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Abstract

The aggregation kinetics of silver nanoparticles (AgNPs) that were coated with two commonly use
agents—citrate and polyvinylpyrrolidone (PVP)—were investigated. Time-resolved dynamic light
(DLS) was employed to measure the aggregation kinetics of the AgNPs over a range of monovaler
electrolyte concentrations. The aggregation behavior of citrate-coated AgNPs in NaCl was in exce]
with the predictions based on Derjaguin—Landau—Verwey—Overbeek (DLVO) theory, and the Harr
of citrate-coated AgNPs in aqueous solutions was derived to be 3.7 x 102° J. Divalent electrolytes
efficient in destabilizing the citrate-coated AgNPs, as indicated by the considerably lower critical ¢
concentrations (2.1 mM CacCl, and 2.7 mM MgCl, vs. 47.6 mM NaCl). The PVP-coated AgNPs w
significantly more stable than citrate-coated AgNPs in both NaCl and CaCl,, which is likely due tc
repulsion imparted by the large, non-charged polymers. The addition of humic acid resulted in the
the macromolecules on both citrate- and PVP-coated AgNPs. The adsorption of humic acid induce
electrosteric repulsion that elevated the stability of both nanoparticles in suspensions containing N:
concentrations of CaCl,. Conversely, enhanced aggregation occurred for both nanoparticles at higt
concentrations due to interparticle bridging by humic acid clusters.

Introduction

Because of the optical and antimicrobial properties and electrical conductivity of silver nanoparticl
4), these nanomaterials are already finding applications in a wide variety of fields, which includes
chemical, and electrical engineering. The combination of their antimicrobial activity and relative Ic
likely the key reason for nanosilver-containing products to presently comprise more than 50% of tl
consumer products that contain engineered nanoparticles (5). For example, AgNPs are being incor]
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clothes, bandages, and food containers as deodorizers and disinfectants (6). In addition, studies hay
conducted to explore the use of AgNPs for drinking water treatment applications (7).

With AgNPs increasingly being manufactured and utilized in consumer products, AgNPs are likely
into surface waters and the subsurface. Recent studies have shown that AgNPs can exert toxic effe
mammalian cells (8, 9) and microorganisms (4, 10), even though the mechanisms for cytotoxicity :
well understood. Thus, the potential release of these engineered nanomaterials into the environmer
concerns on their impacts on the ecosystem and human health.

Currently, the most commonly used method to synthesize spherical, reasonably monodisperse Agh
reduction of silver salts (3). In addition, AgNPs are often modified with capping agents. Since thes
agents are usually negatively charged species or relatively large, hydrophilic polymers, the adsorpt
agents will impart colloidal stability to AgNPs by either enhancing their surface charge or introduc
electrosteric repulsion (11). This enhancement in colloidal stability is especially critical for applice
require the dispersion of AgNPs in aqueous solutions, such as the high ionic strength solutions typ:
encountered in biomedical applications.

The environmental impact of AgNPs is greatly dependent on their mobility and aggregation behav
natural and engineered environment. Recently, Li et al. (12) investigated the influence of solution «
the aggregation kinetics of unmodified AgNPs and obtained the critical coagulation concentrations
these nanoparticles through time-resolved dynamic light scattering (DLS). Since the CCC represen
minimum amount of electrolyte needed to completely destabilize the suspension (13), it provides a
of colloidal stability for AgNPs and hence can be used to in the prediction of the fate and transport
natural and engineered systems. To date, no study has been conducted to derive the CCCs of AgNI
been modified with capping agents. Furthermore, the impact of natural organic matter (NOM), wh:
ubiquitous in aquatic systems, on the colloidal stability of modified AgNPs is still not well underst

The objective of this study is to quantify and compare the aggregation kinetics and colloidal stabili
that were synthesized through the reduction of a Tollens’ reagent and modified with two commonl
agents—citrate and polyvinylpyrrolidone (PVP). Time-resolved DLS measurements were conduct
aggregation kinetics of both modified AgNPs over a range of monovalent (NaCl) and divalent (Mg
electrolyte concentrations. The Derjaguin—-Landau—Verwey—Overbeek (DLVO) theory was used tc
experimental data in order to derive the Hamaker constant of citrate-coated AgNPs. In addition, th
humic acid on the colloidal stability of both citrate- and PVP-coated AgNPs was investigated.

Materials and Methods

Silver Nanoparticle Synthesis and Characterization

All reagents used for the preparation of the citrate- and PVP-coated AgNPs were purchased from £
Unmodified AgNPs were first synthesized through the reduction of a Tollens’ reaction using gluco
Details for the preparation of the unmodified AgNP suspension are provided in the Supporting Inft

This suspension will be referred to as the original AgNP stock suspension. Measurements using inc
coupled plasma mass spectroscopy (ICP-MS) showed that the total and dissolved silver concentrat
freshly prepared stock suspension were 10.360 mg/L and 0.002 mg/L, respectively. These measure
indicated that the yield of AgNP formation was nearly 100%.
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The citrate-coated and PVP-coated AgNP stock suspensions used in this study were prepared by cl
original AgNP stock suspension and re-suspending the nanoparticles in citrate and PVP solutions.
preparation of these stock suspensions are provided in the SI. According to the supplier (Sigma), tt
coat the AgNPs has an average MW of 10 kDa. The stock suspensions were contained in tightly ca
glass bottles and stored in the dark at 4°C. Through ICP-MS analysis, the AgNP and dissolved silv
concentrations in the citrate-coated AgNP stock suspension used for the aggregation experiments v
determined to be 8.467 mg/L and 0.112 mg/L, respectively. The AgNP and dissolved silver concer
PVP-coated AgNP stock suspension used for the aggregation experiments were 8.247 mg/L and 0.
respectively. The total citrate and PVP concentrations in the citrate- and PVP-coated AgNP stock ¢
were 1 uM and 6.6 mg/L total organic carbon (TOC), respectively.

The absorbance spectra of citrate-and PVP-coated AgNP suspensions were obtained over a range ¢
from 300 to 900 nm by using a UV-Vis spectrophotometer (UV-1800, Shimadzu). In addition, the
PVP-coated AgNPs were examined using a transmission electron microscope (TEM) (Philips CM:
drop of AgNP stock suspension was deposited and dried on a specimen copper TEM grid, which w
a Lacey carbon film (SPI Supplies, PA), before being observed under the TEM at 300 kV. The eler
composition and crystalline structure of the AgNPs were obtained through energy dispersive X-ray
(EDS) and selected area electron diffraction (SAED) analysis, respectively, with the employment ¢
The electron diffraction pattern of PVP-coated AgNPs was obtained by using a Philips EM 420 TE

Determination of Silver Nanoparticle and Dissolved Silver Concentrations

The AgNP and dissolved silver concentrations of the AgNP stock and diluted suspensions used in -
obtained through centrifugal ultrafiltration (using 3-kDa centrifugal membrane filters) and ICP-M
provided in the SI.

Solution Chemistry

ACS-grade electrolyte (NaCl, CaCl,, and MgCl,) stock solutions were prepared and filtered using
alumina syringe filters (Anotop 25, Whatman) before use. Humic acid stock solution was prepared
Suwannee River humic acid (Standard II, International Humic Substances Society) in DI water. D¢
provided in the SI. All experiments and measurements were performed at pH 7.0 + 0.1 (buffered w
NaHCOs).

Electrophoretic Mobility Measurements

A ZetaPALS analyzer (Brookhaven, NY) was used to measure the electrophoretic mobilities (EPM
and PVP-coated AgNPs over a range of electrolyte concentrations at 25°C. For each solution chemr
measurements were conducted for each of at least 3 samples. The zeta ({) potentials were converte
average EPMs by using the tabulated values that were provided by Ottewill and Shaw (15).

Time-Resolved Dynamic Light Scattering

Time-resolved DLS measurements of aggregating AgNP suspensions were performed using a light
unit. This unit comprises an argon laser (Lexel 95, Cambridge laser, CA) with a wavelength of 48¢
photomultiplier tube mounted on a goniometer (BI-200SM, Brookhaven, NY), a digital correlator |
Brookhaven, NY), and a thermostated vat filled with an index-matching cis- and frans-mixture of
decahydronaphthalene which was maintained at 25°C for all our measurements. The detailed proce
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DLS measurements is provided in the SI. For all aggregation experiments, the AgNP suspensions 1
measurements had a total volume of 1 mL and a AgNP concentration of 1.129 mg/L of citrate-coat
1.010 mg/L of PVP-coated AgNPs (7.5 times dilution from citrate- or PVP-coated AgNP stock sus
respectively). The total citrate and PVP concentrations of the final citrate- and PVP-coated AgNP ¢
were 0.13 uM and 0.88 mg/L TOC, respectively.

All DLS measurements were conducted at a scattering angle of 90°. Each autocorrelation function
accumulated over 15 s and the intensity-weighted hydrodynamic diameter was then derived using :
cumulant analysis (Brookhaven software). Time-resolved DLS measurements were performed ove
of between 12 min and 3 h in order to achieve a large enough increase in hydrodynamic diameter f
derivation of aggregation kinetics.

Determination of Aggregation Kinetics

The early-stage aggregation kinetics of AgNPs can be obtained from the initial rate of change of h
diameter, Dy, with time, ¢, as measured by time-resolved DLS. In the early aggregation stage, the i
aggregation rate constant, &, is proportional to the initial rate of increase in Dy, and inversely propo:
initial primary AgNP concentration in the suspension, N, (16, 17):

koc INO(dDh(t)dt)t—0

A linear least squares regression analysis of the initial increase in Dy, was conducted to obtain k. Fc
chemistries, this analysis was performed over the time period in which the hydrodynamic diameter
1.3 times of the initial hydrodynamic diameter, Dy, o. At low electrolyte concentrations, however, tl
hydrodynamic diameter failed to reach 1.3 Dy, . Under such conditions, the linear regression was p
a prolonged time period (> 90 min). For all solution chemistries, the y-intercept of the fitted line di
nm in excess of Dy .

The attachment efficiency, a, is used to quantify the aggregation kinetics of AgNPs. It is calculatec
normalizing the aggregation rate constant obtained in the solution of interest to the rate constant ot
favorable (non-repulsive) aggregation conditions, kg, (16-18):

o=kkfast=1NO(dDh(t)dt)t—01(NO)fast(dDh(t)dt)t—0,fast

The terms with subscript “fast” refer to favorable conditions. To calculate « in the presence of humr
was determined using (dDh(t)dt)t—0,fast obtained for the same type of AgNPs in the absence of h
the same electrolyte of interest. In such cases, a values exceeding unity indicates that interparticle
taking place (19).

Detection of AgNP Dissolution

The degree of nanoparticle dissolution taking place in our systems was determined since dissolutio
influence the mechanism of AgNP aggregation. Specifically, the precipitation of AgCl resulting fr«
in Ag" concentration due to the dissolution of AgNPs may lead to interparticle bridging between A
will in turn enhance the nanoparticle aggregation kinetics (12). In this study, dissolution experimer
conducted by measuring the dissolved silver concentrations of the citrate- and PVP-coated AgNP ¢
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prepared at the highest electrolyte concentrations which were used for the aggregation experiments
measurements were conducted using ICP-MS and the details are provided in the SI.

Results and Discussion

Physicochemical Properties of Citrate- and PVP-Coated AgNPs

The size distribution of the citrate-coated AgNPs (Figure 1a) was determined by using the Digital ]
software (Gatan, CA) to measure the diameters of 210 nanoparticles randomly selected from a TE!
representative TEM image of the AgNPs is presented in the insert. The nanoparticles were observe
spherical with slight angular features. The number average diameter of the citrate-coated AgNPs w
the standard deviation was 18.9 nm. Through 20 DLS measurements, the average intensity-weight
hydrodynamic diameter of stable citrate-coated AgNPs prepared in DI water was determined to be
which is very similar to the number average diameter of the nanoparticles. The average intensity-w
hydrodynamic diameter of PVP-coated AgNPs obtained from 20 DLS measurements was 66.9 nm

FIGURE 1
(a) Size distribution of 210 citrate-coated AgNPs. The inset presents a
representative TEM image of the citrate-coated AgNPs. The scale bar

represents 100 nm. (b) Electrophoretic mobilities (EPMs) of citrate- and
PVP-coated AgNPs as a function of electrolyte ...

Absorbance peaks for citrate- and PVP-coated AgNP suspensions were at 431 nm and 418 nm, res
(Figure S1 in SI). These values are within the reported range for AgNPs with the size of 57-87 nm

resolution TEM imaging of both AgNPs revealed lattice fringes with different alignments within a
nanoparticle, which are indicative of the polycrystalline nature of AgNPs synthesized through the

method (Figure S2).

SAED analysis was performed on citrate- and PVP-coated AgNP clusters and the distances betwee
planes (d-spacing) were determined by measuring the diameters of the first four rings on the diffra
(Figure S3a and Figure S4a). The similarity in the first four d-spacing values between the AgNPs (
1.42 A, 1.23 A for citrate-coated AgNPs and 2.40 A, 2.08 A, 1.50 A, 1.23 A for PVP-coated AgNI
metal (2.36 A, 2.04 A, 1.44 A, 1.23 A (21)) confirmed that the nanoparticles have the same crystal
as bulk silver.

The elements and their relative abundance of citrate- and PVP-coated AgNPs were obtained by pe1
EDS on AgNP samples which were freshly dried on TEM grids. The EDS spectra of randomly sel¢
and PVP-coated AgNP clusters (Figure S3b and Figure S4b) showed that the nanoparticles were m
composed of silver and the amount of oxygen of the whole cluster was relatively small. Therefore,

from both SAED and EDS analyses confirmed that our synthesis method resulted in the productior
AgNPs.
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Electrokinetic Properties of Citrate- and PVP-Coated AgNPs

Figure 1b presents the EPMs of citrate-coated AgNPs measured over a range of monovalent (NaCl
(CaCl, and MgCl,) electrolyte concentrations. The measurements showed that citrate-coated AgNI
negatively charged over the entire range of monovalent and divalent electrolyte concentrations use
Since the pK, values of citric acid are 3.13, 4.72, and 6.33 (22), the carboxylic acid groups of citrat
are mostly deprotonated at pH 7 and will thus contribute to the surface charge of citrate-coated Ag
addition, the residual side products from AgNP synthesis could also contribute to the negative surf
these nanoparticles. With increasing electrolyte concentrations, the EPMs of citrate-coated AgNPs
negative due to an increase in charge screening (for NaCl) or charge neutralization (for CaCl, and

Figure 1b also presents the EPMs of PVP-coated AgNPs over a range of NaCl concentrations. It w
that PVP-coated AgNPs had similar EPMs as citrate-coated AgNPs. Since PVP polymers are neutt
PVP concentration in the suspension was relatively low (0.88 mg/L. TOC), the AgNPs may not be
coated with PVP and the negative surface charge is likely due to the residual side products which v
on the nanoparticle surface.

Dissolution of Citrate- and PVP-Coated AgNPs at High Electrolyte Concentrations

Because the precipitation of silver salts may enhance the aggregation kinetics of AgNPs, we perfor
dissolution experiments at the highest electrolyte concentrations that were used in our aggregation
establish the dissolved silver concentrations under these solution chemistries. These dissolution ex
performed at 455 mM NacCl, 27 mM CaCl,, and 27 mM MgCl, for citrate-coated AgNPs and at 45
and 27 mM CacCl, for PVP-coated AgNPs. These are the electrolyte concentrations at which the na
underwent diffusion-limited aggregation (to be discussed in the following section). Control experit
performed in the absence of electrolytes. For these experiments, the samples were prepared in the ¢
for the DLS experiments by diluting the citrate- or PVP-coated AgNP stock suspension 7.5 times t
addition of either the electrolyte solution of interest or DI water (for control experiments).

The dissolved silver concentrations of the citrate- and PVP-coated AgNP suspensions prepared in |
electrolyte solutions are presented in Figure 2. It should be noted that the initial AgNP and dissolv
concentrations of citrate- and PVP-coated AgNP suspensions were different because the citrate- an
AgNP stock suspensions were prepared separately. The slight increase in dissolved silver concentr
citrate- and PVP-coated AgNP suspensions prepared in DI water after 30 min indicated that some «
have occurred. The increase in temperature (from 4 to 25°C) and dissolved oxygen concentration, :
decrease in citrate and PVP concentrations, are expected to lead to the slight dissolution of both A
diluted in DI water (23-25).

FIGURE 2
Dissolved silver concentrations at either 0 or 30 min after the preparation
of citrate- and PVP-coated AgNP suspensions in different solution

chemistries at pH 7.0. The initial AgNP concentrations of the citrate- and
PVP-coated AgNP suspensions (at ¢ ...

Also shown in Figure 2, citrate- and PVP-coated AgNPs were generally observed to undergo a hig
dissolution in all electrolyte solutions than in DI water. These results are consistent to other observ
increase in ionic strength can enhance AgNP dissolution (12). The presence of chloride ions in the
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solutions will lead to the formation of soluble silver chloride complexes, such as AgCl,” and AgCl
can accelerate the dissolution of AgNPs. The measured dissolved silver concentrations in solutions
NaCl, 27 mM CaCl,, and 27 mM MgCl, were used as input parameters for the conservative estime
concentrations of dissolved silver species in our aggregation experiments at the same solution cher
MINTEQ, Version 3.0). Due to the considerably low dissolved silver concentrations, the simulatio
that no precipitation of any silver species (including AgCl) would occur at equilibrium. This result
the minor dissolution of either citrate- or PVP-coated AgNPs in our systems did not lead to precipi
interparticle bridging of AgNPs over the range of NaCl, CaCl,, and MgCl, concentrations employz

Aggregation Kinetics of Citrate-Coated AgNPs in Monovalent Electrolyte Solution

The attachment efficiencies of citrate-coated AgNPs are presented as a function of NaCl concentra
Figure 3a. Representative aggregation profiles are presented in Figure S5. The aggregation behavic
coated AgNPs in NaCl solutions is consistent with the DLVO theory. At low concentrations of Nat
in NaCl concentration will elevate the degree of charge screening and hence allow for an increase
kinetics, as reflected by the rise in attachment efficiency. This regime is known as the reaction-lim
<1). At high NaCl concentrations, the charge of citrate-coated AgNPs is completely screened and
barrier between AgNPs is eliminated. Under such conditions, the nanoparticles undergo diffusion-
aggregation (a = 1). In the diffusion-limited regime, the kinetics of aggregation has reached a max:
independent of the NaCl concentration. The CCC, which delineates the reaction- and diffusion-lim
was derived by determining the intersection of the extrapolations through both regimes (17). In Na
the CCC of citrate-coated AgNPs was 47.6 mM.

- FIGURE 3

Attachment efficiencies of citrate-coated AgNPs as functions of (a) NaCl
and (b) CaCl, and MgCl, concentrations at pH 7.0. The solid line in a
represents DLVO prediction using a Hamaker constant of 3.7 x 102° J. For

e < all experiments, the citrate ...

Recently, Li et al. (12) employed time-resolved DLS to investigate the aggregation kinetics of unn
that were synthesized through the reduction of a Tollens’ reagent using D-maltose. In their study, s
AgNP dissolution appeared to have taken place concurrently with nanoparticle aggregation. Li and
detected an immediate and drastic decrease in hydrodynamic diameter (up to 50% decrease) when
stock solutions (NaCl, NaNOs, or CaCl,) were introduced into the AgNP suspensions. Through TE
they also observed interconnected AgNPs within AgNP aggregates which were formed in the presc
which they attributed to interparticle bridging by AgCl precipitates (12). In contrast, the degree of
the citrate- and PVP-coated AgNPs used in this study was too low to result in AgCl precipitation. -
considerably higher degree of nanoparticle dissolution in Li et al.’s study (12) is possibly due to th
capping agent in their systems. In addition, citrate can serve as a reducing agent which will inhibit
dissolution of the citrate-coated AgNPs in our study. Hence, a comparison of the aggregation beha
in both studies demonstrates that both the methods for nanoparticle preparation and presence of caj
have significant impacts on the colloidal stability and mechanisms of aggregation of AgNPs.
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Comparing Citrate-Coated AgNP Aggregation Kinetics with DLVO Theory

The aggregation kinetics of citrate-coated AgNPs obtained through time-resolved DLS was compa
DLVO theory. The attachment efficiency of aggregating spherical colloidal particles can be calcul:
the following expression which accounts for colloidal and hydrodynamic interactions (17, 26)

a=J0ooB(h)exp[VA(h)/(kT)](2a+h)2dhj0soB(h)exp[VT(h)/(kT)](2a+h)2dh

where / is the separation distance between two particles, a is the particle radius (35.65 nm, based ¢
average diameter of the citrate-coated AgNPs), £ is the Boltzmann constant, and 7 is the absolute t
(298.15 K). The van der Waals attraction, V'5(%), was calculated using the expression proposed by
that accounts for the electromagnetic retardation effect. The total interaction energy between two p
is the sum of the van der Waals attraction, V'5(%), and electrical double layer interaction, Vg(%). Th
superposition approximation expression was used to calculate the electrical double layer interactio
function f(4) is used to correct for the hydrodynamic interactions between two approaching particl
Details on the calculation of DLVO interactions can be found in the SI.

In this study, { potentials, which were converted from the EPMs, were used instead of surface pote
calculation of Vy(h) (30). Logarithmic regression analysis was performed on the { potentials to der
relationship between { potential and NaCl concentration. This relationship was then used for the ce
(). Using the Hamaker constant for citrate-coated AgNPs in aqueous solutions, which is part of th
for VA(h), as the single fitting parameter, the experimentally obtained attachment efficiencies were
theoretical calculations for attachment efficiencies (eq 3).

The solid line in Figure 3a represents the best-fitting theoretical attachment efficiencies derived us
constant of 3.7 x 1072° J for citrate-coated AgNPs in aqueous solutions. This value falls within the
(2.9 £ 0.8) x 102° J suggested by Fornasiero and Grieser (31). Furthermore, Figure 3a shows that t
experimentally obtained attachment efficiencies are in remarkable agreement with DLVO predictic
key assumptions of DLVO theory is that the charge on the particle surface is uniformly distributed
Previously, discrepancies between experimental results and theoretical predictions had been obser
types of particles and these discrepancies were attributed to the heterogeneity of surface charge (3(
the good agreement between the experimental results and theoretical prediction in this study may t
of a uniform charge distribution on the citrate-coated AgNP surface.

Aggregation Kinetics of Citrate-Coated AgNPs in Divalent Electrolyte Solutions

The aggregation kinetics of citrate-coated AgNPs in CaCl, and MgCl, electrolytes are presented in
Similar to the inverse stability profile obtained in the presence of NaCl (Figure 3a), the presence o
and diffusion-limited regimes showed that the aggregation kinetics of citrate-coated AgNPs in Ca(
electrolytes are controlled by electrostatic interactions. The CCCs of citrate-coated AgNPs in the p
CaCl, and MgCl, were 2.1 mM and 2.7 mM, respectively. These values are much smaller than the
in NaCl, since Ca®" and Mg?" ions can neutralize the surface charge of citrate-coated AgNPs throu
interactions with the carboxyl groups of the adsorbed citrate molecules. The results from the aggre
experiments corroborate with the EPM measurements which showed that mobilities of citrate-coat
nanoparticles were considerably less negative in the presence of CaCl, and MgCl, than in NaCl (E
addition, the CCC of citrate-coated AgNPs in CaCl, is lower than that in MgCl,. This disparity in (
due to Ca*" ions having a higher propensity to form complexes with citrate compared with Mg?" ic
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from the higher stability constant of monodentate Ca-citrate complexes compared to monodentate
complexes at 0 mM ionic strength and 25°C (10" vs. 10'9) (32). Therefore, Ca>" ions are expecte
efficient than Mg?" ions in neutralizing the surface charge of citrate-coated AgNPs.

Comparing Aggregation Kinetics of PVP-Coated AgNPs with Citrate-Coated AgNPs

Figure 4 presents the inverse stability profiles of PVP- and citrate-coated AgNPs in NaCl and CaC
The total PVP concentration in the PVP-coated AgNP suspensions was 0.88 mg/L. TOC, which is ¢
equivalent to 0.14 uM PVP by using a PVP MW of 10 kDa. Therefore, the molar concentration of
suspensions is comparable to that of citrate in the citrate-coated AgNP suspensions (0.13 uM). Wh
concentrations of capping agents were used, the PVP-coated AgNPs were more stable than citrate-
in both electrolytes, as indicated by the considerably higher CCCs of PVP-coated AgNPs. In the p1
NaCl, the CCC of PVP-coated AgNPs was 111.5 mM, compared to 47.6 mM for the citrate-coated
presence of CaCl,, the CCCs of PVP- and citrate-coated AgNPs were 4.9 mM and 2.1 mM, respec

- " e || FIGURE 4

Attachment efficiencies of citrate- and PVP-coated AgNPs as functions of
(a) NaCl and (b) CacCl, concentrations at pH 7.0. The attachment
‘ ~= | efficiencies of citrate-coated AgNPs in a and b are reproduced from

. = 1| Figures 3a and b, respectively. For citrate-coated ...

Because PVP is an amphiphilic, non-charged polymer, the adsorption of PVP on AgNPs is likely t
steric repulsion. Since the PVP concentration in the suspension was relatively low (0.88 mg/L TO(
expected that the AgNPs were only partially coated with PVP. Thus, sufficient space was likely to
for PVP polymers to lie relatively flat on the nanoparticle surface with some polymer segments pic
the bulk solution (33). However, the existence of the reaction- and diffusion-limited regimes in the
stability profiles in both NaCl and CaCl, indicated that electrostatic interaction still played a signif
controlling the stability of PVP-coated AgNPs. Trace amount of residual side products from the A
process on the nanoparticle surface are likely the origin of the negative surface charge of the PVP-

At higher PVP concentrations, the PVP coverage will be increased and significant sections of adso
polymers will be expected to extend into the bulk solution (33), thus leading to steric repulsion to t
major contributor to the stability of PVP-coated AgNPs. In the study of Badawy et al. (11), the stal
in PVP solutions with a concentration of 2,500 mg/L, which is much higher than that used in this s
investigated. The authors found that the { potential, which was close to neutral (ca. =7 mV), and hy
diameter of PVP-coated AgNPs remained constant over a wide range of pH conditions. Their obse
confirmed that steric repulsion was the dominant contributor to the high stability of the AgNPs anc
contribution by electrostatic interactions was minor at elevated PVP concentrations.

Influence of Humic Acid on Aggregation Kinetics of Citrate- and PVP-Coated AgNPs

The aggregation kinetics of citrate-coated AgNPs in the absence and presence of humic acid are pr
functions of NaCl concentrations in Figure 5a. The presence of humic acid (1 mg/L TOC) increase
from 47.6 mM to 72.1 mM NaCl. The adsorption of humic acid macromolecules, which contains n
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charged carboxyl groups, on the surface of citrate-coated AgNPs is very likely to result in electrost
and thus increase the stability of the citrate-coated AgNPs. Although both citrate-coated AgNPs an
are negatively charged at pH 7.0, humic acid may still adsorb on the modified nanoparticles throug
interaction. It is also possible that the nanoparticles were not completely coated with citrate and the
available surface sites for humic acid adsorption to take place.

o Tg==~1| FIGURE 5
- | #3 #= 11 Attachment efficiencies of citrate-coated AgNPs in the absence and in the
presence of humic acid (1 mg/L TOC) as functions of (a) NaCl and (b)
CaCl, concentrations at pH 7.0. The attachment efficiencies of citrate-

coated AgNPs in the absence of humic ...

The aggregation behavior of citrate-coated AgNPs in the presence of humic acid and CaCl, is dissi
in NaCl, as shown in Figure 5b. Specifically, no distinct reaction- and diffusion-limited regimes w:
the inverse stability profile. When the concentration of CaCl, was smaller than 9 mM, the citrate-c
were more stable in the presence than in the absence of humic acid due to electrosteric stabilizatior
concentrations above 9 mM, the attachment efficiencies were higher than unity and increased with
CaCl, concentration. Similarly, enhanced aggregation of fullerene (19), gold (34), and silicon (35)
was previously observed in the presence of humic acid at high CaCl, concentrations. Chen and Eli:
hypothesized that the enhanced aggregation was due to interparticle bridging of nanoparticles by h
aggregates which were created from the complex formation between humic acid macromolecules ¢

PVP-coated AgNPs exhibited similar aggregation behavior in the presence of humic acid as that of
AgNPs in both NaCl and CaCl, electrolytes (Figure S6). In NaCl solutions, the presence of humic
the CCC of PVP-coated AgNPs from 111.5 mM to 155.1 mM. In the presence of CaCl,, the PVP~
were more stable in the presence than in the absence of humic acid below 18 mM. At CaCl, conce:
18 mM, enhanced aggregation of PVP-coated AgNPs occurred in the presence of humic acid. How
the highest CaCl, concentration employed (30 mM), the enhancement in aggregation kinetics of P’
AgNPs (a = 1.6) was not as dramatic as that of citrate-coated AgNPs (a = 3.7 at 19 mM CaCl,). Tt
enhancement in aggregation kinetics may be an indication that the adsorbed PVP can cause steric
interparticle bridging by the humic acid clusters.

Environmental Implications

The aggregation kinetics of citrate-coated AgNPs is shown to be in excellent agreement with DLV
Hamaker constant of citrate-coated AgNPs derived from this study is a critical parameter for the m
prediction of the fate and transport of these nanoparticles in aquatic systems (36). PVP-coated Agh
significantly more stable than citrate-coated AgNPs, likely due to the steric repulsion imparted by -
PVP molecules. Since the CCCs for both AgNPs are much higher than typical monovalent and div
concentrations in freshwater systems, both AgNPs are expected to be highly mobile in these envirc
humic acid elevates the colloidal stability of both citrate- and PVP-coated AgNPs in NaCl and at ¢
concentrations of CaCl,, it enhances the aggregation kinetics at high CaCl, concentrations. Similar
be conducted to establish the effects of other key components of NOM, such as fulvic acids and pc

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3137917/ 2014-9-30
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on the aggregation kinetics of modified AgNPs. In addition, further research is required to assess tl
reversibility of the adsorption of citrate and PVP on AgNPs, which will have important implicatior
aggregation behavior and persistence of these nanoparticles in aquatic systems.
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