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Iron-based redox-active minerals are ubiquitous in soils, sediments, and aquatic systems.
Their dissolution is of great importance for microbial impacts on carbon cycling and the
biogeochemistry of the lithosphere and hydrosphere. Despite its widespread significance
and extensive prior study, the atomic-to-nanoscale mechanisms of dissolution remain
poorly understood, particularly the interplay between acidic and reductive processes.
Here, we use in situ liquid-phase-transmission electron microscopy (LP-TEM) and
simulations of radiolysis to probe and control acidic versus reductive dissolution of
akaganeite (B—FeOOH) nanorods. Informed by crystal structure and surface chemistry,
the balance between acidic dissolution at rod tips and reductive dissolution at rod sides
was systematically varied using pH buffers, background chloride anions, and electron
beam dose. We find that buffers, such as bis-tris, effectively inhibited dissolution by
consuming radiolytic acidic and reducing species such as superoxides and aqueous elec-
trons. In contrast, chloride anions simultaneously suppressed dissolution at rod tips by
stabilizing structural elements while promoting dissolution at rod sides through surface
complexation. Dissolution behaviors were systematically varied by shifting the balance
between acidic and reductive attacks. The findings show LP-TEM combined with simu-
lations of radiolysis effects can provide a unique and versatile platform for quantitatively
investigating dissolution mechanisms, with implications for understanding metal cycling
in natural environments and the development of tailored nanomaterials.

akaganeite | dissolution | liquid cell TEM

Iron is the most abundant redox-active element in the earth’s crust and its global bioge-
ochemical cycling is coupled to a variety of processes in the hydrosphere and lithosphere
(1-5). Iron (III) oxyhydroxide nanoparticles (NDPs), of widespread occurrence in soils and
rocks, are particularly important both in the environment and in technological applica-
tions, partly because they are acid soluble and readily reduced and thus can be transformed
into more labile forms of iron or transformed into other phases (2, 6-10). For instance,
in soils, sediments, and aquatic systems, the conversion of iron oxyhydroxide NPs into
much more soluble ferrous iron through reductive dissolution is critical to iron bioavail-
ability (11, 12). Consequently, extensive research has been performed to understand dis-
solution mechanisms for these NPs, which tend to be categorized as acidic (1, 13, 14),
reductive (15-18), acidic/reductive (14, 19), and ligand assisted (20). However, despite
the interconnections between some of these pathways at a fundamental level, complications
arising from diverse structure types, different reactivities of specific facets and crystal
morphologies, and the critical role of variable defect content have hindered the develop-
ment of a detailed, predictive understanding.

Phenomenological trends in iron (I1I) oxyhydroxide dissolution kinetics have been estab-
lished using macroscopic batch experiments. For example, reductive dissolution is generally
faster than nonreductive dissolution (e.g., proton-promoted or ligand-assisted dissolu-
tion) (21). This has been attributed to a higher lability of Fe**~O versus Fe>*~O bonds and
thereby faster iron site destabilization and release. However, both the reduction potential
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and stability of reduced iron at various NP surfaces are site specific, with the nature of the
sites dependent on the structure of exposed facets (22, 23). Similarly, for proton-promoted
or ligand-assisted dissolution, the reactivity depends on facet-specific exposure of oxo and
hydroxo functional groups coordinating to surface iron sites. That the dissolution behavior
should be controlled by facet-specific local structure was recently illustrated in an ab initio
modeling study by Klyukin et al. (2), who showed that activation energies for acidic versus
reductive release of iron differ primarily in the initial bond breaking events. Despite these
generalities, it remains difficult to predict a priori which crystal facets of NPs might pref-
erentially dissolve by, for instance, acidic versus reductive attack.

Akageneite (B—FeOOH) represents a typical natural mineral of iron oxyhydroxide and
appears as a precursor to the formation of goethite (a—FeOOH), hematite (a—Fe,0;), and
magnetite (Fe;O,) (5). Given that most replacement reactions occur through dissolution
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of the precursor phase as the replacement mineral nucleates and
grows, the mechanism of akageneite dissolution is important, not
just for understanding the dissolution of iron-based redox-active
minerals, but for understanding their growth as well. Moreover, in
contrast to goethite and hematite, the dissolution degree and rate
of akageneite is much higher (24), which in turn allows us to
observe the dissolution process at the nanoscale on a short time
scale. To understand which dissolution mechanism is at work, tak-
ing akageneite nanorods as a model system, we used in situ
liquid-phase-transmission electron microscopy (LP-TEM) to inves-
tigate the dissolution dynamics. Beyond being highly spatially
resolved, the LP-TEM approach is perhaps unique in its ability to
span acidic versus reductive dissolution regimes by manipulating
the solution chemistry through standard wet chemistry combined
with the effect of beam-induced changes in speciation.
Beam-induced radiolysis of the aqueous solution produces reactive
solution species, such as superoxides and aqueous electrons and
protons (25-27). As recently demonstrated by Schneider et al. (28),
the dose rate—dependent acidity and speciation and lifetimes of the
various reducing and oxidizing radicals can be modeled, including
e, » H+, H,, H;0", OH", H,0,, OH:, and O,, which are known
to play a role in enhancing dissolution (28-30). Thus by adjusting
the buffering capacity of the initial solution through standard wet
chemistry, the pH and concentrations of redox-active species at
steady state are determined by the selected e-beam dose rate. By
combining LP-TEM results with simulations, we addressed the
following questions: 1) What are the main factors controlling the
dissolution in acidic solutions and what are the beam effects? 2) Is
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there a facet-dependent behavior to the dissolution and to what
extent does this depend on acidic versus reductive mechanisms? 3)
What is the role of crystal defects in dissolution? In addition to
being able identify major mechanisms controlling the facet-specific
dissolution behavior and how these connect to overall dissolution
rates, by studying the effects of pH buffers and chloride (CI") ions
on dissolution, we were also able to identify regimes of irradiation
and buffer concentration in which the nanorods are stable against
beam-induced dissolution.

Results and Discussion

Akaganeite Acidic Dissolution and the Effect of Electron
Beam Irradiation. Within the Fe(IIl)-(oxyhydr)oxide family,
the akaganeite crystal structure is distinguished by the bcc
packing of the anion lattice, compared to the more common
hep packing found in goethite (a—FeOOH) and hematite
(a—Fe,0;). However, similar to goethite, the framework is
based on double chains of edge-sharing Fe(O,0OH), octahedra
that propagate along the [010] direction interconnected by
corner-sharing oxo bridges (Fig. 1 A and B). This is the basis
for the preferential rod-like crystallite habit of both goethite and
akageneite. The principal topological difference between the two
structures is as follows: While in goethite, the double-chains
form 1 x 2 channels, in akaganeite, the double-chains form more
open 2 x 2 channels, which are stabilized by incorporation of
anionic species, typically chloride or bromide (13). In addition
to being structurally related, akaganeite is also compositionally

B
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Fig. 1. Structural models featuring the topological similarity between (A) akageneite, and (B) goethite. The orange balls represent Fe atoms, red balls are oxygen
atoms, light pink balls are hydrogen atoms, and green balls are chlorine atoms. (C) 3D STEM-HAADF tomographic reconstruction and cross-section of akaganeite
nanorod to show the pore defect distribution (Left is a perspective image and the Inset is the STEM image, right-top is the surface view and right-bottom is
the cross-sectional view along the [010] direction). (D) Pore distribution counts versus the distance (in nm) from the center of the nanorod determined from

automated image analysis; the scale bar in the /nset is 30 nm.
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similar to goethite, differing only by the 2 to 6 wt% chloride
or bromide ions residing within the channels (31). It is, in fact,
principally the presence of chloride or bromide that tends to
favor akageneite formation over goethite at low pH.

We used a hydrothermal method to synthesize akaganeite nano-
rods elongated along the [010] direction and measuring, on aver-
age, ~250 nm in length and ~50 nm in width (See Methods for
details). In addition to standard characterization of material crys-
tallinity and purity (S Appendix, Fig. S14), we used high-angle
annular dark-field-scanning transmission electron microscopy
(HAADE-STEM, Movies S1 and S2) with 3D tomography to
carefully scrutinize our nanorods for defect content, an important
potential contributor to the dissolution rate and morphological
evolution. The imaging clearly revealed a prominent nanoporosity
within the central portions of the nanorods (Fig. 1C). Statistical
analysis of pore concentration versus distance from the center of
the nanorods is given in Fig. 1D, which shows that the dominant
location of the pores is within 30 nm of the nanorod center
(dashed black line as the boundary). The reason why more defects
form near the center of the nanorods is unclear, but we speculate
that could arise from inidally higher growth rates at the early stage
of nanorod precipitation (32, 33).

The chemical composition of akaganeite nanorods was analyzed
by STEM-EDS mapping and XPS, as shown in S/ Appendix,
Fig. S1 E-G. The STEM-EDS mapping indicated that the ratio
of Fe to Cl is around 6.4:1, but the XPS wide-scan photoemission
spectrum demonstrated that the ratio of Fe to Cl is around 9.2:1.
The XPS can only detect the surface elements with a depth of
around 1 to 2 nm. Thus, it is reasonable to hypothesize that the
Cl concentration inside of the akaganeite nanorods is higher than
that of outside. The linear EDS scanning also confirms that the
Cl concentration on the sides of the akaganeite nanorods is lower
than that in the center (8] Appendix, Fig. S2). Based on 3D tomog-
raphy described above, the defect density in the center of the
akaganeite nanorods is much higher than that on the sides. Thus,
the Cl concentration in the areas with defects may be higher than
that in the defect-free areas, a conclusion that is further supported
by the EDS point scanning (S Appendix, Fig. S3). These results
suggest that the defects in the akaganeite nanorods may trap more
Cl than the normal 2 x 2 channel structures. Notwithstanding,
foreknowledge of this defect content and its chemical composition
was essential for informing interpretations of nanorod dissolution
behavior in ensuing dissolution experiments.

Using these akageneite nanorods, two sets of experiments were
carried out to determine the role of acidity on the dissolution
behavior (Fig. 2). The first was performed ex situ in the absence
of e-beam irradiation in strongly acidic conditions (0.5 mol/L
HCI) at 80 °C, yielding nominally pH 0.3 solution. As shown in
Fig. 2A, in this case, the tapered ends of the nanorods became
squared to produce flat [010] facets, and this morphology was
maintained as the rods progressively shortened as dissolution con-
tinued. However, the width of the nanorods remained largely
unchanged during the reaction, indicating that acidic dissolution
selectively favors iron release along the [010] direction defined by
the tunnel structure (S8 Appendix, Fig. S1B). This finding agrees
well with previous understanding (13) that, in acidic conditions,
Fe(I1I) release occurs primarily at (010) nanorod tip surfaces rather
than from the prismatic [100] and [001] surfaces. This arises, at
least in part, because exposed at rod tip surfaces is a high density
of acid-reactive hydroxo functional groups coordinating the trun-
cated ends of the double chains, which lowers the activation energy
for acidic release of ferric iron relative to the less reactive hydroxo
and oxo functional groups exposed along the sides of the double
chains (2). Furthermore, at the nanorod tips, protons can penetrate
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into the tunnels and assist in the removal of Cl” ions (13). The
combined effect of acid attack at double-chain terminated faces
in concert with release of Cl” from tunnels destabilizes the akaga-
neite framework at rod tips, leading to rapid acidic dissolution
along the [010] direction. The akaganeite dissolution process in
acid via the classical protonation mechanism is illustrated in
SI Appendix, Fig. S4.

The second set of experiments was conducted using in situ
LP-TEM in pure water under e-beam irradiation (Fig. 2B) for
comparison with the behavior observed under unirradiated acidic
conditions. Pure water (~-pH 7) was selected in anticipation that
equilibration with 5 mM akageneite in air increases the initial
acidity to around 5.05, which during e-beam irradiation would
be acidified further by radiolytic speciation involving transient
H,O" (-pH 4) (28). Given the observed dissolution behavior in
acidic conditions, we hypothesize that under the e-beam, the total
acidity would likewise induce dissolution along the [010] direc-
tion. Indeed, as expected, beam-induced dissolution of the aka-
ganeite nanorods occurred along the [010] direction. However,
in striking contrast, dissolution was much faster and now also
observed along the prismatic sides of the nanorods, i.e., along the
[001]/[100] directions. Although the initial solution was much
less acidic than that in the ex sizu experiments, in this case, the
overall dissolution occurred in seconds rather than hundreds of
minutes. We note that recrystallization could occur and might then
also play a role in controlling the anisotropic morphology of aka-
geneite during the dissolution process, especially in Fe(II)-catalyzed
environments (e-beam irradiation conditions) (3, 5, 33). However,
in this work, we only observed the dissolution of akageneite nano-
rods in both ex situ and in situ experiments. There is no evidence
from our direct imaging or structural analyses to support the occur-
rence of recrystallization on our experimental time scale. Previous
studies of Fe(II)-catalyzed recrystallized iron oxide nanoparticles
have demonstrated that the time scale to obtain an obvious mor-
phology changes is several days at room temperature (3, 34, 35)
and several hours at 75 °C (36).

Note that in both experiments, despite the availability of nan-
opore defects near the center of the rods, which could serve as
preferential etching sites, the TEM data show that the facet direc-
tion exerts the prevailing control over dissolution in these cases.
To quantify these direction-specific kinetics, we used a geometric
contraction model. In this model, the reaction is controlled by
the reaction interface progressing toward the center, assuming that
the reaction occurs only on the surface (37). For simplicity, we
regard the nanorods to be cylindrical particles for which the dis-
solution rate in any direction is assumed to be a constant. That is,
X =X, (1 —Kt), where X is the dimension of the particle in a given
direction, X, is the initial value of that dimension, K is the rate
constant, and t is the time. Thus, defining the functiona =1 - L/
Ly, p0r 1 - W/Wp, ,, we quantified the rate constants K and Ky,
for dissolution along the nanorod length and width, respectively,
by plotting a versus t (Fig. 2 C and D). For acidic dissolution—
absent irradiation, the rate constant K; for dissolution along the
nanorod tips ([010]) was found to exceed Ky, for dissolution along
the nanorod width ([001]/[100]) by more than a factor of 250
(Fig. 2C). In contrast, under beam-induced radiolytic speciation,
the two dissolution rate constants are similar, within a factor of 2
(Fig. 2D). Finally, this linear model allowed us to quantify the
differences in the overall dissolution kinetics observed. In the case
of acidic dissolution, the rates were 0.007 s (length) and 2.8 x
107 57 (widch), while under e-beam irradiation, the rates were
0.055s" (length) and 0.03 s (width).

Clearly, a key difference in these two experiments is the solution
speciation beyond acidity alone. In particular, e-beam irradiation
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Fig. 2. (A) Ex situ SEM images showing the time-dependent acidic dissolution behavior of akaganeite (5 mM) in the presence of 0.5 M HCI, without e-beam
exposure. (B) Time evolution of akaganeite (5 mM) dissolution as observed by LP-TEM at an e-beam dose rate of 0.53 e/A%s. (C and D) Dissolution rates from
panels A and B, respectively, along the length (L) and width (W) plotted as « versus time (see text for details). K, obtained from the linear data fitting, is the
dissolution rate constant, expressed in min~" in Cand s™" in D. Note: For both ex situ and in situ experiments, we measured the length and width of more than
25 nanorods at each time point and then plotted the average value with error bars equal to one SD.

also produces numerous reducing and oxidizing radicals in water,
including hydrated electrons (e 9, H-, H,, H,O0", OH, H,0,,
OH-, and O, (28, 29). As the overall dlssolutlon rate is much
faster with beam induced radiolysis, despite being less acidic, it is
reasonable to hypothesize that the dissolution rate is enhanced by
reductive radical species such as e(aq)-, H+, and OH-. Previous
experimental work and simulations revealled that Fe(IlI) reduction
to Fe(Il) can lead to more rapid Fe release from iron (oxyhydr)
oxide surfaces than the acidic mechanism alone (2, 18, 21). These
radical species should be capable of reducing Fe(III) to Fe(Il) at
nanorod surfaces (35, 36) and driving the system to lower redox
potentials (38, 39). Our principal evidence that reductive disso-
lution is occurring in this case is the greatly accelerated overall
dissolution rate that includes dissolution along the [001]/[100]
directions.

Analysis of Radiolysis Products and Their Impact on Dissolution
Rates. To explore the potential for radiolytic species to play a
role in akagancite dissolution, we developed an akaganeite/
water beam—induced reactive interface model and performed
deterministic simulations to quantify the contributions of
protonation, reduction, and radiolytic species to the dissolution

rate (SI Appendix, Kinetic Model and Fig. 3) (40). Fig. 34 compares

40f9 https://doi.org/10.1073/pnas.2101243120

the predictions of the simulations to the observed dissolution rate
for similar initial conditions [5 mM akaganeite in pure water
(pH = 7) under exposure to the e-beam at the dose rate used in
the TEM experiments]. In agreement with previous studies (28),
the simulations found that e-beam irradiation reduces the pH of
the solution substantlally, in this case to 4.27 for the dose rate of
0.53 e/A’ (4.24 x 10° Gy/s). At this lower pH, Fig. 34 shows
that the dissolution induced by acidity alone is not fast enough
to achieve complete dissolution within 100 s. In particular, we
note that at pH = 4.27, proton-promoted dissolution is slower
than that observed in the ex situ SEM experiments at pH = 0.3.
As aqueous electrons (e, ) are produced during water radiolysis,
using our deterministic simulations, we quantified their contri-
bution to akaganeite dissolution by reduction and found it to be
an order of magnitude greater than that due to proton-promoted
dissolution. However, the tlme needed for dissolution is still pre-
dicted to be longer than 10* s. Consequently, we evaluated the
effect of other transient species generated during water radiolysis,
including HO,, HO,™, H,0,, and O,". While HO,, HO,", and
H,0, do not have noticeable impacts on the akaganeite dissolu-
tion rate, we found that O,", and, more specifically, the transfer
of electrons from O, to surface Fe(III) to produce Fe(II) and O,
(Re109 in SI Appendix, Table S4) make an important contribution

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2101243120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2101243120#supplementary-materials

Downloaded from https://www.pnas.org by BATTELLE PACIFIC NORTHWEST PNNL TECH LIB MS K5-02 on August 22, 2023 from |P address 130.20.82.111.

>

-

o
2

A AR WA AL ALY WAL BN IR

Calculated
experiment

0, Reduction
(e75)

Akaganeite concentration
(mol.dm?3)
=
5)

Pure water 20 84

100 vl el e eed et il ad Ll
102 101 10° 10* 10? 103 10* 10° 1
Time (s)

o
)

w

102

d

Akaganeite concentration

00 mM bis-tris
1080 v v vl vl v Pl il

102 10 10° 10t 10? 103 10* 10° 106
Time (s)

Fig. 3. Simulations of e-beam-induced akaganeite dissolution. (4) Predicted
time evolution of the concentration of akaganeite in pure, neutral, pH =7
water irradiated by an electron beam at a dose rate of 0.53 e /A% (4.24 x
108 Gy/s) corresponding to the dissolution experiments shown in Fig. 1D. (B)
Predicted time evolution of the concentration of akaganeite in the presence
of 100 mM of bis-tris irradiated by an electron beam at a dose rate of 0.53
e /A% (4.24 x 108 Gy/s).

to the dissolution rate. Altogether, the simultaneous contributions
of O, e and H;O" are predicted to yield dissolution in 84 s,
close to the 20 s measured in the LP-TEM experiments, and three
orders of magnitude faster than that observed in the unirradiated
acidic batch experiments, close to the observed factor of 186 rate
increase. The connection between enhancement of surface chem-
ical reactions by radiolytic products predicted here and the phys-
ical mechanism of dissolution, which requires removal of ions

from kink sites on the crystal surface, is discussed below.

Manipulation of Dissolution Behavior under Irradiation through
Solution Chemistry. Given the quantifiable effect of the e-beam on
the dissolution behavior through setting the solution pH and redox
conditions, we designed LP-TEM experiments that manipulate
these conditions by using pH buffers and varying the dose rate. Bis-
tris (BioUltra), which has a pH range of 9.5 t0 11.0 (25 °C, I M in
H,0), was introduced at concentrations ranging from 20 mM to
100 mM. At 20 mM bis-tris, the measured pH of the akaganeite
suspension prior to loading i in the liquid cell was 10.60. Using an
initial dose rate of 0.67 e /A, the in situ LP-TEM observations
showed that nanorod dissolution led to thinning of the rods and
hollowing out of the rod interiors (Fig. 44 and SI Appendix,
Fig. S5). The latter process clearly suggested the importance of
the central nanoporosity in facilitating the dissolution behavior.
Furthermore, not surprisingly, given the simulation results above,
we observed that the dissolution rate is strongly dependent on the
dose rate, as shown in SI Appendix, Fig. S6A.

To analyze the dissolution of these particles, we first define a as
the fraction of the projected cross-sectional area dissolved so that a
= (ry o1y 0 — Ty ) /oy o8y o = 1= (1y1, /1y o105 0) = 1 = S/Sg, , where S
is the projected area of an ellipsoidal nanorod, r; and r, are the short
and long radii, respectively (i.e., W/2 and L/2) and the subscript "0"

PNAS 2023 Vol.120 No.23 e2101243120

refers to the value at t = 0. Assuming a constant dissolution rate
along each radlus then gives S/Sz, = (1 - Kt)* or, alternatively,
1 = (ryry [ry g1y, " =Kz, or alternatively, 1 - (1 - a)'"” = Kt, which
reproduces what is known as the geometric contraction model
(37, 41), where a is the fraction of the cylinder dissolved and K is
the dissolution rate constant, for the case where the cylinder is
replaced by an ellipsoid. For these analyses, measuring the evolution
of the projected area of the nanorods is sufficient to resolve the
various mechanisms such as end-to-end or side-to-side dissolution
without requiring additional assumptions, since the TEM images
are 2D projections of ellipsoidal particles.

The analysis shows that, for 20 mM bis-tris, when the electron
dose rate increases from 0.13 e/A’s to 0.78 e/A% and 6.12 e/A’s
(Movie S3), the order of the dissolution rate constant increases
gradually from 107 to 1077, yielding increases of about 260 to
2,800 times, respectively (Fig. 4C). Notably, the dissolution rate
was found to vary linearly with the dose rate (S Appendix, Fig. S7),
reinforcing the importance of the steady-state radical concentra-
tions in solution. However, in contrast to the behavior of the
nanorods in pure water, their length did not change significantly.
This behavior is clearly consistent with the premise that dissolution
along the [010] direction is mainly proton promoted, and should
thus be inhibited by the presence of bis-tris buffer acting as a sink
for radiolytically generated acidity. Moreover, we found that by
increasing the bis-tris concentration to 100 mM that nanorod
dissolution was completely inhibited; no noticeable change in
dimensions could be detected regardless of the dose rate applied,
even at a high electron dose rate of 562 e/A%s (Fig. 4 Band D and
SI Appendix, Fig. S8). This suggests a role for bis-tris that goes
beyond simple pH maintenance, such as influencing the
steady-state concentration of other radiolytic species.

It is worthwhile to point out that the surface roughness of aka-
geneite nanorods will influence the estimated surface area, particu-
larly when the calculated surface area is based on the particle’s
geometry, rather than profilometry measurements on every face.
However, the model we use normalizes the surface area to that of
the initial rod surface area—i.e., S/Sg . (In effect, S and Sg, are
each products of the area determined from particle geometry and
the average surface roughness.) Thus, the effects of roughness are
minimized as long as the roughness is of similar magnitude over
time. To the extent that it is not, there will be errors in the rate
constant K, because the implication of varying surface roughness
is that the number of active sites for dissolution is varying. This
would immediately lead to a nonlinear dependence of dissolution
rate on time—either continuously increasing if surfaces are rough-
ening, or continuously decreasing if roughness is being eliminated.
We see neither, so we conclude that roughness is not evolving sig-
nificantly with time. That is, whatever change in roughness there
is small compared to the change in surface area determined from
geometry alone. Although the effect of roughness does not impact
our conclusions concerning the rate constant or the impact of pH,
buffers, or the electron beam on that constant, we have to note that
the roughness can influence the surface sites, whose amount can
strongly affect the dissolution rate. Generally, the dissolution rate
is given by the net difference between the on and off rates of ions
at all potential surface sites. Presumably, as in growth, dissolution
is overwhelmingly dominated by detachment from sites with the
fewest number of nearest neighbors—i.e., the so-called kink sites.
It is hard to see how the electron beam could make ion or surface
desolvation harder as an input of energy or generation of radicals
should work in the opposite fashion. That leaves us with easier
removal of ions from surface sites, step sites, and/or kink sites. As
all are dependent on disrupting bonds in the solid, the conclusion
we come to is that the increased rate of dissolution with increasing
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Fig. 4. The effects of bis-tris concentration and electron dose rate on dissolution. (A and B) Time evolution of akaganeite during dissolution in the presence of
(A) 20 mM bis-tris at a dose rate of 6.12 e/A%s and (B) 100 mM bis-tris at a dose rate of 4.42 e/A%s. (C and D) Dissolution rate at each dose rate in the presence of
(€) 20 mM bis-tris and (D) 100 mM bis-tris plotted as 1 - (1 - a)'? versus time according to the shrinking cylinder model (see text for details). K, obtained from
the linear data fitting, is the dissolution rate constant, expressed in s™'. Note: For both in situ experiments, we measured the length and width of more than six
nanorods at each time point and then plotted the average value with SD error bars.

electron dose rate reflects an increase in the number density of kink
sites due to enhanced rate of bond breaking. This is precisely the
conclusion that comes from simulations, which relate that bond
breaking to the concentration of radicals through the equilibrium
constants for the relevant reactions. Since the concentration of
radicals scales with the dose rate at steady state, the rate of removal
of ions from the surface sites and, thus, the steady-state dissolution
rate do as well (more details in ST Appendix, Note 1).

To understand this system more quantitatively, we adapted our
radiolytic kinetic model to account for additional scavenging reac-
tions of bis-tris with radiolytic species (42) such as e, and OH+
(SI Appendix, Table S5). At 100 mM of bis-tris and equivalent
dose rates, the concentrations of €. and OH: radicals are pre-
dicted to be slightly reduced compared to their concentrations in
pure water (SI Appendix, Table S6). However, the concentration
of O, is predicted to be decreased by three orders of magnitude.
Because S and O, are major beam-induced Fe(III) reductants
in our system, their scavenging by bis-tris is predicted to signifi-
cantly inhibit dissolution so that an additional 2,000 s is needed
to dissolve the akaganeite nanorods (Fig. 3B). Such a prediction
agrees rather well with the observation that akageneite persists in
100 mM Bis-tris beyond 600 s under e-beam irradiation.

Given the evidence for tunability in the dissolution morphol-
ogy, we explored other adjustments to solution chemistry that
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conceptually could promote dissolution along [001]/[100] by
inhibiting dissolution along the [010] direction. In an LP-TEM
experiment, we explored manipulation of the background CI
concentration using NaCl addition, while maintaining the pro-
tective effect of bis-tris at 100 mM. The reasoning behind
increasing the Cl™ activity was twofold. First, the dissolution rate
of the nanorods could increase through formation of Fe—Cl surface
complexes that can facilitate the rupture of Fe—O bonds (43) and
likewise increase the amount of iron that can be solubilized into
solution. Second, given the importance of small concentrations
of incorporated Cl” jons for stabilizing the 2 x 2 tunnel structure
of akagancite (44), at [010] nanorod tip surfaces where these tun-
nels are exposed, the increase in CI™ activity could selectively
decrease the tendency for these surfaces to preferentially dissolve.
LP-TEM experiments entailing NaCl added at 50 mM performed
across a range of dose rates show, consistent with our hypothesis,
that the inhibitory effect of 100 mM bis-tris is indeed overcome,
leading to selective enhancement of dissolution along the [001]/
[100] directions in the middle portion of the nanorods with no
detectable change in nanorod ends (Fig. 54 and Movie S4). The
extent of dissolution was substantial, in clear contrast to the case
without Cl” ions (Fig. 4B), yielding particles completely bisected
by dissolution through the middle. Undoubtedly, this was assisted
by the nanoporosity in the central regions. Plots of normalized

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2101243120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2101243120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2101243120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2101243120#supplementary-materials

Downloaded from https://www.pnas.org by BATTELLE PACIFIC NORTHWEST PNNL TECH LIB MS K5-02 on August 22, 2023 from | P address 130.20.82.111.

[JLength
[ width

o

o

]
T

=4

o

=
T

0.00
0.16 0.52 0.93

Dose rate (e/A%s)

Fig. 5. Time evolution of akaganeite dissolution observed by LPTEM in the presence of (A) a mixture of 100 mM bis-tris and 50 mM NaCl at a dose rate of 1.47
e/A%s. (B) 20 mM tris-HCl at a dose rate of 0.86 e/A’s. (C) Comparison of the measured dissolution rate of akaganeite along the width and length in 20 mM tris-
HCl at each electron dose rate. Note: We calculated the dissolution rate of each akaganeite nanorod (more than 6) along the width and length and then plotted

the average value with SD error bars.

area versus time at dose rates of both 1.47 /A% and 12.4 e/A’s
(81 Appendix, Figs. S9 and S10) show, again, that the dissolution
rate is highly dependent on the dose rate. More importantly, the
collective findings demonstrate the ability to gain control over the
dissolution behavior with selective adjustments in solution chem-
istry given the knowledge of the dissolution mechanism.

As a final test, we returned to experiments in NaCl-free buffer
solution, but this time replaced bis-tris with 20 mM tris-HCI
buffer which, while maintaining a pH range of 7 to 9, can release
Cl ions into solution. Thus, with this adjustment, we expected
qualitatively similar dissolution behavior compared to added NaCl
experiments. Indeed, as shown in Fig. 5B (Movie S5), again the
akaganeite nanorods tended to dissolve preferentially in the middle
relative to the nanorod tips, in this case developing a dumbbell
shape during dissolution (see time sequence LP-TEM images in
SI Appendix, Fig. S11). These experiments provided the clearest
evidence yet for the governing influence of the central nanoporo-
sity on the dissolution behavior. Quantitative analysis of the direc-
tional dissolution rate shows that tris-HCl drives faster dissolution
of the nanorods along [001]/[100] directions relative to that along
[010] by a factor of -2 (Fig. 5C), regardless of the dose rate. That
dissolution in either direction was again linearly dependent on
dose rate is shown in ST Appendix, Figs. S12 and S13. In both sets
of experiments with Cl-containing additives, these anions appear
to play a key role in stabilizing the structural tunnels exposed at
the (010) facets of the nanorod tips while simultaneously desta-
bilizing the nanorod structure along [001]/[100] directions.

Collectively, given mechanistic knowledge about the roles of
beam-induced radiolysis, acidity, and reductive dissolution on vari-
ous facets of the akaganeite nanorods, these pH buffer and dose rate
experiments demonstrate the ability to gain intentional control over
both the overall dissolution rate and the dissolution behavior, under
irradiation. We furthermore discovered that although our nanorods
contained substantial nanoporous defects, dissolution at these

Table 1. Dissolution rate constants along the length,
width, and areas of akaganeite nanorods for different
buffers at a dose rate of 0.53 e/A’%s

Systems K (s Kw(s™ Karea(s ™)
Pure water 0.050 0.030 _
Bis-tris (low) _ _ 0.0027
Tris-HCl 0.010 0.022 0.019
PNAS 2023 Vol.120 No.23 2101243120

locations could be selectively inhibited or activated by solution chem-
istry adjustments. For a given dose rate of 0.53 /A%, dissolution
rates from various LP-TEM experiments are summarized in Table 1,
and associated dissolution morphologies are illustrated in Fig. 6.

Conclusion

A combination of LP-TEM, solution chemistry, and radiolytic
speciation simulations informed by knowledge of various possible
dissolution mechanisms was used successfully to both manipulate
the dissolution behavior and rate of akageneite nanorods and
quantitatively account for e-beam-induced radiolytic speciation.
Our findings show that beam-induced radiolysis of the aqueous
solution contributes to two main processes: i) acid-promoted
[010] dissolution, and ii) reduction of lattice Fe(III) to soluble
Fe(Il), which drives [001]/[100] dissolution. The addition of pH
buffers to offset the acidity selectively decreases and can even elim-
inate dissolution along [010]. While a similar effect arises from
the addition of chloride ions, this also enhances dissolution along
[001]/[100] by complexation. Simulations of chemical equilibria
and dissolution indicate that organic buffers such as bis-tris can
selectively reduce the availability of superoxides and aqueous elec-
trons, thereby suppressing dissolution rates. This work provides
strong evidence that LP-TEM can be used to exploit anisotropies
in reductive and acidic dissolution mechanisms for Fe(III)-
(oxyhydr)oxides to arrive at tuned morphologies, providing a
unique platform for testing hypotheses for dissolution mechanisms
presumed from macroscopic batch studies. Considering certain
conceptual similarities between radiolysis and photolysis, the pres-
ent findings may also provide clues about the fundamental pro-
cesses controlling the dissolution rate and morphologies of iron
oxides and oxyhydroxides in the photic zone of natural aquatic
systems. More importantly, the cycling of iron between its +2 and
+3 oxidation states is the centerpiece of the iron cycle, a key com-
ponent of which is the reductive dissolution of ferric oxyhydroxide
minerals. The fact that our results show that both the absolute and
relative dissolution rates along different facet directions (i.e.,
length versus width) change dramatically when conditions evolve
from acidic to reductive to buffered, demonstrates the impact of
local environmental conditions on iron oxide dissolution rates and
mechanisms. These insights also suggest a possible route to recon-
struction of those conditions during deposition or diagenesis or
subsequent alteration via analysis of specific crystallite morphol-
ogies. By enhancing our understanding of interfacial processes
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Fig.6. Conceptual models of the various dissolution morphologies assessed
by our various LP-TEM experiments.

governing iron oxide dissolution, the findings provide a unique
basis for interpreting geochemical and biogeochemical signatures
governing iron redox cycling across a diversity of crustal and
aquatic environments.

Methods

Akaganeite Synthesis. The akaganeite nonorods were synthesized via a hydro-
thermal method. Briefly, FeCl,-6H,0 was dissolved into DI water to forma 0.5 M
solution, and then 80 mL solution was transferred into a 125-mL Teflon liner.
The liner was sealed into a Parr steel vessel and then was heated in an electric
oven at 80 °C for 3 d. After cooling the Parr vessel to room temperature, the final
product was collected by centrifugation, washed with DI water three times, and
dried at 80 °C overnight.

STEM HAADF Imaging and Chemical Composition Analysis. STEM was
used to probe the defect distribution on the surface of the akaganeite nanorod
in prepared samples. The procedure was performed with an FEI Titan 80-300
microscope operated at 300 kV. The instrument is equipped with a CEOS GmbH
double-hexapole aberration corrector for the probe-forming lens, which allows
forimaging with 0.1 nm resolution in STEM. The tilt angles ranges from —66° to
+66° inincrements of 2°. The images were acquired with a HAADF detector with
inner collection angle set to 52 mrad. The chemical composition of akaganeite
nanorods was analyzed by STEM energy-dispersive X-ray spectroscopy (EDS) map-
ping with an Oxford EDS detector (Oxford Instruments Analytical Ltd.) and XPS.

Liquid-Phase TEM (LP-TEM). All LP-TEM experiments were performed in a 200-kV
field emission electron microscope (FEI Tecnai F20) using the liquid-cell holder
(Hummingbird Scientific, USA) based on microfabricated silicon chips. Two square
silicon chips containing silicon nitride membranes were separated with 100 nm
gold spacers deposited on the two strips. Prior to loading the solution, the mem-
branes were oxygen plasma cleaned for 1 min to remove organic contaminants
and render the surfaces hydrophilic. The akaganeite suspension was deposited
between the two membranesin 0.5 plLdroplets placed onto the bottom side of the
membrane followed by capping with an upper chip. The liquid cell was mounted
and sealed on the holder using O-rings. The assembled liquid-cell stage was
vacuum tested in a Pfeiffer vacuum chamber. The images were recorded using a
FEI Eagle charge-coupled device camera. Continuous movies were captured using
a freeware screen grabber (VirtualDub).

Deterministic Simulations. The interaction of ionizing radiations, such as
high-energy electrons, with water is well understood both experimentally and

1. G.Rubasinghege, R. W. Lentz, M. M. Scherer, V. H. Grassian, Simulated atmospheric processing of
iron oxyhydroxide minerals at low pH: Roles of particle size and acid anion in iron dissolution. Proc.
Natl. Acad. Sci. U.S.A. 107, 6628-6633 (2010).

2. K.Klyukin, K. M. Rosso, V.. Alexandrov, Iron Dissolution from goethite (a-FeOOH) surfaces in water by
Ab Initio enhanced free-energysimulations. J. Phys. Chem. C 122, 16086-16091(2018).

3. S.D.Tayloretal., Visualizing the iron atom exchange front in the Fe(Il)-catalyzed recrystallization
of goethite by atom probe tomography. Proc. Natl. Acad. Sci. U.S.A. 116, 2866-2874
(2019).
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theoretically (28, 45, 46). One microsecond after the initial water-ionizing radia-
tion interaction, the longest-lived transient species generated by water radiolysis,
named primary yields, can be summarized by:

H,0 = ej,, OH-, H-, HO,-, H¥, OH™, H,0,, H, (1]

The amount of primary yields produced per 100 eV of energy loss, commonly referred
as the G-values, depends on several conditions such as temperature, radiation type
and energy, and solution composition. For high-energy electrons, as generated by
the 200 kV electron beam used in this work, the G-values used for the generation of
primary yields were obtained from Hill and Smith (47)and are given in S| Appendiix,
Table S2. The electron beam radiation dose rate for water was calculated by the
formula provided by Schneider etal.(28) and the calculation details for the specific
experimental conditions of this study are given in S/ Appendix, Table S1.

In order to follow the temporal chemical evolution of the system under
electron beam irradiation, deterministic simulations were performed using
the Chemsimul program (48), which translates a set of chemical reactions
into a system of ordinary differential equations and solve the coupled kinetic
equations. To simulate water radiolysis, a set of 65 chemical reactions (46) was
used. Assuming that an initial concentration of 5 mM akaganeite (3-FeOOH)
was present in the system, and that dissolution occurs, 88 additional chemical
reactions (49) describing the interaction of iron with water radiolysis species
were added to complete the water radiolysis model. The complete list of chem-
ical reactions and rate constants used can be found in S/ Appendix, Tables S3
and S6.To describe akaganeite dissolution, an interface model using diffusion
range limitations of radiolytic species was developed, as shown in S/ Appendix,
Table S7 and Fig. S14. In this model, the rate constants traditionally used for
homogeneous bulk chemistry were modified to describe interface systems.
Further details on the interface model are given in S/ Appendix. The interface
model was used to quantify the contributions of protonation, reduction, radi-
olytic products, and bis-tris buffer in the dissolution of akaganeite. The effect
of pH on protonation and reduction dissolution rates of akaganeite was deter-
mined based on two well-known minerals, as shown in S/ Appendix, Table S9
and Fig. S15.

Data, Materials, and Software Availability. All study data are included in the
article and/or SI Appendix.
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