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media†

Yuchao Song, *a Vivi Rottschäfer, bc

Martina G. Vijver a and Willie J. G. M. Peijnenburg ad

Dissolution of nanoparticles (NPs) determines the fate and subsequently the actual exposure of biota to the

NPs. Whether and to what extent NPs dissolve or remain in their particulate form in aqueous media is thus

of pivotal knowledge for the safety assessments of NPs. In this research, secondary data on dissolution of

NPs were systematically collected. A range of dissolution rates could be recalculated, as dependent on the

characteristics of the NPs and the exposure medium. For example, two nanoparticles which are identical in

terms of chemical composition of the particle core and of the coating, had a fully different dissolution

behaviour, as subject to different surface modifications. A model was derived for calculating dissolution rate

constants of NPs. The model is based on the initial kinetics of dissolution of NPs under different exposure

scenarios and on the assumption of pseudo-first order reaction kinetics at the particle surface.

Characterizing the dissolution rates and the parameters which modify dissolution allows for grouping of

those NPs that dissolve either very slowly or very quickly. This information can be used for risk assessment

of NPs, and once sufficient kinetic dissolution data are available, will ultimately allow for development of

predictive models for the dissolution kinetics of newly developed nanomaterials.

1. Introduction

Widespread usage of engineered metal-bearing nanoparticles
(NPs) has enormously increased over the last few decades,

and these particles will inevitably enter the environment and
exert possible impacts on human and ecosystem health.1,2

Numerous studies have been published to explore the toxicity
of NPs to a variety of organisms such as microorganisms,3

algae,4 fungi,5 plants,6 and piscine and mammalian cells.7,8

Metal-based nanomaterials comprise a significant portion
of the initial generation of nanomaterials. On the basis of
especially the chemical composition and also the inherent
nano-specific properties of the particles, a distinction can be
made between non-soluble metal-bearing NPs and metal-
bearing NPs that release metal ions from their surface once
dispersed into an aqueous medium. The biological response
to metal-based nanoparticle (NP) suspensions has been
extensively documented and can be attributed to the
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Environmental significance

Nanoparticles are increasingly used in various consumer products, and their release into the environment through wastewater and other pathways is a
growing concern. The ability to quantify the dissolution of these nanoparticles using pseudo-first order kinetics provides a valuable tool for assessing their
potential environmental impact. The model developed for grouping NPs based on their dissolution kinetics has important implications for hazard
assessment. By understanding the kinetics of dissolution for different types of nanoparticles, it is possible to predict their behavior in the environment and
potential impacts on ecosystems and human health. This information can be used to guide decisions regarding the use and regulation of these materials,
ultimately promoting more sustainable and responsible practices. Overall, the findings of this study highlight the importance of understanding the
behavior of metallic nanoparticles in the environment and provide a valuable tool for assessing their potential impacts. The use of this method has the
potential to inform policy decisions and promote more sustainable practices in the use and regulation of nanomaterials.
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combined effects of the particulate characteristics of the NPs
and the subsequent release of metal ions. This means that
alteration of the dissolution kinetics will modify the toxic
response9–11 because the ratio of particles and ions in the
suspension will change over time.

Numerous results of nanotoxicological studies have been
reported in the last decade, however the challenge is the lack
of standardization of tested protocols across published
results up till now. This resulted in different test media being
used with variable exposure conditions, while the dynamics
of the actual exposure concentrations experienced by the
selected test organisms are not always reported. These
dynamics of exposure include especially chemical
transformation and particle sedimentation in the exposure
media.12 The particle characteristics as well as the medium
composition drive the dissolution and aggregation kinetics of
particles.13,14 It hence is important to quantify the
dissolution of NPs in nanotoxicological studies in which
dissolution is amongst others accompanied by particle
aggregation and sedimentation.

Dissolution starts once particles enter the medium and is a
dynamic process in which ions constantly migrate from the
particle surface to the solution, until the ion concentration
reaches a steady state level in closed exposure systems, as
common for aquatic toxicity testing. The dissolution rate
reflects the rate of transformation of the particles, and is
influenced by the intrinsic properties of the particles including
amongst others particle shape, chemical composition, surface
charge, surface roughness, and surface coating. Dissolution
rates are furthermore impacted by the composition of the
exposure medium in terms of temperature, pH, ionic strength,
redox conditions, presence of (in)organic ligands, and
concentration of dissolved organic matter (DOM).15 It is
theoretically accepted that decreased particles size increases
particle solubility in the medium,16 since the smaller particles
provide more surface area and thus more atoms at the surface
per unit volume.17 Reported cases on NP dissolution have
suggested that first order rate equations in which surface area
is considered, are suited to describe the process.18,19 It is to be
noted that due to the combined impact of the various particle
and medium properties on the kinetics of dissolution, it is
difficult to experimentally demonstrate the effect of one factor
in isolation. The starting hypothesis of our research is
therefore that dissolution rate constants of metal-bearing NPs
depend on the composition and the surface modification of
the particles, and this hypothesis is assumed to be suited as a
basis for modelling dissolution kinetics based on the pseudo-
first order rate constant, with the rate of dissolution of a
specific NP at the particle surface being constant and
independent of for instance particle size. It is assumed that
the mathematical model we aim to develop for quantifying
dissolution kinetics allows for categorisation of NPs with a
common fate potential, and the model is hypothesized to
ultimately assist in screening and grouping of NPs with similar
dissolution kinetics, and has high potential of being
applicable for newly to be developed NPs.

The aims of our research are:
1) To derive a generic model quantifying the dissolution

kinetics of nanoparticles, as applicable to spherical
nanoparticles. To address this aim, we developed a
mathematical approach which can be used for any exposure
medium and in which the dissolution rate constant k can be
quantified either as a discrete value or as a range. Consistent
with the reduction of the diameter of dissolving particles, the
mathematical approach is also applicable to calculate
dynamic particle size distributions as a function of exposure
time: all that is to be done is to integrate the quantitative
dissolution model over the various particle sizes.

2) To compare the model results with experimentally
derived data, with the focus on spherical particles. To do so,
we collected secondary data on the dissolution profiles of
metal-bearing nanoparticles. The data set includes
nanoparticles with dissolution kinetics ranging from low
(negligible) dissolution rate constants to particles that
quickly dissolve with very low half-lives. Literature was
screened systematically on nanomaterials dissolution studies
published from 2010 to 2020.

2. Methods and materials

Dissolution of metal-bearing NPs refers to the process by
which metal ions are released from the surface of the
particles when they come into contact with a specific
solution. In order to obtain the values of the dissolution rate
constants, we have gathered relevant data from previously
published papers that specifically address dissolution process
(ESI† S1.1). In order to determine the dissolution rate
constants, we have developed a mathematical model that
enables us to accurately assess the initial part of dissolution
process. The process of calculating the dissolution rate
constants involves two distinct steps. In the step 1, we
carefully extract the relevant data from the published papers
and compile them for analysis. The following criteria outline
the data required for the model:

1 – Primary physicochemical characteristics of the NPs
investigated: elemental composition, diameter, shape,
density, and type of coating/doping;

2 – Basic information of the NP suspensions: initial
particle concentration and exposure time;

3 – Environmental factors such as medium composition,
DOM concentration, pH and ionic strength.

The first step allows to calculate the rate of formation of
metal ions on the basis of experimental data at sufficient
short exposure times in order to warrant lack of equilibration.
The first step can serve as the basis for modelling the kinetics
and associated rate constant for dissolution of soluble NPs
(ESI† S1.2). After obtaining the ion concentration of the NP
from step 1, we can utilize this data to apply it in our
dissolution model. The dissolution model for NPs was derived
on the basis of the following assumptions:

• A NP is a sphere and it will remain to be a sphere when
ions dissolve from it.
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• Dissolution is a continuous process in the sense that the
radius of the NP decreases continuously when ions dissolve
from the NP.

• The dissolution rate constant at the surface of a particle
is a constant and this constant is related to the intrinsic
properties of an NP in terms of for instance chemical
composition and coating, and the extrinsic properties of the
medium in terms of for instance DOM concentration, pH
and ionic strength.

We formulated a model describing the initial kinetics of
the dissolution curve, and the proposed model remains
applicable only up to steady state conditions as during the
saturation of dissolution process, the ions are released from
the particle surface and also reattach back onto the surface.

To model the release of the ions from the spherical
particle, we define:

R(t): radius of a NP in cm with R0 = R(0);

V(t) =
4
3
πR3: volume of a NP;

A(t) = 4πR2: area of a NP;
k: dissolution rate constant at the surface of the NP in g

cm−2 h−1;
ρ: density of the particle g L−1;
t: time in h;
N0: number of NPs present in 1 liter of suspension per

liter at t = 0 in unit of L−1.
CNP(t): concentration of the NPs at time t in g L−1;
Cion(t): concentration of the ions at time t in g L−1;
The concentrations of NPs and ions at time t are given by:

CNP(t) = N0ρV(t), (1)

At time t = 0, we determine N0 as,

N0 ¼ CNP 0ð Þ
ρV 0ð Þ : (2)

First, we present a model for a single NP which has a
radius R0 at t = 0.

ρ
dV
dt

¼ −kA ¼ −k4πR2: (3)

The change of ions concentration in the solution
becomes:

dCion

dt
¼ N0kA ¼ N0k4πR2: (4)

with R(0) = R0. After particles start to dissolve, the radius of
the particle becomes smaller, which means that R(t) in eqn
(4) is determined by the duration of dissolution and the
initial radius R0. The density of the particle is not
influenced and stays constant through the whole process.

Next, by substituting V(t) =
4
3
πR3 into eqn (4) and solving

the resulting equation, we obtain the following expression
for R(t):

R tð Þ ¼ R0 −
k
ρ
t for t ≤ R0ρ

k
; (5)

and for t ≥ R0ρ
k ; R tð Þ ¼ 0.

Also:

Cion tð Þ ¼ 4ρπ
3

N0 R0
3 − R0 −

k
ρ
t

� �3� �

þ Cion 0ð Þ for t ≤ R0ρ

k
; (6)

and

Cion tð Þ ¼ 4ρπ
3

R0
3N0 þ Cion 0ð Þ for t ≥ ρR0

k
: (7)

The concentration of ions and particles present in the
suspensions with N0 particles can be obtained by substituting
eqn (1) into eqn (6) and (7):

Cion tð Þ ¼ 1 − 1 − kt
ρR0

� �3� �
CNP 0ð Þ

þ Cion 0ð Þ for t ≤ R0ρ

k

� �
; (8)

and

Cion tð Þ ¼ CNP 0ð Þ þ Cion 0ð Þ for t ≥ ρR0

k
(9)

CNP(t) = CNP(0) + Cion(0) − Cion(t). (10)

The data of Cion(t) and other values were extracted from
the curves and manuscripts, and we could transform eqn (8)
into:

k ¼
1 −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − Cion tð Þ −Cion 0ð Þ

CNP 0ð Þ
3
q� �

ρR0

t
: (11)

The dissolution rate constant k (g cm−2 h−1) of NPs, which
is the key property for this study, is thus directly calculated
by means of eqn (11). The constant is associated with the
composition of the particles and the properties of the
exposure medium.

In this research, we prepared two sets of methods to
determine the dissolution rate constant. Set 1 (ESI† S1.2) is for
the generation of as reliable estimates of the initial kinetics of
dissolution, including the ion concentration at a certain time
point. This set is needed because of the experimental
uncertainties and different preparation procedures, lack of
duplication of individual measurements, uncertainties in
timing of the sampling, etc. All these factors will result in
discrepancies between cases and set 1 can unify the original
data and generate the curves in the formal standard. After
obtaining the processed values from the curves, we can use
(eqn (11)), which is the actual modelling efforts, to calculate
the dissolution rate constant. This quantitative dissolution
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model allows to determine the dissolution of metal-bearing
nanoparticles, which relate to both particle composition and
surface chemistry and exposure medium properties, to provide
more accurate data to the latter risk assessment. Please note
that the same approach is applicable to any transformation
process of spherical particles.

3. Results and discussion
3.1. Literature data search and data mining

From the secondary literature, it was possible to depict
dissolution profiles for 4 metal-based NPs including silver (Ag),
copper (Cu), copper oxide (CuO) and zinc oxide (ZnO) in 11
kinds of exposure media. This provided 59 estimates of the
dissolution rate constant k (Table 1). To further screen for
irregular values, the units of all k-values were harmonized (ng
cm−2 h−1). As shown in Table 1, all values of k fell in a
reasonable range varying from 0.004 to 341.7 ng cm−2 h−1. The
data points for silver nanoparticles constituted almost half of
the whole set of dissolution data of NPs. The k values for these
Ag NPs ranged from 0.1–472.1 ng cm−2 h−1 and the mean rate
constant was 37.0 ng cm−2 h−1. Across the four metal-based
nanomaterials, the mean value of k of zinc nanoparticles was
the lowest, equaling 0.5 ng cm−2 h−1. The highest mean rate
constant of nanoparticles was 73.0 ng cm−2 h−1 for the
dissolution of Cu/CuO NPs, indicating that on average Cu/CuO
NPs dissolved faster than any of the other NPs in the tested
aqueous environments. These wide range of dissolution rates
here verified the statement of ref. 20 that composition of the
particle was a predominant determinant of dissolution.

For instance, the mechanism of dissolution of most
metal-bearing NPs has been reported and follows the same
pattern except for Ag NPs. Ion release from Ag NPs is an
oxidation process involving protons and dissolved oxygen,
which under some conditions proceeds to full reactive
dissolution.21 The reaction can be described as:

2Ag sð Þ þ 1
2
O2 aqð Þ þ 2Hþ

aqð Þ ¼ 2Ag aqð Þþ þH2O lð Þ (12)

Protons and dissolved oxygen play essential roles in Ag
NPs surface oxidation and any variation of pH or oxygen
saturation of the medium will impact the dissolution kinetics
of Ag NPs.

In previous cases, a first-order rate equation has been
proposed as an adequate model for describing the dissolution
processes of metal-bearing NPs. Several studies have
employed the Noyes–Whitney rate equation to model the
dissolution of metal and metal oxide NPs,22,23 and a more
general accepted model in the field of geochemistry, which
involves normalizing the dissolution rate constant with
respect to the surface area by employing a first-order rate
equation, as defined by Bruner and Tolloczko.19 In contrast to
these models that solely focus on the saturation concentration
and overlook the variations in ion concentration throughout
the dissolution process, our model takes into account these

changes. We recognize the importance of considering the
dynamic nature of ion concentration during the initial stage
of dissolution, resulting in a more comprehensive and
accurate representation of the process. Furthermore, our
model addresses the uncertainty stemming from experimental
discrepancies by employing a preprocessing step for the
extracted raw data (ESI† S1.1). This preprocessing stage helps
mitigate the impact of experimental variations and ensures a
more reliable and consistent dataset for analysis. By
incorporating this crucial step, our model is better equipped
to handle experimental data and provide standardized results
for the dissolution process.

When integrated with the two relevant sections, namely
the consideration of ion concentration dynamics and the
preprocessing of raw data, our model becomes a powerful
tool for effectively understanding and predicting the
dissolution process. It enables researchers to account for the
intricate changes in ion concentration and minimize the
influence of experimental uncertainties, thereby improving
the overall reliability and applicability of the model in various
material science and engineering applications.

3.2. Effects of physico-chemical properties of the NPs on the
dissolution rate constant

3.2.1. Size distribution. By definition, smaller particles
have a higher specific surface area and more atoms per unit
volume at their surface for reaction and this substantially
enhances the dissolution process in terms of the overall
kinetics of ion release.34 The rate of release of metal ions is
proportional to the specific surface area under specific
exposure conditions and nanoparticles are thus expected to
dissolve faster than their corresponding macrosized particles
according to the Noyes–Whitney equation.32 The diameter of
NPs as collected within the database ranged from 2.4 to 250
nm, with 59 data points available on dissolution kinetics
from 12 studies (Fig. 1).

In this research, four types of spherical Cu NPs with
diameter 12.5, 25 and 50, were applied in the dissolution test
and the value of k was calculated as being 0.04, 0.04 and 0.07
ng cm−2 h−1, respectively. These findings thus confirmed our
hypothesis of NPs of the same composition having similar
rate constants as determined by surface chemistry and
medium properties. While there is no doubt about the size as
a critical property in the nanomaterial characterization, we
explain the absence of a significant correlation between the
size of NPs and the dissolution rate constant, as observed in
many studies, by considering that the rate constant is
primarily influenced by surface and medium properties, and
size had a greater impact on the dissolution profile with
regard to the time needed to reach steady and the steady
state ion concentration. In the case of CuO NPs, the
experimental data showed for instance an increase of the
final equilibrium concentration upon reduction of particle
size (Table 1). The results obtained for Ag NPs reflected that
a non-linear, non-monotonic relationship existed between Ag
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Table 1 Overview of the experimental dissolution profiles of spherical metal-bearing nanoparticles as retrieved from selected studies

Nominal
size (nm)

k
(ng cm−2 h−1)

Time needed to
reach steady (h)

Steady state
concentration
of ions (μg L−1)

Initial particle
concentration (g L−1) Coating

External
variables Ref.

Silver (Ag) nanoparticles
4.8 7.6 — — 5.0 × 10−5 Citrate 4 °C in DI water 21
4.8 13.8 — — 5.0 × 10−5 Citrate 20 °C in DI water
4.8 24.6 12 41.3 5.0 × 10−5 Citrate 37 °C in DI water
4.8 10.2 96 45.9 5.0 × 10−5 Citrate DI water
4.8 7.0 96 25.7 5.0 × 10−5 Citrate Seawater buffer
4.8 3.8 96 17.0 5.0 × 10−5 Citrate Natural seawater
20 23.8 144 93.0 3.0 × 10−4 Citrate 1/4 Hoagland solution 24
20 5.9 192 150.0 6.0 × 10−4 Citrate 1/4 Hoagland solution
40 35.6 48 51.0 3.0 × 10−4 Citrate 1/4 Hoagland solution
40 23.6 192 108.0 6.0 × 10−4 Citrate 1/4 Hoagland solution
80 25.6 48 30.0 3.0 × 10−4 Citrate 1/4 Hoagland solution
80 19.2 72 42.0 6.0 × 10−4 Citrate 1/4 Hoagland solution
38 0.02 240 2.7 × 103 5.7 PVP 0.001 mol L−1 Na2S in

0.01 M NaNO3

25

38 1.7 60 1.2 × 104 1.0 PVP 0.01 M NaNO3

21 472.1 2 27.5 1.0 × 10−4 Citrate DI water 26
21 280.4 4 29.6 1.0 × 10−4 Citrate PFCAs with carbon chain length C2
21 170.5 3 19.4 1.0 × 10−4 Citrate PFCAs with carbon chain length C4
21 129.9 3 12.8 1.0 × 10−4 Citrate PFCAs with carbon chain length C7
115 0.1 24 8.0 × 104 1.0 — Pristine NPs in ALF 27
115 0.1 48 7.3 × 104 1.0 — 10 mM CA in ALF
115 0.1 24 6.6 × 104 1.0 — 10 mM TA in ALF
115 3.3 48 4030.0 1.0 — Pristine NPs in Gamble solution
115 3.3 24 3320.0 1.0 — 10 mM CA in Gamble solution
115 3.6 48 5430.0 1.0 — 10 mM FA in Gamble solution
115 3.2 24 3700.0 1.0 — 10 mM TA in Gamble solution
115 2.2 48 2080.0 1.0 — Pristine NPs in modified ALF
115 2.5 48 2250.0 1.0 — 10 mM CA in modified ALF
115 1.5 48 1290.0 1.0 — 10 mM FA in modified ALF
115 2.9 48 2330.0 1.0 — 10 mM TA in modified ALF
115 2.1 12 1160.0 1.0 — Pristine NPs in Gamble solution
115 2.2 12 1230.0 1.0 — 10 mM CA in modified Gamble solution
115 1.6 12 882.0 1.0 — 10 mM TA in modified Gamble solution
15 8.5 48 119.7 1.0 × 10−3 — Tested soil extract 28
30 1.8 48 94.2 1.0 × 10−3 — Tested soil extract
Copper/copper oxide (Cu/CuO) nanoparticles
25 0.04 24 114.4 0.2 — Cell culture media 8

50 0.04 24 72.9 0.2 — Cell culture media
250 0.5 24 107.7 0.2 — Cell culture media
25 11.6 24 2.9 1.0 × 10−5 — Standard test medium 29
50 14.9 24 2.1 1.0 × 10−5 — Standard test medium
100 56.8 24 2.5 1.0 × 10−5 — Standard test medium
250 341.7 216 2.2 1.0 × 10−5 — Standard test medium
40 66.6 34 550 1.0 × 10−3 — DI water 30
40 32.4 40 390 1.0 × 10−3 — Groundwater
40 74.4 — — 1.0 × 10−3 — Natural water
25 4.85 48 287.3 1.0 × 10−3 — Tested soil extract 31
50 3.12 24 172.0 1.0 × 10−3 — Tested soil extract
100 8.60 72 222.7 1.0 × 10−3 — Tested soil extract
500 71.63 24 368.7 1.0 × 10−3 — Tested soil extract
Zinc oxide (ZnO) nanoparticle
2 0.004 0.5 1310.0 1.0 — pH 11 of medium 32
2 0.1 0.5 5670.0 1.0 — pH 9 of medium
2 0.3 1 8830.0 1.0 — pH 6 of medium
2 0.7 1 3.0 × 104 1.0 pH 3 of medium
2 0.1 1 7.2 × 104 1.0 pH 1 of medium
20 0.1 72 850.0 0.7 — 2 mM K2HPO4 in 10 mM NaNO3 solution 33
20 0.04 120 220.0 0.7 — 5 mM K2HPO4 in 10 mM NaNO3 solution
18 1.76 — 368.8 1.0 × 10−3 — Tested soil extract 31
43 1.84 — 356.1 1.0 × 10−3 — Tested soil extract

DI water: deionized water; PFCAs: perfluorocarboxylic acids; C2/C4/C7: carbon chain length; CA: citric acid; FA: fulvic acid; TA: tartaric acid;
ALF: artificial lysosomal fluid.
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dissolution and size, which can be attributed to the surface
modification observed on Ag NPs and had a significant
impact on the solubility of the NPs.1 More details on surface
modifications can be found in section 3.2.2.

According to a previous report on dissolution rates, the
size effect of primary NPs on dissolution can only be
observed when the particles sizes fall in a certain range,
lower than 20 nm.35 Theoretically, rate constants generated
from the model should be similar across different size range
as long under the same treatment, and our modelling results
did not provide evidence on the presence of a statistically
significant correlation between the calculated values of k and
the reported particle size across the NPs studied (Fig. 1 and
Table 2).

3.2.2. Surface modification and dissolution rates. The
surface chemistry dependent solubility has been studied
extensively for Ag NPs, and it was shown that capping agents
can considerably influence the rate of dissolution of Ag NPs
(Table 1). It was found that the mean value of k of coated Ag
NPs was 69.7 ng cm−2 h−1 and the mean value of k of
uncoated Ag NPs was 2.4 ng cm−2 h−1. For the other metal-
based NPs we could not find both coated and uncoated

dissolution rate constant data; therefore, no comparison
could be made.

Polyvinylpyrrolidone (PVP) and citrate capped Ag NPs have
commonly been used for toxicity studies and based on
available data, it is evident that various capping agents have
distinct effects on the dissolution of Ag NPs. For example, 50
nm Ag NPs PVP capped particles showed 50% dissolution at
25 °C in water after 125 days of exposure, compared to 14%
dissolution for citrate capped Ag NPs of the same size
exposed at the same exposure conditions and exposure
duration.37 On the contrary, it's38 observed that citrate
capped Ag NPs (71 nm) had a higher dissolution rate
compared to PVP-Ag NPs (67 nm) in water over a 30 min
exposure period. Based on our foundings, it can be
concluded that the coating composition is an crucial particle
property affecting dissolution. However, it's difficult to
identify a specific trend regarding the impact of coating on
dissolution. Among the coating agents commonly applied,
citrate coating was the most frequently mentioned in three
papers (18 data points) and four research reports also
confirmed that coated Ag NPs were less stable and released
more ions than non-coated Ag NPs.21,24–26

Most of the commercial NPs have core–shell structures
with organic coatings, and coatings which serve as both the
initial reducing agent and stabilizer.26 The results of Angel39

showed that citrate stabilized silver particles exhibit a higher
dissolution rate in an aquatic medium than PVP surface-
stabilized Ag NPs. On the other hand, citric coating may also
enhance ion release from the particles, and the release of
dissolved Zn ions from citric coated ZnO NPs was
approximately 10% higher than Zn ion release from pristine
ZnO NPs.27 Ortelli40 reported on the other hand that different
organic coating agents did not affect the CuO NPs stability in
artificial marine water due to the high ionic strength of the
medium. Meanwhile, these coatings could also change the
reactive surface area by inducing aggregation of the
particles.14 The results shown in our study indicate that
relying solely on one metric may not be a reliable approach
for understanding and predicting the dissolution of NPs. The
combination of different properties must be included and
these combinations are more relevant as a group than a
single metric alone.

3.3. Impact of the exposure medium (composition, pH, ionic
strength (IS) and dissolved organic matter (DOM)) on
dissolution rates

Upon thorough analysis of all existing studies, we have
successfully incorporated the assessment of exposure
conditions into our evaluation, taking into account their
potential impact on the dissolution of NPs. The collected
database showed that three main categories of media were
investigated: deionized water (n = 12), natural water including
river, lake and seawater (n = 2) and media mixed with organic
or inorganic matter (n = 45).

Fig. 1 The relationship between NPs sizes and dissolution rate
constants. Log-transformed dissolution of rate constants of NPs are
plotted on the y-axis and log-transformed sizes are plotted on the
x-axis.

Table 2 Impact of nanoparticle radius on dissolution rate constants

NPs Radius (nm) k (ng cm−2 h−1) Ref.

Ag 2.4 3.8–24.6 21
Ag 10–40 5.9–35.6 24
Ag 19.5 0.02–1.7 25
Ag 25 0.1–3.6 27
Ag 15–30 1.75–8.5 28
Cu 12.5–250 0.04–0.5 8
Cu 12.5–250 11.6–341.7 29
Cu 25 81 36
Cu 25–250 3.1–71.6 31
CuO 20 32.4–74.4 30
ZnO 2 0.04–0.7 32
ZnO 20 0.04–0.1 33
ZnO 18–43 1.7–1.8 31

k = dissolution rate constant (ng cm−2 h−1).
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The water chemistry of the exposure medium in terms of
pH, IS and DOM, was found to have an important impact on
the particle dissolution process.36 The stability of metal oxide
nanoparticles in aqueous suspensions depends to a large
extent on the IS.32 As the IS increases, the ζ-potential is
reduced and the nanoparticle surface charge is modified due
to adsorption of counterions. This will promote
agglomeration and suppress dissolution.30 The dissolution
rates have been demonstrated to be affected by pH levels, for
instance: at pH 1.0, 92% ion release from ZnO NPs was
observed and only around 15% of the total mass of ZnO NPs
dissolved when pH was 6.32 This finding may amongst others
be due to the low dissolved humic acid concentration and
protonation of carboxylic and phenolic groups on humic acid
at low pH, which reduced the activity and accessibility of
these functional groups to adsorb to the ZnO NPs. Dissolved
organic matter in natural waters is also known as an agent in
improving the stability of nanoparticles. In general, increased
dissolution rates of metal-bearing NPs have been reported in
the presence of DOM and this effect is the same as expected
for larger sized particles. Focusing on the rate constant k, it
can be observed from Table 3 that it ranged from 3.8–24.6 ng
cm−2 h−1 for 4.8 nm silver NPs21 when the concentration of
DOM in the medium was increased in between 0–50 mg L−1.
As an increased dissolution is connected to a relatively high
affinity of the functional groups of DOM to the particles
surface, especially in medium at high pH (pH 9–11) where
the hydroxide layer formed on the surface of NPs could
inhibit further dissolution under alkaline conditions32 and
similar results from Vencalek30 also showed that the
composition of the exposure medium had a huge impact on
the rate constant. This phenomenon has been observed only
in the case of ZnO, and it would be inappropriate to apply
this mechanism to other types of nanomaterials without
sufficient supporting evidence. It is noted that the mean
values of k in natural water (river water with 1 mg L−1

DOM30) was 74.4 ng cm−2 h−1, which is higher than the mean
rate constant in deionized water and groundwater without
DOM (49.5 ng cm−2 h−1) in the same experimental set up,
and thus confirming that the constant could also be
independent to the DOM. Likewise, DOM could be used as
“thick coating layer” to inhibit the light absorption by NP
surfaces and prevent the interactions between dissolved
oxygen and particles, which further weakens the dissolution
of Ag NPs.26,41

HA, which accounts for a large portion of the DOM in
natural aquatic environment, appeared in 5 papers included
in the database. It has been reported that ionic Ag
concentration increased with increasing HA concentration in
the first 24 h of exposure when the HA concentration ranged
from 0–20 mg L−1.42 On the other hand, longer term (150 d)
tracking showed that the dissolution of Ag NPs decreased
with time after prolonged periods of exposure at the same
HA concentration. An increased dissolution by the addition
of tannic acid (TA) was also observed. For instance: in a 20
mM NaNO3 electrolyte solution, dissolution of CuO NPs
increased with increasing TA concentrations of at least 14.7
μM.43 However, former study reported that the presence of
cations in the medium could reduce the dissolution of CuO
NPs by HA and the underlying mechanism could be: (a) ions
in the medium compete with HA functional groups for Cu
ions released from NP surface, occupying some HA and
hindering complexation of additional Cu ions which reduces
driving force for dissolution; (b) cations occupy HA
functional groups and decrease HA–NP interaction.44 Other
environmental factors also exert an impact on the dissolution
rate of specific NPs. For instance, the oxidative dissolution of
Ag NPs is modulated by the dissolved oxygen concentration
and light intensity.26

In summary: the properties of the exposure medium, such
as ionic strength (IS), pH, and dissolved organic matter
(DOM), play a crucial role in determining the dissolution rate

Table 3 Effect of three main types of medium (DI water/ media mixed with organic or inorganic matter/ natural water) properties on dissolution rate
constants

Medium Composition pH k (ng cm−2 h−1) DOM (mg L−1) Ref.

DI water Ag 5.6 3.8–24.6 0–50 21
DI water ZnO 6 0.04–0.7 0–100 32
DI water CuO 7.7 ± 0.3 66.6 — 30
100 mL modified quarter-strength Hoagland medium Ag 5.6 5.9–35.6 — 24
0.01 M NaNO3 solution Ag 7.0 ± 0.2 0.02–1.7 — 25
CaCl2·2H2O: 294; MgSO4·7H2O: 123.25; NaHCO3: 64.75;
KCl: 5.75 (mg L−1, MilliQ water)

Cu 7.8 ± 0.2 11.6–341.7 — 29

Artificial lysosomal fluid (ALF) Ag 4.5 0.1–3.6 0–300 27
CaCl2·2H2O: 294; MgSO4·7H2O: 123.25; NaHCO3: 64.75;
KCl: 5.75 (mg L−1, MilliQ water)

Cu 4 0.04–0.5 — 8

CaCl2·2H2O:294; MgSO4·7H2O: 123.25; NaHCO3: 64.75;
KCl: 5.75 (mg L−1, MilliQ water)

CuO 7.8 ± 0.2 81 1 36

10 mM Bis–Tris buffer Cu 7 3.1–71.6 — 31

0.01 M NaNO3 solution ZnO 7.0 ± 0.2 0.04–0.1 — 33
Groundwater CuO 7.7 ± 0.3 32.4 — 30
Natural water CuO 6.7–9.1 74.4 1 30

DI water: deionized water.
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of nanoparticles in aqueous suspensions. Changes in IS alter
the ζ-potential and surface charge of nanoparticles,
potentially leading to agglomeration and suppression of
dissolution. Meanwhile, a decrease in pH has been observed
to lead to increased dissolution. The presence of DOM can
also impact the stability of nanoparticles, with increasing
DOM concentration resulting in a higher dissolution rate
constant. Studies have shown that the presence of humic
acid (HA), can both increase and decrease the dissolution of
metal-bearing NPs over time, depending on the HA
concentration and presence of cations in the medium. Other
environmental factors, such as dissolved oxygen
concentration and light intensity, can also affect the
dissolution rate of specific nanoparticles. The analysis of
particle and ion complexation can help to predict the
environmental behavior and toxicity of NP suspensions.

In the static (quasi-equilibrium) system commonly used for
toxicity testing, the ions that are liberated from the NPs via
dissolution are finally dissolved in the suspension media.
Dissolution may continue for a considerable time, but
eventually the ion concentration stabilizes and remains
constant, to reach a steady state ion concentration. Meanwhile,
the kinetics of dissolution and the saturation concentration
may vary for the same NPs when suspended in different
exposure (environmental, biological) media. It is therefore
highly relevant to discuss equilibration times and the resulting
steady state levels. For the metal-bearing NPs discussed above,
the time needed to reach steady state levels of dissolution relied
on both external and internal properties. In batch studies, as
performed in the studies selected, the dissolution process is
slowed down because of the driving force for dissolution being
reduced upon increasing ion concentrations. This finally leads
to a pseudo-equilibrium as at a certain moment, there is no
driving force left for ions to go into suspension. This setting is
for instance typical for toxicity testing conditions in which a
relatively large number of NPs are suspended in a relatively low
volume of exposure medium.

The time needed to reach steady state of the ions
concentration ranged from 0.5 to 240 hours (Table 1),
depending on both particles and medium properties in the
different cases present in the database. The size and initial
concentration of the NPs in the suspensions also had an
impact on the time needed to reach equilibrium. Higher
numbers of larger particles in the suspensions increase the
likelihood of particle–particle interactions, thereby reducing
the dissolution rate. However, insufficient exposure duration
can lead to the “absence” of equilibrium, wherein the ion
concentration continues to increase during the whole
measurement.21,30 or the suspensions gets saturated before
the first measured time point.31 In the case of Zhang,24 it
took 48 hours for 80 nm Ag NPs to reach equilibrium at the
ions concentration of 30 μg L−1 while only after 192 hours of
exposure, the ion concentration in a suspension of 20 nm Ag
NPs stabilized at a concentration of 150 μg L−1 in the same
medium. The dissolution process is slowed down for the
smaller sized NPs, which could be accounted for by the total

amount of released Ag ions from the 20 nm Ag NPs being
higher than in case of the 80 nm Ag NPs, with dissolution
being reduced upon increasing ion concentrations. The
dissolution rate constant will to some extent depend on how
far from equilibrium the system is with respect to
precipitation and metal ion complexation with ligands such
as DOM. Thus, the time needed to reach equilibrium and
steady state of the ion concentration reflects how particles
properties and environmental factors impact dissolution.

3.4. The application of the model in future regulation

Our modelling approach provides a starting point from which
to integrate the data of dissolution curves of metal-bearing
NPs in different media as reported in the period 2010–2020
for the development of a generic model to determine
dissolution rate constants and predict the whole time-course
of dissolution. The results confirmed that the composition of
both the NPs and the exposure medium had a huge impact
on the rate constants.

Further application in assessing the toxicokinetics of
metal-bearing NPs could be validated based on the work in
this research. Our model reduces the work of the ecotoxicity
experiments and will be a powerful tool in the assessment
and prediction of nanosafety issues. It is noted that animal/
plant experiments are irreplaceable because they could
provide data and information to support nanotoxicological
studies. Meanwhile, one research gap is needed to be
identified: the kinetics of dissolution and the overall ion
release profile need to be experimentally determined during
toxicity testing as it is not yet possible to model or predict
the overall dissolution curves for specific nanomaterials.
Overall, as with any model, the data quality influences the
performance of our model.

Given the limited number of publications available in the
database, the calculated rate constants from the model
should be treated with caution. In the present work, the
factors determining dissolution rate constants of NPs were
successfully screened by integrating data mined from the
literature. To build a better connection between the model
and dissolution of NPs, the impact of particle surface
modification and medium water chemistry on the rate
constant could be quantified in the next generation of
dissolution models. This requires more data from realistic
experimental exposure scenarios. But still, our model could
act as the best model to determine the ion release kinetics
and it could be extended to act as the first screening step of
newly upcoming NPs, distinguishing their toxicity based on
their dissolution rate constant under different scenarios,
which could contribute to the knowledge in the
environmental risk assessment of metal-bearing NPs.

4. Conclusions

Innovations in nanotechnology and in the incorporation of
nanoparticles in a wide range of products, cause the release
of NPs into the environment. Within all the dynamic
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transformations that NPs go through, dissolution assessment
has the potential to become a key component of a fast
screening process for categorising NPs with a common fate
potential. According to the data collected in this study, a first
order rate equation is suited to properly describe the initial
kinetics of dissolution of NPs in different media and the rate
constant can represent the extent of ion release in realistic
environmental exposure scenarios. The dissolution rate is
dependent on the physico-chemical characteristics of NPs
(like composition, morphology, and surface chemistry) and
on environmental conditions (especially pH, ionic strength,
oxic/anoxic conditions, and natural organic matter). The rate
of ion release is dependent on surface area, thus size or
diameter of the NP. It is, therefore, possible to calculate the
particle dissolution with our pseudo-first order rate constant
model. When data on the specific surface of a new NP is
available, future grouping approaches on the basis of the
dissolution profiles of NPs might be useful for the screening
of especially persistent and quickly dissolving NPs. This will
significantly speed up the pace of future screening risk
assessment of NPs and will in the end allow for prediction of
the dissolution kinetics of newly developed nanomaterials.
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