
RESEARCH PAPER

Effects of weathering and rainfall conditions on the release
of SiO2, Ag, and TiO2 engineered nanoparticles from paints

Xiaoran Zhang & Mingxiu Wang & Siyu Guo &

Ziyang Zhang & Haiyan Li

Received: 7 January 2017 /Accepted: 12 September 2017 /Published online: 13 October 2017
# Springer Science+Business Media B.V. 2017

Abstract Previous studies on the fate of engineered
nanoparticles (ENPs) incorporated in paints mainly fo-
cused on the release of the particles as affected by a
limited number of factors or monitoring their release
from natural sources. In this study, the effects of four
factors (i.e., weathering duration, water pH, rainfall
duration and intensity) were investigated on the release
of SiO2-ENPs, Ag-ENPs, and TiO2-ENPs from paints
applied on panels. The static water immersion test
showed that the concentrations of studied particles all
increased with weathering duration. At low and high
pH, SiO2-ENPs and Ag-ENPs showed a higher release,
while the release of TiO2-ENPs was relatively high at
low pH. With increased simulated rainfall duration, the
concentration released decreased for Si, and the opposite
was observed for Ag, while no obvious correlation was
noted for Ti. With greater rainfall intensity, there was
increasing release of all particles. In total, the releases of
Ag-ENPs and TiO2-ENPs were extremely low and with-
in the level of 21.32–42.16 μg L−1and 0.6–2.3 μg L−1,
respectively, while the values for SiO2-ENPs were in the
range of 7.5–12 mg L−1. Additionally, microscopic

results highlighted that SiO2-ENPs were mainly re-
leased in the form of agglomerates, and only a small
fraction was below 0.1 μm. Considering these influence
factors together, conclusions may be made that
weathering time and rainfall duration are more impor-
tant in controlling release than water pH.
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Introduction

Nanoparticles, which are defined as particles having at
least one dimension less than 100 nm, possess higher
reactivity, strength, and conductivity compared to their
bulk-sized counterparts (Majestic et al. 2010). The in-
tense interest surrounding the economic potential of
nanoparticles has given rise to engineered nanoparticles
(ENPs), a new type of nanoparticles intentionally pro-
duced for use in commercial products (Majestic et al.
2010; Kai et al. 2010). One important application is the
use of ENPs in paints and coatings, as they improve
resistance to chemicals, erosion, abrasion, UV light, and
antifouling properties (Khanna 2008). European studies
roughly estimated that 10–30% of their TiO2-ENP pro-
duction, 10–30% of the Ag-ENPs, 5–10% of the CeOx-
ENPs, and 30–40% of the SiO2-ENPs were in paints
and/or related products (coatings and cleaning agents)
(Piccinno et al. 2011; Mitrano et al. 2015). Due to the
wide range of applications, several studies have
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predicted that ENPs may end up in relevant quantities in
the environment and pose potential risks (Alvarez et al.
2009; Wiesner et al. 2009; Nowack et al. 2011). Based
on the estimation by Keller and Lazareva (2013), about
10–30%, 3–17%, and 4–19% of ENPs produced will be
released into water bodies in Asia, Europe, and North
America, respectively. One previous study (Keller et al.
2013) has estimated that 63–91% of over 260–309 thou-
sand metric tons of global engineered nano-material
production in 2010 ended up in landfills, with the bal-
ance released into soils (8–28%), water bodies (0.4–
7%), and the atmosphere (0.1–1.5%). A more recent
study has shown that for TiO2-ENPs (39,000 tons/year)
and Ag-ENPs (50 tons/year), about half of the year’s
total input into the system entered the in-use stock and
the rest was directly released into environmental com-
partments within the same year (Sun et al. 2016). A
recent review (Troester et al. 2016) has reported that
the wide range of ENPs is clearly produced in the tons-
per-year range and is therefore the potential to be re-
leased in significant amounts into the environment. Choi
et al. indicated that the ENPs that were discharged to
wastewater treatment plants, which served as redistribu-
tion points, and ultimately transferred to the aquifer were
estimated at 26–39% of the total ENPs used (Choi et al.
2017). In order to assess the behavior of the released
ENPs in the environment and the potential effects on
organisms, it is important to know the actual form of the
materials that are released (Nowack et al. 2011). The
ENPs added into products or used in an application may
undergo transformation and aging processes, and the
released particles may be completely different from the
original particles. Therefore, investigation of the amount
of ENPs released and their characteristics under real-
world conditions is of great importance.

Though ENPs are widely used in paints, the available
studies on release in recent years mainly targeted textiles
and other related consumer products (Hagendorfer et al.
2009; Kulthong et al. 2010; Lorenz et al. 2012; Windler
et al. 2012; Gondikas et al. 2014). Early studies moni-
tored the ENPs from paints released into natural waters
(Kaegi et al. 2008) and investigated the leaching pattern
of a certain ENP from paints under ambient conditions
in a model house (Kaegi et al. 2010). Zuin et al. (2014)
studied the release behavior of ENPs from paints in an
immersion test. On the aspect of abrasion, there were
studies on the changes of ENPs during abrasion of paint
(Koponen et al. 2009; Saber et al. 2012) or the durability
of ENP-containing paints (Scrinzi et al. 2011).

Previous studies on ENP-paints usually investigated
the release of one type of ENP under one or two condi-
tions in depth or aimed to estimate the amount of release
(Olabarrieta et al. 2012; Al-Kattan et al. 2013, 2014a;
Hincapié et al. 2015). Olabarrieta et al. (2012) analyzed
the release of TiO2-ENPs related either to the long-run
performance of photocatalytic coatings or their environ-
mental impact, and their results showed that the TiO2

emission concentration was as high as 150.5 μg L−1. Al-
Kattan et al. in 2013 and 2014a discussed the releases of
TiO2-ENPs and SiO2-ENPs from paints respectively, and
results suggested that a low amount of Ti (0.007% of the
total Ti) was released over 113 weathering cycles, while
the released SiO2-ENPs constituted 2.3% of the total SiO2

in the paint. Hincapié et al. (2015) investigated the flows
of ENPs from paints in construction and demolition
waste, and they found that the majority of ENPs entered
recycling systems (23 times per year), while a smaller
amount was disposed directly into landfills (7 times per
year) and only a tiny fraction of ENP waste was inciner-
ated (0.01 times per year). Adeleye et al. (2016) studied
the release of Cu-ENPs from a commercial antifouling
paint, and they discovered that both the length of drying
time and type of surface painted strongly influenced the
amount of Cu released into natural waters. Information on
to what extent specific factors act together and affect the
concentrations of different types of ENPs released from
paints applied on building panels, or how much each
factor contributes in comparison with the others, was
insufficient. Therefore, this study aimed to investigate
factors that may influence the ENPs’ release, including
weathering duration, water pH, rainfall intensity, and du-
ration, using the most frequently used ENPs in the paint
industry, TiO2-ENPs, SiO2-ENPs, and Ag-ENPs.

Materials and methods

Paints used and applications

Pristine ENPs used in our experiments were supplied by
the industry (Dekedaojin (Beijing) Co., Ltd.). The de-
clared average size of SiO2-ENPs (modifiedwith coupling
agent KH-550, NH2 (CH2)3Si(OC2H5)3) was 10 nm,
TiO2-ENPs (anatase, modified with coupling agent KH-
550, NH2 (CH2)3Si(OC2H5)3) 30 nm, and Ag-ENPs
50 nm (Table 1). Figure 1 shows the transmission electron
microscopy (TEM) images of the three pristine ENPs and
their forms after beingmixed in paints. Figure 2 shows the
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scanning electron microscope (SEM) images of these
three ENPs in paints. As shown in Fig. 2, SiO2-ENPs,
Ag-ENPs, and TiO2-ENPs were all distributed evenly
within thematrix and some of themwithin the top surface.

The paints containing ENPs were fabricated by adding
a known amount of TiO2-ENPs, SiO2-ENPs, or Ag-ENPs
directly to paints with no ENPs as described by Zuin et al.
(2014), with manual stirring followed by ultrasonic treat-
ment for 30 min. The composition of the paints used in
this study is given in Table 2 (as per the manufacturer’s
manual), one of each containing SiO2-ENPs (5 wt%), Ag-
ENPs (1 wt%), and TiO2-ENPs (3 wt%), respectively,
plus control paints without ENPs. The TiO2 pigment is
composed of elongated particles in the range from 100 to
300 nm (provided by the paint’s manufacturer).

Fiber cement panels were cut into sections with the
dimensions of 50 × 70 mm2 and 300 × 75 mm2, which
were suitable sizes for the equipment (Accelerated
Weathering Tester, ZH/ZW-P, Zhichou (Shanghai) Co.,
Ltd.). The amount of paints used and methods of condi-
tioning, coating, and drying of panels were adopted from
a study by Zuin et al. (2014). In detail, all panels were

conditioned according to the European Standard (EN,
1062-11:2002). Conditioned panels were then coated
with 0.4 kg m−2 of wet paints in two layers. Panels
including both sides and all edges were totally coated
by using a brush. Painted panels were then dried for
7 days in a climatic chamber at 23 ± 2 °C with humidity
of 50 ± 5%. The determination of the amount of paint
applied to each panel and methods of drying were based
on the paint manufacturer’s recommendations.

Artificial weathering and rainfall simulation

Artificial weathering tests were performed in aweathering
chamber (Accelerated Weathering Tester, ZH/ZW-P,
Zhichou (Shanghai) Co., Ltd.) using a UV-A lamp
(315–400 nm; 50 W m−2). Up to 63 cycles of 8 h each
(4 h with lamps on at T = 60 ± 2 °C and 4 h off, and water
condensation at T = 50 ± 2 °C) was applied during the
weathering process, based on ISO 11507:2007a. The
weathering process was interrupted at selected times
(100, 150, 200, 250, 300, 350, 400, and 500 h) for
leaching analysis.

Table 1 Properties of pristine
SiO2-, TiO2-, and Ag-ENPs used Average

size (nm)
Zeta potential
(mV)

Dispersing agent Hydrophobicity

SiO2-ENPs 10 − 28 ± 1 Silane coupling agents Hydrophilic

TiO2-ENPs 30 − 35 ± 1 Silane coupling agent Hydrophilic

Ag-ENPs 50 − 30 ± 1 – Hydrophilic

Fig. 1 The TEM images of the three types of pristine ENPs (i.e., SiO2, Ag, and TiO2) alone (top) and in diluted paints (bottom). Note: the
red squares in two of the micrographs are used to mark SiO2-ENPs and TiO2-ENPs in the paints
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Fig. 2 The SEM images of the three types of ENPs (i.e., SiO2, Ag, and TiO2) distributed in paints

Table 2 Composition of the
paints (wt%) Blank

sample
Paint with
SiO2-ENPs

Paint with
Ag-ENPs

Paint with
TiO2-ENPs

Water 29.80 13.13 29.80 19.80

Calcium carbonate 13 13 12 13

Wollastonite 2.1 2.1 2.1 2.1

TiO2 pigment 16.59 16.59 16.59 16.59

Talcum 6.63 6.63 6.63 6.63

Styrene-acrylic copolymer dispersion 20 20 20 20

SiO2-ENPs slurry (30%) – 16.67 – –

Ag-ENPs – – 1 –

TiO2-ENPs slurry (30%) – – – 10

Others (e.g., thickener, dispersant,
defoamer, and preservatives)

11.88 11.88 11.88 11.88
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Although natural rainwater may contain components
other than water such as sulfur, nitrogen oxides, chlo-
rine, and sodium ions, as the composition of rainwater
varies by region and climate conditions, and no single
composition is broadly representative, deionized water
(18 MΩ cm−1) was chosen in this study (pH = 7). A
device was constructed to spray deionized water onto
the panels. The rate of rainfall was controlled by
adjusting the water pressure supplied to the nozzles.
All rainfall simulations took place indoors to avoid the
effects of wind or sunlight.

Leaching test and analysis

For analyzing the effect of pH and rainfall on the
leaching of samples, 500 h of weathering time was
chosen. UV ray exposed panels and unweathered panels
were immersed in 94 mL of water, resulting in 188 cm2

(two of the 50 × 70 × 10 mm3 panels) of panel surface in
contact with deionized water. All panels were immersed
for 3/4 of their length according to the ISO 2812-
2:2007b procedure, with a surface to volume ratio
(S/V) = 2 (i.e., 188 cm2 of painted panel is leached in
94 mL) in order to submerge the maximum panel sur-
face, taking into account the different dimensions of
tested panels (Zuin et al. 2014). The effect of pH was
studied by varying the pH from 3 to 10. While immers-
ing the panels in water at a particular pH, the pH was
maintainedwith 0.5mol L−1 HCl and 0.5mol L−1 NaOH
at 2 h intervals (not adjusted over time). To quantify the
content of ENPs in the leachate, 10 mL of samples were
collected after 24 h of immersion. Concentrations
(μg L−1 or mg L−1) of Si, Ag, and Ti in the static water
immersion test were converted into losses per area or per
mass (μg m−2, mg m−2, mg g−1, and μg g−1).

In rainfall simulation tests, treatments followed 12 +
6 factor design with 12 rainfall durations (10 to 120 min
at 10 min intervals; 90 mm h−1) and 6 rainfall intensities
(30, 42, 60, 72, 90, and 102 mm h−1) (Blaustein et al.
2015). During rainfall, 10 mL of each runoff was col-
lected from the respective troughs at the 12 time points
to analyze the effect of rainfall duration on ENP release.
When studying the effect of rainfall intensities, all run-
offs were collected at 60 min. All samples collected
were digested with 2% HNO3 and then analyzed by
using inductively coupled plasma mass spectrometry
(ICP-MS; NexION 300X, PerkinElmer).

For analyzing the size distribution of released parti-
cles, 500 h of weathering time was chosen. The ENPs in

the leachates were measured with a dynamic light scat-
tering device (Zetasizer 90, Malvern). The device was
equippedwith a 35mWHe-Ne laser, 633 nm laser diode
and photodiode detector set at 90°. Each auto-
correlation function was accumulated for 10 s, and more
than 10 auto-correlations were conducted for each mea-
surement. One milliliter of the leachate was introduced
into a cuvette to determine particle size. The hydrody-
namic diameter (intensity based) was calculated using
the Stokes-Einstein equation. Volume distributions were
obtained from the fundamental intensity distribution
using Mie theory. All measurements were conducted at
25 °C, at a minimum, in duplicate.

Statistical analysis

SPSS 16.0 software was used for the statistical analysis
in this study. The statistical differences among the data
were analyzed by one-way analysis of variance, follow-
ed by Tukey’s post hoc test at 5% level.

Results and discussion

Size distribution of released particles

The ENPs released from aged paints were characterized
by a dynamic light scattering device (Zetasizer 90,
Malvern) in the range between 0.01 and 10 μm. The size
distribution of Si released from paint aged for 500 h is
shown in Fig. 3. The SiO2 concentration in this leachate
(aged 500 h in the static water immersion test on the
effect of weathering duration) was 12 mg L−1, which
corresponded to 0.62% of the total SiO2 added to the
paint. The Zeta potential of the SiO2-ENPs after incorpo-
rating them into the paint formulation was − 3.83 ± 1 mV.
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Fig. 3 Size distribution of Si released from paint after 500 h
weathering
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Figure 3 shows that the particle size of the released ENPs
was in the range 0.03–9 μm, and the peak of the size
distribution was 0.8 μm. The small peak in Fig. 3 indi-
cates that only a small fraction of released ENPs was
below 0.1 μm. Therefore, most of the Si was present in
large particles rather than single SiO2-ENPs. Ag and Ti
were not detected by dynamic light scattering, whichmay
be because the concentrations of these two particles were
under the detection limit for the leachate collected.

Release of ENPs with weathering duration

As shown in Fig. 4 (a1), the concentration of Si in-
creased from 7.5 to 12 mg L−1 during 500 h of
weathering. As there were no added SiO2-ENPs in the
blank sample, the difference in concentration of Si be-
tween nano samples and blank samples should be asso-
ciated with the added SiO2-ENPs. The cumulative loss
and fraction of Si from SiO2-ENPs over the weathering
time is displayed in Fig. 4 (a2). After 24 h in contact
with water, the total loss of Si from panels with various
weathering durations was 35–58 mg m−2. The initial
concentration of SiO2-ENPs paint was approximately
5%, equivalent to 20 g m−2 of SiO2 or 9.33 g m−2 of Si
applied onto the panels. Therefore, the loss of Si from
test panels corresponded to a loss of 0.38–0.62%.

Figure 4 (b1) shows the concentration of Ag in
leachate. The Ag released from paints was very low,
ranging between 21.32 and 42.16 μg L−1. This phenom-
enon was different from the result of Kaegi et al. (2010),
in which strong leaching of the Ag-ENPs was observed
(with a maximum concentration of 145 μg L−1). After
24 h of immersion, the per area loss of Ag from exper-
iment panels ranged from 107 to 213 μgm−2, equivalent
to a mass release per mass of paint applied from 0.09 to
0.15 mg g−1 (corresponding to a loss of 0.025‰ to
0.055‰) (Fig. 4 (b2)).

As seen in Fig. 4 (c1), Ti released from paints was
always below 2.4 μg L−1 in the leachate. ICP-MS mea-
surements of this particle also showed an overall increase
of Ti content. With 12 g m−2 of TiO2-ENPs applied onto
the panels, the loss of Ti from panels reached
5.76 μg m−2, equivalent to 0.014 μg g−1 (corresponding
to a loss of 0.00048‰) after 500 h of weathering (Fig. 4
(c2)). Despite the deterioration by weathering, the TiO2-
ENP coated sample surfaces were still strong enough to
resist leaching of the constituent ENPs into the water. A
study conducted by Al-Kattan et al. (2013) showed that
the amount of bulk particles released from paints was

below 2 μg L−1, which is similar to the nanoparticle
release in the present study (< 2.4 μg L−1).

The released amounts of the three types ENPs all
increased with weathering duration (Fig. 4). In terms
of mass leached per area, the release was generally
linear with weathering, which may be due to the pres-
ence of cracks on the surface of panels. The significant
release without weathering is perhaps due to the direct
release of ENPs from the surface of the paint. Lebow
et al. (2003) showed that initial leaching reflected the
loss of poorly fixed or readily available components. A
higher concentration of Si released from the panels was
observed, accompanied by a higher density of cracks in
the panel surface containing SiO2-ENPs than for Ag-
and TiO2-ENPs (Fig. 5). Surface cracks from the com-
bined effect of UV degradation and wetting and drying
cycles may have increased the paint surface area and
provided the mechanism for the increased leaching of
ENPs (Lebow et al. 2003). The density of cracks may be
attributed to cross-linking reactions as well as the effect
of SiO2-ENPs on these reactions (Ranjbar and Rastegar
2009). As Ranjbar and Rastegar (2009) reported, the
incorporation of SiO2-ENPsmay result in side reactions,
which could change the distribution of the cross-links
throughout the polymeric matrix. The cross-linking re-
actions by poly-condensation could result in volume
reduction, with the shrinkage being more intensive in
the neighborhood of SiO2-ENPs.

Release of ENPs under different pH

The effects of pH on the release of ENPs from panels
after 24 h of immersion (note: the panels were aged for
500 h before immersion) are shown in Fig. 6. SiO2-
ENPs bound to the panels were relatively stable at
pH 4 to 8, and their release was on average
13.19 mg L−1 (Fig. 6 (a1)). Outside this pH range, the
release of Si increased to above 15 mg L−1 as pH went
lower or higher. When converted into cumulative and
percentage losses, the release pattern versus pH is more
obvious (Fig. 6 (a2)). The pattern may be due to the
stronger activity of Si at low or high pH. Although the
SiO2-ENPs used in this study were modified by silane
coupling agents (KH-550, NH2 (CH2)3Si(OC2H5)3), not
all of the silanol groups on the surface of the SiO2

particles reacted with them (Chen et al. 2005). At high
pH, protons from the surface silanol groups from the
unmodified silica sites are dissociated (−SiOH + OH
−→−SiO− + H2O). At low pH, most of the negative
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groups are protonated by the abundant H+ ions in solu-
tion. After modification, amines can be introduced
(Chen et al. 2005). The silica particles modified with
amino silane are also active at low or high pH values, as
the amino groups could protonate at low pH value and
deprotonate at high pH value (−NH2 + H+→−NH+;
−NH2 + OH−→−NH− + H2O) (Pham et al. 2007).

As seen in Fig. 6 (b1), the release of Ag displays a
similar pattern to that of Si, with the average release at
41.75 μg L−1 between pH 4 to 8. Below pH 4, the release
of Ag increased as pH decreased, which may be due to
the faster dissolution of Ag at low pH (Peretyazhko et al.
2014). Peretyazhko et al. (2014) have shown that the
extent of Ag-ENP dissolution in acid was larger than in
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Fig. 4 The concentration of released ENPs with different weathering durations
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water. On the other hand, it may also be attributed to the
interaction between water and the Ag surface at low pH.
According to Li et al. (2010), interaction between water
and the metal surface could cause the redshifting of O–H
stretching frequencies. The negative surface charge fa-
vors the binding of the H-end of water to the nanoparticle
electrode surface, forming the HO–H…Ag hydrogen
bond. In acidic solutions, the surface species exist in the
form of hydrated proton clusters, such as H3O

+, H5O2
+,

H7O3
+, or H9O4

+. When a negative potential was
employed, the hydrated proton clusters strongly
interacted with the nanoparticle electrode surface. There-
fore, it may be concluded that at low pH, Ag tended to be
hydrophilic. In addition, the lowest loss was observed at
pH 8, but increased as pH was raised above this level.
This may be explained by the fact that the concentration
of the nanoparticle surface electrons of the metal cathode
rises with increasing pH, resulting in a large effective
polarizability and a reaction with water as follows: e +
H2O→Had + OH−(Li et al. 2010). When taking into
account the proportions of the panels and weight of the
paint applied, 266 μg m−2 and 264 μg m−2, correspond-
ing to 0.67μg g−1and 0.66μg g−1 of the released Ag, was
observed at pH 3 and 10, respectively (Fig. 6 (b2)).

The release of Ti as a function of pH exhibits a
different pattern from those of Si and Ag (Fig. 6 (c)).
The concentration of Ti release is at similar low levels at
pH 3 and 10, while at high level at pH 6 (i.e., 3 μg L−1),
followed by a sharp decline to the lowest level of
1 μg L−1 at pH 7. This special phenomenon may be
associated with the photocatalytic activity of TiO2-
ENPs. As Amy et al. (1995) reported, TiO2-ENPs are
semiconductors, the valence electrons of which can be
injected into the conduction band and form holes under
irradiation by 400 nm UV light. When the holes are in
contact with water, H+ can be reduced to H2. After
ultraviolet aging, TiO2-ENPs may become more active
at low pH values and tend to be in contact with water. In
addition, the sharp decline at pH 7 may be attributed to
the electrostatically unfavorable conditions of TiO2-
ENPs at neutral pH (Chowdhury et al. 2011).

As seen in Figs. 4 and 6, except for Ti, in the studied
conditions, the effect of pH on the release of Si
(p = 2.73e−06 < 0.05) and Ag (p = 1.70e−03 < 0.05)
is larger than that of weathering. However, in natural
conditions, the exposure time of the paints to air would
be far longer than the study time, and the aging condi-
tions may also be greater than the experimental

Fig. 5 Contrasting pictures of panels before (top) and after 500 h of weathering (bottom)
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conditions. However, the pH of rain water is rarely
lower than 3 or higher than 10 (Tang et al. 2005;
Zhang et al. 2007), and thus, the effect of rainfall pH
on particle release from paints may not be greater than
found in this study. Considering all these factors, the
effect of weathering time may be greater than that of pH
on particle release in the long run.

Release of ENPs with different rainfall conditions

Release of ENPs with different rainfall durations

In this study, the leaching tests for the three ENPs with
different rainfall durations show distinct concentration
profiles (Fig. 7). The concentration of Si in the leachates
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Fig. 6 The concentration of released ENPs with different water pH
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is initially high (0.22 mg g−1) and then decreases only
slightly from 0.16 to 0.13 mg g−1 between 20 and
120 min (Fig. 7 (a)). This observation may be accounted
for by the higher volume of water that resulted from a
longer rainfall duration. With longer duration, the re-
leased particles would be diluted more than with a
shorter duration. A concern with SiO2-ENPs in paint is
that the binder will gradually lose its ability, and over
time, the concentration in the leachates might increase to
levels similar to that of initial release (Lebow et al. 2003).

The release of Ag generally shows an increase be-
tween 40 and 110 min from 0.02 to 0.12 μg g−1 (Fig. 7
(b)), except for the rainfall before 40 and after 110 min.
Possible explanations may be due to rainfall erosion
leading to the organic binder being less sticky. As a
result, with longer duration, more and more Ag-ENPs
were transformed into other forms with decreased bind-
ing ability to the organic binder. In addition,
Schnippering et al. (2007) reported that Ag could rapid-
ly oxidize when exposed to air, suggesting that the
pattern of Ag-ENPs may reflect the properties of the
oxidized form.

The concentration of Ti also decreased initially (in
the initial 10–30 min), and mostly fluctuated between
0.03 and 0.05 μg g−1 afterwards. The exceptions of the
trend are at 30, 80, and 100 min. Overall, no correlation
between Ti concentration and rainfall duration was ob-
served (Fig. 7 (c)). Except for the poorly fixed particles,
this phenomenon may be explained by the varying
status of TiO2-ENPs in the paints. As described in a
previous study, TiO2-ENPs may be immobilized on the
surface of paints in two ways: one involves the forma-
tion of a relatively stable chemical structure resulting
from the reaction between TiO2-ENP particles and func-
tional groups in the polymer, such as C=O in styrene-
acrylic copolymer; the other involves embedding of

TiO2-ENP particles in the paints as a result of their
intertwining with polymer chains during the paint prep-
aration process (Bian et al. 2011). These various states
may lead to different adhesive abilities of TiO2-ENPs to
paints, and thus, the concentration of Ti released with
rainfall duration is hard to predict.

Release of ENPs with different rainfall intensity

As shown in Fig. 8a, the release of Si shows an increas-
ing tendency. The increased runoff contribution in the Si
release as the rainfall intensity increased may be related
to positive effects of rainfall intensity on the sloughing of
relatively large SiO2-ENPs particles. In addition, the
release of Si from paints is significantly higher than the
release of Ag and Ti, whichmay be explained by the high
density of cracks present on the surface of panels. SiO2-
ENPs located beside these cracks may be poorly fixed
and could easily be washed away under rainfall events.

The release of Ag with rainfall intensity is similar to
that of Si (Fig. 8b). At 102 mm h−1, the release of Ag is
the highest, at 0.2 μg g−1, followed by the value at
90 mm h−1. Although an increasing tendency is shown
in total, the release content of Ag in medium rainfall
intensity (42, 60, 72, and 90 mm h−1) is similar (0.07–
0.09 μg g−1). Initial leaching reflects the loss of poorly
fixed or readily available components.

For Ti, the release content with rainfall intensity also
shows an increase trend and is almost linear. In addition,
similar to Si and Ag, the highest rainfall intensity
(102 mm h−1) generated the highest release concentra-
tion at 28 ng g−1, followed by 90 mm h−1 at 25 ng g−1,
while the low rainfall intensities (30 mm h−1 and
42 mm h−1) developed the lowest concentrations, at
around 4 ng g−1 (Fig. 8c).
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Fig. 7 The concentration of released ENPs with different rainfall duration
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The differences among the releases of these three
particles from panels under simulated rainfall intensities
on the one hand may be due to the differing densities of
cracks present on the surfaces (Fig. 5); on the other
hand, they may be attributed to the different adhesion
abilities of ENPs applied to the paints. As Yang et al.
(2015) discussed, the ENPs in the bilayer membrane
were probably in contact with a patch of the membrane
or only a few polymer chains, which was mainly deter-
mined by the sizes and shapes of the ENPs. This contact
situation influences the ENP-membrane binding and the
configuration change of the polymer chains, and the
competition between these factors determines the final
adhesion state of the ENPs on the membrane. In this
study, some SiO2-ENPs appeared as rod-like particles,
and some as ellipses (Fig. 9), while most of Ag-ENPs
and TiO2-ENPs were ellipses (Fig. 1). A previous study
mentioned that ellipsoid-like ENPs facilitated particle-
polymer binding and the consequent adhesion between
them (Yang et al. 2015), whereas rod-like ENPs with
squarish cross-section indenters have much larger de-
tachment loads than circular ones (Sundaram and
Chandrasekar 2011).

In the rainfall erosion test, except for Ag, the effect of
rainfall duration on the release of Si (p = 2.11e
−02 < 0.05) and Ti (p = 2.40e−02 < 0.05) was larger
than that of rainfall intensity. Similar to the effect of
weathering time, the rainfall durations under real condi-
tions display a large range of variation and are often
longer than 2 h, and thus, more particles may be released
than in this study. On the contrary, the variation of
rainfall intensity is limited. According to DB11/T
685-2009, the rainfall intensity most of the time is less
than 100 mm h−1, and several levels were tested up to
102 mm h−1 in this study, so the effect of rainfall
duration on particle release from paints in this study
may be greater than the effect of rainfall intensity under
real conditions.

Overall, the release of Ag and Ti in our study was
low, especially for Ti. Besides the reasons discussed
above, the weathering time studied may still not be long
enough. Our work has only targeted the short-term
behavior of release and stability. The long-term fate of
the particles may be governed by the fate of the matrix,
which in our case is the styrene-acrylic copolymer bind-
er. If this material is chemically or photochemically
degraded, then free ENPs could be released. The added
TiO2-ENPs are photochemically active, and further deg-
radation of the paint matrix is possible under light
exposure, resulting in the release of particles (Al-
Kattan et al. 2014b).

Conclusion

The release of SiO2-ENPs, Ag-ENPs, and TiO2-ENPs
from experimental paints as affected by various factors
(i.e., weathering duration, pH, rain duration, and
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Fig. 8 The concentration of released ENPs with different rainfall intensities

Fig. 9 The TEM images of SiO2-ENPs
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intensity) was investigated by laboratory testing of fa-
cade coatings. With weathering durations up to 500 h,
the concentration of Si release (i.e., 7.5–12 mg L−1) was
much higher than Ag and Ti (i.e., 21.32–42.16 μg L−1

and 0.6–2.3 μg L−1, respectively). However, only a
small fraction of Si was released in ENP form, and the
particle size distribution for Ag and TiO2 was under the
detection limit. Regarding the effect of pH, SiO2-ENPs
and Ag-ENPs showed higher release at low and high pH
values, while the release of TiO2-ENPs was relatively
higher at low pH, and these phenomena may be attrib-
uted to the activity of ENPs at different pH values. In the
rainfall simulation tests, with rainfall duration, the con-
centrations released into water increased for SiO2-ENPs,
decreased for Ag-ENPs, and displayed no regular pat-
terns for TiO2-ENPs. As for the rainfall intensity, Si, Ag,
and Ti all exhibited an increasing tendency with rainfall
intensity. When considering these influence factors to-
gether, conclusionsmay be reached that weathering time
and rainfall durations tended to have greater effects on
release than water pH and rainfall intensity.
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