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ABSTRACT: Membrane filtration is an efficient technique for rapid and precise separation, yet challenges persist in

distinguishing and selectively separating nanoparticles with identical elemental compositions, especially copper-based nanoparticles.

Here, we report for the first time the immobilization of thiol-functionalized Fe3O4 nanoparticles (Fe3Os— RSH NPs) onto mixed
cellulose ester membranes for the selective separation and preconcentration of copper nanoparticles (Cu NPs). The Fe3;Os—RSH NPs—
modified membrane demonstrated significantly greater retention of Cu NPs than CuS and CuO NPs of comparable size. The
functionalized membrane exhibits exceptional separation performance, achieving over 90% retention of Cu NPs and an enrichment
factor of ~23, as verified by inductively coupled plasma mass spectrometry (ICP-MS). Notably, the retention rate of Cu NPs remained

unaffected by other copper species, demonstrating the excellent
selectivity of the modified membrane toward Cu NPs. Under
optimized conditions, the method reached a limit of detection
(LOD) of 2.2 pg mL™ for Cu NPs. Furthermore, the approach
enabled successful detection of Cu NPs in river water samples from
Chengdu. This strategy provides a rapid, reliable, and cost-effective
method for
environmental samples and offers a promising platform for the
development of low-cost, on-site nanoparticle monitoring

pretreatment trace nanoparticle analysis in

technologies.
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INTRODUCTION

Copper-based nanoparticles comprise a diverse group of materials,
such as copper nanoparticles (Cu NPs), copper sulfide
nanoparticles (CuS NPs), and copper oxide nanoparticles (CuO
NPs).12 Owing to their distinctive physicochemical properties,
these materials have found extensive applications in catalysis,
environmental remediation, and biomedicine.> However, their
widespread use has raised growing concerns about potential
environmental and biological risks.* The toxicity of copper-based
NPs is strongly influenced by their chemical composition and
particle size, with Cu NPs exhibiting toxicological behaviors
distinct from those of CuS and CuO NPs.> ¢ Understanding these
differences is critical for accurately assessing the ecological
impacts associated with their environmental release.”® Therefore,
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developing analytical strategies capable of selectively separating
and preconcentrating trace Cu NPs from complex environmental
matrices is essential for enhancing the precision of environmental
monitoring and risk evaluation.

Various methods are employed for the separation of
(CPE),
and

nanoparticles, including cloud point extraction

ultracentrifugation, dialysis, chromatography,
dielectrophoresis.®!> Current research has predominantly focused
on the separation of Au NPs, Ag NPs, and their corresponding ions,
while comparatively fewer studies have addressed the separation
and detection of copper-based nanoparticles due to their similar
physicochemical properties.'*'> Moreover, existing methods for
detecting Cu NPs primarily rely on single-particle ICP-MS,'6
cloud-point extraction to CPE,!” and combined spectroscopic
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techniques such as X-ray absorption near-edge structure (XANES)

and extended X-ray absorption fine structure (EXAFS).'®
Although these methods exhibit good analytical performance,
several limitations remain. For example, SP-ICP-MS cannot
effectively distinguish Cu NPs smaller than 20 nm, CPE involves
complex and time-consuming procedures, and XANES/EXAFS
instrumentation is prohibitively expensive. Consequently, there is
still a lack of a rapid, cost-effective, and efficient method for the
separation and analysis of Cu NPs. Membrane filtration
technology is widely valued for its operational simplicity, high
efficiency, and cost-effectiveness.!® It enables rapid and reliable
separations, making it an indispensable tool for the pretreatment
of environmental samples.?*?! However, conventional unmodified
membranes primarily rely on size-exclusion mechanisms, which
severely limit their ability to distinguish nanoparticles with similar
sizes and elemental compositions.?? This limitation highlights the
importance of enhancing membrane selectivity through surface
functionalization.?> 24

Recent advancements have demonstrated that modifying filter
membranes with specific materials, such as functional groups,
nanoparticles, or polymer coatings, can substantially improve their
selectivity and efficiency in separation.?>?¢ Fe;Os nanoparticles are
effective separation materials owing to their superparamagnetic
properties, which enable their use as magnetic fluids for efficient
separation processes.?” Moreover, Fe3Os NPs themselves exhibit
exceptional performance in material separation due to their high
specific surface area, which increases the number of active sites
available for surface modification.® This characteristic is
particularly advantageous for capturing target substances, making
Fe3Os4 NPs highly effective in adsorbing trace analytes.”
Additionally, FesOs NPs possess multiple surface functional
groups that serve as reactive sites, providing abundant
opportunities for membrane modification and interaction.*
Functionalization with specific ligands can greatly enhance the
separation performance of Fe;Os4 NPs toward their target analytes.
For example, Li et al. successfully extracted and detected trace
levels of methylmercury and ethylmercury in aqueous media
using thiol-modified magnetic mesoporous FesOs NPs 3.
Similarly, Qurat et al. reported a composite material incorporating
PDA-modified Fe:Os NPs onto bentonite, which effectively
adsorbed dyes such as crystal violet.>> Owing to their excellent
selective adsorption and hydrophilic properties, FesO« NPs can
enhance the performance of filter membranes when used for
surface modification. In particular, incorporating functionalized
nanoparticles, such as thiol-modified FesO4 NPs, can significantly
improve the membrane’s selectivity for separating target
nanoparticles.>® This offers a promising approach for selectively
isolating copper-based nanoparticles from complex environmental
samples.

In this study, a novel FesO«—RSH nanoparticle-modified mixed
cellulose ester (MCE) membrane was developed for the first time
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Scheme. 1 Schematic illustration of the preparation and filtration process
of Fe;0,-RSH NPs modified membranes.

to enable the selective separation and preconcentration of Cu NPs
from mixtures containing CuO and CuS NPs of comparable sizes
(Scheme. 1). The modified membrane demonstrated excellent
separation performance, achieving retention rates exceeding 90%
and an enrichment factor of approximately 23, as confirmed by
ICP-MS analysis of the filtrate. Mechanistic investigations
revealed that the high selectivity arises from the synergistic effects
of the Donnan potential and the specific interaction between
sulthydryl groups and Cu NPs. This work represents the first
successful application of a surface-modified filter membrane for
the efficient and selective separation of Cu NPs, enabling accurate
trace-level detection in complex matrices. The proposed strategy
not only expands the range of nanoparticle separation
methodologies but also provides a rapid, cost-effective, and highly
selective pretreatment approach for trace nanoparticle analysis in
environmental monitoring.

EXPERIMENTAL

Reagents and materials. Mixed cellulose membranes (pore size:
0.22 um/ 0.45 um, diameter: 50 mm) and Nylon 66 membranes
(pore size: 0.22 um / 0.45 um, diameter: 50 mm) were procured
from Chengdu Feierste Instrument Co., Ltd. FeCls-6H20,
FeCl2:4H20, and TEOS (95%) were sourced from Shanghai
Macklin Biochemical Co., Ltd. 3-MPTMS, Au NPs (5 nm), Ag
NPs (5 nm) were procured from Shanghai Aladdin Biochemical
Technologies Co., Ltd. Ethanol (99.7%), methanol (99.9%),
NaOH (98.0%), and ammonia solution were purchased from
Chengdu Kelong Chemicals Co., Ltd. Cu NPs (5 nm, 20 nm and
100 nm) and CuO NPs (5 nm) solutions were sourced from
Beijing Zhongke Keyou Technology Co., Ltd. All chemicals were
used as received, without any pretreatment. Deionized water
(18.25 MQ cm™) for the experiments was supplied by an ultrapure
water system from Chengdu Ultrapure Water Technology Co., Ltd.,
China. All reagents used were of analytical grade or higher purity.
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Fabrication of Fe3Os4 NPs-modified filtration membranes.
Fes04-RSH NPs were synthesized according to the previous
method outlined in the Supporting Information.3! As illustrated in
Scheme 1, the filtration modified with Fe3O4+-RSH NPs was
fabricated on a hydrophilic MCE membrane (0.22 pm pore size)
using vacuum filtration. Initially, 0.02 g of Fe3O4-RSH NPs was
weighed and dispersed in 500 mL of distilled water, followed by
shaking and ultrasonic treatment for 10 min. The resulting
suspension was subsequently vacuum-filtered through the MCE
membrane. After filtration, the membrane was rinsed twice with
distilled water using a wash bottle to remove any residual
impurities. The modified composite membrane was then air-dried
at room temperature.

Characterization of Membranes. The surface morphology of
the membranes was examined using a scanning electron
microscope (SEM, ZEISS Sigma 360, Germany) at an
accelerating voltage of 15 kV. The surface chemical composition
of the materials and membrane samples was analyzed by a X-ray
photoelectron spectroscopy (XPS, K-Alpha™, Thermo, USA)
with an Al Ko X-ray source. Fourier-transform infrared
spectroscopy (FTIR, VERTEX 70 spectrometer, Bruker, Germany)
was used to characterize the functional groups on the membrane
surface. The crystal structure and phase composition of the
modified material were tested using an X-ray diffractometer
(XRD). The zeta potentials of different types of copper-based
nanoparticles and thiol-functionalized Fe3O4 NPs were measured
using a Zeta potential analyzer (Nano ZSP, Malvern, UK).
Filtration performance was evaluated using ICP-MS (Agilent
8900, USA).

For the ICP-MS analysis, the Fes04+-RSH NPs - modified
filtration were placed in a filtration holder. Copper-based NPs
solution (Cu NPs, CuS NPs, and CuO NPs) was filtered through a
syringe filter. The concentration of copper in the feed solution and
filtrate was determined using ICP-MS to evaluate the filtration
performance. The rejection rate was calculated using the following
equation:

- . Co-C
Rejection ratio (%) = %
0

1)
where Co is the concentration of Cu NPs in the feed solution, and
Ci is the concentration in the filtrate. Error bars represent the
standard deviation from at least three parallel measurements.

Sample Analysis. Water samples were collected from four
different lakes in Chengdu. Cu NPs were added to 25 mL of
environmental water samples and filtered. Subsequently, Cu NPs
on the filter membrane were eluted from the filter membrane using
1 mL of nitric acid (2%, v/v), followed by ultrasonication and
phase separation. The ultrasonicated solution were analyzed using
ICP-MS.

www.at-spectrosc.com/as/article/pdf/2025158

(a) (b)

Fe304-RSH

|
M 2927 23 1714

Transmittance (a.u.)
Intensity(a.u.)

Fe304 -RSH

1000 1200 2400 1600 00 00 40 600 800 1000 1200 1400
Wavenumber em™) Raman Shiftem!)
——Te30; NIs

—_

—
o
-
—_
>
-

— o34 RSH

Intensity (a.u.)

Intensity (a.u.)

60 E) %0 1200 1000 800 60 400 200 0
Binding energy (eV)

(e)

Intensity (a.u.)
Tntensity (a.0.)

740 735 730 725 720 715 710 705 700 540 S8 536 534

X 6 532 &30 S8 526 1T
Binding cnergy (cV) Rinding energy (V)

165 166 164 162 160
Binding energy (V)

Fig. 1 (a) FTIR spectra of Fe;O4-RSH NPs. (b) SERS spectrum of Fe;O,-
RSH NPs. (¢) XRD patterns of three types of Fe;O4 NPs. (d) XPS spectra
of three types of Fe;Os NPs. (e) Peak distribution in XPS spectrum of
element Fe. (f) Peak distribution in XPS spectrum of element O. (g) Peak
distribution in XPS spectrum of element S.

RESULTS AND DISCUSSION

Characterization of Fe3;O+RSH NPs and copper-based
nanoparticles. As shown in Fig. SI, SEM images reveal that
Fe304 NPs, Fe3O4-RSH NPs, and Fe;04@SiO2 NPs are randomly
dispersed. Notably, FesO4 NPs have a strong tendency to aggregate,
mainly as a result of intrinsic magnetic dipole interactions and
surface energy—driven orientation effects.* Fig. 1a shows the
FTIR spectrum of FesO+—RSH NPs. The characteristic absorption
bands at 1714 and 593 cm™ are assigned to Fe—O bond vibrations,
while the peak at 2927 cm™ is attributed to trace CH2 groups
introduced by 3-MPTMS during synthesis.> A weak absorption
band associated with the S—H bond is observed at 2374 cm™,
which can be ascribed to the sulfur of the thiol groups in Fe;O4—
RSH NPs. In comparison with Fe304 NPs and Fe;04@SiO2 NPs
(Figs. S2-S3), all of the three materials display characteristic Fe—
O absorption bands at approximately 580 and 1700 cm™. The
successful thiol functionalization of Fe304+—RSH NPs was further
confirmed by Raman spectroscopy. As illustrated in Fig. 1b, a
pronounced Raman band at 1095 cm™ corresponds to the C—S
stretching vibration of Fe304+—RSH NPs.*¢ Additional bands at 559
and 358 cm™ are attributed to Fe—O bond vibrations of Fe;Os—
RSH NPs and Si—O bond vibrations of the surface-modifying
agent 3-MPTMS, respectively. Fig. 1c displays the XRD patterns
of Fes0+—RSH NPs. Diffraction peaks are observed at
approximately 30.2°, 35.4°, 43.1°, 53.4°, 57.1°, and 62.6°,
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corresponding to the (220), (311), (400), (422), (511), and (440)
crystallographic planes of Fe3sO4 NPs, consistent with the standard
JCPDS card 99-0073.37 Compared to Fe3Os NPs and Fe3O4@SiOz,
the results indicate that FesOs-RSH NPs retained their typical
cubic spinel structure throughout the modification process. The
XPS data of prepared Fe;Os-RSH NPs are shown in Fig. 1d. The
high-resolution Fe XPS spectrum of Fe;Os-RSH NPs (Fig. le)
shows two peaks at 723.81 and 710.44 eV, corresponding to Fe
2pi/2 and Fe 2ps/2, respectively. The peaks observed at 530 eV and
531.75 eV in the high-resolution O XPS spectrum (Fig. 1f)
correspond to signals from the Fe-O and O-H bonds in the material.
Compared to the precursor materials (Figs. S2-S3), the high-
resolution XPS spectra of Fe and O elements for all materials were
essentially consistent. However, FesOs-RSH NPs exhibited a peak
at 163.3 eV in the high-resolution S XPS spectrum (Fig. 1g),
corresponding to the sulfur groups on the material's surface,
confirming the successful introduction and modification of the
thiol group.3®

The morphology and size of the Cu NPs, CuS NPs, and CuO
NPs were characterized. TEM images (Figs. S4 a, c, e) show that
Cu NPs, CuS NPs, and CuO NPs exhibit near-spherical shapes and
are randomly dispersed in ultrapure water. The average particle
sizes were 4.18 + 0.68 nm, 4.95 + 0.82 nm, and 5.01 + 0.81 nm,
respectively (Figs. S4 b, d, f). The particle sizes were uniformly
distributed around 5 nm, thereby eliminating the influence of
varying particle sizes on the results of subsequent filtration
experiments.

Feasibility for Cu NPs separation by Fe3;Os+RSH NPs -
modified membrane. Fig. S5 presents SEM images of
commercial MCE membranes (nominal pore size: 0.22 pum)
following modification with progressively increasing loadings of
Fe304—RSH NPs. During vacuum filtration, the nanoparticles are
deposited onto the cellulose scaffold. As the deposition mass of the
modifier increases, the surface roughness of the film also increases
accordingly, with Fe3O4-RSH NPs increasingly covering the fiber
network (Fig. S5a—g). At the highest nanoparticle loading (Fig.
S5g), a dense and continuous selective layer is formed, which is
expected to enhance the selective retention of target nanoparticles.
During membrane modification, the surface loading efficiency
calculation formula for thiol-modified Fe;Os-RSH NPs on filter
membranes is:

ww0

Rwmnes (%) = ?2)
where W is the mass of the modified and dried membrane, W5 is
the mass of the unmodified membrane, and M is the mass of the
modifier dispersed in distilled water.

As shown in Table. S1, the surface loading efficiency of the

modified material on the membrane improved with increasing
nanoparticle loading, rising from 80.00% to 99.52%.3°
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Fig. 2 (a) Retention capacity of modified membranes made from different
materials for Cu NPs. (b) Retention capacity of modified membranes on
different substrates for Cu NPs. (c) Rejection efficiency of 5 nm
nanoparticles (Cu NPs, Au NPs, and Ag NPs). (d) Retention capacity of
modified membranes made from different materials for multiple types of
Cu NPs. (e) Rejection of Cu NPs in mixtures with 5 ng mL™ Cu?*, CuS
NPs, and CuO NPs. (f) Rejection of Cu NPs of 5, 20, and 100 nm sizes.

Asillustrated in Scheme. 1, a disposable syringe-filter assembly
was used for the rapid separation of Cu NPs. As shown in Fig. 2a,
compared to the unmodified membrane, FesOs4 NPs and
Fe3;04@SiO2 NPs modified membrane, the Fes04—RSH NPs
modified filters exhibit significantly higher rejection of Cu NPs
(>80%). The membranes with different pore sizes (0.22 um and
0.45 pm) and compositions (MCE and nylon) were uniformly
functionalized with Fe3O4+—RSH nanoparticles and systematically
characterized. As shown in Fig. 2b, the 0.22 pm MCE membrane
exhibited the highest Cu NP rejection rate of 90%, indicating
excellent separation performance. Subsequently, three
nanomaterials (Au NPs, Ag NPs, and Cu NPs) with identical
particle sizes and concentrations were filtered to evaluate the
retention efficiency of the modified membrane. As shown in Fig. 2c,
the membrane exhibited the highest retention efficiency for Cu
NPs, indicating its selectivity copper
nanoparticles. The selectivity of the wvariously modified
membranes was evaluated for the separation of Cu NPs, CuS NPs,
and CuO NPs. As shown in Fig. 2d, the Fe;O4+RSH NPs—
modified membrane exhibited high selectivity for Cu NPs in

superior toward

comparison to similarly sized CuS and CuO NPs. The capacity of
the Fe304-RSH NPs—modified membrane to discriminate Cu NPs
exceeded that of membranes modified with other materials. To
evaluate the effect of other copper species on the membrane’s
separation performance toward Cu NPs, additional experiments
were carried out in which 5 ng mL™ Cu NPs were individually
mixed with equal concentrations of Cu?*, CuO NPs, and CuS NPs.
As shown in Fig. 2e, the retention rate of Cu NPs remained
unchanged in the presence of these copper species, indicating that
the filter membrane exhibits excellent selectivity toward Cu NPs.
To assess the size-dependent separation performance of the
modified filter membrane, Cu NPs with diameters of 5, 20, and
100 nm were filtered. As shown in Fig. 2f, the membrane exhibited
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Fig. 4 Linear relationship between Cu NP concentration and ICP-MS signal
intensity (b) before and (a) after extraction. (c) Inter-batch stability and (d)
time stability of modified filter membranes.

high filtration efficiency (>90%) for all tested particle sizes, with
the efficiency gradually increasing as particle size increased.

Optimization of experiment condition. To achieve optimal
filtration and separation performance of the Fe;0s-RSH NPs -
modified filtration, key
systematically optimized. As shown in Fig. 3a, Cu NPs retention
increased progressively with Fe;0s—RSH NPs loading, reaching a

experimental parameters were

maximum at 20 mg. As shown in Fig. 3b, filtration efficiency was
evaluated using different volumes of Cu NPs solution, with the
highest retention observed at 1 mL. Further evaluation across a pH
range of 4-9 revealed that the FesOs+—RSH NPs-modified
membrane achieved maximum and highly reproducible rejection
of Cu NPs at pH 8 (Fig. 3c), consistent with the typical pH of
environmental waters.

Analytical performance. Under optimized conditions, the
analytical performance for Cu NPs was evaluated. As shown in
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Fig. 4a, a strong linear correlation (Y = 175,538 C + 30.03) was
observed, with the LOD calculated as 3 ¢ / k (where o represents
the standard deviation of 11 blank measurements and k denotes the
slope of the calibration curve) to be 2.2 pg mL™ for Cu NPs.
Compared with direct analysis without membrane extraction (Fig. 4b),
the use of the Fe30s-RSH NPs modified membrane followed by
elution with HNOs achieved a 23-fold preconcentration factor.
Subsequently, seven batches of FesOs-RSH NPs - modified
filtration were fabricated to evaluate the reproducibility of Cu NPs
filtration. As shown in Fig. 4c, the relative standard deviation
(RSD) was 1.8%, indicating excellent reproducibility. Membranes
prepared using the same modification strategy were further tested
for Cu NP filtration over a period of 7 to 30 days. As presented in
Fig. 4d, the results showed an RSD of 2.2%, demonstrating the
long-term storage stability of the modified membranes.

The reusability of the modified membrane was also investigated
by performing multiple filtration cycles using the Fe3Os+SH
functionalized membrane. As shown in Fig. S6a, the retention
efficiency for Cu NPs remained around 90% during the first three
consecutive filtration cycles, demonstrating good initial stability.
However, after cleaning the membrane with 2% HNOs (Fig. S6b)
and distilled water assisted by ultrasonication (Fig. S6c¢), followed
by re-modification, a pronounced decline in filtration efficiency
was observed. This reduction was likely caused by damage to the
fiber structure of the commercial MCE membrane, which
substantially impaired its overall filtration performance.

To evaluate the selectivity of the method, the recoveries of 1 ng
mL ™ Cu NPs were measured in the presence of a 100-fold excess
(100 ng mL™") of common cations and anions in natural waters,
including Na’, K*, Mg*', Ca*, AP*, Mn*, Fe**, Ni**, Zn*', and
SO+ All tested ions produced recoveries between 93 and 101%
(Table 1), indicating negligible interference and confirming the
suitability of the method for direct analysis of environmental
samples.
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Table 1. Interference study of common ions

M] [M]/ Cu NPs Recovery
Interference (ng mL") (ng mL") (%)
Nat 100 1 97
Mg 100 1 98
AP* 100 1 97
K* 100 1 101
Ca? 100 1 94
Mn? 100 1 98
Fe* 100 1 96
Ni* 100 1 94
Zn?t 100 1 101
SO” 100 1 93

Table 2. The results of Cu NPs analysis in the Chengdu River

Added Found RSD Recovery
Sample 1 Rt o o
(ng mL™") (ng mL") (%) (%)
Jiang'an 0 0.11 - -
Lake 1.00 1.12+0.03 39 101
Luhu Lake 0 0.13 ) )
1.00 1.10+0.03 1.8 97
Yixin Lake 0 0.13 ) )
1.00 1.06+0.01 0.8 93
South Lake 0 0.08 ) -
1.00 1.11+0.02 23 103

Electrostatic attraction
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J

Thiol chelation

Electrostatic attraction

& Electrostatic attraction

@ cunps @ cuoNPs @ Cus NPs electronegativity  electropositivity

Fig. 5 The mechanism of filtering different copper-based nanoparticles by
Fe;04-RSH NPs modified filtration membrane.

Mechanism of selective filtration by Fe3OsRSH NPs -
modified membrane. The selective filtration of Cu NPs from
mixtures containing CuS and CuO NPs is governed not only by
the membrane’s pore size and steric effects but also by its material
composition, surface charge, and the functional groups and charge
properties of the nanoparticles.*” Owing to the ultrafine size (=5
nm) of all three copper-based nanoparticles, their separation is
determined primarily by the surface charge characteristics of the
membrane rather than by size exclusion. The commercially
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available MCE membrane is electrically neutral, resulting in a
negligible Donnan effect and, consequently, poor selectivity
among Cu, CuO, and CuS NPs.*! In contrast, modification with
Fe304—RSH NPs confers a positive surface charge ({-potential =~
+7.733 mV), which induces strong Donnan repulsion against
positively charged Cu NPs and CuO NPs, thereby enhancing
rejection efficiency (Fig. S7a).*? In addition, the thiol groups
provided by FesO+—RSH NPs form stable Cu—S coordination
complexes. Post-filtration XPS analysis revealed a Cu 2ps/> peak
at 939.2 eV, indicative of Cu—S bonding, thereby confirming the
selective chelation of Cu NPs (Fig, S7b—c). Collectively, these
results demonstrate that the modified membrane can selectively
retain Cu NPs from mixed suspensions of copper-based
nanoparticles under environmentally relevant conditions (Fig. 5).

Real sample analysis. Driven by their widespread use in industry,
agriculture, and consumer products, Cu NPs have dispersed across
all environmental compartments, making their reliable
quantification essential for accurate exposure assessment and
ecological risk evaluation.® In this study, Cu NPs were measured
in water samples collected from four different locations along the
Chengdu River, with concentrations ranging from 0.09 to 0.13 ng
mL . The accuracy of the method was evaluated through spiking
experiments. As summarized in Table 2, recoveries ranged from
93% to 103%, with RSDs consistently below 5%. These results
demonstrate that the developed method is effective for the
filtration and selective separation of Cu NPs from environmental

water samples.

CONCLUSION

In this study, we developed a simple and cost-effective approach
to fabricate a functionalized filtration membrane by immobilizing
Fe;0.—RSH NPs onto MCE membranes via vacuum filtration.
The resulting membrane exhibited outstanding selectivity for Cu
NPs, achieving over 90% retention while maintaining excellent
stability. It effectively separated Cu NPs from other copper-based
nanoparticles of similar size and properties in mixed samples. This
method enabled rapid preconcentration of Cu NPs, providing an
enrichment factor of ~23 and low detection limits when coupled
with ICP-MS analysis. Its successful application to detect and
isolate Cu NPs from river water samples in Chengdu demonstrates
its practical utility for environmental monitoring. Notably, this
work represents the first use of a thiol-modified Fe;Os-based
membrane for selective Cu NPs separation, offering a reliable,
rapid, and low-cost pretreatment strategy for enriching and
analyzing trace nanoparticles in complex environmental matrices.

Looking ahead, this filtration strategy shows great potential for
advancing nanoparticle separation technologies. Its capability to
isolate similar elemental

efficiently nanoparticles  with

compositions and sizes paves the way for broader applications,
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including the monitoring of diverse metal and engineered
nanoparticles in environmental systems. Future research could
focus on enhancing membrane scalability and developing more
versatile filtration platforms for multi-metal nanoparticle
separation. Moreover, integrating this method with portable, on-
site detection devices may revolutionize environmental
monitoring by enabling real-time, low-cost analysis in remote or
resource-limited areas. Beyond environmental applications, this
approach could be extended to industrial wastewater treatment,
water purification, and biomedical fields, where precise

nanoparticle separation is of critical importance.
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