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A two-step seed swelling polymerization method was used to suc-
cessfully synthesize monodisperse porous poly(glycidyl methacry-
late-divinylbenzene) (PGMA-DVB) microspheres, which can be sul-
fonated and then used as new cation-exchange stationary phases
for the separation of rare earth elements (REEs), demonstrating
high resolution, stability, and selective separation of the REEs.

Rare earth elements (REEs) comprise 17 metallic elements,
including 15 lanthanides, along with scandium (Sc) and
yttrium (Y) from group IIT B."” Their exceptional optical, elec-
trical, and magnetic properties make them indispensable in
modern technology. REEs have widespread applications in
high-tech fields such as catalysis,"® high-performance
magnets,” specialty ceramics,®*° phosphors,""'* and fiber-
optic communication devices.'? Additionally, REEs are used in
alloy manufacturing,"* precision glass polishing,"> laser
technology,'®  rechargeable  batteries,'””  high-efficiency
motors,'® etc. With advancements in electronics, clean energy,
and laser fields, demand for REEs continues to rise, along
with increased purity and performance requirements, solidify-
ing their role as strategic resources. However, their similar pro-
perties and natural co-occurrence make separation challen-
ging. Various technologies have been developed to extract
REEs from secondary resources such as industrial residues,
magnet scraps, and spent lighting equipment. Main purifi-
cation methods include chemical precipitation,'® solvent
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extraction,”® fractional crystallization,”® and molten salt
electrolysis.>>>* These processes often require multi-stage
operations and large amounts of reagents, including strong
acids and extractants, leading to high costs and environmental
risks from toxic contamination.

High-performance liquid chromatography (HPLC) has
become a promising and eco-friendly separation method,
offering versatile applications in analysis and purification.>*®
HPLC enables rapid, high-resolution separation with superior
sensitivity, column reusability, automation, and
reproducibility.>’*' Campbell et al. first applied HPLC for REE
separation using Dowex 50 resin.*” Fernandez et al. achieved
isocratic separation using anion-exchange resins by forming
REE anionic complexes with ethylenediaminetetraacetic acid
(EDTA).*® Inoue et al. successfully separated a series of REEs in
22 minutes using a nitrilotriacetate-type (NTA)-type chelating
resin as the stationary phase and nitric acid as the eluent.**

The column is the core of chromatography, and its packing
material is crucial for achieving efficient and selective separ-
ations. However, conventional materials such as silica gel and
alumina are prone to hydrolysis under strongly acidic or basic
conditions. To overcome these limitations, monodisperse
porous polymeric microspheres have attracted extensive
research interest. Compared to traditional materials, polymeric
microspheres offer greater ligand flexibility, maximizing the
interactions between the stationary phase and target analytes.

In this study, monodisperse porous poly(glycidyl methacry-
late-divinylbenzene) (PGMA-DVB) microspheres were syn-
thesized via a two-step seed swelling polymerization method,
followed by sulfonation to introduce sulfonic acid functional
groups. This study represents the first successful application
of PGMA-DVB-based microspheres as stationary phases in
liquid chromatography to achieve baseline separation of 15
REEs. Furthermore, the chromatographic column exhibited
excellent long-term stability, confirming its reliability for
extended use.

This journal is © The Royal Society of Chemistry 2025
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The preparation of PGMA-DVB includes two stages: seed
swelling and absorption polymerization. Initially, mono-
disperse polystyrene (PS) seed microspheres are synthesized
via dispersion polymerization and activated using a swelling
agent. Subsequently, an organic phase containing monomers,
crosslinkers, and porogens is introduced, allowing the acti-
vated PS seed microspheres to fully absorb the organic phase
and reach dynamic equilibrium, which is crucial for forming
crosslinked polymer microspheres. After polymerization, the
porogen-filled solvent phase occupies the internal pores of the
microspheres, and upon removal, a well-developed porous
structure is obtained. PGMA-DVB microspheres were further
sulfonated using 1,3-propane sultone and sodium sulfite,
which were designated as PGMA-DVB-S1 and PGMA-DVB-S2,
respectively (Fig. 1). The detailed experimental steps can be
found in the ESL}

The morphology of PS microspheres was characterized
using scanning electron microscopy (SEM) (Fig. S1, ESIf). The
polystyrene seed microspheres synthesized via dispersion
polymerization exhibited smooth surfaces and excellent mono-
dispersity, with an average diameter of approximately 1.2 pm.
SEM was also used to characterize the morphology of
PGMA-DVB, PGMA-DVB-S1, and PGMA-DVB-S2 microspheres
(Fig. 2a—c). The PGMA-DVB microspheres synthesized via two-
step seed swelling polymerization exhibited uniform particle
size and a well-defined porous structure while maintaining
good monodispersity, with an average diameter of approxi-
mately 5 pm. The introduction of sulfonic acid groups did not
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Fig. 1 Synthesis of PGMA-DVB microspheres via two-step seed swell-
ing polymerization and the synthesis of PGMA-DVB-S1 and
PGMA-DVB-S2.
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tion isotherms, and (f and g) XPS survey spectra.

significantly alter the spherical morphology of the micro-
spheres. Additionally, energy-dispersive X-ray spectroscopy
(EDX) analysis (Fig. S2, ESIt) confirmed the uniform distri-
bution of sulfur throughout the polymer microspheres, indi-
cating the successful incorporation of sulfonic acid groups
into the PGMA-DVB microspheres.

The PGMA-DVB microspheres before and after sulfonation
were characterized using Fourier transform infrared spec-
troscopy (FT-IR), X-ray photoelectron spectroscopy (XPS), N,
adsorption-desorption isotherms, and water contact angle
measurements. The infrared absorption peaks of sulfonic acid
groups are primarily attributed to the vibrations of S—0O bonds
(Fig. 2d). These vibrations split into two peaks, corresponding
to the symmetric and asymmetric stretching vibrations of S=O
bonds. Specifically, 1340.3 cm™" represents the characteristic
peak of the S=O asymmetric stretching vibration,** while
1170.1 cm™" and 1043.4 cm™" correspond to the characteristic
peaks of S=0 symmetric stretching vibrations.?® In the low-
frequency region, 669.1 cm™" is assigned to the C-S stretching
vibration peak. The presence of the C-S stretching vibration
peak confirms the successful grafting of sulfonic acid groups
onto the polymer microspheres.

The formation of sulfonic acid groups on the polymer
surface was further confirmed by S 2p XPS spectral analysis
(Fig. 2f and g). Due to spin-orbit splitting, the S 2p peak
appears as a doublet. The deconvolution of the XPS peak for
sulfonic acid groups reveals two spin-orbit components, with
binding energies of 168.7 eV and 169.6 €V, corresponding to S
2psj2 and S 2py,,, respectively.®” The specific surface areas of
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PGMA-DVB, PGMA-DVB-S1, and PGMA-S2 were determined
using the Brunauer-Emmett-Teller (BET) model by analyzing
the adsorption branch within the P/P, range of 0.05 to 0.35
(Fig. 2e). The calculated values were 353.06, 379.86, and
365.04 m> g~', respectively. These results indicate that the
incorporation of sulfonic acid groups increased the specific
surface area through chemical bonding. Fig. S4a-cf present
the average pore diameters before and after sulfonation, calcu-
lated using the Barrett-Joyner-Halenda (BJH) model, which
were 3.51, 4.85, and 3.76 nm, respectively. The increase in pore
size after sulfonation is likely due to the introduction of sulfo-
nic acid groups, which may have expanded the original void
structure.

The static water contact angles of the polymer microspheres
before and after sulfonation were measured. As shown in
Fig. S5a,f the unmodified PGMA-DVB microspheres exhibited
hydrophobicity, with a water contact angle of 123°. The static
contact angles of PGMA-DVB-S1 and PGMA-DVB-S2 with water
are shown in Fig. S5b and c7, respectively. After sulfonation,
the contact angles of the polymer microspheres decreased,
which can be attributed to the high polarity of sulfonic acid
groups, enhancing the adsorption capacity for water molecules
and thereby reducing the water contact angle.

The average sulfur loading of PGMA-DVB-S1 and
PGMA-DVB-S2 was calculated to be 1.83 and 1.35 pmol m™>
respectively, based on the following formula:*®

’

a(p.mol mfz) = 5% X 106/(MS X Ng X SBET)

where Mg is the molar mass of element S, Ng is the number of
S, and Sggr is the surface area of PGMA-DVB.
a-Hydroxyisobutyric acid («-HIBA) is a weak organic acid
with a pK, value of 3.72 (at 25 °C, ionic strength y = 0.1). The
molecule contains both hydroxyl (-OH) and carboxyl (-COOH)
groups, which exhibit different degrees of dissociation at
varying pH levels. When pH < pK,, o-HIBA predominantly
exists in its protonated form ((CH;),C(OH)COOH). In contrast,
when pH > pK,, the carboxyl group undergoes deprotonation,
forming the anionic species ((CH3),C(OH)COO™), which can
coordinate with REE** ions to form complexes. Under isocratic
elution conditions with 400 mM o-HIBA, the effect of mobile
phase pH (3.0-5.0) on the retention of REE*" was systemati-
cally investigated using PGMA-DVB-S1 and PGMA-DVB-S2
columns. The effect of mobile phase pH on the retention of
REE’" is shown in Fig. 3a and b. The retention time of REEs is
generally correlated with their ionic radii and complexation
affinity with the eluting ligand, rather than with their atomic
radii. In cation-exchange systems using a-HIBA as the complex-
ing agent, REEs with smaller ionic radii typically exhibit stron-
ger complexation and are retained longer on the column. As
the pH of the mobile phase increases, the concentration of
deprotonated IBA™ ions also increases, leading to a gradual
decrease in the retention time of REE**. This phenomenon
occurs because lanthanide ions form complexes with the
ionized carboxyl groups (IBA™) present in the mobile phase. At
higher pH values, the number of ionized carboxyl groups
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Fig. 3 Effect of mobile phase pH (a and b) and the concentration of
a-HIBA (c and d) on the retention behaviour of REEs.

increases, resulting in stronger elution. a-HIBA forms stable
complexes with REEs, and its concentration directly affects the
abundance of free HIBA™ ions in the mobile phase. Therefore,
under isocratic elution conditions, the effect of the a-HIBA
concentration (0.3-0.8 M) on the retention behavior of REE**
was investigated. The pH of the mobile phase was maintained
at 3.26 throughout the experiment. The influence of the
mobile phase concentration on the retention factors of REEs is
shown in Fig. 3c and d. An increase in the a-HIBA concen-
tration leads to a decrease in REE®" retention time without
altering the elution order, which is expected. This is because a
higher o-HIBA concentration (at a given pH) increases the
amount of IBA™ and enhances the elution efficiency of the
mobile phase. As the a-HIBA concentration increases, the com-
plexation ability is strengthened, making rare earth elements
more likely to exist as complexes in the mobile phase, thereby
reducing their adsorption onto the stationary phase, which
ultimately results in a shorter retention time.

By appropriately adjusting the pH and concentration of the
o-HIBA mobile phase and designing a gradient elution
program, continuous separation of REEs can be achieved
through a strong cation-exchange mechanism. The effect of
different sulfonation reagents on the retention capacity and
separation efficiency of the resulting strong cation-exchange
stationary phases was investigated.

For the PGMA-DVB strong cation-exchange stationary
phases modified with two different sulfonation reagents, the
elution order of REEs was consistent with the conclusions
drawn in previous sections. As shown in Fig. 4a, PGMA-DVB-S1
exhibited distinguishable peaks for each REE, except for Dy
and Y. However, significant peak tailing was observed at both
the front and back ends of the peaks, as reflected by the asym-
metry factor values listed in Table S3.f This peak tailing
phenomenon is hypothesized to result from the hydrolysis of
epoxy groups on PGMA-DVB, leading to the formation of two

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Chromatograms of the separation of 16 rare earth elements using PGMA-DVB-S1 (a) and PGMA-DVB-S2 (b) and the chromatogram of the

separation of Fe, U, and 16 rare earth elements using PGMA-DVB-S2 (c).

adjacent hydroxyl groups. These hydroxyl groups subsequently
react with 1,3-propane sultone, generating closely spaced sulfo-
nic acid groups, which increase local charge density. During
the elution process, the strong electrostatic attraction between
REEs and the continuous sulfonic acid groups may contribute
to peak tailing. N, adsorption-desorption characterization
further revealed that the pore volume of 1,3-propane sultone-
modified polymer microspheres was smaller than that of
PGMA-DVB and PGMA-DVB-S2. The reduction in pore volume
may be attributed to partial pore blockage caused by the intro-
duction of 1,3-propane sultone, which could lead to reduced
column efficiency and broader peaks. Additionally, nonspecific
interactions between the propane segment of 1,3-propane
sultone and REEs might also contribute to peak tailing.

In contrast, PGMA-DVB-S2 as another strong -cation-
exchange stationary phase achieved baseline separation for all
REEs except Dy and Y (Fig. 4b). The retention factors, separ-
ation factors, resolution, asymmetry factors, and theoretical
plate numbers are summarized in Table S3.f The chromato-
graphic separation results indicate that the separation per-
formance of sulfonated strong cation-exchange stationary
phases depends not only on the bonded phase density, but
also on proximal substituents such as alkyl groups attached to
the sulfonic acid moiety.

The effect of injection volume on the separation of rare
earth elements (REEs) using PGMA-DVB-S2 was investigated
(Fig. S6a and bt). The experimental results showed that the
chromatographic peak area of REEs increased linearly with the
injection volume, while the retention time remained nearly
unchanged. However, when the injection volume exceeded
20 pL, column efficiency began to decline, which may be attrib-
uted to the analyte load surpassing the column capacity.
Therefore, to achieve optimal separation performance, the
injection volume should not exceed the column capacity. The
effect of column temperature on the retention and separation
of REE*" in HPLC was also examined (Fig. S7a and b¥). With
all other parameters held constant, the column temperature
was varied from 25 to 50 °C to evaluate its impact on REE**
retention and separation. As the temperature increased, the
retention time of REEs exhibited a slight increase. The van’t

This journal is © The Royal Society of Chemistry 2025

Hoff plot showed a distinct curvature, indicating that the
enthalpy change (AH) of the separation process is not constant
but rather a function of temperature. This suggests that the
separation of REEs is an endothermic process. Notably, the
retention factor (K) of heavy rare earth elements (HREEs) and Sc
exhibited significant variation with increasing temperature,
whereas light rare earth elements (LREEs) showed a much
weaker dependence on temperature. Column reproducibility
refers to the consistency of chromatographic system responses
when multiple consecutive injections are performed under iden-
tical conditions. As shown in Fig. S8a, the relative standard
deviation (RSD) of retention time was calculated by comparing
the retention time variations of rare earth elements (REEs) after
30 consecutive injections. The RSD values for REEs were 0.12%-—
3.56%. These results indicate that PGMA-DVB-S2, as a liquid
chromatography stationary phase, exhibits excellent stability in
the separation of rare earth elements. Additionally, chromato-
grams of the first, fiftieth, and hundredth injections were com-
pared, as shown in Fig. S6b.T Even after 100 consecutive injec-
tions, the retention time and peak shape remained highly
stable, further confirming the robustness and durability of the
PGMA-DVB-S2 stationary phase.

Subsequently, the feasibility of using PGMA-DVB-S2 as a
liquid chromatography stationary phase for the separation of
rare earth elements (REEs) from Fe and U was investigated.
The chromatographic analysis, as shown in Fig. 4c, demon-
strated that the incorporation of Fe and U did not alter the
elution order of REEs. The retention characteristics of Fe and
U were significantly different from those of the REEs.
Specifically, Fe eluted earlier, while U exhibited a pronounced
delay, which can be attributed to differences in the binding
constants between the stationary phase and the mobile phase.
The retention factors, separation factors, resolution, asymme-
try factors, and theoretical plate numbers for REEs, Fe, and U
are summarized in Table S6.7 The results indicate that REEs
were completely baseline-separated from Fe and U, with sharp
and symmetrical peaks and high theoretical plate numbers,
confirming the effectiveness and practicality of this stationary
phase in separating REEs in the presence of Fe and U as
impurities.

Analyst, 2025, 150, 2776-2781 | 2779
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In conclusion, this study developed monodisperse porous
polymeric microspheres as an efficient stationary phase for REE
separation. Two sulfonation strategies were used to functionalize
the microspheres with sulfonic acid groups. Compared to
PGMA-DVB-S1  sulfonated using 1,3-propane  sultone,
PGMA-DVB-S2 sulfonated using sodium sulfite exhibited superior
selectivity and separation efficiency. Key chromatographic para-
meters—including mobile phase pH, o-HIBA concentration,
column temperature, and injection volume—were investigated to
understand REE retention. The van’t Hoff analysis confirmed an
endothermic separation process, with heavy REEs showing stron-
ger temperature dependence than light REEs. PGMA-DVB-S2
demonstrated excellent reproducibility, maintaining high peak
resolution and stable retention times over 100 injections. It also
enabled baseline separation of REEs from Fe and U impurities,
confirming its high selectivity.

Overall, this study proposes a novel strategy for REE separation
using polymeric chromatographic materials, bridging the gap
between polymer synthesis and chromatographic applications.
The insights gained pave the way for advancements in sustainable
REE extraction, magnet recycling, and nuclear waste processing,
reinforcing the significance of polymeric microspheres as next-
generation chromatographic materials.
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