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Nanoplastics (NPs) are an emerging contaminant in natural freshwater environments. However, there is
a lack of analytical methods for separating and characterizing NPs by particle size, which is essential for
analyzing their environmental behavior. Asymmetrical flow field-flow fractionation (AF4) is considered
a reliable technique suitable for separating and characterizing the particle size of macromolecules,
colloids, and particles. In this work, we report a method for separating and characterizing the size of
polystyrene nanoplastics (PS NPs) in freshwater environments using AF4 coupled with MALS and UV-vis
detectors. By optimizing the injection volume, mobile phase composition, cross-flow rate, and detector
flow rate, we achieved the separation of 50 nm and 100 nm PS NPs within 40 min. The average mass
recovery rate reached 88.5%, with relative standard deviations of less than 10% for different indicators in
repeated measurements. The R? value of the linear regression between concentration and UV peak area
exceeded 0.99. We applied this method to natural freshwater media and analyzed the particle sizes of
particles added to the freshwater media for 0 and 48 hours using dynamic light scattering (DLS). The
results revealed that, despite the appearance of a small number of particle aggregates with sizes close to
250 nm in some freshwater media after 48 hours, the optimized AF4 method still effectively separated

Received 17th January 2025
Accepted 27th July 2025

DOI: 10.1039/d5ra00409h the majority of the original unaggregated particles. This effective separation demonstrates the practical

rsc.li/rsc-advances feasibility of applying the AF4 method to environmental water samples.

Open Access Article. Published on 19 August 2025. Downloaded on 2/11/2026 11:00:51 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

1 Introduction

Global plastic production reached 430 million tons in 2023 and
is anticipated to triple by 2050."> Approximately 94% of these
plastics are projected to either accumulate in landfills or be
discharged into the environment through processes such as
surface runoff and wastewater treatment plant effluents.”
Subsequently, these plastics undergo further fragmentation and
degradation, resulting in substantial plastic debris.>* Plastics
degrade into fragments known as microplastics (MPs), defined
as plastic particles between 1 pm and 5 mm in size. Further
degradation can produce nanoplastics (NPs), typically defined
as plastic particles smaller than 1 pm.*” NPs possess distinctive
physicochemical properties, including a large specific surface
area, crystallinity, and hydrophobic surfaces, facilitating the
adsorption and subsequent release of contaminants such as
heavy metals, organic compounds, antibiotics, and additives
like plasticizers and flame retardants.®® Moreover, their
reduced size presents challenges in management and increases
the likelihood of entering the food chain, accumulating in top-
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level predators.’*™* As a result, NPs exhibit heightened toxicity
and pose elevated health risks compared to MPs.

NPs are prevalent in various environmental compartments,
including rivers, lakes, oceans, sediments, and the
atmosphere.>'>"” The initial reports on NPs date back to 2014,
when Gigault et al. conducted laboratory simulations of the
photodegradation of MPs."® In 2015, Halle et al. detected NPs in
seawater samples collected from the North Atlantic Subtropical
Gyre through Dynamic Light Scattering (DLS) experiments
following ultrafiltration.' Since then, the widespread presence
of MPs and NPs has been documented in freshwater systems
across Europe, North America, and Asia.’** Even remote areas
such as the Qinghai-Tibet Plateau, Mongolia, Russia, and high
mountain regions in Italy are contaminated with MPs and
NPs.>*?¢ Some studies suggest that the abundance of NPs may
be 10" times higher than MPs.>” Despite this prevalence, it is
essential to note that most detected and reported particles are
still MPs, primarily due to limitations in detection methods and
tools." Therefore, the development of methods for the separa-
tion and characterization of NPs in real environmental contexts
is of paramount importance.

Polystyrene (PS) is a prominent polymer extensively utilized
across various industries, including food packaging, tableware,
cosmetics, and building insulation. Polystyrene nanoplastics
(PS NPs) are distinguished by their narrow particle size
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distribution, rendering them valuable in diverse applications
such as pigments, coatings, and polymer composites.”® As
a result, PS NPs constitute a significant component of the
plastics landscape.”® A fraction of PS NPs is released in fresh-
water environments, exhibiting a wide range of size distribu-
tions that markedly influence their physical, chemical, and
environmental behaviors.** On the one hand, particle size
governs the behavior and transport of PS NPs in the environ-
ment.® Smaller particle sizes are more susceptible to microen-
vironmental influences in air, soil, and aqueous media and are
easily absorbed and transformed by living organisms.** On the
other hand, particle size significantly impacts the physical and
chemical properties of nanoplastics.*® The increase in specific
surface area resulting from the reduction in particle size
enhances the surface reactivity of NPs.'*** Therefore, studying
the particle size of NPs is crucial for assessing their environ-
mental impact, comprehending their properties, and devel-
oping appropriate separation techniques. Nevertheless, the
small particle size and broad range of size distributions of PS
NPs pose challenges in devising separation and particle size
characterization methods.®

Various methods have been reported to separate NPs,
including size exclusion and hydrodynamic chromatog-
raphy.**> However, when utilized for particle analysis, both
methods can induce changes in sample morphology due to
alterations in shear forces and may not efficiently separate
particles across multiple size ranges.** At the nanoscale, particle
size characterization can be accomplished through scanning
electron microscopy (SEM), transmission electron microscopy
(TEM), and dynamic light scattering (DLS).** Nevertheless, TEM
and SEM necessitate dehydration and drying before character-
ization, potentially resulting in particle aggregation and devi-
ating from the sample's original state.***® Conversely, DLS
instruments are unsuitable for samples with polydispersity or
complex, inhomogeneous media.*” Consequently, there is
a demand for new analytical tools to address these limitations.*
Asymmetrical flow field-flow fractionation (AF4), based on
Giddings' field flow fractionation theory, has been employed to
separate particles or molecules in complex mixtures.***
Compared to conventional separation techniques, such as
membrane filtration and liquid hydrocyclones, the AF4 method
offers distinct advantages, including the ability to separate
smaller particles, a broader separation range, and higher reso-
lution in size characterization, although its sample throughput
is relatively low. In addition, as a non-destructive, membrane-
based, matrix-free method, AF4 avoids the need for chemicals
or harsh treatments and effectively preserves test samples
during the separation process, and is therefore widely used for
exosomes, macromolecules and nanoparticles.*****¢ It has also
demonstrated significant potential for separating MPs' and
NPs' samples.*®**® Battistini et al. developed a method for
separating and detecting standard PS NPs samples based on an
AF4 system coupled with multi-angle light scattering, providing
size information on the sample particles.”® Correia et al. evalu-
ated a method for separating primary PS NPs (100 nm) in a fish
tissue sample by AF4-Fluorescence.*® Gigault et al. devised
a programmed AF4 method to rapidly identify various
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submicron populations and PS NPs in unknown samples.”
Apart from the separation mentioned above methods developed
under laboratory conditions, AF4 has been applied to separate
engineered nanoparticles in natural complex matrices in
several studies.*>*® Sanchez-Cachero et al. developed an AF4-
based method for separating and characterizing platinum
NPs, successfully applying it in synthetic and natural water
samples.*® Amde developed an AF4-based method for the
separation and size characterization of zinc oxide NPs,
demonstrating good accuracy when applied to environmental
water samples.®® Li et al. developed a multi-platform collabo-
rative separation method based on AF4 for the separation,
evaluation and identification of PS NPs in water.* It is note-
worthy that, despite partial AF4 method development for PS
NPs, there is still a lack of studies systematically applying and
validating the feasibility of separating PS NPs in natural envi-
ronmental water samples.*

This study focuses on optimizing and validating such an
analytical method, rather than exploring new separation prin-
ciples, aiming to support future environmental monitoring and
research on nanoplastics. By optimizing key operational
parameters and evaluating the method's performance in
complex water matrices, we aim to demonstrate the practical
feasibility of AF4 as a reliable analytical tool for environmental
NPs research. The elution process was meticulously optimized
with respect to injection concentration, carrier liquid compo-
sition, cross-flow rate, and detector flow rate. The resulting
method was validated through assessments of reproducibility,
recovery rates, and linearity between peak area and particle
concentration. Upon validation, the method can be readily
applied in future studies involving the separation of PS NPs.
Although several previous studies have attempted to optimize
AF4 conditions for PS NPs, systematic validation of these
methods in realistic environmental water matrices—such as
river water, reservoir water, and groundwater—remains limited.
To address this gap, we applied the optimized AF4 method to
various natural freshwater samples, with an emphasis on eval-
uating its robustness and performance under environmentally
relevant conditions. Conventional water quality indices and
DLS measurements were used to identify factors influencing
AF4 separation behavior. This research contributes to a deeper
understanding of both the potential and limitations of using
AF4 for analyzing NPs in complex environmental settings.
While the detection of naturally occurring PS NPs remains
analytically challenging due to their low concentrations and the
complexity of environmental matrices, this study takes a step by
validating AF4's separation efficacy using spiked PS standards.

2 Materials and methods
2.1 Materials and reagents

All chemicals and reagents utilized in this study were of
analytical grade. Sodium dodecyl sulfate (SDS, C;,H,5S04Na)
and ammonium bicarbonate (NH,HCO;) were procured from
Macklin (Shanghai), while sodium chloride (NaCl) was obtained
from Aladdin (Shanghai). Methanol (CH,0) was sourced from
Thermo Fisher Scientific (USA). The PS NPs (50 nm and 100 nm)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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were supplied by Dae Technology (China) with a particle
dispersion of less than 5%. The results of dynamic light scat-
tering (DLS) showed that for 50 nm PS NPs, the PDI was 0.04 +
0.01, while for the 100 nm PS NPs, it was 0.01 +£ 0.01, indicating
relatively monodisperse distributions with low aggregation
tendencies. The polyethersulfone ultrafiltration membrane,
with a molecular weight cut-off (MWCO) of 30 kDa, was
purchased from Jinteng (China) and employed for water filtra-
tion. Ultrapure water (UPW) was prepared using a Milli-Q
gradient system (Millipore, France).

The PS NPs were characterized using a Talos F200X G2
(Thermo Fisher Scientific, USA) transmission electron micro-
scope (TEM) operating at 200 KV. The particles’ hydrodynamic
diameter and zeta potential were measured using DLS with
a Malvern Zetasizer Nano ZSE (Malvern Panalytical, UK). Refer
to Text S1 in the SI for detailed methods and additional
instrument information.

2.2 Instrument conditions and optimization of AF4
separation method

2.2.1 Instruments. The AF4 system used in this study was
based on the Eclipse field-flow fractionation (FFF, Wyatt Tech-
nology, Santa Barbara, CA, USA) system. On this basis, the
system combines a Wyatt's DAWN HELEOS series 18-angle laser
light scattering detector (MALS), a QELS dynamic light scat-
tering detector, a ViscoStar viscosity detector, and an rRX (dn/
dc) detector for nanoparticle identification. A short channel of
a trapezoidal shape was chosen for the flow channel, and the
channel components were shown in Fig. S1 of SI. A spacer with
a thickness of 490 pm and a regenerated cellulose (RC)
membrane were selected to separate PS NPs. RC was chosen due
to its low protein-binding properties, chemical stability, and
minimal hydrophobic interactions with PS NPs, reducing
sample loss from membrane adsorption.

In addition, a high-performance liquid chromatography
(HPLC, Ultimate 3000, Thermo Fisher Scientific, USA) system
was used. The system was equipped with a pump (LPG-
3400SDN), an autosampler (WPS-3000TSL), and a diode array
detector (DAD, DAD-3000) for UV signal detection. It was
coupled with the constructed AF4 system. The sample was
separated in the flow channel under the control of the auto-
sampler and pump of the HPLC. The separated sample particles
were fed into different detectors, and the signal data collected
by the detectors was processed by the ASTRA 7.1.3 software
(Wyatt Technology, USA). The laboratory configuration of the
online AF4-MALS-UV-DAD system is illustrated in Fig. S2.

2.2.2 Optimization. In this study, we systematically opti-
mized the operating conditions of AF4, encompassing injection
volume, carrier liquid composition, cross-flow rate, and detec-
tion flow rate. Initially, PS NPs with a particle size of 50 nm
(concentration of 100 mg L") were utilized as target particles,
and the injection volume was sequentially optimized at 100 uL
and 1 mL. Subsequently, both PS NPs with particle sizes of
50 nm and 100 nm were chosen as target samples, ensuring
their concentrations after mixing were 100 mg L™ with an equal
mass ratio (1:1).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The mobile phase composition, comprising salts, surfac-
tants, and other chemical constituents, is a critical variable that
needs careful selection for compatibility with the analyte and
optimization of operational performance.*® To identify the most
compatible mobile phase composition, we compared the sepa-
ration performance using two types of salt (0.5% NH,HCO; and
0.01 mol per L NaCl), one type of surfactant (SDS), and ultrapure
water (UPW). Additionally, the study discussed the separation
effect of two different concentrations of SDS (0.005% SDS and
0.01% SDS) commonly used in mobile phases. Cross-flow rates
and elution programs are other pivotal factors influencing the
particle's retention time and regression particle size. Four flow
rates (0.1, 0.35, 0.5, and 1 mL min~") were compared to opti-
mize the cross-flow rate. Simultaneously, four elution programs
were compared: constant, linear decay, constant then linear
decay, and linear decay then constant. Finally, to examine the
impact of detector flow rate variations on the separation results,
three different detector flow rates were set at 0.5, 0.75, and 1
mL min~", respectively. All experiments were performed in
triplicate unless otherwise specified. Quantitative data such as
retention time, peak area, and recovery rate are reported as
mean values +tstandard deviation (SD).

2.2.3 Recovery rate. The recovery rate in this study was
calculated as the mass ratio of NPs eluted during fractionation
to the initial injected mass. Given the sensitivity of PS NPs to
operating conditions and their propensity for adsorption onto
the channel membrane surface, recovery rate evaluation and
validation were crucial post-separation. The recovery was
experimentally determined using a mass-sensitive UV detector.
The mass recovery rate was calculated using UV peak area values
in this context. The UV peak area (mAu min) obtained without
focused flow and cross-flow served as a baseline for direct
injection, and the mass recovery was calculated by comparing it
with the UV peak area obtained during standard elution. Con-
forming to the ISO (International Organization for Standardi-
zation) guidelines for developing field-flow separation methods
for nano-objects published in 2018, as a general rule, the
recovery rate should be =70%.%* In our study, a recovery rate
exceeding 80% was considered acceptable.

2.2.4 Application to natural freshwater media. The sepa-
ration method was further applied to natural freshwater
samples collected from various sources: (1) river water from
gathering areas in residential, commercial, and university town
areas (Dasha River, Shenzhen City, China), (2) river water from
the coastal landscape park near the outfall (Dasha River,
Shenzhen City, China), (3) reservoir water from a significant
water supply source and landscape reservoir (Xili Reservoir,
Shenzhen City, China), and (4) groundwater samples from
remote scenic spots around the county (Yinchuan City, Ningxia
Hui Autonomous Region, China). The specific sampling loca-
tions are summarized in Table S1 of SI. River and reservoir
water samples were collected in early February 2023, with
a sampling depth of 0.5 m below the water surface. Ground-
water samples were collected in late September 2022 at a depth
of 30 m underground. Temperature, turbidity, and transparency
were measured during field collection. To remove background
particulate impurities and reduce potential interferences, all
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freshwater samples were pre-filtered through a 0.22 um poly-
ethersulfone ultrafiltration membrane before spiking with PS
NPs. Following pH measurement, the concentration of major
ions (Na®, Ca*>", Mg®"), total carbon (TC), and total organic
carbon (TOC) were determined (Table S3 of SI). The water
samples were then stored at 4 °C. PS NPs (size: 50 nm and
100 nm, concentration after mixing 100 mg L™ ') were intro-
duced to the water samples and homogenized under vortex
stirring to evaluate the method's applicability in natural water
samples. In this study, PS NPs with particle sizes of 50 nm and
100 nm were selected because these sizes represent typical
small and medium-sized NPs frequently reported in environ-
mental research.”®*® These particle sizes allow us to clearly
investigate the influence of particle size differences on AF4
separation efficiency. A portion of the mixed sample was eluted
into the AF4 system immediately (0 h assay sample), while
another part was incubated in a shaker at a controlled
temperature of 25 °C and a shaking speed of 200 rpm for 48
hours before elution (48 h assay sample). Additionally, each
spiked sample was analyzed using DLS to validate the accuracy
of the AF4 method's regression results and provide more
detailed information on particle size variation in the freshwater
media.

2.3 Quality control

To prevent interference caused by prolonged membrane usage,
membranes were replaced after 50 uses or within one week.
After replacement, new membranes were fully soaked with
ultrapure water, and the system was stabilized by repeated
injections before formal experiments. The flow channel was
flushed with UPW for at least 1 hour before each measurement
to ensure ideal conditions. During idle periods post-
measurement, the flow channel was continuously flushed
with 10% methanol.

3 Results and discussion

3.1 Optimization of important operating conditions for AF4
separation

Important operating conditions of AF4 were optimized in this
study, such as injection volume, carrier liquid composition,
cross-flow rate, and detector flow rate, which seriously affect the
separation of target PS NPs. Although preliminary studies have
reported the optimization of AF4 conditions for PS nano-
particles in ultrapure water, this study systematically optimized
these parameters more meticulously and emphasized the
applicability of the optimized method in realistic environ-
mental media and influencing factors, clearly highlighting its
practical environmental value. The operating conditions were
determined according to the criteria based on signal resolution
and characteristics, such as the peak intensity, the proximity of
the peak base to the baseline, the degree of separation, and the
particle mass recovery rate. Recovery rate was the first and most
important factor to be considered and was used to determine
the optimum value for all operating conditions. Peak intensity
and degree of separation were evaluated based on an acceptable
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recovery rate. The height of the peaks judged the peak intensity,
and the degree of separation was calculated by referring to the
method in ISO/TS 21362:2018 (E).*® Higher peak heights and
better separations were considered to be better separations. In
addition, shorter separation time is also a factor to be
considered.

First, the injection volume was optimized. As shown in
Fig. S3, in the continuous injection of two different concentra-
tions of PS NPs, the sample peak morphology was good at an
injection volume concentration of 50 pL. Therefore, a 50 pL
injection volume was adopted in this study, with the actual
analyte concentration set at 0.005 g L™, aligning with conclu-
sions from numerous studies.*® As a rule, the analyte concen-
tration should not exceed 1 g L™".*® However, this value only
serves as a broad upper limit to initiate the optimization
process, and optimal concentrations can often be much lower,
which was supported by the results of our study.*® A flat-head
peak with missing peak information emerged at an injection
volume concentration of 1 mL. This observation aligns with the
findings of Sun et al., who also noted flat-head peaks for the
nanoparticulate matter at an injection volume of 1 mL.** The
probable cause was the excessively high concentration of PS
NPs, surpassing the detection range of the UV-DAD detector.
Despite the value of the recovery rate indicating that the 1 mL
injection volume provided a better recovery rate, the recovery
rate corresponding to a 50 pL injection volume met the
requirements of common studies.?®

Next, in comparing four mobile phase compositions, SDS
emerged as the most compatible, with 0.01% SDS providing
the highest signal intensity, optimal recovery, and shortest
separation time. Among tested mobile phase compositions
(Fig. 1a), UPW resulted in the lowest recovery and longest
elution time, accompanied by peak tailing. The presence of
tailing may be attributed to the strong interaction between the
membrane and the PS NPs, necessitating the addition of other
chemical components to weaken this interaction. Moreover,
adding two salts improved the recovery of the target PS NPs,
particularly 0.01 mol per L NaCl, which resulted in a peak
pattern adhering to a normal distribution and achieved good
separation. However, using NaCl with UPW as the mobile
phase weakened the peak signal, and based on the zeta
potential detection results of PS NPs, the particles in aqueous
solution generally carry a negative charge. The dissociation of
NacCl released many positively charged sodium ions, acting as
a bridging agent for PS NPs and potentially triggering aggre-
gation. Several studies have indicated that, despite the low
concentration of NaCl, they may still induce the aggregation of
PS NPs.>>¢

Third, the cross-flow rate was optimized and is shown in
Fig. 1b. Cross-flow rates of 0.1 mL min ' caused rapid elution
and poor recovery, while 1 mL min~" resulted in overly pro-
longed elution. This aligns with the theory of asymmetric field
flow separation, where an increased cross-flow rate exerts
a more significant force on particles perpendicular to the flow
channel, leading to a more dispersed distribution and wider
peak exit time for particles of different sizes in the flow
channel.* The experimental results of mass recovery indicated

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Optimization results of carrier liquid composition (a), cross-flow rate (b), cross-flow rate variation method (c) and detector flow rate (d). In
the carrier liquid composition, the recovery rates of NaCl, NH;HCOs, UPW, 0.005% SDS and 0.01% SDS were 74.7 4+ 2.3%, 72.7 + 4.5%, 56.9 +
8.9%, 77.7 + 5.6%, 88.5 + 0.3%, respectively; in the cross-flow rate, the recovery rates of 0.1, 0.35, 0.5 and 1 mL min~* were 74.7 = 4.2%, 88.5 +
0.3%, 80.1 £ 1.6% and 71.2 + 2.6%, respectively; in the cross-flow rate variation method, the recovery rates of decayed, constant, constant-
decayed and decayed-constant were 88.5 + 0.3%, 79.4 + 1.1%, 71.7 + 6.6% and 81.2 + 4.2%, respectively; in the detector flow rate, the recovery
rates of 0.5, 0.75 and 1 mL min~* were 61.9 4 12.3%, 76.3 4+ 2.1% and 88.5 + 0.3%, respectively.

that a cross-flow rate of 0.35 mL min " yielded the highest
recovery rate for the target PS NPs. Subsequently, mass recovery
gradually decreased as the cross-flow rate increased further,
consistent with the findings of Sun et al.** It is suggested that
a high cross-flow rate concentrates some larger particles on the
surface of the channel membrane. This concentration inten-
sifies interaction, reducing particle
recovery rates and potentially causing membrane clogging or
contamination, thereby shortening the service life of the
channel membrane.*®*®*” The decrease in peak height observed
when the cross-flow rate exceeded 0.5 mL min "' further
supports the loss of particle mass recovery. This behavior is
consistent with AF4 separation theory, where smaller particles
with higher diffusion coefficients elute earlier due to their
equilibrium at higher channel positions under laminar flow.
Considering these factors, a cross-flow rate of 0.35 mL min "
was chosen to separate the target PS NPs.

Building upon the optimized cross-flow rate, we further
refined the cross-flow rate variation method, and the results are
depicted in Fig. 1c. The linearly decaying cross-flow variation

particle-membrane

© 2025 The Author(s). Published by the Royal Society of Chemistry

method exhibited stronger signal intensity, better separation,
higher recovery rate, and shorter retention time, making it more
suitable for the separation of PS NPs with particle sizes of 50
and 100 nm. This outcome aligns with the recommendations
for elution procedure optimization in the ISO standard.’®
According to ISO, an attenuated cross-flow rate facilitates the
rapid elution of components when the dynamic range of
component sizes to be separated is significant.*® In contrast,
a constant cross-flow rate is recommended for smaller size
ranges.*® The notable contrast between the high peak intensity
and recovery associated with decay and the lower values for
a constant cross-flow rate suggests that the 50 nm particle size
difference already falls within the range of significant differ-
ences in fraction sizes when using AF4 for PS NPs separation.
Therefore, the use of a decaying cross-flow rate should be
considered judiciously. On the other hand, the decay followed
by a constant variation appears to be a more promising direc-
tion for cross-flow rate optimization. Despite some distortion in
peak tails, the higher signal intensities and recoveries lead us to
believe that continued optimization of the remaining

RSC Adv, 2025, 15, 29217-29229 | 29221


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra00409h

Open Access Article. Published on 19 August 2025. Downloaded on 2/11/2026 11:00:51 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

parameters under this cross-flow rate variation may yield
improved separation results.

The detector flow rate, which influences the retention time,
was also considered. As depicted in Fig. 1a and d lower detector
flow rate (0.5 mL min ") caused a delay in the sample peak and
prolonged the elution time. On the other hand, an increase in
the flow rate advanced the sample peak and reduced separation,
with a detector flow rate of 1 mL min~" providing more
appropriate separation and elution time. Concurrently, experi-
mental recovery results demonstrated a gradual increase in the
recovery rate with an incremental rise in the detector flow rate.
Consequently, 1 mL min ™" was selected as the optimal detector
flow rate.

Therefore, this study utilized a constant focus flow rate of 1
mL min ! and a focus time of 5 minutes, consistent with the
approach adopted in numerous studies, including an AF4
separation study on PS NPs.*”** Following the optimization of
the parameters mentioned above, the optimal AF4 operating
conditions and elution steps are summarized in Table 1, and
the separation results are presented in Fig. 2.

3.2 Validation of AF4 separation method

To validate the accuracy of the particle sizes, TEM images of
50 nm and 100 nm PS NPs were obtained and are presented in
Fig. 3a and b, showing that both particles are close to spherical
in shape. Relatively uniform particle size distributions were
observed, although a few of them had significant size variations,
which is consistent with the results of the DLS tests shown in
Fig. 3c. Regarding the results of the particle size calculations in
Table S2, the AF4 method exhibited the most minor variability
with the TEM, particularly at the larger particle sizes of 100 nm
PS NPs, where the variability was less than 1%. Although DLS is
widely used in nanoscale studies, the results of this work
suggest that DLS may give relatively high results for particle size
analysis at the nanoscale, similar to the findings of some other
scholars.>?8-¢

Meanwhile, the reliability of the established method was also
validated through repeatability experiments, particle mass
recovery rate, and the degree of response of peak area versus
concentration. Repeatability experiments were performed in AF4

Table 1 Optimal AF4 operating conditions and elution steps
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Fig. 2 Optimization results of the AF4 method for separating PS NPs.

twice a day for three consecutive days, both in the morning (9:00)
and evening (17:00). The method's repeatability was assessed by
calculating the relative standard deviations (RSD, %) of the
retention time (R, min), MALS regression radius (Ry, nm) values,
and UV peak areas (mAu min). As shown in Table S3 and Fig. 3d,
satisfactory peak shapes were obtained after six repeatability
experiments, and the particles’ mass recovery rates were all over
85%. The RSD values for all parameters were less than 10%,
especially for R, indicating the robust reproducibility of our
established AF4 separation method. The maximum RSD values
for R, and UV peak area did not exceed 5.6%, adhering to ISO
guidelines and falling within an acceptable range.”®** Notably,
the RSD values for the R, corresponding to 100 nm PS NPs were
less than 1%, indicating the potential and advantage of AF4 in
separating nanoparticles with slightly larger particle sizes.

The degree of response of the UV peak area to concentration
was employed to characterize the relationship between the UV
absorption signal and the sample concentration in field flow
separation. Such elution behavior is fundamentally governed by
the AF4 principle, where particle retention is inversely related to
diffusion coefficient, allowing smaller particles to migrate faster
in the channel. According to the Lambert-Beer law, UV
absorption exhibits a linear relationship with the substance

Parameter Time (min) Value

Material PS NPs (50 100 nm)

Carrier solution 0.01% SDS

Membrane type Regenerated cellulose; cut-off 10 kDa
UV-VIS wavelength 254 nm

Inject volume 50 puL

Spacer thickness 490 pm

Run time 40 min

Elution steps

Elution 1 Detector flow 1.00 mL min ™" (constant)
Focus 1 Focus flow 1.00 mL min~" (constant)
Focus and inject 5 Focus flow 1.00 mL min~" (constant); inject flow 0.2 mL min " (constant)
Elution 30 Cross-flow 0.35-0 mL min~" (linear decay)
Elution and inject 3 Detector flow 1.00 mL min " (constant)
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detection signal of UV-DAD at different concentrations (e) and linear fit results of UV peak area and concentration (f).

concentration within a specific concentration range. For
continuous injection, this study chose 50 nm and 100 nm PS
NPs at increasing concentrations (10, 100, 200, 1000 mg L™ ).
The degree of response of UV peak area to concentration was
assessed by fitting the R> value of the linear relationship
between the UV absorption signal measured by the UV-DAD
detector and the injection concentration. As illustrated in
Fig. 3e and f, all R* values for the linear fits exceeded 0.99,
signifying the excellent reliability of the optimized method and

© 2025 The Author(s). Published by the Royal Society of Chemistry

the AF4 system for the UV signal across varying analyte
concentrations.

The limits of detection (LoD) and quantification (LoQ) for
the AF4 method were determined based on three mass-flow
fractograms obtained from measuring a PS NPs mix sample
(1-100 mg L™, 50 nm and 100 nm). Following the approach
used by Meermann et al., the average peak broadness and peak
heights were derived from the respective mass-flow fracto-
grams, which were considered as background values”. The
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standard deviation of the background noise was calculated by
repeating the experiment three times, with LoD being obtained
by multiplying the standard deviation by a factor of 3, and LoQ
by multiplying it by 10. Accordingly, the LoD for 50 nm particles
was 9.3 pg mL ™', while for 100 nm particles, it was 20.1 pg
mL ™. The LoQ for 50 nm particles was 31 ug mL ", and for
100 nm particles, it was 67 ug mL™'. These values highlight the
sensitivity of the AF4-MALS-UV method for PS detection in
environmental samples.

3.3 Application of the AF4 method to the separation of PS
NPs in freshwater media

It should be emphasized that the PS particles used in this section
were artificially introduced into natural freshwater samples. This
study did not attempt to detect PS particles already present in
environmental media, but rather to evaluate the applicability of
the AF4 system for separating and characterizing such particles

View Article Online
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in real-world water matrices. After applying the AF4 method in
freshwater media, the results in Fig. 4 show that the PS NPs
added in different freshwater media can be effectively separated
by the AF4 method. At 0 h, the peak patterns exhibited good
reproducibility, with relatively small differences in the particle
size regression results, particularly for the 100 nm PS NPs
particles. The RSD of the particle size regression was only 0.92%
for 100 nm PS NPs compared to 2.82% for 50 nm PS NPs. After 48
hours of shaking, the central part of the peak pattern was well-
formed, and the two peaks could still be separated without
obvious overlap. The RSD of the size regression results remained
below 10%, affirming the accuracy of the AF4 method in nano-
scale particle size calculation and its broad applicability in
complex environments. The morphology of the sample fracto-
grams, along with the signal intensity provided by MALS, indi-
cated that the better resolution followed the order of landscape
park river water (SZB) > groundwater (YCG) > landscape reservoir
water (XLR) > river water in populated areas (DSR). The smallest
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10 Regression Size (nm) 1.0 Regression Size (nm)
TEM  46.7%23  99.4:0.6 TEM 46732 99.4%1.9
DSR 49.8+3.5  101.4+0.8 DSR 57.4£0.6  110.2+1.2
2 SZB 46.8+2.3  99.9+0.8 2 SZB 471223 99.6+0.6
g XLR  49.4:l1 102411 8 XLR  54.8:L1 105204
7] YCG 47432 100.60.9 [77) YOG 481432 99.8:0.8
> 4
=05} =05
] ]
K )
~ [~7
0.0 - 0.0 -
1 1 1 1 1 1 1 1 1 1
0 10 20 30 40 0 10 20 30 40
Time (min) Time (min)
¢ sk | d DSR
20 2
0 =0 0. o ol Is. _ _ _
~ SZB ~ 37
e SZB
220 X
A N’
@ )
gp 10 10
g " 2 LI
= o= I = - - E of = W = - —
S 2
E XLR = XLR
20
. a 20
[
210 I I 5w I I
< ‘
E, i Il g o ® s - - -
“ z
YCG YCG
20 20
1l | | 1l I '
ol <l s e ol s - _
50 100 150 200 250 50 100 150 200 250

Particle Size (nm)

Particle Size (nm)

Fig.4 Results of applying the AF4 method to separate PS NPs added to different freshwater (0 h (a) and 48 h (b), DSR: Dasha river; SZB: Shenzhen
bay; XLR: Xili reservoir; YCG: Yinchuan groundwater) and the results of the particle size types and percentages (0 h (c) and 48 h (d)) given by

the DLS.
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tail bulge and the strongest signal strength suggested that the
optimized AF4 method provides the best resolution for SZB. The
results of particle size regression were compared with TEM,
showing the best consistency for SZB. The separation effect for
groundwater represented by YCG was slightly weaker than that of
SZB but significantly better than that of river in populated areas
(DSR) and landscape reservoir (XLR). The separation effect of
reservoir water was the least effective; after 48 h, there was
a significant decrease in the MALS signal peak corresponding to
100 nm. This phenomenon was observed only in the separation
of reservoir water. Additionally, the tail of the fractograms cor-
responding to XLR exhibited a bulge, and although this bulge
was present in all freshwater bodies, it seemed most pronounced
in reservoir water.

Regarding the cause of the bulge at the end of the fracto-
gram, we ruled out the effects of prolonged use of the liquid
chromatographic column, overloading due to high injection
concentration, and excessive use of the membrane. Upon
comparing with the results of DLS, we believe the tail bulge may
be related to some large-size aggregates in the water. The DLS
results (Fig. 4c) showed that even the PS NPs particles just
added to water still exhibited slight aggregation during the
elution process, with all water bodies showing aggregates with
a particle size over 150 nm, particularly in DSR, where aggre-
gates with a particle size of 179 nm were observed. After 48
hours, as shown in Fig. 4d, 0.3% of aggregates with a particle
size of 237 nm appeared in DSR water, while 0.3% of aggregates
with a particle size of 220 nm appeared in XLR water. Later,
these larger aggregates were eluted, forming a slight bulge on
the fractal map. We believe that this part of the aggregates may
originate from the aggregation behavior of the 50 nm size PS
NPs. Numerous studies have demonstrated that smaller PS NPs
are more prone to aggregate under the same conditions.****
Meanwhile, zeta potential assays of PS NPs indicate that parti-
cles with a particle size of 100 nm have more negative zeta
potential values in the UPW media (Table S2), suggesting that
100 nm particles exhibit better stability.

PS NPs are separated differently in freshwater media based
on pH, electrolyte type and concentration, and organic matter
content.>*** The solution's pH influences the ionization and
surface charge of functional groups on PS NPs, which in turn
affects the extent of electrostatic repulsion and aggregation
behavior.® Previous studies have demonstrated that PS NPs
maintain a negative charge across a broad pH range of 2.3-
11.1.% Consequently, in aquatic environments, PS NPs can
achieve stabilization through electrostatic repulsion, with
stability generally rising with an increase in pH.* In our
investigation, the pH of all freshwater media approximated 7.3
(Table S4 of SI), indicating weak alkalinity.®® Simultaneously,
zeta potential detection revealed the negative charge of PS NPs
(Table S2), enhancing particles' stability and facilitating the
application of AF4 in freshwater environments. Furthermore,
the charge carried by ions in the aqueous media reduces the
particles’ stability and contributes to aggregation.®® Previous
research indicates that the critical concentration for rapid
particle coalescence is inversely proportional to the sixth power
of ionic charge, with divalent ions exerting 50-83 times more

© 2025 The Author(s). Published by the Royal Society of Chemistry
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influence than monovalent ions.®”*® Our investigation scruti-
nized monovalent, divalent, and trivalent metal cations in
freshwater systems, revealing minimal detection of metal
cations except Na*, Mg?*, and Ca>". SZB water samples exhibited
elevated concentrations of Na* and Mg”*, while YCG samples
showed relatively high levels of Na* and Ca**. Surprisingly,
compared to DSR and XLR, the application of AF4 in SZB and
YCG yielded superior fractal plots and particle size regression
results. This phenomenon suggests that monovalent and diva-
lent cations in the appropriate concentration ranges do not
have a very significant effect on PS NPs in AF4 separation. The
low response of the AF4 method to ion concentration allows its
application in aqueous media with varying salinities. Mean-
while, our results demonstrate that AF4 can effectively separate
nanoparticles based on their predominant size, even in a small
number of aggregates. High TC concentrations did not influ-
ence separation, although a rise in TOC seemed to affect the
particle signal strength in the solution. In Sanchez-Cachero
et al.'s investigation, larger particles of 30 nm demonstrated
an increase in signal intensity in solutions with high TOC
contents.*® This was supported by the fact that the signal
strength of PSNPs in SZB water bodies was higher than that of
DSR at both 0 h and 24 h in this investigation. However, since
there was no significant difference in TOC concentration
between the selected water bodies, this idea needs to be further
verified and investigated by other scholars.

Compared to previous studies employing AF4 for nano-
particle separation in environmental samples, our findings
align well with existing reports.>»* Our work expands on these
foundational studies by systematically optimizing AF4 param-
eters specifically for PS NPs, validating its reproducibility and
effectiveness across diverse freshwater samples, thus contrib-
uting additional evidence on AF4's practicality for environ-
mental nanoplastic monitoring.

4 Conclusions

This work provides a validated analytical protocol for PS NPs
separation and characterization in natural freshwater environ-
ments. The optimization of various factors within the AF4
system proved essential in achieving reproducible results and
satisfactory recoveries of PS NPs. The 0.01% SDS + UPW
combination showed more significant advantages in mobile
phase optimization. Meanwhile, the size and variation of the
cross-flow rate greatly affect the results of optimization. In this
study, we validated the AF4-MALS-UV method specifically for
separating PS NPs in complex freshwater environments. By
analyzing the physicochemical properties of different water
samples, we successfully identified critical factors affecting the
separation performance, contributing valuable methodological
insights for future environmental applications. In general, the
proposed method can be used for separating and character-
ization PS NPs in natural freshwater, as well as the possibility to
be expanded to other complex aqueous media.

While the proposed AF4 method demonstrated effective
separation and characterization of PS NPs in various freshwater
environments, certain limitations remain. This study focused
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on spiked PS NPs rather than naturally occurring nanoplastics,
which typically exist at lower concentrations and exhibit more
complex compositions. Additionally, the method relies on AF4-
MALS-UV without combining chemical identification tech-
niques. Future research should explore applying the optimized
method in long-term field monitoring and testing its compati-
bility with other analytical tools, such as Raman spectroscopy,
to enhance environmental nanoplastics analysis.
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