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ABSTRACT The important role of natural organic matter (NOM)-Fe colloids in

influencing contaminant transport, and this role can be influenced by the formation,
aggregation, and particle deposition dynamics of NOM-Fe colloids. In this work, NOM-
Fe colloids at different C/Fe ratios were prepared by mixing different concentrations of
humic acid (HA) with 10 mg/LL Fe(Il) under anoxic conditions. The colloids were
characterized by an array of techniques and their aggregation and deposition behaviors
were examined under both anoxic and oxic conditions. The colloids are composed of HA-
Fe(II) at anoxic conditions, while they are made up of HA-Fe(IIl) at oxic conditions until
the C/Fe molar ratio exceeds 1.6. For C/Fe molar ratios above 1.6, the aggregation and
deposition kinetics of HA-Fe(II) colloids under anoxic conditions are slower than those
of HA-Fe(III) colloids under oxic conditions. Further, the aggregation of HA-Fe colloids
under both anoxic and oxic conditions decreases with increasing C/Fe molar ratio from
1.6 to 23.3. This study highlights the importance of the redox transformation of Fe(Il) to
Fe(IIT) and the C/Fe ratio for the formation and stability of NOM-Fe colloids that occur

in subsurface environments with anoxic-oxic interfaces.

INTRODUCTION

Biogeochemical cycling of iron (Fe) is active at anoxic and oxic interfaces with
dynamic redox conditions that can occur in groundwater, sediments, wetlands, stratified
lakes, and marine environments.' Dissolved Fe(Il) is the thermodynamically stable form
of Fe at anoxic conditions.’ The diffusion of dissolved Fe(I) from anoxic zones across
interfaces and into more oxic environments can trigger the oxidation of Fe(II) to Fe(III)

and the formation of Fe(III) (oxyhydr-)oxides.” Considering the low solubility of Fe(III)
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in oxic environments at circumneutral pH,® the mobility of Fe(IIl) in subsurface
environments can be facilitated by the formation of Fe(Ill)-rich colloids and Fe(III)
complexes with natural ligands.”'’

Fe can be intimately associated with natural organic matter (NOM) at anoxic-oxic
interfaces.”'' High concentrations of both Fe(Il) and Fe(III) bound to NOM have been
detected in anoxic groundwater, wetlands, and pore waters of sediments as well as in

1 Molar ratios of organic carbon (C) to Fe between 1 and 30

oxygen-rich aquifers.
have been reported in anoxic pore water of sediments, whereby a relatively large fraction
of NOM was bound to Fe."”'*!"” Lalonde et al.'® recently determined that ca 22% of
organic carbon in sediments was directly associated with Fe with an average C/Fe molar
ratio of 4.

Evidence from field studies highlights the prevalence of NOM-Fe colloids at anoxic-
oxic interfaces with particle size ranging from 1-200 nm."”** Stolpe et al.”’ found that
substantial fractions of Fe in rivers were strongly bound to NOM and that these
complexes were present as colloids (4-40 nm). Lapworth et al.”* observed abundant Fe-
rich nanoparticles with diameters of 10-30 nm in shallow groundwater that were
associated with polydisperse NOM fractions. A recent study provided spectroscopic

1 Due to

evidence of Fe(Il)-rich colloids in association with NOM in oxygenated water.
nanoscale dimensions, large specific surface areas, and high redox reactivity, NOM-Fe
colloids can act as geochemical vectors facilitating the transport of a suite of poorly

soluble contaminants in the environment.'”™’

. For example, NOM-Fe colloids were
recently shown to enhance U(IV) transport in a mining-impacted wetland, potentially

polluting surface water.”
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While there is a significant body of knowledge pertaining to the interactions of NOM
and Fe,>'""'>'%22730 Jittle is known about the properties of NOM-Fe colloids (e.g.,
composition, aggregation, and deposition) at anoxic-oxic interfaces. Specifically,
considerable attention has been paid to the chemical reactions between NOM and Fe,

especially in examining the role of NOM on the rate and mechanisms of Fe redox

28-35 36-39

transformation, the geochemical reactivity of Fe-NOM complexes, and the

%40 Under anoxic conditions, the interaction of NOM

preservation of Fe and carbon (C).
with Fe(I) can form NOM-Fe(I) complexes.”® In comparison, under oxic conditions,
NOM can promote or inhibit Fe(Il) oxidation and also provide a net protective effect
against aggregation and precipitation of Fe(Ill) (oxyhydr-)oxides, depending on the

28-30,33,35

source, concentration, and redox state of NOM. Further, the C/Fe ratio has a

marked effect on the extent of Fe(Ill) complexation and precipitation kinetics as well as

the reactivity of NOM-Fe associations.'>*'**

While progress has been made in assessing
reactions of Fe and NOM, the effect of these reactions on the formation and properties of
resulting NOM-Fe colloids remains poorly understood - likely because researchers have
used filters of 0.45 or 0.22 pm pore size to separate samples into ‘dissolved’ and
‘particulate’ phases.”* While previous research provides insight into the colloidal
behavior (e.g., aggregation and deposition) of carbon- and iron-based nanoparticles,” "
the structure and properties of these engineered colloids are essentially different from
naturally formed NOM-Fe colloids.

Building on existing knowledge of NOM-Fe reactions, the objectives of this study

were to systematically investigate the formation, aggregation, and deposition behaviors of

NOM-Fe colloids that form at anoxic-oxic interfaces. The central hypothesis is that a
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transition from anoxic to oxic conditions and C/Fe molar ratios substantially affect the
composition, aggregation, and deposition of NOM-Fe colloids. To test this, colloids were
generated in batch experiments over a range of environmentally relevant C/Fe molar
ratios and were fundamentally characterized with subsequent behavior(s) evaluated via
aggregation and particle deposition analyses. Findings advance understanding of the
stability and mobility of NOM-Fe colloids and the ability to predict the potential fate and
transport of contaminants, nutrients, and trace metals associated with NOM-Fe colloids in

redox transition zones.

MATERIALS AND METHODS

Materials. All reagents were certified analytical grade and they were used without
further purification, and all solutions were prepared using ultrapure water
(resistivity >18.2 MQ-cm, Milli-Q, Millipore). Sigma-Aldrich humic acid (HA), which

. . . 10.4
has been used in several previous studies,'***°

was used as a model NOM compound. A
stock solution of HA was prepared by dissolving 2.5 g of HA solid in 500 mL water
adjusted to pH 10.5 with NaOH in the dark. The resulting solution was filtered using
several 0.45 pm nitrocellulose filters (Millipore). To emulate the reduced state of NOM
present at anoxic conditions, a portion of the HA suspension was reacted for 24 h in
water equilibrated with a 2—5% atmosphere of H; in the presence of a Pd catalyst (0.5%
wt on ALLOs spheres, 1 g/L, Sigma-Aldrich).”' This suspension was subsequently purged
with ultrapure N, to remove excess H; and filtered again with several 0.45 um filters. The
suspension was stored in the dark in an anoxic glovebox (95% N, and 5% H,, Coy Lab

Products Inc., MI). To determine the HA concentration, aliquots of suspension were

diluted to six different concentrations using ultrapure water and then immediately
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transferred to a total organic carbon (TOC) analyzer (Shimadzu TOC-LCPH). Replicate
determination of a stock HA gave an average of 1279 = 11 mg C/L (n = 6). The stock
suspension was then used to create suspensions with different working concentrations for
later experiments. The concentration of Pd in the filtered HA suspension was 135 + 4
ng/L (n =2) (The detection limit was 0.2 pg/L) determined by inductively coupled plasma
mass spectrometry (ICP-MS) (PerkinElmer ELAN DRC II), indicative of Pd
concentration lower than 5 pg/L in the working suspensions, and consequently, the role
of Pd on HA reactivity can be neglected in this study. Additional compositional
information is provided in the Supporting Information (SI, Table S1).

Colloid Formation. Triplicate experiments were conducted in magnetically-stirred
batch reactors (60 mL) at room temperature that were shielded with aluminum foil to
avoid any photochemical reactions. An environmentally relevant pH of 7.0 was set for all
experiments. The pH was maintained at 7.0 + 0.1 by 5 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES, > 99.5%, Sigma-Aldrich) buffer and 0.5 M
NaOH when necessary. HEPES was selected because it has a minimal influence on
interaction between HA and Fe.”* A suite of HA working suspension ranging from 0 to
50 mg C/L was added in the HEPES buffer, and 10 mg/L Fe(Il) (added as FeSO,4) was
then added to these suspensions to create C/Fe molar ratios of 0-23.3. All the reactors
contained 5 mM NacCl, which together with the ionic strength contributed by the HEPES,
corresponds to a typical ionic strength of freshwater aquifers.’® Because the presence of
background buffer (5 mM HEPES) can significantly affect the precise determination of
HA concentration based on TOC analysis, an automated pH-stat titrator (902 Titrando,

Metrohm USA Inc.), instead of HEPES, was used to control the suspension pH at 7.0 £
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0.2 for an additional series of experiments to measure the HA concentration by TOC
measurement. The ionic strength in this system is comparable to that in HEPES system
with a relative error less than 20% (data not shown); consequently, the HA concentrations
determined can approximately represent the values in HEPES systems.

The experimental conditions are summarized in Table S2. The reactions were first
performed in the anaerobic chamber. To ensure strictly anoxic conditions throughout the
course of experiment periods, all reagents and solutions were sparged by ultrapure N, for
at least 2 h and then equilibrated with the anaerobic atmosphere in the chamber for at
least 12 hours. After the anoxic equilibration stage of the experiment, a portion of the
suspension was moved out from the glovebox and aerated to represent a transition to oxic
conditions. Oxic experiments were performed by uncapping the reactors and exposing the
samples to air for 24 h with magnetic stirring in the dark. The dissolved oxygen (DO)
concentration reached 100% of saturation within 1 h as measured by a DO probe
(ProODO, YSI Inc.). Control experiments were performed in parallel using 5 mg/L HA
alone (no Fe(Il) added initially) in the same manner as that used for the scenarios
described above. Samples were collected at both the anoxic and oxic equilibrium for
analysis and for later aggregation and deposition experiments.

The aqueous concentrations of Fe and HA in HA-Fe samples were measured based on
the following size fractionation: truly dissolved species (< 10000 Da, roughly equal to <
1-3 nm), small colloids (1-3 nm to 20 nm), large colloids (20 — 200 nm), and particulate
(> 200 nm). These different fractions were fractionated from samples by 10000 Da
cellulose ultrafiltration membranes (EMD, Millipore), 20 nm filters (PES, Whatman), and

200 nm filters (PES, Whatman). The Fe(II) concentration in each fraction was determined
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by a modified 1,10-phenanthroline method at a wavelength of 510 nm using a UV-vis
spectrophotometer. The total Fe concentration after filtration was assayed through
reduction of Fe(IIl) to Fe(Il) by hydroxylamine hydrochloride. Total Fe(II) and total Fe
concentrations were measured after digesting the unfiltered samples in 0.9 M HCI for 24
h at room temperature in the dark. For the determination of Fe(Il), a desired concentration
of fluoride was initially added to the sample in an attempt to completely inhibit the redox
reactions between Fe and HA during acidification and to prevent the interference of
Fe(I1I).”” To minimize the interference by HA, most samples (except for ultrafiltered ones)
were centrifuged (14,000 g) for 2 min to remove HA and the supernatants were assayed
immediately.”” The concentration of Fe(II) was determined as the difference between the
total Fe and Fe(Il) concentrations. The procedure for anoxic samples was done in the
anaerobic chamber to minimize the potential oxidation of Fe(Il) to Fe(Ill). The HA
concentration in each fraction was measured by TOC.

The size distributions and the zeta potential of HA-Fe suspensions were measured by
dynamic light scattering (DLS) using a Zetasizer Nano (Malvern). Transmission electron
microscopy (TEM, Tecnai TM Spirit) examined the morphology of HA-Fe aggregates
formed under steady-state oxic conditions. Samples were prepared by depositing a drop
of HA-Fe suspension (~ 20 pL) onto a 200 mesh carbon-coated copper grid (Ted Pella,
Inc.) followed by immediate evaporation of the remaining water at room temperature
under vacuum. Solids from different reactors at the conclusion of both anoxic and oxic
experiments were obtained by centrifugation followed by freeze-drying. Freeze-dried
solid was used for solid analysis using X-ray photoelectron spectroscopy (XPS) with the

aim of determining the surface properties of HA-Fe colloids. XPS spectra were collected
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using a PHI Quantera SXM scanning X-ray microprobe with an Al mono source. The
analyses were conducted at 26 eV pass energy at a 200 um X-ray spot size.

Aggregation Kinetics. Aggregation of HA-Fe colloids was examined by monitoring
the Z-averaged hydrodynamic diameter using time-resolved DLS. All DLS measurements
were made using a photodetector at a scattering angle of 173°. Each autocorrelation
function was accumulated every 15 s and DLS samples were left to aggregate for 20-30
min. Because the rapid precipitation of HA-Fe(IIl) suspensions formed at lower C/Fe
molar ratios (< 1.6) under oxic conditions, we devote our consideration of aggregation
kinetics to those at higher C/Fe molar ratios (> 1.6) where the steady-state suspensions
were visually stable (Figure S1). The aggregation kinetics of HA-Fe colloids were
evaluated in response to the addition of an electrolyte with a divalent cation (Ca®" and
Mg*") that promoted aggregation. Ca®" and Mg*" were chosen because they are abundant
in most natural aquifers at redox interfaces and functioned as representative divalent

- - . . . 1ae 45-47,58,59
cations for assessing the aqueous aggregation of engineered nanoparticles.” "> F

or
each measurement, a predetermined volume of suspension in anoxic or oxic conditions at
a given C/Fe molar ratios was added into a vial. After that, the vial received a certain
amount of electrolyte stock solution and was capped to make the total volume of 1 mL.
After 1.5 s of mixing the samples were measured immediately in the DLS chamber. For
anoxic experiments, all sample preparation was conducted in the anaerobic chamber and
all electrolyte solutions were deoxygenated. Control experiments with HA alone were
conducted with the same methods and range of electrolytes concentration.

The attachment efficiency (o) at various electrolyte concentrations was calculated by

normalizing the initial aggregation rate constant obtained at a given -electrolyte

ACS Paragon Plus Environment
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208  concentration (k) to the rate constant obtained under diffusion-limited (nonrepulsive, fast)

209  aggregation conditions (k) (eq 1).43:46:38
1(d
k rol@r®)
210 A= ——=— (1)
fast No,fast(aDh(t))t—»o,fast

211  where Ny is the initial particle concentration, and Dj(?) is the hydrodynamic diameter of
212 HA-Fe colloids at time ¢.

213 Deposition Kinetics. A quartz crystal microbalance with dissipation (QCM-D, Q-
214  sense AB, Sweden) instrument equipped with four flow-through cells was employed to
215 evaluate the effect of electrolyte (Ca®" and Mg”") concentration on the deposition of HA-
216  Fe colloids with a C/Fe molar ratio of 4.7 formed at anoxic and oxic conditions onto
217  silica (SiO;) and poly-L-lysine (PLL) coated silica surfaces. The silica surface was
218  chosen as model surface because it is representative of important interface in natural
219  environments.”” The deposition experiments were measured by simultaneously
220  monitoring the changes in frequency (Af) and energy dissipation (AD) of several
221  overtones of a SiO, coated (5 MHz) QCM-D crystal (QSX-303, Q-sense). Details of the
222 experimental protocols, including sensor cleaning, deposition experiments, and pre-
223 coating of the silica sensor surface with a layer of PLL were reported previously;” a
224 description is also provided in the SI Section S1. Briefly, the HEPES/NaCl/pH 7 solution
225  was introduced to the chamber to establish the baseline until the average normalized third
226  overtone frequency shift ceased to drift more than 0.2 Hz in a period of 1 hour. Next, the
227  crystal surfaces were stabilized with a corresponding electrolyte (Ca’" and Mg2+) solution
228  for up to 10 min. The HA-Fe colloid suspension with the same electrolytes was then

229  injected to the sensor for 20 min. Once a stable deposition rate was achieved, the

10
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chamber was flushed with colloid-free electrolyte solution of the same composition for
10 min followed by HEPES/NaCl/pH 7 solution for up to 20 min. The flushing processes
were stopped when the average normalized third overtone frequency shift were less than

0.2 Hz over a time period of 10 min.

RESULTS AND DISCUSSION

Colloid Formation. The HA-Fe colloids formed under anoxic and oxic conditions
were first characterized by determining the distributions of Fe and C at different size
fractions. Under anoxic conditions, Fe remained primarily as Fe(II) regardless of the C/Fe
molar ratio (Figure 1a). When the initial C/Fe molar ratio increased from 0 to 23.3, truly
dissolved Fe(Il) (<1—3 nm) decreased from 98.6% to 13.8% accompanied by the increase
in colloidal Fe(II) (Figure 1a). The formation of anoxic HA-Fe(II) colloids was likely due
to the coagulation of HA particles. When suspensions are exposed to oxic conditions, all
Fe is present as Fe(Ill) (Figure 1b), due to the oxidation of truly dissolved and colloidal
Fe(I) by dissolved oxygen.’”*® While HA treated by Pd/H, was recently shown to be
capable of limiting Fe(II) oxidation under oxic conditions for several hours (e.g., 4 h) by
acting as a redox buffer and complexant,”’ it does not prevent Fe(Il) oxidation over the
longer 24-h time of our study. Total Fe analysis of HA-Fe suspension after ultrafiltration
(10000 Da) suggests that truly dissolved Fe (< 1-3 nm) is negligible and Fe in suspension
is retained by filtration in either the colloidal (1—-3 nm to 200 nm) or particulate (> 200
nm) forms (Figure 1b). When the C/Fe molar ratio is less than 1.6, all Fe(IIl) is in the
particulate fraction. As expected from the literature, the dominant iron oxides formed at
C/Fe ratio of 0 was lepidocrocite, a well-known product of Fe(II) oxidation by oxygen at

53,61,62

neutral conditions. Solids produced in the presence of HA have been observed to be

11
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a mixture of lepidocrocite and ferrihydrite.52 A substantial fraction of Fe(IIl) is colloidal
once the C/Fe molar ratios > 1.6 (Figure 1b). As discussed by others, hydroxyl and
carboxylic groups in HA (surface) can act to stabilize Fe(Ill), lowering aggregation or

9,38,47,63 .
e The extensive

precipitation propensities, by forming stable complexes.
aggregation of Fe(Ill) particles occurring at low C/Fe molar ratios (< 1.6) in contrast to
the near complete stabilization of Fe(IIl) occurring at higher molar ratios (> 1.6) suggest
that such stabilizing effect(s) depends on C/Fe ratio.** For these systems, the observed
threshold C/Fe molar ratio is between 1.4 and 1.6 for the complete stabilization of Fe(III)
colloids.

Regarding the distribution of HA, the concentration in truly dissolved and colloidal
fractions at all C/Fe molar ratios under anoxic conditions are statistically comparable to
those in control experiments with HA alone, which has approximately 90% of HA
occurring in colloidal forms, with less than 10% in the soluble fraction (Figures 1c and
S2a). In comparison, under oxic conditions at the lower C/Fe molar ratios (<1.6), all HA
is associated with particulate fractions by means of adsorption or co-precipitation with
Fe(IIT) (oxyhydr-)oxides (Figure 1d). This is in contrast to control results in the absence
of Fe(Il) whereby a higher fraction of HA exists in colloidal forms (Figure S2b). A
significant proportion of colloidal HA did not appear until the C/Fe molar ratios reached
1.6 (Figure 1d), which is consistent with observations for Fe(Ill) (Figure 1b). A recent
study on the interaction(s) of HA with Fe demonstrated that a portion of HA was not
directly bound to Fe at higher C/Fe molar ratios (e.g., > 4.5)."* This implies that free HA
in suspension (i.e. not complexed with HA-Fe colloids) is present in equilibrium with the

surfaces of HA-Fe colloids under both anoxic and oxic conditions.

12
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The HA-Fe colloids were further characterized. Z-averaged hydrodynamic diameters
of HA-Fe(II) suspensions for anoxic steady-state conditions are in the range of 150-420
nm, irrespective of initial C/Fe molar ratios. Under oxic steady-state conditions, Z-
averaged hydrodynamic diameter of HA-Fe(Ill) suspensions are close to 5000 nm at
lower C/Fe ratios, while they are much smaller (130-180 nm) at higher ratios (Figure 2a).
Control experiments with HA alone show insignificant change in hydrodynamic diameter
for both anoxic and oxic at equilibrium conditions over a range of HA concentrations
(Figure S3a). These findings are consistent with the size partitioning results described
above (Figure 1). The zeta potentials of HA-Fe suspensions for all steady-state conditions
become increasingly negative as C/Fe molar ratios increased (Figure 2b), while no
significant change in the zeta potential of HA alone is observed at any concentration
tested (Figure S3b). Anoxic conditions lead to an overall more negative charge of HA-Fe
suspension than oxic conditions (Figure 2b), which is attributed to the less extent of
complexation between carboxyl groups and Fe(II) under anoxic conditions.”

TEM images of HA-Fe suspensions formed under oxic conditions support DLS
observations, indicating that the change in C/Fe molar ratios affected the size and
morphology of HA-Fe colloids (Figure 3). At lower C/Fe molar ratios, most HA was
either adsorbed to Fe(Ill) oxides surfaces (panel a) or co-precipitated with Fe(Ill) oxides
(panel b). Much smaller sheet-like HA-Fe(IIl) particles, with an average diameter of ~10
nm, were observed at C/Fe molar ratio of 4.7 (panel c). The sheet-like morphology
becomes larger (10-60 nm in diameter) as the initial C/Fe molar ratio was increased to
22.3 (panel d). Inspection of micrographs at higher magnification reveals the presence of

free HA structure with C/Fe molar ratio of 22.3 (the insert in d), but less so for C/Fe ratio

13
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of 4.7. This suggests that the large HA-Fe(Ill) particles occurring for higher C/Fe molar
ratio(s) are likely due to the presence of larger free HA that was not complexed with
Fe(Ill) in the HA-Fe(Ill) suspensions. The enrichment of HA on the surface is also
supported by the substantially higher surface C/Fe molar ratios detected by XPS than the
colloidal and total C/Fe molar ratios (Table S3). Previous research also reported that the
surfaces of HA-Fe complexes were relatively enriched with HA. >

Colloid Aggregation. The aggregation behavior of HA-Fe colloids, under both
anoxic and oxic conditions, in CaCl, and MgCl, solutions clearly shows a reaction-
limited regime (o < 1, unfavorable) at lower electrolyte concentrations and a diffusion-
limited regime (o = 1, favorable) for higher electrolyte concentrations (Figure 4),
indicating that the aggregation of HA-Fe colloids follows classical Derjaguin-Landau-
Verwey-Overbeek (DLVO) theory.®”* This also agrees well with previous observations

of the aggregation of iron- and carbon-based nanoparticles.*>"***"!

When electrolyte
concentration was lower than the critical coagulation concentration (CCC), the particle-
particle attachment efficiency increased with increasing Ca*" and Mg”" concentration due
to the suppression of electrostatic repulsion forces between HA-Fe colloids that
accelerated aggregation. At a higher electrolyte concentration (> CCC), the repulsive
energy barrier was effectively eliminated between particles and aggregation rates are
independent of ionic strength, resulting in a constant a of 1.**"*”* In other words, CCC
values represent the minimum electrolyte concentration required to completely

destabilize colloids as determined by the intersection of extrapolated lines through

reaction-limited and diffusion-limited regimes.* Higher CCC values generally suggest

14

ACS Paragon Plus Environment

Page 14 of 32



Page 15 of 32

322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343

344

Environmental Science & Technology

that colloids are less susceptible to aggregation and thus have higher degree of stability
relative to particles with a lower CCC values under similar conditions.*"**">73

The aggregation of HA-Fe colloids is highly dependent on the C/Fe molar ratios
(Figure 4). Regardless of anoxic and oxic conditions, CCC values for both CaCl, and
MgCl, solutions increased with increasing C/Fe molar ratio (Figure 4c,f). For example,
the CCC of HA-Fe colloids in CaCl, solutions under oxic conditions noticeably increases
from 2.5 to 4.6 mM and then further increases to 5.1 mM as the C/Fe molar ratio
increased from 1.6 to 4.7 and to 23.3, respectively (Figure 4c). This indicates that HA-Fe
colloids formed at higher C/Fe molar ratios are less vulnerable to aggregation (i.e.
relatively more stable). A regression analysis on CCC values versus the percentage of
colloidal Fe (ratio of Fe in the colloidal fraction to total Fe in HA-Fe suspensions) are
linearly correlated (R? > 0.98) with higher colloidal Fe concentration leading to higher
CCC values (Figure S4). As colloidal Fe concentration was modulated by the C/Fe molar
ratio or HA concentration (i.e. constant 10 mg/L Fe concentration in this study), the
aggregation of HA-Fe colloids depends on the HA concentration. Previous studies have
observed that adsorbed HA can stabilize iron-bearing nanoparticles against aggregation

. 43.47,64,74-76
and transformation.”” """

These results imply that lower aggregation propensity of
HA-Fe colloids formed at higher C/Fe molar ratios may also be due to free HA adsorbed
on the surfaces of colloids, enhancing electrostatic and/or steric repulsion interactions.
Additional insight into these colloidal-based phenomena is possible through zeta
potential measurements (Figure 5). The zeta potential for both CaCl, and MgCl, solutions

become more negative with increasing C/Fe molar ratios (Figure 5), indicating that the

electrostatic repulsion between HA-Fe particles increases with increasing C/Fe molar
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ratios.”” A linear correlation between the CCC values and zeta potential values is
observed (R? > 0.7, Figure S5); the higher absolute zeta potential values led to lower
aggregation tendencies. The zeta potential of HA-Fe colloids did not vary significantly
once the C/Fe molar ratios were above 4.7 (Figure 5). This implies that electrostatic
repulsion is not the only reason for suspension stabilization as steric hindrance may also

play an appreciable role, as observed by others.*®*77!7%77-7

Further, zeta potential
decreased when Ca>*/Mg®" ion concentration(s) increased due to charge screening effects
and the extent of such decrease in the presence of Ca>" was greater compared to that of
Mg*" (Figure S6a,b). This can be attributed to the stronger bridging effects of Ca**
compared to Mg2+,47 resulting in lower aggregation resistance, as reflected by the lower
CCC values (Figure 4c,f). Comparison of the zeta potential in the presence of
Caer/Mngr/Na+ (Figure 5) and Na™ (Figure 2b) shows that a relatively low concentration
of Ca2+/Mg2+ can significantly decrease the absolute value of the zeta potential of HA-Fe
colloids (e.g., from — ~ 50 mV in 5 mM NaCl background solution to — 15~25 mV in 1
mM Ca®"/Mg*" and 5 mM Na" solutions), which is attributed to divalent cations more
effectively neutralizing surface charge than monovalent cations.**’

For a given C/Fe molar ratio, HA-Fe colloids formed under anoxic conditions are
more stable against aggregation than those formed under oxic conditions, especially for
lower C/Fe molar ratios (Figure 4). The CCC values of Ca®" and Mg2+ for anoxic HA-
Fe(Il) colloids were always higher than those for oxic HA-Fe(Ill) colloids and such
difference was more pronounced when the C/Fe molar ratio was 1.6 (Figure 4c,f).

Enhanced stability of anoxic HA-Fe(Il) colloids might be related to the presence of free

COO- group in HA (i.e. did not form bonds with Fe(Il)) in anoxic conditions due to the
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lower propensity of Fe(Il) to associate with HA.>* This gives rise to considerably more
negative zeta potential of anoxic HA-Fe colloids in both Ca*" and Mg”" solutions than for
oxic HA-Fe colloids (Figures 5 and S6c,d). Higher stability of anoxic HA-Fe(II) colloids
may also be, in part, due to their lower density relative to oxic HA-Fe(Ill) colloids,
particularly at low C/Fe molar ratios. It is worth mentioning that a large fraction of truly
dissolved Fe(Il) existed in anoxic HA-Fe(Il) colloids, which may increase the ionic
strength of colloids and thus potentially decrease their stability. By removing truly
dissolved Fe(Il) in HA-Fe(Il) colloids (C/Fe molar ratio of 1.6) using ultrafiltration in
anoxic conditions, we compared the aggregation of anoxic HA-Fe(Il) colloids with and
without truly dissolved Fe(Il). The CCC values for both cases are comparable (Figure S7),
indicating minimal effect of truly dissolved Fe(II) with regard to stability.

Colloid Deposition. Experiments with HA alone showed no deposition onto silica
sensor surfaces in the absence of Ca’"/Mg®" (Figure S8) due to repulsive electrostatic
interactions between HA and silica. The deposition of HA onto positively charged PLL
coated surfaces without Ca**/Mg*" increased linearly with HA concentration (R* = 0.977,
Figure S9) suggesting that normalized deposition of HA-Fe colloids is independent of
HA concentration and can be monitored from the rate of frequency shift in QCM-D, as
predicted by the Sauerbrey relationship.*’

Deposition attachment efficiency (op) of HA-Fe colloids formed under oxic
conditions is higher than that for colloids formed under anoxic conditions for both Ca**
and Mg®" solutions (Figure 6a,b). This difference in deposition efficiency is similar to the
trend for aggregation behaviors (Figure 4); the higher the aggregation of HA-Fe colloids,

the higher the extent of HA-Fe colloids deposition onto silica surfaces. Enhanced
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deposition for oxic conditions can be explained by the lower aggregation of the originally
formed colloids at anoxic conditions than at oxic conditions (Figure 4). The ap of HA-Fe
colloids in the presence of Ca®" is slightly higher (1-1.4 times) than in the presence of
Mg*" for the same concentrations, due to the higher complexation and related bridging
effects of Ca®* ions with COO- groups of HA-Fe colloids.*"**%

The deposited layer stiffness was also assessed in terms of the slope of D to f
(JADsy/Af(3)]), which is used to estimate the induced energy dissipation per coupled mass

45,84-86

change. High |ADgy/Af3)| values indicate relatively loose deposits, while low

|AD@3y/Af3)| values indicate relatively rigid deposition layers. "7

Regardless of
favorable or unfavorable deposition conditions, |AD)y/Af3)| values obtained in oxic
conditions are higher (2.6-4.2 times) than the values obtained in anoxic conditions
(Figure 6c¢,d), suggesting that the deposited colloids from oxic conditions on both silica
and PLL-coated surfaces are more dissipative and, thus looser, than the deposits of
colloids formed under anoxic conditions. Under non-repulsive conditions, the |AD3y/Af(3)|
values for PLL coated surfaces are lower than the values on silica surfaces (Figure 6¢,d),
indicating that the deposition layers of HA-Fe colloids on favorable surfaces are more
rigid (compact structure) than on unfavorable surfaces, which is likely due, in part, to the
fact that HA-Fe colloids deposition on PLL-coated surfaces was mainly at the primary
energy minimum while deposition of HA-Fe colloids on silica surfaces was controlled by

. : 2+ 2+
8285 For both surfaces, an increase in Ca /Mg

the secondary energy minima.
concentrations resulted in higher |AD3y/Af(3)| values (Figure 6¢,d), indicating that the

deposition layer becomes more loosely attached to silica and PLL-coated surfaces with

increasing ionic strength as a result of the formation/deposition of larger

18

ACS Paragon Plus Environment

Page 18 of 32



Page 19 of 32

414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435

436

Environmental Science & Technology

82,86,87
aggregates.”™

|ADsy/Af(3)| values of HA-Fe colloids on both surfaces in the presence
of Ca®" are notably higher than in the presence of Mg (Figure 6¢,d), which suggests that
the deposited HA-Fe colloids layers in Ca*" conditions are softer and more dissipative,

which is consistent with other studies.*>*?

Environmental Implications. This study fundamentally expands our knowledge of HA
interactions with Fe by providing new information on the formation and stability of
NOM-Fe colloids, which are formed at anoxic-oxic interfaces. Such insight is valuable
for deeper understanding of critical biogeochemical cycling aspects of C and Fe and the
transport of colloid-associated contaminants, nutrients, and trace metals at redox sensitive
interfaces, which are ubiquitous in the environment. Under conditions described, the
stability of colloidal Fe depends on the C/Fe molar ratios. Organic-rich systems are thus
likely to enhance the mobility of colloidal Fe. Findings from this study may also be
extended to biotic systems in which HA-Fe(III) colloids can be formed during the bio-
oxidation of aqueous Fe(Il) in the presence of HA.*?! Colloids with enhanced stability
may also have an impact on the fate and transport of contaminants, especially in the
context of higher C/Fe molar ratios — resulting in more stable colloids, which are thus
more mobile. As HA-Fe(II) colloids formed under anoxic conditions are reducingf&60 it
is also reasonable to anticipate that they are capable of reducing redox active
contaminants (e.g., Cr(VI) and U(VI)). While reduced contaminants (e.g., Cr(Ill) and
U(IV)) are generally considered to be less mobile under oxic conditions, their mobility, in

association with stable HA-Fe colloids, would be relatively enhanced. We certainly

realize that natural environments are more complicated than systems presented, based on
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the presence of different types of NOM and periodic oscillation of redox conditions, and
further research is required to extend the framework developed here to assess the redox
properties, (extended) structures, and stability of NOM-Fe colloids in actual subsurface

environments.

Supporting Information

Additional information regarding QCM-D deposition experiment, selected
physicochemical properties of HA and HA-Fe colloids, photographs of HA-Fe
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under anoxic and oxic conditions, and correlations between CCC and properties of HA-

Fe colloids (PDF)
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Figure 1. Percentage of (a,b) Fe and (c,d) HA concentrations in different size fractions at
(a,c) anoxic and (b,d) oxic steady-state conditions as a function of initial C/Fe molar
ratios. The percentage in y-axis means the concentration of Fe and HA in a certain size
fraction to the total concentration of Fe and HA in the suspension. Please note that all Fe
in the anoxic samples was Fe(Il) and all Fe in the oxidized samples was Fe(IlI). Error
bars represent standard deviations of triplicate measurements.
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720  Figure 2. (a) Z-averaged hydrodynamic diameter and (b) zeta potential of colloids and

721  larger particles in HA-Fe suspension at anoxic and oxic steady-state conditions as a
722 function of initial C/Fe molar ratios. Error bars represent standard deviations of triplicate
723  measurements.
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Figure 3. TEM observation of different initial C/Fe molar ratios suspension at oxic
steady-state conditions. (a) C/Fe = 0.5; (b) C/Fe = 1.4; (¢) C/Fe = 4.7; (d) C/Fe = 23.3.

The insert in panel d represents the high magnification of micrograph.
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Figure 4. Attachment efficiency of HA-Fe colloids formed at (a, d) anoxic and (b, e) oxic
conditions for different C/Fe molar ratios as a function of concentrations of (a, b) Ca*"
and (d, ) Mg>" at pH 7. The corresponding critical coagulation concentration (CCC),
which was summarized in panels ¢ and f, was derived by intersection of extrapolations
through reaction-limited and diffusion-limited regimes as an index of particle stability.
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Figure 5. Zeta potentials of different C/Fe molar ratios of HA-Fe colloids formed at (a, c)
anoxic and (b, d) oxic conditions respectively over a range of (a, b) Ca*" and (c, d) Mg2+
concentrations at pH 7. Each data point shows the mean of 10 measurements of duplicate
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