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Environmental significance

Nanoparticle size and natural organic matter
composition determine aggregation behavior of
polyvinylpyrrolidone coated platinum
nanoparticlest

Mithun Sikder, @2 Jingjing Wang,? Brett A. Poulin, ©°°
Malak M. Tfaily®® and Mohammed Baalousha ®

Engineered nanoparticle (NP) size and natural organic matter (NOM) composition play important roles in
determining NP environmental behaviors. The aim of this work was to investigate how NP size and NOM
composition influence the colloidal stability of polyvinylpyrrolidone coated platinum engineered
nanoparticles (PVP-PtNPs). We evaluated PVP-PtNP aggregation as a function of the NP size (20, 30, 50,
75, and 95 nm, denoted as PVP-PtNP,g g5) in moderately hard water (MHW). Further, we quantified the
effect of the hydrophobic organic acid (HPOA) fraction of NOM on the aggregation of PVP-PtNP,o and
PVP-PtNPgs using 6 NOM samples from various surface waters, representing a range of NOM compositions
and properties. NOM samples were characterized for bulk elemental composition (e.g., C, H, O, N, and S),
specific ultraviolet absorbance at 254 nm (SUVA,s4), and molecular level composition (e.g., compound
classes) using ultrahigh resolution mass spectrometry. Single particle-inductively coupled plasma-mass
spectrometry (sp-ICP-MS) was employed to monitor the aggregation of PVP-PtNPs at 1 ug PVP-PtNP per
L and 1 mg NOM per L concentrations. PVP-PtNP aggregate size increased with decreasing primary PVP-
PtNP size, likely due to the lower zeta potential, the higher number concentration, and the higher specific
surface area of smaller NPs compared to larger NPs at the same mass concentration. No aggregation was
observed for PVP-PtNPgs in MHW in the presence and absence of the different NOM samples. PVP-PtNP,q
formed aggregates in MHW in the presence and absence of the six NOM samples, and aggregate size
increased in the presence of NOM likely due to interparticle bridging of NOM-coated PVP-PtNPs by
divalent counterions. PVP-PtNP,o aggregate size increased with the increase in NOM elemental ratio of H
to C and the relative abundance of lignin-like/carboxyl rich-alicyclic molecules (CRAM)-like compounds.
However, the aggregate size of PVP-PtNP,q decreased with the increase in NOM molecular weight, NOM
SUVAs4, elemental ratio of O to C, and the relative abundance of condensed hydrocarbons and tannin-
like compounds. Overall, the results of this study suggest that the composition and sources of NOM are
key factors that contribute to the stability of PVP-PtNPs in the aquatic environment.

This study provides insights on the aggregation of polyvinylpyrrolidone coated platinum nanoparticle (PVP-PtNP) based on PVP-PtNP primary particle size
and the molecular properties of natural organic matter (NOM). The aggregate size of PtNP increased with decreasing primary PVP-PtNP size. 20 nm PVP-
PtNP (PVP-PtNP,,) formed aggregates in the presence and absence of the same NOM samples, and aggregate size increased in the presence of NOM. The
aggregate size of PVP-PtNP,, (1) increased with increasing NOM elemental ratio of H to C and the relative abundance of lignin-like compounds/carboxyl
rich alicyclic molecules, and (2) decreased with increasing NOM molecular weight, SUVA,s4, elemental ratio of O to C, and the relative abundance of
condensed hydrocarbon and tannin-like compounds. These results reveal that the molecular properties of NOM, and thus composition and sources, are
key factors that contribute to the stability of PtNPs in the aquatic environment.
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Environmental Science: Nano
Introduction

The colloidal stability of engineered nanoparticles (NPs) has
been studied extensively over the past two decades. Numerous
studies measured NP aggregation for different types of NPs
with a major focus on investigating the effect of NP surface
coating, media ionic strength, ion valency, and natural
organic matter (NOM)."”* Yet, there is a limited and often
contradictory knowledge on the effect of both NP size and
NOM properties on the aggregation of NPs. For instance,
whereas some studies reported a decrease in the critical
coagulation concentration (CCC, the minimum counterion
concentration required to fully destabilize the dispersion)
with the decrease in NP size (e.g.,, hematite,> TiO, (ref. 4)),
others reported an increase in CCC with the increase in NP
size (e.g., CdSe NP°) or an independence of CCC and NP size
(e.g., AuNPs,® AgNPs,” PtNPs’). Further, some studies reported
a positive linear correlation between the CCC and NP size
(e.g., anatase TiO, (ref. 4)), while others found that the CCC
correlated better with NP specific surface area (e.g., TiO,,"
CdSe NP®), and another study reported no correlation between
CCC and NP size and/or specific surface area in the presence
of monovalent and divalent electrolytes (e.g., PtNPs”).

NOM is ubiquitous in the environment with concentrations
in major rivers commonly between 1 to 10 mg-C per L,
depending on biochemical and climatic conditions.® ' NOM is
a complex mixture of polyelectrolytic and polyfunctional organic
molecules (e.g., polysaccharides, proteins, lipids, nucleic acids,
and fulvic and humic substances)''* that vary spatially and
temporally in terms of molecular composition, acidity,
molecular weight, structure, and charge density."® The
adsorption of NOM on NP surfaces' results in the formation of
an NOM-corona,"® giving NPs a unique surface identity, which
may determine the environmental behavior of NPs. NOM can
act as a competitor to displace intentional engineered coatings
(e.g., citrate, polyvinylpyrrolidone, PVP) on NPs. For instance,
NOM molecules (i.e., both humic and fulvic acids) can displace
citrate coatings from the surfaces of AgNPs'® and AuNPs'” due
to the higher affinity of NOM molecules for NP surfaces. Model
thiol ligands (e.g., cysteine) can replace the PVP coating on
AgNPs,"® which suggests that thiol groups present in NOM may
play an important role in determining NOM  interfacial
interactions with PVP-coated NPs. NOM can enhance NP
stability by enhancing NP electrostatic repulsion and/or steric
hindrance."”' However, the impact of NOM on the
environmental behaviors of NPs depends on the properties of
NOM such as charge density, functional groups, and molecular
weight.*” For instance, higher molecular weight NOM increases
the stability of AuNPs due to increased electrosteric
repulsion.”*?® The aggregation of ZnS NPs decreased with
increasing NOM concentration, the molecular weight and
aromatic content of NOM fractions, while the carboxylate and
reduced sulfur content of NOM had little effect.*®

Recently, the application of ultrahigh resolution mass
spectrometry, specifically Fourier transform-ion cyclotron

resonance-mass  spectroscopy (FT-ICR-MS), to natural
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matrices has offers resolving power sufficient to identify the
molecular formulas of thousands of unique molecules that
make up NOM. FT-ICR-MS measures the mass-to-charge ratio
of organic molecules with up to six decimal place precision,*”
and allows the discrimination of compositional differences
between different NOM samples. Similarly, recent
developments in single particle inductively coupled plasma
mass spectrometry (sp-ICP-MS) allows measuring NP size and
aggregation at environmentally relevant NP concentrations.>®
Such measurements and understanding have been limited by
the detection limits of commonly implemented analytical
techniques for NP sizing and aggregation such as dynamic
light scattering (DLS) and nanoparticle tracking analysis
(NTA). These methods require high NP concentrations,
typically in the mg L™ range,> which is well above the
predicted environmental concentrations of most NPs (e.g., ng
L7" to pug L7).2%*" At such high concentrations, NPs aggregate
at faster rates, form larger aggregates, are more likely to settle
out of solution, and dissolve at slower rates.>” Together, data
obtained by FT-ICR-MS on NOM molecular composition and
by sp-ICP-MS on NP aggregation, will advance the
understanding of the changes in NP aggregation that are
associated ~ with  changing NOM conditions (e.g,
concentrations and molecular composition) under
environmentally relevant low NP concentrations.

The release of platinum into the environment has
increased due to widespread use in automobile catalysts®**
and some studies demonstrated that the release of Pt in road
dust is in the form of nanoparticles.*® The expected Pt
concentration is 0.4-10.8 ng L™" in aquatic ecosystems and
50 ng kg™ in the road dust.”® The occurrence of PtNPs in the
environment raises concerns regarding the potential
environmental implications (e.g., bioaccumulation and/or
toxicity) of PtNPs.*" Several studies reported bioaccumulation
and toxicological effects of Pt in aquatic organisms, such as
water fleas,”> freshwater oligochates,”® microalgae,"* and
marine bacteria.*?

The aims of this study were to determine the impacts of 1)
the primary particle size of NPs, and; 2) the properties and the
molecular composition of the hydrophobic organic acid
(HPOA) fraction of NOM on the aggregation behavior of PVP-
PtNPs at environmental relevant NP concentrations using state-
of-the-art analytical techniques of sp-ICP-MS and FT-ICR-MS.

Methodology
NP synthesis

Polyvinylpyrrolidone coated platinum engineered
nanoparticles (PVP-PtNPs) were synthesized according to the
approach described by Sikder et al. (2018).” First, citrate
coated platinum engineered nanoparticles (cit-PtNPs) of
different sizes (e.g., 10, 17, 31.6, 59.3, 53.5 nm, measured by
DLS) were synthesized using seed-mediated growth approach
as described elsewhere.” Second, PVP-PtNPs (PtNP,,, PtNP;,,
PtNPs,, PtNP,5, PtNPys) were obtained by a ligand exchange
approach using cit-PtNPs as precursors. Briefly, 300 mL cit-
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PtNPs of different sizes (e.g., 10, 17, 31.6, 59.3, 53.5 nm) were
converted into PVP-PtNPs by adding 1.0, 0.85, 0.48, 0.20, and
0.12 mL of 7.7 mM PVP solution, respectively, under vigorous
stirring (700 rpm) for at least 1 h. The PVP amount selected
was that required to obtain a surface coverage of 8 PVP
molecules nm™ according to the method presented
elsewhere.” PVP coating was used to obtain stable engineered
nanoparticles with uniform size distributions.*® Additionally,
PVP coating was used as a model coating because it is one of
the widely used capping agent in the synthesis of engineered
nanoparticles allowing comparison to other studies.

Nanoparticle characterizations

The core size and morphology of the synthesized PVP-PtNPs
(PtNP,,-PtNPy;) were measured using transmission electron
microscopy (TEM, LaBgs Jeol 2100, 200 KeV, MA, USA).
Samples for TEM analysis were prepared by depositing a
droplet of undiluted PVP-PtNP suspension on a 300-mesh
carbon coated Cu-grid (Agar Scientific, Stansted, UK) for 15
min followed by rinsing with ultra-pure water (UPW). The
grids were then left to dry at room temperature for 48 h in a
covered petri dish. The elemental composition of the
synthesized PVP-PtNPs was confirmed by energy dispersive
X-ray spectroscopy (EDS, Jeol EX-230 silicon drift detector,
MA, USA) coupled with the TEM. Particle size was measured
using the Gatan Digital Micrograph software package (GMS
3).*” At least 150 individual NPs were analyzed to determine
the particle size distribution (PSD) and the mean size. The
z-average hydrodynamic diameter (Z.z), polydispersity index
(PDI), and electrophoretic mobility of the synthesized PVP-
PtNPs were determined by dynamic light scattering (DLS)
and laser Doppler electrophoresis using a Zetasizer Nano-ZS
instrument (Malvern Instruments Ltd., MA, USA). The Z,,
and zeta potential were determined only at high particle
concentrations (>1 mg L"), where robust zeta potential
measurements were obtained. The theoretical particle
number concentration of 1 ug L™ PVP-PtNPs was calculated
by dividing the mass concentration by the average primary
particle mass, which was calculated using particle density
(21.45 g em™) and diameter as measured by TEM.

NOM samples

The HPOA fraction of NOM was isolated from a wide range of
aquatic environments (details in Table S1t) including: three
saw-grass dominated wetlands in the northern Florida
Everglades Water Conservation Area (WCA) 2A at site F1
(NOM 1), WCA 2B South (NOM 2), and Arthur R. Marshall
Loxahatchee National Wildlife Refuge (LOX) at site 8 (NOM
6); the Suwannee River (Georgia; NOM 5), Williams lake
(Minnesota; NOM 3); and Pacific Ocean surface water near
Hawaii (NOM 4). The HPOA fraction of NOM was isolated on
XAD-8 resin,*® which is a chemically distinct NOM fraction
that is recognized as reactive to natural’ and engineered
NPs®® and is a suitable fraction of NOM to represent the most
influential NOM molecules in natural waters. NOM samples
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were freeze-dried immediately after isolation to minimize
NOM alternation prior to NP stability experiments. Additional
details on the isolation of the Everglades® and Pacific Ocean
samples®® are available elsewhere. Solid-phase extraction is
obligatory for the NOM analyses made in this study and
experiments with NPs. Specifically, the solid-phase extraction
produces a salt-free extract that is necessary for FTICR-MS
analysis. Further, the use of salt-free NOM samples in NP
stability experiments allows experiments to be performed
under the identical aqueous conditions (i.e., not influenced
by inorganic ions from the different NOM samples). Isolation
of NOM by solid-phase extraction on XAD resins and use of
alkaline solution is the method recommended by the
International Humic Substances Society. Properties of NOM
samples including the bulk elemental compositions (C, H, O,
N, S) and specific ultraviolet absorbance at 254 nm (SUVA,s,)
are provided in Table S1.1>>*

Molecular characterization of NOM using FT-ICR-MS

NOM samples were reconstituted directly in HPLC-grade
methanol at a concertation of 20 mg L™" and analyzed by FT-
ICR-MS by direct injection in negative ionization mode. A 12
Tesla Bruker Solarix FT-ICR-MS located at the Environmental
Molecular Sciences Laboratory in Richland, WA, was used to
collect ultrahigh-resolution mass spectra of the NOM
samples. A standard Bruker electrospray ionization (ESI)
source was used to generate negatively charged molecular
ions. Samples were introduced directly to the ESI source at a
flow rate of 3 pL min*. The ion accumulation time was
varied, from 0.1 to 0.5 s, to account for differences in carbon
(C) concentration between samples. The instrument was
externally calibrated weekly with a tuning solution from
Agilent (Santa Clara, CA), which calibrates to a mass accuracy
of <0.1 ppm. Two hundred scans were averaged for each
sample and internally calibrated using the homologous series
of organic molecules separated by 14 Da (-CH, groups). The
mass measurement accuracy was less than 1 ppm for singly
charged ions across a broad m/z range (ie., 200 < m/z <
1200). To further reduce cumulative errors, all sample peak
lists for the entire dataset were aligned to each other prior to
formula assignment to eliminate possible mass shifts that
would impact formula assignment. Putative chemical
formulas were assigned using Formularity software.>
Chemical formulas were assigned based on the following
criteria: signal to noise ratio (S/N) >7, and mass
measurement error <1 ppm, taking into consideration the
presence of C, H, O, N, S and P and excluding other
elements. Peaks with large mass ratios (m/z values >500 Da)
were assigned formulas through the detection of homologous
series (CH,, O, H,). Additionally, to ensure consistent
assignment of molecular formulas, the following rules were
implemented: one phosphorus requires at least four oxygens
in a formula, and when multiple formula candidates were
assigned the formula with the lowest error and with the
lowest number of heteroatoms was picked. The molecular

This journal is © The Royal Society of Chemistry 2020
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formulas were grouped based on heteroatom composition:
CHO, CHON, CHOS, CHOP, CHONS, CHONP, and CHONSP.
Further, the molecular formulas were also tentatively grouped
into eight compound classes based on elemental
stoichiometries: condensed aromatic compounds,
unsaturated hydrocarbons, tannins, lignin/carboxyl-rich
alicyclic molecules (CRAM), lipids, proteins, amino sugars,
and carbohydrates (according to Tfaily et al. 2015)°° (criteria
detailed in Table S27). It is important to note that CRAM fits
within the van Krevelen space labeled “lignin-like”.
Assignments of molecular formulas to compound classes are
tentative because structural information cannot be gained
from molecular stoichiometries alone. Additional analysis is
required to tease apart whether lignin and/or CRAM exist in
the samples. As such, we included both identifications in the
discussion. From the formula assignment, the average (by
number-weighted) abundance of each class was calculated
and compared between samples.’® The relative abundance of
molecules based on heteroatom content and compound
classification are presented in Tables S3 and S4,t respectively.
The molecular properties (e.g., molecular weight, O/C, and O/
H) of the NOM samples were calculated from the assigned
molecular formulas and are summarized in Table S5.

Aggregation of PVP-PtNPs

The aggregation behavior of PVP-PtNPs (PtNP,,-PtNPy;) was
determined by monitoring the evolution of PVP-PtNP number
size distribution and number and mass concentrations by sp-
ICP-MS after (e.g., 0 and 24 h) mixing 1 pg L™ PVP-PtNPs with
UPW and moderately hard water (MHW; composition detailed
in Table S6t). The effect of NOM on the aggregation of PVP-
PtNPs in MHW was determined after mixing 1 ug L™ PVP-
PtNPs (PtNP,, and PtNPy;) with MHW in the presence of 1 mg
L™ NOM under static conditions. All aggregation experiments
were conducted in triplicate. We present the average of
experimental triplicate measurements for the number and mass
concentrations and the number-average diameter values. All sp-
ICP-MS data were acquired with a NexION™ 350D ICP-MS
(PerkinElmer Inc., MA, USA) operating in a single particle mode
with the Syngistix Nano Application Module. A standard
introduction system was used consisting of a Meinhard glass
concentric nebulizer, a glass cyclonic spray chamber, and a 2
mm inner-diameter quartz injector. The sample uptake rates
were 0.28-0.32 mL min~". Data were acquired at an RF power of
1600 W, a 50 ps dwell time, a 0 ps settling time, and a 60 s
acquisition time. The transport efficiencies were 9.6-12.7%.
NIST™ Au standard reference material (actual TEM size of 56
nm; reference material 8013 manufactured by National Institute
of Standard and Technology, MD, USA) was used to determine
the transport efficiency. A rinse cycle, consisting of 1 min with
1% aqua regia and 1 min with UPW, was performed after each
sample run to ensure cleansing of the sample introduction
system between samples. The NIST Au standard reference
material was measured after each set as a QA/QC check.

This journal is © The Royal Society of Chemistry 2020
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Statistical analysis

Statistical analyses were performed with SAS® version 9.4
software (SAS institute, Cary, NC). Correlation coefficients
between the percentage of mass of aggregated NPs and the
NOM elemental composition and properties were calculated
using Pearson's correlation method. Calculated Pearson's
correlation coefficient (r) and p-values (Table 1) were used to
assess the correlation quality with each NOM parameter. The
percentage of mass of aggregated NPs in the presence of six
NOM samples and a control (without NOM) were analyzed
using ANOVA and Tukey's multiple comparison test. Particle
size distribution of PVP-PtNPs in the absence and presence
of different NOM samples were analyzed using Kolmogorov-
Smirnov (K-S) test with Bonferroni correction. In all cases,
the statistical significance was set at p-value <0.05.

Results and discussions
NOM characterization

The number-average molecular weight and SUVA,s, values of
the HPOA fractions of NOM samples varied between 369-442
Da and 0.8-4.8 L mg ' m™", respectively (Tables S1 and S67).
The N and S content of the NOM samples varied significantly
(0.8-1.8% and 0.4-1.9%, respectively, Table S1f). CHO and
CHON were the main classes of compounds when grouped
by heteroatom composition (>5% of total formulas), and
displayed a notable variation between the six NOM samples
(Table S31). CHOS and CHONS were generally less abundant
(1.6 to 7.5% and 1.9 to 8.1% of total formulas, respectively)
with select NOM samples (NOM 1, 2 and 5) containing > 5%
of these two classes of compounds, and the abundance of
these formulas largely following elemental S and N content
(Table S1t). Heteroatom classes of compounds including P
(e.g., CHOP, CHONP, CHONSP, and others) represented only
<5% of all formulas in all NOM samples. Condensed

Table 1 Analysis results of Pearson's correlation between aggregated
PtNP,o mass and NOM properties

Variables Pearson’s correlation coefficient (r) p-Value
% mass of aggregated NP vs. NOM elemental composition

(6] -0.411 0.418
N -0.164 0.756
S -0.429 0.397
SUVA,s54 -0.771 0.072
Molecular weight -0.979 0.004“
o/C —-0.841 0.036“
H/C 0.730 0.099
% mass of aggregated NP vs. NOM formula assignments by
compound classes

Aminosugar 0.709 0.115
Condensed HC -0.766 0.076
Carbohydrates -0.746 0.089
Lignin 0.798 0.058
Lipid 0.409 0.420
Protein 0.748 0.087
Tannin -0.898 0.015“
Unsaturated HC -0.171 0.745

“ Inidicates correlations with stastical sinigificnce.
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hydrocarbon-, lignin-/CRAM-, and tannin-like compounds
were the main chemical classes of compounds in NOM and
varied significantly between the six NOM samples (Table
S4t). Other molecules assigned to compound classes (e.g.,
aminosugar, carbohydrates, lipid, unsaturated hydrocarbons,
and others) represented <5% of all formulas in all NOM
samples. It is important to recognize that the type of sorbent
used for solid-phase extraction of NOM influences the
molecular diversity as determined by FTICR-MS.>” The
number average elemental ratio of O/C and H/C varies within
a narrow range (0.48-0.52 and 1.05-1.26, respectively, Table
S51) between the different NOM samples. Collectively, the
observed differences in the bulk elemental composition,
SUVA,s4, and molecular properties of NOM samples reflect
differences in NOM source and environmental processing
(Table S17), rather than ionization and detection variations
in the measurement technique as all samples were analyzed
using the same protocol and at the same time.

Particle characterization

TEM micrographs show that the synthesized PVP-PtNPs are
spherical (Fig. S1f). PtNP,,, PtNP;3, PtNP,5;, and PtNPg;
exhibited monomodal PSDs, whereas PtNPs, exhibited a
bimodal PSD (Fig. 1a). The mean core diameters of PtNP,,
PtNP;,, PtNP5,, PtNP,5, and PtNPys measured by TEM are 9.2
+ 1.2, 10.9 + 0.8, 18.5 + 5, 44.5 + 5, and 72.5 + 3.9 nm,
respectively (Table S71). sp-ICP-MS analysis show that all
PVP-PtNPs exhibited monomodal PSDs, with mean core
diameters for PtNP,,-PtNPos of 26.4 + 11.6, 30.2 + 12.9, 34.3
+ 10.1, 44.1 + 7.7, and 76.7 + 9.7 nm, respectively (Fig. 1b,
Table S8f). The mean core diameters for PVP-PtNP,; and
PVP-PtNPys measured by sp-ICP-MS are in good aggrement
with those measured by TEM (Table S7t). However, the mean
core diameters of PVP-PtNP,,, PVP-PtNP;,, and PVP-PtNP;,
measured by sp-ICP-MS were larger than those measured by
TEM (Table S71). These size differences can be attributed to
the greater size detection limit of sp-ICP-MS for PVP-PtNP
(e.g., 18 nm>®) compared to TEM (e.g., typically <1 nm,
depending on the TEM spectrum and operating condition®?).
The PSDs of PVP-PtNP,,, PVP-PtNPs,, and PVP-PtNPs,

60 1

B PtNP,,
50 A B PtNPy,
1 PtNPg,
540 1 B PtNP,,
§ 30 +  PtNPy;
fr
X 20 A
10 4 H ‘
o 1 Ml o,
0 20 40 60 80 100
a Size Distribution (nm)
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obtained by sp-ICP-MS are monomodal but represent
curtailed log-normal size distribution, resulting in greater
mean core sizes compared to those measured by TEM.

The number concentration of PVP-PtNP,,, PVP-PtNP;,
and PVP-PtNPs, in UPW measured by sp-ICP-MS represents a
small fraction (e.g., 0.3, 1.2, and 33.1%, respectively) of the
theoretical particle number concentration (Table S8f). In
contrast, the measured number concentrations of PVP-PtNP-;
and PVP-PtNPy; in UPW were in good agreement with the
theoretical number concentration (Table S8f1). This is
attributed to the size detection limit of sp-ICP-MS.>® The
number PSD measured by TEM illustrates that all NPs in
PVP-PtNP,,, and PVP-PtNP;, and 54% of NPs in PVP-PtNP;,
are below the sp-ICP-MS size detection limit, whereas all
particles in PVP-PtNP;5; and PVP-PtNPys are larger than the
sp-ICP-MS size detection limit for PtNPs (Fig. 1b).

The zeta potential of the synthesized PVP-PtNPs decreased
from -16.9 + 3.5 to —27.2 + 1.7 with the increase in particle
size (Table S71), which might be attributed to the partial
coating of PtNPs. Typically, NPs fully coated with PVP
molecules exhibit low zeta potential of approximately -10
mV.°>®" Higher zeta potential of PVP-coated NPs has been
reported elsewhere and was attributed to the partial surface
coating of NPs by PVP molecules.®*® For instance, the
magnitude of the zeta potential of PVP-partially coated AgNPs
increased with a decrease in the number of PVP molecules
per AgNP unit surface area.”

Size-dependent aggregation of PVP-PtNPs

The number PSDs of PVP-PtNP,,—-PVP-PtNP,; exhibited a
modest shift towards larger sizes immediately after mixing
with MHW (0 h) relative to the corresponding PSDs of PVP-
PtNP,,-PVP-PtNP,; measured in UPW (Fig. 2a-d). After 24 h
in MHW, the PSDs of PVP-PtNP,,—PVP-PtNP-; shifted further
towards larger sizes, which indicates PVP-PtNP aggregation in
MHW. The aggregation of PVP-PtNPs in MHW relative to
UPW can be attributed to the higher ionic strength of the
MHW which screens the PVP-PtNP surface charge. The
magnitude of the zeta potential of each PVP-PtNP suspension
(1 mg L") decreased in MHW at 0 h and further decreased at

@ PtNP,,
50 - 1 PtNP,,
o1 PtNP,,
40 + B PNP,,
< 30 B PtNP,
20 ~
10 A ‘
|
0 4

0 20 40 60 80 100
Size Distribution (nm)

Fig. 1 Number particle size distribution of polyvinylpyrrolidone-coated platinum nanoparticles of five different nominal sizes ranging from 20 to
95 nm (denoted as PtNP,o-PtNPgs) measured by (a) transmission electron microscope (TEM), and (b) single particle-inductively coupled plasma-
mass spectrometer (sp-ICP-MS). Size detection limit of PtNPs in sp-ICP-MS is 18 nm.
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Fig. 2 Number particle size distribution (PSDs) measured by sp-ICP-MS of 1 pg L™* PVP-PtNPs in ultrapure water (UPW) at O and 24 h after mixing
with moderately hard water (MHW) of: (a) PtNPq, (b) PtNP3q, (c) PtNPsq, (d) PtNP,s, and (e) PtNPgs.

24 h relative to the corresponding zeta potential measured in
UPW (Table S9t). The number PSD of PVP-PtNPys; did not
change in MHW relative to that measured in UPW (Fig. 2e),
indicating that PVP-PtNPys are stable in MHW.

The number concentrations of PVP-PtNP,, and PVP-
PtNP;, increased immediately after mixing with MHW
relative to those measured in UPW and increased further
after 24 h (Table S8t). This observation is counterintuitive,
as one would expect NP number to decrease with NP
aggregation. However, due to aggregation, PVP-PtNP
aggregate size became larger than the size detection limit of
sp-ICP-MS for PtNPs (i.e.,, 18 nm). Thus, NP aggregation
increased the detectable PtNPs by sp-ICP-MS and increased
the measured PVP-PtNP number concentration (Table S8t
and Fig. 2a and b). This is corroborated by the increase in
mass concentration of PVP-PtNP,, and PVP-PtNP;,
measured by sp-ICP-MS in MHW relative to those measured
in UPW (Table S107).

This journal is © The Royal Society of Chemistry 2020

The number concentration of PVP-PtNP5, and PVP-PtNP75
decreased immediately after mixing with MHW relative to the
number concentration in UPW and decreased further after 24
h of mixing with MHW (Table S87), which can be attributed to
particle aggregation. Aggregation of PVP-PtNPs, should
increase the number particle concentration, as observed for
PVP-PtNP,, and PVP-PtNP;,. However, only 33% of NPs in PVP-
PtNP;, were smaller than the sp-ICP-MS size detection limit.
Thus, aggregation of PVP-PtNPs, increases the size of
undetectable particles to become detectable and thus increase
the number particle concentration, but aggregation also
reduces the number of NPs larger than the sp-ICP-MS detection
limit. Thus, the measured number concentration is influenced
by these two counteracting processes. All NPs in PVP-PtNP,5
were larger than the size detection limit of sp-ICP-MS and thus
the number concentration of PVP-PtNP,; in MHW decreased
relative to that in UPW due to particle aggregation. The number
concentrations of PVP-PtNPy; in UPW and in MHW at ¢ = 0

Environ. Sci.: Nano, 2020, 7, 3318-3332 | 3323


https://doi.org/10.1039/d0en00659a

Published on 23 September 2020. Downloaded by University of South Carolina Libraries on 11/16/2020 1:20:34 PM.

Paper

were not statistically different (p < 0.05) (Table S81). The
number concentration of PVP-PtNPys in MHW decreased (e.g.,
35% reduction, Table S87) after 24 h in MHW, but the number
PSD of PVP-PtNPos did not change after 24 h in MHW. This
might be due to the aggregation of some PVP-PtNPs without a
significant shift in the number PSD, or to sedimentation of
some PVP-PtNPs, or to both processes. Nevertheless, the
decrease in PVP-PtNP,; and PVP-PtNP,; mass concentration
suggest a loss of some PVP-PtNPs, most likely due to PVP-PtNP
sedimentation. Sedimentation of PVP-PtNP,5; and PVP-PtNPys
was observed in the stock suspensions within 24-48 h, mainly
because of the high density of PtNPs (21.45 g cm™°). Similar
gravitational sedimentation of 65 and 87.5 nm AuNPs (density
=19.32 g cm™®) in UPW under static condition was observed
after 48 h.®

NOM 1

E NP+NOM- 24 h
I NP+NOM- 0 h
[ NP only

N~
=}
)

r 0.08

Lo
6]

Number conc. (x10% NP mL?)
=
o

Number conc. (x10® NP mL?)

0.5
0.0
16 36 56 76 96
a) NP diameter (nm)
—20 1 Ho - 008 =
Ly a iy
= E NP+NOM- 24 h =
%. 15 4 [INP+NOM-0h | 0.06 %—
2 NP only e
g g
= 1.0 L 0.04 =
o o
c c
o o
o o
= 0.5 1 r 0.02 o
Q Q
IS £
=} =}
=2 0.0 A - 0.00 =z
16 36 56 76 96
C) NP diameter (nm)
20 | BEIRAS, - 008 —
—'é E NP+NOM- 24 h —E'
S e FNPNOM-Oh | o
= 15 1 r 0.
s [ NP only u,z
o o
E: %
= 1.0 - L 0.04 =
o Q
C c
o o
o o
+ 0.5 1 r 0.02 =
[ (]
o) Qo
£ IS
=3 =}
Z 0.0 + - 000 =2
16 36 56 76 96
e) NP diameter (nm)

Fig. 3 Particle size distribution (PSD) measured by sp-ICP-MS of 1 ug L™
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The number PSD of PVP-PtNP,, and PVP-PtNP;, 24 h after
mixing with MHW (Fig. 2a and b) exhibited broader size
distributions compared to PVP-PtNPs,, PVP-PtNP;5, and PVP-
PtNPy;s (Fig. 2c-e). This observation indicates that smaller
PVP-PtNPs are more prone to aggregation and form larger
aggregates compared those formed by the aggregation of
larger PVP-PtNPs. This is consistent with previous studies
demonstrating an increased aggregation of smaller hematite
NPs,®> TiO, NPs,*°® and cit-PtNPs under the same
experimental conditions relative to their larger counterpart.”
NP aggregation occurs because of NP collision and
attachment. Collision increases with the increase in NP
number concentration, whereas attachment increases with
the decrease in NP zeta potential. At the same mass
concentration, NP number concentration increases with the
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1 PtNP,o at 0 and 24 hours after mixing with MHW in the presence of 1

mg L™ (a) NOM 1, (b) NOM 2, (c) NOM 3, (d) NOM 4, (e) NOM 5, and (f) NOM 6. The number concentration of PtNPs only and PtNPs + NOM- at O

h are presented on the secondary Y-axis.
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decrease in NP size. The magnitude of zeta potential
decreases with decreasing NP size (Table S9t). Thus, both
factors (zeta potential, NP number concentration) contribute
to the increased aggregation with decreasing PVP-PtNP sizes.
However, positive correlation®” and insignificant correlation®
between primary particle size and aggregation were also
reported in literature. The detection of small particles in
PVP-PtNP,,, PVP-PtNP;,, and PVP-PtNPs, suspensions
(Fig. 2a-c) after 24 in MHW that were not detected in the
corresponding suspensions in UPW is attributed to the
aggregation of PVP-PtNPs that are smaller than the sp-ICP-
MS size detection limit in MHW.

NOM-dependent aggregation of PVP-PtNPs

The PSDs of PVP-PtNP,, (1 pg L") in MHW in the presence of
NOM (1 mg L") samples at time 0 h were not statistically
different (Kolmogorov-Smirnov test; p- value >0.065) than the
PSD of PVP-PtNP,, measured in MHW (without NOM) at time 0
h (Fig. 3), suggesting a lack of immediate aggregation of PVP-
PtNP,, in MHW in the presence of NOM. After 24 h, the PSDs of
PVP-PtNP,, in the presence of NOM samples shifted toward
larger sizes relative to the measured PSD at time 0 h, indicating
aggregation of PVP-PtNP,, in MHW in the presence of all NOM
samples after 24 hours. Whereas the PSD of PVP-PtNP,, after
24 hours mixing in MHW displayed a bimodal distribution
(Fig. 2a), the PSDs of PVP-PtNP,, in the presence of the
different NOMs exhibited monomodal distributions (Fig. 3).
The PSDs of PVP-PtNP,, in presence of NOM 1, 2, 3, 5, and 6
after 24 h in MHW were not statically different (Kolmogorov—-
Smirnov test; p > 0.4) relative to the PSD of PVP-PtNP,, after 24
h in MHW without NOM. However, the PSDs of PVP-PtNP,, in
the presence of NOM 4 after 24 h in MHW was statically
different (larger, Kolmogorov-Smirnov test; p < 0.05) relative to
the PSD of PVP-PtNP,, after 24 h in MHW without NOM.
Similarly, the mean number diameters of PVP-PtNP,, in the
presence of NOM 1, 2, 3, 5 and 6 (Table S11f), were not
significantly different (¢-test; p > 0.05) relative to the mean
diameter of PVP-PtNP,, after 24 h in MHW without NOM. In
contrast, the mean diameter of PVP-PtNP,, in the presence of
NOM 4 (Pacific Ocean HPOA) was larger than the mean
diameter of PVP-PtNP,, in MHW without NOM and in MHW in
the presence of all other NOM samples (¢-test; p < 0.05). These
results suggest that NOM differently impacted PVP-PtNP,,
aggregation and stability.

To evaluate PVP-PtNPs aggregation in the absence and
presence of NOM, the number and mass concentrations of
PVP-PtNPs measured by sp-ICP-MS were compared to the
theoretical number and mass concentrations, respectively.
The number concentration of PVP-PtNP,, after mixing with
MHW in the presence of NOM samples increased from <1%
at 0 h to 11-52% at 24 h of the theoretical PVP-PtNP,,
number concentration, respectively (Table S117), confirming
the aggregation of PVP-PtNP,, in MHW in the presence and/
or absence of NOM. In contrast, PVP-PtNP,, in UPW did not
aggregate during 24 h exposure and the number

This journal is © The Royal Society of Chemistry 2020
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concentration of PVP-PtNP,, remained constant and
represented only 0.7% of the theoretical PVP-PtNP,,
concentration. The mass concentration of PVP-PtNP,, in the
presence and absence NOM samples also followed the same
trend. The mass concentration of PVP-PtNP,, after mixing
with MHW in the presence of NOM samples increased from
<4% 0 h to 19 to 98% at 24 of the theoretical PVP-PtNP,,
mass concentration (Table S127).

The number concentration of PVP-PtNP,, in presence of
NOM 4 was significantly higher than the number
concentration of PVP-PtNP,, in the absence of NOM (Fig. 4a;
p < 0.05), whereas the number concentration of PVP-PtNP,,
in the presence of NOM 1, 2, 3, 5, and 6 were not
significantly different compared to the number concentration
of PVP-PtNP,, in the absence of NOM (Fig. 4a; ANOVA with
Tuckey's multiple comparison test; o = 0.05). The mass
concentration of PVP-PtNP,, in the presence of NOM 4 was
larger than the mass concentration of PVP-PtNP,, in the
absence of NOM and in the presence all other NOM samples.
However, the mass concentration of PVP-PtNP,, in the
presence of NOM 1, 2, 3, 5, and 6 were not significantly
different relative to the mass concentration of PVP-PtNP,, in
the absence of NOM (Fig. 4b; ANOVA with Tuckey's multiple
comparison; « = 0.05). The mass concentration of PVP-PtNP,,
in the presence of NOM 1 was lower than the mass
concentration of PVP-PtNP,, in the presence of NOM 2
(ANOVA with Tuckey's multiple comparison test; o= 0.05),
whereas the mass concentration of PVP-PtNP,, in the
presence of NOM 2, 3, 5 and 6 were not significantly different
among themselves. These results indicate that NOM 4
influenced PVP-PtNP,, aggregation differently than all other
NOM samples. Below we discuss how the molecular
composition and properties of the NOM samples help explain
differences in how NOM affects PVP-PtNP,, aggregation.

We interpret the increased aggregation of PVP-PtNP,, in the
presence of NOM to be a result of inter-particle bridging of NOM-
coated PVP-PtNPs due to complex formation between humic acid
macromolecules and divalent counterions (e.g;, Ca>" and Mg>").
This is agreement with the bridging of PVP-AuNPs in the presence
of NOM and high concentrations of Ca®* and Mg>".*” The
concentrations of monovalent counterions in MHW (e.g;, 1.14
mM Na" and 0.05 mM K', Table S3t) are lower than that (e.g,
>50 mM Na') required to initiate PVP-PINP,, aggregation.”
However, the concentrations of divalent counterions in MHW
(e.g, 0.45 mM Ca*" and 0.5 mM Mg>", Table S6%) are in close
proximity to the critical coagulation concentration (e.g., 1.1 Ca>")
for PVP-PtNP,, and thus can result in a significant aggregation of
PVP-PtNP,,.” However, this bridging phenomenon may depend
on the type, composition and structure of the NOM, which has
not been investigated previously.

The PSD of PVP-PtNPys in MHW in the presence of NOM
samples at 0 and 24 h (Fig. 5) were not statistically different
from those measured in MHW at time 0 h or 24 h (Fig. 2e).
This observation indicates that all NOM samples did not have
significant impact on the colloidal stability of PVP-PtNPs.
The number concentration of PVP-PVP-PtNPos; decreased
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slightly in MHW relative to that measured in UPW at 24 h
(Table S1371), indicating slight particle aggregation and/or
sedimentation. The mass concentration of PVP-PtNPg;

3326 | Environ. Sci.: Nano, 2020, 7, 3318-3332

decreased slightly in MHW relative to that measured in UPW
at 24 h (Table S14t) indicating modest particle aggregation
and/or sedimentation of PVP-PtNPs during this period. The
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number and mass concentrations of PVP-PtNPy,; in MHW
increased slightly in the presence of all NOM samples relative
to treatments without NOM, suggesting that the presence of
NOM enhanced the stability of PVP-PtNPys.

Taken together, these results suggest that the effect of
NOM on PVP-PtNP aggregation is size-dependent. The
stability of smaller PVP-PtNPs appeared more influenced by
NOM than that of the larger PVP-PtNPs, which might be
attributed to the size-dependent NOM-corona composition/
properties. For instance, Pettibone et al. (2008) demonstrated
differences in adsorption sites or the distribution of
adsorption sites for oxalic acid on the surfaces of 5 nm and
32 nm TiO,-NPs, which was attributed to greater abundance
of lower energy binding sites, associated with edge and
corner sites, available for adsorption of oxalic acids on the
surfaces of 5 nm TiO,-NPs compared to that on the surfaces
of 32 nm TiO,-NPs.°® Differences in adsorption sites on NP
surfaces can be even more important for the adsoption of
NOM on NP surfaces due to polydiversity of NOM formulas.
Zhang et al. (1999) reported increased adsorption of organic
acids with decreasing (e.g., 6-16 nm) TiO, NP sizes.®® Smaller
particles with increased molar free energy are more prone to
adsorb molecules or ions per unit area onto their surfaces in
order to decrease the total free energy and become more
stable.®® Chowdhury et al. (2013) reported that NOM affect
the morphology of TiO, NP aggregates, where small NPs (e.g.,
6 nm) form more compact aggregates than larger NPs in the
presence of NOM (e.g.,, 13 nm and 23), suggesting that
interactions of NOM with smaller NPs are more significant
than those with larger ones.”” At a fixed mass concentration,
larger NPs display a smaller total surface area (Table S87).
Therefore, at a fixed NOM concentration, higher number of
NOM molcules are available for interaction with larger NP
surfaces per unit surface area. This may enhance the stability
of larger particles compared to that of smaller NPs in the
presence of NOMs.

Correlating PVP-PtNP,, aggregation to NOM molecular
properties

The NOM samples used in this study represents a diverse
array of NOM compositional differences relevant to all
aquatic systems. Differences in NOM composition among
samples may explain the variation in the observed particle
aggregation. To identify the NOM properties with the greatest
influence on NP aggregation, we performed Pearson's
correlation analysis between mass of aggregated PVP-PtNP,,
and specific NOM properties. PVP-PtNPos were not included
in these correlation analysis as they did not exhibit any
appreciable aggregation in the presence or absence of NOM.
Bulk and molecular-level properties of NOM samples
provided robust prediction of the aggregation of PVP-PtNP,,.
Negative correlations of statistical significance were observed
between the mass of aggregated PVP-PtNP,, and NOM MW (r
=-0.979, p = 0.004), SUVA,5, (r = —0.763, p = 0.078), O/C ratio
(r = -0.841, p = 0.036), relative abundance of condensed

This journal is © The Royal Society of Chemistry 2020
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hydrocarbons (ConHC, r = -0.766, p = 0.076), and relative
abundance of tannin molecules (r = -0.898, p = 0.015).
Positive correlations of statistical significance were observed
between the mass of aggregated PVP-PtNP,, and NOM H/C (r
=0.73, p = 0.1) and relative abundancies of lignin/CRAM (r =
0.798, p = 0.058) (Tables 1 and S4-S6 and Fig. 6 and S3+).

Correlations between PVP-PtNP,, aggregation and NOM
properties are interpreted to reflect differences in molecular
hydrophobicity and charge density. Aggregation of PVP-PtNP,,
was limited in the presence of NOM that was more
hydrophobic, as measured by SUVA,s, (Fig. 6b), abundance of
condensed hydrocarbon (Fig. 6c¢), and H/C, a measure of
hydrogen saturation (Fig. S3ef). NOM samples with higher
SUVA,s, and relative abundance of ConHC are expected to
result in higher sorption of these molecules on NP surfaces
and thus increasing the NP hydrophobicity, and thus may
enhance repulsive forces between NPs. NOM samples with
higher average MW, which also co-varies with aromaticity,*
would presumably lead to thicker adsorbed layers of NOM on
NP surfaces, resulting in increased steric stabilization.”®”>
Aggregation of PVP-PtNP,, was also influenced by the charge
density of the NOM, as measured principally by the O/C (Fig.
S3dt). NOM sample with higher O/C, and thus higher charge
density, demonstrated negative correlation with the observed
aggregation (Table 1). In contrast, NOM samples with lower
charge density parameters (i.e., low O/C) showed positive
correlation with the aggregated mass (Table 1). Higher oxygen
content and O/C ratio indicates a higher content of functional
groups such as carboxylic and carbonyl groups.”® The higher
content of these functional groups is likely to enhance NP
surface charge, which increases the electrostatic repulsive
forces between NOM-coated PVP-PtNPs, and thus enhances
NP stability.”® In summary, aggregation of PVP-PtNPs is
interpreted to be a function of both the NOM hydrophobicity
and charge density, and the selective sorption of NOM
molecules to NP surfaces that control NP stability.”*”® Similar
observations have been made for ZnS NPs*® and cit-AuNPs.>*
Thus, larger MW, higher SUVA,s,4, and relative abundance of
ConHC in NOM samples enhance NP, stability.>*>°

NOM molecules with high O/C (ie., tannin) demonstrated
significant negative correlation, whereas those with lower O/C
(i.e., lignin/CRAM, conHC etc.) demonstrated significant positive
correlation with the mass of aggregated PVP-PtNP,,, in good
agreement with the correlations observed with O/C ratios as
discussed above. Lignin/CRAM- and tannin- like compounds
contain the same types of surface functional groups (hydroxyl,
carbonyl groups and phenol groups). However, tannins are high
molecular weight polycyclic aromatic compounds with high O/C
ratio and charge density than CRAM molecules, which is likely
to enhance the NP surface charge, and thus, result in higher NP
stability. Additionally, the hydrophobic nature and polymer
structure of tannins might be responsible for increased NP
stability and decreased aggregation.”® Lignin/CRAM are high
molecular polyphenolic compounds.”® These poly-phenol
compounds have particular importance as they promote
aggregation by forming strong non-covalent bonds.** Lignin/
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Fig. 6 Correlation between % of PtNP,, mass undergoing aggregation
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molecules (CRAM), and (e) tannin. The Pearson's correlation coefficient (r) and p-values of linear regressions are presented for each plot.

CRAM have hydrophilic regions such as hydroxyls (-OH),
carboxylic (-COOH) and small alkyl chains i.e., methane groups
(-CH3). These functional groups and the hydrophobic regions
of lignin/CRAM (e.g., resinol, C-H groups) enable it to bind with
nanoparticle surfaces through polar, covalent, and hydrogen
bonding as well as Van der Waals forces. These humidified and
highly decomposed materials, which are more stable, aid in the
formation of microaggregates.®’ For instance, lignin has been
shown to promote macroaggregation in soil and to increase
aggregate stability.*'

Conclusions

This study demonstrated that aggregation of PVP-PtNPs
depend on several factors, including NP size and NOM
characteristics. At the same mass concentration, PVP-PtNP
aggregate size increased with the decrease in NP primary size
due to the increased NP number concentration and therefore

3328 | Environ. Sci.: Nano, 2020, 7, 3318-3332

collision frequency. NOM samples of different compositions
and properties did not alter the aggregation behavior of PVP-
PtNPys in MHW. However, the same NOM samples generally
increased the aggregation of PVP-PVP-PtNP,, in MHW to
different extents, likely via bridging mechanism(s) in the
presence of divalent counterions in MHW. The mass of
aggregated PVP-PtNP,, decreased with the increase in NOM
elemental ratio of O/C, molecular weight, SUVA,s,, and
relative abundance of condensed hydrocarbons and tannin.
The mass of the aggregated PVP-PtNP,, increased with the
increase in NOM elemental ratio of H/C and the relative
abundance of lignin/CRAM formulas. Therefore, the
molecular composition and properties, and thus sources, of
NOM may determine to a great extent PVP-PtNP colloidal
stability in aquatic environments.

Future studies are needed to unravel the complex and subtle
impacts of NOM composition and properties on NP stability.
Specifically, information is needed on NP stability under

This journal is © The Royal Society of Chemistry 2020
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various conditions of NOM concentration (e.g., 1 to 30 mg C
per L), NP concentration (e.g., ug L' to mg L") and properties
(e.g., size, shape, and surface coating), water physicochemical
properties (e.g., pH, ionic strength and composition), presence
of suspended particulate matter, water dynamics (e.g:, static vs.
stirring, or water turbulence), and aging time (e.g., weeks and
months). Future efforts on the stability of PtNPs and that of
other NPs is needed to develop quantitative structure activity
relationships between NOM molecular properties and the
environmental behaviors of NPs.
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