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ABSTRACT: Ubiquitous natural organic matter (NOM) plays an important role
in the aggregation state of engineered silver nanoparticles (AgNPs) in aquatic
environment, which determines the transport, transformation, and toxicity of
AgNPs. As various capping agents are used as coatings for nanoparticles and
NOM are natural polymer mixture with wide molecular weight (MW)
distribution, probing the particle coating-dependent interaction of MW
fractionated natural organic matter (Mf-NOM) with various coatings is helpful
for understanding the differential aggregation and transport behavior of
engineered AgNPs as well as other metal nanoparticles. In this study, we
investigated the role of pristine and Mf-NOM on the aggregation of AgNPs with
Bare, citrate, and PVP coating (Bare-, Cit-, and PVP-AgNP) in mono- and
divalent electrolyte solutions. We observed that the enhanced aggregation or
dispersion of AgNPs in NOM solution highly depends on the coating of AgNPs.
Pristine NOM inhibited the aggregation of Bare-AgNPs but enhanced the aggregation of PVP-AgNPs. In addition, Mf-NOM
fractions have distinguishing roles on the aggregation and dispersion of AgNPs, which also highly depend on the AgNPs coating
as well as the MW of Mf-NOM. Higher MW Mf-NOM (>100 kDa and 30−100 kDa) enhanced the aggregation of PVP-AgNPs
in mono- and divalent electrolyte solutions, whereas lower MW Mf-NOM (10−30 kDa, 3−10 kDa and <3 kDa) inhibited the
aggregation of PVP-AgNPs. However, all the Mf-NOM fractions inhibited the aggregation of Bare-AgNPs. For PVP- and Bare-
AgNPs, the stability of AgNPs in electrolyte solution was significantly correlated to the MW of Mf-NOM. But for Cit-AgNPs,
pristine NOM and Mf-NOM has minor influence on the stability of AgNPs. These findings about significantly different roles of
Mf-NOM on aggregation of engineered AgNPs with various coating are important for better understanding of the transport and
subsequent transformation of AgNPs in aquatic environment.

■ INTRODUCTION
The widely use of silver nanoparticles (AgNPs) in consumer
and health care products1 and inevitable releasing of AgNPs
into surrounding environments2−6 have increased great
concern about the environmental safety of AgNPs. Once
entering aquatic environment, AgNPs could undergo profound
physical and chemical transformations, including aggregation,
sedimentation, adsorption, oxidative dissolution, sulfidation,
and rereduction, which have great impacts on the fate,
transport, and toxicity of AgNPs.7

Natural organic matter (NOM), which is ubiquitous in
aquatic environment, plays an important role in the physical
and chemical transformation of AgNPs. NOM in natural waters
could adsorb on the surface of AgNPs and displace the original
capping agents of AgNPs such as polyvinylpyrrolidone (PVP)
and citrate.8 Usually, the charge and steric effects provided by
the adsorbed NOM on AgNPs surface could disperse and cause
a partial disaggregation of AgNPs aggregates.9 NOM could also
inhibit the aggregation of AgNPs induced by ionic strength or
specific cations (such as Ca2+ and Mg2+), leading to more stable
AgNPs suspension.10−14 Whereas, in solutions with high Ca2+

concentration, the presence of NOM contributed to the
enhanced aggregation of AgNPs, possibly due to intermolecular
bridging with the NOM.15 However, as NOM is a
polydispersed mixture of natural polymers with molecular
weight (MW) from less than 100 Da to over 300 kDa,16 it is
still not well understood how a specific fraction of NOM acting
on the dispersion of AgNPs. Recent results by Louie et al.17 and
our previous study18 revealed that MW fractionated NOM (Mf-
NOM) has drastically different stabilizing effects toward gold
and fullerene nanoparticles against electrolytes-induced aggre-
gation. As for AgNPs, it was also demonstrated that humic acid
fraction has greater capability than fulvic acid fraction in
enhancing the transport of AgNPs by reducing their
aggregation and deposition.19 In our previous study, we
observed that high MW Suwannee River NOM plays more
significant role in stabilizing NOM-reduced AgNPs in the
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presence of Ca2+ than low MW NOM.20 These findings further
highlighted the importance of the distinguishing roles of
different NOM fractions in the transport and subsequent
chemical transformation and toxicity of engineered AgNPs.
However, in commercial AgNPs products, AgNPs are often
modified with various capping agents or coatings, which make
the interaction between AgNPs and NOM more complicated.
Generally, the electrostatic interaction, steric hindrance or
electrosteric repulsion imparted by various capping agents
could enhance the colloidal stability of AgNPs in aqueous
solutions, especially in solutions of high ionic strength,21 and
thus govern the transport of AgNPs in porous media.22

Although the difference of various coating agents (such as PVP
and citrate) in stabilizing of AgNPs has been investigated in
recent years,21−25 the synergetic effect of AgNPs coating and
Mf-NOM on the aggregation and dispersion of AgNPs are
largely unknown. Probing the particle coating-dependent
interaction of Mf-NOM is helpful for understanding the
differential aggregation and transport behavior of engineered
AgNPs as well as other metal nanoparticles with various
coatings.
The objectives of this research were (i) to evaluate the

differential influences of coating agents on the aggregation
kinetics of AgNPs in electrolyte solutions with or without
pristine NOM; (ii) to elucidate the role of Mf-NOM on the
aggregation kinetics of AgNPs with different coating agents in
mono/divalent electrolyte solutions; and (iii) to assess possible
environmental implications of the key factors (such as MW of
NOM and nature of coating agents) on the aggregation and
subsequent transport of AgNPs in aquatic compartment. To
this end, Bare, citrate, and PVP coated AgNPs were adopted as
models of AgNPs to study the effect of Mf-NOM on the
aggregation kinetics of AgNPs in mono- and divalent
electrolyte solutions.

■ MATERIALS AND METHODS
Materials. AgNO3 (>99.5%) and hydroxylammonium

chloride (>98.5%) were purchased from Sinopharm Chemicals
(Shanghai, China). Polyvinylpyrrolidone (PVP, MW = 58 000)
was from Aladdin Chemistry Co. Ltd. (Shanghai, China).
Suwannee River natural organic matter (SRNOM) (1R101N)
was obtained from the International Humic Substance Society
(St. Paul, MN). Amicon Ultra-15 centrifugal filter (with 3 kDa,
10 kDa, 30 kDa, and 100 kDa nominal MW cutoff,
respectively) from Millipore (Darmstadt, Germany) were
used for fractionation of SRNOM. The other reagents were
purchased from Beijing Chemicals (Beijing, China). All the
reagents were used as obtained without further purification.
Ultrapure water (18.3 MΩ) produced with a Milli-Q Gradient
system (Millipore, Bedford) was used throughout the experi-
ments.
Fractionation and Characterization of NOM. Mf-NOM

was prepared using Amicon Ultra-15 centrifugal filters with
different MW cutoff. The detailed procedure of ultrafiltration
and the characterization of pristine and Mf-NOM were given in
our previous study.18,20 Briefly, the stock solution of SRNOM
was first loaded and centrifuged (30 min at 3743g) using
Amicon Ultra-15 centrifugal filters (100 kDa). The filtrate was
then collected and filtered sequentially by 30 kDa, 10 kDa and
3 kDa filters at centrifuging rates 5095, 6654, and 8422g,
respectively. The retentate or filtrate was collected as Mf-NOM
(>100 kDa, 30−100 kDa, 10−30 kDa, 3−10 kDa, and <3 kDa,
respectively). Concentrations of pristine SRNOM and Mf-

NOM were measured by a Teledyne Tekmar Total Organic
Carbon (TOC) Fusion Analyzer (Mason, OH). The UV−vis
and fluorescence excitation−emission spectra were recorded on
an UV−vis-NIR spectrometer (UV-3600, Shimadzu, Japan) and
a fluorescence spectrometer (FluoroMax-4, Horiba, Edison,
NJ), respectively.

Preparation of AgNPs. PVP-AgNPs were synthesized
following our previous report.26 Briefly, 10 mmol L−1 AgNO3
(10 mL) was added into a 90 mL solution containing 1.67
mmol L−1 hydroxylammonium chloride and 3.33 mmol L−1

NaOH under vigorous stirring. After several minutes, 0.3 g PVP
was added and the resulting solution was stirred overnight.
AgNPs were purified by centrifugal ultrafiltration (Amicon
Ultra-15 100 kDa, Millipore) to remove PVP and silver ion and
the resulting AgNPs solution was stored at 4 °C in the dark for
later use.
Bare-AgNPs were synthesized following literature27 with

slightly modification. Briefly, ice-cold 1 mmol L−1 AgNO3 (50
mL) was dripped slowly into 100 mL 2 mmol L−1 sodium
borohydride solution under magnetic stirring in an ice bath.
The resulting AgNPs solution was magnetically stirred while it
was allowed to warm to room temperature. Owning to the
residue borate ion on the AgNP, the AgNPs solution is stable
over 2 months.
Citric acid-stabilized 20 nm AgNP (Cit-AgNP) was

purchased from Sigma-Aldrich (article No. 730793, 25 mL,
Seelze, Germany).

Characterization of AgNPs. The concentration of AgNPs
stock solution was measured by inductively coupled plasma
mass spectrometry (ICP-MS, Agilent 7700, Santa Clara, CA)
after HNO3 digestion. Transmission electron microscope
(TEM) analysis was carried out with an H-7500 (Hitachi,
Japan) at 80 kV. TEM samples were prepared by dropping 5 μL
AgNPs suspension onto carbon-coated copper grid and drying
at room temperature. The size distribution of the AgNPs was
estimated using Nano Measurer 1.2 software and Gaussian
fitting. At least 150 particles were counted from multipicture in
each case. The UV−vis spectra from 200 to 800 nm were
obtained by using a UV-3600 UV−vis-NIR spectrometer. The
zeta potential was measured by dynamic light scattering (DLS)
with Zetasizer Nano (ZEN3600, Malvern Instruments,
Worcestershire, UK). The PVP content in PVP-AgNP
suspension was measured by a Teledyne Tekmar TOC analyzer
according to literature.21 The AgNP solution was also
characterized by X-ray photoelectron spectroscopy (XPS).
For XPS analysis, the solution was dropped on Si wafer and
dried in the vacuum desiccators at room temperature. The XPS
characterization was carried out in an ESCALAB 250
spectrometer (Thermo Scientific, UK) using monochromatic
Al Kα radiation of energy 1486.6 eV. Core level binding
energies were determined and corrected for substrate charging
using C 1s peak at 284.8 eV as the reference.

Zeta Potential Measurements. The zeta potential of
AgNPs in various electrolyte solution conditions was measured
using Zetasizer Nano at 25 °C. The zeta potential of AgNPs in
NOM-free electrolyte solutions was measured at a range of
NaClO4 and Ca(ClO4)2 concentrations in 1 mmol L−1 borate
buffer (pH 7.4). Changes in the zeta potential of AgNPs in the
presence of pristine- and Mf-NOMs were measured at 100 and
500 mmol L−1 for NaClO4, 5 and 20 mmol L−1 for Ca(ClO4)2,
respectively.

Aggregation Kinetics of AgNPs by Time-Resolved
DLS. Time-resolved (TR)-DLS measurements were performed
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on a ZEN3600 Zetasizer Nano with 633 nm red laser and
detection angle of 173°. The aggregation kinetics of AgNPs was
first tested in mono/divalent electrolyte solutions without
NOM. To investigate the effects of Mf-NOMs on AgNPs
aggregation, the pristine- or Mf-NOM was added into the
AgNPs dispersion in polystyrene cuvettes (Sarstedt, Germany).
Then monovalent electrolyte (NaClO4) or divalent electrolyte
(Ca(ClO4)2) was added into the cuvette to initiate AgNPs
aggregation. The pH of all samples was adjusted to 7.4 with 1
mmol L−1 borate buffer. For each sample, the final volume was
1 mL, with 2 mg L−1 AgNPs and 1 mg C L−1 NOM. The details
for the TR-DLS measurements, calculation methods for
attachment efficiency (α) and critical coagulation concentration
(CCC) are given in our previous study.18 Briefly, the
temperature was set at 25 °C and measurement position was
set as 4.65 mm from the bottom of the cuvette. The
accumulation time based on autocorrelation function was 10
s, and 1 s delay was set between each measurement. The
attachment efficiency, representing the relative aggregation rate,
is calculated by normalizing the aggregation rate constant
obtained in the solution (k) to the diffusion-limited aggregation
rate constant in the absence of NOM in the same electrolyte
(kfast):
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in which, Dh was the hydrodynamic diameter of AgNPs at time
t, and N0 the initial AgNPs concentration. As all samples used
in the TR-DLS measurement contained the same AgNPs
concentration, (N0)fast was equal to N0 in our study. The CCC
was calculated by extrapolations of the linear regression of α
values in both reaction-limited and diffusion-limited regimes to
electrolyte concentration.

Force Analysis by Atomic Force Microscopy. Inter-
action force measurements were performed using atomic force
microscopy (AFM, Multimode8, Bruker) with the tapping
mode at room temperature. It should be noted that it is difficult
to pick up or immobilize the AgNP to perform surface force
measurements, and therefore the force analysis was performed
in NOM solution with SiN probe and silver foil substrate as
alternatives.28 Data was collected in the presence of NOM at
pH 7.4.

■ RESULTS AND DISCUSSION

Characterizations of Mf-NOMs and PVP-, Cit-, and
Bare-AgNPs. The MW distribution, UV−vis spectroscopy and
fluorescence excitation−emission spectroscopy of Mf-NOMs

Figure 1. TEM images (A, D, G), size distribution (B, E, H), and UV−visible absorption spectra (C, F, I) of PVP-AgNPs, Cit-AgNPs, and Bare-
AgNPs. (A-C) PVP-AgNPs, (D-F) Cit-AgNPs, and (G-I) Bare-AgNPs. The concentration of AgNPs for UV−visible spectrometry characterization is
10 mg Ag L−1.
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prepared by ultrafiltration was characterized in our previous
study.20 Generally, the molar absorptivity at 280 nm increased
with the increasing of MW, indicating the abundances of
aromatic moiety in higher MW Mf-NOMs. In addition, the
maximum intensity of fluorescence peaks (in the range of 350/
452−370/468 nm) increased as the MW of Mf-NOM
decreased, suggesting the abundances of carboxylic moiety in
lower MW Mf-NOMs.29 This result is consistent with previous
study that high MW fractions of NOM contain more aromatic
and aliphatic structure and low MW fractions contain more
hydrophilic carboxyl groups.30−32

Figure 1 shows the characterizations of the PVP-, Cit-, and
Bare-AgNPs used in this study. TEM image (Figure 1A, D, G)
and the size distribution (Figure 1B, E, H)showed that the
AgNPs are spherical with an average diameter of 23.7 ± 4.4 nm,
19.5 ± 2.8 nm and 13.1 ± 1.7 nm for PVP-, Cit- and Bare-
AgNPs, respectively. The UV−vis analysis (Figure 1C, F, I)
shows the characteristic surface plasmon resonance (SPR) of
AgNPs at 404, 405, and 390 nm for PVP-, Cit- and Bare-

AgNPs, respectively. The XPS spectra of PVP- and Cit-AgNP
(Supporting Information Figure S1 and S2) suggested the
presence of coating agents (PVP and citrate) in PVP- and Cit-
AgNP colloids.33,34 The signal of boron was observed in the
XPS spectra of Bare-AgNP (Supporting Information Figure
S3), demonstrating the occurrence of borate in the silver
colloids, which was possibly derived from the decomposition of
KBH4.

Aggregation of AgNPs in Electrolyte Solution without
NOM. The aggregation kinetics of PVP-, Cit-, and Bare-AgNPs
in NaClO4 and Ca(ClO4)2 electrolytes are given in Figure 2.
The aggregation behavior of PVP-, Cit-, and Bare-AgNPs in
both NaClO4 and Ca(ClO4)2 solutions followed Derjaguin−
Landau−Verwey−Overbeek (DLVO) theory, with reaction-
limited regime (α < 1) at lower concentration electrolyte and
diffusion-limited regime (α = 1) at high concentration
electrolyte. This suggested that electrostatic interaction play
important role in the stabilization of PVP-, Cit- and Bare-
AgNPs.21 The CCCs, derived by intersection of extrapolations

Figure 2. Attachment efficiencies of PVP-AgNPs (A), Cit-AgNPs (B) and Bare-AgNPs (C) as a function of background electrolyte concentration of
NaClO4 and Ca(ClO4)2 in the absence of NOM. The error bars represent the standard deviation from triplicate measurements. The critical
coagulation concentration (CCC) values were also marked.

Figure 3. Attachment efficiency of PVP-AgNPs as a function of NaClO4 (A, B) and Ca(ClO4)2 (C, D) concentration in the presence of pristine-
NOM and Mf-NOMs. Data for “without NOM” are given to facilitate the comparison of differences of α values among no SRNOM, pristine- and Mf-
NOM solutions.
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through both regimes,21 in NaClO4 solutions, were 447.27,
109.68, and 8.10 mmol L−1 for PVP-, Cit-, and Bare-AgNPs,
respectively. The CCCs in Ca(ClO4)2 solutions were 15.56,
1.51, and 1.06 mmol L−1 for of PVP-, Cit- and Bare-AgNPs,
respectively. The much lower CCCs of AgNPs in Ca(ClO4)2
solutions was ascribed to the stronger charge neutralization
ability of the divalent electrolyte.24 From CCCs, we can clearly
see PVP-AgNPs were more stable than Cit-AgNPs and Bare-
AgNPs in both mono- and divalent electrolyte solutions. The
zeta-potentials of the AgNPs were determined as −23.0, −47.0,
and −21.9 mV, for PVP-, Cit-, and Bare-AgNPs, respectively.
The negative charge of PVP-AgNPs possibly origins from the
adsorption of the residual side products on AgNPs.21 Similarly,
the negative charge of Bare-AgNPs possibly origins from the
adsorption of borate, the decomposition product from KBH4.
As shown by the zeta-potentials, the better stability of PVP-
AgNPs than that of Cit-AgNPs cannot be explained only by
electrostatic interaction.35 Steric hindrance, provided by PVP
polymer, should also play important role in stabilizing PVP-
AgNPs.21 The CCCs of PVP-AgNPs in this study were much
higher than that in Huynh et al’s results,21 The following two
facts possibly contributed the high stability of PVP-AgNPs in
our work: (i) As revealed by TOC analysis, the PVP-AgNPs in
our work have more coverage of PVP (1.7 mg PVP/mg Ag)
than that in Huynh et al’s (0.8 mg PVP/mg Ag); (ii) The PVP
used in our work has higher average MW (58 kDa) than that in
Huynh et al’s (10 kDa). Generally, synthetic polymer with
higher MW could induce higher steric stabilization compared to
that of their lower MW counterpart.36

Aggregation of AgNPs in Electrolyte Solution with
Pristine and Mf-NOM. PVP-AgNP. In the presence of 1 mg C
L−1 pristine NOM and NaClO4, the CCC and the
corresponding α of PVP-AgNPs was shifted to 320.5 mmol
L−1 and 1.67, respectively (Figure 3A). Although the CCC

value in the presence of pristine NOM slightly decreased
relative to that without NOM (from 447.27 to 320.5 mmol
L−1), the corresponding α increased from 1 to 1.67, indicating
enhanced aggregation kinetics of PVP-AgNP in the presence of
pristine NOM. Previous study also observed that >2 mg C L−1

Pony Lake fulvic acid could induce the rapid aggregation of
gold nanoparticles in the presence of 80 mmol L−1 KCl.37

The aggregation of PVP-AgNPs was observed highly
dependent on the MW of Mf-NOM. High MW NOM fraction
(>100 kDa and 30−100 kDa NOM) significantly enhanced the
aggregation of PVP-AgNPs in NaClO4 solution (Figure 3A),
while in the presence of low MW NOM fraction (10−30 kDa,
3−10 kDa, and <3 kDa NOM) the aggregation of PVP-AgNPs
was inhibited (Figure 3B). This MW-dependent aggregation
and dispersion of PVP-AgNPs was also observed in Ca(ClO4)2
solution (Figure 3C and D). The zeta potentials of PVP-AgNP
in the absence and presence of NOM in electrolyte solution
were given in Supporting Information Figure S4, which shows
that the zeta potential was generally more negative in the
presence of NOM, with or without mono/divalent electrolytes.
This result suggested that the electrosteric repulsion between
nanoparticles increased by the adsorption of NOM on PVP-
AgNPs. In addition, the zeta potentials of PVP-AgNP were
more negative when the concentration of Ca(ClO4)2 increased
from 5 to 20 mmol L−1, indicating the increased adsorption of
NOM on PVP-AgNPs. The interaction between Ca2+ and
NOM could potentially alter the charges of NOM,38−40 which
in turn affect the adsorption of NOM on AgNPs. As the
content of carboxyl group was much lower in high MW NOM
fraction, similar zeta potential of PVP-AgNPs in the presence
Mf-NOM indicated that the adsorption of high MW Mf-NOM
should be higher than that low MW counterpart.17,37 As the
concentration of NOM in this study was too low (1 mg L−1),
measurement of the NOM amount adsorbed on AgNPs was

Figure 4. Attachment efficiency of Cit-AgNPs as a function of NaClO4 (A, B) and Ca(ClO4)2 (C, D) concentration in the presence of pristine-NOM
and Mf-NOMs. Data for “without NOM” are given to facilitate the comparison of differences of α values among no SRNOM, pristine-, and Mf-NOM
solutions.
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difficult. Generally, the aggregation of nanoparticles was
determined by the electrostatic and steric repulsion. The
overcoating or displacement of high MW Mf-NOM although
increased the interparticle electrostatic repulsion, but possibly
decreased the steric repulsion by screening PVP. From
Supporting Information Figure S4, we can see that, with
more negative zeta potential, the electrostatic repulsion
between PVP-AgNPs should increase in the presence of >100
kDa Mf-NOM. However, the aggregation of PVP-AgNPs was
enhanced in the presence of >100 kDa Mf-NOM, which
suggested that the presence of >100 kDa Mf-NOM decreased
the steric repulsion between PVP-AgNPs. Thus, considering
both the electrostatic and steric repulsion, high MW Mf-NOM
accelerated the aggregation of PVP-AgNPs. However, low MW
Mf-NOM could adsorb on PVP-AgNPs surface but not screen
PVP significantly, which result in enhanced electrostatic
repulsion but minor change of steric repulsion. Therefore,
low MW Mf-NOM inhibited the aggregation of PVP-AgNPs.
The detailed mechanism should be studied in the future via
advanced characterization technique (such as microscale
thermogravimetric analysis)41 to further elucidate the role of
Mf-NOM on nanoparticle aggregation.
Cit-AgNP. The aggregation of Cit-AgNPs in both mono- and

divalent electrolytes was not significantly influenced by pristine
and Mf-NOM, compared with PVP-AgNPs (Figure 4).
Specially, the aggregation of Cit-AgNPs was inhibited in the
presence of >100 kDa NOM and low concentration of Ca2+,
and an enhanced aggregation of Cit-AgNPs was observed in the
presence of high MW Mf-NOM (>100 kDa and 30−100 kDa
NOM) and high concentration of Ca2+ (Figure 4C). The zeta
potentials of Cit-AgNPs in electrolyte solution (Supporting
Information Figure S5) showed that the zeta potential was also
not significantly varied in the presence of pristine and Mf-
NOM, with or without mono/divalent electrolytes. This should

be ascribed to the inhibition of NOM adsorption on AgNPs by
the electrostatic repulsion between NOM and coated citrate.
The inhibition of aggregation by >100 kDa NOM should be
ascribed to the steric repulsion provided by adsorbed NOM,
whereas the enhancement of aggregation by high MW Mf-
NOM (>100 kDa and 30−100 kDa NOM) in the presence of
high concentration of Ca2+ was ascribed to the interparticle
bridging of NOM.21

Bare-AgNP. The aggregation of Bare-AgNPs in both mono-
and divalent electrolytes was significantly inhibited by pristine
NOM (Figure 5). The CCCs were shifted from 8.10 and 1.06
mmol L−1 to 81.55 and 2.11 mmol L−1 in NaClO4 and
Ca(ClO4)2, respectively (Figure 5A and C). Accordingly, the α
value in the presence of pristine NOM decreased to 0.70 and
0.64 in NaClO4 and Ca(ClO4)2, respectively.
In the presence of Mf-NOM, the aggregation of Bare-AgNPs

in both mono- and divalent electrolytes was also inhibited
significantly (Figure 5). Generally, this inhibition effect was
correlated with the MW of Mf-NOM. High MW Mf-NOM
could disperse Bare-AgNPs much better than low MW
counterpart. This MW-dependent dispersion of nanoparticle
by Mf-NOM was also observed previously for fullerene18 and
citrate-coated gold nanopartiles.17 High adsorption and strong
steric repulsion of high MW Mf-NOM possibly account for this
MW-dependent dispersion.17 Compared with Cit-AgNPs, Mf-
NOM, with the same MW enhanced the stabilization of Bare-
AgNPs more effectively, possibly owning to different
adsorption amount of Mf-NOM on AgNPs. This result also
supports our previous hypothesis that the electrostatic
repulsion between NOM and coated citrate decreases the
adsorption of Mf-NOM on Cit-AgNPs. Additionally, when the
concentration of Ca2+ were higher than 10 mmol L−1, enhanced
aggregation of Bare-AgNPs was observed in pristine and high
MW Mf-NOM (>100 kDa and 30−100 kDa NOM) (Figure

Figure 5. Attachment efficiency of Bare-AgNPs as a function of NaClO4 (A, B) and Ca(ClO4)2 (C, D) concentration in the presence of pristine-
NOM and Mf-NOMs. Data for “without NOM” are given to facilitate the comparison of differences of α values among no SRNOM, pristine- and Mf-
NOM solutions.
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5C). However, this enhanced aggregation was not significant
for low MW Mf-NOM (10−30 kDa, 3−10 kDa, and <3 kDa
NOM) (Figure 5D). This enhanced aggregation of Bare-AgNPs
was also correlated with the MW of Mf-NOM. The fraction of
>100 kDa NOM enhanced aggregation more significantly than
other fractions, followed by fraction of 30−100 kDa Mf-NOM.
Previous studies also observed enhanced aggregation of
fullerene,42 gold,43 silver,21 nano zerovalent iron,44 CeO2,

45

and silicon nanoparticles,46 in the presence of high concen-
tration of Ca2+, which were possibly induced by the Ca2+-
induced interparticle bridging of NOM adsorbed on nano-
particles.42 However, how specific compositions in NOM
behave in this enhanced aggregation is still not well clarified.
The findings of MW-dependent aggregation in the presence of
high concentration of Ca2+ in our study, suggested that
previous observation of this enhanced aggregation should be
mainly ascribed to the high MW fraction of NOM.
The zeta potentials of Bare-AgNPs in the absence and

presence of NOM in electrolyte solution were given in
Supporting Information Figure S6. The results clearly showed
that the zeta potential of Bare-AgNPs was more negative in the
presence of pristine and Mf-NOM, with or without mono/
divalent electrolytes. The zeta potential of Bare-AgNPs in the
presence of >100 kDa NOM was even more negative than that
in the presence of <3 kDa NOM. As the high MW NOM
fraction contained less carboxyl group and negative charge than
low MW NOM,47 the adsorption of high MW NOM fraction
should be much higher than low MW NOM. Similar
preferential adsorption of high MW and aromatic NOM
fraction was also observed on mineral surfaces by size exclusion
chromatography48−50 and 13C-nuclear magnetic resonance
analysis.51 These results indicated hydrophobic interaction
between NOM and nanoparticles is the main driving force
influencing the adsorption behavior of NOM. The electrostatic
repulsion provided by adsorbed NOM could disperse Bare-
AgNPs. In addition, the steric repulsion from high MW Mf-
NOM was stronger than that from low MW fractions,17 which
resulted in better dispersion of Bare-AgNPs in high MW Mf-
NOM.
The synthetical results of the Mf-NOM on the aggregation of

Bare-, Cit-, and PVP-AgNP in electrolyte suggested that the
natures of both coating agent and the Mf-NOM have great
impacts on the aggregation of AgNP. If the stabilization effect
of Mf-NOM is weaker than that of the coating agent (e.g., >100
kDa Mf-NOM in the case of PVP-AgNP), the overcoating or
displacing of the coating agent by Mf-NOM could generally
accelerate the aggregation. However, if the adsorbed Mf-NOM
could provide additional repulsion (e.g., electrostatic repulsion
from <3 kDa Mf-NOM in the case of PVP-AgNP), Mf-NOM
could still inhibit the aggregation. If the stabilization effect of
Mf-NOM is stronger than that of the coating agent (e.g., Mf-
NOM in the case of Bare-AgNP), the adsorbed Mf-NOM could
generally inhibit the aggregation. The differential stabilization
effects of Mf-NOM on nanoparticle were ascribed to their
provided electrostatic and steric repulsions. Generally, the steric
repulsion from high MW Mf-NOM are stronger than that from
low MW Mf-NOM, as the steric force arise due to the osmotic
pressure when polymer chains are compressed.36,52 To further
support the hypothesis of higher steric force from high MWMf-
NOM, AFM was used to probe the force from different Mf-
NOM. The result (Supporting Information Figure S7) showed
that at a short separation distance the repulsive force between
the AFM tip and silver foil in the presence of >100 kDa Mf-

NOM is higher than that of <3 kDa Mf-NOM, indicating higher
steric repulsion provided by high MW NOM.28,52 This result
demonstrated that, besides electrostatic repulsion, NOM could
also provide short ranged steric repulsion, and the steric
repulsion from high MW NOM is much higher than that from
lower MW NOM.

Environmental Implications. The aggregation or dis-
persion of engineered AgNPs is influenced by the coating type
of AgNPs. The engineered AgNPs in commercial nanoproducts
are often coated with organic compounds with varying
functional groups,7 which will influence their transport and
transformation once released into the environment. In this
study, we demonstrated that coating of AgNPs has distinguish-
ing impact on the aggregation or dispersion of AgNPs in both
pristine NOM and Mf-NOM. This finding highlights that
AgNPs with different coating will behave differently even in the
same environmental settings. The evaluation of different
coating on the fate of AgNPs is necessary in the future study.
MW of NOM is another controlling factor influencing the

aggregation of engineered AgNPs. Considering low concen-
tration of NOM (1 mg C L−1) used in this study, NOM should
play important role in the aggregation or dispersion of AgNPs
in a real aquatic compartment. The finding of accelerated
aggregation of PVP-AgNPs with high MW fraction of NOM,
even without divalent cation, suggests that the role of NOM in
nanoparticle aggregation is complicated than what we
previously expected. The MW-dependent aggregation and
dispersion of AgNPs reveals that different fractions in NOM
from real water will behave much differently toward nano-
particles. In addition, as the MW composition of different
sourced NOM is much different and physical or chemical
processes (such as adsorption on mineral and photochemical
decomposition) could also change the MW distribution of
NOM from the same source,48,53−56 the MW composition of
NOM in the environmental water should be considered in the
assessment of NOM on nanoparticle aggregation. Moreover,
the MW-dependent adsorption of Mf-NOM on nanoparticle
and the effect of pH and concentration of Mf-NOM on the
aggregation should be investigated in the future to further
elucidate the complicated role of NOM in transport and
subsequent transformation of nanoparticles. Besides MW,
functional groups (such as thiol, amino group) in different
sourced and fractionated NOM could also play important role
in the dispersion of nanoparticles,57 which further emphasizes
that the comprehensive characterization and knowledge of
NOM are required for predicting the behavior of nanoparticles
in environmental waters.
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