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ABSTRACT: In natural environments, ferrihydrite (Fh) reacts readily
with the contaminant and nutrient oxyanions through surface complex-
ation. While previous experiments showed that the transformation of Fh to
Gt and Hm under oxic conditions at 70 °C is controlled by the type and
strength of oxyanion surface complexes, the impact of surface loading on
this process is only partly understood. Synchrotron scattering methods and
chemical analysis were used to develop a kinetic model that describes the
impact of oxyanion surface loading on the rate and pathway of Fh
transformation by using arsenate (AsO4

3−) and phosphate (PO4
3−). Kinetic

modeling showed that AsO4
3− and PO4

3− adsorption decreased the rate of transformation and favored Hm formation over Gt.
Higher surface loadings increasingly inhibited Fh transformation with a greater e!ect for PO4

3− compared with AsO4
3−. This

information has implications for understanding the impacts of oxyanions on the transformation of natural Fe to Gt and Hm in
environmental systems.
KEYWORDS: hematite, goethite, arsenate, phosphate, hydration, oriented attachment, dissolution/recrystallization

■ INTRODUCTION
Ferrihydrite (Fh) is a nanosized iron oxyhydroxide that
immobilizes contaminants and nutrients such as metal and
metalloid oxyanions in natural environments through surface
complexation reactions.1−14 Immobilization may be temporary
as Fh (Fe1.0O0.67(OH)1.63)15 metastability causes it to
eventually transform to larger crystalline products such as
goethite (Gt; α-FeOOH) and hematite (Hm; α-Fe2O3).16−31

Transformation and growth reduce the reactive surface area
and change the type and availability of surface functional
groups, resulting in the desorption of preadsorbed oxyanions
to solution.20,26,32,33 Elevated concentrations of oxyanions
mobilized from mineral surfaces can cause severe environ-
mental problems.9,34 For instance, more than 100 million
people worldwide are exposed to dissolved arsenic (e.g.,
arsenate; AsO4

3−) concentrations in groundwater that exceed
acceptable drinking water standards.35−40 Although sulfate
(SO4

2−), phosphate (PO4
3−), and nitrate (NO3

−) are not
regulated as being toxic, their excessive concentrations in
aquatic environments from mining and agriculture activities are
known to be detrimental, for example, eutrophication of
surface water.41−46

In aqueous environments, oxyanion adsorption on the Fh
surface is controlled by various factors, including pH, ionic
strength (I), surface loading, type of adsorbent, competing
ions, and time.1,9,34,47−53 Arsenate and PO4

3− show a high
a#nity for adsorption on the surface of iron oxy-hydroxides,
particularly at acidic to intermediate pH.3,12,52,54−57 Although

intrinsic chemical di!erences, such as the smaller ionic radius
of PO4

3− and the redox sensitivity of AsO4
3−, may result in

their di!erent biogeochemical behaviors under certain
chemical conditions,58 the chemical speciation of AsO4

3− and
PO4

3− is analogous, and they are reported to compete for
adsorption sites.3,54−61 Prior studies have shown that AsO4

3−

and PO4
3− dominantly form inner-sphere complexes on Fh

under various chemical conditions. This is supported by a
variety of experimental techniques such as attenuated total
reflectance Fourier transform infrared spectroscopy (ATR-
FTIR),8,62 extended X-ray absorption fine structure
(EXAFS),57,63 di!erential pair distribution function (d-PDF)
analysis,64,65 and computational studies.3,6 Bidentate com-
plexes are usually the dominant type of surface spe-
cies12,53−57,60,66 although the fraction of monodentate
complexes may increase with increasing AsO4

3− and PO4
3−

surface loading in certain chemical conditions.67
The adsorption of AsO4

3− and PO4
3− on Fh through inner-

sphere complexes reaches equilibrium either when all oxyanion
molecules are adsorbed on the surface (i.e., low surface
loading) or the entire available positive charges on the surface
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are consumed by oxyanions (high surface loading).67 In
addition, oxyanion inner-sphere complexes remove hydroxyls
and dehydrate the Fh surface, which steadily increases with
increasing oxyanion surface loading.1 Studies showed that the
solvation e!ect, that is, the extent of dehydration of the
adsorbing oxyanions, is much stronger for forming inner-
sphere complexes than outer-sphere species,68 and water is
desorbed during inner-sphere reactions.69,70 Therefore, the
degree of hydration and positive charge controlled by inner-
sphere complexes change with increasing oxyanion surface
loading, which may impact the rate and pathway of Fh
transformation. For example, some studies have reported that
increasing AsO4

3− surface loading on Fh at pH ∼ 10 and ∼1
°C inhibits the rates of both Fh transformation and Gt
formation.26,32 Others have reported that high AsO4

3− and
PO4

3− surface loadings delay Fh transformation and favor Hm
over Gt.24 These studies have proposed that the adsorption of
oxyanions controls the Fh transformation behavior. However,
the mechanism of oxyanion adsorption on Fh through surface
complexes is not identical for di!erent oxyanions, and varied
types of oxyanion surface complexes can have distinct e!ects
on the rate and pathway of Fh transformation.71 A more
comprehensive study should account for the role of the
oxyanion complex type and strength in controlling the rate and
pathway of Fh transformation.
We recently developed a rate model that describes the e!ect

of the oxyanion surface complex type and strength (i.e., weak
electrostatic outer-sphere vs strong covalent inner-sphere) on
the rate and pathway of Fh transformation.71 We showed that
NO3

− outer-sphere complexes promoted the formation of Gt,
whereas a mixture of outer-sphere and inner-sphere complexes
for SO4

2− induced the formation of Hm. Our previous work
also showed that high surface loading (0.1 molar ratio) of
AsO4

3− inner-sphere complexes almost entirely suppressed the
transformation of Fh, which made it impossible to thoroughly
study the e!ects of AsO4

3− inner-sphere complexes on the rate
and pathway of Fh transformation. Therefore, the impact of
AsO4

3− inner-sphere complexes on the rate and pathway of Fh
transformation is not well understood, which translates into
limited predictive capabilities of Fh transformation and AsO4

3−

mobilization, particularly for lower AsO4
3− surface loadings.

Also, it was previously suggested that the degree of hydration
on the Fh surface could potentially control the pathway of Fh
transformation,71 but no evidence was provided as to how
oxyanions regulate the hydration on the Fh surface.
This work uses AsO4

3− and PO4
3− to evaluate the impact of

oxyanion surface loading on the rate and pathway of Fh
transformation under oxic conditions. Phosphate forms strong
inner-sphere complexes on Fh,3,8,57 similar to AsO4

3−, which
helps to confirm the impact of inner-sphere surface complexes.
To the best of our knowledge, this is the first work to
systematically quantify the rate of concurrent formation of Gt
and Hm during Fh transformation in the presence of adsorbed
AsO4

3− and PO4
3−. This information furthers our under-

standing of Fh transformation processes in natural and
laboratory systems.

■ MATERIALS AND METHODS
Ferrihydrite Synthesis and Batch Adsorption. Two-

line Fh was synthesized using a modified Schwertmann and
Cornell protocol.72 Specifically, 0.2 M Fe (NO3)3 was prepared
and titrated to pH 7.5 ± 0.2 within 25 min by the addition of 2
M NaOH. The suspensions were centrifuged and dialyzed in

an ultrapure (18.2 MΩ) water bath for several days until the
conductivity of the water bath dropped below 20 μS cm−1.
Batch adsorption experiments were conducted in 50 mL
centrifuge tubes using the Fh suspensions at a concentration of
5 g L−1. For PO4

3− (FhP) and AsO4
3− (FhAs), four di!erent

concentrations (0.2, 0.6, 1.0, and 5.0 mM) of Na2HAsO4 and
Na2HPO4 were prepared in a background of known NaNO3
concentrations such that I was fixed at 0.1 M in all the samples.
The AsO4

3−/Fh and PO4
3−/Fh molar (M) ratios of the

adsorbed samples were ∼0.004 (FhAs_a and FhP_a), 0.012
(FhAs_b and FhP_b), 0.02 (FhAs_c and FhP_c), and 0.1
(FhAs_d and FhP_d). A set of Fh samples (control Fh)
without oxyanions was prepared as a control. The pH of the
samples was adjusted to 5.5 ± 0.2 using dropwise addition of 2
M NaOH. The samples were shaken inside an incubator at 25
°C for 24 h to allow the adsorption of oxyanions on Fh to
reach equilibrium.1,3,73 The samples were then centrifuged for
10 min at 7000 rcf to separate the supernatant from the solids.
The supernatant was further centrifuged using a 0.22 μm
centrifuge filter and analyzed by high-performance liquid
chromatography − ion conductivity (IC) and inductively
coupled plasma − optical emission spectroscopy (ICP-OES)
to mass balance for the amount of oxyanion adsorbed on Fh.
Visual MINTEQ was used to determine the concentration of
the oxyanions used for di!erent experiments (Table S1). All
salts, acids, and bases were ACS reagent grade chemicals and
used as received. No unexpected or unusually high safety
hazards were encountered.
Fh synthesis, oxyanion adsorption, and transformation

experiments were performed in air-equilibrated solutions.
The concentration of dissolved inorganic carbon (DIC) in
the solution at pH 5.5 ± 0.2 was calculated using Visual
MINTEQ. Surface complexation modeling was utilized to
estimate the amount of DIC adsorbed on Fh and predict the
types of PO4

3− and AsO4
3− surface complexes. Also, the

density functional theory (DFT) calculation was used to
calculate dehydration on the Fh surface for AsO4

3− and PO4
3−

adsorptions. Text S1 and Table S2 provide the details of the
surface complexation modeling method and parameters. Text
S2 gives details of the DFT method.

Transformation Experiment and Sample Treatment.
The control and batch-adsorbed Fh samples were bu!ered
using 0.4 M MES (C6H13NO4S), and their pH was adjusted to
5.5 ± 0.2 using 0.1 M NaOH. Note that we added MES after
the adsorption of AsO4

3− and PO4
3− reached equilibrium to

avoid any competition between MES and oxyanions, although
studies showed that MES only weakly bonds with the Fh
surface.74 They were then transferred to 10 mL of HDPE
opaque plastic leak-proof bottles to perform the transformation
experiment. The bottles were then placed in a sealed water
bath in a mechanical convection laboratory oven (Thermo
Scientific Heratherm) and aged at 70 ± 1.5 °C for 0, 24, 48,
72, 120, 168, 240, 360, 600, 888, and 1200 h. This temperature
was selected to ensure the concurrent formation of Gt and Hm
within a reasonable time scale for a laboratory experiment.
Three replicates were prepared and aged at each time interval.
The removed samples were centrifuged at 7000 rcf for 10 min.
The collected pastes were air-dried for 24 h and powdered
using a mortar and pestle.

Liquid and Solid Phase Characterization. The super-
natants of the aged samples were analyzed using IC (PO4

3−)
and ICP-OES (AsO4

3−) to determine the amounts of
oxyanions desorbed during aging. Synchrotron high energy
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X-ray scattering measurements were conducted at beamline
11-ID-B at the Advanced Photon Source, Argonne National
Laboratory, to identify and quantify the solid phases. The raw
scattering data were processed with GSAS-ΙΙ by using
established methods. xPDFsuite75 was used to subtract the
background and convert the data from reciprocal-space to real-
space PDFs. The max Q-space for the Fourier transform was
24−25 1/Å. The phase abundances in the samples were
quantified with linear combination fitting (LCF, WinXAS76) of
the PDFs, using reference PDFs for synthetic 2-line Fh, Gt,
and Hm. A kinetic model was developed to predict the
transformation rate of control and adsorbed Fhs by using the
obtained abundances of Fh, Gt, and Hm at each time point.
The derived rate law is provided in Namayandeh et al.71 and
will be discussed in the following sections.

■ RESULTS AND DISCUSSION
Oxyanion Sorption Behavior. Surface complexation

modeling showed that the adsorption of DIC on Fh was
negligible, attributing to the significantly lower DIC/Fh molar
ratio (0.0003) compared with that of oxyanions (Table S1).
Results also showed that the bidentate complexes were the
dominant type of bonding for both AsO4

3− and PO4
3− (>98%)

adsorption, which is in agreement with previous experimental
studies.12,53−57,60,66 The concentration of the oxyanions in
solution was measured both before and after aging. For FhAs
and FhP samples, regardless of oxyanion concentration,
AsO4

3− and PO4
3− were below the detection limits, showing

that these oxyanions were completely adsorbed on the Fh
surface and did not desorb significantly during aging. This is
consistent with the surface complexation modeling results and
reported high a#nity of AsO4

3− and PO4
3− for adsorption on

the surface of Fh and other iron oxy-hydroxides through strong
complexes.3,6−8,12,53,54,57,59,64,77−80

The oxyanion inner-sphere complexes desorb water from the
surface of Fh. The reactions for the adsorption of AsO4

3− and
PO4

3− on Fh are as follows:

2 FeOH 2H AsO ( FeO) AsO

2H O
4
3

2 2
2

2

+ +
+

+

2 FeOH 2H PO ( FeO) PO 2H O4
3

2 2
2

2+ + ++

These reactions show that inner-sphere complexation occurs
through ligand exchange that desorbs water, as modeled in a
recent study using DFT.81 The results confirmed the
desorption of water during the adsorption of AsO4

3− and
PO4

3−. Figure 1 shows the structures of the AsO4
3− and PO4

3−

complexes. Also, the lists of bonds and H-bonds for both
oxyanions are provided in Tables S3 and S4. The inner-sphere
AsO4

3− and HPO4
2− replace two H2Os that bonded with Fe. In

addition, Fe−(OH)−Fe that is H-bonded to a H2O molecule
in HAsO4

2− and HPO4
2− aqueous Fhs is H-bonded to an O in

AsO4
3− and HPO4

2− after oxyanion adsorption, further
decreasing water in the vicinity of the surface. This confirms
previous studies68−70 that reported the dehydration of the Fh
surface during oxyanion inner-sphere complexation. Gu et al.1
showed that oxyanion inner-sphere complexation on dry Fh
was favored compared to outer-sphere complexation, suggest-
ing that dehydration facilitates oxyanion inner-sphere complex-
ation. They also reported that the ΔG of dehydration for
oxyanions such as AsO4

3− and PO4
3− is insignificant during

their adsorption on Fh, leading to their strong inner-sphere
complexation on Fh.

Products and Pathway of Fh Transformation. The
identities of the phases formed from the transformation of Fh
with aging were determined by using synchrotron powder
di!raction data. The peaks observed in samples that formed

Figure 1. Structure of (a) AsO4
3− in aqueous Fh, (b) AsO4

3− inner-sphere complexation on Fh, (c) HPO4
2− aqueous Fh, and (d) PO4

3− inner-
sphere complexation on Fh. H = white, O = red, Fe = blue-gray, As= blue, and P = purple.
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crystalline transformation products could be indexed to the
known structures of Gt and/or Hm. The plot of measured
intensity vs Q-space (Q 4 sin= ; 2θ is the scattering angle and
λ the incident wavelength) showed that this occurred with
aging in all of the sample series, with the exception for FhAs_d
and FhP_d (Figures 2 and 3). The changes in crystallinity were
not identical for the di!erent AsO4

3−/Fh and PO4
3−/Fh M

ratios. For example, Gt and Hm formed more rapidly in
control Fh and FhAs_a (0.004 M ratio) after 72 h, while
crystallization was suppressed with increasing AsO4

3− loading
in FhAs_d (0.1 M ratio). A similar trend was observed in
samples FhP_a and FhP_b with aging (Figure 3). Comparing
the changes in the crystallinity of FhAs and FhP samples across
di!erent oxyanion surface loadings suggested that Fh trans-
formation and crystallization were suppressed more in the
presence of PO4

3− compared with AsO4
3−. This is evident by

comparing samples FhAs_c (Figure 2) and FhP_c (Figure 3)
at 600 h. The FhP_d sample (0.1 M ratio) did not show any
crystallization similar to that observed for FhAa_d (Figures 2
and 3).
The fractions of the di!erent phase(s) present were

quantified by using LCF of the real-space PDFs. The PDF
profiles and LCF fit for selected samples are shown in Figures
S1−S3. Figure 4 shows the results of LCF analysis for di!erent
sample series. The transformation of Fh decreased in the
presence of AsO4

3− such that the Fh abundance at t = 1200 h
varied from 12.2 ± 0.41% for control Fh to 98.2 ± 0.04% for
FhAs_d (Table 1). Goethite formation was inhibited in the
presence of AsO4

3− and decreased from 64.5 ± 0.33% for the
control Fh to 9.4 ± 0.30 for FhAs_c in the t = 1200 h.
Goethite was not formed in the FhAs_d sample with the
highest AsO4

3−/Fh loading (0.1 M ratio). For the FhAs
sample, the abundance of Hm increased from 23.3 ± 0.11% for

Figure 2. Synchrotron powder X-ray di!raction patterns for AsO4
3−-adsorbed samples at (a) 0 (i.e., samples before aging), (b) 72, (c) 120, and (d)

600 h of aging. The molar ratios of AsO4
3−/Fh were 0.004, 0.012, 0.02, and 0.1 for FhAS_a, FhAs_b, FhAs_c, and FhAs_d, respectively. These

selected times provide the best visualization of Fh crystallization to Gt and Hm with time for the control Fh. After 600 h, the XRD patterns are very
similar to those observed at 600 h. The same time points were selected for the rest of the sample series so that they could be directly compared with
that observed for the control Fh.

Figure 3. Synchrotron powder X-ray di!raction patterns for PO4
3−-adsorbed samples at (a) 0 (i.e., fresh samples before aging), (b) 72, (c) 120, and

(d) 600 h of aging. The molar ratios of/Fh were 0.004 for FhP_a, 0.012 for FhP_b, 0.02 for FhP_c, and 0.1 for FhP_d, respectively.
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control Fh to 49.8 ± 0.36% for FhAs_c at t = 1200 h. The
abundance of Hm was 1.8 ± 0.04% for FhAs_d (Table 1). The

Hm

Hm Gt+ ratio increased by increasing the AsO4
3− surface

loading, ranging from 0.27 ± 0.07 for control Fh to 0.84 ±
0.09 for FhAs_c. Although the Hm

Hm Gt+
ratio for FhAs_d was

1.00 ± 0.14, this value could be misleading because the only
product of transformation was 1.84 ± 0.04% Hm. This
suggests that the sample would need to be aged longer in order
to have more Fh transformation and a more accurate Hm

Hm Gt+
ratio (Table 1).
Phosphate surface loading also had a significant impact on

Fh transformation behavior. The Fh fractions in t = 1200 h
ranged from 12.2 ± 0.41 for control Fh to 93.4 ± 0.42% for
FhP_c. The Gt fraction decreased from 64.5 ± 0.33% for
control Fh to 13.4 ± 0.18% for FhP_b, whereas the Hm
fraction increased from 23.3 ± 0.11% for control Fh to 68.8 ±

0.56% for FhP_b. The Gt (2.51 ± 0.03%) and Hm (4.70 ±
0.04%) fractions were very low in the FhP_c sample,
suggesting that a longer aging time was required for this
sample to transform completely. The samples with the highest
PO4

3− loadings (FhP_d) did not show any transformation with
aging.
The Hm

Hm Gt+
ratio increased with increasing the PO4

3−

surface loading in the samples that showed at least 10% Fh
transformation. This ratio increased linearly from 0.27 ± 0.07
for control Fh to 0.84 ± 0.09 for FhP_b (Table 1). The impact
of oxyanion surface loading on the Hm

Hm Gt+
ratio was more

significant in the presence of PO4
3− than AsO4

3−. For example,
for the 0.02 AsO4

3−/ Fh M ratio (FhAs_c sample), the Hm

Hm Gt+
value was 0.84 (0.09), while the same value was achieved in the
presence of a significantly lower PO4

3−/ Fh M ratio (0.012;
FhP_b) (Table 1).

Rate of Transformation. The transformation of Fh to Gt
and Hm follows a pseudo-first-order kinetic reaction described
in Namayandeh et al.71 The rate law derivation is provided in
Text S3. The following reaction was used to determine the rate
of the Fh transformation.

k k tln Fh ln Fh ( )t 0 Gt Ht
[ ] = [ ] + (1)

where [Fh]t and [Fh]0 are the concentration of Fh at time t
and 0, respectively, kGt and kHm are the rate constant of Gt and
Hm formation, and t is time. The plot of ln [Fh]t vs time gives
a straight line with a slope of −(kGt + kHm) (Figure 5). The
slope of the lines decreased from 3.76 × 10−3 ± 1.1 for control
Fh to 4.91 × 10−4 ± 1.0 × 10−5 for FhAs_c and 7.30 × 10−5 ±
5.4 × 10−6 for FhP_c (Figure 5).
Reaction 2 was written based on the formation of Gt

Figure 4. Quantified fraction of Fh, Gt, and Hm with time for (a) FhAs_a, (b) FhAs_b, (c) FhAs_c, (d) FhAs_d, (e) FhP_a, (f) FhP_b, (g)
FhP_c, (h) FhP_d, and (i) control Fh. Error bars representing the standard error are smaller than the symbols (n = 3). The AsO4

3− and PO4
3−/Fh

molar ratios were 0.004 for FhAS_a and FhP_a, 0.012 for FhAs_b and FhP_b, 0.02 for FhAs_c and FhP_c, and 0.1 for FhAs_d and FhP_d,
respectively.

Table 1. Fraction of Transformation Products in the t =
1200 h

Sample Fh % Gt % Hm % Hm/Gt + Hm
control Fh 12.2 (0.41)a 64.5 (0.33) 23.3 (0.11) 0.27 (0.07)
FhAs_a 17.4 (0.12) 57.6 (0.06) 25.0 (0.14) 0.30 (0.07)
FhAs_b 26.7 (0.37) 23.5 (0.27) 49.8 (0.09) 0.68 (0.04)
FhAs_c 40.8 (0.65) 9.4 (0.30) 49.8 (0.36) 0.84 (0.09)
FhAs_d 98.2 (0.04) 0.00 1.8 (0.04) 1.00 (0.14)
FhP_a 20.5 (1.27) 58.7 (0.89) 23.0 (0.38) 0.28 (0.13)
FhP_b 18.0 (0.70) 13.4 (0.18) 68.8 (0.56) 0.84 (0.09)
FhP_c 93.4 (0.42) 2.5 (0.03) 4.7 (0.04) 0.65 (0.09)
FhP_d 100 0.00 0.00 −b

aNumbers in parentheses correspond to the standard error (n = 3).
bNo significant transformation detected.
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t
kd Gt

d
Fh HtGt

[ ] = [ ] [ ]+
(2)

In this work, H+ concentration was bu!ered; thus, it can be
canceled out. Also, we can write the rate law for Hm formation
as

t
kd Hm

d
Fh tHm

[ ] = [ ]
(3)

We take the ratio of these two reactions

k
k

Fh

Fh

t

t

d Gt

d

d Hm

d

Gt

Hm

= [ ]
[ ]

[ ]

[ ]
(4)

The integration of this ratio provides the relationship for
calculating the rate constant of Gt and Hm formation

K
K

Gt

Hm

Gt

Ht

600 h

600 h

= [ ]
[ ] (5)

where Gt600 h and Hm600 h are the Gt and Hm concentrations
at t = 600 h, respectively. The t600 h is the time needed for the
control Fh to transform completely. Using the slope of the line
{−(kGt + kHm)} from eqs 1 and 5, the Gt and Hm rate
constants can be calculated (Table 2). The high R2 of the

graph of Ln Fh concentration vs time, even in the presence of
oxyanion, for the transformed samples proposed that the
primary rate-limiting step is the concentration of Fh (Figure
5). This suggests that this model can be used for complex
systems, such as soils that contain impurities. Figure 6 shows

the plot of log kGt and kHm vs AsO4
3− and PO4

3−/Fh M ratio.
The rate constants of both Gt and Hm formation decreased
with increasing AsO4

3− and PO4
3− surface loading. The rate

constant of Gt formation was higher than that of Hm for
control Fh, FhAs_a, and FhP_a samples but it decreased below
the rate of Hm formation for FhAs_b, FhAs_c, FhP_b, and
FhP_c. Although both FhAs and FhP samples showed the

Figure 5. Ln Fh concentration vs time for (a) FhAs_a, (b) FhAs_b, (c) FhAs_c, (d) FhP_a, (e) FhP_b, (f) FhP_c, and (g) control Fh. The slope
of the line equals −(kGt + KHm), where kGt + KHm is the rate constant of Gt and Hm formation, respectively.

Table 2. Pseudo-First-Order Kinetic Parameters for Fh Transformation

sample Gt600 h
a (%) Hm600 h (%) slope −(kGt + kHm) kGt/kHm kGt (h−1) kHm (h−1)

control Fh 65.3 (0.01)b 21.6 (0.07) 3.76 (1.1 × 10−4) 3.02 (1.6 × 10−2) 2.83 × 10−3 (1.1 × 10−4) 9.35 × 10−4 (2.7 × 10−5)
FhAs_a 57.6 (0.06) 25.0 (0.1) 3.14 × 10−3 (1.5× 10−4) 2.26 (5.1 × 10−3) 2.18 × 10−3 (1.6 × 10−4) 9.62 × 10−4 (4.7 × 10−5)
FhAs_b 23.5 (0.3) 49.8 (0.1) 1.30 × 10−3 (1.6 × 10−5) 0.441 (4.4 × 10−3) 3.98 × 10−3 (2.1 × 10−5) 9.01 × 10−4 (1.4 × 10−5)
FhAs_c 9.4 (0.3) 49.8 (0.3) 4.91 × 10−4 (1.0 × 10−5) 0.251 (4.7 × 10−3) 9.87 × 10−5 (1.6 × 10−5) 3.93 × 10−4 (1.1 × 10−5)
FhP_a 58.7 (0.9) 23.0 (0.4) 2.60 × 10−3 (3.7 × 10−5) 2.48 (9.2 × 10−2) 1.82 × 10−3 (4.8 × 10−5) 7.31 × 10−4 (2.9 × 10−5)
FhP_b 13.4 (0.2) 68.8 (0.6) 5.90 × 10−4 (2.7 × 10−5) 0.173 (2.1 × 10−3) 8.65 × 10−5 (3.6 × 10−5) 5.00 × 10−4 (2.4 × 10−5)
FhP_c 2.5 (0.4) 4.7 (0.04) 7.30 × 10−5 (5.4 × 10−6) 0.537 (9.6 × 10−3) 2.55 × 10−5 (6.6 × 10−6) 4.75 × 10−5 (3.6 × 10−6)

aIt is the time needed for the transformation of control Fh to reach completion. bNumbers in parentheses represent the standard error (n = 3).

Figure 6. Variation on the log of Hm and Gt rate constants with
AsO4

3− and PO4
3− surface loading.
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same trend, the rate constants for the FhP samples were
significantly lower than those of the FhAs samples (Figure 6).
The obtained rate constant values were used in the following

equations to calculate the rates of Gt and Hm formation

t
kd Gt

d
Fh tGt

[ ] = [ ]
(6)

t
kd Hm

d
Fh tHm

[ ] = [ ]
(7)

The log−log plots of Gt and Hm formation rate versus time
showed that increasing the oxyanion surface loading inhibits
the formation of Gt and Hm (Figure 7). The FhAs_a sample
with the lowest AsO4

3− loading (AsO4
3−/ Fh M ratio = 0.004)

showed almost the same Gt and Hm formation rate as the
control Fh. The rate of Gt formation decreased significantly
with increased AsO4

3− surface loading as shown by FhAs_b

(0.012 AsO4
3−/ Fh M ratio) and FhAs_c (0.02 AsO4

3−/ Fh M
ratio) samples. As stated, the rate of Hm formation was
delayed initially with increased AsO4

3− surface loading;
however, unlike Gt formation, it progressively increased with
time to that of control Fh by the end of the experiment (Figure
7). Although the rate model revealed a similar pattern of Gt
formation for FhP samples, the impact of PO4

3− on the Fh
transformation was greater than that of AsO4

3− (Figure 4). At
the early stage of transformation, the rate of Gt formation for
the FhP_a sample was repressed, but it reached that of control
Fh at the late stage of transformation. The rate of Gt formation
was suppressed for FhP_b (PO4

3−/Fh= 0.02) and FhP_c
(PO4

3−/Fh= 0.1). Although the rate of Hm formation was slow
at the early stage of the experiment for FhP_a and FhP_b, it
increased steadily with aging, until it eventually reached that of
control Fh. The rate of Hm formation was largely suppressed
in FhP_c samples and was approximately constant with aging.

Figure 7. Rates of Gt and Hm formation across di!erent surface loadings. The error bars represent the standard error (n = 3). Error bars for some
samples are smaller than the symbol and are not seen. The rate of Gt and Hm formation was plotted logarithmically to show the di!erences in the
early stage of transformation.

Figure 8. Di!erential rate of Hm and Gt formation calculated by subtracting the rate of the Fh control for a) AsO4
3− and b) PO4

3− adsorbed
samples. Positive and negative values show rates faster or slower than the control rate. Zero values equal the rate of control Fh. “Di!erential rate”
was called “corrected rate” in Namayandeh et al.71
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The rate of Gt and Hm formation for control Fh was
subtracted from that of adsorbed samples to compare the
impact of oxyanion surface loading on the rate of Gt and Hm
formation. As shown in Figure 8, AsO4

3− and PO4
3−

adsorption decreased the rate of Gt formation in all of the
samples and had the greatest impact on the samples with the
highest surface loading (0.0012 and 0.02 molar ratio). The
impact of AsO4

3− and PO4
3− adsorption on the rate of Hm

formation was almost negligible for FhAs_a and FhP_a
(∼0.004 molar ratio). For both FhAs_b and FhP_b, the rate
of Hm formation initially decreased with aging, but it increased
beyond that of the control, starting after ∼200 h. Likewise, for
FhAs_c with the highest surface loading (0.02 molar ratio), the
rate of Hm formation decreased in the early stage of
transformation and progressively increased to that of control
Fh. However, the resulting product never became positive. The
di!erential rate shows that the rate of Hm formation decreased
for the FhP_c sample, but unlike FhAs_c, it never increased to
that of the Fh control by the end of aging. The di!erential rate
of Hm and Gt formation suggests that PO4

3− has a stronger
impact on the rate of Fh transformation compared to AsO4

3−.
Pathways of Fh Transformation. Two major pathways

have been suggested for the transformation of Fh to Gt and
Hm.27,72 In the first pathway, metastable Fh particles undergo
dissolution and recrystallize as transformation products.28,82 In
the other pathway, Fh particles can aggregate through oriented
attachment (OA) and form the products.28,72,83−86 The
presence of AsO4

3− and PO4
3− on the Fh surface increased

the level of formation of Hm over Gt. Surface complexation
modeling showed that AsO4

3− and PO4
3− directly bond on Fh

through inner-sphere complexes that involve displacing water
from the Fh surface. Decreasing the degree of surface
hydration reduces Fh dissolution and, therefore, the sub-
sequent formation of products through dissolution/recrystal-
lization. The fraction of Gt decreased with increasing AsO4

3−

and PO4
3− surface loading (Figure 4), which suggests that Gt

formation is mainly through dissolution/recrystallization. This
is consistent with previous studies that reported this pathway
as the primary mechanism for the formation of Gt during the
transformation of 2-line Fh in di!erent chemical condi-
tions.27,28,82,87,88
Arsenate and PO4

3− adsorption on Fh through inner-sphere
complexes promoted Hm formation during Fh transformation.
The hydration sphere of oxyanion is removed during their
inner-sphere complexation on the Fh surface.1,68−70 This
removes water from the interfaces and facilitates the
aggregation of particles by OA as suggested by Yuwono et
al.89 In addition, removing the hydration sphere is followed by
the inner-sphere adsorption of oxyanion that consumes
positive charges on the Fh surface, which, in turn, decreases
the electrostatic repulsion on the surface and induces
aggregation by OA.90 This is consistent with the Derjaguin,
Landau, Verwey, and Overbeek (DLVO) theory showing faster
particle aggregation with decreasing surface protonation.90−93

High surface loadings of AsO4
3− and PO4

3− (0.1 M ratio)
stabilized Fh and inhibited transformation (Figure 4). The
nucleation of Gt and Hm requires at least a degree of hydration
within the aggregates.72 The extreme dehydration of the Fh
surface in the presence of high AsO4

3− and PO4
3− surface

loading inhibits the nucleation of new phases during Fh
transformation. In addition, strongly adsorbed AsO4

3− and
PO4

3− inhibit aggregation by OA by populating the interfaces
between adjoining Fh particles.89

Although the mechanism of AsO4
3− and PO4

3− adsorption
on Fh has been reported to be similar,12,53,54,56,57,59 PO4

3−

showed stronger e!ects in decreasing the rate and inducing
Hm formation. This agrees with the results reported by Bolanz
et al.,24 who showed that at pH 4 and 7, the induction time was
longer, and more Hm was formed in the presence of adsorbed
PO4

3−, compared to AsO4
3−. There is a tension in the literature

about the a#nity of AsO4
3− and PO4

3− for adsorption on iron
oxyhydroxides (e.g., Gt). While some studies reported higher
adsorption of AsO4,3−56,94 some other studies showed that
PO4

3−55,59,95,96 is more strongly adsorbed on iron oxy-
hydroxides. Antelo et al.53 reported that PO4

3− is more
sensitive to changes in pH and ionic strength. They showed
that PO4

3− adsorption increases in acidic pH at di!erent ionic
strengths and decreases at basic pH and low ionic strengths,
compared to AsO4.3−53 Therefore, the AsO4

3− and PO4
3−

adsorption on iron oxy-hydroxides depends on the system
chemistry and may not be identical under di!erent chemical
conditions.58 In addition, Langmuir97 proposed that smaller
ions with higher charges, that is, with a higher ionic potential
(IP = Z/r), show a higher a#nity for forming a strong covalent
bond on the surface of solids. The IP of the PO4

3− ion (1.26) is
slightly higher than that of AsO4

3− (1.21), leading to a higher
adsorption capacity for PO4

3− (5.03 μmol/m2) than AsO4
3−

(4.18 μmol/m2) reported by Bolanz et al.24
Using DFT calculations, we showed that the Fh surface is

dehydrated through AsO4
3− and PO4

3− inner-sphere com-
plexes. Surface dehydration impacts the rate and pathway of Fh
transformation, in part, by suppressing the dissolution/
precipitation pathway through which the metastable Fh
particles dissolve and precipitate as products. This was
evidenced by the significant decrease in the Gt formation
with increased surface loading. Additionally, oxyanions remove
the hydration sphere between them and the surface, share
electrons with Fe3+, and balance the positive charge on the
surface, which promotes particle aggregation through OA.
Note that di!erent oxyanions do not have the same strength to
remove the hydration sphere, which controls their potential for
balancing the positive charges on the surface and, thus, the
aggregation of particles. For example, unlike AsO4

3− and
PO4

3−, NO3
− predominantly forms weak outer-sphere

complexes on Fh9,47,98 where the hydration sphere can not
be removed during adsorption, resulting in less charge
consumption on the surface. Decreasing the degree of
hydration and positive charges on the Fh surface showed a
positive correlation with the formation of Hm, suggesting that
Hm is primarily formed through dehydration/aggregation,
which is consistent with a previous study.22
In summary, we showed the impact of oxyanion surface

loading on the rate and pathway of Fh transformation. AsO4
3−

and PO4
3− adsorption showed similar e!ects, although PO4

3−

had a stronger influence on the transformation process. Both
oxyanions decreased the rate of transformation and promoted
the formation of Hm, which positively correlated with
increased surface loading. Although our data suggested that
Gt and Hm are formed through dissolution/recrystallization
and dehydration/aggregation, respectively, this work cannot
directly show the mechanism of Fh transformation. Further
studies using cryogenic transmission electron microscopy are
needed to elucidate the impact of di!erent oxyanion surface
complexes and loading on the mechanism of Fh trans-
formation.
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■ CONCLUSIONS
This work shows the impact of oxyanion surface loading on the
rate and pathway of Fh transformation. We showed that
increasing AsO4

3− and PO4
3− adsorption on Fh inhibited Gt

formation and induced Hm formation. We suggested that these
oxyanions dehydrate the Fh surface through inner-sphere
complexes, which delays the dissolution/recrystallization
pathway and promotes aggregation, resulting in increased
Hm formation. oxyanion adsorption also decreases the positive
charges on the Fh surface, which in turn decreases the
repulsion between particles and promotes the aggregation
pathway of transformation. The kinetic model showed that the
rate of Fh transformation drastically decreased with oxyanion
surface loading such that the Fh transformation was completely
inhibited at the highest surface loading (0.1 M ratio).
Phosphate adsorption had a stronger e!ect on Fh trans-
formation compared to AsO4

3−, which may be attributed to its
higher IP and adsorption capacity on Fh. Also, our results
showed that AsO4

3− and PO4
3− remained on the Fh surface

during transformation, which we attribute to their strong
a#nity for the Fh surfaces as well as those of the
transformation products. The results of this work have
implications for understanding the formation of natural
nanoparticles, their reactivity toward contaminants and
nutrients, and the impacts of these species on nanoparticle
transformations under Earth-surface environmental conditions.
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