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Nanopores are prevalent in nature, but their role in controlling the adsorption and transport of
aqueous species has not been well explored. The effect of nanopores on aqueous chemistry is
difficult to incorporate into geochemical models of solute adsorption and transport due to the
variability of pore sizes in natural samples. Here we combine molecular simulation with X-ray
adsorption spectroscopy to investigate pore size effects and nanoconfinement on the adsorption
and surface complexes of an environmentally relevant metal cation (iron). We use synthetic
silica materials and corresponding molecular models so that pore size can be carefully
determined. The results demonstrate that iron adsorption is greatly enhanced on negatively
charged surfaces. Adsorption also increases as pore size decreases, and in the presence of
hydroxide anions which promote ion pairing and iron dimer formation. This work provides
molecular-level explanations for the effects of aqueous chemistry, pore size, and
nanoconfinement on iron adsorption.
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ABSTRACT

We present a combined molecular dynamics (MD) simulation and X-ray absorption fine
structure (XAFS) spectroscopic investigation of aqueous iron adsorption on nanoconfined
amorphous silica surfaces. The simulation models examine the effects of pore size, pH (surface
charge), iron valency, and counter-ion (chloride or hydroxide). The simulation methods were
validated by comparing the coordination environment of adsorbed iron with coordination
numbers and bond lengths derived from XAFS. In the MD models, nanoconfinement effects on
local iron coordination were investigated by comparing results for unconfined silica surfaces and
in confined domains within 2 nm, 4 nm, and 8 nm pores. Experimentally, coordination
environments of iron adsorbed onto mesoporous silica with 4 nm and 8 nm pores at pH 7.5 were
investigated. The effect of pH in the MD models was included by simulating Fe(II) adsorption
onto negatively charged SiO, surfaces and Fe(IlI) adsorption on neutral surfaces. The simulation
results show that iron adsorption depends significantly on silica surface charge, as expected
based on electrostatic interactions. Adsorption on a negatively charged surface is an order of
magnitude greater than on the neutral surface, and simulated surface coverages are consistent
with experimental results. Pore size effects from the MD simulations were most notable in the
adsorption of Fe(Il) at deprotonated surface sites (Si0), but adsorption trends varied with
concentration and aqueous Fe speciation. The coordination environment of adsorbed iron varied
significantly with the type of anion. Considerable ion pairing with hydroxide anions led to the
formation of oligomeric surface complexes and aqueous species, resulting in larger iron

hydroxide clusters at higher surface loadings.
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ENVIRONMENTAL SIGNIFICANCE

Nanopores are prevalent in nature, but their role in controlling the adsorption and transport of
aqueous species has not been well explored. The effect of nanopores on aqueous chemistry is
difficult to incorporate into geochemical models of solute adsorption and transport due to the
variability of pore sizes in natural samples. Here we combine molecular simulation with X-ray
absorption spectroscopy to investigate pore size effects and nanoconfinement on the adsorption
and surface complexes of an environmentally relevant metal cation (iron). We use synthetic
silica materials and corresponding molecular models so that pore size can be carefully controlled.
The results demonstrate that iron adsorption is greatly enhanced on negatively charged silica
surfaces. Adsorption also increases as pore size decreases, and in the presence of hydroxide
anions which promote ion pairing and iron dimer formation. This work provides molecular-level
explanations for the effects of aqueous chemistry, pore size, and nanoconfinement on iron

adsorption.
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INTRODUCTION

Nanoconfinement plays an important role in interfacial structure and reactivity of solid-water
interfaces.!"!! For aqueous systems, nanoconfinement affects the structural and transport
properties of water, including density,'?> hydrogen bonding networks as evidenced by changes in
vibrational properties,'3-1> and dynamic properties.'®!® These deviations in water properties,
induced by nanoconfinement, likely play a significant role in the abnormal behavior of solute
species observed in nanoconfinement,? which could impact the fate and transport of
environmentally relevant nutrients and contaminants.

Nanopores are ubiquitous in the environment, yet most geochemical models of solute
adsorption and transport only consider the solid-fluid interface without including pore size
(nanoconfinement) effects. This is because the pore size distribution of sedimentary rocks and
soils can only be determined from laboratory measurements of field samples, and due to the wide
range of pore-size distributions, the exact contribution on interfacial processes from nanopores is
difficult to quantify.'®?? Also, batch adsorption experiments are typically performed at higher
water/sediment ratios than in natural rocks.> Alternatively, molecular simulation is well suited to
improve our conceptual understanding of geochemical interfaces at the atomic, nano-, and meso-
scales, thus providing a link between laboratory-scale and field-scale experiments and modeling.
When benchmarked by molecular-scale spectroscopic observations, these simulations provide
the necessary mechanistic insight. For example, previous studies of water H-bond dynamics in
nanoporous silica indicate that water vibrational properties depend on distance from the surface

rather than pore size.?!->
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Here we use molecular dynamics (MD) simulations to systematically evaluate
nanoconfinement effects on aqueous iron adsorption in amorphous silica nanopores due to
changes in pH (surface charge), iron valency, solution composition (iron concentration, type of
anion), and pore size (2 — 8 nm). Nanoconfinement introduces the effects of overlapping electric
double layers that are important in coagulation and flocculation. In addition, nanoconfinement in
tight rocks like shales may influence the formation of Fe-oxide coatings on quartz and silica
surfaces.?324

In our study, MD results are validated with batch adsorption experiments and X-ray
absorption fine structure spectroscopy (XAFS). Because pore size is difficult to control in natural
mineral samples, experiments were performed using the Santa Barbara Amorphous (SBA-15)
class of mesoporous silicas with well-controlled pore diameters.?32¢ The pore walls of these
materials are composed of amorphous silica with a surface hydroxyl coverage of approximately
2 OH-nm™2,'> which is significantly less than the theoretical maximum for nonporous silicas?’ or
quartz.”® The pore size of these materials can be controlled during synthesis, resulting in
materials with a narrow distribution of pore sizes as low as 2 nm.?° For neutral pH conditions, in
which the silica surface should be negatively charged,3*3! we simulate the adsorption of Fe(II) at
deprotonated SiO~ sites. We also model the adsorption of Fe(III) on neutral surfaces,
corresponding to acidic conditions.

The present work builds on our previous MD simulation and experimental investigation of
aqueous Cu(II) coordination and lanthanide Ln(III) adsorption in SBA-15 materials.3>33 In that
work, we developed SBA-15-like surface models of amorphous silica that are compatible with
the ClayFF parameter set for simulating mineral-fluid interfaces.3* These nonplanar surfaces

contain a variety of bridging (siloxane) oxygen and surface hydroxyl (silanol) sites resulting
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from the uneven nature of the surface. Additionally, the hydroxyl surface density closely

matches the measured surface properties of SBA-15 materials. Although other amorphous silica

oNOYTULT D WN =

surface models have been developed for MD simulation studies,?-4” no other model has been

10 specifically developed to represent SBA-15 materials.

o METHODS

21 Computational Methods

24 All simulations were performed with the LAMMPS code.*® Timesteps of 0.5 fs for short-

26 range interactions (10.0 A cutoff radius) and 1.0 fs for long-range electrostatic interactions were
evaluated with a particle-particle particle-mesh algorithm.*® Temperature was controlled using a
31 Nose-Hoover thermostat with a relaxation time of 100 fs. The ClayFF parameter set’* was used
33 to model the fully flexible silica slabs. ClayFF is a nonbonded force field (FF) based on
interatomic van der Waals and electrostatic interactions that has been used to simulate silicate
38 phases including silica3342-30- and quartz.>>-¢! The only bonded energy terms used for the silica
40 model include a harmonic O-H bond stretch term included in ClayFF for layer hydroxyl groups,
and a newly developed and experimentally validated Si-O-H angle bending term.6>63 It is

45 important to note that the nonbonded Si-O interaction is still included in the energy calculation
47 involving Si-O-H groups. Importantly, both neutral and negatively charged models are stable

49 during simulation under dry or wet conditions with full flexibility maintained. The flexible

5o simple point charge (SPC) model®* was used for water, and ion-water potentials for Fe(Il), OH-,

54 and Cl- were taken from the literature.®3-¢7 Since our focus is on determining the effects of
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electrostatics on cation adsorption, FF parameters for the Fe(III) cation were the same as Fe(II)
except that the charge was increased to +3 e (elementary charge). This approximation is justified
based on nearly identical van der Waals energy profiles for Fe(Il)-water and Fe(III)-water
interactions.®® Lennard-Jones parameters for unlike atom pairs were generated using arithmetic
mixing rules. Representative input files with all interaction parameters are included in the
Electronic Supplementary Information (ESI).

The amorphous silica slab was created by annealing a bulk B-cristobalite model as described
in detail in our previous paper.3? Briefly, the bulk sample was heated to 4000 K to produce a
melted silica slab. After cooling the two-dimensional slab to 300 K, the rough surfaces were
hydroxylated by satisfying undercoordinated silicon and oxygen sites with hydroxyl groups and
hydrogen atoms, respectively. The surface hydroxyl density was then adjusted to 1.95 OH-nm™2
to match the experimental SBA-15 samples. This was accomplished by breaking additional Si-O
bonds and water added across the bond to produce two new surface hydroxyl groups. The neutral
model contains 2658 slab silicon atoms, 5625 slab oxygen atoms, and 222 silanol groups, with
dimensions 65.7 x 65.8 x 38.2 A3 and a total surface area (both sides) of 138 m2-g~!. Negatively
charged surfaces were created by removing 17 randomly chosen hydrogen atoms on each surface
(=0.25 C-m™), corresponding to experimental conditions (pH 7.5). The resulting —1.0 e charge at
each site was distributed over the remaining silicon and oxygen atoms, creating a siloxide site.
Simulation studies on similar surfaces have confined the negative charge exclusively to the
siloxide oxygen site,>? but to our knowledge a detailed comparison of charge delocalization
schemes based on ClayFF silica models has not been performed.

A series of nanopore models were created and filled with Fe(II) or Fe(III) cations, chloride or

hydroxide anions, and water. Fe(II) cations were simulated in the negatively charged pores
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corresponding to higher pH (corresponding to the experimental measurements), while Fe(I1I)
cations were simulated in the neutral pores corresponding to lower pH. For reference, the point
of zero charge (PZC) for SBA-15 has been estimated to be 4.2.9° Water molecules were first
inserted into the pore in a grid pattern. Specific amounts of water corresponding to pore
diameters of 2 nm, 4 nm, and 8 nm were determined from preliminary simulations with water-
filled pores. Due to the roughness of the silica surfaces, average pore diameters were calculated
by mapping the pore diameter along linear trajectories through the pore using the HOLE code.”®
Next, ions were randomly inserted into the pore, and any overlapping water molecules were
removed (approximately 0.05 — 0.85 waters/ion). The number of cations was varied to achieve
concentrations of approximately 0.05 M, 0.1 M, and 0.5 M. Even the lowest of these cation
concentrations is much greater than that used in the experiments (1 mM), but as shown below the
simulated and experimental surface loadings are similar, and the aqueous concentrations after
adsorption are much lower than the bulk concentrations. For the negatively charged pore, an
additional 17 Fe(II) cations were inserted to balance the surface charge. The number of anions
(Cl- or OH") was varied to maintain charge balance in the entire simulation cell. For the
nonporous systems, the same number of water molecules for the 8-nm pores was used. Half of
the water molecules and ions were inserted near each surface, and a Lennard-Jones wall located
approximately 5 A beyond the fluid layer kept the fluid species confined to the interfacial region.
Special two-dimensional slab boundary conditions were used for the nonporous systems
(kspace_modify slab command in LAMMPS) which removes dipole inter-slab interactions.”!
Exact composition of each model system is given in the ESI (Table S1), and representative

snapshots of nanopore and nonporous models are shown in Figure 1.
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Following an initial energy minimization to relax high energy intermolecular interactions due
to close contacts, the pore fluid was equilibrated during a series of 200-ps NV'T simulations as
follows: 1) water molecules only at 500 K; 2) all fluid species with temperature ramp 500 K —
1000 K; 3) all fluid species at 1000 K; 4) all fluid species with a temperature ramp 1000 K — 300
K; 5) all fluid species at 300 K. The pore size was then equilibrated during a 1-ns NPT
simulation at 300 K and 1 atm in which only the z-dimension of the simulation cell was allowed
to vary. Finally, a 10-ns production NV'T stage at 300 K was used for analysis. No NPT stage was
run for the nonporous systems due to the 2D periodicity. Instead, an additional 1-ns NVT stage

was run before the 10-ns production stage.

Figure 1. Snapshots showing simulation cells for 8 nm porous (top) and nonporous (bottom)
models. Simulation cell boundaries are shown as black lines. Atoms are colored Fe (blue), O
(red), H (white), Si (yellow). Fe coordination shells are shown as large spheres. Water molecules
are lightly shaded for clarity.
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Additional simulations were performed on charge-neutral bulk fluids (cubic boxes) of either
Fe(II) or Fe(III) cations with hydroxide anions corresponding to the 8 nm pore volume. The
number of water molecules were approximately the same as that of the 8 nm pore fluids (11,749
— 11,967 waters), with cation concentrations corresponding to 0.05 M, 0.1 M, and 0.5 M. After
NPT equilibration, the actual concentrations were slightly higher (0.06 M, 0.11 M, 0.58 M), but

for clarity pore fluids will be discussed in terms of their target concentrations.

Experimental Methods

All reagents used were ACS reagent grade or higher, including ferrous sulphate (FeSO,),
nitric acid (HNOj;), and HEPES buffer (CgH;sN,0,4S). Ultrapure HNO; was used for aqueous
sample preservation and sample dilution prior to aqueous analysis (2 v/v %). Milli-Q H,O
(Barnstead NANOpure Diamond) with a resistivity of 18.2 MQ*cm, 0.2 um filtered and UV
irradiated was used in the preparation of all solutions and suspensions.

Mesoporous SBA-15 silicas with reported pore diameters of 8-nm and 4-nm were
purchased from Sigma Aldrich. We refer to these materials as SBA-15-8 and SBA-15-4
throughout the manuscript, corresponding to the approximate pore diameter of the material.
These mesoporous silicas are amorphous and have hexagonally ordered cylindrical pores with
measured diameters of 4.4 + 0.3 and 7.0 + 0.1 nm.? Purchased silica materials were washed in
Milli-Q H,O and dried in the oven at 45 °C for 48 hours or longer, as described previously.? As
we reported earlier, the hydroxyl (-OH) site densities on the surfaces of mesoporous silicas were
1.8 £ 0.2 OH/nm? and 2.3 + 0.2 OH/nm? for the SBA-15-8 and SBA-15-4, respectively. The BET

surface areas were 580 m?/g for SBA-15-4 and 661 m?/g for SBA-15-8.2

10
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Adsorption experiments were performed in batch reactors. Prior to adsorption, 200 £ 5
mg of dried silica material was equilibrated with 50 mL of Milli-Q H,O for 24 hours. Then the
background electrolyte and stock solutions were added. For adsorption samples, 10 mM HEPES
buffer background electrolyte and FeSO, stock solution were used, and the starting aqueous
concentration of Fe was 1.0 mM. The pH was not adjusted and was buffered by the HEPES
solution at 7.5 = 0.1. Then samples were placed on a mixing table or end-over-end rotator and
reacted overnight. After reaction, samples were centrifuged at 3000 rpm for 10 minutes, and
solid and liquid phases were separated. The supernatant was filtered using a syringe filter with
0.2-micron nylon membrane and acidified with ultrapure HNO;. Aqueous concentrations of Fe
after the adsorption experiments were quantified using inductively coupled plasma mass
spectrometry (ICP-MS: NexION 350D). Analyses were run in collision mode, with helium gas
flow set at 4-5 mL min~'.

To preserve Fe(Il) in adsorption samples they were mounted inside an anoxic glovebox
(96% N, and 4% H, mixture) equipped with a palladium oxygen-scrubbing catalyst and oxygen
O,(g) sensor with the detection limit of 1 ppm. As we discuss below, the adsorption samples
contain a mixture of Fe(Il) and Fe(IIl) and the ratio of iron species is quantified using XAFS.

XAFS data were collected at the undulator beamline sector 20-ID (XOR) at the
Advanced Photon Source (APS) at Argonne National Laboratory. An uncollimated beam was
used with a Si(111) monochromator detuned by 30% for harmonic rejection. The
monochromator was calibrated at the Fe K-edge at 7110 eV using an Fe metal foil. The
monochromator step size was 10 eV in the pre-edge, with a counting time of 0.5 seconds per
point, 0.3 eV step size in the near edge region with 0.5 second counting time, and 0.05 eV in the

XAFS region with a counting time of 0.5 seconds per point. The fluorescence points for samples

11
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were collected on a Vortex Si Drift solid state 4 element detector. For analyzing standards, we
collected transmission spectra using an ionization chamber filled with helium. During the
analysis, the sample chamber was kept at 22 K using a Displex liquid helium cryostat to avoid
beam damage and the oxidation of Fe(II) to Fe(III). For each sample, between three and fifteen
XAFS scans were collected to achieve an optimal signal to noise ratio. The Fe standards used to
determine the oxidation state of Fe were iron (II) chloride (FeCl,), iron (II) sulfate (FeSO,), and
iron (III) oxide (Fe,O;, amorphous), all purchased from Sigma Aldrich. The amplitude reduction
factor (Sy) was determined to be 0.99 by fitting the Fe XAFS spectrum for the Fe,O; standard.
This Sy value was used for fitting all Fe XAFS data collected during this analytical run.

The Fe K-edge XAFS data was processed and analyzed using Athena and Artemis 7>
interface to the IFEFFIT software package.”? The background subtraction, normalization, and
conversion into k-space using Athena are described in detail elsewhere.”®’* A Fourier transform
(Hanning Window, dk = 2) was applied to the Fe K-edge XAFS data over the k-range from
approximately 3 — 11. The Fourier transformed data was imported to Artemis to be analyzed by
IFEFFIT”? with a shell-by-shell fitting of theoretical single scattering (SS) paths approach.” The
theoretical phase and amplitude functions for Fe-O, Fe-Fe, and Fe-Si single scattering paths were
generated using the FEFF6 code’® from the crystal structure of nontronite,

Nay sFex(Si3 464Al0.536)O012Ho, reported by Manceau et al.”®

RESULTS

Iron adsorption from MD simulations

12
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One of the many complexities in comparing experimental adsorption data to MD
simulations is that due to computational limitations, simulations are inevitably performed using a
higher concentration of solute than used in the experiments. In our simulations, the higher
concentrations resulted in the formation of iron hydroxide oligomers, which is consistent with
Fe(III) speciation in natural waters at higher pH’” and the precipitation of Fe(Il) hydroxide at pH
7.8.78

We first examine pore size and anion effects on iron adsorption. Figure 2 shows
adsorption isotherms for Fe(II) and Fe(III) on the charged and neutral silica surfaces,
respectively. Surface coverages were calculated from nearest neighbor Fe-O,,or atomic density
profiles, considering all iron atoms within 5.0 A of a surface oxygen atom (Ojpor) as “adsorbed”.
Note that O, can be a siloxide oxygen, siloxane oxygen, or silanol oxygen atom. These density
profiles are discussed in more detail below, but we note that the 5.0 A value for adsorption
includes both inner-sphere (IS) and outer-sphere (OS) complexes as well as iron oligomers in the
interfacial region. Uncertainties in adsorbed amounts cannot be determined from single MD
trajectories, but a similar study using ten replicate trajectories showed uncertainties in adsorption
to be approximately 10 %.7°
Based on the slope of the adsorption isotherms, iron adsorption has not reached

maximum loading at the highest concentration (0.5 M), indicating that not all available silica
adsorption sites are occupied by iron. Most noticeable in the adsorption trends is the drastically
lower Fe(III) adsorption (Figures 2C and 2D) compared to Fe(II) adsorption (Figures 2A and
2B), which is primarily due to surface charge effects. Only the Fe(II) systems included a
negatively charged surface, while the neutral surface used in the Fe(III) systems contained no

deprotonated SiO~ sites. Separate simulations with a 0.1 M Fe(OH), solution near a neutral

13
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surface (4-nm pore) and a 0.1 M Fe(OH); solution near a charged surface confirmed the role of

surface charge in cation-surface interactions. Adsorption at the neutral surface was reduced by an

oNOYTULT D WN =

order of magnitude compared to the negatively charged surface for both Fe(Il) and Fe(IIl). We

10 know from bulk adsorption experiments®® that Fe(III) adsorption on silica occurs at low pH,
perhaps even below the point of zero charge (PZC), which is 4.2 for SBA-15.%°

15 The Fe(II) concentrations shown in Figure 2 correspond to the initial concentration of the
17 pore fluid and were not corrected for the amount adsorbed. However, we provide a detailed
accounting of Fe(II) cations (adsorbed and aqueous) in Table S2. The adsorption of Fe(II)

22 cations resulted in a significant decrease in free (aqueous) cations, particularly for the 0.05 M

24 and 0.1 M fluids. Figure 2 and Table S2 also highlight the effect of anions on adsorption.

58 14
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Figure 2. Fe(Il) and Fe(III) adsorption isotherms from MD simulations in silica nanopores as a
function of pore size and iron concentration. A) FeCl, and B) Fe(OH), at the charged surface, C)
FeCl; and B) Fe(OH); at the neutral surface (no siloxide sites). All iron cations within 5.0 A of a
surface oxygen atom were considered to be adsorbed.

Representative Fe(II) IS surface complexes are shown in Figure 3, in which Fe(II) cations
are coordinated to deprotonated SiO~ sites (Ogep). The strong tendency for hydroxide-coordinated
oligomer formation in the 0.5 M hydroxide systems results in increased adsorption compared to
the chloride systems. As shown in a summary of Fe-O(H) and Fe-ClI coordination numbers
(CNs) from radial distribution function (RDF) analysis (Tables S3 — S6), Fe-hydroxide ion pairs

are more likely to form than Fe-chloride ion pairs. One or more Fe(Il) cations in hydroxide-

15
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coordinated oligomers can bind to surface siloxide sites (Figures 3B and 3C), resulting in

significantly increased adsorption compared to the chloride systems.

oNOYTULT D WN =

35 Figure 3. Snapshots showing A) monomer, B) dimer, and C) tetramer Fe(II) complexes adsorbed
36 on the negatively charged silica surface. A) Fe(Ogep)(OH,)s, B) Fey(Ogep)2(OH)(OH,)s, C)

37 Fe4(Odep)(OH)4(OH,)s. Atom colors are the same as Figure 1 except that Oy, atoms are green.

a1 The surface concentrations in Figure 2 include IS adsorption at specific surface sites (e.g.,
43 Oygep) but also other iron cations within 5 A of the surface from OS surface complexes or from

45 adsorbed Fe oligomers. An alternate method of examining trends in Fe(Il) adsorption is by
comparing the fraction of occupied adsorption sites. For the negatively charged surface, fractions
50 of SiO~ sites occupied by Fe(II) at a Fe-O distance of approximately 2.0 A (IS complexes) were

52 obtained from CNs from RDF plots (Tables S3 — S6). These fractions are plotted for all Fe(II)

55 systems in Figure 4. The fraction of SiO~sites occupied by Fe(II) increases with concentration, as

58 16
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expected when considering the effect of solute concentration on adsorption at specific sites. For

reference, the Fe(I1)/Ogep ratios for each system are shown in Table 1. It is of interest to note that

when the SiO~ site occupancy surpasses 0.5—as is the case for all results in Figure 4—the net

charge due to adsorbed Fe(II) is greater than the surface charge. However, the presence of anions

coordinated to these cations (Tables S3 and S5) likely results in a neutral or negative net surface

charge. Trends in SiO~ site occupancy with pore size are consistent with adsorption results

(Figure 2) for chloride anions but not for hydroxide anions. These differences are likely due to

adsorbed iron oligomers in the hydroxide systems, as discussed in more detail below.
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Figure 4. Fraction of siloxide sites occupied by Fe(Il) cations from MD simulations in negatively
charged silica nanopores as a function of pore size and iron concentration. Results are shown for
A) chloride and B) hydroxide anions. Any siloxide O atom within 2.2 A of an Fe?* ion was
considered occupied.

Table 1. Fe(I1)/Oq4., Ratios in the MD Models
poresize 0.05M 0.1M 05M

2 nm 0.65 0.79 1.97
4 nm 0.74 094 2.71
8 nm 0.88 1.24 4.18

nonporous 0.88 1.24 4.18

We use atomic density profiles and iron speciation analysis to examine the effect of
hydroxide-coordinated iron complexes on adsorption. Figure 5 shows specific contributions of
iron monomers and oligomers to iron-surface atomic density profiles for 0.1 M iron solutions.
Profiles for 0.05 M and 0.5 M solutions are shown in Figures S1 and S2. For planar interfaces,
such profiles are typically plotted as a function of distance to the surface. For the nonplanar
interfaces in our amorphous silica model, densities are instead plotted as a function of distance
between iron cations and the nearest oxygen atoms along the pore wall (Opre). Only monomer
profiles are shown for the chloride systems since no Fe-Fe complexation was seen (Tables S3
and S5). Monomer profiles in Figure 5 reveal a consistent adsorption environment regardless of
anion, but significant differences are seen depending on surface charge. Adsorption of Fe(II)
monomers and oligomers occurs via IS surface complexation at an Fe-Oy, distance of
approximately 2 A, while Fe(III) monomers and oligomers generally adsorb on the neutral
surface as OS surface complexes at Fe-O distances between 3.5 A — 4.5 A. Density peaks due to
IS adsorption of Fe(II) on the negatively-charged surface shows a pore size dependence (2 nm >

4 nm > 8 nm), which is consistent with the trend of SiO0~ site occupancy (Figure 4B).

18
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Some IS Fe(IIl) adsorption at Si-OH or Si-O-Si oxygen sites is seen for the nonporous
system with hydroxide anion at all concentrations (Figures 5, S2, and S3), and also in some
porous systems with chloride anion (Figures S1 and S2). However, the lack of consistency and
very low Fe-O CNs (Tables S5 and S6) suggests that these are rare occurrences and not
indicative of a dominant adsorption mechanism. In fact, Fe(III) is nearly excluded from the
neutral surface, implying that the Fe(III) concentration in the adsorbed layer is lower than that of
the original aqueous solution. Since Fe(III) is observed to adsorb readily to silica around the
PZC.3 further investigation is required to understand our results. For example, IS adsorption of
Fe(IlI) at silanol sites can result in deprotonation (release of H"), but this process cannot be

modeled in our force field approach
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Figure 5. Atomic density profiles of the shortest distance between an iron cation and a surface
oxygen atom (Opre) as a function of pore size and anion (NP refers to nonporous). Results are
shown for 0.1 M Fe(Il) at the charged surface (top) and Fe(III) at the neutral surface (bottom).
Profiles for iron oligomer adsorption (right) are shown for OH™ only since no oligomers formed
in the Cl- systems.

The effect of pore size on oligomer formation is shown in a histogram analysis of iron
oligomers from simulations of 0.1 M Fe(II) with hydroxide anions in negatively charged porous
and nonporous silica models, and bulk Fe(II) and Fe(III) solutions with hydroxide anions at all
concentrations (Figure S3). As the pore size increases from 2 nm to 8 nm, the monomer
frequency decreases (0.86 for 2 nm to 0.68 for 8 nm) while the dimer frequency increases (0.10

to 0.29). The frequency of monomers in the nonporous system and bulk solution are even lower

(0.65 and 0.43, respectively), but instead of mainly dimer formation, trimers, tetramers, and
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pentamers are also seen. The increasing tendency to form oligomers in the 8§ nm and nonporous
systems results in less direct binding of Fe(II) cations to surface SiO~ sites (Figure 4B, 0.1 M)
but not overall adsorption (Figure 2A).

Histograms for the bulk Fe(Il) and Fe(III) fluids also show an increasing tendency to
form oligomers as Fe concentration increases. Results for the 0.1 M bulk fluid and the 8-nm (and
nonporous) fluids are similar, with a slight increase in frequency of larger Fe clusters in the bulk
fluid. We did not attempt to determine if oligomers first formed in solution before adsorption, or
if they formed after single cations first adsorbed. This is beyond the scope of our current study
but could be the focus of a broader study on cation adsorption and nucleation. However, aqueous
Fe(III) dimers have been studied using XAFS.8! and oligomerization is a first step in iron

oxyhydroxide formation.®?

Iron Coordination and Structure

We used XAFS to characterize the local coordination environment around iron species
adsorbed onto mesoporous silica surfaces at pH 7.5, where the silica surface is negatively
charged. The resulting fits are summarized in Table 2 and Figure 6. We note that the iron
adsorption loadings in the experimental samples (approximately 0.3 umol/m? for both pore sizes)
closely match the 0.05 M MD results (Figure 2, 0.25 — 0.33 umol/m?). While we protected the
Fe(II) samples from exposure to atmospheric oxygen, we still observed that the majority of iron
in these samples was Fe(IlI), likely due to the initial stock solution containing a mixture of these
species. To quantify the ratio of Fe(Il)/Fe(III) in our samples, we used linear combination fitting
in the Athena program.’? Fitting using pure Fe(IIT) and Fe(II) standards indicates that the SBA-

15-8-Fe(I1) sample contained 23% Fe(II) and 77% Fe(III), and the SBA-15-4-Fe(Il) sample
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contained 16% Fe(Il) and 84% Fe(Ill). However, since the MD results clearly demonstrate that
iron adsorption on silica is dominated by surface charge rather than cation valency, a comparison
of iron coordination shell distances between MD results for Fe(Il) and XAFS results for mixed
Fe(II)/Fe(II1) solutions is justified.

Table 2. Summary of X-ray absorption spectroscopy (XAFS) shell-by-shell fitting results.

Fitting was done in R-space; k-weights of 1, 2, and 3 were fitted simultaneously, the amplitude
reduction factor Sowas 0.99. Error at a 95 % confidence level is shown in parenthesis.

Surf. R-range 4 2 5 6 7 %)

Sample conc, Dk-range A) Shell 2CN IR (A) ° AE R- Red Ind.

(A?) eV factor 2 Pts

pmol/m? (uncorr) X )
Fe-O | 24@4) | 1.842) | 0.003(2)
e Fe-O | 32(6) | 2.06(1) | 0.004(2)

(SI?_IA7155) 8 0.290 3.0-9.74 1.0-3.3 -4.2 0.037 605 13.8
P /- FeSi | 2.88) | 32602) | 0.0023)
FeFe | 176) | 3232) | 0.00202)
Fe-O | 233) | 187(1) | 0.003(2)
Fe-O | 24@) | 2071) | 0.002(1)

(SBHA’;155)—4 0.310 3.0-9.74 1.0-3.4 -4.9 0.028 227 14.1
pH . FeSi | 3.1(6) | 3202) | 0.0012)
FeFe | 22(4) | 3.192) | 0.001(2)

I Usable k-range

2 Coordination number
3 Bond length
4 Debye-Waller factors: mean-square amplitude reduction factor, including thermal and static disorder components

3> Energy shift between the theoretical and measured spectrum
X (data;— fit)?

3 data?

) /ity — Mo

8 Independent points (number of data points minus number of variable parameters) Nigp = Npts — Nyar

6 R-factor (mean square misfit) Rractor =

Nidpz

. 2 data; — fit;
7 Reduced chi-square x3 = Moo i(sii
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Figure 6. X-ray absorption fine structure spectroscopy (XAFS) data and shell-by-shell fitting
results shown in k-space (a), magnitude of the Fourier transform (b), and the real part of Fourier
transform (c). The symbols show the collected experimental data, and the lines are the
corresponding fits.

We observed subtle differences in the local coordination environment as a function of

pore size. Four shells were observed in the XAFS spectra. Two were fit with Fe-O backscattering

paths, one with a Fe-Si path, and one with a Fe-Fe backscattering path, indicative of the presence

of polynuclear iron species (or, potentially, the presence of a Fe(Ill) surface precipitate). The

reason for the occasional mismatch between XAFS model and data, is that these iron adsorption

samples are disordered, when compared to the crystalline compounds used in FEFF calculations

of the theoretical backscattering paths used in the shell-by-shell fitting. Incomplete overlap

between XAFS data and model have been seen in previous studies of adsorbed ions.?34 The Fe-

Si distance of 3.20-3.26 A is consistent with either a mono- or a bi-dentate surface complex. The

Fe-Fe distance is consistent with an edge-sharing Fe(IIl) octahedron. For the 8-nm pores, the Fe-
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O distances were 1.84 £ 0.04 A and 2.06 = 0.01 A, while these same shells had slightly longer
distances of 1.87 £ 0.01 and 2.07 + 0.01 A in 4-nm pores. The Fe-Si distances were slightly
shorter for the 4-nm silica, compared to 8-nm (Table 2).

The Fe(Il) and Fe(IIT) coordination environments from the MD simulations were
obtained from analysis of averaged RDFs. MD results for 0.1 M Fe(Il) with hydroxide anion are
compared with XAFS in Table 3, although both Fe(Il) and Fe(IIl) were present in the
experimental samples. MD results for 0.05 M could have been used for the XAFS comparison,
but the first shell distances and CNs are nearly identical at the two concentrations. All MD
results for Fe(Il) and Fe(III) are provided in Tables S3 — S6. Fe-O distances from MD are
generally in agreement with XAFS, ranging from 1.85-1.97 A for Fe-O(H) or Fe-Oygep, and 2.06 —
2.13 A for Fe-O,,, where O(H) and O,, refer to hydroxide and water oxygens, respectively. The
first shell iron CN in all MD systems (6) is similar to the 8 nm XAFS result (5.6), but the
experimental CN is much lower (5.6) in the 4 nm pore. Previous XAFS studies of Fe(III)
complexes in the presence of aqueous silica indicate that tetrahedrally coordinated Fe(III) can

result when iron substitutes for silicon in the polymeric silica network.%>
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surface charge | Fe species | pore size | Shell® MD XAFSe®
(Cm™) (MD) (nm) CN|R(A)|CN |R(A)
Fe-O(H) | 3.7 | 1.89
Fe-O, |23 [2.07
0 Fe(II) 8 Fe-O - -
Fe-Fe 0.7 |3.00
Fe-Si - -
Fe-O(H) | 3.9 | 1.87
Fe-O,, |2.1 |2.06
0 Fe(IlI) 4 Fe-O - -
Fe-Fe 0.7 | 3.00
Fe-Si - -
Fe-Ogep [ 051197 |24 |1.84
Fe-O(H) | 1.8 | 1.97
Fe-O, [3.6 |2.13 |32 |2.06
—0.25 Fe(l) 8 [FeFe |06 297 |17 |3.3
Fe-Si 0.5 325 |2.8 |3.26
Fe-Og4e, |1 0.7 |1.97 |23 |1.87
Fe-OH) | 1.5 | 1.97
—-0.25 Fe(II) 4 Fe-O, |3.7 213 |24 |2.07
Fe-Fe 0.7 1297 |22 |3.19
Fe-Si 0.7 1325 [3.1 [3.20

2 MD results are shown for 0.1 M Fe(II) with hydroxide anions since the experimental systems

did not contain chloride anions

b Ogep = deprotonated surface oxygen, O,, = water oxygen, O(H) = hydroxide oxygen
¢ XAFS samples were prepared at pH 7.5, which corresponds to a negatively charged surface
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Plots of Fe-Fe RDFs from MD simulations aid in the interpretation of Fe-Fe CN values

seen in Table 3. These are shown for 0.1 M Fe(II) and Fe(III) systems in Figure 7 (0.05 and 0.5

oNOYTULT D WN =

M are shown in Figure S4). The most common Fe-Fe distance from MD is approximately 3.0 A,
10 indicative of a dimeric complex with two bridging hydroxide ions (Figure 7A). This peak
increases in intensity as pore size increases, indicating an increasing tendency for oligomer

15 formation with more iron cations in the pore fluids. Other Fe-Fe distances are more prominent in
17 the Fe(I1I) systems (Figure 7B), corresponding to Fe dimers bridged by three hydroxides (2.6 A
—2.7 A) or one hydroxide (3.6 A — 3.7 A). We note that the composition and first shell distances
22 of these complexes are highly dependent on the iron FF parameters used, and these parameters

24 were not adjusted to fit the XAFS distances.
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Figure 7. Illustration of Fe-Fe coordination from MD simulations of A) 0.1 M Fe(II) at a charged
surface and B) 0.1 M Fe(IlI) at a neutral surface, both with hydroxide anion. Accompanying
snapshots illustrate the indicated Fe-Fe distances.

No Fe-Fe complexes were seen in the chloride systems (Tables S3 and S5), but they were
seen in the hydroxide systems at all pore sizes and iron concentrations (Tables S4 and S6), and in
bulk hydroxide solutions (Figure S3). The XAFS data also indicated the presence of oligomeric
species in both 4 nm and 8 nm pores. MD results for Fe(II) hydroxide near the charged surface

indicate no consistent pore size dependence for Fe-Fe CNs, but they are more prevalent as

concentration increases. Ranges of Fe-Fe CN values are 0.24 — 0.54 (0.05 M), 0.57 —1.13 (0.1

27
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M), and 2.35 —3.31 (0.5 M). Note that a Fe-Fe CN greater than unity indicates the presence of
oligomers, as illustrated in Figure 8. Additionally, the presence of even a single oligomer in the
MD system can greatly alter the Fe-Fe CN. For example, the 2-nm pore at 0.1 M Fe(II) contains
mostly monomers and dimers but also a single pentamer (Figure S3). Without these oligomers,
the pore size trend in Fe-Fe CN would match the trend in monomer/dimer ratios. Although the
Fe-O force field parameters used here were developed to model Fe(Il) hydration, the formation
of Fe(Il) hydroxide clusters at higher concentrations suggests that these potentials could also be
used to study mineral nucleation. 886

We also note that the tendency to form Fe-Fe complexes also depends on surface charge.
MD results for 0.1 M Fe(IT) show that Fe-Fe coordination increases near the neutral surface
(Table S4). With no ability to form IS surface complexes on the neutral surface, Fe-Fe CNs for
0.1 M Fe(II) in 4 nm pores increases from 0.69 (negatively charged surface) to 1.47 (neutral
surface). The Fe(Il)-hydroxide CN is also substantially larger at the neutral surface (3.12)
compared to the charged surface (1.47). These comparisons suggest that surface charge likely

influences the formation of surface precipitates.
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Figure 8. Snapshot from an MD simulation of 0.5 M Fe(II) with hydroxide anion, showing the
onset of crystal nucleation. Coordinating water molecules have been removed for clarity.

DISCUSSION

Despite differences between the experimental and simulated systems, the amount of iron
adsorbed on negatively charged surfaces is in close agreement, and the simulations reveal that
this interaction is based largely on electrostatic interactions. This negative surface charge is
likely to enhance the nanoconfinement effect due to surface-driven re-structuring of hydrogen
bonding networks at the interface. While the correlation between surface charge and adsorption
is expected, the link between nanoconfinement and surface charge effects requires detailed
studies such as this to illustrate.

Our discussion of pore size effects on simulated Fe(II) adsorption will only focus on the
lowest concentrations on the charged surface (0.05 M and 0.1 M in Figures 2A and 2B). While
the iron concentration was much lower in the experiments (1.0 mM), both MD and experiment

show iron surface concentrations of approximately 0.3 pmol-m~2. Regardless of anion in the MD
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models, at the lower concentrations (0.05 M and 0.1 M) total Fe(II) surface concentration is
reduced in the 2 nm pore compared to the larger pores (Figure 2). Nearly all cations in the
(initially) 0.05 M and 0.1 M fluids are adsorbed in the 2 nm pore (Table S2), but the Fe(II)
surface concentrations are less than for 0.5 M fluids or larger pores because there are fewer
cations present in the 2-nm pores. When hydroxide ions are present, MD results show that Fe(II)
surface concentrations are greater in the 4 nm pore than the 8 nm pore (Figure 2B and Table S1),
which is due almost entirely to an increase in IS adsorption (Figure 4B). Importantly, both
simulation and experiment demonstrate that iron adsorption increases slightly as the pore size
decreases from 8 nm to 4 nm (Table 2).

Trends in SiO~ site occupation (Figure 4) facilitate a comparison of IS adsorption
tendencies and serve to demonstrate the effect of increasing cation adsorption with decreasing
pore size. The MD results also indicate that IS Fe(II) adsorption is significantly influenced by
aqueous chemistry (type of anion). For all systems, the fraction of occupied SiO~ sites is lower—
in most cases, significantly lower—than the Fe(Il)/Ogep ratio (Table 1). Only for a few 0.05 M
systems (2 nm and nonporous) is the fraction of occupied SiO~ sites similar to the Fe(II)/Ogep
ratio, indicative of near total Fe(Il) adsorption as IS surface complexes. The reduced Fe(II)
surface concentrations in these systems is likely due to the fewer numbers of Fe(II) cations in the
models. At higher Fe(II) concentrations of 0.1 M and 0.5 M, a reservoir of aqueous cations is
available for adsorption, similar to batch experimental systems. We see from Figure 4B that IS
adsorption in hydroxide solutions clearly shows a pore size dependence at these higher
concentrations. This trend is in agreement with our previous study of Cu(Il) adsorption on silica
surfaces,? as well as our XAFS study of lanthanide adsorption in SBA-15 materials, in which

nanoconfinement promotes inner-sphere adsorption.3 There is little or no pore size effect for IS
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adsorption in chloride solutions, which is likely due to the absence of Fe-Fe complexation
(Tables S3 and S5). Overall, the MD results show that Fe(II) adsorption is influenced by both
pore size and anions present in the solution.

The 8 nm MD models allow us to examine the effect of nanoconfinement on Fe(II)
adsorption. The only difference in the porous 8 nm and nonporous models is the fluid boundary
away from the silica surface, yet opposite adsorption trends are seen depending on the anion. For
0.05 M chloride solutions, Fe(II) surface concentration and IS adsorption is greater in the porous
model, but for 0.05 M hydroxide solutions adsorption is greater in the nonporous model. The
adsorption trends are the same as trends in Fe-Ogy., CNs, but opposite of the trends in Fe-anion
CNs (Tables S3 and S3). In other words, greater Fe-anion complexation results in more negative
aqueous Fe(II) complexes, which are less likely to adsorb. Differences in Fe(II) speciation and
adsorption between the porous and nonporous 8-nm systems could be due to the different fluid
boundary (the nonporous model has a hydrophobic vacuum interface), small fluid thickness (4
nm on each side of the silica surface), or possibly a consequence of limited sampling data.
Properties of the confined fluids should converge to those of the corresponding nonporous fluid
as pore size increases. It is likely that larger pore sizes and thicker nonporous fluid layers would
be required to see this convergence.

Additionally, no Fe-Fe complexes formed in the chloride systems, but they are seen in the
hydroxide systems at all concentrations. Hydroxide-coordinated Fe(II) oligomers are strongly
adsorbed via IS complexation with siloxide sites, resulting in a greater surface concentration of
Fe(II) cations. This effect appears to enhance the adsorption of Fe(Il) in the 8-nm nonporous

hydroxide system compared to the porous counterpart. Combined with our previous studies of
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ion adsorption on porous silica surfaces,3>33 we see that nanoconfinement in the presence of
charged surfaces changes the behavior of aqueous solute.

The XAFS results indicate that under nanoconfinement the hydration shell around
adsorbed iron may become less tight, as indicated by slightly longer bond distances. Differences
in composition and radii of the first coordination shells between XAFS and MD could be due to
a number of factors, including differences in the fluids (concentration and composition), and
surface adsorption geometries. Interestingly, CNs for the nonporous systems usually fall within
the 4 nm and 8 nm values, even though the thickness of the aqueous region at each surface is
closer to the 8 nm pore.

Differences in surface complex geometries could also account for differences in Fe-Si
distances between MD and XAFS. Monodentate surface complexes seen in MD correspond to a
Fe-Si distance of 3.25 A, consistent with a slightly bent Si-Oye,-Fe angle as illustrated in Figure
3. A similar Fe-Si distance of approximately 3.20-3.26 A is seen in XAFS. Adjacent charge sites
were not included in the surface model, so there were no Oy, sites close enough to allow for

bidentate Fe(Ogep), surface complexes.

CONCLUSIONS

We performed an extensive set of MD simulations of aqueous iron adsorption at
amorphous silica interfaces, comparing the effects of iron valency, concentration, anion
chemistry, and surface charge. In parallel, we used batch adsorption experiments and XAFS to

examine local coordination environments as a function of pore size in SBA-15 mesoporous silica
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with negative surface charge. The hydroxyl site density in the MD model closely matches that of
the mesoporous silica materials used for XAFS analysis. The negatively-charged surface—
corresponding to neutral pH conditions—contained deprotonated SiO~ sites, which resulted in
significantly greater iron adsorption compared to the neutral surface (lower pH). Both XAFS and
MD results indicate that iron adsorption at SiO~ sites occurs via IS surface complexes. The MD
results further revealed that IS adsorption increases with decreasing pore size when hydroxide
ions are present. As hydroxide concentration increases, Fe-Fe oligomerization takes place,
resulting in increased total iron adsorption. Our study highlights the need for more combined
experimental-simulation studies on carefully controlled model systems of geochemical
relevance, so that the effect of nanoconfinement on the fate of and transport of aqueous metals

can further inform geochemical models.
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