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B ABSTRACT

Ferrihydrite nanoparticles (Fh NPs) are ubiquitous in natural environments. However, their
colloidal stability and fate and transport behavior are difficult to predict in the presence of
heterogeneous natural organic matter (NOM) mixtures. Here, we investigated the adsorption and
aggregation behavior of Fh NPs exposed to NOM fractions with different molecular weights (MW).
The NOM fraction with MW < 3 kDa destabilized the NPs, resulting in accelerated aggregation
even at high C/Fe mass ratios, whereas higher MW NOM fractions imparted better colloidal
stability with increasing MW and C/Fe ratio. Despite differences in the functional group
composition of the bulk (dissolved) NOM fractions, all NOM fractions produced similar adsorbed
layer compositions on the NPs, suggesting minimal contribution of chemical properties to the
distinctive aggregation behavior. Rather, the higher adsorbed mass and larger size of the higher
MW fractions were key factors in stabilizing the NPs through steric repulsion, whereas the lowest
MW fraction had low adsorbed mass and was unable to counter electrostatic patch-charge
attraction when the NPs are positively-charged. This mechanistic understanding helps us predict
the transport and fate of Fh NPs and the associated contaminants in natural environments with

varying NOM compositions.
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B INTRODUCTION

With iron (Fe) being the fourth most abundant element in Earth’s crust, ferrihydrite (Fh,
iron hydroxide) nanoparticles (NPs), which can form through precipitation from solution, are
ubiquitous in many natural and engineered aquatic environments. Due to their high reactivity and
specific surface area, Fh NPs play essential roles in controlling the transport and fate of various
aqueous organic and inorganic contaminants.'"

Despite the importance of Fh NPs, their aggregation behavior, which controls the stability,
reactivity and transport of the NPs and associated contaminants,* is far from well understood. In a
recent study by Liu et al., aggregation of Fh NPs was investigated in solutions with varied pH,
electrolytes and organic species.” However, a detailed evaluation of the effects of natural organic
matter (NOM) chemistry and molecular weight (MW) on aggregation of Fh NPs was not reported.
NOM is comprised of a complex mixture of biomolecules and their decay products, and hence its
interactions with NPs can be difficult to predict. Both the adsorption of NOM and the subsequent
effect of adsorbed NOM on interparticle forces must be considered to understand NP aggregation.

For adsorbed mass, the chemical and physical properties of NOM, including functional
group composition, charge, and MW, can be important, but contradictory results have been
reported in the literature. Li et al. reported that the intermediate MW fractions of SRHA (2-6 kDa)
and large SRFA MW fractions (>3.5 kDa) preferentially adsorb onto nano zerovalent iron (nZVI).°
Other studies have reported preferential adsorption of lower,” ® intermediate,’ or higher!'%'> MW
fractions of NOM onto hematite, goethite, and magnetite. Preferential adsorption of higher MW

13-15

NOM onto Fh has been reported in some studies while Gentile et al. report preferential

adsorption of lower MW (i.e., non-colloidal) fractions of soil NOM.!® Chemical properties can

also influence NOM adsorption onto iron oxides. Carboxyl groups are often reported to bind to

11, 17, 18

iron oxides by ligand exchange; preferential adsorption of aromatic species is also

commonly reported onto iron oxide particles.” 1315 17-19
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The preferential adsorption of NOM components with different MWs or chemistries onto
Fh NPs will determine the adsorbed mass, layer thickness, chemistry, and charge of the adsorbed
NOM, which can all influence the subsequent NP aggregation. A generalized prediction of the
effects of NOM on nanoparticles’ aggregation behavior can hence be challenging because of the
variability in organic matter from different sources. A bottom-up approach has been applied in
prior studies®*?* to compare the effects of MW-fractionated NOM to provide a more fundamental
distinction of the role of different NOM components individually and in the complete mixture of
NOM, as summarized in the Supporting Information (SI), Table S1. In general, high MW fractions
of NOM imparted better colloidal stability for NPs, although two studies showed enhanced
flocculation with high MW (> 30 kDa) NOM fractions which was speculated to be caused by
bridging with divalent cations? or displacement/overcoating of poly(vinyl pyrrolidone) coatings.?

Three major knowledge gaps can be identified in the previous studies with MW-
fractionated NOM. Firstly, even though the adsorption process of molecular weight fractionated
NOM is clearly an important process affecting the aggregation, the adsorption was not thoroughly
investigated in the prior studies. Secondly, although electrostatic and steric effects have previously
been proposed as controlling mechanisms for aggregation, a detailed characterization of the
adsorbed NOM properties was lacking to provide direct evidence. Hence, a major fundamental
question could not be answered regarding which properties of the adsorbed NOM, either physical
(e.g., surface charge, adsorbed mass, MW of adsorbed species) or chemical (e.g., functional groups,
aromaticity) are the main controlling factors in the aggregation process? Finally, only negatively-
charged engineered NPs were investigated, whereas iron oxide NPs can be positively-charged at
environmentally relevant pH and the charge is susceptible to neutralization or charge reversal by
organic ligands such as NOM.'6- 26

By providing comprehensive characterization of the NOM-NP interactions, this study
achieves novel insights into the mechanisms by which NOM imparts either stabilization or

destabilization of positively-charged Fh NPs against aggregation.
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B EXPERIMENTAL SECTION

Synthesis and Characterization of Ferrihydrite Nanoparticles. The Fh NP
synthesis was modified from the procedure by Tang et al.?’; detailed information is in the
Supporting Information (SI). The stock NP concentration was determined to be 1 g Fe/L by diluting
the NP stock 100 times with 2% nitric acid and soaking overnight, followed by quantification by
flame atomic absorption spectrometry (AAS, AAnalyst 200, PerkinElmer, Waltham, MA). After
drying in a vacuum desiccator at room temperature, the NPs was confirmed to be Fh (SI Figure
S1) by X-ray diffraction (XRD) (Miniflex600, Rigaku, Tokyo, Japan). The z-average
hydrodynamic diameter of the Fh NPs was =~ 30 nm, as measured in DI water by dynamic light
scattering (DLS) using a Malvern Zetasizer Nano ZS instrument (Malvern Instruments,
Worcestershire, UK). The isoelectric point (pHiep) of the Fh NPs was determined to be 7.1 (SI
Figure S2) by measuring the zeta potential across pH 3 to 10 in 5 mM NaNOs solution (to impart
a consistent ionic strength), using the Smoluchowski fitting model (details in our previous
publication®). At pH = 5.5, which is the condition used for aggregation and adsorption experiments,
the zeta potential was 24.8 = 1.6 mV (SI Figure S2). DLS was used to determine the aggregation
kinetics of Fh NPs in the absence of NOM in solutions containing varied NaCl concentrations (0
to 250 mM) to identify the critical coagulation concentration (CCC), by monitoring the z-average
hydrodynamic diameter of Fh NPs with a Malvern Zetasizer Nano ZS instrument (Malvern Nano
ZS, Malvern, Worcestershire, United Kingdom) every 15 s for 15 min. For each aggregation
experiment, 0.5 mL Fh NPs suspension (20 mg Fe/L) was mixed with 0.5 mL NaCl solution with
different concentrations, yielding a final NP concentration of 10 mg Fe/L (pH 5.5 £ 0.2).
Immediately after mixing, the samples were vortexed for 2 s, inserted into the DLS chamber, and
measurement started immediately.

NOM fractionation. To prepare the NOM fractions, 150 mg of Suwannee River NOM

(SRNOM) (Cat. No. IRIOIN, International Humic Substances Society, St. Paul, MN) was
6
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dissolved in 60 mL Milli-Q water. After adjusting pH to 7 with NaOH, the solution was rotated
end-over-end overnight at 20 rpm. Then, the solution was filtered through a 0.2 um PES membrane
(EMD Millipore, Burlington, MA) to remove any undissolved SRNOM. A series of Amicon Ultra-
15 centrifugal filters (EMD Millipore) with decreasing MW cut-offs (MWCO) of 100 kDa, 30 kDa,
10 kDa, and 3kDa were used for MW fractionation. Filter units were centrifuged at 4714 rpm
(4000xg) (Eppendorf 5804, Hamburg, Germany) for 10, 30, 40, and 60 min for MWCO 100 kDa,
30 kDa, 10 kDa, and 3 kDa, respectively. All filter units were pre-rinsed by centrifuging with Milli-
Q water three times, and the dissolved total organic carbon (TOC) concentration in the final filtrate
was negligible (0.42 + 0.14 mg C/L). Sequential fractionation (schematic in SI Figure S3) was
performed to obtain > 100 kDa SRNOM fractions, then 30 to 100 kDa (SRNOM30-100kpa), 10 to 30
kDa (SRNOMi0-30kpa), 3 to 10 kDa (SRNOMs3-10kpa), and finally < 3 kDa (SRNOM-<skpa). Briefly,
the filtrate from each higher MWCO filter was utilized in each following stage of the sequential
filtration. The retentate fractions were rinsed in the filter unit with Milli-Q water to remove any
remaining lower MW NOM until the filtrate showed minimal observable color, after which the
concentrated retentate was recovered and diluted with a measured quantity of Milli-Q water for
further use. The concentration as C in each fraction was measured by TOC analysis. The
cumulative mass recovery across the entire sequential filtration was ~85%. All stock solutions of
fractionated and unfractionated NOM (SRNOMunfractionated) Were stored in the dark at 4 °C.
Characterization of MW distributions of NOM. The unfractionated and
fractionated NOM were characterized by size exclusion chromatography (SEC) using a Superdex
75 10/300 GL column (GE Healthcare, Chicago, Illinois) on an Agilent 1290 Infinity system
(Agilent, Santa Clara, CA) including a binary pump, degasser, autosampler, Agilent 1260 UV—vis
diode array detector, DAWN HELEOS II multi angle light scattering (MALS) detector (Wyatt
Technology, Santa Barbara, CA), and Optilab T-rEX differential refractive index (dRI) detector
(Wyatt Technology). The sample injection volume was 100 pL and flowrate was 0.5 mL/min. In

“ideal” SEC theory, analytes do not interact with the stationary phase and elution time corresponds
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only to the molecular size. However, in practice, NOM shows adsorptive or repulsive interactions
with the Superdex column that vary with the ionic strength of the eluent.?° Therefore, MALS was
used to directly quantify MW independently of elution time, using the Zimm model in the Wyatt
ASTRA software (7.1.2.5) with the dRI detector as the concentration source (dn/dc of 0.146 mL/g
for SRNOM);?® details are in the SI. Furthermore, we take advantage of the NOM/column
interactions to tune the mobile phase such that each MW fraction elutes within the usable
separation and measurement range of the column (between the void volume and solvent volume).
For the unfractionated NOM and fractions with MW cutoff > 10 kDa, a mobile phase of phosphate
buffer (4 mM, pH 7) with NaCl (25 mM) results in elution of higher MW components after the
void volume.?® 2! For NOM fractions with MWCO < 10 kDa, a lower ionic strength phosphate
buffer (2 mM) was chosen to elute low MW components prior to the solvent peak (which produces
a negative dRI signal).?’

Quantification of adsorbed mass of NOM onto Fh NPs. Batch adsorption
experiments were performed to investigate the adsorption of unfractionated and fractionated NOM
onto Fh NPs (10 mg Fe/L). The adsorbed carbon concentration for samples with initial
concentrations of 5 mg C/L or 10 mg C/L in 150 mM NacCl (identified as CCC in the absence of
NOM, SI Figure S4) were obtained by solution depletion (measuring the change in carbon
concentration due to adsorption) using a TOC analyzer (TOC-L, Shimadzu, Kyoto, Japan). For the
SRNOM-=skpa fraction, destabilization of the NPs was observed, and an additional sample with an
initial NOM concentration of 20 mg C/L was analyzed to further investigate the distinct
aggregation behavior.

For sample preparation, the NP stock (1 g Fe/L) was bath sonicated for 30 minutes before
sample preparation. Solutions containing NOM and NaCl with a total volume of 6 mL were mixed
with 6 mL diluted NP suspensions (20 mg Fe/L) and vortexed for 2 s. The mixture pH was 5.5 +
0.2 (n = 15). To have consistent NP-NOM exposure time with the aggregation experiments (vide

infra), samples were held at room temperature for 15 minutes. The dissolved (unadsorbed) NOM
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was isolated from the Fh NPs by centrifuged in an Amicon 100 kDa centrifugal ultrafiltration unit
(Millipore Sigma, Burlington, MA) at 4714 rpm (4000%g) for 2 minutes (Eppendorf 5804,
Hamburg, Germany). Filters were prewashed ten times with NaCl (150 mM), and a total sample
volume of 12 mL was filtered. Controls for each NOM type and concentration containing no NPs
were prepared with the same procedure, and the adsorbed NOM concentration onto NPs was
determined by subtracting the remaining NOM concentration as C in the filtrate of the NP samples
from the corresponding NP-free control.

Characterization of adsorptive fractionation of the NOM. To investigate
adsorptive fractionation by MW of the NOM onto Fh NPs, SEC-UV2s0 chromatograms (detector
wavelength at 280 nm) for each of the NOM fractions were compared before versus after
adsorption to NPs. The same solutions prepared for batch TOC measurements (the 100 kDa filtrate
for the Fh-NOM mixtures, and the control NOM filtrate with no NPs) were measured using the
SEC method reported above.

Additionally, to investigate the possible preferential adsorption of aromatic compounds
relative to the TOC,?’ batch UV-vis absorbance spectra of NOM fractions before (filtrate of NP-
free control) and after adsorption to NPs (filtrate of the NP-NOM mixtures) were collected using
a UV-2600 spectrophotometer (Shimadzu, Columbia, MD). Specific UV absorbances were
calculated by dividing the UV absorbance at 280 nm by the TOC concentration.

Finally, to compare the functional groups of the different NOM fractions in the bulk NOM
versus those adsorbed to the NPs, ATR-FTIR spectra were collected on a Nicolet iS50 FTIR
spectrometer (Thermo Fisher Scientific, Waltham, MA) with a diamond/ZnSe single reflection
ATR crystal (PIKE Technologies, Fitchburg, WI). The spectra of the bulk NOM fractions were
obtained after drying 6 uL of the NOM solutions (pH = 5.5) onto the ATR crystal. After each set
of batch adsorption experiments onto the Fh NPs, the NPs with adsorbed NOM were washed in
the centrifugal ultrafiltration units with Milli-Q water to remove any unadsorbed or loosely

attached NOM. Then, the NOM-coated Fh NPs were deposited and dried on the ATR crystal. All
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spectra were acquired from (800 to 4000) cm™! at 2 cm™! resolution, with 200 scans averaged per
spectrum and processed by background subtracting the spectrum of the clean ATR crystal.

Fh NPs aggregation and zeta potential measurements with NOM presence.
To investigate the effect of NOM on NP aggregation, we conducted similar DLS experiments in
the presence of 150 mM NacCl (the CCC value in the absence of NOM) and the unfractionated or
fractionated NOM with concentrations of 10 or 5 mg C/L. The aggregation experiments followed
the same procedure stated above and the detailed DLS setting can be found in supporting
information (SI Section 2.5). The solution containing NaCl and NOM was mixed with an equal
volume of Fh NPs suspension. The zeta potentials of the Fh NPs after interacting with NOM were
also measured at the end of the 15-min size measurements. We note that although NOM has been
reported to self-aggregate or contain = 20 to 30 nm particles for soil humic acids or aquatic NOM
in the presence of divalent cations,?** here the light scattering of all SRNOM fractions in 150
mM NaCl is close to the background scattering measured on DI water (both measured with
attenuator setting of “11”, i.e., the widest aperture), and not significant relative to the aggregating
NPs (see SI Section 3.1).

Single-Particle Inductively Coupled Plasma Mass Spectroscopy (spICP-MS).
To better understand the fractal structure of the aggregates, DLS measurements of aggregate
hydrodynamic diameter were compared to the Fe amount in each aggregate, evaluated as the
equivalent spherical NP diameter by spICP-MS. A Thermo Fisher Scientific iCAP RQ quadrupole
ICP-MS (ThermoFisher Scientific, Waltham, MA) operating in single particle mode was used for
spICP-MS data acquisition, monitoring the >’Fe intensity. For spICP-MS measurement, dilution of
the Fh suspensions is required to ensure each recorded spike represents a single aggregate**. The
optimized dilution factors of Fh suspensions were selected at 1000 times, and the measured Fh
particle concentrations were in the range of (1 to 5) x 10° particles/mL. The spICP-MS analysis
was initiated immediately after dilution by Milli-Q water; preliminary tests showed that the

dilution process did not lead to rapid dissolution of Fh NPs.

10
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The Fh samples were prepared following the same procedure as the aggregation
experiments for DLS measurements, with Fh (10 mg Fe/L) in NOM (10 mg C/L or 5 mg C/L) and
NacCl (150 mM) mixed solution. Both the freshly mixed solution and solution after aggregation for
15 min were measured. Based on the measured Fe amount in each aggregate, the particle size was

0?4 and a density of 3.8 g/cm® for Fh

calculated using the chemical structure as Fe2O3-2.5H>
NPs*! with the spherical-shape assumption. All measurements were repeated three times, average
value and standard deviations for particle size and concentration were calculated. Details about
splCP-MS measurements and size calculations are in the SI.

Fractal dimension analysis by static light scattering. Static light scattering was also
conducted to directly evaluate the fractal dimension of large aggregates in batch samples prepared
as for the aggregation experiments. Scattering intensities at various detector angles were measured

on a Wyatt DAWN HELEOS II MALS detector and analyzed as reported in prior studies and

detailed in the SI.

B RESULTS AND DISCUSSION

Different MW fractions of SRNOM produce physically distinctive but
chemically similar adsorbed layers on Fh NPs
Effect of MW on adsorbed mass and layer thickness

The successful sequential fractionation of SRNOM to produce distinct MW fractions was
confirmed by SEC-MALS (chromatograms in Figure S5; average MWs in Table 1). The adsorbed
masses and adsorptive fractionation of the SRNOM samples onto the Fh NPs were then evaluated
in solution depletion experiments by batch TOC and SEC analysis, respectively. As expected, each
NOM fraction produces a higher adsorbed mass at higher C/Fe ratios, R = 1, compared to R = 0.5
(Figure 1). Furthermore, the adsorbed mass of the SRNOM fractions generally increases with MW,
indicating higher adsorbed mass of higher MW fractions of SRNOM to Fh NPs (Figure 1). This

result is consistent with preferential adsorption of higher MW NOM onto Fh reported by Lv et
11
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al.,!* Wang et al.,'* and Coward et al.'®

using electrospray ionization - Fourier transform ion
cyclotron resonance mass spectrometry (ESI-FT-ICRMS), and by Ding et al.'® using fluorescence
spectroscopy.

To gain further insight into the adsorption process, SEC-UV2so difference chromatograms
for the dissolved (unadsorbed) NOM remaining after versus before adsorption were compared (SI
Figure S6) to distinguish whether any MW components preferentially adsorb to the Fh NPs. Table
1 compares the weight-averaged MW, My, of the adsorbed species to that of the bulk NOM before
adsorption. While the more monodisperse SRNOM3-10kpa, SRNOMi0-30kpa, and SRNOM30-100kDa
fractions did not show substantial changes in Mw upon adsorption, preferential adsorption of the
higher MW components was observed for SRNOMaunfractionated and SRNOM<3kpa, as is also apparent
in the chromatograms (SI Figure S6). This adsorptive fractionation from the more polydisperse
samples is consistent with several previous reports for unfractionated NOM adsorbing to iron oxide

particles!®!?

and can explain why the unfractionated NOM (containing a broader variety of high
and low affinity species) does not fall within the monotonic trend between adsorbed mass and MW
observed across the more monodisperse, pre-fractionated NOM (Figure 1). It is noted that Gentile
et al. reported that only the small MW fraction of a boreal forest soil extract could adsorb onto the
Fh NPs; '®the difference is likely because the soil extract included very large (> 100 nm) colloidal
NOM that did not adsorb, whereas the SRNOM fractions used here (< 100 kDa filtrates, estimated
pore size ~9 nm)*? corresponds to the “small” MW soil NOM that adsorbed.

Finally, the number of adsorbed NOM molecules per Fh NP was estimated (Figure 1,
calculations in the SI), using the adsorbed mass from TOC and Mw of the adsorbed NOM from
SEC (Table 1). Previously, Tipping found that while the adsorbed mass of humic acids onto
goethite increased with MW, the adsorbed number concentrations were similar after normalizing
for MW.!? Here, the estimated number of adsorbed molecules per NP appears to be inversely

correlated with the MW of the NOM fraction, in contrast to the trend in adsorbed mass. The higher

adsorbed mass for a lower adsorbed number of molecules can suggest a thicker adsorbed layer for

12
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the higher MW fractions (schematic in Figure 1), although direct measurements of layer thickness
would be required for confirmation. However, advanced techniques such as small angle neutron
scattering (SANS) and disc centrifugal sedimentation (DCS), low-energy ion scattering (LEIS),
and flow field-flow fractionation (FFF), and may further require the particles to be monodisperse
and unaggregated. Hence, direct measurements of layer thickness remain a major challenge.*
Effect of functional group composition on adsorbed layer chemistry

Since the chemical composition (particularly aromatic and carboxyl species) has been
reported to influence NOM adsorption onto iron oxide NPs,” ! 13151719 JV—yis and ATR-FTIR
spectroscopy were conducted to explore any differences in functional group composition of the
adsorbed species across the NOM fractions. The specific UV absorbance (SUVA) of the bulk NOM
fractions (SI Figure S7), which is an indicator of the aromaticity of the NOM,* ** increases with
MW up to 100 kDa, consistent with results by Shen et al. for fractionated SRNOM.?? After
interacting with the Fh NPs, SUVA of the unadsorbed NOM was slightly lower than before
adsorption (SI Figure S7), consistent with some preferential adsorption of aromatic components,
with the largest difference observed for the unfractionated SRNOM.

ATR-FTIR spectra of the unfractionated and fractionated SRNOM before and after
adsorption onto Fh NPs were also compared. All SRNOM fractions before adsorption (Figure 2a)
show major peaks at 3390 and 1710 cm™! (attributed to the O—H stretch for alcohols and C=0O
stretch of protonated carboxylic acids (COOH), respectively), 1600 cm™ (aromatic alkenes,
conjugated carbonyl, or deprotonated carboxyl groups (COO)), and 1395 cm™ (COO™ or the C-O
stretch of phenolic groups).*** SRNOMunfractionated and SRNOM-<3kpa also show an additional peak
at 1120 cm™!, attributed to the C—O stretch of alcohols or carbohydrates.*>>°

Two changes are observed in the FTIR spectra upon adsorption (Figure 2b): the 1710 cm™!
peak is less apparent in the adsorbed NOM on the NPs than the bulk NOM for all of the fractions,
and the 1120 cm™ peak in SRNOMunfractionaed and SRNOM<3kpa does not appear to adsorb

substantially to the Fh NPs. These results are consistent with the previously reported participation

13
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of carboxyl groups in ligand exchange upon binding to iron oxides'! !” (requiring deprotonation
of the carboxylic acid), and a relatively low affinity of carbohydrates (reported for some but not
all types of NOM'%-31). Since the carbohydrate group did not adsorb onto the Fh NPs, the adsorbed
NOM coatings appear to have similar functional group compositions regardless of MW (Figure
2b). Prior NP aggregation studies with fractionated NOM were not able to provide chemical

characterization of NOM functional groups both before and after adsorption,?*->*

except for Zhou
et al.”> who only characterize the fractionated NOM after adsorption. Here, although the functional
groups of fractionated NOM showed significant difference before adsorption, no significant
difference was observed after adsorption. Hence, the NOM layers formed by different MW
fractions on the Fh NPs differ primarily in physical properties (adsorbed mass, adsorbed molecular
size) rather than chemical properties.

In this section, a comprehensive characterization of adsorbed NOM both before and after
adsorption helped us to fill the research gap from the previous studies . The selective adsorption
of certain chemical compositions for all NOM fractions could minimize the contribution from

chemical properties of fractionated NOM to their effects on NPs’ aggregation, as discussed

hereafter. Our findings can help understand fractionated NOM effects on other NPs’ aggregation.

Characterization of adsorbed NOM discovered the dominant mechanisms

Both inhibition and enhancement of NP aggregation by NOM have been reported.?!->* 25
5254 However, the specific mechanisms by which NOM with different MWs impart differing
degrees of NP stabilization are not well understood. Here, detailed characterization of NOM
adsorption informs a more mechanistic understanding of aggregation results.

First, CCC of Fh NPs without NOM was determined as = 150 mM NaCl at pH 5.5 (SI
Figure S4). This CCC is slightly lower than the reported CCC of 200 mM NaCl at pH = 5.0 £ 0.1
in our previous study,> which is consistent with the slightly higher pH in the current study and

hence less positive zeta-potential for Fh NPs with pHiep around 7 (SI Figure S2). According to

14
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Derjaguin-Landau-VerweyOverbeek (DLVO) theory, the lowered electrostatic repulsive forces
between the less positively charged Fh NPs can result in a lower CCC value, as measured here.

Then, Fh aggregation experiments were conducted at pH = 5.5 in 150 mM NaCl with
SRNOM at different C/Fe mass ratios, R, of 1 and 0.5 to investigate the effect of NOM on Fh NP
aggregation. Figure 3 reports the z-average hydrodynamic diameter; the intensity-averaged
diameters are provided in SI (S8) along with raw correlation functions (S9) and are consistent with
the z-average trends in Figure 3.

At both mass ratios, the introduction of SRNOM=<3kpa unexpectedly resulted in a more
rapid increase of size than that observed in the absence of NOM (discussed separately, vide infra).
On the other hand, the higher MW SRNOM samples were able to stabilize the NPs against
aggregation. At R = 1 (Figure 3a), the hydrodynamic size of Fh NPs was fully stabilized in the
presence of SRNOM3o-100kpa and SRNOM o-30kpa and only slightly increased in the presence of
SRNOMunfractionated (from 67.4 to 84.2 nm) and SRNOM3-10kpa (59.4 to 76.1 nm) during the 15 min
measurements. At lower concentrations of SRNOM (R = 0.5, Figure 3b), significant inhibition of
Fh NPs aggregation is still observed for the highest MW fractions (SRNOMs3o-100kpa and
SRNOMio-30kpa). However, SRNOMs.iokpa only partially inhibited NP aggregation, and
SRNOMunfractionated did not impart any observable stabilization relative to the NOM-free case.
These results are consistent with prior reports of NOM fractions with higher MW providing
stronger colloidal stabilization of gold and silver NPs than lower MW fractions.?%2!-23

The degree of NP stabilization generally correlates with the adsorbed mass of NOM
(Figure 1): NPs with adsorbed masses of > 270 mg C/mg Fe tend to be fully stabilized against
aggregation, whereas those with < 200 mg C/mg Fe are not. However, a closer evaluation of the
data indicates that adsorbed mass alone cannot fully predict the NP aggregation behavior. Notably,
adsorbed masses were similar for SRNOMunfractionated at R=1 (230 = 10 mg C/ g Fe) and SRNOM3-
10kpa at R=0.5 (223 + 14 mg C/ g Fe), but the SRNOMunfractionated fully stabilized the NPs whereas

SRNOM3.10kpa did not. These NOM coatings differed primarily in the Mw of the adsorbed species

15
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(Table 1). Hence, the larger Mw adsorbed NOM likely produced a thicker layer and imparted
stronger steric stabilization.

NOM chemistry has also been postulated to influence NP aggregation, with higher
aromaticity correlating to higher adsorption and better stabilization. >°: **However, the influences
of aromaticity and MW are often indistinguishable because these properties typically co-vary for
NOM. Here, differences in SUVA across the MW fractions were less apparent than the differences
in MW (for example, comparing SRNOMio-30kpa to SRNOM30-100kpa, SI Figure S7). Therefore,
aromaticity does not appear as important as MW in the adsorption and aggregation process.
Furthermore, for the aforementioned case with similar adsorbed masses for SRNOMunfractionated and
SRNOM3-10kDa, the SRNOMunfractionated provided enhanced colloidal stability despite having a lower
SUVA than SRNOM3.10kpa. Beyond aromaticity, the similarity in the ATR-FTIR spectra of the
adsorbed NOM across all MW fractions (Figure 2b) further indicates that the differences in Fh NP
aggregation cannot be explained by the functional group composition of the adsorbed NOM.

Finally, electrostatic interactions imparted by the negatively-charged NOM could also
affect the aggregation behavior of the Fh NPs. Hence, zeta potential was measured at the end of
the aggregation experiments (Figure S10). In all cases, a net charge reversal of Fh NPs from
positive to negative was observed after NOM adsorption. However, except for SRNOM<3kpa, the
zeta potential was generally similar across all NOM fractions, and no significant difference was
observed comparing R =1 and 0.5 for each fraction. Therefore, electrostatic interactions could not
explain the differences in aggregation behavior for the SRNOM fractions larger than 3 kDa.

While previous studies have also concluded that the higher MW fractions of NOM could
provide better stability of NPs (SI Table S1),°* the full characterization of adsorbed mass,
adsorptive fractions, and adsorbed layer chemistry presented here provide new, direct evidence to
confirm that steric repulsion is the main mechanism by which higher MW SRNOM inhibits the

aggregation of Fh NPs at high ionic strengths near the CCC of bare NPs.
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Effect of MW-fractionated NOM on positively-charged NPs

In the presence of SRNOM<skpa, instead of inhibiting aggregation, a sudden “jump” of the
initial size from 30 nm to = 500 nm occurred under both C/Fe ratios of 1 and 0.5 (Figure 3). While
the SRNOM-<skpa adsorption produces a less negative zeta-potential than the other SRNOM
fractions, the rapid increase in Fh aggregate sizes in the presence of SRNOM<3kpa should not be
attributable to simple charge neutralization, since the rate of size increase was faster than without
NOM at the CCC of 150 mM NaCl, which is presumably the maximum (diffusion-limited)
aggregation rate of the Fh NPs by charge screening, following classical DLVO theory. Therefore,
the results would not be consistent with simple charge neutralization, as proposed by Gentile et al.
to explain Fh NP aggregation by NOM extracted from a boreal forest soil.'®

We first hypothesized that a higher concentration of SRNOM<3kpa may be able to produce
higher adsorbed mass to inhibit aggregation similarly to the other fractions. To test this hypothesis,
the C/Fe ratio for SRNOM-<skpa was increased to 2, 5, and 10. However, the rapid size increase
occurs even at high C concentrations (SI Figure S11). Adsorption experiments at R = 0.5, 1, and 2
showed that the adsorbed mass of SRNOM=skpa has already plateaued at a maximum of 157 + 17
mg C/g Fe when R = 1 (SI Figure S12), much lower than the adsorbed mass of the higher MW
NOM fractions, indicating a low adsorption affinity of SRNOM<skpa.

Secondly, we hypothesized that the rapid jump in the initial hydrodynamic size could be
attributed to the formation of a loose “branching” configuration of Fh NP aggregates through a
bridging effect by SRNOM-<skpa, as has been postulated in other studies to explain an apparent
enhanced aggregation observed by DLS.’’> DLS measurements could dramatically overestimate
the aggregation number (i.e. number of NPs per aggregate) of a “branched” fractal aggregate, due
to the use of hydrodynamic size as the basis for aggregate size. To test this hypothesis, spICP-MS
was conducted. spICP-MS diameters are expected to be smaller than the DLS hydrodynamic
diameters, since spICP-MS directly measures the mass of Fe in each aggregate and then calculates

a “diameter” of each aggregate with spherical shape assumption and known density and formula.
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This equivalent spherical “diameter” from spICP-MS underestimates the actual physical size, but
is more representative of the aggregation number (as reported previously for Au and Ag NPs).>:
60,61 The cutoff of the background Fe intensity (measured on deionized water) during the spICP-
MS measurement was ~ 200,000 counts per second (cps) (Figure 4), which would correspond to a
Fh NP diameter of = 134 nm (SI eq S2); spikes with intensities higher than 300,000 cps
(background + 3 standard deviation) were regarded as single aggregate. The Fh NP aggregate
diameter with SRNOMz<3kpa was 180 + 20 nm by spICP-MS (SI Figure S13, Table S2). For other
conditions without SRNOM or with SRNOM3.10kpa, their initial sizes were below the spICP-MS
detection limit (134 nm), indicating that no large aggregates formed initially under these conditions,
consistent with the DLS measurements. After aggregation for 15 min, particle sizes increased to >
180 nm for the samples without SRNOM, as well as samples with SRNOM-<skpa at C/Fe = 1 and
SRNOMs-10kpa at C/Fe = 0.5 (SI Figure S13(a), (c), and (d), Table S1), indicating the aggregate
mass was high under these conditions.

Additionally, we obtained the fractal dimensions (df) of the Fh aggregates by static light
scattering. The dr were 1.8 + 0.1 and 1.7 £ 0.1 for the samples without SRNOM and containing
SRNOM <3kpa, respectively (Figure S14). This result is consistent with previously reported data
around 1.7 suggesting cluster-cluster aggregation in the ferrihydrite NPs'® and suggests both
aggregates formed through electrostatic destabilization rather than NOM-bridging flocculation,
which would be expected to produce a lower dr (looser aggregate structure).?® The three orthogonal
and complementary measurements (DLS, spICP-MS, and static light scattering) all consistently
suggest that the rapid increase of the initial DLS size with SRNOM<3kpa was due to “true”
aggregation of Fh NPs due to electrostatic destabilization, rather than bridging by SRNOM<skpa to
form a loose fractal structure.

A possible explanation for these findings is that the negatively-charged SRNOM<3kpa
forms heterogeneous, “patchy” coatings on the surface of positively-charged Fh NPs, leading to

attractive forces between oppositely-charged patches.®® The acceleration of NP aggregation by
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patch-charge attraction has previously been reported in the presence of protein,®* polyelectrolytes®
and NOM.?% 65 Prior studies suggested that patch-charge attraction can result in restructuring of
hematite NP aggregates over time.* Here, the relatively low adsorbed mass of SRNOM<3kpa
(Figure 1) compared to the higher MW NOM fractions is consistent with a patchy coating and
inability to impart steric repulsion to inhibit NP aggregation. Evaluating Fh aggregation using the
higher MW NOM fractions at a lower C/Fe ratio of 0.2 also showed accelerated aggregation
(Figure S15), providing corroborating evidence that insufficient adsorbed mass of NOM (resulting
in a patchy coating and heterogeneously charged surface) can result in patch-charge attraction.
Besides the coverage degree, the patch-charge attraction could also depend on the size of Fh NPs,
which proved by investigating the effect of negative charged sulfide (S(-1I)) on Fh NPs aggregation.
However, this is out of our scope, and further study need to be addressed in the future.

Previous studies reported the inhibition of NP aggregation by SRNOM-<3kpa on PVP coated

Ag NPs, fullerene or graphene oxide NPs,?>4

which is opposite to our observation of promoted
NP aggregation by SRNOM=<skpa on positively charged ferrihydrite NPs. In these previous studies,
the NPs were negatively charged and the reported inhibition mechanisms were enhanced

3 or steric repulsion by negatively charged NOM coatings®> 2* (Table S1).

electrostatic repulsion?
In contrast, here the < 3 kDa NOM fraction was observed to promote NP aggregation due to the
opposite charges of the ferrihydrite NPs and NOM. The observation and mechanisms discovered
here may be useful to predict the effect of fractionated NOM on the colloidal stability of other NPs,
such as aluminum oxides and TiO2, that can be positively charged at environmentally relevant pH
conditions. Moreover, prior studies reporting patch-charge attraction only used DLS to investigate
the aggregation rate,*®> here we have demonstrated the first application to our knowledge of
spICP-MS and static light scattering in combination with DLS as an effective and novel method
to provide stronger evidence distinguishing whether the apparent acceleration of aggregation is

attributable to patch-charged attractive forces, rather than bridging. Such method could be adopted

for the characterization of other nano-aggregates.
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ENVIRONMENTAL IMPLICATIONS

In this study, a systematic characterization of fractionated NOM both before and after
adsorption onto NPs was conducted to achieve a solid discussion to rule out or support the various
mechanisms that have previously been speculated. To our knowledge, this is the first report of the
similarity in adsorbed layer chemistry across different MW fractions of NOM regardless of the
difference before adsorption, allowing us to distinguish the importance of the physical properties
of the adsorbed NOM (MW and adsorbed mass) over chemical properties in the aggregation
process. The MW largely controls the adsorbed mass of SRNOM and subsequent steric
stabilization/electrostatic destabilization of the NPs, whereas functional group composition is
relatively unimportant. The approach presented here can also be a good guidance for future studies
to understand the fate and transport of NPs in natural systems with different NOM compositions.

Furthermore, our study first highlights that the mechanisms by which fractionated NOM
stabilizes or destabilizes NPs were significantly different for NPs with opposite charge states to
the NOM. For the lowest MW SRNOM species, a low adsorbed mass resulted in accelerated
aggregation of the Fh NPs, due to patch-charge attraction between positively charged NP surface
and the negatively charged NOM which only partially covers the NPs. Such effects could not occur
for the negatively charged NPs. Our unique findings can have broad implications for the effects of
fractionated NOM on other positively charged NPs.

Results here can be useful to begin developing semi-empirical models to predict
aggregation behavior of Fh NPs in the presence of NOM, given investigation of a wider range of
conditions (e.g. pH and ionic strength) and different types of NOM. Given that prior studies
observed bridging flocculation by high MW NOM,?? future studies could investigate the effects of
the NOM fractions on positively-charged NPs such as Fh (at pH < 7) with divalent cations such as
Ca?". Additional studies can also investigate the relative influence of MW and chemistry when the

NPs are initially coated by large polymers such as polyvinylpyrrolidone (PVP).?? Thus, detailed
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characterization of the properties of adsorbed layer could be addressed to explain the mechanisms.

Overall, this knowledge will be critical to understand the transport behavior of Fh NPs and
the associated contaminants, which are ubiquitous in natural systems. This research can inspire
additional studies to investigate the effect of NOM adsorption on the role of Fh NPs as well as
other natural NPs in the colloid-mediated transport of inorganic and organic pollutants in natural

environments.
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Tables and Figures

Table 1. Weight-average molecular weight of the SRNOM fractions before and after

adsorption.
NOM Stock
) o¢ Adsorption Experiments
Solutions
SRNOM My acrf)ss the MW ac.r0s§ thze entire M,, at peak maximum?
. entire distribution” (kDa) (kDa)
Fractions .
distribution’ Before Adsorbed Before Adsorbed
(kDa) adsorption NOM adsorption NOM
frac-
Unfrac 273 25.7 34.4 15.4 24.8
tionated
<3 kDa* 7.4 8.4 10.3 6.8 83
(3-10) kDa 22.4 23.6 24.0 19.0 19.2
(10-30) kDa 42.1 423 424 34.0 35.2
(30-100) kDa 64.8 61.2 61.3 66.4 62.1
ICalculated as % across the chromatograms in Figure S5, where C; is the mass

concentration from RI detection and Mw, is the weight-averaged molecular weight at each time
point 7 from the Zimm analysis of the MALS data (using RI for concentration).

?Calculated as in Footnote 1 for the chromatograms in Figure S6, except estimating C; from the
UV absorbance at 280 nm because of the low RI signal for the 10 mg/L C concentrations used in
the experiments; Mw, is based on elution time using the measurements in Figure S5. The raw
chromatogram is used for the dissolved NOM before adsorption, and the difference chromatogram
for the adsorbed NOM.

3Taken as a single My at the peak maximum in the chromatograms in Figure S6. The raw
chromatogram is used for the dissolved NOM before adsorption, and the difference chromatogram
for the adsorbed NOM.

“Note adsorptive fractionation observed in the chromatograms (Figure S6) is not apparent here
because the lowest molecular weight species produce low MALS signal and are excluded from the
My analysis.
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714
715
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717 Figure 1. Adsorbed carbon concentration and adsorbed NOM molecules versus weight-average

molecular weight of the stock solution of each NOM fraction at R = 1 and 0.5. The weight-
average molecular weight of SRNOM<3kpa , SRNOM3.10kpa, SRNOMunfractionated , SRNOM o-
30kpa, and SRNOM3o-100kpa are 7.4 , 22.4, 27.3, 42.1, 64.8 kDa, respectively ). Error bars

represent the standard deviation of n = 2 samples. The lines displayed are only to guide the eye.
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Figure 2. ATR-FTIR spectra for NOM fractions before adsorption (a) and after adsorption onto
Fh NPs (b). The spectra for the NOM fractions were obtained by drying 6 pL of the liquid
solutions (pH =~ 5.5) onto the diamond/ZnSe ATR crystal. To collect the NOM-coated NPs,
samples were prepared following the same procedure as the batch adsorption experiment and
washed with Milli-Q water to remove unadsorbed NOM, then dried onto the ATR crystal. All
spectra were acquired from (800 to 4000) cm™' and processed by background subtracting the

clean diamond/ZnSe crystal spectrum.
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Figure 3. Aggregation kinetic profiles of Fh NPs at pH = 5.5 £ 0.2 in 150 mM NaCl solution,
with or without SRNOM (unfractionated or fractionated) with different C/Fe ratios: (a) C/Fe =

1 and (b) C/Fe = 0.5. Error bars represent the standard deviation of n = 2 samples.
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Figure 4. Raw intensity plot of Fh NPs with time scans using spICP-MS. (a) without SRNOM,;
(b) SRNOM-=<3kpa C/Fe = 1; (¢) SRNOMs-10kpa C/Fe = 1; (d) SRNOM3.10kpa C/Fe = 0.5. Note : The
cutoff of the background intensity was selected at 200000 cps, which was corresponding to ~ 134
nm according to eq S2 in SI. Multiple spikes showing up beyond 300000 cps (background + 3c)
for samples (a), (b), and (d) indicating the presence of aggregates larger than 134 nm. More spICP-

MS data are available in SI Figure S13.
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