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ABSTRACT: Tap water nano/microplastics (NMPs) escaping .F
from centralized water treatment systems are of increasing global NMP_polm:d\_
concern, because they pose potential health risk to humans via (a5 water
water consumption. Drinking boiled water, an ancient tradition in
some Asian countries, is supposedly beneficial for human health, as
boiling can remove some chemicals and most biological
substances. However, it remains unclear whether boiling is effective
in removing NMPs in tap water. Herein we present evidence that
polystyrene, polyethylene, and polypropylene NMPs can copreci-
pitate with calcium carbonate (CaCO,) incrustants in tap water upon boiling. Boiling hard water (>120 mg L™' of CaCO,) can
remove at least 80% of polystyrene, polyethylene, and polypropylene NMPs size between 0.1 and 150 ym. Elevated temperatures
promote CaCOj; nucleation on NMPs, resulting in the encapsulation and aggregation of NMPs within CaCOj; incrustants. This
simple boiling-water strategy can “decontaminate” NMPs from household tap water and has the potential for harmlessly alleviating
human intake of NMPs through water consumption.
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Bl INTRODUCTION calcium carbonate (CaCOj;). Nano/microplastics could be
encapsulated by newly generated CaCOj, coprecipitating in
aquatic ecosystems,'® and could even promote CaCO,
biomineralization.'” Removal of NMPs from drinking water
can be realized by coagulation and precipitation. However, it is
unclear whether the formation of water incrustants during the
boiling process can remove NMPs.

Herein we simulated the boiling process of tap water
containing commercial fluorescent PS microspheres (1 and 0.1
um), used as model NPs for their defined size, high
fluorescence intensity, easily accessible surface chemistry (i.e.,
functionalization), and commercial availability,”® to assess the
impacts of water temperature, water hardness, and NP
concentration and property on the coprecipitation of NPs
and water incrustants. Additional experiments were conducted
with MPs (100—150 pm), including commercial PS and
environmental PE and PP aged under sunlight for 60 d, to
verify the results with NPs to be also applicable to MPs.
Combining NMP precipitation efficiencies with a series of
water hardness values, we estimated the global human
exposure to NMPs through drinking boiled water. This study

Nanoplastics (NPs, < 1 ym) and microplastics (MPs; 1—5000
pm)' are prevalent in global groundwater and surface water,
which are the main sources of drinking water, and pose a threat
to drinking water safety.”” However, traditional centralized
water treatment plants have limited capability to remove nano/
microplastics (NMPs), especially NPs.”* One hundred twenty-
nine of 159 tap water samples from 14 countries worldwide
contained NMPs, with polystyrene (PS), polyethylene (PE),
polypropylene (PP), and polyethylene terephthalate (PET) as
the most dominant polymer types.”® Nano/microplastics may
accumulate in human tissues and cause potential chronic
effects, such as gut microbiota dysbiosis, insulin resistance, and
liver metabolic disorder.”® Although various advanced water
treatment technologies were developed for removing NMPs,’
only traditional processes were affordable in many developing
and/or undeveloped areas.'® Therefore, developing a simple
and affordable household treatment process to remove NMPs
from drinking water is significant for dealing with the global
NMP threat.

Drinking boiled water is an ancient tradition in some Asian
countries such as China, Vietnam, and Indonesia;*"'* however,
tap water (or filtered tap water) is often consumed directly in Received:  January 29, 2024
many western developed countries.'” Boiling or heating tap Revised:  February 6, 2024
water is able to remove trace pollutants such as disinfection Accepted:  February 7, 2024
byproductsm’15 and some metal ions (e.g, Ca®’, Cu*, and
Mg2+).16’17 Boiling water with certain hardness and alkalinity
commonly produces incrustants dominated by insoluble
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Table 1. Overview of the Experimental Conditions of Nano/Microplastics Including Polystyrene (PS) Sphere, Polyethylene

(PE) Fragment, and Polypropylene (PP) Fiber During Boiling

Species Size (pm) Functional group Concentration (mg L™'/particle uL™") Water hardness (mg L™") Temperature (°C)
PS sphere 1 Bare 1/31 £ 2.0 180 25—100
1 Bare 1/31 £ 2.0 0-300 100
1/0.1 Bare 0—-5/0—-360 180 100
1/0.1 Bare/carboxyl/amino 1/31-91 180 25-100
100 Bare 1/0.0028 + 0.000078 180 25—-100
PE fragment 150 - -/0.00075 180 25—100
PP fiber 100 - -/0.00075 180 25—-100
= 5
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Figure 1. Bare-polystyrene nanoplastic (NP, 1 gm, 1 mg L™", 3.1 + 2.0 particle uL™") and incrustant coprecipitates during boiling of tap water (180
mg L™! of CaCO;,). (a) NP precipitation efficiencies in the supernatants at 25—100 °C; (b) Fluorescence imaging results of incrustants at 25—100
°C; (c) Scanning electron microscopic (SEM) images of reference NP (Reference) and incrustants began to grow on NP surface and finally
encapsulated NP at 25—100 °C; (d) X-ray diffraction patterns of control incrustants without NP (Control incrustants) and coprecipitates of NP
and incrustants (NP-incrustants) upon boiling (100 °C); (e—g) SEM images of control calcium carbonate crystals without NP (Control CaCOs);
and (h—j) coprecipitates of NP and calcium carbonate crystal (NP-CaCO3) upon boiling (100 °C). Red arrows indicated NPs.

aimed to stimulate more studies, setting the foundation for
establishing a healthy water consumption habit to reduce the
risk of global human exposure to NMPs exposure.

B METHODS AND MATERIALS

Preparation and Pretreatment of Water Samples.
Detailed information regarding materials can be found in Text
S1. Solutions of fluorescent PS, calcium chloride, and sodium
bicarbonate, tap water collected from Guangzhou, China (180
mg L™ of CaCOj), and deionized water with resistivity of 18
MQ-cm (QClean CCT-3300, Dongguan, China) were mixed
and treated for different purposes.

Tap water samples mixed with 40 uL bare-PS (1 pm, 1000
mg L"), with final NP concentration at 1 mg L™' (~31 + 2.0
particles uL™"), were separately heated at 25—90 °C and boiled
at 100 °C.*" Deionized water samples containing NPs (bare-
PS, 1 ym, 1 mg L™") were adjusted with water hardness in a

range of 0—300 mg L' of CaCO;”* and boiled. Tap water
samples containing NPs with a series of NP concentrations
(bare-PS, 1 and 0.1 ym, 0—S mg L™, 0—360 particles uL™")
were boiled at 100 °C. Tap water samples were separately
mixed with six types of NPs including three surface function
groups (bare-, carboxyl-, and amino-) with two particle sizes (1
and 0.1 ym), with final NP concentrations at 1 mg L™', and
were separately treated at 25—100 °C. All experimental
parameters and conversion ratios of number and mass
concentrations of NPs are listed in Table 1 and Table SI,
respectively.

For all PS NP water samples, the final volume of the mixed
solutions was 40 mL. The mixed water solutions were agitated
in an ultrasonic bath for 20 min to disperse particles evenly.””
Heating/boiling continued for another 5 min after the preset
temperature was reached on an electronic hot plate."> After
heating/boiling, the mixed solutions were left to cool for 10
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Figure 2. Influence factors on the formation of nanoplastic (NP) and incrustant coprecipitates at different temperatures. (a) Bare-polystyrene (PS,
1 pum, 1 mg L7, 3.1 + 2.0 particle uL™") NP precipitation efficiency and fluorescence images of incrustants in different water hardness upon boiling
(100 °C); (b) Bare-PS NP precipitation efficiency and fluorescence images of incrustants in different NP concentrations upon boiling of tap water
(180 mg L™" of CaCO,, 100 °C); and (c,d) NP precipitation efficiency and (e,f) Zeta potential of 1 and 0.1 um bare-, carboxyl-, and amino-PS in
tap water (180 mg L™' of CaCO;) at 25—100 °C. Conversion ratios of number and mass concentrations of PS NPs are listed in Table S1.

min. Each experiment was repeated three times. A supernatant
sample at 1 mL was collected from a 1 cm depth below the
supernatant surface for flow cytometry analysis (Figure S1).
Precipitates were separated for further characterization.
Rigorous measures were implemented to minimize cross
contamination (Text S2).

In addition to PS NPs, supernatant and precipitate samples
for the separate boiling event with field commonly detected
MPs including PS sphere (~100 pm), PE fragment (~150
pum), and PP fiber (~100 um) were analyzed (Table 1, Text
S$3, and Figure S2).

Flow Cytometric Analysis of Supernatant Fluorescent
Nanoplastics. Compared with commonly used techniques
such as micro-Fourier transform infrared and Raman micro-
spectroscopy, flow cytometry can provide absolute quantifica-

tion of fluorescent NMPs, make multiple measurements, and
reduce time and manpower.”*** A Northern Light 3000 flow
cytometer (Cytek Biosciences; Fremont, CA) was used to
determine supernatant NP concentrations (Text S4 and Figure
S3). The NMP precipitation efficiency (1) was calculated by

n=1(C,-C)/C, (1)

where C; and C are the NMP concentrations before and after
heating/boiling, respectively.

Identification and Characterization of Precipitates. A
fluorescence imaging system (UVP Chemstudio touch,
Analytik Jena, Germany) was employed to trace the migration
of NPs in water during the boiling process.”® A X-ray
diffractometer (D2-Phaser, Bruker Instruments, Germany)
was acquired to investigate the crystal lattice structure of NP
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and incrustant coprecipitates. A scanning electron microscope
(S-4800, Hitachi, Tokyo, Japan) was used to observe the
microstructures of the coprecipitates.

Assessment of Human Exposure to Nano/Micro-
plastics through Drinking Water Consumption. The
NMP concentration data in tap water from six continents,
including Asia, Europe, North America, South America, Africa,
and Oceania, were extracted from the literature (Table S2).
The average intake of NMPs from boiled water (NMPy;.q)
and tap water (NMP,,,) associated with daily consumption of
boiled and tap water were assessed by

NMPboiled = C'NMP XX II{boiled (2)
NMPtap = C'NMP X IRtap (3)

where Cyyp is the average NMP concentrations in tap water
from different sources (Table S2); 7 is the NMP precipitation
efficiency (Table S3); and IRyg.q and IR,,, represent daily
intake rate via boiled and tap water, respectively (Table S4).

B RESULTS AND DISCUSSION

Coprecipitation of Nanoplastics with Water Incrust-
ants during Boiling Process. Supernatant NP removal
efficiency gradually increased initially from 2 + 0.15% to 28 +
2.6 during the heating process (25—90 °C), and sharply
increased to 84 + 1.1% at 100 °C (Figure la and Table SS).
Concurrently the NP concentration decreased from 30 + 4.0
to 4.8 + 2.6 particle uL™" (Figure la and Table SS), and
disappeared supernatant NPs were transferred into incrustants
(Figure 1b). Increasing the temperature accelerated the
formation of incrustants (Figure S4a), resulting in an increased
NP concentration in the precipitates. The highest NP
concentration in the precipitates occurred at 100 °C when
the incrustants were most abundant (Figure 1b and Table S6).
Apparently boiling prevalently facilitated the removal of NPs
from tap water due to coprecipitation of NPs and incrustants.
Incrustants began to grow on the NP surface at 50 °C and
encapsulate NPs at 70 °C (Figure 1c) when residual NPs in
the supernatant started to decline, further confirming that the
decrease of residual NPs in the supernatant was synchronized
with the formation of incrustants.

Three different CaCO; polymorphs were observed in the
incrustants with and without NPs (Figure 1d—j and Table S7),
including diamond-shape calcite (JCPDS No. 00-047-1743),
acicular-shape aragonite (JCPDS No. 00-041-1745), and disk-
like and/or sunflower-like shape vaterite (JCPDS No. 00-033-
0268) which was considered as “immature” vaterite.'® Tiny
magnesium carbonate crystals (MgCOs; JCPDS No. 97-009-
4587) were also detected, probably ascribed to the presence of
trace-level magnesium ions in tap water (Figure 1d and Table
S7). The morphology and polymorph structure of CaCO,
crystals can be achieved by various synthesis techniques at
controlled nonboiling temperatures.”” However, controlling
crystal growth during boiling is quite difficult as bubbling
causes strong turbulence,® resulting in heterogeneous micro-
environments for crystal growth and random occurrence of
different CaCO; crystal phases.”” Nanoplastics were either
encapsulated in calcite, aragonite, and vaterite crystals or
attached to the growing planes of CaCOj crystals (Figure 1h—
j). The CaCOjy crystals could embrace NPs effectively upon
boiling, so the CaCOj; polymorph may not be a predominant
factor for NP precipitation.

Factors Affecting Precipitation of Nanoplastics
during Boiling. Drinking water hardness varies significantly
with different regions'’ and may influence the efficiency of
removing NPs by boiling. Our results showed that NP
precipitation efficiency increased with increasing water hard-
ness upon boiling (Figure 2a), for example, from 34% at 80 mg
L' to 84% and 90% at 180 and 300 mg L' of CaCO,,
respectively (Table SS). Even with soft water (<60 mg L™" of
CaCO0s;),”” boiling can still remove more than 25% of NPs. In
addition to the coprecipitation of NP and incrustants (Figure
S4b), high temperatures can increase the collision frequency
and attachment of NPs which may a§§regate and increase in
size, resulting in gravitational settling.

The concentration threshold for the effective removal of
NPs upon boiling was assessed. The precipitation efficiencies
of both 1 and 0.1 ym NPs were maintained at 80—97% upon
boiling within the entire NP concentration range, and
incrustants were combined with NPs more intensively at
higher NP concentration (Figure S4c). However, the
concentrations of residual supernatant NPs for both sizes
showed an increasing trend upon boiling when they were >1
mg L' (Figure 2b). Certain amounts of CaCO; incrustants
are produced after boiling if Ca’* concentrations remain
constant in tap water, and these CaCOj incrustants would
combine with only a limited number of NPs. Once excessive
NPs occur in tap water (e.g., in the case of 3 mg L™'), CaCO,
incrustants are unable to combine with all superabundant NPs,
resulting in a high residual NP concentration in boiled water. It
is worth noting that NP concentrations in global tap water are
generally below 1 mg L™' (~31 + 2.0 particle uL™") (Table
S2), thus boiling may be a feasible process to reduce the global
population exposure to NPs.

Surface functional groups on NPs may influence NPs
transport in tap water. ! During the heating process (25-90
°C), the precipitation efficiencies of bare-PS and carboxyl-PS
were mostly higher than those of amino-PS for both 1 and 0.1
um sizes (Figure 2c,d). This may be attributed to the presence
of negative surface charges (Figure 2e,f) on both bare-PS and
carboxyl-PS, which attracts Ca** and accelerates nucleation and
growth of CaCO; crystals.'® On the contrary, positive surface
charges on amino-PS at the initial stage (Figure 2e,f) would
resist crystal nucleation and aggregation of PS particles. When
the water temperature increased, the zeta potential of the
positively charged amino-PS decreased, and the water system
could overcome the energy barrier and generate charge reversal
(Figure 2e,(f). High temperature may enhance the interaction
between amino-PS and CaCOj; crystals,’"** which may be
associated with the thermodynamic driving force of CaCOj,
crystal formation that can be expressed by supersaturation
(8),'** § = {[a (Ca¥*) x a (CO;>)] =+ KSP}I/Z, where a
represents ionic activity and K, designates the thermodynamic
solubility product of CaCOyj precipitates which decreases with
increasing temperature.m’33 During the heatin§ process, S rose
and CaCO, crystallization rate increased,'” and the zeta
potential decreased (Figure 2ef) with lessening electrostatic
repulsion interaction between particles,”* so that the
aggregation of NPs and CaCOj; crystals was enhanced. At
boiling point (100 °C), all surface functionalized NPs showed
good precipitation efficiency; that is, they could well
coprecipitate with CaCOj crystals.

Particle size is another factor controlling the precipitation
efficiency of NPs. For bare-PS and carboxyl-PS, the
precipitation efficiencies were higher for 0.1 gm NPs than
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for 1 ym ones when CaCOj crystals started to form (80—90
°C). Because 0.1 ym NPs have larger specific surface areas
than 1 um NPs, they are more likely to form nucleation sites
and are quickly encapsulated by CaCO; crystals, thus
preferentially settling during heating (Figure 2c,d). Amino-PS
may resist crystal nucleation as it possesses a positive surface
charge, so heating has little effect on the precipitation
efficiency of amino-PS (Figure 2¢,d). Different morphologies
of crystals, which were the transition forms of vaterite,
occurred in 1 and 0.1 ym NP-incrustant coprecipitates (Figure
S4d,e). As vaterite is a more thermodynamically unstable
polymorph than calcite and ara%onite, its morphology easily
transforms at high temperatures.'® The interfaces of different-
sized particles may have different contact angles which control
the CaCO; nucleation rate and influence crystal growth,**°
and various morphologies of “immature” vaterite occurred.
Nevertheless, most NPs could precipitate upon boiling,
regardless of NP sizes and incrustant phases. The present
study highlights the likelihood that a simple boiling process can
greatly complement traditional water treatments in effectively
removing NPs.

Mechanisms for Coprecipitation of Nano/Micro-
plastics and CaCO; Incrustants. According to the classical
crystal nucleation theory, crystallization begins with random
collisions of solute monomers (i.e., ions) until the clusters
reach critical size and nucleus form, triggering nucleus
growth.”*” As CaCO; crystals grow on NP surfaces and
finally encapsulate NPs (Figure 1c), there may be an interfacial
nucleation-encapsulation mechanism that governs the copre-
cipitation of NPs and CaCOj crystals (Figure SS). Dissolved
H,CO; and HCO;™ decompose at high temperatures and form
CO,2". Ca** reacts with CO;* to form CaCO; nuclei at NP-
water interface because of decreased nucleation potential
barrier in the presence of impurities.”> Nanoplastics become
encapsulated in CaCO; polymorphs (ie., calcite, aragonite,
and vaterite) during crystal growth (Figure 1lc). The zeta
potential decreases as strong Brownian motion increases the
particle collision frequency (Figure 2e,(f), and most NPs are
attracted to the growing CaCOj crystal planes leading to
heteroaggregation between NPs and CaCO; crystals.”"*”
When the growth of CaCOj crystals is complete, attracted
NPs are continuously encapsulated by newly generated CaCO;
crystals (Figure 1c)."® Some NPs may deposit into immature
CaCOyj crystals directly before full crystal growth is complete.
Upon boiling, CaCOj incrustants are formed by the reaction of
Ca?* with CO,;*", and most NPs are combined with CaCOj,
and precipitate under gravity. The mechanism is further
confirmed by the coprecipitation of PS, PE, and PP MPs and
incrustants (Text S3 and Figure S2).

Reduced Human Nano/Microplastic Exposure by
Drinking Boiled Water. From various global water qualities
(Figure 3a) and water consumption habits, we estimated
intakes of NMPs by adults and children through drinking
boiled and tap water in 67 regions on six continents. Intakes of
NMPs through boiled water consumption are 2—5 times less
than those through tap water on a daily basis (Figure 3b).
Drinking boiled water apparently is a viable long-term strategy
for reducing global exposure to NMPs. Drinking boiled water,
however, is often regarded as a local tradition and prevails only
in a few regions.’® A large proportion of the global population
maintains the habit of drinking tap and/or bottled water,
unintentionally overlooking the issue of NMPs exposure.' "
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Figure 3. Daily human exposure to nano/microplastics (NMPs)
through drinking water consumption. (a) World map of drinking
water hardness (Table S3); (b) Daily consumption of NMPs through
boiled and tap water in 67 regions of Asia, Europe, North America,
South America, Africa, and Oceania, averaged across the adult and
child, female, and male categories (both average and standard
deviation values were determined).

Nonplastic electric kettles and gas stoves are recommended
to prepare boiled water for their low energy consumption and
low CO, emissions (Text SS, Tables S8—S10, and Figure S6).
Taking China as an example, the energy consumption and CO,
emissions related to boiling water accounted for ~0.5% of the
total energy consumption and ~1% of the total CO, emissions,
respectively. Filtration devices (e.g., stainless steel filters which
are frequently used when drinking tea) are also recommended
to retain NMP-incrustants when boiled water is consumed.
Because the occurrence of NMPs and water quality are uneven
globally, the efficacy of boiling water in reducing NMPs may
vary from region to region. Nonetheless, our results have
ratified a highly feasible strategy to reduce human NMP
exposure and established the foundation for further inves-
tigations with a much larger number of samples.
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water (Table S4); NP precipitation efficiency at different
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incrustants formed at different temperature (Table S6);
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