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Effective removal of trace lead (Pb) from waste matrices is crucial to meet stringent environmental
regulations designed to mitigate toxicological risks and protect human health. This study investigates the
efficacy of a monolithic solid-phase extraction (m-SPE) column for the selective separation of trace Pb
from aqueous matrices, comparing its performance to conventional particle-packed solid-phase
extraction (p-SPE) columns. Key operational parameters, including solution pH, flow rate, washing
solvent, and eluent, were optimized to maximize Pb retention on both SPE columns. Potential
interference from common matrix ions was investigated and found to be minimal. Furthermore, the
presence of counter anions enhanced Pb?* retention on the m-SPE column, likely by promoting the
formation of ion pairs. Notably, the SPE columns demonstrated reusability over multiple cycles without
significant loss of efficiency. The p-SPE and m-SPE columns demonstrated satisfactory Pb®* retention
while exhibiting minimal retention of common elements, as confirmed by analysis of certified reference
river water with elevated contents of trace elements. The m-SPE column demonstrated enhanced
performance compared to the p-SPE column due to its high permeability, low backpressure, and robust
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Environmental significance

This study presents a novel approach for the selective separation of trace lead from complex industrial waste matrices using supramolecule-equipped monolithic
SPE and compares its performance with traditional particle-based SPE. The work offers a potential solution for safeguarding water quality and mitigating
toxicological risks. The findings have implications for improving compliance with environmental safety regulations and protecting human health.

environmental contamination.®> Exposure to Pb can lead to
various adverse health effects, primarily through increased

1 Introduction

Lead (Pb), a potentially toxic element, poses significant threats
to ecosystems and human health due to its pervasive presence,
high toxicity, and persistent nature in the environment."> While
naturally occurring Pb exists, anthropogenic sources, such as
industrial emissions, ethnomedicinal practices, cosmetics,
jewelry, toys, and food, are the primary contributors to
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oxidative stress, impacting the cardiovascular, hepatic, renal,
reproductive, immune, and neurological systems.** Conse-
quently, stringent regulations on Pb content in environmental
matrices have been established.®” For instance, the permissible
concentration of Pb in drinking water is 10 pg L™".%°

Several instrumental approaches, e.g., graphite furnace
atomic absorption spectrometry,’ flame atomic absorption
spectrometry,™ inductively coupled plasma optical emission
spectrometry (ICP-OES),">** or inductively coupled plasma mass
spectrometry (ICP-MS)* are available to measure Pb content in
aqueous matrices. However, the quantification of Pb is often
challenged by the low sensitivity of analytical instruments at
trace concentrations and the interfering effects of matrix
components.” To overcome these limitations, separation or
preconcentration techniques are commonly employed prior to
analysis.'*™® Several methods are available for this purpose,
including co-precipitation, ion exchange, liquid-liquid
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extraction, cloud point extraction, micro-extraction, and solid-
phase extraction (SPE)."*** Among these, SPE is often
preferred due to its high sensitivity, simplicity, speed, low
sample volume requirements, and environmentally friendly
nature.'*>

The SPE is a widely used technique for separating and pre-
concentrating analytes from complex matrices. While SPE
procedures utilizing chemical reactions*** or functionalized
solid supports*»*® are common, they often struggle to recover
trace levels of Pb in samples with high concentrations of other
divalent transition or post-transition elements.*® To address
this, SPE sorbents with high selectivity, reusability, and efficient
analyte recovery are needed.**** One promising approach
involves using ‘supramolecules’ - molecules capable of
‘molecular recognition’ - covalently attached to silica or poly-
meric supports.”***** These supramolecules selectively capture
target analytes, such as Pb, through ‘host-guest’ interactions,
enabling efficient separation even in complex matrices.*>*®3%¢
Although sorbents utilizing this crown ether technology have
been applied for Pb*" preconcentration in conventional
particle-packed formats, this study provides the first systematic
comparison of the sorbent's performance when engineered into
a monolithic (m-SPE) versus a particle-packed (p-SPE) architec-
ture. This direct evaluation of the column format's impact on
key performance metrics like separation efficiency, throughput,
and eluent consumption represents the primary novelty of this
work.

The m-SPE utilizes a single, porous material, often
composed of methacrylate polymers (e.g., butyl-, lauryl-, octa-
decyl-, or 2-hydroxyethyl methacrylate).”” These materials
provide hydrophobicity suitable for reversed-phase SPE and
offer advantages such as high capacity, porosity, and perme-
ability. It makes m-SPE ideal for techniques like capillary elec-
trophoresis and microfluidic applications.***® Conversely, p-
SPE employs a variety of sorbent materials packed into
a column, including chemically bonded silica, graphitized
carbon, ion-exchange materials, and molecularly imprinted
polymers.*>** These sorbents offer diverse separation mecha-
nisms, including affinity-based separation, and can be deployed
in various formats (online, offline, on-column, etc.).***** Ulti-
mately, the choice between m-SPE and p-SPE depends on
factors such as the sample matrix, analyte properties, and
desired sensitivity.

This study presents the first reported comparison of
supramolecule-equipped p-SPE and m-SPE for the non-
destructive preferential separation of trace Pb from environ-
mental matrices. The findings have potential applications in Pb
separation and preconcentration from complex industrial waste
matrices, contributing to improved compliance with environ-
mental safety regulations.

2 Experimental
2.1 Materials

2.1.1 Reagents. All reagents used in this study were of
analytical grade and used as received without further purifica-
tion. A 1000 mg L' Pb standard solution and a multi-element
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standard solution containing Li, Na, Mg, K, Ca, Sr, Ba, and Fe
(all at 1000 mg L") were obtained from Kanto Chemical Co.
(Tokyo, Japan). A separate multi-element standard solution
(1000 mg L™") was purchased from Merck (Darmstadt, Ger-
many). Ethylenediaminetetraacetic acid (EDTA) was procured as
an eluent from Wako Pure Chemical (Osaka, Japan).

Various metal salts, including potassium chloride (KCl),
sodium nitrate (NaNO3), sodium perchlorate (NaClO,), sodium
acetate (CH3COONa), sodium formate (HCOONa), sodium
propionate (C;HsNaO,), and sodium benzoate (C,HsNaO,),
along with nitric acid (HNO;), hydrochloric acid (HCI), and
sodium hydroxide (NaOH) were obtained from Kanto Chemical
(Tokyo, Japan).

Buffer solutions (0.1 M) were prepared using acetic acid/
sodium acetate (AcOH/AcONa) from Kanto Chemical Co. to
maintain a pH of 3-5, 2-(N-morpholino)ethanesulfonic acid
(MES) from Sigma-Aldrich (St. Louis, MO) for a pH of 6, 4-(2-
hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) from
Nacalai Tesque (Kyoto, Japan) for a pH of 7-8, and
tris(hydroxymethyl)methylamino-propanesulfonic acid (TAPS)
from MP Biomedicals (Solon, OH) for a pH of 9-10.

2.1.2 Solid-phase extraction systems. The p-SPE and m-SPE
columns were supplied by GL Sciences (Tokyo, Japan). A
commercially available Pb-selective sorbent, AnaLig Pb-02, from
IBC Advanced Technologies (American Fork, UT), is used to
prepare the SPE columns. The proprietary sorbent utilizes
a silica gel base support functionalized with a crown ether, and
the sorption ability is attributable to molecular recognition and
macrocyclic chemistry. The chemical structures and images of
both SPE configurations are presented in Fig. S1 (Appendix A.
SI).

2.1.3 Certified reference material. The performance of the
p-SPE and m-SPE columns was validated using a certified
reference material (CRM) for river water, NMIJ] CRM 7202-c
(trace elements in river water, elevated level), obtained from the
National Metrology Institute of Japan (NMI]).** This CRM was
selected because it provides a complex, natural aqueous matrix
with certified concentrations of numerous potential interfering
ions, enabling a rigorous assessment of the method's selectivity
and accuracy under environmentally relevant conditions. The
certified and measured values of different elements in the NMIJ
CRM 7202-c* are listed in Table S1 (Appendix A. SI).

2.1.4 Instrumentation. Solution metal ion concentrations
were measured via inductively coupled plasma optical emission
spectrometry (ICP-OES) using a Thermo Fisher Scientific iCAP
6300 instrument or inductively coupled plasma mass spec-
trometry (ICP-MS) using a PerkinElmer NexION 300S instru-
ment (Waltham, MA). The surface morphology and internal
structure of the Monolithic AnaLig Pb-02 column were charac-
terized using a JEOL JSM-7100F field emission-scanning elec-
tron microscope (FE-SEM) (Tokyo, Japan) equipped with an
Oxford Instruments energy-dispersive X-ray (EDX) spectroscopy
detector (Oxfordshire, UK). Fourier Transform Infrared (FTIR)
spectra were recorded using a JASCO FTIR-460 spectrometer
(JASCO Corporation, Tokyo, Japan). Optimization experiments
for Pb-separation were performed using a GL Sciences GL-SPE
vacuum manifold kit (Tokyo, Japan) coupled with an AS ONE

Environ. Sci.: Adv., 2026, 5, 118-128 | 119
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CAS-1 air pump (Osaka, Japan). Solution pH values were
measured with a Horiba Instruments Navi F52 pH meter (Kyoto,
Japan). Ultrapure water (UPW) was generated by a Sartorius
Stedim Biotech water purification system (Gottingen, Germany).

2.1.5 Laboratory wares. The following laboratory wares
were used during the experimental steps: low-density poly-
ethylene containers (Nalgene Nunc, Rochester, NY), screw-
capped polyethylene tubes (AS ONE, Osaka, Japan), poly-
propylene jars (Tomiki Medical Instrument, Kanazawa, Japan),
and micropipette tips (Nichiryo, Tokyo, Japan). All laboratory
wares were subjected to a standardized cleaning protocol before
use to eliminate potential contamination. The protocol con-
sisted of an initial overnight soak in Scat 20X-PF detergent and
subsequent overnight immersion in 4 M HCI. After each soak-
ing step, the labware was thoroughly rinsed with UPW.

2.2 Methods

The efficiency of m-SPE and p-SPE systems for the selective
separation of Pb*" from aqueous matrices have been compared
in terms of retention and recovery rates. The SPE protocol
involved a series of steps: rinsing, conditioning, sample
loading, washing, and elution. The retention rate was calculated
as the ratio of Pb®>" moles in the elution effluent to the total
moles in all effluents. In contrast, the recovery rate was deter-
mined by comparing the cumulative moles of Pb*" recovered
from all fractions (sample loading, wash, and elution) to the
initial moles loaded.

Optimization of the m-SPE and p-SPE systems involved
evaluating the influence of solution pH (1-6), flow rate (0.3-5
mL min~ "), washing solvent (acid or water), and eluent (EDTA;
pH 4-9 and KCl). Fig. 1 shows a detailed schematic represen-
tation of the SPE-assisted protocol for separating target analytes
from an aqueous waste matrix.

m-SPE SPE column

0.03 M EDTA, 1.5 mL .
EPW, 1.5 mL .

* 0.1 MHNO3, 1.5 mL

p-SPE

0.03 M EDTA, 6 mL
EPW, 12 mL

Rinsing

:

0.1 MHNO;, 15 mL

« FR:0.1~0.3 mL min~" Conditioning FR: 3~56 mL min-!
« Sample, 0.3 mL L | Sample, 3 mL
+ FR:0.1~0.3 mL min~! oad Sample FR: 3~5 mL min-'

‘

* 0.01 MHNO3, 1 mL washing 0.01 M HNOg, 3 mL

:

+ 0.03 M EDTA with
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Fig. 1 Schematic representation of the SPE-assisted separation
protocol.
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To determine the maximum retention capacity (mmol g ') of
both systems, Pb>* solution (1.5 mM) at pH 1 was passed
through the SPE columns until saturation. The influence of
matrix cations (Li*, Na*, Mg>*, Ca®", K*, sr**, Ba*", and Fe*';
0.001-1 M) on Pb*>" retention was investigated at pH 1. The
effect of coexisting anions was examined using 0.01 M solutions
of NaNO;, NaClO,, C,H;NaO,, HCOONa, Cz;H;NaO,, and
C,H;5NaO, in H,0 at pH 6. Further experiments evaluated the
impact of varying concentrations (0.01-0.12 M) of NaNOs,
NaClO,, and C,H;NaO, on Pb*' retention. A 100 uM Pb*"
solution was used as a control in all these experiments. All
solutions were equilibrated for 24 h prior to analysis, and all
experiments were performed in triplicate.

To assess the acid resistance of AnaLig Pb-02, 10 mg of the
sorbent was suspended in 10 mL of solution (pH = 1.0) and
agitated at 25 °C using a temperature-controlled shaker.
Aliquots were collected after 3, 6, 12, and 24 h of contact, and
the supernatants were analyzed using ICP-OES for silicon
quantification.

FTIR spectroscopy was employed to characterize the sorbent
before and after Pb>" sorption. Spectra were recorded using the
KBr pellet method in the range of 400-4000 cm . EDX spec-
troscopy was also conducted to confirm Pb®>" uptake on the
sorbent surface.

3 Results and discussion
3.1 Morphological features of the monolithic SPE material

Although the AnaLig Pb-02 sorbent is a commercial product, FE-
SEM and EDX analyses were conducted to visually confirm and
illustrate the continuous, interconnected porous network that
defines the monolithic format. This direct visualization is
crucial for interpreting the observed performance differences
between the two SPE systems. The FE-SEM and EDX analysis of
the monolithic silica material (Fig. 2) reveal a highly inter-
connected porous network with a large surface area. This
intricate morphology is characterized by a continuous and
uniform porous structure, as shown in the FE-SEM images
(Fig. 2b and c), which facilitates efficient mass transfer and high
permeability. EDX spectra analysis (Fig. 2d) confirms the
elemental composition and purity of the silica, indicating
minimal contamination and high chemical stability. Quantita-
tive data on the material's high specific surface area and hier-
archical pore structure are provided in Table S2 (Appendix A.
SI), confirming the structural advantages that support its
performance.

Such a unique surface structure offers several advantages for
analytical separation applications. The high surface area
enhances the interaction between analytes and the stationary
phase, leading to improved separation efficiency. Additionally,
the material's porosity supports higher sample loading capac-
ities. The interconnected porous network reduces backpressure,
enabling faster flow rates and shorter analysis times.***® The
robust and chemically stable nature of the monolithic silica
material ensures consistent performance, making it highly
effective for analytical separations.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2
EDX spectrum of the m-SPE.

3.2 Pb-retention behavior: m-SPE vis-a-vis p-SPE

3.2.1 Effect of solution pH. The ionization state of metal
ions and macrocycle functional groups is significantly influ-
enced by solution pH, directly impacting the selectivity and
efficiency of separation processes.” This study investigated the
effect of solution acidity on Pb*>* retention rates in both m-SPE
and p-SPE, examining a range of pH values (Fig. 3). Results
indicated nearly quantitative Pb*" retention in the acidic pH

m-SPE p-SPE
120 T T T T T T T T T T T T
100 F 1+ §—§—"§\'\§ _
X
o 80Ff 1 F 1
©
c 60Ff 1 F 1
S
€
S 40+ 1 F 1
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20 F 1 F 1
0 1 1 1 1 1 1 Il 1 1 1 1 1
5 2,1 2 4 6, /5 2,1 2 4 6,
HNO3 (M) pH HNO3 (M) pH

Fig. 3 Retention of Pb?* in m-SPE and p-SPE as a function of solution
acidity (n = 3). Experimental conditions: sample solution, 100 pM Pb?*;
matrix, H,O; solution acidity, HNOz (2 and 5 M) and solution pH, 1-6;
sample volume, 0.3 mL (m-SPE) and 3 mL (p-SPE); conditioning
solution, HNOz (0.1 M); flow rate, =0.3 mL min~! (m-SPE) and 3
mL min~! (p-SPE).
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(a) AnaLig Pb-02 monolithic column (m-SPE); (b) FE-SEM image at 2500x magnification; (c) FE-SEM image at 1500 x magnification; (d)

range by both SPE types. The data trend suggests that the MRT
materials possess a high affinity for Pb*>*, with minimal influ-
ence from solution pH. However, at higher pHs, the SPEs
exhibit a slight decrease in retention capacity, which may be due
to the hydroxylation-induced precipitation.>** Nevertheless, to
avoid potential precipitation during sample preparation and
prevent analyte binding to the silica gel support, a sample pH of
1 or lower was maintained for all subsequent experiments.

The structural stability of the silica-based sorbent under
these acidic conditions was confirmed by leaching tests, which
showed no detectable silicon dissolution (see Table S3;
Appendix A. SI).

3.2.2 Effect of washing solvents. The selection of an
appropriate washing solvent in SPE procedures significantly
influences both analyte recovery and the elimination of inter-
fering compounds.*® An optimal solvent enhances the selectivity
and sensitivity of the method by removing unwanted matrix
components while retaining target analytes.”® This study
demonstrates the superior efficacy of 0.01 M HNO; as a washing
solvent compared to UPW. Washing with UPW resulted in
a back-extraction of approximately 4 + 0.7% Pb*", whereas no
detectable back-extraction was observed with 0.01 M HNO;.
This difference can be attributed to the lower pH of HNO; (pH ~
2 or less) compared to UPW, underscoring the pH-dependent
nature of selective retention in SPE."” These findings highlight
the effectiveness of 0.01 M HNO; as the optimal washing solvent
for subsequent stages of the procedure, ultimately leading to
improved analytical performance.

Environ. Sci. Adv, 2026, 5, 118-128 | 121
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Fig. 4 Effect of flow rate on Pb2* retention in m-SPE and p-SPE (n =
3). Experimental conditions: sample solution, 100 puM Pb?* in H,O;

solution pH, 1; sample volume, 0.3 mL (m-SPE) and 3 mL (p-SPE);

conditioning solution, 0.1 M HNO3; flow rate, 0.3-5 mL min~™.

3.2.3 Effect of flow rates. The influence of flow rate on the
retention behavior of Pb*>" in m-SPE compared to p-SPE has
been investigated. Flow rates were varied from 0.3 to 5
mL min~" under optimized conditions. As illustrated in Fig. 4,
m-SPE achieved quantitative Pb>" extraction at a flow rate of 0.3
mL min~'. However, Pb** retention gradually decreased with
increasing flow rate, exhibiting 96, 93, and 91% retention at 2, 4,
and 5 mL min ", respectively. Flow rates exceeding 5 mL min "
were not attainable in the m-SPE system. The observed reten-
tion at higher flow rates in m-SPE is attributed to its continuous,
porous structure, which minimizes backpressure and facilitates
efficient mass transfer,* Such an inherent structural advantage
allows for expedited sample processing without compromising
analyte retention capacity. Conversely, p-SPE maintained
slightly higher retention across the tested flow rates up to 5
mL min~". It indicates that quantitative extraction was achiev-
able with p-SPE without a significant impact from increased
flow rates.

3.2.4 Effect of eluents on recovery. Ethylene-
diaminetetraacetic acid (EDTA), an aminopolycarboxylate
chelator, is recommended as an eluent for AnaLig Pb-02 MRT-
SPE due to the high stability constant of the Pb-EDTA
complex.”*® To optimize the elution procedure, the effect of pH
on Pb>" recovery using 0.03 M EDTA was investigated across
a range of pH 4-9. EDTA exhibits limited solubility below pH
3,% thus precluding its use in highly acidic conditions.

As illustrated in Fig. 5a, Pb>" recovery was approximately
92% between pH 4 and 6. The conditional formation constant of
the Pb-EDTA complex increases with increasing pH, leading to
improved recovery within this range.”® However, recovery
decreased at pH 8-9. Such a decline is attributed to the
competitive formation of Pb-hydroxide species, which hinders
Pb-EDTA complexation and subsequent elution by EDTA.*?

To further enhance recovery, KCl was added to the eluent at
concentrations ranging from 0.1 to 1 M. The addition of KCI
significantly improved the recovery rate (Fig. 5b). Quantitative

122 | Environ. Sci: Adv, 2026, 5, 118-128

View Article Online

Paper

[ —o— m-sPE —e— p-sPE |
120 T T T T T
(a) (b)

T T T T T

100

[er]
o
T

Recovery rate (%)
(2]
o
T
1
T

40 - 1 F 1
20 | 1t 1
o 1 1 1 1 1 1 1 L 1 1
4 6 8 9 0 01 03 05 07 1
pH KCl (M)

Fig. 5 Recovery of Pb?* from m-SPE and p-SPE (n = 3). (a) Effect of
eluent pH on the recovery rate (0.03 M EDTA; pH 4-9). (b) Effect of KCl
concentration on the recovery rate (0.03 M EDTA with KCl; KCl
concentration: 0.1-1 M). Experimental conditions: sample solution,
100 pM Pb?*; matrix, H,O; sample volume, 0.3 mL (m-SPE) and 3 mL
(p-SPE); conditioning solution, 0.1 M HNO3; eluent volume, 0.6 mL
(m-SPE) and 6 mL (p-SPE); flow rate, =0.3 mL min~* (m-SPE) and 3
mL min~?! (p-SPE).

recovery was achieved using a mixed solution of 0.03 M EDTA
with 0.5 M KCl at pH 6. Such an improvement is likely due to the
combined effects of KCl-mediated ion substitution and EDTA-
induced complexation reactions with Pb>".

Evaluation of eluent volume efficiency revealed that 6 mL of
the optimized eluent (0.03 M EDTA with 0.5 M KCI; pH 6) was
necessary for complete Pb>" recovery with p-SPE. In contrast,
only 0.6 mL eluent was required for m-SPE. Such a difference
highlights the superior efficiency of m-SPE in terms of eluent
consumption and cost-effectiveness for quantitative Pb>"
recovery.

In this analytical context, ‘recovery’ refers to the quantitative
elution of the analyte from the column for measurement; the
resulting Pb-EDTA eluent is collected and managed as
hazardous waste according to institutional protocols.

3.2.5 Retention capacity and reusability. Retention
capacity, an indicator of the stability of SPE systems, can be
quantified by analyzing analyte content and breakthrough
volume (BV).** The retention capacities of m-SPE and p-SPE
systems were compared using 1.5 mM Pb>" solutions at pH 1
under optimized conditions. Retention capacity was expressed
as millimoles of analyte retained per gram of SPE material.

Results (Fig. 6) showed that retention capacity increased
with sample volume for both systems, reaching saturation at
4 mL for m-SPE and 162 mL for p-SPE. Maximum retention
capacities were 0.17 and 0.14 mmol g~ " for m-SPE and p-SPE,
respectively. The higher retention capacity of m-SPE is attrib-
uted to its continuous porous structure, which provides a larger
surface area and better flow characteristics, leading to
enhanced analyte interaction.*®>*

Regarding reusability, the Pb-02 MRT-SPE system demon-
strated exceptional performance, maintaining analytical capa-
bilities for over 100 retention-elution cycles. Such durability
stems from the incorporation of macrocycles attached to solid
supports within the SPEs, enabling selective analyte separation
and repeated macrocycle use.>

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Pb?' retention capacity of m-SPE and p-SPE. Experimental
conditions: 1.5 mM Pb?* solution in H,O; solution pH, 1; sample
volume, 0.2-6 mL (m-SPE) and 6-200 mL (p-SPE); conditioning
solution, 0.1 M HNOs; flow rate, =0.3 mL min~* (m-SPE) and 3
mL min~* (p-SPE).

3.3 Interference studies

3.3.1 Effect of coexisting cations. The prevalence of alka-
line and alkaline earth metal cations in aqueous environments
raises concerns about their potential to compete with target
metal ions for binding sites on solid-phase extraction (SPE)
materials.** Therefore, a series of experiments was performed to
evaluate the selectivity of the Pb-02 MRT-SPE material for Pb>*
in the presence of high concentrations of common competing
cations.

120 Control
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Solutions containing 100 puM Pb*" were spiked with varying
concentrations (0.001-1 M) of individual cations (Li", Na*, K',
Mg™*, Ca®*, Fe*, Sr**, and Ba®"). These solutions were processed
using the MRT-SPE system under optimized conditions. The
results (Fig. 7) indicated that Pb** retention remained above
98% even in the presence of 1 M concentrations of Li', Na',
Mg>*, Ca®*, and Fe*'. However, a decrease in Pb** retention
efficiency (82-87%) was observed in the presence of 0.1 M K"
and Sr*>" and 0.001 M Ba*". This reduced retention is likely due
to the strong affinity of the Pb-02 MRT-SPE column for Sr>* and
Ba”", as the sorbent is designed to selectively capture metal ions
based on charge and ionic radius.”® The sorbent is designed to
selectively separate and concentrate Pb>* ions, and thus exhibits
high selectivity for metals with ionic radii close to Pb** (1.33 A).
Ionic radii of different ions®**” are provided in Table S4
(Appendix A. SI). Sr**, with an ionic radius of 1.32 A, showed
quantitative retention, supporting the system's design criteria.
Conversely, Ba>" (ionic radius approximately 0.15 A larger than
Pb>") was also extracted. This may be due to the presence of
multiple adsorption sites within the sorbent material.** While
K' is a common constituent of natural waters, Sr** and Ba®" are
typically present only in trace amounts."”” Consequently, the
impact of the major ions commonly found in aqueous matrices
on the selective separation of Pb>" using this system is expected
to be minimal.
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Fig.7 Effect of coexistence cations on the Pb-retention in m-SPE and p-SPE (n = 3). Experimental conditions: sample solution, 100 pM Pb2*; ion

concentration, 0.001-0.1 M; matrix, H,O; solution pH, 1; sample volume,
flow rate, =0.3 mL min~* (m-SPE) and 3 mL min~* (p-SPE).
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3.3.2 Effect of counter anions. To investigate the influence
of counter anions on Pb*" retention, various anions (0.01 M)
were introduced to 100 uM Pb** solutions maintained at pH 6
(Fig. 8a). In the absence of added anions (control with 100 uM
Pb** only), the Pb>" retention rate was 74%. Notably, the addi-
tion of any anion enhanced retention rates. Nitrate and formate
yielded 84 and 88% retention rates, respectively, while propio-
nate increased the rate to 91%. The highest retention rates,
approaching 100%, were observed with acetate, perchlorate,
and benzoate ions.

Such variation can be rationalized by considering the Hof-
meister series, which categorizes ions based on their ability to
disrupt water structure and engage in ion-pairing or hydro-
phobic interactions.*®* In this series, chaotropic anions (e.g.,
perchlorate, acetate, benzoate) are weakly hydrated and highly
polarizable, promoting stronger ion pairing with Pb** due to
reduced competition from water molecules. In contrast, kos-
motropic anions (e.g., nitrate, formate) are intensely hydrated
and less prone to such interactions.®®* Larger anions (Table S5,
see Appendix A. SI) such as perchlorate, acetate, and
benzoate®*® demonstrated higher retention compared to
smaller anions like nitrate. This trend is attributed to the
enhanced ability of bulkier, chaotropic anions to form neutral
or weakly charged ion pairs with Pb>*, which are more readily
retained by the sorbent through hydrophobic association and
reduced hydration shielding.**%

Furthermore, anion concentration significantly impacted
Pb>" retention (Fig. 8b). Higher anion concentrations led to
quantitative extraction of Pb>". For instance, increasing the
nitrate concentration resulted in a corresponding increase in
Pb>" retention, with complete extraction achieved at concen-
trations above 0.04 M. The degree of anion dissociation also
played a role. Strong acids like perchloric acid, which fully
dissociate, contributed to higher ion concentrations and
improved retention compared to weak acids like formic acid,
which only partially dissociate. These results demonstrate that
both the size and concentration of counter anions are critical
factors in enhancing Pb** retention within the m-SPE column.
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Fig. 8 (a) Impact of matrix anion on the Pb-retention; (b) impact of
anion concentrations on the Pb-retention in m-SPE (n = 3). Experi-
mental conditions: sample solution, 100 uM Pb?*; ion concentration,
0.01 M (in experiment a) and 0.01-0.12 M (in experiment b); matrix,
H,0O; solution pH, 6; sample volume, 0.3 mL (m-SPE) and 3 mL (p-SPE);
conditioning solution, 0.1 M HNO3; flow rate, =0.3 mL min~* (m-SPE)
and 3 mL min~?* (p-SPE).
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3.4 Mechanism

Interpretation of the results necessitates a clear understanding
of the metal separation mechanisms within the selected MRT-
SPE column. While further research is needed to fully eluci-
date the mechanism of the MRT-SPE AnaLig Pb-02 column,
a proposed model (Fig. 9), based on established SPE systems
with immobilized macrocycles,*® describes a non-destructive,
selective metal separation. MRT-SPE employs macrocyclic
ligands (e.g., crown ethers) immobilized on supports (e.g., silica
gel, polymers).>® Selective separation is achieved via molecular
recognition, where the macrocyclic “host” preferentially binds
specific metal ion “guests.” Ionic size, charge, electronic inter-
actions, and conformation of the macrocycle influence metal
ion retention.***® Binding occurs within the macrocyclic cavity
or within three-dimensional cavity-like structures formed with
associated sidearms.”® This mechanism's effectiveness at low
concentrations and in complex matrices makes MRT-SPE valu-
able for preconcentration and purification. Separation effi-
ciency is also significantly impacted by macrocycle-solvent
interactions and support material wettability. Unlike traditional
solvent extraction, MRT-SPE is non-destructive, enabling
repeated macrocycle use.*

To provide experimental support for this host-guest model,
the sorbent was analyzed before and after Pb>* uptake using
FTIR and EDX spectroscopy (see Fig. S2, Appendix A. SI). The
FTIR spectra were characterized by broad bands in the 3500~
3400 cm ' region, which are assigned to the ~OH stretching
vibrations of surface Si-OH groups, and a strong absorption
band between 1100-1250 c¢m™ ', corresponding to Si-O-Si
asymmetric stretching vibrations.”*® After Pb®>" sorption, no
significant shifts or new peaks were observed. This lack of
spectral change is consistent with the proposed molecular
recognition mechanism, where the Pb>" ion, the ‘guest’, is
captured within the macrocyclic cavity, the ‘host’ without
forming strong covalent bonds that would alter the vibrational
modes of the host molecule. These findings agree with previous
reports on metal-crown ether interactions.'®*® The successful
sorption of Pb®>" was then unequivocally confirmed by EDX
analysis, which showed distinct peaks corresponding to Pb after
the separation process.

3.5 Validation with CRM

Fig. 10 shows the comparative percentage retention of various
elements in the NMIJ CRM 7202-c (as detailed in Table S1, see
Appendix A. SI) for p-SPE and m-SPE. While both SPE types
exhibited minimal retention of common elements within the
certified river water samples, they competitively retained Rb, Sr,
Se, along with Pb. As anticipated from the interference studies,
the sorbent showed co-retention of Sr, which has an ionic radius
nearly identical to that of Pb>". The partial retention of other
ions like Rb and Se suggests secondary interactions may also
occur within the complex CRM matrix. Nonetheless, the reten-
tion of Pb®>" remained significantly higher than that of most
other elements, demonstrating the method's strong preference
for the target analyte.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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While the p-SPE system exhibited a slightly higher absolute
retention of Pb>* (~90%) compared to the m-SPE system (~82%),
a more critical measure of performance in complex matrices is
selectivity—the ability to isolate the target analyte from inter-
fering ions. The m-SPE system demonstrated significantly greater
selectivity for Pb>* over co-retained elements like Sr(u). For
instance, the selectivity factor («) for Pb>" over Sr(u) was calcu-
lated for both systems. The m-SPE system achieved a selectivity
factor of approximately 2.16 (82% Pb/38% Sr), whereas the p-SPE
system's factor was only 1.38 (90% Pb/65% Sr). This superior
selectivity highlights the m-SPE format's enhanced ability to
preferentially bind Pb** even in the presence of competing ions
with similar chemical properties, reinforcing its suitability for
selective separation from complex environmental matrices.

4 Conclusions

The selective separation of Pb>* from aqueous waste matrices
using SPE systems of particle-based (p-SPE) and monolithic (m-
SPE) formats has been investigated. Optimal Pb>" extraction
was achieved using the m-SPE column under the following

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

conditions: a pH range of 1-6, 0.10 M nitrate ion in the sample
matrix, a sample loading flow rate of 0.3 mL min~—", and an eluent
solution of 0.03 M EDTA with 0.5 M KCl at pH 6. In contrast, the
p-SPE column required a sample loading flow rate of 3 mL min "
and an elution volume of 6 mL while maintaining the same pH
range and eluent composition as the m-SPE column. The
maximum retention capacities for the m-SPE and p-SPE columns
were determined to be 0.17 and 0.14 mmol g™, respectively.
These results indicate that the m-SPE column performs better in
the highly selective separation of Pb** from complex waste
solutions. Furthermore, the MRT-SPE method demonstrated
minimal interference from common ions present in aqueous
matrices. The presence of counter anions in the sample matrix
enhanced Pb*" retention on the m-SPE column, likely due to the
formation of ion pairs, thereby improving the efficiency of the
separation process. Notably, the m-SPE exhibited greater prefer-
ence for Pb compared to the p-SPE, despite competitive retention
of Rb, Sr, and Se from the CRM matrix. An additional advantage
of the SPE column was its facile regeneration process, enabling
multiple uses without significant loss of analytical performance.
From a practical and cost-effectiveness standpoint, the m-SPE
system demonstrates significant advantages. While this study
focused on analytical-scale preconcentration, the high reusability
(>100 cycles), faster sample processing potential, and ten-fold
reduction in eluent consumption suggest it holds considerable
promise for larger-scale, continuous separation processes. These
factors contribute to lower operational costs and reduced
chemical waste generation. Future work should focus on vali-
dating the method's performance with authentic industrial
effluents, and pilot-scale testing would be required to confirm its
economic feasibility.
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