that Langmuir model could predict the maximum adsorption
capacity in the single metal systems [61]. Moreover, the higher surface affinity Kt
value of La(Ill) (2.62 L/mmol) than AI(IIl) (2.016 L/mmol) reveals that
PEI-chitosan(0.5:1) has better affinity towards La(IIl) in comparison with AI(III). The
affinity difference could also be found from the difference of gm values between
La(IIT) (2.015 mmol/g) and AI(III) (1.577 mmol/g). However, this gm difference in
single-metal adsorption system was not significant. Therefore, in order to investigate
the selectivity ability of PEI-chitosan materials, it is necessary to carry out the
simultaneous adsorption tests in AI(IIT)-La(III) binary systems.

The maximum adsorption capacities of La(III) onto PEI-chitosan(0.5:1) and
other commonly used adsorbents are summarized in Table 2. The high gm values of
PEI-chitosan(0.5:1) are very comparable to most of the reported adsorbents except for
the Mg—Fe-LDH-Cyanex-272. The extraordinarily high La(Ill) uptake ability of Mg—
Fe-LDH-Cyanex-272 could be attributed to the abundant inner layer anion exchange
sites in the adsorbent. However, this LDH material also possessed the drawback of
relatively low regeneration ability [20]. It should be noted that the gm value of

PEI-chitosan(0.5:1) was much higher than our previously reported for PEI-cellulose
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nanocrystal [23]. This might be attributed to the fact that there are more active
reaction sites on chitosan in comparison with cellulose, resulting in more PEI loading
on the substrate. All of these suggested that the PEI-modified chitosan materials are

efficient and promising adsorbents for REEs recovery.

3.5. Simultaneous adsorption studies of AI(IIT)-La(III) binary system

To investigate the selective adsorption of REEs onto PEI-chitosan materials,
Al(IIT)-La(IIl) binary adsorption experiments were performed in aqueous solutions
containing equimolar initial concentrations of Al(III) and La(Ill) ranging from 0.04 to
1.4 mM at pH 3.5, which was below the pH onset points of the precipitation of the
two ions. As shown in Fig. 10, in the binary metal systems, the adsorption capacities
of both AI(IIT) and La(IIl) were found to be lower than their corresponding values in
single metal systems (Fig. 9 and Table S6). This revealed the competition between
AI(IIT) and La(IIT) when they co-exist. Interestingly, it is noted that Al(III) adsorption
was more inhibited by the presence of La(IIl). Specifically, at the initial concentration
of 1.4 mM in binary system, the adsorption capacity of Al(III) (0.359 mmol/g) was
much lower than that of La(IIl) (1.105 mmol/g), indicting a separation factor of 3.1.
This could be due to the bindings groups on the surface having a different stability
constant with each metal ions [55,62]. The difference between the uptake of Al(III)
and La(IIl) was not significant in single metal systems (Fig. 9), however, in the case
of binary systems, La(IIl) was preferentially adsorbed over Al(IIl) when the metal
ions were present in equimolar concentration (Fig. 10). On the whole, it can be
concluded that the PEI-chitosan material possessed higher affinity toward La(III) than
AI(IIT) and could be applied to separate La(IIl) from other trivalent metal ions such as

AI(TII).
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3.6. Adsorption mechanisms

The elemental distribution for PEI-chitosan(0.5:1) after simultaneous adsorption
of La(IIl) and AI(III) is illustrated in Fig. 11. The bright colorful elemental signal
spots show that La(IIl) was well distributed over the surface of PEI-chitosan(0.5:1),
indicating the successful adsorption of La(Ill) and the uniform and well-distributed
active sites on the sorbent. Importantly, it is noticed that the distribution of La(IIl)
agreed with the signal spots of nitrogen and oxygen, especially in the area of a low
nitrogen and oxygen signals where there is lower lanthanum loading. It is noted that
significantly fewer aluminum signal spots were observed compare with lanthanum in
the EDS mapping (Fig. 11), even though equimolar La(IIl) and Al(III) co-existed in
the initial solution. This result was further confirmed by EDS analysis spectra, where
much larger area of La peak was observed compared to the Al peak (Figure S10). The
high content of La and low content of Al are in a good agreement with the results of
adsorption capacities of La(IIl) and AI(III) obtained in binary systems (Figure 10).

To further clarify the interaction between the adsorption sites and La(Ill), the
FT-IR of PEI-chitosan(0.5:1) before and after La(IIl) was compared in Fig. 12 A. The
peaks at 1640 and 1564 cm™ in the spectrum of PEI-chitosan(0.5:1), assigned to the
bending vibrations of N-H from amide bond and amino groups, were found to be
significantly reduced in the PEI-chitosan(0.5:1)-La(III) spectrum, suggesting that N-H
groups were involved in the La(III) adsorption [42]. Moreover, the peak at 1256 cm’
assigned to C-O from carboxyl groups had obviously declined after La(IIl) loading,
revealing that C-O participated in the adsorption as well [63]. It is noted that the band
at 3050-3600 cm™! assigned the overlapping stretching vibration of amine (-NH>) and

carboxyhydroxyl (-OH) groups in the pristine PEI-chitosan(0.5:1) became
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significantly weaker after La(Ill) loading, revealing the interaction between La(IlII)
and amine/carboxyhydroxyl groups [64].

As shown in Fig. 1, there are multiple functional groups present in
PEI-chitosan(0.5:1), including three types of amine groups (primary, secondary, and
tertiary amine groups) from PEI molecules and carboxylate groups from EDTA
moieties. To determine which functional groups contribute to La(IIl) adsorption, the
surface chemical properties of PEI-chitosan(0.5:1) before and after La(III) adsorption
were compared via XPS (Fig. 12). After La(Ill) adsorption, the intensity of the BE
peak of Cls at 286.3 eV (Fig. 12¢) assigned to C-O was significantly reduced (Fig.
12e), while the other two peaks of C=0O and C-N showed minimal changes. Further,
the BE peak of N1s at 401.51 eV corresponding to protonated primary amine groups
(Fig. 12d) became much weaker after La(Ill) adsorption, while the signal of
secondary amino groups did not show significant reduction (Fig. 12f), indicating the
primary amino groups (-NH2) give the main contribution for La(Ill) recovery. Both of
these confirmed that C-O and -NH> groups were involved in La(IIl) binding, in a
good agreement with the conclusion obtained from FT-IR results. Similar reduction of
BE peaks was also observed for the previously reported alginate@PEI beads after
Cr(VI) adsorption [65]. In La3d spectrum of the La(Ill) loaded adsorbent (Fig. 12B),
the BE peaks at 851.65 eV and 834.86 eV were assigned to La 3d3/2 and La 3d5/2
respectively, providing strong evidence of La(Ill) being successfully adsorbed on
PEI-chitosan(0.5:1). Further, the satellite peaks of La3d (856.54 eV for La 3d3/2 and
837.43 eV for La 3d5/2) can be explained in terms of the transfer of a lone pair of
electrons from N or O to La(Ill) suggesting the presence of the La-N/La-O
coordination bond [66]. All these are consistent with our hypothesis that the primary

amino groups from PEI molecules and carboxylate groups from EDTA moieties are
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the dominant sites for La(IIl) adsorption. Since all cases in this study were performed
in acid media, the coordination for La(III) ions is proposed as follows:
RNH} + La3* = La(RNH,)3* + H* (8)
RH,EDTA*"3 + La3* = La(REDTA) + iH* 9)
On the basis of our results above, a possible adsorption mechanism of La(III)
onto bifunctional primary amino and carboxylate groups of PEI-chitosan materials
was proposed and described in Fig. 13. It appears that each component of
PEl-chitosan has a crucial role in its functioning: the chitosan chains act as the
backbone of the materials; the EDTA-moieties play roles as not only cross-linkers, but
also as active sites for REE chelating; on the other hand, the immobilized branched
PEI molecules with abundant amino groups significantly enhanced the REE
adsorption ability. Importantly, the protonatable amino nitrogen atoms, which endows
the materials with excellent buffering capacity at virtually any pH [29], including the
severe pH of bauxite leachates. Hong et al. reported that La(Ill) ions formed a
five-membered chelated ring with polydopamine via the oxygen atoms on two
phenolic hydroxyl groups [67]. In the structure of PEI, the N atom form a
coordination bond with La(IIl) by sharing an electrons pair, and two amino groups are
possible to form eight-membered chelate rings with La(IIl) ions after La(III) chelating
(Fig. 13). In addition, the binding affinities were determined at the
SMD/M06-2X/SDDAII level of theory (Fig. S11). The binding affinities were
determined using EDTA and a methyldiethylaminoamine (triamine) as models for the
two possible chitosan binding sites. La*>" show a preference for the triamine site, AG°
of -15.0 kcal/mol, while AI** also shows a preference for the triamine but by only -5.1
kcal/mol. The large difference in energy should lead to a preferential binding of La**

leading to its selective chelation and removal from solutions.
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3.7. Regeneration and preconcentration of La(III)

From the practical point, reusability is an important feature of a promising
adsorbent material. More importantly, with the purpose of recovery of REEs from
very diluted solutions, efficient REE enrichment ability is also necessary. In this study,
La(IIT) was firstly desorbed from the spent PEI-chitosan material using 1 M HNOs3. As
shown in Fig. 14, the regenerated PEI-chitosan was reused for the next run adsorption
of La(Ill), meanwhile the eluate (1 M HNO;) which contained 50-fold
preconcentrated La(Ill) was directly used for the next run regeneration. In most of
regeneration studies, the eluent was only used once and the enrich factors were not
high [22-24,68]. This is the first time to use the concept to recycle the eluate. The
eluent used in this study is 1 M HNO; with high solubility of La(HNOs); (> 10 g/L)
[69]. Thus, it is theoretically feasible to recycle eluate and the desorbed La(IIl) can be
accumulated in the eluate. Table 3 shows that the regeneration efficiency for La(III)
remained above 90% for the first four cycles, suggesting that 1 M HNOs is an
efficient eluent in this case and PEI-chitosan materials are stable in nitric acid.
Significantly, the enrichment factor of the first run was found to be 47.99, which was
very close to the ideal value of 50, indicating that the material is suitable for the
preconcentration of La(IIl) in low concentration of REEs. After 10 runs, the La(III) in
the eluate was accumulated to be 1.2 g/L, which could be easily utilized for the

succeeding REE metallurgical processes.

3.8. Column adsorption and breakthrough curves
The breakthrough curves for the adsorption of binary component solutions of

AI(IIT) (330 mg/L) and La(Ill) (4 mg/L) at pH 3.5 and a flow rate of 1 mL/min are
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shown in Fig. 15. As shown in Fig. 15, different adsorption behaviors for Al(III) and
La(IlT) in the fix-bed column were observed. The breakthrough curve of AI(III)
reached the penetration point at 5 min and reached depletion point within 30 min,
while La(IIT) reached penetration point at 600 min and reached depletion point within
900 min. The comparison revealed that the adsorption capacity of Al(IIl) was much
lower than La(IIl) in dynamic binary adsorption. Moreover, the large difference
between the two penetration point values of AI(IIl) and La(Ill) guarantees the efficient
separation of the individual species. This indicates that PEI-chitosan(0.5:1) is a
promising material for the separation of La(IIl) from AI(IIl) at the concentrations of

practical leachates of bauxite residue.

Conclusions

In this study, a series of PEI-modified chitosan materials were fabricated by a
facile approach using EDTA dianhydride as the cross-linker. PEI modification
introduced abundant amino groups which have been verified as one of the most
efficient functional groups for REE coordination. It was found that in the pH range of
1-3.5 the PEI-chitosan material could successfully separate La(Ill) from AI(III).
PEI-chitosan(0.5:1) was the optimal material taking into account of both the
efficiency and atom economy. Further, the introduction of PEI not only enhanced the
La(IlT) adsorption efficiency, but also accelerated the adsorption kinetics. In
single-metal adsorption system, PEI-chitosan(0.5:1) exhibited high absorptivity
toward La(IIl) (gm 2.015 mmol/g). Interestingly, the difference between the uptake of
AI(IIT) and La(IIl) was not significant in single metal systems, but in the case of
Al(IIT)-La(I1I) binary system, La(IIl) was preferentially adsorbed over AI(IIl) when

the metal ions were present in equimolar concentration. More importantly, the
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regeneration of the spent PEI-chitosan(0.5:1) and the preconcentration of La(IIl) were
realized via simultaneous recycling the adsorbent and eluent. Our results suggested
that this efficient material can be extended to the applications for the recovery of

REEs from other stocks of mine residues such as tungsten and apatite residues.
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1 Table 1: Calculated amounts of carboxylic and amine groups on PEI-chitosan and
2 raw materials.

3

Materials Amounts of functional groups (mmol/g)
-COOH -NH» -NH-

Chitosan 0 9.73 2.30
EDTA 10.1 0 0
PEI 0 21.1 15.0
PEI-chitosan(0:1) 5.38 0 244
PEI-chitosan(0.2:1) 1.91 2.01 2.33
PEI-chitosan(0.5:1) 1.43 4.53 3.96
PEI-chitosan(0.8:1) 1.95 4.24 4.15
PEI-chitosan(1:1) 1.74 4.44 4.14

4
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1 Table 2: Comparison of the maximum adsorption capacities of La(Ill) onto various
2 adsorbents.

3

Materials gm (mmol/g) Ref.
Magnetic bentonite 0.132 [16]
Sodium beta-glycerophosphate modified cellulose 0.231 [70]
EDTA-B-cyclodextrin 0.343 [22]
Polydopamine coated PAN/PSF nanofiber 0.428 [67]
PEI-modified cellulose nanocrystals 0.611 [23]
Phosphoric acid modified activated carbon 1.262 [71]
PEI-chitosan(0.5:1) 2.015 this study
Mg-Fe-LDH-Cyanex-272 3.460 [20]
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4  Table 3 The regeneration of PEI-chitosan (0.5:1) and 50-fold preconcentration of La(IIl) in the leachate of bauxite residue by using 1 M HNO3
5 aseluent.

6
La(III) conc. (mg/L) La(III) conc. (mg/L) .
Run Before adsorption After adsorption RE% Eluent conc. Eluate conc. Enrich factor
Ist 4.11 0.02 - 0 197.3 47.99
2nd 4.11 0.06 99.02 197.3 384.6 93.58
3rd 4.11 0.17 96.33 384.6 551.3 134.1
4th 4.11 0.40 90.71 551.3 706.7 171.9
Sth 4.11 0.73 82.64 706.7 827.1 201.2
6th 4.11 1.24 70.17 827.1 918.4 223.5
10th 4.11 1.81 56.23 1152 1224 297.9
-
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Fig. 10: Simultaneous adsorption of AI(IIl) and La(Ill) onto PEI-chitosan (0.5:1) in
equimolar AI(III)-La(IIl) binary system (25 °C, pH 3.5, adsorbent dose 1 g/L, and

contact time 6 h; The binary systems contain the equimolar initial La(Ill) and AI(III)

ranging from 0.04 to 1.4 mM).
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Fig. 11: SEM image and the EDS elemental distribution mapping of
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concentration: 0.72 mmol/g AI(IIl) and La(Ill). Red spot: C signal; green spot: N
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