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ABSTRACT: The rate and pathway of ferrihydrite (Fh) transformation at oxic
conditions to more stable products is controlled largely by temperature, pH, and (Qg'®
the presence of other ions in the system such as nitrate (NO;"), sulfate (SO,*7), @ P .,?
and arsenate (AsO,’”). Although the mechanism of Fh transformation and \z« £ J
oxyanion complexation have been separately studied, the effect of surface complex e,
type and strength on the rate and pathway remains only partly understood. We
have developed a kinetic model that describes the effects of surface complex type
and strength on Fh transformation to goethite (Gt) and hematite (Hm). Two sets o &Y
of oxyanion-adsorbed Fh samples were prepared, nonbuffered and buffered, aged ™, =g
at 70 & 1.5 °C, and then characterized using synchrotron X-ray scattering methods

and wet chemical analysis. Kinetic modeling showed a significant decrease in the rate of Fh transformation for oxyanion surface
complexes dominated by strong inner-sphere (SO,>~ and AsO,*”) versus weak outer-sphere (NO;") bonding and the control. The
results also showed that the Fh transformation pathway is influenced by the type of surface complex such that with increasing
strength of bonding, a smaller fraction of Gt forms compared with Hm. These findings are important for understanding and
predicting the role of Fh in controlling the transport and fate of metal and metalloid oxyanions in natural and applied systems.
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B INTRODUCTION

Nanosized iron oxides and hydroxides are abundant and
important in the geochemical cycling of nutrients and
contaminants. At acidic to intermediate pH, their surfaces
are positively charged and have a particular affinity for metal
and metalloid oxyanions such as nitrate (NO,”), sulfate

(SO,*), and arsenate (AsO, ). These oxyanions associate
with the mineral primarily through surface adsorption,' ™
which immobilizes the ions, thereby affecting their transport
and fate. However, adsorbed surface species can be
remobilized during mineral transformations, which are
common for iron oxides and hydroxides in (bio)geochemical
systems. For example, under oxic conditions, ferrihydrite (Fh;
Fe,006;(OH);4;),” a metastable iron oxy-hydroxide nano-
particle, eventually transforms to less hydrated and more stable
goethite (Gt; a-FeOOH) and hematite (Hm; a-Fe,0,).57"
Surface area decreases during transformation due to crystal
growth,"” and changes in surface structure and reactivity
impact the type and availability of surface functional groups.
Combined, these changes generally reduce the capacity of the
mineral surfaces for adsorgtion resulting in the release of
oxyanions to solution,''**

The transformation of Fh under oxic conditions involves a
concurrent set of pathways forming Gt or Hm.*”' One
pathway, dissolution/recrystallization, involves two steps: (1) a
transition state achieved by dissolving Fh and (2) rapid Fe
polymerization and precipitation of a solid (nano)crystalline
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product.”**** This process follows Ostwald’s step rule.”**’

Another pathway involves the ag re§ation, dehydration, and
structural reorganization of Fh.”"”*"**~*” This pathway may
include oriented attachment (OA) or nearly OA of precursors
as part of the transformation and crystallization.'” These
pathways are not necessarily mutually exclusive, although one
may be favored depending upon environmental conditions.
Experimental conditions are important in controlling
synthetic Fh transformation in water.”””® The rate and
pathway of synthetic Fh transformation in water are
significantly controlled by pH,*™'>'” although there is
disagreement in the literature. For example, some studies
show that low and high pHs promote the formation of Gt,
whereas neutral pH favors Hm.*”'®'? Others have reported
Hm as the primary product at all pH conditions (2—10) across
a varied range of temperatures (50—100 °C)."" Many studies
have examined the impacts of additional factors such as
temperature”'® as well as structural impurities,””*’ redox
conditions in solution,”' ~* and the presence of certain organic
ligands®® and other ions,'""'¥'#1671%393¢ egpecially metalloid
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oxyanions. For example, AsO;_11 and dissolved lead (as Pb
(NO,),)"* were reported to slow the rate of Fh transformation,
whereas NO;™ and SO,>~ promoted Hm and Gt formation at
acidic conditions."® These studies have generally suggested
that surface species control the rate and pathway of
transformation. However, surface binding varies for different
oxyanion species from weak electrostatic outer sphere to strong
covalent inner sphere,”*’~>> and the effects of oxyanion
binding type/strength on the Fh transformation remain only
partly understood.

Two different kinetic models have been used to describe the
rate of Fh transformation. First-order kinetic models have
mainly been used to evaluate the impacts of temperature and
solution chemistry.'”'”*° More recently, a second-order
reaction equation was developed for the aggregation by OA
of Gt during the Fh transformation.'”*’ ™" We note that the
models used in these studies rely only on the change in Fh
concentration with time and do not account for the concurrent
formation of Gt and/or Hm. A more comprehensive kinetic
model should also include the rates of Gt and Hm formation.

The present study examines the effects of adsorbed NO;~,

SO,>7, and AsO43 on the rate and pathway of synthetic Fh
transformation to Gt and Hm. The objective is to understand
the impacts of oxyanion binding strength and type (i.e., strong
inner sphere vs weak outer sphere) and pH (buffered vs
nonbuffered). A new phase quantification method and kinetic
model were developed to describe the effect of surface
complexation type and strength on both the rates of Fh
transformation and formation of Gt and Hm. The results are
important for understanding the interactions between Fh and
oxyanions in aqueous environments and their impacts on
geochemical cycling.

B MATERIALS AND METHODS

Ferrihydrite Synthesis and Batch Adsorption. Two-
line Fh was synthesized using a modified version of
Schwertmann and Cornell.”' In brief, 0.2 M Fe(NO,); (ACS
grade, Fisher Scientific) solution was prepared and titrated to
pH 7.5 + 0.2 using 1 M NaOH in less than 25 min. The
resulting suspension was centrifuged and then dialyzed in
several consecutive ultrapure (18.2 MQ) water baths until the
conductivity of the water dropped below 20 uS cm™. The
resulting 5.0 ¢ L™ Fh suspension was transferred to S0 mL
centrifuge tubes to prepare the batch samples needed for each

experiment. For the SO,2~ (FhS) and AsO437 (FhAs)
adsorption experiments, 5.0 mM Na,SO, and 5.0 mM

Na,HAsO, (0.1 molar ratio SO,*” and ASO43 /Fh) in a
background of ~100.0 mM NaNO; were added to the tubes,
respectively, such that I was adjusted at 0.1 M. Two other sets
of samples were prepared: one with 100.0 mM NaNO; (FhN)
and one only including Fh to be used as a control. The pH of
all of the samples was adjusted to 5.5 + 0.2 using 1.0 M NaOH
and HNO;, and then they were shaken for 24 h to allow the
adsorption process to reach equilibrium.*” %!

The samples were centrifuged at 3500 rpm for 10 min and
then filtered through a 0.22 um filter. The solids were
recovered, and supernatants were collected and analyzed using
high-performance liquid chromatography-ion conductivity
(IC) (SO, and NO;") and inductively coupled plasma-
optical emission spectroscopy (ICP-OES) (As) to determine
the mass balance for the amount of oxyanion adsorbed on the
Fh surface in each respective experiment.

All synthesis and transformation experiments were con-
ducted in an air-equilibrated solution. MINTEQ was used to
calculate the amount of dissolved inorganic carbon (DIC) in
the solution, and surface complexation modeling was
performed to measure the amount of DIC adsorbed on the
Fh surface in the absence and presence of oxyanions. The
details for the surface complexation modeling method are
provided in Text SI.

Characterization of Oxyanion Surface Complexes.
Based on the above protocol, the same set of samples was
prepared to determine the coordination environments of the
oxyanions using differential pair distribution function (d-PDF)
analysis and in situ attenuated total reflectance Fourier
transform infrared spectroscopy (ATR-FTIR). The adsorption
experiment was conducted at pH 5.5 + 0.2 for FhAs (d-PDF)
and at pH 5.5 + 0.2, 4.3 + 0.2, and 3.0 = 0.2 for FhS (d-PDF
and ATR-FTIR) and FhN (ATR-FTIR). Synchrotron high-
energy X-ray scattering measurements were conducted at
beamline 11-ID-B at the Advanced Photon Source, Argonne
National Laboratory. Samples were analyzed as wet suspen-
sions loaded in 3 mm OD NMR Tubes. The raw scattering
data were processed with GSAS-IL. Using the xPDF suite,’” the
background was subtracted and reciprocal data converted to
real-space PDFs using 24—25 A™' as the max Q-space for the
Fourier transform. The d-PDF was generated by subtracting
the control PDF (FhN) from the PDFs of FhS and FhAs using
Microsoft Excel. The scaling factor was optimized to remove
the contribution of the Fe—O peak at ~2 A from the samples.

In situ ATR-FTIR experiments were conducted using a
Bruker a II Fourier transform infrared (FTIR) spectrometer
equipped with a platinum diamond-attenuated total reflection
(ATR) sampling module and an OPUS 8 operating software
suite. Briefly, a 25 uL of 5 g L™' Fh suspension was deposited
on the ATR diamond and dried under a nitrogen gas stream to
create the Fh film. For SO,*” adsorption experiments, a
peristaltic pump was used to inject 100 mM NaNO;~ on the
Fh surface and acquire the background spectra. A 0.1 mM
SO,* solution in a background of 100 mM NaNO; was then
flowed over the Fh film. Spectral data were collected for pH .5
+ 0.2, 43 + 0.2, and 3.0 & 0.2. The pH was adjusted using
HNO,,

For the NO;™ adsorption experiment, the wet Fh suspension
was taken as the background and then dried using nitrogen gas.
The spectral data were collected by injecting 100 mM NaNO;~
on the Fh surface and incrementally adjusting the pH from 5.5
+ 0.2 to 3.0 + 0.2 with HNO;. All spectra were obtained by
collecting 400 scans at 4 cm™' resolution for a range of
wavenumbers between 4000 and 400 cm™. IR spectra were
continuously collected until there was no observable difference
between the spectra, which indicated equilibrium and surface
saturation.

Transformation Experiment and Sample Treatment.
Two sets of samples were prepared for the transformation
experiment, buffered and nonbuffered. For the buffered set, the
wet pastes from the adsorption experiment were buffered at
pH 5.5 + 0.2 using 0.4 M 2-(N-morpholino)ethanesulfonic
acid (MES) (C¢H;3NO,S) and 2.0 M NaOH and transferred
to a 10 mL high-density polyethylene (HDPE) plastic leak-
proof opaque bottle. Three replicates were prepared for each
time interval. The samples were placed in a sealed water bath
and then heated at 70 + 1.5 °C for up to 1200 h in a
mechanical convection laboratory oven (Thermo Scientific
Heratherm). This temperature was chosen because it results in
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the formation of both Gt and Hm in the absence of oxyanions,
which allowed us to study the impacts of outer-sphere and/or
inner-sphere surface complexes on the transformation of Fh to
these phases at reasonable laboratory timescales.'” The sample
preparation for the nonbuffered experiment was the same
except that a known amount of deionized (DI) water was
added in place of MES to keep the water/solid ratio the same
in both sets of experiments. Samples were aged in the oven for
different time points (0, 24, 48, 72, 120, 168, 240, 360, 600,
888, 1200 h). Removed samples were immediately transferred
to a room-temperature water bath to cool. The pH of the
samples was recorded, and then they were centrifuged at 3500
rpm for 10 min. The recovered pastes were air-dried under the
hood for 24 h and ground to fine powders using mortar and
pestle.

Liquid- and Solid-Phase Characterization. The aged
samples were centrifuged at 3500 rpm for 10 min and then
filtered through a 0.22 pm filter to separate oxyanions from
corresponding solid particles. The same samples were
ultracentrifuged (3K pore size) to collect the dissolved Fe in
each sample. The supernatants were then analyzed by IC
(NO;™ and SO,™?) and inductively coupled plasma mass
spectrometry (ICP-MS) (As and Fe) to measure the
concentration of dissolved Fe and the oxyanions. Solids were
analyzed as dry powders loaded in 1 mm OD polyimide
capillaries using synchrotron high-energy X-ray scattering to
identify and quantify the Fh and its transformation products.
The raw scattering data were processed and converted to PDFs
as described above.

Linear combination fitting (LCF, WinXAS®) of the PDFs
was used to quantify phase abundances in the samples.
Reference PDFs for synthetic 2-line Fh, Gt, and Hm were used
to determine the concentrations of these phases in each
sample. Fitting was performed from 0 to 20 A, and the sum of
the final concentrations was normalized to one. The reference
PDFs were allowed minor shifts in r-space to account for
differences in crystallinity between the references and samples.
The LCF abundances were then used to calculate the rate of
transformation. The transformation reactions, along with the
rate law derivation, are provided in Texts S2 and S3 and
discussed further in the next sections.

B RESULTS AND DISCUSSION

Oxyanion Surface Complexes. The type of inner-sphere
AsO,” and SO,*” surface complexes on Fh were examined
using d-PDF. The d-PDF method is generally not sensitive to
the presence of outer-sphere complexes.®® In the case of

AsO43 , correlations observed at 1.71 and 3.29 A™' correspond
with As—O and As--Fe pairs, respectively (Figure S1),
confirming the presence of bidentate binuclear inner-sphere
complexes. This agrees with the previous d-PDF,*® ATR-
FTIR,°* extended X-ray absorption fine structure
(EXAFS),>*° and computational modeling®”**~®* studies
showing that inner-sphere complexation is the dominant

mechanism of ASO43 adsorption on Fh at intermediate to
acidic pH. In the case of SO,*7, regardless of pH, the d-PDFs
had two major peaks around 1.54 and 3.30 A~ (Figure S2),
corresponding with S—O and Fe---S pairs, respectively. This is
again consistent with inner-sphere binuclear bidentate
complexes reported in previous d-PDF®’ and EXAFS®"*’
studies. The Fe--S peak amplitude in the d-PDFs increased
with decreasing the pH (Figure S2), which suggests an increase

in the abundance of SO,*~ inner-sphere complexes at pH 3.0 +
0.2. At lower pHs, singly coordinated hydroxyls (Fe—OH)
protonate and form weak Fe-OH," functional groups that can
be easily displaced by SO,*~ favoring the formation of inner-
sphere complexes.™

Sulfate is known to form both inner- and outer-sphere
surface complexes on Fh that vary with pH.*>*¥*%5%%=75 we
used in situ ATR-FTIR experiments to examine this variation
at pH conditions relevant to our experiments. The results
showed the coexistence of inner- and outer-sphere SO,*~
complexes. At pH 5.5 + 0.2, the presence of SO,*~ produced
two peaks consistent with the intact asymmetric (1099 cm™")
and symmetric (977 cm™') stretches of outer-sphere
complexes (Figure S3a). Decreasing the pH to 3.0 + 0.2
caused the peak at 1099 cm™ to split into three peaks at 1170,
1111, and 1050 cm™, corresponding to SO,*” inner-sphere
complexes, in agreement with previous IR studies.”*”’* Both
outer- and inner-sphere complexes contribute to the
absorbance feature at 977 cm ~ '>* As shown, this feature
increases with decreasing pH due to an increase in the fraction
of inner-sphere complexes*® (Figure S3). This is in agreement
with our d-PDF results, as well as results from several other
studies.”>*"*’ For example, Gu et al.®! showed that decreasing
pH from 5.5 to 3.0 caused the fraction of inner-sphere
complexes to increase from 20 + 5 to 80 + 5% at pH and ionic
strength (I = 0.1 M) conditions similar to our experiments.

Nitrate complexation on Fh was also studied using in situ
ATR-FTIR. At pH 5.5 + 0.2, the presence of NO;™ produced a
broad peak at 1365 cm™ (Figure S3b), consistent with a
previous study.”* Due to similarities in symmetry, the spectra
for hydrated outer-sphere surface complexes on Fh are similar
to NO;™ in solution.”> Thus, we interpret the peak at 1365
cm™ as corresponding with NO;~ outer-sphere complexes.
Decreasing pH resulted in the appearance of two smaller peaks
at 1337 and 1385 cm™', which have been interpreted as
corresponding with a minor proportion of NO;™ inner-sphere
complexes® that are not affected significantly by the pH range
used in our experiments. This confirms the previous
studies,””” suggesting that NO,~ predominantly forms
outer-sphere complexes on Fh.

The different behavior of oxyanions during their complex-
ation on Fh may be ascribed to their different ionic potential
(IP = Z/r). Langmuir’® proposed that smaller ions with higher
charge make stronger inner-sphere bonds on the surface of
solids. The ionic potential for NO;~, SO, 7% and AsO,~ is 0.50,
0.87, and 1.21, respectively, mirroring the type and strength of
their surface complexes from predominantly weak outer-sphere
complexes for NO;~,">”> to a mixture of outer-sphere and

; — 42,43,48,53,70—73
inner-sphere complexes for SO,>~,">*** and predom-
3 37,38,52,77,78

inantly strong inner-sphere complexes for AsO, .
The oxyanions used in the present study were selected because
their distinctive surface complexation behaviors make them
useful for evaluating the effects of oxyanion surface complex-
ation type and strength on the rate and pathway of Fh
transformation.

All of the experiments were performed in an air-equilibrated
solution containing DIC, which can compete with oxyanions
for the available Fh surface sites and decrease the adsorption of
oxyanions.””*" The percentage distribution of DIC species and
their concentration was calculated using MINTEQ showing
that HCO;™ (16%) and H,CO; (84%) were dominant DIC
species for the chemical conditions used in this study. The
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Table 1. Variation in the Concentration of Oxyanions at Each Stage of the Experiments

initial concentration

(mM) amount adsorbed (mM) amount on the surface at steady state (mM)
NO; SO, AsO,-
sample NO; SOp AsOp NO;“ SO AsO,  buffered  nonbuffered buffered nonbuffered  buffered nonbuffered
FhN 100 60.9 (0.3)" 549 (0.3)  55.1 (0.3)
FhS 100 5.00 2.18 (0.02) 130 (0.02)  1.70 (0.02)
FhAs 100 5.00 5.00 S.00 5.00

“The adsorption of NO;™ is very low in the presence of SO,

are standard errors.

~and AsO437, 50 it was not reported for FhS and FhAs. “The numbers in parentheses
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Figure 1. (a) Solution concentrations of NO;~ and SO,>~

for nonbuffered experiments with or without oxyanions present.
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Figure 2. Synchrotron powder diffraction data for selected buffered samples at (a) 0 (i.e., prior to aging), (b) 72, (c) 120, and (d) 600 h of aging.
These selected time points provide the best visualization of the transformation process; after 600 h of aging, the changes in the peaks become subtle

and are similar to the peaks at 600 h.

overall concentration of DIC at pH 5.5 was ~0.016 mM
(0.0003 DIC/Fh molar ratio), which is significantly lower than
the concentration of oxyanions. In comparison, the oxyanion/
Fh molar ratio was 1.9 for NO;™ and 0.1 for both SO,*~ and

-
AsO, . A surface complexation modeling approach was used to
investigate the contribution of DIC species to the adsorption

15675

process in the absence and presence of oxyanions. The results
showed that adsorbed DIC occupied <0.05% of the Fh surface
for the control Fh, and the presence of oxyanions would lower
the amount of surface DIC even further. Thus, we conclude
that the amount of DIC present in our experiments does not
significantly impact the adsorption of oxyanions on Fh.
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Figure 3. Abundances of Fh, Gt, and Hm with time for the buffered experiments. (a) Fh control, (b) NO; -adsorbed Fh, (c) SO,*"-adsorbed Fh,

and (d) AsOf-adsorbed Fh; and the nonbuffered experiments (e) Fh control, (f) NO; -adsorbed Fh, (g) SO,* -adsorbed Fh, and (h) ASO:—-
adsorbed Fh. Note that the total time shown is less in the nonbuffered experiments due to the faster rates of transformation. The error bars
correspond to standard error (n = 3). Error bars for some samples in these and other figures are smaller than the symbol.

Oxyanion Sorption Behavior. The adsorption and

desorption behaviors of NO;~, SO,*”, and AsO437 were
significantly different during the Fh aging experiments. The
variation in the concentration of oxyanions at each stage of the
experiments is shown in Table 1. Solution chemical analysis
showed that 60.9 + 0.3 mM NO;~ (initial concentration 100
mM) were adsorbed to FhN during the batch adsorption
experiment. With aging, ~5.8 mM NO;~ was released to
solution during aging with no significant differences observed
between the buffered and nonbuffered experiments (Figure
1a). As described in the previous section, the behavior of NO;~
was consistent with dominantly outer-sphere complexation on
the surface of Fh. The initial SO,>~ adsorption was less than
half (2.18 + 0.02 mM out of S mM) and the lowest of the
different oxyanions. Sulfate also showed desorption with aging
in both buffered and nonbuffered experiments (Figure la).
Decreasing pH in the nonbuffered experiments resulted in an
increase in the proportion of SO,’” inner-sphere complexes

which slowed the desorption of SO,*™ in the early stages of the
nonbuffered experiment (Figure 1b). However, with pro-
gressive Fh transformation, more SO,>~ was desorbed such
that the overall amount of SO,*~ desorption was higher (1.70

+ 0.02 mM) in the nonbuffered experiment. Finally, AsO43_
was completely adsorbed (S out of S mM) on Fh at the
beginning of the experiments, and no measurable desorption
occurred in either the buffered or nonbuffered systems. This

behavior is attributed to the strong AsO437 inner-sphere
complexation on Fh and limited transformation, as described
in the next section.

Ferrihydrite Transformation Products. Synchrotron
powder diffraction data were used to identify the crystalline
products of Fh transformation. The intensity vs Q-space

Q= il img) plots for selected time points from each sample
series are shown in Figure 2. The broad peaks in the t = 0 h
samples for all series were indicative of two-line Fh.° The aging
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Figure 4. In Fh concentration vs time for (a) control Fh, (b) FhN, and (c) FhS of the buffered experiment. The slope of the lines equals —(kg, +

k).

of the control Fh, FhN, and FhS samples resulted in the
development of relatively sharp and intense (Bragg) peaks
during aging that can be indexed with the known structures of
Gt and Hm, with no other crystalline phase present (Figure 2).
In comparison, the diffraction data for the samples adsorbed

with AsO, (FhAs) showed no obvious changes with aging
(Figure 2). Figure S4 shows the corresponding PDFs for
selected samples from each series.

Linear combination fitting of the real-space PDFs was used
to quantify the abundances of the Fh and its transformation
products during aging. Figure 3 shows the results of LCF
analysis as the fraction of Fh, Gt, and Hm versus time for the
buffered and nonbuffered experiments with or without
oxyanions present. The buffered and nonbuffered samples
showed similar overall trends during the transformation for the
control Fh, but the nonbuffered experiments reached steady
state earlier (Figure 3). The nonbuffered control Fh trans-
formed almost entirely (93%) to Gt and Hm in <360 h. In
comparison, the buffered control Fh took more than 600 h to
reach the same extent of transformation (Figure 3). In the
nonbuffered experiments, with the exception of FhAs, pH
significantly decreased from an initial pH of 5.5 + 0.2 to 3.36
=+ 0.03 for the control Fh, 2.52 + 0.01 for FhN, and 2.36 +
0.02 for FhS at steady state (Figure 1b). The stronger decrease
of pH for FhN and FhS compared to the control Fh suggests
that the transformation of Fh and desorption of oxyanions
both control the pH in the nonbuffered samples,® which led to
the faster transformation of the nonbuffered experiment.
Control experiments showed that in the absence of oxyanions,
Fh aged at 70 + 1.5 °C transformed to a mixture that is
primarily Gt with a lesser amount of Hm. The amount of Gt
that formed in the buffered samples was more than 2 times
higher than Hm, resulting in significantly more Gt (64.4 +
0.1%) than Hm (26.3 + 0.1%) at steady state. The
nonbuffered control showed similar amounts of Gt (62.2 +
1.9%) and Hm (30.3 + 1.0%) as the buffered samples. The

15677

reaction equations for the Fh transformation and oxyanion
desorption that produces H" are provided in Text S2.

Nitrate and SO,>~ had different effects on the amounts of
Hm and Gt formed during Fh transformation. Weak outer-
sphere NO;™ adsorption increased Gt formation relative to
Hm, with more Gt forming in both the buffered (73.6 + 0.2%)
and nonbuffered (71.9 + 0.1%) experiments relative to the
control (~64%). In comparison, the abundance of Hm was
242 + 0.1 and 15.2 + 0.1% for the buffered and nonbuffered
FhNss, respectively, compared with ~ 26—30% for the control.
In the case of SO,>7, which forms a mixture of inner- and
outer-sphere complexes, the rate of Hm formation increased,
resulting in more Hm in both the buffered (36.9 + 0.8%) and
nonbuffered (67.7 + 0.5%) samples relative to the control
(~26—30%). The abundance of Gt was 58.8 & 1.6 and 20.0 +
0.1% for the buffered and nonbuffered FhSs.

For the buffered samples, the Gt/(Hm + Gt) ratio did not
significantly change for the control Fh (0.71 + 0.03) and FhN
(0.74 + 0.03), but decreased to 0.62 + 0.06 for FhS at steady
state. This trend was more significant for the nonbuffered
samples where the Gt/(Hm + Gt) ratio was 0.67 + 0.08, 0.83
+ 0.04, and 0.23 + 0.07 for control Fh, FhN, and FhS,
respectively. Variation in the Gt/(Hm + Gt) ratio indicated
that adsorbed NO,~ induced Gt formation, whereas SO,>~
promoted the formation of Hm.

The strong inner-sphere adsorption of AsO437 significantly
suppresses Fh transformation in the presence and absence of
the buffer. The results show that <2% Hm was the only
transformation product by the end of the aging experiments.
The small amount of Fh transformation and suppression of

AsO437 desorption limit the release of H' to solution, which
explains why pH is constant even in the nonbuffered FhAs
during aging (Figure 1b).

Rate Model. Fh transformation reactions are controlled by
the concentrations of Fh, H', and dissolved Fe. At pH 5.5 +
0.2, the initial pH in this work, dissolved Fe produced from Fh
dissolution, quickly precipitates as the product of trans-
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Table 2. Pseudo-First-order Kinetic Parameters for the Buffered Ferrihydrite Transformation

sample Gty (%)° Hm,, (%) slope —(kg, + ki)
control Fh 64.36 (0.1)° 26.31 (0.1) 43 X 1073 (6 x 107°)
FhN 68.46 (0.1) 24.23 (0.1) 4.6 x 1073 (6 X 107°)
FhS 61.19 (0.1) 37.04 (0.7) 52 %X 107 (9 x 107°)

2.45 (4 X 1073%)
2.82 (0.02)
1.65 (0.04)

ke Krim” kg (h71)¢
3.05 X 107% (7 x 107%)
345 x 1073 (6 X 107°)

323 X 107° (1 x 1074

kit (A7)
125 X 1073 (2 x 107%)
122 X 1073 (2 X 107°)
1.96 X 1073 (6 x 107°)

“Numbers in parentheses represent the standard error (1 = 3). *The concentration of Hm and Gt at steady state (i.e., 600 h of aging). “The slope
obtained from the In[Fh], vs time plots in each respective experiment. Yo/ K was calculated using eq 2. “kg, and kyy, calculated using eq 2 and

the slopes of the lines that equals —(kg, + ki)

formation (e.g, Gt). Thus, the dissolution of Fh that forms
dissolved Fe controls the rate of transformation, but the
precipitation of dissolved Fe does not limit the rate of reaction.
In the nonbuffered experiment, the concentration of dissolved
Fe at steady state was very low compared to the initial mass of
Fh (S g L"), ranging from 0.00115(1) g L™" for Fh control
(pH = 3.36 + 0.03) to 0.00153(2) g L™" for FhN (pH = 2.52
+ 0.0), and 0.0008(2) g L™" for FhS (pH = 2.36 + 0.02). This
suggests that dissolved Fe was not a rate-limiting step even at
more acidic pH. Dissolved Fe was not detected in the
supernatant of all of the buffered experiments and the
nonbuffered FhAs.

In the absence of buffer, the Fh transformation produces H,
which decreases the pH of the system (Figure 1b). The
addition of the MES buffer maintained the pH at 5.5 + 0.2,
fixing the H* concentration and rate of Fh dissolution. The
MES buffer used in this work is expected to weakly interact
with the Fh surfaces through electrostatic interaction.®’ We
note that the MES buffer in our experiments was added after
the oxyanions had already been introduced to the system and
allowed to adsorb to Fh until steady state was reached. This
was done to minimize competition between the buffer and the
oxyanions for Fh surface sites. Detailed reaction pathways are
illustrated in Text S2.

The Fh transformation in the buffered experiment follows
the pseudo-first-order kinetic reaction

In[Fh], = In[Fh], — (kg + ky,)t (1)

where [Fh], is the concentration of Fh at time t, [Fh], is the
initial concentration of Fh, and kg and ky, are the rate
constants for Gt and Hm formation, respectively. The plot of
the natural logarithm of [Fh], versus time is a straight line with
a slope of —(kg, + kun) (Figure 4).

Also, the following relationship was derived

ko [Gtegl
kH

m (Hm,] 2)

where [Gteq] and [Hmeq] are the abundance of Gt and Hm at
steady state, respectively. Gt and Hm rate constants can be
calculated using the slopes of the lines and eq 2 (Table 2). The
acquired values can then be used in the following equations to
calculate the rate of Gt and Hm formation.

d[Gt]
= h
a  Falfhl )
d[Hm]
dt - ka[Fh]t (4)

The rate law derivations for both Fh transformation and Gt
and Hm formation are provided in Text S3.

A pseudo-first-order kinetic model works well for modeling
Fh transformation experiments at constant pH but is based on
certain assumptions that are not applicable to nonbuffered

systems. This model did yield a linear dependence for the
In[Fh], vs time plots for the data from our nonbuffered
experiments (Figure SS), similar to the results reported by
others for nonbuffered systems.'”'' However, first-order
kinetic reactions are based on the assumption that H" does
not control the Fh transformation rate, whereas pH has been
reported to be an important controlling factor for the Fh
transformation.”~'>'”"” The pH significantly decreased in all
of the nonbuffered samples during the transformation of Fh,
with the exception of FhAs (Figure 1b). A more complex rate
model with a higher order is needed to describe the role of H
during Fh transformation. Thus, any kinetic model describing a
nonbuffered Fh transformation should account for the
variation of H" concentration. For this reason, the remaining
discussion focuses mainly on the impacts of adsorbed
oxyanions on the rate and pathway of Fh transformation in
the buffered experiments.

Rate of Transformation. The derived rate equations were
used to determine the rate of Fh transformation in each sample
series. Figure 4 shows the plot of In[Fh], vs time for the
buffered samples (i.e., Fh control, FhN, FhS). A straight line
was achieved for all of the sample series, confirming that the Fh
concentration is the only rate-limiting step and that the
dissolved Fe precipitates rapidly and does not control the rate
of Fh transformation. This suggests that oxyanions released
from the surface during the Fh transformation do not
significantly stabilize the dissolved Fe, which may be due to
the faster kinetic of the dissolved Fe precipitation than their
complexation with the desorbed oxyanions. The R for the first
three points (up to 72 h) is >0.90, but still less than the R*
obtained when fitting the data from the entire experiment. This
may be due to an induction time needed for the formation of
the first products of transformation and/or the effects caused
by the presence of oxyanions on the Fh surfaces during the
early stage of transformation. The values obtained from the
plot of In[Fh], vs time, and eqs 1—3 are shown in Table 2. FhS
showed the highest slope (5.2 X 107 + 9 X 107°), although
the values obtained for the Fh control and FhN were not
significantly different. The kg/ky,, ratio was highest for the
FhN series (2.82 + 0.02). The FhN and FhS showed the
highest rate constants for Gt (3.45 X 107> + 6 X 107°h™!) and
Hm (1.96 X 107> + 6 X 10~° h™") formation, respectively.

The measured rate of Gt formation was higher than that of
Hm in all experiments except in the presence of adsorbed
AsO,*” (Figure 5). Overall, Gt formation was fastest in the
case of adsorbed NO,” (FhN series) and slowest with
adsorbed SO,*” (FhS). Goethite was not observed during
the first 48 h in FhS, but its rate progressively increased
beyond this initial period and then eventually (i.e., after 240 h)
formed at a rate similar to that of the control Fh. The rate of
Hm formation was similar to the control, and FhN samples
during the entire transformation process. The SO,*~ adsorbed
samples displayed a higher rate of Hm formation, which was
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Figure 5. Rate of Gt and Hm formation for the buffered control Fh,
FhN, and FhS samples. The error bars correspond to standard error
(n = 3). The inset is shown for clarity of early time points.

almost twice that of the Fh control and FhN at the end of the
experiment.

The rate of transformation was not quantified for the
nonbuffered samples due to the complexity of the reactions
that result from the large decrease in pH during aging.
However, it is apparent that the transformation in the
nonbuffered experiments reaches steady state much faster
compared to the buffered samples. As shown in Figure 3, the
nonbuffered samples reached steady state in 240—360 h of
aging, whereas the buffered samples required >600 h to reach
completion.

The rates of Gt or Hm formation for the control Fh were
subtracted from the rates for FhN and FhS to further examine
the impacts of NO; or SO,*” in the buffered experiments, as
well as to compare these changes with the measured
concentrations of desorbed oxyanions with aging. As shown
in Figure 6a, the corrected rate of Gt formation in the presence
of NO;™ increased beyond that of the control, starting at 120
h. In contrast, the rate of Hm formation in FhN was slightly
lower than that of the control. The measured desorbed NO;~
concentration was approximately constant and not strongly
affected by the changing rates of Gt or Hm formation. The
presence of SO,>~ had the opposite effect as NO;™ on the rates
of Gt and Hm formation. The corrected rates showed that Gt
formation was slower with SO,>” present until the trans-
formation reached steady state at approximately 600 h (Figure
6b). The onset of Hm formation was delayed, but the rate
increased beyond that of the control starting at 120 h, which
tracks well with the increase in the solution concentration of
dissolved SO,>". Further, the low SO,>” concentrations for
aging times <120 h suggest that adsorbed SO,>” slowed the
rate of Gt formation compared to the control in the early stage
of transformation.

Pathways of Fh Transformation and Effects of
Oxyanions. The presence of NO;~ favored the trans-
formation of Fh to Gt relative to Hm compared with the
control. The effect of NO;™ on Gt formation is attributed to an
increase in the degree of hydration at the Fh surface. At pH 5.5
+ 0.2, the hydration sphere of NO;™***® may exchange with
the Fh surface species, which include OH® and O7, in addition
to OH,",°" providing additional water for Fh dissolution and
subsequent precipitation of Gt. This suggests that NO;~ may
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Figure 6. Measured rates of Gt and Hm formation for (a) FhN and
(b) FhS in the buffered experiments corrected by subtracting the rates
of the Fh control. Positive and negative values indicate rates of
formation that are faster or slower relative to the control, respectively.
Zero values approximately match the control rates. Desorbed NO;~
or SO,*~ concentrations vs time shown for comparison.

promote the dissolution/recrystallization pathway during Fh
transformation. As demonstrated here, SO,*~ also forms a
significant proportion of outer-sphere complexes at pH 5.5 +
0.2; however, its presence did not increase the rate of Gt
formation, as is the case for NO;™.

Adsorbed SO,*” induced Hm formation during Fh trans-
formation due to the presence and impact of SO,*” inner-
sphere complexes. Ferrihydrite surfaces are positively charged
at pH 5.5 + 0.2 below the PZNPC of Fh (~8),**® which
increases the number of weak Fe-OH," functional groups®
favoring ligand exchange*>®" and an increase in the fraction of
SO,>” inner-sphere (vs outer-sphere) complexes.”®" In the
buffered experiment, SO,*~ adsorbed Fh transformed to both
Gt and Hm; however, the final fraction of Hm was
approximately ~9% more than the control. Hematite
formation (67.7 + 0.5%) was favored relative to Gt (20.0 +
0.1%) even more during aging in the nonbuffered FhS, which
we would expect to exhibit a higher proportion of SO,*~ inner-
sphere complexes. We attribute this effect to the removal of the
SO,>™ hydration sphere prior to its inner-sphere adsorption on
the Fh surface.’’ Inner-sphere complexes are expected to
dehydrate the Fh surfaces, which may result in decreasing the
dissolution of Fh, suppressing the formation of Gt, and
promoting transformation to less hydrated products. In
addition, the removal of the hydration sphere facilitates the
direct binding of SO,*” on the surface, which leads to the
consumption of positive surface charges and a decrease in the
electrostatic repulsion between Fh particles,"**° thus, promot-
ing aggregation of particles during the Fh transformation.’
Based on the Derjaguin, Landau, Verwey, and Overbeek
(DLVO) theory, decreasing surface protonation induces faster
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particle aggregation.””>”*” The positive correlation of inner-
sphere complexation, surface dehydration, the relatively high
fraction of Hm, and Gt suppression suggests that Hm is
primarily formed through dehydration/aggregation of Fh
nanoparticles. This agrees with the results recently reported
by Zhu et al,,** who showed that inner-sphere adsorbed oxalate
promotes Hm nucleation during Fh transformation. They
suggested that oxalate complexes change the Hm formation
mechanism from ion-by-ion growth to near-interface nuclea-
tion and attachment.

Arsenate adsorption dramatically slowed the rate of Fh
transformation and exclusively formed Hm, although the

transformation was far from complete. Because AsO43_ forms
primarily strong inner-sphere complexes with Fh,*”*" it has
higher strength than SO,>” to dehydrate the Fh surface,”’
suppress the dissolution/precipitation pathway, consume
positive surface charges, and promote the transformation to
Hm. Although the relative surface dehydration favors the
formation of Hm (as opposed to Gt), the strong inner-sphere
attachment and limited surface hydration appear to inhibit Fh

transformation.”’ Ligands such as AsO43_ are generally
expected to stabilize Fe(IlI) on the Fh surface, thereby
inhibiting dissolution,”” which explains the slow overall rate of
transformation relative to the control. In addition to stabilizing,

strongly adsorbed AsOf may inhibit OA processes by
populating the interfaces between adjoining Fh particles.*”
The prolonged induction time for the formation of Hm in the
FhAs samples indicates that nucleation is involved, which
requires at least some degree of hydration within the
a;:;gregates.2 !

Inner-sphere SO,*~ surface complexes did not inhibit the Fh

transformation as in the case of AsO43 . We attribute this to the
relatively small fraction of the inner-sphere SO,*~ at pH 5.5 +
0.2. The lower rate of Gt formation in FhS compared with the
control might also be related to the presence of inner-sphere
complexes that partially limit surface hydration and stabilize
the surface with respect to dissolution. The rate was slowest
from 72 to 120 h, which ultimately resulted in a lower final
fraction of Gt relative to the control. The rate of Hm formation
in the presence of SO,*” began to accelerate relative to the
control at 120 h and reached a maximum rate at 240 h. Overall,
the transformation of Fh to Hm was promoted by the presence
of SO,*~, which we attribute to the presence of inner-sphere
complexes that partly dehydrate the surface and consume
positive surface charges.”’ As described previously, outer-
sphere NO;™ complexes promote Gt formation by providing
additional water for dissolving Fh. However, the results
indicated that outer-sphere SO,>~ did not promote Gt
formation at pH 5.5 + 0.2 when inner-sphere SO,*~ complexes
were also present.

Prior studies have reached different conclusions regarding
the primary mechanism of Fh transformation to Gt. Some have
suggested the importance of dissolution/recrystallization;”****
however, more recent experiments using high-resolution
transmission electron microscopy (TEM) indicated that Gt
may form primarily via aggregation by OA.'>>"°*?%%! The
discrepancies may be explained by differences in experimental
conditions and characterization methods. Differentiating these
two mechanisms is not possible using bulk characterization
methods (e.g,, powder diffraction) alone, as direct imaging is
required to understand aggregation behavior and detect the

presence of OA. On the other hand, using TEM for imaging
the phase transformation of poorly crystalline 2-line Fh was
also reported to be challenging.'” Similarly, differences in the
type of Fh (ie, 2-line vs 6-line) used in transformation
experiments may also have an effect on the mechanism. For
example, previous work has shown that the rate of Fh particle
dissolution increases with decreasing size.”” They suggested
that Oswald ripening controls the behavior of small Fh
particles even when the oriented aggregation is the dominant
pathway. This may be important as numerous prior studies of
Fh transformation to Gt have used 6-line Fh.'>*”>*?%°! The 2-
line Fh used as the starting material in the present study will be
less stable and dissolve more readily, particularly at elevated
temperatures,”””* which should favor dissolution/recrystalliza-
tion. Our results suggest that outer-sphere NO;~ complexes
promote Gt formation by increasing the degree of hydration at
the Fh surface, which enhances even more dissolution. Yet, our
data do not rule out Gt formation by aggregation and OA;
therefore, this pathway may also control the Gt formation to a
certain extent. Moreover, Gt nuclei formed through
dissolution/recrystallization” may later grow to larger particles
via aggregation by OA.">”" In addition, the adsorption of the
oxyanions released from Fh may impact the morphology of the
transformation products and their growth via OA. Future
experiments and additional characterization, for example, by
cryogenic TEM, are needed to better understand the impacts
of adsorbed oxyanions on OA.

In summary, the type and strength of oxyanion surface
complexes on Fh strongly influenced the rate and pathway of
transformation to Gt or Hm. The degree of hydration at the
mineral-water interface plays a major role in both pathways, as
dissolution/recrystallization requires water to dissolve the
metastable Fh particles, and dehydration is necessary to
promote aggregation by OA of Fh. Oxyanion can control the
degree of hydration on the Fh surface. Nitrate forms
predominantly weak outer-sphere adsorption complexes that
increase the rate of Gt formation, which we attribute to an
increase in the degree of hydration at the Fh surface due to
exchange with the hydration sphere for NO;™. This enhances
Fh dissolution and formation of the dissolved Fe that
precipitates as ferric hydroxide (Gt; FeO(OH)). In contrast,
Hm formation increases in the presence of inner-sphere

N
complexes (AsO, ) or a mixture of inner- and outer-sphere

complexes (SO,*7). Strong inner-sphere complexes e.g., AsO:_
dramatically slow Fh transformation by inhibiting dissolution
resulting in the minor transformation to Hm and no evidence
of Gt. Inner-sphere complexation of oxyanions is expected to
displace water, dehydrate the Fh surface, and consume positive
surface charges that induces the aggregation of particles as Hm.
Thus, we attribute the correlation between increasing Hm
formation rate to dehydration resulting from the occurrence of
inner-sphere complexes. Further studies are needed to better
understand how different types and strengths of oxyanion
surface complexes modify the degree of hydration on the Fh
surface.

B IMPLICATIONS

This work demonstrates the impact of oxyanion surface
complexation type and strength on the rate and pathway of Fh
transformation. We showed that outer-sphere oxyanion
complexes promote the formation of Gt, whereas Hm
formation is favored for inner-sphere complexes. Also, our
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kinetic model showed that oxyanion surface complexes
decrease the rate of Fh transformation such that almost no

transformation occurred in the presence of strong AsO43
inner-sphere complexes. We propose that the degree of surface
hydration is a critical factor controlling the rate and pathway of
Fh transformation. Oxyanion adsorption acts as a kinetics
barrier by changing the degree of hydration through either

providing (e.g, NO;™) or removing (e.g., AsO, ) water from
the Fh surface. With increasing strength and proportion of
oxyanion inner-sphere complexes, more water is removed from
the Fh surface, promoting the formation of Hm, and
decreasing the rate of transformation. We suggest that the
type and strength of oxyanion complexes govern the rate and
pathway of Fh transformation, not the species themselves. This
was evidenced by the distinct impact of adsorbed SO,>~ on the
rate and pathway of Fh transformation. With decreasing pH,
the inner-sphere SO,” complexes increase, resulting in a
significant increase in the amount of Hm compared to pH 5.5
+ 0.2 where the SO,*~ outer-sphere complexes are dominant.
Also, our results showed that the Fh transformation could
release weakly adsorbed oxyanions (i.e, NO;~ and SO,>7) to
solution, which has implications for the transport and fate of
adsorbed surface species. This work introduces a new analytical
approach and kinetic model that allows a direct quantification
of the products of Fh transformation and describes their rate
and pathway.
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