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Abstract

Unique surface properties of aluminosilicate clay minerals arise from anisotropic distribution of
surface charge across their layered structures. Yet, a molecular-level understanding of clay mineral
surfaces has been hampered by the lack of analytical techniques capable of measuring surface
charges at the nanoscale. This is important for understanding the reactivity, colloidal stability, and
ion-exchange capacity properties of clay minerals, which constitute a major fraction of global
soils. In this work, scanning ion conductance microscopy (SICM) is used for the first time to
visualize the surface charge and topography of dickite, a well-ordered member of the kaolin
subgroup of clay minerals. Dickite displayed a pH-independent negative charge on basal surfaces
whereas the positive charge on edges increased from pH 6 to 3. Surface charges responded to
malonate addition, which promoted dissolution/precipitation reactions. Results from SICM were
used to interpret heterogeneous reactivity studies showing that gas-phase nitrous acid (HONO) is
released from the protonation of nitrite at AI-OH," groups on dickite edges at pH well above the
aqueous pK; of HONO. This study provides nanoscale insights into mineral surface processes that
affect environmental processes on the local and global scale.

Graphical Abstract
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INTRODUCTION

Clay minerals belong to a group of natural aluminosilicates prevalent in soil. Due to their
high abundance, small particle size, and unique surface charge characteristics, clay minerals
contribute a significant fraction of the reactive mineral surface area present in many soils
and sediments. Thus, clays are major contributors to a soil’s ion-exchange capacity and
they facilitate organic matter—clay interactions that can stabilize soil organic matter and
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prevent their mineralization. In addition, the Brgnsted and Lewis acid/base characteristics
of clay mineral surfaces play an important role in controlling the soil-atmosphere exchange
of small molecules such as nitrous acid (HONO), a weak acid that plays an important role
in atmospheric photooxidation chemistry. HONO is formed on terrestrial surfaces?-14 and,
once emitted to the atmosphere, is a major source of hydroxyl radical (OH) that controls
the lifetime of greenhouse gases and leads to ozone and aerosol formation.1>-18 Evidence
suggests that proton transfer reactions occurring on clay mineral surfaces promote HONO
emissions from soil having near-neutral bulk pH, despite the fact that the pK; of HONO

is ~3.1219 However, the precise identity of surface reaction sites has not been confirmed.
Accurately parameterizing adsorbate—clay mineral interactions in predictive models is only
possible if the surface charge characteristics of mineral surfaces are understood at the
molecular level. Here, we use scanning ion conductance microscopy (SICM) to quantify the
surface charge of the kaolin group clay mineral dickite and use the observations to gain
unprecedented insights into the reactive sites responsible for the pH-dependent exchange of
HONO from clay mineral surfaces.

The fundamental structural unit in kaolin minerals is comprised of siloxane (SioOs)2~

and gibbsite-like (OH)3Al,(OH)2* sheets fused together via shared O%~ atoms (Figure
$4.1).20-22 Adjacent layers are held together by hydrogen bonding between oxygens of
tetrahedral siloxane sheets and hydrogens on the adjacent gibbsite surface,20-21 giving
kaolin minerals their characteristic planar crystal habit (Figures S4.1 and S4.2). This unique
anisotropic structure yields three unique surfaces: (1) a silica-like siloxane basal surface
that is negatively charged in water due to the presence of Si—-O~ groups (down to pH 2);
(2) a gibbsite-like basal surface comprising Al-(OH,™)-Al groups (pK; = 4); and (3) edge
surfaces consisting of both AI-OH and Si—OH groups with exchangeable protons that are
involved in acid/base equilibria (pK3; = 6.3 and pKy, = 8.7 for AI-OH,™ and AlI-OH,
respectively; pK; = 6.9 for Si-OH). All three of these give rise to pH-dependent surface
charges.23-26

Until recently, characterization of the charge properties of kaolin mineral surfaces at the
nanoscale has not been possible. Conventional surface charge investigations of kaolin

group minerals are limited to bulk methods such as potentiometric titrations2’+28 and
electrokinetic techniques.2%-31 Point of zero charge (PZC) values determined for kaolinite
using alkali-/acidimetric titration show significant variability from 3.8 to 7.5.32-36 |soelectric
points (IEPs) measured via electrokinetic techniques also show significant differences.

For example, reported values include 2.2,30 3.7,31 and 4.2° Discrepancies have been
explained by preparation methods and inherent differences in particle size, shape, or surface
chemistry between different kaolinite samples. When samples are measured with macroscale
measurement techniques, subtle differences accumulate and result in a significant variance
in the PZCs or IEPs. Recently, the surface charge on kaolinite was studied at the nanoscale
with atomic force microscopy (AFM), in which the surface charge at different surfaces of
single crystals of kaolinite was measured by accurately positioning an AFM probe over

an area of interest and measuring force—distance curves.3”:38 Extensive studies of kaolinite
samples with AFM techniques have provided evidence that both basal surfaces (siloxane and
gibbsite-like) and edges of kaolinite exhibit a pH-dependent surface charge.38-44
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SICM#546 provides an alternative approach for investigating the surface charge distribution
of a surface. SICM is a probe-based technique that collects high-resolution topography
images by laterally scanning a nanoscale pipette across a sample surface.#>47:48 Recent
studies have shown that ion current through the pipette is also affected by the surface
charge of samples at small tip—sample separations.#%:50 Several surface charge measurement
methods have been developed®1-58 and successfully applied to characterize the surface
charge of ionogels,>® lipid membranes,>°26 DNA 80 live cells,>* bacteria,®! and human
hair.5” Methods that utilize AFM to transduce surface charges have been shown as

very useful, but also suffer from a possible convolution of the multiple types of forces
interacting at the tip-sample gap, and relatively short interaction distances.2:63 Surface
charge measurements and mapping surface charge can be more facile to implement with
SICM, as benefits from the inherent noncontact nature of feedback and larger operational
tip—sample separations (relative to AFM) are realized. Further, for measurements here, a
self-referencing method is employed, which minimizes possible influence of changes in tip
geometry during imaging.

The objective of this work is to apply SICM for the first time to study the nano/microscale
surface charge characteristics of a kaolin group mineral and to use the insights provided

to understand an environmentally relevant process that impacts atmospheric composition.
Instead of the widely used kaolinite crystals, structurally similar dickite was selected due

to the availability of large single crystals (typically 150 4m in length and 75 gm in width),
presenting abundant basal planes and edge surfaces that are ideal for SICM measurements.
The use of well-ordered dickite single crystals also avoids the complexities of using smaller
and notoriously disordered kaolinite crystallites. Additionally, we examined the influence
of pH on surface charge and interactions between dickite and exogenous dicarboxylic acid
groups. Results were analyzed with finite-element methods (FEM) to quantify the surface
charge on basal planes and edges of dickite crystals. As part of this work, we also carried out
flow reactor studies to investigate protonation of adsorbed NO,™ and emission of gaseous
HONO from dickite and kaolinite surfaces. The combined SICM and reactivity studies
provide molecular-level insights into the reactive sites responsible for the soil-atmosphere
exchange of HONO—a process that ultimately influences atmospheric compaosition on a
local to global scale.

EXPERIMENTAL SECTION

Chemicals and Solutions.

Potassium chloride from Sigma-Aldrich (St. Louis, MO) was used as received. Hydrochloric
acid from EMD Millipore (Burlington, MA) was diluted with deionized water to create

100 mM and 10 mM stock solutions. Malonic acid (Sigma-Aldrich, St. Louis, MO) and
potassium hydroxide pellets (KOH, Mallinckrodt, Paris, KY) were dissolved in deionized
water to give a 300 mM potassium malonate stock solution. The pH of the potassium
malonate solution was subsequently adjusted to 5.12 with 1 M HCI before use. All solutions
were prepared with deionized water (resistivity ~ 18 MQ cm at 25 °C, Millipore Corp.,
Danvers, MA) and filtered with sterile 0.20 ¢gm nylon filters (DWK Life Sciences LLC,
Millville, NJ) before use.
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Polydimethyl siloxane (PDMS) substrates were created by mixing a SYLGARD 184
silicone elastomer and curing agent in a ratio of 10:1 (Dow Corning Corporation, Midland,
MI). Dickite from St. Claire, PA (Ward’s Natural Science Establishment, Inc.) was used
for all SICM measurements; kaolinite (KGa-1) from The Clay Minerals Society Source
Clays Repository (Purdue University, West Lafayette, IN) was used for surface reactivity
studies. Dickite samples used for surface charge measurements were transferred onto PDMS
substrates and measured directly in a 100 mM KCI solution without purification. For

the flow reactor study, mineral samples were washed three times with deionized water,
centrifuged at 2000 rpm for 1 h between each wash, and then dried in an oven at 70 °C
overnight. A slurry was created by mixing the minerals and deionized water in a ratio of
1:2 (w/w mineral/water).54 The pH was subsequently adjusted by adding H,SO, or NaOH
(Sigma-Aldrich). Finally, the pH-adjusted slurry was dried again in the oven. To investigate
the influence of malonate adsorption on dickite reactivity, the washed and dried dickite
crystals were immersed in 300 mM potassium malonate solution at pH 5.12 overnight prior
to the flow tube reactor studies.

Pipette Fabrication.

Pipettes used in the experiments were pulled from quartz glass capillaries (Q100-70-7.5,
Sutter Instrument, Novato, CA, USA) with a CO,-laser puller (P2000, Sutter Instrument,
Novato, CA, USA). Typical pulling parameters used in the experiment were heat = 690,
Fil = 4, Vel = 45, Del = 160, and Pul = 190. Pipettes were then characterized by scanning
electron microscopy (SEM; FEI Quanta-FEG, Hillsboro, OR). Electron micrographs are
shown in Section SI-1. The typical inner and outer radii of pipettes are 50 and 70 nm,
respectively, with a half-cone angle of ~7.5°.

Instrument Setup and Scan Protocol for Surface Charge Measurement.

Briefly, an electrolyte-filled nanopipette was used as the probe. An Ag/AgCl electrode was
back-inserted inside the pipette and functioned as the working electrode (WE). A second Ag/
AgCl electrode was placed in the bulk electrolyte and functioned as the reference electrode
(RE). A potential difference was applied between the electrodes to generate ion current for
feedback control.

The surface charge at the sample was measured simultaneously with a self-referencing
method. Details of the scan protocol are given elsewhere.>8 Briefly, the pipette was advanced
toward the surface until a predetermined setpoint was reached. A staircase potential
waveform was then applied to the WE, and the current response at each step was recorded.
The resulting current-voltage (/~ V) response was then used for further analysis. The probe
was subsequently retracted by a preset distance and a retracted /~ V/response was collected.
The surface charge was then extracted based on relative current differences between the
extended and retracted /~V/curves. Typical pixel resolution used for experiments was 64 x
64. Scan areas used for coarse measurement and fine measurement were 16 x 16 and 8 x

8 1m to yield values of 250 and 125 nm? per pixel, respectively. This resolution was found
to be beneficial to optimize the imaging time and provide adequate resolution, with some
sacrifice to resolution of transitions at sharp features (e.g., the area between basal planes
and growth steps). Depending on the ion current magnitude at the scan potential, /~V/ curves
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were measured between £0.6 or £0.5 V with 19 even steps. The potential was maintained for
15 ms at each step, and the current values in the last 1 ms were averaged and recorded to
generate an /~V/curve.

To quantify the surface charge at the sample surface, the current differences at extreme
potentials were averaged and the following equation was used to express the ion current
difference (ICD)

ICD = (Iext— - Iret—) + (Iext+ - ret+) (1)

in which /- and /yt+ represent current values at the maximum negative potential and
maximum positive potential when the pipette was extended to the position near the surface.
In contrast, /- and /e denote current values when the pipette was retracted from the
surface. With eq 1, ICD values for each point in the scan area can be calculated and

plotted with the X'Y-coordinates to generate an ICD image, which reveals the surface charge
distribution over the scan area. The surface charge image was then combined with the
topography image via ImageJ® to correlate topography and surface charge properties.

Flow Reactor Experiments to Study HONO Emissions.

A flow tube reactor coupled to a chemical ionization mass spectrometer (CIMS) was used

to study HONO formation following the addition of nitrite to pH-adjusted minerals. The
experimental setup is described elsewhere.%¢ Briefly, the system consists of a laminar
horizontal flow reactor (100 cm length x 2 cm i.d.) into which a Teflon holder (13 mm

inner diameter, 2 mm depth) containing the pH-adjusted mineral substrate is inserted (Figure
S2.1). High-purity N, humidified at 30% relative humidity was introduced at 1 L min~2
through the reactor to achieve laminar flow conditions (Reynolds number of 87) across

a Teflon holder designed to minimize turbulence in the flow tube. A port on the flow

tube mentioned above the sample holder permitted the addition of 5 xL of sodium nitrite
solution at 200 zM (corresponding to 1 nmol of nitrite) onto ~100 mg of the substrate
(Figure S2.1b,c). The port was sealed with a rubber septum that supported a 10 4L Hamilton
syringe. The HONO mixing ratio was recorded at 0.75 Hz for 5 min before and after

nitrite injection, and the integrated HONO emissions flux (over the 10 min following the
injection) was estimated, with the 5 min before injection used to estimate the HONO signal
background. At least three replicate experiments were performed at each pH. Additional
details on the CIMS calibration, performance, experimental setup, and calculation are
available in Section SI-2.

FEM Simulations.

FEM simulations were carried out with COMSOL Multiphysics (v5.4) with transport

of diluted species and electrostatics modules. The pipette model in bulk electrolyte and
near the charged substrate was simplified as a two-dimensional axisymmetric model. The
pipette’s geometry was determined with SEM and used in the model to simulate the ~V
response of the pipette and the surface charge of the substrate. For successive surface
charge measurement experiments, the pipette radius was adjusted based on the change of
the retracted /~V/curve to compensate for subtle changes in the pipette during the scanning.
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Further details of the model and parameters used in the simulation are provided in Section
SI-3.

RESULTS AND DISCUSSION

Surface Charge Distribution on Dickite Crystals.

Figure 1a,b shows optical and electron micrographs of dickite crystals examined here.
Figure 1c illustrates the instrument setup for SICM. Dickite crystals with well-defined basal
surfaces and steps were identified under an optical microscope and selected for SICM
measurement. Figure 2a shows an optical micrograph of a typical dickite crystal selected for
analysis. The area scanned by SICM is highlighted with a yellow square, and the shadow of
the SICM pipette is indicated with an arrow. As shown in Figure 2b, the topography of the
scan area comprises four basal surfaces and three growth steps with well-defined edges that
are many layers thick. The angle between the edge and basal plane is ~70° and shows only
minor differences between different steps. Figure 2c illustrates the surface charge of the scan
area, represented as ICD (see Experimental Section). Compared with AICRR used in our
previous report,8 the use of ICD simplifies comparison of the intensity of surface charge

at positive and negative surfaces by providing an equivalent scale. To better illustrate the
surface charge in the ICD image, the tricolor scale commonly used to display protein surface
charge is adapted here, where negative charge, neutral, and positive charge are displayed
with red, white, and blue color, respectively. As shown in Figure 2c, the surface charge
image exhibits a negative charge with a magnitude of ~—100 pA at the basal surfaces. In
contrast, the exposed edges show an unevenly distributed weak positive charge. The 3D
topography of the scan area is plotted to correlate morphology and surface charge by loading
the surface charge image as texture on the 3D topography image. Results shown in Figure 2d
illustrate a negative surface charge at basal surfaces and a positive surface charge at edges.

Influence of pH on Surface Charge Density.

The pH dependence of surface charge at the dickite surface was measured on the same area
shown in Figure 2 at pH 5, followed by pH 4 and 3. The combined 3D topography and
surface charge images are shown in Figure 3. Over the pH range 3-5, the basal surfaces of
the crystal show an invariant negative surface charge.5” Another basal surface displaying a
pH-independent negative charge over the majority of the surface with minor positive charge
at small defects on the surface (due to exposure of an underlaying gibbsite layer) (Figure
S5.1) was used for FEM simulations (details of the FEM are included in Section SI-3 of the
Supporting Information). The calculated value of the negative surface charge on dickite was
estimated to be —133 mC/m?2, which is similar to the charge density measured for aqueous
suspensions of kaolinite (-110 to —150 mC/m?)%8 and silica® but higher in intensity than
the value of -4 mC/m?2 measured on the siloxane layer of kaolinite using AFM methods (pH
4, 1-10 mM electrolyte solutions).3843 In contrast to the basal surfaces, edge surfaces shown
in Figure 2 possess a positive charge that increases in intensity as pH is decreased from 5

to 3. The pH-dependent charge is attributed to AI-OH,* groups on exposed edges of the
octahedral gibbsite-like layers. Within the pH range of our experiments, Si-OH groups are
also present at edges; 2% however, they are only expected to contribute a significant negative
charge to the edge at pH > 9.2°
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The influence of sample slope on the tip—sample separation in SICM has been described
previously by Thatenhorst et al.”® and is a relevant consideration for samples examined here
(see Supporting Information). To obviate this consideration in images, dickite crystals with
edge surfaces oriented perpendicular to the pipette probe were also measured to examine the
possibility that the relatively large angle between the step edge surface and measurement
plane influenced the SICM feedback and the /~V/ curves used for surface charge analysis.
Figure 4 shows edge-on topography images of a dickite crystal (oriented similar to the case
of Figure S4.2b), which is characterized by a positively charged gibbsite-like basal surface
(receding into the distance) on the left half of Figure 4a,b and abundant edge surfaces

on the right side of the images. Surface charge images reveal a predominantly positively
charged surface over the scan area with faint negatively charged features between the
positively charged lamellae, consistent with the topography image (composite topography/
charge shown in Figure 4i). When the pH is adjusted from 5 to 3, the overall positive charge
intensifies due to an increase in the surface density of edge Al-OH,™ sites. Simulations with
FEM show an increase in charge at edge surfaces from 3 to 31 mC/m? during the titration
(see Table S3.2 for simulation parameters). The surface charge density calculated here is
somewhat lower than the ~70 mC/m? derived from potentiometric titrations on kaolinite
over a similar pH range,2* and greater than the 3-6 mC/m? determined for the gibbsite-

like surface of kaolinite crystals derived from AFM studies (pH 4, 1-10 mM electrolyte
solutions),3843 with the added caveat that probe-sample distances are likely overestimated
in models used here.”? In addition, randomly distributed islands of relatively strong negative
charge are observed on the edge surfaces, which are likely small flakes of dickite that are
electrostatically adsorbed to the positively charged edges. These flakes are also observed

in electron micrographs of dickite samples (Figure S4.3) and in the topography images
(correlated with the surface charge image) (Figure 4, examples highlighted with blue
circles).

The weak negative surface charge intensity measured between platelet edges is due to the
probe geometry used for scanning and its size is relative to the surface structural features. As
shown in Figure 4g, most negatively charged basal surfaces are in spaces between platelet
edges and have widths similar to the outer diameter of the pipette tip used in the experiment
(~100 nm). As a result, the tip—sample distance is larger over the groove compared with

that on a flat surface, which reduces the influence of surface charge on the extended I-

V response. Moreover, as the pipette moves closer to the groove, both the basal surface
underneath the tip and the adjacent edge surfaces influence the ion current. As the basal
surface and the edge carry opposite surface charge, the apparent negative surface charge
measured by SICM is greatly diminished.

Interestingly, all dickite crystals studied (7> 15) with SICM exhibited negatively charged
basal surfaces. This result was unexpected due to the anisotropic nature of the crystal
structure and the expectation that for randomly oriented crystals there should be an equal
probability of observing a positively charged gibbsite or negatively charged siloxane surface.
This observation was confirmed for six additional crystals that were intentionally oriented
on the PDMS substrate such that either the gibbsite or siloxane basal surface was presented
to the SICM probe. For these experiments, each dickite crystal was individually placed on
the PDMS substrate in a known orientation that was established from the face index and
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crystal structure determined by single-crystal X-ray diffraction measurements (see Section
SI-4 and Table S4.1). Three crystals were oriented with siloxane basal surfaces facing the
SICM probe, and another three had gibbsite basal surfaces exposed to the probe. Regardless
of orientation, all basal surfaces probed by SICM were negatively charged.

Some studies have attributed a permanent negative charge on kaolinite basal surfaces to
(Si—-O-Al)~ groups resulting from AI3* substitution in the siloxane layer.2468 Although
isomorphous substitution is common in many phyllosilicate clay minerals, we are unaware
of any direct evidence for such substitution in well-ordered euhedral members of the
kaolin family such as dickite, which are known to have minimal substitution of variable-
valence cations.20-2225.71 |ndeed, surface analysis using time-of-flight secondary ion mass
spectrometry (SIMS) showed Si and Al close to the expected 1:1 ratio, with only trace
amounts of a Mg2* impurity (Figure S6.1). Another possibility is that Si and Al dissolve
from the crystal and re-adsorb or precipitate on the surface.24 There is precedent for

the precipitation of silica,’2 aluminosilicate,”3 and aluminum hydroxide’* phases during
kaolinite dissolution, but such studies were carried out under higher temperatures, highly
acidic or basic pH, and longer reaction times compared with our experimental conditions.
Another possibility is that the basal planes are coated by an adsorbate layer stemming from
prolonged exposure to contaminants in ambient air or in the subsurface environment in
which the crystal formed. A freshly cleaved dickite surface would have a high surface free
energy and would be prone to passivation by adsorbed impurities; in the bulk, the charges
are balanced by strong interlayer interactions between tetrahedral and octahedral sheets.
Resolving the origin of the negative surface charge will require elucidating the constitution
of the basal surface layer, which should be possible using X-ray methods and synchrotron
radiation in the future.

Interaction between Malonate and Dickite Crystals.

To further explore the positively charged edges and study the interactions between kaolin
group minerals and natural carboxylic acids, potassium malonate was introduced into

the bulk solution after measuring the topography and surface charge of dickite crystals.
Malonate is known to undergo ligand—exchange reactions at Lewis acid Al sites, leading to
the formation of coordination complexes on mineral surfaces.”® 6 Dissolution of kaolinite
is accelerated in the presence of dicarboxylic acids, leading to an increase in dissolved Al
and Si.2476 Malonate has the same effect on dickite crystals, as verified by the presence

of dissolved Si and Al in malonate extracts that had been in contact with dickite crystals
overnight (Tables S9.1 and S9.2).

As shown in Figure 5, addition of malonate induces significant changes in surface charge
distribution. The most evident is the appearance of clusters of intense negative charge at
edges and steps (indicated by black arrows). These clusters increased in size when the
same area was scanned repeatedly under the same experimental conditions, suggesting
that negatively charged material was depositing on surfaces over time. Deposits were also
observed via SEM for dickite samples immersed overnight in KCl/potassium malonate
(Figure S7.1). Again, clusters were found to be more concentrated at the boundaries and
edges.
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In addition to the appearance of negatively charged clusters on edge surfaces, the overall
negative charge density on the basal surfaces also diminished after introducing potassium
malonate (highlighted with blue arrows in Figure 5). A similar observation was made during
a second experiment (Figure S7.2), where malonate addition resulted in a complete shift in
the basal surface charge from negative to positive that coincided with the formation of small
clusters of negative charge on edge surfaces. These changes are attributed to dissolution

of the outermost (negatively charged) basal layer of dickite crystals in the presence of
malonate, revealing portions of the positively charged gibbsite layer beneath. As mentioned
above, there is precedent for the dissolution and subsequent precipitation of Al (hydr)oxide,
mixed Al-Si phases, or silica onto kaolinite—a process likely enhanced by the presence

of organic acids.2477.78 These observations are consistent with a process in which malonate-
induced dissolution of dickite surfaces is followed by precipitation of negatively charged
material that forms islands that are likely electrostatically bound to positively charged
aluminol sites.”® Over time, the entire surface becomes coated in the precipitate.

Repeating the dissolution experiments multiple times with different crystals appears to catch
the dissolution process at different stages. For example, in a third experiment, addition of
potassium malonate resulted in a negatively charged precipitate coating dickite. Combined
topography and surface charge images (Figure S7.3) show an eventual intensification of
negative charge on the basal surface and conversion of edge surface charge from positive

to negative. The resulting negative surface charge did not change in intensity as the pH

of the solution was decreased from 5 to 4 and finally 3, indicating the surface pKj; of

the newly deposited coating is less than 3. Although additional work is needed to explore
ligand-promoted dissociation processes, these experiments demonstrate the usefulness of
SICM to study surface reactions at the mineral-water interface on the nanoscale.

Effect of Surface pH on Nitrite-to-HONOg) Conversion.

A flow reactor coupled to a CIMS was used to study the pH-dependent emission of gaseous
HONO from bulk water, kaolinite, dickite, and dickite reacted overnight with malonate.
Figure 6a shows the amount of HONO g released following titration of bulk water (in the
absence of clay mineral) with 1 nmol of NO,™, as quantified by the integration of the
HONOg) signal following addition. The titration curve shows an inflection point at pH
3.3, which corresponds to the well-known pK;, of HONO in bulk aqueous solutions.”9-81
As expected, HONO(g) emissions are highest between pH 2-4, where HONO is in highest
abundance and partitions to the gas phase. At pH > 3.3, NO,™ is the predominant N(l11)
species and remains dissolved in bulk solution. This behavior is in stark contrast to the
titration of kaolin mineral surfaces with aqueous NO,™ (Figures 6b and S8.2). Although a
maximum in HONOq) emission is still observed at pH 3 for the clay minerals, HONOg)
emission persists out to pH 8 to 5 pH units above the pK; of HONO.

The amount of HONOg) emitted from the substrates reflects the balance of HONO g that
desorbs versus the amount of N(111) that remains adsorbed to the surface. In the case of the
kaolin minerals, HONOg) emissions are low at pH < 2 due to the presence of H,ONO* as
the major N(I11) species (pK; = 1.8, Figure 6a).82 Between pH 4 and 8, a sufficient source
of protons is clearly available to promote NO,™ protonation and release HONOg) from the
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surface. In this pH range, the SICM evidence (Figures 3 and 4) of persistent positively
charged edges and steps on dickite surfaces at pH > 4 suggests that NO,™ protonation occurs
at AI-OH,* sites and is likely facilitated by adsorbed water. At pH > 8, M-O~ (where M

= AI3* and Si#*) is the dominant surface species and the lack of protons prevents NO,™ to
HONO conversion.

Differences in NO,~ protonation mechanisms are evident in the Kinetics traces collected
during the titration (Figure S8.3). At pH < 4, titration of the clay mineral surface with NO,™
results in an instantaneous pulse of HONOq) emitted that decays exponentially to baseline
levels by experiment’s end; this is interpreted as protonation of NO,~ by abundant H3;O*
within the multilayer water coating the mineral surface. In contrast, at pH > 4, HONOg)
emission is gradual and builds up over the course of the experiment, suggesting that a

more complicated (slower) mechanism is operational. Based on the prevalence of positively
charged M—OH,* groups at pH > 4, we hypothesize that the slower process at higher pH
stems from adsorption and protonation reactions involving Al-OH,™ on the kaolin steps
and edges. The process is slower at higher pH because of competition between protonation
of NO,™ by AI-OH," and deprotonation of HONO(aq) by OH™(aq) before HONOg) can
escape the interface.

Whereas data in Figure 6b display the amount of HONOq) formed relative to geometric
surface area, it is instructive to plot the amount of HONO emitted relative to the specific
surface area of the mineral substrate (see Section SI-8), as doing so may reveal differences
in reactivity between the substrates. As shown in Figure S8.2, kaolin minerals have similar
reactivity profiles across the pH range. The exception is kaolinite, which was less reactive
by a factor of 10 relative to the other minerals. This lower reactivity is related to the high
specific surface area of kaolinite, which is the highest among the kaolin mineral substrates
studied here (Table S9.3). The high surface area would also correspond to a high density

of Lewis basic sites on gibbsite-like surface layers that are capable of chemisorbing NO,™
and HONO and yielding covalently bonded nitrate, nitrito (-ONO™), and nitro species (—
NO,7).83-87 As a result, kaolinite is expected to have an enhanced retention of adsorbed
nitrite or promote reactive loss of N(I11). This effect may be less pronounced in dickite

due to its lower specific surface area and the negatively charged surface layer covering all
basal surfaces. Dickite suspended in a malonate solution overnight exhibits lower HONO(g)
emission than pure dickite at pH < 4 but higher reactivity at pH > 4 (Figure S8.2).

Based on the SICM evidence discussed above, lower surface area (due to malonate-induced
dissolution) and blocking of reactive edge sites by malonate deposits (e.g., Figure 5b) could
be responsible for lower reactivity at lower pH, whereas dissolution of basal surface layers
(Figure 5c) could increase reactivity by exposing additional reactive sites [e.g., Al-(OH,™)-
Al or AI-OH,*]. Future work will investigate the impact of clay surface-organic matter
interactions on the surface acidity of clay minerals.

Environmental Implications.

From a measurement science perspective, this work demonstrates the feasibility of using
SICM for the simultaneous visualization of surface charge and topography of natural
minerals. Dickite crystals were investigated and observed to carry a heterogeneous
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distribution of surface charges across different crystal faces. In the pH range of 3-5,

basal surfaces exhibit a pH-independent negative charge. In contrast, edges carried a pH-
dependent positive charge with increasing charge at more acidic conditions. The variable
charge on the edges likely originates from acid/base equilibria involving AI-OH,* groups.
When malonate was introduced to the bulk solution, shifts in surface charge and clusters
of negative charge suggest that malonate facilitates the dissolution of both siloxane and
gibbsite-like layers, with subsequent precipitation of material at edge surfaces. These results
clearly demonstrate the usefulness of SICM in studying dynamic surface reactions at
mineral-water interfaces. In addition, the technique will be useful to other environmentally
relevant research areas ranging from studying the chemical and physical properties of
aerosols to elucidating mechanisms of pollutant degradation on catalyst surfaces.

From a larger, environmental perspective, this study also demonstrates the ability of SICM
to provide molecular-level insights into mineral surface processes that ultimately can impact
local and global atmospheric composition. Surface charge measurements on dickite suggest
the release of HONO from kaolin mineral surfaces is due to protonation of NO,™ by
Al-OH,™ groups on edges and steps, which persist at near-neutral pH. This provides a
mechanism with which to rationalize recent reports of atmospherically relevant emissions
of HONOg) from soil with pH values up to 8.8,1314 a pH that is orders of magnitude

higher than the pK; of HONOg) in aqueous solution. Prior to these studies, it was assumed
that atmosphere—soil exchange of HONO was solely dependent on bulk soil pH, Henry’s
Law, and aqueous N(I11) concentrations. This study clearly shows that not accounting

for soil mineralogy and the presence of ubiquitous amphoteric clay minerals can lead to
underestimation of the potential for soil to emit HONOg). Although this work focused on
an application of SICM to understand the acid/base chemistry and air-surface partitioning of
HONO, microprobe techniques capable of measuring surface charge on the nanoscale have
many potential applications in the field of biogeochemistry, especially in light of increasing
evidence that surface charge determines the strength of mineral-organic interactions, which
are key to retention and stabilization of soil organic matter against mineralization and
subsequent conversion to greenhouse gases.88-91
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Refer to Web version on PubMed Central for supplementary material.
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Controller
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Figure 1.
(a) Optical and (b) electron micrographs of dickite crystals examined. (¢) Schematic for

SICM measurements. An electrolyte-filled nanopipette was used as the probe and contained
a back-inserted Ag/AgCl electrode (WE). A second Ag/AgCI electrode was placed in the
bulk electrolyte and functioned as the RE. A potential difference was applied between the
WE and RE to generate ion current for feedback control. Surface charge measurement was
conducted by introducing an additional “pause state” when the pipette approached close

to (extended) and retracted away from (retracted) the sample surface. At pause states, the
feedback of SICM was disabled temporally, and the applied potential was swept to acquire a
current-voltage response. Surface charge on the sample surface was then calculated at each
pixel based on the difference of /- V% at the extended position and retracted position.
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Figure 2.
(a) Optical micrograph of a dickite crystal. The area scanned by SICM is highlighted with

a yellow square, where the pipette tip can be seen in the bottom right corner of the square.
Topography image (b) and the surface charge image (c) of the scan area. (d) Combined
topography and surface charge image that illustrates negatively charged basal planes and
positively charged edges.
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Figure 3.
Combined topography and surface charge images of a dickite crystal at pH 5, 4, and 3. The

addition of hydrochloric acid results in a greater positive surface charge on the edges. In
contrast, the negative charge on basal surfaces is insensitive to change of solution pH.
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Figure 4.
Topography and surface charge images of an area on edge surfaces of a dickite crystal at

pH 5 (a,d), 4 (b,e), and 3 (c,f). The scan area is dominated by positively charged edges

with neutral/negatively charged regions between lamellae. In addition, several negatively
charged islands are observed due to small dickite flakes adhered to the surface. The addition
of acid increases the positive charge intensity at edges whereas the negative surface charge
remains constant. (g,h) High-resolution images within the area of (c,f). A 3D rendering of
topography and surface charge from panels (a,d) is shown in panel (i).
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Figure5.
Combined topography and surface charge images on an area of a dickite crystal before

addition of potassium malonate (a) and after the addition of malonate (b). The addition of
malonate results in negatively charged clusters at edge surfaces and step edges and reduces
the overall negative surface charge at the basal surfaces. The same area measured again
under the same experimental conditions shows the growth of negatively charged clusters and
further reduction of basal surface negative charge (c). Experiments carried out at pH = 5.
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Figure 6.

4 6 8
pH

10

Amount of HONOq) emitted following addition of 1 nmol of nitrite to pure water (a)

or clay mineral surfaces (b) that were pH-adjusted. Data are normalized to the geometric
surface area of the sample. Dotted lines are guides for the eye, and the error bars represent
the 95% confidence interval of the mean of three replicate measurements. The equilibrium
distribution of indicated N(I11) species in aqueous solution as a function of pH is included
for comparison in panel (a).
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