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ABSTRACT: The contamination of micro- and nanoplastics in marine
systems and freshwater is a global issue. Determination of micro- and
nanoplastics in the aqueous environment is of high priority to fully assess
the risk that plastic particles will pose. Although microplastics have been
detected in a variety of aquatic ecosystems, the analysis of nanoplastics
remains an unsolved challenge. Herein, for the first time, a Triton X-45
(TX-45)-based cloud-point extraction (CPE) was proposed to preconcen-
trate trace nanoplastics in environmental waters. Under the optimum
extraction conditions, an enrichment factor of 500 was obtained for two
types of nanoplastics with different compositions, polystyrene (PS) and
poly(methyl methacrylate) (PMMA), without disturbing their original
morphology and sizes. Additionally, following thermal treatment at 190 °C
for 3 h, the CPE-obtained extract could be submitted to pyrolysis gas chromatography−mass spectrometry (Py-GC/MS)
analysis for mass quantification of nanoplastics. Taking 66.2 nm PS nanoplastics and 86.2 nm PMMA nanoplastics as examples,
the proposed method showed excellent reproducibility, and high sensitivity with respective detection limits of 11.5 and 2.5 fM.
Feasibility of the proposed approach was verified by application of the optimized procedure to four real water samples.
Recoveries of 84.6−96.6% at a spiked level of 88.6 fM for PS nanoplastics and 76.5−96.6% at a spiked level of 50.4 fM for
PMMA nanoplastics were obtained. Consequently, this work provides an efficient approach for nanoplastic analysis in
environmental waters.

Pollution with plastic debris <5 mm or <1 μm in at least
their one-dimensional size, termed micro- and nano-

plastics,1 is a global environmental issue, with their ubiquitous
occurrence being reported in marine waters,2,3 freshwaters,4

terrestrial environments,5,6 and living organisms.4,7 Concerns
have been raised related to the potential risks that micro- and
nanoplastics may pose to organisms and human health, about
which much less is known.8,9 In parallel, in order to gather
detailed information on the abundance, distribution, transport,
and fate of micro- and nanoplastics in the environment, the
scientific community is working to find a suitable and robust
method to detect and quantify the micro- and nanoplastics
dispersed in environmental and biological samples.10

The routine analysis of micro- and nanoplastics remains a
challenging task, mainly because of their low concentration
levels and the complex sample matrix as well as their diverse
array of physicochemical properties, including their composi-
tions, sizes, shapes, and densities.11 Currently, the most
common analysis procedures for microplastics in aqueous
samples include preconcentration with filtration, chemical or
enzymatic degradation of the organic matrix for purification,
identification with Fourier-transform infrared spectroscopy

(FTIR) or Raman spectroscopy, and quantification by manual
counting.3,12−15 Obviously, such a task is time-consuming,
laborious, and prone to errors and omissions. Additionally, the
respective spatial resolutions of FTIR and Raman are
approximately 20 and 1 μm, thus hindering their application
in nanoplastic analysis.10 Although pyrolysis gas chromatog-
raphy−mass spectrometry (Py-GC/MS) could be used as an
alternative to partially overcome the shortcomings of FTIR and
Raman spectroscopy,3,16 preconcentration of nanoplastics to
meet the requirement of determination is conventionally not
easy. To the best of our knowledge, no investigation on
nanoplastic pollution in the environment has been reported,
arising from a lack of appropriate identification methods,
although there is mounting evidence of their existence and the
risks posed by nanoplastics.3,10 To overcome this bottleneck,
methods for nanoplastic analysis are therefore urgently
required.
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Cloud-point extraction (CPE) is a cost-effective sample-
preconcentration technique based on the fact that micelles
form when a nonionic surfactant is heated above its cloud-
point temperature. Currently, this technique has been widely
used to concentrate inorganic nanoparticles in complex
matrixes, particularly for nanoparticles with hydrophobic
coatings, and it has exhibited a significant advantage over
traditional separation procedures (i.e., filtration and centrifu-
gation) as the process would be unlikely to change the original
size and morphology of nanoparticles during extraction.17

Because of the hydrophobic properties of plastics, nanoplastics
would theoretically be expected to be readily concentrated
with such a process. Unfortunately, few applications use CPE
as a preconcentration step prior to gas chromatography (GC)
because of the high viscosity and low volatility of surfactant.
Moreover, the direct introduction of the surfactant would clog
the column and alter the interaction between the analyte and
the stationary phase of the GC column. To overcome these
restrictions, two approaches have been proposed, the more
frequently used one being back extraction, whereby the
analytes concentrated in the surfactant-rich phase are back-
extracted into an organic solvent immiscible with the extract.18

The other approach involves postextraction surfactant
derivation to increase the volatility of the surfactant.19

However, a large quantity of surfactant would still be
introduced into the GC, resulting in large peaks that easily
overlap the signals of analytes.
In this study, we present a novel method for preconcentra-

tion of trace nanoplastics in environmental waters with a
Triton X-45 (TX-45)-based CPE technique. After extraction,
the trace nanoplastics concentrated in the TX-45-rich phase
were separated and subsequently maintained at 190 °C for 3 h
to thermally degrade the TX-45; this was followed by analysis
with Py-GC/MS (Scheme 1). To the best of our knowledge,

this is the first study on the application and experimental
validation of a CPE-based protocol for preconcentration of
nanoplastics. The proposed method offers several distinct
advantages: (1) it provides a novel sample treatment to make
the application of CPE an effective preconcentration step prior
to Py-GC/MS analysis; (2) it preserves the sizes and shapes of
the nanoplastics, thereby enabling the original morphology of
trace nanoplastics to be tracked; and (3) it has low sample-
preparation requirements, high specificity, and high sensitivity.

■ EXPERIMENTAL SECTION

Chemical and Materials. Three polystyrene (PS) nano-
plastic dispersions with nominal sizes of 25 nm, 60 nm, and ∼1
μm were purchased from the National Institute of Standards
and Technology (NIST, Gaithersburg, MD), whereas poly-
(methyl methacrylate) (PMMA) nanoplastics with nominal
sizes of 25 and 75 nm were purchased from Phosphorex
(Hopkinton, MA). Poly(vinyl chloride) (PVC) and poly-
ethylene (PE) powders with sizes of ∼50 μm were purchased
from Sigma-Aldrich (St. Louis, MO). TX-45, TX-100, and TX-
114 were from Acros Organics (Geel, Belgium). Suwannee Riv-
er humic acid (SRHA) was obtained from the International
Humic Substances Society (IHSS, St. Paul, MN). Other
reagents were purchased from Beijing Chemicals (Beijing,
China). All the reagents were used as obtained without further
purification. Ultrapure water (18.3 MΩ) produced with a Milli-
Q gradient system (Millipore, Billerica, MA) was used
throughout the experiments.

CPE of Nanoplastics. Into a 15 mL long, taped centrifuge
vial was added 10 mL of nanoplastic standard or sample
solution. A 30 μL sample of 10% (m/v) TX-45 aqueous
solution and 100 μL of a 1 M MgSO4 solution were added in
sequence. The mixture was then mixed and left to stand in a
water bath at 45 °C for 15 min, and the vial was centrifuged at
3000 rpm at 4 °C for 10 min to separate the surfactant-rich
phase. The obtained TX-45-rich phase (∼20 μL) with
concentrated nanoplastics was collected and transferred into
an 80 μL pyrolytic target cup; this was followed by thermal
treatment in a muffle furnace at 190 °C for 3 h to remove TX-
45 for Py-GC/MS determination.

Py-GC/MS Determination. A multishot pyrolyzer (Fron-
tier, EGA/PY-3030D, Koriyama, Japan) was interfaced with an
Agilent 7890A Gas Chromatograph (Santa Clara, CA)
equipped with an HP-5MS column linked to an Agilent
5975C mass-spectrometer detector. The typical experimental
parameters of Py-GC/MS are summarized in Table S1; Py-
GC/MS was used for identification and quantification of
nanoplastics according to the method reported by Fischer et
al.16 Considering that chitin, widely present in the natural
environment, releases styrene (m/z 104) during pyrolysis,20

styrene is not indicative for PS identification and quantification
in environmental samples, although it is an abundant PS-
pyrolysis product. In contrast, styrene trimer (m/z 312) is
specific for PS; the common ion fragment for styrene trimer
with the strongest signal intensity, m/z 91, was selected as the
quantitation ion. For PMMA nanoplastics, methyl methacry-
late (m/z 100) was selected as the indicator compound. The
retention times, specific ion compounds, and calibration-
related details for the two tested nanoplastics are shown in
Table S2.

■ RESULTS AND DISCUSSION

Surfactant-Type Selection and Feasibility of CPE
Combined with Py-GC/MS. Three commonly used TX
series nonionic surfactants, TX-45, TX-100, and TX-114, were
preliminarily tested to carry out the CPE of the target
nanoplastics. The cloud points of these surfactants are
approximately 38, 65, and 24 °C, respectively.21 A CPE
procedure as described above was conducted, and the
incubation temperature was kept at 75 °C to ensure that all
the surfactants reached the cloud points. The results showed
that all the above-mentioned surfactants exhibited excellent

Scheme 1. Preconcentration of Nanoplastics by CPE for
Mass Quantification and Composition Identification with
Py-GC/MS
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performance in CPE of nanoplastics, with extraction
efficiencies >85.3%, indicating their promising application in
the CPE of nanoplastics.
However, the most arduous task of this study was to

determine the nanoplastics concentrated in the surfactant-rich
phase with Py-GC/MS. In view of the good heat resistance of
plastics, thermal degradation was adopted as a precaution to
obviate the interference from the surfactant in this study. To
this end, the thermal degradation behaviors of the surfactants
and various common plastics, including PS, PMMA, PE, and
PVC, were evaluated from TGA curves under an air
atmosphere. As observed in Figure S1, the respective onset
temperatures were about 180 °C for TX-45, 260 °C for TX-
100, and 210 °C for TX-114, whereas the initial degradation
temperatures of the plastics were in the range of 210−260 °C.
Because the onset temperature of TX-45 is lower than the
degradation temperatures of the various plastics, we speculated
that the removal of TX-45 prior to Py-GC/MS analysis may be
feasible if appropriate thermal-degradation conditions were set.
Therefore, the mass losses of TX-45 and the plastics were
tested when kept at 190 °C for 3 h (see Figure S2). Compared
with the TGA curves in Figure S1B, subtle mass changes of the
plastic particles were observed, and the respective mass losses
were 1.3, 4.8, 2.5, and 13.2% for PS, PMMA, PVC, and PE
plastics; however, significant degradation of TX-45 was
observed, with a mass loss of 94.9%, demonstrating that
plastic has good thermal stability during thermal degradation
of TX-45 at 190 °C.
On the basis of the above results, two parallel experiments

were performed to demonstrate the feasibility of TX-45-based
CPE combined with thermal degradation for nanoplastic
determination using Py-GC/MS. In the first experiment, the
CPE was applied to blank solutions containing 0.03% (m/v)
TX-45, and the surfactant-rich phase was collected and
determined with Py-GC/MS before and after thermal
degradation. It was found that obvious reductions of the
peak number and signal intensity for TX-45 were observed
after thermal treatment. As shown in Figure 1, the number of

the major peaks decreased from 12 to 5, and the corresponding
peak areas were reduced by 91.3−99.6%, again demonstrating
that most of the TX-45 could be eliminated after CPE by
thermal degradation. In the second experiment, the same
procedure was conducted with a solution spiked with ∼1 mg/L
PS or PMMA nanoplastics. The results showed that the peaks
of the PS nanoplastics (styrene at 5.23 min and styrene trimer
at 23.69 min) and PMMA nanoplastics (methyl methacrylate
at 2.73 min) were free from interference by the residual
surfactant (Figure 2A−D). By comparing that with the

introduction of a standard containing 10 μg of nanoplastics
(Figure 2E−H), it can be determined that the retention time
of the nanoplastic-pyrolysis products and the peak intensities
of the ion fragments for quantification with m/z 91 at 23.69
min for PS and m/z 100 at 2.73 min for PMMA remained
unchanged, indicating that thermal treatment of TX-45 at 190
°C has a limited effect on the Py-GC/MS determination of
nanoplastics.

Optimization of CPE Parameters. To obtain the best
extraction performance for nanoplastics, parameters that are
prone to affect CPE efficiency, including surfactant type and
content, sample pH, inorganic salt concentration, and
incubation time, were optimized with the use of 60 nm PS
nanoplastics (∼0.98 mg/L) as test substances.

Surfactant Type and Content. The amount of TX-45 is an
important parameter in this work, because its content should
be sufficient for quantitative extraction of nanoplastics but not
so excessive as to interference in the Py-GC/MS determi-
nation. The critical micellar concentration of TX-45 is 0.014%
(m/v),21 above which TX-45 molecules assemble with each
other and form micelles. Thus, the TX-45 content was
optimized in the range of 0.01−0.2% (m/v). As shown in
Figure S3A, the best extraction performance was obtained for
the solutions in which 0.02−0.2% (m/v) of TX-45 was
incorporated. In the following study, 0.03% (m/v) TX-45 was
adopted for acceptable extraction efficiency and reproduci-
bility.

Sample pH. Previous works reported that pH could affect
the surface charges of inorganic nanoparticles in aqueous
solutions, and the highest extraction efficiency was obtained at
the isoelectric point.17 Thus, the extraction efficiencies and
surface charges of nanoplastics in the environmentally relevant
pH range of 3−9 were studied. The results shown in Figure
S3B indicated that the pH value showed no significant effect
on the extraction of nanoplastics, although negative surface
charges increased with increasing sample pH. This is probably
because the inherent hydrophobicity of nanoplastics plays a
leading role, whereas surface-charge influence is secondary in
the CPE process.

Inorganic-Salt Concentration. In CPE of inorganic nano-
particles, ionic strength could facilitate phase separation by
reducing the Coulomb repulsion between the charged
nanoparticles in the micelles and increasing the micellar size
and the aggregation number.22 In this study, MgSO4 was
added into the CPE system to function as a salt. Figure S3C
shows the effect of MgSO4 concentration on the extraction
efficiency of nanoplastics. The results revealed that the
extraction efficiency clearly increased with the MgSO4
concentration up to 10 mM for the salt effect of MgSO4 and
then leveled off until 30 mM. Thus, 10 mM MgSO4 was used
as a phase-separation facilitator in the following experiments.

Incubation Time. Finally, the incubation time was
optimized. As shown in Figure S3D, the incubation time in
the range of 5−30 min has a limited effect on the extraction
efficiency, indicating fast formation of micelles. In this study,
an incubation time of 15 min was adequate for micelle
formation and effective CPE.

Factors Influencing CPE of Nanoplastics. The objective
of this study was to develop a robust CPE method for
nanoplastics; thus, the following sample parameters that
commonly affect nanoparticle extraction were investigated:
presence of dissolved organic matter (DOM) and the sizes and
compositions of the nanoplastics in the hydrosol source.

Figure 1. Py-GC/MS chromatogram of blank solutions after CPE
(0.03% TX-45) (A) before and (B) after thermal treatment under 190
°C for 3 h.
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Humic Acid. Because it was reported that nanoplastics can
be stabilized by interactions with DOM, which is widely
present in the environment,23 it is necessary to study the
potential effects of DOM on the CPE of nanoplastics in the
range of environmentally relevant concentrations (0−30 mg/L
DOC). In this study, humic acid (HA) was selected as a model
of DOM. Figure S4 shows the extraction efficiency of the PS
nanoplastics in ultrapure water containing different concen-
trations of HA. It was observed that the addition of HA exerts
a limited effect on the extraction of nanoplastics. This result
was similar to that of inorganic nanoparticles extracted by
CPE.17

Particle Sizes and Compositions of Nanoplastics. In
environmental samples, nanoplastics with various sizes and
compositions are to be expected. PS and PMMA nanoplastics
are the two main types of particles in the current nanoplastic
research.3,24 Therefore, PS nanoplastics with nominal sizes of
25 nm, 60 nm, and ∼1 μm and PMMA nanoplastics with
nominal sizes of 25 and 75 nm were spiked into the river
samples and then tested under the optimized conditions. The
experiments showed that all the above types of nanoplastics
were quantitatively extracted, with the respective extraction
efficiencies being 86.2 ± 1.3, 90.2 ± 0.7, and 89.3 ± 2.2% for
PS nanoplastics of 25 nm, 60 nm, and ∼1 μm and 92.4 ± 0.8
and 88.6 ± 1.2% for PMMA nanoplastics of 25 and 75 nm,
revealing that the sizes and compositions have a limited effect
on the CPE of nanoplastics and that the proposed method is
well-suited for the extraction of nanoplastics covering the
entire range of <1 μm. Additionally, our previous study on the
CPE of nonplastic nanoparticles showed that CPE is a general
route for separation of nanomaterials with different composi-
tions, coatings, sizes, and shapes. Thus, it is safe to conclude
that our method should be suitable for various nanoplastics in
aqueous phase.
Preserving Size and Shape of Nanoplastics. Besides

efficient preconcentration, the issue for the preservation of
nanoplastic sizes and shapes is of great significance in tracking
the morphology of trace nanoplastics in the environment. In
view of the fact that the morphology of nanoplastics is readily
modifiable in environmental waters, 60 nm PS and 75 nm

PMMA nanoplastics were spiked into ultrapure water instead
of real samples and then extracted with the proposed CPE
procedure to observe the changes of the nanoplastics during
the CPE procedure. The TEM analysis shown in Figure S5
indicates that the respective size distributions before and after
CPE were 66.2 ± 8.6 and 67.3 ± 7.6 nm for PS nanoplastics
and 86.2 ± 19.7 and 82.4 ± 19.2 nm for PMMA nanoplastics,
suggesting that no significant size or shape changes occurred
during the CPE procedure.

Analytical Performance. Table S3 shows the analytical
figures of merit for PS and PMMA nanoplastics. By extracting
seven standard solutions containing 10, 20, 50, 100, 200, 500,
and 1000 μg/L nanoplastics, respectively, good linearities were
obtained with the correlation coefficient (R2) of 0.9967 for PS
nanoplastics and 0.9997 for PMMA nanoplastics. The
precisions, expressed as relative standard deviations (RSDs),
from six replicate measurements of nanoplastics at spiked levels
of 50 μg/L in river water were 4.6% with a recovery of 85.4%
for PS nanoplastics and 1.5% with a recovery of 92.0% for
PMMA nanoplastics. The limits of detections (LODs), defined
as 3 times the baseline noise (S/N = 3), were 1.1 μg/L for PS
nanoplastics and 0.6 μg/L for PMMA nanoplastics, corre-
sponding to particle numbers of 11.5 fM for PS nanoplastics
and 2.5 fM for PMMA nanoplastics (calculated on the basis of
the respective average diameters of 66.2 nm for PS nano-
plastics and 86.2 nm for PMMA nanoplastics and assuming
that the density of nanoplastics is the same as that of plastic).
On the basis of the final extract volume (∼20 μL) and the
initial sample volume (10 mL), an enrichment factor of about
500 was calculated.

Application to Real Water Samples. Four real water
samples, namely, river, sea, and influent and effluent of a
WWTP, were collected and analyzed immediately after
filtration with a 1 μm glass-microfiber filter. Detailed
characteristics of the water samples are listed in Table S4.
The four tested waters were weakly alkaline, with considerable
concentrations of common cations (Na+, Mg2+, K+, and Ca2+)
in the range of 0.55−5416 mM and concentrations of DOM
from 1.18 to 4.96 mg/L. No PS or PMMA nanoplastics were
detected in these samples, probably because their endogenous

Figure 2. Py-GC/MS chromatograms of PS- and PMMA-nanoplastic samples and standards: (A) Total ion chromatogram (TIC) and selected-
indicator-ion chromatograms (SIC) of the PS-nanoplastic sample. (B) Mass spectrum of the PS-nanoplastic-sample pyrolytic product. (C) TIC and
SIC of PMMA-nanoplastic sample. (D) Mass spectrum of the PMMA-nanoplastic-sample pyrolytic product. (E) TIC and SIC of the PS-
nanoplastic standard. (F) Mass spectrum of the PS-nanoplastic-standard pyrolytic product. (G) TIC and SIC of the PMMA-nanoplastic standard.
(H) Mass spectrum of the PMMA-standard pyrolytic product.
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concentrations of nanoplastics were far below the LODs of the
proposed method (Table 1). It should be noted, however, that
nanoplastics exist in aqueous environmental samples.3 Hence,
spiking of samples was further performed to verify the
feasibility of the method. As shown in Table 1, recoveries in
the river water, seawater, and influent and effluent of a WWTP
were ≥84.6% for 66.2 nm PS nanoplastics (96.6 ± 3.3, 86.7 ±
3.4, 90.0 ± 5.4, and 84.6 ± 3.9%, respectively) and ≥76.5% for
86.2 nm PMMA nanoplastics (96.6 ± 0.9, 76.5 ± 2.2, 86.2 ±
7.3, and 82.3 ± 1.8%, respectively) at the respective spiked
levels of 8.47 μg/L for PS nanoplastics and 12.1 μg/L for
PMMA nanoplastics, corresponding to 88.6 fM for PS
nanoplastics and 50.4 fM for PMMA nanoplastics. These
results demonstrated the capability of the proposed method for
the analysis of the trace and ultratrace amounts of nanoplastics
in natural environmental water samples.

■ CONCLUSIONS

In summary, TX-45-based CPE is demonstrated, for the first
time, as an advantageous method of preconcentration of trace
nanoplastics from environmental waters. As the nanoplastics
could keep their original morphology during the CPE process,
the size distributions of the trace nanoplastics could be
attained through characterizing the nanoplastics concentrated
in the surfactant-rich phase. Furthermore, with thermal
treatment to degrade TX-45, the mass quantification of the
nanoplastics could be realized by Py-GC/MS determination. In
comparison with existing techniques for the analysis of
microplastics, this proposed method exhibits several unique
advantages, including high sensitivity, good tolerance to real-
sample-matrix interference, and easy operation. Thus, the
method could be an attractive alternative in the trace analysis
of nanoplastics. Our ongoing work is aimed at monitoring
nanoplastics in marine and freshwater and then identifying
priority areas with nanoplastic pollution.
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