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A B S T R A C T   

Microplastic (MP) release from household plastic products has become a global concern due to the high recorded 
levels of microplastic and the direct risk of human exposure. However, the most widely used MP measurement 
protocol, which involves the use of deionized (DI) water, fails to account for the ions and particles present in real 
drinking water. In this paper, the influence of typical ions (Ca2+/HCO3

-, Fe3+, Cu2+) and particles (Fe2O3 par
ticles) on MP release was systematically investigated by conducting a 100-day study using plastic kettles. Sur
prisingly, after 40 days, all ions resulted in a greater than 89.0% reduction in MP release while Fe2O3 particles 
showed no significant effect compared to the DI water control. The MP reduction efficiency ranking is Fe3+ ≈

Cu2+ > Ca2+/HCO3
- > > Fe2O3 particles ≈ DI water. Physical and chemical characterization using SEM-EDX, 

AFM, XPS and Raman spectroscopy confirmed Ca2+/HCO3
-, Cu2+ and Fe3+ ions are transformed into passiv

ating films of CaCO3, CuO, and Fe2O3, respectively, which are barriers to MP release. In contrast, there was no 
film formed when the plastic was exposed to Fe2O3 particles. Studies also confirmed that films with different 
chemical compositions form naturally in kettles during real life due to the different ions present in local regional 
water supplies. All films identified in this study can substantially reduce the levels of MP release while with
standing the repeated adverse conditions associated with daily use. This study underscores the potential for 
regional variations in human MP exposure due to the substantial impact water constituents have on the for
mation of passivating film formation and the subsequent release of MPs.   

1. Introduction 

Microplastics (MPs) are a global concern due to the potential risk to 
human health and to the environment. Household plastic products (e.g., 
plastic lunchbox (He et al., 2021), plastic-laminated disposable cup 
(Ranjan et al., 2020) and baby feeding bottle (Li et al., 2020)) have 
recently been confirmed as local and immediate sources of MP exposure, 
with millions of MPs released per liter of water. Given the high levels of 
MP release and the pervasive use of plastic products in daily life, it is not 

surprising that MPs have been found in human tissue (placenta of 
pregnant women (Ragusa et al., 2021) and colon (Ibrahim et al., 2021) 
and human stool (Schwabl et al., 2019)). Although the specific risk to 
human health is not yet known, MP exposure was reported to induce gut 
microbiota dysbiosis and lipid metabolism disorder in mice (Jin et al., 
2019; Lu et al., 2018). Researchers have also found that sub-micron MPs 
with the sizes of 52–330 nm can penetrate the blood-to-brain barrier and 
cause behavioural disorders in fish (Mattsson et al., 2017). A recent 
study using macrophage cells pointed out that the cellular 
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internalization capacity is likely to be a major source of toxicological 
risk of MPs (Ramsperger et al., 2020). Pristine MPs can absorb bio
molecules after exposure to fresh and salt water, which enhances MP 
uptake in cells (Galloway et al., 2017; Ramsperger et al., 2020). Since 
many plastic products are specifically designed as containers of 
biomolecule-rich materials (e.g., beverages, soups and foods), it is likely 
that the MPs released from these products will be exposed to bio
molecules, further raising concerns about the potential impact on 
human health. 

Deionized (DI) water (Du et al., 2020; Fadare et al., 2020; Li et al., 
2020; Ranjan et al., 2020; Sturm et al., 2019) or similar purified types of 
water (Hernandez et al., 2019) is widely used in established protocols to 
quantify MPs release from daily-use plastics. However, DI water is rarely 
used outside of laboratory. During real world use, plastic products come 
into contact with drinking water, which is a universal solvent containing 
many species of ions and particles. For example, the mean hardness of 
water sources in US is 217 mg/L (as CaCO3), while some regions (e.g., 
Texas and New Mexico) report levels higher than 1000 mg/L (Briggs and 
Ficke, 1977). In addition to Ca2+ and HCO3

- ions in hard water, many 
other types of ions, such as Fe3+ and Cu2+, are ubiquitous in drinking 
water, because iron and copper are the top two most widely used ma
terials for plumbing and piping of drinking water (WHO, 2006). In 
addition to ions, solid particulate matter is also known to widely exist in 
drinking water. For example, Fe2O3 particles are commonly found in tap 
water due to the corrosion of iron pipelines (Sarin et al., 2004). Size 
distribution analysis found that most particles are within the 0.9–16 µm 
range (Pronk et al., 2007). It is well known that hard water usually re
sults in limescale films being generated on the surfaces of exposed items, 
which may influence MP release. Similar effects may also occur when 
surfaces of plastic products are routinely exposed to water containing 
particulate matter. However, to date, there has been no systematic 
investigation of the influence ions and particles commonly found in 
drinking water on the release of MPs from plastic products. 

Plastic kettles are one of the most widely used household appliances. 
Sales data shows that polypropylene (PP) kettles accounts for 83.0% of 
the total market (Fig. 1, data mined from Amazon ecommerce sites from 
nine countries). A study involving plastic kettles reported that up to 30 
million particles are released per liter of water during the boiling process 
(Sturm et al., 2019), demonstrating that plastic kettles are a potentially 
significant source of MP exposure. However, the previous study focussed 

on MP release from brand-new kettles using DI water (Sturm et al., 
2019). Since a typical kettle is repeatedly exposed to real tap water 
during hundreds of boil cycles, it is important to investigate the 
long-term effects of water that contains typical concentrations of ions 
and particles on the level of MP release. 

To investigate the influence of water constituents on MP release, four 
synthetic drinking waters containing different typical ions (Ca2+/HCO3

-; 
Fe3+ and Cu2+) and particles (Fe2O3 particles) were prepared and used 
to boil plastic kettles. Raman spectroscopy testing was conducted to 
monitor MP release from kettles boiled using these different types of 
water. In addition, physical and chemical characterization using SEM- 
EDX, AFM, XPS and Raman spectroscopy was also employed to study 
the change in the morphology of the exposed kettle surface. Surpris
ingly, all ions achieved at least 89% reduction in MP release while 
particles showed no significant reduction when compared to kettles 
exposed to DI water. Physical and chemical characterization confirmed 
the ions in the different water types resulted in the formation of 
passivation films on the exposed kettle surface, each of which led to a 
substantial reduction in MP release level over that found for DI water. In 
contrast, no film was formed when the plastic was exposed to the syn
thetic water with particles (Fe2O3). This study underscores the sub
stantial influence water constituents have on the regional levels of MP 
release and the potential for human exposure. 

2. Methods and materials 

2.1. Precautions to prevent sample contamination and control samples 

To avoid any potential contamination, this study followed an 
established and independently validated protocol (Li et al., 2020, 2021). 
Clean cotton-based laboratory coats and pre-washed particle-free nitrile 
gloves were worn at all times. Clean boro 3.3 glassware was used for 
sample preparation. The prepared samples were immediately placed in 
the glass petri dish (Brand™, FisherScientific) before Raman testing and 
analysis. DI water with resistivity of 18.2 MΩ-cm was used. Control 
samples were also run every ten samples to ensure the 
contamination-free protocol was being adhered to. 

For the control sample, a glass beaker with a glass cover was filled 
with 50 mL DI water and boiled for 2.5 mins using a hotplate. After 
cooldown, any particles present in the water were filtered and checked 
for MP contamination using Raman spectroscopy. 

2.2. Preparation of synthetic drinking water 

Four types of synthetic drinking water (SDW) were investigated - 
hard water containing Ca2+ and HCO3

-; Fe3+ water containing FeCl3; 
Cu2+ water containing CuSO4 and particle water containing Fe2O3 
particles. Each was prepared by adding a measured quantity of these 
compounds to DI water. While the chemical composition of drinking 
water varies locally, the WHO has prescribed a drinking water safety 
standard that sets the recommended allowable concentration ranges for 
various ions, particles and organics (WHO, 2011). For example, the 
suggested concentration of copper is not to be higher than 2 mg/L. 
Hence, and Cu2+ water was prepared by adding 5.0 mg/L-CuSO4 to (i.e., 
2 mg/L-Cu element) in DI water. Accordingly, the concentration of 
elemental iron in Fe3+ water and particle water were both adjusted to 
2 mg/L to allow results to be compared. To mimic particles found in 
drinking water, Fe2O3 particles with an average size of 5.4 µm (97% of 
particles are in size range 1.2–16 µm, Fig. S1) were used. These particles 
closely match the real particle size distribution found in drinking water 
(0.9–16 µm (Pronk et al., 2007)). Following hard water classification 
and reported typical compositions (Briggs and Ficke, 1977), synthetic 
hard water containing ions of Ca2+/HCO3

- was prepared by adding 
CaCl2 and KHCO3, so that the hardness was adjusted to 
180 mg/L-CaCO3. In addition, quantities of KCl, Mg(NO3)2.6 H2O and 
humic acid sodium salt (to simulate organic content) was also added to 

Fig. 1. The market share of PP kettles in 9 countries (PP kettle & accessories: 
both the kettles body and accessories are made of PP; PP-Accessories only: 
includes only kettle accessories that are made of PP, such as PP filters, PP water 
scales and PP lids; Non-PP: neither the kettle body or the accessories are made 
of PP, such as glass kettles and stainless kettles). 
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the synthetic drinking water to mimic local (Dublin, Ireland) drinking 
water composition. In compliance with the WHO standard (WHO, 
2011), the pH of SDW was finally adjusted to 7.5–8.5 range using NaOH 
solution. The specific composition of each type of SDW used in this study 
is listed in Table 1. 

2.3. 100-day test using different water types 

To investigate the influence of ions and particles on MP release, a 
popular plastic kettle product (120,000 of units sold annually in Amazon 
UK alone) was chosen as a representative plastic product to conduct a 
100-day test. Five identical brand-new kettles were tested for each water 
type as well as DI water (as the benchmark control). All kettles were 
cleaned thoroughly using DI water before testing. Then the kettles were 
filled with 0.8 L of as-prepared SDW water or DI water and boiled once 
per day in accordance with a survey of average kettle users and rinsed 
with DI water before the next boil (Murray et al., 2016). 

To quantify the MP release levels, an extra boil was performed on 
Day 0, 1, 3, 5, 10, 15, 20, 30, 40, 50, 60, 70, 80, 90 and 100 in which DI 
water was used to collect the released MPs (Fig. 2). It is well established 
that exposure to DI water does not lead to the dissolution or growth of 
any pre-existing passivation film present on the plastic surface (Li et al., 
2020) and its use facilitates MP analysis by eliminating potential sources 
of contamination present in real tap water. Hence, DI water was used to 
test MP release from kettles that had been boiled using different water 
types during the 100-day test. In the case of these extra boils, the boiled 
DI water sample was collected, filtered and analyzed using the estab
lished protocol (Li et al., 2020). In brief, the water samples containing 
MPs were allowed to cool down to room temperature. Then the water 
samples were gently shaken and filtered through the gold-coated poly
carbonate membrane filter (APC, Germany Ltd). The diameter of 
membrane filter was 25 mm with a pore size of 0.8 µm. 

2.4. Test of new and used kettles under real world conditions 

To demonstrate the natural occurrence of passivation films from 
different water types, used kettles were randomly collected from soft 
water (Dublin, hardness around 50 mg/L as CaCO3) and hard water 
(Kildare, around 170 mg/L as CaCO3) supply zones (information listed 
in Table 2). MP release levels from these used kettles was tested 
following the protocol in Fig. 2b. The particles on the surfaces of the 
used kettle interiors were also investigated using Raman spectroscopy. 
To assess the level of MP suppression follow real world use, brand new 
kettles of the same kind were purchased and separately tested (for test 
method see Fig. 2b). 

2.5. Identification and quantification of MPs using Raman spectroscopy 

The chemical identity of particles released from the plastic kettles 
was determined by Raman spectroscopy (Renishaw InVia Raman spec
trometer) with the detection limit down to 1 µm following established 

test protocols (Käppler et al., 2016; Li et al., 2020). The system consists 
of a 532-nm laser (Coherent), a cooled charge-coupled device and a 
microscope with a 100 × objective. The WiRE 3.4 (Renishaw) software 
was used for detection. Before each test, a silicon wafer was used to 
calibrate the system. For MP identification, a low-excitation laser power 
was applied to avoid potential damage to the particles. Spectra were 
obtained over the range 200–3200 cm− 1. Intensive Raman peaks in the 
ranges of 2780–2980, 1400–1640 and 709–850 cm− 1 were used to 
determine the chemical composition of MPs in this study. Fig. S2 shows 
the Raman spectra from the bulk kettle and the level of released PP-MPs, 
respectively. The quantity and size distribution of the PP-MPs were 
analysed by ImageJ software, following established protocols (Käppler 
et al., 2016; Li et al., 2020). 

2.6. Characterization of the inner surface of kettles 

Multiple techniques were to characterize physiochemical change of 
the kettle’s inner surface. SEM-EDX (Zeiss Ultra Plus) was performed 
with an acceleration voltage of 15 kV. High-resolution XPS was per
formed using an Omicron Multiprobe XPS with a monochromated Al K- 
alpha source. A low energy electron flood gun was used during all XPS 
measurements to compensate for surface charging. Raman spectroscopic 
testing (Renishaw InVia Raman spectrometer) was also conducted with 
532 nm excitation laser and 50% laser intensity to determine the 
chemical identity of the particles/films on the inner kettle surface. 3D 
images of kettle surfaces were acquired using atomic force microscopy 
(AFM, NT-MDT) using a tapping mode probe (Nanosensors, PPP-NCST). 
The system was calibrated using step height standard (SHS) while the 
results were analyzed using Gwyddion 2.54 software. 

3. Results 

3.1. Ions influence MPs release 

Given the well-known classification of hard/soft water as well as the 
ubiquitous presence of iron and copper ions in drinking water, four 
water types (Ca2+/HCO3

- SDW; Fe3+ SDW, Cu2+ SDW and DI water) 
were used to investigate the influence of ionic species on MP release. The 
general trend in MP release from Fe3+ water, Cu2+ water and Ca2+/ 
HCO3

- water is significantly different from that observed for kettles 
boiled using DI water (Fig. 3). During the first 15-days of use, MP 
numbers associated with each water type decreases from an initial level 
of 25.0–35.0 million/L to around 5.0–10.0 million/L (Fig. 3a). After 
that, MP numbers for DI boiled kettle increased to 15.0 million/L after 
40 times boils while SDW with different ions continuously decreased to 
between 2.5 and 5.0 million/L. To account for differences in the initial 
MP release level for different water types, the data was normalised by 
setting the initial release number for each water type to 100% (Fig. 3b). 
After repeated use (after 20 boils), the DI-water boiled kettles always 
released over 10.0 million/L, which equivalent to 40.0–60.0% of the 
initial release number. In comparison, SDW boiled kettles released 
significantly lower MP levels regardless of the ion type. After 40 boils, all 
kettles released less than 11.0% of the initial values. The SDW con
taining Fe3+ ions gave the largest suppression, with a reduction of 96.9% 
after 100 boils. Ca2+/HCO3

- water achieved a slightly reduced level of 
suppression, with an 89.7% reduction after 100 boils, while Cu2+

resulted in a reduction of 94.5%. 
Evidently, the 3 groups of common ions found in drinking water all 

showed an ability to substantially reduce to the level of MP release, with 
Fe3+ water showing the highest reduction. 

3.2. Element speciation (ion and particle) influence MPs release 

To have an in-depth understanding of this MP suppression phe
nomenon, two types of iron-containing species (ion-Fe3+ and particle- 
Fe2O3) were chosen to investigate the influence of chemical speciation. 

Table 1 
The chemical composition of different types of water used in the study.  

Water type SDW- 
Cu2+

SDW- Ca2+/ 
HCO3

- 
SDW- 
Fe3+

SDW- 
Fe2O3 

DI  

mg/L mg/L mg/L mg/L mg/ 
L 

C9H8Na2O4 (sodium 
humic acid)  

0.1  0.1  0.1  0.1  0 

Mg(NO3)2.6 H2O  13.2  13.2  13.2  13.2  0 
KCl  1.9  1.9  1.9  1.9  0 
CuSO4  5.0  0  0  0  0 
CaCl2  7.0  166.5  7.0  7.0  0 
KHCO3  0  300.0  0  0  0 
FeCl3  0  0  5.8  0  0 
Fe2O3  0  0  0  2.9  0  
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Surprisingly, MP release levels for Fe2O3-particle (Fe-P) containing 
water showed very similar trends to that of DI water (Fig. 4a and 
Fig. S3a), indicating that particles of Fe2O3 have a weak effect on MP 
release. The normalized release data shows that only after Day 70 the 
MP release level from Fe-P water kettles started to drop below that of DI 
boiled kettle (Fig. 4a). On Days 70–100, Fe-P reduced the level of MP 
release by about 60.2%, while the value for DI water was around 52.0%. 
These results are in sharp contrast to the reduction of 96.9% found for 
Fe3+ water (Fig. 4a). Evidently, the speciation of the element substan
tially influences the level of MP suppression. 

The size distribution of the released MPs was also investigated. For 
kettles exposed to DI water, the initially released particles that are in the 
< 5 µm, 5–10 µm and > 10 µm ranges were 79.3%, 10.9% and 9.8% of 
the total particles, respectively (Fig. 4b). After 100-day of boiling, the 
particle distribution did not change significantly. In comparison, the size 
of MPs released from Fe3+ water boiled kettles showed substantial dif
ferences (Fig. 4c). After 100-day of boiling, the particles within 5–10 µm 
and > 10 µm ranges decreased from 23.2% and 23.2–15.0% and 1.3%, 
respectively. Similar changes were also observed for kettles boiled using 
Fe-P water (Fig. S3b). These results indicate that ions and particles likely 
change the kettle surface to ways that act to limit the release of large 
MPs. 

3.3. Morphology analysis of kettle surface 

To understand the origin of this MP suppression phenomenon, the 
inner surfaces of kettles before and after 100-day test were characterized 
using AFM and SEM. In the case of DI-water boiled kettles the surface 
after the test is similar to that of a brand-new kettle (Fig. 5a and b). 
Though some particles were observed, these surfaces were relatively 

clean and smooth. However, for SDW exposed kettles, the inner surfaces 
showed substantial changes (Fig. 5c-f). The Ca2+/HCO3

- water exposed 
surface was rich with tiny rods, with lengths of around 101-102 µm. High 
resolution imaging showed that the Cu and Fe ion-exposed surfaces were 
covered with a continuous film. The Fe-P water boiled kettles had the 

Fig. 2. MPs sample preparation protocol. (a) Water boils process using SDW or DI in 100 days. (b) Schematic detailing the methodology used to determine MP 
release level during the extra boil with DI water. To avoid any potential MP residual due to last boil, the kettle was gently rinsed using DI water before each extra 
test boil. 

Table 2 
The information of three used kettles operated under real-world conditions.  

Product Service 
timea 

Approx. use times 
per daya 

Approx. total use 
timesa 

Water 
hardnessb 

K1 1 month  1  30 170.0 mg/L 
K2 24 months  0.5  400 50.0 mg/L 
K3 3 months  2  200 50.0 mg/L  

a : the data obtained by surveying the kettles’ users, which is the approximate 
use times and total use rimes; b: hardness as CaCO3, data obtained from Irish 
Water-https://www.water.ie/help/water-quality/hard-water/ 

Fig. 3. (a) Long-term test of the correlation between boils number and MPs 
release number using Cu2+ water, Fe3+ water, Ca2+/HCO3

- water and DI water, 
respectively. (b) Long-term test of the correlation between boils number and 
MPs release level (%) using Cu2+ water, Fe3+ water, Ca2+/HCO3

- water and DI 
water, respectively. Normalizing all data by dividing by the first day 
release level. 
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coarsest surface, that was covered by numerous irregular particles. 
However, these particles were discrete and no evidence of a continuous 
film was found. 

AFM testing was conducted to study the detailed surface morphology 
(Fig. 6 and Fig. S4). Most features observed on the surface of new kettles 

and kettles exposed to DI water were less than 500 nm in height 
(Fig. S4). The height of the small rods observed following Ca2+/HCO3

- 

water exposure were around 2 µm. For surfaces exposed to Fe3+ water 
and Cu2+ water, continuous and coarse films were formed. Surfaces 
exposed to boiling Fe-P water, were partially covered by aggregated 

Fig. 4. (a) Long-term test of the correlation between boils number and MPs release level (%) using Fe3+ water, Fe-P water and DI water, respectively. Normalizing all 
data by dividing by the first day release level. The size distribution of release MP from kettles boiled by (b) DI water and (c) Fe3+ water, respectively. 

Fig. 5. SEM images (a-f) of the inner surface of new kettle and 100-day boiled kettle using DI water, Ca2+/HCO3
-water, Cu2+ water, Fe3+ water, and Fe-P water, 

respectively. 
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particles with lateral sizes of around 2–5 µm with a height of around 
1 µm. The absence of continuous film may be the reason for the poor 
level of MP suppression following Fe-P exposure. 

3.4. Chemical characterization of kettle surface 

To reveal the chemical nature of the materials adhered onto the 
kettle surfaces, EDX elemental analysis was conducted. Strong EDX 
elemental peaks corresponding to calcium-Ca, copper-Cu, iron-Fe and 
iron-Fe were found in the spectra of Ca2+/HCO3

- water, Cu2+, Fe3+ and 
Fe-P exposed surfaces, respectively (Fig. 7). In comparison, there were 
no peaks associated with Ca, Cu and Fe detected on the surfaces of new 
kettles or those exposed to DI water (Fig. S5). The presence of oxygen 
and carbon were also confirmed for all surfaces. High-resolution XPS 
identified the nature of the calcium, copper and iron (Fig. 8). XPS peaks 
at binding energies of around 352 and 348 eV are consistent with the 
Ca2p1/2 and Ca2p3/2 peaks associated with calcium (II), respectively 
(Fig. 8b). XPS also confirmed that copper (II) was the main speciation 
given that peaks at binding energies of around 953, 932 and 940–944 eV 
agree with the standard spectra of Cu2p1/2, Cu2p3/2 and shake-up sat
ellite peaks associated with copper (II), respectively (Biesinger et al., 
2010; Shackery et al., 2016; Van der Laan et al., 1981) (Fig. 8c). For Fe3+

exposed surfaces (Fig. 8d), the well-defined peaks of Fe2p1/2 and 
Fe2p3/2 associated with iron (III) were found at binding energies of 
around 724 and 711 eV. Notably, there were no peaks present at 708 

and 707 eV, which are associated with iron (II) (Biesinger et al., 2011). 
The satellite peaks at 717–722 eV were also consistent with iron (III). 
Collectively, these data confirmed that the majority element iron on 
Fe3+ exposed surface is in the form of iron (III). Although the iron peaks 
were also observed on Fe-P exposed surfaces, the whole spectrum was 
much weaker than that of Fe3+ exposed surfaces and the signal level was 
insufficient to determine the precise chemical composition. 

Raman spectroscopic analysis of the particles on hardwater exposed 
surface closely matched the spectrum of calcium (II) carbonate (CaCO3) 
(Fig. 9a). The significant peaks at around 1086 and 155 cm− 1, corre
spond to the well-known A1

g, and Eg vibrations of CaCO3. In the case of 
on Cu2+ exposed surfaces strong Raman peaks were observed at around 
288, 335 and 625 cm− 1, corresponding to the well-known Ag, B1

g and B2
g 

vibrations of CuO (Wang et al., 2017; Xu et al., 1999; Yu et al., 2004) 
(Fig. 9b). Note the ~10 cm− 1 difference in the Raman shift for Ag, B1

g and 
B2

g vibrations is common for CuO particles, and is typically attributed to 
size differences (Murthy et al., 2011). For Fe3+ and Fe-P exposed sur
faces, both particles exhibited Raman spectra consistent with that for 
iron (III) oxide (Fe2O3, Fig. 9c). Since Raman analysis is very sensitive to 
the presence of mixed contaminants, the unambiguous data in Fig. 9 
confirms that the materials deposited on the inside of kettles following 
exposure to hard water, and Cu2+, Fe3+ and Fe-P water corresponds to 
CaCO3, CuO, Fe2O3 and Fe2O3, respectively. 

Even though Fe2O3 particles are observed on both Fe-P and Fe3+

Fig. 6. AFM images (a-b) of the inner surface of 100-day boiled kettle using Fe3+ water and Fe-P water, respectively. (c) AFM image of partially cleaned surface of 
100-day boiled kettle using Fe3+ water. To confirm the formation of Fe2O3 film on Fe3+ water exposed kettle, piece of exposed kettle was taken and gently rinsed 
using DI water. Then part of the surface was carefully removed using lens clean paper. After that, the surface was investigated using AFM. 

Fig. 7. EDX spectra of the inner surface of 100-day boiled kettle using (a) Ca2+/HCO3
-and Cu2+ water; (b) Fe3+ water and Fe-P water, respectively.  
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exposed surfaces, XPS analysis showed that Fe (III) intensity obtained 
from Fe3+ exposed surface was over 100% stronger than that on the Fe-P 
exposed surface under the same test conditions (Fig. 8d). EDX analysis 
also confirms the much stronger intensity of Fe elemental signal ob
tained from Fe3+ exposed surface (Fig. 7b). XPS analysis is very surface 
sensitive, with penetration depths of only around 10 nm while the 
lateral size is around 3 mm. EDX analysis can penetrate several µm while 
the lateral test size here is around 20 µm. SEM and AFM topography 
analysis showed that the aggregated Fe2O3 particles on Fe-P surface 
were much higher and larger than the particles on Fe3+ exposed surface 
(Figs. 5e-f and 6a-b). Hence, there must be a Fe2O3-base film that covers 
the Fe3+ exposed surface. To confirm this, Fe3+ exposed kettle surface 
was partially cleaned and investigated using AFM (Fig. 6c and S5). The 
resulting cross-section image confirmed that a uniform film with a 
thickness around 200–300 nm covered the kettle surface. Despite the 
fact that the initial concentrations of Fe-P and Fe3+ were the same, the 
successful film formation during Fe3+ exposure results in the formation 
of a protective Fe2O3 film on the plastic surface that results in a 96.9% 
reduction in MP release. 

Evidently, common ions, such as Fe3+, Cu2+, Ca2+ and HCO3
- in 

drinking water are transformed into insoluble/slightly soluble com
pounds, which subsequently form a film that covers the surface of 
plastic. The potential transformation processes are listed in Eqs. 1–6. 
During these chemical reactions, generated particles, such as Fe2O3 
normally grows from the nanometre scale and can easily attach at im
perfections on the kettle surface, resulting ultimately in the formation of 
a continuous and relatively uniform film. However, when the plastic 

surface is exposed to SDW containing Fe-P particles with an average size 
of around 5 µm (size distribution see Fig. S1), these particles can only 
aggregate at random locations on the surface. Crucially, since there are 
no free Fe3+ ions in Fe-P water it is not possible to fill the gaps between 
particles by the growth of the additional Fe2O3 (via Eqs. 3 and 4) 
resulting in a discontinuous film seen in Fig. 6. 

Ca(HCO3)2(aq)⇌Ca2+(aq)+ 2(HCO3)
−
(aq) (1)  

Ca(HCO3)2(aq)→CaCO3(s)+H2O(l)+CO2(g) (2)  

Fe(OH)3(aq)⇌Fe3+(aq)+ 3(OH)
−
(aq) (3)  

2Fe(OH)3(aq)→Fe2O3(s)+ 3H2O(aq) (4)  

Cu(OH)2(aq)⇌Cu2+(aq)+ 2(OH)
−
(aq) (5)  

Cu(OH)2(aq)→CuO(s)+H2O(aq) (6)  

3.5. Passivation phenomena in real-world used kettles 

To demonstrate the natural occurrence of these passivation films, 
used kettles were randomly collected from soft water (Dublin, hardness 
around 50 mg/L as CaCO3) and hard water (Kildare, around 170 mg/L 
as CaCO3) supply regions, respectively (information listed in Table 2). 
Raman spectroscopic analysis confirms that calcium (II) carbonate 
(CaCO3) and copper (II) oxide (CuO) films formed on the surfaces of the 
used kettles from hard water and soft water supply regions, respectively 

Fig. 8. (a) XPS full spectra of the inner surface of 100-day boiled kettle using HARD, Cu2+ water, Fe3+ water, and Fe-P water, respectively. (b) zoomed spectra of 
XPS-Ca 2p of Ca2+/HCO3

- water boiled surface; (c) zoomed spectra of XPS-Cu 2p of Cu2+ water boiled surface; (d) zoomed spectra of XPS-Fe 2p of Fe3+ water, and Fe- 
P water boiled surface, respectively. 
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(Fig. 10a and b). 
To assess the MP controlling effect, brand new kettles of the same 

type were purchased and tested. MP release levels from the brand new 
and used kettles were measured following the protocol in Fig. 2b. In 
contrast to MP release levels from brand-new kettles, the MP release 
from used kettles collected from hard water and soft water region were 
reduced by 56.6% and 88.7%, respectively (Fig. 10c). These results are 
consistent with the results obtained using SDW, which confirms that 
naturally formed passivation films can effectively reduce MP release. 

4. Discussion 

This study underscores the substantial influence of water constitu
ents, e.g., ions and particles species on MP release levels during practical 
use. Based on this study, the MP release mitigation efficiency ranking is 
Fe3+ ≈ Cu2+ > Ca2+/HCO3

- > > Fe2O3 particle ≈ DI water (Figs. 3 and 
4). Because Fe3+ and Cu2+ ions in water can react to form the corre
sponding insoluble metal oxides, a passivation film forms that covers the 
surface of plastic and reduces MP release levels by 96.9% and 94.5% 
respectively. For hardwater, dense calcium carbonate crystals covered 
large area of the kettle surface. These rod-like crystals were quite large, 
with length around 10–100 µm, which is consistent with a previous 
publication (Roque et al., 2004). As a result, the inevitable presence of 
gaps between these crystals may reduce the suppression efficiency, 
though it can still reduce MP release by 89.7%. Particles of Fe2O3 (97% 
particles ranging 1.2–16 µm, and very similar to the particles size dis
tribution found in drinking water (Pronk et al., 2007)) achieved the 
lowest control efficiency due to the lack of a continuous passivation film. 
Interestingly, we find an approximate 50% reduction in MP release 
when initially exposing kettles to DI water, regardless of kettle brands 
and models. This indicates that the typical kettle manufacturing process 
may result in formation of a large number of loosely bound surface 
particles, which boost the initial MP release levels. However, further 
studies are required to fully understand the original of the initial 
reduction observed in the case of DI water exposed kettles. 

Based on these results it is expected that the levels of MP release from 
daily-use plastic products that come into contact with water will vary 
from region to region due to the different constituents in local drinking 
water. For example, in regions with hard water (Kildare), the presence of 
CaCO3 films on the interior of used kettles is not unexpected (MacAdam 
and Parsons, 2004). In the case of the soft water zones (Dublin), we 
observed the formation of CuO-based films inside of used kettles 
(Fig. 10). Tests of Dublin tap drinking water found the concentration of 
copper to be around 0.5–0.8 mg/L, which is likely due to the widespread 
use of copper plumbing. The different types of films formed inside of real 
used kettles is therefore consistent with our study using synthetic wa
ters. At worldwide level, there are even larger variations in the types and 
concentrations of constituents found in local drinking water. A 
comprehensive study (Hori et al., 2021) found that the mean hardness of 
tap drinking water varies from 49 ± 26 mg/L-CaCO3 in Japan, to around 
187 ± 71 mg/L in Germany and 362 ± 112 mg/L in Zambia. In addition 
to soft/hard water sources, local preferences for plumbing material can 
also significantly influence metal concentration in drinking water. 
Copper plumbing is widely used in developed countries, which leads to 
the high concentration of Cu ions in drinking water. It was reported that 
average copper concentration in British Columbia (Canada, school taps) 
was around 3.6 mg/L (Barn et al., 2014) while in California this value 
was around 0.2 mg/L (Kimbrough, 2007). In contrast, this value in 
Shanghai (China) was only around 0.01 mg/L (Xu et al., 2006). 
Evidently, differences in these water constituents will influence the film 
type, thickness and morphology formed on plastic surfaces, which will 
ultimately lead to variations in MP release levels. Ultimately, generated 
MPs are either discharged into waterways or consumed by local people, 
which leads to different human health and environmental risks. Given 
the impact of water constituents on MP release (Figs. 3 and 4), to achieve 
reliable estimates of the local levels of MP release it is vital to prepare 
the synthetic water that accurately mimics the local drinking water 
composition. 

The natural passivation phenomenon reported here can substantially 
benefit the development of engineering solutions to control MP release. 
During the repeated boils using DI water, it was found that there was no 
leaching of Fe or Cu elements from Fe3+ and Cu2+ films, respectively 
(Table S1), while only tiny amount of CaCO3 leached out. These results 
confirm that these naturally occurring oxide and carbonate-based films 
can withstand the typical adverse conditions experiences during daily 
use. It is interesting that we find that similar reduction efficiencies are 

Fig. 9. (a) Raman spectra of standard CaCO3 powder and the particles from 
Ca2+/HCO3

- water boiled kettle, respectively. (b) Raman spectra of standard 
CuO powder and the particles from Cu2+ water boiled kettle, respectively. (c) 
Raman spectra of standard Fe2O3 powder and the particles from Fe3+ water and 
Fe-P water boiled kettle, respectively. 
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obtained from 2 transition metals: Fe3+ and Cu2+ (Fig. 3). This is due to 
their active transformation from metal ions into an insoluble metal oxide 
and suggests that other transition metals (ions speciation), such as Mn 
and Ti, may exhibit similar mitigation performance given the similar 
chemical transformation processes and the insoluble/slightly soluble 
nature of their metal oxides (Kozawa et al., 2011; Petlicki et al., 2005). 
In addition to the metal oxide, many other metallic carbonates (such as 
FeCO3) are insoluble/slightly soluble in water and may also have po
tential to reduce MPs. Given the substantial influence of chemical 
speciation (particle/ion) on film formation and MP release suppression 
(Figs. 3–6), any engineered coating solution should start from ions in 
solution rather than particles, due to the benefits of forming a contin
uous passivating film. In addition, other coating parameters and con
ditions, such as water pH, ion solute concentration, reaction pressure 
and potential catalysts may also influence the reaction efficiency, and 
control crystal size, which subsequently determines the film thickness 
and robustness. Hence, these parameters and conditions need to be 
optimized to generate the highest-performance films. Overall, this na
ture inspired engineering solutions demonstrate great potential to 
mitigate against MP release from daily-use plastics. 

5. Conclusions 

In the present study, the influence of typical drinking water ions 
(Ca2+/HCO3

-; Fe3+ and Cu2+) and particles (Fe2O3 particles) on MP 
release was systematically investigated. Surprisingly, all ions resulted in 
a greater than 89% reduction in MP release while particles showed no 
significant effect compared to the DI water control. We find that the MP 
release suppression efficiency ranking is Fe3+ ≈ Cu2+> Ca2+/HCO3

-> >

Fe2O3 particles ≈ DI water. Physical and chemical characterization 
using SEM-EDX, AFM, XPS and Raman spectroscopy confirmed the ions 
in hard water (Ca2+/HCO3), and water containing Cu2+ and Fe3+ ions 
respectively resulted in the formation of CaCO3, CuO, and Fe2O3 
passivation films on the exposed kettle surface, each of which led to a 
substantial reduction in MP release level over that found for DI water. In 
contrast, no film was formed when the plastic was exposed to the syn
thetic water with particles (Fe2O3) in water. Additionally, we showed 
that films with different chemical compositions can form naturally in the 

kettles used in real life due to different ions present in regional water 
supplies. This study underscores the substantial influence of water 
constituents on regional MP release and human exposure. More impor
tantly, the natural passivation phenomenon reported here can hugely 
benefit the development of engineering methods to control MP release. 
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