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Environmental Significance statement

Reactions at mineral-water interfaces control the fate and transport of elements in aqueous and
soil environments, as well as in sedimentary rocks. In tightly compacted soils and rocks, mineral-
water interfaces are spatially confined, with the confined reactive domains having nm-scale
dimentions. The reactivity of mineral-water interfaces is affected by this spatial confinement.
Namely, the dielectric constant and density of water decrease when the domain size approaches
less than 5 nm. These changes in the properties of solvent (water) lead to the changes in
hydration and coordination chemistry of ions, and, as a result, changes in the complexation of
ions with the mineral surfaces. We discovered that adsorption of copper Cu?* aqueous species
onto silica surface depends on spatial confinement. Here we show that adsorption mechanisms of
Cu?* onto confined (8 nm and 4 nm pores) vs. non-confined silica surfaces are vastly different.
The confinement within silica pores increases the formation of Cu-Cu polynuclear surface

complexes, and changes the sign of the overall heat of adsorption. Identifying the reactivity
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changes and chemical mechanisms active under nano-scale confinement further expands our

understanding of interfacial chemisty in environmentally-relevant systems.
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Abstract

Spatial confinement is prevalent in sedimentary rocks and can lead to changes in the chemical behavior at
mineral-water interfaces. This includes both deviations in the physico-chemical properties of confined
water, when compared to the bulk liquid phase, and subsequent alterations in adsorption chemistry of ions
inside nano-scale mineral pores. Here we document contrasting adsorption mechanisms and differences in
local coordination environments of copper (Cu?), depending on whether the ion is adsorbed on non-
porous silica surfaces, versus inside 8§ nm and 4 nm pores in silica. X-ray absorption spectroscopy, flow
micro-calorimetry, and batch adsorption methods together with molecular modeling are used to
thoroughly describe the dependence of these adsorption processes on the pore size. We show that
confinement within silica pores promotes Cu-Cu interactions and increases the formation of Cu-Cu
polynuclear surface complexes. We also demonstrate that the mechanism of Cu?* adsorption on non-
porous versus porous silica is vastly different. The adsorption of Cu?" on non-porous silica is an
endothermic process, whereby Cu?" undergoes dehydration prior to surface complexation. In contrast,
adsorption within nano-scale pores is preceded by only partial dehydration, and significant formation of
Cu-Cu polynuclear complexes, which leads to an overall exothermic signal. Interfacial confinement leads
to dramatic changes in the adsorption mechanism and speciation, which in turn controls the fate and

transport of chemical species in natural environments.

Keywords: Nano-scale Confinement, Copper, Coordination Chemistry, XAFS, Calorimetry, Molecular

Dynamic Simulations
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Introduction

Mineral-water interfaces provide reactive surfaces for the adsorption of ions and act as mineral
nucleation sites.! The chemical identity of ions (i.e. which ions are present), and surface reactivity, play
integral roles in controlling the fate and transport of chemical species in the environment.» 2 An
additional factor—nano-scale confinement— has recently been recognized to affect interfacial chemical
reactions.>”!! Here we show that chemical pathways, products, and energetics of partitioning reactions are
sensitive to spatial confinement at the silica-water interfaces.

Nano-scale pores are ubiquitous in nature and have large surface area to volume ratios, thus the
physical and chemical processes occurring within this reactive porous media can control the macroscopic
behavior of water and ions, including solute hydration, chemical and physical sorption processes, stable
isotope fractionation, and nucleation. !> 13 Currently, a fundamental understanding of nano-scale
confinement effects on interfacial processes is inadequate, and therefore cannot be incorporated into
continuum models for predicting macroscopic chemical behavior. Recent studies have used systematic
approaches to quantify chemical changes in incrementally smaller pores.* % ° These studies are critical for
the development of fundamental frameworks for predicting geochemical reactions in the subsurface.

Nano-scale confinement induces shifts in water’s physical properties, which drives enhanced
cation adsorption and electron transfer reactions on mineral surfaces . 1416 Nano-scale confinement
alters intermolecular water-water interactions, leading to changes in the dielectric constant, density,
viscosity, and surface tension of water in pores with diameter less than 5 nm.% % 15 Driven by changes in
water properties, cation hydration energies decrease, shifting the equilibrium of the solvation and
dehydration reactions, the structure and influence of the electrical double layer, and changes in the
interfacial energies between the surface and solution.» 4 ° Previously, we demonstrated an increased

adsorption maximum and faster reaction kinetics when Cu?* is adsorbed on mesoporous silica (SBA-15)
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with a 4 nm pore diameter, compared to SBA-15 materials with 6 and 8 nm pore diameters.* Similarly,
Kim et. al reported enhanced adsorption of arsenic (As) on ordered mesoporous alumina when compared
to its non-porous counterpart.!” Additionally, Mantha et. al 2019 demonstrated that Cu-bearing nano-
particles can form in confined pore spaces present in organic matter of soils, and that these Cu-bearing
nano-particles play an important role in the transport of metals within the soil column.?

Congruently, calorimetry studies presented thermodynamic evidence for enhanced inner-sphere
adsorption inside nano-scale pores.'® Sodium, for example, forms inner-sphere adsorption complexes
when confined inside zeolite pores (0.51 nm pore diameter), while mostly forming outer-sphere
complexes on unconfined surfaces.!” Anomalous adsorption behavior was observed for sodium, nickel,
potassium and calcium in nano-scale pores of zeolite.'® 20 These studies reported that adsorption of
cations is enhanced in incrementally smaller pores in zeolite (all examined pores were < 1 nm diameter).
The proposed explanation for the enhanced adsorption is that in the pores between 0.3-0.5 nm (where the
hydrated ion diameter is larger than the pore diameter) ions have to dehydrate to enter the pore, and these
dehydrated ions form inner-sphere complexes.!® 2

While efforts have been made to understand thermodynamic changes of nano-scale confined
systems, few datasets quantify the microstructure (i.e. local coordination environment) around ions
adsorbed on confined surfaces. Recently, Nelson et. al. investigated coordination environment of zinc
(Zn**) confined inside controlled pore glasses (CPGs), where Zn?* adsorbed predominantly as a
tetrahedral complex inside 10 nm pores (the smallest pore evaluated), while inside larger pores (up to 330
nm pore diameters) the coordination environment varied between tetrahedral and octahedral.’ Their study
provides valuable analyses to improve our understanding of Zn?>* adsorption on siliceous materials,
however it is critical to interrogate the confinement effects in pores with <10 nm diameter, since
significant changes in the solvent (water) properties were only observed for spatial confinement of 10 nm
and less. While few studies indicate confinement effects inside pores that are > 10 nm in diameter,” 2! the
research overwhelmingly suggests that these effects are most pronounced in pores that are < 10 nm.> 22-24
Therefore, it is imperative to investigate the coordination chemistry of adsorbed ions confined within

4
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materials with pore sizes less than 10 nm, as these nano-scale domains are ubiquitous in the
environment.> 4 11 12

In this study we address the scientific gap in understanding changes in the coordination
environment and reaction pathway for Cu?* by using X-ray absorption fine structure spectroscopy
(XAFS), flow micro-calorimetry, and molecular dynamics (MD) simulations to decipher the systematic
changes as a function of decreasing pore size of adsorbing silica. We interrogate the impact of nano-scale
confinement on the coordination chemistry and heat of adsorption during Cu?* partitioning onto non-
porous silica and within nano-scale pores in mesoporous (SBA-15) silica with 8 and 4 nm pores. The sum
of our findings provides a complete understanding of the pathways, products and thermodynamics of Cu?*

adsorption reaction onto silica surface under nano-scale confinement.

Experimental and Computational Methods

General

All reagents used for batch adsorption experiments, for the preparation of XAFS samples, and for
calorimetric adsorption analyses were ACS reagent grade or higher, including copper(Il) nitrate trihydrate
(Cu(NOs),:3H,0), ammonium nitrate (NH4;NOs3), nitric acid (HNO;), and ammonium hydroxide
(NH4OH). Ultrapure nitric acid (HNO;) was used for dilutions prior to aqueous analysis and for aqueous
sample preservation. Aqueous concentrations of Cu?" were quantified via inductively coupled plasma
mass spectrometry (ICP-MS) (NexION 350D). All gasses and cryogenic liquids used for ICP-MS
analysis and Brunauer—-Emmett—Teller (BET) surface area analysis were ultrapure grade, including liquid
and gaseous argon (Ar) and nitrogen (N,), along with gaseous helium (He). All silica materials were
purchased from Sigma Aldrich. These materials included non-porous fumed silica as well as mesoporous

silica; SBA-15-8, SBA-15-4 correspond to hexagonally ordered cylindrical pores with diameters of 4.4 +



oNOYTULT D WN =

Environmental Science: Nano

0.3 and 7.0 £ 0.1 nm. Milli-Q H,O (Barnstead NANOpure Diamond) with the resistivity of 18.2 MQ*cm,

0.2 um filtered and UV irradiated was used in the preparation of all solutions and suspensions.

Substrate Conditioning and Surface Area Analysis

We used chemically-pure commercially available silica substrates. Besides chemical purity, the
difference between amorphous SiO, phases in natural environments, and the substrates used in our work,
is the hydroxyl (-OH) site density on their surfaces. Both fumed silica and SBA-15 phases are treated at
elevated temperatures during synthesis, and the -OH surface densities are lower than the theoretical
maximum.?> We anticipate that amorphous silica precipitating at lower temperatures in soils and river

sediments has fully hydroxylated surfaces. Purchased silica materials were conditioned by cleaning and

hydrating, as described previously.* Briefly, silica was added to a centrifuge bottle along with Milli-Q

distilled deionized water in a solid:liquid mass ratio of 2:1, and mixed on a shaker table for 24 hours.
Following the mixing step, the silica materials were filtered using 0.45 pm nylon filter membrane and
rinsed with Milli-Q water and suspended in 200 mL of Milli-Q water. This process was repeated two
additional times, and following the final rinse, the silica materials were transferred to a scintillation vial
and placed in the oven (45 °C) for at least 48 h to dry. Rinsed, hydrated, and dried silica materials were
split for further specific preparation procedures required for each subsequent experiment.

The surface area was quantified using a Brunauer-Emmet-Teller (BET) surface area analyzer, as
reported previously.* Briefly, approximately 200 mg of dried fumed silica was transferred to a tarred BET
tube equipped with an airtight cap and loaded onto an ASAP 2020 to be degassed for 4 hours at 300 °C
and backfilled with inert He gas. Following sample degas, any mass change resulting from the degas step
was noted and adjusted. To start the analysis, a dewar was filled with liquid N, and the BET tube was
equipped with a thermal jacket and placed in the sample holder. The BET surface area and the non-local
density functional theory (NLDFT) method was used to determine the average pore diameter and pore

volume of fumed silica.2- 27
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Adsorption Samples for XAFS Analysis

XAFS samples were prepared via adsorption reactions of Cu(NOs), with silica (SBA-15-8, SBA-
15-4, and fumed silica). Prior to adsorption, roughly 200 mg of dried silica material (as described above)
was mixed and equilibrated with 50 mL of NH,NO; for 24 hours. As we noted in previous work, NH;NO;
was selected as the background electrolyte to prevent introducing competing metal species to the system.*
Next, Cu(NO;), was added (0.1 mM, 0.2 mM, and 0.3 mM) along with enough Milli-Q water to bring the
total volume to 100 mL. The pH was adjusted to pH = 6.0 £ 0.1 using dilute HNO;3; or NH,OH. The
samples were placed on the mixing table and mixed overnight. The reaction was terminated by phase
separation via centrifugation at 3000 rpm for 10 minutes. The supernatant was decanted and collected to
be quantified through analysis by ICP-MS. For XAFS analysis, as described previously,!3 the solid pastes
were mounted onto a Teflon sample holder, sealed with Kapton tape, and immediately immersed in a
transportable dry shipper (N, atmosphere, liquid nitrogen temperature).

XAFS data were collected at the undulator beamline sector 20-ID (XOR) at the Advanced Photon
Source (APS) at Argonne National Laboratory. As described previously, the uncollimated beam was used
with a Si(111) monochromator that was detuned by 15% for harmonic rejection.!> The monochromator
was tuned to the Cu k-edge at approximately 9200 eV via a Cu metal foil, similar to Cheah et. al.?®?° 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 Cu were collected on a Vortex Si Drift
solid state 4 element detector. During the analysis, the sample chamber was kept at 22 K using a Displex
liquid helium cryostat to avoid beam damage. For each sample, a minimum of 3 XAFS scans were
collected to achieve an appropriate signal to noise ratio. The Cu standards used to determine the
amplitude reduction factor (S,) were copper (II) acetate, copper (II) hydroxide, copper (II) oxide, and
copper (I) oxide. The S, value was determined to be 0.89 by fitting Cu XAFS standards. This S, value

was used for fitting all Cu XAFS data collected during this analytical run.



oNOYTULT D WN =

Environmental Science: Nano

The Cu K-edge XAFS data was processed and analyzed using Athena and Artemis® interface to
the IFEFFIT software.’! The background subtraction, normalization, and conversion into k-space using
Athena are described in detail elsewhere.’!32 A Fourier transform (Hanning Window, dk = 2) was applied
to Cu k-edge XAFS data over the k-range from approximately 3 — 12 (Table 1). 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 33. For analysis and calculation of theoretical phase and amplitude
functions for Cu-O, Cu-Cu, and Cu-Si, paths were generated using FEFF6 code®® from the crystal

structure of dioptase reported in Ribbe et. al.3*

Calorimetric Adsorption Studies

The flow microcalorimeter (FMC) used in this study was custom-designed and fabricated in the
Kabengi laboratory at Georgia State University. Descriptions of the instrumentation and basic operational
procedures have been detailed previously.’> Here we include only a brief description summarizing the
experimental protocols relevant to this study. The system to quantify the thermodynamic signals of Cu?*
adsorption is summarized in Table 2. To obtain the thermal signatures and subsequently the heats of Cu?*
adsorption, a 20.0 + 0.5 mg sample of silica particles (either SBA-15-8, SBA-15-4, or fumed silica) was
homogeneously packed into the sample holder of the FMC’s microcolumn, and equilibrated with a 0.01
M NH,NO; solution at a flow rate of 0.30 + 0.03 mL min! until thermal equilibrium was reached as
indicated by a steady baseline. The input solution was then switched to one in which 0.3 mM NH4NO;
had been replaced with 0.3 mM Cu(NOs),. The concentration of NH,;NO; was kept at 9.25 mM to keep
the ionic strength (/) constant. The calorimetric signal corresponding to the interaction of Cu?" with the
silica sample was thus obtained. Once the thermal signal returned to the original baseline, after about 15-
30 min, indicating that the reaction between the sample and Cu?* had ended, we switched the input
solution back to 0.01 M NH4NO;. During the Cu?" treatment and the subsequent NH,NO; exposure,
effluent samples were collected for chemical analysis. The total aqueous concentration of Cu?" in the

outflow samples was determined using ICP-MS. The mass of Cu?" retained and subsequently desorbed
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from the surface was determined by a mass balance calculation between the mass of Cu?" injected and
that recovered in all effluents.

The heats of reactions (Q,¢s in mJ m?) and molar enthalpies (AH in kJ-mol!) were calculated by
integrating the calorimetric peaks and were converted to energy units (Joules) by calibration with
calorimetric peaks of known energy inputs generated from a calibrating resistor. The solution pH was
adjusted daily using dropwise addition of 0.1 M HNOj; and 0.1 M NH,OH to achieve a final pH of 6.0 =
0.1. Changes in total concentration and ionic strength resulting from pH adjustments were determined to

be negligible.

ICP-MS Analyses of Copper

The amount of Cu?* adsorbed onto silica surfaces was determined for all samples by ICP-MS. All
XAFS samples and all calorimetric samples were quantified as we have described previously.* 3¢ For
XAFS samples, following phase separation, the eluent was diluted using ultrapure 2% HNO; to a
concentration range adequate for quantification via ICP-MS. For calorimetric samples, the effluents of
flow-through experiments were collected during both Cu?* adsorption and desorption on silica and were
also diluted with ultrapure 2% HNO;. Copper standards were prepared with concentration ranges from 10
to 2000 ppb and were used to generate a calibration curve. All reference solutions were prepared in an
identical experimental matrix to account for any matrix interferences in the analysis. The amount of Cu?*

adsorbed was normalized by surface area and calculated from Equation 1:

. ([Cu]i_[cu]eq) *U

where [Cu]; and [Cu],q are the initial and equilibrium concentrations (in pM) of Cu, v is the reaction
solution volume in L, m is the mass of mesoporous material in g, and A4 is the BET surface area of each
material. The BET surface areas for SBA-15 materials were measured previously.* The values used for
this study were 580 m?/g, 661 m?g, and 192 m%*g for SBA-15-4, SBA-15-8, and fumed silica,

respectively. The results are shown in Figure S1, and the samples analyzed by XAFS are marked with
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asterisks. As discussed in Knight ef al. 2018 the BET surface area for SBA-15-4 is larger than SBA-15-8,
which did not agree with the supplier specifications.* However these analyses were run several times and
with two different instruments, and are supported by previously reported surface areas, therefore our
measured surface areas are used to determine the Cu?* surface loading.’” Samples with varying surface
loadings were prepared for XAFS analysis. All samples in the experimental matrix contained similar Cu?*
surface loadings in attempt to, holding everything else constant, evaluate the relationship between the
coordination environment of Cu?* and the pore size. This allowed us to conclude that any observed

differences in the XAFS spectra were caused by pore size and confinement effects (Figure S1).

MD Simulation Details

MD simulations of silica nanopores filled with aqueous phase were performed using the
LAMMPS code?® under constant volume conditions with a thermostat temperature of 300 K. Timesteps
used were 0.5 fs for short-range interactions (10.0 A cutoff radius) and 1.0 fs for long-range electrostatic
interactions, which were evaluated with a particle-particle particle-mesh algorithm.’® Temperature was
controlled using a Nose-Hoover thermostat with a relaxation time of 100 fs. Potential parameters for silica
atoms were taken from ClayFF,* which relies on nonbonded interactions (i.e., van der Waals and
electrostatics) with an additional harmonic bond stretch term for surface hydroxyl groups and an
additional angle bending term for surface silanol groups,*! which was recently validated against
experimental infrared spectroscopy.*? ClayFF has been used previously to model the interaction of
aqueous fluids with similar surfaces, including amorphous silica***® and quartz.*>->> The flexible Simple
Point Charge (SPC) water model was used, which includes harmonic OH bond stretch and HOH angle
bending terms.>® SPC parameters were also used for the OH~ ion, with the O charge adjusted to —1.41 e
for a net ion charge of —1.0 e.57-°8 Parameters for Cu?" were taken from a general set for aqueous divalent
cations that accurately reproduce experimental hydration free energies.”® Lennard-Jones (LJ) parameters
for unlike atom pairs were generated using arithmetic mixing rules. All interaction parameters are
provided in Supporting Information (SI).

10
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Details for the construction of the silica surface model, composition of pore fluids, and pre-
equilibrium simulation methodology are described in detail in the SI. MD trajectories for analysis were
generated from a 10 ns production simulation. Number densities were calculated by determining the
distance from each Cu atom to the nearest pore oxygen divided by the available volume at that distance
determined from a Monte-Carlo insertion code. Insertions were accepted if the distance from the
attempted insert to any other atom was greater than 65% of the interatomic LJ sigma value. The 0.65

factor was chosen to accept all distances that were observed in the MD simulations.

Results and Discussion

Confinement promotes formation of copper dimer species on the silica surface

We quantified the coordination environment around the adsorbed Cu?' cation with XAFS
spectroscopy, as a function of both pore size and density of adsorbed Cu?" on the silica surface. The data
were fit to a model suggested by Cheah et. al.,?® ?° where Cu?* formed predominantly monodentate inner-
sphere complexes. We observed a larger proportion of polymeric Cu species when confined inside
mesopores, compared to the non-porous silica surface. Adsorbed polymeric Cu species were reported in
earlier work for Cu?" adsorbed on non-porous silica.?® 2% In our samples, Cu-Cu backscattering is much
more pronounced in the porous silica samples, compared to non-porous silica. We attribute this effect to
the decrease in the dielectric constant of confined water,® '* which leads to a decrease in the hydration
energy of Cu?*, and therefore enhanced formation of surface complexes.

Previous XAFS data analyses indicates that Cu?* experiences strong Jahn-Teller effects due to its
d’ election configuration, and therefore forms a distorted (elongated) octahedron; where the Cu-Ogq
(bonds with four equatorial oxygen neighbors) are shorter than the Cu-O,, bonds (axial direction).?8- 29 60-63
Current experimental evidence is inconclusive and has led to a debate regarding the distorted octahedron

as the preferred aqueous species: four-, five-, and six-coordinate complexes have been hypothesized,?

11
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and the aqueous complex is likely to be a dynamic distribution of five- and six-coordinated complexes.*’
%2 For our XAFS analysis we are aware of this challenge and have maintained a consistent and rigorous
fitting protocol in an attempt to isolate differences between samples, rather than proposing a specific
coordination geometry. Therefore, in our model we simply considered the lowest energy conformation,
with a coordination number (CN) of 6, consisting of four equidistance equatorial O atoms and two
elongated axial O atoms. The second shell in our model consisted of Cu-Si and Cu-Cu backscattering
paths. The average CN and bond distance (R) for each coordination shell are summarized in Table 1.

The XAFS data of adsorbed Cu?" was fit using the paths for a distorted octahedral coordination
environment, as described in the previous XAFS studies and simulations.?® 2% ¢1. 63 The average measured
CN for Cu-O,q was ~ 3.76 + 0.36 (Table 1); while the CN for Cu-O,, was ~0.9 + 0.28 for non-porous and
porous silica samples. Based upon these CN numbers, the local coordination around Cu is likely to
contain 5 or 6 oxygen atoms. Likewise, the bond distances for Cu-O,, were determined to be nearly
identical for all silica samples (Table 1). The Cu-O,, bond distances are similar for all porous silica
samples (2.82 £0.02 - 2.90 = 0.03 A); however, the Cu-O,, distance for non-porous silica is significantly
shorter (2.29 + 0.01 A). The Cu-O distances for non-porous silica agreed well with the model and other
previously reported values for a distorted octahedral complex, where Cu-O, = 1.94 - 1.96 A, and Cu-O,,
=2.15 - 2.65 A 346163 However, not all previous research fit the Cu-O,, shell due to either large 6> values
indicating that no reasonable CN or bond distance could be obtained or the data were fit with a different
coordination environment.?® 2% 62 Qur o2 for Cu-O shells did not exceed 0.008, and therefore the bond
distances are quantified accurately for all samples, with an error of 0.1 A.

The second coordination shell involves interactions between Cu with nearest Cu atoms (i.e., Cu-
O-Cu) as well as coordination with Si (i.e., Cu-O-Si) at the surface. We observed the presence of Cu-Cu
backscattering in all porous and non-porous silica samples. This observation agrees with previous studies,
which report Cu?* forming dimeric or polymeric complexes on the surface of non-porous silica, while
maintaining a monomeric coordination when adsorbed on alumina.?® 2° However, in our work we
observed more dimeric complexes in porous silica, compared to non-porous silica, as evidenced by the

12
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amplitude of the Cu-Cu backscattering feature. When Cu?* was adsorbed to non-porous silica, the CNcy.c,
=0.9+0.6, and Rey.cy = 2.94 £ 0.02 A (Table 1). Whereas the CN,.c, for the porous SBA-15 silicas was
1.7 £ 0.2 for both high- and medium- surface coverage inside the 8 nm pores, and 1.6 + 0.5 and 1.9 + 0.4
for the high- and medium- surface coverage inside the 4 nm pore, respectively. The CN¢,.c, on the SBA-
15 samples did not significantly differ between 4 nm and 8 nm pore diameters and did not depend on the
surface coverage of adsorbed Cu?*. The intensity of the Cu-Cu backscattering feature for SBA-15 samples
was significantly higher than for non-porous silica (Figure 1), and further suggests that, in confinement,
Cu?* has a greater tendency to form dimeric to multimeric complexes. The determined Cu-Cu distances in
all samples were approximately the same in the mesoporous silica samples, where Re,.c, ranged from
2.96-2.97 A. These Rey.cy and CNey, ¢y values correspond to the formation of a Cu,(OH),-like adsorption
complex on the surface (where one Cu is in inner-sphere surface coordination), as the CNc¢,.c, was
determined to be 1.9 + 0.2 and Rey.cy = 2.96 + 0.002 A, which agrees with the previous studies reporting
Cu polymerization on non-porous silica.?® 22 However, our complexes on mesoporous silica appear to
differ from those described by Cheah et. al for amorphous silica, in which the authors observed an
adsorption complex that was distinctly different from Cu(OH),, with a lower CN and shorter bond length

(CN=0.5- 0.9 and Reyc = 2.58 - 2.59 A).

Figure 1.
Figure 2.

The Cu-Si backscattering feature of adsorbed Cu?* was fit with low (< 1) CN numbers in all
analyzed samples. Due to silicon’s low mass, the backscattering signal from the Cu-Si shell is weaker,
compared to Cu-Cu backscattering signal. Since Cu-Si and Cu-Cu shells overlap, the Cu-Si becomes
nearly invisible. We fit all data including and excluding Cu-Si shell, and a statistically significant
improvement of the fit was only seen for the SBA-15-4-hCu sample (Supporting Information). Because
the XAFS signal is an average of all the Cu?" species in the system, we conclude that copper forms both
inner- and outer-sphere complexes on silica surface. Additionally, the presence of Cu-oxide nano-

13
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particles cannot be ruled out for the samples containing oligomeric Cu?" species within confined silica
pores. Based on the qualitative trends in the Cu-Si CNs, there may be a greater probability of Cu?* to form
inner-sphere complexes with Si in smaller pores, and that proportion of these complexes may decrease as
the pore sizes increases. The Cu-Si bond length for the porous silicas with surface loadings of
approximately 0.05 pmol/m? were about 3.5 A, while for the silicas with a higher Cu?* surface loading,
approximately 0.1 pmol/m? for porous silica and 0.2 pmol/m? for nonporous silica, the Cu-Si distance
was determined to be approximately 3.0 -3.5 A (Table 1, Figure 2).

This effect of confinement on Cu?" adsorption was explored further by examining the results of
MD simulations of Cu-hydroxide complexes in 2, 4, and 8 nm amorphous silica slit pores (Figure 3, see
ST for full computational details). Cu®* is least likely to be found at the pore wall in the 8 nm pore and that
probability increases monotonically to 2 nm as evidenced by the increasing intensity of the < 2 A peak
(Figure 3a). By integrating the area under the curve in this region we find that 69% of the Cu?" in the
simulation is found at the pore wall for the 2 nm pore, compared to just 41% in the 8 nm pore, indicating
increased adsorption with increasing degree of spatial confinement. Moreover, the CNc,g;, calculated
from the simulated radial distribution functions (RDFs), increases from 0.41 to 0.69 going from 8 nm to 2
nm pores, qualitatively agreeing with the experimentally observed trend of enhanced Cu-Si backscattering

feature in XAFS (Table 3, Figure 3).

Figure 3.

Calorimetric evidence for different adsorption pathways on confined vs. non-

confined silica surfaces

Calorimetric data for the heats of adsorption for Cu?" on non-porous silica, and mesoporous silica

are shown in Table 2 and Figure 4. The heats of adsorption were monitored by the resulting calorimetric

14
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signal, as seen in Figure 4. It is immediately obvious in Figure 4, that the adsorption pathway of Cu?** on
non-porous silica is different than on the mesoporous SBA-15 materials. The measured calorimetric
signal associated with the adsorption of Cu?" is endothermic for non-porous silica, while the adsorption
process is primarily exothermic on the porous silicas. The normalized adsorption energies were
determined to be 1.165, -1.349, and -2.168 kJ-mol-! for non-porous silica, SBA-15 with 8 nm, and SBA-
15 with 4 nm pores, respectively. The surface-area-normalized adsorption maximum values were
determined to be 0.369 pumol-m=2, 0.095 pmol-m>2, and 0.117 umol-m for non-porous silica, SBA-15
with 8 nm pores, and SBA-15 with 4 nm pores, respectively. These surface coverage values are close to
those for samples examined with XAFS analysis (Figure S1) and our previously reported adsorption
maximum values for SBA-15 with 4 nm and SBA-15 with 8 nm pores.* These flow-through experiments
are therefore complimentary and capture similar adsorption surface coverages, as examined in our XAFS

analysis.

Figure 4.

Adsorption of copper under nano-scale confinement

Through coupled spectroscopy, micro-calorimetry, and MD simulations, we develop a detailed
understanding of the nano-scale confinement impact on the energetics of adsorption, reaction pathway,
and coordination chemistry of Cu?* on silica surfaces. The results indicate dramatic differences in the
reaction pathway between porous and non-porous silicas, as seen from the calorimetric signals.
Spectroscopic analyses show measurable differences in the average local coordination environment of
adsorbed Cu?*, driven by nano-scale confinement effects. In summary, the effects of confinement result in
(@) distortion of the first coordination shell of Cu?*, seen as elongation of the Cu-O,, bond distances
relative to Cu-O, bond distances, (ii) increased proportion of dimer/oligomer Cu** surface complexes,

and (iif) changes to the surface complexation modes.
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Based upon our measurements, the average Cu?* coordination on the surface could either be
considered a distorted octahedron or distorted square pyramid. In either case, the average local
coordination environment of Cu?* adsorbed onto the porous SBA-15 samples is more distorted compared
to non-porous silica, as evidenced by the Cu-O,, and Cu-O bond distances. Longer Cu-O,, bond
distances, less similar to Cu-O, distances, represent a more disordered complex, where the Cu-O,, were
0.5-0.6 A longer when confined within pores than adsorbed to non-porous silica. Additionally, within the
confined porous SBA-15 samples, Cu-O,, distances for 4 nm pores were longer than those for 8 nm pores,
suggesting that as confinement increases, distortion of the first coordination shell of Cu?" also increases.
Additionally, this may suggest that Cu-O,, elongation occurs in confinement due to Cu-O bond
weakening as a result of increased oligomerization. We note that calculated Cu-Oyr bonds (1.98 A) are
longer than both the Cu-OH and Cu-O- bonds (1.78 A) in the simulations, indicating that both increased
adsorption and dimerization lead to some Cu-O bonds that are shorter than others. In the experiments we
also observed that these effects are sensitive to the density of adsorbed Cu?" on the surface. While the
overall surface coverage remains low (i.e. most OH available on the SiO, surface are free of Cu?"), the
Cu-O,, distances became longer with increased surface density of adsorbed Cu?*. With increasing surface
coverage of Cu?' on the surfaces in silica pores, the effects of spatial confinement become more
pronounced. In both mesoporous silicas with 4 nm and 8 nm pores, increased surface Cu?" coverage led to
an increase in the average Cu-O,, distance of 0.2-0.4 A. Therefore, we observe that the least distorted
Cu?" complexes exist on non-porous silica, and as surface coverage increases inside the pores of
mesoporous silicas, disorder increases. Unlike some studies, where changes in the CN were observed,’
we did not see any significant changes in CN¢,.c in the XAFS data, at least within the uncertainty of ~10-
20% typical for CNs derived from XAFS data. The subtle differences between Cu-O distances suggest
that nano-scale confinement distorts the coordination geometry of Cu?*. This phenomenon could be a
result of steric effects of a hydrated Cu?* complex entering an incrementally smaller pore. The ion-water

interactions inside nano-scale pore are weaker, compared to the non-confined phase, due to water’s

16
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dielectric constant decreasing with increasing degree of confinement ® '* and, therefore, the hydration
sphere of Cu?* may become distorted inside the pores.

In addition to the elongation of the Cu-O,, bonds, confinement increased the propensity for Cu?*
to undergo dimerization or oligomerization. While bond distances in all samples remained nearly the
same, the amplitude of Cu-Cu backscattering (CN¢,.c,) was nearly double for mesoporous samples,
compared to non-porous silica. As simulation snapshots demonstrate, Cu-Cu species all exist in a
distribution, however when confined, the average CNc,.c, is greater than in the non-confined system. This
finding is confirmed by preliminary MD simulation results on a non-porous silica surface where a
vacuum gap is applied above the liquid layer (data not shown). In this system no Cu?" dimers are
observed, in stark contrast to the results observed in the confined simulations. Previous studies
investigating Cu?" adsorption on amorphous silica demonstrated that Cu?" forms dimers on silica
surfaces.?® Our findings on non-porous silica confirm these earlier reports, while we also show that in
confinement Cu-Cu backscattering is more pronounced. This polymerization reaction explains the
difference in calorimetric trends between porous and non-porous silicas. Adsorption of Cu?" in
confinement was exothermic, while it was endothermic for non-porous silica. The endothermic response
for the adsorption of Cu?* on non-porous silica is likely a result of dehydration of the Cu?" ion prior to
adsorption.'®-20 This suggests that when Cu?* displaces NH," at the silica adsorption sites, the Cu?* ions
dehydrate and form inner-sphere adsorption complexes on the surface, which has been shown to be an
endothermic reaction.! ® Similar results were previously noted for Na* and Ca" on zeolite surfaces.
When Na* replaced Ca?" at an adsorption site, there was a small exothermic peak followed by large
endothermic peak. This process was described as follows; Na* enters the pore, displacing Ca?*, and Ca?*
rehydrates (exothermic). Then, in order to adsorb to the surface as an inner-sphere complex, Na*
dehydrates (endothermic)."”

Our XAFS and calorimetry data indicate that Cu?* forms inner-sphere adsorption complexes on
non-porous silica (CN¢y.si = 0.1 and Re,.si = 3.52 A). Previous work has illustrated Cu-Si complexes and
provided estimated Cu-Si bond distances reflecting different surface adsorption complexes. It was
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determined that, Cu?* can form a corner-sharing mono-dentate (Rc,g = 2.6 - 3.5 A), edge-sharing bi-
dentate (Rey.si = 2.2 - 2.4 A), or corner sharing bi-dentate complex (Rey.si = 3.0 - 3.5 A).28.2° From these
values, we cannot definitively say which complex is present in our systems, however it is unlikely that the
edge-sharing bi-dentate complex is occurring as the expected bond distances are too short. The formation
of an inner-sphere mono-dentate complex is consistent with other reports of Cu?" adsorbed onto
amorphous non-porous silica.?® Based upon the assumption that the Si-O bond length (~1.61 A)®5 ¢
remains unchanged in confinement, we can assess the likelihood of Cu?" adsorption through Cu-O, or
Cu-O,, based upon estimated bond angles.

Conversely, the adsorption of Cu?* on the SBA-15 materials responded with a weak endothermic
feature, followed by a strong exothermic peak. The magnitude of both the endothermic and exothermic
signals were stronger as the pore size decreased from 8 nm to 4 nm in diameter. This observed magnitude
change could be a result of known changes to water properties.®’” Because the H-bonding network and
dielectric constant of water are altered when confined inside mesoporous silica, it is likely that the
hydration energy of Cu?" decreases with decreasing pore diameter — thus changing the magnitude of the
calorimetric signal. The small endothermic peak is likely attributed to dehydration of Cu?*, similar to the
adsorption process on non-porous silica. However, as the Cu?* surface loading increases over time, and
additional adsorption occurs, dimerization is promoted. The dimerization reaction is an exothermic
process, and thus would result in an exothermic signal. A possible mechanism for the dehydration and
dimerization (assuming 6-coordiantated) process for Cu?* inside the mesopores of the SBA-15 materials
is:

2 Cu(H,0) 2 dimerization Cuy(H,0)g(OH)2>* + 2H,0 + 2H*
-Or-

2 Cu(H,0)** dimerization Cuy(H,0)o(OH)?** + 2H,0 + H

18
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where an octahedrally coordinated Cu?" ion shares one or two hydroxyl groups with another octahedrally
coordinated Cu?* ion. These calorimetric findings agree with the XAFS and MD results that nano-scale
confinement increases the tendency for Cu?* dimerization and further oligomerization.

The weak endothermic signal, coupled with XAFS results, indicates that Cu?* forms an inner-
sphere complex with silica in the pores of mesoporous silicas which is confirmed by MD simulations.
Interestingly, the Cu-Si distance (~ 3.0 A) is shorter for porous silicas with high surface loadings, relative
to non-porous silica and porous silicas with medium surface loadings (~3.5 A). In porous samples, it
seems most likely that Cu forms a surface complex with Si through the O, bond, as the bond angles for
Cu-O,-Si are ~ 100°. However, for non-porous silica, Cu coordination through either O, or O results in
a Cu-O-Si bond angle that is >130 °. Furthermore, there seems to be a systematic increase in the CNcy_s;
as a function of decreasing pore diameter and increasing surface loading (Figure 1, Table 1). While we
do observe systematic changes, a Cu-Si distance of 3.0 A falls within the hypothesized range for a corner
sharing mono-dentate surface complex (2.6 — 3.5 A), and the CN¢,.s; never exceeds 1.0. Therefore, the
XAFS data are insufficient to identify the exact geometry (mono- or bi-dentate) of Cu-Si coordination on

the examined silica surfaces.

Conclusions

Our experimental and MD simulation results illustrate that the mechanism and reaction products
of Cu?" adsorption on silica surfaces are pore-size-dependent. Nano-scale confinement leads to an
increase in the distortion of the coordination complex when Cu?" is confined to the pores of SBA-15
samples when compared to non-porous silica. Additionally, the Cu-Si bond lengths suggest that the
coordination environment around Cu?" depends on both pore diameter, as well as Cu?" density on silica
surfaces. On mesoporous silicas with high surface coverage, Cu-Si distances are shorter than for non-
porous silica and mesoporous silicas with medium surface coverage. Lastly, we have demonstrated that

nano-scale confinement promotes Cu?' dimerization, as supported by XAFS, MD simulation, and
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calorimetric studies. The increase in the Cu-Cu backscattering amplitude for mesoporous samples,
compared to non-porous silica, combined with a small endothermic signal followed by a strong
exothermic signal, suggests that Cu?" undergoes dehydration during the dimerization process.

These results provide the first assessment into the impact of nano-scale confinement on
adsorption process of Cu?* on silica with controlled pore sizes. The adsorption process, including
adsorption pathway and surface speciation, is pore-size dependent, which has significant implications on
ion adsorption, and, therefore, fate and transport in geologically relevant mesopores. The reported
findings will aid in the development of more realistic understanding of fate and transport of chemical

species in tight, porous geologic media, such as sedimentary rocks.

Associated Content

Supporting Information

Supporting information contains Figure S1 showing the surface loading of Cu for the XAFS samples;
Table S1 presents the hydration energy, ionic and hydrated radii, as well as hydration number of species
involved in calorimetric studies; Figure S2 showing the adsorption and desorption profiles of the samples
used in the calorimetric analysis; Details on the preparation of the nano-pore silica models for MD
simulation along with Figure S3 showing the density of silica surface as a function of position, Figure S4
showing the Cu number density from MD simulations with initial configurations of all monomers or all
dimers in solution, Table S2 showing the CN and bond distances from MD simulations comparing Cu
coordination chemistry with initial configurations of all monomers or all dimers in solution, Table S3
presenting the fluid composition and pore diameters, and lastly the interaction parameters used in the MD

simulation.
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1
2
3
4 Tables
5
6
7
8 Table 1. XAFS fitting parameters for Cu K-edge collected on non-porous fumed silica, SBA-15-8, and SBA-15-4 with high (h)
9 and medium (m) Cu?" surface loadings.
10 Surface
1 1 4) (52 5) AE[}
12 Sample Loading | Dk-range | R-range (A)| Shell | 2CN | ¥R (A) 9 R-factor | 7 Red y2 | ® Ind. Pts.
13 (A% eV
(umol/m?)

14
12 Cu-O | 433) | 1.94(7) | 0.007
17 Cu-O, | 0.6 (1) | 2.29 (1) | 0.002
18 Fumed Silica- hCu | 0.18 (3) [3.0-11.83] 1.0-5.0 2.6 9) 0.020 31.40 22.05
19 Cu-Cu | 0.9(6) | 2.94(2) | 0.009
20 Cu-Si | 0.1(3) | 3.52(3) | 0.009*
21
22 Cu-O | 3.7(7) | 1.94 (6) | 0.003
23
24 Cu-O, | 1.2(6) | 2.84(3) | 0.007

SBA-15-8-hCu 0.09 (1) 2.6-10.7 1.0-5.0 -1.0(7)| 0.026 48.07 22.02
25 Cu-Cu | 1.7(2) | 2.96 (6) | 0.005
26
27 Cu-Si | 0.3(3) ] 2.99 (6) | 0.008
28
29 Cu-O | 3.4(3) | 1.94(7) | 0.002
30 Cu-O, | 0.8 (4) | 2.82(2) | 0.005
31 SBA-15-8-mCu 0.06 (1) | 3.0-11.85 1.0-5.0 -1(1) 0.021 28.60 22.05
32 Cu-Cu | 1.7(2) | 2.96 (7) | 0.008
33
34 Cu-Si [0.2(3)| 3.5(1) | 0.004
35 Cu-Og | 3.9(2) | 1.94(2) | 0.003
36
37 0.09 (2) Cu-O, | 0.7(5) | 2.90(3) | 0.003
38 SBA-15-4-hCu 3.0-11.86 1.0-5.0 1(3) 0.009 34.14 22.04
39 Cu-Cu | 1.6(5) | 2.96 (9) | 0.008
2(1) Cu-Si | 0.9(2) | 3.03(2) | 0.009
42 Cu-Og | 3.5(5) | 1.95(1) | 0.002
43
44 0.06 (1) Cu-O, | 1.2(5) | 2.86(2) | 0.005
45 SBA-15-4-mCu 3.0-11.84 1.0-5.0 1.8(9) 0.024 59.04 22.05
46 Cu-Cu | 1.9(4) | 297 (5) | 0.009
47 Cu-Si | 0.6 (4) | 3.53(7) | 0.0026
48
49 Notes:
50 ! Usable k-range
51 2 Coordination number
52 3 Bond length

4 Debye-Waller factors: mean-square amplitude reduction factor, including thermal and static disorder components

53 5 Energy shift between the theoretical and measured spectrum
54 Ei(datai - }‘iti)2
55 6 R-factor (mean square misfit) Rfactor = T Sdat?d
56
57
58 23
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7 Reduced chi-square Xv = NmEi

Table 2. BET surface area of fumed silica, SBA-15-8, and SBA-15-4. The table also shows the mass of each substrate used for

data; — fit;

Environmental Science: Nano

LY Wity = o)

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

the calorimetric analyses and the measured Cu adsorption energy and normalized adsorption energy per mol of Cu.

BET surface|Mesopore OH- Normalized [Normalized|Normalized
Mass
Material area Diameter| Density Energy Adsorption | Adsorption
(mg)
(m?/g) (nm) (OH/nm?) (mJ/m?) (kJ/mol) | (umol/m?)
N/A 2.15° 20 + 0.369
Fumed Silica | 192+ 72 0.429
0.5 1.165
7.0+0.3° 1.8+0.2° | 20+ 0.095
SBA-15-8 661 + 5P -0.128
0.5 -1.349
44+0.1° 23+0.2° | 20+ 0.117
SBA-15-4 580 + 130 -0.253
0.5 -2.168

¥This study
*From Knight et. al. (2018)

Table 3. MD simulation results. Average distance between copper and oxygen or silicon, and Cu coordination number

determined from simulated radial distribution functions (RDFs). Shown are values for Cu coordinated to deprotonated

oxygens (Oqep), hydroxyl ion oxygens (O), water oxygens (Oy), Cu, and Si.

24

Sample Shell CN R (A)
Cu-Ogep | 0.42 1.75
Cu-O 1.88 1.78

8 nm Pore
Cu-O, | 2.74 1.98
Cu-Cu | 0.59 2.65
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Cu-Si | 0.41 3.15

Cu-Ogyep | 0.58 1.75

Cu-O | 1.17 1.75

4 nm Pore Cu-0,, | 3.36 1.98
Cu-Cu | 0.26 2.68

Cu-Si | 0.58 3.15

Cu-Ogyep | 0.69 1.78

Cu-O | 1.05 1.78

2 nm Pore Cu-0,, | 3.58 1.98
Cu-Cu | 0.35 2.65

Cu-Si | 0.69 3.12

Figure Captions

Figure 1. XAFS data and fits shown in k-space, magnitude of the Fourier transform, and the real
part of Fourier transform. The solid lines are the collected experimental data and the dashed lines

are the fits.

Figure 2. The distribution of average bond distnaces and coordiantion numbers of each shell for
fumed silica, SBA-15-8, and SBA-15-4 for high Cu?* surface loading.

Figure 3. Number density of Cu?* as a function of distance to nearest silica pore O for all Cu (a),
monomeric Cu (b), and oligomeric Cu (d). Integration of the all Cu densities in the <2 A region
yields the fraction of Cu®* found at the pore wall (c). Atoms in the inset figures are colored as

follows: Cu (blue), O (red), H (white), and Si (yellow).

Figure 4. Comparison of calorimetric heats measured during Cu?* flow through experiment
(adsorption) for fumed silica, SBA-15-8, and SBA-15-4 versus time.
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Figure 1. XAFS data and fits shown in k-space, magnitude of the Fourier transform, and the real part of
Fourier transform. The solid lines are the collected experimental data and the dashed lines are the fits.
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Figure 3. Number density of Cu2+ as a function of distance to nearest silica pore O for all Cu (a), monomeric
Cu (b), and oligomeric Cu (d). Integration of the all Cu densities in the < 2 A region yields the fraction of
Cu2+ found at the pore wall (c). Atoms in the inset figures are colored as follows: Cu (blue), O (red), H
(white), and Si (yellow).

88x152mm (300 x 300 DPI)

Page 36 of 37



Page 37 of 37 Environmental Science: Nano

oNOYTULT D WN =

11 60
NH,NO, | Cu(NO,),
12 Flow Flow

SBA-15-4

B
o
|

SBA-15-8 exothermic

n
o
|

o
Calorimetric Signal (mV)
o

N
(2]

1
N
o

|

endothermic

Fumed Silica

28 _40 | | | T 1
29 0 10 20 30 40 50
Time (min)

45 Figure 4. Comparison of calorimetric heats measured during Cu2+ flow through experiment (adsorption) for
46 fumed silica, SBA-15-8, and SBA-15-4 versus time.

88x152mm (300 x 300 DPI)



