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1. Introduction

Development of an adsorption—desorption
technique for the recovery of rare-earth metal ions
using the phase transition behavior of zwitterionic
polymer brushes

Tommy Suhartono Wijaya Tan, Naokazu Idota ‘® and Takehiko Tsukahara = *

This study synthesized a sulfobetaine-type zwitterionic polymer brush on a porous silica particle (P-SiO,-
poly(DMAPS)) through surface-initiated atom transfer radical polymerization (SI-ATRP) and demonstrated
its applicability as an adsorption—desorption material for lanthanide (Ln) ions in aqueous solutions.
Appropriate Ln adsorption conditions for P-SiO,-poly(DMAPS) were established according to the effects
of various Ln metal ions on the thermo-responsive behavior of poly(DMAPS) in aqueous solutions. From
the adsorption experiments, it was confirmed that P-SiO,-poly(DMAPS) enabled the complete recovery of
all Ln ions from aqueous solutions. The regression analyses of the Langmuir adsorption isotherm curves
of Ln ions at 50 °C-70 °C showed that the chemisorption processes of all Ln ions on P-SiO,-poly
(DMAPS) were entropy-driven and occurred spontaneously, while the maximum adsorption capacities of
Ln ions decreased as the ionic radii decreased from light to heavy Ln ions. Furthermore, 100% of all Ln
ions adsorbed on P-SiO,-poly(DMAPS) desorbed by simple shaking in a certain concentration of ethyle-
nediaminetetraacetic acid (EDTA) solution. These results prove that this novel Ln adsorption—desorption
technique using a zwitterionic polymer brush has great potential in chemical, environmental, and energy
fields.

The effectiveness of these techniques has been investigated in
several areas: REE recovery from mining tails, electronic and

Rare-earth elements (REEs; 15 lanthanides as well as scan-
dium and yttrium) are widely used in various energy, elec-
tronics, and metallurgy applications and in the environmental,
chemical, and biomedical industries owing to their unique
physicochemical properties."™ With the number of appli-
cations and the development of green technologies increasing
globally, the demand for and production of REEs are also
increasing annually. Some researchers have stated that the
global demand for REEs will reach over 200 000 tons by 2026,
and their demand is increasing at a compound annual growth
rate (CAGR) of over 12%." It is assumed that such increases in
demand and supply will have adverse effects, including an
increase in the end-of-life products, resource depletion, rising
prices, and environmental pollution from mining. The re-
cycling of REEs is expected to counter these issues and ensure
a sustainable supply.

Much effort has been devoted to separation techniques
based on liquid-liquid extraction and solid-phase extraction.
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electrical wastes (e-wastes), industrial wastewater, and radio-
active wastes produced from nuclear fuel reprocessing pro-
cesses, including through the decommissioning of the
Fukushima Daiichi nuclear power station.”® Liquid-liquid
extraction using specific extractants containing organopho-
sphorus and diglycolamide derivative ligands has demon-
strated the efficient and selective recovery of trivalent lantha-
nide (Ln) ions from aqueous and acidic media.®™*' However,
this method has environmental and safety disadvantages such
as time-consuming chemical operations, production of hazar-
dous secondary wastes, and fire and explosion risks. Solid
-phase extraction, which involves the adsorption of target
metal ions onto solid adsorbents, has been widely recognized
as a superior method to liquid-liquid extraction because of its
higher separation efficiency and lower solvent volume require-
ments. Various adsorbents have been developed, such as
extractant-impregnated porous silica and surface-functiona-
lized materials, and their abilities to adsorb Ln ions from solu-
tions have been explored.®'>™*® Some of these adsorbents have
accurately separated Ln ions from trivalent minor actinides
(MAs) in solutions as well as enabled the mutual separation of
Ln ions.'” ' Porous materials, such as metal-organic frame-
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works (MOFs), covalent organic frameworks (COFs), and
porous organic polymers (POPs), are also gaining growing
interest as advanced adsorbents for facilitating the efficient
separation of radionuclides because of their large specific
surface areas, high porosities, controllable pore structures and
sizes, and tunable surface functionalities, and their separation
abilities for various radionuclides are being investigated.”?
However, existing solid extraction methods have certain draw-
backs. For example, they require the introduction of coordi-
nation sites that are dedicated to the targeting of Ln ions onto
the adsorbents and prolonged stepwise operations, including
pretreatment, using different eluents. Accordingly, to solve the
problems associated with traditional separation methods, it is
essential to develop new separation methodologies for REEs.

In recent years, zwitterionic polymers, bearing positive and
negative charges simultaneously on their backbone chain
units, have attracted much attention as promising alternatives
to existing adsorptive materials because both cations and
anions in solutions can be chemically adsorbed onto these
polymers. The removal of heavy metal ions from contaminated
water has been demonstrated using various zwitterionic
polymer derivatives, indicating that their unique properties,
such as strong dipole moments and electrostatic interactions,
enable them with improved adsorption capacity and selectivity
for metal ions.>*7>® Since zwitterionic polymers exhibit a
strong salt-responsive anti-polyelectrolyte effect, their structure
and conformation are strongly affected by the type and concen-
tration of metal salts. Zwitterionic polymers collapse in water
due to the electrostatic inter-/intra-chain bridging of strong
dipole-dipole interactions. The introduction of counterions in
solutions induces the breaking of the chain bridges, generat-
ing more hydrated and stretched polymer chains. Several
studies have found that the degree of polymer conformational
changes by anions follows the classic Hofmeister series effect,
while the ion-screening effect, where cations shield the nega-
tive charges within the zwitterionic fragments, is the dominant
factor rather than the Hofmeister series effect in the case of
cations.”’®* In particular, the anti-polyelectrolyte effects of
monovalent and multivalent metal ions (Na*, Mg**, Ca**, and
Y?*) on zwitterionic polymer brushes, where the organic
polymer is grafted densely onto the inorganic substrate, have
been investigated. The stronger ion-screening effect of polymer
brushes has been shown to increase with increasing valence
numbers of metal ions.?” The strong interactions of trivalent
Y*" with polymer units can act beyond the anti-polyelectrolyte
effect depending on the concentration, causing polymer brush
shrinkage. Zwitterionic polymer hydrogels have also been
studied. It was found that the adsorption capacity of trivalent
AI*" is greater than that of mono- and di-valent metal ions.

The strong effect of multivalent ion addition on polymers
has been observed even for polyelectrolyte brushes. In salt
environments, polyelectrolyte brushes show the opposite be-
havior to that of zwitterionic polymers. This is called the poly-
electrolyte effect. The brushes collapse due to the adhesion of
the counterions to the charged chain units. Because of the
high charge density of trivalent La®", attributed to its small
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ionic radius, the adhesion strength of La** on polyelectrolyte
brushes is considerably higher.**~%*

These facts let us hypothesize that the selective adsorption
of Ln ions could be feasible owing to slight variations in the
interaction between the zwitterionic polymer brushes and each
lanthanide with differing ionic radii; moreover, the adsorbed
Ln ions could be desorbed by controlling the external solution
environments. However, little research has been conducted on
the mutual separation of Ln ions using the unique properties
of zwitterionic polymer brushes. Their potential for Ln recov-
ery from aqueous solutions should be explored for establishing
new approaches for the recycling of REEs and MAs, wastewater
treatment, and nuclear waste management. In this study, we
aim to demonstrate the recovery of Ln ions from aqueous and
acidic solutions using zwitterionic polymer brushes and evalu-
ate their adsorption thermodynamics for Ln ions. We also
intend to elucidate the optimal desorption conditions for the
recovery of Ln ions adsorbed on zwitterionic polymer brushes.
A sulfobetaine-type zwitterionic polymer was grafted onto a
porous silica particle because of its superior coordination
ability with trivalent metal ions.”””*® This approach, enabling
the capture and recovery of target Ln ions driven by the anti-
polyelectrolyte effect, is a facile, safe, and green separation
method.

2. Experimental

2.1. Materials

Porous silica (P-SiO,; CARIACT Q-10, pore size = 10 nm,
surface area = 200 m”> g™ '; Fuji Silysia Chemical Ltd) prepared
by the sol-gel method was used as a backbone material for the
immobilization of polymer brushes. Its surface was activated
with a 1 mol% aqueous solution of sodium hydroxide at 60 °C
for 24 h. [2-(Methacryloyloxy)ethyl |dimethyl-(3-sulfopropyl)
ammonium hydroxide [DMAPS; purity > 95.0%, Sigma-
Aldrich] was used as a sulfobetaine-type zwitterionic monomer
without purification. 3-(Trichlorosilyl) propyl-2-bromo-2-
methylpropanoate (SiClz-PrBrMePA) and ethyl 2-bromoisobuty-
rate (EBiB) (purity > 95.0%, Tokyo Chemical Industry Co., Ltd)
were directly used as initiators for fabricating the polymer
brush and linear polymer, respectively. 2,2"-Bipirydil (purity >
99%, Sigma-Aldrich) was used as a ligand for polymerization.
Copper(i) bromide (purity > 99%, Sigma-Aldrich), purified by
reacting with acetic acid, and copper(u) bromide (purity >
99%, Sigma-Aldrich), without further purification, were used
as catalysts. All Ln nitrate hydrates (Ln(NO;);-nH,0; Ln = La,
Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu; n =
4-6) were used as received (Wako Pure Chemical Industries,
Ltd, Sigma-Aldrich, and Kanto Chemical Co., Inc.).

2.2,
brush

Syntheses of linear poly(DMAPS) and the poly(DMAPS)

Synthesis of linear polymer [ poly(DMAPS)]. The procedure is
illustrated in Scheme S1. Atom-transfer radical polymerization
(ATRP) was performed in an argon (Ar)-filled glove box.
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13.2 mg of copper(1) bromide, 2.3 mg of copper(u) bromide,
and 32.0 mg of 2,2-bipyridyl were introduced into a 50 mL
polypropylene (PP) tube with a 12 mL water/methanol mixture
(3 :1 volume ratio) degassed by Ar bubbling. The sample solu-
tion was heated to 60 °C, and then, 5.7 g of DMAPS, as the
monomer, and 15.0 pL of EBiB, as the ATRP initiator, were
added. After heating and stirring for 15 h, the reacted sample
solution was diluted with hot water and passed through an
alumina column to remove the catalyst. The obtained solution
was then evaporated and concentrated under reduced pressure
and mixed with a small amount of acetone. By introducing the
solution dropwise to diethyl ether, linear poly(DMAPS) could
be recovered as a white-colored solid precipitate. It was then
dried under vacuum and stored in a refrigerator.

Synthesis of the poly(DMAPS) brush grafted on P-SiO,
[P-SiO,-poly(DMAPS)]. Surface-initiated atom-transfer
radical polymerization (SI-ATRP) was performed in an argon
(Ar)-filled glove box. The fabrication procedures are illustrated
in Scheme 1. The surface-activated P-SiO, was mixed with
anhydrous toluene containing SiCl;-PrBrMePA at 60 °C and
stirred for 2 h. After the mixture was suction-filtered and
washed repeatedly with anhydrous toluene and anhydrous
methanol, the SI-ATRP initiator, PrBrMePA-immobilized
P-Si0O,, called the P-SiO,-initiator, was obtained and dried at
70 °C for 2 h under vacuum. The reaction solution for SI-ATRP
was prepared following the same procedures as for ATRP,
and the P-SiO,-initiator (1.0 g) was added to the solution. After
heating and stirring at 60 °C for 15 h, the reaction was stopped
by exposure to air. The solid matrix was recovered by
suction filtration, washed with hot water, added to 0.1 M
hydrochloric acid and stirred without heating for 1 h to
remove the residual catalyst, resulting in a white powder of
P-SiO,-poly(DMAPS).

Porous Silica (Activated P-SiO,)

View Article Online
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2.3. Characterization of linear poly(DMAPS) and the poly
(DMAPS) brush

The chemical structures and molecular weight distributions of
the synthesized linear poly(DMAPS) were determined using a
"H-NMR spectrometer (JNM-ECX400P, JEOL Ltd) and a gel per-
meation chromatography (GPC) system equipped with a refrac-
tive index detector (RI-2031, JASCO Corp.), respectively. In the
GPC system, a mixture of NaH,PO, (0.2 mol L™") and NaNO;
(0.01 mol L") at pH 7 was used as the mobile phase solvent
for determining the molecular weight of the linear poly
(DMAPS) sample. Meanwhile, in order to determine the mole-
cular weight of the poly(DMAPS) brush, the P-SiO,-poly
(DMAPS) solid matrix was dissolved in a hydrofluoric acid (HF)
solution for 3 h under continuous stirring, followed by neutral-
ization of the resulting solution by adding excess sodium car-
bonate (Na,COj;). The neutralized solution was filtered and
dialyzed through a dialysis membrane for 3 days, followed by
freeze-drying. The recovered sample was dissolved in NaNO;
(0.2 mol L"), which was used as the mobile phase solvent,
and GPC measurements were performed. The flow rate and
the column temperature were set at 0.5 mL min™" and 40 °C
for both the linear poly(DMAPS) and poly(DMAPS) brush
samples. Polyethylene glycol (Sigma-Aldrich) with molecular
weights (M,,s) of 1500, 3000, 6000, 12 000, 40 000, and 107 000
Da were used as standard samples for making calibration
curves.

The solid matrixes, such as the P-SiO,-poly(DMAPS), were
characterized by Fourier-transform infrared spectroscopy
(FT-IR-4100, JASCO Corp.). Thermogravimetric differential
thermal analysis (TG-DTA; DTG-60H, Shimadzu Co., Japan.)
was also carried out on the P-SiO,-poly(DMAPS) and P-SiO,-
initiator from ambient temperature to 800 °C at a heating rate

P-SiO,-initiator
0

o BLon 60°C, 2h InToluene 0
Y Y LW N Br
"o o > Nei” NN
Gt | fox o 0=Sl <
N oy . -oH

Cl Br 0
A
Cl Cl

Initiator
60°C, 15h CuBr/CuB In water/MeOH (3/1 O i
°C, uBr/CuBr n water/Me
/ 2 ( )) OESi/\/\O .
0 o 0
HaCm)l\o/\_E'j_s/xg_of 7NN 8
CH, CHy » =N N= _ H3C-N=CH;
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DMAPS 2,2-Bipyridine brush 0=$=0
o

Scheme 1 Schematic of the synthesis procedures for P-SiO,-poly(DMAPS).
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of 5 °C min™" under air flow to determine the weight losses of
substances immobilized on the surfaces. The morphologies of
the P-SiO,-poly(DMAPS) before and after the adsorption experi-
ments were observed by scanning electron microscopy (SEM;
TM3000, Hitachi Ltd, Japan).

2.4. Determination of the UCST of linear poly(DMAPS) and
the poly(DMAPS) brush

Zwitterionic polymers exhibit a thermo-responsive feature of
hydrophobic-hydrophilic switching by phase transition across
the upper critical solution temperature (UCST). It has been
shown that UCST varies depending on the concentration of
monovalent salts such as NaCL**° Although little infor-
mation is available on the effects of multivalent ions, they may
induce greater effects than monovalent ions on UCST.
Accordingly, to facilitate Ln adsorption tests, it is necessary to
examine the UCST of aqueous polymer solutions containing
Ln ions and identify the appropriate temperature conditions.
The accurate determination of the effects of metal ions on the
UCST of poly(DMAPS) can be achieved by examining the
changes in the optical transmittances of aqueous solutions
containing linear poly(DMAPS) at an optimal concentration.
The optical transmittances of aqueous polymer solutions at
500 nm were measured by means of a UV-Vis spectrophoto-
meter (V-630, JASCO Co.) equipped with a Peltier thermo-
statted cell holder (control accuracy: +0.1 °C, speed: 1 °C
min~') at temperatures ranging from 0 °C to 60 °C. All temp-
erature-dependent transmittances were examined under the
cooling process because of the presence of hysteresis, as
shown in Fig. S1.

In order to identify the optimal polymer concentration,
temperature-dependent transmittance measurements were
performed for linear poly(DMAPS) solutions dissolved in ultra-
pure water (Direct-Q3 system, Millipore Co.) at concentrations
ranging from 1 mg mL™" to 50 mg mL™". Further, the tempera-
ture at which the optical transmittance began to decrease from

(a) 100
. 80
e
S 60
o
8
g b 1 mg/g
o — 2mg/g
= 20 } — 5mglg
i — 10 mg/g
0 10 20 30

Temperature (°C)
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nearly 100% during the cooling process was identified as the
clearing-point temperature (7.). T. was measured because
UCST often corresponds to the maximum 7. obtained upon
varying the polymer concentrations. Results are shown in
Fig. 1(a). At poly(DMAPS) concentrations ranging from 1 to
5 mg mL™', the solutions transitioned from transparent to
opaque, suggesting a reduction in transmittance from 100%
with decreasing temperature. On the other hand, when poly
(DMAPS) concentrations exceeded 10 mg mL ™", the turbidities
of the aqueous polymer solutions became too high, resulting
in the transmittances failing to reach 100% even under high
temperatures. From the plots of the obtained T, values against
poly(DMAPS) concentrations (Fig. 1(b)), it seems that the
maximum 7T, appears to be at 22 °C for the poly(DMAPS) con-
centrations of 10 mg mL ™" or more. However, such high-con-
centrated polymer solutions, in which the transmittances
cannot reach 100%, are completely unsuitable for UCST deter-
mination. Therefore, 5 mg mL ™", which enables the transmit-
tance change from 100% to 0%, was selected as the optimal
poly(DMAPS) concentration in this study.

The sample solutions were prepared by dissolving linear
poly(DMAPS) (5 mg mL™") and each of the metal salts, such as
KNOj;, CsNO;, Mg(NOs3),, Sr(NOj3),, and La(NO;)s, into ultra-
pure water. Moreover, the effects of La’" concentration (3.1 x
107 to 1 x 10" M) and Ln ionic radii (Ln** = La*>" ~ Lu™, 1 x
10™* M) on poly(DMAPS)’s UCST were investigated using poly
(DMAPS)’s concentration at 5 mg mL ™.

Moreover, UCST determination for the poly(DMAPS) brush
was conducted by differential scanning calorimetry (DSC:
DSC-60 Plus, Shimadzu). After the synthesized P-SiO,-poly
(DMAPS) was dispersed in ultrapure water solution (+5-10 mg
in 50 puL water), the prepared sample was added to an alumi-
num pan and sealed with an aluminum cover. The tempera-
tures were varied from 0 °C to 60 °C, and the DSC curves were
measured under heating and cooling processes at a rate of

2 °C min~*.

(b) 25
A T
20 [ :
- 1 1
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Fig. 1 (a) Plots of temperature dependence of optical transmittance for linear poly(DMAPS) at concentrations from 1 to 50 mg mL~* and (b) plots of
the obtained clearing-point temperature (T,) values against the concentrations of linear poly(DMAPS).
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2.5. Adsorption/desorption experiments

Adsorption/desorption experiments of Ln ions by P-SiO,-poly
(DMAPS) were carried out as follows. As the sample solutions
for Ln adsorption, Ln(NO3); solutions (Ln = La to Lu) were pre-
pared at various concentrations. The sample solutions (of
10 mL each) were individually poured into PP tubes at temp-
eratures above UCST (50 °C-70 °C), at which poly(DMAPS) was
able to show hydrophilicity even in Ln ion-containing solu-
tions, and 100 mg of P-SiO,-poly(DMAPS) was added to each
tube. After the mixed solution was shaken for 60 min to reach
the adsorption equilibrium state, 1 mL of supernatant was
passed through a syringe with a filter and diluted with 2%
HNO;. The Ln concentrations in the diluted solutions were
measured by inductively coupled plasma mass spectrometry
(ICP-MS; NexION 300X, PerkinElmer, Inc.). The Ln adsorption
ratios were determined by calculating the ratio of the initial Ln
ion concentration ([Ln],) and the Ln concentration adsorbed
on the polymer brush ([Ln],gs), as shown in eqn (1):

[Ln} ads

Adsorption ratio(%) = Ton], x 100%
0
(1)
— [Ln}o [Ln]remain X 100(%7
[Ln],

where [LnJemain corresponds to the Ln ion concentration
remaining in the solution after adsorption.

All the remaining solutions after the adsorption experi-
ments were removed from the tubes using syringe filters,
leaving only the Ln ion-adsorbed P-SiO,-poly(DMAPS) solid
matrixes in the tubes. In order to desorb Ln ions from the
solid matrixes, the desorption reagents (10 mL in quantity)
were added into the tubes and shaken for 60 min at tempera-
tures below the UCST (5 °C-10 °C) of the poly(DMAPS). Since
poly(DMAPS) exhibits hydrophobic properties at these temp-
eratures, the re-adsorption of Ln ions onto the polymer brush
can be prevented. Aqueous solutions containing various con-
centrations of HNO;, HCl, diethylenetriamine (Dien), and ethy-
lenediaminetetraacetic acid (EDTA) were used as desorption
reagents because acidic solutions such as HNO; and HCI are
typical eluents and Dien and EDTA are expected to form low-
toxicity water-soluble chelate complexes with Ln ions.***!
1 mL of supernatant obtained from each desorption operation
was passed through a syringe filter and diluted with 2% HNO;.
ICP-MS measurements were then performed. The desorption
ratios were determined according to eqn (2):

[Ln]

release o 1009, (2)

Desorption ratio (%) = n
ads

where [Ln],gs and [Ln]elease Fepresent the Ln ion concentration
adsorbed on the polymer brush and the Ln ion concentration
in solution released from the polymer brush after desorption
treatment, respectively.
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3. Results and discussion

3.1. Characterization of the synthesized linear poly(DMAPS)
and the poly(DMAPS) brush

The 'H-NMR spectra of the DMAPS monomer and the syn-
thesized linear poly(DMAPS) are shown in Fig. S2. Two charac-
teristic peaks were observed at around 5.7 and 6.1 ppm,
assigned to the vinyl group of the DMAPS monomer, which
disappeared after the polymerization reaction. Meanwhile, the
peaks originating from the main chains of poly(DMAPS)
appeared at around 1.0 ppm. The peaks assigned to the func-
tional groups other than the vinyl group in DMAPS became
broader overall after polymerization. The 'H-NMR spectral
changes indicate that poly(DMAPS) was synthesized. The GPC
measurement of the synthesized linear poly(DMAPS) showed
weight-average (M,,) and number-average (M,) molecular
weights of 77900 and 38 900, respectively. The polydispersity
index (PDI) and the degree of polymerization (DP) of linear
poly(DMAPS) became 2.0 and 278, respectively. It was found
that the uniformity of linear poly(DMAPS) was not very high,
but it had a sufficient molecular weight for the determination
of UCST. These ATRP results implied that poly(DMAPS) can be
grafted similarly onto P-SiO, by means of SI-ATRP using a
structurally analogous initiator. On the other hand, the GPC
measurement of the poly(DMAPS) brush stripped from the
P-SiO, surface by HF treatment showed an M,, of 13160 and
M, of 9734. The PDI and DP values were determined to be
1.352 and 47, respectively. The smaller PDI and DP values of
the poly(DMAPS) brush obtained via SI-ATRP than that of the
linear poly(DMAPS) could be attributed to the limitations on
polymer chain mobility and monomer diffusion onto the
grafted polymer layers. These limitations cause both the inhi-
bition of the propagation reaction and an increase in the ter-
mination probability, resulting in the formation of shorter
polymer chains than linear poly(DMAPS) grafted on the P-SiO,
surfaces. In addition, the grafting density of the poly(DMAPS)
brush could be calculated using the relationship between the
M,, value and the number of chains per gram of P-SiO, and
area of P-SiO, according to eqn (S1)—~(S3) in the SI, yielding a
value of 0.1533 chains per nm®. These results indicate that the
poly(DMAPS) brush synthesized via SI-ATRP is suitable for Ln
adsorption experiments.

Characterization of the P-SiO,-poly(DMAPS) was performed
using SEM, FT-IR spectroscopy, and TG-DTA technique. The
SEM images of bare P-SiO, and P-SiO,-poly(DMAPS) are shown
in Fig. 2(a). Although bare P-SiO, comprised aggregates of
small primary particles of 1-10 nm scale, P-SiO,-poly(DMAPS)
was covered with the polymer grafted on P-SiO, surfaces.
Fig. 2(b) shows the FT-IR spectra of bare P-SiO, and the P-SiO,-
poly(DMAPS). Typical peaks attributed to the Si-CH; rocking
mode and Si-O-Si stretching mode of the P-SiO, backbone
were observed at around 790 cm™' and 1050-1250 cm™,
respectively, for the bare P-SiO, and P-SiO,-poly(DMAPS)
samples. The P-SiO,-poly(DMAPS) sample showed character-
istic peaks corresponding to the S=O stretching and C=0O
stretching of poly(DMAPS) at 1035 cm™' and 1716 c¢cm™,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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P-SiO,-Poly(DMAPS)
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2000 1500
Wavenumber (cm™)

2500 500

Fig. 2 (a) SEM images of bare P-SiO, and P-SiO,-poly(DMAPS) and (b)
FT-IR spectra of bare P-SiO, and P-SiO,-poly(DMAPS).

respectively, indicating the immobilization of poly(DMAPS) on
the P-SiO, surface.

TG-DTA analysis provided a qualitative determination of the
amount of organic materials immobilized on the P-SiO,
surface. The TG-DTA curves of the P-SiO,-initiator and P-SiO,-
poly(DMAPS) samples are presented in Fig. 3. Gradual and
drastic weight losses were observed in the TG curves of both
samples in the ranges of 20-100 °C and 250-400 °C, respect-
ively. At similar temperature ranges, there were endothermic
and exothermic peaks in the DTA curves. The endothermic
peaks that appeared at about 80 °C for both samples are attrib-

280°C
(a) 10 re 16.5
01 16
_10 .
< F155 —
= 30 L5 E
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Fig. 3 TG-DTA curves of (a) P-SiO,-initiator and (b) P-SiO,-poly(DMAPS).
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uted to the loss of water adsorbed on the surfaces. Meanwhile,
the exothermic peaks at 280 °C for the P-SiO,-initiator and at
360 °C for P-SiO,-poly(DMAPS) can be ascribed to the
decomposition of the initiator and poly(DMAPS), respectively.
Therefore, the amounts of the initiator and poly(DMAPS)
immobilized on P-SiO, were determined from the weight
losses in the TG curves between 250 °C and 800 °C. It was
observed that the weights of the P-SiO,-initiator (15.59 mg)
and P-SiO,-poly(DMAPS) (13.29 mg) at 250 °C decreased to
13.82 mg and 7.055 mg, respectively, at 800 °C. The weight
loss of 1.77 mg for the P-SiO,-initiator meant that 0.128 mg of
the initiator immobilized per mg of the P-SiO, particle was
decomposed. In addition, since 6.235 mg of the initiator
bearing poly(DMAPS) on P-SiO,-poly(DMAPS) was burnt,
leaving 7.055 mg of P-SiO,, the initiator that can be immobi-
lized on 7.055 mg of P-SiO, was estimated to be 0.903 mg, in
accordance with 0.128 mg per mg-P-SiO,. The weight differ-
ence between the initiator and initiator-bearing poly(DMAPS)
was found to be 5.332 mg of poly(DMAPS) per P-SiO,-poly
(DMAPS) (13.29 mg). Considering the molecular weight of the
DMAPS monomer (279.35 ¢ mol '), the amount of the DMAPS
monomer on P-SiO,-poly(DMAPS) was determined as
1.27 mmol g . These P-SiO,-poly(DMAPS) matrixes were used
for the adsorption/desorption experiments on Ln ions.

3.2. Evaluation of the UCST changes in linear poly(DMAPS)
and the poly(DMAPS) brush

The effects of metal ions on the UCST of poly(DMAPS) were
investigated by optical transmittance measurements. Fig. 4(a)
shows the temperature-dependent optical transmittance plots
for poly(DMAPS) (5 mg mL™") in ultrapure water and in
aqueous solutions containing various metal ions (1 x 107" M).
The T. of poly(DMAPS) in pure water was about 14 °C, which
was almost consistent with those in aqueous solutions con-
taining monovalent cations (K and Cs; 1 x 10~* M). These
transmittance changes occurred gradually, and negative temp-
eratures were needed to achieve 0% transmittance. When
multivalent cations were added to the water containing
polymer, the T. value of the polymer was shifted to higher
temperatures. The T. values were determined to be 16 °C-

30
(b) 20 ./36000 16
10
0| 14
< 10 o~
>3; -20 12 g)
< 30 oy
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5 40 =
01 —pTA 8
€01 —7G (mg)
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Fig. 4 Plots showing the temperature dependence of optical transmit-
tance for poly(DMAPS) in (a) ultrapure water and aqueous solutions con-
taining various metal ions and aqueous solutions containing La ions at
concentrations of (b) 1 x 10™° M—0.1 M and (c) 0.01-0.1 M.

17 °C and about 31 °C for divalent ions (Mg and Sr; 1 x 107*
M) and trivalent ions (La; 1 x 10~* M), respectively. In addition,
the phase transition occurred sharply due to the rapid
response of the polymer to temperature changes. These results
indicated that the addition of multivalent cations induced
stronger anti-polyelectrolyte effects, improving the wettability
of poly(DMAPS).
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The dependence of the poly(DMAPS)’s UCST on La(m) con-
centration was examined in the concentration range from 1 x
10™° M to 0.1 M. Plots of transmittance against temperature
for each polymer solution are shown in Fig. 4(b) and (c). Each
figure corresponds to the plots for a wide La concentration
range and for the high La(m) concentration range focusing
within 0.01-0.1 M, respectively. As shown in Fig. 4(b), the
polymer solutions containing La concentrations from 1 x 107°
M to 1 x 10”7 M exhibited a similar UCST curve to that of ultra-
pure water and shifted to higher temperatures with increasing
La(ui) concentrations. At 1 x 10~* M, the phase transition be-
havior was quite sharp, and the T, value reached about 33 °C.
The increase in La(m) concentration from 1 x 10™* M to 1 x
10™° M caused a drastic increase in the 7T, value to 57 °C,
accompanied by a broad phase transition. On the other hand,
with further increase in La concentrations, the T, values
shifted inversely to lower temperatures and sharp phase tran-
sition states were observed (Fig. 4(c)). The dependence of T. on
La(ur) concentration is shown in Fig. S3. It was found that the
T, values moved to lower temperatures than that of ultrapure
water, reaching 2 °C at 0.07 M and then at 0.1 M, the T, could
no longer be observed as it constantly provides 100% transmit-
tance across all temperature. The T, value of poly(DMAPS) in
all other Ln ions (Ce to Lu) was further examined, and there
were no clear differences in the T, values with respect to the
Ln ionic radii (see Fig. S4), and the T, value of each Ln-con-
taining poly(DMAPS) was about 30 °C-35 °C. These results
imply that poly(DMAPS) is fully capable of adsorbing Ln ions
(at concentration in the vicinity of 1 x 10~* M) under a superior
anti-polyelectrolyte effect.

The phase transition temperature of the poly(DMAPS)
brush grafted on P-SiO, was directly measured by DSC. As
shown in Fig. 5, characteristic endothermic and exothermic
peaks were observed during the cooling and heating processes,
respectively. The temperatures corresponding to the peaks
were determined as the phase transition temperatures of the
poly(DMAPS) brush, which were 17.78 °C and 41.09 °C for
cooling and heating processes, respectively. The hysteresis in
the thermally induced phase transition could be attributed to
the differences in the conformational transitions in the poly
(DMAPS) brush. During the cooling process, the hydrophilic
poly(DMAPS) brush in an expanded state could rapidly
undergo a phase transition and form aggregates. On the other
hand, a significant change from the collapsed state to the
expanded state of the poly(DMAPS) brush was required during
the heating process. The conformational change of the
polymer was invoked by the cleavage of intra-/inter-polymer-
chain interactions, resulting in an increase in the transition
temperature and release of heat. The transition temperature of
17.78 °C obtained in the cooling process for the poly(DMAPS)
brush was similar to the T, value of about 14 °C for linear poly
(DMAPS) (see Fig. S1), but the transition temperatures for the
poly(DMAPS) brush (41.09 °C) and linear poly(DMAPS) (T, =
20 °C) were entirely different from each other. The high
polymer density in the poly(DMAPS) brush would be a factor
responsible for its higher transition temperature than that of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 DSC curves of the P-SiO,-poly(DMAPS) measured by cooling and heating processes.

linear poly(DMAPS). In this study, UCST and Ln adsorption
tests were conducted under the cooling process, in which the
poly(DMAPS) brush and linear poly(DMAPS) exhibited similar
characteristics.

3.3.
brush

Adsorption of lanthanide ions by the poly(DMAPS)

Adsorption experiments were conducted at temperatures of
50 °C-70 °C and at various Ln concentrations. As shown in
Fig. 6(a)—(c), P-SiO,-poly(DMAPS) exhibited 100% adsorption
ratios at all temperatures at an Ln concentration of 0.1 ppm.
For all other Ln concentrations, the adsorption ratios
decreased gradually with increasing atomic numbers; at a Lu
concentration of 0.3 ppm and 50 °C, the adsorption ratio for
Lu was 54.8%, which was almost ten percentage lower than
that of La (65.1%) under same conditions. This observation
clearly indicated that the adsorption properties of Ln ions on
P-SiO,-poly(DMAPS) differ depending on the Ln species.
Therefore, the adsorption capacities of Ln ions were deter-
mined at each temperature using initial Ln(u) concentrations
from 0.1 ppm to 1 ppm, and an adsorption isotherm study was
performed. The Langmuir and Freundlich adsorption iso-
therm model fittings are effective means for evaluating adsorp-
tion properties at equilibrium conditions and the corres-
ponding adsorption mechanisms.****The Langmuir isotherm
model is applicable to adsorption equilibrium systems satisfy-
ing the following assumptions: (1) a finite number of structu-
rally homogeneous and energetically equivalent adsorption
sites, (2) monolayer adsorption where all identical adsorption

© 2026 The Author(s). Published by the Royal Society of Chemistry

sites are available, and (3) no interaction between adsorbates
on adjacent adsorption sites. The Langmuir isotherm model is
represented by eqn (3), and its linearized form is represented

by eqn (4):

CeKLQmax

= Sl oma 3
Q. = S, )
e (1)

= + R
Qe Qmax Ky Qmax

where Qn. (mg g') represents the maximum adsorption
capacity, C. (mg L") is the equilibrium concentration of the
adsorbate, and K, (L mg™") is the Langmuir adsorption con-
stant related to adsorption energy.

The correlation of equilibrium concentrations with adsorp-
tion capacities was plotted at each temperature for all Ln ions.
The results for La, Eu, and Lu as representative light, medium,
and heavy lanthanides, respectively, are shown in Fig. 7(a)-(f),
together with the Langmuir fittings. The fitting results of
other Ln ions are shown in Fig. S5 and S6. All the corres-
ponding parameters are listed in Table 1. The Langmuir eqn
(3) was found to provide good non-linear regression with the
determination coefficients (R?) in the range of 0.984-0.992 for
all Ln ions. Moreover, the linear regression based on eqn (4)
exhibited a better fit to the Langmuir model, as indicated by
the correlation coefficients (R) of 0.992-0.996. In contrast,
when assuming multilayer adsorption on predominantly
heterogeneous surfaces in a restricted range of adsorbate con-
centrations, the Freundlich isotherm model, which is empiri-
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Fig. 6 Adsorption rates of all Ln ions (atomic numbers of 57 to 71

corresponding to La to Lu, respectively) on P-SiO,-poly(DMAPS) at
temperatures of (a) 50 °C, (b) 60 °C, and (c) 70 °C.

cal, can be applied. The Freundlich isotherm model is rep-
resented by eqn (5), as follows:

1
Qe = KzCpr (5)
where C. (mg L") is the equilibrium concentration of the

(-5 L®)
(mggL and n are the Freundlich

constants related to the adsorption capacity and adsorption
intensity, respectively. The plots of Q. versus C. were found to

adsorbate and Kg
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have no significant fits to the Freundlich isotherm model
(Fig. S7). Their R* values were within 0.5-0.8, which were lower
than those in the case of the Langmuir isotherm model. The
better fitting of the Langmuir isotherm model indicated that
the poly(DMAPS) brushes possessed structurally homogeneous
and energetically identical adsorption sites for Ln ions.

According to the Langmuir regression analysis, Qmax and K,
could be obtained for all Ln(m) ions, as listed in Table 1. The
Qmax values for light Ln (La to Nd) were 0.02 mg g~ or more,
regardless of the temperature, but they decreased with increas-
ing atomic numbers, reaching about 0.015-0.017 mg g~ ' in
the case of Lu. On the other hand, the effects of the Ln atomic
numbers on Kj, values showed different trends depending on
the temperature. It was found that the K;, values at 50 °C were
about 25-30 irrespective of the Ln atomic number, while for
heavy Ln (Yb and Lu), the values increased with increasing
temperature and Ln atomic number, exceeding about 1000 at
70 °C.

When we calculated the average Qnax values across all the
lanthanides, Qmax could be estimated to be around 0.25 mg
g~! for single-elemental lanthanide ions. By dividing the
number of moles of monomer units (Zmonomoer) by the number
of moles of La*>" (n,) estimated from the Qpax value in 1 g of
the polymer, the binding ratio could be determined as follows:

Qmax
M,, of La
1gram
M, of monomer
0.25mgg! (6)

_138.9gmol 'x1000mgg!

= Tg ~ 2000.

279.35gmol !

Nmonomer

Binding ratio =
Nra

Results suggested that La** interacts with approximately
2000 monomer units on the polymer brush, which is equi-
valent to one La®" per around 42 polymer chains (with DP =
47). This simple estimation is unrealistic in terms of chemical
coordination, but it explicitly demonstrates that only some
moieties of the monomers on the polymer brush act as
effective adsorption sites. Trivalent lanthanide ions are highly
hydrated and require multidentate coordination sites to form
stable complexes. In other words, multiple negatively charged
sulfonates within the zwitterionic fragments must coopera-
tively occupy a single metal ion. As a result, many potential
binding sites on the brush are not accessible. Given that the
adsorption data fit the Langmuir isotherm model, the present
Ln adsorption processes can be considered to occur not uni-
formly across the entire monomers but at discrete specific
sites. Actually, the adsorption experiments using single-
elemental solutions (La, Gd, Lu; each 1 ppm) showed that the
adsorption ratios of each ion were larger than those in multi-
elemental solutions even at the same concentrations (see
Fig. S8).

The determination of thermodynamic parameters such as
the standard enthalpy change (AH®), standard entropy change
(AS°), and standard Gibbs free energy change (AG®) is useful
for elucidating the adsorption processes of Ln(ui) on the poly

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Effects of initial concentrations on the adsorption capacities of (a) La(i), (b) Eu(in), and (c) Lu(n), as representative lanthanides, within 50 °C—
70 °C. Corresponding Langmuir adsorption isotherm model fittings at 50 °C-70 °C (d, e, f) and van't Hoff plots (g, h, i).

Table 1 Determination coefficient (R%) and correlation coefficient (R) of Langmuir regression analysis and the Qmax and K, values obtained from the

regression analysis

Langmuir fitting 50 °C 60 °C 70 °C

Z RZ R Qmax KL Qmax KL Qmax KL
La 57 0.991  0.995 0.0236 + 0.0012 26.663 +£2.310  0.0209 + 0.0013 86.777 £15.175  0.0223 + 0.0009 82.383 +£16.153
Ce 58 0.992 0.996 0.0239 +0.0016 28.167 £5.167  0.0213 £ 0.0010 85.807 £20.442  0.0227 + 0.0011 81.705 + 21.987
Pr 59  0.992 0.996 0.0227 +0.0014 30.566 + 5.554  0.0200 + 0.0009 151.633 +18.060  0.0215 + 0.0013 105.511 + 14.726
Nd 60 0.986 0.993 0.0225 £ 0.0011 29.432 +£3.632  0.0197 + 0.0011 146.003 + 24.694  0.0209 + 0.0012 116.325 + 19.995
Pm 61
Sm 62 0.989 0.994 0.0189 +0.00105 35.986 £ 4.123 0.0189 + 0.0008 80.0424 +12.057  0.0199 £ 0.0008 147.489 + 10.042
Eu 63  0.991  0.995 0.0213 £ 0.00108  29.538 + 3.701 0.0189 + 0.0006 156.132 +14.070  0.0204 + 0.0010 123.028 + 11.514
Gd 64 0.987 0.994 0.0206 + 0.00110  30.198 + 4.015 0.0190 £ 0.0008 107.248 +15.669  0.0200 + 0.0011 71.122 + 22.846
Tb 65 0.989  0.995 0.0198 £ 0.00130  29.155 + 3.445 0.0175 £+ 0.0009 184.815 +17.425  0.0189 + 0.001 161.871 + 18.866
Dy 66 0.989 0.994 0.0195+0.00109 26.811+2.371  0.0170 £ 0.0011  266.459 + 21.306  0.0186 + 0.0008 161.996 + 17.097
Ho 67 0.986  0.993 0.0186 + 0.00150  28.159 + 3.911 0.0162 + 0.0009 811.291 +15.457  0.0175 £ 0.0009 274.578 + 16.04
Er 68 0.984 0992 0.0182 +0.00170  28.077 +3.788  0.0158 £ 0.0012  420.206 + 16.706  0.0169 + 0.0010 383.554 £ 19.961
Tm 69 0983 0.992 0.0181 +£0.00120  26.475 + 2.015 0.0155 £ 0.0009  620.791 +£21.456  0.0165 + 0.0011 734.637 + 13.114
Yb 70 0.986  0.993 0.0183 + 0.00103 25.524 £1.956  0.0153 £ 0.0013 542.448 +13.238  0.0165 +£0.0012  3278.541 + 10.67
Lu 71 0.986  0.993 0.0176 £ 0.00104  26.034 + 2.345 0.0151 + 0.0008 869.013 +12.731  0.0162 + 0.0010  1830.267 + 20.283

(DMAPS) brush in detail. The AH®, AS°, and AG° values were
estimated using the following equations:

In I(L

AG°

_ AH° AS°
~ RT R
= AH° — TAS®,

I

43-46

where R is the universal gas constant (8.314 ] mol™' K™), Ky is

the Langmuir constant, and T is the temperature. The AH°
and AS° values were determined from the slope and intercept,
respectively, of the plot of In K, versus 1/T (a van’t Hoff plot)

according to eqn (7), as shown in Fig. 7(g)-(i) and Fig. S9 for

all Ln ions. The obtained AH° and AS° values are listed in
Table 2, and their values are plotted against the Ln atomic

© 2026 The Author(s). Published by the Royal Society of Chemistry

numbers in Fig. S10. As a result, both AH° and AS°® were
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z AH° (k] mol™) AS° (k] mol™' K™Y) AG° (T'=50°C) AG° (T'=60 °C) AG° (T'=70°C)

La 57 52.55 + 3.3 0.1915 + 0.010 —9.34 £ 0.03 -11.26 £ 0.13 -13.17 £ 0.23
Ce 58 49.61£2.9 0.1827 £ 0.012 —9.46 £ 0.03 -11.29 + 0.12 -13.110.22
Pr 59 57.99+3.1 0.2105 + 0.011 —10.03 £ 0.03 -12.13 + 0.11 —-14.23 £ 0.19
Nd 60 64.17 £ 2.8 0.2291 + 0.009 —9.86 £ 0.03 -12.15+0.13 ~14.44 £ 0.20
Pm 61

Sm 62 65.09 + 3.5 0.2314 % 0.011 —9.69 £ 0.02 —12.00 + 0.14 -14.310.19
Eu 63 66.62 + 3.0 0.2368 + 0.009 —9.90 + 0.03 —-12.27 + 0.15 —14.64 + 0.20
Gd 64 40.24£2.5 0.1551 % 0.012 —9.87 £ 0.04 -11.42 £ 0.12 -12.97 £ 0.21
Tb 65 79.90 + 2.9 0.2779 + 0.013 —9.89 £ 0.03 -12.67 £ 0.11 -15.45 + 0.22
Dy 66 84.17 £ 2.8 0.2915 + 0.013 —9.87 £0.02 -12.94+ 0.3 -15.85 + 0.21
Ho 67 106.99 + 3.1 0.3647 =+ 0.014 —10.87 £ 0.03 -14.51+0.14 —18.16 + 0.20
Er 68 121.77 + 3.2 0.4082 + 0.010 -10.14 + 0.04 -14.22 +0.15 -18.30 + 0.25
Tm 69 154.51 + 3.0 0.5092 + 0.010 ~10.06 + 0.02 -15.15+0.11 -20.24 + 0.23
Yb 70 224.33 £2.9 0.7226  0.010 —9.18 + 0.03 -16.40 + 0.1 0 —23.63 +0.18
Lu 71 197.25 + 2.8 0.6410 + 0.012 —9.89 +0.02 -16.30 + 0.13 —22.72 + 0.20

found to take positive values for all Ln and increase with
increasing Ln atomic numbers. The positive AH° values indi-
cated the endothermic feature of the adsorption of Ln(m) ions
onto P-SiO,-poly(DMAPS). Previous studies indicate that AH°
values become 20 k] mol™* or less for physisorption,
invoking weak electrostatic interactions between adsorbate
(Ln ions) and adsorbent (surfaces), and 80-200 kJ mol™" for
chemisorption, invoking adsorbate-adsorbent chemical bond
formation.’®*” Thus, the large AH® values (50-220 k] mol™)
obtained in the present study indicated that the chemisorption
of Ln(m) ions with the functional moieties of P-SiO,-poly
(DMAPS) is the dominant process.

In addition, the positive AS° values reflect an increase in
the randomness (degrees of freedom) at the solid-liquid inter-
face during Ln(m) adsorption, indicating an entropy-driven
adsorption process. It has been established that an increase in
the AS° of the system, caused by the adsorption of metal ions
from the solution on the adsorbent surface, is associated with
the exchange and release of water molecules in the hydration
shell of metal ions with those around the adsorption sites.*®*°
As shown in Fig. S10, P-SiO,-poly(DMAPS) was found to obtain
larger positive AS® values for heavy Ln ions. The almost
plateau-like AS° values of about 200 J mol™" K™ for light and
middle Ln ions (La to Gd) were drastically enhanced with
increasing Ln atomic numbers from Gd to Lu, reaching a
maximum of about 700 J] mol™" K~'. The greater hydration
stabilities of heavy Ln ions with smaller ionic radii and higher
charge densities are responsible for the increase in the energy
required for dehydration.’*> Thus, when Ln(m) ions inter-
acted with P-SiO,-poly(DMAPS) surfaces, accompanied by de-
hydration, the heavy Ln ions could lead to a greater degree of
disorder or randomness in the system, resulting in higher AS°
values.

The AG° of Ln(m) adsorption can be determined using eqn
(7). The AG° values obtained at each temperature are listed in
Table 2. All AG° values were negative, suggesting that the Ln
(m) adsorption processes on the poly(DMAPS) brush surface
occurred spontaneously. Notably, at 50 °C, irrespective of the
Ln(m) ions, AG® values were almost constant between —10 kJ
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mol™" and -9 kJ mol™", while they became more negative at
higher temperatures, falling below —20 k] mol™" for heavy Ln
ions at 70 °C.

The characteristics of equilibrium adsorption can be evalu-
ated using a separation factor (equilibrium parameter), Ry,
which is a dimensionless constant calculated using eqn (9):>*7>¢

1

Ri=—
LTI KRG

9)
where C, and K; represent the initial concentration of the
adsorbate and the Langmuir constant, respectively. The Ry,
value defines whether the adsorption process is favorable (0 <
Ry, < 1), unfavorable (Ry, > 1), linear (R = 1), or irreversible (R,
=0). As shown in Fig. 8, all R, values were less than unity at all
initial Ln concentrations (C,) and decreased with increasing
C,. Moreover, the R;, values were confirmed to increase in the
order of atomic numbers above 60 °C (La > Nd > Dy > Lu) or in
the order of larger ionic radii. The Ry, values for Ln species
were larger at 50 °C than those at above 60 °C, and no differ-
ences in R; values were observed. Such differences in the
temperature dependence between 50 °C and above 60 °C were
consistent with the trends in AG°, indicating that the adsorp-
tion of Ln(u) ions on P-SiO,-poly(DMAPS) was favorable at
higher temperature states.

In general, an adsorption system with a smaller R; value
tends to take a larger Qnax value, but in the present P-SiO,-poly
(DMAPS) system, the Qp,ax values for light Ln ions became larger
despite the larger Ry and smaller negative AG° values. The
reverse correlation between the Ry and Q.. values could be
caused by the hydration states of Ln(u). Heavy Ln ions with
greater hydration energies have a strong affinity to the hydro-
philic P-SiO,-poly(DMAPS) above T, and can approach the brush
surroundings more spontaneously, which lowers the magnitude
of AG°. However, since adsorption is based on an entropy-driven
process, there is extensive disordering and randomness in the
entire adsorption system due to the dehydration and water
exchange of the heavy Ln ions. This hinders the efficient chemi-
cal bonding between heavy Ln ions and the functional moieties
of P-SiO,-poly(DMAPS). On the other hand, light Ln ions show

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Dependence of R constant on the initial concentration of Ln
ions at (a) 50 °C, (b) 60 °C, and (c) 70 °C.

energetically unfavorable features when compared with heavy Ln
ions, but they can be easily dehydrated. Shielding effects are
also reduced due to the absence of water molecules, allowing
them to chemically interact with the P-SiO,-poly(DMAPS) sur-
faces with smaller entropy changes. It is also possible that the
Ln(m) adsorption on P-SiO,-poly(DMAPS) proceeds via a com-
petitive reaction between dehydration and chemisorption and
that the Qmax values for light Ln ions with lower AG® values
become higher than those for heavy Ln ions having higher AG®
values at equilibrium states.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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3.4. Desorption of lanthanide ions from the poly(DMAPS)
brush

To realize the efficient detachment of Ln ions adsorbed onto
P-SiO,-poly(DMAPS), desorption experiments were performed on
Ln ions using the brushes that adsorbed 100% of Ln ions in de-
sorption solutions containing HNO;, HCl, Dien, and EDTA at
below the T, (5 °C) of poly(DMAPS). Fig. 9 shows the desorption
ratios of all Ln ions treated in the acidic solutions of HNO; and
HCI. In both the solutions, it was found that the desorption ratios
reached almost 100% at highly acidic concentrations above 0.1 M,
but the desorption of Ln ions from the brushes was less likely to
proceed under low acid concentrations, with no desorption occur-
ring below the acidic concentration of 0.001 M. These results indi-
cated that Ln(u) adsorbed on P-SiO,-poly(DMAPS) could be des-
orbed under highly acidic environments due to competitive
binding of H' to the sulfonate groups, which disrupts the lantha-
nide-sulfonate interactions and promoting the detachment of
Ln(m) into the aqueous phase.

The desorption performance of Ln ions was compared with
aqueous solutions containing Dien and EDTA. As shown in
Fig. 10(a), when desorption was performed in an EDTA solu-
tion of 0.01 M, almost 100% desorption of all Ln ions took
place, which was higher than that achieved (about 80%) via
acidic treatment under the same concentration. This superior
desorption ability of EDTA is caused by the formation of water-
soluble Ln chelate complexes through the lone pair of elec-
trons on the nitrogen and oxygen atoms of EDTA. On the other
hand, treatment with Dien could not facilitate the desorption
of Ln ions, despite Dien having the potential similar to that of
EDTA to coordinate with Ln ions. This 0% desorption might
be because Dien, being a small N-donor molecule, might not
offer enough coordination sites for complexation with Ln ions
desorbed from the P-SiO,-poly(DMAPS) in aqueous solutions.

The effects of EDTA concentrations on the desorption ratios
of Ln ions were examined to optimize the detachment con-
ditions from P-SiO,-poly(DMAPS). The results are shown in
Fig. 10(b). We found that the equilibrium was shifted to the
formation of Ln(ur)-EDTA complexes upon adding EDTA, and
the desorption ratios of all Ln ions could reach 100% at 1 x
107® M EDTA. Herein, it is noteworthy that a reduction in the
desorption ratios of Ln ions was observed at EDTA concen-
trations above or below 1 x 10~* M. In the case of higher EDTA
concentrations (above 1 x 107 M), an excess amount of EDTA
may bind to P-SiO,-poly(DMAPS) and affect the equilibrium,
potentially leading to Ln(m) desorption from the polymer
brushes. Meanwhile, lowering the EDTA concentration led to
varying desorption tendencies. At the concentration of 1 x 107*
M, the desorption ratios for all Ln ions remained at 65%, most
likely due to insufficient Ln(m)-EDTA complex formation in
aqueous solutions. As the EDTA concentration was reduced to
1 x 107> M, it was found that the desorption ratios of gadoli-
nium (Z = 64) and higher atomic number lanthanides were
consistent with the case of 1 x 10™* M, but their desorption
ratios were linearly suppressed to a minimum of 9.2% from
Gd to La (lighter lanthanide side). This fact indicates that the
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of EDTA.

energetically favorable heavy Ln ions could preferentially coor-
dinate with EDTA in aqueous solutions containing insufficient
EDTA, promoting the efficient detachment of heavy Ln ions
rather than light Ln ions. As a result, controlling EDTA concen-
tration below T, can smoothly and selectively recover lantha-
nide ions which are efficiently desorbed through preferential
complexation with EDTA, while light lanthanide ions remain
associated with the brush.

3.5. Evaluation of the reusability of the poly(DMAPS) brush

To elucidate the reusability of the P-SiO,-poly(DMAPS), repetitive
adsorption tests of Ln ions were conducted. The P-SiO,-poly
(DMAPS) was reacted with Ln(NO;); solutions (Ln = La to Lu,
each concentration = 1 ppm) at 50 °C (above UCST), and the
adsorption ratios of Ln ions were determined from the Ln con-
centration changes based on ICP-MS measurements. After all Ln
ions were detached completely from the Ln-adsorbed solid
brush matrixes using 0.01 M EDTA solution, the Ln adsorption
experiments were carried out again. The results are shown in
Fig. 11. It was found that P-SiO,-poly(DMAPS) exhibited a
maximum Ln adsorption percentage of approximately 25%
under a high Ln concentration environment (1 ppm), and the
dependence of the adsorption percentages on the Ln atomic

748 | RSC Appl. Polym., 2026, 4, 736-752
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Fig. 11 Reusability of the poly(DMAPS) brush matrixes for Ln adsorption
(initial Ln = 1 ppm).

number showed the same trend regardless of the number of
repetitive operations (three times). The errors generated from
the adsorption process were less than +2%, which meant negli-
gible effects of solution volume changes, but those from the de-
sorption processes reached a maximum of approximately +10%.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Their errors are reflected in the plots in Fig. 6-10. The relatively
large errors in desorption could be caused by residual solutions
within the P-SiO,-poly(DMAPS). To confirm the effect of residual
solution, P-SiO,-poly(DMAPS) (100 mg) was recovered after
removing the supernatant used in the adsorption test by cen-
trifugation. After that, 10 uL of aqueous solution was gently
dropped into a PP tube containing P-SiO,-poly(DMAPS). Upon
reaching 50 pL, the added aqueous solution was found to be
leached out onto the exterior of the P-SiO,-poly(DMAPS) surface,
suggesting that 50 pL of residual solution within the polymer
brush caused the desorption errors. From these results, it was
concluded that the P-SiO,-poly(DMAPS) matrix has superior re-
usability for Ln adsorption-desorption within the above-men-
tioned margin of error.

4. Conclusions

A novel zwitterionic polymer-grafted porous silica particle (P-SiO,-
poly(DMAPS)) was successfully fabricated via S-ATRP and charac-
terized by various analytical methods. Its T, in aqueous solutions
shifted depending on the valence numbers and types of metal
ions and Ln(m) concentrations, leading to the development of
optimal adsorption-desorption experimental conditions. The
P-SiO,-poly(DMAPS) could adsorb 100% of Ln(m) from aqueous
solutions. The equilibrium concentration dependence of the
adsorption capacities for all Ln ions was examined at tempera-
tures in the range of 50 °C-70 °C. The isothermal curves for Ln
adsorption on P-SiO,-poly(DMAPS) exhibited good non-linear and
linear regressions according to a single-component Langmuir iso-
therm model, but no significant regression was observed in the
Freundlich isotherm model. The maximum adsorption capacities
(Omax) of light Ln (La to Nd) were determined to be 0.02 mg g™*
or more, regardless of temperature, and decreased with increasing
atomic numbers to about 0.015-0.017 mg g~ * for heavy Ln. From
the thermodynamic parameters of AH°, AS°, and AG° estimated
from the Langmuir isotherm model fittings, the adsorption pro-
cesses of all Ln ions on P-SiO,-poly(DMAPS) were found to be
dominantly entropy-driven and spontaneous chemisorption.
Since the increase in the Ln atomic numbers caused negative
increases in the AGP° values and decreases in the Q,,,, values, the
adsorption of Ln ions on P-SiO,-poly(DMAPS) would be controlled
by the competitive reactions between dehydration and chemisorp-
tion. All Ln ions adsorbed on P-SiO,-poly(DMAPS) were comple-
tely desorbed in an EDTA solution of 1 x 10~ M below the T,
value, and lower EDTA concentrations (1 x 107> M or less)
enabled the selective desorption of heavy Ln ions. This separation
process using P-SiO,-poly(DMAPS) is a green and effective meth-
odology for the recovery of target Ln metal ions from environ-
mental and industrial wastewaters.
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