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Surface properties of engineered silver nanoparticles (AgNPs) are strongly affected by environmental trans-
formation. The fate and transport of these transformed AgNPs is largely unknown and cannot be fully
explained by the traditional Derjaguin-Landau-Verwey-Overbeek (DLVO) theory. The objective of this study
was to investigate the changes in the composition and surface properties of polyvinylpyrrolidone (PVP)
capped AgNPs after environmental transformation and their subsequent effects on the flocculation and fil-
tration of these transformed AgNPs during water treatment processes. To study the aggregation and depo-
sition behavior of the transformed particles, PVP-AgNPs exposed to humic acid (HA) and/or sulfidation
were characterized, followed by separate flocculation, granular media filtration, and quartz crystal micro-
gravimetry (QCM) experiments. X-ray photoelectron spectroscopy revealed that HA exposure modified the
original PVP capping via adsorption and/or ligand exchange and that sulfidation stripped the PVP from the
particle surface as a result of the formation of silver sulfide. Sulfidation thereby reduced the stability of
PVP-AgNPs in self-aggregation but enhanced the mobility of AgNPs in granular media filtration and quartz
collector deposition. Without unbound macromolecules in the background solution, polymers on the parti-
cle surface largely prevent self-aggregation but allow favorable clean bed deposition. This difference be-
tween the effects on self-aggregation and granular media filtration is in contrast to traditional DLVO theory.
QCM vyielded two types of results, the initial rate of deposition and the ultimate deposition, and both gave
insights into expected filtration behavior.
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Environmental significance

Silver nanoparticles (AgNPs) undergo natural organic matter (NOM) exposure and sulfidation upon their release into the environment. However, the
subsequent fate and transport of transformed AgNPs is poorly studied. This paper demonstrated that NOM exposure and sulfidation modified the
polyvinylpyrrolidone (PVP) capped AgNPs. Without unbound macromolecules in the background solution, polymers on the particle surface largely prevent
self-aggregation but allow favorable clean bed deposition. Sulfidation stripped the PVP capping and reduced the stability of PVP-AgNPs in self-aggregation,
but enhanced the mobility of AgNPs in granular media filtration and quartz collector deposition. This study broadens our knowledge on the particle-parti-
cle and particle-collector interaction by focusing on the effect of surface macromolecular capping.

Introduction

their potential impact on the environment.' While numer-
ous studies on aggregation and deposition of engineered
AgNPs have accounted for various environmental factors such
as pH, ionic strength, electrolyte types, capping ligands, and
natural organic matter (NOM),**° few have investigated envi-
ronmental conditions where complex environmental transfor-
mation  (e.g.,, photoreduction,"™  oxidation,"*  and

The increasing use of engineered silver nanoparticles (AgNPs)
due to their antimicrobial properties inevitably leads to their
release into the aquatic environment, and much research has
focused on the fate and transport of the AgNPs to evaluate
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sulfidation'>'®) could alter the surface properties of AgNPs
and influence their fate and transport. This study investi-
gated the effect of NOM (specifically, humic acid (HA)) expo-
sure and sulfidation on the change of surface properties as
well as the subsequent fate and transport of engineered
AgNPs in the conventional water treatment processes of floc-
culation and granular media filtration.

This journal is © The Royal Society of Chemistry 2016
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NOM is ubiquitous in the environment and has been
found to adsorb onto the AgNPs' surface and thereby to mod-
ify the stability and mobility of AgNPs by the electrosteric or
hydrophobic effect.'””>° However, an explanation for the as-
sociation of NOM and AgNPs is still limited, and the different
effects of bound and unbound NOM require further clarifica-
tion. In addition to their interaction with NOM, AgNPs also
often undergo sulfidation upon their release into the aqueous
environment through wastewater treatment facilities.>"** Var-
ious laboratory and field studies have reported sulfidation of
engineered AgNPs in a low redox state environment in the
presence of sulfide,’®** conditions which are common in
sewer systems and in the anaerobic stage of wastewater treat-
ment. The thermodynamic preference of metallic silver to
sulfide (i.e., Kspags = 6.2 x 107°%)>* over either the original
particle capping or NOM impacts the surface properties and
reactivity of engineered AgNPs.>® The interaction with NOM
and sulfidation affect the fate and transport of AgNPs in the
environment, and pose uncertain challenges for their risk as-
sessment;">>® however, previous nanoparticle transport stud-
ies have mostly concentrated on untransformed particles.

Some recent studies>>° have reported changes in aggre-
gation state, (-potential, and capping composition after envi-
ronmental transformation, but the subsequent different ag-
gregation and deposition behavior has not yet been fully
investigated. As NOM enhances the stability and mobility of
AgNPs**? and sulfidized AgNPs are found to be stable and
resistant to oxidation,**?* it is conceivable that environmen-
tally transformed engineered AgNPs (after both sulfidation
and NOM adsorption) will emerge in a drinking water source
after traveling through wastewater treatment facilities or an
anaerobic aquatic environment. Release of engineered nano-
materials (ENMs) after a conventional coagulation process is
also possible,>>*® so investigating granular media filtration
for the removal of ENMs is vital. The majority of previous de-
position studies have been limited to the subsurface scenario
of groundwater flow. However, the filtration velocity of granu-
lar media filters in drinking water treatment is much higher
than the Darcy velocity of groundwater transport, so that par-
ticles that would be well retained at low velocities could be
mobile in rapid filtration.?” Therefore, it is necessary to vali-
date the extensively used colloid filtration theory for
assessing nanoparticle removal at high filtration velocity and
in the presence of environmental transformation. Tradition-
ally, column tests are used to mimic porous media transport
and to investigate particle deposition with the help of colloi-
dal filtration theory; recently, quartz crystal microgravimetry
(QCM) has become widely employed as a powerful research
tool to study the in situ particle-collector interaction.**™*
However, little focus has been placed on the comparison be-
tween the two techniques: whether the results from both sys-
tems can be used to interpret deposition behavior inter-
changeably remains largely unanswered.*"**

The objective of this study was to investigate whether envi-
ronmentally transformed AgNPs could be effectively removed
by conventional water treatment processes such as floccula-
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tion and rapid granular media filtration. First, the effects of
sulfidation and of the exposure to HA on the surface proper-
ties of polyvinylpyrrolidone (PVP) coated AgNPs (PVP-AgNPs)
were characterized. Next, to determine the impact of transfor-
mation on particle-particle interaction, the flocculation per-
formance of the PVP-AgNPs after the environmental transfor-
mations was evaluated by measuring the particle number
concentration and particle size distribution (PSD) over time
as the AgNPs were kept in suspension in jar tests. Finally, fil-
tration studies of transformed AgNPs were performed via
both packed column tests and QCM to explore the effects of
HA and sulfidation on particle-collector interaction and the
transport of PVP-AgNPs in granular media. Results from both
column tests and QCM were compared to validate the exten-
sion of results from one technique to the other.

Experimental
Chemicals

Spherical PVP-AgNPs were purchased (NanoComposix, CA)
with a manufacturer-reported diameter of 54.8 nm by trans-
mission electron microscopy (TEM). The PVP capping of
these particles has a molecular weight of 40000 Da. ACS
grade chemicals and ultrapure deionized water (DI) of 18.2
mQ cm was used throughout the study for solution prepara-
tion. All flocculation and filtration experiments were
performed at pH = 7.0 + 0.2, buffered by either phosphate or
carbonate. Predetermined ionic strengths for different experi-
ments were controlled with the addition of NaNO; or
Ca(NO;), to explore the effects of both ionic strength and
electrolyte types. Suwanee River HA (International Humic
Substances Soc. MN) was purchased as the model NOM for
the experiments, and Na,S solution was used to induce
sulfidation. Laboratory glassware, stir-bars, and pipette tips
were cleaned by soaking in 10% nitric acid overnight and
kept in a particle-free room prior to each experiment.

Transformation and characterization of AgNPs

The sulfidation process for PVP-AgNPs was adapted from
reported literature.”” For the sulfidation process without the
presence of HA, 100 mg L™ PVP-AgNPs were exposed to 1
mM Na,S solution to yield a S/Ag molar ratio of 1.08 in 5 mM
NaNO; electrolyte. This ratio is higher than the stoichiomet-
ric S/Ag ratio for Ag,S to ensure sulfidation but lower than
the sulfide concentration that would induce Ag,S precipita-
tion. After 24 h, the suspension was centrifuged at 13200 g
for 20 minutes, the supernatant (95% of the original volume)
discarded, and the suspension reconstituted with DI water
and sonication; this process was repeated three times to en-
sure minimal concentrations of the soluble materials (Ag",
PVP, sulfide, etc.) in the supernatant.

For the simultaneous NOM-sulfide exposure experiments,
Na,S and HA solutions were added to the PVP-AgNPs suspen-
sion simultaneously to yield 10 mg L™ HA concentration. All
subsequent procedures were the same as the sulfidation only
process described above. The same transformation

Environ. Sci.: Nano, 2016, 3, 1436-1446 | 1437
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procedures were also carried out in Ca(NO;), electrolyte at an
ionic strength of 5 mM as a comparison. The silver concen-
trations of the final transformed AgNPs were determined by
inductively coupled plasma-optical emission spectrometry
(ICP-OES, Varian 710-ES) after 6% nitric acid dissolution.

Characterization of PVP-AgNPs was obtained from both
the manufacturer certificate of analysis and laboratory analy-
sis. Both the hydrodynamic diameter (HDD) distribution and
the {-potential were measured by two different instruments.
The HDD distribution was determined via nanoparticle
tracking analysis (NTA) using a Nanosight LM 10 (Amesbury,
UK) at 0.1 mg L™ of silver in 5 mM NaNO; electrolyte at pH =
7.0 + 0.2. The (-potential was characterized using a
ZetaCompact zetameter (CAD Instruments, FR) by converting
the measured electrophoretic mobility (EPM) into (-potential
using the Smoluchowski equation built into the instrument
software. Aqueous AgNPs suspensions with 1.0 mg L™ of sil-
ver were prepared at different pH values ranging from 2 to 10
with NaOH and HNO; addition in 5 mM NaNO; electrolyte.
The HDD and (-potential at pH 7.0 were also determined by
dynamic light scattering (DLS) and electrophoretic light scat-
tering (ELS), respectively, using a Malvern Zetasizer NS
(Worcestershire, U.K.). The light scattering patterns were
recorded to yield both the diffusion coefficient (which is used
to calculate HDD with the Stokes-Einstein equation) and the
EPM (which is used to calculate the (-potential with the
Smoluchowski equation). As shown subsequently, the differ-
ent instruments with their different measurement methodol-
ogies resulted in some differences in both characteristics.

Absorbance scans of the PVP-AgNPs from 200 to 900 nm
were measured with a 8453 ultraviolet-visible spectrophotom-
eter (Agilent Technologies) through a 1 cm pathway quartz
cuvette; samples were measured at least three times and
blank corrected. The primary interest was whether the dis-
tinct absorption peaks of metallic silver at approximately 435
nm wavelength remained after sulfidation.>*** X-ray photo-
electron spectroscopy (XPS) was used for surface composition
analysis; samples were deposited on aluminum discs and
dried in air before measurement with a Kratos XPS-Axis Ultra
DLD (Kratos Analytical Ltd, UK). The XPS spectra were
corrected with the C 1s line at 284.6 eV.** Curve fitting and
analysis were performed assuming Gaussian-Lorentzian
deconvolution following Shirley background subtraction
using the Casa XPS 2.3.16 software.

Flocculation test

The flocculation experiments were performed under varying
environmental transformations and electrolyte types to ex-
plore the effects of NOM and sulfidation on particle-particle
interaction. For each experiment, the original PVP-AgNPs or
the transformed AgNPs were diluted to an initial concentra-
tion of 0.5 mg L. NaNO; with phosphate buffer or Ca(NO3),
with NaHCO; buffer was added to the particle suspension at
time 0 to achieve the desired ionic strength of 10 mM and a
pH value of 7.0 + 0.2; the pH did not vary over the 120 mi-
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nutes of the flocculation tests. After an initial rapid mixing,
gentle mixing (with G value estimated as 10 s *) was applied
via a combined rocking and rolling motion in enclosed jars
to avoid particle settling to simulate the flocculation pro-
cess.”” The device to accomplish this mixing is a rotating cyl-
inder (6 rpm) with a diameter of 11.5 cm, and the jars are at-
tached non-axially at an angle of approximately 20° from the
horizontal axis of rotation. Samples were collected at various
times over 120 min and PSDs were measured immediately
with NTA.

Column filtration test

Column filtration experiments were performed to investigate
the retention performance of the laboratory-scale granular
media filter on environmentally transformed AgNPs and the
underlying particle-collector interaction. The filtration setup
and operation were adapted from the previously reported
conditions.”> A 3.8 cm inner diameter cylindrical column was
packed with 325 pm diameter glass beads (MO-SCI Co., MO)
to a depth of 10 cm. Prior to use, the beads were washed by
the following cleaning process: rinsing with DI water 10
times, sonication in 0.01 M NaOH solution for 10 min
followed by rinsing with DI water 10 times, sonication in 1 M
HNO; solution overnight followed by rinsing with DI water
10 times, sonication in DI water for 10 min followed by a fi-
nal rinsing with DI water 20 times, and complete drying in
105 °C oven.*®

The background solution and the AgNPs suspension were
pumped separately at a ratio of 20:1 and mixed at the col-
umn top to yield an influent silver concentration of 0.1 mg
L™", an ionic strength of 5 mM (made with NaNO3), a pH of
7.0 + 0.2 (buffered with phosphate), and a filtration velocity
of 5 m h™", the lower filtration velocity limit of rapid granular
media filters in water treatment plants. At the beginning of
each experiment, the filter was preconditioned in the back-
ground solution overnight and flushed with the background
solution without the presence of particles for 30 min (equiva-
lent to 75 pore volumes (PV) of the filter) before time zero.
The filtration was then conducted with a 30 minute injection
of AgNPs with the background solution followed by a 15 min-
ute injection of the background solution without AgNPs. The
effluent was collected every one to two minutes for total silver
mass concentration measurement by ICP-OES after 3% nitric
acid dissolution overnight. The effluent was also sampled at
various times for pH and immediate particle size characteri-
zation by NTA to check that no aggregation occurred during
the filtration period. The attachment efficiency («) was calcu-
lated by.*”

2 de Cou
a=-—————In
D

where dc is the diameter of the glass collector, fis the poros-
ity of the porous media, L is the depth of the porous media,
7o is the single collector transport efficiency calculated from

This journal is © The Royal Society of Chemistry 2016
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the Tufenkji and Elimelech model,*” Cy,, is the effluent silver
concentration, and C;, is the influent silver concentration.

QCM and substrate preparation

Real-time deposition kinetics and extent for four types of
AgNPs were quantitatively determined by QCM at 25 + 0.02
°C. QCM resolves mass differences on the crystal surface with
high sensitivity using the piezoelectric property of quartz.®
The mass change on the surface of the quartz (Am, in ng
ecm ™) can be related to the change in oscillation frequency
(Af) according to the Sauerbrey relation,*’

Am = -CAfin

where C is the sensitivity constant of the crystal (17.7 ng
ecm > Hz ™), and n is the number of the overtone.

Silica-coated quartz crystals (QSX 303, Q-Sense AB, Goth-
enburg, Sweden) were used as substrates for each experi-
ment. Silica substrates were soaked in sodium dodecyl sulfate
solution overnight, then rinsed with Milli-Q water, dried with
nitrogen gas, and placed in an UV/ozone cleaner for 20 min
to remove any trace organics before each experiment. The sil-
ica substrates were equilibrated with the background solu-
tion for 30 min to obtain baseline conditions. All solutions/
suspensions were well mixed and injected into the QCM flow
module at a rate of 0.1 mL min™". The AgNP concentrations
of the influent were maintained at 10 mg L™* for all the QCM
experiments. All QCM experiments were performed at an
ionic strength of 5 mM (made with NaNO;) and buffered at
pH 7.0 0.2 with phosphate buffer.

The observed rate of AgNP deposition (dm/dt) was calcu-
lated from the time interval taken to reach 50% of the ulti-
mate deposition; in this range, the relationship between de-
position and time was linear (R> > 0.98). This rate was
divided by the influent particle mass rate to yield the normal-
ized rate of deposition. The ultimate deposition was deter-
mined after the sensor electrode was washed with back-
ground electrolyte solution to remove unbound NPs and a
new stable frequency reading (+0.05 Hz s ') was reached. Be-
cause the third overtone exhibited the best signal-to-noise ra-
tio, its Af values are presented in this study.

Extended DLVO energy of interaction

The extended Derjaguin-Landau-Verwey-Overbeek (XDLVO)
theory is widely used to calculate interparticle interactions of
polymer capped nanoparticles.”® According to this approach,
the total energy of interaction of particle-particle and parti-
cle-collector can be approximated as the sum of the electro-
static repulsion (Vy), van der Waals attraction (V,) and steric
hindrance (Vs).”" Analytical expressions and values of param-
eters used in this study for the calculation of interactions are
summarized in Tables S1 and S2.f It is worth mentioning
that superposing steric hindrance over the classical DLVO en-
ergy of interaction is only semi-quantitative.”> Various inher-
ent assumptions (e.g., Derjaguin approximation, linearized
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superposition, uniform polymer distribution, etc.) are used in
the expressions listed in Table S1.°*f Therefore, the calcu-
lated results of energy of interactions are for semi-
quantitative comparison only. Nevertheless, the XDLVO calcu-
lations can highlight the influence on particle stability
brought by the capping polymer.

Results and discussion

Characterization of AgNPs after transformation

The HDD and the {-potential under different transformation
conditions are shown in Fig. S1 and S21 and summarized in
Table 1. All four types of particles were stable during the ex-
perimental time period as no aggregation was observed over
90 minutes (Fig. S31). Exposure to HA did not lead to an ap-
parent size increase of the PVP-AgNPs, either immediately or
over time. This result can possibly be explained by the ad-
sorption and/or ligand replacement of surface capping and
the accompanying electrosteric hindrance as a result of the
adsorbed HA.'®'®?? On the contrary, sulfidation led to a
mean HDD increase from 87.3 nm for the pristine PVP-
AgNPs to 93.6 nm after sulfidation using NTA and from 81.0
nm to 108.1 nm using DLS. The difference in the size change
by these two measurements reflects the fundamental differ-
ence in the measurement methodology. The NTA tracks indi-
vidual particles and calculates their sizes from the diffusive
motion; the NTA makes no assumptions about the shape of
the distribution. The DLS measures the light scattering from
an ensemble of particles and fits a gaussian distribution (a
mean size with a variance) that would give a similar light
scattering. Because the intensity of scattered light is propor-
tional to the sixth power of particle diameter and because of
the assumption of the shape of the size distribution, the DLS
intrinsically weights the larger particles to a greater extent
than the NTA.>® Previous studies on the sulfidation process
of AgNPs suggest the formation of Ag,S nanobridges between
particles and a core-shell structure of a Ag,S shell surround-
ing the metallic silver core, both of which would lead to size
increases.””>* However, though sulfidation caused both a
color change from the original yellow to black and the disap-
pearance of the distinct surface plasmon resonance (SPR) ab-
sorption peak at 435 nm wavelength for spherical PVP-AgNPs
(Fig. S47), no significant aggregation during sulfidation as
suggested by some literature®” was observed in this study. In
preliminary experiments, pecipitates clearly formed and set-
tled when the S/Ag ratio was greater than or equal to 50, but
the sulfidized AgNPs remained in suspension at the stoichio-
metric S/Ag ratio of one used in this research.

When HA was involved during sulfidation, the particle size
increased after transformation very similarly to the increase
with sulfidation alone, a finding consistent with other litera-
ture.”® Given the molar concentrations of sulfide and HA and
the relative values of precipitation (Kyp ag,s = 6.2 x 10 °%)** and
complexation constants (10g Kpindingagnom = 9 = 9.2),°>°¢ we
can expect that AgNPs associate with sulfide more favorably
than with HA. Therefore, during sulfidation, a Ag,S shell would

Environ. Sci.. Nano, 2016, 3, 1436-1446 | 1439
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Table 1 The HDD and {-potentials of silver nanoparticles (at pH 7 + 0.1 in 5 mM NaNOg3) with different environmental transformations

PVP-AgNPs HA-AgNPs S-AgNPs HA-S-AgNPs
HDD (NTA) (nm) 84.2 £ 25.0 84.5 + 34.2 93.6 £ 24.8 94.6 £ 25.6
HDD (DLS) (nm) 81.0 + 0.5 83.4+ 1.0 108.1 + 16.2 111.2 + 14.3
(-Potential (zetameter) (mV) -25.3 £ 4.0 -28.13 £ 6.3 -38.9 +3.3 -36.4 + 3.2
{Potential (ELS) (mV) -21.4+2.4 -20.1+ 0.1 -31.1+ 8.1 -29.2 + 5.1

form at the surface of the pristine AgNPs core, and some frac-
tion of the HA would adsorb on the Ag,S shell surface.

Although the data from the zetameter in Table 1 suggest
that HA exposure alone led to a small increase in the
negative (-potential, the difference is not statistically signifi-
cant (p > 0.06). PVP was reported to bind more strongly with
the Ag surface via direct bonding with oxygen or nitrogen,*”
and was reportedly difficult to be displaced by NOM.*®

Sulfidation led to substantially more negative (-potentials
at pH 7. The more negative {-potential of sulfidized AgNPs
compared to pristine PVP-AgNPs is thought to be caused by
the stripping of the capping PVP polymer layer during
sulfidation. In the presence of the PVP layer, the shear plane
for the (-potential approximation was shifted towards the
outer edge of the polymer layer from the particle core sur-
face.””®® As PVP is uncharged, a decreased potential is
expected away from the silver core surface. After the PVP cap-
ping layer was removed by sulfidation, the determined poten-
tial of the sulfidized AgNPs was higher (more negative) than
that of the original PVP-AgNPs. When both HA and sulfide
were mixed with PVP-AgNPs, the more negative (-potential of
the transformed AgNPs as compared to the pristine PVP-
AgNPs again suggests a stripping of the PVP capping layer and
an adsorption of HA on the particle surface. Compared to the
transformation case where only sulfide was present, the pres-
ence of HA during sulfidation resulted in a surface charge
closer to that of the HA only exposure. In the presence of
both HA and sulfide at the concentrations present in this re-
search, the formation of Ag,S on the particle surface is more
favorable than the association of Ag-HA. Based on these re-
sults, a shell of Ag,S appears to first form around the particle
core, followed by the binding of HA to the particle surface.
With this interpretation, the (-potential is influenced by both
the negatively charged core and the adsorbed HA on the
surface.

The partial stripping of PVP and the adsorption of HA
onto the particle surface during HA exposure and the com-
plete stripping during sulfidation were confirmed by XPS
analysis (Fig. 1 and 2, and Table 2). In Fig. 1a, after HA expo-
sure, the intensity of the XPS nitrogen peak was greatly re-
duced; and after sulfidation, the nitrogen peak disappeared.
Because the only source of nitrogen for PVP-AgNPs is the ni-
trogen in the hetero ring of PVP, the reduction or disappear-
ance of the nitrogen peak in the XPS spectrum confirmed the
covering or removal of the PVP during transformation. In ad-
dition, the appearance of a clear sulfur peak after sulfidation
in Fig. 1b indicated the formation of Ag,S for the S-AgNPs
and HA-S-AgNPs.

1440 | Environ. Sci.: Nano, 2016, 3, 1436-1446

Fig. 2 shows the fitting of the C 1s XPS spectra by several
Lorentzian and Gaussian functions representing different car-
bon bonds; the interpretation of these data is aided by the
summary statistics in Table 2. The spectra in Fig. 2a for PVP-
AgNPs match closely with what is expected for PVP; the data
in Table 2 nearly equal the theoretical values for the percent
of carbon in each type of bond, namely 50%, 33.3% and
16.7% for C-C, C-N, and C=0O0, respectively. Considering the
HA-AgNPs shown in Fig. 2b, there are two indications of the
adsorption of HA onto the surface. First, the ratio of C-C to
the combined C-N or C-O peak is closer to one than in the
original PVP, and HA has been shown to have approximately
that ratio.®" Second, the emergence of the peak for the car-
boxyl (O—=C-0) group stems from the carboxylic group of the
HA.>®? Considering both the data in Fig. 1a and 2b, the HA-
AgNPs appear to have both PVP and HA on the surface. With
sulfidation (Fig. 2c), the carbon is changed while the nitrogen
is lost, as explained by the data in Fig. 1a. Finally, the spectra
for the HA-S-AgNPs (Fig. 2d) is similar to that of the HA-
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Fig. 2 C 1s XPS experimental spectrum and the contribution of the fit of different transformed AgNPs (prepared in NaNOs solution at pH = 7 with
phosphate buffer): a) PVP-AgNPs, b) HA-AgNPs, c) S-AgNPs, and d) HA-S-AgNPs.

Table 2 Composition (percent of total carbon measured) of the total C 1s XPS spectra based on Lorentzian and Gaussian curve fitting after transforma-

tion in NaNO3

Functional group Binding energy (eV) PVP-AgNPs HA-AgNPs S-AgNPs HA-S-AgNPs
Cc-C 284.5 53.45 43.76 43.61 40.97

C-N or C-O 285.6 32.67 38.94 42.21 44.47

C=0 287.5 13.89 14.19 5.94 10.80
0=C-0 288.6 0 3.11 8.24 3.76

AgNPs, indicating that the outer surface of the sulfidized par-
ticles exhibited adsorption of HA. A similar trend of surface
composition change was also observed when the transforma-
tions were performed in Ca(NOj;), electrolytes as shown in
Fig. S5 and Table S3.f

Effects of transformation on AgNPs flocculation

In this research, flocculation was studied by measuring the
particle size distribution via NTA on samples taken over time
from the reaction vessels. Examples are shown in Fig. 3. The
size distribution changed only slightly in 30 minutes when
exposed to the NaNO; solution (Fig. 3a) but the changes were
much more substantial when exposed to the same ionic
strength of a Ca(NOj3); solution (Fig. 3b). Flocculation intrin-
sically reduces the particle number concentration (calculable
as the area under the curves shown in Fig. 3) and shifts the
distribution to larger sizes (to the right in Fig. 3); the reduc-
tion in particle number concentration is visible in both parts
of Fig. 3 (albeit slight in Fig. 3a), but only the more extensive

This journal is © The Royal Society of Chemistry 2016

flocculation induced by the Ca(NO;), solution (Fig. 3b) leads
to an obvious shift in the distribution.

The effects of environmental transformation on the floccu-
lation of PVP-AgNPs are summarized from the particle size
distributions via the loss in the total number concentration
in Fig. 4. At I = 10 mM NaNO; (Fig. 4a), the pristine PVP-
AgNPs were quite stable. Though calculation of the classical
DLVO interaction revealed no energy barrier (Fig. 5a), XDLVO
calculation in Fig. 5b clearly indicates the contribution of ste-
ric hindrance to stability as the PVP polymer protrudes into
the bulk solution and prevents aggregation when particles ap-
proach each other.>®® In the same condition, the HA exposed
particles were also stable. Though the protective PVP capping
was partially removed, the adsorbed HA is thought to cause
electrosteric hindrance.®**

In the same NaNO; solution, significant particle aggrega-
tion of both types of sulfidized AgNPs was observed by a de-
creased number fraction remaining. Loss of PVP reduced ste-
ric hindrance, the main stabilization mechanism for PVP-
AgNPs. Although the sulfidized AgNPs had more negative

Environ. Sci.: Nano, 2016, 3, 1436-1446 | 1441
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(-potentials than the original PVP-AgNPs, the increased
electrostatic repulsion was more than compensated for by
the reduced steric hindrance: DLVO calculations reveal the
lack of a repulsive energy barrier despite the charge due to
the high Hamaker constant of silver (Fig. 5a and b). The PVP-
AgNPs that were sulfidized with HA present showed less ag-
gregation than the bare sulfidized AgNPs; the adsorbed HA
on the particle surface apparently exerted some electrosteric
hindrance in particle-particle interaction, thus partially re-
covering the stability of the AgNPs. According to the classical
DLVO theory, the most negatively charged sulfidized AgNPs
should be the most stable as the strongest electrostatic repul-
sion was expected. However, as shown by the experimental
aggregation results in Fig. 4a and by the theoretical calcula-
tions in Fig. 5b, steric hindrance plays a more critical role
than electrostatic repulsion during particle-particle interac-
tion of macromolecule-coated particles, especially when the
coating was intact (i.e., the pristine PVP-AgNPs and the HA-
AgNPs).

Identical flocculation experiments were conducted at I =
10 mM with Ca(NOs3), to determine the effects of divalent cat-
ion on particle-particle interaction. As shown in Fig. 4b, com-
plexation between Ca®>" and surface functional groups
resulted in stronger aggregation for PVP-AgNPs, HA-AgNPs
and HA-S-AgNPs than in the sodium electrolyte. The PVP-
AgNPs which were stable in NaNO; showed an obvious parti-
cle number decrease over the experimental time period, prob-
ably as a result of the complexation between Ca®" and the
carbonyl group of the PVP on the particle surface.®>*® In

This journal is © The Royal Society of Chemistry 2016
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contrast to the stable behavior of HA-AgNPs in the sodium
electrolyte, HA-AgNPs showed strong aggregation when cal-
cium electrolyte was used. Favorable inter-particle bridging
aggregation through the Ca*"-carboxylic group
complexation®~7° has been widely reported to explain the de-
stabilization of HA coated particles in the presence of Ca>".
The HA-S-AgNPs also underwent extensive aggregation be-
cause of Ca*'-carboxylic group complexation.®”””° However,
less aggregation was observed for HA-S-AgNPs than the HA-
AgNPs, suggesting that less HA adsorbed onto the surface of
S-AgNPs. Aggregation behavior of the bare S-AgNPs was simi-
lar to that in NaNO;, as expected from DLVO theory: the
same diffuse layer thickness (i.e., the same inverse « value) is
expected under the same ionic strength regardless of electro-
lyte types, and the aggregation behavior should remain simi-
lar if only DLVO forces are considered. The bare S-AgNPs
have no capping macromolecules on their surfaces, and only
DLVO forces need to be included to evaluate their stability.
Therefore, at the same ionic strength, similar aggregation be-
haviors were observed in both sodium and calcium electro-
lyte for these particles.

Effects of transformation on AgNPs deposition

The deposition behavior and the underlying particle-collector
interaction of AgNPs under different transformation condi-
tions were studied through both column tests and QCM. The
column tests results indicated the affinity between the
approaching particle and the collector, whereas QCM re-
vealed both the initial rate of particle deposition and the ulti-
mate deposition amount.

As shown in Fig. 6a, PVP-AgNPs attached strongly to the
collector surface (glass beads). The strong attachment of poly-
mer coated particles has also been observed in previous re-
search and was explained by “coating asymmetry”.>** We
interpret this coating asymmetry to mean that hydrogen-
bond bridging occurs between the amide carbonyl group of
PVP and the silanol group on the glass surface.”* However,
with the accumulation of PVP-AgNPs on the collectors' sur-
face, the captured PVP-AgNPs will hinder the subsequent cap-
ture of PVP-AgNPs in the suspension as PVP molecules re-
pulse each other sterically.” Therefore, during the filtration
experiment with PVP-AgNPs, the normalized effluent concen-
tration increased continuously during column filtration, as
shown in Fig. S7.f With more of the collector surface occu-
pied by the attached PVP-AgNPs, the situation gradually
changed from the favorable particle-collector interaction to
the unfavorable particle-particle interaction. The rate of de-
position from QCM exhibited the same strong initial attach-
ment for PVP-AgNPs (Fig. 6b) as a result of the bridging effect
of the PVP capping between the particle and the bare
collector.

In the filtration experiments with HA-AgNPs, the widely
reported enhanced particle mobility due to HA exposure was
not observed as a result of the different effects of unbound
HA (in solution) and bound HA (on the particle surface). In

This journal is © The Royal Society of Chemistry 2016
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those high particle mobility cases, the unbound HA mole-
cules will surround the collector to induce electrosteric hin-
drance when the HA coated particles attempt to contact the
collector surface.”>”® The current study excluded (to the ex-
tent possible) the influence of the unbound HA so only the
bound HA on the particle surface can affect particle-collector
interaction. Though the PVP capping was partially replaced
or covered by the HA, the remaining PVP could still behave
like a bridging agent between the particle and the collector.
Moreover, as the original PVP capping was partially removed
via HA adsorption and/or ligand exchange of HA for PVP, the
unfavorable interaction between approaching particles and
attached particles was reduced. Therefore, no climbing break-
through curve as in the PVP-AgNPs case was observed for the
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filtration of the HA-AgNPs (Fig. S7t). The same trend was ob-
served in the rate of deposition of QCM (Fig. 6b). HA-AgNPs
also showed high deposition but with a higher variance due
to the complexity of HA adsorption and/or ligand exchange.

Sulfidation was found to induce a different particle behav-
ior in deposition from that in aggregation. Though sulfidized
particles were less stable in the flocculation experiment,
S-AgNPs showed much less attachment in column filtration
(Fig. 6a) and a slower rate of deposition in QCM (Fig. 6b)
than did the pristine PVP-AgNPs. The unfavorable particle-
collector interaction can be explained from two perspectives.
First, as the PVP for bridging was stripped, no particle-collec-
tor bridging effect remained to induce particle retention. Sec-
ond, as shown in Table 1, sulfidation leads to a more nega-
tive (-potential for the particles than their pristine
counterparts. As a result, more electrostatic repulsion is
expected between the S-AgNPs and the collector surface and a
clear DLVO energy barrier appears during the particle-collec-
tor interaction (Fig. S6af). The increased particle mobility
due to sulfidation was further evidenced when the S/Ag ratio
was increased. As shown in Fig. S7, when the S/Ag ratio was
increased to 10 (as compared to the value of just greater than
1 in all of the other experiments), very few particles were cap-
tured by the collector because about 90% of the AgNPs
injected into the filter penetrated to the effluent (Fig. S77). In
the case where the S/Ag ratio was as high as 10, stripping of
PVP was more complete than in the case where S/Ag ~ 1.
Therefore, loss of PVP on the particle surface greatly reduced
particle—collector affinity and enhanced particle mobility.

The filtration behavior in this study is different from the
classical comparison between colloid aggregation and deposi-
tion where favorable chemical conditions for aggregation in
jar tests generally lead to a strong deposition during granular
media filtration.”* This contradiction to the classical parti-
cle-particle and particle-collector interaction theory also ex-
plains why ripening did not happen during the strong depo-
sition condition of PVP-AgNPs filtration in this study. For
ripening to occur, the collected particles act as additional me-
dia for particle capture, and the interaction between particles
in the suspension and the captured particles is at least as fa-
vorable as the interaction between particles and the collec-
tor.”> However, in this study, the favorable surface condition
is different for particle-particle interaction and particle-col-
lector interaction.

In the column test, the HA-S-AgNPs showed similar depo-
sition to the bare S-AgNPs, as shown in Fig. 6a. A similar
trend in the deposition rate was observed in the QCM experi-
ment with HA-S-AgNPs as the difference between S-AgNPs
and HA-S-AgNPs are barely observable in Fig. 6b. However, it
is clear that the deposition rate for both types of sulfidized
particles (S-AgNPs and HA-S-AgNPs) is lower than the
unsulfidized ones (PVP-AgNPs and HA-AgNPs) in both the
column and QCM experiments. Considering the classical
DLVO theory, the difference in deposition between the
sulfidized and non-sulfidized particles could be attributed to
the differences in their (-potentials. However, we believe that

1444 | Environ. Sci.: Nano, 2016, 3, 1436-1446
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a stronger argument for the better deposition of the non-
sulfidized particles is the strong affinity of PVP for the collec-
tor surfaces in both types of experiments.**”*

The different deposition of PVP-AgNPs, S-AgNPs and HA-S-
AgNPs can be explained by the difference in their
{-potentials; however, the strong deposition of HA-AgNPs can-
not be explained from electrostatic repulsion alone. Non-
DLVO forces have to be included to compare the interaction
energies between particles and the surface in the presence of
macromolecules.

Although the attachment efficiency in the column (Fig. 6a)
and the rate of deposition in the QCM experiments (Fig. 6b)
were similar, the ultimate deposition in the QCM measure-
ments, shown in Fig. 6c, illustrated a quite different trend
among the four types of AgNPs. The ultimate deposition of
pristine PVP-AgNPs was quite low and far less than for the
three modified AgNPs. PVP-AgNPs are sterically stabilized by
the PVP molecules. Therefore, the PVP-AgNPs that first at-
tached to the collector surface hindered the further attach-
ment of approaching PVP-AgNPs sterically, resulting in the
low ultimate deposition of PVP-AgNPs on substrate surfaces;
this result from the QCM is also reflected in the time trend
of the column deposition (Fig. S7t1) in which only the PVP-
AgNPs showed a substantial increase over time in the effluent
concentration. For particles exposed to HA, the hindrance be-
tween the attached particles and the approaching particles
was greatly reduced. As a result, no increasing effluent con-
centration profile was observed (Fig. S7t) and the ultimate
deposition was greatly increased (Fig. 6c¢). Previous studies
have shown that NOM can alter NP surfaces not only through
adsorption but also by ligand exchange.”®”” The adsorption
and/or ligand exchange of HA on the surface of AgNPs could
potentially reduce steric repulsion by removing the PVP coat-
ing and/or altering its molecular orientation. The higher ulti-
mate deposition of HA-AgNPs compared to PVP-AgNPs sug-
gests that the adsorption and ligand-exchange of HA on the
surface of AgNPs reduced steric repulsion and therefore en-
hanced the ultimate deposition of HA-AgNPs.

S-AgNPs also showed higher ultimate deposition than the
original PVP-AgNPs because PVP was stripped during
sulfidation. Attached particles would not exert steric repul-
sion to the approaching particles; therefore, the relative con-
centration curve in the column experiment remained stable
and a higher ultimate deposition was observed. However, the
(-potential of S-AgNPs was more negative than PVP-AgNPs.
The QCM deposition and (-potential results indicated that
the electrostatic force was less dominant than steric repul-
sion in controlling the ultimate deposition of S-AgNPs. With
more particles deposited onto the collector surface, particle-
collector interaction gradually became particle-particle inter-
action. HA-S-AgNPs showed the greatest ultimate deposition
among the four types of AgNPs on the bare-silica substrate
used in QCM. After some HA-S-AgNPs attached onto the col-
lector surface, hydrophobic attraction exists between HA on
the surface of both the attached particles and the
approaching particles, leading to the increased deposition.®

This journal is © The Royal Society of Chemistry 2016
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Conclusions

In this study, the environmental transformations of HA ad-
sorption and sulfidation were found to alter the surface com-
position and properties of PVP-AgNPs and thereby impacted
the fate and transport of these particles in the water treat-
ment processes of flocculation and granular media filtration.
XPS revealed that HA alters the original PVP capping on the
particle surface by adsorption and/or ligand exchange; and
sulfidation stripped the surface PVP capping with the forma-
tion of Ag,S.

Environmental transformations show different effects on
aggregation and deposition of AgNPs. In experiments with
NaNOs;, the partial replacement of PVP by HA on the particle
surface made little or no difference in either the stability in
self-aggregation experiments or the mobility in clean bed de-
position; as expected, the presence of calcium led to far
greater self-aggregations of the HA-AgNPs than the PVP-
AgNPs. When the filter media collector surface is clean, the
remaining PVP on the HA-AgNPs exerts a bridging effect on
the particle-collector interaction during filtration and allows
effective removal to occur. Sulfidation stripped nearly all of
the PVP from the surface and therefore rendered the AgNPs
less stable during flocculation but more mobile during
filtration.

The general idea that favorable flocculation conditions
lead to favorable filtration conditions was not observed in the
current study as a result of the changing role of the capping
macromolecule as a bridging agent or a steric hindrance in-
ducer. In addition, the bridging effect cannot be fully
explained by the reduced electrostatic repulsion caused by
the capping layer. Other forces need to be considered to clar-
ify the difference between the bridging effect and the steric
hindrance.

When comparing results from QCM and column tests, the
initial rate of AgNPs deposition shows similar trend with the
attachment efficiency calculated from colloidal filtration the-
ory. The ultimate deposition in QCM indicates the final ca-
pacity of the collector and is more comparable to the interac-
tion between attached particles and approaching particles.
This study reveals the importance of clean surfaces and spe-
cific bridging to enhance the removal of AgNPs with macro-
molecules present.
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