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Sulfate adsorption at buried mineral/solution interfaces is of great interest in geochemistry and atmo-
spheric aerosol chemistry due to the sulfate anion’s environmental ubiquity and the wide role of physical
and chemical phenomena that it impacts. Here we present the first application of total internal reflection-
Raman (TIR-Raman) spectroscopy, a surface-sensitive spectroscopy, to probe sulfate ion behavior at the
buried hematite/solution interface. Hematite is the most thermodynamically stable iron oxide polymorph

Keywords: and as such is widely found in nature. Our results demonstrate the feasibility of a TIR-Raman approach to
:ﬁirgce spectroscopy study simple, inorganic anion adsorption at buried interfaces. Moreover, our data suggest that inner-
Hematite sphere sulfate adsorption proceeds in a bidentate fashion at the hematite surface. These results help clar-
Adsorption ify long-standing questions as to whether sulfate forms inner-sphere adsorption complexes at hematite

surfaces in a mono- or bidentate fashion based on attenuated total reflection-infrared (ATR-IR) observa-
tions. Our results are discussed with perspective to this debate and the applicability of TIR-Raman spec-
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troscopy to address ambiguities of ion adsorption to mineral surfaces.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Ion interactions with solid surfaces at buried mineral/solution
interfaces are vital to understand in order to predict the mobility
and fate of aqueous contaminants within the environment [1].
Oxide minerals form the major components of Earth’s upper conti-
nental crust, with silicon, aluminum, and iron oxides being the
most predominant [2]. Due to the high prevalence of oxide miner-
als, rationalizing ion interactions with their surfaces is critical for
predicting the spatial distribution of ions in subsurface environ-
ments through time. Oxide minerals also make up the majority
of mineral dust aerosols and ion interactions at their surfaces have
been demonstrated to influence their chemical and physical prop-
erties [2,3]. Hematite (x-Fe,;03) is the most thermodynamically
stable iron oxide polymorph and, as such, is found globally within
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soil, water, and atmospheric systems [2,4]. Recognizing the envi-
ronmental importance of hematite, numerous experimental and
computational studies have been performed to understand the
properties of hematite/aqueous interfaces in detail [5-14]. How-
ever, many questions remain as to the structure (binding mode)
and energetics of ion adsorption on hematite.

One of the most prevalent inorganic anions in the environment
is sulfate (SO ). It is the third most abundant inorganic ion within
seawater by mass [15] and the end oxidation product of sulfur con-
taining compounds [16,17]. Due to its environmental ubiquity sul-
fate has been extensively studied both in the geochemical and
atmospheric communities. Particularly in aqueous geochemistry,
sulfate adsorbate structure on a wide variety of mineral substrates
has been the focus of many experimental and theoretical studies
seeking to understand and rationalize ion mobility and transport
[5,6,8,10,11,18-20]. In addition, heavy metals may adsorb to min-
eral surfaces concurrent with sulfate forming ternary complexes
[21-23]. For instance, Rose and Bianchi-Mosquera showed that
hematite in contact with red-bed pore fluids rich in chloride and
sulfate may lead to the separation of Cu and Ag to form stratiform
Cu deposits during diagenesis [24]. Sulfate has also been demon-
strated to play an important role in the atmospheric chemistry of
aerosols. For example, sulfate coatings on mineral dust aerosols
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significantly decrease their ice nucleation abilities which may im-
pact cirrus cloud formation [3,25]. Secondary organic aerosol (SOA)
formation has also been linked to the seed aerosol sulfate content
[26,27].

The most common in situ spectroscopic techniques for probing
ion interactions at buried mineral oxide/solution interfaces are
attenuated total reflection-infrared (ATR-IR) and X-ray absorption
spectroscopies [5,19,28-31]. The spectroscopic results thus ob-
tained provide benchmarks for modeling efforts that ultimately lead
to the prediction of contaminant transport. Thus it is vital that ion
adsorption structures at oxide surfaces interpreted from spectro-
scopic results are correct in order to facilitate accurate models [8-
10,32].

The use of ATR-IR spectroscopy to measure the in situ adsorption
structure of sulfate at the hematite surface was first demonstrated
by Hug in 1997 [5]. This method takes advantage of the symmetry

lowering effects caused by SO2~ anion adsorption which breaks
the triple degeneracy of T, SO  ion asymmetric stretching
(VAS—SOf{> modes. If the adsorbed SO?{ ion has bound to the surface

with one oxygen ligand (monodentate binding) the resulting sym-
metry will be lowered to Cs, and two vAs—SOf[ peaks are expected
in the IR spectra. When SO3~ inner-sphere adsorption involves
two of the sulfate’s oxygen ligands (bidentate binding) the symme-
try of the adsorbed SO, ion will further lower to Cy, which will
completely lift the vas-SO3~ degeneracy such that three distinct

vAs—SOi’ peaks can be expected. Hug’s approach has been widely
adopted to probe adsorption of sulfate, as well as adsorption of
many other inorganic ions, to a large variety of mineral surfaces,
including hematite [5,6,18,19,33].

However, a general drawback of using ATR-IR spectroscopy to
study ion adsorption at mineral/solution interfaces is that the pen-
etration depth for the IR evanescent wave is generally on the order
of microns [34-37]. This signifies that for studies using ATR-IR
spectroscopy to probe ion adsorption at mineral surfaces signal
contributions arise not only from adsorbed surface species, but also
from ions residing in the interfacial electric double layer and bulk
solvated ions. As a result sulfate inner-sphere adsorption geome-
tries inferred from these spectra may be questioned due to the
potentially weak spectral features being obscured by signal arising
from bulk solvated sulfate species.

In contrast to an ATR-IR approach, the Raman counterpart, total
internal reflection-Raman (TIR-Raman) spectroscopy, has yet to be
adopted in the study of ion interactions at mineral/solution
interfaces. Only recently has TIR-Raman spectroscopy been applied
to study adsorption onto mineral surfaces, most notably by Bain
and co-workers, and these studies primarily focused on organic
molecule adsorption [36,38-40]. The TIR-Raman approach has
the main advantage over ATR-IR in that the attainable penetration
depth is much less (~40-300 nm) owing to the much shorter exci-
tation wavelengths used [41,42].

Here we present, to the authors’ knowledge, the first application
of TIR-Raman spectroscopy to study simple inorganic ion adsorp-
tion at buried mineral/solution interfaces. In this study SO~ ion
interactions at the hematite/solution interface are examined as a
function of ion concentration and pH. Our results demonstrate that
a bidentate geometry for SO~ inner-sphere adsorption onto the
hematite surface is dominant, in agreement with recent work by
Paul et al. [18] and Rubasinghege et al. [43], for the conditions
tested. These results lend support to proposed bidentate adsorp-
tion structures for sulfate at hematite surfaces inferred by Paul
et al. from ATR-IR spectra and modeling results in contrast to a
monodentate adsorption motif previously put forward by several
other groups [5,6].

2. Experimental methods and materials

TIR-Raman spectroscopy is analogous to conventional Raman
spectroscopy in that it relies upon the detection of inelastic scat-
tered light. However, in TIR-Raman spectroscopy the detected scat-
tered light originates from an evanescent wave generated when
light propagating through an optically denser medium is incident
upon an interface with an optically rarer medium at or above the
critical angle (6;.) defined by

1

. (n
0;. = arcsin <n72> (1)

where n; and n, refers to the refractive indices of the optically den-
ser and rarer media, respectively. The distance from the interface
into the second medium at which the amplitude of the evanescent
field decays to 1/e of its maximum value is called the penetration
depth (d,) and is defined by [34,37]

2
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where 2 is the wavelength in vacuum and 6; is the incident angle
from the surface normal of the input beam. From Eq. (2) it can be
shown that the penetration depth of TIR-Raman will generally be
on the order of 100 nm with a 532.1 nm excitation wavelength for
a typical oxide mineral/water interface at the critical angle, i.e. at
least one order of magnitude smaller than the probing distance of
a typical ATR-IR experiment. This indicates that TIR-Raman should
serve as an effective probe of surface processes such as ion
adsorption.

Fig. 1 gives a schematic representation of the custom-built TIR-
Raman spectrometer setup used in this study. The excitation
source for the TIR-Raman instrument is a diode-pumped Nd:YVO,
laser (Millennium II, Spectra-Physics) which produces single-mode
(TEMoo), p-polarized (>100:1 polarization ratio), 532.1 nm (second
harmonic) continuous-wave light with output energies of up to
2 W. However, for all spectra presented in this study the laser
was operated with an output energy of 200 mW and the excitation
beam was further attenuated to ~40 mW by a neutral density filter
before the sample flow cell to reduce hematite thin film ablation by

~200 mW
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Fig. 1. Schematic representation of the TIR-Raman setup. The input beam goes
through several optical components including a neutral density filter (NDF) wheel,
Ag mirrors (M), irises (I), focusing lenses (FL) before reaching the planar face of a
hemispherical prism (HP). The reflection of the input beam is directed to a beam
dump (BD). The Raman scattered beam generated at the prism/solution interface is
collected by a microscope objective (OBJ) and filtered by a 535 nm longpass filter
(LPF) before entering the monochromator.
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the laser beam. Thin film ablation was an issue for higher input la-
ser powers due to the intense coloring of the hematite films. The
beam was directed to the sample flow cell by a series of four silver
mirrors and focused onto the mineral/solution interface via a 5 cm
focal lens. The last mirror and focal lens are mounted on a manu-
ally controllable goniometer arm in order to achieve the desired
incident beam angle. All spectra were collected with an incident
beam angle of 75° from the surface normal, thus exceeding the crit-
ical angle of the silica/solution (0;. ~ 66.3°) interface. The penetra-
tion depth with this geometry was ~185 nm at 532.1 nm for the
silica/solution interface. As for the hematite-coated silica/solution
interface, the value of the penetration depth is more difficult to
determine, partly because few data are available about the optical
constants of deposited hematite thin films [44,45]. Moreover, it is
recognized that these optical constants can differ from their bulk
values as they depend strongly on the deposition conditions (e.g.
temperature). However, if an average refractive index value of
2.9 is assumed for most hematite film thicknesses, then the effec-
tive penetration depth into the solution at 532.1 nm for this input
geometry will be approximately 34 nm.

A 50 x objective lens (infinity-corrected, super-long working
distance (13.8 mm), 0.45 numerical aperture, Nikon) mounted nor-
mal to the center of the TIR element and centered in front of the
excitation beam spot was used to collect the TIR-Raman scatter.
This objective lens is also mounted on an x-y-z translational stage
to ease alignment and to allow greater collection efficiency of the
generated TIR-Raman signal. The collected TIR-Raman scatter
was focused (7 cm focal length) and then separated from the
532.1 nm Rayleigh scatter by using a 535 nm longpass filter (Ome-
ga Optical, Custom) before entering a monochromator (SpectraPro
500i, Princeton Instruments) equipped with a 1200 groove/mm
grating and detected on a liquid N,-cooled deep-depletion CCD
(1340/400 EB, Roper Scientific) calibrated against the 435.833 nm
emission line of a fluorescent Hg lamp.

The sample flow cell was custom-made from Teflon with alumi-
num mounts to clamp a hemispherical TIR element onto the sam-
ple flow cell reservoir with its planar side exposed to the aqueous
solution. This flow cell was mounted on an x-y-z translational
stage. Solution inflow and outflow are supplied by a peristaltic
pump (MasterFlex L/S, Cole-Parmer).

The TIR-Raman experiments were carried out using a bare fused
silica hemisphere (25.4 mm diameter x 12.7 mm height, surface
quality 60/40, ISP Optics Inc.) or a 100 nm-thick hematite-coated
fused silica hemisphere as the TIR element. All fused silica hemi-
spheres were cleaned before use or before thin film deposition
by soaking in a mixture of concentrated sulfuric acid (certified
ACS Plus, Fisher Scientific) and ammonium peroxydisulfate (crys-
talline, certified ACS, Fisher Scientific) for at least 4 h followed by
copious rinsing with nanopure water (18.3 M, NanoPure, Barn-
stead/Thermolyne) [46]. The silica hemispheres were then soni-
cated in dry methanol (reagent grade, Sigma-Aldrich) for at least
1 h, thoroughly rinsed with nanopure water and dried under a
stream of house Ny(g). The hematite thin film synthesis was carried
out according to the procedure of Jubb and Allen and resulted in
polycrystalline thin films of homogeneous hematite phase as
determined by Raman microscopy [47]. Raman spectra of a typical
hematite film coated on a silica hemisphere were obtained using a
Renishaw inVia Raman microscope with a 50 x objective coupled
to a 632.8 nm He-Ne laser excitation source (Renishaw RL633).
The laser power at the sample was approximately 6 mW. The res-
olution of this instrument was approximately 3 cm™! with an
1800 grooves/mm grating. Fig. 2 shows the Raman spectrum and
an optical image (see inset) of the hematite film used in this study
where all seven diagnostic Raman modes of hematite are clearly
identifiable with no spectral signatures of other oxide phases pres-
ent [47,48].
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Fig. 2. Raman spectrum of a typical ~100 nm-thick hematite film coated on a silica
hemisphere collected with a 632.8 nm He-Ne laser excitation source (~6 mW)
through a 50 x objective lens. Peak centers are indicated by dashed vertical lines
and mode assignments are given [47]. The seven diagnostic Raman peaks of
hematite are clearly present as well as the LO-E, mode at 660 cm™~! and the second-
order scattering peak at 1318 cm~'. The broad, weakly defined peaks at ~800 cm™!
and 1075 cm ™" are also present in many published Raman spectra of hematite. Inset
is an optical image of the hematite film.

All silica/solution TIR-Raman spectra were collected with 90 s
acquisition times. The hematite-coated silica/solution spectra
shown are the average of nine 2 min acquisitions. For the hema-
tite-coated silica/solution spectra slightly longer acquisition time
and spectral averaging were necessary to achieve a similar sig-
nal-to-noise ratio as the bare silica/solution spectra due to absorp-
tion losses of the excitation beam within the hematite film. During
the course of the hematite wetting and dehydration experiments,
spectra were collected in consecutive 10 s increments. The TIR-Ra-
man spectra in the S-0O stretching region have been background-
subtracted to remove contributions from scatter arising from the
bulk of the silica hemisphere and the hematite film to the detected
spectra (see Supplementary material, Figs. S1-S3). The spectra of
silica/water and hematite/water were checked at the beginning
and end of each day that experiments were run to ensure system
stability, reproducibility, and reversibility of ion adsorption.

All sulfate solutions were prepared by mixing the appropriate
amount of MgS0,4 (>99.5% pure, powder, anhydrous, Fisher Scien-
tific) with nanopure water (18.3 M, NanoPure, Barnstead/Therm-
olyne) to the desired concentration. To each solution enough NaCl
(=99.5% pure, crystalline, anhydrous, Sigma-Aldrich) was added
to have a 1 molal (m, mole solute/kg solvent) NaCl background
electrolyte level. All salts were baked for 4 h at 500 °C prior to
use to remove organic contamination [49]. Solution pH was con-
trolled by preparing solutions to the desired concentrations and
then adding concentrated HCl (37% wt., Fisher, trace metal grade,
Fisher Scientific) dropwise until the desired pH was reached. The
added volume of HCI was small enough not to significantly change
the solution concentration. The pH of solutions was monitored
with a standard pH meter (Ag/AgCl glass electrode, Accumet
AB15, Fisher Scientific) which had been calibrated following the
procedure of Wiesner et al. for high ionic strength solutions [50].
All sample solutions were conditioned overnight at 23 °C prior to
use. In a typical TIR-Raman experiment the solution was prepared,
conditioned, and then transferred to a clean solution reservoir
where it was then pumped to the sample flow cell. Finally, the
sample solution was allowed at least 15 min to equilibrate before
spectra were acquired.
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3. Results and discussion

3.1. TIR-Raman spectra of bare and hematite-coated silica/sulfate
solution interfaces

Shown in Fig. 3 are TIR-Raman control spectra for silica/MgSO,4
solution interfaces in the S-0O stretching region as a function of pH
and ion concentration. The sharp peak located at 980 cm™! is as-
signed to the symmetric stretch (VSS-SOﬁ’) of bulk solvated
SOi’ ions possessing Tq) symmetry. However, little signal intensity
is observed for the triply degenerate v4s-SO3~ modes centered at
1100 cm™ ! in accordance with the weak Raman transition moment
for these vibrations when sulfate possesses Tq symmetry (Table 1)
[20,51,52]. It is apparent that decreasing the pH from 8 to 1 has lit-
tle effect on the overall spectral intensity detected (Fig. 3A-C). This
is attributed to the ~100 nm probing depth at the silica/solution
interface resulting in a detected TIR-Raman signal intensity pri-
marily arising from bulk solvated SOﬁ’ ions relatively far from
the interface. With lowering of the solution pH, the deep probing
depth masks the effect of enhanced attractive electrostatic interac-
tions between SO~ ions and the increasingly positively charged
silica surface from the removal of negative silica surface charges
(as the point-of-zero-charge (pzc) for silica is effectively ~2
[53,54]). However, even at the lowest pH value tested (pH 1,
Fig. 3C), the TIR-Raman spectra resemble Raman spectra of freely
solvated SO2~ ions.

Fig. 4 presents the TIR-Raman spectra for the hematite-coated
silica/MgS0, solution interfaces from pH 8 to pH 3 (Fig. 4A-C).
Spectra for MgSO,4 solutions at pH 1 are not shown as the hematite
film was not stable at this pH. Similar to results obtained at the sil-
ica/MgSO0, solution interface (Fig. 3), the peak at ~980 cm™! is as-
signed to the vss—SOi’ vibration. However, for the spectra shown in
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Fig. 3. TIR-Raman spectra of silica/MgSO, solution interfaces at (A) pH 8, (B) pH 3,
and (C) pH 1 for 50 mm (green triangles), 100 mm (blue squares), 300 mm (red
diamonds), and 500 mm (black circles) MgSO, solution concentrations. The sharp
peak at 980 cm™! found in all spectra (except for the 50 mm solutions where this
spectral feature is weak) is assigned to the vss-SOi’ stretch of solvated SOi’ ions
possessing Tq symmetry (dashed vertical line). All solutions include a 1 m NaCl
background electrolyte concentration. All spectra have been offset for clarity. (For
interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)

Fig. 4 the peak at 980 cm™! features greater asymmetry than ob-
served for the silica/MgSO,4 solution results (Fig. 3). The origin of
this peak asymmetry is likely to be attributed to the presence of
adsorbed SO ions on the hematite surface, analogous, but to a
lesser extent, to observations made on the vss—SOf{ peak frequency
in Raman spectroscopy ion pairing studies [52,55]. Little variation
is observed in the vss-SO2~ peak asymmetry for spectra shown in
Fig. 4 with a decrease in solution pH. This indicates that SO
adsorption to the hematite surface is occurring even when the
net surface charge is nearly zero (hematite pzc ~ 8) [4,53,54].

Also observed in Fig. 4 spectra is the broad spectral feature cen-
tered at ~1060 cm ! associated with the vAS—SOf{ stretching vibra-
tions which increase in intensity with lowered pH. The presence of
vAS—SOﬁ’ vibrations in the hematite-coated silica/solution spectra
further suggests that adsorbed SO ions are present and contrib-
uting to the TIR-Raman spectra. While the observed spectra in
Fig. 4 lack the vAs—SOf{ peak characteristics associated with unam-
biguous adsorbed sulfate they are clearly different than the control
spectra in Fig. 3 for the silica/solution interfaces where no adsorp-
tion is expected [5,20,56]. Ultimately, the spectra for the hematite-
coated silica/MgSO, solution interfaces suggest that both freely
solvated and adsorbed SO;" ions are contributing to the detected
TIR-Raman signal intensity however the former contribution is
the dominant one.

The inability to definitively assign an adsorption geometry for
SO, ions at the hematite surface from the TIR-Raman spectra pre-
sented in Fig. 4 is attributed to the penetration depth of the eva-
nescent wave in these experiments which still reaches quite
deep (~34 nm) into the bulk solution phase. Hence, the number
density of solvated SO~ ions within this probing region will be
much greater than that of SO~ ions adsorbed at the hematite sur-
face. In contrast to ATR-IR results studying SOﬁ’ adsorption onto
hematite surfaces that are able to distinguish clearer spectral dif-
ferences between adsorbed and solution sulfate spectra, in this
study we have a thin (~100 nm) film of hematite instead of a thick
(~300 nm) packed colloid layer [5]. This is significant as in the TIR-
Raman experiment the evanescent beam is generated at the hema-
tite-coated silica/solution interface which results in only SO;™ ions
at the surface and the subsurface of the hematite film within the
beam spot to contribute to the resulting spectra. In a typical
ATR-IR experiment the evanescent beam is generated at the TIR-
element/solution + colloid interface resulting in the beam interact-
ing with the entire colloid layer, thus significantly increasing the
signal-to-noise ratio [57].

3.2. TIR-Raman spectra of wet and dehydrated hematite-coated silica/
sulfate solution interfaces

It is reasonable to expect that if the majority of the solution is
removed from the hematite-coated silica/solution interface then
SOZ ions adsorbed on the surface of the hematite thin film would
contribute to the detected signal intensity to a greater degree and a
clearer picture of the ion binding geometry present should arise.
Shown in Fig. 5 are TIR-Raman spectra of the hematite-coated sil-
ica/100 mm MgSO, solution interface at pH 8 where the film has
been exposed to the solution for 15 min. Following this equilibra-
tion time the solution has been pumped out of the sample flow cell,
thus leaving behind the hematite surface wetted only by a thin
aqueous film of sulfate solution. Fig. 5A and B detail the time evo-
lution of TIR-Raman spectra in the vSS—SOi’ and vAS—SOf[ stretching
regions, respectively, of the wet hematite surface. Apparent in both
Fig. 5A and B are the significant spectral changes which occur over
time with SO2~ adsorption on the wet hematite surface compared
to the results for the immersed hematite-coated silica/solution
spectra shown in Fig. 4. The spectra in Fig. 5 have been fit with
Lorentzian functions to determine peak position, etc. and the
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Table 1
List of symmetric and asymmetric peak frequencies for anhydrous and aqueous sulfates as well as for the hematite/sulfate solution interface.
System Exptl. conditions Method? Peak frequency (cm™') Ref.
Vss-SO3 (1) Vas-SO5™ (v3)
50‘2(5) Ca?*, anhydrite crystal Raman 1016 1110, 1128, 1160 [56]
K*, grown crystal Raman 985 1096, 1111, 1148 [59]
o-Fe,03/S0O2™ (evacuated) Colloid layer ex situ T-IR 950 1030, 1131, 1245 [60]
o-Fe,03/S02~ (air-dried) Colloid layer ex situ T-IR 970 1040, 1128, 1200 [60]
mixed with KBr and compressed into disk ex situ T-IR 950 1030, 1130, 1255 [62]
Na* DR-IR ~1020 1150, 1270, 1360 [61]
20 uM, pH 3.6, colloid layer in situ ATR-IR 970 1047, 1135, 1195 [5]
a—Fe203/SOﬁ(’aq> (wet) Mg®*, 100 mm (+1 m NaCl) in situ TIR-Raman 977 (t=105) ~1063 This study
977, 993 (t =30s) 1072, 1125, 1195 This study
a_pe203/50§(aq> (dry) Mg, 100 mm (+1 m NaCl) in situ TIR-Raman 990 (t > 1805s) 1097, 1129, 1149 This study
a—F6203/SO§(aq> pH 3, colloid layer in situ ATR-IR 976 1060, 1128 [5]
Na*, 50 M, pH 4, colloid layer in situ ATR-IR 976 1008, 1055, 1130 [18]
Mg2*, 100-500 mm, pH 3-8, thin film in situ TIR-Raman 980 ~1060 This study
50121(}@ Na*, Mg?*, sat. sln Raman 980/985 1105/1120 [51]
Na*, 0.1 M (+1 M NacCl) Raman 982 ~1110 [63]
Mgz*, 0.5 mm to 3 m, pH 5.95 Raman 980, 993, 1005 - [52]
10 mM, pH 5.5 Raman - 1101 [5]

2 ATR-IR, attenuated total reflection-infrared; DR-IR, diffuse reflectance-infrared; T-IR, transmission-infrared; TIR-Raman, total internal reflection-Raman.
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Fig. 4. TIR-Raman spectra of hematite/MgSO, solution interfaces at (A) pH 8, (B) pH
5, and (C) pH 3 for 50 mm (green triangles), 100 mm (blue squares), 300 mm (red
diamonds), and 500 mm (%ck circles) MgS0,4 solution concentrations. The vss—SOf{
stretching peak at ~980 cm™! is increasingly asymmetric with decreasing pH. This
peak is assigned to solvated SO?, ions possessing T4 symmetry as well as adsorbed
SO2” ions on the hematite surface (dashed vertical line). With decreasing pH the
weak vAs-SOf,’ stretching modes centered at ~1060cm~' become more pro-
nounced. All solutions include a 1 m NaCl background electrolyte concentration. All
spectra have been offset for clarity. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

fitting parameters may be found in the Supplementary material
(Table S1). Here it is important to note that for the TIR-Raman of
the wet hematite surface, as shown in Fig. 5, the absolute intensi-
ties of the peak components are not reproducible between spectral

runs. This is attributed to the uncontrollable and heterogeneous
nature of the hematite film drying. However, general trends are
reproduced between spectral acquisitions for these experiments
and these form the basis for our interpretation.

The initial spectrum (t = 10 s) in Fig. 5A resembles the hematite-
coated silica/solution spectra shown in Fig. 4 where the main spec-
tral feature centered at 977 cm™' is again assigned to the vss-SOf[
stretching mode of SO3~ ions possessing Ty symmetry. By t=30s,
while there is still a peak component at 977 cm™!, the spectrum
is dominated by a new peak at 993 cm™! assigned to inner-sphere
adsorbed sulfate ions of unknown coordination structure at the
hematite surface. As time progresses large spectral changes are ob-
served in Fig. 5A where as many as four peak frequencies for the
vss—SOf{ stretching mode are observed (Table 1) which correspond
to sulfate in differing molecular environments. The observed spec-
tral changes are the result of the complex and varying molecular
environments experienced by sulfate anions at the hematite sur-
face as the film dries. These environments most likely range from
freely solvated (or hydrogen-bound) SOf{ ions (peak component
at 977 cm™! observed at t=105s), to inner-sphere adsorbed SO2~
jons (peak components at 988cm~! and 993cm™! for
50s<t<90s) and finally to dry MgSO, particles at the surface
(peak component at 990 cm™! observed for t=300s), in accor-
dance with observations for anhydrous crystalline sulfate salts
[20,56]. While some studies have suggested the protonation of ad-
sorbed SO2~ ions on hematite surfaces to form surface-bound
bisulfate (HSO,) complexes upon drying only faint evidence for
this can be seen in our spectra at times t=30s and 40s [5,18].
The weak peak at 1042 cm™! in the above referenced spectra is
generally attributed to the vss-SO3 mode of adsorbed HSO4~ ion
complexes [58].

The spectra in Fig. 5A reveal the existence of adsorbed SO~ ions
at the hematite-coated silica/solution interface and the complex
molecular rearrangements that occur as the hematite surface dries.
However, the spectra in the asymmetric S-O stretching region are
needed because those in the symmetric region are insufficient to
definitively ascertain the binding mode of the sulfate ions at the
hematite surface. This is due to the minor frequency differences
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Fig. 5. Time evolution of TIR-Raman spectra in the (A) vss-SO2~ and (B) vas-SO2~
stretching regions of the wetted hematite film after removal of a pH 8 100 mm
MgS0y solution with 1 m NaCl background electrolyte concentration. Spectra were
collected immediately following solution removal in 10 s intervals for a total time
of 5 min. Positions of peak centers are shown by dashed vertical lines. All spectra
have been offset for clarity.

expected for the vss—SOi’ modes between the various molecular
environments present at the hematite surface.

By examining the vas-SO2~ peak behavior, a clearer picture of
the sulfate adsorbate structures present at the hematite surface
is revealed. As seen from the time evolution of the TIR-Raman
spectra of the wet hematite surface in the vAs—SOi’ region
(Fig. 5B), three asymmetric stretching peaks at 1072 cm’,
1125cm™', and 1195 cm™! appeared at t =30 s. As drying contin-

ues two other peaks at 1096 cm™! and 1148 cm™! are observed

in the spectra beginning at t = 60 s. Finally, at t > 180 s the spectral
components at 1072 cm~! and 1195 cm™! have disappeared and
the spectra resemble Raman spectra of anhydrous sulfate salts
indicating complete drying of the hematite film after 120 s [20,59].

The appearance of three asymmetric stretching modes in the
TIR-Raman spectra shown in Fig. 5B indicates that the SO~ ions
are adsorbing to the hematite surface in a bidentate inner-sphere
fashion congruent with a symmetry lowering from T4 to Cy,. In
contrast, most previous in situ ATR-IR studies have only observed
two vas-SO3~ modes and consequently inner-sphere monodentate
sulfate binding to hematite was suggested [5,33]. While a symme-
try argument may not be completely appropriate for a constrained
environment such as a surface, in this case it allows a simple pic-
ture of SOﬁ’ adsorption to be drawn [18].

An argument could also be made that the TIR-Raman results
presented in Fig. 5 are not truly representative of the oxide film/
aqueous solution interface as the sulfate solution has been re-
moved; however, if SO3~ ions were adsorbing in a monodentate in-
ner-sphere fashion at the hematite surface this would be very
apparent in our spectra, that is, only peaks at ~980, ~1060 and
~1130 cm™~! would be expected to appear. This is not the case. Also
of note is that the results presented in Fig. 5 are not simply drying
experiments as the hematite film still has an aqueous film of
MgSO, solution on its surface for at least ~2 min following solution
removal. Previously reported drying experiments have generally
proposed a bidentate adsorption structure for sulfate at hematite
surfaces following an IR analysis of colloidal hematite which had
been exposed to sulfate solution, and then either air-dried
[5,60,61], evacuated [60], or air-dried and pressed into a KBr pellet
[62]. These data and spectral assignments are given in Table 1.
While at later times (t>120s), TIR-Raman spectra do indeed
resemble conventional Raman spectra of dry sulfate salts, spectra
taken at intermediate times clearly differ indicating that adsorbed
sulfate ions, not dry particles, are dominating the spectra.

In rationalizing the results presented in Fig. 5B, which indicate
bidentate inner-sphere adsorption geometry for sulfate at the
hematite surface, it is necessary to consider possible spectral con-
tributions from non-adsorbed sulfate species. The Raman transi-
tion moment strengths for the vAs—SOi’ vibrations of SOf{ ions
with Tq symmetry, or freely solvated SOf{ ions, are quite low; this
is apparent for spectra shown in Fig. 3 where no SO;~ adsorption
should be present. In comparison, with IR spectroscopy, the peak
strength for the triply degenerate vAS—SOi’ modes of freely sol-
vated SO3~ ions are both broad and strong [20,58]. This indicates
that ATR-IR spectra examining SOf{ adsorption could have spectral
convolutions from SO3~ ions within the probe spot but which are
not adsorbed. In that case it is reasonable to believe that the broad,
strong vAs—SOf{ peak from solvated SO?{ ions could obscure weak-
er modes associated with a bidentate adsorption structures. This
could potentially explain the conflicting assignments present in
the ATR-IR literature with regards to SO;  adsorption structures
at the hematite surface.

Another plausible reason for the discrepancies between the in-
ner-sphere adsorption geometries found using TIR-Raman versus
ATR-IR methods could be the influence of hematite surface struc-
ture, i.e. the surface terminations of the hematite crystal unit cell,
on anion binding as this is known to influence adsorption motifs
[64]. Recently Rubasinghege et al. [43] demonstrated different
adsorption geometries for sulfate anions onto hematite particles
as a function of particle scale (microrods versus nanorods) which
dictated the hematite surface terminations present. While Rubas-
inghege et al.’s findings could possibly explain why the results
from this study differ from various ATR-IR findings as in this study
the hematite phase is a uniform thin film versus a packed colloidal
layer, an analysis of the surface terminations present on the hema-
tite film is beyond the scope of the present study.
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4. Conclusions

In this study TIR-Raman spectroscopy, a surface-sensitive tech-
nique, was used to examine SO~ ion behavior at the buried hema-
tite-coated silica/solution interface as well as the influence that
solution removal had for the sulfate anion. To our knowledge, this
is the first time that TIR-Raman spectroscopy has been applied to
study simple, inorganic anion adsorption onto oxide mineral sur-
faces and demonstrates the potential of this technique to investi-
gate such systems. Results for the hematite-coated silica/MgSO,4
solution interface indicate that sulfate adsorption increases with
a decrease in pH, as expected. Moreover, bidentate inner-sphere
adsorption is dominant.

With removal of the bulk solution clear spectral signatures of
sulfate adsorption are observed in the TIR-Raman spectra of the
wet hematite surface. While the spectral features corresponding
to vss—SOf{ stretching vibrations demonstrate the complex molec-
ular rearrangement that adsorbed SO?{ ions undergo during dry-
ing, the vAs—SOf[ stretching modes indicate that inner-sphere
SO%~ adsorption onto the hematite surface occurs primarily in a
bidentate geometry. This finding agrees with the results of Paul
et al. [18] in contrast to most inner-sphere adsorption structures
previously proposed for SO;  at hematite surfaces from observa-
tions using in situ ATR-IR spectroscopy. The results presented here
are significant as they may necessitate rethinking of adsorption
models which predict monodentate inner-sphere adsorption of
sulfate onto hematite [8]. While the results presented in this study
are very promising there is much room for improvement in the
development and application of TIR-Raman spectroscopy to study
ion adsorption onto mineral surfaces.
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