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H I G H L I G H T S

• Surface coating rather size determines
the stability of AgNPs in lake water
(LW).

• Stability of AgNPs decreases in the order
PVP AgNPs N CIT AgNPs N LIP AgNPs.

• Addition of DOM increased the
stability of AgNPs in the order
LW + EPS N LW + SRHA N LW.

• Influence of DOM on AgNP behaviour
depends on the surface coating charac-
teristics.

• SP-ICP-MS and AsFlFFF allow to study
AgNPs at low environmental concentra-
tions.
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The present study examines the stability of silver nanoparticles (AgNPs) of three different coatings – citrate (CIT),
polyvinyl pyrrolidone (PVP) and lipoic acid (LIP) and two sizes - 20 and 50 nm in lake water (LW) over time.
Using a combination of asymmetric flow field-flow fractionation (AsFlFFF), surface plasmon resonance (SPR),
and single particle inductively coupled plasma mass spectrometry (SP-ICP-MS), the influence of size, surface
coating, exposure time, aswell as the presence and nature of dissolved organicmatter (DOM) on the transforma-
tion of AgNPs at low environmental concentrations was thoroughly investigated. The results revealed that the
AgNP stability in lake water are complex interplay between the surface coating characteristics, exposure time
and presence and nature of DOM. Among the studied variables surface coating was found to play the major
role of determining AgNPs behaviour in lake water. PVP-coated AgNPs agglomerated to a lesser extent as com-
paredwith the CIT- and LIP-AgNPs. For a given surface coating, DOMof pedogenic and aquagenic origin increased
the stability of the AgNPs (LW+ EPS N LW+ SRHA N LW). Moreover, extracellular polymeric substances (EPS;
aquagenic origin) stabilized lipoic acid-coated AgNPsmore effectively than Suwannee River Humic Acids (SRHA;
pedogenic origin), showing that DOMnature has to be also considered for improved understanding the AgNP sta-
bility in aquatic environment.

© 2016 Elsevier B.V. All rights reserved.

Keywords:
Citrate
PVP and lipoic acid AgNPs
Single particle-ICP-MS
AsFlFFF
Humic acids
Extracellular polymeric substances

Science of the Total Environment 573 (2016) 946–953

⁎ Corresponding authors.
E-mail addresses: j.jimenez-lamana@univ-pau.fr (J. Jiménez-Lamana), vera.slaveykova@unige.ch (V.I. Slaveykova).

1 Present address: Laboratory of Bioinorganic Analytical and Environmental Chemistry (LCABIE), UMR5254, CNRS-UPPA, Hélioparc, 2 Av. President Angot 64053 Pau Cedex 09, France.

http://dx.doi.org/10.1016/j.scitotenv.2016.08.181
0048-9697/© 2016 Elsevier B.V. All rights reserved.

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2016.08.181&domain=pdf
http://dx.doi.org/10.1016/j.scitotenv.2016.08.181
mailto:vera.slaveykova@unige.ch
Journal logo
http://dx.doi.org/10.1016/j.scitotenv.2016.08.181
http://www.sciencedirect.com/science/journal/00489697
www.elsevier.com/locate/scitotenv


1. Introduction

Nowadays, the production and use of engineered nanomaterials in a
wide range of applications and consumer products is constantly increas-
ing (The Project on Emerging Nanotechnologies, 2016). Due to their an-
timicrobial properties, silver nanoparticles (AgNPs) are one of the most
commonly used engineered nanomaterials (Schluesener and
Schluesener, 2013). The widespread use of these AgNPs implies their
unavoidable release into the environment which raised the concerns
about the potential risks to human health and the environment
(Klaine et al., 2012; Schaumann et al., 2015). AgNPs may be released
from textiles by washing (Benn andWesterhoff, 2008) or from outdoor
facades (Kaegi et al., 2010) into surface waters, where they may induce
harm on aquatic ecosystems (Furtado et al., 2014).

Once in the aquatic environment, AgNPs are subject of various trans-
formation such as agglomeration, dissolution or various surfacemodifi-
cations which will determine their persistence and effects (Bae et al.,
2010; Newton et al., 2013; Wang et al., 2016; Yang et al., 2012). The
transformations depend on the nanomaterial properties (e.g. surface
coating and size of NPs) and ambient environment variables (e.g. dis-
solved organic matter (DOM)) (Aiken et al., 2011; El Badawy et al.,
2010; von Moos et al., 2014). Importance of surface coating for AgNPs
transformations, like dissolution and/or agglomeration, in aquatic envi-
ronments has been demonstrated. For instance, low release of Ag ions
from citric acid coated (CIT) AgNPs was observed as compared with
polyvinyl pyrrolidone (PVP) and tannic acid coated AgNPs of 5, 10 and
50 nm in lake and river waters (Dobias and Bernier-Latmani, 2013).
Similarly, 8 nm PVP-coated AgNPs released about 10 times higher Ag
ions than 7 nm citrate-coated AgNPs in EPA water (Yang et al., 2012).
The dissolution rate of AgNPs followed the order: bare-AgNPs N PVP-
coated AgNPS N citrated-coated AgNPs; whereas for aggregation rate:
bare-AgNPs N citrate-coated AgNPs N PVP-coated AgNPs under environ-
mental light irradiation conditions (Li et al., 2013). Moreover, uncoated,
citrate-coated and sodium borohydride-coated AgNPs were found to
aggregate at high ionic strength and/or acidic pH, whereas both factors
had no impact on aggregation of PVP-coated AgNPs (El Badawy et al.,
2010).

Among different environmental variables, humic substances (HS),
an important component of DOM in aquatic environments, were
shown to increase the stability of citrate and/or PVP-coated AgNPs in ar-
tificial seawater (António et al., 2015), under sunlight (Yu et al., 2014),
in a high ionic strength buffer (Gunsolus et al., 2015) or in the presence
of cations (Baalousha et al., 2013; Cumberland and Lead, 2009). Extra-
cellular polymeric substances (EPS) were also shown to have important
implications for the environmental transformations of NPs (Louie et al.,
2016). For instance, EPS induced size increase of carbonate-coated
AgNPs (Kroll et al., 2014), agglomeration of PVP-coated AgNPs (Joshi
et al., 2012), and stabilization of AgNPs with unknown coating (Khan
et al., 2011). Some studies have suggested a different behaviour be-
tween citrate-coated and PVP-coated AgNPs in the presence of DOM
(Gunsolus et al., 2015; Yin et al., 2015). Nevertheless, the role of the
nanoparticle surface coatings in the NP stability and interactions with

the DOM present in freshwater is still to explore in particularly at envi-
ronmentally relevant concentrations.

Given the low concentrations of engineered nanomaterials in the
natural water (e.g. predicted environmental concentration (PEC) of sil-
ver-based nanomaterials is in the ng L−1 level (Peijnenburg et al.,
2015)), the study of their fate requires the use of themost sensitive an-
alytical techniques. Single particle inductively coupled plasma mass
spectrometry (SP-ICP-MS) and asymmetric flow field-flow fraction-
ation (AsFlFFF) are among the most suitable techniques for the analysis
of inorganic engineered nanoparticles in environmental samples
(Laborda et al., 2016, 2015; von der Kammer et al., 2011). SP-ICP-MS
has been used to detect native Ag particles in influent and effluent sam-
ples from waste water treatment plants (Mitrano et al., 2012;
Tuoriniemi et al., 2012), in the effluent of a AgNPs producing washing
machine (Farkas et al., 2011) and in urban runoff waters (Heithmar
and Pergantis, 2010). Moreover, this technique has also been applied
to study the behaviour of AgNPs in simulated washingmachines proce-
dures (Mitrano et al., 2015) and the dissolution of AgNPs in different
types of water (Mitrano et al., 2014; Telgmann et al., 2014; Yang et al.,
2016). On the other hand, AsFlFFF has been used to detect and quantify
AgNPs in influent water collected from a wastewater treatment plant
(Hoque et al., 2012). The combination of the information obtained by
these two techniques has been applied to study the agglomeration pro-
cess of AgNPs in artificial seawater (António et al., 2015) and the persis-
tence and transformations of AgNPs in a littoral lake mesocosmos
(Furtado et al., 2014).

The present work examines the influence of the AgNP size and coat-
ing, exposure time, and the presence and the nature of DOM on the sta-
bility of the Ag NPs in lake water at environmentally relevant
concentrations. By using a combination of AsFlFFF, SP-ICP-MS and sur-
face plasmon resonance (SPR), the AgNPs stability was characterized
following the changes in size distributions and number of AgNPs, two
critical aspects in the evaluation of the persistence of nanomaterials in
the environment.

2. Material and methods

2.1. Silver nanoparticles, standards and reagents

AgNPswith primary size of 20 and 50 nmwere selected as represen-
tative of small andmedium size nanoparticles, respectively. The capping
agents chosenwere citrate (CIT), which is displaceable and stabilizes by
charge repulsion, polyvinyl pyrrolidone (PVP)which stabilizes sterically
and lipoic acid (LIP) which is conjugatable and stabilizes by charge re-
pulsion. Suspensions of silver nanoparticles (AgNPs) with nominal di-
ameters of 20 and 50 nm and coated with CIT, PVP and LIP were
purchased from NanoComposix (San Diego, USA). The characteristics
of these particles in ultrapure water are given in Table 1. Polystyrene
standards of 22, 58 and 97 nm (Postnova Analytics, Landsberg, Germa-
ny) were used for calibration of the AsFlFFF system. Stock solutions of
these standards were diluted with the carrier before injecting into the
channel. The carrier was prepared by dissolving the corresponding

Table 1
Characteristics of the studied AgNPs suspensions in ultrapure water. Nominal particle and hydrodynamic diameters, zeta potential, surface area and silver purity are as provided by the
supplier. Hydrodynamic diameters and median particle diameters of AgNPs suspensions in ultrapure water were measured by AsFlFFF-UV–vis and SP-ICP-MS respectively (mean ±
standard deviation, n = 3). AgNPs suspensions were injected directly into the channel for AsFlFFF measurements and diluted with ultrapure water before SP-ICP-MS measurements.

Suspension Zeta potential Surface area Silver purity Hydrodynamic diameter / nm Particle diameter / nm

Nominal AsFlFFF-UV–vis Nominal SP-ICP-MS

20 nm Cit-AgNPs −40.5 mV 27.6 m2/g 99.99% 27.2 27.3 ± 0.9 19.9 ± 2.9 33.8 ± 0.4
20 nm PVP-AgNPs −24.4 mV 26.1 m2/g 99.99% 44.2 35.8 ± 2.4 21.3 ± 2.7 25.6 ± 0.6
20 nm Lip-AgNPs −44.2 mV 22.3 m2/g 99.99% 43.4 37.6 ± 0.6 24.5 ± 3.9 26.6 ± 0.5
50 nm Cit-AgNPs −45.5 mV 10.8 m2/g 99.99% 56.8 59.6 ± 3.8 51.6 ± 5.4 51.3 ± 0.3
50 nm PVP-AgNPs −53.5 mV 11.3 m2/g 99.99% 63.6 70.7 ± 2.3 49.9 ± 4.6 40.7 ± 0.5
50 nm Lip-AgNPs −43.5 mV 11.9 m2/g 99.99% 51.9 56.2 ± 1.1 47.0 ± 5.0 46.6 ± 0.4
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